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v

 Over 450 million years ago plants started to colonize land and “greened” 
the  continents. The appearance of land plants is a key event in the history of 
life and shaped the evolution of all terrestrial ecosystems on our planet. 
Remarkably, an alliance with fungi was probably essential for the plants’ con-
quest of land. Today, this alliance between plants and soil fungi, known as the 
“mycorrhizal symbiosis,” remains of vital importance: the vast majority of 
plants are dependent on mycorrhizal fungi for their uptake of minerals and 
water from the soil. Mycorrhizal fungi are not drawn into this interaction by 
philanthropy: they obtain essential photosynthetically  fi xed carbohydrates 
from their plant partners in reward for their efforts. However, over the course 
of evolution several plant lineages have found ways to subvert this  quid pro 
quo  interaction, and are able to obtain water, minerals,  and  carbohydrates 
from fungi. Some plants are able to exploit fungi to such an extent that they 
lost the need for photosynthesis. The ability of a plant to live on fungal car-
bon is known as mycoheterotrophy. This intriguing process has fascinated 
botanists for centuries, yet many aspects of mycoheterotrophy have remained 
elusive for a long time. And despite recent advances in our understanding of 
the process mycoheterotrophy and its protagonists, this volume also illus-
trates that there is still much to learn. 

 The idea for a book providing an overview of the biology of myco-
heterotrophs sprouts from my passion for these plants and the lack of recent 
volumes offering general insights into their fascinating ecology, diversity, 
and evolution. Rather than assembling a volume consisting of research papers, 
I aimed to provide the reader with a thematic overview of different aspects of 
mycoheterotrophy. However, a multiauthor book like this will never be fully 
coherent, and inevitably there is a certain overlap between the contents of the 
chapters. I am also aware that there are gaps, and thus some topics did not 
receive the coverage they deserve. Despite these shortcomings, I hope that 
this book proves a valuable tool for everyone who is interested in the process 
of mycoheterotrophy, and offers strong stimuli for further research on these 
intriguing plants. 

 This book owes its existence to Sean Graham. Sean approached me after a 
talk I gave at the 2008 Monocots meeting in Copenhagen. I had concluded 
my talk with the suggestion that the time was ripe for a book on myco-
heterotrophy, and Sean enthusiastically linked me with Springer. The project was 
further outlined in a meeting in Leuven at which many of the contributing 
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authors were present. I was able to organize this meeting with the support 
provided by Erik Smets and Suzy Huysmans. Without their involvement, the 
book would never have been put together. Editing this book has been a de fi nite 
challenge and I could not have completed it without the help and dedication 
of all the authors, who also displayed considerable patience as the book 
slowly came together. I would like to thank them for their excellent work. I 
also deeply acknowledge the help of the many colleagues who provided 
direct or indirect support in the development of manuscript, including Tom 
Bruns, Anthony Amend, Steven Janssens, Benny Lemaire, Martin Brazeau, 
Rudi Smith, Joep Moonen, Mark Wapstra, and Sainge Moses. I also thank the 
people at Springer for their continuous support and advice. Over the years, 
my research on mycoheterotrophic plants has been possible with  fi nancial 
support from the Belgian and Dutch National Science Foundations (FWO 
Vlaanderen and NWO), the agency for Innovation by Science and Technology 
(IWT Vlaanderen), and the Belgian American Educational Foundation 
(BAEF), for which I am grateful. Finally, I also take this opportunity to thank 
my family, colleagues, and friends who have encouraged, motivated, and 
inspired me.

Leiden, The Netherlands Vincent S.F.T. Merckx   
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   The snow plant (Sarcodes sanguinea) is more 
admired by tourists than any other in California. 
It is red,  fl eshy and watery and looks like a gigantic 
asparagus shoot. Soon after the snow is off the 
round it rises through the dead needles and humus 
in the pine and  fi r woods like a bright glowing 
pillar of  fi re. In a week or so it grows to a height of 
eight or twelve inches with a diameter of an inch 
and a half or two inches; then its long fringed 
bracts curl aside, allowing the twenty- or twenty-
 fi ve-lobed, bell-shaped  fl owers to open and look 
straight out from the axis. It is said to grow up 
through the snow; on the contrary, it always waits 
until the ground is warm, though with other early 
 fl owers it is occasionally buried or half-buried for 
a day or two by spring storms. The entire plant—
 fl owers, bracts, stem, scales, and roots—is  fi ery 
red. Its color could appeal to one’s blood. 
Nevertheless, it is a singularly cold and unsympa-
thetic plant. Everybody admires it as a wonderful 
curiosity, but nobody loves it as lilies, violets, 
roses, daisies are loved. Without fragrance, it 
stands beneath the pines and  fi rs lonely and silent, 
as if unacquainted with any other plant in the 
world; never moving in the wildest storms; rigid as 
if lifeless, though covered with beautiful rosy 
 fl owers. 

 John Muir  (  1912  )    

    1.1   Motivation 

 “Mycoheterotrophy” describes a plant’s ability to 
obtain carbon from fungi. Many plants are capable 
of mycoheterotrophy; some closely related others 
are not. Plants with the ability for mycoheterotro-
phy (“mycoheterotrophic plants”), particularly 
those that completely depend on fungal carbon dur-
ing their entire life cycle (“fully mycoheterotrophic 
plants” see de fi nitions below), have attracted the 
attention of biologists for centuries. Studies on their 
unconventional mode of life have led to novel per-
spectives in ecology and evolution. Since the term 
mycoheterotrophy (as “myco-heterotrophy”) was 
coined by Jonathan Leake in 1994, scienti fi c 
research on the topic has increased considerably 
(Fig.  1.1 ). Leake’s groundbreaking review on myco-
heterotrophic plants unfortunately preceded several 
technological advances that revolutionized the  fi eld, 
and only few review papers have appeared since. 
Most notable is the  New Phytologist  Tansley review 
by Martin Bidartondo  (  2005  )  and several relevant 
chapters in  Mycorrhizal Symbiosis  by Sally Smith 
and David Read  (  2008  ) . However, these works 
mainly focus on the ecological and physiological 
aspects of mycoheterotrophy, and to date, a single 
volume has not been dedicated to all aspects of 
mycoheterotrophy. I hope that this book’s multidis-
ciplinary approach in discussing mycoheterotrophy 
will appeal to scientists and students who wish to 
understand the biology of mycoheterotrophic 
plants and that this overview will contribute to an 
enduring interest in these extraordinary plants.   

    V.  S.  F.  T.   Merckx   (*)
     Naturalis Biodiversity Center ,  Leiden University ,
  P.O. Box 9514,   2300 RA   Leiden ,  The Netherlands    
e-mail:  vincent.merckx@naturalis.nl   

  1      Mycoheterotrophy: An Introduction       

     Vincent   S.  F.  T.   Merckx                
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    1.2   Mycorrhizal Symbiosis 

    1.2.1   Mycorrhizas 

 Mycoheterotrophy cannot be discussed or appre-
ciated without a basic understanding of the myc-
orrhizal symbiosis. The term mycorrhiza is 
derived from the Greek words for “fungus” and 
“root” and implies the association of specialized 
soil fungi (“mycorrhizal fungi”) with plant roots. 
In general, this association is mutualistic because 
both partners bene fi t: mycorrhizal fungi improve 
the nutrient uptake of their host plants, and in 
return they receive photosynthetically  fi xed car-
bon that is essential for growth and reproduction 
of the fungi. The mycorrhizal association is prob-
ably the most important symbiosis in nature and 
plays an essential role in the maintenance of most 
terrestrial ecosystems such as grasslands and for-
ests. Over 90% of all plant species form mycor-
rhizas, including most crops. Despite the literal 
meaning “fungus roots,” mycorrhizas also occur 
in “primitive” plants that do not have true roots 

such as liverworts and hornworts. Moreover, 
fossil evidence indicates that the earliest land 
plants were also associated with hyphal fungi, 
and it is now generally accepted that the coloni-
zation of land by plants relied on a symbiotic 
association with fungi. 

 The main diagnostic criteria for the types of 
mycorrhizas formed in nature are the identity of 
the fungi engaged in the symbiosis and the mor-
phology at the symbiotic interface of plant and 
fungus. The two dominant types of mycorrhizas 
are the arbuscular mycorrhizas (AM) that involve 
nearly all members of the Glomeromycota and a 
wide variety of host plants, and the ectomycor-
rhizas (EM) that involve some members of the 
Basidiomycota and Ascomycota and several 
woody plants. 

 For a comprehensive synthesis on the sub-
ject of mycorrhizas, I strongly recommend the 
book  Mycorrhizal Symbiosis  by Sally Smith 
and David Read  (  2008  ) . Here I provide a basic 
overview of a few aspects of the mycorrhizal 
symbiosis that are essential in the context of 
mycoheterotrophy.  

  Fig. 1.1    Number of papers published each year since 1994 that are labeled with the topic “myco-hetero*” or “mycohetero*” 
in Thomson Reuters’ Web of Science (as of January 2012)       
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    1.2.2   Arbuscular Mycorrhizas 

 Arbuscular mycorrhizas are the most common 
mycorrhizal type. They are formed by fungi of 
the phylum Glomeromycota and the majority of 
land plant species. The arbuscular mycorrhizal 
symbiosis is extremely ancient, and AM fungi 
were probably important in the colonization of 
land by plants, although some evidence suggests 
that some members of the Mucoromycotina pre-
date the Glomeromycota as the earliest mycor-
rhizal fungi (Bidartondo et al.  2011  ) . The name 
“arbuscular” is derived from the characteristic 
treelike structures, the arbuscules, which occur 
within the cortical cells of many plant roots and 
also some mycothalli colonized by AM fungi 
(Smith and Read  2008  ) . Arbuscular mycorrhizal 
fungi are obligate symbionts: they cannot survive 
as free-living organisms. They are also puzzling 
organisms for taxonomists because they are asex-
ual, multinucleate, and dif fi cult to cultivate, and 
therefore, species diagnosis and identi fi cation 
remains under debate. However, under the cur-
rent morphological and molecular concepts, there 
are no more than 300 species of AM fungi known 
(Öpik et al.  2010 ; Krüger et al.  2011  ) . This num-
ber strongly contrasts with the number of poten-
tial host plant species: perhaps 80–90% of all 
land plant species are able to form arbuscular 
mycorrhizas. This illustrates the potential for 
promiscuity in the arbuscular mycorrhizal sym-
biosis. Indeed, studies show that an arbuscular 
mycorrhizal plant typically associates simultane-
ously with multiple AM fungi, and an AM fungus 
often associates simultaneously with multiple 
plants (Giovannetti et al.  2004  ) . This allows for 
the formation of mycorrhizal networks, linking 
plants of the same or different species by a shared 
mycorrhizal fungus. These arbuscular mycor-
rhizal networks are essential for the existence of 
mycoheterotrophy because they allow for physi-
ological continuity between an autotrophic plant, 
its arbuscular mycorrhizal fungus, and a myco-
heterotroph (Chap.   5    ; Fig.  1.2 ). Mycoheterotrophic 
interactions through AM fungi occur in lyco-
phytes, ferns, and angiosperms. Over 230 species 
of fully mycoheterotrophic angiosperms are 
dependent on AM fungi.   

    1.2.3   Ectomycorrhizas 

 Trees in the families Pinaceae, Fagaceae, 
Dipterocarpaceae, Myrtaceae, and Fabaceae 
found in both temperate and tropical forests 
associate with hundreds of ectomycorrhizal fun-
gus species of Basidiomycota and Ascomycota 
(Bonfante and Genre  2010  ) . Therefore, EM 
fungi are essential components of the world’s 
forests. The ectomycorrhizal habit has evolved 
multiple times independently in the evolution of 
land plants (Bruns and Shefferson  2004  ) . And 
while the EM symbiosis is considerably younger 
than the AM symbiosis, fossil, biogeographical, 
and molecular clock data suggests that EM asso-
ciations have a long history (Le Page et al.  1997 ; 
Moyersoen  2006 ; Hibbett and Matheny  2009  ) . 
Over 7,000 species of fungi are known to form 
ectomycorrhizas, most of them belong to the 
Basidiomycota, but the actual EM fungi diver-
sity may be considerably higher (Smith and 
Read  2008 ; Tedersoo et al.  2010  ) . An EM root is 
characterized by the presence of three structural 
components: a mantle of fungal tissue which 
encloses the root, a labyrinthine inward growth 
of fungal hyphae between the epidermal and 
cortical cells (Hartig net), and an outwardly 
growing system of hyphal elements which 
extends into the soil (extraradical of external 
mycelium) (Smith and Read  2008  ) . There may 
be considerable variation in morphology and 
development of these structural elements. In 
general, the EM symbiosis is considered to show 
a low level of speci fi city, and it has been demon-
strated that an individual tree may have 15 or 
more different fungal EM partners simultane-
ously (Saari et al.  2005  ) . Analogous with the 
AM symbiosis, this allows for the formation of 
common mycorrhizal networks, linking plants 
by a shared ectomycorrhizal fungus. Besides 
ectomycorrhizas, Ascomycota and 
Basidiomycota are known to form other types of 
mycorrhizal structures, often categorized as 
ectendo-, ericoid, arbutoid, and orchid mycor-
rhizas. However, the type of mycorrhiza formed 
can be in fl uenced by the identity of both plant 
and fungus: it is known that the same fungus can 
form different types of mycorrhiza depending on 

http://dx.doi.org/10.1007/978-1-4614-5209-6_5


4 V.S.F.T. Merckx

the identity of the plant associate. The mycorrhizas 
involved in the mycoheterotrophic interactions 
of Monotropoideae, Pyroleae (both Ericaceae), 
and Orchidaceae have been classi fi ed as 
monotropoid, arbutoid, and orchid mycorrhizas, 
respectively. Yet, with the exception of mycor-
rhizal associations between orchids and sapro-
trophic fungi (SAP), it has been demonstrated 
that in all of these mycoheterotrophic interac-
tions, the fungi involved simultaneously form 
ectomycorrhizas with surrounding green plants 

(to establish the tripartite interaction necessary 
to sustain the mycoheterotrophic interaction). 
Therefore, here we group all these interactions 
as ectomycorrhizas. Mycoheterotrophic interac-
tions through EM fungi occur in liverworts and 
angiosperms. One liverwort species and at least 
48 species of angiosperms (all in Orchidaceae 
and Ericaceae) are fully dependent on EM fungi 
for their entire life cycle, although in some cases 
EM and SAP fungi co-colonize the roots of fully 
mycoheterotrophic plants (Table 7.1)   .  

  Fig. 1.2    Many fully mycoheterotrophic plants obtain carbon from surrounding autotrophic plants through shared 
mycorrhizal fungi       
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    1.2.4   Mycorrhizal Associations with 
Saprotrophic Fungi 

 The Orchidaceae is one of the largest and most 
diverse plant families and contains an estimated 
22,000 species (Stevens  2012  ) . Almost all orchids 
produce extremely small seeds (“dust seeds”) 
that contain very few reserves. Consequently 
they are dependent on carbon and other nutrients 
provided by mycorrhizal fungi during their early 
developmental stages (“symbiotic germination”) 
and can be classi fi ed as initial mycoheterotrophs. 
The fungi produce intracellular coils in the 
embryos of seedlings and in the rhizomes or roots 
of adult plants (Smith and Read  2008  ) . Fungi iso-
lated from the seedlings of orchids were initially 
classi fi ed under the Basidiomycota genus 
 Rhizoctonia  (e.g., Bernard  1899 ; Burgeff  1909  ) . 
However, molecular phylogenetic analyses dem-
onstrate that rhizoctonia-forming fungi are poly-
phyletic and phylogenetically spread over the 
Basidiomycota orders Ceratobasidiales, 
Tulasnellales, and Sebacinales (Taylor et al. 
 2002  ) . Rhizoctonia-forming fungi isolated from 
orchids have been shown to be saprotrophic and 
are thus able to obtain carbon and other nutrients 
from decaying matter (Smith and Read  2008  ) . 
Associations with these SAP fungi are found in 
all major orchid lineages including the  fi rst-
diverging Apostasioideae (Kristiansen et al. 
 2004 ; Yukawa et al.  2009  ) . An initial dependency 
on rhizoctonia-forming fungi is thus likely the 
ancestral state of Orchidaceae, and it has been 
hypothesized that the unique ability of orchids to 
recruit free-living SAP fungi into novel mycor-
rhizas may have led to dramatic expansion of 
their potential habitat and has triggered their 
radiation (Ogura-Tsukita et al.  2009  ) . During 
orchid evolution, many mycoheterotrophic lin-
eages have switched to an association with EM 
fungi (Chap.   5    ). However, compared to the total 
number of species in Orchidaceae, EM orchids 
represent only a small minority of species. All 
other orchid species are mycoheterotrophic on 
SAP fungi at least during their initial develop-
ment, and therefore, next to AM and EM fungi, 
SAP fungi are the third source of mycohetero-
trophy in plants.  

    1.2.5   Mutualism–Parasitism 
Continuum of the Mycorrhizal 
Symbiosis 

 Typically the mycorrhizal symbiosis is a mutual-
istic interaction: both the plant and the mycor-
rhizal fungus bene fi t from the association. In a 
simple model this interaction can be classi fi ed as 
a “win-win” situation. However, evolutionary 
theory suggests that mutualisms are best viewed 
as “reciprocal exploitations” that nonetheless 
provide net bene fi ts to each partner (Herre et al. 
 1999  ) . This view stresses the disruptive potential 
of con fl icts of interests among the partners and 
advances the prediction that mutualisms are vul-
nerable to exploitation (Bronstein  2001 ; Sachs 
and Simms  2006  ) . It also emphasizes the dynamic 
nature of symbiotic interactions: the outcome 
may vary considerably depending on the context. 
Thus rather than classifying symbiotic interac-
tions into distinct categories (e.g., mutualism, 
parasitism, commensalism), they should be 
viewed as dynamic points along a continuum 
(Bronstein  1994  ) . 

 The mycorrhizal symbiosis can be envisioned 
as such a continuum, in which the mutualistic 
plant–fungus interaction is the midpoint, and 
exploitation of a plant by a mycorrhizal fungus, 
or vice versa, are the endpoints (Egger and 
Hibbett  2004 ; Fig.  1.3 ). Costs and bene fi ts of the 
mycorrhizal interaction are dif fi cult to determine 
and may be context dependent (Johnson et al. 
 1997  ) . However, there is considerable circum-
stantial evidence for the existence of exploitative 
strategies by mycorrhizal fungi (e.g., Klironomos 
 2003 ; Reynolds et al.  2005 ; Bever et al.  2009  ) . 
Mycoheterotrophy is an exploitative strategy 
that represents the other end of the plant–fungus 
mycorrhizal continuum, in which the plant 
exploits its associated mycorrhizal fungi to 
obtain carbon and other nutrients (Fig.  1.3 ). 
The continuum between mycorrhizal mutualism 
and mycoheterotrophy is dynamic, and shifts 
along the continuum can occur at a developmen-
tal, ecological, or evolutionary timescale (Chaps.   5     
and   8    ). For example, a plant may rely on myco-
heterotrophy at the initial stage of its life cycle 
but develop into an autotrophic mature plant 

http://dx.doi.org/10.1007/978-1-4614-5209-6_5
http://dx.doi.org/10.1007/978-1-4614-5209-6_5
http://dx.doi.org/10.1007/978-1-4614-5209-6_8
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(initial mycoheterotrophy) thus shifting from 
one point in the symbiotic continuum to another 
during its development. Some plants are able to 
combine autotrophy and mycoheterotrophy at 
maturity (“partial mycoheterotrophy,” see fur-
ther). However, where partial mycoheterotrophy 
can be placed between mycorrhizal mutualism 
and mycoheterotrophy depends on the context. 
It is possible that a partially mycoheterotrophic 
plant exploits its associated mycorrhizal fungi 
to the same extent as a fully mycoheterotrophic 
species. But theoretically, a partially myco-
heterotrophic plant that acquires a signi fi cant 
amount of its carbon through photosynthesis will 
demand less carbon from its mycorrhizal fungi 
than a full mycoheterotrophic plant with a similar 
net carbon requirement. Stable isotope signa-
tures of partially mycoheterotrophic plant spe-
cies have revealed intraspeci fi c variation of 
carbon uptake from fungi depending on light 
availability (Gebauer  2005 ; Zimmer et al.  2007 ; 
Preiss et al.  2010 ; Chap.   8    ). Thus it seems that 
partially mycoheterotrophic plants do not always 
exploit their mycorrhizal fungi fully. This sug-
gests that, at least for some plant species, there is 
a positive correlation between the amount of car-
bon gained through mycorrhizal fungi and the 
degree of exploitation of their mycorrhizal fungi 
(Fig.  1.4 ).     

    1.3   A Short History of Research 
on Mycoheterotrophy 

 It would require a separate book to provide a 
detailed historical overview of the pioneering 
work of early naturalists that has provided the 
foundations of our understanding of myco-
heterotrophy. Therefore, I have limited myself to 
a rather personal account, highlighting a few of 
the turning points that have revolutionized the 
 fi eld, with an emphasis on more recent develop-
ments. More comprehensive overviews of the 
early research on mycoheterotrophic plants are 
provided by Rayner  (  1927  )  and more recently by 
Leake  (  1994  )  and Bidartondo  (  2005  ) . 

 The story of scienti fi c research on myco-
heterotrophy is tightly linked with advances in 
technology and methodology and begins in the 
nineteenth century. A major controversy in the 
1840s marks the start of a scienti fi c journey that 
still continues today: naturalists debated over the 
question of whether  Hypopitys monotropa  1  
(Ericaceae) is parasitic on the roots of beech trees 

  Fig. 1.3    Representation of the symbiotic exploitation–
cooperation continuum of the mycorrhizal symbiosis 
based mutual effect of the interaction on the plant and fun-
gal partners. Three potential outcomes of the interaction 

(fungal parasitism, mycorrhizal mutualism, and myco-
heterotrophy) are indicated above. Figure adapted from 
Bronstein  (  1994  )  and Egger and Hibbett  (  2004  )        

   1   Based on recent genetic evidence, we place  Monotropa 
hypopitys  its own genus,  Hypopitys , with the single species 
 Hypopitys monotropa  (see Chap.   2    ).  

 

http://dx.doi.org/10.1007/978-1-4614-5209-6_8
http://dx.doi.org/10.1007/978-1-4614-5209-6_2


71 Mycoheterotrophy: An Introduction

or not. In the heated discussion that followed, it 
became clear—mainly through microscope 
observations—that the hairy  fi bers that link the 
roots of  Hypopitys  to those of surrounding trees 
are not parasitic plant haustoria but fungi (Rylands 
 1842  ) . Around the same time, the  fi rst descrip-
tion of fungal infections in the roots of “sapro-
phytic” orchids appeared (Reissek  1847 ; Schacht 
 1854 ; Prillieux  1856 ; Reinke  1873 ; Drude  1873  ) . 
Pfeffer  (  1877  )  suggested that the observed fun-
gus also penetrated the soil and brought nutrients 
to the orchid. An important next step was taken 
by Franz Kamienski, whose detailed investiga-
tion resulted in a breakthrough paper in which he 
postulates that  H .  monotropa  lives on a fungus 
that is connected to tree roots and provides the 
 fi rst unambiguous description of a mycorrhiza 
(Kamienski  1882  ) . To his merit, he explicitly 
discusses his observations in the context of the 
then recent de fi nition of symbiosis, of which 
both antagonistic and mutualistic examples 
were known (de Bary  1879  ) . But Kamienski 
writes: “It is not necessary to prove that those two 
forms of symbiosis are but extremes and that 

between them are to be found an in fi nite number 
of intermediary forms […],” and he concludes 
that the symbiosis between  Hypopitys  and its 
fungus is an “example of the most striking of the 
‘mutualistic’ union of two vegetative organisms” 
(Kamienski  1882    fi de  Berch et al.  2005  ) . Daniel 
MacDougal went on to suggest that many achlo-
rophyllous plants gain “complex substances” by 
a symbiotic association with root-colonizing 
fungi, a concept he described as “symbiotic sap-
rophytism” (MacDougal  1899  ) . Francke  (  1934  )  
observed fungal hyphae release their contents 
into root cells of  H .  monotropa  and successfully 
grew  Hypopitys  seedlings from seeds by inocu-
lating them with the mycorrhizal fungus extracted 
from mature plants. 

 The rich tradition of microscopy work on fun-
gus–plant interactions of mycoheterotrophic 
plants is still continued today, now aided by pow-
erful electron microscopes (e.g., Imhof  1999 ; 
Massicotte et al.  2005 ; Domínguez et al.  2009  ) . 
Nevertheless, many aspects of the physiology of 
the mycoheterotrophic fungus interaction still 
remain unclear (see Chap.   4    ). 

  Fig. 1.4    Hypothetical model showing plant dependence 
on fungal carbon (C) as a function of the amount of fungal 
exploitation ( solid line ). When a mycorrhizal plant is fully 
autotrophic, it does not exploit its mycorrhizal fungi for 

carbon. On the other hand, when a plant completely 
depends on fungal carbon, fungal exploitation is high. 
Consequently, increased levels of partial mycoheterotro-
phy may relate to increased levels of fungal exploitation       
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 In the 1950s, research on mycoheterotrophy 
entered a new era with the experimental  fi eldwork 
of Erik Björkman  (  1960  ) . He observed that phys-
ical separation of  H .  monotropa  from tree roots 
resulted in a reduced growth of the former, and 
he was able culture a fungus from  Hypopitys  
roots that formed ectomycorrhizas with pine 
roots. More importantly, he used radioactive-
labeled isotopes to reveal that more carbon and 
phosphorus are transported from  Picea  to 
 Hypopitys  than to any other neighboring plant. 
This was the  fi rst “direct” demonstration of a 
fully mycoheterotrophic plant being energetically 
dependent on surrounding trees through shared 
mycorrhizal fungi. Radioactive tracer experi-
ments have later been repeated to study myco-
heterotrophic interactions, although for obvious 
reasons mostly in vitro rather than in natural hab-
itats (McKendrick et al.  2000a ; Bidartondo et al. 
 2003  ) . Recently a series of radioactive-labeling 
experiments were used to show that the green 
orchid  Corallorhiza tri fi da  actually derives most 
of its carbon through mycoheterotrophy (Cameron 
et al.  2008,   2009  ) . 

 The development of DNA sequencing and 
ampli fi cation techniques in the 1970s and 1980s 
revolutionized the  fi eld of biology. Ecologists 
were quick to adapt these new techniques for the 
identi fi cation of mycorrhizal fungi whose charac-
terization had been hampered by their undifferen-
tiated morphologies and dif fi culties in culturing 
them (e.g., Simon et al.  1993  ) . Among the  fi rst to 
identify the fungi in the roots of fully myco-
heterotrophic plants with molecular methods 
were Ken Cullings and colleagues, who sequenced 
the ectomycorrhizal fungi associated with the 
roots of monotropes (Cullings et al.  1996  ) . This 
work was further elaborated by Kretzer et al. 
 (  2000  ) , Bidartondo et al.  (  2000  ) , and Bidartondo 
and Bruns  (  2001,   2002  ) . Almost simultaneously, 
the  fi rst reports on the molecular identi fi cation of 
fully mycoheterotrophic orchids were published 
(Taylor and Bruns  1997 ; McKendrick et al. 
 2000b,   2002  ) , followed by molecular studies on 
mycoheterotrophic plants living on arbuscular 
mycorrhizal fungi (Yamato  2001 ; Bidartondo 
et al.  2002  ) . These and subsequent studies 
con fi rmed that most full mycoheterotrophs obtain 

carbon from surrounding green plants, through 
shared ectomycorrhizal or arbuscular mycor-
rhizal fungi. It was already known for a long time 
that some fully mycoheterotrophic orchids asso-
ciate with litter- and wood-decaying (“sapro-
trophic”) fungi (e.g., Kusano  1911 ; Hamada 
 1939  ) , and these fungi were  fi rst identi fi ed with 
molecular methods by Yamato et al.  (  2005  ) , 
Ogura-Tsujita and Yukawa  (  2008  ) , Ogura-Tsujita 
et al.  (  2009  ) , and Martos et al.  (  2009  ) . The molec-
ular identi fi cation of the fungi associated with 
fully mycoheterotrophic plants revealed an 
important and novel aspect of the myco-
heterotrophic interaction: while autotrophic 
plants typically associate with multiple distantly 
related fungi and a mycorrhizal fungus often 
associates simultaneously with distantly related 
plants, fully mycoheterotrophic plants frequently 
show high speci fi city toward narrow lineages of 
fungi (Chap.   7    ). 

 The development of DNA sequencing tools 
also caused a revolution in the unraveling of the 
evolutionary relationships of plants (e.g., Chase 
et al.  1993  ) . Due to high sequence divergences, 
the evolutionary relationships of myco-
heterotrophic plants were often dif fi cult to infer, 
yet despite this dif fi cult start, phylogenetic studies 
based on DNA data soon proved to be extremely 
valuable for resolving lasting problems about the 
taxonomic position of “dif fi cult” myco-
heterotrophic plant lineages (e.g., Molvray et al. 
 2000  ) . In many cases, this led to dramatic changes 
in our understanding of mycoheterotrophic plant 
relationships (Caddick et al.  2000,   2002 ; Cameron 
et al.  2003  ) . Subsequently, phylogenetic hypoth-
eses based on DNA data were successfully used 
to study divergence times and biogeographical 
scenarios of mycoheterotrophic plant lineages 
(e.g., Merckx et al.  2008  ) . 

 Achlorophyllous mycoheterotrophic plants 
offer excellent opportunities to study genome 
evolution. But while the  fi rst complete plastid 
genome of a holoparasitic plant ( Epifagus virgini-
ana ) was published in 1990 by Claude dePamphi-
lis and Jeffrey Palmer (dePamphilis and Palmer 
 1990 ), it took until 2008 before the  fi rst myco-
heterotrophic plant genome was sequenced 
(Wickett et al.  2008  ) . The recent development of 
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high-throughput sequencing methods offers 
promising new opportunities to study genome 
evolution and has already resulted in the complete 
chloroplast genomes of the fully myco-
heterotrophic orchids  Rhizanthella gardneri  
(Delannoy et al.  2011  )  and  Neottia nidus - avis  
(Logacheva et al.  2011  ) . 

 In the early 2000s, another approach helped 
the study of mycoheterotrophy. It was already 
established that nitrogen (N) and carbon (C) in 
fungi are isotopically distinct from N and C of 
accompanying vegetation (Gebauer and Dietrich 
 1993 ; Gleixner et al.  1993  ) ; thus, the stable iso-
tope’s natural abundances of N and C presented 
tools to study nutrient  fl uxes between fungi and 
mycoheterotrophic plants in their natural habi-
tats. The  fi rst studies con fi rmed that achlorophyl-
lous mycoheterotrophic plants are isotopically 
different from the surrounding green vegetation 
(Gebauer and Meyer  2003 ; Trudell et al.  2003  ) . 
Gebauer and Meyer  (  2003  )  also discovered that 
the carbon stable isotope values of several green 
orchid species in their study fell between those of 
autotrophic and achlorophyllous myco-
heterotrophic plants and consequently produced 
the  fi rst evidence of partial mycoheterotrophy. 
More evidence for partial mycoheterotrophy 
through ectomycorrhizal fungi in temperate 
orchids was gathered by Bidartondo et al.  (  2004  ) , 
Julou et al.  (  2005  ) , and Abadie et al.  (  2006  ) . 
Using stable isotope measurements, partial myco-
heterotrophy was soon after discovered in 
Ericaceae as well (Tedersoo et al.  2007 ; Zimmer 
et al.  2007  ) , and stable isotope analyses were 
subsequently adapted to study full myco-
heterotrophic plants living on saprotrophic fungi 
(Ogura-Tsujita et al.  2009  )  and arbuscular myc-
orrhizal fungi (Merckx et al.  2010 ; Courty et al. 
 2011  )  (Chap.   8    ). 

 Recently, additional poorly known aspects of 
mycoheterotrophic plants became the focus of 
investigations, including population genetics 
(Taylor et al.  2004 ; Klooster and Culley  2010 ; 
Beatty and Provan  2011 ; Dowie et al.  2011  )  and 
reproductive biology (Klooster and Culley  2009 ; 
Hentrich et al.  2010  ) . However, despite the long 
history of research and the increasing interest in 
mycoheterotrophic plants, many facets of this 
extraordinary plant–fungus interaction remain 

unresolved. More research is awaited on identifying 
the drivers behind fungal speci fi city, chemical 
signaling in the interaction, speci fi c pathways of 
metabolite transport, evolution of plastid 
genomes, and morphological and physiological 
convergences between different types of myco-
heterotrophy and their genetic background. 
Thanks to technological advances, there is no 
doubt that many of these questions will be suc-
cessfully answered in the coming years.  

    1.4   Concepts and Terminology 

 Nearly all plants are autotrophs: they convert car-
bon dioxide into organic compounds, especially 
sugars, using the energy from sunlight in a pro-
cess known as photosynthesis. Achlorophyllous 
mycoheterotrophic plants have lost the ability to 
perform photosynthesis and are able to obtain car-
bon through a symbiotic association with fungi. 
The majority of fully mycoheterotrophic plant 
species associate with fungi that are mycorrhizal 
with surrounding autotrophic plants (either arbus-
cular mycorrhizal or ectomycorrhizal fungi). 
Typically, mycorrhizal fungi receive carbon from 
autotrophic plants in exchange for water and soil 
minerals. The fungal carbon on which these 
mycoheterotrophs rely thus ultimately comes 
from autotrophic plants (Fig.  1.2 ). At least a few 
species of mycoheterotrophic orchids are known 
to associate with saprotrophic fungi, which obtain 
carbon from dead or decaying organic matter. 
Mycoheterotrophy occurs in most major groups 
of land plants, including liverworts, lycophytes, 
ferns, angiosperms, and perhaps gymnosperms as 
well (Fig.  1.5 ). There are about 23,000 species of 
land plants that rely on a mycoheterotrophic inter-
action at some stage in their life cycle. Most are 
orchids that rely on fungal carbon during the early 
stages of their development. At least  514 species 
of angiosperms and a single liverwort species 
entirely depend on fungal carbon during their 
complete life cycle (“full mycoheterotrophs”; see 
de fi nitions below). Fully mycoheterotrophic 
plants have at least 46 independent origins in land 
plant evolution (see Chap.   5    ).  

 Because it was assumed that they lived directly 
on soil organic matter, mycoheterotrophic plants 
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were long regarded as “saprophytes” (a term 
which still appears in new literature from time to 
time). However, since the pioneering work of 
nineteenth-century naturalists, evidence from 
experimental, physiological, and molecular stud-
ies has continuously demonstrated that myco-
heterotrophs depend on an association with fungi. 
In contrast, there is no evidence to date that direct 
carbon transfer from dead organic material to 
plants exists. “The myth of saprophytism” (Leake 
 2005  )  is thereby shattered, and we can advise 
strongly against the use of the term “saprophyte,” 
as this misrepresents the mode of life of these 
remarkable plants. 

 The persistence of the incorrect term “sapro-
phyte” highlighting the need for a consistent 

terminology based on clear de fi nitions is necessary 
for meaningful discussion of mycoheterotrophic 
plants. Unfortunately, a unifying terminology has 
never been established, and in the current litera-
ture, different terms for the same phenomena 
compete with each other. I made an attempt to 
create a simple and consistent terminology that 
we will use throughout this book and that hope-
fully will be adapted by other authors as well. 
The  fi rst phenomenon we need to de fi ne is myco-
heterotrophy itself: 

 “ Mycoheterotrophy ”  is the   ability of   a plant   to 
obtain   carbon from   fungi . 

 An important aspect of this de fi nition is that it 
is solely based on the plant’s ability to obtain 

  Fig. 1.5    Simpli fi ed land plant phylogeny. For each land 
plant group that contains mycoheterotrophic species, a 
few examples are shown (not drawn to scale). For lyco-
phytes and ferns, autotrophic sporophytes are shown 

instead of the mycoheterotrophic gametophytes. For clarity, 
a few angiosperm lineages were omitted; see Fig. 5.4 for 
a complete angiosperm tree       
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 carbon  from root-associated fungi. It is likely 
that the metabolite  fl uxes of a mycoheterotrophic 
plant–fungus interaction differ from a normal 
mutualistic (mycorrhizal) plant–fungus interac-
tion for other nutrients than carbon as well. For 
example, stable isotope analyses have shown 
that many mycoheterotrophs are distinctly 
enriched in  15 N compared to autotrophic plants 
growing at the same localities. However,  15 N 
enrichment is not a universal feature for myco-
heterotrophic plants, and the extent of  15 N 
enrichment is not always linearly related to the 
extent of heterotrophic carbon gain (Leake and 
Cameron  2010  ) . 

 Mycoheterotrophy is sometimes termed “epi-
parasitism” as well (e.g., Björkman  1960  ) . This 
term stresses the fact that carbon can be received 
from green plants through a common mycorrhizal 
association but excludes dependence on sapro-
trophic fungi. Also, it remains unknown whether 
mycoheterotrophy has measurable costs to the 
green plants that supply carbon to the mycor-
rhizal fungi targeted by mycoheterotrophic plants. 
Therefore, “mycoheterotrophy” should be pre-
ferred over “epiparasitism.” 

 Mycoheterotrophy is a trophic strategy that 
contrasts with autotrophy. 2  However, some plant 
species have been shown to be able to simultane-
ously combine autotrophy and mycoheterotrophy: 

 “ Partial mycoheterotrophy ”  is the   ability of   a 
plant   to obtain   carbon simultaneously   through 
autotrophy   and mycoheterotrophy . 

 Thus autotrophy and mycoheterotrophy are 
the extreme ends of a continuum of trophic strat-
egies that can occur in plants (Fig.  1.6 ). All inter-
mediate strategies between autotrophy and 
mycoheterotrophy are designated as partial 
mycoheterotrophy, even though the relative 
amount of carbon received through either auto-
trophy or mycoheterotrophy may differ consider-
ably. Partial mycoheterotrophy has also been 
termed “mixotrophy” (e.g., Selosse and Roy 
 2009  ) , but we prefer “partial mycoheterotrophy” 
because “mixotrophy” is already used in a more 
general and different context (e.g., bacteria (Eiler 
 2006  ) , protists (Thingstad et al.  1996  ) , and sea 
anemones (Bachar et al.  2007  ) ).  

 Autotrophy, mycoheterotrophy, and partial 
mycoheterotrophy are different strategies used by 
plants to obtain complex organic compounds (car-
bohydrates). It is now known that some plants can 
change their trophic strategy during their develop-
ment. For example, the initial developmental 
stage of all orchids is a nonphotosynthetic proto-
corm that relies on mycoheterotrophy (Alexander 
and Hadley  1985 ; Leake  1994 ; Rasmussen  1995 ; 
Rasmussen and Whigham  1998  )    . Nevertheless, 
most orchids lose their dependence on fungi as a 
source of carbon and develop into mature plants 
that solely rely on autotrophy. In addition, there is 
evidence that some plant species show plasticity 
in trophic strategy in relation to the environ-
mental conditions in which they are growing. 
For example, research by Katja Preiss and col-
leagues has demonstrated that the orchid species 
 Cephalanthera damasonium  and  C .  rubra  
strongly supplement their carbon gain through 
photosynthesis by organic carbon from fungal 
partners under low-light conditions but become 
almost completely autotrophic when they are 

   2   In a broad sense, autotrophy includes both phototrophy, 
in which light is used as an energy source (photosynthe-
sis), and lithotrophy (or chemoautotrophy), in which inor-
ganic compounds are oxidized (chemosynthesis). In the 
context of plants, autotrophy is restricted to phototrophy.  

  Fig. 1.6    Schematic representation of the trophic strategies autotrophy, mycoheterotrophy, and partial mycoheterotro-
phy based on the carbon (C) source a plant uses       
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exposed to suf fi ciently high irradiances (Preiss 
et al.  2010  ) . 

 This trophic plasticity hampers the assignment 
of a plant species to a particular trophic category. 
Yet, for a comprehensive discussion of myco-
heterotrophy, the designation of plant species 
according to their trophic capabilities is required. 
Therefore, I propose the following trophic cate-
gories, in which the developmental context plays 
an important role (Fig.  1.7 ).  

  A  “ fully mycoheterotrophic ”  plant  (“ full myco-
heterotroph ”)  solely depends   on fungal   carbon 
during   its entire   life cycle . 

 A fully mycoheterotrophic plant thus derives 
all of its carbon from fungi and does not need a 
functional photosynthetic apparatus. Plants that 
lack visible traces of chlorophyll and do not have 
a direct connection with autotrophic plants—and 
thus are not holoparasites—are putative fully 
mycoheterotrophic plants. Over 500 species of 

land plants fall into this category, the vast majority 
being angiosperms (Chap.   2    ). 

  An  “ initially mycoheterotrophic ”  plant  (“ initial 
mycoheterotroph ”)  is fully   dependent on   associ-
ated fungi   for its   carbon supply   during the   early 
stages   of development . 

 An initially mycoheterotrophic plant species 
relies on mycoheterotrophy in the beginning of its 
life cycle. In a broad sense, all full mycoheterotro-
phs are initial mycoheterotrophs as well, but we 
propose to use the term particularly for species 
that depend on autotrophy or partial myco-
heterotrophy at maturity. Hence all orchids, except 
those that are fully mycoheterotrophic, are initial 
mycoheterotrophs (>20,000 spp.). Species of 
Pyroleae (Ericaceae) are probably also initial 
mycoheterotrophs (Smith and Read  2008 ; Eriksson 
and Kainulainen  2011  ) . Other plant species that 
produce small dustlike seeds with limited nutri-
tional reserves (e.g., Rubiaceae, Buddlejaceae, 

  Fig. 1.7    Schematic representation of the different types of mycoheterotrophic plants known, based on life stage and 
their primary source of carbon (C)       
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Gesneriaceae) are putative initial mycoheterotrophs 
as well (Eriksson and Kainulainen  2011  ) . In their 
early development, the sporophytes of lower plants 
are “temporary parasitic on the gametophyte” 
(Leake et al.  2008  ) . If those gametophytes depend 
on mycoheterotrophy, the sporophytes of these 
species (Chap.   2    ) can be considered initial myco-
heterotrophs as well. 

  A  “ partially mycoheterotrophic ”  plant  (“ partial 
mycoheterotroph ”)  combines autotrophy   and 
mycoheterotrophy   to obtain   carbon during   at 
least   one stage   of its   life cycle . 

 By de fi nition, partial mycoheterotrophic 
plants have retained a functional photosynthetic 
apparatus. Because partial mycoheterotrophs 
retain chlorophyll, their trophic life strategy can 
only be detected by examining their physiologies 
(Chap.   8    ). Partial mycoheterotrophy has been 
shown to exist in a few species of Orchidaceae, 
Gentianaceae, and Ericaceae but may be present 
in other plants families as well. Green plant species 
that are closely related to fully mycoheterotrophic 
species or can survive in extreme low-light condi-
tions (e.g., forest understory habitats) are prime 
candidates for undiscovered partial myco-
heterotrophy. The dependence on fungal carbon 
can greatly differ between different partially 
mycoheterotrophic species (Gebauer and Meyer 
 2003  )  and between specimens of the same spe-
cies that grow in different light conditions (Preiss 
et al.  2010  ) . Even seasonal  fl uctuations occur 
within plant populations (Hynson et al.  2011  ) . 

 Note that the terminology above is not neces-
sarily mutually exclusive: all species of 
Orchidaceae are initial mycoheterotrophs, and 
they can develop into either autotrophic, partially 
mycoheterotrophic, or fully mycoheterotrophic 
mature plants. In the latter case, however, the 
term “full mycoheterotroph” is preferred.  

    1.5   Parasitic Plants 

 Fully mycoheterotrophic plants are often con-
fused with parasitic plants. However, parasitic 
plants are a distinct category of achlorophyllous 
plants. These include holoparasitic plants, which 

obtain carbon from autotrophic plants through 
a direct physical attachment. The enigmatic 
 Raf fl esia arnoldii  (Raf fl esiaceae), which produces 
the biggest  fl ower in the world, is one such exam-
ple (Nais  2001  ) . There are about 390 species of 
holoparasitic plants. In addition, about 4,100 
eudicot plant species are hemiparasites: they 
have retained the ability to photosynthesize, but 
they primarily absorb water and nutrients from 
their host plants (Heide-Jørgensen  2008  ) . The 
parasitic mode of life has evolved at least 11 
times independently in the evolution of eudicots 
(Barkman et al.  2007  ) . A single gymnosperm 
( Parasitaxus usta ) may be a holoparasite as well, 
although there are indications that a fungus is 
involved in the interaction, and therefore, the spe-
cies is sometimes regarded as a mycoheterotroph 
(see Chap.   2    ). 

 Mycoheterotrophy and holoparasitism repre-
sent distinct evolutionary pathways toward 
heterotrophy in plants. Yet there is often a 
striking morphological convergence between 
mycoheterotrophs and holoparasites: in gen-
eral, both have highly reduced leaves, contain 
little or no chlorophyll, and produce prodigious 
numbers of seeds that cannot establish in absence 
of a host (Cameron and Leake  2007  ) . Therefore, 
it is not surprising that Linnaeus initially consid-
ered  H .  monotropa  to be a species of  Orobanche  
(Leake  1994  ) !      
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          2.1   Introduction 

 Fully mycoheterotrophic plants share only one 
particular feature—the obligation to obtain carbon 
from fungi. The plants that fall within this de fi nition 
do not necessarily have to be evolutionarily related 

and therefore mycoheterotrophic plants consist of 
a wide variety of taxa. Although mycoheterotro-
phy is relatively rare in nature, multiple indepen-
dent origins of the mycoheterotrophic mode of 
life have produced a remarkable array of myco-
heterotrophic species in almost every major group 
of land plants. Furman and Trappe  (  1971  )  and 
particularly Leake  (  1994  )  presented excellent 
overviews of mycoheterotrophic plant species. 
Here we provide an updated list of all putatively 
fully mycoheterotrophic plant species, excluding 
initial and partial mycoheterotrophs, with details 
on their morphology, distribution, and ecology. 
This list covers 17 plant families, 101 genera, and 
ca. 880 species. 

 Fern and lycophyte species were included 
when there is evidence for the lack of chlorophyll 
in the gametophytic phase. For “higher” plants 
we considered all lea fl ess, achlorophyllous plant 
species that are not holoparasitic (i.e., physi-
cally connected to a host plant) as “putative” 
full mycoheterotrophs (but see  Parasitaxus ). 
In some cases we also included species that 
retain at least some chlorophyll, but in these 
cases mycoheterotrophy is suspected on the 
basis of their extremely reduced leaves. 
However, to determine the trophic status of a 
species careful investigation is needed. Since 
these data are lacking for the great majority of 
putative mycoheterotrophs, the presence of 
mycorrhizas and the absence of both chloro-
phyll and a direct physical link to a host plant 
are probably the best indications for full myco-
hetertrophy. Nevertheless, it is important to 
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keep in mind that the “full mycoheterotrophy” 
status of many species listed here remains specu-
lative until a careful physiological analysis has 
been carried out. 

 Partial and initial mycoheterotrophs were not 
included in our overview, although we tried to 
mention con fi rmed partially mycoheterotrophic 
species where appropriate. Partial mycoheterotro-
phy has been detected in green Orchidaceae, 
Ericaceae, and Gentianaceae but may occur in 
several other plant families (Selosse and Roy 
 2009  ) . In addition, probably all Orchidaceae spe-
cies are initial mycoheterotrophs (Leake  1994 ; 
Chaps.   1     and   5    ) and this group includes over 
20,000 species. Furthermore, many species that 
produce small dust-like seeds (e.g., Pyroleae in 
Ericaceae) may depend on a mycorrhizal fungus 
during early development and are thus initial 
mycoheterotrophs (Chap.   1    ). Currently, we know 
little about the phylogenetic range of partial and 
initial mycoheterotrophy in most plant lineages, 
but the chlorophyllous relatives of full myco-
heterotrophs are the prime candidates to discover 
more partial and initial mycoheterotrophs, and 
we hope that this overview may be a valuable 
tool in search of new mycoheterotrophs. 

 The taxonomic af fi nities of many groups of 
mycoheterotrophs have puzzled systematists for 
almost three centuries. Many mycoheterotrophic 
plants are rare or at least very dif fi cult to  fi nd, and 
in extreme cases particular species are known 
only from one or two collections. Obtaining study 
material is therefore often the  fi rst obstacle to be 
tackled when trying to unravel the evolutionary 
history of these intriguing plants. In addition, 
mycoheterotrophic plants have evolved conver-
gent adaptations in their morphology and anat-
omy as a result of their peculiar mode of life, 
making identi fi cation of the close relatives of 
mycoheterotrophic plants in many cases a taxo-
nomic challenge. The application of DNA data 
has offered new opportunities to elucide the rela-
tionships of mycoheterotrophic plant groups, 
although scarcity of study material and elevated 
DNA substitution rates have prevented an accu-
rate inference of phylogenetic relationships of 
many mycoheterotrophic lineages to date (see 
Chap.   5    ). This overview has been compiled using 

the latest taxonomic and phylogenetic insights of 
the groups in question. For information on species 
numbers and distributions the International Plant 
Names Index (IPNI  2011  ) , the World Checklist 
of Selected Plant Families  (  2011  ) , and Tropicos 
 (  2011  )  were of great value, although in some 
cases we adopted information from alternative 
sources. In a few cases the choice between con-
tradicting taxonomical classi fi cations was made 
entirely arbitrarily. As mentioned above, the tax-
onomic status of many groups of mycoheterotro-
phs remains doubtful and it is likely to change, as 
new data will become available. Moreover, new 
species and even genera are still being identi fi ed 
and there is no doubt that more species are waiting 
to be discovered.  

    2.2   Liverworts 

 Liverworts (Marchantiophyta) are postulated to 
be the sister lineage to all other land plants and to 
have had a Late Ordovician origin (Heinrichs 
et al.  2007  ) . Together with mosses and hornworts, 
they comprise a paraphyletic grade of the embry-
ophytes in which the haploid gametophyte is the 
persistent autotrophic generation and the diploid 
sporophyte is short-lived, unbranched, and per-
manently matrotrophic. In liverworts the gameto-
phyte can be either a thalloid or a leafy plant and 
the sporophyte is enclosed by tissues of the game-
tophyte until sporogenesis is completed. 

 Liverworts consist of approximately 8,000 
species in nearly 500 genera. The gametophyte 
phase of many liverworts forms an association 
with endophytic fungi, including mucoromycetes, 
glomeromycetes, ascomycetes, and basidiomy-
cetes (Pressel et al.  2010  ) . In contrast to ferns, this 
association has never been observed in the sporo-
phyte phase (Ligrone et al.  1993  ) . Considering the 
huge number of taxa and the antiquity of the lin-
eage, it is surprising that only a single fern taxon, 
namely  Aneura mirabilis  (Malmb.) Wickett & 
Gof fi net (= Cryptothallus  Malmb.), has ever been 
demonstrated to be fully mycoheterotrophic. This 
taxon, described by von Malmborg  (  1933  )  as 
 Cryptothallus mirabilis , was  fi rst recorded from 
France by Denis  (  1919  )  who regarded it as an 

http://dx.doi.org/10.1007/978-1-4614-5209-6_1
http://dx.doi.org/10.1007/978-1-4614-5209-6_5
http://dx.doi.org/10.1007/978-1-4614-5209-6_1
http://dx.doi.org/10.1007/978-1-4614-5209-6_5
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achlorophyllous form of  Aneura pinguis  and com-
pared it with gametophytes of the clubmosses 
 Lycopodium selago  and  L .  phlegmaria  (= Huperzia 
phlegmaria ). Recent molecular analysis by 
Wickett and Gof fi net  (  2008  )  has not supported its 
recognition as an autonomous genus, rather show-
ing it to be  Aneura , as Denis had originally sug-
gested. It is interesting that  Tulasnella , the 
basidiomycete fungal symbiont of the photosyn-
thetic  Aneura pinguis , is the same genus found in 
the mycoheterotrophic liverwort  Aneura mirabi-
lis . Although a second species of  Cryptothallus , 
 C .  hirsutus , was described from Costa Rica (Crum 
and Bruce  1996  ) , this problematic taxon was 
never proven to be mycoheterotrophic and subse-
quent efforts to collect this liverwort from the 
type locality proved to be unsuccessful. 

    2.2.1   Aneuraceae 

   Aneuraceae H. Klinggr., Höh. Crypt. Preuss.: 11 
(1858). 
 Riccardiaceae Sanborn, Univ. Oregon Publ., Pl. 
Biol. Ser. 1(1): 33 (1929).   

 Persistent gametophyte plants thalloid, with 
the thallus often  fl eshy, 1–10 cm long, 0.2–12 mm 
wide, lacking a strongly differentiated midrib; 
vegetative branching monopodial or absent; ven-
tral slime papillae 2-celled, in 2 rows or dispersed; 
oil bodies small and numerous or large and 1 to 3 
per cell,  fi nely granular; monoicous or dioicous; 
antheridia sunken in chambers on abbreviated lat-
eral branches (on the main thallus in  Verdoornia ); 
archegonia in clusters, with paraphyses, on abbre-
viated lateral branches (on the main thallus in 
 Verdoornia ); sporophytes enclosed by a  fl eshy 
shoot calyptra or coelocaule; capsules ellipsoidial 
to cylindric, with the wall 2 cells thick, usually 
opening by 4 valves, with an apical elaterophore; 
elaters 1(2)–spiraled; gemmae usually endogenous 
(exogenous, but rare in  Aneura ). 

  Number of   genera and   species —The family com-
prises 4 genera with fewer than 150 accepted spe-
cies.  Riccardia  is the largest genus with ca. 100 
species while  Aneura  includes 10 to 20 species. 
 Lobatiriccardia , with eight species, was formerly 

regarded as a subgenus of  Riccardia .  Verdoornia  
is a monotypic New Zealand endemic. 

  Distribution and   habitat —Aneuraceae are 
distributed worldwide, from the High Arctic to 
Fuegia and the islands of the Sub-Antarctic. 
Populations can be found from sea level to over 
4,000 m elevations, growing on moist rotting 
wood and bark, wet rocks, and over moist soil or 
boggy ground. The single mycoheterotrophic 
taxon,  Aneura   mirabilis , is a northern oceanic 
disjunct from Greenland and Europe. 

  Classi fi cation —Molecular phylogenetic analyses 
have consistently resolved two backbone lineages 
of simple thalloid liverworts, recognized as the 
subclasses Pelliidae and Metzgeriidae of the 
Jungermanniopsida (Forrest et al.  2006 ; 
He-Nygrén et al.  2006 ; Crandall-Stotler et al. 
 2009  ) . Aneuraceae form a monophyletic lineage 
that is sister to the Metzgeriaceae within the 
Metzgeriidae. A recent phylogenetic hypothesis 
of relationships within the family resolves each 
of the four genera as monophyletic and strongly 
supports a sister group relationship between 
 Aneura  and  Lobatiriccardia , with  Riccardia  and 
 Verdoonia  forming successive sister groups 
(Preußing et al.  2010  ) . 

  Evolutionary history —Members of the Aneur-
aceae are absent from the fossil record, but calcu-
lations of divergence times from chloroplast 
sequence data estimate an origin of the family in 
the mid Jurassic, about 170 Ma (Heinrichs et al. 
 2007  ) . Recent molecular analyses evince consid-
erable cryptic speciation, especially in  Aneura  
(Wachowiak et al.  2007  ) , and morphological 
character reconstructions support recognition of 
the family as a crown group in liverwort phylog-
eny (Crandall-Stotler et al.  2005  ) . 

  Mycoheterotrophy —Associations between liver-
worts and fungi are very common, and Aneuraceae 
is no exception. Typically, the fungal partner in 
these associations is either an ascomycete or 
glomeromycete (Davis and Shaw  2008 ; 
Bidartondo and Duckett  2010  )  or, in the earliest 
diverging lineage, a mucoromycete (Pressel 
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et al.  2010  ) ; however, Aneuraceae is unique 
among liverworts in having an intracellular asso-
ciation with the basidiomycete genus  Tulasnella  
(Kottke and Nebel  2005  ) . Preußing et al.  (  2010  )  
suggest that the well developed, tulanelloid 
mycothallus may have opened up novel habitats, 
which subsequently contributed to this being the 
most speciose group of simple thalloid liver-
worts. In  Riccardia , the mycothallus, if present, 
is epidermal, whereas the remaining Aneuraceae 
are characterized by a parenchymal mycothallus. 
With a  fl eshy thallus composed almost entirely of 
parenchyma,  A .  mirabilis  is the most intensely 
colonized species, and derives its  fi xed atmo-
spheric carbon from its endophyte by way of 
either  Pinus  or  Betula  upon which the fungal 
partner is simultaneously ectomycorrhizal 
(Bidartondo et al.  2003  ) . In all cases, the fungus 
enters the thallus at the base of the rhizoids and 
colonizes the interior of the host cells after pene-
trating the cell walls; there is no intercellular 
growth of the fungus (Preußing et al.  2010  ) . 

    2.2.1.1   Aneura (Fig.  2.1a )    

    Aneura  Dumort., Comment. Bot.: 115 (1822). 
  Cryptothallus  Malmb., Ann. Bryol. 6: 122 (1933).   

 Thalli large, 1–5 cm long, 2–10 mm wide, thick 
and  fl eshy, sparingly and very irregularly branched, 
occasionally simple; oil bodies small, numerous, 
6 to 40 per cell; dioicous, heteromorphic, with 
male plants somewhat smaller; antheridia in 
2 to 6 rows on lateral branches; archegonia clus-
tered in small lateral notches of the thallus margin. 

 The number of accepted  Aneura  species is 
problematic, ranging from as few as 6 to as many 
as 20. Apart from  A .  mirabilis , which is easily 
distinguished from other species by its lack of 
chlorophyll, morphological diagnoses of  Aneura  
haven proven to be dif fi cult to reconcile with pat-
terns of DNA sequence variation; it has often 
been acknowledged that this genus is in need of 
intense morphological and molecular study in 
order to understand species level relationships. 
 Aneura mirabilis , which is the only fully myco-
heterotrophic member of the genus, is nested 
within the chlorophyllose  Aneura pinguis  com-
plex (Wickett and Gof fi net  2008 ; Preußing et al. 

 2010  ) . It is predominantly found in oceanic 
Europe with a distribution covering the United 
Kingdom, Germany, France, Portugal, Russia, 
Sweden and Norway (Schuster  1992  ) . 
Additionally, a disjunct locality has been reported 
from the western Greenland (Peterson  1972  ) , and 
ecological models have predicted that its range 
should include Spain (Sérgio et al.  2005  ) . In its 
northern localities,  A .  mirabilis  is generally found 
buried up to 20 cm beneath the surface of 
 Sphagnum  dominated peat bogs (pH ± 3.8), occur-
ring in proximity to birch trees from which the 
liverwort derives its  fi xed atmospheric carbon by 
way of its mycobiont. It is associated closely with 
pines in its more southern localities (e.g., 
Portugal) where it is frequently covered by mats 
of pleurocarpous mosses. It was initially sug-
gested that  A .  mirabilis  was saprophytic, harbor-
ing a fungal partner different from surrounding 
tree roots. However, clear transfer of carbon  fi xed 
by the associated tree to the liverwort via the fun-
gal hyphae has been demonstrated (Bidartondo 
et al.  2003  )  and fungi with identical genotypes 
have been collected from  A .  mirabilis  and a 
neighboring tree (Bidartondo and Duckett  2010  ) . 
It appears that the mycobiont of  A .  mirabilis  is 
species-speci fi c given that it will not invade chlo-
rophyllose  Aneura  (Duckett et al.  2004  ) . 

 Unlike its sister species  Aneura pinguis , it 
appears that  A .  mirabilis  develops in response to 
temperature, rather than day length (Benson-
Evans  1961  ) . Fertilization occurs in June or July, 
followed by the development of the sporophyte, 
within a protective calyptra, with the seta elon-
gating the following spring (Benson-Evans  1952, 
  1960  ) . The elongation of the seta pushes the cap-
sule nearer to the surface of the overlaying vege-
tation, allowing the spores to be dispersed in 
suf fi cient light. Various experimental conditions 
have been tested to determine optimal conditions 
for spore germination and suggest that diffuse 
light is required for, and frost exposure increases 
the rate of germination. Fungi do not colonize 
either the spores themselves or the sporophytes 
and gametangia (Ligrone et al.  1993  ) , and spores 
germinated in culture do not mature beyond a 20- 
to 30-celled stage that follows the initiation of 
rhizoids (Benson-Evans  1960  ) . This suggests 
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 Tulasnella  must colonize the thallus at this early 
stage of development. It is important for rhizoids 
to form pre-colonization as the fungal hyphae 
penetrate through the rhizoids and proceed to 
form dense, intracellular coils (Preußing et al. 
 2010  ) . The liverwort appears to mediate the 
spread of the fungus, as evidenced by the clear 

demarcation of the mycothallus (limited to non-
reproductive parenchyma), and the ability of a 
cell to persist (and be subsequently re-colonized) 
following the death of its intracellular hyphae 
(Ligrone et al.  1993  ) . While its morphology 
clearly places it in  Aneura ,  A .  mirabilis  is unique 
in that it is strongly sexually dimorphic and has 

  Fig. 2.1    Aneuraceae and Lycopodiaceae. ( a ) Fully 
mycoheterotrophic gametophyte of  Aneura mirabilis  
(Aneur aceae). Drawn from Vanderpoorten and Gof fi net 
 (  2009  ) . ( b ) Mycoheterotrophic gametophyte ( left ) and 
emerging sporophyte ( right ) of  Huperzia phlegmaria  
(Lycopodiaceae). Redrawn from Haig  (  2008  ) . ( c ,  d ) 

Sporophyte of  Lycopodium annotinum : ( c ) strobilus, 
( d ) habit. ( e ,  f ) Sporophyte of  Huperzia selago : ( e ) habit, 
( f ) detail of microphylls. ( g ) Sporophyte of  Lycopodiella 
appressa . ( c – g ) Redrawn from Wagner and Beitel  (  1993  ) . 
Bar = 1 cm, except ( b ) bar = 0.1 cm       
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reticulately ornamented spores that are perma-
nently retained in tetrads (Schuster  1992  ) . Though 
speculative, it is tempting to invoke the subterra-
nean habitat of  A .  mirabilis  as a selective force in 
the evolution of this divergent spore morphology. 
Given that the thalli of  A .  mirabilis  can be found 
up to 20 cm beneath the surface of  Sphagnum  
peat, it is unlikely that any photosynthesis occurs 
in this liverwort. Wickett et al.  (  2008a,   b  )  demon-
strated that photosynthesis is likely impossible 
due to the pseudogenization of, and relaxation of 
purifying selection on several of the plastid genes 
that encode structural subunits of the photosyn-
thetic apparatus.    

    2.3   Ferns and Clubmosses 

 Of some clubmosses (Lycopodiopsida) and ferns 
(Polypodiopsida), the sexual stage or gameto-
phyte is achlorophyllous and subterraneous. 
Many fern and clubmoss gametophytes have 
mycorrhizal associations as have many fern 
sporophytes, but in the cases where chlorophyll 
is absent, the prothallus is entirely dependent on 
the fungus for survival. These mycoheterotrophic 
gametophytes are widespread in Lycopodiaceae, 
Ophioglossaceae, and Psilotaceae, and are also 
known in  Actinostachys  (Schizaeaceae) and 
 Stromatopteris  (Gleicheniaceae). In other fern 
families they are not known to occur. 

    2.3.1   The Life Cycle of Ferns 
and Clubmosses 

 Under normal circumstances there is a regular 
alternation between a gametophyte (sexual) phase 
and a sporophyte (asexual) phase. The sporo-
phyte is the dominant generation in ferns (in con-
trast, the gametophyte is dominant in mosses). It 
soon becomes independent of the gametophyte 
and grows to a much greater size and anatomical 
complexity than the gametophyte. These sporo-
phytes produce haploid spores through meiosis, 
which, when germinated (usually under warm 
and moist conditions), form a sexual, free-living, 
haploid gametophyte. Gametophytes (prothalli) 
often resemble a liverwort or alga and form the 

gametes. The male gametes, produced in numbers 
by antheridia are known as antherozoids or 
spermatozoids, because they are  fl agellated and 
able to swim in water. The female gametes (or 
egg cells) are non-motile and are borne singly in 
 fl ask-shaped archegonia. Under humid circum-
stances a fusion between an egg-cell and an 
antherozoid may result in the formation of a 
zygote, containing the combined nuclear material 
of the two gametes (diploid). The zygote devel-
ops through mitotic division into the diploid 
sporophyte. When mature, the sporophyte pro-
duces non-motile, haploid spores that are formed 
through meiosis, completing the life cycle. 

 The complexity of the sporophyte in compari-
son with the gametophyte allows the sporophyte to 
live under a much wider range of environmental 
conditions than the gametophyte. The sporophyte 
is however dependent to grow in places where 
the gametophyte can survive long enough for fer-
tilization to take place. This is limiting species 
whose gametophytes are lacking a cuticle and are 
thus susceptible to dehydration, but not all game-
tophytes are limited that way: some make asso-
ciations with fungi, are subterranean, and others 
are retained within the resistant spore wall 
(e.g., in heterosporous species).  

    2.3.2   Gametophytes and 
Mycoheterotrophy 

 Gametophytes of ferns are usually chlorophyllous, 
but in some cases the gametophyte is formed 
underground and lacks chlorophyll. This is espe-
cially the case in Lycopodiaceae (clubmosses) 
and early branching ferns like Ophioglossaceae 
and Psilotaceae. These gametophytes are assumed 
to be mycoheterotrophic, but studies have not 
been carried out to establish the intricate relation-
ship between the achlorophyllous gametophytes 
of ferns and clubmosses and the fungus that it 
associates with.  

    2.3.3   Clubmosses 

 The clubmosses (Lycopodiopsida) consists of 
three families in three orders within the subclass 
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Lycopodiidae (Christenhusz et al.  2011a  )  that 
together form the sister lineage to all other vascu-
lar plants and are not closely allied to ferns. Only 
Lycopodiaceae show mycoheterotrophy at the 
gametophyte stage. The other two families, 
Isoëtaceae and Selaginellaceae are both hetero-
sporous and have endosporic gametophytes that 
do not produce fungal associations. In all fami-
lies mycorrhizal associations are known to occur 
at the sporophytic stage.  

    2.3.4   Lycopodiaceae 

   Lycopodiaceae P.Beauv. ex Mirb. in Lam. & Mirb., 
Hist. Nat. Vég. 4: 293 (1802).   

 Terrestrial or epiphytic plants. Habit erect, 
trailing or pendent. Stems usually branched, 
densely clothed nearly throughout with numer-
ous small, simple, 1-nerved leaves, these all simi-
lar or dimorphic. Sporophylls similar to other 
leaves or modi fi ed and aggregated to form com-
pact spikes (strobiles). Sporangia axillary, mono-
locular. Spores all alike, minute, very numerous. 
Gametophytes (hemi-)mycoheterotrophic,  fl eshy 
or tuberous, with or without chlorophyll, 
monoecious. 

  Number of   genera and   species —The 
Lycopodiaceae comprise 3 genera and ca. 300 
species. The largest genus is  Huperzia  with ca. 
200 species, followed by  Lycopodium  with ca. 40 
species and  Lycopodiella  with ca. 40. Because of 
the varied growth forms of species within these 
genera, some authors have adopted a system with 
more genera, accepting  Phlegmariurus  for epi-
phytic  Huperzia ,  Palhinhaea  for the  Lycopodiella 
cernua  complex, and  Diphasiastrum  for 
 Lycopodium  with  fl attened branchlets (the cypress 
clubmosses). 

  Distribution and   habitat —Lycopodiaceae occur 
worldwide in a variety of habitats. They can be 
terrestrial or epiphytic, erect or pendent, creeping 
or climbing plants, and are usually con fi ned to 
habitats that are at least humid during some part 
of the year.  Huperzia drummondii  is peculiar in 

surviving dry periods by forming underground 
tubers. 

  Classi fi cation —Traditionally Lycopodiaceae was 
treated as a family of two genera  Lycopodium  
and  Phylloglossum  (e.g., Sporne  1962 ; Bierhorst 
 1971 ; Tryon and Tryon  1982  ) . Further division of 
 Lycopodium  led to as many as 12 genera 
(Rothmaler  1964 ; Holub  1983  ) , mainly based on 
habit morphology. Øllgaard  (  1987  )  proposed a 
consensus classi fi cation, which I (MJMC) rec-
ommend to be followed, dividing the genus into 
four genera, but keeping many of the names pro-
posed by Holub at subgeneric levels. Recent 
molecular studies (Wikström and Kenrick  1997 ; 
Wikström et al.  1999  )  supported Øllgaard’s 
classi fi cation in which Lycopodiaceae consist of 
three major clades:  Lycopodiella  and  Lycopodium  
s.s., the pair being sister to an enlarged  Huperzia  
(including  Phylloglossum ). To maintain 
 Phylloglossum ,  Phlegmariurus  will have to be 
rede fi ned, but in that case it has few morphologi-
cal characters that separate it from  Huperzia  s.s., 
and thus inclusion of  Phylloglossum  in  Huperzia  
appears to be a better alternative. Further division 
of  Lycopodiella  and  Lycopodium  is possible (as 
validated by Holub  (  1983  ) ; Øllgaard ( 2012 )), but 
has only created confusion in the past, and should 
therefore be avoided. 

  Evolutionary history —Lycopods are only a 
fraction of the present-day vascular plant diver-
sity, but their peak of evolution happened 
about 300 million years ago (Ma). During the 
Carboniferous, lycopods were a conspicuous 
and abundant element of the land  fl ora (Kenrick 
and Crane  1997  ) . Several groups have now 
become extinct, and the once dominant clade 
of rhizomorphic species that included arbores-
cent species of the Carboniferous coal swamps, 
have been reduced to the few small herbaceous 
species of  Isoëtes . 

 Because of the long fossil record lycopods 
were recognized as descendents of early diver-
gences in the land plant evolution. Molecular 
studies have supported this view and place the 
lycopods as sister to all other vascular plants 
(Raubeson and Jansen  1992  ) . 
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  Mycoheterotrophy —In some species spores 
germinate without delay while on the surface of 
the ground, and then form chlorophyllous 
gametophytes ( Lycopodiella ). In other species 
there may be delay of many years in germination, 
by which time the spores may have been buried 
and they will become colorless and dependent on 
a mycorrhizal association. An arbuscular mycor-
rhizal association appears to occur in all species 
growing under natural circumstances (Sporne 
 1962 ; Winther and Friedman  2008  and references 
therein). 

 Photosynthetic (putative partially myco-
heterotrophic) gametophytes of  Lycopodiella  and 
some  Huperzia  are cone-shaped, and have an 
upper green part, and a colorless lower part with 
fungal hyphae, whereas in mycoheterotrophic 
gametophytes the green part is missing and fun-
gal hyphae occur throughout the gametophyte. In 
both cases the archegonia and antheridia are 
restricted to the upper part. Epiphytic species of 
 Huperzia  also have colorless prothalli, but they 
are slender, branching, and show a pronounced 
apical growth (Sporne  1962  ) . 

    2.3.4.1   Huperzia (Fig.  2.1b, e, f ) 

    Huperzia  Bernh., J. Bot. (Schrader) 1800(2): 126 
(1801). 
  Phylloglossum  Kunze, Bot. Zeit. 1 (1843). 
  Urostachys  Herter, Beih. Bot. Centralbl. 39 Abt. 2: 
249 (1922). 
  Phlegmariurus  (Herter) Holub, Preslia 36: 17 
(1964).   

 Terrestrial, lithophytic or epiphytic plants. 
Roots in distal parts of shoots, but sometimes 
branches rooting near their tips or along prostrate 
shoots. Sometimes ( H .  drummondii ) forming a 
subterraneous tuber on a lea fl ess geotropic branch. 
Shoots clustered, dichotomously branching, erect 
or pendent, clothed with numerous monomorphic 
or dimorphic leaves, these imbricate or not, 
sometimes bearing gemmiferous branchlets and 
gemmae, or all leaves clustered in a basal rosette 
( H .  drummondii ). Sporangia reniform, borne 
singly in the axils of undifferentiated or highly 
differentiated sporophylls. Gametophytes achlo-
rophyllous, mycoheterotrophic (but green in a 
few species), cylindrical, with pluricellular uni-
seriate hairs among gametangia. 

 A genus of over 200 species, but due to numer-
ous species complexes the number is uncertain 
(Tryon and Tryon  1982  ) . The genus is cosmopoli-
tan extending from the tropics (there mainly epi-
phytic) to the Arctic and Subantarctic. The peculiar 
 Huperzia drummondii  (formerly in the monotypic 
genus  Phylloglossum ) has green mycorrhizal 
gametophytes and is the only Lycopodiaceae that 
produces tubers as a survival strategy for dry sea-
sons. Its morphology is highly derived, but phylo-
genetically it is embedded within the genus 
 Huperzia  (Wikström and Kenrick  1997  ) .  Huperzia 
selago  (which is the type of  Huperzia , and which 
was found to be sister to  H .  drummondii ) can have 
either colorless or green gametophytes (hemimy-
coheterotrophic), and can thus be considered a 
transition from mycoheterotrophic towards inde-
pendent gametophytes. Most other  Huperzia  
(such as the epiphytic  H .  phlegmaria ) have myco-
heterotrophic gametophytes. Mycoheterotrophic 
gametophytes of  Huperzia hypogeae  were found 
to grow with  Glomus  Group A fungi (Winther 
and Friedman  2008  ) .  

    2.3.4.2   Lycopodiella (Fig.  2.1g ) 

    Lycopodiella  Holub, Preslia 36: 20 (1964). 
  Palhinhaea  Franco & Carv., in Carv. Vasc. 
& Franco, Bol. Soc. Brot. Ser. 2, 41: 24 (1967). 
  Lateristachys  Holub, Folia Geobot. Phytotax. 
18(4): 440 (1983). 
  Pseudolycopodiella  Holub, Folia Geobot. Phytotax. 
18(4): 441 (1983).   

 Terrestrial plants with indeterminate main stems 
(rhizomes) which can be subterraneous, scram-
bling or creeping, indeterminate. Side branches 
determinate, simple to much-branched, arising 
dorsally along main stems. Leaves monomorphic 
or dimorphic. Strobili erect to nodding or pendu-
lous, terminating simple (rarely forked) branches 
or much-branched branchlet systems. Sporophylls 
subpeltate, medially basiscopically winged or 
with membranes almost enclosing the sporangia. 
Sporangia axillary or on the base of sporophylls. 
Spores rugose. Gametophytes green, tuberous, 
lobed above, living on the surface, hemimyco-
heterotrophic, lacking pluricellular hairs. 

 A genus of ca. 40 species widespread in moist-
temperate and tropical regions. Especially diverse 
in the New World.  
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    2.3.4.3   Lycopodium (Figs.  2.1c, d  and 4.1a) 

    Lycopodium  L., Sp. Pl. 1100 (1753). 
  Lepidotis  P.Beauv. ex Mirb. in Lam. & Mirb., Hist. 
Nat. Vég. 3: 477; 4: 311 (1802). 
  Diphasium  Rothm., Feddes Repert. Spec. Nov. 
Regni Veg. 54: 64 (1944). 
  Diphasiastrum  Holub, Preslia 47: 104 (1975). 
  Lycopodiastrum  Holub ex R.D.Dixit, J. Bombay 
Nat. Hist. Soc. 77(3): 540 (1980 publ. 1981). 
  Pseudolycopodium  Holub, Folia Geobot. Phytotax. 
18(4): 441 (1983). 
  Pseudodiphasium  Holub, Folia Geobot. Phytotax. 
18(4): 440 (1983). 
  Austrolycopodium  Holub, Folia Geobot. Phytotax. 
26(1): 91 (1991). 
  Dendrolycopodium  A.Haynes, Fam. Huperziac. 
Lycopodiac. New England 84 (2003). 
  Spinulum  A.Haynes, Fam. Huperziac. Lycopodiac. 
New England 85 (2003).   

 Terrestrial or lithophytic plants. Main stems 
trailing along the ground, sometimes climbing, 
indeterminate, rooting on the underside, usually 
long-creeping or arching and rooting. Erect deter-
minate shoots scattered along horizontal stems, 
unbranched or dichotomously or irregularly 
branched. Leaves spiral to subverticillate, or 
distinctly  fl attened and in rows, monomorphic or 
dimorphic. Strobili erect, sessile or pedunculate 
or pendulous to nodding. Sporophylls peltate, 
subpeltate or paleate. Sporangia attached to 
sporophyll base or axillary, reniform. 
Gametophytes subterranean, tuberous, myco-
heterotrophic, lacking hairs among gametangia. 

 A genus of ca. 40 species widespread in tem-
perate and tropical (montane) regions.   

    2.3.5   Ferns 

 Ferns (Polypodiopsida) or sometimes informally 
called monilophytes (to include the former “fern 
allies” Psilotaceae and Equisetaceae) are the sec-
ond diverging lineage of vascular cryptogams. 
They consist of 45 families in 11 orders 
(Christenhusz et al.  2011a  ) . Mycoheterotrophy of 
the gametophyte is relatively rare and only known 
with certainty in Ophioglossaceae, Psilotaceae, 
 Actinostachys  (Schizaeaceae) and  Stromatopteris  
(Gleicheniaceae). There may be cases of myco-
heterotrophy in Polypodiales (containing the bulk 
of ferns with ca. 15,000 species), but this is yet to 

be con fi rmed. The majority of ferns have chloro-
phyllous heart- or butter fl y-shaped gametophytes, 
although rarely other shapes (strap-shaped or 
 fi lamentose) occur. Partly subterraneous kinds 
are also reported (Sporne  1962  ) , but are extremely 
rare. Further study on subterraneous gameto-
phytes is needed, but it is complicated because 
they are dif fi cult to  fi nd. Many families are known 
to have arbuscular mycorrhizal associations (e.g., 
Marattiaceae, Schizaeaceae, Gleicheniaceae), but 
while many species seem to be dependent on 
their fungal association, mycoheterotrophy at the 
gametophyte phase seems to be occur in only a 
few species.  

    2.3.6   Ophioglossaceae 

   Ophioglossaceae Martinov, Tekhno-Bot. Slovar: 

438 (1820). 

 Helminthostachyaceae Ching, Bull. Fan Mem. 

Inst. Biol., Bot. 10: 235 (1941).   

 Terrestrial or epiphytic plants consisting of a 
 fl eshy rhizome bearing numerous  fl eshy roots, and 
one to several leaves. The growth is not circin-
nate as in most other ferns but the parts are folded 
or bent in bud. Leaves erect or pendent, consisting 
of a petiole bearing at the apex a simple or vari-
ously divided blade. Part of the blade may be fer-
tile, and form erect or divergent sporangia-bearing 
spikes. Sporangia in two rows, naked, each open-
ing by a slit. Gametophytes subterranean, very 
small, tuber-like, usually without chlorophyll. 

  Number of   genera and   species —The 
Ophioglossaceae comprise four (or  fi ve) genera 
with 60 or more species.  Mankyua  and 
 Helminthostachys  are monotypic, whereas 
 Botrychium  includes about 25 species and 
 Ophioglossum  25–30. 

  Distribution and   habitat —The Ophioglossaceae 
occur worldwide from the tropics to the Arctic 
and Antarctic. They grow epiphytically or in 
moist woodland or grassland settings. 

  Classi fi cation —The Ophioglossaceae is an early 
branching lineage of ferns, not closely related to 
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any other group of vascular plants. Together with 
Psilotaceae it forms the sister group to all other 
ferns. Stevenson and Loconte  (  1996  )  concluded 
that  Ophioglossum  and  Botrychium  are sister taxa 
based on their transverse dehiscence of the spo-
rangia.  Helminthostachys  has vertical dehiscence 
and they therefore considered this genus “ances-
tral” and segregated it into Helminthostachyaceae. 
It is however better pertained within 
Ophioglossaceae, because the genus is certainly 
allied to  Botrychium  and  Ophioglossum . The 
placement of  Mankyua  is uncertain but it has 
transverse sporangia dehiscense and is thus prob-
ably most closely related to  Ophioglossum . 

  Evolutionary history —The fossil history of 
Ophioglossaceae is very limited. Only a single 
macrofossil is known of the family, which is from 
the Palaeocene (Rothwell and Stockey  1989  ) , but 
the family certainly is much older. This lack of 
fossils is probably due to the soft tissue decaying 
swiftly and the habitats where these plants grow 
providing little chance for fossilization. 
Nevertheless the family must have an ancient ori-
gin because of their large number of plesiomor-
phic characters. Kato  (  1990  )  suggested that the 
“three-dimensional construction of ophioglossoid 
fertile leaves with epiphyllous sporophores may 
be a hypothetical archetype for angiosperm car-
pels with adaxial ovules.” 

  Mycoheterotrophy —The prothallus of all genera 
is mycorrhizal, the appropriate arbuscular myc-
orrhizal fungus is needed for the growth of the 
prothallus (Winther and Friedman  2007 ; Smith 
and Read  2008  ) . In most cases the prothallus is 
subterraneous and lacks chlorophyll, although 
cases of super fi cial green prothalli have been 
reported (Sporne  1962  ) . 

 Prothalli are tuberous bodies;  fl attened in 
 Botrychium , cilindrical and elongated in 
 Ophioglossum , not unlike rhizome parts. Often a 
large part of the mycorrhizal fungus is located in 
an enlarged bulbous base in  Ophioglossum . The 
antheridia appear  fi rst and are deeply sunken, 
producing very large numbers of antherozoids. 
The archegonium is stalked in  Botrychium  and 
sunken in  Ophioglossum . The prothalli of 

 Helminthostachys  and  Mankyua  are not known, 
but are presumably similar to those of 
 Ophioglossum  or  Botrychium . 

    2.3.6.1   Botrychium (Figs.  2.2a  and 4.1d)    

    Botrychium  Sw., J. Bot. (Schrader) 1800(2): 8 
(1801). 
  Botrypus  Michx., Fl. Bor.-Amer. 2: 274 (1803). 
  Sceptridium  Lyon, Bot. Gaz. 40: 457 (1905). 
  Japanobotrychium  Masam., J. Soc. Trop. Agric. 3: 
246 (1931). 
  Osmundopteris  (Milde) Small, Ferns Southeast. 
States 377, 482 (1938).   

 Perennial terrestrial ferns. Rhizome subterra-
nean, short, erect, usually unbranched. Leaves 1 
or 2, the younger enclosing the buds or succeed-
ing leaves in the sheathing petiole base, consisting 
of a petiole and a blade divided into a sterile and a 
fertile part. The sterile blade pinnate to deltate-
decompound, the fertile portion being equivalent 
to the basal two divisions of the blade that have 
fused and bear sporangia on simple or paniculate 
branches. Sporangia globose, not immersed in the 
tissue. Spores trilete, thick-walled, exospore ver-
rucose or reticulate. Gametophytes cylindric or 
oblong and  fl attened, unbranched, myco-
heterotrophic, entirely without chlorophyll. 

 A genus of ca. 25 species widely distributed 
throughout the world in boreal, temperate and 
tropical regions (in the tropics mostly in moun-
tain areas). The mycoheterotrophic gametophytes 
and autotrophic sporophytes (which are initially 
mycoheterotrophic) of  Botrychium lanceolatum  
and  B .  crenulatum  are associated with  Glomus  
Group A fungi (Winther and Friedman  2007  ) . 
The autotrophic sporophyte of  B .  virginianum  is 
able to associate both with  Glomus  Group A and 
Gigasporaceae fungi (Kovács et al.  2007  ) .  

    2.3.6.2   Helminthostachys (Fig.  2.2b ) 

    Helminthostachys  Kaulf., Enum. Filicum 28 
(1824). 
  Botryopteris  C.Presl, Rel. Haenk. 1: 76 (1825), 
non B.Renault (1875 = Botryopteridaceae fossil). 
  Ophiala  Desv., Mém. Soc. Linn. Paris 6: 195 
(1827).   

 Perennial terrestrial ferns with creeping 
rhizomes bearing thick  fl eshy roots. Leaves 
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consisting of a common basal petiole with two 
rounded stipules at the base, a palmately divided 
sterile lamina and an erect sporophore projecting 
above the lamina and consisting of numerous 
crowded short lateral sporangiate branches. 
Sporangia large, globose, opening by a vertical 

slit. Spores granular, yellow. Gametophytes not 
suf fi ciently known. 

  Helminthostachys  is a monotypic genus—
 H .  zeylanica  being the only species—extending 
from India and Sri Lanka through Malesia and 
New Guinea, north to southern Japan and south 

  Fig. 2.2    Ophioglossaceae, Psilotaceae, Gleicheniaceae, 
and Schizaeaceae ( a ) Sporophyte of  Botrychium lunaria  
(Ophioglossaceae). Redrawn from Wagner and Wagner 
 (  1993  ) . ( b ) Sporophyte of  Helminthostachys zeylanica . 
Redrawn from Shieh and DeVol  (  1994  ) . ( c ) Sporophyte 
of  Ophioglossum nudicaule  (Ophioglossaceae). Redrawn 
from Wagner and Wagner  (  1993  ) . ( d ) Sporophyte of 
 Mankyua chejuense  (Ophioglossaceae). Redrawn from 

Sun et al.  (  2001  ) . ( e ) Sporophyte of  Tmesipteris tannensis  
(Psilotaceae). Redrawn from McLintock  (  1966  ) . 
( f ) Sporophyte of  Psilotum nudum  (Psilotaceae). 
Redrawn from Castroviejo  (  1998  ) . ( g ) Sporophyte of 
 Stromatopteris moniliformis  (Gleicheniaceae). Redrawn 
from Diels  (  1902  ) . ( h ) Sporophyte of  Actinostachys pen-
nula  (Schizaeaceae). Redrawn from Wagner  (  1993  ) . 
Bar = 1 cm       
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to Australia and New Caledonia. It grows in 
forest edges usually in alluvial soils by streams 
or rivers, or in rich organic soil in swamps 
(Chinnock  1998b  ) .  

    2.3.6.3   Mankyua (Fig.  2.2d ) 

    Mankyua  B.-Y.Sun, M.H.Kim et C.H.Kim, Taxon 
50: 1020 (2001, publ. 2002).   

 Perennial terrestrial ferns. Rhizomes tuber-
ous, short, horizontally creeping, unbranched, 
Roots  fl eshy, cylindrical, sparsely branched, 
without root hairs, producing buds. Leaves usu-
ally 1, rarely 2, consisting of a common petiole, 
a thin sterile blade that is terately divided in sev-
eral ovate to lanceolate lobes, margins dentate, 
the segments sessile. Sporophores spike-like, 
arising from top of a common stalk, placed at the 
base of the sterile blade, the spikes held above 
these, the spikes simple or branched. Sporangia 
sunken in  fl eshy sporophore, horizontally dehis-
cent. Spores yellowish white. Gametophytes 
unknown. 

 The single species  M .  chejuense  is the only spe-
cies in the genus and is only known from Cheju 
island south of the Korean Peninsula in a lowland 
swampy area under evergreen broad-leaved forest 
(Sun et al.  2001  ) . Only 20 plants are reported and 
thus the species is of conservation concern. 

  Mankyua  shares fertile characters with 
 Ophioglossum  in the structure of the sporophyll, 
but resembles in habit a small  Helminthostachys .  

    2.3.6.4   Ophioglossum (Fig.  2.2c ) 

    Ophioglossum  L., Sp. Pl. 1062 (1753). 
  Ophioderma  (Blume) Endlicher, Gen. 66 (1836). 
  Rhizoglossum  C.Presl, Suppl. Tent. Pteridog. 47 
(1845), non Kylin (1924, Rhodophyceae, 
Delesseriaceae). 
  Cheiroglossa  C.Presl, Suppl. Tent. Pteridogr. 56 
(1845). 
  Cassiopteris  H.Karst., Linnaea 20: 437 (1847), 
nom. inval. 
  Holubiella  Škoda, Preslia 68(4): 345 (1996, publ. 
1997).   

 Perennial or annual, terrestrial or epiphytic 
herbs. Rhizomes short, usually erect, terminating 
in an erect exposed bud. Leaves erect or pendent, 
glabrous, somewhat  fl eshy or leathery, consisting 

of a petiole and separate sterile and fertile 
portions of the blade. Sterile blade simple or pal-
mately lobed, sessile or short-stalked, venation 
reticulate, the primary areoles enclosing free 
veinlets and sometimes secondary areoles. Fertile 
portion (sporophore) one or several, simple, 
stalked spikes. Sporangia sunken, subglobose, 
more or less coalescent in two marginal rows. 
Spores yellowish, thick-walled. Gametophytes 
small, cylindric or ovoid, simple or branched, 
mycoheterotrophic, without chlorophyll. 

 About 25–30 species occurring almost 
throughout the world, except for very cold Arctic 
or Antarctic regions. It is a taxonomically dif fi cult 
genus due to the plasticity of the species and lack 
of morphological characters.  Ophioglossum 
reticulatum  is known to be the plant with the 
highest number of chromosomes of  n  = 720 
(Khandelwal  1990  ) . The epiphytic O. palmatum 
is sometimes maintained in its separate genus 
Cheiroglossa (Christenhusz et al.  2011a ).   

    2.3.7   Psilotaceae 

   Psilotaceae J.W.Griff. & Henfr.,  Microgr .  Dict .: 
540 (1855). 
 Tmesipteridaceae Nakai, Chosakuronbun 
Mokuroku [Ord. Fam. Trib. Nov.]: 206 (1943).   

 Epiphytic, lithophytic or sometimes terrestrial 
plants. Rhizomes without roots, beset with short 
hair-like rhizoids. Stems green, simple and pro-
vided with small two-ranked leaves or several 
times dichotomously branched and appearing 
lea fl ess (the leaves being minute, scale-like 
and far apart). Sporangia bilocular or trilocular, 
attached on the adaxial base of minute bi fi d sporo-
phylls, dehiscing vertically. Spores reniform, all 
similar. Gametophytes tuberous, subterranean or 
embedded in humus, mycoheterotrophic. 

  Number of   genera and   species —The Psilotaceae 
consists of two genera and ca. 17 species. 

  Distribution and   habitat —Pantropical, extend-
ing into warm temperate areas, epiphytic on trees 
and tree ferns in peat bogs and in crevices of 
rocks and on walls. 
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  Classi fi cation —The placement of Psilotaceae has 
always been disputed. Because of the protostele 
and lack of roots it has a super fi cial similarity to 
Psilophytopsida/Rhyniopsida—an extinct group 
of Devonian plants—but these are more likely to 
be secondary plesiomorphic characters. 

 The family consists of two genera that are sis-
ter to each other. This clade pairs distantly with 
Ophioglossaceae as sister to the rest of the ferns 
(incl. Equisetaceae). The Psilotaceae and 
Ophioglossaceae share several characters of the 
sporangia, leaf division into a fertile and sterile 
part, a reduced root system and mycoheterotrophic 
gametophytes. 

  Evolutionary history —Apart from an early 
Tertiary macrofossil of  Tmesipteris  (Carpenter 
 1988  ) , the Psilotaceae are without a macrofossil 
record. The family has traditionally been com-
pared with an early Devonian group of land 
plants, the Psilophytales (which includes the 
super fi cially similar  Rhynia ) or with the 
lycopods. 

 Bierhorst  (  1977  )  noted af fi nities with 
Schizaeales and Gleicheniales. This af fi liation 
has since been rejected (Voirin and Jay  1997 ; 
Fineran and Ingerfeld  1985 ; Brownsey and Lovis 
 1987  ) . However molecular studies showed 
Psilotaceae to be sister to Ophioglossaceae 
(Hasebe et al.  1995  ) . 

  Mycoheterotrophy —Few botanists have had the 
good fortune to see living specimens of the game-
tophyte of either  Psilotum  or  Tmesipteris , but all 
remark on their similarity and their resemblance 
to portions of sporophytic rhizome. They are 
irregularly dichotomizing colorless, cylindrical 
structures, covered with rhizoids, and they are 
packed with mycorrhizal fungus hyphae. 
Archegonia and antheridia are borne together on 
the same prothallus (monoicous), but because of 
their small size it is impossible to distinguish 
gametophytes from bits of sporophyte rhizomes 
in the  fi eld (Sporne  1962  ) . Both the gametophytes 
and sporophytes of Psilotaceae form arbuscualr 
mycorrhizal associations (Wang and Qiu  2006  
and references therein). 

    2.3.7.1   Psilotum (Figs.  2.2f  and 4.1g) 

    Psilotum  Sw., J. Bot. (Schrader) 1800(2): 8 (1801). 
  Bernhardia  Willd. ex Bernh., J. Bot. (Schrader) 
1800(2): 132 (1801).   

 Erect or pendent plants, epiphytic in crevices of 
cliffs or old walls or (rarely) terrestrial in peat, 
humus or on gravel. Rhizome short-creeping, 
dichotomously branched, beset with small, brown, 
hair-like rhizoids. Stems loosely clustered, the 
lower unbranched part more or less elongate, 
dichotomously branched above into numerous 
narrow divisions. Leaves alternate, 2- or 3-ranked, 
minute, gradually tapering to a sharp thin point. 
Sporangia depressed-globose, sessile, trilocular, 
3-lobed. Spores hyaline. Gametophytes subterra-
neous or in humus, mycoheterotrophic. 

 A genus of two species:  Psilotum nudum  has a 
pantropical distribution extending into warm-
temperate areas, occurring in a wide range of 
habitats, whereas  P .  complanatum  also has a pan-
tropical distribution, but is restricted to montane 
rainforests. The mycoheterotrophic gametophytes 
and autotrophic sporophytes (which are initially 
mycoheterotrophic) of  Psilotum nudum  are asso-
ciated with  Glomus  Group A fungi (Winther and 
Friedman  2009  ) .  

    2.3.7.2   Tmesipteris (Fig.  2.2e ) 

    Tmesipteris  Bernh., J. Bot. (Schrader) 1800(2): 
131 (1801)   

 Usually epiphytic plants. Rhizome short-
creeping, dichotomously branched, with brown 
rhizoidal hairs. Shoots pendent or erect, 
unbranched, or rarely a few branched, beset with 
leaves. Sterile leaves scale-like at the base of the 
shoot, large and leaf-like above, decurrent, 
1-veined, entire, spirally or distichously arranged. 
Fertile leaves bi fi d but otherwise similar in size 
and form to sterile ones or somewhat smaller, 
produced basally, in distinct zones, or irregularly 
along a shoot. Sporangia fused into synangia, 
these large, bilobed, brown. Gametophytes sub-
terraneous, mycoheterotrophic. 
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 A genus of about 15 species extending from the 
Philippines to Australia, New Zealand and New 
Caledonia, and east to Samoa, Fiji, French Polynesia 
and the Marquesas Islands (Chinnock  1998a  ) .   

    2.3.8   Gleicheniaceae 

   Gleicheniaceae C.Presl, Reliq. Haenk. 1: 70 (1825). 
 Mertensiaceae Corda, Fl. d. Vorwelt: 89 (1845). 
 Stromatopteridaceae Bierh., Phytomorphology 18: 
263 (1968).   

 Terrestrial ferns with long-creeping rhizomes. 
Leaves pinnate or more complex, indeterminate, 
usually pseudodichotomously forked (except 
 Stromatopteris ), the leaves often branching 
through axillary buds. Veins free. Soria abaxial, 
not marginal, exindusiate. Sporangia 5–15(–20), 
each with a complete transverse medial annulus, 
opening by a longitudinal slit. Gametophyte 
green, costate, with club-shaped hairs, or, in the 
case of  Stromatopteris , mycoheterotrophic, sub-
terranean and cylindrical. 

  Number of   genera and   species —The family consists 
of six genera ( Dicranopteris ,  Diplopterygium , 
 Gleichenella ,  Gleichenia ,  Sticherus ,  Stroma-
topteris ), with ca. 130 species. Only  Stromatopteris  
has mycoheterotrophic gametophytes. 

  Distribution and   habitat —Tropical and Southern 
Hemisphere, with species reaching Japan. It shows 
a Gondwana distribution, with centers of diver-
sity in Australasia and South America. 

  Classi fi cation —The Gleicheniaceae (includ-
ing Stromatopteridaceae) are placed together 
with the Dipteridaceae and Matoniaceae in the 
Gleicheniales. The Gleicheniales are placed 
between Schizaeales and Hymenophyllales 
among the leptosporangiate ferns, but their exact 
phylogenetic position is not yet clear. 

  Evolutionary history —The family is obviously of 
Antarctic origin, where many fossils dating back 
to the Cretaceous have been found. Older fossils, 
such as  Antarctipteris  and  Gleichenipteris , may 
be ancestral Gleicheniaceae, but are more likely 
belonging to extinct lineages of Gleicheniales. 

  Mycoheterotrophy —Bierhorst  (  1969  )  discussed 
mycoheterotrophy in  Stromatopteris . Because of 
the similarities in gametophytes between 
 Stromatopteris  and  Psilotum  he assumed that the 
two genera were related. It is now known that the 
similarities are likely due to convergence rather 
than to true af fi nity (Kato  1983  ) . The gametophytes 
of  Stromatopteris  are subterranean, cylindric, 
non-green, mycoheterotrophic, bearing rhizoids 
and super fi cial gametangia and resemble the rhi-
zome of the sporophyte. The antheridia are large, 
many-celled and produce numerous spermato-
zoids. The archegonia are long-necked and vari-
ously oriented. 

    2.3.8.1   Stromatopteris (Fig.  2.2g ) 

    Stromatopteris  Mett., Ann. Sci. Nat. IV 15: 84 
(1861).   

 Rhizomes creeping, horizontal, protostelic, 
with vertical, slender unequally dichotomous 
branches bearing the leaves. Young parts scaly. 
Leaves several, rigidly erect; petiole long, dark. 
Lamina erect, 1-pinnate, with numerous, imbri-
cate, simple, ovate-rounded, entire or slightly 
lobed, coriaceous pinnae, adnate to the dark, 
 sulcate rachis, the margin more or less revolute. 
Venation obscure, anadromous, free. Sori usually 
1 per pinna, roundish, consisting of 15–20 large 
sporangia, intermingled with small irregularly 
shaped scales. Sporangial stalk uniseriate, annulus 
oblique to nearly transverse. Spores monolete, 
ellipsoidal, rugulose-reticulate. 

 A genus with a single species  Stromatopteris 
moniliformis , endemic to New Caledonia, where 
it is frequent on serpentine, ultrabasic soils in the 
southern third of the island, mostly in open places 
and macchia-like vegetation (Brownlie  1969  ) .   

    2.3.9   Schizaeaceae 

   Schizaeaceae Kaulf.,  Wesen Farrenkr .: 119 (1827).   

 Terrestrial ferns with short-creeping or erect 
rhizomes. Leaves erect, simple or fan-shaped, 
lamina and petiole hardly distinguised in some 
species. Blades  fl abellate and entire or dichoto-
mously incised to strongly reduced, straplike and 
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similar to the green petiole. Veins dichotomous, 
free. Sporangia sessile, on marginal, compact, 
pectinate-pinnate or pseudodigitate, branched or 
unbranched projections at blade tips, not in dis-
crete sori, exindusiate; spores bilateral, monolete. 
Gametophytes  fi lamentose, partly green with 
special rhizoid-bearing cells, antheridia on short 
branches and archegonia on the  fi laments or on 
anchegoniophores (in  Schizaea ), or subterranean, 
 fl eshy, tuber-like, achlorophyllous and myco-
heterotrophic (in  Actinostachys ). 

  Number of   genera and   species —The small fam-
ily Schizaeaceae is now con fi ned to the two gen-
era  Actinostachys  and  Schizaea , with a total of 
ca. 30 species. 

  Distribution and   habitat —Pantropical America 
and Asia, and southern warm-temperate (in Africa 
only in the South), one outlying species ( Schizaea 
pusilla  Pursh) occurs in the temperate zone from 
New Jersey to Newfoundland. The species are 
always terrestrial, often on substrates poor in 
minerals, or on decaying wood. 

  Classi fi cation —Formerly the genera  Lygodium  
(Lygodiaceae) and  Anemia  (Anemiaceae) were 
included in Schizaeaceae, but they diverge 
signi fi cantly and are thus placed into their own 
families within Schizaeales. 

  Evolutionary history — Schizaeopsis , a Cretaceous 
fossil is the oldest one assigned to this lineage 
(Wikström et al.  2002  ) . 

    2.3.9.1   Actinostachys (Fig.  2.2h ) 

    Actinostachys  Wallich, Num. List 1. 1829.   

  Actinostachys  differs from  Schizaea  in having 
a pseudodigitate fertile segment, sporangia in 
four rows (instead of two) and tuberous myco-
heterotrophic gametophytes. Because of the sim-
ilarities (the digitate fertile segments are 
essentially pinnate as in  Schizaea ), the genus 
 Actinostachys  is sometimes considered to be part 
of  Schizaea . The differences are clear-cut and 
thus it is maintained at the level of genus.    

    2.4   Gymnosperms 

 The existence of mycoheterotrophy in 
Gymnosperms is under debate and the discussion 
revolves around the enigmatic plant  Parasitaxus 
usta , which is a member of the Podocarpaceae 
and has a purple reddish appearance. The plant 
contains chlorophyll but is incapable of measur-
able photosynthetic electron transport (Feild and 
Brodribb  2005  ) .  Parasitaxus usta  is always found 
sprouting from roots and (rarely) trunks of 
another podocarp,  Falcatifolium taxoides , and is 
therefore often regarded as a holoparasitic plant 
(de Laubenfels  1959 ; Köpke et al.  1981  ) . 
However, a typical haustorium is not formed and 
the connection to the “host” has been described 
as an “obligate root graft” (Köpke et al.  1981  ) . 
Moreover, both  P .  usta  and  F .  taxoides  are asso-
ciated with arbuscular mycorrhizal fungi, which 
are closely associated with the  Parasitaxus –
 Falcatifolium  union (Woltz et al.  1994 ; Feild and 
Brodribb  2005  ) . Stable carbon isotopic measure-
ments indicate that carbon transport from  F .  tax-
oides  to  P .  usta  most likely involves this fungal 
partner (Feild and Brodribb  2005  ) . The situation 
seems unique in land plants (but see de Vega 
et al.  2010  )  and differs from “normal” myco-
heterotrophic plants that are not directly linked 
to another plant (but see  Exochaenium in 
Gentianaceae ). Despite its doubtful classi fi cation 
as a mycoheterotrophic plant, we included this 
species in our overview. 

 In addition to  P .  usta , achlorophyllous speci-
mens of  Sequoia sempervirens  (Taxodiaceae) are 
known. These plants obtain nutrients by grafting 
their root system with that of surrounding auto-
trophic specimens (Davis and Holderman  1980  ) . 
Because there seem to be no fungi involved in the 
interaction these “albino” redwood trees are 
probably not mycoheterotrophic and can best be 
categorized as parasitic plants. 

    2.4.1   Podocarpaceae 

   Podocarpaceae Endl., Synopsis Coniferarum 203 
(1847).
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Phyllocladaceae Bessey, Nebraska Univ. Stud. 7: 
325 (1907). 
Phyllocladaceae E.L.Core ex H.Keng, Taiwania 
18: 142 (1973), nom, illeg.
Pherosphaeraceae Nakai, Tyosen-Sanrin158: 15 
(1938).
Nageiaceae D.Z.Fu, Acta Phytotax. Sin.: 522 
(1992). 
Acmopylaceae Melikian & A.V.Bobrov, Proc. 
Intern. Conf. Plant Anat. Morph. (St. Petersburg) 
1997: 93 (1997).
Saxegothaeaceae Gaussen ex Doweld & Reveal, 
Phytologia 84: 365 (1999).
Microcachrydaceae Doweld & Reveal, Phytologia 
84: 365 (1999).
Bracteocarpaceae Melikian & A.V.Bobrov, Bot. 
Zhurn. (Moscow & Leningrad) 85: 60 (2000).
Dacrycarpaceae Melikian & A.V.Bobrov, Bot. 
Zhurn. (Moscow & Leningrad) 85: 59 (2000).
Falcatifoliaceae Melikian & A.V.Bobrov, Bot. 
Zhurn. (Moscow & Leningrad) 85: 61 (2000).
Halocarpaceae Melikian & A.V.Bobrov, Bot. 
Zhurn. (Moscow & Leningrad) 85: 60 (2000).
Lepidothamnaceae Melikian & A.V.Bobrov, Bot. 
Zhurn. (Moscow & Leningrad) 85: 63 (2000).
Microstrobaceae Doweld & Reveal, Novon 11: 
396 (2001).
Parasitaxaceae Melikian & A.V.Bobrov, Bot. 
Zhurn. (Moscow & Leningrad) 85: 61 (2000).
Prumnopityaceae Melikian & A.V.Bobrov, Bot. 
Zhurn. (Moscow & Leningrad) 85: 58 (2000).     

 Evergreen shrubs or trees, usually with straight 
trunk and more or less horizontal branches. 
Branching typically with extra, weaker branches 
along the trunk between the main tiers of 3 and 5 
major branches. Leaves usually spirally arranged, 
or in pairs radiating around the twig, or arranged 
distichously on more or less  fl at rows on either 
side of predominantly horizontal branchlets, nee-
dle-like, or broader leaves, usually with a single 
vein. Plants monoecious or dioecious. Pollen 
cones usually catkin-like; stamens numerous, 
close together, imbricate, each with two sporan-
gia; pollen grains usually winged. Female cones 
maturing in 1 year, much reduced to a few  fl eshy 
bracts or scales, pendant, usually borne on a thin 
peduncle, containing a single inverted ovule. 
Seeds completely covered by a  fl eshy structure 
referred to as an epimatium, wingless. Epimatium 
and integument sometimes connate and forming 
a leathery testa. Cotyledons 2, with 2 parallel 
vascular bundles. 

  Number of   genera and   species —Nine genera 
and ca. 180 species (Christenhusz et al.  2011b ). 
The sole species in  Parasitaxus  is entirely red-
dish purple and has a heterotrophic mode of life. 
All other Podocarpaceae species are evergreen 
trees or shrubs (Eckenwalder  2009  ) . 

  Dictribution and   habitat —Podocarpaceae are 
widespread in the southern hemisphere and reach 
their northern distribution limits in Mexico, the 
West Indies (25ºN), East Africa (35ºN) and Japan 
(35ºN) (Eckenwalder  2009  ) . Most members of the 
family are trees native to wet tropical or subtropi-
cal forests. A few are small trees or shrubs native 
to forest understory environments (Earle  1997  ) . 

  Classi fi cation —There has been some debate 
about the position of the genus  Phyllocladus  
either within the Podocarpaceae or as an inde-
pendent family Phyllocladaceae (Tomlinson et al. 
 1997 ; Bobrov et al.  1999 ; Sinclair et al.  2002  ) . 
Recent molecular analyses link  Phyllocladus  to 
Podocarpaceae and suggest that  Phyllocladus  
forms a distinct lineage that diverged early in the 
evolutionary history of Podocarpaceae (Wagstaff 
 2004  ) . Christenhusz et al. ( 2011b ) classi fi ed 
Podocarpaceae in Araucariales and provided a 
full synonymy. 

  Evolutionary history —The current distribution 
of Podocarpaceae and their fossil record suggests 
that the family had an extensive distribution over 
southern Gondwana but also occurred in Laurasia. 
South America and Antarctica are possibly the 
cradle of much of the modern Podocarpaceae 
diversity, and while Malesia and Australasia have 
the greatest diversity of living podocarps these 
distributions are regarded as the result of second-
ary radiations (Mill  2003  ) . 

  Ecology —All investigated Podocarpaceae are asso-
ciated with arbuscular mycorrhizal fungi (Wang 
and Qiu  2006  ) . Like all conifers, Podo carpaceae 
are wind-pollinated. Podocarpaceae seeds are 
associated with  fl eshy parts, and are presumably 
dispersed by birds. Seed dispersal by streams and 
rivers has been suggested as well (Page  1990  ) . 
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    2.4.1.1   Parasitaxus (Fig.  2.3 )    

    Parasitaxus  de Laub., Fl. N. Caledonia 4: 44 (1972).   

 Coral-like, red or purple shrub, 1–1.8(-3) m 
tall. Roots absent. Stems erect, repeatedly 
branched, emerging from the roots or lower stems 
of the host plant. Leaves dense, spirally inserted, 
scale-like. Plants monoecious. Pollen cones sin-
gle, at the end of branchlets or in the axils of foli-
age leaves. Seed cones on a short, leafy stalk to 
5 mm long. Combined seed coat and epimatium 
 fl eshy, becoming wrinkled when dry, pale bluish 
white with a thick coating of wax over a reddish 
purple skin, nearly spherical, 2.5–4 mm in diam-
eter, with a tiny beak at the tip that becomes more 
pronounced while drying. 

  Parasitaxus  contains a single species,  P .  usta . 
Its distribution is slightly more restricted than its 

host plant  Falcatifolium taxoides  (Podocarpaceae), 
but both species are found in wet montane cloud 
forests on serpentine soils across New Caledonia 
and on Île des Pins (Feild and Brodribb  2005 ; 
Eckenwalder  2009  ) . Morphological observations 
suggest that arbuscular mycorrhizal fungi are 
involved in the interaction between  F .  taxoides  
and  P .  usta  (Woltz et al.  1994  ) , but molecular 
identi fi cation studies are needed to con fi rm this. 
Pollination and seed dispersal mechanisms 
remain to be studied.    

    2.5    A ngiosperms 

 Mycoheterotrophy occurs in ten families of 
angiosperms and in terms of species numbers 
most angiosperms capable of mycoheterotrophy 

  Fig. 2.3     Parasitaxus usta  
(Podocarpaceae): ( a ) habit, 
( b ) branch with pollen 
cones. Redrawn from de 
Laubenfels  (  1972  ) . 
Bar = 1 cm       
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are monocots. We identi fi ed ca. 515 angiosperm 
 species that are putatively fully mycoheterotrophic, 
468 in monocots (in 7 families) and 47 in eudicots 
(in 3 families). Full mycoheterotrophy has 
evolved at least 45 times independently in angio-
sperms (Chap.   5    ). The existence of partial myco-
heterotrophy has been demonstrated in several 
species of Orchidaceae and Pyroleae (Ericaceae). 
Probably all orchid species (>20,000 spp.) are 
initial mycoheterotrophs and initial myco-
heterotrophy may also occur in  Pyrola  (Ericaceae) 
(Smith and Read  2008  )  and all other plant species 
that produce dust-like seeds as well (Eriksson 
and Kainulainen  2011 ; Chap.   5    ). 

    2.5.1   Petrosaviaceae 

   Petrosaviaceae Hutch., Fam. Fl. Pl. 2: 36 (1934). 
 Petrosavieae Engl. In Engl. & Prantl, Nat. 
P fl anzenfam. Nachtr.: 71,72 (1897). 
 Miyoshiaceae Nakai, J. Jap. Bot 17: 190 (1941). 
 Japonoliriaceae Takht., Bot. Zhurn. (Moscow & 
Leningrad) 79: 97 (1994). 
 Japonolireae (Takht.) M. N. Tamura in Kubitski, 
Fam. & Gen. Vasc. Pl. 3: 390 (1998).   

 Achlorophyllous and mycoheterotrophic 
( Petrosavia ) or autotrophic ( Japonolirion ) herbs. 
Rhizome slender, creeping to erect, with scale-like 
leaves. Roots  fi liform. Stems erect, simple. Leaves 
cauline, reduced to scales and distichous 
( Petrosavia ) or basal, linear, and spiral 
( Japonolirion ). In fl orescence a terminal bracte-
ate raceme, sometimes corymbiform; each  fl ower 
subtended by a well-developed bract and pos-
sessing a single bracteole in the same radius as 
one of inner tepals. Flowers bisexual, actinomor-
phic. Tepals 6, in 2 whorls, those of the outer 
whorl smaller than those of the inner whorl; 
tepals erect to patent, persistent, basally connate 
( Petrosavia ) or free ( Japonolirion ). Stamens 6; 
 fi laments linear, adnate to base of tepals 
( Petrosavia ) or free ( Japonolirion ); anthers ovoid, 
dorsi fi xed ( Petrosavia ) or basi fi xed ( Japonolirion ), 
introrse. Ovary half-inferior ( Petrosavia ) or supe-
rior ( Japonolirion ), tricarpellate; carpels in 
 Petrosavia  postgenitally fused only near their 
bases (also fused peripherally due to formation 

of a semi-inferior ovary);  carpels in  Japonolirion  
postgenitally connate up to the stylar region; 
ovules numerous ( Petrosavia ) or 4–5 per carpel 
( Japonolirion ). Septal nectaries present in both 
genera; in  Japonolirion  mostly located below 
the level of the ovary locules (infralocular). 
Styles 1 per carpel, short, stigmata subcapitate 
( Petrosavia ) or linear and recurved ( Japonolirion ). 
Fruit dry, composed of 3 horizontally patent cap-
sules dehiscing longitudinally and septicidally 
to the upper side ( Petrosavia ) or 1 ellipsoid, 
3-carpellate capsule, dehiscing septicidally 
( Japonolirion ). Seeds ellipsoid to broadly ellip-
soid, more or less winged ( Petrosavia ) or 
 wingless ( Japonolirion ) (Tamura  1998 ; Rudall 
 2002 ; Cameron et al.  2003 ; Remizowa et al. 
 2006a,   b  ) . 

  Number of   genera and   species —Petrosaviaceae 
comprise two genera ( Japonolirion  and 
 Petrosavia ) and four species. All three species of 
 Petrosavia  are fully mycoheterotrophic. 

  Distribution and   habitat —Petrosaviaceae occur 
in Southeast Asia and Japan (Cameron et al. 
 2003  ) . The only species of  Japonolirion  is 
restricted to serpentine swamps in central and 
northern Japan (Tomimatsu et al.  2004 ; Tamura 
 1998  ) , while  Petrosavia  occurs in forests in 
Southeast Asia and southern Japan (Chen and 
Tamura  2000 ; Ohashi  2000  ) . 

  Classi fi cation —Both genera of Petrosaviaceae 
have been placed in various groups. For 
 Petrosavia , relationships with Melanthiaceae 
(Beccari  1871  ) , Liliaceae (Engler  1888  ) , 
Alismatales (Hutchinson  1959  ) , To fi eldiaceae 
and Nartheciaceae (Tamura  1998  ) , Triuridaceae 
(Cronquist  1981,   1988  ) , and other families have 
been suggested (see Cameron et al.  2003  for an 
overview).  Japonolirion  has been placed in 
Liliaceae (Nakai  1930 ; Ohwi  1965  ) , 
Melanthiaceae (Brummitt  1992 ; Mabberley 
 1997  ) , Nartheciaceae (Tamura  1998  ) , and 
Japonoliriaceae (Takhtajan  1996,   1997  ) . 
Molecular phylogenetic analyses using plastid 
and/or nuclear DNA sequences suggest that 

http://dx.doi.org/10.1007/978-1-4614-5209-6_5
http://dx.doi.org/10.1007/978-1-4614-5209-6_5
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 Petrosavia  is the sister-group of  Japonolirion  
(Caddick et al.  2000b ; Chase et al.  2000 ; Fuse 
and Tamura  2000 ; Soltis et al.  2000  )  and that 
these two genera are phylogenetically isolated 
within the monocots, not closely related to any of 
the aforementioned families. Based on this 
molecular evidence, Cameron et al.  (  2003  )  pro-
posed recognition of the family Petrosaviaceae, 
consisting of  Petrosavia  and  Japonolirion , and 
its placement in its own order, Petrosaviales, 
which was adopted by the APG classi fi cation 
(APG  2009  ) . Although a close relationship 
between  Petrosavia  and  Japonolirion  was unex-
pected due to their different mode of life, there 
are many similarities in their morphology 
(Cameron et al.  2003 ; Remizowa et al.  2006a,   b ; 
Tobe  2008 ; Tobe and Takahashi  2009  ) . 

  Evolutionary history —Petrosaviaceae are sister 
to the liliid/commelinid clade (Chase  2004 ; 
Tamura et al.  2004 ; Chase et al.  2006 ; Givnish 
et al.  2006 ; Graham et al.  2006  ) . Molecular clock 
analyses suggest that the Petrosaviaceae diverged 
during the Early Cretaceous, and the split between 
 Japonolirion  and  Petrosavia  also occurred in the 
Early Cretaceous (Janssen and Bremer  2004 ; 
Magallón and Castillo  2009  ) . 

  Ecology — Petrosavia  is associated with arbuscular 
mycorrhizal fungi (Yamato et al.  2011b  ) .  Petrosavia  
is capable of both cross-pollination and self-pol-
lination (Takahashi et al.  1993  ) . Seed dispersal 
agents are unknown. 

    2.5.1.1   Petrosavia (Figs.  2.4  and  2.5a )     

    Petrosavia  Becc., Nuov. Giorn. Bot. Ital. 3: 7 (1871). 
  Protolirion  Ridl., Ann. Bot. 9: 56 (1895). 
  Miyoshia  Makino, Bot. Mag. 17: 144 (1903).   

 Mycoheterotrophic herbs, cream-colored, 
4–30 cm tall. Leaves cauline, reduced to scales 
and distichous. In fl orescence a sometimes 
corymbiform raceme, 4- to more than 25- fl owered. 
Flowers funnel-shaped, small, white to yellow, 
arising from the axil of a small bract, often 
subtended by a bracteole. Tepals 6, basally 

connate, inner ones larger than outer ones. 
Stamens 6,  fi laments adnate to base of the tepals, 
anthers dorsi fi xed. Ovary half-inferior, carpels 3, 
connate for 1/4–1/2 their length and distally 
apocarpous, with three separate styles, sometimes 
only basally connate; ovules numerous. Septal 
nectaries present. Stigmata subcapitate or slightly 
2-cleft. Fruit almost apocarpous, composed of 
three horizontally patent capsules dehiscing to the 
upper side. Seeds brown, more or less winged. 

  Fig. 2.4     Petrosavia stellaris . Redrawn from Tamura 
 (  1998  ) . Bar = 1 cm       

 



  Fig. 2.5    Fully mycoheterotrophic species in monocots: 
( a )  Petrosavia stellaris  (Petrosaviaceae) pictured in 
Borneo. ( b )  Campylosiphon congestus  (Burmanniaceae) 
from Cameroon. ( c ) Male plant of  Kupea martinetugei  
(Triuridaceae) growing at Diongo Community forest in 
Cameroon. ( d )  Gymnosiphon longistylus  (Burmanniaceae) 

from Cameroon. ( e ) Flower of  Geosiris aphylla  (Iridaceae). 
Photo by Ehoarn Bidault. ( f )  Thismia rodwayi  
(Thismiaceae) growing on Mount Wellington, Tasmania. 
( g )  Cephalanthera austinieae  (Orchidaceae) photo-
graphed in northern California. ( h )  Afrothismia hydra  
(Thismiaceae) from Korup National Park in Cameroon.       
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  Petrosavia  comprises three species:  P .  sinii , 
 P .  sakuraii , and  P .  stellaris , although some authors 
reduce  P .  sinii  to  P .  sakuraii  (Ohashi  2000 ; 
Cameron et al.  2003 ; Tobe and Takahashi  2009  ) . 
 Petrosavia sinii  is endemic to China,  P .  sakuraii  
is fairly widespread in Southeast Asia (with 
records from China, Taiwan, Indonesia, Japan, 
Myanmar, and Vietnam), while  P .  stellaris  occurs 
in Malesia (Chen and Tamura  2000 ; Ohashi 
 2000  ) .  Petrosavia  grows in rain forests, mixed 
forests, bamboo forests, and coniferous forests, 
from sea level up to 1,800 m (Takahashi et al. 
 1993 ; Ohashi  2000 ; Chen and Tamura  2000  ) . 

 The pollination biology of  P .  sakuraii  was 
studied by Takahashi et al.  (  1993  ) . They con-
cluded that the plants are primarily self-pollinating 
(including insect mediated self-pollination), but 
cross-pollination by bees and other insects may 
occur as well.  Petrosavia sakuraii  is associated 
with a narrow clade of arbuscular mycorrhizal 
fungi (Yamato et al.  2011b  ) . Dispersal agents 
remain unknown.   

    2.5.2   Burmanniaceae 

   Burmanniaceae Blume, Enum. Pl. Javae 27 (1827).   

 Achlorophyllous, mycoheterotrophic or 
autotrophic herbs. Rhizome cylindrical, rarely 
tuberous or absent, densely covered with scale-like 
leaves and  fi liform roots. Stems erect, usually 
unbranched, leaves alternate, sessile, simple, 
entire, in achlorophyllous species small and scale-
like, in autotrophic species larger and often rosu-
late. In fl orescence a terminal, bracteate, usually 
bifurcate, 1-many- fl owered cyme, or reduced to a 
single  fl ower. Flowers syntepalous, actinomorphic, 
variously colored, campanulate, funnel-shaped, 
salverform, or tubular. Flower tube wingless, 3- or 
6-ribbed, or broadly 3-winged, sessile or pedicel-
late. Tepals 6, free, entire or sometimes 3-lobed. 
Stamens 3, erect, inserted in the  fl ower tube just 
below and opposite the inner tepals, without inter-
staminal lobes; thecae superposed, transversely 
dehiscent, connective often bearing apical and 
basal appendages. Ovary inferior, 1- to 3-locular, 

with parietal or axile placentation, nectarial 
glands often present in the septa or on top of the 
ovary; style equaling the  fl ower tube; stigma vari-
ously shaped, sometimes provided with tortuous, 
 fi liform appendages; ovules numerous, anatro-
pous. Fruit a capsule, longitudinally or trans-
versely dehiscent, crowned by various  fl ower 
remnants. Seeds numerous, dust-like, fusiform to 
subglobose. 

  Number of   genera and   species —Burmanniaceae 
consist of eight genera and ca. 96 species. With 
respectively 56 and 32 species  Burmannia  and 
 Gymnosiphon  are the largest genera. The other 
genera comprise one or two species only. All spe-
cies, except for 37 species of  Burmannia , are 
fully mycoheterotrophic. 

  Distribution and   habitat —Burmanniaceae have 
a pantropical distribution. The distributions of 
 Apteria  and a few  Burmannia  species extend into 
the subtropics. Fully mycoheterotrophic 
Burmanniaceae species mainly occur in ever-
green forest, but  Apteria  sometimes grows in wet 
savannas. Most species grow at low elevations, 
but some species occur at 2,000 m and above. 
Chlorophyllous  Burmannia  species prefer wet 
savannas or swamps, or grow occasionally in gal-
lery or savanna forests (Maas et al.  1986  ) . 

  Classi fi cation —Burmanniaceae were tradition-
ally associated with the orchids (Lindley  1846 ; 
Karsten  1858 ; Engler  1888 ; Cronquist  1970 ; 
Rü bsamen  1986  )  or other mycoheterotrophic 
families such as Corsiaceae and Geosiridaceae 
(now in Iridaceae) (Cronquist  1970 ; Dahlgren 
et al.  1985  ) . However, use of molecular data, has 
shed new light on the position of Burmanniaceae 
among the monocots. In a phylogenetic analysis 
of 172 monocot  rbcL  sequences, a  Burmannia  
species was sister to  Dioscorea  and  Tacca  (Chase 
et al.  1995  ) . All subsequent molecular analyses 
with additional data and sampling recovered a 
monophyletic family of Burmanniaceae sister to 
Dioscoreaceae, and therefore part of Dioscoreales 
(Caddick et al.  2000b,   2002a,   b ; Soltis et al.  2000 ; 
Davis et al.  2004  ) . Only the 26S rDNA analyses 
by Neyland  (  2002  )  and Neyland and Hennigan 
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 (  2003  )  revealed a different hypothesis, with 
Burmanniaceae (and Corsiaceae) sister to almost 
all other monocot groups. Analyses using 
sequence data from the nuclear and mitochondrial 
genome suggest that Thismiaceae are not part of 
Burmanniaceae (Merckx et al.  2006 ;  2009  ) . 

  Evolutionary history —Burmanniaceae are the 
second diverging lineage in Dioscoreales (Merckx 
et al.  2008,   2009  ) . There are no known 
Burmanniaceae fossils, but molecular clock anal-
yses indicate that the family originated in the 
Cretaceous (ca. 100–120 Ma). The extant lin-
eages share a common ancestor origniated in 
West Gondwana during the Late Cretaceous. The 
diversi fi cation rate in Burmanniaceae increased 
during the warm Eocene, when  Burmannia  and 
 Gymnosiphon  were able to migrate from the New 
to the Old World supposedly via boreotropical 
migration routes (Merckx et al.  2008  ) . 

  Ecology —The mycorrhizas of only few species 
of Burmanniaceae have been studied. 
Morphological observations suggest that they are 
growing with arbuscular mycorrhizal fungi 
(Van der Pijl  1934 ; Terashita and Kawakami 
 1991 ; Imhof  1999c  ) . Molecular sequencing 
detected  Glomus  Group A fungi, and sometimes 
also Acaulosporaceae fungi, in the roots of  Apteria , 
 Burmannia ,  Campylosiphon ,  Gymnosiphon , and 
 Hexapterella  species (Leake  2005 ; Franke et al. 
 2006 ; Merckx and Bidartondo  2008 ; Courty et al. 
 2011 ; Merckx et al.  2012  ) . Except for a few 
 Burmannia  species, pollination has not been 
studied. The colorful, variously shaped  fl owers 
with septal nectaries, indicate insect pollination 
(Henderson and Stevenson  2004  ) , but in some 
species of  Burmannia  there is strong evidence for 
selfpollination (Ernst and Bernard  1912 ; Wood 
 1983 ; Zhang and Saunders  1999,   2000  ) . The tiny 
seeds are probably dispersed by wind or water 
(Maas-van de Kamer  1998  ) . 

    2.5.2.1   Burmannia (Figs.  2.6e, f  and 4.7g)    

    Burmannia  L., Sp. Pl.: 287 (1753) 
  Vogelia  J.F.Gmel., Syst. Nat. 2: 107 (1791). 
  Tripterella  Michx., Fl. Bor.-Amer. 1: 19 (1803). 
  Maburnia  Thouars, Gen. Nov. Madagasc.: 4 (1806). 
  Gonianthes  Blume, Catalogus: 19 (1823). 

  Gonyanthes  Nees, Ann. Sci. Nat. (Paris) 3: 369 
(1824), orth. var. 
  Tetraptera  Miers in J.Lindley, Veg. Kingd., ed. 2.: 
172 (1847). 
  Tripteranthus  Wall. ex Miers in J.Lindley, Veg. 
Kingd., ed. 2.: 172 (1847). 
  Cryptonema  Turcz., Bull. Soc. Imp. Naturalistes 
Moscou 21(1): 590 (1848). 
  Nephrocoelium  Turcz., Bull. Soc. Imp. Naturalistes 
Moscou 26(1): 287 (1853).   

 Mycoheterotrophic, or autotrophic herbs, 
5–50 cm tall. Rhizome mostly absent, roots 
 fi liform. Leaves green and often rosulate, or with-
out chlorophyll and scale-like. In fl orescence a 
1-many-  fl owered, bifurcate cyme. Flowers erect, 
often 2-colored, white, yellow, and/or blue, tubu-
lar to salverform. Flower tube 3-winged, or 3- or 
6-ribbed. Tepals 6, entire, inner tepals smaller than 
outer ones. Stamens 3, sessile. Ovary 3-locular, 
with axile placentation, septal nectaries sometimes 
present; style 3-branched at the apex. Fruit erect, 
dehiscing longitudinally, transversely, or irregularly, 
crowned by the persistent perianth. Seeds brown, 
ellipsoid or rarely narrowly fusiform. 

 The genus  Burmannia  comprises 19 achloro-
phyllous mycoheterotrophic species and 37 
chlorophyllous species. Some chlorophyllous 
species are rather robust and have numerous well-
developed leaves (e.g.,  B .  longifolia ,  B .  kalbreyeri , 
 B .  foliosa ). These species are supposedly fully 
autotrophic. Other chlorophyllous species have 
reduced vegetative parts and are presumably par-
tial mycoheterotrophs (Leake  1994 ; but see 
Merckx et al.  2010b  ) . Full mycoheterotrophy has 
evolved many times independently in the genus 
(Merckx et al.  2008  ) .  Burmannia  has a wide-
spread distribution in the tropical and subtropical 
parts of both the Old and the New World. Nineteen 
chlorophyllous and one mycoheterotrophic spe-
cies are found in Central and South America. In 
Africa (including Madagascar) four chlorophyl-
lous species and one mycoheterotrophic species 
occur. In Asia, 15 species are chlorophyllous 
and 17 species are fully mycoheterotrophic. 
Mycoheterotrophic species grow in rain forests, 
while chlorophyllous species prefer wet grasslands 
and swamps (Maas-van de Kamer  1998  ) . All spe-
cies are terrestrial, except for the chlorophyllous 
 B .  kalbreyeri  from Central and South America, 
which is an epiphyte growing on various trees 
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(Maas et al.  1986  ) .  Burmannia  species generally 
occur at low elevations, but a few species prefer 
higher elevations of 1,000 m and higher (Jonker 
 1938 ; Maas et al.  1986  ) . The Peruvian species 
 Burmannia stuebellii  has been found up to 
4,100 m (León  2006  ) . 

  Burmannia  species are growing with arbuscu-
lar mycorrhizal fungi (Van der Pijl  1934 ; Terashita 
and Kawakami  1991 ; Imhof  1999c  )  belonging to 
the  Glomus  Group A clade (Franke et al.  2006 ; 
Merckx and Bidartondo  2008 ; Merckx et al. 
 2010b  ) . Both self-pollination and cross-pollination 

  Fig. 2.6    Burmanniaceae. ( a )  Dictyostega orobanchoides . 
( b )  Apteria aphylla . ( c )  Campylosiphon purpurascens . 
( d )  Hexapterella gentianoides . ( e ,  f )  Burmannia crypto-
petala : ( e )  fl ower, ( f ) habit. ( g )  Gymnosiphon divaricatus . 

( h )  Marthella trinitatis . ( i )  Miersiella umbellata . 
Bar = 1 cm. Redrawn from Maas et al.  (  1986  ) , except ( e ,  f ) 
redrawn from Hsu et al.  (  2005  )        
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have been suggested for species of  Burmannia . 
Many species of  Burmannia  have strongly col-
ored  fl owers with prominent wings, presumably 
to attract pollinators (Maas et al.  1986  ) . Septal 
nectaries are present (Maas et al.  1986 ; Caddick 
et al.  2000a  )  and the stamens often have glandu-
lar apical appendages (Maas et al.  1986  ) . Kato 
 (  1996  )  and Momose et al.  (  1998  )  reported that 
the  fl owers of  B .  lutescens  were visited by mos-
quitos, suggesting cross-pollination. However, 
cleistogamy has been observed in the chlorophyl-
lous species  B .  capitata  with anther dehiscence in 
pre-anthesis  fl owers, and the presence of germi-
nating pollen on the stigmas (Wood  1983  ) . 
Premature opening of the anthers in pre-anthesis 
 fl owers, followed by pollen germination in situ 
within the anther, and subsequent penetration of the 
stigma by the pollen tube has furthermore been 
recorded for the mycoheterotrophic species  B . 
 candida  (Ernst and Bernard  1912  ) ,  B .  champi-
onii  (Ernst and Bernard  1912  ) , and  B .  stuebelii  
(Spitmann  1975    fi de  Zhang and Saunders  2000  ) . 
Zhang and Saunders  (  1999  )  note that the throat 
of  B .  larseniana , as with many species in the 
genus, is blocked by the three stigmatic branches, 
preventing cross-pollination. The only detailed 
study on the pollination biology of a  Burmannia  
species, concluded that the mycoheterotrophic 
 B .  wallichii  is primarily sel fi ng (Zhang and 
Saunders  2000  ) .  Burmannia  species have tiny 
dust-like seeds, which are presumably dispersed 
by wind or water (Maas et al.  1986  ) .  

    2.5.2.2   Campylosiphon (Figs.  2.5b  and 
 2.6c ) 

    Campylosiphon  Benth. in Hooker, Ic. Pl. Ser. 3 
14(4): 65 (1882). 
  Dipterosiphon  Huber, Bol. Mus. Paraense Hist. 
Nat. Ethnogr. 2: 502 (1898).   

 Mycoheterotrophic herbs, up to 35 cm tall. 
Rhizome tuberous, cylindrical. Leaves scale-
like. In fl orescence a bifurcate 1-many- fl owered 
cyme,  fl owers sessile or pedicellate. Flowers 
erect, salverform, blue to white. Flower tube nar-
rowly 3-ribbed. Tepals 6, entire, subequal in 
length. Stamens 3, sessile. Ovary 1-locular, with 
3 parietal placentas in its upper part, 3-locular 
with axile placentation in its lower part, septal 

nectaries present; style 3-branched at the apex. 
Fruit erect, dehiscing irregularly by withering of 
the fruit wall between the ribs, crowned by the 
marcescent perianth. Seeds brown,  fl attened, tri-
angular in outline. 

  Campylosiphon  has a disjunct distribution and 
contains  C .  purpurascens , which is widely dis-
tributed in tropical South America (including 
Colombia, Venezuela, Guyana, Suriname, French 
Guiana, Brazil, and Peru) (Maas et al.  1986  ) , and 
 C .  congestus  from West Africa (Guinea, Liberia, 
Ghana, Nigeria, Cameroon, Gabon, Central 
African Republic, Angola, and DR Congo) 
(Bamps and Malaisse  1987 ; Cheek  2006  ) . 
Growing in rain forests, often along margins of 
streams and creeks. 

  Campylosiphon  is dependent on arbuscular 
mycorrhizal fungi from the  Glomus  Group A 
clade and the Acaulosporaceae (Franke et al. 
 2006 ; Merckx et al.  2012  ) . Pollination syndrome 
and dispersal agents are unknown.  

    2.5.2.3   Hexapterella (Figs.  2.6d  and 
4.6f, h) 

    Hexapterella  Urb., Symb. Antill. 3(3): 451 (1903).   

 Mycoheterotrophic herbs, up to 20 cm tall. 
Rhizome cylindrical, slightly tuberous. Stems 
purplish. Leaves scale-like. In fl orescence a bifur-
cate 1–8- fl owered cyme. Flowers erect, salver-
form, white to purple. Flower tube slightly 
6-winged or 6-ribbed. Tepals 6, entire, inner ones 
much smaller than outer ones, sometimes 3-den-
tate, soon falling off. Stamens 3,  fi laments pres-
ent. Upper part of ovary 1-locular, lower part 
3-locular, with 3 parietal placentas, 3 septal nec-
taries present; style 3-branched at the apex. Fruit 
erect, dehiscent by transverse slits and/or wither-
ing of the fruit wall, crowned by the persistent 
part of the  fl ower tube. Seeds brown, subglobose 
to ovoid. 

  Hexapterella  contains two species,  H .  steyer-
markii  from Venezuela and  H .  gentianoides  
occurring in lowland forests in Trinidad and 
northern South America (Colombia, Venezuela, 
Guyana, Suriname, French Guiana, Brazil) (Maas 
et al.  1986 ; Maas and Maas  1989  ) . A specimen of 
 Hexapterella gentianoides  from French Guiana 
was found to grow with  Glomus  Group A fungi 
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(Merckx et al.  2012  ) . Self-pollination seems to 
occur in  Hexapterella  (Rü bsamen  1980  ) . 
Dispersal agents are unknown.  

    2.5.2.4   Dictyostega (Figs.  2.6a  and 4.5a) 

    Dictyostega  Miers, Proc. Linn. Soc. Lond. 1: 61 
(1840).   

 Mycoheterotrophic herbs, 1–50 cm tall. 
Rhizome cylindric, slightly tuberous. Leaves scale-
like. In fl orescence a bifurcate 3-many- fl owered 
cyme. Flowers nodding, tubular, whitish. Flower 
tube wingless. Tepals 6, entire, inner ones smaller 
than the outer ones. Stamens 3, sessile. Upper part 
of ovary 1-locular, with 3 parietal placentas, lower 
part 3-locular, 3 septal nectaries present, style 
3-branched at the apex. Fruit nodding, longitudi-
nally dehiscent, crowned by the persistent perianth. 
Seeds white, narrowly fusiform. 

  Dictyostega  contains a single, morphological 
variable species:  D .  orobanchoides . Maas et al. 
 (  1986  )  recognize three subspecies. Widely distrib-
uted in the Neotropics, from Mexico in the north to 
southeastern Brazil in the south, but absent from 
the West Indies. Growing in rain forests up to 
2,600 m (Maas et al.  1986  ) .  D .  orobanchoides  is 
growing with various  Glomus  Group A fungi 
(Imhof  2001 ; Merckx et al.  2010b  ) .  Dictyostega  is 
probably self-pollinating (Miers  1841 ; Warming 
 1901  ) . Dispersal agents are unknown.  

    2.5.2.5   Miersiella (Fig.  2.6i ) 

    Miersiella  Urb., Symb. Antill. 3(3): 439 (1903).   

 Mycoheterotrophic herbs, 5–20 cm tall. 
Rhizome cylindrical, slightly tuberous. Leaves 
scale-like, almost peltate. In fl orescence a con-
tracted, umbelliform, 4–10(-22)- fl owered cyme. 
Flowers erect, tubular, deep lilac to white. 
Tepals 6, entire, inner tepals smaller than outer 
ones. Flower tube wingless. Stamens 3, sessile. 
Ovary 1-locular, with 3 parietal placentas, and 
three 2-lobed glands on the top of the ovary; 
style 3-branched at the apex. Fruit erect, dehis-
cence longitudinally and loculicidally, crowned 
by the persistent perianth. Seeds brown, nar-
rowly ellipsoid to ovoid. 

  Miersiella  comprises a single species,  M .  umbel-
lata , growing in dense evergreen rain forests in 

southeastern and eastern Brazil and the Amazonian 
parts of Colombia, Venezuela, Guyana, and Peru 
(Maas et al.  1986 ; Tropicos  2011  ) . Relationship to 
the other Burmanniaceae genera remains to be 
inferred. Pollination syndrome, dispersal agents, 
and mycorrhizal fungi are unknown.  

    2.5.2.6   Gymnosiphon (Figs.  2.5d  and  2.6g ) 

    Gymnosiphon  Blume, Enum. Pl. Javae 1: 29 
(1827). 
  Cymbocarpa  Miers, Proc. Linn. Soc. London 1: 61 
(1840). 
  Ptychomeria  Benth. in Hooker’s J. Bot. Kew Gard. 
Misc. 7: 14 (1855). 
  Benitzia  H. Karst., Linnaea 28: 420 (1857). 
  Desmogymnosiphon  Guinea, Ensayo Geobot. 
Guin. Continent. Espan.: 264 (1946).   

 Mycoheterotrophic herbs, up to 30 cm tall. 
Rhizome cylindrical, slightly tuberous. Leaves 
scale-like. In fl orescence a bifurcate 1–50- fl owered 
cyme. Flowers erect, salverform, white, occasion-
ally partly yellow or blue,  fl ower tube wingless, 
upper part very soon falling off. Tepals 6, outer 
tepals mostly 3-lobed, inner tepals very small often 
somewhat swollen, inserted in the  fl ower tube 
below the insertion of the outer tepals. Stamens 3, 
sessile. Ovary 1-locular, with 3 parietal placentas, 
septal nectaries present; style 3-branched at the 
apex, each branch with or without 2 apical, tortu-
ous,  fi liform appendages. Fruit erect, longitudi-
nally, loculicidally, or irregularly dehiscent, 
crowned by the persistent part of the  fl ower tube. 
Seeds greyish-black, ellipsoid or fusiform. 

  Gymnosiphon  has a pantropical distribution, 
with 16 species in the Neotropics, 8 in Africa 
(including Madagascar and the Comores), and 8 
in Asia. The tiny  fl owers with soon falling upper 
parts trouble identi fi cation and taxonomy in this 
genus (Jonker  1938  ) . Species of  Gymnosiphon  
occur in lowland rain forests, but some species 
grow in montane forests up to 2,300 m (Maas 
et al.  1986  ) . Molecular sequence data suggests 
that  Gymnosiphon  is the sister clade of 
 Hexapterella  (Merckx et al.  2008  ) . 

  Glomus  Group A and Acaulosporaceae fungi 
were detected in the roots of  Gymnosiphon  speci-
mens of various species (Leake  2005 ; Courty et al. 
 2011 ; Merckx et al.  2012  ) . Self-pollination occurs 
(Maas et al.  1986  ) . Dispersal agents are unknown.  



44 V.S.F.T. Merckx et al.

    2.5.2.7   Apteria (Figs.  2.6b  and 4.6b) 

    Apteria  Nutt., J. Acad. Nat. Sci. Philadelphia 7: 64 
(1834). 
  Nemitis  Raf., Fl. Tellur. 4: 33 (1838). 
  Stemoptera  Miers, Proc. Linn. Soc. London 1: 62 
(1840).   

 Mycoheterotrophic herbs 5–70 cm tall. 
Rhizome cylindric, slightly tuberous. Leaves 
scale-like. In fl orescence a 1–5- fl owered cyme. 
Flowers erect to nodding, funnel-shaped to cam-
panulate. Flower tube wingless. Tepals 6, entire, 
subequal in length. Stamens 3,  fi lament basally 
decurrent into a crescent-shaped pouch. Ovary 
1-locular, with 3 parietal placentas, 3 septal nec-
taries present; style 3-branched at the apex. Fruit 
nodding, longitudinally dehiscent, crowned by 
the persistent perianth. Seeds brown, ellipsoid to 
subglobose. 

  Apteria  contains a single species:  A .  aphylla . 
This species has a very wide distribution, and can 
be found from southern USA and the West Indies 
in the north to Peru, Bolivia, Paraguay, and South 
Brazil in the south (Maas et al.  1986  ) .  Apteria  
 aphylla  grows in rain forests, among decaying 
leaves or on rotten wood, between mosses and 
shrubs, or sometimes in savannas. 

  Apteria  is able to associate with  Glomus  Group 
A and Diversisporales mycorrhizal fungi (Courty 
et al.  2011 ; Merckx et al.  2012  ) . There is evidence 
for self-pollination in  Apteria , perhaps mediated 
by  fl ower mites (Frankeliniella spp.) (Warming 
 1901 ; Ernst and Bernard  1912 ; Uphof  1929 ; Maas 
et al.  1986  ) . Dispersal agents are not known.  

    2.5.2.8   Marthella (Fig.  2.6h ) 

    Marthella  Urb., Symb. Antill. 3(3): 447 (1903).   

 Mycoheterotrophic herbs, up to 10 cm tall. 
Rhizome cylindric, slightly tuberous. Leaves 
scale-like. In fl orescence a 2–9- fl owered con-
tracted, bifurcate cyme. Flowers erect, tubular, 
yellowish. Flower tube wingless. Outer tepals 
entire, inner ones absent. Stamens 3, alternating 
with the tepals,  fi lament basally decurrent into a 
crescent-shaped pouch. Ovary 1-locular, with 3 
parietal placentas and 3 short-stipate, 2-lobed 
glands on top of the ovary; style 3-branched at 
the apex. Fruit erect, crowned by the persistent 

perianth, dehiscence unknown. Seeds brown, 
ellipsoid to broadly ovoid. 

  Marthella  is a monotypic genus, only known 
from Mount Tucuche, Trinidad, growing in rain 
forests on rotten wood and decaying leaves. The 
only species,  M .  trinitatis , was last collected in 
1898 and may be extinct (Maas et al.  1986  ) . 
Observations on the biology of this species are 
lacking.   

    2.5.3   Thismiaceae 

   Thismiaceae J. Agardh, Theor. Syst. Pl. Fam. Phan. 
99 (1858).   

 Achlorophyllous, mycoheterotrophic herbs. 
Underground part tuberous, or a cluster of coralloid 
or vermiform roots, or creeping cylindrical roots, 
or a rhizome bearing clumps of small root tuber-
cles. Stems unbranched, leaves alternate, simple, 
sessile, reduced to scale-like. Flowers terminal, 
solitary or sometimes in few- fl owered monocha-
sial in fl orescence, or rarely a panicle composed of 
few- fl owered cincinni. Flowers actinomorphic or 
zygomorphic, variously colored. Flower tube 
urceolate or cylindric or obconical, sometimes 
more or less 2-chambered, sometimes bent in the 
middle. Tepals 6, free or the inner ones connate 
into a miter. Stamens 6 or rarely 3, inserted 
opposite the tepals, pendent or re fl exed 
( Oxygyne ), thecae dehiscing longitudinally to 
the abaxial side or latrorse ( Tiputinia ). Ovary 
inferior, 1-locular with 3 parietal placentae, septal 
nectaries absent; ovules numerous; style short 
and thick, sometimes with 3 stigmatic branches 
or stigma capitate or funnelform. Fruit  fl eshy and 
cup-shaped, or a dry capsule ( Haplothismia ). 
Seeds numerous, dustlike. 

  Number of   genera and   species —Thismiaceae 
comprise  fi ve genera and ca. 63 species. All spe-
cies have a fully mycoheterotrophic mode of 
life. The largest genus is  Thismia , with ca. 45 spe-
cies. A remarkable common feature of most 
Thismiaceae is their extreme scarcity (Stone  1980 ; 
Maas et al.  1986 ; Franke  2004  ) . The majority of 
species are known exclusively from the type 
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 collection, which in some cases was made more 
than a century ago (Stone  1980 ; Maas et al.  1986  ) . 

  Distribution and   habitat —Thismiaceae are 
widely distributed in the tropical regions of the 
world, but some species are known from subtrop-
ical and even temperate areas (Jonker  1938  ) . The 
genus  Oxygyne  and several species of  Thismia  
have disjunct distribution patterns (Stone  1980 ; 
Maas et al.  1986 ; Abe and Akasawa  1989  ) . Most 
species occur in the leaf litter of dense tropical 
rainforest and can only be spotted during the 
 fl owering and fruiting period when aboveground 
organs appear (Maas et al.  1986 ; Franke  2007  ) . 

  Classi fi cation —Not surprisingly, due to the 
strong reduction of vegetative organs and the 
rarity of most species involved, Thismiaceae 
taxonomy has been the subject of much debate. 
Most classi fi cations included Thismiaceae, as a 
subtribe “Thismieae,” in a broadly de fi ned 
Burmanniaceae (Miers  1847 ; Schlechter  1921 ; 
Jonker  1938 ; Maas et al.  1986 ; Maas-van de 
Kamer  1998 ; Caddick et al.  2002b ; APG  2009  )  
while other authors favored the recognition of 
a  separate family of Thismiaceae closely related 
to the mycoheterotrophic Burmanniaceae 
(Hutchinson  1934,   1959 ; Dahlgren et al.  1985 ; 
Takhtajan  1997 ; APG  1998    ) . Thismiaceae or 
Burmanniaceae (including Thismieae) on their 
part were linked to various other families, includ-
ing other mycoheterotrophic groups such as 
Triuridaceae, Geosiridaceae, Corsiaceae, and 
Orchidaceae (see Maas et al.  1986  for an over-
view). However, these relationships are now 
completely discredited based on convergence of 
character states involved, due to the myco-
heterotrophic mode of life (Soltis et al.  2005  ) . 
DNA-based phylogenetic analyses place 
Thismiaceae in Dioscoreales (Caddick et al. 
 2000b ; Caddick et al.  2002a ; Davis et al.  2004  ) , 
but outside Burmanniaceae (Merckx et al.  2006, 
  2009  ) . Nuclear and mitochondrial DNA data sug-
gest that Thismiaceae are paraphyletic, due to the 
inclusion of  Tacca  (Merckx et al.  2009  ) . 

  Evolutionary history —The paraphyletic status of 
Thismiaceae suggests that a mycoheterotrophic 
mode of life has evolved independently in 

 Afrothismia  and in the common ancestor of the 
remaining Thismiaceae (Merckx et al.  2009  ) . 
Thismiaceae are absent from the fossil record but 
according to molecular clock estimates both lin-
eages originated during the Cretaceous (Merckx 
et al.  2010a  ) . 

  Ecology —Thismiaceae are poorly known eco-
logically. The mycorrhizal fungi of several spe-
cies of  Afrothismia  and a single species of  Thismia  
have been identi fi ed as arbuscular mycorrhizal 
fungi belonging to the  Glomus  Group A clade 
(Franke et al.  2006 ; Merckx and Bidartondo 
 2008 ; Merckx et al.  2012  ) . Pollination has not 
been studied in detail, but the colorful, variously 
shaped  fl owers of most Thismiaceae, and the 
presence of glandular tissue in the  fl owers of 
some  Thismia  species indicate insect pollination 
(Vogel  1962 ; Stone  1980 ; Maas et al.  1986  ) . The 
particular  fl oral morphology and odor of  Tiputinia  
points to sapromyophily (Woodward et al.  2007  ) . 
The close proximity of the anthers and the stigma 
in some  Thismia  species suggests self-pollination. 
The seeds may be dispersed by wind or water 
(Stone  1980 ; Maas et al.  1986  ) . 

    2.5.3.1   Afrothismia (Figs.  2.5h ,  2.7f , 
4.2, 4.3, and 4.4) 

       Afrothismia  Schltr., Bot. Jahrb. Syst. 38: 138 
(1906).   

 Herbs up to 10 cm tall. Rhizome cylindric 
with clusters of root tubercles, each ending in a 
terminal rootlet. Stems usually unbranched. 
In fl orescence a few- fl owered cincinnus. Flowers 
zygomorphic, often with red and yellow pigmen-
tation. Flower tube urceolate to cylindric, 
2-chambered and bent in the middle, with an 
internal  fl ange at the middle and an annulus in 
the throat. Tepals 6, free, equal or unequal in 
size. Stamens 6, inserted in the basal part of the 
 fl ower tube, re fl exed; anthers with connective 
connivent with stigma. Ovary with 3 parietal pla-
centas basally fused into a sterile central column; 
style with a funnel-shaped stigma. After 
 fl owering the perianth and ovary wall soon fall-
ing off, only the placentas with the seeds remain-
ing on top of the lengthened sterile central column. 
Seeds ellipsoid. 
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 Currently 12 species of  Afrothismia  are known 
from tropical Africa, with records from Cameroon, 
Gabon, Nigeria, Uganda, Malawi, Kenya, and 
Tanzania (Schlechter  1906 ; Cowley  1988 ; Cheek 
 2003a,   2007,   2009 ; Maas-van de Kamer  2003 ; 
Franke  2004 ; Franke et al.  2004 ; Cheek and 
Jannerup  2005 ; Sainge and Franke  2005 ; Sainge 
et al.  2005 ; Dauby et al.  2007  ) . Although a few 
more species from West Africa are awaiting 
description (Sainge Moses, pers. comm.). The 

Guineo-Congolian rainforest in southwestern 
Cameroon is the main center of diversity of the 
genus (Franke  2007  ) . All species grow exclu-
sively in evergreen rainforest. Species of 
 Afrothismia  are often found growing with other 
mycoheterotrophs (Schlechter  1906 ; Cheek 
 2003b ; Cheek et al.  2003 ; Sainge et al.  2005  ) . 
Some species were collected once or are only 
known from a single locality. The only collection 
of  A .  pachyantha  was made on Mount Cameroon 

  Fig. 2.7    Thismiaceae. 
( a )  Tiputinia foetida . 
Redrawn from Woodward 
et al.  (  2007  ) . ( b )  Thismia 
saülensis . Redrawn from 
Maas and Maas  (  1987  ) . 
( c )  Thismia clavigera . 
Redrawn from 
Chantanaorrapint and 
Chantanaorrapint  (  2009  ) . 
( d )  Haplothismia 
exannulata . Redrawn from 
Airy Shaw  (  1952  ) . 
( e )  Oxygyne hyodoi . 
Redrawn from Abe and 
Akasawa  (  1989  ) . 
( f )  Afrothismia hydra . 
Redrawn from Sainge and 
Franke  (  2005  ) . Bar = 1 cm       
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in 1905 by Rudolf Schlechter (Schlechter  1906  )  
and this species is possibly extinct since the type 
locality has been destroyed by human activity 
(Franke et al.  2004  ) . 

  Afrothismia  species form very complex 
mycorrhizas (Imhof  1999a,   2006  )  with highly 
speci fi c  Glomus  Group A fungi (Franke et al. 
 2006 ; Merckx and Bidartondo  2008  ) . The  fl oral 
structure of  Afrothismia  species suggests cross-
pollination by insects. But there exist only few 
observations of  fl ower-visiting insects in 
 Afrothismia . Engler  (  1905  )  mentioned small dip-
terans he found in the lower part of the perianth 
tube of  A .  winkleri . Cheek and Williams  (  1999  )  
reported two dipterans of the same species that 
left the perianth tube of  A .  pachyantha  after a 
stay of several seconds. Franke  (  2004  )  observed a 
drosophilid  fl y, which carefully inspected the 
tepals of an  Afrothismia   fl ower for several 
minutes. All these observations strongly suggest 
myophily. Dispersal agents are unknown.  

    2.5.3.2   Thismia (Figs.  2.5f, 2.7b, c , 
and 4.10j) 

    Thismia  Griff., Proc. Linn. Soc. London 1: 221 
(1845). 
  Ophiomeris  Miers, Proc. Linn. Soc. London 1: 328 
(1847). 
  Sarcosiphon  Blume, Mus. Bot. 1: 65 (1850). 
  Tribrachys  Champ. ex Thwaites, Enum. Pl. Zeyl.: 
325 (1864) 
  Myostoma  Miers, Trans. Linn. Soc. London 25: 
474 (1866). 
  Bagnisia  Becc., Malesia 1: 249 (1878). 
  Geomitra  Becc., Malesia 1: 250 (1878). 
  Triscyphus  Taub., Verh. Bot. Vereins Prov. 
Brandenburg 36: 66 (1895). 
  Glaziocharis  Taub. ex Warm., Overs. Kongel. 
Danske Vidensk. Selsk. Forh. Medlemmers 
Arbeiter 1901: 175 (1902). 
  Scaphiophora  Schltr., Notizbl. Bot. Gart. Berlin-
Dahlem 8: 39 (1921). 
  Mamorea  de la Sota, Darwiniana 12: 43 (1960).   

 Herbs up to 10 cm tall. Underground part 
tuberous, or creeping cylindrical roots, or a clus-
ter of short hyaline roots. Stems unbranched with 
few scale-like leaves. Flowers solitary, or rarely 
in a few- fl owered cincinnus, actinomorphic or 
zygomorphic, variously colored. Flower tube 
cylindric to urceolate, soon falling off, throat cir-

cular, surrounded by an annulus. Tepals 6, often 
unequal in size, in 2 distinct whorls, the inner 
whorl sometimes connate forming a miter. 
Stamens 6, inserted in the throat of the  fl ower 
tube, pendent, occasionally alternating with inter-
staminal lobes; connective often with appendages 
or hairs, connate into a tube with thecae sepa-
rated, or connective free and thecae united. Ovary 
with 3 parietal placentas or with 3 free placental 
columns. Style 3-branched or capitate. Fruit 
 fl eshy, cup-shaped. Seeds ellipsoid to ovoid. 

  Thismia  comprises ca. 45 species. The major-
ity of species is known from tropical America 
and Asia, but some species from Asia extend 
into the subtropics (southern Japan, Australia, 
and New Zealand; Thiele and Jordan  2002 ; Yang 
et al.  2002  )  and temperate zones ( T .  rodwayi  in 
Tasmania, Roberts et al.  2003 ; Wapstra et al. 
 2005  ) .  Thismia  species are generally known to 
grow in evergreen forests. A notable exception 
is  T .  americana . This species was discovered in 
August 1912 near Chicago (Illinois, USA) in a 
prairie (Pfeiffer  1914  ) . The population was 
observed for several subsequent summers, and 
was probably last seen in 1916. Because the 
type locality has been destroyed and several 
intensive searches in the area have failed to 
rediscover the plant, it is now considered extinct 
(Lewis  2002  ) . Based on morphological similari-
ties it has been suggested that the closest rela-
tive of  T .  americana  is  T .  rodwayi  from Australia 
and New Zealand (Jonker  1938 ; Maas et al. 
 1986 ; but see Thiele and Jordan  2002  ) , and thus 
makes it part of one of the most anomalous dis-
junction distributions known in  fl owering plants 
(Thorne  1972  ) . Phylogenetic analyses based on 
nuclear and mitochondrial DNA data with a lim-
ited  Thismia  sampling suggests that the genus is 
paraphyletic, but a better sampling is required to 
investigate the taxonomic status of the genus 
(Merckx et al.  2006,   2009  ) . 

 Morphological observations suggest that spe-
cies of  Thismia  are growing with arbuscular myc-
orrhizal fungi (Groom  1895 ; Janse  1897 ; Pfeiffer 
 1914 ; McLennan  1958 ; Campbell  1968  ) . Indeed, 
 Glomus  group A fungi were detected in roots of 
 Thismia rodwayi  (Merckx et al.  2012  ) . Pollination 
biology was never studied in detail, but both 
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cross-pollination and self-pollination have been 
hypothesized to occur in  Thismia . Many species 
have strongly colored  fl owers, and tentacle-like 
tepal tips, which may show the way to enter the 
 fl ower (Maas et al.  1986  ) . The tips of the tepals, 
and the base of the perianth of several  Thismia  
species are provided with glandular swellings, 
presumably functioning as osmophores (Vogel 
 1962  ) . Glandular structures are also present on 
the anthers of some species (Thiele and Jordan 
 2002  ) . The stamens of  Thismia  tend to form a 
funnel or even a connate tube, possibly to guide 
pollinators down to the stigma, and the  fl owers 
often have trap-like structures (Maas et al.  1986 ; 
Thiele and Jordan  2002  ) . Moreover, pendent sta-
mens opening towards the wall of the perianth 
make self-pollination dif fi cult (Maas et al.  1986  ) . 
 Thismia   fl owers generally produce little odor, but 
Wapstra et al.  (  2005  )  reported an odor of rotten 
 fi sh after boxing the  fl owers of  T .  rodwayi  for a 
few hours. Miers  (  1866  )  reported that the  fl owers 
of  T .  hyalina  never open and are therefore self-
pollinating. Seed dispersal agents are not known, 
but it is often hypothesized that the dust-like 
seeds are dispersed by wind or rain-splash (Stone 
 1980 ; Maas et al.  1986  ) . It is also possible that 
the fruits are eaten by birds or mammals (Maas-
van de Kamer  1998 ; Wapstra et al.  2005  ) .  

    2.5.3.3   Tiputinia (Fig.  2.7a ) 

    Tiputinia  P.E. Berry & C. Woodw., Taxon 56: 
157 (2007).   

 Herbs, ca. 2 cm tall. Rhizome vertical, cylin-
dric, sympodially branched. Stems unbranched. 
Flowers solitary, actinomorphic. Flower tube 
short, obconical. Tepals 6, free, equal in size, 
olive yellow. Stamens 6, inserted in the throat of 
the  fl ower tube, alternating with tiny subglobose 
interstaminal lobes;  fi laments orange, thick, 
ascending and then recurved, forming a cage or 
dome over the throat, orange, with  fi mbriate 
appendages; thecae latrorsely dehiscent. Ovary 
with 3 parietal placentas; style with pyramidal 
stigma. Fruit and seeds unknown. 

 Monospeci fi c genus only known from 
Amazonian Ecuador. Description based on a sin-
gle specimen of  T .  foetida  collected in April 2005 

in evergreen forest at the Tiputini Biodiversity 
Station. Also recorded in Yasuní National Park 
(A. J. Perez Castañeda pers. comm.). The  fl owers 
of  T .  foetida  produce a foul, rotten  fi sh-like odor, 
presumably to attract pollinators (Woodward 
et al.  2007  ) . Dispersal agents and mycorrhizal 
fungi unknown.  

    2.5.3.4   Haplothismia (Fig.  2.7d ) 

    Haplothismia  Airy Shaw, Kew Bull. 2: 277 (1952).   

 Herbs, 10–25 cm tall. Underground part a 
cluster of vermiform tuberous roots. Stems 
unbranched or branched. In fl orescence a panicle 
composed of few- fl owered cincinni. Flowers 
nodding, pale brown. Perianth persistent. Flower 
tube campanulate to funnel-shaped. Tepals 6, 
free, equal in size. Stamens 6, inserted in the 
throat of the  fl oral tube, alternating with minute 
interstaminal lobes;  fi laments adnate to the  fl ower 
tube, apical part free and recurved. Ovary with 3 
parietal placentas; style with 3-lobed stigma. 
Fruit a loculidical capsule. Seeds ellipsoid. 

  Haplothismia  is a monospeci fi c genus from 
India.  H .  exannulata  was discovered by A. 
Abraham and K. C. Jacob in the Western Ghats in 
1951 (Airy Shaw  1952  ) . The species was redis-
covered at the type locality in 1999 (Sasidharan 
and Sujanapal  2000  ) .  H .  exannulata  is currently 
known from only two populations in Parabikulam 
Wildlife Sanctuary, where it occurs in humus rich 
soil in evergreen rainforest at about 700 m altitude. 
Flowering and fruiting in October (Sasidharan and 
Sujanapal  2000  ) . Pollination syndrome, dispersal 
agents, and mycorrhizal fungi unkown.  

    2.5.3.5   Oxygyne (Fig.  2.7e ) 

    Oxygyne  Schltr., Bot. Jahrb. Syst. 38: 140 (1906). 
  Saionia  Hatus., J. Geobot. 24: 2 (1976).   

 Herbs up to 4 cm tall. Underground part a 
cluster of vermiform roots. Stems unbranched. 
In fl orescence a few- fl owered cincinnus or 
reduced to a single terminal  fl ower. Flowers acti-
nomorphic, brown with orange or blue-green, 
tube funnel-shaped with a well-developed annu-
lus in the throat, upper part of the perianth soon 
falling off. Tepals 6, free, equal in size. Stamens 
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3, recurved, inserted opposite and enclosed in the 
base of the inner tepals, interstaminal lobes 
absent. Ovary with 3 parietal placentas; style 
3-branched. Fruit cup-shaped. Seeds unknown. 

  Oxygyne  is a very rare cryptic genus with a 
remarkable disjunct distribution. Species of 
 Oxygyne  differ from other Thismiaceae species 
by having 3 instead of 6 stamens. The  fi rst speci-
men of  Oxygyne  ( O .  triandra ) was discovered by 
Rudolf Schlechter on Mount Cameroon in 
September 1905 (Schlechter  1906  ) . A second 
African species of  Oxygyne  was collected on 
Mount Etinde, but remains to be described (Cheek 
et al.  2006  ) . The herbarium specimen  Tisserant 
2623  (BM) collected in the Central African 
Republic probably belongs to  Oxygyne  as well. 
Other  Oxygyne  species occur in southern Japan, 
on the islands Shikoku, Okinawa, and Yakushima 
( O .  hyodoi ,  O .  shinzatoi , and  O .  yamashitae ) 
(Hatusima  1976 ; Abe and Akasawa  1989 ; Yahara 
and Tsukaya  2008  ) . A revision of this genus is 
required to con fi rm the relationship between the 
African and Japanese specimens. 

  Oxygyne   triandra  was collected in tropical 
forest growing with  Afrothismia winkleri ,  A . 
 pachyantha  (Thismiaceae), and  Burmannia 
hexaptera  (Burmanniaceae) (Schlechter  1906, 
  1921  ) . The type locality is almost certainly 
destroyed by human activity and therefore this 
species might be extinct (Franke et al.  2004  ) . The 
Japanese species were all collected in evergreen 
forest and  fl owered in September and October 
(Hatusima  1976 ; Abe and Akasawa  1989 ; Yahara 
and Tsukaya  2008 ; Yokoyama et al.  2008  ) .  O . 
 hyodoi  was found growing together with the 
mycoheterotrophic plant  Burmannia liukiuensis  
(now  B .  nepalensis  (Burmanniaceae)) (Abe and 
Akasawa  1989  ) . Ants and mites were observed 
visiting the  fl owers of  O .  yamashitae  but did not 
transfer pollen (Yahara and Tsukaya  2008  ) . 
Dispersal agents and mycorrhizal fungi unkown.   

    2.5.4   Triuridaceae 

   Triuridaceae Gardn., Proc. Linn. Soc. London 19: 
160 (1843). 
 Lacandoniaceae E. Martínez & Ramos, Ann. 
Missouri Bot. Gard. 76: 128 (1989).   

 Mycoheterotrophic, dioecious or monoecious 
herbs, completely white, yellow, purple, brown, 
or red. Rhizome mostly well-developed, horizon-
tally creeping to vertical, with many scale-like 
leaves; roots  fi liform, tuberous, and radiating 
from the base of the stem, or very rarely coral-
shaped, with or without root hairs. Stems mostly 
unbranched, erect, or decumbent at the base. 
Leaves few, alternate, sessile, entire, small, and 
scale-like. In fl orescence a terminal, bracteate 
few- to many- fl owered raceme or spike, in monoe-
cious plants staminate  fl owers at the top and pis-
tillate  fl owers at the base of the in fl orescence. 
Flowers unisexual or rarely bisexual ( Lacandonia , 
 Sciaphila ), actinomorphic or rarely bilaterally 
symmetrical (e.g.,  Kupea ), white, yellow, pur-
plish, red, or dark brown to black. Tepals 3–10, 
valvate, equal or rarely unequal, basally connate, 
often soon re fl exed, inner side often densely 
papillate, apex sometimes with dense tufts of 
hairs (bearded) or globose knobs or appendages 
or caudate (with tails to 50 mm long). Bisexual 
 fl owers with 2–6 free stamens and ∞ free carpels; 
staminate  fl owers with 2–6(-8) stamens, mostly 
epitepalous (opposite the outer or inner tepals), 
free or basally connate, sometimes inserted on a 
central androphore ( Triuris ); anthers 4-locular or 
sometimes 2- or 3-locular (in  Triuris  and  Sciaphila  
respectively), dithecic or rarely monothecic, ses-
sile or  fi lamented, anther dehiscence longitudinal 
to transversely extrorse or rarely introrse 
( Lacandonia ,  Triuris ), staminodes sometimes 
present ( Seychellaria ); gynoecium rudiments 
rarely present ( Triuridopsis ). Pollen inaperturate 
with characteristic spiny-gemmate surface sculp-
turing. Pistillate  fl owers with 10-¥ free carpels 
inserted on the receptacle. Carpels 1-locular with 
1 (or 2 in Kupeaeae) basal, anatropous ovule(s), 
apical part of carpel often papillate, style 1 per 
carpel,  fi liform, persistent, basal to lateral or ter-
minal, stigmatic zone papillate, penicillate, or 
indistinct. Fruit consisting of indehiscent achenes 
or follicles dehiscent by a longitudinal slit. Seeds 
1 (or 2) per carpel, globose to obovoid, small. 

  Numbers of   genera and   species —Triuridaceae 
comprise approximately 50 species in 11 genera 
and three tribes. With ca. 30 species,  Sciaphila  is 
the most species-rich genus, other genera include 
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only a few species each. All species of Triuridaceae 
are fully mycoheterotrophic. 

  Distribution and   habitat —Triuridaceae occur 
throughout the tropical parts of the Old and the 
New World and reach the subtropics in Japan. 
 Sciaphila  has a pantropical distribution, all other 
genera are con fi ned to one continent. Triuridaceae 
generally grow in dense and humid forests, 
between leaf litter, at the base of large trees or 
along the bank of streams. Less frequently, they 
are found in temporarily inundated forests, for-
ests on white sand, bamboo thickets, or on termite 
nests ( Sciaphila purpurea ,  S .  arfakiana ). They 
often grow in close association with other myco-
heterotrophic plants of various families (Maas 
and Rübsamen  1986 ; Maas-van de Kamer and 
Weustenfeld  1998  ) . 

  Classi fi cation —Despite recent advances, the 
close af fi nities of Triuridaceae remain under dis-
pute. Prior to molecular analyses, Triuridaceae 
were often linked with other mycoheterotrophs 
such as Petrosaviaceae and included in Triuridanae 
(Takhtajan  1997  )  or Triuridales (Cronquist  1981 ; 
Thorne  1992  ) . Molecular phylogenetic analyses 
placed Triuridaceae with four other families 
(Cyclanthaceae, Pandanaceae, Stemonaceae, 
Velloziaceae) in a recircumscribed Pandanales 
(Chase et al.  2000,   2006 ; Davis et al.  2004  ) , but 
its exact position within the order remains to be 
determined (e.g., Rudall and Bateman  2006  ) . 
Based on morphological and embryological dif-
ferences three distinct tribes within Triuridaceae 
are recognized: Kupeaeae, Sciaphileae, and 
Triurideae (Cheek  2003b  ) . 

  Evolutionary history —Based on a robust mor-
phological analysis, Rudall and Bateman  (  2006  )  
postulated that the family is closely related to 
(perhaps embedded in) Stemonaceae (including 
the anomalous Sumatran genus  Pentastemona ); 
this hypothesis has yet to be tested in a compre-
hensive molecular analysis. Gandolfo et al.  (  1998, 
  2002  )  reported a series of fossil  fl owers from the 
Late Cretaceous (ca. 90 Ma) that show similari-
ties with extant Triuridaceae. A cladistic analysis 
of 20 morphological characters placed the fossil 

 fl ower genera  Mabelia  and  Nuhliantha  within 
Triuridaceae, with af fi nities to modern Triurideae. 
Since no vegetative parts were attached to these 
fossil  fl owers, it is impossible to determine 
whether the plants were mycoheterotrophic. 
Their af fi nities with extant Triuridaceae remain 
under debate; the fossil pollen is monosulcate 
with foveolate exine (Gandolfo et al.  2002  ) , in 
contrast with the inaperturate spiny-gemmate 
pollen that characterizes all extant Triuridaceae 
(Furness et al.  2002 ; Furness and Rudall  2006 ; 
Rudall et al.  2007  ) . 

  Ecology —The pollination biology of Triuridaceae 
remains elusive. Floral morphology strongly sug-
gests insect pollination. The family includes pro-
togynous plants, and unisexual  fl owers,  fl owers 
emitting odor and  fl owers with papillate tepals 
provided with glandular areas, hairs, or append-
ages (Maas-van de Kamer  1995 ; Maas-van de 
Kamer and Weustenfeld  1998 ; Rudall  2003, 
  2008  ) . The morphology and epidermal anatomy 
of these  fi lamentous structures indicate that they 
function as osmophores, at least in some species 
(Rudall  2003  ) . Filamentous osmophores are 
highly characteristic of sapromyophilous myco-
heterotrophs, which need to attract pollinators to 
otherwise inconspicuous  fl owers (Vogel  1990  ) . 
Momose et al.  (  1998  )  reported that the  fl owers of 
 Sciaphila secundi fl ora  are pollinated by 
Calliphoridae  fl ies. However, Márquez-Gúzman 
et al.  (  1993  )  described preanthetic cleistogamy in 
the bisexual  fl owers of  Lacandonia , which are 
proterandrous. Seed dispersal mechanisms may 
include zoochory, anemochory, and hydrochory 
(Maas-van de Kamer  1995 ; Maas-van de Kamer 
and Weustenfeld  1998  ) . Some seeds are reported 
to have a reticulate outer layer ( Lacandonia , 
 Sciaphila ,  Soridium ). Root anatomical investiga-
tions show that the roots of Triuridaceae are colo-
nized by arbuscular mycorrhizal fungi (Janse 
 1897 ; Imhof  1998,   2003,   2004 ; Yamato  2001  ) . 
With molecular methods AM fungi were detected 
in the roots of  Kupea martinetugei ,  Sciaphila 
 ledermannii ,  S .  japonica , and  S .  tosaensis  
(Yamato  2001 ; Franke et al.  2006 ; Merckx and 
Bidartondo  2008 ; Yamato et al.  2011a ; Merckx 
et al.  2012  ) . 
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 Tribe  kupeaeae  Cheek 
 Plants dioecious;  fl owers unisexual, tepals 4, sta-
mens 4, style terminal, fruit indehiscent, 2-seeded, 
bilaterally symmetrical. Two genera in tropical 
Africa. 

    2.5.4.1   Kupea (Figs.  2.5c, 2.8a, b , 
and 4.10d, e) 

       Kupea  Cheek & S.A. Williams, Kew Bull. 58: 225 
(2003).   

 Mycoheterotrophic, dioecious herbs, up to 
10 cm tall. Rhizome horizontally creeping with 
5–7 tuberous, hairy roots, radiating from the 
stem base. Stems usually unbranched. Leaves 
scale-like. In fl orescence a 20–70- fl owered spike; 
bracts elliptic or absent. Flowers unisexual, pale 
yellow. Staminate  fl owers bilaterally symmetrical 
with 4 strongly unequal patent tepals, upper 3 
(narrowly) elliptic, lower one much larger. 
Stamens 4; anthers 2-locular. Pistillate  fl owers 
radially symmetrical with 4 subequal, patent 
tepals and 25–60 carpels; ovary 1-locular, ovules 
2, style terminal, stigmatic zone indistinct. Fruit a 
2-seeded, bilaterally symmetric indehiscent 
achene. Seeds (1-)2 per carpel. 

 The genus  Kupea  consists of two species. 
 Kupea martinetugei  is known from several sites 
in Southwest Province, Cameroon (Mount Kupe 
and Mount Cameroon) (Cheek et al.  2003 ; Franke 
et al.  2004,   2006  )  and was also collected at sites in 
the East Province of Cameroon, near Yokadouma 
(Sainge 1509, 1621, 1624, YA).  Kupea jonii  is 
only known from the type locality in Kihansi 
Gorge in Tanzania, where it occurs with  Kihansia 
lovettii  (Triuridaceae) and  Afrothismia saingei  
(Thismiaceae) in evergreen forest (Cheek  2003b ; 
Maas and Maas-van de Kamer  2010  ) .  Kupea mar-
tinetugei  associates with arbuscular mycorrhizal 
fungi from the  Glomus  Group A clade (Franke 
et al.  2006 ; Merckx and Bidartondo  2008  ) .  Kupea  
possesses two ovules per carpel, in contrast to the 
single ovule per locule present in all other 
Triuridaceae except  Kihansia  (Cheek  2003b ; 
Rudall et al.  2007  ) .  Kupea  is also relatively 
unusual in that the male  fl owers are zygomorphic 
and possess a labellum (Rudall et al.  2007  ) . 
Pollination biology and seed dispersal mecha-
nisms remain to be studied.  

    2.5.4.2   Kihansia (Fig.  2.8g, h ) 

    Kihansia  Cheek, Kew Bull. 58: 943 (2003).   

 Mycoheterotrophic, dioecious herbs, up to 
10 cm tall. Rhizome unknown, with 7–12, tuber-
ous, glabrous roots, radiating from the stem base. 
Stems usually unbranched. Leaves scale-like. 
In fl orescence a 2–13- fl owered spike; rachis with 
apical sterile part; bracts dimorphic: fertile ones 
elliptic-rectangular; sterile ones linear. Flowers 
unisexual, dark brown to black. Tepals 4. 
Staminate  fl owers bilaterally symmetrical, peri-
anth  fl at apart from the central androecial cavity, 
upper 3 lobes subequal, triangular, the lower 
lobe about twice as long as the others; anthers 
white, 2-locular. Pistillate  fl owers with 4 sub-
equal, patent tepals and 80–100 carpels; ovary 
1-locular, ovules 2, style terminal, stigmatic 
zone indistinct. Fruit a 2-seeded, bilaterally 
symmetrical, indehiscent achene. 

  Kihansia  includes a single species,  K .  lovettii , 
known only from the type locality in the Kihansi 
Gorge in Tanzania. The type locality consists of 
evergreen tropical forest at an altitude of 720 m. 
Two other mycoheterotrophs,  Kupea jonii  
(Triuridaceae) and  Afrothismia saingei  
(Thismiaceae) were found at the same site (Cheek 
 2003b ; Maas and Maas-van de Kamer  2010  ) . 
Two collections of a presumably new, yet unde-
scribed,  Kihansia  species have been made in 
southeastern Cameroon in 2005 and 2006 
(Thomas and Chuyong  2006  ) . Information about 
the biology of  Kihansia  is lacking. 

 Tribe  sciaphileae  Miers 
 Plants monoecious;  fl owers unisexual, rarely 
bisexual ( Sciaphila ); tepals 4, 6, or 8; stamens 
2–4, or 6; tepals bearded, papillate or with an api-
cal globose knob; style lateral to basal; fruit 
dehiscent (except  Soridium ). Five genera. 
Neotropics and Paleotropics.  

    2.5.4.3   Seychellaria (Figs.  2.8c  and 4.10a) 

    Seychellaria  Hemsl., Ann. Bot. (London) 21: 74 
(1907).   

 Mycoheterotrophic, monoecious herbs, up to 
20 cm tall. Rhizomes horizontally creeping with 
 fi liform, hairy roots. Stems unbranched. Leaves 
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scale-like. In fl orescence an up to 50- fl owered 
raceme, sometimes with 2  fl owers per node. 
Flowers unisexual, whitish, or reddish. Tepals 6, 
unequal. Staminate  fl owers with 3 stamens oppo-

site the 3 larger tepals, alternating with 3 stamin-
odes, sometimes connective provided with a 
long appendage; anthers 4-locular. Pistillate 
 fl owers with ∞ carpels; ovary 1-locular, ovule 1, 

  Fig. 2.8    Triuridaceae; Kupeae and Sciaphileae.  Kupea 
martinetugei : ( a ) female plant, ( b ) male plant. Redrawn 
from Cheek et al.  (  2003  ) . ( c )  Seychellaria africana . 
Redrawn from Vollesen  (  1982  ) . ( d )  Andruris australasica . 
Redrawn from Giesen  (  1938  ) . ( e )  Sciaphila albescens . 

Redrawn from Maas and Rübsamen  (  1986  ) . ( f )  Hyalisma 
janthina . Redrawn from Giesen  (  1938  ) .  Kihansia lovettii : 
( g ) female plant, ( h ) male in fl orescence. Redrawn from 
Cheek  (  2003a,   b  ) . ( i )  Soridium spruceanum . Redrawn 
from Maas and Rübsamen  (  1986  ) . Bar = 1 cm       
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style lateral, stigmatic zone indistinct. Fruit a 
dehiscent follicle. 

 Three species of  Seychellaria  are known: 
 S .  madagascariensis  (Madagascar and the 
Comores) (including  S .  perrieri ),  S .  thomassettii  
(the Seychelles), and  S .  africana  (Iringa region in 
Tanzania). All species occur in rainforest. 
 Seychellaria  differs from  Sciaphila  mainly by the 
presence of staminodes in the staminate  fl owers 
(Giesen  1938 ; Perrier de la Bathie  1946 ; Vollesen 
 1982  ) , and both genera are probably closely 
related (Rudall and Bateman  2006  ) . Data on pol-
lination biology, seed dispersal, and mycorrhizae 
are lacking.  

    2.5.4.4   Sciaphila (Figs.  2.8e , 4.8i, and 
4.9a–c) 

    Sciaphila  Blume, Bijdr. Fl. Ned. Ind. 514 (1825). 
  Aphyleia  Champ., Calcutta J. Nat. Hist. 7: 468 
(1847). 
  Lilicella  Rich. ex Baill., Bull. Mens. Soc. Linn. 
Paris 2: 1188 (1895).   

 Mycoheterotrophic, monoecious herbs, up to 
30, very rarely to 150 cm tall ( S .  purpurea ). 
Rhizomes mostly horizontally creeping, with 
 fi liform or rarely coral-shaped, hairy to glabrous 
roots. Stems unbranched or sometimes branched. 
Leaves scale-like. In fl orescence a 7–55- fl owered 
raceme, sometimes basally branched. Flowers 
unisexual, sometimes bisexual, whitish, pink, 
purplish, or red. Tepals (4-)6–8(-10), equal or 
unequal, inner side papillate, apex sometimes 
bearded. Staminate  fl owers with 2–3 or 6 sta-
mens; anthers 3–4-locular. Pistillate  fl owers with 
∞ carpels; carpels 1-locular, ovule 1, style (sub)
basal to lateral, stigmatic zone papillate or pen-
icillate or indistinct. Fruit a dehiscent follicle. 

  Sciaphila  comprises ca. 29 species. Seven 
species occur in the Neotropics, two species are 
known from tropical West Africa, and 19 species 
occur in tropical Asia (including Japan, New 
Caledonia, Fiji, India and Sri Lanka) (van de 
Meerendonk  1984 ; Maas and Rübsamen  1986 ; 
Cheek  2006  ) . The fungal associates of  S .  japon-
ica ,  S .  ledermannii , and  S .  tosaensis  have been 
identi fi ed as glomeromycetes belonging to 
 Glomus  Group A and Acaulosporaceae (Yamato 
 2001 ; Franke et al.  2006 ; Merckx and Bidartondo 

 2008 ; Yamato et al.  2011a ; Merckx et al.  2012  ) . 
There is only a single report on the pollination 
biology of  Sciaphila , which states that the  fl owers 
of  Sciaphila secundi fl ora  are pollinated by 
Calliphoridae  fl ies (Momose et al.  1998  ) . Seed 
dispersal mechanisms in  Sciaphila  remain 
unstudied.  

    2.5.4.5   Hyalisma (2.8f) 

    Hyalisma  Champ., Calcutta J. Nat. Hist. 7: 466 
(1847).   

 Mycoheterotrophic, monoecious herbs, up to 
20 cm tall. Rhizomes unknown, roots  fi liform 
radiating from the base of the stem mostly hori-
zontally creeping, with  fi liform, hairy to glabrous 
roots. Stems unbranched or sometimes branched. 
Leaves scale-like. In fl orescence an up to 
20- fl owered raceme, sometimes basally branched, 
with several  fl owers per node. Flowers unisexual, 
purplish. Tepals 8, equal. Staminate  fl owers with 
4 stamens; anthers 4-locular. Pistillate  fl owers 
with ∞ carpels; ovary 1-locular, ovule 1, style 
(sub)basal to lateral, stigmatic zone indistinct. 
Fruit a dehiscent follicle. 

  Hyalisma  comprises a single species,  H .  jan-
thina , from south India and Sri Lanka. Mycorrhiza, 
pollination, and seed dispersal mechanisms 
remain unstudied (Maas-van de Kamer and 
Weustenfeld  1998  ) .  

    2.5.4.6   Andruris (Fig.  2.8d ) 

    Andruris  Schltr., Bot. Jahrb. Syst. 49: 71 (1912). 
  Parexuris  Nakai & F. Maek., Iconogr. Pl. Asiae 
Orient. 1: 23 (1936), partly.   

 Mycoheterotrophic, monoecious herbs, up to 
25 cm tall. Rhizomes mostly horizontally creep-
ing, with  fi liform, hairy to glabrous roots. Stems 
unbranched or sometimes branched. Leaves 
scale-like. In fl orescence a 5–50- fl owered raceme, 
sometimes basally branched. Flowers unisexual, 
whitish, pink, purplish, or red. Tepals (4-)6, 
unequal, apex sometimes with terminal knobs. 
Staminate  fl owers with 3 stamens opposite the 
larger tepals; anthers 4-locular, connectives with 
a long subulate appendage. Pistillate  fl owers with 
∞ carpels; ovary 1-locular, ovule 1, style (sub)
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basal to lateral, stigmatic zone indistinct. Fruit a 
dehiscent follicle. 

  Andruris  comprises  fi ve species from Malesia, 
Polynesia, Micronesia, eastern India, southern 
Japan and northeastern Australia. Mycorrhiza, 
pollination, and seed dispersal mechanisms in 
 Andruris  remain unstudied (Maas-van de Kamer 
and Weustenfeld  1998  ) .  

    2.5.4.7   Soridium (Fig.  2.8i ) 

    Soridium  Miers, Proc. Linn. Soc. London 2: 74 
(1850).   

 Mycoheterotrophic, monoecious herbs, up to 
30 cm tall. Rhizomes horizontally creeping, with 
 fi liform, hairy roots. Stems unbranched. Leaves 
scale-like. In fl orescence a 10–50- fl owered 
raceme. Flowers unisexual, white. Tepals 4, inner 
side papillate. Staminate  fl owers with 2(-3) sta-
mens; anthers 2-locular. Pistillate  fl owers with 
25–40 carpels; carpels 1-locular, ovule 1, style 
lateral, stigmatic zone penicillate. Fruit an inde-
hiscent achene. 

  Soridium  consists of a single species,  S .  spru-
ceanum . The genus is con fi ned to Central America 
and northern South America (Maas and Rübsamen 
 1986  ) . Observations about the mycorrhizal fungi, 
pollination biology, and seed dispersal are 
lacking. 

  triurideae  Miers 
 Plants dioecious,  fl owers unisexual, rarely bisex-
ual ( Lacandonia ); tepals 3 or 6; stamens 3 or 6; 
tepals caudate or appendaged ( Triuridopsis ); 
style (sub)terminal or lateral ( Peltophyllum ); fruit 
indehiscent. Four genera in the Neotropics.  

    2.5.4.8   Peltophyllum (Fig.  2.9a, b ) 

       Peltophyllum  Gardn., Proc. Linn. Soc. London 1: 
176 (1843). 
  Hexuris  Miers, Proc. Linn. Soc. London 2: 72 
(1850).   

 Mycoheterotrophic, dioecious herbs, up to 
10 cm tall. Rhizomes vertical with  fi liform, gla-
brous roots. Stems unbranched. Leaves scale-
like. In fl orescence a 6–16- fl owered raceme. 
Flowers unisexual, yellowish white. Tepals 

(3-)6(-8), horizontally patent, apex caudate. 
Staminate  fl owers with 3 stamens; anthers 
4-locular. Pistillate  fl owers with ∞ carpels; car-
pels 1-locular, ovule 1, style lateral, stigmatic 
zone indistinct. Fruit an indehiscent achene. 

  Peltophyllum  consists of two species: 
 P .  luteum  and  P .  caudatum . The former occurs in 
southeastern Brazil, northern Argentina, and 
southern Paraguay, but also in Guyana, in ever-
green forests. The latter species is known from a 
single collection from Alto Macahé, Rio de 
Janeiro, Brazil, where it was found in the shade 
of large trees near a river, growing in leaf mold 
(Maas and Rübsamen  1986  ) . Mycorrhizal associ-
ates, pollination syndrome, and seed dispersal of 
 Peltophyllum  remain to be studied.  

    2.5.4.9   Lacandonia (Fig.  2.9g ) 

    Lacandonia  E. Martínez & Ramos, Ann. Missouri 
Bot. Gard. 76: 128 (1989).   

 Mycoheterotrophic dioecious herbs, up to 
10 cm tall. Rhizome horizontally creeping, with 
 fi liform, hairy roots. Stems unbranched. Leaves 
scale-like. In fl orescence a 3–7(-13)- fl owered 
raceme. Flowers bisexual, sometimes unisexual, 
whitish. Tepals (4-)6, inner side papillate, apex 
caudate. Stamens (2-)3(-4); anthers 2(-3) locular. 
Gynoecium composed of ∞ carpels surrounding 
the stamens; carpels 1-locular, ovule 1, style sub-
terminal, stigmatic zone indistinct. Fruit an inde-
hiscent achene. 

  Lacandonia  includes two species.  Lacandonia 
schismatica  occurs in scattered populations in the 
Lacandon rainforest in Mexico at an elevation of 
about 200 m (Vergara-Silva et al.  2003  ) . Recently, 
a second species of  Lacandonia ,  L .  brasiliana , 
was described from material collected in the 
Atlantic rainforest in Brazil (Melo and Alves 
 2012  ) . Bisexual  fl owers of  Lacandonia  have sta-
mens borne inside the carpels, a characteristic 
unique in angiosperms (Ambrose et al.  2006 ; 
Rudall  2008  ) . Based on this feature the genus 
was originally placed in its own family, 
Lacandoniaceae (Martínez and Ramos  1989  ) . 
The  fl owers of  L .  schismatica  are cleistogamous 
(Márquez-Gúzman et al.  1993  ) . Mycorrhiza, pol-
lination, and seed dispersal remain unstudied.  
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    2.5.4.10   Triuridopsis (Fig.  2.9c, d ) 

    Triuridopsis  H. Maas & Maas, Pl. Syst. Evol. 192: 
257 (1994).   

 Mycoheterotrophic, dioecious herbs, up to 
12 cm tall. Rhizomes horizontally creeping, each 
node provided with 2  fi liform, glabrous roots. 
Stems unbranched. Leaves scale-like. In fl orescence 

a 1–12- fl owered raceme. Flowers unisexual, 
white. Tepals 3(–4), with a subapical re fl exed 
appendage. Staminate  fl owers with 3 stamens 
with bithecal, 4-locular anthers or 6 stamens with 
monothecal, 2-locular anthers; center of the (sta-
minate)  fl owers provided with a subulate projec-
tion. Pistillate  fl owers with re fl exed tepals and ∞ 
carpels; carpels 1-locular, ovule 1, style terminal, 

  Fig. 2.9    Triuridaceae; Triurideae.  Peltophyllum luteum : 
( a ) male plant, ( b ) female plant. Redrawn from Maas and 
Rübsamen  (  1986  ) .  Triuridopsis intermedia : ( c ) male 
plant, ( d ) female plant. Redrawn from Franke et al.  (  2000  ) . 

 Triuris hyalina : ( e ) male plant, ( f ) female plant. Redrawn 
from Maas and Rübsamen  (  1986  ) . ( g )  Lacandonia schis-
matica . Redrawn from Martínez and Ramos  (  1989  ) . 
Bar = 1 cm       
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stigmatic zone indistinct. Fruit an indehiscent 
achene. 

  Triuridopsis  consists of two species: 
 T .  peruviana  from Iquitos, Loreto, Peru, and  T . 
 intermedia  from La Paz, Bolivia (Maas-van de 
Kamer and Maas  1994 ; Franke et al.  2000  ) . The 
genus is probably closely related to  Triuris  (Maas-
van de Kamer and Maas  1994  ) . Mycorrhizal 
associates, pollination syndrome, and seed 
dispersal of  Triuridopsis  remain to be studied.  

    2.5.4.11   Triuris (Figs.  2.9e, f , and 4.8b) 

    Triuris  Miers, Proc. Linn. Soc. London 1: 96 
(1841).   

 Mycoheterotrophic, dioecious herbs, up to 
20 cm tall. Rhizomes vertical, with  fi liform, gla-
brous to hairy roots. Stems unbranched. Leaves 
scale-like. In fl orescence a 1–4- fl owered raceme. 
Flowers unisexual, white to brown. Tepals 3, 
soon re fl exed, apex long-caudate, the tails in bud 
rolled inwards like a watch spring. Staminate 
 fl owers with 3 stamens with 4-locular anthers 
alternating with the tepals or with 6 stamens with 
2-locular anthers, androphore large,  fl eshy, coni-
cal to deltoid, the stamens inserted at its base. 
Pistillate  fl owers with ∞ carpels; ovary 1-locular, 
ovule 1, style terminal, stigmatic zone indistinct. 
Fruit an indehiscent achene. 

 Three species are known.  Triuris   hyalina  is 
widespread from Central America (Guatemala) 
in the North to southeastern Brazil in the South. 
 Triuris   hexophthalma  and  T .  alata  Brade are only 
known from the type locality in the Pakaraima 
Mountains, Guyana, and in Itatiaia, Rio de 
Janeiro, Brazil, respectively (Brade  1943 ; Maas 
et al.  1986  ) . Mycorrhizal associates, pollination 
syndrome, and seed dispersal of  Triuris  remain to 
be studied.   

    2.5.5   Corsiaceae 

   Corsiaceae Becc., Malesia 1: 238 (1878) as “1877.”   

 Mycoheterotrophic herbs, up to 30 cm tall. 
Underground part a rhizome or a cluster of tuber-
ous roots. Stems simple, erect. Leaves reduced to 

a few amplexicaul sheaths. Flowers terminal, 
solitary, bisexual or unisexual, zygomorphic. 
Tepals 6, in 2 whorls, outer median tepal (“label-
lum”) much larger than the other ones, covering 
the reproductive parts of the  fl ower, sometimes 
with a large, glandular, basal callus; other 5 tepals 
 fi liform. Stamens 6, in 2 whorls,  fi laments short, 
anthers 2-celled, dorsi fi xed, extrorsely dehiscing 
by longitudinal slits. Ovary inferior, 1-locular 
with 3 parietal placentas or 3-locular with 3 axile 
placentas, ovules numerous; style absent, stigmas 
3, sessile and connate, or style(s) present and 
short, either 1 with a 3-lobed stigma or 3 each 
with a stigma; septal nectaries absent. Fruit a 
capsule, dehiscing by 3 valves. Seeds numerous, 
very small, winged, pendent. 

  Number of   genera and   species —Corsiaceae com-
prise three genera and 27 species. All species are 
fully mycoheterotrophic. The largest genus is 
 Corsia  (25 species). 

  Distribution and   habitat —Corsiaceae have a 
remarkable disjunct distribution, occurring in 
tropical and subantarctic South America 
( Arachnitis ), China ( Corsiopsis ), and tropical 
Australasia ( Corsia ). 

  Classi fi cation —Corsiaceae were formerly linked 
to or included in Burmanniaceae (Beccari  1878 ; 
Bentham  1883 ; Engler  1888 ; Hutchinson  1959 ; 
Dahlgren et al.  1985  ) . Based on mitochondrial 
 atpA  sequence data  Arachnitis  is tentatively 
included in Liliales (Davis et al.  2004 ; Fay et al. 
 2006  ) , a relationship that is supported by nuclear 
18S rDNA data analysis (Chase et al.  2006  ) . 
Neyland and Hennigan  (  2003  ) , using partial 
sequences for 26S rDNA alone, suggested that 
Corsiaceae may be polyphyletic. In their analysis, 
 Corsia  was placed within Liliales, whereas 
 Arachnitis  was related to  Thismia  (Thismiaceae). 
Floral anatomy and pollen morphology suggest 
that  Corsia  is related to Campynemataceae 
(Liliales) or  Thismia  (Rudall and Eastman  2002  ) . 

  Evolutionary history —Due to the uncertain sys-
tematic relationships the evolutionary history of 
Corsiaceae remains unclear. 
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  Ecology —Specimens of  Arachinitis  form arbus-
cular mycorrhizas and are associated with a nar-
row lineage within the  Glomus  group A clade 
(Bidartondo et al.  2002  ) . The mycorrhizal fungi 
of  Corsia  and  Corsiopsis  are not known, but these 
genera are probably associated with arbuscualar 
mycorrhizal fungi as well. Pollination syndrome 
and dispersal agents remain poorly studied. 
Rudall and Eastman  (  2002  )  noted that the  fl owers 
of  Corsia  are protandrous. Moreover, during 
anthesis the  fl owers of  Arachnitis  grow consider-

ably and show great morphological plasticity 
(Minoletti  1986 ; Ibisch et al.  1996  ) . These obser-
vations suggest cross-pollination in Corsiaceae. 

    2.5.5.1   Arachnitis (Figs.  2.10  and 4.11a) 

       Arachnitis  Phil., Bot. Zeitung (Berlin) 22: 217 
(1864).   

 Mycoheterotrophic herbs, up to 30 cm tall. 
Underground part a cluster of tuberous roots. 
Stems reddish. Flowers bisexual or unisexual. 

  Fig. 2.10    Corsiaceae. 
 Corsia pyramidata : 
( a ) habit, ( b )  fl ower. 
Redrawn from Cribb 
( 1985 ). ( c )  Corsiopsis 
chinensis . Redrawn from 
Zhang et al.  (  1999  ) . 
( c )  Arachnitis uni fl ora . 
Redrawn from Dimitri 
 (  1972  ) . Bar = 1 cm       
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Tepals whitish yellow to violet or dark red, the 
3 inner and 2 outer lateral ones  fi liform and 
spreading, the median outer tepal narrowly 
ovate, basally concave and covering the repro-
ductive parts of the  fl ower, apical part pendent. 
Stamens free, soon falling off. Ovary 1-locular, 
styles 3, each with a stigma. Fruit globose, pen-
dent when ripe, dehiscing at the top by 3 hori-
zontally splitting valves. Seeds ovoid. 

  Arachnitis  comprises a single species with a 
remarkably wide distribution.  A .  uni fl ora  is 
known from humid subantarctic  Nothofagus  for-
ests in Argentina and Chile, and subhumid and 
humid tropical Andean forests in Bolivia (Ibisch 
et al.  1996 ; Neinhuis and Ibisch  1998  ) .  Arachnitis  
is also found on the treeless Falkland Islands, 
growing “in sand amongst rocks” (Cribb et al. 
 1995  ) , occurring between sea level and 1,000 m. 
Some authors recognize a second species, 
 A .  quetrihuensis , based on differences in  fl ower 
proportions (Dimitri  1972 ; Neinhuis and Ibisch 
 1998  ) , but given the substantial morphological 
variability of  Arachnitis  over its wide distribu-
tion, we consider  A .  quetrihuensis  conspeci fi c to 
 A .  uni fl ora  (see also Ibisch et al.  1996  ) . 

 Bidartondo et al.  (  2002  )  sequenced the fungal 
symbionts of eight individuals of  A .  uni fl ora  from 
three populations in subantarctic forests in 
Argentina and found that the plants form arbuscu-
lar mycorrhizae and are specialized to a narrow 
lineage within the  Glomus  group A clade. The 
pollination biology of  Arachnitis  has not been 
studied in the  fi eld, but Vogel  (  1978  )  suggests that 
 Arachnitis  may be pollinated by fungus gnats.  

    2.5.5.2   Corsia (Fig.  2.10a, b ) 

    Corsia  Becc., Malesia 1: 238 (1878) as “1877.”   

 Mycoheterotrophic herbs, up to 30 cm tall. 
Rhizome cylindric, more or less horizontal; roots 
 fi liform. Stems often purplish or reddish brown. 
Flowers bisexual, nodding at anthesis. Tepals 
reddish, the 3 inner and 2 outer lateral ones 
 fi liform, spreading to pendent, the median outer 
tepal ovate and often cordate, with a large, glan-
dular, basal callus, covering the reproductive 

parts of the  fl ower as an umbrella-like structure. 
Stamens connate at the base with each other and 
the base of the style. Ovary 1- or 3-locular, style 
1, with 3 thick, short stigmas; septal nectaries 
absent. Fruit fusiform, longitudinally dehiscing 
by 3 valves, the valves curving downwards 
exposing the 3 erect placentas carrying the seeds. 
Seeds fusiform, pendent. 

  Corsia  contains approximately 25 species. 
Most species are endemic to New Guinea, but at 
least two are found on the Solomon Islands and 
one species occurs in northern Australia (Van 
Royen  1972 ; Jones and Gray  2008  ) .  Corsia  grows 
in the upper parts of lowland forests and in mon-
tane forests between 900 and 2,300 m (Rü bsamen 
 1986  ) . The species typically grow in damp places 
and are often found growing together with 
 Sciaphila  spp. (Triuridaceae) and  Burmannia  
spp. (Burmanniaceae) (Van Royen  1972  ) . Flowers 
of  Corsia  are protandrous according to Smith 
 (  1909  )  and produce nectar (Beccari  1878  ) , sug-
gesting pollination is mediated by insects. Seed 
dispersal mechanisms and identity of mycor-
rhizal fungi remain unknown.  

    2.5.5.3   Corsiopsis (Fig.  2.10c ) 

    Corsiopsis  D.X. Zhang, R.M.K. Saunders and 
C.M. Hu, Syst. Bot. 24: 313 (1999).   

 Mycoheterotrophic herbs, up to 6 cm tall. 
Rhizome vertical, ellipsoid-obovoid. Stems 
white. Flowers unisexual. Tepals white, the 3 
inner and 2 outer lateral ones  fi liform, pendent, 
the median outer tepal broadly ovate, erect, 
in fl ated into a bowl-shaped structure, covering 
the reproductive parts of the  fl ower. Stamens free, 
each with an obtuse, apical extension of the con-
nective. Ovary of female  fl owers narrowly ellip-
soid, 1-locular, stigmas 3, sessile, connate. Fruit 
and seeds unknown. 

  Corsiopsis  comprises a single species,  C . 
 chinensis , which is only known from a single col-
lection from Guangdong Province, China made 
in 1974 (Zhang et al.  1999  ) . Data on pollination 
syndrome, dispersal agents, and the identity of 
mycorrhizal fungi are lacking.   
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    2.5.6   Orchidaceae 

   Orchidaceae Juss., Gen. Pl. 64–65 (1789).   

 Epiphytic, terrestrial, lithophytic, or rarely 
aquatic or subterranean herbs, usually green and 
photosynthetic, some without chlorophyll and 
putatively fully mycoheterotrophic. Roots subter-
ranean or aerial, thickened, when epiphytic pro-
vided with a multilayered epidermal velamen, 
sometimes with tubers. Stems elongate to short-
ened, rarely vining (as in  Vanilla ), thickened in 
many species, in which case either forming a one- 
to several-nodal pseudobulb or subterranean 
corm, predominantly exhibiting sympodial 
growth although monopodial in some groups. 
Leaves membranous to thickened or terete, pli-
cate to conduplicate, sometimes reduced to 
sheaths, absent in fully mycoheterotrophic spe-
cies. In fl orescences elongate to condensed 
racemes, spikes or panicles, terminal or lateral, 
numerous- fl owered to solitary. Flowers usually 
zygomorphic, frequently resupinate via a twisting 
of the pedicellate ovary. Sepals free, sometimes 
variously connate, often colored like the petals. 
Uppermost petal (lowermost in resupinate spe-
cies) usually modi fi ed and enlarged relative to the 
lateral petals. Functional anthers 1–3, most fre-
quently one,  fi laments and styles united to form a 
gynostemium (column). Column short to elon-
gate, occasionally prolonged at base and united 
with sepals to form a foot, sometimes also form-
ing a spur or mentum. Pollen usually aggregated 
into masses (pollinia), sometimes forming hard, 
bony masses, sometimes with stalks that af fi x the 
pollinia to insects, pollinia 2–8. Stigma borne on 
the adaxial side of the column, often below a 
sticky mass (viscidium) that aids in attachment of 
pollinia to insects. Ovary inferior, usually uni-
locular with parietal placentation, but trilocular 
and axile in some. Ovules small, up to a million 
or more per  fl ower in some species. Fruits capsu-
lar except in some  Vanilla  where an indehiscent 
structure may be produced. Seeds minute, with-
out differentiated embryo or endosperm. 

  Number of   genera and   species —Orchidaceae are 
usually considered to be the largest family of 

 fl owering plants with ca. 22,000 species in about 
880 genera (Stevens  2001  ) . Circa 235 species in 
43 genera are lea fl ess and are putative full or 
nearly full mycoheterotrophs. The largest genera 
of full mycoheterotrophs are the Old World 
 Aphyllorchis  (33 species) and  Gastrodia  (22 spe-
cies). Partial mycoheterotrophy has been detected 
in many green-leaved species (e.g.,  Cephalanthera  
spp.,  Cheirostylis montana ,  Cymbidium  spp., 
 Epipactis  spp.,  Ophrys insectifera ,  Platanthera 
bifolia ) and may be relatively common in terres-
trial orchids (e.g., Gebauer and Meyer  2003 ; 
Bidartondo et al.  2004 ; Julou et al.  2005 ; Tedersoo 
et al.  2007 ; Cameron et al.  2009 ; Roy et al.  2009a ; 
Liebel et al.  2010 ; Motomura et al.  2010 ; Preiss 
et al.  2010 ; Girlanda et al.  2011  ) . Occasionally 
achlorophyllous “albino” individuals are found 
in some otherwise partially mycoheterotrophic 
species, notably in  Epipactis  and  Cephalanthera  
(Salmia  1989 ; Selosse et al.  2004 ; Abadie et al. 
 2006  ) . Some terrestrial orchid species have sepa-
rate vegetative and lea fl ess  fl owering stages, and 
have been misinterpreted as mycoheterotrophs 
(Chen and Luo  2002  ) . 

  Distribution and   habitat —Orchidaceae have a 
worldwide distribution, occurring in almost every 
habitat on the planet and absent only from the 
polar regions and the driest of deserts (Chase 
 2005  ) . The great majority are to be found in the 
tropics, mostly in Southeast Asia and in the 
Neotropics, and their diversity peaks in montane 
tropical regions where abundant rainfall allows 
for the maximum growth of epiphytes. Most fully 
mycoheterotrophic orchids are found in the 
tropics, but their diversity has a highly uneven 
distribution. The vast majority of tropical myco-
heterotrophic orchids occur in Southeast Asia 
and adjacent Australasia. In contrast, the  fl oras of 
tropical Africa and particularly the Neotropics 
are surprisingly poor in fully mycoheterotrophic 
Orchidaceae. A majority of orchids are perennial 
epiphytes, which grow anchored to trees or shrubs 
in the tropics and subtropics. Other species are 
terrestrial or lithophytes, growing on rocks or 
very rocky soil. Nearly all temperate orchids 
are terrestrial. All mycoheterotrophic orchids 
are terrestrial, although some species, such as 
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 Erythrorchis cassythoides , are climbers 
(Dearnaley  2006  ) . 

  Classi fi cation —Recent phylogenetic analyses 
suggest that the Orchidaceae are sister to the 
remainder of the Asparagales (Givnish et al. 
 2006 ; Graham et al.  2006 ; Pires et al.  2006  ) . 
Traditionally, classi fi cation of Orchidaceae has 
been based on the construction of the fused 
gynoecium and androecium (“column” or “gynos-
temium”), which is, in its details, unique to the 
family. The number of anthers has been the 
primary trait emphasized, which has resulted in 
the family being split into three main groups, 
often recognized as subfamilies. Five subfamilies 
are currently recognized.  Apostasia  and 
 Neuwiedia , two Southeast Asian genera that com-
prise Apostasioideae, have been sometimes 
viewed as orchid relatives and placed in a sepa-
rate family, Apostasiaceae, believed to be more 
closely related to other families such as 
Hypoxidaceae (Hutchinson  1959  )  than to 
Orchidaceae. Vanilloideae is the most recently 
recognized subfamily, having been resolved by 
molecular data and thereby clarifying a long-
standing uncertainty in the relationships of its 
species based on their unusual combination of 
primitive and advanced morphological features. 
The remainder of the family comprises 
Cypripedioideae with their distinctive slipper-
shaped labellum, Orchidoideae, which contains 
most of the temperate species, and Epidendroideae, 
which contains the great majority of the family 
and is primarily tropical and epiphytic. 

  Evolutionary history —The family’s placement as 
sister to the remainder of the Asparagales sug-
gests a relatively ancient origin for Orchidaceae; 
Chase  (  2001  )  suggested that the family might 
date from approximately 110 Ma by relating its 
phylogenetic placement to other groups. Orchid 
fossils are rare and usually consist of pollinaria. 
A 15–20 Ma fossil pollinarium was recently used 
to date the family at 76–84 Ma (Ramirez et al. 
 2007  ) . The family was undoubtedly primitively 
terrestrial, with multiple derivations of epiphytism, 
primarily in the large subfamily Epidendroideae. 
Containing ca. 80% of the family’s diversity, 
Epidendroideae comprise most of the epiphytes 

and exhibits the most advanced pollinarium mor-
phologies related to specialized pollination strat-
egies. The majority of mycoheterotrophs are 
members of Epidendroideae. The diversity of 
lea fl ess species in the family represents an esti-
mated minimum of 30 independent shifts to het-
erotrophy (Freudenstein and Barrett  2010  ) . 

  Ecology —Orchids are well-known for their 
pollination specializations, ranging from the 
perfume-collecting euglossine bee syndrome 
found in many neotropical species to the pseudo-
copulatory syndrome of genera such as  Ophrys  
and  Chiloglottis . Most orchids outside of 
Apostasioideae and Cypripedioideae disperse 
their pollen in masses (pollinia). Small seeds 
without endosperm, reliance on fungi for germi-
nation, and pollen aggregated into pollinia 
together form a highly specialized strategy for 
orchids, in which in order to produce the large 
numbers of highly mobile seeds required to 
ensure that some may  fi nd a suitable fungus, large 
numbers of pollen grains are also necessary. 
Although it might be possible to achieve this with 
granular pollen, pollen masses provide an “all-or-
nothing” strategy in which large numbers of 
ovules are fertilized or none at all. 

 As far as is known, all orchids depend on a 
mycoheterotrophic interaction with a symbiotic 
fungus for germination (initial mycoheterotro-
phy) (Leake  1994  ) . In most orchids, particularly 
epiphytic species, this dependence appears to be 
required only during early seedling development 
prior to photosynthesis. Lea fl ess epiphytes, such 
as  Dendrophylax , photosynthesize with their roots 
and thus are not mycoheterotrophic. At least some 
terrestrial orchids that photosynthesize also obtain 
carbohydrates from fungi, and so are partially 
mycoheterotrophic (Rasmussen  1995  ) . In others, 
the initial completely fungally-dependent phase 
has been prolonged throughout the plant’s life 
(the fully mycoheterotrophic species). Both roots 
and rhizomes may be used to interact with fungi. 
Coralloid rhizomes, which characterize some full 
mycoheterotrophs, may be viewed as a paedo-
morphic extension of the protocorm stage that 
facilitates fungal interaction in the mature plant 
(Rasmussen  1995  ) . Two distinct types of orchid 
mycorrhiza are recognized (Burgeff  1932  ) . In the 



612 Taxonomy and Classi fi cation

most common  tolypophagous  type, hyphae infect 
the rhizome or root, form coils (pelotons) in corti-
cal cells, and are digested. In the infrequent  pty-
ophagous  type, hyphae that have entered a root 
experience lysis at the tips and cell contents are 
released. The latter type is little known and may 
be con fi ned essentially to the tropics. 

 Subfamily  vanilloideae  Szlachetko 

    2.5.6.1   Cyrtosia 

    Cyrtosia  Blume, Bijdr.: 396 (1825). 
  Conchoglossum  Breda, Gen. Sp. Orchid. Asclep. 
4: t. 17 (1830).   

  Cyrtosia  contains seven species, all of which 
are achlorophyllous and thus putative myco-
heterotrophs (Cameron  2003  ) . They are wide-
spread in tropical and subtropical Southeast Asia. 
 Cyrtosia   septentrionalis  has been reported to 
grow with wood-decaying  Armillaria  fungi 
(Hamada  1939 ; Cha and Igarashi  1996 ; 
Rasmussen  2002  ) .  

    2.5.6.2   Erythrorchis 

    Erythrorchis  Blume, Rumphia 1: 200 (1837). 
  Haematorchis  Blume, Rumphia 4: t. 200 B 
(1849). 
  Ledgeria  F. Muell., Fragm. 1: 238 (1859).   

  Erythrorchis  comprises three species, which 
are full mycoheterotrophs.  Erythrorchis altissima  
ranges from Indonesia to the Philippines, 
 Erythrorchis ochobiensis  from Japan through 
Taiwan to Vietnam, Cambodia, Laos, and 
Thailand.  Erythrorchis cassythoides  occurs in 
eastern Australia.  Erythrorchis ochobiensis  is 
reported to form mycorrhizas with a wide range of 
wood-rotting and ectomycorrhizal fungi (Umata 
 1995,   1997a,   b,   1998a,   b  ) , and the roots of  E .  cas-
sythoides  are also colonized by both ectomycor-
rhizal and saprotrophic fungi (Dearnaley  2006  ) .  

    2.5.6.3   Galeola 

    Galeola  Lour., Fl. Cochinch. 2: 520 (1790). 
  Pogochilus  Falc., J. Bot. (Hooker) 4: 73 (1842).   

  Galeola  includes six fully mycoheterotrophic 
species. The genus has a remarkably widespread 

distribution with  G .  humblotii  occurring in 
Madagascar and the Comores and all other spe-
cies growing in tropical and subtropical Southeast 
Asia.  Galeola septentrionalis  is associated with 
species of  Armillaria  fungi (Terashita  1996  ) .  

    2.5.6.4   Lecanorchis 

    Lecanorchis  Blume, Mus. Bot. Lugd. Bat. 2: 188 
(1856).   

  Lecanorchis  includes approximately 20 
species. All species are fully mycoheterotrophic. 
The genus is quite diverse in Japan, but extends 
widely in tropical and subtropical Southeast Asia 
(Hashimoto  1990  ) .  

    2.5.6.5   Pseudovanilla 

    Pseudovanilla  Garay, Bot. Mus. Lea fl . 30: 234 
(1986).   

  Pseudovanilla  includes about eight species 
from Malesia and the Paci fi c islands. All species 
have reduced leaves and stems that are orange to 
yellow when young but are green when mature. 
Their (partial) mycoheterotrophic status remains 
to be investigated in detail. 

 Subfamily  orchidoideae  Lindley  

    2.5.6.6   Arthrochilus 

    Arthrochilus  F. Muell., Fragm. 1: 42 (1858). 
  Drakaea  Lindl. Sect.  Akaedra  Schltr., Bot. Jahrb. 
Syst. 45: 383 (1911).   

 Limited to eastern Australia (including 
Tasmania) and southern Papua New Guinea, this 
genus of ten species contains a single lea fl ess 
species,  A .  huntianum , which has the typical 
tubers of the genus reduced to protocorm-like 
structures.  

    2.5.6.7   Brachycorythis 

    Brachycorythis  Lindl., Gen. Sp. Orchid. Pl.: 363 
(1838). 
  Schwartzkopf fi a  Kraenzl., Bot. Jahrb. Syst. 28: 177 
(1900). 
  Phyllomphax  Schltr., Repert. Spec. Nov. Regni 
Veg. Beih. 4: 118 (1919). 
  Diplacorchis  Schltr., Beih. Bot. Centralbl. 38(2): 
127 (1921). 
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  Gyaladenia  Schltr., Beih. Bot. Centralbl. 38(2): 
124 (1921). 
  Afrorchis  Szlach., Richardiana 6: 82 (2006).   

  Brachycorythis  includes ca. 35 species and is 
distributed from tropical and southern Africa to 
Madagascar and Southeast Asia. Most species 
are autotrophic with green leaves, except for 
 B .  pumilio  from tropical West Africa and  B .  lastii  
from tropical East Africa, which are both achlo-
rophyllous (Summerhayes  1955  ) .  

    2.5.6.8   Burnettia 

    Burnettia  Lindl., Gen. Sp. Orchid. Pl.: 517 (1840).   

 A monospeci fi c genus comprising the myco-
heterotrophic  B .  cuneata , from southeast Australia 
and Tasmania.  

    2.5.6.9   Chamaegastrodia 

    Chamaegastrodia  Makino & Maek., Bot. Mag. 
(Tokyo) 49: 596 (1935).   

  Chamaegastrodia  comprises three species 
(Govaerts et al.  2011  ) , which are distributed from 
Assam to Japan. All species lack chlorophyll and 
are therefore considered to be fully myco-
heterotrophic.  C .  shikokiana  has been demon-
strated to grow with ectomycorrhizal 
Ceratobasidiaceae fungi (Yagame et al.  2008  ).   

    2.5.6.10   Corybas 

    Corybas  Salisb., Parad. Lond.: t. 83 (1807).   

  Corybas  has a widespread distribution that 
ranges over temperate Asia, Southeast Asia, 
Australasia, temperate Australia and New Zealand, 
and the Paci fi c Islands. The genus comprises ca. 
50 species.  C .  cryptanthus  from the North Island 
of New Zealand is lea fl ess and lacks chlorophyll 
and is therefore a putative full mycoheterotroph 
(Moore and Edgar  1970  ) . Specimens of  C .  cheese-
manii  are sometimes achlorophyllous as well.  

    2.5.6.11   Cryptostylis 

    Cryptostylis  R.Brown, Prodr. Fl. Nov. Holl.: 317 
(1810). 
  Chlorosa  Blume, Bijdr. 8: 420 (1825). 
  Zosterostylis  Blume, Bijdr. 8: 418 (1825).   

 A genus of 25 species from tropical and 
subtropical Asia and the Southwest Paci fi c. One 
species from southeast Australia,  C .  hunteriana , 
is lea fl ess but the stems are green.  

    2.5.6.12   Cystorchis (Fig.  2.11e ) 

       Cystorchis  Blume, Fl. Javae ser. 2. 1: 73. t. 24 
(1858).   

  Cystorchis  from Southeast Asia and the Paci fi c 
islands comprises ca. 20 species, three of which 
are achlorophyllous:  C .  aphylla  from Southeast 
Asia,  C .  saprophytica  from Borneo, and  C .  pelio-
caulos  from New Guinea.  

    2.5.6.13   Danhatchia 

    Danhatchia  Garay & Christenson, Orchadian 11: 
469 (1995).   

 Previously placed in  Yoania  (Epidendroideae), 
 Danhatchia  was recognized as distinct based on 
 fl oral structure. The single fully myco-
heterotrophic species,  D .  australis , occurs in 
New Zealand but has recently been discovered in 
New South Wales, Australia as well.  

    2.5.6.14   Degranvillea 

    Degranvillea  Determann, Amer. Orchid Soc. Bull. 
54: 174 (1985).   

 The rare  Degranvillea dermaptera  is the sole 
species in this genus and is only known from 
French Guiana. It bears a coralloid rhizome.  

    2.5.6.15   Odontochilus 

    Odontochilus  Blume, Fl. Javae, n.s., 1: 69 (1858). 
  Evrardia  Gagnep., Bull. Mus. Natl. Hist. Nat., II, 
4: 596 (1932). 
  Evrardianthe  Rauschert, Feddes Repert. 94: 433 
(1983). 
  Evrardiana  Aver., Bot. Zhurn. (Moscow & 
Leningrad) 73: 432 (1988).   

 Four of 40  Odontochilus  species are putative 
full mycoheterotrophs— O .  saprophyticus  from 
Hainan and S Vietnam,  O .  poilanei  from 
China, Myanmar, Thailand, Vietnam, and Japan, 
 O .  asraoa  from Assam and Nepal, and  O .  guang-
dongensis  from southern China.  
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    2.5.6.16   Platanthera (Fig.  2.11f ) 

    Platanthera  Rich., De Orchid. Eur.: 26 (1817). 
  Lysias  Salisb., Trans. Hort. Soc. London 1: 288 
(1812). 
  Sieberia  Spreng., Anleit. Kenntn. Gew., ed. 2, 2(1): 
282 (1817). 
  Mecosa  Blume, Bijdr.: 403 (1825). 
  Diplanthera  Raf., Herb. Raf.: 73 (1833). 
  Tulotis  Raf., Herb. Raf.: 70 (1833). 
  Perularia  Lindl., Edwards’s Bot. Reg. 20: t. 1701 
(1835). 

  Blephariglottis  Raf., Fl. Tellur. 2: 38 (1837). 
  Conopsidium  Wallr., Linnaea 14: 147 (1840). 
  Diphylax  Hook.f., Hooker’s Icon. Pl. 19: t. 1865 
(1889). 
  Limnorchis  Rydb., Mem. New York Bot. Gard. 1: 
104 (1900). 
  Lysiella  Rydb., Mem. New York Bot. Gard. 1: 104 
(1900). 
  Gymnadeniopsis  Rydb. in N.L.Britton, Man. Fl. N. 
States: 293 (1901). 
  Piperia  Rydb., Bull. Torrey Bot. Club 28: 269 
(1901). 

  Fig. 2.11    A few examples 
of fully mycoheterotrophic 
Orchidaceae. ( a )  Gastrodia 
grandilabris . ( b ) 
 Cephalanthera exigua . 
( c )  Tropidia saprophytica . 
( d )  Epipogium roseum . 
( e )  Cystorchis aphylla . 
( f )  Platanthera saprophyt-
ica . Redrawn from Wood 
et al.  (  2011  ) , except for 
( b ) redrawn from Pedersen 
et al.  (  2009  ) . Bar = 1 cm       
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  Dithrix  (Hook.f.) Schltr., Notizbl. Bot. Gart. 
Berlin-Dahlem 9: 583 (1926). 
  Pseudodiphryllum  Nevski in V.L.Komarov (ed.), 
Fl. URSS 4: 752 (1935). 
  Tsaiorchis  Tang & F.T.Wang, Bull. Fan Mem. Inst. 
Biol. 7: 131 (1936). 
  Fimbriella  Farw. ex Butzin, Willdenowia 11: 323 
(1981). 
 ×  Platanthopsis  P.M.Br., N. Amer. Native Orchid 
J. 8: 37 (2002). 
 ×  Blepharopsis  E fi mov, Novosti Sist. Vyssh. Rast. 
40:48 (2008 publ. 2009).   

 Broadly distributed from North America through 
Eurasia, including Southeast Asia, this genus of 
ca. 200 species includes a single fully myco-
heterotrophic species,  P .  saprophytica  from Borneo. 
This species is entirely whitish in color, except for 
a purple margin to the lip (Wood et al.  2011  ) .  

    2.5.6.17   Platythelys 

    Platythelys  Garay, Bradea 2: 196 (1977).   

 A New World genus of about ten species dis-
tributed from southeastern USA to Brazil and 
Argentina. One species,  P .  pedicellata , has leaves 
reduced to bracts and may be mycoheterotrophic.  

    2.5.6.18   Rhizanthella 

    Rhizanthella  R.S.Rogers, J. Roy. Soc. Western 
Australia 15: 1 (1928). 
  Cryptanthemis  Rupp, Proc. Linn. Soc. New South 
Wales 57: 58 (1932).   

  Rhizanthella  is a genus of extremely rare, fully 
subterranean mycoheterotrophic orchids that are 
endemic to Australia. The genus comprises three 
species:  R .  gardneri  from western Australia, and  R . 
 omissa  and  R .  slateri  from southeastern Australia. 
Fungal associates of  R .  gardneri  and  R .  slateri  have 
been identi fi ed as  Rhizoctonia -type fungi that most 
likely belong to the Ceratobasidiales (Basidio-
mycota) (Bougoure et al.  2009  ) .  R .  gardneri  is only 
found growing adjacent to individual shrubs of 
species in the  Melaleuca uncinata   s . l . complex 
(Myrtaceae) in its native habitats (Bougoure et al. 
 2008  ) . Fungi isolated from  R .  gardneri  demon-
strated the ability to form ectomycorrhizas with the 
roots of  Melaleuca uncinata   s . l . individuals 
(Warcup  1985,   1991 ; Bougoure et al.  2009  ) , 
suggesting that  R .  gardneri  obtains carbon from 

 Melaleuca  plants (Bougoure et al.  2009  ) . Carbon 
transfer between  R .  gardneri  and  Melaleuca unci-
nata  through common ectomycorrhizal fungi has 
been con fi rmed by microcosm experiments 
(Bougoure et al.  2010  ) . Dixon  (  2003  )  suggested 
that seed dispersal of  R .  slateri  is carried out by 
animals. 

 Subfamily  epidendroideae  Lindley  

    2.5.6.19   Aphyllorchis 

    Aphyllorchis  Blume, Tab. Pl. Jav. Orchid.: t. 16, f. 
77 (1825). 
  Sinorchis  S.C.Chen, Acta Phytotax. Sin. 16: 82 
(1978).   

  Aphyllorchis  includes 33 fully myco-
heterotrophic species. The genus is widespread in 
tropical and subtropical Asia.  A .  montana  and 
 A .  caudata  are able to associate with a wide range 
of ectomycorrhizal fungi (Roy et al.  2009a  ) .  

    2.5.6.20   Auxopus 

    Auxopus  Schltr., Westafr. Kautschuk.-Exped. 275 
(1900).   

 The fully mycoheterotrophic  Auxopus  com-
prises three species— Auxopus kamerunensis  and 
 A .  macranthus  from tropical West and Central 
Africa and  A .  madagascariensis  from tropical 
Madagascar.  

    2.5.6.21   Cephalanthera 
(Figs.  2.5g  and  2.11b ) 

    Cephalanthera  Rich., Mém. Mus. Hist. Nat. 4: 51 
(1818). 
  Callithronum  Ehrh., Beitr. Naturk. 4: 148 (1789). 
  Lonchophyllum  Ehrh., Beitr. Naturk. 4: 148 (1789). 
  Dorycheile  Rchb., Deut. Bot. Herb.-Buch: 56 (1841). 
  Xiphophyllum  Ehrh., Beitr. Naturk. 4: 148 (1789). 
  Eburophyton  A.Heller, Muhlenbergia 1: 48 (1904). 
  Tangtsinia  S.C.Chen, Acta Phytotax. Sin. 10: 194 
(1965).   

  Cephalanthera  includes ca. 18 species. Six 
species lack chlorophyll and are putative full 
mycoheterotrophs. Stable isotope data suggest 
that chlorophyllous species are partial myco-
heterotrophs (Julou et al.  2005 ; Abadie et al. 
 2006 ; Preiss et al.  2010 ; Stöckel et al.  2011  ) . 
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Albino forms of some green species are known: 
e.g.,  C .  damasonium ,  C .  longifolia  (Julou et al. 
 2005 ; Abadie et al.  2006  ) .  Cephalanthera  is 
widespread in temperate Eurasia, northern Africa, 
North America, and Southeast Asia. One achloro-
phyllous species,  C .  austinae , occurs in western 
North America. The remaining achlorophyllous 
species grow in Southeast Asia ( C .  calcarata , 
 C .  erici fl ora ,  C .  exigua ,  C .  gracilis ,  C .  pusilla ) 
(Pedersen et al.  2009  ) .  C .  austinae  and  C .  exigua  
have been found to associate with ectomycor-
rhizal Thelephoraceae fungi (Basidiomycota) 
(Taylor and Bruns  1997 ; Roy et al.  2009a  ) .  

    2.5.6.22   Corallorhiza (Figs. 4.12a and 6.2) 

    Corallorhiza  Gagnebin, Acta Helv. Phys.-Math. 2: 
61 (1755). 
  Rhizocorallon  Gagnebin, Acta Helv. Phys.-Math. 
2: 61 (1755). 
  Corallorhiza  Châtel., Spec. Inaug. Corallorhiza: 5 
(1760). 
  Cladorhiza  Raf., Amer. Monthly Mag. & Crit. Rev. 
1: 429 (1817).   

  Corallorhiza , commonly known as “coralroot 
orchids,” includes 12 species (Freudenstein  1997 ; 
Barrett and Freudenstein  2011  ) . All species are 
achlorophyllous except for  C .  tri fi da , which has 
green stems and capsules. However, recent 
research has shown that  C .  tri fi da  derives most of 
its carbon from ectomycorrhizal Telophoraceae 
fungi (McKendrick et al.  2000 ; Cameron et al. 
 2009  ) .  Corallorhiza tri fi da  is extremely wide-
spread in the temperate and subarctic Northern 
hemisphere. The distribution of the remaining 
species of  Corallorhiza  is limited to North and 
Central America.  Corallorhiza striata  and 
 C .  bentleyi  are apparently associated with non-
overlapping clades of ectomycorrhizal  Tomentella  
fungi (Thelephoraceae; Basidiomycota) (Barrett 
et al.  2010  ) , while  C .  maculata  and the closely 
related species  C .  mertensiana  have been found 
to associate with nonoverlapping Russulaceae 
fungi (Basidiomycota) (Taylor and Bruns  1997, 
  1999 ; Taylor et al.  2004  ) .  Corallorhiza odonto-
rhiza  and  C .  wisteriana  are sister species that 
occur in Mexico and northward;  C .  wisteriana  is 
distributed across the USA, while  C .  odontorhiza  
occurs only in the east of the USA.  Corallorhiza 

odontorhiza  utilizes Thelephoraceae; populations 
of  C .  wisteriana  in the western portion of the dis-
tribution utilize Thelephoraceae, while eastern 
populations utilize Russulaceae. Some polymor-
phic populations exist in which plants use either 
fungus (Freudenstein and Barrett, unpubl.).  

    2.5.6.23   Cremastra 

    Cremastra  Lindl., Gen. Sp. Orch. Pl.: 172 (1883).   

 A genus of three species extending from Nepal 
and Sikkim through China, Korea, Japan, and 
Sakhalin. It contains one full mycoheterotroph, 
 C .  aphylla  from Japan (Yukawa  1999  ) .  

    2.5.6.24   Cymbidium 

    Cymbidium  Sw., Nova Acta Regiae Soc. Sci. 
Upsal. 6: 70 (1799). 
  Jensoa  Raf., Fl. Tellur. 4: 38 (1838) “1836.” 
  Cyperorchis  Blume, Rumphia 4: 47 (1849). 
  Iridorchis  Blume, Coll. Orchid.: 90 (1859). 
  Arethusantha  Finet, Bull. Soc. Bot. France 44: 179 
(1897). 
  Pachyrhizanthe  (Schltr.) Nakai, Bot. Mag. (Tokyo) 
45: 109 (1931). 
 ×  Cyperocymbidium  A.D.Hawkes, Orchid Rev. 72: 
420 (1964). 
  Liuguishania  Z.J.Liu & J.N.Zhang, J. S. China 
Agric. Univ. 19(1): 73 (1998). 
  Wutongshania  Z.J.Liu & J.N.Zhang, J. S. China 
Agric. Univ. 19(1): 74 (1998). 
  Cymbidiopsis  H.J.Chowdhery, Indian J. Forest. 32: 
154 (2009).   

  Cymbidium  includes ca. 52 species (Du Puy 
and Cribb  2007  ) . One species,  C .  macrorhizon , 
lacks foliage leaves but has green stems and cap-
sules. Stable isotope data indicate that this species 
is fully mycoheterotrophic. Related species with 
green leaves are partial mycoheterotrophs 
(Motomura et al.  2010  ) . The chlorophyllous spe-
cies  C .  lancifolium  and  C .  goeringii  both associate 
simultaneously with saprotrophic Tulasnellaceae 
and ectomycorrhizal fungi, whereas  C .  mac-
rorhizon  establishes symbiosis exclusively with 
ectomycorrhizal fungi (Motomura et al.  2010  ) .  

    2.5.6.25   Didymoplexiella 

    Didymoplexiella  Garay, Arch. Jard. Bot. Rio de 
Janeiro 13: 33 (1954). 
  Leucolena  Ridl., J. Linn. Soc., Bot. 28: 340 (1891).   
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  Didymoplexiella  comprises seven fully myco-
heterotrophic species that are restricted to 
Southeast Asia.  

    2.5.6.26   Didymoplexis 

    Didymoplexis  Griff., Calcutta J. Nat. Hist. 4: 383 
(1843). 
  Leucorchis  Blume, Mus. Bot. 1: 31 (1849). 
  Apetalon  Wight, Icon. Pl. Ind. Orient. 5: 22 (1851). 
  Epiphanes  Rchb.f. in B.Seemann, Fl. Vit.: 295 
(1868).   

  Didymoplexis  includes about 12 species, all of 
which are full mycoheterotrophs. The genus has 
a remarkably wide distribution and occurs in 
tropical Africa ( D .  africana ) and from Afghanistan 
to India, Southeast Asia, northern Australia, New 
Guinea, and Vanuatu.  Didymoplexis  is probably 
absent from Madagascar (Cribb et al.  2010  ) . 
Morphological observations suggest that  D .  minor  
is associated with saprotrophic  Marasmius  fungi 
(Burgeff  1932  ) .  

    2.5.6.27   Dipodium 

    Dipodium  R.Br., Prodr. Fl. Nov. Holl.: 330 
(1810). 
  Leopardanthus  Blume, Rumphia 4: 47 (1849). 
  Wailesia  Lindl., J. Hort. Soc. London 4: 261 
(1849). 
  Hydranthus  Kuhl & Hasselt ex Rchb.f., Xenia 
Orchid. 2: 20 (1862). 
  Trichochilus  Ames, J. Arnold Arbor. 13: 142 
(1932).   

  Dipodium  (“hyacinth orchids”) contains ca. 21 
species from Southeast Asia, Australia, and the 
Paci fi c Islands. While some species are green and 
leaf-bearing, at last nine species (e.g.,  D .  variega-
tum ,  D .  roseum ,  D .  hamiltonianum ) have green 
stems but lack foliage leaves and are likely partial 
mycoheterotrophs. Several studies report that 
 Dipodium  species associate with ectomycorrhizal 
Russulaceae fungi (Bougoure and Dearnaley 
 2005 ; Dearnaley and Le Brocque  2006  ) .  

    2.5.6.28   Epipogium (Fig.  2.11d ) 

    Epipogium  S.G. Gmel. ex Ehrh., Beitr. Naturk. 4: 
149 (1789). 
  Galera  Blume, Bijdr.: 415 (1825). 
  Ceratopsis  Lindl., Gen. Sp. Orchid. Pl.: 383 
(1840). 

  Podanthera  Wight, Icon. Pl. Ind. Orient. 5: 22 
(1851). 
  Epipogon  S. G. Gmel., Fl. Sibirica 1: 11 (1747). 
  Epipogion  St.-Lag., Ann. Soc. Bot. Lyon 7: 144 
(1880).   

  Epipogium  comprises 2–3 fully myco-
heterotrophic species:  E .  aphyllum  (“Ghost Orchid”) 
from temperate Eurasia, the questionably distinct 
 E .  japonicum  from Japan, Taiwan, and S China, and 
 E .  roseum  from tropical Africa, Southeast Asia, 
New Guinea, Australia, and the Paci fi c Islands. 
 Epipogium   aphyllum  associates with ectomycor-
rhizal fungi (Roy et al.  2009b  ) , while populations of 
 E .  roseum  from Japan were found to grow with sap-
rotrophic Coprinaceae fungi (Yamato et al.  2005 ; 
Yagame et al.  2007  ) .  E .  aphyllum  was shown to 
obtain carbon and nitrogen through its ectomycor-
rhizal association (Liebel and Gebauer  2011  ) .  

    2.5.6.29   Eulophia 

    Eulophia  R.Br. ex Lindl., (“ Eulophus ”) Bot. Reg. 
7: t. 573 (1821). 
  Wol fi a  Dennst., Schlüssel Hortus Malab.: 38 (1818). 
  Lissochilus  R.Br., Bot. Reg. 7: t. 573 (1821). 
  Cyrtopera  Lindl., Gen. Sp. Orchid. Pl.: 189 (1833). 
  Thysanochilus  Falc., Proc. Linn. Soc. London 1: 
14 (1839). 
  Hypodematium  A.Rich., Tent. Fl. Abyss. 2: 286 
(1850). 
  Orthochilus  A.Rich., Tent. Fl. Abyss. 2: 284 
(1850). 
  Pteroglossaspis  Rchb.f., Otia Bot. Hamburg.: 67 
(1878). 
  Platypus  Small & Nash in J.K.Small, Fl. S.E. U.S.: 
329 (1903). 
  Triorchos  Small & Nash in J.K.Small, Fl. S.E. 
U.S.: 329 (1903). 
  Smallia  Nieuwl., Amer. Midl. Naturalist 3: 158 
(1913). 
  Donacopsis  Gagnep., Bull. Mus. Natl. Hist. Nat., 
II, 4: 593 (1932). 
  Semiphajus  Gagnep., Bull. Mus. Natl. Hist. Nat., 
II, 4: 598 (1932).   

 The pantropical  Eulophia  contains ca. 230 spe-
cies (only two of which are neotropical). Most 
species are terrestrial, but a few are epiphytes or 
lithophytes. At least 17 species are lea fl ess or 
nearly so and probably mycoheterotrophic, includ-
ing  E .  epiphanoides  (southwest Tanzania), 
 E .  galeioides  (tropical Africa),  E .  gastrodioides  
(Mozambique and Zambia),  E .  macrantha  
(Malawi and Zimbabwe),  E .  richardsiae  (northern 
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Zambia), and  E .  zollingeri  (widespread in tropical 
and subtropical Asia and Australia). Despite its 
wide distribution,  E .  zollingeri  was found to asso-
ciate with a narrow lineage of wood-rooting fungi 
within Coprinaceae (Ogura-Tsujita and Yukawa 
 2008  ) .  

    2.5.6.30   Gastrodia (Fig.  2.11a ) 

    Gastrodia  R.Br., Prodr. Fl. Nov. Holl.: 330 
(1810). 
  Epiphanes  Blume, Bijdr.: 421 (1825). 
  Gamoplexis  Falc. ex Lindl., Gard. Chron. 1847: 
103 (1847). 
  Neoclemensia  Carr, Gard. Bull. Straits Settlem. 8: 
180 (1935). 
  Demorchis  D.L.Jones & M.A.Clem., Orchadian 
14(8: Sci. Suppl.): xiii (2004).   

  Gastrodia  comprises ca. 22 achlorophyllous 
mycoheterotrophic species (Cribb et al.  2010  ) . 
The center of diversity of the genus is situated in 
Southeast Asia, and the genus extends to Japan, 
Siberia, tropical Australia, New Zealand, New 
Caledonia, the Paci fi c Islands, Madagascar, the 
Mascarene Islands, and tropical Africa (Cribb 
et al.  2010  ) . Dearnaley and Bougoure  (  2010  )  
identi fi ed a number of fungi in the roots of  G .  ses-
amoides ; the most common were saprotrophic 
members of Marasmiaceae. In addition, stable 
isotope analysis suggests that  G .  sesamoides  
obtains most of its carbon from these wood-rot-
ting fungi (Dearnaley and Bougoure  2010  ) . 
 Gastrodia   elata  associates with saprotrophic and 
parasitic  Armillaria  and  Mycena  fungi (Kusano 
 1911 ; Lan et al.  1994 ; Xu and Fan  2001  ) .  Gastrodia 
confusa  also associates with saprotrophic  Mycena  
fungi (Ogura-Tsujita et al.  2009  ) .  Gastrodia simi-
lis  was found to grow mainly with wood-decaying 
 Resinicium  species (Martos et al.  2009  ) .  

    2.5.6.31   Hexalectris (Fig. 6.1) 

    Hexalectris  Raf., Neogenyton: 4 (1825).   

  Hexalectris  is a New World genus of about 
eight fully mycoheterotrophic species, occurring 
throughout most of the southern U.S.A. and 
Mexico, with concentrations of diversity in the 
mountainous regions of southwest U.S.A. and 
northeastern and western Mexico. They often 
inhabit inhospitable habitats, such as desert 

canyons, cedar thickets, and tropical dry forests 
(Kennedy and Watson  2010  ) .  Hexalectris  species 
are specialized toward different clades of fungi, 
mainly in Sebacinaceae. These fungi are presum-
ably ectomycorrhizal with surrounding trees 
(Taylor et al.  2003 ; Kennedy et al.  2011  ) .  

    2.5.6.32   Kalimantanorchis 

    Kalimantanorchis  Tsukaya, M. Nakajima & H. 
Okada, Syst. Bot. 36: 52 (2011).   

  Kalimantanorchis  comprises a single species, 
the achlorophyllous  K .  nagamasui  from Borneo 
(Tsukaya et al.  2011  ) , which is questionably dis-
tinct from  Tropidia .  

    2.5.6.33   Limodorum 

    Limodorum  Boehm., De fi n. Gen. Pl.: 358 (1760). 
  Centrosis  Sw., Adnot. Bot.: 52 (1829), nom. illeg. 
  Jonorchis  Beck, Fl. Nieder-Österreich 1: 215 
(1890). 
  Lequeetia  Bubani, Fl. Pyren. 4: 57 (1901).   

  Limodorum  comprises three myco-
heterotrophic species:  L .  arbortivum  from 
Europe, North Africa, and the Caucasus, 
 L .  rubri fl orum  from Turkey, and  L .  trabutianum  
from the Mediterranean. The plants have small 
scale-like leaves and a violet stem. Despite the 
presence of chlorophyll in  L .  arbortivum  
(Blumenfeld  1935  ) , CO 

2
   fi xation is insuf fi cient to 

compensate for respiration in adult plants sug-
gesting that  L .  arbortivum  is at least partially 
mycoheterotrophic (Girlanda et al.  2006  ) . C and 
N stable isotope signatures also support the 
mycoheterotrophic status of  L .  arbortivum  and 
 L .  trabutianum  (Liebel et al.  2010  ) . Both species 
associate predominantly with fungal symbionts 
of the genus  Russula . The associated fungi were 
found to be ectomycorrhizal with surrounding 
trees (Girlanda et al.  2006  ) . Paduano et al.  (  2011  )  
detected differences in cellular response to 
Russulaceae and  Ceratobasidium  fungi in 
 Limodorum abortivum .  

    2.5.6.34   Malaxis 

    Malaxis  Sol. ex Sw., Nov. Gen Sp. Prodr. 8 (1788). 
  Limnas  Ehrh., Beitr. Naturk. 4: 146 (1789). 
  Achroanthes  Raf., Med. Repos. N. York 5: 352 (1808). 
  Microstylis  (Nutt.) Eaton Man. Bot. ed. 3, 115 
(1822). 
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  Cheiropterocephalus  Barb. Rodr. Gen Sp. Orch. 1: 
28 (1877). 
  Tamayorkis  Szlach., Fragm. Phyt. Geobot. Suppl. 
3: 121 (1995).   

 A widespread genus of ca. 300 species, occur-
ring in tropical and temperate regions on all con-
tinents except Antarctica. Two species are 
putative full mycoheterotrophs:  M .  aphylla  and 
 M .  saprophyta .  

    2.5.6.35   Neottia 

    Neottia  Guett., Hist. Acad. Roy. Sci. Mém. Math. 
Phys. (Paris, 4to) 1750: 374 (1754). 
  Ophris  Mill., Gard. Dict. Abr. ed. 4 (1754). 
  Nidus  Rivinus, Icon. Pl. Fl. Irreg. Hexapet. T. 7. 
(1764). 
  Nidus - avis  Ortega, Tab. Bot.: 24 (1773). 
  Cardiophyllum  Ehrh., Beitr. Naturk. 4: 148 (1789). 
  Epipactis  Persoon, Syn. Pl. 2: 513 (1807). 
  Diphryllum  Raf., Med. Repos. Ser. 2, 5: 357 
(1808). 
  Listera  R.Br. in W.T.Aiton, Hortus Kew. 5: 201 
(1813). 
  Neottidium  Schltdl., Fl. Berol. 1: 454 (1823). 
  Distomaea  Spenn., Fl. Friburg. 1: 245 (1825). 
  Pollinirhiza  Dulac, Fl. Hautes-Pyrénées: 120 (1867). 
  Bifolium  Nieuwl., Amer. Midl. Naturalist 3: 128 
(1913). 
  Holopogon  Kom. & Nevski in V.L.Komarov (ed.), 
Fl. URSS 4: 750 (1935). 
  Diplandrorchis  S.C.Chen, Acta Phytotax. Sin. 
17(1): 2 (1979). 
  Archineottia  S.C.Chen, Acta Phytotax. Sin. 17(2): 
12 (1979).   

  Neottia  is a genus of ca. 60 species with a dis-
tribution ranging through the temperate and sub-
arctic Northern Hemisphere. It now contains the 
leafy species previously placed in  Listera . 
Fourteen species are achlorophyllous and pre-
sumably fully mycoheterotrophic. These include 
 N .  acuminata ,  N .  brevilabris ,  N .  camtschatea ,  N . 
 gaudissartii ,  N .  listeroides ,  N .  megalochila ,  N . 
 microglottis ,  N .  nidus - avis ,  N .  pantlingii ,  N . 
 papilligera ,  N .  smithiana ,  N .  taibaishanensis ,  N . 
 tenii , and  N .  ussuriensis  (Govaerts et al.  2011  ) . 
Natural abundance  15 N and  13 C data con fi rms the 
mycoheterotrophic nature of  N .  nidus - avis  
(Gebauer and Meyer  2003  ) .  N .  nidus - avis  has 
been found to associate with  Sebacina  fungi that 
are ectomycorrhizal with surrounding trees, 

including  Fagus sylvatica  and  Corylus  sp. 
(McKendrick et al.  2002 ; Selosse et al.  2002  ) .  

    2.5.6.36   Pogoniopsis 

    Pogoniopsis  Rchb.f., Otia Bot. Hamburg.: 82 
(1881).   

 A rare genus with two mycoheterotrophic spe-
cies from eastern Brazil ( P .  nidus - avis  and  P . 
 schenkii ). Previously placed in Vanilloideae, it 
appears to fall among the epidendroids (Cameron 
 2003 ; pers. comm.).  

    2.5.6.37   Risleya 

    Risleya  King & Pantl., Ann. Roy. Bot. Gard. 
Calcutta 8: 246 (1898).   

  Risleya  contains a single species,  R .  atropur-
purea . This full mycoheterotroph has been 
recorded from the eastern Himalayas and China 
(southeastern Sichuan and northwestern Yunnan) 
(Govaerts et al.  2011  ) .  

    2.5.6.38   Silvorchis 

    Silvorchis  J.J.Sm., Bull. Dép. Agric. Indes Néerl. 
13: 2 (1907).   

 The fully mycoheterotrophic  Silvorchis colo-
rata  is the sole species of the genus. The species 
is known only from the type specimen, which 
was collected in Java.  

    2.5.6.39   Stereosandra 

    Stereosandra  Blume, Mus. Bot. Lugd. Bat. 2: 176 
(1856).   

  Stereosandra javanica , a full mycoheterotroph 
and the sole species of the genus, has a wide dis-
tribution in Southeast Asia, having been recorded 
from the eastern Himalayas, southern China, the 
Ryukyu Islands, Taiwan, Vietnam, Borneo, Java, 
Malaysia, Sumatra, the Philippines, New Guinea, 
the Solomon Islands, and Samoa.  

    2.5.6.40   Tropidia (Fig.  2.11c ) 

    Tropidia  Lindl., Edwards’s Bot. Reg. 19: t. 1618 
(1833). 
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  Decaisnea  Lindl. ex Wall., Numer. List: 7388 
(1832), nom. inval. 
  Cnemidia  Lindl., Edwards’s Bot. Reg. 19: t. 1618 
(1833). 
  Chloidia  Lindl., Gen. Sp. Orchid. Pl.: 484 (1840). 
  Ptychochilus  Schauer, Nov. Actorum Acad. Caes. 
Leop.-Carol. Nat. Cur. 19(Suppl. 1): 431 (1843). 
  Govindooia  Wight, Icon. Pl. Ind. Orient. 6: 34 
(1853). 
  Schoenomorphus  Thorel ex Gagnep., Bull. Soc. 
Bot. France 80: 351 (1933). 
  Muluorchis  J.J.Wood, Kew Bull. 39: 73 (1984).   

 A genus with ca. 20 species from tropical and 
subtropical Asia and the Paci fi c, with one neotro-
pical species.  T .  saprophytica  and  T .  connata  
from Borneo are full mycoheterotrophs.  

    2.5.6.41   Uleiorchis 

    Uleiorchis  Hoehne, Arq. Bot. Estado São Paulo, 
n.s., f.m., 1: 129 (1944).   

  Uleiorchis  comprises two fully myco-
heterotrophic species from tropical South 
America.  Uleiorchis liesneri  is known from 
Venezuela and  U .  ulei  has been recorded in 
Central and tropical South America (Costa Rica, 
Honduras, Panama, French Guiana, Guyana, 
Venezuela, Colombia, Ecuador, Peru, and Brazil 
(Born et al.  1999  ) ).  

    2.5.6.42   Wullschlaegelia 

    Wullschlaegelia  Rchb.f., Bot. Zeitung (Berlin) 21: 
131 (1863).   

  Wullschlaegelia  comprises two fully myco-
heterotrophic species,  W .  aphylla  and  W .  calcarata  
(Born et al.  1999  ) . Both species are widespread in 
tropical South and Central America and are pres-
ent in the West Indies.  Wullschlaegelia   aphylla  
associates with both litter-decaying  Gymnopus  
and  Mycena  species (Martos et al.  2009  ) .  

    2.5.6.43   Yoania 

    Yoania  Maxim., Bull. Acad. Imp. Sci. Saint-
Pétersbourg, III, 18: 68 (1872).   

  Yoania  comprises four species, all fully myco-
heterotrophic:  Y .  amagiensis  (Japan),  Y .   fl ava  
(Japan),  Y .  japonica  (Assam, China, Taiwan, Japan), 
and  Y .  prainii  (eastern India to northern Vietnam).   

    2.5.7   Iridaceae 

   Iridaceae Juss., Gen. Pl.: 57 (1789). 
 Geosiridaceae Jonker, Recueil Trav. Bot. Né erl. 
36: 477 (1939).   

 Herbs, perennial, rarely annual, evergreen, or 
seasonal. Underground parts a rhizome, bulb, or 
corm. Stems simple or branched, terete or vari-
ously compressed, angled or winged. Leaves basal 
and cauline, distichous; proximal 2–3 sometimes 
membranous, not reaching much above ground; 
others with open or closed sheaths, usually unifa-
cial. In fl orescences umbellate, monochasial cymes 
(rhipidia), spikes, or solitary  fl owers; rhipidia 
enclosed in 2, opposed, usually large, leafy to dry 
bracts (spathes). Flowers usually pedicellate acti-
nomorphic or zygomorphic, petaloid, with 2 equal 
or unequal whorls of 3 tepals each. Tepals usually 
large, showy, free or connate in tube. Stamens 
(2-)3, inserted at base of outer tepals or in tube, 
symmetrically arranged or unilateral;  fi laments 
free or partly connate; anthers with 2 pollen sacs, 
extrorse, usually dehiscing longitudinally. Ovary 
inferior, (1-)3-locular; placentation axile; ovules 
2–few, anatropous; style 1,  fi liform at least proxi-
mally, usually 3-branched or 3-lobed. Fruits a cap-
sule, loculicidal, rarely indehiscent,  fi rm to 
cartilaginous, occasionally woody. Seeds globose 
to angular or discoid, sometimes broadly winged; 
seed coat usually dry. 

  Number of   genera and   species —Iridaceae con-
tain over 2,000 species in 66 genera (Goldblatt 
et al.  2008  ) . The family includes two fully myco-
heterotrophic species,  Geosiris aphylla  and  G . 
 albi fl ora  (Goldblatt and Manning  2008,   2010  ) . 

  Distribution and   habitat —Iridaceae have a cos-
mopolitan distribution, with a main center of 
diversity in southern Africa. They are particularly 
species-rich in the Cape region (Davies et al. 
 2005  ) . Iridaceae are mainly found in open, sea-
sonable habitats, but also occur in forests, savan-
nas, and semi-arid habitats. They grow on a 
variety of different soil types. 

  Classi fi cation —Iridaceae are part of the monocot 
order Asparagales (Chase et al.  2000,   2006 ; Fay 
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et al.  2000 ; APG  2009  ) . The family consists of 
seven subfamilies of which the Iridoideae and 
Crocoideae contain the majority of the species 
(Goldblatt et al.  2008  ) . Baillon who described the 
species  Geosiris aphylla  in 1894, already placed 
it in Iridaceae (Baillon  1894  ) . However, Engler 
 (  1897  )  transferred  Geosiris  to Burmanniaceae 
without seeing a specimen. Jonker  (  1939  )  
concluded that  Geosiris  was not a member of 
Burmanniaceae and erected a new family, 
Geosiridaceae, to accommodate the species. 
Jonker considered Geosiridaceae and Iridaceae 
closely related. Molecular data con fi rmed the 
placement of  Geosiris  in Iridaceae, although it is 
placed in its own subfamily, Geosiridoideae 
(Goldblatt et al.  2008  ) . 

  Evolutionary history —Reliable fossils of 
Iridaceae date back to the Miocene (23–5 Ma), 
but molecular clock analyses estimated the origin 
of Iridaceae at 82 Ma (Wikström et al.  2001  )  and 
Ma (Janssen and Bremer  2004  ) , respectively. The 
start of the divergence of the extant crown group 
is estimated at 61 (Goldblatt et al.  2008  )  or 96 Ma 
(Janssen and Bremer  2004  ) . According to most 
recent phylogenetic hypotheses  Geosiris  is an 
early diverging lineage within the family 
(Goldblatt et al.  2008  ) . 

  Ecology —The variously shaped and colored 
 fl owers of Iridaceae are pollinated by various 
insects (bees, beetles,  fl ies, wasps, moths, and 
butter fl ies) and birds (hummingbirds and sun-
birds). Many Iridaceae are highly specialized in 
their pollinator relationships. Various seed dis-
persal mechanisms are observed in Iridaceae. 
These include dispersal by wind, water, ants, and 
birds (Goldblatt and Manning  2008  ) . The mycor-
rhizas of only few species of Iridaceae have been 
examined. From these observations it seems that 
Iridaceae are mainly associated with AM fungi 
(Wang and Qiu  2006  ) . 

    2.5.7.1   Geosiris (Figs.  2.5e, 2.12 , 
and 4.10h) 

       Geosiris  Baillon, Bull. Mens. Soc. Linn. Paris 
2:1149 (1894).   

 Mycoheterotrophic herbs, up to 12 cm tall. 
Rhizome short and thick. Roots  fi liform. Leaves 
reduced to scales. In fl orescence a binate rhipid-
ium, distorted by crowding of numerous 
 fl owers, binate rhipidia few to several. Flowers 
actinomorphic, without nectaries, lasting a single 
day. Tepals purple to white, connate at base, 

  Fig. 2.12     Geosiris aphylla . Redrawn from Goldblatt and 
Manning  (  2008  ) . Bar = 1 cm       
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spreading. Stamens with free  fi laments; anthers 
loculicidal, extrorse. Ovary inferior; style slen-
der, dividing into 3-fringed lobes or apically 
3- fi d. Fruit a capsule, more or less woody. Seeds 
minute, dust-like (Goldblatt et al.  2008 ; Goldblatt 
and Manning  2008  ) . 

  Geosiris  includes  G .  aphylla , known from 
evergreen forests in Madagascar. A second 
species,  G .  albi fl ora , is endemic to Mayotte (the 
Comores) (Goldblatt and Manning  2010  ) . A third 
species has been discovered in Madagascar but 
remains to be described (Goldblatt and Manning 
 2010  ) . The identity of the mycorrhizal fungi 
remains unknown, but like other Iridaceae 
 Geosiris  is presumably associated with arbuscu-
lar mycorrhizal fungi. Pollination syndrome and 
seed dispersal agents are unknown.   

    2.5.8   Polygalaceae 

   Polygalaceae Hoffmans. & Link, Fl. Portug. 1: 62 
(1809).   

 Trees, lianas, shrubs, or perennial as well as 
annual, rarely mycoheterotrophic herbs. Leaves 
usually alternate, simple, entire, with pinnate 
venation. In fl orescence spicate, racemose, or 
paniculate, sometimes reduced to a single  fl ower, 
terminal or axillary, bracteate. Flowers bisexual, 
zygomorphic to actinomorphic. Sepals usually 5, 
free to more or less connate, lateral sepals often 
large and petaloid (“wings”). Petals 3 (2 upper 
ones and 1 lower one) or sometimes 5, imbricate, 
free, but often all adnate to the staminal tube, the 
lower petal often boat-shaped and keeled. 
Stamens (2-)5–8(-10);  fi laments free or connate 
into a tube adnate to the petals; anthers basi fi xed, 
(2-)4-sporangiate, opening by pores or longitudi-
nal slits. Ovary superior, 2–8-locular, with axile 
placentation, ovules mostly 1 per carpel, epitrop-
ous; style 1, bilobed with 1 stigmatic branch and 
1 sterile branch, or stigma capitate. Fruit a loculi-
cidal capsule or a samara, drupe, berry, or nut. 
Seeds often with stiff hairs. 

  Number of   genera and   species —Polygalaceae 
comprise approximately 21 genera and 1,000 

species (Stevens  2001  ) . All species of  Epirixanthes  
are fully mycoheterotrophic. 

  Distribution and   habitat —The family of 
Polygalaceae is cosmopolitan, with its center of 
diversity in tropical and subtropical areas (Eriksen 
and Persson  2007  ) . 

  Classi fi cation —Polygalaceae were often consid-
ered to be related to Malpighiaceae or 
Krameriaceae, because of their common bilater-
ally symmetrical  fl owers (Cronquist  1981  ) . 
Analyses of plastid DNA sequences, however, 
place the family in Fabales (Chase et al.  1993  ) , as 
the sister group of Surianaceae (Forest et al.  2007 ; 
Stevens  2001  ) . Within Polygalaceae four mono-
phyletic tribes are recognized (Xanthophylleae, 
Polygaleae, Carpolobieae, and Moutabeae) 
(Eriksen and Persson  2007 ; Forest et al.  2007  ) . 
Based on morphology  Epirixanthes  is placed in 
Polygaleae, but its exact phylogenetic position 
remains unknown. 

  Evolutionary history —Molecular clock analyses 
date the origin of the Polygalaceae to the Late 
Cretaceous with diversi fi cation beginning in 
the Paleocene (Wikström et al.  2001 ; Bello 
et al.  2009  ) . 

  Ecology —The showy  fl owers of many 
Polygalaceae attract various bees and wasps, but 
self-pollination is also well known. In  Polygala  a 
pollination mechanism with a movable lower 
boat-shaped petal is recorded. Species with 
samaras are dispersed by wind,  fl eshy-fruited 
species are vertebrate-dispersed. The loculicidal 
capsules of  Polygala  release seeds with lobed, 
aril-like structures that are dispersed over short 
distances by ants (Judd et al.  1999 ; Eriksen and 
Persson  2007  ) .  Polygala  and  Epirixanthes  spe-
cies associate with arbuscular mycorrhizas (Wang 
and Qiu  2006 ; Imhof  2007  ) . Species in other gen-
era are probably arbuscular mycorrhizal as well. 

    2.5.8.1   Epirixanthes 
(Figs.  2.13a, b , 2.15b, and 4.13c) 

       Epirixanthes  Blume, Catalogus 25 (1823). 
  Salomonia  Loureiro, Fl. Cochinch. 14 (1790).   
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 Mycoheterotrophic herbs, up to 25 cm tall. 
Rhizome short. Roots  fi liform. Stems erect, sim-
ple or sparsely branched. Leaves sessile, reduced 
to scales. In fl orescence spicate, terminal. Flowers 
very small. Sepals 5, unequal, free or basally con-
nate. Petals 3. Stamens 2–5;  fi laments united or 
partly free; anthers introrsely dehiscent by a slit. 
Ovary 2-locular, compressed; style short and 
bifurcate toward apex. Fruit indehiscent, with a 
 fl eshy pericarp. Seeds ellipsoid, glabrous, nearly 

without endosperm, with thickened tissue at 
micropylar end. 

  Epirixanthes  belongs to the tribe Polygaleae. 
The genus comprises six species (Pendry  2010  ) . It 
is widely distributed in tropical Asia, including 
India, Indonesia, Malaysia, Myanmar, Thailand, 
Vietnam, China, and the Solomon Islands. 
 Epirixanthes  occurs in the leaf litter of evergreen 
forest and bamboo groves (Hsieh et al.  1995 ; 
Shukun et al.  2008  ) . Root anatomical observations 

  Fig. 2.13    Polygalaceae. 
 Epirixanthes elongata : 
( a ) habit, ( b ) in fl orescence. 
Redrawn from Hsieh et al. 
 (  1995  ) . Bar = 1 cm       
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of  Epirixanthes papuana  and  E .  elongata  have 
shown that species of  Epirixanthes  associate with 
arbuscular mycorrhizas (Imhof  2007  ) . Autogamy 
has been suggested for  Epirixanthes  (Wirz  1910  ) . 
Observations on seed dispersal mechanisms are 
lacking.   

    2.5.9   Ericaceae 

   Ericaceae Juss., Gen. Pl.: 159 (1789).   

 Trees, shrubs, lianas, sometimes epiphytic, occa-
sionally nearly herbaceous, associated with mycor-
rhizal fungi, some mycoheterotrophic. Leaves 
simple, alternate, opposite or whorled, margin entire 
to serrate, occasionally revolute, without stipules. 
In fl orescence usually a bracteate raceme,  fl owers 
sometimes solitary, either terminal or axillary. 
Flowers usually bisexual, sometimes unisexual in 
which case the plants are dioecious, actinomorphic 
to slightly zygomorphic. Sepals 4–5, free to slightly 
connate. Petals usually 4–5 and connate but some-
times free, often campanulate-urceolate, sometimes 
funnelform, often pendulous. Stamens 8–10, 
 fi laments free or adnate to corolla, sometimes con-
nate, sometimes spurred near junction with anther; 
anthers becoming inverted, often opening by 2 apical 
pores, sometimes by slits, in some cases awned or 
apex narrowed to form a tubule, pollen shed in tet-
rads, rarely in monads, usually tricolporate, some-
times with viscin threads. Carpels 2–10, usually 5 or 
4, ovary superior to inferior, usually with axile or 
deeply intruded parietal placentation. Style 1, hol-
low, with  fl uted cavity, stigma capitate to strongly 
lobed; ovules 1 to numerous per locule, unitegmic, 
tenuinucellar. Intrastaminal nectary disc usually 
present at base of superior ovary or at top of inferior 
ovary. Fruit a septicidal or loculicidal capsule, berry, 
or 1-several pitted drupe. Seeds small to minute, 
embryo developed to undeveloped. 

  Number of   genera and   species —Ericaceae 
 comprise approximately 126 genera and 3,995 
species (Stevens  2001  ) . Eleven largely 
monospeci fi c genera comprise fully myco-
heterotrophic species. One genus,  Pyrola , has a 
single mycoheterotrophic taxon. 

  Distribution —Cosmopolitan, but uncommon in 
many lowland tropical and desert regions. The 
mycoheterotrophic species are primarily temper-
ate and when found in tropical regions are in 
montane habitats. 

  Classi fi cation —Ericaceae are part of Ericales, 
which also include Actinidiaceae, Balsaminaceae, 
Cyrillaceae, Clethraceae, Diapensiaceae, Eben-
aceae, Fouquieriaceae, Lecythidaceae, Marcgra-
viaceae, Mitrastemonaceae, Pentaphylacaceae, 
Polemoniaceae, Primulaceae, Roridulaceae, Sapo-
taceae, Sarraceniaceae, Sladeniaceae, Styracaceae, 
Symplocaceae, Tetrameristaceae, and Theaceae 
(APG  2009  ) . Ericaceae is the only family among 
these with mycohet rotrophic species.  Pyrola   has  
often been placed with three to four other small 
genera in its own family, Pyrolaceae, and the 
remaining mycoheterotrophic genera have been 
segregated as Monotropaceae. Recent phylogenetic 
analyses (summarized in Kron et al.  2002  )  have 
shown these groups to fall within, but near the base 
of, Ericaceae. Relationships among these basal lin-
eages are still somewhat unclear, but the pyroloids 
and monotropoids do not appear to form a mono-
phyletic group (Freudenstein and Broe, unpubl.) 

  Evolutionary history —Ericaceae fall clearly into 
Ericales, a lower Asterid group that is de fi ned by 
both molecular and morphological characters 
(Anderberg  1992 ; Anderberg et al.  2002  ) . The 
closest relatives of the family appear to be 
Clethraceae and Cyrillaceae. Fossils of Ericaceae 
comprise largely leaf impressions, but seeds and 
fruits are also known. They are from Tertiary to 
late Cretaceous, with perhaps the oldest being a 
charcoali fi ed  fl ower from the Turonian of New 
Jersey (Nixon and Crepet  1993  ) . The crown node 
date for Ericales proposed by Bremer et al.  (  2004  )  
based on molecular dating is ca. 114 Ma, putting 
Ericaceae somewhat younger than that. 

  Ecology —Many genera of the family are charac-
terized by urceolate  fl owers, while others (e.g., 
 Rhododendron ), have much more open  fl owers. 
Anthers that dehisce poricidally are common, 
bees engaging in vibratory stimulation to release 
pollen. Bird pollination is also known in some 

e
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tropical groups. Often associated with acidic 
soils, most members of the family are terrestrial, 
but tropical epiphytes also occur. Members of the 
family can predominate in acidic bogs and are 
frequent in arctic regions. Given their frequent 
occurrence in areas of low nutrient availability, 
the family is well-known for its mycorrhizal 
associations. They exhibit three of the fundamen-
tal mycorrizal types listed by Smith and Read 
 (  2008  ) —ericoid, arbutoid, and monotropoid. 
Imhof  (  2009  )  examined those types in detail and 
characterized additional subtypes. Full myco-
heterotrophy appears to have arisen twice in the 

family—once in the monotropoids and a second 
time in  Pyrola aphylla  in the pyroloids 
(Freudenstein and Broe, unpubl.). Bidartondo 
and Bruns  (  2001,   2002  )  enumerated the fungal 
groups with which the monotropoids associate. 

    2.5.9.1   Allotropa (Figs.  2.14a,   2.15d , 
 and 4.16a) 

        Allotropa  Torr. & A. Gray, Paci fi c Railr. Rep. 6: 81 
(1858).   

 Racemes to 50 cm tall,  fl eshy, the white axis 
typically striped longitudinally with red, with 

  Fig. 2.14    Fully myco-
heterotrophic Ericaceae 
(part 1). ( a )  Allotropa 
virgata . ( b )  Cheilotheca 
malayana . ( c )  Hemitomes 
congestum . ( d )  Hypopitys 
monotropa . ( e )  Monotropa 
uni fl ora . ( f ) 
 Monotropastrum humile . 
Redrawn from Flora of 
North America Editorial 
Committee  (  2009  ) , except 
( b ) redrawn from Hooker 
 (  1886  ) , ( d ) redrawn from 
Fitch  (  1924  ) , and 
( f ) redrawn from Yang 
et al.  (  1999  ) . Bar = 3 cm       
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  Fig. 2.15    Fully mycoheterotrophic species in eudicots: 
( a )  Voyria clavata  (Gentianaceae). ( b ) A large clump of 
 Epirixathes  plants (Polygalaceae) from Malaysian Borneo. 
( c ) Voyria tenui fl ora (Gentianaceae) photographed in 

French Guiana by Heiko Hentrich. ( d )  Allotropa virgata  
(Ericaceae) in Umqua Forest, Oregon, USA. ( e )  Sarcodes 
sanguinea  (Ericaceae) at Lassen Volcanic National Park 
in California, USA       
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occasional white bracts that are at  fi rst appressed 
to axis, becoming recurved and eventually pur-
plish with age. Root mass comprising slender 
brittle roots with occasional shoots, frequently 
several racemes produced from each mass. 
Flowers produced on upper half of axis, each 
subtended by a narrow white bract that is longer 
than the perianth, and borne on a short pedicel, 
protogynous, glabrous. Sepals rarely present, but 
if so reduced to two or more narrowly lanceolate 
or  fi liform segments. Petals 5, free, elliptic with 
rounded to acute apices, margins irregular to 
erose, white, forming a campanulate corolla. 
Stamens 10, incurved over ovary and slightly 
shorter than pistil,  fi laments white, terete except 
at base where they are  fl attened, glabrous; anthers 
dark red, basi fi xed, dehiscing by two pore-like 
slits. Ovary spheroid-slightly ellipsoidal, 5-locu-
lar, with axile placentation, glabrous, abruptly 
narrowed to a short style whose base may be 
sunken slightly into ovary; stigma discoid, 
obscurely  fi ve-lobed, red; nectary represented by 
10 lobes between stamen bases. Fruit a loculi-
cidal capsule. Seeds linear, ca. 1 mm, numerous. 

 One species,  A .  virgata  (“Sugar Stick”), in 
western North America from the Sierra Nevada 
in California in the south to southern British 
Colombia in Canada in the north. Infrequent but 
sometimes locally abundant, in mixed or ever-
green forests, generally  fl owering from June to 
August. Flowers may be sel fi ng, although bum-
blebees have been observed visiting the  fl owers 
of  Allotropa  (Wallace  1975  ) . Seeds are presum-
ably dispersed by wind. Clonal reproduction has 
been reported as well (Lichthardt and Mancuso 
 1991  ) . Copeland  (  1938  )  studied the morphology. 
Bidartondo and Bruns  (  2001,   2002  )  sequenced 
the ITS region of the fungal symbionts of a num-
ber of  Allotropa  plants from California and 
Oregon and found that all investigated specimens 
were associated with a narrow clade within the 
basidiomycete fungal genus  Tricholoma .  

    2.5.9.2   Cheilotheca (Fig.  2.14b ) 

    Cheilotheca  J. D. Hooker in Bentham et J. D. 
Hooker, Gen. 2: 605, 607 (1876). 
  Chilotheca  T.E. von Post & C.E.O. Kuntze (1903), 
orth. var. 

  Wirtgenia  H. Andres, Verh. Bot. Vereins Prov. 
Brandenburg 56: 61 (1914). 
  Andresia  H. Sleumer, Fl. Males., Ser. 1 6: 669 
(1967).   

 Racemes to 10 cm tall, inconspicuous, white 
to reddish or purplish, stout,  fl eshy, and densely 
covered with imbricate bracts. Racemes with 
1–few  fl owers. Root mass shallow, loosely orga-
nized, of highly branched, slender, brittle roots, 
probably perennial like those of all other mem-
bers of the subfamily. Floral axes emerging from 
soil erect rather than nodding as in  Monotropa , 
with usually a few in fl orescences per root mass. 
In fl orescences with a single  fl ower each are not 
uncommonly mixed in with racemes. Flowers 
erect at anthesis on short, stout pedicels, each 
subtended by a broad-based bract. Bracts 
broader and generally larger than perianth seg-
ments, overlapping with acute thickened apices. 
Calyx polysepalous; sepals 2–4, sometimes 
dif fi cult to discern from nearby bracts except for 
their position on the pedicels, arranged in a lat-
eral pair and a dorsiventral pair; usually the dor-
siventral pair will be lacking if there are fwer 
than 4 sepals; sepals may lack the conspicuously 
constricted acute apices found on bracts. Corolla 
polypetalous; petals 3, distinctive, oblong, 
imbricate over stigma in bud; apices of petals 
broad, deeply concave and quite thick com-
pared to the lower portions of petals which taper 
little from a point just below apex. Stamens 6, 
in 2 series of alternating lengths;  fi laments 
 fl attened, straight,  fi nely pubescent. Anthers in 
 Cheilotheca khasiana  basi fi xed linear, dehisc-
ing by longitudinal slits; in  C .  malayana  anthers 
hippocrepiform, dehiscing by a single, some-
what introrse, terminal slit over the connate 
sacs. Pistil narrow ampulliform with impercep-
tible external transition area between style and 
ovary; stigma with 6 low lobes, capitate and 
slightly umbilicate; style straight, tapering, 
and stout; ovary slightly pubescent, unilocular; 
placentation parietal; placentas 6; nectaries rep-
resented (not clear in  C .  khasiana ) by short 
lobes projecting downwardly between staminal 
bases. Seeds numerous, embedded in viscous 
material within fruit (Reproduced with small 
changes from Wallace  1975  ) . 
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  Cheilotheca  comprises three species,  C .  khasi-
ana ,  C .  malayana , and  C .  sleumeriana , which are 
achlorophyllous and putative full mycoheterotro-
phs. They are all very poorly known.  Cheilotheca 
khasiana  is only known from the type locality in 
western Assam, India.  C .  malayana  is restriced to 
the state of Perak in Malaysia, where it has been 
found in upper montane dipterocarp and oak-lau-
rel forests (Keng  1974 ; Wallace  1975  ) .  C .  sleume-
riana  is based on a single collection from Sumatra 
(Keng  1974  ) . Keng  (  1974  )  merged  Cheilotheca  
and  Monotropastrum , creating a heterogeneous 
group. Observations on pollination, seed disper-
sal, and mycorrhiza for these rare species are 
lacking.  

    2.5.9.3   Hemitomes (Fig.  2.14c ) 

    Hemitomes  A. Gray, Paci fi c Railr. Rep. 6: 80 
(1858). 
  Newberrya  Torr., Ann. Lyceum Nat. Hist. New 
York 8: 55 (1864).   

 Root mass comprising short brittle roots from 
which emerge one or more in fl orescences. 
In fl orescence axis covered with imbricate bracts. 
Racemes congested, to 10 cm tall, variable in 
form, from a simple structure compressed into a 
capitate in fl orescence at the soil surface to a com-
pound structure with cymulose branches to occa-
sionally a solitary  fl ower. Flowers and 
in fl orescence axis reddish to pink to white or 
slightly yellowish, each  fl ower subtended by a 
ciliate-margined bract that is longer than the peri-
anth. Flowers 4–5-merous, protogynous. Pedicels 
stout, erect. Sepals free, appressed to corolla, gla-
brous on abaxial surface, with scattered trichomes 
on adaxial surface, when four of two unequal 
pairs, with lateral pair keeled, longer than dor-
siventral pair, which are  fl attened. Petals connate, 
apical lobes narrowly ovate, glabrous abaxially 
but densely hairy adaxially, slightly saccate at 
base. Stamens usually 8, in two series with alter-
nating lengths,  fi laments slender, terete, pubes-
cent; anthers basi fi xed, without awns or 
appendages, dehiscing by two elongate slits; 
adaxial anther sacs smaller and shorter, becom-
ing joined to adaxial sacs at dehiscence, obscured 
at maturity. Pistil narrowly ampulliform, style 

pubescent, merging imperceptibly with ovary. 
Stigma discoid, smooth, unlobed, subtended by a 
ring of hairs, with a depression in the center, yel-
low; ovary unilocular, with parietal placentation. 
Nectaries present as 8 paired lobes projected 
between staminal bases. Fruit a globose berry 
with a sticky mass of numerous minute seeds 
inside. Seeds subovoid, endosperm present. 

 One species,  Hemitomes congestum  (“Gnome 
Plant”), in mixed or coniferous forests in western 
North America. Self-pollination may occur, 
although bumblebees have been collected visit-
ing the  fl owers (Wallace  1975  ) . Seed dispersal 
has not been studied, but the sticky seeds are pre-
sumably dispersed by animals. Morphology and 
anatomy were studied by Copeland  (  1934,   1941  ) . 
Populations of  Hemitomes congestum  from 
Oregon were found to associate with a narrow 
range of  Hydnellum  fungi (Basidiomycota) 
(Bidartondo and Bruns  2001  ) .  

    2.5.9.4   Hypopitys (Fig.  2.14d ) 

    Hypopitys  J. Hill, Brit. Herbal 221 (1756). 
  Hypopithys  G.A. Scopoli, Fl. Carniol., ed. 2. 1: 
285 (1771). 
  Hypopithis  Ra fi nesque, Med. Repos. ser. 3. 1: 297 
(1810).   

 Racemes slender, to 30 cm tall,  fl eshy, arising 
from a mass of brittle roots, 1-several  fl owered, 
secund, nodding at anthesis, erect in fruit, cream-
colored to tawny brown to reddish, with occa-
sional bracts. Flowers subtended by single 
pubescent bracts that are elliptic to ovate to nar-
rowly ovate, erose-lacerate. Pedicels slender, 
 fi nely pubescent. Sepals usually 4–5, oblanceo-
late, pubescent adaxially or on both surfaces, 
margin ciliate. Petals rectangular to slightly spat-
ulate, pubescent on adaxial only or on both sur-
faces, slightly de fl exed at apex, narrowed at base 
by infolding of margins to form a distinct saccate 
structure, pubescent on one or both surfaces, 
erose to coarsely toothed. Stamens included, 
about equaling the length of the pistil,  fi laments 
pubescent, somewhat  fl attened, arranged in two 
series of alternating lengths. Anthers hippocrepi-
form, shortened, opening by a terminal slit across 
the anther sacs. Ovary spheroidal, lobed, pubes-
cent, narrowed abruptly to a cylindrical style that 
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broadens toward apex, bearing a funnelform 
stigma with undulating inward lobes, with a dis-
tinct zone of coarse hairs just below stigma. 
Nectaries represented by 8–10 paired lobes pro-
jecting downward between stamen bases. Fruit a 
loculicidal capsule. Seeds minute, scobiform. 

  Hypopitys monotropa  has the broadest continu-
ous distribution range of any Monotropoideae, 
and any mycoheterotrophic plant in general (but it 
may consist of multiple separate species). In the 
New World  H .  monotropa  occurs from Alaska and 
British Colombia in the north, throughout north-
western and eastern USA, and into Mexico and 
Central America in the south. In the Old World, it 
is found throughout most of Europe and into 
Central Asia, and east through Afghanistan and 
along the Himalayas in India and Nepal into China 
and Japan.  Hypopitys  associates with  Tricholoma  
fungi (Bidartondo and Bruns  2001  ) . Bumblebees 
( Bombus  spp.) serve as cross-pollination agents in 
 Hypopitys  (Klooster and Culley  2009  ) . 

 Although  H .  monotropa  and  Monotropa 
uni fl ora  have often been placed together in 
 Monotropa , molecular phylogenetic studies have 
demonstrated the paraphyletic nature of 
 Monotropa  and suggest the presence of cryptic 
species within  M .  hypopithys  (Cullings  2000 ; 
Bidartondo and Bruns  2001,   2002 ; Tsukaya et al. 
 2008 ; Freudenstein and Broe, unpubl.).  

    2.5.9.5   Monotropa (Figs.  2.14e  and 4.14a) 

    Monotropa  L., Sp. Pl. 1: 387 (1753). 
  Monotropion  Saint-Lager, Ann. Soc. Bot. Lyon vii: 
130 (1880).   

 In fl orescence 1- fl owered, slender, often clus-
tered, to 30 cm tall, wholly white to red, arising 
from a dense mass of highly branched brittle 
roots, nodding as it emerges from the soil and at 
anthesis, but erect in fruit, with occasional bracts 
on the axis. Bracts subtending  fl owers narrowly 
elliptic to lanceolate with a lacerate to erose mar-
gin. Sepals apparently absent. Petals 5–8, quin-
cuncial, spatulate, apex truncate to rounded, 
pubescent adaxially, prominently saccate at base. 
Stamens 8–14,  fi laments terete above,  fl attened 
below, sparsely pubescent. Anthers short, appear-
ing somewhat peltate because of a horizontal 
 orientation at maturity, without awns or append-

ages, opening by slits that are oriented laterally. 
Ovary ovoid, appearing as if covered by plates 
corresponding to the 5–6 locules that will eventu-
ally form the capsular valves, glabrous, placenta-
tion axile. Style distinct, stout, gradually 
expanding to a broadened stigma that is lobed-
undulating with a prominent central cavity. 
Nectary present as prominent pairs of  fi ngerlike 
lobes surrounding bases of alternate stamens. 
Capsule loculicidal, containing numerous minute 
scobiform seeds with endosperm. 

  Monotropa uni fl ora  is widespread in North 
America, and its distribution extends into Central 
America and even Colombia. The species is 
absent from Europe and Central Asia, but occurs 
in southern China, Japan, northern India, 
Nepal, and Bhutan. Copeland  (  1941  )  studied its 
morphology and anatomy.  Monotropa uni fl ora  
roots are colonized by a narrow range of Russul-
aceae fungi ( Russula  or  Lactarius ) (Bidartondo 
and Bruns  2001,   2002 ; Bidartondo  2005  ) . Bumble-
bees ( Bombus  spp.) serve as cross-pollination 
agents in  Monotropa  (Klooster and Culley  2009  ) .  

    2.5.9.6   Monotropastrum (Fig.  2.14f ) 

    Monotropastrum  Andres, in Hand.-Mazz., Symb. 
Sin. 7: 766 (1936). 
  Monotropa  D. Don, Prodr. Fl. Nepal 151 (1825). 
  Monotropanthum  H. Andres, Feddes Repert. Spec. 
Nov. Regni Veg. 64: 87 (1961).   

 In fl orescences arising from masses of con-
gested brittle roots, often several per root mass. 
In fl orescences scapose or racemose, to 15 cm 
tall, elongate,  fl eshy, white, with sterile bracts, 
emerging from soil with the  fl owers nodding and 
nodding at anthesis, but erect in fruit. Flower 3–4 
(-5)-merous, white, but reported to be occasion-
ally yellowish or reddish. Sepals free, usually 3, 
elliptic-ovate, glabrous, appressed to corolla, 
with entire to lacerate margins, rounded to obtuse 
to acute at apex. Petals free, 3–4, oblong-obovate, 
pubescent adaxially, glabrous abaxially, saccate 
at base, convex, margins entire, apices rounded to 
truncate. Stamens 6–10, twice as many as petals, 
in two series of alternating lengths. Filaments 
pubescent to glabrous. Anthers basi fi xed, hori-
zontally reniform, with a nearly horizontal dehis-
cence suture. Ovary globose to ovoid, lacking 
grooves or plates on sides,  fi nely pubescent, 
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 unilocular, placentation parietal. Style arising 
from the narrowed ovary, short, stout, terminat-
ing in a broad funnelform stigma, which may be 
bluish-black or yellow. Nectaries present as slen-
der projections in pairs around bases of alternat-
ing stamens or as a lobed circular structure. Fruit 
a globose to ovoid berry bearing many minute 
ovoid seeds. 

 This genus contains two to three species: 
 Monotropastrum humile  and its occasional segre-
gate  M .  humile var .  glaberrima , and  M .  sciaphi-
lum .  Monotropastrum humile  is known from 
montane mixed and deciduous forests in temper-
ate and subtropical Asia (Bhutan, Burma, south-
ern China, India, Japan, Laos, Nepal, Russia, 
South Korea, Thailand, and Vietnam). 
 Monotropastrum sciaphilum  is known only from 
the type collection (as  Eremotropa sciaphila ) from 
Yunnan, China (Wallace  1987  ) .  Monotropastrum 
humile  is pollinated by bumblebees (Tanaka  1978  )  
and seeds are dispersed by insects (Ushimaru and 
Imamura  2002  ) . Populations of  Monotropastrum 
humile  var.  humile  from Japan and Taiwan were 
found to associate with basidiomycete fungi 
within the genus  Russula  (Bidartondo and Bruns 
 2001 ; Bidartondo  2005 ; Yokoyama et al.  2005  ) , 
while plants referable to  M .  humile  var.  glaber-
rima  were asscoiated with Thelephoraceae 
(Yokoyama et al.  2005  )   

    2.5.9.7   Monotropsis (Figs.  2.16a  
and 7.3a, b) 

       Monotropsis  Schweinitz ex S. Elliott, Sketch Bot. 
S. Carolina 1: 478 (1817). 
  Schweinitzia  S. Elliott ex T. Nuttall, Gen. 2: Add. 
(1817). 
  Cryptophila  W. Wolf, Amer. Midl. Naturalist 8: 
115 (1922).   

 In fl orescences in clusters or solitary, arising 
from a diffuse mass of roots. Racemes emerging 
from soil in a somewhat nodding position, secund, 
with more or less crowded  fl owers. Axes pur-
plish-pinkish, to 13 cm tall, with elongate, acute, 
scarious bracts becoming brown at or after anthe-
sis. Flowers subtended by a single membranous 
bract and often 2–3 smaller bracteoles. Flowers 
tyically 5-merous, purplish to maroon to white, 
borne on short pedicels. Sepals free, narrowly 

lanceolate to ovate, closely appressed to corolla 
and in  M .  odorata  somewhat obscuring it, gla-
brous, brown-scarious at maturity. Petals con-
nate, lobes free for about 1/3 their length, either 
purplish-violet with or without white tips, or 
entirely white, glabrous, slightly saccate at base. 
Stamens 10, occuring in two series of alternating 
lengths;  fi laments slender,  fl attened, glabrous. 
Anthers dorsi fi xed, without awns or appendages, 
the sacs of equal size, dehiscing with a common 
slit for each pair of ad- and abaxial sacs. Pistil 
 fl ask-shaped and glabrous with a subglobose 
ovary from which a style narrows, capped by a 
thickened discoid stigma, obscurely lobed and 
with a central depression. Overy unilocular with 
parietal placentation. Nectaries comprising 10 
downward-pointing pairs of lobes between bases 
of the short series of stamens. Fruit a globose 
berry with a sticky mass containing the numerous 
minute seeds that contain endosperm. 

  Monotropsis  consists of two mycoheterotrophic 
species,  M .  odorata  (“Sweet Pinesap”), which 
occurs in the Appalachian Mountains of south-
eastern North America and  M .  reynoldsiae , 
restricted to northern Florida.  Monotropsis odor-
ata  is found almost exclusively growing in 
upland, mixed oak–pine forests where it  fl owers 
in spring (Jones  2005  ) , while  M .  reynoldsiae  
occurs in scrub oak hammocks and  fl owers in 
December-January.  Monotropsis odorata , which 
is relatively rare and easily overlooked, is known 
for its highly fragrant  fl owers (Wallace  1975  ) . 
Copeland  (  1939  )  studied the morphology of 
 M .  odorata . Cross-pollination of  M .  odorata  is 
carried out by bumblebees ( Bombus  spp.) and the 
seeds are animal dispersed (Klooster and Culley 
 2009  ) .  Monotropsis odorata  was found to associ-
ate with a narrow clade of fungi of the genus 
 Hydnellum  (Basidiomycota) (Bidartondo and 
Bruns  2001 ; Bidartondo  2005  ) .  Monotropsis 
reynoldsiae  is even more rare and has not always 
been recognized as distinct from  M .  odorata .  

    2.5.9.8   Pityopus (Figs.  2.16b  and 4.17a) 

    Pityopus  Small, N. Amer. Fl. 29: 16 (1914). 
  Monotropa  Eastwood, Bull. Torrey Bot. Club 29: 
75, pl. 7 (1902). 
  Hypopitys  A. Heller, Muhlenbergia 9: 68 (1913).   
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 Root mass comprising a network of slender, 
brittle, branched roots. Racemes compact, to ca. 
10 cm tall, up to several per root mass, sometimes 
branched below soil level resulting in a congested 
mass of racemes, usually several- fl owered but 
sometimes reduced to a single  fl ower, often 
appearing only slightly above soil level, white to 
yellowish. Flowers subtended by single concave 
bracts that are longer than perianth segments, 

erect, 4-merous, terminal  fl ower sometimes 
5-merous. Sepals free, narrowly ovate to oblan-
ceovate, appressed to corolla, glabrous; margins 
ciliate to erose, lateral pair longer than dorsiven-
tral pair. Petals free, 4(-5), rounded and erose at 
apex, somewhat saccate at base, glabrous abaxi-
ally, densely hirsute adaxially. Stamens twice as 
many as petals, in two series alternating in length, 
 fi laments slender, dorsiventrally somewhat 

  Fig. 2.16    Fully mycoheterotrophic Ericaceae (part 2). 
( a )  Monotropsis odorata . ( b )  Pityopus californica . ( c ) 
 Pterospora andromedea . ( d )  Pleuricospora  fi mbriolata . 

( e )  Pyrola picta . ( f )  Sarcodes sanguinea . Redrawn from 
Flora of North America Editorial Committee  (  2009  ) . 
Bar = 3 cm       
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 fl attened, glabrous or somewhat pubescent 
basally. Anthers hippocrepiform, opening by a 
single slit curving over the anther apex. Pistil 
ampulliform. Stigma yellow, slightly lobed, sub-
tended by a ring of dense hairs, style indistinct, 
gradually tapering from ovary. Ovary unilocular, 
pubescent, with parietal placentation. Nectaries 
comprising lobes that project downward between 
stamen bases. Fruit a globose berry containing a 
sticky mass with numerous small seeds. 

 This genus contains a single species,  P .  cali-
fornicus  (“California pinefoot”), growing in 
moist conferious or mixed forests in California, 
Oregon, and Washington. It  fl owers from May to 
July, but is very dif fi cult to spot and is among the 
rarest of all North American Monotropoideae. Its 
morphology was studied by Copeland  (  1935  ) . 
Pollination syndrome and dispersal agents have 
not been studied in detail, athough there is some 
information that bumblebees may act as cross-
pollination agents (Wallace  1975  ) .  Pityopus cali-
fornicus  associates with several species groups of 
 Tricholoma  fungi (Basidiomycota) (Bidartondo 
and Bruns  2002  ) .  

    2.5.9.9   Pleuricospora (Fig.  2.16d ) 

    Pleuricospora  A. Gray, Proc. Amer. Acad. Arts 7: 
369 (1868).   

 Racemes one or several from a slender, brittle, 
diffuse root system, erect, to 15 cm tall, often 
forming clumps, usually multi fl owered but can 
be reduced to a single  fl ower, cream to yellowish. 
Bracts imbricate, extending from base of plant to 
apex, upper subtending individual  fl owers, entire 
to erose, becoming brownish with age. Flowers 
usually 4-merous, protogynous, erect on stout 
pedicels. Sepals free, glabrous, narrowly ovate, 
erose. Petals free, narrowly ovate, erose- fi mbriate, 
glabrous, apices acute to rounded, spreading at 
maturity. Stamens 8, glabrous,  fi laments  fl attened 
with a prominent connective between the slender 
anther sacs. Anther sacs elongate, dehiscing by 2 
long slits, without appendages or awns. Pistil 
ampulliform, style indistinct, narrowed gradually 
from the ellipsoid, unilocular ovary and capped 
by  fi ve prominent lobes that form the stigma. 
Nectaries obscure, represented by 8 low ridges. 

Fruit a globose whitish berry,  fl eshy with numer-
ous minute, ovoid seeds. 

  Pleuricospora  consists of a single, fully myco-
heterotrophic species,  P .   fi mbriolata  (“Fringed 
Pinesap”).  Pleuricospora  fi mbriolata  grows in 
mixed or coniferous forests in western North 
America (California, Oregon, Washington), but 
there are also doubtful records from Mexico 
(Wallace  1975  ) .  Pleuricospora   fl owers mainly in 
July and August. Observations on pollination 
syndrome and seed dispersal mechanism are 
lacking for this species, but its morphology was 
studied by Copeland  (  1937  ) .  Pleuricospora  
  fi mbriolata  associates with a narrow lineage of 
fungi within the basidiomycete genus  Gautieria  
(Bidartondo and Bruns  2002  ) .  

    2.5.9.10   Pterospora (Figs.  2.16c  and 
4.15a) 

    Pterospora  Nuttall, Gen. N. Amer. Pl. 1: 269 
(1818).   

 Racemes to 200 cm, slender, many- fl owered, 
reddish-pink to tawny brown, with a narrow 
glandular to pubescent bracteate axis arising 
from a tight mass of heavily branching brittle 
roots. Flowers urceolate, protogynous, pendent 
on slender pedicels, each subtended by a narrow, 
lanceolate, glandular-pubescent bract with ciliate 
margins that extends as long or longer than the 
 fl ower. Sepals 5, free, glandular-pubescent, lan-
ceolate, appressed to corolla, reddish-pink to 
brownish. Petals connate, cream-colored, apices 
free, re fl exed, rounded to blunt, glabrous, mar-
gins minutely erose. Stamens 10, in two series of 
alternating lengths;  fi laments slender, laterally 
 fl attened and thickened, glabrous. Anthers 
basi fi xed and essentially horizontal at maturity, 
with prominent awns extending from the lower 
portion of proximal anther sacs, dehiscing by lat-
eral slits. Ovary spheroidal, 5-locular, glabrous, 
from which ascends a stout, straight, glabrous 
style, ending in a  fl at, shallowly 5-lobed stigma, 
placentation axile. Nectaries present as 10 shal-
low lobes projecting between staminal bases. 
Fruit an oblate spheroidal loculicidal capsule, 
brownish at maturity, pendent. Seeds small, each 
with a thin membranous wing. 
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  Pterospora  consists of a single species, 
 P .   andromedea  (“Pinedrops”), which has a wide-
spread distribution in North America. It is most 
common in western USA and now rare in the 
east, and its distribution extends to central 
Mexico. Copeland  (  1941  )  studied its morphol-
ogy. Pollinators are not known. The winged seeds 
are presumably dispersed by wind.  Pterospora 
andromedea  relies on a narrow range of mycor-
rhizal fungi of the basidiomycete genus 
 Rhizopogon  (Cullings et al.  1996 ; Bidartondo 
and Bruns  2001,   2002 ; Dowie et al.  2011 ; Hazard 
et al.  2011  ) . Fungal specialization exceeds the 
species level: different genotypes of  Pterospora  
were found to grow with different fungal lin-
eages, even when growing in sympatry 
(Bidartondo and Bruns  2002  ) .  

    2.5.9.11   Pyrola (Fig.  2.16e ) 

    Pyrola  L., Sp. Pl. 1: 396 (1753). 
  Braxilia  Ra fi nesque, Aut. Bot. 102 (1840). 
  Amelia  Alefeld, Linnaea 28: 8, 25 (1856). 
  Thelaia  Alefeld, Linnaea 28: 8, 33 (1856). 
  Erxlebenia  Opiz ex Rydberg, N. Amer. Fl. 29: 28 
(1914).   

 Subshrubs to ca. 40 cm in height. Rhizomes 
slender, creeping, with sparse roots. Racemes 
arising from a lax basal rosette of leaves. Leaves 
subtended by single lanceolate bracts, petioles 
typically longer than blades, base of lamina often 
decurrent along petiole, ovate-orbicular-reniform-
obovate-elliptical, membraneous to coriaceous, 
glabrous, sometimes reduced or absent. Flowers 
subtended by single bracts, pedicels distinct, 
slender. Flowers pendulous, usually somewhat 
zygomorphic (although essentially actinomor-
phic in  P .  minor ), with style, stamens, and lower 
petals downcurved. Sepals usually free or united 
slightly at base, triangular-lanceolate, margins 
entire to erose, greenish. Petals free or just 
slightly united at base, usually obovate, apex 
broadly rounded, concave. Stamens 10, free, 
 fi laments slender, broadened toward base, gla-
brous, anthers inverting late in development, with 
two prominent to indistinct horns at base, each 
with a pore or slit. Ovary spherical-oblate, into 
which is inserted a narrow style, terminated by a 
capitate-lobed stigma. Style elongate and down-

curved in all but  P .  minor , where it is short and 
straight. Nectaries absent. Fruits loculicial cap-
sules, pendent, valves connected by slender tis-
sue threads when dehisced. Seeds minute, 
scobiform, with undifferentiated embryo and 
loose cellular-reticulate testa. 

  Pyrola  comprises ca. 35 species of small, 
loosely rosette-forming, nearly herbaceous plants 
that are found circumboreally and south in the 
New World to Guatemala and in the Old World to 
Sumatra in montane habitats. Some species, such 
as  P .  chlorantha , are occasionally almost lea fl ess. 
Many species are dif fi cult to separate, especially 
from preserved material. In the western USA, 
lea fl ess forms can be relatively common. They 
have sometimes been treated as a form of  P .  picta  
(Camp  1940  ) ; more recent molecular studies by 
Jolles  (  2007  )  suggest that they may warrant the 
species status, as  P .  aphylla , that they have often 
been given. Stable isotope analysis showed that 
 P .  aphylla  was highly enriched in  13 C, exhibiting 
a pattern seen in mycoheterotrophs that associate 
with ectomycorrhizal fungi, while  P .  picta  and 
other green pyroloids were not enriched for  13 C 
compared to autotrophs (Zimmer et al.  2007 ; 
Hynson et al.  2009  ) . However, all examined 
pyroloids, and especially  P .  aphylla , were 
enriched for  15 N, indicating incorporation of 
nitrogen from fungi. Both  P .  aphylla  and  P .  picta  
were found to associate with a diversity of fungi, 
mainly ectomycorrhizal (Hynson and Bruns 
 2009  ) . Morphological and molecular data sup-
port a clade comprising  P .  chlorantha  and  P . 
 picta  (including  P .  aphylla ) (Freudenstein  1999 ; 
Liu et al.  2010  ) . Species of  Pyrola  are cross-pol-
linated by insects, most commonly  fl ies. Seeds 
are very small (“dust seeds”) and presumably 
dispersed by wind.  

    2.5.9.12   Sarcodes (Figs.  2.15e  and  2.16f ) 

    Sarcodes  Torrey, Proc. Amer. Assoc. Advancem. 
Sci. 4: 193 (1851). 
  Pterosporopsis  A. Kellogg, Paci fi c (San Francisco) 
3: 122 (1854).   

 Racemes arising from a large mass of brittle 
roots, with a thick axis and large  fl owers, to 50 cm 
tall, strikingly red, solitary or clumped, stout, 
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glandular-pubescent. Flowers horizontal to some-
what downfacing, borne on stout pedicels, sub-
tended by lanceolate, ciliate bracts that are longer 
than the  fl owers. Flowers red, protogynous, urce-
olate, with 5 free sepals that are glandular-pubes-
cent, narrowly ovate, and appressed to the corolla. 
Petals connate, apices free and spreading, gla-
brous. Stamens 10, included, glabrous, with slen-
der  fi laments that are  fl attened near their bases. 
Anthers dorsi fi xed, elongate, opening by large 
terminal slits. Ovary oblate spheroidal, 5-locular, 
glabrous, with axile placentation, into which is 
inserted a stout glabrous style. Stigma subcapi-
tate with 5 shallow lobes and a slight central 
depression. Nectaries present as 10 low lobes 
between staminal  fi lament bases. Fruit an irregu-
larly dehiscent capsule. Seeds small, within 
membranous wings. 

 The bright red species  Sarcodes sanguinea  
(“Snow Plant”) is the only member of this genus. 
It grows in mixed or coniferous forests in western 
North America (California, Nevada, and Oregon) 
and Mexico (Baja California). Both bumblebees 
and hummingbirds have been reported visiting 
the  fl owers, but self-pollination has been demon-
strated as well (Wallace  1975  ) . The seed disper-
sal mechanism remains unknown, and the species 
may reproduce by vegetative reproduction as 
well (Oliver  1890  ) .  Sarcodes   sanguinea  plants 
rely on a relatively narrow range of mycorrhizal 
fungi of the basidiomycete fungal genus 
 Rhizopogon  (Kretzer et al.  2000 ; Bidartondo and 
Bruns  2001,   2002 ; Dowie et al.  2011  ) .   

    2.5.10   Gentianaceae 

   Gentianaceae Juss., Gen. Pl.: 141 (1789).   

 Annual, biennial or perennial, glabrous herbs, 
shrubs, trees, or rarely lianas; autotrophic, a few 
achlorophyllous and mycoheterotrophic. Stems 
erect, decumbent, rarely trailing; rhizomes 
sometimes present. Leaves generally opposite-
deccussate, sometimes in a basal rosette, rarely 
whorled or alternate, simple and entire, sessile to 
petiolate; stipules generally absent. Sometimes 
presence of colleters (multicellular glands) in leaf 

axils. In fl orescence terminal or axillary (dicha-
sial or monochasial cymes, thyrses, verticillasters 
or having a solitary terminal  fl ower only);  fl owers 
actinomorphic, sometimes slighty zygomorphic, 
usually monomorphic, rarely imperfect; andromo-
noecious, gynodioecious or dioecious, iso- or 
heterostylous. Sepals fused, but free in a few gen-
era, usually green, persistent or rarely absent, 
often keeled or winged. Petals fused, lobes con-
torted (twisted) to the right while in bud. Stamens 
isomerous and alternate with petals; anthers 
basi fi xed or dorsi fi xed, free, rarely connate, two 
thecae dehiscing longitudinally, rarely with ter-
minal pores. Ovary superior, unilocular or biloc-
ular, rarely pseudotetralocular, placentation 
parietal or axile; ovules few to many/numerous; 
style present or absent, straight or de fl exed to one 
side; stigma  fi liform or two-parted (rarely decur-
rent along carpel sutures), often capitate, funnel-
form or 2-lobed. Fruit a capsule, occasionally a 
berry. Seeds usually small, non-arillate. 

 In spite of the indubitable monophyly of the 
Gentianaceae in their current de fi nition (Struwe 
et al.  1994,   2002 ; Thiv et al.  2002 ; Yuan et al. 
 2003  ) , there is no synapomorphic diagnostic fea-
ture con fi ned to the entire family (Struwe and 
Albert  2002  )  except the presence of a combina-
tion of speci fi c secondary metabolites (xanthone 
and secoiridoids) (Mandal et al.  1992 ; Rodriguez 
et al.  1998 ; Jensen and Schripsema  2002  ) . 

  Number of   genera and   species —Gentianaceae 
comprise 92 commonly accepted genera and over 
1,650 species (Struwe and Albert  2002 , updated 
here). Twenty- fi ve species are achlorophyllous 
and putative full mycoheterotrophs. These spe-
cies are part of four genera:  Voyria ,  Voyriella , 
 Exacum , and  Exochaenium . Species of the North 
American genera  Bartonia  (four spp.) and 
 Obolaria  (one sp.) are partial mycoheterotrophs 
(Cameron and Bolin  2010  ) . Partial myco-
heterotrophy is suggested to occur in  Curtia 
tenuifolia  and species of  Neurotheca  as well 
(Struwe et al.  2002 ; Molina and Struwe  2009  ) . 

  Distribution and   habitat —Gentianaceae are a 
cosmopolitan family, absent only from Antarctica. 
The majority of the species occurs in temperate 
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zones but the mycoheterotrophic species are 
restricted to rain forests in the Neotropics and 
Paleotropics. However, some species of  Voyria  
also occur in savannas and extend into subtropi-
cal Central America. 

  Classi fi cation —Gentianaceae are part of the 
order Gentianales, which also includes Rubiaceae, 
Apocynaceae, Gelsemiaceae, and Loganiaceae 
(APG  2009  ) . The relationships between these 
families remain largely unclear (Stevens  2001  ) . 
Gentianaceae comprise six tribes: Saccifolieae, 
Exaceae, Chironieae, Helieae, Potalieae, and 
Gentianeae (Struwe and Albert  2002  ) . Several 
molecular evidences support the following 
classi fi cation: Saccifolieae is sister to the rest of 
the family, followed by Exaceae, Chironieae, 
Potalieae, and  fi nally Helieae and Gentianeae 
(Struwe et al.  2002 ; Yuan et al.  2003 ; Kissling 
et al.  2009  ) . 

  Evolutionary history —Fossil records for 
Gentianaceae are scarce (Struwe and Albert 
 2002 ; Yuan et al.  2005  )  and a minimum age of ca. 
50 Ma for the family has been estimated with 
molecular clock analyses (Yuan et al.  2003  ) . Full 
mycoheterotrophy has evolved at least four times 
independently in the family: once in Saccifolieae 
( Voyriella ), twice in Exaceae ( Exacum  and 
 Exochaenium ), and a fourth time in the ancestor 
of  Voyria  (unplaced, but supposedly not closely 
related to any of the other fully mycoheterotrophic 
Gentianaceae lineages). 

  Ecology —Gentianaceae  fl owers are pollinated 
by various vectors, including bees, beetles, hum-
mingbirds, moths, and bats (Struwe and Albert 
 2002  ) . Fruits and seeds are dispersed by animals 
(including mammals, bats, and birds) or wind or 
rain (cf. seed dispersal of  Voyria ). Most species 
of Gentianaceae are probably arbuscular mycor-
rhizal but non-mycorrhizal Gentianaceae have 
been reported as well (Wang and Qiu  2006  ) . 

    2.5.10.1   Voyria (Figs.  2.15a, c ,  2.17a , 
4.18, 4.19, 4.20, and 7.4) 

       Voyria  Aubl., Hist. Pl. Guiane 1:208 (1775). 
  Humboldtia  de Necker, Elem. Bot. 2: 16 (1790). 
  Lita  Schreb., Gen. Pl. 2: 795 (1791). 

  Leiphaimos  Schltdl. & Cham., Linnaea 6: 387 
(1831). 
  Leianthostemon  (Griseb.) Miq., Stirp. Surinam. 
Select. 147 (1851). 
  Pneumonanthopsis  (Griseb.) Miq., Stirp. Surinam. 
Select. 150 (1851). 
  Disadena  Miq., Stirp. Surinam. Select. 150 (1851). 
  Biglandularia  H. Karst., Linnaea 28: 416 (1857).   

 Erect, mycoheterotrophic herbs, up to 30 cm 
tall. Root system star-like with unbranched roots, 
or small and coral-like or large with repeatedly 
branched roots. Stems usually simple, less often 
brancherd, terete, solitary, or a few together. 
Leaves opposite, somewhat connate at the base, 
small, scale-like, the lower ones sometimes alter-
nate. In fl orescence a terminal few- to 30-  fl owered 
dichasial/bifurcate cyme or the plant having a 
solitary, terminal  fl ower only. Flowers erect, 
rarely nodding, (4-)5(-7)-merous, short- or long-
pedicellate, actinomorophic. Calyx tubular to 
campanulate, (4-)5(-7)-lobed, persistent, some-
times provided with discoid scales at the inner 
base. Corolla salverform to infundibular, variously 
colored, far exceeding the calyx, marcescent, 
apical part often papillate inside, tube elongate, 
lobes (4-)5(-7), contorted, spreading to recurved, 
rarely erect. Stamens (4-)5(-7), included in the 
corolla tube, rarely somewhat exceeding the 
corolla tube, inserted at various levels in the 
corolla tube,  fi laments conspicuous or virtually 
absent, anthers free or often coherent just below 
the stigma. Ovary 2-carpellate, 1-locular, some-
times borne on a short gynophore, the parietal 
placentae protruding, the base of the ovary often 
provided with two opposite glandular marks or 
ellipsoid glands, sometimes with two distinctly 
stalked glands, or eglandular; style  fi liform, grad-
ually widened towards the ovary; stigma 
infundibular, rotate, or capitate, with undulate 
margin, or weakly 2-lobed, appendages some-
times present, ovules anatropous. Fruit a capsule, 
fusiform to globose, septicidally dehiscent, 
dehiscing entirely or in the middle only, often 
indehiscent. Seeds numerous, globose to  fi liform, 
in some species with two hair-like projections, 
embryo few-celled, endosperm present (Maas 
and Ruyters  1986 ; Franke  2002  ) . 

  Voyria  has a disjunct distribution with 18 spe-
cies in tropical and subtropical America and one 
species with a widespread distribution in tropical 
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West Africa (records from Liberia, Ivory Coast, 
Ghana, Nigeria, Cameroon, Gabon, and DR 
Congo) (Raynal-Roques  1967a ; Maas and 
Ruyters  1986 ; Albert and Struwe  1997  ) . Many 
neotropical species are widely distributed as well. 
 Voyria  species occur in various forest types, 
including lowland rainforest creek forest, swamp 
forest, montane rainforest hammock forest, and 
Amazonian caatinga forest. A few species prefer 
drier vegetation types and grow in white sand 
savannas and savanna forests. All species are ter-

restrial, but are sometimes found on dead, decay-
ing logs (Maas and Ruyters  1986  ) . Remarkably, 
two species have been found growing as epi-
phytes up to 30 m high on trees (Groenendijk 
et al.  1997  ) . 

 Currently DNA data of  Voyria  are lacking, and 
therefore the phylogenetic relationships of this 
genus remain to be determined. Certain charac-
teristics (opposite leaves, hypogynous  fl owers, 
no latex, no stipules) point to a position close to 
or in Gentianaceae (Struwe and Albert  2002  ) . 

  Fig. 2.17    Fully mycoheterotrophic Gentianaceae. ( a ) 
 Voyria aphylla . Redrawn from Maas and Ruyters  (  1986  ) . 
( b )  Exacum tenue . Redrawn from Struwe and Albert 

 (  2002  ) . ( c )  Voyriella parvi fl ora . Redrawn from Maas and 
Ruyters  (  1986  ) . ( d )  Exochaenium oliganthum  (drawn 
after Merckx et al. 103, LV). Bar = 1 cm       
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Preliminary analyses based on nuclear and mito-
chondrial DNA sequences suggest that  Voyria  is 
an early diverging lineage within Gentianaceae 
(V. Merckx unpublished results). 

 Most species of  Voyria  possess brightly col-
ored  fl owers that emit scent and offer nectar. 
Consequently, they are generally considered to 
be cross-pollinated (Maas and Ruyters  1986  ) . 
Indeed, cross-pollination by butter fl ies and bees 
has been observed, although some species may 
rely on a mixed pollination strategy (individual 
reproduces both by self-fertilization and out 
crossing with genetically different individuals) to 
ensure seed production when pollen transfer by 
visitors fails (Hentrich et al.  2010  ) . Seed disper-
sal vectors are poorly studied, but may include 
water and various animals (Maas and Ruyters 
 1986 ; Hentrich et al.  2010  ) . Species of  Voyria  are 
associated with arbuscular mycorrhizal fungi 
(Leake  1994 ; Imhof  1997,   1999b ; Imhof and 
Weber  1997 ; Franke  2002  ) . Molecular sequenc-
ing detected  Glomus  Group A and Diversisporales 
fungi in the roots of neotropical  Voyria  species 
(Bidartondo et al.  2002 ; Merckx et al.  2010b ; 
Courty et al.  2011  ) .  

    2.5.10.2   Voyriella (Fig.  2.17c ) 

    Voyriella  Miq., Stirp. Surinam. Select.:146 (1851). 
  Voyria  Aubl. Sect.  Voyriella  Miq., Tijdschr. Wis.-
Natuurk. Wetensch. Eerste Kl. Kon. Ned. Inst. 
Wetensch. 2: 122 (1849).   

 Erect, mycoheterotrophic herbs, completely 
white, up to 15 cm tall. Roots  fi liform. Stems 
branched or unbranched,  fl eshy, quadrangular to 
slightly winged. Leaves opposite, scale-like, 
small. In fl orescence a terminal or rarely axillary, 
more or less contracted, 1- to many- fl owered 
bifurcate cyme. Flowers erect, (4-)5(-6)-merous, 
shortly pedicellate. Sepals almost free, narrowly 
triangular, persistent, provided with discoid 
scales at the inner base. Corolla actinomorphic, 
salverform to tubular, hardly exceeding the calyx, 
soon falling off, papillate within, lobes small. 
Stamens (4-)5(-6), included, inserted at various 
levels in the corolla tube;  fi laments long or short, 
anthers free or coherent, introrse, basi fi xed; con-
nective prolonged beyond the thecae or not, 
rounded at the base and apex. Ovary bicarpellate, 

bilocular at the base, unilocular in the upper part, 
eglandular; placentae parietal. Style  fi liform, 
stigma 2-lobed, papillate, ovules numerous, 
strictly orthotropous. Fruit a capsule, globose to 
ovoid, indehiscent, provided with a persistent, 
bi fi d style. Seeds subglobose, pitted, embryo 
few-celled, endosperm present. 

 The genus  Voyriella  consists of one fully myco-
heterotrophic species:  Voyriella parvi fl ora  (Maas 
and Ruyters  1986 ; Maguire and Boom  1989  ) . 
Nuclear and chloroplast data suggest that  Voyriella  
is a member of the tribe Saccifolieae (Struwe and 
Albert  2002  ) .  Voyriella parvi fl ora  occurs in low-
land forests of northern South America and adja-
cent Panama. Its main center of distribution is in 
the Guianas (Maas and Ruyters  1986  ) .  Voyriella 
parvi fl ora  is autogamous (Oehler  1927  ) . Seed dis-
persal mechanisms are unknown.  Voyriella 
parvi fl ora  has been found to associate with  Glomus  
Group A fungi (Bidartondo et al.  2002  ) .  

    2.5.10.3   Exacum (Fig.  2.17b ) 

    Exacum  L., Sp. Pl. 112 (1753). 
  Cotylanthera  Blume, Bijdr. Fl. Ned. Ind. 707 
(1826).   

 Erect annual herbs to perennial subshrubs, 
2 cm to 1 m tall. Stems terete to quandrangular, 
often with four wings or lines/ribs. Leaves 
opposite-decussate, rarely verticillate or rosu-
late, almost lea fl ess in achlorophyllous species. 
In fl orescence a monochasial or dichasial cyme, 
sometimes umbel-shaped. Flowers 4- or 5-mer-
ous, actinomorphic to often zygomorphic by 
having the anthers forming a cone above a bent 
style (enantiostyly). Calyx persistent, each lobe 
furnished with a keel or a wing that might 
enlarge in fruit, rarely zygomorphic by having 
two well-developed wings and three reduced 
ones. Corolla white to violet, up to 7 cm long, 
tube short and lobes usually spreading, rarely 
persistent in fruit. Stamens protruding from the 
corolla tube, anthers usually connivent around 
or above the style forming a cone, dehiscent by 
1 (in the achlorophyllous species) or 2 apical 
pores, usually furnished by small papillae on 
their dorsal sides. Ovary 2-carpellate, 2-locular, 
placentation axile; style  fi liform, straight, or 
curved; stigma small, entire to slightly 2-lobed. 
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Fruit a capsule, septicidally dehiscent. Seeds 
numerous, angular, rarely cup-shaped. Testa 
cells star-shaped or isodiametric. For a detailed 
description and taxonomy of  Exacum , see 
Klackenberg  (  1985,   2002,   2006  )  

 The genus  Exacum  comprises 68 species 
(Klackenberg  1985,   2006 ; Thulin  2001  )  and 
shows a typical paleotropical distribution 
(Klackenberg  1985,   2002 ; Thulin  2001  ) .  Exacum  
has two main centers of diversity, namely 
Madagascar and the area including Southern 
India and Sri Lanka. Only a few species occur in 
Socotra (and the Arabian peninsula), in the 
Himalayas, Southeast Asia, New Guinea, and in 
extreme northern Australia.  Exacum  species have 
a wide spectrum of habitat preferences. Taxa are 
found from sea level up to the highest mountain 
tops in Madagascar (ca. 2,800 m elevation), and 
up to ca. 2,000 m in the Himalayas, South India, 
and New Guinea. Most species occur in lowland 
and montane rainforest areas, although they usu-
ally grow in full sun (Klackenberg  1985,   1990, 
  2002  ) .  Exacum  originated in Madagascar and has 
experienced multiple out-of-Madagascar disper-
sals (Yuan et al.  2005  ) . The most important is the 
long-distance dispersal to Sri-Lanka/South-India, 
which resulted in the extensive radiation of the 
Socotra-Arabia and other Asian lineages in the 
northern India Ocean basin regions (Yuan et al. 
 2005  ) . More recent out-of-Madagascar dispersals 
include single dispersal of  E .  oldenlandioides  to 
the African mainland, or several dispersals to 
other islands around Madagascar including the 
Comores ( E .  stenopterum ), or the volcanic island 
of Mauritius ( E .  quinquenervium ) (Klackenberg 
 1985  ) . The four mycoheterotrophic  Exacum  spe-
cies occur only in Asia and presumably diversi fi ed 
from an Asian descendant (Klackenberg  2006  ) . 

 Most  Exacum  species have bright colored 
enantiostylous  fl owers suggesting pollination by 
bees, however no thorough pollination studies 
have been yet performed on  Exacum . 

  Exacum  contains four achlorophyllous species 
( E .  loheri ,  E .  nanum ,  E .  paucisquamum , and 
 E .  tenue ) previously placed in the genus 
 Cotylanthera . They are distributed from the 
Himalayas throughout Southeast Asia to New 
Guinea (Klackenberg  2006  ) . Based on morpho-

logical evidences they belong to a small clade of 
 Exacum  comprising four other tiny chlorophyl-
lous species (Klackenberg  2006  )  and share the 
same distribution. The evolution of myco-
heterotrophy inside a predominantly chlorophyl-
lous genus has occurred twice within the tribe 
Exaceae: in  Exacum  in Asia and in  Exochaenium  
in Africa. However, yet, few studies have focused 
on the biology or the evolution of mycoheterotro-
phy in  Exacum . Figdor  (  1897  )  studied mainly the 
morphology and anatomy of  E .  tenue , while 
Oehler  (  1927  )  studied its cytology.  

    2.5.10.4   Exochaenium (Fig.  2.17d ) 

    Exochaenium  Griseb., DC. Prod. 9: 55 (1845).   

 Annual, erect or dwarf herbs, rarely achloro-
phyllous. Stems simple or branched, usually tet-
ragonal, more or less 4-ridged or 4-winged. 
Leaves well-developed or reduced and scale-like, 
sessile, opposite, linear-lanceolate to suborbicu-
lar. In fl orescence a terminal 1- to many- fl owered 
bifurcate or dichasial cyme. Flowers 5-merous, 
pedicellate, corolla white, sometimes yellow or 
salmon, often pendent or inclined, generally with 
a stylar polymorphism (short- and long-styled 
 fl owers). Sepals almost free or forming a short 
tube, lobes linear-lanceolate to ovate or obovate, 
dorsally keeled or winged. Corolla tube cylindri-
cal or infundibuliform, the lower portion enlarged 
in fruit, lobes oblong-obovate, obtuse at the apex 
or acuminate;  fi laments  fi liform, inserted at mid-
length of the corolla tube. Stamens included; 
anthers oblong, basi fi xed, free or coherent, with a 
conspicuous apical stipitate gland, with or with-
out two basal minute glands. Ovary ovoid to glo-
bose, bilocular, placentation axile, ovules 
numerous. Style  fi liform, included in the corolla 
tube; stigma  fi liform or clavate, entire or very 
slightly bilobed, rarely bi fi d, papillate. Capsule 
ovoid or obovoid, membranous or coriaceous, 
septicidally dehiscing by 2 valves. Seeds cubical, 
black; testa cells star-shaped. 

  Exochaenium  comprises 22 species, all 
endemic to Africa (Kissling  2012  ) . Most of the 
species occur on the Katanga plateau (Angola, 
DR Congo, and Zambia), many extending their 
distribution to the Sudano-Zambesian domain 
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sensu White  (  1986  ) .  E .  oliganthum , the single 
mycoheterotrophic species of the genus, has a 
remarkable widespread distribution in tropical 
Africa and has been recorded from Ethiopia, 
Sudan, Uganda, DR Congo, Equatorial Guinea, 
Gabon, Central African Republic, Cameroon, 
Nigeria, Ivory Coast, Guinea-Bissau, Zambia, 
and Tanzania (Raynal-Roques  1967b ; Cheek 
 2006 ; Kissling  2012  ) . 

 The ecology and particular morphology of 
 E .  oliganthum  was described by Raynal-Roques 
 (  1967b  )  and its mycoheterotrophic status has 
been con fi rmed. However several individuals 
determined as  E .  oliganthum  have been found to 
“parasitize” roots of other plant species (mainly 
Cyperaceae or Poaceae; Nemomissa  2002  ) , but 
additional research is needed to investigate this 
claim. Also, within a Zambezi population 
( Dessein et al   .  499 , NEU) both achlorophyllous 
and chlorophyllous individuals of this species 
have been found (Kissling  2012  ) . Fully myco-
heterotrophic specimens of  E .  oliganthum  associ-
ate with arbuscular mycorrhizal fungi from the 
 Glomus  Group A clade (Franke et al.  2006  ) . 

  Exochaenium oliganthum  is reported to have 
both underground cleistogamous  fl owers and 
aerial chasmogamous  fl owers (Raynal-Roques 
 1967b  ) . Heterostyly has consistently been 
reported for this species (only in the chasmoga-
mous  fl owers). Its pollination biology has not 
been studied, but the presence of heterostyly 
strongly suggests a high outcrossing rate for the 
chasmogamous  fl owers, while the morphology of 
the cleistogamous  fl owers (i.e., the anthers being 
compressed on the stigma) suggest sel fi ng. Thus 
a mixed pollination strategy seems to occur in 
this mycoheterotrophic species. 

 Currently no complete phylogeny of the genus 
exists, however it has been found that  E .  oligan-
thum  is nested deeply inside the genus (Kissling 
et al.  2009  ) .        
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          3.1   Introduction 

 There is hardly a region in the world where 
mycoheterotrophy does not occur. As far as we 
know, all orchid species are dependent on fungi 
during germination and early development and 
are therefore classi fi ed as initial myco-
heterotrophs (Chap.   1    ). Orchidaceae have a 
worldwide distribution and occur in almost every 
terrestrial ecosystem apart from deserts and per-
mafrosts. The distribution of fully myco-
heterotrophic species, however, is much more 
restricted and often shows intriguing patterns. 
Fully mycoheterotrophic  fl owering plants almost 
exclusively inhabit closed-canopy forests, and 
the majority of species occur in the tropical 
regions of the world. Many families and genera 
of mycoheterotrophic plants have remarkably 
widespread distributions that cross major disper-
sal barriers, and several botanists have suggested 

that these widespread lineages must be ancient 
(Engler  1888 ; Malme  1896 ; Jonker  1938 ; 
Rübsamen  1986 ; Leake  1994  ) . In addition, the 
distribution ranges of mycoheterotrophic plants 
often show wide gaps (“disjunctions”). The 
mycoheterotrophic genus  Thismia  (Thismiaceae) 
even holds the status of what Robert Thorne con-
sidered one of the strangest distribution patterns 
in  fl owering plants (Thorne  1972  ) , with two 
allegedly related species: one in northern USA 
and the sister species in Australia and 
New Zealand. 

 At local scale, the distribution of myco-
heterotrophs is often highly patterned. 
Mycoheterotrophs can be extremely scarce, and 
some genera and species are known from only a 
few localities. It is not always clear whether this 
re fl ects true rarity or the plant’s ability to remain 
unnoticed by collectors. Even in well-collected 
areas, the ephemeral nature of mycoheterotrophs 
makes their discovery challenging. In addition, 
some tropical species seem to have intriguingly 
fragmented distribution ranges, which, in some 
cases, appears to be linked with postulated gla-
cial rainforest refugia (Cheek and Williams  1999 ; 
Franke  2004  ) . Despite this rarity, certain locali-
ties and habitats seem to be more suited for 
mycoheterotroph survival: both in tropical and 
temperate zones, there is a tendency of unrelated 
species to grow together (e.g., Wallace  1975 ; 
Maas and Rü bsamen  1986  ) . 

 In general terms, the study of biogeography 
includes two distinct components. First, the dis-
tribution of species is determined by historical 
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factors. Historical biogeography attempts to infer 
how evolutionary, geological, and climatic events 
have shaped the distribution of a particular lineage. 
Molecular phylogenetic hypotheses and diver-
gence time estimates are particularly useful to 
test hypotheses in this context (de Queiroz  2005 ; 
Renner  2005  ) . Unfortunately, the lack of a rigid 
phylogenetic framework still prevents inference 
of the historical biogeography of many myco-
heterotrophic lineages. Nevertheless, the limited 
data that is available now allows us to evaluate 
the origin of the distribution patterns or disjunc-
tions at least for a few mycoheterotrophic clades. 
In addition to historical events, the distribution of 
a species is also determined by ecological aspects. 
Mycoheterotrophic species seem to show very 
speci fi c preferences toward certain (micro)habi-
tats, a matter we discuss in detail below. In this 
context, the use of molecular techniques for the 
identi fi cation of root-inhabiting fungi has brought 
a new and interesting ecological association to 
the forefront of mycoheterotrophic biogeogra-
phy. As many mycoheterotrophs show special-
ization toward narrow clades of fungi, it is often 
hypothesized that the distribution of their host 
fungi is a major determinant for the distribution 
of the plants. The study of the biogeography of 
fungi is still in its infancy, and to date, only a few 
studies have tested this hypothesis in detail. 
However, the development of next-generation 
sequencing techniques provides promising pros-
pects to resolve such questions in the upcoming 
years. 

 Understanding distribution patterns is also 
essential for effective species conservation 
(Whittaker et al.  2005  ) . The rapid and extensive 
destruction of habitats, particularly in the tropics, 
has become a serious threat to native biotas. 
Mycoheterotrophic plants are often restricted to 
areas that experience exceptional loss of habitat, 
and due to their localized distributions, many 
species are extremely vulnerable to extinction. 
Some species may already be on the brink of 
extinction, and only drastic conservation efforts 
can prevent their disappearance. 

 Here we provide a detailed overview of the 
global distribution of mycoheterotrophic plants. 
This overview is considerably biased toward 
angiosperm mycoheterotrophs, although we also 

discuss in short the distribution patterns observed in 
nonangiosperm lineages where mycoheterotrophy 
is mostly restricted to the gametophytes of lyco-
phytes, ferns, and gymnosperms. The occurrence 
of mycoheterotrophy in nonangiosperm gameto-
phytes remains poorly studied, thus preventing 
an in-depth discussion of their distribution and 
habitat preferences. The taxonomy and species 
numbers of the lineages discussed here are based 
on the information provided in Chap.   2    . It is 
important to note that the majority of the species 
discussed here are only  putative  full myco-
heterotrophs. The assumption that a species fully 
relies on mycoheterotrophy is, in most cases, 
based on the fact that leaves are absent and chlo-
rophyll is lacking. However, the precise charac-
terization of a species’ trophic strategy requires 
careful investigation, which has been carried out 
for only very few species. Also, new species and 
localities are constantly discovered. Thus, our 
observations, particularly about number of spe-
cies, are subject to change. Nevertheless, it is 
unlikely that undiscovered species and localities 
represent signi fi cant dissimilarities to the general 
patterns described here.  

    3.2   Distribution of Nonangiosperm 
Mycoheterotrophs 

    3.2.1   Liverworts 

 The only non-seed plant species with a com-
pletely mycoheterotrophic life cycle is the liver-
wort  Aneura mirabilis . The species has been 
recorded from England, Germany, France, 
Portugal, Russia, Scandinavia, and Greenland. 
A liverwort species supposedly related to  Aneura 
mirabilis  is described from Costa Rica, but it 
remains unknown whether this species is a full 
mycoheterotroph (Crum and Bruce  1996 ; Wickett 
and Gof fi net  2008  ) .  

    3.2.2   Clubmosses 

 The genera  Huperzia  and  Lycopodiella , with 
respectively fully mycoheterotrophic and puta-
tively partially mycoheterotrophic gametophytes, 
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have a true cosmopolitan distribution, although 
the diversity of  Lycopodiella  is highest in the 
New World and Australasia. Species of 
 Lycopodium  occur in temperate and tropical 
zones as well, but in the tropics,  Lycopodium  is 
restricted to montane regions.  

    3.2.3   Ferns 

 The gametophytes of  Botrychium  and 
 Ophioglossum  species (Ophioglossaceae) are 
achlorophyllous and thus putatively myco-
heterotrophic. Both genera have a cosmopolitan 
distribution. The gametophytes of the only other 
Ophioglossaceae species,  Helminthostachys 
zeylanica  and  Mankyua chejuense , have not been 
studied in detail. The former occurs in India and 
Sri Lanka, Southeast Asia, Japan, and Australasia, 
and the latter genus is endemic to Cheju Island 
(Korea). 

 Species of the two Psilotaceae genera  Psilotum  
and  Tmesipteris  have subterranean mycohetero-
trophic gametophytes.  Psilotum  has a pantropical 
distribution, with one species extending into tem-
perate areas.  Tmesipteris  occurs in Southeast 
Asia, Australasia, Paci fi c, and New Zealand. 

 The gametophyte of  Stromatopteris monili-
formis  (Gleicheniaceae), which is endemic to New 
Caledonia, is achlorophyllous as well and thus pre-
sumably mycoheterotrophic. Mycoheterotrophic 
gametophytes are also observed in species of the 

genus  Actinostachys  (Schizaeaceae), which are 
native to tropical America, Southeast Asia, and 
temperate regions in the southern hemisphere.  

    3.2.4   Gymnosperms 

 The remarkable  Parasitaxus usta  (Podocarpaceae) 
is the only achlorophyllous gymnosperm, but its 
mycoheterotrophic status remains doubtful. It is 
only found growing near or on the New 
Caledonian sickle pine ( Falcatifolium taxoides ), 
which occurs in dense evergreen rainforest on 
New Caledonia and the adjacent Île des Pins 
(Feild and Brodribb  2005 ; Eckenwalder  2009  ) .   

    3.3   Distribution of Fully 
Mycoheterotrophic 
Angiosperms 

    3.3.1   Tropical Regions 

 The majority of fully mycoheterotrophic angio-
sperms—ca. 75% of all species—occur in the 
tropical zone (“tropics”) between the Tropic of 
Cancer and the Tropic of Capricorn. This zone is 
dominated by tropical rainforest, the preferred 
habitat of mycoheterotrophs (Fig.  3.1 ). Tropical 
rainforest is the most diverse of all plant commu-
nities and occurs in areas with a warm wet cli-
mate without pronounced cold or dry seasons. 

  Fig. 3.1    Global distribution of tropical rainforest ( black ) in 2003. Map based on information obtained from NASA 
Earth Observations  (  2011  )        
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Tropical rainforest is dominated by broad-leaved 
evergreen trees, and its multistoried canopy pre-
vents light from penetrating to the forest  fl oor.  

 The vast majority of tropical tree species form 
arbuscular mycorrhizas (AM), and AM interac-
tions are the most common mycorrhizal associa-
tions in tropical rainforests (Smith and Read 
 2008  ) . Most tropical mycoheterotrophic plants 
are associated with arbuscular mycorrhizal fungi, 
although mycoheterotrophic interactions involv-
ing ectomycorrhizal fungi (Orchidaceae and 
Ericaceae) and saprotrophic fungi (Orchidaceae) 
are also common. Ectomycorrhizal associations 
were long considered to be rare in the tropics, but 
we now know that at least three lineages of tropi-
cal trees form ectomycorrhizal associations 
(Alexander and Lee  2005  ) . The most notable 
exception to the AM dominance in tropical forest 
is found in Southeast Asia. Rainforests in 
Southeast Asia are among the most diverse plant 
communities in the world and are characterized 
by high abundance of trees in the family 
Dipterocarpaceae, which are known to form asso-
ciations with ectomycorrhizal fungi (Lee  1990  ) . 

 While tropical rainforests on different conti-
nents are physiognomically very similar, their 
 fl oras have little in common. This re fl ects their 
distinct geological and evolutionary histories 
(Morley  2000  ) . In our overview, we adopt six 
major rainforest regions, loosely based on 
Primack and Corlett  (  2005  ) : (1) Central and 
South America, (2) Africa and Madagascar, 
(3) India and Sri Lanka, (4) Southeast Asia, 
(5) Australasia, and (6) the Paci fi c Islands. 
Biologically, these regions can be subdivided 
into smaller areas, and we distinguish several 
smaller rainforest blocks in our discussion of 
each major region. 

 Mycoheterotrophs are represented in all these 
tropical rainforest regions, but their diversity is 
not equally distributed among the regions 
(Table  3.1 ). Southeast Asia contains by far the 
largest number of fully mycoheterotrophic spe-
cies. On higher taxonomic level, the differences 
in diversity between the regions are less pro-
nounced (Table  3.1 ), although there is little 
 fl oristic overlap between the regions and many 
species and genera are endemic to a particular 
region.   

    3.3.2   Central and South America 

 Half of the world’s current tropical rainforests are 
in South and Central America (Morley  2000 ; 
Primack and Corlett  2005  ) , together referred to 
as the “Neotropics” or New World tropics (as 
opposed to the Paleotropics or Old World trop-
ics). Centered on the Amazon River basin in 
northern and central Brazil and extending to the 
western foothills of the Andes and up into south-
ern Mexico along the isthmus of Panama, the 
neotropical forests form the largest block of con-
tinuous rainforest on Earth (Fig.  3.2 ). The adja-
cent basin of the Orinoco River drains eastern 
Colombia and Venezuela and contains a large 
rainforest that extends into French Guiana, 
Surinam, and Guyana (“the Guianas”), sharing 
many characteristics with the Amazon River 
basin. A distinct patch of rainforest, the Brazilian 
Atlantic Forest (Mata Atlântica), runs along the 
coast of southeast Brazil from Recife in the north 
to Sao Paulo in the south. Due to excessive logging, 
less than 5% of the original Mata Atlântica 
remains; however, this forest still retains a high 
level of taxonomic diversity and endemism. 

   Table 3.1    Approximate numbers of fully mycoheterotrophic angiosperm species, genera, and families for the main 
tropical regions discussed here   

 Central and 
South America 

 Africa and 
Madagascar 

 Southwest India 
and Sri Lanka  Southeast Asia  Australasia 

 Paci fi c 
Islands 

 Families  7  6  4  9  7  3 
 Genera  24  19  10  29  17  9 
 Species  84  52  17  169  78  17 

  Numbers of species and genera are based on data from Chap.   2    . Not all species included in this overview grow in tropical 
rainforest. Ericaceous mycoheterotrophs in tropical America and Asia, for example, are mainly restricted to coniferous 
and mixed forests at high elevations  

http://dx.doi.org/10.1007/978-1-4614-5209-6_2
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In Central America, rainforests extend from the 
Paci fi c coast of northwest South America to 
southernmost Mexico. Many larger islands of the 
West Indies were covered by rainforest as well, 
but very little of that forest now remains.  

 In comparison with Old World (paleotropical) 
tropical forests, neotropical rainforests are charac-
terized by a high species diversity of trees belong-
ing to the families Vochysiaceae, Bignoniaceae, 
Lecythidaceae, and Chrysobalanaceae. Another 
distinct feature of neotropical rainforests is the 
prominent presence of Bromeliaceae, which are 
the preeminent group of neotropical epiphytes 
(Primack and Corlett  2005  ) . With an estimated 
90,000 species of higher plants, the neotropical 
region is more species rich than the Paleotropics 
(Prance  1994  ) . In terms of fully mycoheterotrophic 
plant species, however, the Neotropics contain 

only about a quarter of the number of species 
found in the Paleotropics (Table  3.1 ), with the 
 fl ora of tropical America including ca. 80 species 
of fully mycoheterotrophs. The paucity of fully 
mycoheterotrophic species of orchids in the 
Neotropics is the main reason for this discrepancy .  
Despite the enormous diversity of tropical New 
World orchids, only seven species are achloro-
phyllous versus 17 species in tropical Africa and 
ca. 135 in tropical Asia. 

 With the exception of mycoheterotrophic 
Iridaceae (Madagascar), Petrosaviaceae (Southeast 
Asia), and Polygalaceae (Southeast Asia and 
Australasia), all angiosperm families with fully 
mycoheterotrophic species are present in the 
Neotropics. Of the 24 neotropical genera of myco-
heterotrophic  fl owering plants, 17 are endemic: 
 Apteria ,  Dictyostega ,  Hexapterella ,  Marthella , 

  Fig. 3.2    Occurrence of rainforest in the Neotropics ( black )       
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and  Miersiella  (Burmanniaceae);  Arachnitis  
(Corsiaceae);  Lacandonia ,  Peltophyllum , 
 Soridium ,  Triuris , and  Triuridopsis  (Triuridaceae); 
 Degranvillea, Pogoniopsis ,  Uleiorchis , and 
 Wullschlaegelia  (Orchidaceae);  Tiputinia  
(Thismiaceae); and  Voyriella  (Gentianaceae). The 
Neotropics are also an important center of diver-
sity for  Voyria  (Gentianaceae),  Gymnosiphon  
(Burmanniaceae), and  Thismia  (Thismiaceae). 

 Although some neotropical mycoheterotrophic 
plant species are endemic to a restricted region, 
many species are widely distributed.  Apteria 
aphylla  (Burmanniaceae), for example, occurs 
from southern USA and the West Indies in the 
north to Paraguay and southern Brazil in the 
south (Maas et al.  1986  ) . A similar distribution is 
observed in  Voyria aphylla  (Gentianaceae) (Maas 
and Ruyters  1986  ) . 

    3.3.2.1   Central America 
 Many South American mycoheterotrophs reach 
their northern distribution limit in the rainforests 
of Central America. Central American forests also 
contain a few endemic mycoheterotrophic species, 
including  Lacandonia schismatica  (Triuridaceae), 
 Gymnosiphon panamensis  (Burmanniaceae), and 
 Voyria kupperi  (Gentianaceae). The only myco-
heterotrophic orchids that grow in the rainforests 
of Central America are species of  Wullschlaegelia  
(Orchidaceae). In terms of species richness, the 
 fl oras of Panama and Costa Rica contain perhaps 
slightly more mycoheterotrophic species than 
other countries in Central America consistent with 
their increased species richness relative to sur-
rounding regions. 

 Central America is also an important center of 
diversity for the orchid genera  Hexalectris  and 
 Corallorhiza , which reach their southernmost 
distributions here. However, these mycoheterotro-
phs do not grow in rainforests but are found in a 
variety of habitats ranging from coniferous forest 
to mixed scrub forests and desert canyons 
(Salazar and Freudenstein  1998 ; Kennedy and 
Watson  2010  ) . Central American coniferous for-
ests at higher elevations are also home to 
 Hypopitys monotropa  and  Monotropa uni fl ora  
(Ericaceae). The latter species reaches its south-
ernmost distribution in the montane forests of 

Colombia (Wallace  1975  ) . The distribution range 
of these species does not overlap with any rain-
forest species.  

    3.3.2.2   West Indies 
 The West Indies lack many groups of myco-
heterotrophs that are found on continental South 
and Central America (e.g., Triuridaceae, 
Thismiaceae,  Voyriella , and most Burmanniaceae 
genera). But species of  Apteria ,  Corallorhiza , 
 Gymnosiphon ,  Voyria , and  Wullschlaegelia  that 
are found in nearby continental forests have been 
recorded on many islands of the West Indies. 
Trinidad harbors a number of additional conti-
nental species ( Dictyostega orobanchoides , 
 Hexapterella gentianoides , and  Gymnosiphon 
divaricatus ) most likely as a result of its proxim-
ity to mainland South America. The rare mono-
typic genus  Marthella  (Burmanniaceae) is 
endemic to Trinidad.  

    3.3.2.3   Guianas and Amazonia 
 In South America, the Guianas are an important 
center of diversity for many mycoheterotrophic 
genera, in particular for  Voyria  and  Voyriella  
(Gentianaceae),  Gymnosiphon  (Burmanniaceae), 
and  Sciaphila  (Triuridaceae).  Degranvillea der-
maptera  (Orchidaceae) and  Thismia saülensis  
(Thismiaceae) are endemic to this region. The 
adjacent Amazon rainforest is home to a high 
diversity of mycoheterotrophs, and several spe-
cies are endemic to this region:  Sciaphila rubra , 
 S. oligantha ,  S. corymbosa ,  Triuridopsis peruvi-
ana  (Triuridaceae), and the enigmatic species 
 Tiputinia foetida  and  Thismia melanomitra  
(Thismiaceae) from Amazonian Ecuador .  Many 
other mycoheterotrophs from the Amazon rain-
forest also occur in adjacent regions, particularly 
in the Guianas, Venezuela, and Colombia. There 
is little doubt that the forests of the Amazon Basin 
harbor many species that have yet to be 
discovered.  

    3.3.2.4   Southern Neotropics 
 Further to the south, many tropical myco-
heterotrophic plants reach the edge of their distri-
bution ranges in northern Paraguay and Bolivia. 
Contrarily,  Arachnitis uni fl ora  (Corsiaceae) 
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reaches its most northern distribution in high-
altitude rainforests of Bolivia that resemble the 
habitat of this species’ southern Patagonian popu-
lations in Argentina and Chile (Ibisch et al.  1996  ) .  

    3.3.2.5   Atlantic Forest 
 The Atlantic Forest (Mata Atlântica) on the 
Atlantic coast of Brazil is another important 
region for mycoheterotrophic plant diversity and 
has a high level of endemism: many species of 
 Thismia  (Thismiaceae) are endemic to this region 
(Maas et al.  1986  ) , and the Mata Atlântica har-
bors the only known populations of  Lacandonia 
brasiliana ,  Peltophyllum caudatum ,  Triuris alata  
(Triuridaceae),  Voyria obconica  (Gentianaceae), 
and  Pogoniopsis nidus-avis  (Orchidaceae). The 
Atlantic Forest is severely affected by habitat 
destruction, and many of these species are threat-
ened with extinction.   

    3.3.3   Africa and Madagascar 

 Africa contains the second largest block of tropi-
cal rainforest, centered on the Congo River basin 

and continuing on the coast of the Gulf of Guinea 
to Sierra Leone but with a gap in the vicinity of 
Togo (the Dahomey Gap) (Fig.  3.3 ) (Morley  2000 ; 
White  2001  ) . Tropical rainforest in East Africa is 
mostly restricted to small “islands,” mainly cen-
tered on mountains. While these East African 
patches of rainforest cover only a small area, they 
contain a high percentage of endemic species due 
to their prolonged isolation from the forests of 
West and Central Africa. In Madagascar, tropical 
rainforest is mostly restricted to a 120 km-wide 
band along the eastern coast (Mittermeier et al. 
 1999  ) , but due to intensive human activity, only 
very little of this forest remains today.  

 African rainforests are generally dryer, lower, 
and more open than rainforests found elsewhere 
(Morley  2000  ) . They are relatively poor in plant 
species when compared with neotropical and 
Asian rainforests, a feature that has been attrib-
uted to the degrading effect of signi fi cant climatic 
changes during the Cenozoic and, more recently, 
to Pleistocene climatic  fl uctuations, although 
other factors such as human impact may have 
contributed as well (Plana  2004  ) . African rainfor-
ests are particularly poor in palms and Lauraceae 

  Fig. 3.3    Distribution of tropical rainforest ( black ) in Africa and Madagascar       
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as well as in epiphytes and woody vines in general. 
The  fl ora of tropical Africa is also notably poor in 
orchids, and it has been estimated that only 15% 
of the world’s orchids occur in tropical Africa 
compared to 41% in tropical America and 34% in 
tropical Asia and New Guinea (Primack and 
Corlett  2005  ) . Tropical Africa has always been 
considered relatively poor in number of myco-
heterotrophic plant species (Leake  1994  ) , but 
recent new discoveries started to alter this image 
(Cheek  2003a,   b ; Cheek et al.  2003,   2008 ; Franke 
 2004 ; Sainge et al.  2005 ; Cheek and Vanderburgt 
 2010 ; Cribb et al .   2010  ) . Over 50 species of fully 
mycoheterotrophic plants are now known from 
Africa (including Madagascar) (Table  3.1 ). When 
compared to the total number of higher plants 
from tropical Africa (ca. 45,000; Beentje et al. 
 1994  ) , the percentage of mycoheterotrophic spe-
cies in the  fl ora of Africa is not lower than that of 
the Neotropics, where ca. 80 species of myco-
heterotrophs are recorded for an estimated 90,000 
higher plants (Prance  1994  ) . The continuous 
description of new taxa also illustrates the fact 
that certain areas in Africa remain undercollected 
and poorly characterized and that new discover-
ies, particularly from rainforests in Central 
Africa, are anticipated. 

The mycoheterotrophic species from Africa 
and Madagascar belong to 19 genera, of 
which  Afrothismia  (Thismiaceae),  Auxopus , 
 Brachycorythis  (Orchidaceae),  Kupea ,  Kihansia , 
 Seychellaria  (Triuridaceae), and  Geosiris  
(Iridaceae) are endemic. In general, the distribu-
tion of mycoheterotrophs in tropical Africa seems 
to be more patterned than in the Neotropics, 
as many species have very restricted distribu-
tion ranges. Exceptional widespread species 
include  Exochaenium oliganthum  (Gentianaceae), 
 Didymoplexis africana ,  Eulophia galeoloides , 
and  Epipogium roseum  (Orchidaceae). 

    3.3.3.1   West and Central Africa 
 The main African rainforest block is centered in 
the Congo Basin and extends from the East 
African Albertine Rift mountains to the Atlantic 
Ocean in the West (Plana  2004  ) . This rainforest 
region is known as the Lower Guinea Region. 
The Lower Guinea Region has a high diversity of 

mycoheterotrophic plants, and many myco-
heterotrophs in Burmanniaceae, Orchidaceae, 
Thismiaceae, and Triuridaceae are endemic to 
this region (Cheek and Williams  1999 ; Franke 
 2007  ) . These endemics include  Afrothismia  spp., 
 Oxygyne triandra  (Thismiaceae),  Auxopus 
letouzeyi ,  Gastrodia africana  (Orchidaceae), 
 Kupea martinetugei , and  Sciaphila ledermannii  
(Triuridaceae). The latter species is also found on 
the islands in the Gulf of Guinea along with 
 Epipogium roseum  (Orchidaceae) (Daniel  2010  ) . 
A smaller western block of West African rainfor-
est is found in the Upper Guinea Region, from 
Sierra Leone to Ghana (Plana  2004  ) . This area is 
generally less diverse in mycoheterotrophs com-
pared to the Lower Guinea Region.  Afrothismia  
is remarkably absent from this region. Other 
mycoheterotrophs are generally shared with the 
Lower Guinea Region, including  Campylosiphon 
congestus ,  Gymnosiphon longistylus ,  G. bekensis  
(Burmanniaceae),  Auxopus macranthus ,  A. kamer-
unensis ,  Epipogium roseum  (Orchidaceae), 
 Exochaenium oliganthum , and  Voyria primu-
loides  (Gentianaceae). The species  Sciaphila 
africana  and  Gymnosiphon samoritoureanus  are 
endemic to the Upper Guinea Region.  

    3.3.3.2   East Africa 
 Rainforests in East Africa consist of small patches 
of forest on the East African mountains between 
about 1,200 and 2,500 m altitude. These “islands” 
of rainforests are generally surrounded by dry 
woodland (Primack and Corlett  2005  ) . Although 
the total area of these rainforest patches is small, 
those on older mountains have potentially pro-
vided a stable habitat for a long period of time 
and have been isolated from the forests of West 
and Central Africa for millions of years. As a 
result, many of the plant and animal species are 
endemic to these mountains. Recent discoveries 
have stressed the importance of the coastal East 
African forests for mycoheterotrophic plant 
diversity (Cheek  2006  ) .  Gymnosiphon usambaricus  
(Burmanniaceae),  Afrothismia baerae ,  A. mhoro-
ana  (Thismiaceae),  Seychellaria africana , 
 Kihansia jonii , and  Kupea lovettii  (Triuridaceae) 
are endemic to the region, and most of these spe-
cies are known from very few restricted localities. 
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 Kihansia jonii  and  Kupea lovettii , for example, 
have only been recorded at the Kihansi River 
Gorge in Tanzania (Cheek  2003b  ) .  

    3.3.3.3   Madagascar 
 In Madagascar, mycoheterotrophs are restricted 
to the humid lowland forests along the eastern 
coastal strip and the subhumid forests above 
600–800 m elevation. The  fl ora of Madagascar 
largely evolved in isolation, and this explains the 
high level of endemism of mycoheterotrophic 
plants. Indeed, all fully mycoheterotrophic plant 
species that occur in Madagascar (and the adja-
cent Comores) are endemics. The Malagasy  fl ora 
also includes one endemic mycoheterotrophic 
plant genus:  Geosiris  (Iridaceae), with one spe-
cies known from Madagascar and the Comores 
and another species endemic to the island of 
Mayotte (Goldblatt and Manning  2010  ) . Other 
mycoheterotrophic species are  Gymnosiphon 
danguyanus ,  G. marieae  (Burmanniaceae), 
 Seychellaria madagascariensis  (Triuridaceae), 
 Auxopus madagascariensis, Galeola humblotii , 
and  Gastrodia madagascariensis  (Orchidaceae), 
although the generic identity of the latter has 
been disputed and this species may belong to 
 Didymoplexis  (Cribb et al.  2010  ) . Another 
 Gastrodia  species ( G. similis ) is known from a 
single collection on La Réunion. With only eight 
species, Madagascar is rather poor in myco-
heterotrophic plants, and most genera that occur 
on the east coast of Africa are absent from 
Madagascar (e.g.,  Afrothismia ,  Kupea ,  Kihansia ). 
Another notable absence is that of the orchid 
 Epipogium roseum , which has a widespread dis-
tribution in continental Africa, India and Sri 
Lanka, Southeast Asia, Australasia, and the 
Paci fi c Islands. In contrast, the genus  Seychellaria , 
recorded from Madagascar, the Seychelles, and 
Tanzania, provides an interesting biogeographic 
link between Madagascar and continental Africa, 
perhaps indicating its potential for dispersal 
between Madagascar and the mainland. On the 
other hand,  Galeola , for which one species is 
known from Madagascar and the Comores, is 
absent from continental Africa but is widespread 
in Southeast Asia. A biogeographic link between 
Madagascar and India/Southeast Asia is observed 

in several groups of organisms, including lizards 
(Macey et al.  2000  ) , birds (Cooper et al.  2001  ) , 
and amphibians (Bossuyt and Milinkovitch 
 2001  ) , and is indicative of the geological past in 
which Madagascar separated from the India-
Seychelles landmass several tens of millions of 
years after its separation from Africa (Storey 
et al.  1995  ) .   

    3.3.4   India and Sri Lanka 

 India has a long but very narrow strip of rainfor-
est running parallel to the west coast along the 
crest of the Western Ghats (Fig.  3.4 ). The south-
west of the island of Sri Lanka supports rainfor-
est as well. Southern India and Sri Lanka are 
separated by the relatively shallow Palk Strait, 
which allowed for intensive biotic interchange 
during the Pleistocene ice ages. As a result, Sri 
Lanka and the Western Ghats have very similar 
biota, although for some groups of fauna, differ-
ences are somewhat more pronounced than 
expected (e.g., Bossuyt et al.  2004  ) . The rainfor-
est of India and Sri Lanka has a vivid geological 
history and probably underwent more changes 
than any other rainforest region. The Indian Plate 
began to drift away from eastern Gondwana in 
the Early Cretaceous. While the Indian Plate 
drifted close to the African plate, it received diverse 
Late Cretaceous elements of the African tropical 
 fl ora and lost temperate elements of the eastern 
Gondwanan gymnosperm  fl ora (Morley  2000  ) . 
The dramatic latitudinal and climatic changes that 
affected the Indian Plate during the Late Cretaceous 
and Tertiary, as it traveled from Gondwana and 
then collided with Asia, caused massive extinc-
tions in its biota. Today, the Western Ghats–Sri 
Lanka rainforest covers only a very small area and 
is considered as a biodiversity hotspot under severe 
threat: 45.6% of the plant species that occur here 
are endemics (Myers et al.  2000  ) .  

 This region contains ca. 17 fully myco-
heterotrophic species within families 
Burmanniaceae, Orchidaceae, Thismiaceae, and 
Triuridaceae. Almost half of the myco-
heterotrophic species from the Western Ghats–Sri 
Lanka hotspot are found nowhere else, while the 
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widespread genera  Galeola  (Orchidaceae) and 
 Gymnosiphon  (Burmanniaceae) are remarkably 
absent from the southern India  fl ora. In addition, 
apart from the single species in the endemic 
genus  Hyalisma  (Triuridaceae) and the wide-
spread species  Aphyllorchis montana ,  Epipogium 
roseum  (Orchidaceae), and  Burmannia champi-
onii  (Burmanniaceae) (Mesta et al.  2011  ) , the 
Western Ghats and Sri Lanka have no myco-
heterotrophic species in common, indicating a 
high degree of local endemism in this region. For 
example, the enigmatic  Haplothismia exannulata  
(Thismiaceae) is endemic to the Western Ghats 
and is only known from two restricted populations 
(Sasidharan and Sujanapal  2000  ) . The rainforest 
of South India is also a habitat for three myco-
heterotrophic  Burmannia  species:  B. candelabrum , 
 B. indica , and  B. stricta . However, the latter two 
species are endemic to Southwest India. The 
Western Ghats also contains at least  fi ve myco-
heterotrophic orchid species, of which two are 
endemic to the region ( Didymoplexis seiden-
fadenii  and  Gastrodia silentvalleyana ). In Sri 
Lanka, many Southeast Asian mycoheterotrophic 
species reach their westernmost distributions 
(e.g.,  Sciaphila secundi fl ora ,  S. tenella ,  Cyrtosia 
javanica , and  Eulophia zollingeri ). The island 

contains at least two endemic mycoheterotrophic 
species:  Thismia gardneriana  (Thismiaceae) and 
 Gastrodia zeylanica  (Orchidaceae). 

 The  fl ora of India contains many other myco-
heterotrophic species than those mentioned above, 
but all of these occur in the far northeastern state of 
Assam (e.g.,  Burmannia nepalensis ,  Sciaphila kha-
siana ,  Chamaegastrodia shikokiana ,  Cymbidium 
macrorhizon ,  Eulophia zollingeri ,  Erythrorchis 
altissima ,  Galeola falconeri ,  Odontochilus asraoa , 
 Aphyllorchis  spp.,  Yoania  spp.). Biogeographically, 
these species have more in common with South 
China and Southeast Asia than with the Western 
Ghats–Sri Lanka rainforests.  

    3.3.5   Southeast Asia 

 Southeast Asia has one of the most complex geo-
logical histories in the world. The region has 
developed by the interaction of the Paci fi c, India–
Australia, Eurasia, and several smaller tectonic 
plates, and as a result of this complicated past, 
several distinct centers of biological diversity can 
be identi fi ed within a small geographic range 
(Hall  1998 ; Sodhi et al.  2004  ) . Until recently, 
rainforest covered most of the Malay Peninsula, 

  Fig. 3.4    Distribution of tropical rainforest ( black ) in India and Sri Lanka       
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Borneo, Sumatra, and Java (Fig.  3.5 ). This region 
is often referred to as “Sundaland,” after the sur-
rounding Sunda continental shelf. Lowland rain-
forest in this area has suffered considerably from 
human activity, particularly on Java. North of 
Sundaland rainforest extends into mainland Asia, 
including most of Cambodia, Laos, and Vietnam, 
and much of Thailand and Myanmar. However, due 
to the rain shadow of several long north–south 
mountain chains, most of the interior of Thailand 
and Myanmar is too dry to support rainforest. 
Farther north, rainforest covers South China and 
the southern tip of Taiwan, although most has 
now been cleared. The rainforests of Southeast 
Asia extend westward through Myanmar into 
Northeast India. Eastward rainforest covers 
Sulawesi and many of the smaller islands between 
Borneo and New Guinea (“Wallacea”) (Fig.  3.5 ). 
As a whole, the tropical forests of Southeast Asia 
include four biodiversity hotspots (Indo-Burma, 
Sundaland, the Philippines, Wallacea) containing 

high concentrations of endemic species and 
undergoing immense and rapid habitat loss 
(Myers et al.  2000 ; Sodhi et al.  2004  ) .  

 Southeast Asian rainforests can be character-
ized as “dipterocarp forests,” with a canopy dom-
inated by large trees of the family Dipterocarpaceae. 
Dipterocarps are particularly important forest 
elements of the Malay Peninsula, Borneo, Java, 
Sumatra, and the wetter parts of the Philippines. 
The dipterocarp forests of Southeast Asia are 
extremely rich in mycoheterotrophic plants. 
Except for Iridaceae mycoheterotrophs, all angio-
sperm families with fully mycoheterotrophic spe-
cies are represented in Southeast Asia. Orchids 
are particularly species rich, with over 100 fully 
mycoheterotrophic species. The region is a center 
of diversity for mycoheterotrophic orchids of the 
genera  Aphyllorchis ,  Gastrodia ,  Didymoplexis , 
 Didymoplexiella ,  Cyrtosia ,  Lecanorchis , and 
 Galeola . It is the only part of the world where 
fully mycoheterotrophic orchids of the genera 

  Fig. 3.5    Distribution of tropical rainforest ( black ) in tropical Asia and tropical Australasia. The barrier between 
Southeast Asia and Australasia is shown with a black line       
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 Cystorchis ,  Platanthera ,  Silvorchis , 
 Kalimantanorchis , and  Tropidia  can be found. 
Other mycoheterotrophic orchids from Southeast 
Asia belong to  Erytrorchis ,  Pseudovanilla , 
 Chamaegastrodia ,  Odontochilus ,  Cephalanthera , 
 Epipogium ,  Eulophia , and  Stereosandra . The 
poorly known ericaceous genus  Cheilotheca , 
which contains two mycoheterotrophic species, 
is also endemic to Southeast Asia:  Cheilotheca  
species occur in pine and oak forest at high eleva-
tions, and therefore, their distribution does not 
overlap with other tropical mycoheterotrophs. 

 The region is also a major center of diversity 
for arbuscular mycorrhizal mycoheterotrophs in 
Burmanniaceae,  Petrosavia  (Petrosaviaceae), 
 Epirixanthes  (Polygalaceae), Thismiaceae, and 
Triuridaceae. The distribution of many genera of 
mycoheterotrophic plants from tropical Southeast 
Asia extends into the subtropics, mostly into 
subtropical China and Japan (e.g.,  Thismia , 
 Sciaphila ,  Gymnosiphon ,  Andruris ,  Exacum , 
 Petrosavia ,  Cyrtosia ,  Erythrorchis ,  Lecanorchis , 
 Aphyllorchis ,  Gastrodia ,  Odontochilus , and 
 Didymoplexiella ). But many mycoheterotrophs 
from Southeast Asia are also found in Australasian 
rainforest, and a few species extend their distribution 
into Oceania. Particularly widespread species 
include  Aphyllorchis montana ,  Didymoplexis 
pallens ,  Stereosandra javanica ,  Epipogium 
roseum , and  Eulophia zollingeri.  

    3.3.5.1   Indochina 
 The rainforests of mainland Southeast Asia 
(“Indochina” or “Indo-Burma”) are located in 
Cambodia, Laos, Vietnam, Myanmar, Singapore, 
Thailand, and South China (southeastern Tibet, 
southern Yunnan, Guangxi, southwestern 
Guangdong, Taiwan, and Hainan), although at 
higher latitudes, these rainforests are gradually 
replaced by monsoon and subtropical forests 
(Zhu  1997 ; Morley  2000  ) . The area is rich in 
fully mycoheterotrophic plants, and the myco-
heterotrophic  fl ora consists of a mix of genera 
that are widespread in tropical Southeast Asia 
with genera that have a more temperate distribu-
tion. The majority of fully mycoheterotrophic 
species found here are orchids, and the region is 
an important center of diversity for the genera 

 Cyrtosia ,  Galeola ,  Lecanorchis , 
 Chamaegastrodia , and  Odontochilus.  Several 
species in these genera are endemic to the region. 
The Old World species of mycoheterotrophic 
 Cephalanthera  orchids are restricted to mainland 
Southeast Asia. Apart from Orchidaceae, main-
land Southeast Asia contains full mycoheterotro-
phs that belong to  Burmannia ,  Gymnosiphon  
(Burmanniaceae),  Petrosavia  (Petrosaviaceae), 
 Thismia  (Thismiaceae),  Sciaphila  (Triuridaceae), 
 Exacum  (Gentianaceae), and  Epirixanthes  
(Polygalaceae).  Corsiopsis  (Corsiaceae) is 
endemic to the region; the only described spe-
cies,  C. chinensis , is known from a single collec-
tion from a subtropical forest in Guangdong, 
southern China (Zhang et al.  1999  ) .  

    3.3.5.2   Sundaland 
 The major areas of rainforest of the Sundaland 
region are located in Borneo, Java, Sumatra, and 
Peninsular Malaysia. Sixty percent of the 25,000 
plant species recorded from this region are 
endemic, but with natural habitat disappearing 
at an alarming rate, Sundaland is one of the 
most threatened rainforest areas of the world 
(Myers et al.  2000  ) . This area is home to the most 
species-rich plant communities on Earth and is 
likewise one of the richest regions for fully 
 mycoheterotrophic plants. The diversity of myco-
heterotrophic orchids is particularly remarkable, 
with a high number of species of  Aphyllorchis  and 
 Gastrodia . It is also a center of diversity for 
 Didymoplexiella  and  Didymoplexis , and the myco-
heterotrophic orchid genera  Kalimantanorchis , 
 Tropidia , and  Silvorchis  are endemic to Sundaland. 
Orchid genera  Cyrtosia ,  Erytrorchis ,  Galeola , 
 Pseudovanilla ,  Cystorchis ,  Epipogium ,  Eulophia , 
and  Stereosandra  are represented in this region by 
mycoheterotrophic species as well. 

 Sundaland rainforests are also rich in arbuscu-
lar mycorrhizal mycoheterotrophs. These belong 
to  Burmannia  and  Gymnosiphon  (Burmanniaceae), 
 Andruris ,  Sciaphila  (Triuridaceae),  Epirixanthes  
(Polygalaceae),  Exacum  (Gentianaceae), 
 Petrosavia  (Petrosaviaceae), and  Thismia  
(Thismiaceae). Several of these species are 
endemic to Sundaland, or even to a particular 
island within the Sundaland region. Of the three 



1153 Biogeography and Conservation

major islands, Borneo has by far the highest 
diversity of fully mycoheterotrophic species. The 
 fl ora of Borneo contains at least 62 myco-
heterotrophic species, which is more than the 
number of species known from all of tropical 
Africa. Endemism on Borneo is high and particu-
larly pronounced in Orchidaceae and Thismiaceae: 
at least 16 species of mycoheterotrophic orchids 
are endemic to Borneo ( Aphyllorchis kemulensis , 
 A. siantanensis ,  A. spiculaea ,  Cystorchis sapro-
phytica ,  Didymoplexis latilabris ,  Didymoplexiella 
borneensis ,  D. cinnabarina ,  D. forcipata , 
 D. kinabaluensis ,  Gastrodia grandilabris ,  G. 
sahabensis ,  G. spathulatha ,  Platanthera sapro-
phytica ,  Kalimantanorchis nagamasui ,  Tropidia 
saprophytica , and  T. connata ). All seven  Thismia  
species recorded on the island are also endemic. 
The island of Java is also rich in mycoheterotro-
phs. The orchid genus  Silvorchis  is found nowhere 
else, and several  Didymoplexis  and  Gastrodia  
species are endemic to Java as well.  

    3.3.5.3   Philippines 
 Until a few centuries ago, at least 95% of the 
Philippines was covered by tropical rainforest 
(Heaney and Regalado  1998  ) . Today, only 3% of 
that rainforest remains, mainly in montane areas, 
and the Philippines has the questionable honor of 
being the second “hottest” diversity hotspot on 
Earth (Myers et al.  2000  ) . The  fl ora of the 
Philippines has fewer plant species than 
Sundaland and Indochina (which cover larger 
areas) but includes ca. 24 species of fully myco-
heterotrophic angiosperms. Six species of 
 Sciaphila  (Triuridaceae) are native to the 
Philippines, but only a single mycoheterotrophic 
 Burmannia  species ( B. nepalensis ) and remark-
ably no  Gymnosiphon  species have been 
recorded for the Burmanniaceae.  Epirixanthes  
(Polygalaceae), found throughout Australasia and 
Sundaland, is also absent. Mycoheterotrophic 
orchids from the Philippines are of the genera 
 Cyrtosia ,  Erythrorchis ,  Galeola ,  Lecanorchis , 
 Pseudovanilla ,  Cystorchis ,  Aphyllorchis , 
 Didymoplexis ,  Epipogium ,  Eulophia ,  Gastrodia , 
and  Stereosandra . Endemic mycoheterotrophs 
are  Aphyllorchis halconensis ,  Didymoplexis 
 philippinensis ,  Pseudovanilla philippinensis  

(Orchidaceae),  Exacum loheri  (Gentianaceae), 
and  Thismia gigantea  (Thismiaceae).  

    3.3.5.4   Wallacea 
 Wallacea includes the island of Sulawesi, the 
Maluku Islands, and the Lesser Sunda Islands. 
The area is one of the most geologically complex 
regions in the world. The islands originated from 
land fragments that rifted from Gondwana at dif-
ferent geological time periods, and they were 
never physically connected to Southeast Asia 
(“Wallace’s Line”) (Audley-Charles  1983  ) . Due 
to their prolonged isolation, each island evolved 
highly endemic faunas, but the proximity of 
Sundaland caused a large in fl ux of tropical 
Southeast Asian plants, which started during the 
mid-Miocene. The  fl ora of Wallacea contains an 
estimated 10,000 species, of which ca. 1,500 are 
endemic (Myers et al.  2000  ) . Ca. 21 species of 
mycoheterotrophic plants are known from 
Wallacea. Most of them have distribution ranges 
that include other parts of Southeast Asia, 
Australasia, or both:  Burmannia lutescens , 
 B. championii ,  Gymnosiphon aphyllus ,  G. pap-
uanus  (Burmanniaceae),  Sciaphila arfakiana , 
 S. corniculata ,  S. densi fl ora ,  S. tenella  (Triuridaceae), 
 Petrosavia stellaris  (Petrosaviaceae),  Cyrtosia 
javanica ,  Cystorchis aphylla ,  Didymoplexis 
micradenia ,  Epipogium roseum , and  Eulophia 
zollingeri  (Orchidaceae) . Gymnosiphon minahassae , 
 Pseudovanilla ternatensis ,  Galeola nudifolia , 
 Aphyllorchis acuminata ,  A. angustipetala , 
 A. gracilis , and  Gastrodia celebica  are endemic 
to the region. Remarkably, in Wallacea there are 
no records of  Thismia , a genus that is otherwise 
widespread in Southeast Asia and Australasia.   

    3.3.6   Australasia 

 Most of the island of New Guinea is covered by 
what is now the third largest and most intact rain-
forest area of the world (Primack and Corlett 
 2005  ) . Australia also supports a small area of 
rainforest in the northeast, along the coast between 
Cooktown and Townsville (Fig.  3.5 ). The geo-
logical history of New Guinea and Australia dif-
fers from that of Southeast Asia: New Guinea and 
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Australia are located on the Australian plate, 
while the rest of the Southeast Asian tropical for-
est is located on the Asian plate. The mid-
Miocene collision of the Australian and Asian 
plate caused a large in fl ux of Asian rainforest 
plants into New Guinea. The absence of a dry 
land connection prevented a similar in fl ux of ver-
tebrates. As a result, the composition of the  fl ora 
of New Guinea is relatively similar to that of 
Southeast Asian rainforests, while their vertebrate 
faunas are very different. The rainforests of 
Australia were much less affected by the post-
Miocene in fl ux of Asian plants. The  fl ora of 
Australian rainforests contains more Gondwanian 
and Australian components as well as more early 
diverging angiosperm families, such as 
Winteraceae, Eupomatiaceae, Monimiaceae, 
Lauraceae, and Cunoniaceae (Primack and Corlett 
 2005  ) . Rainforests in New Guinea do contain 
Dipterocarpaceae trees, but they are much less 
dominant than in Southeast Asian rainforests. 

 Australasian rainforests harbor a high diversity 
of mycoheterotrophic plants, although the total 
number of mycoheterotrophic species is consider-
ably lower than the number of species recorded 
from Southeast Asia (Table  3.1 ). Australasian 
mycoheterotrophs are part of seven different 
 fl owering plant families: Burmanni aceae, 
Thismiaceae, Triuridaceae, Corsiaceae, 
Polygalaceae, Orchidaceae, and Gentianaceae. 
Ca. 30 species belong to Orchidaceae—which is 
lower than the number of mycoheterotrophic 
orchids from Southeast Asia, but still high com-
pared to the number of species occurring in Africa 
and the Neotropics. Re fl ecting their general 
 fl oristic overlap, Australasian rainforests share 
many genera and species of mycoheterotrophs 
from rainforests in Southeast Asia and Oceania. 
A notable exception is the genus  Corsia  
(Corsiaceae), of which all 25 species are endemic 
to Australasia. Conversely, Southeast Asian myco-
heterotrophic species of  Petrosavia  
(Petrosaviaceae),  Cyrtosia ,  Erythrorchis , 
 Cystorchis ,  Odontochilus ,  Platanthera , 
 Cephalanthera ,  Didymoplexiella ,  Tropidia , and 
 Yoania  (Orchidaceae) do not occur in Australasia. 

 For mycoheterotrophic Orchidaceae, the 
region is an important center of diversity for 

 Pseudovanilla ,  Lecanorchis , and  Aphyllorchis . 
The orchid genera  Galeola ,  Didymoplexis , 
 Epipogium ,  Eulophia ,  Gastrodia , and 
 Stereosandra  are also represented by fully 
mycoheterotrophic species. Arbuscular mycor-
rhizal mycoheterotrophs in Australasia belong to 
the genera  Burmannia ,  Gymnosiphon  (Burmannia-
ceae),  Thismia  (Thismiaceae),  Sciaphila , 
 Andruris  (Triuridaceae),  Epirixanthes  (Polygal-
aceae),  Exacum  (Gentianaceae), and  Corsia  
(Corsiaceae). 

    3.3.6.1   New Guinea 
 By far the largest part of Australasian rainforest is 
found on New Guinea, and this is where most 
Australasian mycoheterotrophs occur. The world’s 
second largest island is home to arbuscular myc-
orrhizal species of  Burmannia ,  Epirixanthes , 
 Exacum ,  Gymnosiphon ,  Andruris ,  Sciaphila , and 
 Thismia.  The island is also the center of diversity 
of the little-known genus  Corsia  (Corsiaceae), 
where 23 of the 25 described species occur as 
endemics. Mycoheterotrophic orchids belong to 
the genera  Galeola ,  Lecanorchis ,  Pseudovanilla , 
 Aphyllorchis ,  Didymoplexis ,  Epipogium , 
 Eulophia , and  Gastrodia.  In addition to the 23 
species of  Corsia , island endemics include 
 Aphyllorchis elata ,  A. exilis ,  A. torricellensis , 
 Didymoplexis torricellensis ,  Gastrodia crassise-
pala ,  G. papuana ,  Lecanorchis bicarinata , 
 L. ciliolata ,  L. neglecta ,  Pseudovanilla gracilis , 
 P. vanilloides  (Orchidaceae),  Burmannia micro-
petala ,  Thismia appendiculata ,  Andruris war-
iana ,  Sciaphila quadribullifera ,  S. papillosa , 
 Gymnosiphon af fi nis ,  G. oliganthus , and 
 G. pauci fl orus .  

    3.3.6.2   Australia 
 Tropical rainforest once covered Australia, but as 
a result of the continued northward drift of 
Australia, coupled with global climatic cooling, 
the climate of Australia became much drier in the 
Middle and Late Miocene and Late Pliocene, 
resulting in a withdrawal of tropical rainforests 
from all but the northeast coast region of 
Queensland. This tiny tip of tropical rainforest 
contains ca. 15 species of mycoheterotrophic 
angiosperms in the genera  Aphyllorchis ,  Andruris , 
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 Corsia ,  Didymoplexis ,  Epipogium ,  Eulophia , 
 Gastrodia ,  Pseudovanilla , and  Thismia.  Endemic 
mycoheterotrophs are  Thismia yorkensis ,  Corsia 
dispar ,  Andruris australasica ,  Aphyllorchis 
anomala ,  A. queenslandica ,  Didymoplexis 
pachystomoides ,  Gastrodia crebrifolia ,  G. queen-
slandica , and  G. urceolata .  

    3.3.6.3   New Caledonia and Vanuatu 
 The Southwest Paci fi c Island group of New 
Caledonia is also part of Australasia, and the 
region is recognized as a global biodiversity 
“hotspot” (Myers et al.  2000  ) , with a very high 
degree of plant endemism (Jaffré et al.  1998  ) . 
New Caledonia formed part of the eastern margin 
of Gondwana, until it became separated by the 
Tasman Sea about 90 million years ago (Ma) 
(Wilford and Brown  1994  ) . Thus, the  fl ora of 
New Caledonia results from a Gondwanan origin 
and mainly evolved in isolation (Jaffré  1992  ) , 
although volcanic islands between Australia and 
the New Caledonian region could have facilitated 
plant migration during the Neogene (Wilford and 
Brown  1994  ) , and island chains are also impli-
cated along the Norfolk and Reinga Ridges 
toward New Zealand during this time (Herzer 
et al.  1997  ) . In contrast to the continental origin 
of New Caledonia, the Vanuatu archipelago is 
oceanic in origin, and its development results 
from tectonic events ranging from 11.2 to 2.0 Ma 
(Kroenke and Rodda  1984  ) . The  fl ora of New 
Caledonia includes relatively few myco-
heterotrophic plants, and none of them are 
endemic to the region except for the sole putative 
mycoheterotrophic gymnosperm  Parasitaxus 
usta . New Caledonian mycoheterotrophic 
 fl owering plants include three Triuridaceae spe-
cies ( Sciaphila densi fl ora ,  S. corallophyton , 
and  S. corniculata ) and three orchids 
( Didymoplexis micradenia ,  Dipodium squama-
tum , and  Epipogium roseum ). Burmanniaceae are 
absent from the  fl ora of New Caledonia, but the 
mycoheterotroph  Burmannia lutescens  occurs on 
the neighboring Vanuatu archipelago (Yohan 
Pillon, pers. comm.), which represents the east-
ernmost distribution record for the family. Other 
Vanuatu mycoheterotrophs are  Sciaphila arfaki-
ana ,  S. aneitensis  (Triuridaceae),  Didymoplexis 

micradenia ,  D. pallens ,  Dipodium squamatum , 
 Epipogium roseum , and  Gastrodia cunninghamii  
(Orchidaceae) (van de Meerendonk  1984 ; 
Govaerts et al.  2011  ) .   

    3.3.7   Paci fi c Islands 

 The islands in the Paci fi c Ocean are composed 
mostly of volcanic emergents and coral atolls that 
arose from the sea in geologically recent times, 
many of them in the Pleistocene. They were cre-
ated either by hotspot volcanism or as island arcs 
pushed upward by the collision and subduction of 
tectonic plates. The islands range from tiny islets, 
sea stacks, and coral atolls to large mountainous 
regions containing complex ecosystems. Only 
these larger islands harbor tropical rainforests 
that are potential habitats for mycoheterotrophs. 
The  fl ora of the islands is comprised entirely 
from long-distance dispersal events and is gener-
ally characterized by a low diversity but high 
endemism (Carlquist  1967  ) . For myco-
heterotrophic plants, only a few widespread spe-
cies in Burmanniaceae, Triuridaceae, and 
Orchidaceae have been able to colonize some 
islands. Burmanniaceae are only present on the 
Caroline Islands, where  Burmannia ledermannii , 
 Gymnosiphon aphyllus ,  G. papuanus , and  G. 
okamotoi  occur. The latter is endemic to the 
islands. For Triuridaceae,  Sciaphila arfakiana  
and  S. consimilis  have been recorded on Fiji (van 
de Meerendonk  1984  ) . The latter species is wide-
spread in Southeast Asia and is also found on the 
Caroline Islands, together with  S. corallophyton  
and  S. multi fl ora.  Triuridaceae reach their east-
ernmost distribution on Futuna, where the wide-
spread  Sciaphila aneitensis  occurs. In 
Orchidaceae, the widespread species 
 Didymoplexis micradenia  occurs on the Marianas, 
Niue, Samoa, Tonga, Wallis–Futuna, and Caroline 
Islands,  D. pallens  is known from Niue, 
 Stereosandra javanica  from Samoa, and 
 Epipogium roseum  from Fiji. None of these spe-
cies are endemic to the region. In contrast, 
 Pseudovanilla ponapensis  is only known from 
the Caroline Islands, and  Pseudovanilla anomala  
is endemic to Fiji, but it is unclear whether these 
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species are (partial) mycoheterotrophs. There are 
no records of mycoheterotrophic plants from 
French Polynesia and Hawaii. Whether this is the 
result of their isolated position or the absence of 
certain habitat characteristics necessary for the 
establishment of mycoheterotrophic plants 
remains unknown.  

    3.3.8   Temperate Regions 

 Similarly to the tropics, mycoheterotrophs in 
temperate regions are mainly restricted to forests. 
In temperate regions, forest coverage mainly 
consists of coniferous, deciduous, or mixed for-
ests, and all these forest types provide habitats for 
mycoheterotrophic plants. Temperate forests pre-
dominantly occur in the northern hemisphere, 
although the southern hemisphere has small 
pockets of temperate forest as well. Temperate 
forests of the northern hemisphere are located in 
eastern North America, western North America, 
Europe (including southwestern Asia), and east-
ern Asia (Fig.  3.6 ). Many  fl ora and fauna ele-
ments have a disjunct distribution across these 
forest regions, which is illustrated by the simi-
larities of biotas between eastern North America 
and temperate Asia (Wen   1999 ; Donoghue et al. 
 2001  ) . This current disjunct distribution has been 
attributed to the historical existence of a wide-
spread evergreen vegetation type (“boreotropi-
cal” forest) earlier during the Tertiary, when 
warm and wet climatic conditions prevailed over 
northern latitudes (Milne and Abbott  2002  ) . In 
response to climatic cooling from the start of the 
Oligocene, deciduous elements moved south-
ward forming a northern hemisphere  fl ora (the 
“mixed mesophytic forest”) that contained a mix 
of deciduous and evergreen trees with increasing 
numbers of associated understory herbs (Tiffney 
 1985 ; Milne and Abbott  2002  ) . During the Late 
Miocene to Pliocene, global temperatures 
dropped and the  fl ora retreated, leading to 
increased extinction particularly in western North 
America. Further depauperation of the  fl ora 
occurred during the Quaternary glaciations, 
which had a strong impact on the European  fl ora 
(Milne and Abbott  2002 ; Donoghue and Smith 
 2004  ) . 

 In the southern hemisphere, temperate forests 
are restricted to small patches in southern South 
America, South Africa, Australia, and New 
Zealand. These forests are thought to have origi-
nated from southern temperate Gondwanan 
 fl oristic elements. The sequential breakup of 
Gondwana started 165 Ma ago and resulted in a 
successive division of the ancestral biota. However, 
there has been a documented exchange of plants 
between the major landmasses following their 
breakup; for example, trans-Tasman dispersal 
between Australia and New Zealand appears to 
be quite common (Hill  2004 ; Sanmartin and 
Ronquist  2004  ) . 

 The diversity of mycoheterotrophic plants in 
temperate regions is lower than in the tropics, 
with temperate mycoheterotrophs mainly belong-
ing to Ericaceae and Orchidaceae. In contrast to 
the dominance of arbuscular mycorrhizal myco-
heterotrophs in the tropics, mycoheterotrophic 
interactions in temperate regions generally rely 
on ectomycorrhizal fungi. Nevertheless, many 
predominantly tropical arbuscular mycorrhizal 
mycoheterotrophic families extend their distribu-
tion into subtropical and even temperate regions, 
particularly in Asia (e.g.,  Thismia ,  Petrosavia , 
 Sciaphila ).   

    3.3.9   North America 

 North America contains a large variety of 
different forest types, providing habitat for a 
very distinct group of mycoheterotrophs. Of a 
total of 30 fully mycoheterotrophic species in 
North America, only the two widespread species 
Hypopitys monotropa and Monotropa uni fl ora 
(Ericaceae) occur outside North America, indi-
cating a high level of continental endemism. The 
distribution of the partial mycoheterotroph 
 Corallorhiza tri fi da  (Orchidaceae) extends only 
into temperate Eurasia. North American forests 
are particularly rich in ericaceous mycoheterotro-
phs: with the exception of  Cheilotheca  and 
 Monotropastrum , all genera of ericaceous myco-
heterotrophs occur here. Many Ericaceae genera 
are endemic to North America ( Monotropsis , 
 Pterospora ), most occurring only in western 
North America ( Pityopus ,  Allotropa ,  Hemitomes , 

v
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 Pleuricospora ,  Sarcodes ) .  The only fully myco-
heterotrophic species in  Pyrola  (Ericaceae),  P. 
aphylla , is also endemic to North America. 

 North American mycoheterotrophic orchids 
include  Cephalanthera austiniae , all  Corallorhiza  
species, all  Hexalectris  species, and the partial 
mycoheterotroph  Liparis liliifolia.  As far as is 
known, these mycoheterotrophs are associ-
ated with ectomycorrhizal fungi. In contrast, the 
North American partially mycoheterotrophic 
Gentian aceae species of  Bartonia  and  Obolaria  
are  associated with arbuscular mycorrhizal fungi 
(Cameron and Bolin  2010  ) . The full myco-
heterotroph  Thismia americana  (Thismiaceae), 
which has been recorded from a prairie near 
Chicago, was probably also associated with 
arbuscular mycorrhizal fungi (see further). This 
species is probably extinct.  

    3.3.10   Europe 

 The temperate forests of Europe are less diverse 
in plant species than those of North America. 
This difference has been explained by greater 
survival of plant species in North America during 
the Quaternary glaciation, although some evi-
dence indicates that  fl oristic differentiation 
between Europe and North America started in 
the late Tertiary (Davis  1983  ) . The diversity of 

mycoheterotrophic plants in Europe is likewise 
signi fi cantly lower than that of North America 
and temperate Asia. The coniferous, mixed, and 
deciduous forests of Europe harbor only seven 
mycoheterotrophic species, the ericaceous 
 Hypopitys monotropa  and six orchid species: 
 Neottia nidus-avis ,  Limodorum abortivum , 
 L. rubri fl orum ,  L. trabutianum ,  Corallorhiza 
tri fi da , and  Epipogium aphyllum.  The distribu-
tion range of some of these species extends into 
North Africa and temperate Asia.  

    3.3.11   Temperate Asia 

 In temperate Asia, mycoheterotrophic  fl owering 
plants occur in coniferous, mixed, and deciduous 
forests. Toward the south, there is a transition 
from temperate through subtropical forests into 
the tropical rainforest of Indochina, allowing for 
in fl ux of tropical mycoheterotrophic groups. 
Typical temperate elements are the genera 
 Hypopitys  and  Monotropa  (Ericaceae), of which 
both monotypic species are present in temperate 
Asia. Other ericaceous mycoheterotrophs 
 Monotropastrum humile  and  M. sciaphilum  occur 
in the subtropical zones of Asia. There is a rela-
tively large diversity of fully mycoheterotrophic 
orchids in temperate and subtropical Asia. With 
about 13 species,  Neottia  is particularly species 

  Fig. 3.6    Distribution of coniferous and mixed forest ( black ) in the temperate parts of the northern hemisphere. 
Map based on information obtained from NASA Earth Observations  (  2011  )        
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rich. Five species of  Aphyllorchis , a genus with a 
center of diversity in tropical Asia, are found in 
South and Central China and Tibet. All tree spe-
cies of  Epipogium  are found in temperate and 
subtropical Asia as well.  Yoania japonica  and 
 Y. prainii  are also present in the subtropical zone 
of Asia, as well as  Risleya atropurpurea.  In addi-
tion, the distribution of a few  Burmannia  
(Burmanniaceae) species extends into Central 
China, Assam, and Nepal (e.g.,  B. nepalensis , 
 B. wallichii ,  B. itoana ,  B. cryptopetala , 
 B. chinensis ).  

    3.3.12   Japan 

 The  fl ora of Japan includes a large number of 
mycoheterotrophic plants. The wet subtropical 
evergreen forest in southern Japan is a habitat for 
many species of arbuscular mycoheterotrophs 
that belong to genera with a mainly tropical dis-
tribution:  Burmannia ,  Thismia ,  Petrosavia , 
 Andruris , and  Sciaphila.  Three species of 
 Oxygyne  (Thismiaceae) have been discovered in 
these forests as well, which is remarkable since 
the only other species of the genus is recorded 
from Cameroon. With ca. 25 species, the Japanese 
 fl ora is also rich in fully mycoheterotrophic 
Orchidaceae. Genera with a mainly tropical dis-
tribution, as well as genera from temperate Asia, 
are represented in Japan. Japanese myco-
heterotrophic orchids include  Cyrtosia septentri-
onalis ,  Erythrorchis altissima ,  Lecanorchis  spp., 
 Chamaegastrodia shikokiana ,  Odontochilus poi-
lanei ,  Aphyllorchis montana ,  Cymbidium mac-
rorhizon ,  Didymoplexiella siamensis ,  Epipogium 
japonicum ,  E. roseum ,  Eulophia zollingeri , 
 Gastrodia  spp.,  Neottia  spp.,  Stereosandra javan-
ica , and  Yoania  spp .  Lastly, three ericaceous 
mycoheterotrophs  Hypopitys monotropa , 
 Monotropa uni fl ora , and  Monotropastrum humile  
occur in Japan as well.  

    3.3.13   South Chile and Argentina 

 Temperate forests in southern South America are 
located on the Paci fi c coast of southern Chile, on 

the west-facing slopes of the southern Chilean 
coast range, and the Andes Mountains in both 
Chile and Argentina down to the southern tip of 
South America (Patagonia). These wet  Nothofagus  
forests are home to  Arachnitis uni fl ora  
(Corsiaceae), an arbuscular mycorrhizal myco-
heterotroph that also occurs in tropical Bolivia 
and on the Falkland Islands (Ibisch et al.  1996  ) .  

    3.3.14   South Africa 

 In South Africa, forests have a patchy distribution 
and occur in frost-free areas with more than 725 mm 
rainfall during the wet season. Indigenous forest is 
the smallest biome in South Africa (Eeley et al. 
 1999  ) . Only two mycoheterotrophic orchid species 
have been recorded from the South African  fl ora. 
 Didymoplexis verrucosa  is endemic to KwaZulu-
Natal.  Gastrodia sesamoides , which occurs natively 
in South and East Australia, was introduced to 
South Africa and is naturalized in the Cape Province 
near Kirstenbosch (Linder and Kurzweil  1999 ; 
Linder et al.  2005 ; Cribb et al.  2010  ) .  

    3.3.15   Temperate Australia, Tasmania, 
and New Zealand 

 The forests of temperate Australia and Tasmania 
comprise ca. eight species of mycoheterotrophic 
orchids, and all of them are endemic to this 
region.  Cryptostylis hunteriana ,  Burnettia cune-
ata , and  Dipodium roseum  are endemic to south-
east Australia, and the latter two also occur in 
Tasmania.  Erythrorchis cassythoides  and 
 Dipodium variegatum  are endemic to East 
Australia, and  Gastrodia lacista  is endemic to 
western Australia. Temperate Australia is also the 
only place in the world where the enigmatic 
underground orchid,  Rhizanthella , is found. 
Three species of  Rhizanthella  are known:  R. gard-
neri  from southwest Australia and  R. slateri  and 
 R. omissa  from southeast Australia. In southwest 
Australia,  Rhizanthella  is found growing in much 
drier habitats than the eastern Australian species. 
The temperate rainforests and wet sclerophyll 
forests in New South Wales, Victoria, and 
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Tasmania are also home to the arbuscular mycor-
rhizal mycoheterotroph  Thismia rodwayi  
(Thismiaceae). Another  Thismia  species, 
 T. clavarioides , is only known from Morton 
National Park in New South Wales. 

 In New Zealand, mycoheterotrophs only occur 
on the North Island, mostly in coniferous podocarp 
forests and broadleaf evergreen forests. Apart from 
 Thismia rodwayi  (Thismiaceae) and  Danhatchia 
australis  (Orchidaceae), which also occurs in 
Australia, all New Zealand mycoheterotrophs 
are endemic and belong to Orchidaceae: 
 Corybas cryptanthus ,  Gastrodia cunninghamii , 
and  G. minor  (Moore and Edgar  1970  ) .   

    3.4   Biogeographic Patterns 

    3.4.1   General Patterns of Diversity 

 Most fully mycoheterotrophic angiosperms occur 
in the tropics, and — in terms of the number of 
species — Southeast Asia is the most important 
region. Southeast Asia contains more than twice 

the number of mycoheterotrophic species found 
in the Neotropics (Table  3.1 ). This difference is 
remarkable but is almost solely the result of the 
high number of mycoheterotrophic orchid spe-
cies in Southeast Asia (Fig.  3.7 ). Indeed, the  fl ora 
of the Neotropics includes only seven species of 
mycoheterotrophic orchids. With 17 species, the 
diversity of orchid species in Africa and 
Madagascar is only slightly higher. In tropical 
Asia, the mycoheterotrophic orchid diversity 
peaks, with 27 species in Australasia and ca. 100 
species in Southeast Asia. Most of these species 
belong to species-poor genera, although a few 
genera, such as  Lecanorchis ,  Aphyllorchis , and 
 Gastrodia , are particularly species rich. 
Mycoheterotrophic orchids associate with sapro-
trophic or ectomycorrhizal fungi, while tropical 
tree species are generally associated with arbus-
cular mycorrhizal fungi (Smith and Read  2008  ) . 
However, in Southeast Asia — and to a lesser 
extent also in Australasia — tropical forests are 
dominated by Dipterocarpaceae trees which are 
known to form associations with ectomycorrhizal 
fungi (Lee  1990  ) . These mycorrhizal networks 

  Fig. 3.7    Comparison of the species richness between major rainforest regions for arbuscular mycorrhizal (AM) 
mycoheterotrophs and mycoheterotrophic Orchidaceae, which associate with ectomycorrhizal and saprotrophic fungi       
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are potential “hosts” for ectomycorrhizal myco-
heterotrophic orchids: indeed, mycoheterotrophic 
orchids from a dipterocarp forest in Thailand have 
been found to obtain carbon from dipterocarps 
through shared ectomycorrhizal fungi (Roy 
et al.  2009  ) . Thus, it is possible that the dominance 
of ectomycorrhizal trees in Asian rainforests 
explains the high number of mycoheterotrophic 
orchids in these forests.  

 Differences between major rainforest regions 
in the number of arbuscular mycorrhizal myco-
heterotrophs are less pronounced. The Neotropics 
have the most species, but in comparison with 
 fl oras of Southeast Asia and Australasia, which 
have in general less plant species but also cover a 
smaller area, species diversity of AM myco-
heterotrophs is more pronounced in tropical Asia 
(Fig.  3.7 ). However, the Neotropics are home to 
19 genera of AM mycoheterotrophs, Africa and 
Madagascar have 12 genera of AM myco-
heterotrophs, and Southeast Asia and Australasia 
only have nine and eight genera, respectively, 
or ten when considered as one area. Generic 
diversity in the Neotropics is particularly high 
in Burmanniaceae and Triuridaceae (Table  3.2 ). 
It has been hypothesized that Burmanniaceae 
originated in South America (or western 
Gondwana) and only reached the Old World dur-
ing the Eocene (Merckx et al.  2008  ) . The early 
diversi fi cation of Burmanniaceae in the 
Neotropics may explain the comparatively high 
number of genera in this region.  

 In the temperate zone, East Asia and Japan are 
the most species-rich regions for myco-
heterotrophic plants. Their  fl oras contain a mix of 
temperate and subtropical elements and are par-
ticularly rich in fully mycoheterotrophic orchids. 
In fl ux from the tropics probably also explains the 
high number of arbuscular mycorrhizal myco-
heterotrophs in these regions (e.g., species of 
 Burmannia ,  Thismia ,  Sciaphila ,  Petrosavia ). The 
number of mycoheterotrophic species in North 
America is only slightly lower than in Asia and 
Japan. The diversity of Ericaceae in North 
America is remarkable, and the region is also 
relatively rich in mycoheterotrophic orchids (e.g., 
 Corallorhiza ,  Hexalectris ). The diversity of 
mycoheterotrophs in Europe is relatively low. 

Besides a few mycoheterotrophic orchids, 
European forests only contain the most wide-
spread ericaceous mycoheterotroph  Hypopitys 
monotropa  and no arbuscular mycorrhizal spe-
cies. Perhaps this is due to the lack of an histori-
cal connection with tropical  fl oras, restricting all 
present-day mycoheterotrophic plants to be rel-
ictual elements of taxa with an ancient boreotro-
pical distribution. 

 In the southern hemisphere, the much higher 
proportion of sea to land creates conditions favor-
ing temperate rainforest on west-facing coasts 
(Beard  1990  ) . The identity of mycoheterotrophic 
plants in these forests is very different from that 
of their northern hemisphere counterparts, and the 
species diversity is lower. Most mycoheterotrophs 
in the forests of the southern hemisphere belong 
to groups with mainly tropical distributions, indi-
cating independent tropical  origins of the south-
ern hemisphere mycoheterotrophs. Southern 
hemisphere mycoheterotrophs include both spe-
cies that are living on arbuscular mycorrhizal 
fungi ( Thismia ,  Arachnitis ) and orchids linked 
with ectomycorrhizal or saprotrophic fungi, but 
mycoheterotrophic Ericaceae are absent from the 
southern hemisphere.  

    3.4.2   Widespread Distributions 

 A few tropical mycoheterotrophic families are par-
ticularly widespread. Burmanniaceae and 
Triuridaceae can be found in all rainforest regions 
of the world (Table  3.2 ). Thismiaceae have a simi-
lar distribution but are absent from Madagascar 
and the Paci fi c Island region. Mycoheterotrophic 
Gentianaceae and Orchidaceae are also found in 
nearly all tropical regions, but their myco-
heterotrophic species have evolved independently 
in different lineages. These lineages show little 
overlap in their distribution ranges, and it is likely 
that mycoheterotrophy has evolved on different 
continents independently. At the genus level, 
 Sciaphila  (Triuridaceae) has the most widespread 
distribution, and it is only absent from East Africa, 
Madagascar, and Southwest India. However, 
in these regions, Triuridaceae are represented 
by  Seychellaria  and  Hyalisma , which may be 
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 congeneric with  Sciaphila. Gymnosiphon  
(Burmanniaceae) is extremely widespread in the 
tropics as well, yet has not been recorded in India, 
Sri Lanka, and Australia. The distribution of 
 Burmannia  (Burmanniaceae) is also pantropical, 
although the genus is represented in East Africa 
and Madagascar by chlorophyllous species only. 
There is only one fully mycoheterotrophic 
 Burmannia  species in the Neotropics, which limits 
the South American distribution range of 
 Burmannia  mycoheterotrophs. In Orchidaceae, 
there are no tropical mycoheterotrophic genera that 
occur both in the Old and the New World, although 
a few Old World genera are extremely widespread 
(e.g.,  Epipogium ,  Didymoplexis ,  Eulophia ). 

 In the temperate zones, Monotropoideae 
(Ericaceae) are extremely widespread, spanning 
the entire northern temperate region and extending 
into the tropics both in South America and Southeast 
Asia.  Hypopitys  is the most widespread genus 
of this group, and its distribution is almost identical 
to the entire Monotropoideae.  Corallorhiza  
(Orchidaceae) is also widespread and occurs both 
in the temperate zone of the Old and the New 
World. In the Old World, however, the genus is rep-
resented only by  C. tri fi da , which retains chloro-
phyll but obtains most of its carbon from fungi. 
Mycoheterotrophic  Neottia  species (Orchidaceae) 
also have a widespread distribution, ranging from 
Europe and North Africa into Asia and Japan.  

    3.4.3   Widespread Species 

 While many species of mycoheterotrophic plants 
have restricted distributions (see “Rarity”), some 
species have remarkable widespread distribution 
ranges. In the Neotropics,  Apteria aphylla  
(Burmanniaceae) and  Voyria aphylla  
(Gentianaceae) are particularly widespread, and 
their distribution almost completely overlaps with 
that of the entire neotropical rainforest biome. 
However, the Old World tropics are home to spe-
cies with an even wider distribution especially 
given the challenges to dispersal across Old World 
tropical forests. The orchid species  Epipogium 
roseum  has the most widespread distribution of 
all tropical mycoheterotrophic plants. The species 

occurs throughout tropical Africa, India and Sri 
Lanka, South China, Japan, Southeast Asia, 
Australasia, and the Paci fi c Islands. Remarkably, 
 Epipogium roseum  has not been reported from 
Madagascar. Another widespread myco-
heterotrophic orchid is  Didymoplexis pallens , 
which occurs from Afghanistan to India, Southeast 
Asia, Australasia, and the Paci fi c Islands. The dis-
tribution of  Eulophia zollingeri  is only slightly 
more restricted and covers Sri Lanka, South 
China, Southeast Asia, Japan, and Australasia. 

  Hypopitys monotropa  (Ericaceae) and the par-
tial mycoheterotroph  Corallorhiza tri fi da  have 
boreotropical distributions that cover almost the 
entire northern temperate region. The distribu-
tion of  Monotropa uni fl ora  is slightly more 
restricted as this species is absent from Europe 
and most of temperate Asia. The orchid  Epipogium 
aphyllum  is extremely widespread in the temper-
ate regions of Europe, Asia, and Japan but is not 
known from North America. 

 While widespread species in the Neotropics are 
members of lineages that are associated with 
arbuscular mycorrhizal fungi (e.g.,  Apteria 
aphylla ,  Voyria aphylla ), widespread species in 
the Paleotropics are generally orchids that are 
associated with saprotrophic fungi (e.g.,  Epipogium 
roseum ,  Eulophia zollingeri ). Widespread north-
ern temperate species are all associated with ecto-
mycorrhizal fungi (e.g.,  Hypopitys monotropa, 
Monotropa uni fl ora ,  Corallorhiza tri fi da , 
 Epipogium aphyllum ).  

    3.4.4   Disjunct Distribution Patterns 

 The distributions of a few groups of myco-
heterotrophic plants show remarkable disjunc-
tions (i.e., distributions that are geographically 
separated). On familial level, the distribution of 
Corsiaceae is intriguing:  Arachnitis  grows in 
Argentina, Chile, Bolivia, and the Falkland 
Islands,  Corsia  has its center of diversity in New 
Guinea and the Solomon Islands, and  Corsiopsis  
was collected once in southern China (Fig.  3.8a ). 
A Southern American–Australasian–Chinese dis-
junction is unusual in  fl owering plants, although 
similar patterns are observed at both familial 
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(Stylidiaceae; Good  1974  )  and generic ( Coriaria ; 
Coriariaceae) level (van Balgooy  1966 ; Zhang 
et al.  1999  ) . The South American–Australasian 
disjunction ( Arachnitis–Corsia ) in the family has 
been hypothesized to result from a Gondwanan 
tectonic link through Antarctica (Zhang et al. 
 1999  ) . However, there is doubt that all genera of 
Corsiaceae are closely related (Neyland and 
Hennigan  2003 ; Petersen et al.  2006  ) , and molec-
ular phylogenetic studies are needed to resolve 
this issue.  

 At the generic level, disjunct distributions 
are quite common in full mycoheterotrophs. 
An interesting disjunct pattern is observed in 
 Voyria  (Gentianaceae), which comprises 18 spe-
cies from tropical South and Central America and 
one species from tropical West Africa (Fig.  3.8b ). 
It has been hypothesized that this pattern is either 
the result of a long-distance dispersal event or the 
relictual distribution of a previously continuous, 
boreotropical distribution across the North 
Atlantic (Albert and Struwe  1997  ) . Due to the 
estimated origin of the Gentianaceae (ca. 50 Ma; 
Yuan et al.  2003  ) , it is unlikely that this distri-
bution is caused by ancient continental drift 
(vicariance). The small dustlike seeds of  Voyria  

make a dispersal event plausible, although Albert 
and Struwe  (  1997  )  note that the seeds of the 
African  Voyria  species and its presumed neotro-
pical sister species are not among the most highly 
modi fi ed for wind dispersal compared to other 
species in the genus. Also, a scenario of migra-
tion through Laurasia during the Eocene (e.g., 
Davis et al.  2002  )  cannot be excluded. Disjunct 
relationships between Africa and the Neotropics 
are not uncommon. Very similar South American–
West African disjunctions are present in the plant 
families Rapateaceae and Bromeliaceae, which 
have been explained as the result of long-distance 
dispersal events rather than continental drift 
(Givnish et al.  2004 ; Renner  2004  ) . 

 In Thismiaceae, some notable disjunct distri-
bution patterns are found in  Thismia  and  Oxygyne . 
 Thismia  is widespread in tropical South America, 
Southeast Asia, and Australasia but is absent 
from Africa. The occurrence of  Thismia  in the 
Chicago area, many thousands of kilometers from 
other  Thismia  populations, still remains unex-
plained (see below). The distribution of  Oxygyne , 
with records only from Cameroon and Japan, 
also represents an extreme case of a geographic 
disjunction unique in  fl owering plants (Fig.  3.8c ). 

  Fig. 3.8    Examples of disjunct distribution patterns in 
mycoheterotrophic plants. ( a ) The distribution of Corsiaceae. 
The  large dot  represents the single locality of  Corsiopsis.  
Note the disjunct distribution of  Arachnitis  in South 
America. ( b ) The trans-Atlantic distribution of  Voyria  

(Gentianaceae). ( c ) Species of  Oxygyne  (Burmanniaceae) 
have only been found in Cameroon and Japan. ( d )  Galeola  
(Orchidaceae) is widespread in Southeast Asia and 
Australasia, but one species is endemic to Madagascar and 
the Comores. See text for further discussion       
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However, this distribution pattern has to be inter-
preted with caution as the relationships between 
the African and Japanese specimens of  Oxygyne  
are in need of close investigation. 

 In Triuridaceae,  Seychellaria  occurs in 
Madagascar, the Seychelles, the Comores, and 
Eastern Africa (Tanzania). Vollesen  (  1982  )  sug-
gested that this distribution pattern results from 
the breakup of Gondwana during the Cretaceous. 
But Madagascar and Africa have been separated 
since ca. 120 Ma (Rabinowitz et al.  1983 ; Ali and 
Aitchison  2008  ) , and most African–Malagasy 
plant disjunctions have been explained by disper-
sal (Yoder and Nowak  2006  ) . Thus, dispersal by 
wind or water (Renner  2004 ; Ali and Huber 
 2010  ) , perhaps aided by the occurrence of land 
bridges (McCall  1997  ) , may offer a more plausi-
ble explanation for the current distribution of 
 Seychellaria.  Other Triuridaceae genera have dis-
junct distribution ranges as well, although the 
pattern may be in fl uenced by collecting bias: 
 Kupea  occurs both in Cameroon and Tanzania, 
but the genus was only recently discovered, and it 
is possible that populations exist connecting these 
two regions. The South American genus  Triuris  
has a patchy distribution with large gaps between 
collection sites, but this also may re fl ect a sam-
pling artifact rather than its actual distribution. 

 Geographic disjunctions are also observed in 
several mycoheterotrophic lineages within 
Orchidaceae. Species of  Galeola , which are all 
putative full mycoheterotrophs, occur in tropical 
forests in Southeast Asia and New Guinea. 
However, one species,  G. humboltii , is endemic 
to Madagascar and the Comoros (Fig.  3.8d ). The 
achlorophyllous species of  Cephalanthera  occur 
as disjunct between North America and Southeast 
Asia, but the distribution of achlorophyllous 
 Cephalanthera  species overlaps with that of the 
achlorophyllous species and also covers inter-
vening areas. It is not yet clear whether full 
mycoheterotrophy arose more than once in the 
genus. In this case, the apparent disjunct distribu-
tion may in fact be indicative of multiple origins 
of mycoheterotrophy in a particular lineage. 

 In Australia,  Rhizanthella gardneri  from 
western Australia is separated from its relatives 
 R. omissa  and  R. slateri  in southeastern Australia 

by 3,500 km of desert. Dixon  (  2003  )  suggests 
that  Rhizanthella  may have been present in the 
paratropical forests that once covered the 
Australian continent. These forests disappeared 
when the climate of Australia became much drier 
in the Middle and Late Miocene and Later 
Pliocene, possibly separating  Rhizanthella  popu-
lations to their current distribution. 

 Lastly, in liverworts, the mycoheterotrophic 
species  Aneura mirabilis  (Aneuraceae) occurs in 
northwestern Europe and Greenland. A species 
thought to be closely related to  Aneura mirabilis  
has been reported from Costa Rica providing an 
interesting disjunction (Crum and Bruce  1996  ) . 
However, it remains to be con fi rmed if the  species 
from Costa Rica is the closest relative of  Aneura 
mirabilis  or if this disjunct distribution is also the 
result of convergent evolution of mycoheterotro-
phy in  Aneura.  

 At the species level, it is mainly tropical 
mycoheterotrophic species that have disjunct dis-
tributions. In many cases (e.g., tropical species in 
Thismiaceae and Triuridaceae), these may repre-
sent sampling artifacts because the species are 
known from only very few collections. A few 
“real” disjunctions are notable.  Thismia rodwayi  
(Thismiaceae) occurs on Tasmania, mainland 
Australia (Victoria, New South Wales, and 
Queensland), and the North Island of New 
Zealand. This distribution may be the result of 
long-distance seed dispersal but can also be inter-
preted as a relict of a widespread ancestor (e.g., 
Heads  2009  ) . It is doubtful whether there still is 
genetic exchange between the populations on dif-
ferent landmasses. Another disjunction can be 
found in the distribution of  Arachnitis uni fl ora  
(Corsiaceae), where Bolivian populations are 
separated from populations in southern Argentina, 
southern Chile, and the Falkland Islands by a 
2,000–km-broad-belt of vegetation types that are 
clearly unsuitable habitat for  Arachnitis : the 
Atacama desert, high mountain deserts and grass-
lands of the Andes, dry forests, the shrubby 
“monte” vegetation, and the Patagonian grass-
lands (Ibisch et al.  1996  ) . While recent long-
distance dispersal remains a possible explanation 
for this pattern, Ibisch et al.  (  1996  )  hypothesized 
that the current gap was bridged along the Andes 
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by islands of montane forests during glacial times 
(18,000–19,000 years ago (ya)) allowing 
 Arachnitis  to migrate into Bolivian tropical mon-
tane forests when the postglacial era started 
(10,000–11,000 ya) (Ibisch et al.  1996  ) . 

  Hypopitys monotropa  and  Monotropa uni fl ora  
(Ericaceae) have remarkable transoceanic distri-
bution ranges as well: the two species are found 
in temperate zones on both sides of the Paci fi c 
Ocean.  Monotropa uni fl ora  grows in large parts 
of North America extending into montane regions 
of Central and South America. It also occurs in 
Asia, where it is found in Japan, southern China, 
India to Nepal, and Bhutan (Wallace  1975  ) . 
 Hypopitys monotropa  has an even wider distribu-
tion that mainly overlaps with that of  M. uni fl ora  
but also includes temperate Europe. Thorne 
 (  1972  )  categorized this distribution as “circum-
boreal.” Although there are no divergence time 
estimates for these species, migration through 
Beringia, a land bridge that connected North 
America and temperate Asia at various times dur-
ing the Pleistocene ice ages, seems the most 
likely explanation for this distribution pattern 
(Donoghue and Smith  2004  ) . 

 The partial mycoheterotroph  Corallorhiza 
tri fi da  (Orchidaceae) also has a circumboreal dis-
tribution, while all other  Corallorhiza  species are 
restricted to the New World.  Corallorhiza tri fi da  
is not the earliest diverging species in the genus 
(Freudenstein and Senyo  2008 ; Barrett and 
Freudenstein  2008  )  and possibly dispersed through 
Beringia, similar to the dispersal hypothesized for 
both  Monotropa  and  Hypopitys  (see above).   

    3.5   Biogeographic History 

    3.5.1   Distributions of Families 
and Genera: Vicariance Versus 
Long-Distance Dispersal 

 In his treatment of the Burmanniaceae, Adolf 
Engler noted the transoceanic distribution of 
 several genera and assumed that these genera 
must be extremely old: “Aus dem Vorkommen der 
Gattungen  Burmannia, Gymnosiphon, Dictyostega  
und  Thismia  in der alten und neuen Welt ergiebt 

sich, dass die Familie der Burmanniaceae sehr 
hohen Alters sein muss und dass höchst-
wahrscheinlich in der Tertiärperiode ihre 
Verbreitung sich bis nach den Polen hin erstreckt 
hat” (Engler  1888 , p. 46). Written at a time when 
the Earth’s geography was assumed to have been 
stable, ancient dispersal across the poles seemed 
the only possible explanation for the widespread 
distribution of these genera. In 1915, the German 
meteorologist Alfred Wegener  published his the-
ory of continental drift (Wegener  1915 ), although, 
due to the lack of convincing mechanisms that 
might have caused the movement and splitting of 
huge landmasses, his theory only became widely 
accepted in the 1960s after the discovery of plate 
tectonics. From that time, the fragmentation of 
Gondwana became an appealing explanation for 
the widespread and disjunct distribution patterns 
observed in many groups of plants (Raven and 
Axelrod  1974  )  and has been used to explain the 
disjunct distribution of Corsiaceae (Zhang et al. 
 1999  )  and  Seychellaria  (Vollesen  1982  ) . However, 
the application of molecular dating of lineage 
divergences has suggested that most cases of 
transoceanic distributions are unlikely to be the 
result of tectonic vicariance simply because the 
lineages are too young to have been dispersed 
through ancient land connections (Renner  2004 ; 
de Queiroz  2005  ) . 

 The lack of fossil data and hypotheses of phy-
logenetic relationships have prevented detailed 
studies on the biogeographic histories of most 
mycoheterotrophic groups to date. There is only 
one series of fossils that may be assigned to an 
extant mycoheterotrophic lineage. These fossils 
are from the Late Cretaceous (about 90 Ma) and 
were found in New Jersey (Gandolfo et al.  1998  ) . 
A phylogenetic analysis based on morphological 
characters placed the two fossil genera  Mabelia  
and  Nuhliantha  within extant Triuridaceae 
(Gandolfo et al.  2002  ) . However, it remains ques-
tionable whether these plants were in fact myco-
heterotrophic because the fossilized material only 
consists of  fl owers (Gandolfo et al.  2002  ) . 
Moreover, the fossilized pollen lacks distinctive 
features of pollen of extant members of the 
Triuridaceae (Furness et al.  2002  ) . If the fossils 
represent genuine remnants of Triuridaceae, they 



128 V.S.F.T. Merckx et al.

show that the family occurred at higher latitudes 
than today, at least during the Late Cretaceous 
when the climate was warmer than present. Also, 
if major Triuridaceae lineages had diverged by the 
Late Cretaceous, the breakup of Gondwana may 
have played a signi fi cant role in the distribution of 
the family (Fig.  3.9 ). Nevertheless, the occurrence 
of  Sciaphila  species on isolated oceanic islands 
(e.g., Bonin, see Fosberg and Sachet  1980 ; Fiji, 
see van de Meerendonk  1984  )  indicates that long-
distance dispersal is certainly an important factor 
in the widespread distribution of this genus and 
probably for Triuridaceae in general.  

 In the absence of fossil data, divergence time 
estimates for biogeographic reconstructions can 

be obtained through broadscale molecular clock 
analyses which allow for inclusion of fossil data 
from distant groups or by using secondary cali-
bration points. These strategies have been used 
to investigate the biogeographic history of 
Burmanniaceae (Merckx et al.  2008  ) . The obtained 
age estimates suggest that Burmanniaceae genera 
are relatively ancient and diverged from each 
other during the Cretaceous probably in South 
America. However, the obtained hypothesis sug-
gests that the widespread genera  Burmannia  and 
 Gymnosiphon  reached their transoceanic distri-
bution range during the Eocene, when the breakup 
of Gondwana was well under way (Fig.  3.9 ). This 
demonstrates that both genera obtained their 

  Fig. 3.9    Geological area cladogram showing the progres-
sive breakup of Gondwana.  Vertical lines  indicate colli-
sions between landmasses. South America is shown twice 
to illustrate its separation from both Africa and Antarctica. 
Representations of landmasses are not drawn to scale. 
Cladogram modi fi ed from Sanmartin and Ronquist  (  2004  )  
and Cox and Moore  (  2010  ) . 1 Age estimate from Gandolfo 

et al.  (  2002  ) . Fossils were found in North America 
(Laurasia). 2 Mean molecular clock estimate taken from 
Merckx et al.  (  2008  ) . 3 Molecular clock estimates of crown 
node ages of Orchidaceae subfamilies taken from Ramirez 
et al.  (  2007  ) . 4 Mean molecular clock estimate from 
Merckx et al.  (  2010a  ) . In this study,  Thismia  is paraphyl-
etic and includes  Haplothismia  and  Tiputinia        
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current pantropical distribution by dispersal, 
probably aided by various land bridges. In par-
ticular, dispersal of  Burmannia  and  Gymnosiphon  
out of South America may have been possible by 
“boreotropical” migration routes: during the 
Eocene, global temperatures peaked, and tropical 
vegetation occurred at high latitudes. This allowed 
for migration of tropical  fl ora between the 
Neotropics and the Paleotropics over the “North 
Atlantic Land Bridge” (Tiffney  1985 ; Davis et al. 
 2002  ) . The disjunct distribution of  Voyria  
(Gentianaceae) between the Neotropics and 
Africa has also been explained as a relict of an 
ancient boreotropical distribution (Albert and 
Struwe  1997 ; see above). Similarly, molecular 
clock analyses suggest a Cretaceous origin for 
Thismiaceae, but diversi fi cation occurred well 
after the breakup of Gondwana, rendering a 
“Gondwanian aborigine” explanation for its 
widespread distribution unlikely (Merckx and 
Bidartondo  2008 ; Merckx et al.  2010a ; Fig.  3.9 ). 

 In Orchidaceae, mycoheterotrophy evolved 
multiple times independently in subfamilies 
Vanilloideae, Orchidoideae, and Epidendroideae, 
all of which diversi fi ed after the start of the 
breakup of Gondwana (Ramirez et al.  2007 ; 
Fig.  3.9 ; Chap.   5    ). Thus, any mycoheterotrophic 
genus in Orchidaceae with a distribution that 
covers multiple Gondwanan fragments must have 
acquired their distribution through dispersal 
rather than vicariance. The widespread genus 
 Gastrodia , for instance, with a distribution that 
covers tropical Africa, Madagascar, Southeast 
Asia, Australasia, and the Paci fi c Islands, belongs 
to the Epidendroideae.  Gastrodia  therefore 
diverged and diversi fi ed after the breakup of 
Africa, Madagascar, and India (Fig.  3.9 ) and must 
have migrated by long-distance dispersal. Similar 
observations can be made for widespread genera 
 Didymoplexis ,  Galeola ,  Epipogium ,  Eulophia , 
and  Gastrodia . In addition, distributions that 
include oceanic islands must have been the result 
of long-distance dispersal (e.g.,  Stereosandra ). 

 In conclusion, widespread lineages of myco-
heterotrophic plants are generally too young to 
have acquired their distribution by tectonic vicar-
iance. In some cases, temporary land bridges may 
have aided migration between fragments of 

Gondwana. However, we hypothesize that trans-
oceanic dispersal has been the most important 
factor in the widespread distributions of myco-
heterotrophic plants. Most mycoheterotrophic 
plants produce large amounts of small dustlike 
seeds which promotes dispersal and increases the 
likelihood of reaching suitable microsites for 
recruitment (Eriksson and Kainulainen  2011  ) .  

    3.5.2   Species Distributions 

 Only few phylogeographic studies on fully myco-
heterotrophic plants have been carried out. Recent 
phylogeographic studies on  Hypopitys monotropa  
in North America (Beatty and Provan  2011a  )  and 
Europe (Beatty and Provan  2011b  )  provide the 
 fi rst detailed hypotheses about the glacial history 
of a mycoheterotrophic plant species (see also 
Chap.   6    ). Population genetic data and ecological 
niche modeling suggest that the current east–west 
disjunct distribution of  H. monotropa  in North 
America results from the existence of separate 
eastern and western refugia during the last glacia-
tion. In Europe,  H. monotropa  probably recolo-
nized northern Europe from refugia in the Balkans 
and southern Europe, a scenario that is suggested 
for many European taxa (Provan and Bennett 
 2008  ) . The high species diversity of myco-
heterotrophic plants in tropical postulated glacial 
refugia (see further) suggests that glacial and 
interglacial cycles that characterized the 
Quaternary period (ca. 2.6 Ma to present) have 
had a signi fi cant effect on the distributions of 
tropical mycoheterotrophic species as well.   

    3.6   Habitat Characteristics 

    3.6.1   Light 

 Most mycoheterotrophic plants grow in forests 
with a dense overstory that produces deep shade. 
Probably due to the lack of light, these microhabi-
tats often have little or no herbaceous ground  fl ora 
(Leake  1994 ; Cheek and Williams  1999  ) . Since 
mycoheterotrophs do not require light to grow, 
the occurrence of most of these plants to deeply 

http://dx.doi.org/10.1007/978-1-4614-5209-6_5
http://dx.doi.org/10.1007/978-1-4614-5209-6_6
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shaded sites lacking herbaceous autotrophs sug-
gests their mode of life evolved to provide escape 
from competitive exclusion in the shaded condi-
tions of forest understory habitats (Bidartondo 
et al.  2004  ) . Indeed, in partially mycoheterotrophic 
orchids, it has been shown that low light levels 
result in strong mycoheterotrophy, while higher 
irradiances successively drive the orchids toward 
autotrophy (Preiss et al.  2010  ) .  

    3.6.2   Water 

 Besides their preference for low-light habitats, 
the availability of water seems an important 
feature for mycoheterotrophic plant habitats. 
Bakshi  (  1959  )  noted that  Pterospora  is particu-
larly associated with moist soils. Summerhayes 
 (  1951  )  assumed that a moist but well-drained soil 
is thought to favor the fungal symbiont of 
 Epipogium aphyllum.  Mycoheterotrophic plants 
from tropical rainforests seem to prefer local 
habitats with very moist soils as well (Maas et al. 
 1986 ; Cheek and Williams  1999  ) . Moreover, 
some species are often found near perennial or 
seasonable streams (Maas et al.  1986 ; Cheek and 
Williams  1999 ; Taylor and Roberts  2011  ) . In 
Africa, areas with a high diversity of myco-
heterotrophic plants seem to overlap with postu-
lated rainforest refugia (Cheek and Ndam  1996 ). 
The occurrence of these refugia is strongly cor-
related with rainfall as well (Linder  2001  ) , indi-
cating minimal seasonality and a stable, moist 
environment year-round. In general, myco-
heterotrophs seem to prefer habitats with high 
rainfall and short dry seasons. For example, on 
Mount Kupe, one of the richest sites for myco-
heterotrophic plants in Africa, annual rainfall 
exceeds 4,000 mm with only 3 months with less 
than 100 mm precipitation (Hofer et al.  2000  ) . 
Similarly, Reserva Ducke in Brazil receives over 
2,000 mm of rainfall and has a dry season of 3 
months (Iriondo and Latrubesse  1994 ; ter Steege 
et al.  2003  ) . There is some evidence that myco-
heterotrophic plants are sensitive to desiccation. 
In dry summers, the  fl owering stems of  Monotropa 
uni fl ora ,  Hypopitys monotropa , and  Neottia 
nidus-avis  suffer severely from drought and often 
fail to expand before drying out (Snetselaar and 

Whitney  1990 ; Leake  1994  ) . Klooster and Culley 
 (  2009  )  observed that a drought in the summer 
and fall of 2007 likely contributed to the overall 
decline in reproductive effort and output of 
 Monotropa  with some populations experiencing 
100%  fl oral abortion.  

    3.6.3   Soil Types 

 Both in temperate and tropical zones, myco-
heterotrophic plants occur on a variety of soil 
types, including organic soils, clay, loam, and 
white sand (Wallace  1975 ; Maas et al.  1986 ; 
Maas and Ruyters  1986  ) . They generally prefer 
acidic soils. Reported soil pH values for myco-
heterotrophic habitats in temperate regions range 
from 5.2 to 6.2 (Wallace  1975 ; Gebauer and 
Meyer  2003 ; Bougoure et al.  2008  ) , but Merckx 
et al.  (  2010b  )  reported a soil pH of 3.8 at a tropi-
cal rainforest site in French Guiana where 
 Dictyostega  and  Voyria  species were found. 
Mycoheterotrophs are often found in places with 
a thick layer of decaying leaf litter (Graham  1953 ; 
Paul  1964 ; Van Royen  1972 ; Richards  1976 ; 
Maas and Ruyters  1986  ) . In some cases, their 
 fl owers fail to emerge through this layer, for 
example,  Monotropsis  (Copeland  1939  ) ,  Thismia 
rodwayi  (Campbell  1968  ) ,  Epipogium  and  Neottia  
spp. (Davies et al.  1988  ) .  Rhizanthella  species 
remain entirely underground when  fl owering and 
fruiting (George  1980  ) . 

 The roots of some species, for example,  Voyria 
rosea  and  Campylosiphon purpurascens , can 
penetrate the soil to a depth of 20 cm and more 
(Maas et al.  1986 ; VSFTM pers. oberv.). 
Contrarily, the roots of a few species (e.g.,  Voyria 
aphylla ,  V.  fl avescens ,  V. primuloides ,  Afrothismia 
foertheriana ) are entirely located in the upper-
most soil strata, which consists of lose decaying 
leaf litter (Franke  2002 ; Franke et al.  2004 ; 
VSFTM and CDS pers. observ.).  

    3.6.4   Elevation 

 Mycoheterotrophic plants occur from sea level to 
montane forests generally up to 2,000 m. In North 
America, Monotropoideae can occur up to 
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4,000 m (Wallace  1975  ) . In the Neotropics, 
 Apteria ,  Dictyostega , and  Gymnosiphon  species 
are sometimes found above 2,000 m (Maas et al. 
 1986  ) . In East Africa, mycoheterotrophs often 
occur at high elevations;  Epipogium roseum  is 
recorded from Mount Kilimanjaro at 2,500 m 
(Cheek and Williams  1999  ) . In New Guinea, spe-
cies of  Corsia  generally inhabit forests between 
900 and 1,500 m, extending into the upper part of 
lowland forest and into montane forest (Van 
Royen  1972  ) .  

    3.6.5   Plant Communities 

 Mycoheterotrophic plants occur in a variety of 
forest communities. In temperate zones, 
Monotropoideae occur in forests dominated by 
conifers (pines and cypress), beech, and oak 
(Wallace  1975 ; Ogura-Tsujita et al.  2009  ) . 
Similarly, fully mycoheterotrophic orchids are 
generally found in forests dominated by pines, 
beech, and oak trees (Gebauer and Meyer  2003 ; 
Bidartondo et al.  2004 ; Zimmer et al.  2008 ; 
Taylor and Roberts  2011  ) . These forests tend to 
have higher pH soils than other temperate forest 
habitats. 

 Information on plant communities is purely 
anecdotal for species that occur in the tropics. In 
the Neotropics, species of  Gymnosiphon  
(Burmanniaceae) are often found in  Mora  forest 
(Maas et al.  1986  ) . In West Africa,  Afrothismia  
(Thismiaceae) occurs in proximity of a wide vari-
ety of rainforest trees, including species of  Cola , 
 Diospyros , and  Tabernaemontana  (Franke  2004 ; 
Sainge et al.  2005 ; Dauby et al.  2007  ) . Tropical 
mycoheterotrophic orchid species of  Aphyllorchis  
and  Cephalanthera  have been found in Fagaceae 
and Dipterocarpaceae forest in Thailand (Roy 
et al.  2009  ) . In Southeast Asia, mycoheterotrophic 
plants are sometimes found in bamboo thickets, 
for example,  Epirixanthes  (Chen et al.  2008  ) , 
 Thismia  (Chantanaorrapint  2008  ) , and  Gastrodia 
confusa  (Ogura-Tsujita et al.  2009  ) . 

 Arbuscular mycorrhizal mycoheterotrophs are 
sometimes reported from forest communities 
dominated by ectomycorrhizal trees. In New 
Guinea, species of  Corsia  (Corsiaceae), for exam-
ple, are mostly found in beech and oak forests 

(Van Royen  1972  ) . In Southeast Asia, species of 
 Thismia  are often collected from forest dominated 
by Dipterocarpaceae or Fagaceae trees (Jarvie 
 1996 ; Yang et al.  2002 ; Tsukaya and Okada  2005  ) . 
In Japan,  Oxygyne shinzatoi  (Thismiaceae) has 
been found in  Castanopsis  forest (Yokoyama 
et al.  2008  ) . However, in Argentina,  Arachnitis 
uni fl ora  (Corsiaceae) was found to link with the 
same arbuscular mycorrhizal fungi as  Osmorhiza 
chilensis  (Apiaceae),  Austrocedrus chilensis  
(Cupressaceae), and  Nothofagus dombeyi  
(Nothofagaceae) (Bidartondo et al.  2002  ) . The 
latter species had been previously reported as 
ectomycorrhizal (Fontenla et al.  1998  ) . 

 A very strong preference toward a particular 
plant community is observed for the underground 
orchid  Rhizanthella gardneri  (Orchidaceae), 
which only occurs in  Melaleuca uncinata  thickets 
in West Australia (Bougoure et al.  2008  ) . In 
Tasmania,  Thismia rodwayi  (Thismiaceae) is 
always found in wet forest dominated by 
 Eucalyptus  trees (Wapstra et al.  2005  ) .  

    3.6.6   Exceptional Habitats 

 There are plenty of exceptions to the general hab-
itat preferences listed above. In the Neotropics, 
 Apteria aphylla  (Burmanniaceae) and several 
 Voyria  species (Gentianaceae) are known to occur 
in wet grasslands and savannas (Maas et al.  1986  ) . 
 Arachnitis  (Corsiaceae) has been recorded on the 
treeless East Falkland Island, “growing in sand 
amongst rocks on an eroded sandstone ridge” 
(Cribb et al.  1995  ) . In Africa, mycoheterotrophic 
 Brachycorythis  orchids occur in woodland and 
wooded grassland (Cheek and Williams  1999  ) . 
Monotropoideae are often found in open vegeta-
tions, such as dune slacks (Wallace  1975 ; Leake 
 1994  ) . The enigmatic species  Thismia americana  
(Thismiaceae) was discovered in the margin of a 
grass  fi eld (Pfeiffer  1914  ) , and the western under-
ground orchid  Rhizanthella gardneri  grows in 
shrublands, in habitats of low-nutrient availabil-
ity and high light levels (Bougoure et al.  2008  ) . 
 Hexalectris spicata  (Orchidaceae) occurs in 
diverse habitats: from swamps to oak canyons 
rising out of the desert (Luer  1975  ) . And while 
mycoheterotrophic species are usually terrestrial, 
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 Voyria spruceana  and  V. aphylla  (Gentianaceae) 
have been found growing as epiphytes up to 30 m 
high in trees in Colombia (Groenendijk et al. 
 1997  ) .  Burmannia kalbreyeri  (Burmanniaceae) is 
also known to grow epiphytically, but this species 
retains chlorophyll and has well-developed leaves 
(Maas et al.  1986  ) . Lastly, several species of 
 Sciaphila  (Triuridaceae) are often found growing 
on termite nests (van de Meerendonk  1984 ; Maas 
and Ruyters  1986  ) , and Franke  (  2002  )  reported a 
specimen of  Voyria  fl avescens  (Gentianaceae) 
growing top of a termite mound of  Embiratermes 
neothenicus  (Isoptera, Nasutitermitinae).  

    3.6.7   Population Size 

 Even within suitable habitats, populations of 
mycoheterotrophic plants are mostly thinly 
 scattered. Population sizes are usually small, with 
less than 15 individuals per population, but plants 
can only be detected when aboveground parts are 
present ( fl owering and fruiting stages), so the 
actual population size is dif fi cult to determine. In 
some cases, populations of over hundreds of 
 fl owering specimens have been reported (e.g., 
 Gymnosiphon  Cheek and Williams  1999 ; 
 Burmannia  Fensham  1993  ) .  

    3.6.8   Co-occurrence 

 Many authors have noted that different species of 
mycoheterotrophs (often from different families), 
both in temperate and tropical zones, have the 
tendency to grow together (e.g., van der Pijl  1934 ; 
Jonker  1938 ; Van Royen  1972 ; van de Meerendonk 
 1984 ; Maas and Rü bsamen  1986 ; Cheek and 
Williams  1999  ) . Indeed, after a mycoheterotrophic 
plant is spotted in a forest, closer inspection of 
the area will often reveal other species growing 
close by (Maas et al.  1986 ; Cheek and Williams 
 1999  ) . There is no explanation for this phenom-
enon. A few authors have suggested that co-
occurring mycoheterotrophs are possibly sharing 
the same mycorrhizal fungus (Cheek and 
Williams  1999 ; Cheek  2003b  )  but no evidence 

has been found to support this. In contrast, 
Merckx et al.  (  2010b  )  sampled specimens of 
 Voyria aphylla  (Gentianaceae) and  Dictyostega 
orobanchoides  (Burmanniaceae) co-occurring at 
a rainforest plot in French Guiana and found that 
they were associated with nonoverlapping AMF 
lineages. A specimen of  Campylosiphon purpur-
ascens  (Burmanniaceae) that occurred at this spot 
was found to utilize distinct fungal lineages as 
well (VM, unpublished data). Similarly, Courty 
et al.  (  2011  )  identi fi ed distinct lineages of arbus-
cular mycorrhizal fungi in roots of  Voyria aphylla  
(Gentianaceae),  Apteria aphylla , and 
 Gymnosiphon  sp. (Burmanniaceae) growing at a 
site in Guadeloupe. Interestingly, many patches 
of rainforest in French Guiana that are rich in 
mycoheterotrophic Burmanniaceae and 
Gentianaceae are also inhabited by the myco-
heterotrophic orchid  Wullschlaegelia calcarata  
(Orchidaceae) (VSFTM pers. oberv.), yet 
 Wullschlaegelia  is associated with saprotrophic 
fungi (Martos et al.  2009  ) , while Burmanniaceae 
and Gentianaceae exploit arbuscular mycorrhizal 
mycorrhiza. In the temperate forests of Northwest 
America, different species of ericaceous myco-
heterotrophs are often found growing together 
(Wallace  1975  )  but are each specialized on dif-
ferent mycorrhizal fungi (Bidartondo and Bruns 
 2001,   2002  ) . Similarly, Taylor and Bruns  (  1999  )  
investigated the mycorrhizal associations of the 
mycoheterotrophic orchids  Corallorhiza macu-
lata  and  C. mertensiana  over a wide geographic 
range and found that they never shared fungal 
species, even when growing intermixed. In these 
cases, co-occurrence of mycoheterotrophs cannot 
be explained by specialization on the same “host” 
fungus. The pattern may re fl ect access to differ-
ent resources by different fungal taxa and thus 
would result from competition rather than con-
vergence. Plant sister species that occur in sym-
patry but grow with different fungal lineages may 
result from a speciation process driven by mycor-
rhizal specialization (Chap.   5    ). Other factors that 
may cause co-occurrence of mycoheterotrophs 
include similar preferences of mycoheterotrophs 
and/or their associated mycorrhizal fungi toward 
certain microhabitats or similar dispersal biases.   

http://dx.doi.org/10.1007/978-1-4614-5209-6_5
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    3.7   Biodiversity Hotspots 

 A few localities are notorious for their high num-
ber of mycoheterotrophic species. For example, 
Mount Kupe in Southwest Cameroon is often 
cited as the richest site for mycoheterotrophic 
plants in Africa (Cheek and Cable  1997 ; Franke 
 2004  ) . Two decades of intensive surveys on the 
slopes of this mountain have revealed twelve dif-
ferent mycoheterotrophic species, including two 
 Afrothismia  species yet to be described (Franke 
 2007 ; Moses N. Sainge, pers. comm.). Therefore, 
Mount Kupe is home to about one-fourth of all 
mycoheterotrophic species known from continen-
tal tropical Africa. The adjacent Mount Cameroon 
has a comparable diversity of mycoheterotrophic 
plants, although some species may be extinct due 
to extensive habitat destruction (Schlechter  1906 ; 
Cheek and Williams  1999 ; Franke et al.  2004  ) . 
Mount Kupe and Mount Cameroon are part of the 
Lower Guinea rainforest region, which is a center 
of diversity and endemism for mycoheterotrophic 
plants (see above) and for  fl owering plants in 
general (Linder  2001 ; Plana  2004  ) . The stunning 
diversity of plants in this region can be explained 
by modern patterns in rainfall seasonality, while 
the high level of endemism is probably related to 
paleoclimatic  fl uctuations, and the area has likely 
served as a rainforest refugium during glacial 
maxima (Linder  2001 ; Plana  2004  ) . In Africa, 
centers of diversity of mycoheterotrophic plants 
all occur in areas that have been thought to be 
glacial refugia. Since many mycoheterotrophic 
plants are vulnerable to disturbance, have very 
narrow habitat preferences, and seem to have very 
slow dispersal rates, it has been proposed that 
mycoheterotrophic plants may be suitable indica-
tors of Pleistocene rainforest refugia (Cheek and 
Ndam  1996 ; Cheek and Williams  1999  ) . 

 Another mycoheterotrophic plant “hotspot” is 
the Reserva Ducke near Manaus (Brazil). In an 
area of only 100 km 2 , no less than 22 myco-
heterotrophic species have been found, or over 
25% of the total species diversity of myco-
heterotrophic plants in the Neotropics. Two spe-
cies of Triuridaceae ( Sciaphila oligantha  and 
 S. rubra ) are endemic to the reserve (Ribeiro et al. 
 1999 ; Maas and Rü bsamen  1986 ; Maas and Maas 

 2005  ) . The Reserva Ducke is characterized by an 
extremely high diversity of  fl owering plants 
(Ribeiro et al.  1999  ) . Patterns of tree diversity in 
the Amazon rainforest have been linked to soil gra-
dients and the current climate, and particularly 
rainfall seasonality (ter Steege et al.  2003,   2006  ) , 
although recent research has indicated that paleo-
climate probably had a much greater effect on cur-
rent patterns of tree diversity than current climate 
(Hoorn et al.  2010 ; ter Steege et al.  2010  ) . Indeed, 
the high diversity of plant species found in Reserva 
Ducke has been attributed to its position at the con-
tact point among several Tertiary and Quaternary 
refugia, indicating that its diversity may have been 
enhanced by the coalescence of the distributions of 
former allopatric species in this area (Oliveira and 
Daly  1999 ; Oliveira and Mori  1999  ) . 

 The most species-rich locality of myco-
heterotrophic plants in Southeast Asia is Mount 
Kinabalu in Malaysian Borneo. Since botanical 
explorations on the slopes of the 4,095 m high 
mountain started in the second half of the 
 nineteenth century, 29 species of fully myco-
heterotrophic plants have been recorded. These 
include 16 species of orchids, of which 
 Didymoplexiella kinabaluensis  and  Gastrodia 
spathulata  (formerly  Neoclemensia spathulata ) 
have not been found elsewhere (Wood et al. 
 2011  ) . Burmanniaceae and Thismiaceae are both 
represented with two fully mycoheterotrophic 
species, Triuridaceae with  fi ve species, 
Polygalaceae with three fully mycoheterotrophic 
species, and Petrosaviaceae with a single species 
(Beaman and Beaman  1998 ; Beaman and 
Anderson  2004  ) . Mount Kinabalu is ca. 1.5 mil-
lion years old and therefore comparatively young 
in geological terms. The  fl ora is exceptionally 
diverse with a high percentage of endemicity 
(Wong and Phillipps  1996 ; Wood et al.  2011  ) . 
The high diversity of plant species on Mount 
Kinabalu has been attributed by the occurrence 
of a wide range of soil types and climatic condi-
tions. The endemic species of Mount Kinabalu 
may be relicts of ancient, more widespread distri-
bution ranges, or recent species that result from 
rapid adaptive radiation, catastrophic selection 
and drift, and dispersal of propagules from dis-
tant and neighboring mountain systems (Wong 
and Phillipps  1996  ) . 
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 Other areas with high numbers of myco-
heterotrophic species include Saül (French 
Guiana) (Clarke and Funk  2005  )  and Mabura 
(Guyana) (Ek and ter Steege  1997  ) . In temperate 
Northwest America, mainly in the coastal areas 
of northern California, Oregon, and Washington, 
there are many small “hotspots” where distribu-
tion ranges of several Monotropoideae species 
overlap (Wallace  1975  ) . 

 Molecular clock evidence indicates that 
Burmanniaceae and Thismiaceae have Cretaceous 
origins and major diversi fi cation began shortly 
after the mass extinctions at the K/T boundary, 
suggesting that glacial periods may have had a 
signi fi cant in fl uence on their current distributions 
(Merckx and Bidartondo  2008 ; Merckx et al. 
 2008  ) . In addition, these analyses indicate that 
speciation events within mycoheterotrophic 
Dioscoreales lineages predate the Pleistocene 
glaciations. Based on this evidence, it seems that 
during glacial maxima rainforest refugia have 
acted as “museums” of ancient lineages of myco-
heterotrophic Dioscoreales rather than as specia-
tion “engines” (see Plana  2004  ) . However, 
mycoheterotrophic species of other families that 
are endemic to a particular hotspot may result 
from recent speciation events. For example, sev-
eral species of orchids endemic to Mount 
Kinabalu have evolved from vertical altitudinal 
radiation of lowland congeners or dispersal from 
neighboring mountain systems most likely after 
the uplift of the mountain (1.5 million years ago) 
and can be considered as “neoendemics” 
(Barkman and Simpson  2001 ; Wood et al.  2011  ) . 
The endemic mycoheterotrophic orchids of 
Mount Kinabalu may therefore be recent species 
as well. Thus, hotspots of mycoheterotrophic 
plant diversity may be both “museums” and “cra-
dles” of diversity.  

    3.8   Endemism and Rarity 

 Mycoheterotrophic plants are seldom found in 
high abundances. That does not mean that all spe-
cies are rare. Some species have wide distribution 
ranges and occur in a variety of habitat types 
(e.g.,  Hypopitys monotropa ,  Epipogium roseum ). 

But even widespread mycoheterotrophs may still 
be extremely rare on a local scale.  Epipogium 
aphyllum , for example, has a widespread distri-
bution in temperate Eurasia, but on a local scale, 
it is often considered to be extremely rare. In 
Britain, it has been frequently described as the 
rarest orchid and even as Britain’s rarest plant 
(Taylor and Roberts  2011  ) . In addition, many 
mycoheterotrophs seem to have very limited dis-
tribution ranges and/or have extremely low abun-
dances (e.g., known from very few populations). 
For example, most neotropical  Thismia  species 
are only known from one or two collections 
(Maas et al.  1986  ) . A large number of African 
mycoheterotrophs are also known from only one 
or two localities (e.g., species in the genera 
 Afrothismia ,  Kupea ,  Kihansia ,  Oxygyne ,  Auxopus , 
and  Gastrodia ) .  Similarly, the enigmatic under-
ground orchid ( Rhizanthella gardneri ) is known 
from only a handful of sites in Southwest 
Australia (Bougoure et al.  2008  ) . Numerous other 
mycoheterotrophic species from all continents 
share this apparent rarity. 

 It is important to note that our knowledge 
about the occurrence of fully mycoheterotrophic 
plants may be considerably biased by the plants’ 
ability to remain unnoticed by collectors. Many 
species, particularly those from tropical rainfor-
ests, are only known from remote areas where 
botanical inventories have yet to be carried out. 
Moreover, mycoheterotrophs can only be spotted 
when they are  fl owering or fruiting, mostly for a 
short period of time only and often in the wet sea-
son, when few botanists are eager or able to enter 
the forest. The rest of the year, they remain under-
ground hiding from discovery, and they may not 
even  fl ower each year. We lack detailed informa-
tion on the phenology of most mycoheterotrophs, 
but, for example, in the ghost orchid ( Epipogium 
aphyllum ), it has been observed that populations 
can disappear for up to 30 years between succes-
sive  fl owering episodes at the same site (Leake 
 1994  ) . This suggests that some mycoheterotrophs 
may have very cryptic  fl owering cycles. Finally, 
mycoheterotrophs are generally very dif fi cult to 
spot due to their small size and hyaline color-
ation. They often fail to protrude above the dense 
leaf litter and remain covered by fallen leaves, 
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even when  fl owering. It is little wonder that 
mycoheterotrophs are often spotted by mushroom 
hunters or by a botanist during a sanitary break; 
some species may be more abundant than we pre-
sume because we just fail to  fi nd them even when 
actively looking for them. The fact that new spe-
cies are constantly being described and thus 
escaped discovery for a long time illustrates the 
secret nature of mycoheterotrophs (Fig.  3.10 ).  

 Some new species were spotted only after 
extensive long-term monitoring. Notorious is the 
discovery of two new  Afrothismia  (Thismiaceae) 
species in Korup Forest Dynamic Plot in 
Cameroon (Sainge and Franke  2005 ; Sainge et al. 
 2005  ) . This 50-ha plot was established in 1994 
and is constantly monitored, yet two  Afrothismia  
species escaped discovery for almost a decade, 
despite the fact that a path through the plot was 
also going through one of the  Afrothismia  popu-
lations (Franke  2007  ) . The spectacular species 

 Tiputinia foetida  (Thismiaceae), with a  fl ower of 
5 cm in diameter, was discovered in 2005 in a 
biological station in Ecuador growing within a 
meter of the path linking the station’s dining hall 
to the laboratory (Woodward et al.  2007  ) . 

 The in fl uence of collection effort has been 
addressed for the rare species  Thismia rodwayi  
(Roberts et al.  2003 ; Wapstra et al.  2005  ) . From 
its discovery in 1890 until 2002, there were only 
 fi ve records of  T. rodwayi  in Tasmania (Roberts 
et al.  2003  ) . Since the discovery of two speci-
mens at a new site in Tasmania, subsequent 
searches on this and other sites with similar habi-
tat characteristics revealed a total of 110  T. rod-
wayi   fl owers (Roberts et al.  2003  ) , and  T. rodwayi  
is now known from 26 sites from 7 disparate 
locations in Tasmania (Wapstra et al.  2005  )  
(Fig.  3.11 ). Although these numbers certainly do 
not upgrade  T. rodwayi  to a common species, it 
can be concluded that it is at least more abundant 

  Fig. 3.10    Number of species in a selection of myco-
heterotrophic genera that occur in the tropics ( Thismia , 
 Sciaphila ,  Gymnosiphon ,  Aphyllorchis ,  Lecanorchis , and 

 Afrothismia ) and their year of publication. Data based on 
the World Checklist of Selected Plant Families (2010)       
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than presumed by previous collections. As 
standard biological inventories failed to encoun-
ter  T. rodwayi  (Roberts et al.  2003  ) , another 
conclusion that can be drawn from this study is 
that this species, and other inconspicuous myco-
heterotrophs, can only be reliably recorded by 
targeted surveys. Because very few botanists 
search tropical rainforests speci fi cally for myco-
heterotrophic plants, the majority of collections 
result from chance encounters, hence explaining 
the lack of collections for so many known myco-
heterotrophic species. The few intensive searches 
for mycoheterotrophic plants that have been car-
ried out lead, in many cases, to the discovery of 
unexpected mycoheterotrophic plant diversity or 
even to the discovery of undescribed taxa (e.g., 
Franke  2007  ) .  

 Despite the probable impact of collection 
effort, there is no doubt that the paucity of records 
for many mycoheterotrophic species is the result 
of “real” rarity and high local endemism 
(Kruckeberg and Rabinowitz  1985  ) . This is obvi-
ous for species that are part of well-known  fl oras 
(e.g.,  Epipogium aphyllum  in Britain,  Thismia 
americana  in North America). In lesser-known 
tropical regions, differences in rarity among spe-
cies are becoming more obvious with targeted 
collecting. Comparing herbarium records between 
species with similar habit, it becomes clear that 
some species are encountered more  frequently 
than others (Fig.  3.12 ). In the Neotropics, for 

example, there is a very pronounced difference in 
collection frequency between mycoheterotrophic 
Burmanniaceae and Gentianaceae on the one 
hand and Thismiaceae and Triuridaceae on the 
other. This can only be explained by differences 
in distribution and abundance. According to 
Harper  (  1981  ) , rare plant species can be classi fi ed 
based on space, group, or time relatedness. Space-
limited species may be locally abundant but only 
occur in a limited number of sites. Their distribu-
tions may be restricted due to high niche 
speci fi city or dispersal barriers. These species are 
often local endemics. Group-dependent species 
occupy a specialized niche with a limited distri-
bution, associated with certain ecotypes often at 
ecological frontiers for species. Rarity in time-
dependent species results from  fl uctuations in 
population numbers following adverse sporadic 
or cyclical events, such as drought or  fi re (Swarts 
and Dixon  2009  ) . Most rare mycoheterotrophic 
species seem to belong to the  fi rst and second cat-
egories, although time-dependent rarity may 
occur as well.  

 The in fl uence of abiotic factors on the distri-
bution of mycoheterotrophic plants remains to be 
determined. The fact that (rare) mycoheterotro-
phs of different species are often found growing 
at the same site, but in association with different 
fungi, possibly indicates that distribution of 
mycoheterotrophic species, or their associated 
fungi, is restricted by adaptations to similar 

  Fig. 3.11    Distribution of  Thismia rodwayi  (Thismiaceae) 
in Tasmania. ( a ) A  fl ower of  T. rodwayi . ( b ) Known distri-
bution of  Thismia rodwayi  based on records before 2002. 

( c ) Distribution of  T. rodwayi  based on all records up to 
2005. Maps adapted from Roberts et al.  (  2003  )  and 
Wapstra et al.  (  2005  )        
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microhabitats. These microhabitats can be 
 characterized by certain abiotic factors such as 
soil type, humidity, and water availability. 
Alternatively, this pattern of co-occurrence may 
be explained by similar dispersal and coloniza-
tion patterns. 

 Next to abiotic factors, biotic dependency may 
play an important role in the distribution range 
and abundance of mycoheterotrophic plants 
(Fig.  3.13 ). As fully mycoheterotrophic plants 
are completely dependent on their (often very 
speci fi c) associated fungi, the availability of these 
fungi will be essential for the plant’s establish-
ment. Mycoheterotrophs that are specialized on 
rare fungi may thus be a priori severely limited in 
their distribution range. The range of the fungi 
may be restricted to certain abiotic habitat 
requirements and dispersal barriers (see further). 
In addition, some mycorrhizal fungi may also 
show speci fi city toward particular autotrophic 
plants. This can create a very complex tripartite 
biotic dependency for a mycoheterotrophic plant. 

For example,  Rhizanthella gardneri  is associated 
with a speci fi c fungus, which is possibly only 
able to form ectomycorrhizas with  Melaleuca 
uncinata  (Bougoure et al.  2009  )  .  Furthermore, it 
is possible that the host fungus is not always able 
to serve as a suitable host for a mycoheterotrophic 
plant. Theoretically, a mycoheterotrophic plant 
will only successfully grow and reproduce if its 
associated fungus is able to provide enough car-
bon from coassociated trees or, in case of sapro-
trophic fungi, from dead material. For obligate 
mycorrhizal fungi, this may be in fl uenced by the 
size of their network and the number, age, and 
identity of its associated autotrophic plants. 
Competition between different fungus species 
may in fl uence their ability to allocate nutrients as 
well (Bever et al.  2009  ) .  

 Speci fi city to aboveground biotic interactions 
may also induce rarity (Swarts and Dixon  2009  ) . 
Specialized pollination systems, in a manner sim-
ilar to the level of specialization in mycorrhizal 
associations, may play a role in causing rarity in 

  Fig. 3.12    The number of herbarium records cited in the 
Flora Neotropica for a selection of neotropical 
Burmanniaceae ( Apteria aphylla ,  Gymnosiphon divarica-
tus ,  Miersiella umbellata ) and Triuridaceae ( Sciaphila 

albescens ,  Peltophyllum luteum ). Data obtained from 
Maas et al. ( 1986  )  and Maas and Rü bsamen ( 1986  ) . For 
comparison, the habit of each species drawn at the same 
scale is shown above       
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mycoheterotrophs. It has been hypothesized that 
mycoheterotrophic plants that show high 
speci fi city in their mycorrhizal interactions prob-
ably have generalist pollination syndromes and/or 
exhibit autogamous self-pollination due to the 
evolutionary instability inherent to specializing 
on two lineages (Bidartondo  2005  ) . We know lit-
tle about the pollination strategy of myco-
heterotrophic plants, but support for Bidartondo’s 
hypothesis concerning absence of specialized 
pollination syndromes has been found for myco-
heterotrophic orchids (Dressler  1981 ; Benzing 
and Atwood  1984 ; Arditti  1992 ; Molvray et al. 
 2000  )  and mycoheterotrophic plants in general 
(Leake  1994  ) . However, detailed studies on the 
reproductive biology of  Hypopitys ,  Monotropa , 
and  Monotropsis  (Klooster and Culley  2009  )  and 
 Voyria  (Hentrich et al.  2010  )  revealed the pres-
ence of outcrossing and specialization in pollina-
tion interactions (see Chap.   7    ). Therefore, it is 
possible that, in some cases, both pollinator and 
fungal speci fi city affects the distribution myco-
heterotrophic plants (Waterman and Bidartondo 
 2008  ) . Comparative population approaches 
(Thompson  2005  ) , where both mycorrhizas and 
reproductive traits for multiple populations of a 

single mycoheterotrophic species are examined, 
are needed to explore the effect of both mutual-
isms on the distribution of mycoheterotrophs. 
A recent study has addressed this interaction for 
achlorophyllous orchids of the tribe Coryciinae, 
which show speci fi city both in pollinators and 
associated fungi (Waterman et al.  2011  ) . 
Interestingly, when orchids were subjected to 
transplant experiments, it was found that effective 
pollination does not occur outside native regions, 
whereas effective fungi can be recruited. This 
strongly suggests that pollination speci fi city has 
more in fl uence on the local distribution of the 
species than does mycorrhizal speci fi city. 
However, it can be argued that mycorrhizal selec-
tion pressure is less in fl uential for initially myco-
heterotrophic plants than for full mycoheterotrophs 
that completely rely on the allocation of adequate 
nutrients from the fungi for their entire life cycle. 

 Finally, specialization toward seed dispersal 
agents may limit plant distributions as well. This 
factor seems to have little impact on myco-
heterotrophs, which produce large amounts of 
dust seeds that are presumably dispersed by wind 
(Leake  1994 ; Eriksson and Kainulainen  2011  ) . 
However, the dust seeds of orchids generally 

  Fig. 3.13    Primary biotic agents that may limit the abun-
dance and distribution of mycoheterotrophic plants. 
Overlap indicates potential biological dependency of the 

mycoheterotroph on that factor. See text for further dis-
cussion. Figure based on Swarts and Dixon  (  2009  )        
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disperse only over short distances, and long-dis-
tance dispersal seems to be rare (Diez  2007 ; 
Jacquemyn et al.  2007  ) . In  Voyria , there is evi-
dence of endozoochory (Hentrich et al.  2010  ) , 
and seed dispersal of the rare underground orchid 
 Rhizanthella gardneri  is thought the carried out 
by a native mammal that is now extirpated from 
all known localities of the orchid (Dixon  1991  ) . 
Therefore, limitations to seed dispersal cannot be 
ruled out as a determining factor in the distribu-
tion of mycoheterotrophic plants.  

    3.9   Extinct Species 

 According to the IUCN Red List, a taxon is 
extinct when there is no reasonable doubt that the 
last individual has died. A taxon is presumed 
extinct when exhaustive surveys in known and/or 
expected habitat, at appropriate times (diurnal, 
seasonal, annual), throughout its historical range 
have failed to record an individual (IUCN  2010  ) . 
Since many mycoheterotrophic species, particu-
larly those occurring in tropical rainforests, grow 
in inaccessible areas and are extremely dif fi cult 
to spot (see above), it is impossible to declare any 
mycoheterotrophic species as extinct with 
con fi dence. Even when the type locality is 
destroyed and a species has not been seen for 
many decades, it is still possible that other popu-
lations escaped discovery. Sometimes species 
have been rediscovered after a notably long hia-
tus.  Haplothismia exannulata  (Thismiaceae) was 
rediscovered at its type locality in India in 2000, 
49 years after its discovery and only a few years 
after being declared “extinct” (Sasidharan and 
Sujanapal  2000  ) . The second collection of 
 Thismia clavigera  (Thismiaceae) was made 115 
years after the  fi rst and over 1,000 km from the 
type locality (Stone  1980  ) . 

 Despite these rediscoveries, many other rare 
species have not been collected for a remarkably 
long period of time. For some, it remains plausi-
ble they have escaped extinction. For example, 
 Marthella trinitatis  (Burmanniaceae) is only 
known from Mount Tucuche on Trinidad and was 
last collected in 1898 (Maas et al.  1986  ) . But 
large patches of undisturbed forests are still 

 present on Mt. Tucuche, retaining the possibility 
of a rediscovery of this species (Paul Maas, pers. 
comm.). In other cases, however, chances for sur-
vival of the species seem grim because the type 
locality and surrounding habitat has been 
destroyed. One of the most famous, now 
destroyed, localities is the “Alto Macahé” near 
Nova Friburgo (Rio de Janeiro), which is part of 
the coastal rainforest of southeast Brazil. In the 
nineteenth century, John Miers and Auguste 
Glaziou collected many remarkable myco-
heterotrophic plants at this location. As a result, 
Alto Macahé is the type locality of  Peltophyllum 
caudatum  (Triuridaceae),  Thismia fungiformis , 
 T. caudata ,  T. macahensis ,  T. janeirensis , and 
 T. glaziovii  (Thismiaceae). Of these species, only 
 Thismia janeirensis  and  T. glaziovii  were later 
collected at another location. All other species 
have not been recorded since the type collection, 
and because 95% of the original Mata Atlântica 
rainforest has been replaced by farmland (Prance 
et al.  2000 ; Murray-Smith et al.  2009 ), little hope 
remains that these species escaped extinction 
(Maas et al.  1986  ) . A similar fate was suffered by 
the endemics of Mount Cameroon, where most of 
the forest has been replaced by farmland, thereby 
destroying the type localities of  Oxygyne trian-
dra ,  Afrothismia pachyantha ,  A. winkleri  
(Thismiaceae), and  Burmannia densi fl ora  
(Burmanniaceae) (Schlechter  1906,   1921  ) . The 
latter two species were later found at other nearby 
locations, but  Oxygyne triandra  and  Afrothismia 
pachyantha  have not been collected for more 
than 100 years and may be extinct. 

 Arguably, the most mysterious of all myco-
heterotrophic plant discoveries is that of  Thismia 
americana  (Thismiaceae). This tiny plant was 
discovered in August 1912 by Norma E. Pfeiffer 
in a low prairie near Chicago, Illinois (USA) 
(Pfeiffer  1914  ) .  Thismia americana  was observed 
at this locality for several subsequent summers 
and was probably last seen in 1916. The type 
locality of  Thismia americana  has been replaced 
by an industrial complex, and numerous attempts 
to relocate this enigmatic species have been 
unsuccessful. Therefore, the species is currently 
listed as “possibly extinct” (Lewis  2002  ) .  Thismia  
species are generally found in the leaf litter of 
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moist tropical rainforests in South and Central 
America, Southeast Asia, and Australasia, 
although some species occur in subtropical and 
temperate rainforests in Japan, Australia, and 
northern New Zealand. While this widespread 
distribution indicates that there is considerable 
variety in ecological preferences among  Thismia  
species, the occurrence of a  Thismia  species in a 
prairie in temperate North America, more than 
3,500 km from the nearest  Thismia  site (southern 
Costa Rica), is truly remarkable. The average 
temperature in the Chicago area lowers to −5°C 
during winter, by far the lowest temperature for 
any Thismiaceae site. This led Pfeiffer  (  1914  )  to 
the suggestion that the plant was perennial and 
that the underground parts of the plant were able 
to hibernate. Based on morphological similari-
ties, it has been suggested that the closest known 
relative of  T. americana  is  T. rodwayi  from 
Australia and New Zealand (Jonker  1938 ; Maas 
et al.  1986 ; but see Thiele and Jordan  2002  ) , 
forming one of the “most anomalous disjunctions 
known in  fl owering plants” (Thorne  1972 , 
p. 407). Was this  Thismia  population the result of 
a human introduction, a recent long-distance dis-
persal, or the last remnant of an ancient boreotro-
pical  Thismia  distribution? Unless the plant is 
rediscovered, this mystery will remain unsolved. 
Many people assume that the species is still pres-
ent in the area. The only certainty is that if 
 T.  americana  still exists, it is extremely dif fi cult 
to  fi nd. In a letter to Prof. Warren H. Wagner in 
1956, Pfeiffer recalled that it took her 3 h to relo-
cate the plants when she returned to the exact 
same spot shortly after her  fi rst discovery.  

    3.10   Distribution of Host Fungi 

 The distribution of mycoheterotrophic plants is 
strongly geographically patterned both on global 
and local scales. This may be the result of con-
straints imposed by the physical environment or 
the biogeographic history of the plant lineages 
(see above). However, as many mycoheterotrophic 
plants show speci fi city toward narrow lineages of 
fungi (see Chaps.   5     and   7    ), an obvious question 
emerges: is the distribution of mycoheterotrophic 

plants also limited by the distribution of their 
associated fungi? 

 On a broad geographic scale, a correlation 
between the distributions of mycoheterotrophs 
and their host fungi seems apparent. Arbuscular 
mycorrhizal mycoheterotrophs are almost exclu-
sively found in tropical forests, where the native 
trees form arbuscular mycorrhizal associations. 
In contrast, ectomycorrhizal mycoheterotrophic 
orchids and Ericaceae species are mainly 
restricted to temperate forests where ectomycor-
rhizal associations are predominantly formed by 
the native tree species. Forests of Southeast Asia, 
with their pronounced diversity of myco-
heterotrophic orchids, are dominated by large 
trees of the family Dipterocarpaceae which are 
known to form associations with ectomycorrhizal 
fungi (Lee  1990 ; Moyersoen  2006  ) . Indeed, spe-
cies of  Aphyllorchis  and  Cephalanthera  myco-
heterotrophs have been shown to use 
ectomycorrhizal fungi to obtain carbon from 
 dipterocarps (Roy et al.  2009  ) , and it is likely that 
many other mycoheterotrophic orchids from 
tropical Asia rely on similar associations. 

 A few ericaceous mycoheterotrophs do occur 
at tropical latitudes:  Cheilotheca  is restricted to 
Southeast Asia, and the distribution of the mostly 
temperate  Monotropa uni fl ora  reaches as far 
south as Colombia (Wallace  1975  ) . However, 
tropical ericaceous mycoheterotrophs grow in 
pine, beech, and oak forests at high elevations 
where the presence of ectomycorrhizal fungi 
allows the establishment of these species. 
Interestingly, there are several reports of arbuscu-
lar mycorrhizal mycoheterotrophs growing in 
forests dominated by ectomycorrhizal trees (see 
above). In these cases, the arbuscular mycorrhizal 
“host” is likely associated with arbuscular myc-
orrhizal understory plants. 

 On a  fi ner spatial scale, the relation between 
mycoheterotroph and fungus distributions is a 
much more complicated issue. Why are some 
mycoheterotrophs rare, even when their habitat is 
relatively common (e.g.,  Rhizanthella )? Are these 
mycoheterotrophs associated with “rare” fungi, 
and is their distribution limited by that of the fun-
gus? In contrast to the obvious distribution limi-
tations of specialized holoparasitic plants imposed 
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by their host plant range, the relationship between 
the distribution range of mycoheterotrophic 
plants and their associated fungi is far less obvi-
ous. A major obstacle to assess this question is 
our lack of detailed knowledge of the distribution 
ranges of fungi. Historically, the assumption that 
fungi and other eukaryotic microorganisms have 
“global” geographic ranges was widely accepted. 
This would imply that the distributions of fungi 
are independent of biogeography and if condi-
tions are right, the appropriate fungi will appear 
(de Candolle  1820  ) . Similar environments, tropi-
cal rainforests, for example, would thus harbor 
similar fungi, and the potential distribution of 
mycoheterotrophic plants would be constrained 
by the physical environment rather than the dis-
tribution of their associated fungi. Recently, the 
assumption that “every fungus is everywhere” 
has been challenged by molecular studies of his-
torical biogeography, ecology, and population 
genetics of fungi (Taylor et al.  2006 ; Lumbsch 
et al.  2008 ; Öpik et al.  2010 ; Peay et al.  2010a  ) . 
These studies show that although some fungi are 
capable of long-distance dispersal (Moncalvo 
and Buchanan  2008  ) , the actual distributions of 
most species re fl ect the same major dispersal bar-
riers (e.g., oceans and mountains) that drive 
vicariance events in other organisms (James et al. 
 1999 ; Matheny et al.  2009  ) . Geographic pattern-
ing is also evident at a more local scale (Collier 
and Bidartondo  2009 ; Peay et al.  2010b  ) . This 
implies that the actual distribution of fungi is not 
necessarily equal to the potential distribution and 
that mycoheterotrophs that are specialized on 
particular fungi may fail to invade new areas 
solely because their obligate host fungi are not 
present. However, evidence that availability of 
fungi poses a real limitation to the distribution 
ranges of some mycoheterotrophic plants is not 
eminent. One speculative example for this phe-
nomenon may be presented by the Hawaiian 
Islands. Despite the presence of seemingly suit-
able habitats, mycoheterotrophic plants are absent 
from the  fl ora of Hawaii. In addition, only three 
species of orchids are native to the Hawaiian 
Islands, a surprisingly small number for a tropi-
cal region (Ziegler  2002  ) . This is remarkable, 
because the small dust seeds of orchids seem 

ideal for long-distance dispersal by air, and both 
mycoheterotrophic and green orchids are found 
on remote Paci fi c Islands like Vanuatu, Fiji, and 
Samoa. Carlquist  (  1980  )  hypothesized that orchid 
seeds may not be resistant to freezing tempera-
tures of the upper air layers or that the pollination 
requirements of potential colonizing species are 
not met. Another possible explanation for the 
scarcity of orchids — and the absence of myco-
heterotrophic plants in general — in Hawaii may 
be the absence of suitable fungi necessary for 
their establishment. Similarly, a limited number 
of suitable ectomycorrhizal plants may explain 
the absence neottioid orchids in the Macaronesian 
region (Liebel et al.  2010  ) . 

 On a smaller geographic scale, there is evi-
dence that the rarity of the full mycoheterotroph 
 Pterospora andromedea  (Ericaceae) in eastern 
North America is in fl uenced by the distribution 
and rarity of its fungal symbiont. A recent study by 
Hazard et al.  (  2011  )  showed that  P. andromedea  
from the east coast of North America consists of a 
single haplotype that grows only with a single nar-
row lineage of  Rhizopogon  fungi. This fungal lin-
eage appears to be rare in eastern white pine 
forests, and this may be a contributing factor to the 
rarity of eastern  P. andromedea  plants. In contrast, 
in western North America,  fi ve haplotypes of 
 P. andromedea  have been identi fi ed, and these 
haplotypes show preference for either  Rhizopogon 
salebrosus  or  R. arctostaphyli , even when they co-
occur (Bidartondo and Bruns  2002  ) . Kjøller and 
Bruns  (  2003  )  found that these fungus species are 
common in the soil spore bank of the Sierra 
National Forest in western North America, where 
 P. andromedea  is common as well. Similarly, the 
initial mycoheterotroph  Caladenia huegelii , a rare 
terrestrial orchid from Australia, partners with a 
speci fi c Sebacinales fungus, which is ecologically 
ef fi cacious only under a highly limited range of 
habitat and environmental conditions. Thus, rarity 
of this orchid species is potentially caused by a 
high degree of mycorrhizal specialization (Swarts 
et al.  2010  ) . A similar study on species of  Drakaea  
orchids from western Australia showed that all 
species show high mycorrhizal speci fi city and ger-
minate only in a particular microhabitat. However, 
within this microhabitat, rare and common species 
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exhibit no difference in germination rates, and 
both germinate in suitable habitat not currently 
occupied. The extreme rarity of some  Drakaea  
species is therefore attributed to their highly 
speci fi c pollination systems rather than their myc-
orrhizal speci fi city (Phillips et al.  2011  ) . 

 A putative case of plant rarity induced by the 
rarity of a speci fi c fungal symbiont is the distri-
bution of the western underground orchid 
( Rhizanthella gardneri ), which is only known 
from  fi ve sites in Southwest Australia (Bougoure 
et al.  2008  ) .  Rhizanthella gardneri  is found in 
 Melaleuca uncinata  shrublands, in habitats of 
low-nutrient availability and high light levels. 
However, comparison between  Rhizanthella  sites 
revealed that  R. gardneri  can tolerate a range of 
habitat conditions and may be more widespread 
than previously thought, given that there are 
extensive areas of  Melaleuca  thickets with simi-
lar habitat characteristics across Southwest 
Australia (Bougoure et al.  2008  ) . Underground 
orchids are extremely dif fi cult to  fi nd, and thus, 
additional populations may remain to be discov-
ered. However,  Rhizanthella  orchids seem to be 
linked with  Melaleuca uncinata  plants by a 
speci fi c  Ceratobasidium  fungus (Bougoure et al. 
 2009  ) . A possible explanation for the scarcity of 
 Rhizanthella  populations compared to the wide 
range of sites that appear to be suitable habitat may 
be found in the availability of the required fungus. 
Similarly, the rarity of  Petrosavia sakuraii  in the 
understory of Japanese cypress plantations — a 
common vegetation type in Japan — may be the 
result of a preference of the mycoheterotroph 
toward speci fi c and range-restricted fungi 
(Yamato et al.  2011  ) . 

 These observations suggest that mycorrhizal 
speci fi city may play an important role in both the 
global and local distribution of mycoheterotrophic 
plants, in addition to other biogeographic and 
ecological factors. However, it must be noted that 
for mycoheterotrophic plants, host speci fi city 
does not necessarily lead to restricted geographic 
ranges. The mycoheterotrophic orchid  Eulophia 
zollingeri  has an extremely wide distribution in 
tropical and subtropical Asia, yet individuals 
from seven populations in Japan, Myanmar, and 
Taiwan were found to associate with the same 

narrow lineage of fungi related to  Psathyrella 
candolleana  (Coprinaceae). Based on this obser-
vation, the authors conclude that a myco-
heterotrophic plant can achieve a wide distribution 
even with a high mycorrhizal speci fi city, so long 
as the fungal partner is widely distributed (Ogura-
Tsujita and Yukawa  2008  ) .  

    3.11   Threats 

    3.11.1   Value of Diversity 

 Mycoheterotrophic plants do not have a direct 
economical value. They are not useful for con-
sumption or for pharmaceutical purposes with 
the only exception being  Gastrodia elata  
(Orchidaceae), used in Chinese traditional medi-
cine (Xu and Guo  2000  ) . Mycoheterotrophs are 
not essential ecological components of forest 
habitats; however, their presence in forest eco-
systems may offer an indirect economical value 
through recreational services for humans. While 
few people will actually visit forests only to see 
mycoheterotrophic plants, most will be intrigued 
when they encounter one due to their exceptional 
and often mysterious habit. Rare plants hardly 
ever reach the status as a “ fl agship” species, such 
as the Galápagos tortoise or the giant panda, but 
they certainly add an unusual biological aspect to 
an ecosystem that can be appreciated by visitors. 
Apart from this value, mycoheterotrophic plants 
present a unique model system to study mycor-
rhizal mutualisms and ecological symbioses in 
general. Their inability to  fi x carbon through 
photosynthesis clearly shows the potential of 
mycorrhizal fungi to transport carbon, and per-
haps other nutrients, between plants. This has led 
to the discovery of partial mycoheterotrophic 
plants. In addition, mycoheterotrophic plants 
offer excellent research opportunities to study the 
evolution of multipartite symbioses. 

 Like all organisms, mycoheterotrophic plants 
carry a certain “existence value” (Primack  2008  ) . 
Existence value can be de fi ned as the amount that 
people are willing to pay to prevent species from 
going extinct, habitats from being destroyed, and 
genetic variation from being lost (Martín-Lopez 
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et al.  2007  ) . As a unique part of their ecosystems 
(deciduous forests, rainforests, savannas, etc.), 
their presence contributes to the existence value 
that is attached to these ecosystems. In addition, 
their rarity is sometimes used in favor of protec-
tion of speci fi c areas. An example is  Kupea mar-
tinetugei  (Triuridaceae), which is often used to 
support conservation efforts for the threatened 
rainforest on Mount Kupe in Cameroon (Cheek 
et al.  2004 ; Baird  2006  ) . The genus  Kihansia  
(Triuridaceae) is one of the endemics of the 
Kihansi River Gorge in Tanzania, and its pres-
ence draws attention to the necessity of conserva-
tion efforts for protection of this severely 
threatened habitat (Davis and Mvungi  2004  ) . 
Also, the charismatic underground orchids of 
Australia are often featured to highlight conser-
vation necessity (Swarts and Dixon  2009  ) . And 
 Thismia americana  still helps to protect native 
prairie in the Calumet area near Chicago, USA, 
even though it was last seen almost 100 years ago 
(Chew  2004  ) . 

 Lastly, fully mycoheterotrophic plants offer 
serious potential for horticulture. “Exceptional” 
plants, such as rare orchids and carnivorous plants, 
have always generated interest from plant enthusi-
asts. Indeed, commercial growing of rare or bizarre 
plants is a pro fi table business. If the dif fi culties of 
culturing fully mycoheterotrophic plants can be 
overcome, these “ghost plants” will  fi nd their way 
into the greenhouses of orchid collectors but may 
also attract the attention of the average consumer 
looking for an extraordinary plant.  

    3.11.2   Habitat Destruction 

 The major threat for the existence of myco-
heterotrophic plants is habitat destruction. This is 
the inevitably result of the expansion of human 
populations and human activities. Habitat destruc-
tion is the primary cause of the loss of biodiver-
sity in terrestrial ecosystems (Pimm and Raven 
 2000 ). It is likely that most of the original habitat 
of some tropical mycoheterotrophic species has 
already been destroyed. The distribution of many 
mycoheterotrophic plants overlaps with the bio-
diversity “hotspots” assigned by Myers et al. 

 (  2000  ) . These areas comprise exceptional con-
centrations of endemic species and are undergo-
ing exceptional loss of habitat. Particularly 
strongly affected are the Philippines and Indo-
Burma, where less than 5% of the primary vege-
tation is retained (Myers et al.  2000  ) . For 
mycoheterotrophic plants, endemism is particularly 
pronounced in the biodiversity hotspots of 
Sundaland, the Western Ghats and Sri Lanka, 
Madagascar, the Eastern Arc and Coastal Forests 
of Tanzania/Kenya, West Africa, and the Atlantic 
Forest in Brazil. These areas rank among the 
“hottest” hotspots with the highest number of 
endemics and the most severe habitat loss (Myers 
et al.  2000  ) . The effect of habitat loss on myco-
heterotrophic plant diversity is probably best 
illustrated by Brazil’s Atlantic Forest, where only 
5% of the original vegetation remains (Murray-
Smith et al.  2009 ; Fig.  3.14 ). Several Thismiaceae 
and Triuridaceae species are only known from 
this biodiversity hotspot. Because most of the 
historical localities of these species are now 
destroyed, little hope remains for their survival 
(Maas et al.  1986   ; Maas and Rü bsamen  1986   ).  

 Apart from habitat destruction, habitat frag-
mentation is an important factor that contributes to 
the loss of biodiversity in ecosystems. Habitat frag-
ments are not only isolated from one another by a 
highly modi fi ed or degraded landscape, but edges 
of each fragment experience an altered set of envi-
ronmental conditions, referred to as “edge effects” 
(Primack  2008  ) . It remains unclear how this affects 
diversity of mycoheterotrophic plants, but effects 
may be profound. It can be assumed that various 
edge effects, such as a lower canopy density, lower 
relative humidity, and lower soil-moisture content 
(Laurance et al.  2002  ) , will have signi fi cant 
in fl uence on the occurrence of mycoheterotrophic 
plants. Their occurrence may be even more 
in fl uenced by the availability of their host fungi. 
Little is known about the effect of fragmentation, 
isolation, and concurrent edge effects on the 
belowground diversity. A few studies have shown 
that ectomycorrhizal fungal species richness is 
signi fi cantly reduced on smaller and more iso-
lated habitat fragments in temperate (Peay et al. 
 2007,   2010b  )  and tropical forests (Tedersoo et al. 
 2007  ) . Similar observations have been made for 
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saprotrophic fungi (Penttilä et al.  2006  ) . For ecto-
mycorrhizal fungi, species composition may be 
very different at edges (Dickie and Reich  2005  ) . 
All these factors may in fl uence host availability 
and thus successful establishment for myco-
heterotrophic plants. Mycoheterotrophic plants 
that are specialized on particular “rare” fungi may 
thus be in jeopardy if habitat size proves to be a 
strong determinant of fungal richness. 

 Even without destruction or fragmentation, 
ecosystems can suffer from human activities 
causing pollution. Pollution that impacts plant 
and fungal diversity is commonly caused by pes-
ticides, sewage, fertilizers from agricultural 
 fi elds, industrial chemicals and wastes, emissions 
from factories and automobiles, and sediment 
deposits from eroded hillsides (Relyea  2005  ) . 
Pollution can signi fi cantly alter plant species 
richness, and there is no doubt that its negative 

impact will affect mycoheterotrophic plants as 
well (Brandle et al.  2001 ; Stevens et al.  2004  ) .  

    3.11.3   Global Climate Change 

 The emission of greenhouse gasses has been 
steadily increasing over the past 100 years. There 
is convincing scienti fi c evidence that the increased 
levels of greenhouse gasses produced by human 
activity have affected the world’s climate and 
ecosystems already and that these effects will 
increase in the future (Primack  2008  ) . Global 
surface temperatures have increased by 0.6°C 
during the last century and are likely to increase 
by 2–4°C by 2100 (Solomon et al.  2007  ) . This 
global warming will affect a complete set of cli-
mate characteristics, leading to a global climate 
change. The effect of global climate change on 

  Fig. 3.14    The original distribution of the Atlantic Forest in Brazil in 1500  ad  and its distribution in the 1990s. Adapted 
from Morellato and Haddad  (  2000  )        
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rainforests remains poorly known. Different rain-
forest regions may experience different effects. It 
is expected that there is severe risk of forest 
retreat, especially in eastern Amazonia, Central 
America, and parts of Africa, but there are also 
indications for potential of expansion in other 
regions, for example, around the Congo Basin 
(Malhi et al.  2009 ; Zelazowski et al.  2011  ) . 

 Global climate change may be especially harm-
ful for montane forests and their associated myco-
heterotrophs. The vegetation zonation on tropical 
mountains is strongly controlled by temperature. 
A 3°C warming would result in temperature 
zones moving 500 m vertically up the mountain, 
permitting lowland plants to migrate upward and 
eliminating the species in the highest zones 
(Pounds et al.  1999 ; Foster  2001  ) . In the northern 
temperate zone, it is expected that global warm-
ing-induced changes in the ratio of extinctions 
and colonizations at the northern and southern 
boundaries of species ranges will result in north-
ward range shifts for many species. However, 
given the current landscape fragmentation of for-
est habitats and the short time period involved, 
colonization will be very dif fi cult for most forest 
plant species, and their survival will depend on 
their environmental tolerance. Plants with low 
environmental tolerance may be replaced by 
mobile generalist species invading from the south 
(McKinney and Lockwood  1999 ; Honnay et al. 
 2002  ) . The fragmented distribution patterns of 
many mycoheterotrophic plant species suggests 
slow dispersal rates and/or high ecological 
speci fi city. Therefore, we hypothesize that tem-
perate mycoheterotrophic plants are particularly 
vulnerable to global climate change. At least for 
one mycoheterotrophic species,  Hypopitys 
monotropa  in Europe, the impact of global climate 
change has been estimated using species distribu-
tion modeling based on projected future climate 
(Beatty and Provan  2011b  ) . The results indicate 
that climate change will have substantial impact 
on the distribution range of the species, with a loss 
of southern and central European populations, and 
a potential northward expansion. Finally, there is 
no doubt that global climate change will affect 
diversity on all levels, including diversity of myc-
orrhizal fungi (Bellgard and Williams  2011  ) . 

Changes in community structures of mycorrhizal 
fungi may have an indirect effect on the occur-
rence of mycoheterotrophic plants as well.  

    3.11.4   Disturbance 

 It is unclear whether (limited) human disturbance, 
such as selective logging, is a threat for myco-
heterotrophs. It is often noted that myco-
heterotrophic species prefer areas that have been 
devoid of disturbance in recent history (Cheek 
and Williams  1999 ; Taylor and Roberts  2011  ) . 
This seems to suggest that mycoheterotrophic 
plants are sensible to disturbance or that recoloni-
zation of areas that have been prone to disturbance 
is slow. However, little research has been done on 
this issue. Bergman et al.  (  2006  )  studied the dis-
tribution of the mycoheterotrophic orchid 
 Wullschlaegelia calcarata  in a rainforest in Puerto 
Rico and concluded that its occurrence is corre-
lated with land use history as the orchid was most 
abundant in areas which had been minimally 
impacted by human activity. Fensham  (  1993  )  
reported that a fully mycoheterotrophic  Burmannia  
species on Bathurst Island, Australia, prefers 
monsoon forest sites that are cleared of leaf litter 
by seasonal  fl ooding, but their occurrence is neg-
atively in fl uenced by disturbance by pigs. 
However, in Tasmania,  Thismia rodwayi  often 
occurs at sites that have been subject to intensive 
and relatively recent forest activities, including 
clear-cutting and regeneration burns (Roberts 
et al.  2003  ) . Similarly, there are many records of 
mycoheterotrophs that have been collected from 
secondary forests (Maas and Rü bsamen  1986 ; 
Maas and Ruyters  1986 ; Lok et al.  2009 ; Cheek 
and Vanderburgt  2010 ; Klooster and Culley  2010 ; 
Pendry  2010  ) . In Japan, the rare mycoheterotroph 
 Petrosavia sakuraii  occurs in  Chamaecyparis 
obtusa  plantations (Yamato et al.  2011  )  . Eulophia 
zollingeri  is frequently found in the introduced 
 Calliandra calothyrsus  forest in Java (Comber 
 1990  ) . Therefore, at least some species are able to 
withstand moderate disturbance or have the abil-
ity to migrate into areas that have been affected 
by human activities. A key factor in the recoloni-
zation of secondary forests may be the presence 
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of preferred host fungi, although other factors 
such as the presence of speci fi c pollinators, seed 
dispersal barriers, or abiotic requirements may be 
of importance as well. 

 Herbivory may also have a negative impact on 
reproductive success of mycoheterotrophs 
(Klooster and Culley  2009 ; Taylor and Roberts 
 2011  ) . Thus, introduction of herbivores into 
mycoheterotrophic plant habitats could pose 
potential threat for the local distribution of myco-
heterotrophs. Finally, rare mycoheterotrophic 
plants may suffer from overzealous botanists, 
who collect specimens and trample populations 
during searches (Taylor and Roberts  2011  ) .  

    3.11.5   Vulnerable Taxa 

 Only a dozen of mycoheterotrophic plant species 
are featured in the IUCN Red List ( 2010 ). Those 
that are listed are all categorized as “threatened” 
and range from “vulnerable” to “critically endan-
gered.” Unfortunately, this low number illustrates 
the incomplete state of the list rather than the 
absence of vulnerability of mycoheterotrophic 
species. Due to the continuing loss of rainforest 
area, it can be assumed that many rainforest 
mycoheterotrophs are at risk of extinction. In 
particular, species that are known from only a 
few localities, close to human settlements or out-
side protected areas, and species with a very lim-
ited distribution ranges and small population 
sizes are threatened. More intensive studies on 
the occurrence and distribution of myco-
heterotrophic plants, particularly in the tropics, 
are urgently needed to assess the conservation 
status of these species. At the current rate of habi-
tat destruction in the tropics, it is likely that some 
mycoheterotrophic plant species become extinct 
before they are even discovered.   

    3.12   Conservation 

    3.12.1   Habitat Conservation 

 Protecting populations is the key to preserving 
species. The best and most straightforward 
strategy to protect mycoheterotrophic plants is to 

protect the habitats in which they occur. Large 
parks are probably the only way to preserve com-
plete rainforest ecosystems, but smaller rainforest 
reserves can also play a valuable role in the pro-
tection of rainforest species. Besides legal protec-
tion, investments in management are essential to 
preserve the biodiversity within protected areas.  

    3.12.2   Inventory and Monitoring 

 Our knowledge about the abundance and ecology 
of most species of mycoheterotrophs remains 
very poor. Only through careful inventories and 
observations in the  fi eld can the true status of a 
species and its habitat be determined. In addition, 
because  fl owering times of mycoheterotrophic 
plants can be cryptic, the conservation status of a 
species can only be established by studying pop-
ulations over time. Detailed inventory studies 
and long-term ecological monitoring often lead 
to the discovery of new populations and new spe-
cies, stressing the importance of these types of 
studies as well as our limited knowledge about 
mycoheterotrophic plant distributions (e.g., 
Roberts et al.  2003 ; Franke  2007 ; Cheek and 
Vanderburgt  2010  ) .  

    3.12.3   Establishing New Populations 

 Conservation of rare and endangered species can 
be supported by establishing new populations. It 
is unclear whether this strategy is applicable to 
rare mycoheterotrophic plants. Seed germination 
of fully mycoheterotrophic orchids and Ericaceae 
has been achieved by burying seed packages near 
ectomycorrhizal trees (McKendrick et al.  2000b ; 
Bidartondo and Bruns  2001 ; Bidartondo  2005  ) , 
showing the possibility of introducing (or rein-
troducing) mycoheterotrophs into existing suit-
able habitats. However, given the paucity of 
knowledge on ecological requirements of myco-
heterotrophs (mycorrhiza, pollinators, etc.), only 
crude assessments can be made to ensure a site is 
suitable for introduction of a species. Given the 
high ecological speci fi city of many myco-
heterotrophic species, establishing new popula-
tions may be extremely dif fi cult. Translocation of 
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mycoheterotrophic plants from natural popula-
tions into new sites either as propagated seeds or 
as adult plants is likely to lead to failure due to 
the breakage of vital mycorrhizal connections, 
but if attempted, one should take care to fully 
characterize the existing mycoheterotrophic  fl ora 
of the transplant area in order to avoid any nega-
tive impacts on existing mycoheterotroph 
populations.  

    3.12.4    Ex Situ  Conservation 

 The best strategy for the conservation of biodi-
versity is the preservation of existing ecosystems. 
However, if the last remaining populations of a 
rare and endangered species are too small to 
maintain the species, if they are declining despite 
conservation efforts, or if the remaining individu-
als are found outside protected areas, then in 
situ—or on-site—preservation may not be effec-
tive. It is likely that the only way species in such 
circumstances can be prevented from going 
extinct is to maintain individuals in arti fi cial con-
ditions under human supervision (Primack  2008  ) . 
The worlds’ botanic gardens are a safe house for 
many plant species: about 80,000 species of plants 
are currently being cultivated (Guerrant et al. 
 2004  ) , and several of these species are extinct in 
the wild. Botanic gardens thus play a key role in 
plant conservation, and this aspect should become 
even more important in the future. However, due 
to the complexity of their mode of life, cultivation 
of mycoheterotrophic plants remains problematic 
and, in most cases, currently impossible. There 
are several reports of successful germination and 
subsequent development of mycoheterotrophic 
orchids. Umata  (  1995,   1999  )  reported successful 
in vitro germination and formation of lateral roots 
of  Erythrorchis altissima. Gastrodia elata  and 
 Epipogium roseum  have been in vitro germinated 
and grown up to the formation of  fl owers (Xu and 
Mu  1990 ; Xu and Guo  2000 ; Yagame et al.  2007  ) . 
In these experiments, the orchids germinated and 
grew in media that were inoculated with sapro-
trophic fungi, presumably closely related or iden-
tical to those with which the plants grow in nature. 
Asymbiotic germination to and cultivation to 
 fl owering stage have been reported for  Cymbidium 

macrorhizon  (as  Cymbidium nipponicum ) and 
 Didymoplexis pallens  (Mizuno et al.  1991 ; Irawati 
 2002  ) . Successful long-term cultivation of myco-
heterotrophs that are associated with fungi that 
are mycorrhizal with surrounding trees has not 
been achieved to date. Bruns and Read  (  2000  )  
were able to germinate seeds of  Sarcodes  and 
 Pterospora  (Ericaceae) in vitro with ectomycor-
rhizal  Rhizopogon  fungi, which were isolated 
from mature plants in nature, but further develop-
ment of seedlings could not be accomplished. 
Adult plants of  Thismia rodwayi ,  Afrothismia 
winkleri , and  A. foertheriana  (Thismiaceae) have 
been grown for considerable amounts of time 
after transplantation from the  fi eld to the labora-
tory, but it remains unclear whether an effective 
tripartite symbiosis (mycoheterotroph–fungus–
autotroph) was achieved under these conditions 
(Wood  2010 ; Franke, pers. comm.; VM pers. 
obs.). Establishment of such tripartite symbioses 
have been successfully accomplished in micro-
cosm studies linking naturally germinated seed-
lings of the partial mycoheterotroph  Corallorhiza 
tri fi da  and seedlings of  Betula  and  Salix  trees by 
a shared mycorrhizal fungus (McKendrick et al. 
 2000a  ) . Similar microcosm experiments success-
fully linked  Aneura mirabilis  and  Betula  seed-
lings by a shared mycorrhizal fungus (Read et al. 
 2000  ) . Nevertheless, more research is urgently 
needed to investigate ex situ cultivation possibili-
ties for mycoheterotrophs. 

 Ex situ seedling culture and subsequent rein-
troduction into appropriate habitats have been 
successfully achieved for orchids (e.g., 
McKendrick  1995 ; Yam et al.  2010  )  and may 
similarly be used for conservation purposes of 
mycoheterotrophic plants. However, there is a 
potential danger to this approach. It is observed 
that some orchids are able to germinate and 
develop ex situ with a wider range of mycorrhizal 
fungi than those found in natural populations 
(Masuhara and Katsuya  1994 ; Perkins and 
McGee  1995  ) . Similar observations have been 
made for the germination of mycoheterotrophic 
Ericaceae (Bruns and Read  2000 ; Bidartondo 
 2005  ) . Introducing these plants into natural habi-
tats will also lead to the introduction of an “alien” 
fungus with potential ecological harm (Zettler 
et al.  2005  ) .   
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    3.13   Conclusions 

 Mycoheterotrophic plants are found in all forest 
biomes of the world and show a pronounced pref-
erence for damp habitats with primary forest and 
a closed canopy cover. The diversity of myco-
heterotrophic  fl owering plants peaks in the 
tropics and is particularly high in Southeast Asia. 
Many families, genera, and species of myco-
heterotrophic plants have a widespread distribu-
tion that covers multiple continents. Evidence 
from molecular clock analyses suggests that most 
widespread lineages are too young to have 
acquired their distribution before the breakup of 
Gondwana. While some transoceanic distribution 
may be explained by migration over temporary 
land bridges, oceanic dispersal probably played 
the most important role in the acquisition of 
widespread distributions. Due to their minute 
habit and ephemeral occurrence, myco-
heterotrophic plants are not often found and col-
lected. For many species, the paucity of records 
is also the result of extreme rarity and high local 
endemism. The rarity of mycoheterotrophic 
plants is probably related to particular habitat 
preferences. High speci fi city toward particular 
lineages of fungi may signi fi cantly limit the dis-
persal potential of mycoheterotrophs, although 
speci fi city toward other biotic (pollinators, dis-
persal agents, plant communities) and abiotic 
factors (humidity, soil composition) may be 
in fl uential as well. The continuous destruction of 
their habitats and the increase of global tempera-
tures threaten many species with extinction, and 
a few species may already have disappeared. The 
protection of their habitats is the best and cur-
rently the only way for the effective conservation 
of mycoheterotrophic plants.      
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          4.1   Introduction 

 For most, if not all plants, subterranean parts are 
less known than their aerial counterparts, due in 
part to the dif fi culty in extracting a complete root 
system (see Kutschera and Lichtenegger  1982, 
  1992 ; Kutschera et al.  2009  )  and the lack of mor-
phological information in  fl oras and taxonomic 
descriptions because many herbarium specimens 
do not include underground parts such as roots 
and rhizomes. Likewise, information from the 
fossil record is biased towards aerial structures 
(Peterson  1992  )  although there have been discov-
eries of fossils showing fungal associations with 
underground organs (e.g., Kidston and Lang 
 1921 , Remy et al.  1994 ; Taylor et al.  1995 ; 
LePage et al.  1997 ; Stockey et al.  2001  ) . To date, 
fossils of root-fungal associations of myco-
heterotrophic plants are unknown.                     

 In autotrophic plants, many scienti fi c ques-
tions can be dealt with using generalized con-
cepts of root structure and function (e.g., 
Kutschera and Lichtenegger  1992 ; Polomski and 
Kuhn  1998 ; Gregory  2006  ) . However, this cer-
tainly does not hold for mycoheterotrophic (MH) 
plants. The structure of roots, rhizomes, or sub-
terranean scale leaves of MH plants intimately 
linked to the association with soil fungi is of criti-
cal ecological relevance because these plants 
essentially depend upon fungi for their carbon 
and perhaps other nutrient needs. Hence, the sub-
terranean organs of MH plants often show 
remarkable morphological and anatomical adap-
tations to meet their speci fi c requirements. This 
chapter, therefore, addresses the importance of 
morphology and anatomy to complement modern 
methods for understanding the fungal coloniza-
tion patterns in MH plants and their relationships 
to function. 

 In the following, we summarize the current 
knowledge of structural aspects of the under-
ground parts (for a peculiar exception, see 
 Afrothismia ) of MH plants ranging from bryo-
phytes to angiosperms, the latter in systematical 
order following the Angiosperm Phylogeny 
Group (APG  2009  ) , which has been regularly 
updated by Stevens  (  2001  onwards). We are 
aware of the gradual differences between species 
in terms of mycorrhizal dependence, however, 
due to space limitations, we focus on the visibly 
achlorophyllous species, and only include the 
partially mycoheterotrophs where they add to the 
common picture. 
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 The  fi nal section interprets the available infor-
mation in terms of detecting phylogenetic trends 
of MH plants, in order to understand their evolu-
tionary history, a subject that is receiving consid-
erable attention in the mycorrhizal literature (see 
Brundrett  2002  ) .  

    4.2   Nonvascular Plants 

    4.2.1   Aneura 

  Aneura mirabilis  (Aneuraceae/Hepaticae) was 
described as  Cryptothallus mirabilis  by von 
Malmborg  (  1933,   1934  ) , although it was noted 
earlier around 1914 (Schiffner  1934  )  and sug-
gested to be either an  Aneura  or  Riccardia  spe-
cies (e.g., Denis  1919 ; Schiffner  1934  ) . Recently, 
 Cryptothallus  was formally transferred to  Aneura  
by Wickett and Gof fi net  (  2008  )  based on molecu-
lar and morphological characteristics. This deci-
sion is supported by the observation that the 
endophyte in  Aneura mirabilis  belongs to the 
same genus ( Tulasnella ) as that in  Aneura pin-
guis  (Bidartondo et al.  2003  ) , and the mycor-
rhizal pattern in both species is very similar 
(Ligrone et al.  1993  ) . 

  Aneura mirabilis  mostly occurs in maritime 
climates (e.g., Sjörs  1949 ; Williams  1950 ; 
Petersen  1972 ; Wiehle et al.  1989 ; Sergio and 
Seneca  1997 ; Sergio and Garcia  1999 ; Boudier 
et al.  1999  )  in cool, humid, mostly peaty environ-
ments with large mats of bryophytes (Wiehle 
et al.  1989  ) . Only a part of the seta and the spo-
rangium is elevated above the surrounding mats 
consisting of several moss species (von Malmborg 
 1933 ; Wiehle et al.  1989 ; Sergio and Garcia  1999 ; 
Boudier et al.  1999  ) . The whitish, vermiform to 
lobular-coralloid, brittle gametophytes are only a 
few centimeters in length and remain embedded 
within the mosses or litter. Male and female 
gametophytes differ in lobe shape (Williams 
 1950 ; Benson-Evans  1952 ; Wiehle et al.  1989  ) . 

 The  fi rst structural work on the mycorrhiza in 
 A .  mirabilis  by Denis  (  1919  )  revealed intracellu-
lar fungal colonization with hyphal coils in the 
ventral (lower) part of the thallus, although he 
considered the specimen as an albino of another 

chlorophyllous  Aneura  species. Von Malmborg 
 (  1933  )  observed hyphae growing through the seta 
into the sporangium and assumed that the fungus 
is distributed together with the spores. Williams 
 (  1950  ) , unable to con fi rm this statement of von 
Malmborg  (  1933  ) , published the  fi rst detailed 
investigations and provided drawings of the full 
life cycle, including the pattern of mycorrhizal 
colonization. The thallus lobes bearing antheridia 
or archegonia are devoid of hyphae; starch is 
deposited in the upper part of the thallus and 
around the gametangia. In an ultrastructural com-
parison of green hepatics and  Aneura mirabilis  
(still called  Cryptothallus ), Pocock and Duckett 
 (  1984  )  con fi rmed the concentration of fungal 
colonization in the lower half of the thallus, but 
more recently, Ligrone et al.  (  1993  )  showed that 
the upper parts of the thallus can also become 
colonized in later stages. Rhizoids are also colo-
nized, albeit in an uncoiled manner (Duckett et al. 
 1990  ) . Most likely, these straight hyphae within 
rhizoids represent the connection to the external 
substrate. The carbon of this liverwort probably 
comes from surrounding beech ( Fagus sylvatica ) 
trees (Read et al.  2000 ; Bidartondo et al.  2003  ) , 
with which it is connected via the mutual 
 Tulasnella  mycorrhizal fungus, although Ligrone 
et al.  (  1993  )  found dissimilar dolipore structures 
in the endophytes of birch ( Betula  spp.) and 
 Cryptothallus . The fungal coils within the thallus 
cells eventually degenerate to dark masses (von 
Malmborg  1933 ; Williams  1950 ; Pocock and 
Duckett  1984  ) , interpreted as digestion, and the 
cells can be reinfected (Ligrone et al.  1993  ) . 
Williams  (  1950  )  and Pocock and Duckett  (  1984  )  
stressed the difference in fungal identity between 
Aneuraceae hosting basidiomycetes and resem-
bling orchid mycorrhiza, in contrast to other liv-
erworts hosting “phycomycetous” (today 
considered as Glomeromycota, Schüßler et al. 
 2001  )  endophytes forming arbuscular mycorrhiza 
(AM) in higher plants. This fact, together with 
the identi fi cation of the fungi in  A .  mirabilis  as 
 Tulasnella  spp. (Read et al.  2000 ; Bidartondo 
et al.  2003  ) , has led to the hypothesis of a novel 
acquisition of  Tulasnella  spp. as associates in 
Aneuraceae. By attaining an epiphytic habit during 
phylogeny, liverworts may have lost the original 
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symbiotic relationship with Glomeromycota. 
Secondarily terrestrial Aneuraceae then could 
have associated with new fungal partners (Kottke 
and Nebel  2005 ; Bidartondo and Duckett  2009  ) .   

    4.3   Seedless Vascular Plants 

 Mycoheterotrophy in the seedless vascular plants 
is restricted to their gametophytic phase (Read 
et al.  2000 ; Smith and Read  2008  ) . Genera pos-
sessing acholorophyllous gametophytes (and 
photosynthetic sporophytes) belong to 
Lycopodiaceae (e.g.,  Lycopodium ,  Huperzia , 
Fig.  4.1a, b ), Ophioglossaceae ( Ophioglosssum , 
 Botrychium ,  Helminthostachys ,  Mankyua  
Fig.  4.1d–f ), Psilotaceae ( Psilotum ,  Tmesipteris , 
Fig.  4.1g, h ), some species of  Schizaea  and 
 Actinostachys  in the Schizaeaceae, and the mono-
typic species  Stromatopteris moniliformis  in the 
Gleicheniaceae. 

    4.3.1   Lycopodiaceae (Fig.  4.1a–c ) 

 It was recognized very early that subterranean 
gametophytes of several  Lycopodium  species are 
associated with endophytic fungi (Treub  1885, 
  1890 ; Bruchmann  1885,   1910 ; Lang  1899 ; 
Burgeff  1938  ) . Illustrations in Burgeff  (  1938  )  
and Boullard  (  1979  )  clearly show that fungi colo-
nize the basal region of gametophytes shortly 
after spore germination. Mature subterranean 
gametophytes show variations in form from disc-
shaped with convoluted margins ( L .  clavatum , 
Fig.  4.1b ,  L .  obscurum ) to elongated, cylindrical 
structures ( L .  complanatum  =  Diphasiastrum 
complanatum , Bierhorst  1971 ; Gifford and Foster 
 1996  ) . Gametophytes of all species have fungal 
colonization restricted to a zone underlying more 
sur fi cial cells that give rise to antheridia and 
archegonia (Bierhorst  1971 , Fig.  4.1c ). 

 Although the identity of the fungus was 
unknown in these early studies, it was described 
as being aseptate and forming intracellular hyphal 
coils. An ultrastructural investigation of the fun-
gal endophyte in association with achlorophyl-
lous gametophytes of  L .  clavatum  showed that 

complex hyphal coils and vesicles formed but 
arbuscules were absent (Schmid and Oberwinkler 
 1993a  ) . Entrance of the fungus occurred either 
through rhizoids, degenerated epidermal cells, or 
between epidermal cells. Once within paren-
chyma cells of the gametophyte, host-derived 
plasma membrane and wall material was depos-
ited around invading hyphae. Hyphae were multi-
nucleate and contained bacterium-like organelles 
(BLOs). Hyphae became progressively more vac-
uolated and ultimately degenerated. The authors 
came to the conclusion, based on a number of 
unusual structural features, that this fungus-game-
tophyte interaction was unlike anything described 
in the literature and could not be attributed to a 
known mycorrhizal association. They therefore 
proposed a new term “lycopodioid mycothallus 
interaction” to describe the association. 

 More recently, based on structural features of 
the fungi within cells, the fungal symbionts in the 
gametophytes of all seedless vascular plants were 
suspected to be members of the Glomeromycota 
and to have the  Paris -type arbuscular mycorrhiza 
association (Read et al.  2000  ) . Molecular studies 
have con fi rmed this for the fungus associated 
with two subterranean gametophytes of  Huperzia 
hypogaea  collected in Ecuador: the fungus was 
identi fi ed as belonging to a speci fi c clade of 
 Glomus -Group A (Winther and Friedman  2008  ) . 
Observations of these sectioned gametophytes 
con fi rmed earlier reports that hyphal coils are 
restricted to the basal region and that arbuscules 
are not formed.  

    4.3.2   Ophioglossaceae (Fig.  4.1d–f ) 

 Gametophytes of  Ophioglossum  may be cylindri-
cal ( O .  nudicaule ,  O .  vulgatum , Boullard  1957 ; 
Gifford and Foster  1996  ) , globose ( O .  crotalo-
phoroides , Mesler  1976  ) , or highly branched ( O . 
 palmatum , Mesler  1975  ) . Fungal hyphae may be 
evenly distributed but avoiding the meristematic 
area and gametangia (Bierhorst  1971  ) . Fungal 
colonization occurs immediately after spore ger-
mination (Campbell  1908  )  and gametophytes do 
not develop unless they are associated with the 
appropriate fungus. Hyphal coils, some of which 
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  Fig. 4.1    ( a – c ) Lycopodiaceae, ( d – f ) Ophioglossaceae, ( g – j ) 
Psilotaceae. ( a )  Lycopodium obscurum  sporophyte show-
ing strobili. ( b )  Lycopodium clavatum  mycoheterotrophic 

gametophytes with shoots ( arrowheads ). ( c ) Section of 
 L .  obscurum  gametophyte showing zone of arbuscular 
mycorrhizal fungi ( arrowheads ) and antheridia ( arrows ).
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have undergone degeneration, are illustrated in 
gametophyte cells of  O .  pendulum  (Burgeff 
 1938  ) . Mesler  (  1975  )  described the endophytic 
hyphae in gametophytes of  O .  palmatum  as being 
non-septate and multi-nucleate. He also showed 
what he interpreted as vesicles in some gameto-
phyte cells. Mesler  (  1976  )  gave a similar descrip-
tion of the fungal endophyte in  O .  crotalophoroides . 
Details at the ultrastructural level are lacking for 
gametophytes of  Ophioglossum  spp. and the 
identity of the fungus remains unknown. 

 Gametophytes of  Botrychium  also vary in their 
morphology from being tuber-like to disc-shaped 
(Bruchmann  1906 ; Burgeff  1943 ; Gifford and 
Foster  1996 ; Winther and Friedman  2007  ) ; endo-
phytic fungi are restricted to a basal zone of par-
enchymatous cells (Bruchmann  1906 ; Bierhorst 
 1971  ) . The fungus in  B .  lunaria  has been 
described as forming aseptate intracellular coils 
and irregular vesicles (Bruchmann  1906  ) . An 
ultrastructural study of the fungus-gametophyte 
interaction of this species (Schmid and 
Oberwinkler  1993b  )  has provided additional 
details. The intracellular hyphae contain vacu-
oles, endoplasmic reticulum, mitochondria, and 
lipid-like bodies. They are enclosed by host-
derived plasma membrane and wall material that 
shows irregular outgrowths. Vesicles, some very 
irregular in shape, contain BLOs, and lipids; they 
can become very enlarged and then undergo 
degeneration. The identity of the fungal endo-
phyte has been determined for the subterranean 
gametophytes of  B .  crenulatum  (Fig.  4.1f ) and  B . 
 lanceolatum  based on DNA sequence data 
(Winther and Friedman  2007  ) . The endophytes in 
both species belong to a major clade of glomalean 
fungi,  Glomus -group A. 

 A third genus in the Ophioglossaceae, 
 Helminthostachys , is monotypic ( H .  zeylanica ) 

and native to the Indo-Malayan region (Gifford 
and Foster  1996  ) . It also forms achlorophyllous 
mycoheterotrophic gametophytes (Lang  1902  )  
but little is known of the fungal association. 

 A new genus and species ( Mankyua chejuense ) 
has been described from Cheju Island, Korea 
(Sun et al.  2001  )  based on differences in sporo-
phyte morphological characters from the other 
genera in the family. Gametophytes have not been 
described but are presumed to be subterranean.  

    4.3.3   Psilotaceae (Fig.  4.1g–j ) 

 The two genera,  Psilotum , with two species and 
 Tmesipteris , with ten species, have historically 
been of considerable interest because of the belief 
that they represented some of the most primitive 
extant seedless vascular plants (Bierhorst  1971 ; 
Gifford and Foster  1996  ) . The lack of roots and 
the presence of much reduced leaf-like structures 
of the sporophyte strengthened this view. 
However, based on molecular evidence, Smith 
et al.  (  2006  )  include this family within the 
Psilotales, an order belonging to the extant ferns. 

 Subterranean gametophytes of  Psilotum  are 
highly variable cylindrical structures (Fig.  4.1h ) 
sometimes showing repeated branching (Bierhorst 
 1971  ) . Asexual reproductive propagules (gem-
mae) are frequently developed (Bierhorst  1971  ) . 
Darnell-Smith  (  1917  )  was the  fi rst to succeed in 
achieving spore germination and to monitor early 
stages in gametophyte development. He reported 
that endophytic fungi appeared as dense “skeins” 
within interior cells of gametophytes and that 
hyphae entered rhizoids. Other authors have 
described an aseptate intracellular fungus thought 
to be a phycomycete in either  fi eld-collected 
gametophytes (Burgeff  1938 ; Boullard  1957  )  or 

Fig. 4.1 (continued) ( d ) Shoot of  Botrychium virginianum  
with fertile segment of leaf with sporangia ( arrowhead ). 
( e ) Mycoheterotrophic gametophyte ( arrow ) of  B .  virgin-
ianum  with a root ( arrowhead ) and base of a shoot ( double 
arrowhead ). ( f ) Intracellular hyphal coils of  Glomus -
Group A in a  Botrychium crenulatum  mycoheterotrophic 
gametophyte. Photo courtesy of Jennifer Winther. ( g ) 
Shoots of  Psilotum nudum  with synangia ( arrowheads ). 
( h ) Branched mycoheterotrophic gametophyte of  P .  nudum . 

( i ) Intracellular hyphal coils of an arbuscular  mycorrhizal 
fungus in a sectioned  P .  nudum  mycoheterotrophic 
gametophyte stained with Toluidine blue O. ( j ) 
Transmission electron micrograph of hyphae within a 
mycoheterotrophic gametophyte of  P .  nudum  showing the 
interface consisting of host plasma membrane (perifungal 
membrane) ( arrowheads ) and host-derived intracellular 
matrix ( arrows ). ( k )  Buxbaumia aphylla  sporophyte, 
1.5 cm high       
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gametophytes growing in greenhouse pots con-
taining various angiosperm species (Bierhorst 
 1953  ) . Aspects of the ultrastructure of the game-
tophyte-fungus interaction have been described 
from gametophytes collected from greenhouse 
pots (Davis  1976 ; Peterson et al.  1981  ) . The fun-
gus in these gametophytes is aseptate and forms 
complex coils (Fig.  4.1i ) that undergo degenera-
tion; arbuscules are not formed. Intracellular 
hyphae are separated from the gametophyte cell 
cytoplasm by host-derived plasma membrane 
(perifungal membrane) and interfacial matrix 
material (Peterson et al.  1981 , Fig.  4.1j ), charac-
teristics of arbuscular mycorrhizal associations 
(Bonfante and Perotto  1995  ) . To date, the fungus 
has not been identi fi ed but the structural charac-
teristics are typical of a  Paris -type arbuscular 
mycorrhiza. 

 The fungal endophyte in subterranean game-
tophytes of  Tmesipteris tannensis  was described 
by Lawson  (  1917  )  and Holloay  (  1921  )  as consist-
ing of intracellular fungal coils (pelotons). 
As with  Psilotum  gametophytes, the identity of 
the fungus has not been determined.  

    4.3.4   Schizaeaceae 

 The gametophytes of the genus ( Schizaea ) in this 
leptosporangiate fern family may either be 
sur fi cial and green, subterranean and achloro-
phyllous, or a combination of both, depending on 
species and habitat (Bierhorst  1968,   1971  ) . 
Gametophytes of all species are associated with 
endophytic fungi that have been described as 
aseptate and frequently associated with rhizoids 
(Bierhorst  1971 ; Swatzell et al.  1996  ) . 

 Gametophytes of all species in the genus 
 Actinostachys  are axial structures that are subter-
ranean with fungal hyphae con fi ned to a distinc-
tive zone (Bierhorst  1968  ) . The identity of the 
fungi associated with achlorophyllous gameto-
phytes in these two genera is unknown.  

    4.3.5   Gleicheniaceae 

 The monotypic genus  Stromatopteris monili-
formis  (subfamily Stromatopteridaeae), has axial 

subterranean gametophytes with coiled fungal 
hyphae (Bierhorst  1971  ) , reminiscent of  Paris -
type arbuscular mycorrhizas. Although Bierhorst 
 (  1971  )  concluded that the fungus present in the 
gametophyte is the same as that in the photosyn-
thetic sporophyte, this needs to be con fi rmed with 
molecular methods. 

 Experimental evidence con fi rming transfer of 
nutrients from fungi to the subterranean gameto-
phytes of all seedless vascular plants is lacking.   

    4.4   Gymnosperms 

    4.4.1   Podocarpaceae 

 The New Caledonian endemic  Parasitaxus usta  
(not  P .  ustus , as many authors repeated the lin-
guistically incorrect transfer from  Podocarpus  to 
the feminine genus  Parasitaxus  by de Laubenfels 
 1972  )  is a succulent shrub or small tree (up to 
2 m high) with wine-red scale leaves (Cherrier 
et al.  1992 ; Schneckenburger  1999  ) , unable to 
photosynthesize (Feild and Brodribb  2005  )  and 
only occurring closely associated with 
 Falcatifolium taxoides  (also Podocarpaceae, 
Sinclair et al.  2002  ) . Root graft-like subterranean 
connections between the two species have led to 
the notion of parasitism in  P .  usta  (de Laubenfels 
 1959 ; Köpke et al.  1981  ) . However, Cherrier 
et al.  (  1992  )  and an English version of that paper 
adding a SEM micrograph (Woltz et al.  1994  )  
found an endophytic mycelium (called “ecten-
domycelium”) in both species, together with 
haustorial-like connections apparent at the cellu-
lar level developing in tissues up to the cambium 
of  F .  taxoides . The authors assume a symbiotic 
association of the three partners but, based on 
their anatomical observations, are convinced of 
parasitism in this case. The latest investigation on 
 P .  usta  con fi rms the intimate vascular association 
of both species, but results from stable carbon 
isotope investigations suggest that most carbon is 
provided by the fungus (Feild and Brodribb 
 2005  ) . With respect to water physiology however, 
 P .  usta  has higher stomatal conductance and 
lower water potential values relative to its host, 
which is typical for parasitic angiosperms (Feild 
and Brodribb  2005  ) . Hence, apart from being a 
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gymnosperm, woody, and relatively large, 
 Parasitaxus  is even more unique among het-
erotrophic organisms in possibly being a parasitic 
and mycoheterotrophic plant at the same time.   

    4.5   Monocots 

    4.5.1   Petrosaviaceae ( Petrosavia ) 

 The three species of  Petrosavia  are distributed 
from Japan to Java. The external morphology of 
the underground structures does not differ much 
among the species. Their subterranean rhizomes 
can be branched and thus, may bear several 
10–15 cm high scapes with terminal racemes or 
corymbs of white  fl owers. Rhizomes measure up 
to 1.5 mm in diameter and are densely covered by 
sheathing scale leaves (Groom  1895a ; Makino 
 1903 ; Stant  1970 ; Jessop  1979 ; Chen and Tamura 
 2000 ; Cameron et al.  2003  ) . The  fi liform, hair-
less, approximately 0.5 mm thick and sparsely 
branched adventitious roots, are initiated from the 
rhizome, especially close to the base of the scape. 
They most likely originate from the axils of the 
scale leaves, as do the rhizome branches (Groom 
 1895a  ) . In  Petrosavia sakuraii , the roots predom-
inantly grow horizontally through the substrate 
and can be up to 20 cm long (Watanabe  1944  ) . 
This author also reports hyphae penetrating into 
the roots 2–5 mm proximal from the root tip. 

 The epidermis is either ephemeral (Groom 
 1895a  )  or partly persistent (Stant  1970  ) . The cor-
tex consists of a suberized exodermis, 4–6 layers 
of parenchyma cells, and an endodermis with 
particularly strong u-shaped tertiary thickenings 
surrounding the tetrarch central cylinder (Groom 
 1895a ; Watanabe  1944 ; Stant  1970  ) . This is simi-
lar to many mycoheterotrophic Burmanniaceae 
(Johow  1889 ; Uphof  1929  )  with  Dictyostega 
orobanchoides  as an extreme example (Imhof 
 2001 , Fig.  4.4f ). Watanabe  (  1944  )  mentions that 
segments of older roots lose the cortex paren-
chyma but remain connected to the rhizome by 
the central cylinder that is surrounded by the 
forti fi ed endodermis. The maintenance of con-
nectivity between roots and rhizomes bearing 
in fl orescences is particularly important for MH 

plants having  fi liform roots, since not only water 
and nutrients but also carbohydrates must be 
transported through these comparatively long 
structures. A tertiary endodermis, a synapomor-
phy of monocots (Esau  1965  ) , seems to be less 
costly than the production of layers of ligni fi ed 
tissue, which is the equivalent option for non-
monocots in order to protect the connectivity. 
This economical advantage of monocots may be 
part of the explanation as to why monocots 
include disproportionately so many MH plants 
(Imhof  2010  ) . 

 Previous investigations on  Petrosavia  (Groom 
 1895a ; Watanabe  1944 ; Stant  1970  )  report coiled 
mycorrhizal hyphae within the cortex paren-
chyma cells. The  fi gures and descriptions of 
Watanabe  (  1944  )  resemble a  Paris -type AM but 
without the typical lateral arbuscules, which is 
similar to the mycorrhiza found in  Voyria trun-
cata  (Gentianaceae, Imhof and Weber  1997  ) . The 
advantage of the frequent feature of MH plants of 
having a specialized mycorrhizal colonization 
pattern allowing a selective digestion of hyphae 
while keeping the fungus alive (see further), is 
not apparent. Petrosaviaceae are a rather basal 
clade of the monocots (Cameron et al.  2003 ; APG 
 2009  ) , which might explain its plesiomorphic, 
i.e., basic mycorrhizal pattern. Most recently, 
Yamato et al. ( 2011a ) con fi rmed the structural 
descriptions of Watanabe  (  1944  ) , and revealed 
this mycorrhiza as an association with a highly 
speci fi c clade of  Glomus -group A.  

    4.5.2   Thismiaceae 
(Figs.  4.2  –4.4  and  4.10 ) 

 Thismiaceae are either considered to be a tribe, 
Thismieae, in the Burmanniaceae (e.g., Jonker 
 1938 , Cronquist  1988  )  or a separate family (e.g., 
Agardh  1858 ; Thorne  1992 ; Takhtajan  1997 ; 
Stevens  2001  onwards). APG  (  2009  )  is still reluc-
tant to separate them from Burmanniaceae but 
acknowledge the arguments for separation given 
by Merckx et al.  (  2006  ) . We regard them as a 
family based on  fl oral morphology (e.g., Maas 
et al.  1986 ; Caddick et al.  2000  )  and molecular 
evidence (Merckx et al.  2006  ) . 
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  Fig. 4.2    ( a – h )  Afrothismia hydra , ( i ,  j )  Afrothismia win-
kleri  (Thismiaceae). ( a ) Seed ( left , 0.6 mm long) and an 
early germination stage ( right ) of  A .  hydra  with disrupted 

seed coat (sc), giving rise to a  fi rst root tubercle. ( b – d ) 
More tubercles develop successively at the base of the ini-
tial one and the root extensions elongate. The seed coat (sc) 
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    4.5.2.1   Haplothismia, Oxygyne, Tiputinia 
 The extremely rare  Haplothismia exannulata  from 
India has vermiform to tuberous, up to 3.5 cm 
long, roots radiating from the shoot base (Airy 
Shaw  1952 ; Sasidharan and Sujanapal  2000  ) . For 
 Oxygyne triandra  from Cameroon (probably 
extinct, Yokoyama et al.  2008  ) , the subterranean 
organs are unknown. The Japanese species, 
 O .  shinzatoi  and  O .  yamashitae , only known from 
their type localities, have vermiform roots 
(Yokoyama et al.  2008 ; Yahara and Tsukaya  2008  ) , 
and the original description of  O .  hyodoi , also 
from Japan, states “rhizoma repens” (Abe and 
Akasawa  1989  ) .  Tiputinia foetida  is represented 
by a single specimen from Ecuador (Woodward 
et al.  2007  ) , measuring about 9 cm in length. The 
largest part of it is an orthotropous, vermiform, 
4 mm thick root, giving rise to two subterranean 
shoots, with only the terminal  fl ower being epiter-
restrial. The root cortex contains “intracellular, 
looped, septate” hyphae (Woodward et al.  2007  ) .  

    4.5.2.2   Thismia (Fig.  4.10g, h ) 
 This genus is by far the largest of the family, with 
a worldwide, although mostly tropical, distribu-
tion. The underground structures are quite vari-
able. Most species have horizontal runner-like, 
vermiform roots of 1–2 mm in diameter which 
bear root-borne shoots (e.g., Groom  1895b ; 
Warming  1901 ; Pfeiffer  1914 ; Chantanaorrapint 
 2008 ; Chiang and Hsieh  2011  )  and give rise to 
additional similar roots where the shoots emerge, 
thus forming star-like clusters (e.g., Groom 
 1895b ; Bernard and Ernst  1910 ; Pfeiffer  1914 ; 
Larsen  1965 ; Saunders  1996 ; Yang et al.  2002 ; 
Wapstra et al.  2005  ) . This indicates the trend 
towards a star-like radiating root system, typical 

for MH plants. The runner-like parts of the roots 
can be short (e.g.,  Thismia appendiculata , 
Schlechter  1919  ) , and in this case, the shoots 
emerge in nest-like tufts above the soil surface. In 
other species, the root system is reduced to a cor-
alloid structure, e.g.,  Thismia yorkensis  (Cribb 
 1995  ) ,  T .  goodii  (Kiew  1999  ) , or  T .  clandestina  
and  T .  versteegii  (Bernard and Ernst  1911  ) . 
 Thismia versteegii  shows similarities to the 
unique fan-shaped roots of  Thismia clavigera  
(Stone  1980  ) , which probably develop through 
short, dichotomously branched and congenitally 
merged roots.  Thismia annamensis  and  T .  ten-
taculata  have short rhizomes bearing a dense 
covering of vermiform roots (Larsen and 
Averyanov  2007  ) , also resulting in a star-like root 
system. This is morphologically similar but onto-
genetically quite different from the other species 
mentioned above. The decision whether a con-
densed root system is developed by root-borne 
shoots or shoot-borne roots is often dif fi cult to 
make and sometimes requires anatomical investi-
gations (see Imhof  2004  ) . Finally, some neotropi-
cal species have globose tubers (see Fig.  4.10g ), 
from which a shoot as well as numerous  fi liform 
roots arise (e.g.,  Thismia hyalina , Miers  1866 , 
 T .  glaziovii , Poulsen  1890a ,  T .  janeirensis , 
Warming  1901 ,  T .  panamensis , Maas et al.  1986 , 
Fig.  4.8j ,  T .  saülensis , Maas and Maas  1987  ) . 
Inferred from  T .  luetzelburgii , these tubers are 
roots, giving rise to up to four endogenous  fl owering 
shoots. The  fi liform roots can develop new tubers 
at their apices (Goebel and Süssenguth  1924  ) . 

 The fungal colonization of  Thismia  spp. has 
been investigated quite early and in great detail. 
Like many other MH plants,  Thismia  also shows 
different fungal morphologies in distinct tissue 

Fig. 4.2 (continued) is still attached. The whitish content 
is the fungal colonization. ( e ) The rhizome has developed 
into a shoot terminated by a 1 cm long  fl ower. ( f )  A .  hydra  
in its natural habitat with the  fi liform root elongations 
super fi cially clinging to the substrate. ( g )  A .  hydra  show-
ing the strictly sympodial  fl owering mode with clusters of 
root tubercles at the base of each pedicel. Three basal 

 fl owers (A, B, C) have already detached, the following are 
in dissemination stage with placentophore developed (D), 
in fruit (E) and in bud (F). Note early tubercle (tb) devel-
opment at the base of the  fl ower bud. ( h ) Close up of the 
placentophore (pl). ( i ) Flower of  A .  winkleri , measuring 
1.5 cm from the subtending scale leaf to the bending of the 
tube. ( j ) Root/rhizome system of  A .  winkleri        
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  Fig. 4.3     Afrothismia saingei  (Thismiaceae). ( a ) Rhizome 
tip with many root tubercles; some tubercles have been 

detached. The characteristic hyphal loops ( green rectan-
gle ), developed in spiral lines within the tubercles, are 
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compartments, which sometimes are anatomically 
different. In  T .  clandestina  (coralloid root sys-
tem) and  T .  aseroe  (vermiform roots), the outer 
cortex parenchyma layers contain straight hyphae 
with only a few coils; in the middle cortex layers, 
the hyphae are coiled but not digested; the inner 
layers show amorphous fungal material (Groom 
 1895b ; Janse  1896 ; Meyer  1909 ; Bernard and 
Ernst  1911  ) . In  T .  americana ,  T .  rodwayi , and 
 T .  javanica  (vermiform roots), straight hyphae 
are missing, instead, the outer cortex layer is 
occupied by coiled hyphae which do not degener-
ate. Digestion takes place in the inner cortex 
(Bernard and Ernst  1910 ; Pfeiffer  1914 ; Coleman 
 1936 ; McLennan  1958 ; Campbell  1968  ) . Of the 
species having root tubers,  T .  luetzelburgii  
(Goebel and Süssenguth  1924  )  and T.  glaziovii  
(Poulsen  1890a  )  have been investigated. They 
also show compartmentation of digested and 
undigested fungal material, whereas the diges-
tion is more prominent in the proximal and cen-
tral part of the tuber. The  fi liform roots connecting 
the mother tuber with smaller daughter tubers 
bear straight undigested hyphae linking the two 
tubers (Goebel and Süssenguth  1924  ) . This is 
partly reminiscent of structures found in 
 Afrothismia  spp. (see next paragraph). 

 Due to the structural characteristics typical of 
a  Paris -type AM, the fungus colonizing  Thismia  

spp. almost certainly belongs to the 
Glomeromycota. This has recently been con fi rmed 
for  T .  rodwayi  using molecular identi fi cation 
methods (Merckx et al.  2012  ) .  

    4.5.2.3   Afrothismia (Figs.  4.2 – 4.4 ) 
 The genus  Afrothismia  from tropical Africa is 
characterized by its dense aggregates of small 
tuberous roots elongated by a  fi liform extension 
of various lengths between the species (Figs. 
 4.2g + j ,  4.3a + c , and  4.4b ). Although our chapter 
deals with subterranean organs, this is not entirely 
correct for some  Afrothismia  spp. In fact, the 
peculiar root/rhizome/shoot systems often grow 
entirely epiterrestrially (Fig.  4.2f ), the  fi liform 
part of the roots clinging to rotten wood, leaf lit-
ter, or bare soil (e.g.,  A .  foertheriana , Franke 
et al.  2004 ,  A .  hydra , Sainge and Franke  2005 , 
 A .  winkleri , Imhof pers. observ., Fig.  4.2i–j ). Only 
 A .  baerae  (Cheek  2003a  )  and  A .  gesnerioides  
(Imhof pers. observ., Fig.  4.4a ) are known to be 
rooted in the soil. The latter two species also dif-
fer by their conspicuously short  fi liform parts of 
the roots (Fig.  4.4b , Cheek  2003a ; Maas-van de 
Kamer  2003  ) .  Afrothismia zambesiaca , described 
from a herbarium specimen collected in 1955, is 
only inferred to have an underground stem with 
bulbils (Cheek  2009  ) . The ontogeny of  Afrothismia 
hydra  from seed to the open fruit has been 

Fig. 4.3 (continued) visible from the outside. ( b ) Close 
up of the green rectangle in (a). Tangential section through 
two hypodermal cells colonized by looped hyphae that 
are connected to each other. ( c ) Specimen (Wilks No. 
1179) of  A .  saingei  under investigation from the 
Herbarium in Utrecht, labeled as  Afrothismia winkleri . 
( d ) Cleared preparation of a  fi liform root extension show-
ing straight growing hyphae and vesicles. ( e ) Transverse 
section through a rhizome of  A .  saingei  with coils of 
enlarged hyphae (vh) in the cortex. Mostly only once per 
tubercle these hyphae transit ( green circle ) over an incon-
spicuous separating layer (sl) into the hypodermis of a 
tubercle to start the spiral line of hyphal loops (see ( a ,  b )). 
( f ) Transverse section through a shoot/pedicel of  A . 
 saingei . The enlarged hyphae in the rhizome cortex ( e ) are 
continuous with the straight growing, also quite large 
hyphae (sh) in the outer shoot cortex, thus connecting the 
spatially separated tubercle clusters along the plant ( c ). 
The inner cortex (ic) is free of hyphae. ( g ) Longitudinal 
section through a young root tubercle showing the looped 

coils in an alternating pattern in the hypodermis as to be 
expected from its spiral arrangement (1–5) whereas all 
other cortex cells contain degenerated hyphal coils (hc−). 
( h ) Longitudinal section through an old root tubercle 
where the digestion of hyphal coils has advanced but the 
epidermis now contains straight growing, nondegener-
ated hyphae (sh) linking those in the  fi liform root exten-
sion (she, see ( d )) with the enlarged hyphae in the rhizome 
cortex (see ( e )). ( i ) Schematic view of the mycorrhizal 
colonization pattern in  A .  saingei : Straight hyphae grow 
through root extension and tubercle epidermis, enter the 
rhizome cortex becoming enlarged and coiled, transit 
once per tubercle into the hypodermis of the tubercle 
starting a spiral line of looped interconnected hyphae 
around it (hl), and from there send hyphal branches into 
the rest of the cortex parenchyma for digestion (dh). The 
red line signi fi es an impenetrable barrier to the fungus. 
The spatially separated clusters of tubercles share the 
fungus via straight hyphae growing along the shoot axis 
in its outer cortex parenchyma       
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  Fig. 4.4     Afrothismia gesnerioides  (Thismiaceae). ( a )  A . 
 gesnerioides  emerging about 1.5 cm above the soil. 

In contrast to many other  Afrothismia  spp., roots and 
 rhizome are subterranean. ( b ) Root/rhizome system of 
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   1  According to Maas-van de Kamer and Maas  (  2010  ) , the 
material under investigation in Imhof  1999a  (=Wilks no. 
1179, received from the herbarium of Utrecht, labeled as 
 A .  winkleri ) turned out to be  A .  saingei  (Franke  2004  ) , 
synonymous to  A .  gabonensis  (Dauby et al.  2008  ) .  

described (Imhof and Sainge  2008  ) , and since 
structurally the genus is quite consistent, this 
example will be detailed here to represent the 
whole genus. With germination, a root tubercle 
without a  fi liform extension is generated (Fig. 
 4.2a ). Successively, more tubercles develop on a 
rhizome that is gradually increasing in size and the 
root extensions elongate (Fig.  4.2b–d ). This cre-
ates a globose to ovate, coarsely echinate structure 
due to the characteristic roots. At some point, the 
rhizome proceeds to grow without root develop-
ment. This axis, now more accurately called a 
shoot, will terminate with a  fl ower (Fig.  4.2e ), and 
a side shoot appears in the uppermost scale leaf of 
the shoot. The base of this side shoot also bears a 
cluster of tubercles with extensions, and this shoot 
will also end in a  fl ower. This sympodial pattern is 
repeated several times (Fig.  4.2g ). The fruit is a 
pyxidium, opening by means of a placentophore 
(Fig.  4.2h , see details in Imhof and Sainge  2008  ) . 

 The fungal colonization of  Afrothismia saingei  
is an extreme example of mycorrhizal complexity 
(Imhof  1999a , treated as  A .  winkleri  1 ). Brie fl y, 
the pattern of colonization is as follows (sche-

matic view on Fig.  4.3i ). The  fi liform root exten-
sion bears straight hyphae, continuous with those 
in the epidermis of the tubercle (Fig.  4.3d + h ). 
These hyphae never pass from the epidermis into 
the cortex of the tubercle but proceed around it 
towards the rhizome. As soon as the fungus 
reaches the rhizome at the tubercle base, it colo-
nizes the rhizome cortex tissue with coiled, swol-
len, vesicle-like structures, but still does not show 
signs of degeneration (Fig.  4.3e ). From there, few 
hyphae re-enter the tubercle from the rhizome 
cortex, and grow towards the subepidermal layer 
of the tubercle (Fig.  4.3e ). Characteristic loops of 
hyphae are developed in the subepidermal cells 
(Fig.  4.3b  +  g ), and an upward spiral line of cells 
containing such looped hyphae proceed around 
the tubercle (Fig.  4.3a ). No digestion of hyphae 
occurs to this stage. Side branches from these 
hyphal loops enter the other cells of the tubercle 
cortex, where they degenerate to amorphous 
clumps (Fig.  4.3g, h ). Connections to more dis-
tant tubercle clusters along the plant are provided 
by straight growing hyphae in the outer cortex of 
the shoot internodes (Fig.  4.3f , see details in 
Imhof  1999a  ) . This complicated plant structure 
and colonization pattern represent a sophisticated 
and ecologically functional system. The  fi liform 
root extensions increase the surface for contact 
with and invasion by hyphae, the root tubercle 
increases the number of cells for colonization by 

Fig. 4.4 (continued)  A .  gesnerioides , about 1 cm wide. ( c ) 
Transverse section through a rhizome (rh) and longitudi-
nal sections of root tubercles (tb) showing starch grains 
(st) in the inner rhizome cortex and uncolonized root cor-
tex, straight hyphae (sh) in the outer rhizome cortex, non-
degenerated dense hyphal coils in the third cell layer of the 
root tubercle (hc+) and degenerated hyphal coils in the 
tubercle parenchyma (hc−). The hypodermis (hd) is largely 
collapsed. ( d ) Longitudinal section through a young tuber-
cle of  A .  gesnerioides  where the hypodermis (hd) is still 
visible. Fungal colonization has just started from the tuber-
cle base in the third cell layer (hc+) and starch depositions 
(st) are still present in the parenchyma, which will disap-
pear when fungal colonization proceeds. First degenerated 
hyphal coils (hc−) are also present in the inner parenchyma. 
The root extension has not yet developed. ( e ) Longitudinal 
section through a root tip of an older tubercle showing the 
root extension (ex) partly in transverse view, colonized by 
straight hyphae (sh) which proceed into the root epidermis 
(ep, see ( f )). ( f ) Root tubercle epidermis (ep) only contains 
straight growing hyphae (sh) which never penetrate the 

hypodermis (hd, collapsed) but are continuous with those 
in the outer rhizome cortex. ( g ) Four neighboring tissues of 
the root tubercle hosting distinct morphotypes of fungal 
colonization: epidermis (ep) with straight hyphae (sh), 
hypodermis (hd) as a barrier to the fungus, the third root 
layer with nondegenerated dense hyphal coils (hc+) and 
the multilayered root parenchyma containing degenerated 
hyphal coils (hc−). ( h ) Transition of colonization ( green 
oval ) between the straight hyphae (sh) in the outer rhizome 
cortex and the nondegenerating hyphal coils (hc+) in the 
third root layer of the tubercle across a layer continuous 
with the otherwise impenetrable hypodermis (hd). 
Uncolonized parenchyma cells and the inner rhizome cor-
tex contain starch grains (st). ( i ) Schematic view of the 
mycorrhizal colonization pattern in  A .  gesnerioides : 
straight hyphae grow through root extension, tubercle epi-
dermis and outer rhizome cortex, transit at the base of the 
tubercle into its third layer to form dense coils (dc, green 
texture), and branches from there colonize the inner tuber-
cle parenchyma to become digested (dh). The red marked 
hypodermis is impenetrable for the fungus       
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hyphae and eventual digestion, representing the 
locations of the beginning and end of the mycor-
rhizal colonization pattern. Between these events, 
the different hyphal forms serve three fundamen-
tal functions: (1) transportation and distribution 
of carbohydrates and nutrients within the root-
rhizome-complex, (2) storage, and  fi nally (3) as a 
carbon source for the plant following digestion. 
The straight hyphae in the  fi liform root extension 
and the epidermis allow for rapid transport of 
nutrients and carbohydrates towards the rhizome. 
The swollen hyphae in the rhizome cortex store 
these substances, eventually for the bene fi t of the 
plant. The spiral line of hyphal loops is the geo-
metrically and economically optimal distribution 
mode around the parenchyma of the tubercle. 
With a minimum of living hyphae, this provides 
short distances and limits the number of cell pas-
sages for side branches to penetrate into all paren-
chyma cells, necessary due to the quick 
degeneration process therein. The fungus in 
 Afrothismia gesnerioides  shows a similar coloni-
zation pattern with straight hyphae in the short 
root extension (Fig.  4.4e ) and the root epidermis 
(Fig.  4.4f, g ), as well as digestive tissue in the 
inner root parenchyma (Fig.  4.4c , see details in 
Imhof  2006  ) . However, it does not develop a spi-
ral line of hyphae around the tubercle paren-
chyma. Instead, dense coils of living irregular 
hyphae develop in the third root layer, encom-
passing the parenchyma in a collar-like pattern 
(Fig.  4.4c  +  f–h ). Economically speaking, this 
pattern is less ef fi cient than that in  A .  saingei , 
considering the amount of living fungal biomass 
necessary to supply the digesting cells with 
hyphal branches. Moreover, the rhizome of  A . 

 gesnerioides  contains straight growing hyphae 
in its outer cortex, whereas the inner cortex 
cells contain starch deposits (Fig.  4.4c ), as does 
the uncolonized tubercle cortex (Fig.  4.4d + h , 
schematic view on Fig.  4.4i ). This means that 
 A .  gesnerioides , in contrast to  A .  saingei , con-
verts the carbon delivered by the fungus into 
starch grains. In the case of  Afrothismia  spp. 
however, this appears as a unnecessary metabolic 
step, since the carbon source is permanently pres-
ent. Therefore, although the mycorrhizal patterns 
in  Afrothismia  spp. are highly complex, they still 
show signs for an ongoing evolutionary progres-
sion of mycorrhizal structures within the genus, 
whereas  A .  gesnerioides  can be considered to be 
less advanced than  A .  saingei . More of the 12 
 Afrothismia  species described so far should be 
investigated to determine if intermediate struc-
tures exist (see 4.8 Trends, Conclusions, and 
Future Directions). 

 The fungal species associated with  Afrothismia  
spp., as identi fi ed by molecular methods, all 
belong to  Glomus -group A (Franke et al.  2006  ) , 
and are species-speci fi c (Merckx and Bidartondo 
 2008  ) .   

    4.5.3   Burmanniaceae (Figs.  4.5 – 4.7 ) 

 Of the ten genera in this family, only  Burmannia  
contains green representatives.  Burmannia 
tenella  is the only entirely achlorophyllous 
 neotropical species, others occur in Africa 
(e.g.,  B .  hexapterella ) and Asia (e.g.,  B .  champi-
onii ,  B .  candida ). However, many species with 
intermediate mycoheterotrophic status, between 

Fig. 4.5 (continued) structures (a), and vesicles (v). ( f ) 
Transverse section through a root of  D .  orobanchoides  
showing the central cylinder (cc) consisting of a central 
tracheary element  surrounded by one ring of smaller trac-
heary elements and the pericycle, a thickened endodermis 
(en), two layers of small parenchyma layers, and epider-
mal cells (ep). The epidermal cells contain hyphal coils 
(hc+) and arbuscules (a), the latter partly degraded. ( g ) 
SEM micrograph of a rhizome of  D .  orobanchoides  imbri-
cately covered by peltate scale leaves with fringed mar-
gins. The leaf interstitials contain fungal hyphae (hy). 
( h ) Transverse section through a rhizome covered with 

imbricate scale leaves (le) showing fungal colonization 
including vesicles (v) within (ihy) and in between (ohy) 
the scale leaves. The rhizome axis (rh) is not colonized 
but contains starch grains (st). ( i ) Tangential section 
through a rhizome (rh) including the imbricate scale 
leaves (le) showing dense hyphal masses in the leaf inter-
stitials (li). ( j ) Schematic view of the mycorrhizal coloni-
zation pattern of  D .  orobanchoides : the peltate scale 
leaves and their interstitials are colonized by hyphal coils 
and vesicles. The root is colonized only in the epidermis 
by hyphal coils, arbuscules, and vesicles; the arbuscules 
are the  fi rst to degenerate       
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  Fig. 4.5     Dictyostega orobanchoides  (Burmanniaceae). 
( a ) In fl orescence of  D .  orobanchoides , composed of a 
bifurcate cincinnus. ( b ) Single preserved  fl ower of 
 D .  orobanchoides , 2.5 mm long. ( c ) Rhizome (rh) of 
 D .  orobanchoides  about 1.5 mm thick with a tuft of  fi liform 
roots (r). Apically the rhizome turns into a shoot (s). ( d ) 

Root of  D .  orobanchoides , cortex (rc) partly detached, 
exposing the thickened endodermis (en) which encloses 
the central cylinder (cc). The whitish cell contents are 
fungal coils. ( e ) Longitudinal section through a root epi-
dermis of  D .  orobanchoides . Fungal colonization consists 
of coiled hyphae (hc+), partly decomposed arbusculate 
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  Fig. 4.6    ( a – c )  Apteria aphylla , ( d – e )  Gymnosiphon divari-
catus , ( f – h )  Hexapterella gentianoides , ( i – k )  Campylosiphon 
congestus  (Burmanniaceae). ( a ) Preserved  fl ower (9 mm 
long) and fruit of  A .  aphylla . ( b ) Top view of a  fl ower of  A . 
 aphylla  (courtesy of H and PJM Maas). ( c ) Subterranean 

system of  A .  aphylla . The shoot (s) is continuous with the 
short (3 mm) orthotropous rhizome (rh) bearing numerous 
 fi liform roots. The root cortex parenchyma is often dis-
rupted, leaving the thickened endodermis (en) with central 
cylinder enclosed as the only connection with the rhizome. 
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  Fig. 4.7    ( a – f )  Burmannia tenella , ( g – i )  Burmannia 
hexaptera  (Burmanniaceae). ( a ) Preserved  fl ower (6 mm 
long) of  B .  tenella . ( b ) Root system of  B .  tenella  with 
several star-like radiating vermiform roots (r), about 
1.2 mm thick, at the base of the shoot (s). ( c ) In fl orescence 
of  B .  tenella , the bifurcate cincinnus usually consists of 
a few  fl owers. ( d ) Transverse section through a root of 
 B .  tenella  with extensive fungal colonization of the mul-
tilayered cortex parenchyma. The central cylinder is 
reduced and surrounded by a tertiary endodermis (en). 
( e ,  f ) The fungus in the root parenchyma cells of 

 B .  tenella  forms heteromorphic coils of hyphae of various 
width (hc+), arbusculate structures (a) as well as vesicles 
(v), often within one cortex cell. Degeneration begins 
with the arbusculate structures (a−); the thicker hyphae 
tend to persist longer. ( g ) Flowers of  B .  hexaptera  emerg-
ing only a few centimeters above the soil surface. ( h ) 
Preserved  fl ower (1 cm long) of  B .  hexaptera . ( i ) Root 
system of  B .  hexaptera  comprised of vermiform roots 
(r), about 1.2 mm thick, also with the tendency to radiate 
at the base of the shoot (s), resulting in a coralloid 
appearance       

Fig. 4.6 (continued) ( d ) Subterranean system of  G .  divari-
catus , very similar to that of  A .  aphylla  (see ( c )) with short 
rhizome (rh) and exposed endodermis (en). ( e ) Top view of 
a  fl ower of  G .  divaricatus  (courtesy of H and PJM Maas). 
( f ) Flower of  H .  gentianoides  (courtesy of H and PJM 
Maas). ( g ) Subterranean system of  H .  gentianoides , also 
with a short rhizome (rh, 4 mm long) continuous with 
the shoot (s). The rhizome bears  fi liform roots (r); light 

coloration indicates fungal colonization. ( h ) Top view of a 
 fl ower of  H .  gentianoides  (courtesy of H and PJM Maas). 
( i ) Preserved in fl orescence of  C .  congestus . ( j ) Preserved 
single  fl ower (9 mm long) of C.  congestus . ( k ) Subterranean 
system of  C .  congestus  with the shoot (s) continuous with 
a slightly tuberous rhizome (rh), 9 mm long and 2.5 mm 
thick, bearing  fi liform roots (r)       
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leafy  Burmannias  and achlorophyllous, scale-
leaved species exist (Jonker  1938 ; Maas et al. 
 1986 ; Leake  1994  ) , suggesting an evolutionary 
trend towards mycoheterotrophy. All other genera 
are fully mycoheterotrophic. The monotypic 
genus  Desmogymnosiphon  (Guinea Lopez  1946  )  
is most probably a  Gymnosiphon  species (com-
pare to Maas et al.  1986  ) . 

    4.5.3.1   Apteria, Campylosiphon, 
Dictyostega, Gymnosiphon, 
Hexapterella, Marthella, Miersiella 
(Figs.  4.5  and  4.6 ) 

 Except for  Campylosiphon congestus  and the 
pantropical  Gymnosiphon , all these genera are 
exclusively neotropical (Jonker  1938 ; Maas et al. 
 1986  ) . All species have the same basic architec-
ture for their underground parts. The aerial shoots 
are continuous with rhizomes, densely covered 
by scale leaves. These scale leaves are conspicu-
ously fringed in  Dictyostega  (Imhof  2001 , Fig. 
 4.5g ), which has led to the hypothesis they might 
ecologically replace the missing root hairs 
(Goebel and Süssenguth  1924 ; Maas et al.  1986  ) . 
The rhizomes can be longer (up to 7.5 cm in e.g., 
 Miersiella umbellata , Maas et al.  1986 , up to 
4 cm in  Dictyostega orobanchoides , Imhof  2001 , 
Fig.  4.5c ) or rather short (e.g.,  Apteria aphylla  
(Fig.  4.6c ), Uphof  1929 ,  Gymnosiphon longisty-
lus , Hepper  1968 ,  G .  divaricatus  (Fig.  4.6d ), 
Maas et al.  1986 ,  Hexapterella gentianoides  (Fig. 
 4.6g )), and can be slightly tuberous (e.g., 
 Campylosiphon purpurascens , Maas et al.  1986 , 
 Campylosiphon congestus , Fig.  4.6i–k ). Many 
 fi liform, less than 0.5 mm thick, sparsely branched 
roots arise from the axils of the scales. Species 
with short rhizomes, therefore, have a star-like 
root system (Fig.  4.6c, d + g ), but roots also 
emerge as tufts on longer rhizomes (Imhof  2001 , 
Fig.  4.5c ). As a peculiar exception in this group 
of species,  Gymnosiphon afro - orientalis  devel-
ops little tubers of unknown origin beside scale 
leaves and  fi liform roots at the short rhizome 
(Cheek  2009  ) , super fi cially reminiscent of those 
found in  Afrothismia  (e.g., Fig.  4.4b ), but funda-
mentally differing in being distinct from the 
 fi liform roots. 

 Anatomically, these roots are characterized by 
a much reduced central cylinder with one central 
enlarged tracheary element surrounded by a ring 
of much smaller tracheary elements, and a peri-
cycle (e.g., Fig.  4.5f ). The tertiary endodermis is 
conspicuously reinforced (e.g.,  Marthella trinita-
tis , erroneously called  Burmannia capitata  by 
Johow  1885 ,  Gymnosiphon refractus  (formerly 
 Cymbocarpa refracta , Merckx  2008  ) , treated 
under two different synonyms by Johow  1889  and 
Goebel and Süssenguth  1924 ,  Apteria aphylla , 
Uphof  1929  ) . In transverse sections of a 
 Dictyostega orobanchoides  root, the forti fi cation of 
a single endodermal cell may even be wider than 
the entire central cylinder (Imhof  2001 , Fig.  4.5f ). 
This reinforcement protects the essential connec-
tion to the shoot. In fact, the thin-walled cortex tis-
sue is often found to be disrupted (Figs.  4.5d  and 
 4.6c, d + g ) whereas the central strand is even hard 
to disconnect using forceps (Imhof  2001 , see sec-
tion on  Petrosavia  for interpretation). 

 The two to three parenchyma layers and, in 
particular, the often large-celled persistent epi-
dermis (Johow  1889 ; Imhof  2001  and unpub-
lished observations) are colonized by coils of 
hyphae (Uphof  1929  ) , vesicles, as well as arbus-
cular-like structures, often all together within a 
single cell (Imhof  2001  ) . The fungal material 
often appears amorphous, suggesting a digestion 
process (Fig.  4.5e, f ). 

  Dictyostega orobanchoides  also has fungal 
colonization in the scale leaves (Fig.  4.5h ) as well 
as in the interstitials of their imbricate arangement 
along the rhizome (Fig.  4.5g–i ), but not in the rhi-
zome axis. These hyphae and vesicles do not 
show signs of degeneration, and it has been 
hypothesized that they serve as a refugium for the 
fungus, which in turn enhances the rhizomosphere 
with the appropriate mycobiont (Imhof  2001 , see 
Fig.  4.5j  for a schematic view). It can be inter-
preted as a strategy for a sustained use from the 
fungus, analogous to the often complex coloniza-
tion pattern in other MH plants (e.g.,  Voyria , 
 Afrothismia ,  Triuris ,  Sciaphila ). More investiga-
tions might clarify the possible general relevance 
of rhizomes and their scale leaves for the mycor-
rhiza in other Burmanniaceae. 
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 Franke et al.  (  2006  )  found several  Glomus -
group A species and an Acaulosporaceae in 
 Campylosiphon congestus  (treated as  Burmannia 
congesta ). Also,  Dictyostega orobanchoides  is 
associated with  Glomus -group A species (Merckx 
et al.  2010  ) , as are  Apteria  (Courty et al.  2011  )  
and  Gymnosiphon  spp. (Dirk Redecker, pers. 
comm. cited in Leake  2005 ; Courty et al.  2011  ) .  

    4.5.3.2   Burmannia (Fig.  4.7 ) 
  Burmannia  species are more diverse with respect 
to their subterranean structures than their sister 
genera. Although they are sometimes similar to 
the latter (e.g.,  B .  championii , Ernst and Bernard 
 1911  ) , they also can have thicker roots also aris-
ing from rhizomes (e.g.,  B .  larseniana , Zhang 
and Saunders  1999  )  or even vermiform, up to 
2.6 mm thick roots and no (visible) rhizomes 
(e.g.,  Burmannia candida , Smith  1911 ,  B .  liuki-
uensis , Terashita and Kawakami  1991 ,  B .  tenella , 
Imhof  1999b , Fig.  4.7b ,  B .  hexaptera , Imhof 
unpublished, Fig.  4.7i ). Others have tuberous 
organs of uncertain nature ( Burmannia hunanen-
sis , Liu et al.  2001  ) , with  fi liform roots. However, 
more taxonomic investigation may result in new 
classi fi cations resolving some of this subterra-
nean diversity, as in fact,  Burmannia congesta , 
having a tuberous rhizome, only recently was 
attributed to  Campylosiphon  (Fig.  4.6i–k ) by 
molecular and morphological data (Merckx  2008 ; 
   Maas-van de Kamer and Maas  2010  ) . 

 Root anatomy is also diverse. Epidermal cells 
may be conspicuously enlarged (Johow  1889 ; 
Ernst and Bernard  1911,   1912 ; Bernard and 
Ernst  1914  )  or not (Colozza  1910 ; Ernst and 
Bernard  1911 ; Imhof  1999b , Fig.  4.7d ). 
Depending on the variability of root thickness, 
the cortex parenchyma layers can be from three 
to many (Janse  1896 ; Ernst and Bernard  1911 ; 
Larsen  1963 ; Terashita and Kawakami  1991 ; 
Imhof  1999b , Fig.  4.7d ), and can be uniform 
(Imhof  1999b  )  or heteromorphic (Ernst and 
Bernard  1911  )  or with lacunae (Johow  1889 ; 
Malme  1896a ; Colozza  1910  ) . Similar to the 
other genera of the family, the endodermis has 
obvious tertiary reinforcements and the central 
cylinder is much reduced (e.g., Malme  1896a ; 

Ernst and Bernard  1911 ; Terashita and Kawakami 
 1991 ; Imhof  1999b , Fig.  4.7d ). 

 In species with  fi liform roots, the mycorrhizal 
fungus colonizes epidermal cells (Johow  1889 ; 
Ernst and Bernard  1911  ) , whereas in the species 
with thick roots, the cortex parenchyma cells are 
colonized (Meyer  1909 ; Ernst and Bernard  1911 ; 
Terashita and Kawakami  1991 ; Imhof  1999b , 
Fig.  4.7d ). In the thick roots of  Burmannia 
tenella , hyphal coils, vesicles and arbuscular-like 
structures may occur together in a single cell 
(Fig.  4.7e, f  ). A colonization pattern with com-
partmentation of root tissue similar to other MH 
plants is not obvious (Fig.  4.7d ). However, a selec-
tive digestion of the thinner, arbusculate hyphae 
but not the thicker hyphae within cells (Imhof 
 1999b , Fig.  4.7e, f  ), seems to allow a suf fi cient 
spread of the colonization within the cortex paren-
chyma by the latter, while carbon and nutrients are 
obtained through digestion of the former. 

 The only  Burmannia  species which has been 
investigated for the identity of its mycorrhizal 
fungus is  B .  hexaptera  (Fig.  4.7g–i ). It is mycor-
rhizal with  Glomus -group A species (Franke et al. 
 2006 ; Merckx and Bidartondo  2008  ) .   

    4.5.4   Triuridaceae (Figs.  4.8 – 4.10 ) 

 Fossil specimens of this exclusively achlorophyl-
lous family from the Upper Cretaceous (ca. 90 
mya) are the oldest unequivocal monocotyledon-
ous remnants known (Gandolfo et al.  2002  ) . 
Eleven genera are grouped in three tribes, the 
Sciaphilae are pantropical, Triurideae neotropi-
cal (Maas-van de Kamer and Weustenfeld  1998  ) , 
and Kupeaeae only occur in tropical Africa 
(Cheek  2003b  ) . All genera except for  Sciaphila  
and  Andruris  (included in  Sciaphila  by van de 
Meerendonk  1984  )  contain only one to three spe-
cies. The af fi liation of the family was long uncer-
tain (Rübsamen-Weustenfeld  1991 ; Maas-van de 
Kamer  1995 ; Maas-van de Kamer and 
Weustenfeld  1998  ) . Today, molecular methods 
have assigned them to the Pandanales, which is 
supported by structural features (Furness et al. 
 2002 ; Rudall and Bateman  2006  ) . 
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  Fig. 4.8    ( a – i )  Triuris hyalina , ( j – k )  Sciaphila lederman-
nii  (Triuridaceae). ( a ) Subterranean shoot (s) of  T .  hyalina  
with two nodes (n) bearing paired roots (r) in the axils of 

the scale leaves. The female in fl orescence has one 
mature  fl ower and one bud (b). ( b ) Female  fl ower of  T . 
 hyalina  with the characteristic tail-like tepal appendages. 
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 With only few exceptions, the subterranean 
organs of Triuridaceae are rather uniform. The 
epiterrestrial shoots are continuous plagiotropi-
cally to orthotropically with subterranean shoot 
segments with various internode lengths without 
increasing in diameter (Fig.  4.8a + c, d ). In addi-
tion to occasional side shoots, the axils of the 
nodal scale leaves bear pairs (sometimes solitary) 
of long  fi liform roots about as thick as the shoots 
(e.g., van de Meerendonk  1984 ; Maas and 
Rübsamen  1986 ; Maas and Maas-van de Kamer 
 1989  ) , which can be glabrous (e.g.,  Triuris hyalina , 
Imhof  1998 ,  Triuridopsis intermedia , Franke et al. 
 2000 , Fig.  4.8a + c–e ), sparsely hairy (e.g., several 
 Sciaphila  spp., Schlechter  1913 ,  Lacandonia 
schismatica , Martinez and Ramos  1989  )  to con-
spicuously pilose (e.g.,  Soridium spruceanum , 
Miers  1852 . several  Sciaphila  spp., Johow  1889 ; 
Hemsley  1907 ; Larsen  1972 ,  Andruris  spp., 
Schlechter  1913 ,  Seychellaria madagascariensis , 
Fig.  4.10c ). Usually the scale leaves and, conse-
quently, the root pairs are spaced along the subter-
ranean shoot (Fig.  4.8a + c ), but there can also be 
dense clumps of  fi liform roots seemingly radiat-
ing from a single origin (e.g., several  Sciaphila , 
 Triuris , and  Peltophyllum  spp., Larsen  1972 ; 
Maas and Rübsamen  1986 , Fig.  4.8d , e + j, 
 Seychellaria madagascariensis , Fig.  4.10c ), 

sometimes occurring in two or three tiers along 
the subterranean shoot (Fig.  4.8d ). There are also 
a few species with more stout roots but also show-
ing a star-like arrangement at the base of the shoot, 
namely the three species of the Kupeaeae (Cheek 
et al.  2003 ; Cheek  2003b , Fig.  4.10d–f ), but also 
 Sciaphila polygyna  (Imhof  2004 , Fig.  4.9a–d ). 
 Sciaphila ledermannii  (Fig.  4.8i ) has an interme-
diate root thickness (Fig.  4.8j ). The star-like root 
aggregations by  fi liform or stout roots, even if 
they appear super fi cially very different, all follow 
the same developmental pattern, that is maximally 
one pair of shoot-borne roots per node, but are 
formed by the initiation of a side shoot from the 
scale leaf axil directly bearing a next node with 
scale leaf, giving rise to another pair of roots and 
a side shoot and so forth. The side shoots often do 
not elongate, which explains the abundance of 
roots (see details in Imhof  1998,   2004  ) . 

 The tendency towards aggregations of thick 
and short roots seems to be characteristic for 
mycoheterotrophic plant families (Leake  1994 , 
Imhof  2010 , this chapter). Hence, the quite recent 
discovery of this feature in the Triuridaceae 
(Cheek et al.  2003 ; Imhof  2003,   2004 , see 
Figs.  4.9d  and  4.10f ) was not too surprising. 

 The root anatomy of Triuridaceae is quite uni-
form also. Internal to the epidermis, there is a 

Fig. 4.8 (continued) The apocarpous gynoecium is about 
1.5 mm wide. ( c ) Subterranean shoots of  T .  hyalina  with 
spaced nodes (n) where paired roots (r) arise from each 
scale leaf axil giving it a ladder-like appearance. The roots 
are uniformly 0.4 mm thick. ( d ) Each node seen in (c) 
may develop aggregations of paired roots (agr) as 
explained in text. ( e ) An aggregation of roots seen in (d) 
results in a star-like root system. At this stage, it may have 
already borne several  fl owering shoots (detached). A new 
shoot (s), 2 cm long, bearing a  fl ower bud has developed. 
( f ) Transverse section through a  T .  hyalina  root measuring 
0.4 mm in diameter. The epidermis (ep) is mostly free of 
hyphae and the exodermis (ex) is a barrier to the fungus 
except for the short cells (shc) with thickend outer tangen-
tial walls serving as passage cells. The outer cortex paren-
chyma layer bears dense hyphal coils (hc+) which do not 
become digested but may collapse when older. The middle 
parenchyma layer consists of enlarged cells containing 
mostly amorphous clumps of hyphal masses (hc−). 
The inner cortex layer of much smaller cells is free of 

hyphae. The endodermis (en) is only slightly suberized. 
( g ) Longitudinal section through a  T .  hyalina  root show-
ing epidermis (ep), exodermis (ex), the dense hyphal coils 
(hc+) in the outer and the degenerated ones (hc−) in the 
middle cortex parenchyma layer. Occasionally vesicles 
(v) may occur in both layers. ( h ) Schematic view of the 
colonization pattern in  T .  hyalina : after penetration of epi-
dermis and a short cell of the exodermis the hyphae start 
to coil and decrease their diameter while spread longitudi-
nally and tangentially within the outer cortex parenchyma. 
The dense coils of narrow hyphae (see ( g )) send branches 
into the middle parenchyma layer where they degenerate 
to amorphous clumps. Vesicles may occur in both layers. 
The red marked cells are impenetrable to the fungus. ( i ) 
In fl orescence of  S .  ledermannii  showing female  fl owers. 
( j ) Subterranean system of  S .  ledermannii  consisting of a 
short rhizome (rh) continuous with the epiterrestrial shoot 
(s). The rhizome bears  fi liform roots (r) in this specimen 
up to 9 cm long and 0.8 mm thick       
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  Fig. 4.9     Sciaphila polygyna  (Triuridaceae). ( a ) Top view 
of a female  fl ower of  S .  polygyna  with its numerous car-
pels in fruiting stage (about 3 mm wide). ( b ) Same  fl ower 

from the lower side showing the tepals (tp) with hair tufts. 
( c ) Apex of an in fl orescence of  S .  polygyna  with numerous 
 fl ower buds. ( d ) Subterranean system of  S .  polygyna  with 
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suberized exodermis (Fiebrig  1921 ; Imhof  1998, 
  2003  )  and two (Johow  1889 ; Tomlinson  1982  ) , 
three (Fiebrig  1921 ; Imhof  1998  ) , to several 
(Imhof  2003  )  cortical parenchyma layers. The 
endodermis and/or pericycle may be reinforced 
(Poulsen  1886,   1890b ; Johow  1889 , Milanez and 
Meira  1943 ; Larsen  1963 ; Tomlinson  1982  )  or 
not (Malme  1896b ; Imhof  1998,   2003  ) . The cen-
tral cylinder is much reduced. Very characteristic 
is the second cortex parenchyma layer, which 
mostly consists of conspicuously enlarged cells 
(Poulsen  1886,   1890b ; Johow  1889 ; Fiebrig 
 1921 ; Tomlinson  1982 ; Imhof  1998,   2003  ) , with 
the exception of  Sciaphila thaidanica  according 
to Larsen  (  1963 , Figs.  4.8f, g  and  4.9e ). 

 Mycorrhizal colonization was recognized very 
early (e.g., Poulsen  1886,   1890b ; Johow  1889 ; 
Janse  1896  ) , with additional information added 
later (Fiebrig  1921 ; Ohga and Sinoto  1932 ; 
Milanez and Meira  1943 ; Palacios-Mayorga and 
Pérez-Silva  1993  ) , but details of the colonization 
pattern were described rather recently (Imhof 
 1998,   2003 ; Franke  1999  ) .  Triuris hyalina  attains 
a sustained bene fi t from the endophytic fungus 
by maintaining the hyphae in a functional state in 
the  fi rst cortical parenchyma layer and digesting 
them only in the enlarged cells of the second 
parenchyma layer (Fig.  4.8f–h , see details in 
Imhof  1998  ) . An unpublished diploma thesis on 
 Sciaphila purpurea  (Franke  1999  )  not only 
yielded detailed information on morphology, 
anatomy, and ecology of the reproductive parts, 

but also con fi rmed the distinction of undigested 
hyphae in the outer vs. the digestion of hyphae in 
the inner enlarged cells of the root cortex. Beyond 
that, the structural diversity of the mycorrhizal 
colonization pattern in  Sciaphila polygyna  (Fig. 
 4.9a–d ) is much more complicated and certainly 
belongs to the most complex mycorrhizas known 
(Fig.  4.9e–h ). It includes four different morphol-
ogies of hyphae occurring in four distinct root tis-
sue compartments. Moreover, it shows a disparate 
colonization at the tip compared to the base as 
well as the dorsal vs. the ventral side of the root, 
creating a monosymmetrical (only one plane of 
symmetry) root in transverse and longitudinal 
sections (Fig.  4.9h , see details in Imhof  2003  ) . 
The purpose of these complex structures, except 
for the strictly localized digestion in the “giant 
cells” for a sustained carbon in fl ux (Imhof  2003  ) , 
is not yet understood. 

 The fungus in  Sciaphila secundi fl ora  (Yamato 
 2001 , treated as  S .  tosaensis , the two treated 
as being synonymous by Ohashi  2000  )  was 
 determined by DNA sequencing to be a  Glomus  
species (Glomeromycota). More recently,  S . 
 secundi fl ora  (still called  S .  tosaensis ) and 
 Andruris japonica  (treated as  Sciaphila japonica ) 
were described to associate with  Glomus -group 
A fungi (Yamato et al.  2011b  ) , the phylotypes 
extracted from each species being closely related 
to another but quite distant when compared 
between the two species.  Sciaphila ledermannii  
was also found to be colonized by a species from 

Fig. 4.9 (continued) thick roots (r, several have detached) 
radiating from the base of two shoots (s, one is detached). 
For the architecture of this root system, see Imhof  (  2004  ) . 
( e ) Transverse section through a central part of a 1.2 mm 
thick root of  S .  polygyna  surrounded by epidermis (ep) and 
exodermis (ex) with short cells (shc) serving as the only 
passage cells for fungal penetrations (p). Root anatomy and 
mycorrhizal pattern are highly heteromorphic with cells of 
the fourth root layer being much larger (“giant cells,”  blue 
border ) than others dislocating the central cylinder (cc) out 
of its central position to create a dorsiventral architecture of 
the root. Fungal material degenerates (hc−) only in the 
fourth layer. The third layer has loose hyphal coils with 
swellings ( yellow border ), coils without swellings (not 
marked) and very dense coils of thin hyphae ( green border , 

 ventral side ). Colonization by dense coils follows a 
v-shaped pattern leaving a gap of colonization (g) in some 
parts of the roots (see  right hand side  of ( h )). ( f ) Tangential 
section through the dorsal side of a  S .  polygyna  root show-
ing areas colonized by coils with many ( yellow border ) and 
with less swellings. ( g ) Tangential section through the ven-
tral side of the third root layer at the same magni fi cation as 
(f) indicating the differences of the three types of coils in 
the third layer. ( h ) Schematic view of the mycorrhizal colo-
nization pattern in  S .  polygyna  in transverse ( left ) and lon-
gitudinal view ( right ). The coloration corresponds to those 
in ( e ,  f ). Note that the different colonization morphotypes, 
the appearance of giant cells, the digestion of hyphae 
therein is also heteromorphic in the longitudinal view as it 
is in transverse view (see details in Imhof  2003  )        
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  Fig. 4.10    ( a – c )  Seychellaria madagascariensis , ( b – f ) 
 Kupea martinetugei , (Triuridaceae) ( g ,  h )  Geosiris aphylla , 
(Iridaceae) ( i ,  j )  Thismia panamensis  (Thismiaceae). ( a ) 

Female  fl owers of  S .  madagascariensis  about 2 mm wide 
with the basal  fi liform styles projecting above the car-
pels. ( b ) Young male  fl ower of  S .  madagascariensis . 
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 Glomus -group A as well as by an  Acaulospora  
sp. (Franke et al.  2006  ) , whereas Merckx and 
Bidartondo  (  2008  )  detected only a  Glomus -group 
A fungi in a specimen of  S .  ledermannii  from 
Mount Cameroon.  Kupea martinetugei  was asso-
ciated with two closely related fungi of  Glomus -
group A (Franke et al.  2006  ) , con fi rmed by 
Merckx and Bidartondo  (  2008  ) .  

    4.5.5   Corsiaceae (Fig.  4.11 ) 

    4.5.5.1   Arachnitis 
 Roots of the inconspicuous plant  Arachnitis 
uni fl ora  (Corsiaceae, Fig.  4.11a ), one of two 
unusual mycoheterotrophs in the genus con fi ned 
to a few locations in the southern hemisphere 
(Dimitri  1972 ; Cribb et al.  1994 ; Ibisch et al. 
 1996 ; Domínguez and Sérsic  2004  ) , are short and 
 fl eshy, radiating from the shoot base, and lack 
root hairs. Reiche  (  1907  )  described colonization 
of peripheral parenchyma cells in roots by endo-
trophic mycorrhizal fungi whereas Colozza 
 (  1910  )  called the plant “parassita,” adding 
“fors’anche sapro fi ta?” (= perhaps saprophytic?) 
in brackets. More recently, Minoletti  (  1986  )  
referred to the colonization pattern as an ecten-
domycorrhiza because both intercellular and 
intracellular hyphae were present in the outer 
cortex of roots. Molecular methods have proven 
that roots are colonized by an AM fungus belong-
ing to  Glomus -Group A (Bidartondo et al.  2002  ) . 
However, details of the structural characteristics 
of the plant-fungus interaction are unlike other 
plant associations with  Glomus  spp. (Domínguez 
et al.  2006,   2009  ) . Unusual branched structures 
with in fl ated ends (Fig.  4.11c–g ) form in addition 
to hyphal coils (Fig.  4.11d ) in the cortical cells of 
the plant’s  fl eshy roots. Arbuscules do not form 

and vesicles (Fig.  4.11g ) rarely occur. The func-
tion of the branched structures is unknown but 
they, along with the hyphal coils, may be involved 
in the transfer of sugars from fungus to root cells 
(Domínguez et al.  2009  ) .  Arachnitis uni fl ora  also 
develops unusual asexual propagules (Fig.  4.11b ) 
on its  fl eshy roots (Domínguez et al.  2006  )  that 
are colonized by fungi from the parent root before 
they detach. The propagules develop a shoot api-
cal meristem and adventitious roots and ulti-
mately new plants that presumably link to 
neighboring photosynthetic plants for their source 
of carbon (Domínguez et al.  2006,   2009  )   

    4.5.5.2   Corsia 
 Only a general description of roots in  Corsia  spe-
cies is given by van Royen  (  1972  ) ; no further 
speci fi c information can be found in the taxo-
nomic section of his monograph. The roots are 
 fi liform, unbranched, white to cream-colored, 
growing horizontally through the humus layer. 
Compared to the entire plant, they are “quite siz-
able” and “extend over considerable distance in 
many directions” (van Royen  1972  ) . They arise 
from short, creeping rhizomes, with sheathing 
scale leaves (Williams  1946 ; van Royen  1972  ) . 
Beccari’s  (  1877  )  and Schlechter’s  (  1905  )  draw-
ings, however, show some root branches in  Corsia 
ornata  and  C .  unguiculata , respectively. Similarly, 
Cribb  (  1985  ) , without discussing them, depicts 
branching roots in  C .  pyramidata , also arising 
from branching rhizomes a few centimeters 
below the soil surface. Jones and Gray  (  2008  ) , 
describing the only Australian species  C .  dispar , 
explained this discrepancy as an oversight by van 
Royen, since many herbarium sheets of  Corsia  
spp. in the herbarium of Canberra have branched 
roots as well. According to Jones and Gray 
 (  2008  ) , the rhizome in  C .  dispar  is about 4 mm 

Fig. 4.10 (continued) ( c ) Root aggregation of  S .  mada-
gascariensis  (compare Fig. 4.8e) showing four shoots (s) 
and numerous pilose roots (r) up to 10 cm long and 
0.6 mm thick. ( d ) Female in fl orescence of  K .  martinetugei . 
( e ) Male in fl orescence of  K .  martinetugei . ( f ) Root system 
of  K .  martinetugei  with several radiating, 1.5 mm thick 

and up to 7 mm long, roots (r) at the base of the shoot (s). 
( g ) Subterranean parts of  G .  aphylla  with a rhizomatous 
tuber (t) and  fi liform roots (r) at its base. ( h ) Preserved 
capitulum of  G .  aphylla . ( i ) Subterranean tuber (t) of  T . 
 panamensis  with  fi liform roots (r) radiating from it. (j) 
Flower of  T .  panamensis (courtesy of H and PJM Maas)        
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  Fig. 4.11     Arachnitis uni fl ora  (Corsiaceae). ( a ) Flowering 
stems of  Arachnitis uni fl ora , each with a single  fl ower. 
Image courtesy of Laura Domínguez. ( b ) Propagules 
( arrowheads ) on a  fl eshy root ( asterisk ) of  A .  uni fl ora . ( c ) 
Confocal microscopy of intracellular branched hyphal 
structures of  Glomus -Group A in a root of  A .  uni fl ora . ( d ) 
Longitudinal section of resin-embedded root of  A .  uni fl ora  
stained with toluidine blue O showing the apical mer-
istem ( asterisk ), intracellular hyphae of  Glomus -Group A 

( arrowheads ), and intracellular branched hyphal structures 
( arrow ). ( e ) Enlarged portion of a similar section of a  A . 
 uni fl ora  root showing intracellular branched hyphal struc-
tures of  Glomus -Group A ( arrows ). ( f ) Clearings of root 
cells of  A .  uni fl ora  stained with acid fuchsin showing numer-
ous intracellular branched hyphal structures of  Glomus -
Group A ( arrows ). ( g ) Clearings of root cells of  A .  uni fl ora  
stained with acid fuchsin showing intracellular hyphae 
( arrowheads ) and a vesicle ( arrow ) of  Glomus -Group A       
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thick and grows in annual increments. In contrast 
to the information given by van Royen  (  1972  ) , 
Cribb  (  1985  )  and Jones and Gray  (  2008  ) , a new 
variety  C .  purpurata var .  wiakabui  (Takeuchi and 
Pipoly  1998  ) , later considered to be a separate 
species (Jones and Gray  2008  ) , has a conspicu-
ously tuberous rhizome bearing the roots (inter-
preted from the drawing in Takeuchi and Pipoly 
 1998  ) . This is partly reminiscent of the third 
genus of the family,  Corsiopsis , discussed below. 
No anatomical studies exist on this genus which 
could elucidate its mycorrhiza.  

    4.5.5.3   Corsiopsis 
 The monotypic  Corsiopsis chinensis  is only 
known from a single herbarium specimen (Zhang 
et al.  1999  ) . The original description is of an 
ellipsoid rhizome 12–15 mm long and 5 mm in 
width, the drawing showing it in an orthotropous 
orientation. Roots were not seen.   

    4.5.6   Orchidaceae (Fig.  4.12 ) 

 The family Orchidaceae has the largest number 
of mycoheterotrophic genera of any plant family, 
with approximately 35 % of more than 500 fully 
mycoheterotrophic angiosperm species recog-
nized (Leake  1994 ; Merckx et al.  2009 ; Imhof 
 2010  ) . It is impossible to characterize the subter-
ranean structures of all mycoheterotrophic orchid 
species (see Rasmussen  1995  for a thorough dis-
cussion) but a few examples will demonstrate the 
variability. Some species (e.g.,  Cyrtosia javanica ) 
have rhizomes bearing  fl eshy adventitious roots, 
others (e.g.,  Epipogium aphyllum ;  Corallorhiza  
spp.,  Rhizanthella garderi ) with rhizomes only, 
and others (e.g.,  Wullschlaegelia calcarata ) with 
roots, some of which are modi fi ed as tubers. 

 Regardless of the nature of the underground 
structures, the majority of achlorophyllous orchid 
species are associated with fungi that form intra-
cellular hyphal coils (pelotons) similar to those in 
photosynthetic orchids. These can develop within 
the majority of root or rhizome cortical cells and 
sometimes even in scale leaf tissue (Groom 
 1895c  )  and have an ephemeral existence since 
they undergo digestion by host cells (Smith and 

Read  2008  ) . This process, termed tolypophagy 
(Burgeff  1932  ) , can be repeated with recoloniza-
tion by pelotons of cells containing hyphal rem-
nants and subsequent digestion of these. Often, 
the cortex parenchyma is divided into an outer 
“Pilzwirtsschicht” (fungus host layer), where the 
coils do not degenerate, and an inner 
“Pilzverdauungsschicht” (fungus digestion 
layer), where digestion takes place (Magnus 
 1900 ; Burgeff  1932  ) . Moreover, in some myco-
heterotrophic species (e.g.,  Gastrodia  spp.), a 
process called ptyophagy occurs (Burgeff  1932 ; 
Wang et al.  1997 ; Rasmussen  2002  ) . While keep-
ing the fungus host cell layers, this is character-
ized by only short hyphae penetrating the 
single-layered and particularly voluminous diges-
tion cells and releasing their contents into it with-
out coiling (Janse  1896 ; Burgeff  1932 ; Campbell 
 1962,   1963,   1964  ) . As such, it very much resem-
bles the “hyphal pegs” in monotropoid mycor-
rhizas (Lutz and Sjolund  1973 ; Duddridge and 
Read  1982  ) . It is open to speculation if this can 
be interpreted as an evolutionary progression 
within orchid mycorrhiza, from non-differenti-
ated colonization pattern (see e.g., Peterson et al. 
 2004  ) , over the tissue compartmentation in host 
and digestion layers, to the ptyophagy as a spe-
cial type of the latter in few MH orchids. More 
structural work is needed to elucidate this, but 
since arbuscular mycorrhizas and ectomycor-
rhizas seem to have undergone evolutionary pro-
gression (Imhof  2009  ) , it would be surprising if 
this is not the case in orchid mycorrhizas. 

 Because of their “dust seeds,” consisting of a 
rudimentary embryo and limited storage reserves, 
all orchid species (Fig.  4.12a ) growing in native 
habitats require a suitable fungal partner to ger-
minate and for the subsequent development of 
the protocorm (Peterson et al.  1998,   2004  ) . The 
intracellular fungal hyphal coils (pelotons) are 
essential features for metabolite transfer into 
developing protocorms (Fig.  4.12b ) and roots 
(Fig.  4.12c ). All orchid species can, therefore, be 
considered to be mycoheterotrophic during this 
early stage of their life cycle (Leake  2004  ) . The 
fungi involved are basidiomycete anamorphs 
such as  Ceratorhiza ,  Epulorhiza  and  Moniliopsis  
which are capable of enzymatically reducing 



  Fig. 4.12    Orchidaceae. ( a ) Flowering stems of 
 Corallorhiza tri fi da . ( b ) Diagram of a developing orchid 
protocorm with intracellular fungal hyphal coils (pelotons) 
( arrowheads ). ( c ) Section of an orchid root showing intact 

pelotons ( arrowheads ) and degraded hyphae ( arrows ). 
Image courtesy of Carla Zelmer. ( d )  C .  tri fi da  root cells 
( arrow ) showing peloton stained with chlorazol black E 
( arrowheads ). Scale bar = 10  m m. Image courtesy of Carla 

 



1854 Subterranean Morphology and Mycorrhizal Structures

complex carbohydrates to simple sugars that are 
not only used for fungal growth but are also 
transferred to developing protocorms to enable 
seedling establishment to occur. 

 Although the majority of orchid species 
develop photosynthetic adult plants, a consider-
able number of genera remain dependent on myc-
orrhizal fungi for carbon compounds throughout 
their life cycle and therefore continue to be myco-
heterotrophs. In these situations, developing seed-
lings link to photosynthetic plant species via 
fungal mycelium, mostly belonging to members 
of the Basidiomycota (Taylor and Bruns  1997  ) . 
Zelmer and Currah  (  1995  )  demonstrated that the 
fungus isolated from roots of  Corallorhiza tri fi da , 
although not identi fi ed, formed pelotons in 
 Corallorhiza tri fi da  root cells (Fig.  4.12d ) and 
typical ectomycorrhizas with lodgepole pine 
( Pinus contorta , Fig.  4.12e ). It was recently dem-
onstrated by Zimmer et al.  (  2008  )  that the fungal 
symbiont associated with  C .  tri fi da  is a  Tomentella  
sp. (Thelephoraceae). Another example in which 
seeds of  Neottia nidus - avis  (also a non-photosyn-
thetic orchid) were enclosed in seed packets and 
placed either near adult plants or at some distance 
from them in a beech ( Fagus sylvatica ) woodland, 
McKendrick et al.  (  2002  )  were able to show that 
the genus  Sebacina  (anamorph,  Epulorhiza ) was 
the symbiont involved in the stimulation of seed 
germination. Adult plants of the mycoheterotroph 
 Neottia nidus - avis  remain associated primarily 
with the basidiomycete family Sebacinaceae 
(Selosse et al.  2002  )  whereas  Cephalanthera aus-
tinae  (another mycoheterotroph) associates with 
members of the Thelephoraceae (Taylor and Bruns 
 1997  ) . Recently, Ogura-Tsujita and Yukawa 
 (  2008  )  reported the extreme speci fi city of the 
mycoheterotrophic orchid  Eulophia zollingeri  with 
the fungal symbiont,  Psathyrella candolleana  in 

the Agaricales (Basidiomycetes). In contrast, 
mycoheterotrophic species within the genus 
 Epipactis  have been reported to associate not only 
with members of the Basidiomycota but also with 
members of the Ascomycota, including  Tuber  
(truf fl e) species (Selosse et al.  2004  ) .  

    4.5.7   Iridaceae ( Geosiris , Fig.  4.10g, h ) 

 Unlike the other larger families comprising both 
autotrophic and mycoheterotrophic species 
(Orchidaceae, Burmanniaceae, Gentianaceae, 
Polygalaceae, Ericaceae), Iridaceae do not com-
prise morphologically intermediate species with 
reduced photosynthetic surface or amount of 
chlorophyll.  Geosiris aphylla  (Fig.  4.10g, h ) and 
the recently described  G .  albi fl ora  (Goldblatt and 
Mannings  2010  )  are the only mycoheterotrophic 
exceptions in the entire family. Systematically, 
 Geosiris  has been treated as a member of 
Iridaceae, Burmanniaceae or a family of its own 
(see Rübsamen-Weustenfeld et al.  1994  ) . Within 
the Iridaceae, it has been considered as 
Nivenioideae (Goldblatt  1990 ; Goldblatt et al. 
 1987,   1998  ) , but recently a position in its own 
subfamily Geosiridoideae, as suggested earlier 
(e.g., Thorne  1983  ) , has been con fi rmed 
(Goldblatt et al.  2008  ) . 

  Geosiris aphylla  has an orthotropous, corm-
like, oval to elongate rhizome with numerous 
scale leaves. The  fl owering shoots arise from the 
apical tip of this tuber-like organ, whereas at its 
base numerous  fi liform roots develop (Fig. 
 4.10g ), similar to the base of onion bulbs. 
Anatomically, the rhizome consists of a wide cor-
tex parenchyma surrounding a vascular cylinder 
with occasional gaps due to leaf and bud traces. A 
thin-walled epidermis and a forti fi ed endodermis 

Fig. 4.12 (continued) Zelmer and Randy Currah. ( e ) The 
same fungus isolated from  C .  tri fi da  root cells and inocu-
lated on  Pinus contorta  roots formed typical ectomycor-
rhizas with a mantle ( arrow ) and Hartig net ( arrowheads ). 
Scale bar = 25  m m. Image courtesy of Carla Zelmer and 
Randy Currah. ( f ) Subterranean system of  Neottia nidus -

 avis , consisting of numerous roots, 1–2.5 cm long and 2 mm 
thick, emerging from a short orthotropous rhizome. ( g ) 
Subterranenean system of  Wullschlaegelia calcarata , with 
spindle-shaped root tubers (max. 2 cm long and 2 mm thick) 
at a short rhizome       
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around the vascular cylinder are present and some 
isolated amphivasal (xylem around phloem) bun-
dles are found in the ground tissue of the central 
pith. The parenchyma cells, particularly in the 
pith, contain starch grains (Goldblatt et al.  1987  ) . 
The roots also have a thin-walled epidermis, the 
cortex has four layers of parenchyma cells and a 
strongly forti fi ed tertiary endodermis (Goldblatt 
et al.  1987  ) . As pointed out previously (see 
 Petrosavia ), this again corroborates the view of 
Imhof  (  2010  ) , who considers a strong tertiary 
endodermis as one of the common adaptations of 
monocotyledonous MH plants in order to secure 
the essential linkage of roots and shoots. 

 The only anatomical work on  G .  aphylla  
(Goldblatt et al.  1987  ) , aside from Rübsamen-
Weustenfeld et al.  (  1994  )  studying embryology, 
does not mention any fungal colonization of roots 
or rhizomes. This is rather curious, since a carbon 
source for this non-photosynthetic plant is 
 mandatory. A parasitic mode of life ( sensu  Weber 
 1993  )  is highly unlikely because, in contrast to 
the roughly 4,500 eudicotyledonous parasitic 
plants, monocots have never been found to be 
parasitic (Raynal-Roques and Paré  1998 ; Heide-
Jørgensen  2008  ) . Possibly, Goldblatt et al.  (  1987  )  
may have overlooked the mycorrhizal structures. 
Therefore, further anatomical investigations 
focusing on the putative mycorrhiza of this spe-
cies are necessary.   

    4.6   Eudicots 

    4.6.1   Polygalaceae 
( Epirixanthes , Fig.  4.13 ) 

  Epirixanthes  from Southeast Asia is the only 
genus in the Polygalaceae entirely devoid of 
chlorophyll, although there are other species in 
 Polygala  and  Salomonia  (e.g.,  Polygala setacea  
(southeast USA) and  Salomonia ciliata  (Southeast 
Asia and northern Australia) that also show 
reductions in photosynthetic surface). The taxo-
nomic accounts (e.g., Smith  1912 ; Ridley  1922 ; 
Backer and van den Brink  1963 ; van der Meijden 
 1988 ; Hsieh et al.  1995 ; Pendry  2010  )  of the six 
species of  Epirixanthes  do not yield information 
on the subterranean organs. However, there are 
two older and one contemporary study on the 
mycorrhizal roots of  E .  papuana ,  E .  elongata , 
and  E .  cylindrica  (Penzig  1901 ; van der Pijl  1934 ; 
Imhof  2007  ) . 

 The rhizome of  E .  papuana  and  E .  elongata  is 
only a few millimeters long and continuous with 
the aerial shoot. The scale leaf axils give rise to 
sparsely branched  fi liform roots that are up to 
12 cm long and have a maximum diameter of 
0.65 mm (Imhof  2007 , Fig.  4.13a + d ). A primary 
root was never found. Since the rhizome is short, 
the roots seem to be radiating from the shoot 

Fig. 4.13 (continued) ( c ) In fl orescence of  E .  papuana . 
( d ) Subterranean system of  E .  elongata  similar to that of 
 E .  papuana  seen in ( a ). This specimen has basal shoot 
rami fi cations. Labels as in ( a ). ( e ) Longitudinal section 
through the cortex of an  E .  papuana  root showing a part of 
the straight, cascading hyphae (ch) in the outer paren-
chyma, coiled hyphae (hc+) in layer 2 (l2) and degener-
ated coils (hc−) in layer 1 (layers counted from the 
endodermis). ( f ) Longitudinal section through paren-
chyma layers 1 (l1) and 2 (l2) of a  E .  elongata  root. Layer 
2 contains initially straight hyphae sending hyphal 
branches (hb1) into layer 1 where they immediately 
degenerate to amorphous clumps (hc−). ( g ) Tangential 
section external to the central cylinder through an  E .  pap-
uana  root showing 2 cell rows of each layer 1 (l1), 2 (l2) 
and 3 (l3). Hyphae in layer 2 remain functional (hc+) and 
send branches centripetally into layer 1 (hb1) as well as 

centrifugally into layer 3 (hb3), both of which digest the 
fungal material (hc−). A part of the cascading hyphae 
coming from the outer cortex layers is also visible (ch). 
( h ) Transverse section through an  E .  papuana  root. The 
epidermis (ep) as well as the outer three cortex paren-
chyma layers are not colonized by hyphal coils, layer 1 
(l1) and 3 (l3) contain degenerated coils whereas layer 2 
(l2 and  dotted line ) contains functional hyphae. The cen-
tral cylinder inside the endodermis (en) is largely com-
posed of ligni fi ed  fi bers. ( i ) Schematic view of the 
mycorrhizal colonization pattern in  Epirixanthes  spp.. 
After penetration, the hyphae grow straight in a cascading 
manner through the outer cortex (1), retain the straight 
growth when reaching layer 2 but send branches into layer 
1 for digestion (2), start to coil hyphae in layer 2 when the 
mycorrhization proceeds (3) and then also send branches 
in layer 3 for digestion (4)       



  Fig. 4.13     Epirixanthes  spp. (Polygalaceae). ( a ) 
Subterranean system of  E .  papuana  with approximately 
0.6 mm thick roots (r) arising from a short rhizome (rh) 
continuous with the epiterrestrial shoot (s). Additional 

roots (ar) may develop along the shoot where it is con-
nected to the soil. ( b ) Isolated  fl ower of  E .  papuana  
(spirit material), little more than 2 mm long, with three 
tepals (te). Not all of the  fi ve sepals (se) are visible. 
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base, but additional roots may develop along the 
shoot when it is still covered by soil or litter sub-
strate (Imhof  2007 , Fig.  4.13a ).  Epirixanthes 
cylindrica  has thicker roots (up to 0.75 mm 
 diameter) and the rhizome bearing the roots is 
longer (Penzig  1901  ) . Roots of  Epirixanthes  have 
a triarch central cylinder with many ligni fi ed 
 fi bers, a pericycle, a suberized endodermis, up to 
seven cell layers of cortex parenchyma, and an 
epidermis (Fig.  4.13h ). The cells of the innermost 
cortex parenchyma layer are larger in radial but 
shorter in longitudinal direction than the other 
cells (Penzig  1901 ; van der Pijl  1934 ; Imhof 
 2007 , Fig.  4.13e, f + h ). 

 Penzig  (  1901  )  recognized the coiled intracel-
lular hyphae, their degeneration stages, especially 
in parenchyma layers 1 and 3 when counted out-
wards from the endodermis, and the nearly fun-
gus-free outer cortex layers. Van der Pijl  (  1934  )  
added the observation that the hyphae in layer 
two grow in longitudinal direction and send 
hyphal branches into the inner layer for diges-
tion. The whole colonization pattern, however, is 
more complicated and only perceivable when 
considering sequential sections. After penetra-
tion, the hyphae grow straight through the cells of 
the outer cortex, branch repeatedly and spread 
coarsely in this root segment until they reach 
layer 2 (Fig.  4.13e , layer 1 being the innermost 
cortex parenchyma layer). There the hyphae keep 
growing straight (Fig.  4.13f ), but later develop 
hyphal branches that coil within the cells (Fig. 
 4.13f, g ). Directly after having reached layer 2, 
lateral hyphae enter the anatomically distinct 
layer 1 where they immediately swell and degen-
erate (Fig.  4.13e, f ). In a later stage, layer 3 is also 
colonized from coiled hyphae in layer 2, again 

with immediate degeneration in layer 3 (Fig. 
 4.13g, h ). In contrast, the hyphae in layer 2 as 
well as the straight hyphae in the outer cortex, 
remain alive for nearly the lifetime of the root 
(Fig.  4.13g, h ). This rather complicated coloniza-
tion pattern is interpreted as a reasonable strategy 
in order to have maximum as well as sustained 
bene fi t from the few fungal penetration events. It 
includes a coarse (outer cortex colonization) as 
well as a  fi ne scale distribution mode (coloniza-
tion in layer 2), specialized cells for digestion, 
and tissue to keep the fungus alive (schematic 
view on Fig.  4.13i , details see Imhof  2007  ) .  

    4.6.2   Ericaceae (Monotropoideae, 
Figs.  4.14 – 4.17 ) 

 Eleven genera of mycoheterotrophic species are 
now recognized in the Monotropoideae:  Allotropa , 
 Cheilotheca ,  Hemitomes ,  Hypopitys ,  Monotropa , 
 Monotropastrum ,  Monotropsis ,  Pityopus , 
 Pleuricospora ,  Pterospora  and  Sarcodes , with 
several species endemic to a particular continent 
(Wallace  1975  ) . Molecular phylogeny work has 
revealed that  Monotropa uni fl ora  is more closely 
related to  Monotropastrum humile , whereas 
 Monotropa hypopitys  seem to be sister of  Pityopus 
californicus  (Bidartondo and Bruns  2001 ; 
Tsukaya et al.  2008  ) . Therefore, some standard 
taxonomies (Stevens et al.  2004 ; Seybold  2011  )  
have erected  Hypopitys  as a separate genus from 
 Monotropa , and now use  Hypopitys monotropa  
coined by Crantz  (  1766  ) . 

 The minute seeds of members of the 
Monotropoideae have underdeveloped embryos 
and minimal nutritive tissue and therefore depend 

Fig. 4.14 (continued) mycorrhiza with mantle ( asterisk ), 
fungal peg ( arrow ) and  fl ask-shaped cystidia ( arrow-
heads ). ( g ) Scanning electron micrograph of large calcium 
oxalate crystals ( arrows ) among  fl ask-shaped cystidia. ( h ) 
Freehand transverse  section of root showing mantle 
( asterisk ) and labyrinthine branching of Hartig net ( arrow-
heads ). ( i ) Longitudinal section of resin-embedded root 
stained with Toluidine blue O showing the apical mer-
istem ( asterisk ), and the mantle covering the root apex. ( j ) 

Paradermal section of resin-embedded root stained with 
Toluidine blue O showing labyrinthine branching of 
Hartig net hyphae and fungal pegs in transverse section 
( arrows ). ( k ) Higher magni fi cation of a longitudinal sec-
tion of resin-embedded root stained with Toluidine blue O 
showing mantle ( asterisk ), Hartig net ( arrowheads ) and 
fungal peg ( arrow ). ( l ) Transmission electron micrograph 
showing detail of the fungal peg with  fi nger-like wall 
depositions ( arrows )       



  Fig. 4.14     Monotropa uni fl ora  (Ericaceae/Monotro-
poideae). ( a ) Cluster of  fl owering stems in a hardwood 
forest in southern Ontario, Canada. ( b ) Young shoots and 
associated root ball. ( c ) Mycorrhizal root tip showing 
compact mantle with cystidia ( arrowheads ). Photo cour-

tesy of Brent Young. ( d ) Scanning electron micrograph of 
a root tip showing cystidia. ( e ) Higher magni fi cation scan-
ning electron micrograph of portion of a mycorrhiza 
with a calcium-oxalate crystal ( arrowhead ) among cys-
tidia. ( f ) Scanning electron micrograph of a fracture of a 
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  Fig. 4.15     Pterospora andromedea  (Ericaceae/Monotro
poideae). ( a ) Two  fl owering stems in the boreal forest in 
British Columbia, Canada. ( b ) Root ball showing mycor-
rhizal root tips. ( c ) Branched root tip showing colored 
mantle characteristic of a  Rhizopogon  sp. ( d ) Scanning 
electron micrograph of a portion of mantle showing 
 compact hyphae. ( e ) Higher magni fi cation scanning elec-
tron micrograph showing irregular hyphae and abundant 

small crystals ( arrowheads ). ( f ) Higher magni fi cation 
scanning electron micrograph showing details of various 
crystals ( arrowheads ). ( g ) Longitudinal section of a 
root showing the thick mantle ( asterisk ) and Hartig net 
( arrows ). ( h ) Longitudinal section of a root showing 
the inner mantle ( asterisk ), Hartig net ( arrowhead ) 
and fungal peg ( arrow ) penetrating the radial epidermal 
cell wall       

 



  Fig. 4.16    ( a ,  b )  Allotropa virgata , ( e – h )  Pleuricospora 
 fi mbriolata , (Ericaceae/Monotropoideae). ( a ) Flowering 
shoots of  Allotropa virgata . ( b ) Longitudinal section of a 
root showing a small apical meristem ( asterisk ) and some 
fungal colonization ( arrowheads ). ( c ) Higher magni fi cation 
showing Hartig net ( arrowhead ) and fungal peg ( arrow ). 
( d ) Transmission electron micrograph showing Hartig net 
( arrowhead ) and detail of the fungal peg with  fi nger-like 

wall depositions ( arrows ). ( e ) Emerged shoot with  fl owers 
of  Pleuricospora  fi mbriolata . Photo courtesy of Dan 
Luoma. ( f ) Longitudinal section of a root showing the api-
cal meristem ( asterisk ) and well-developed mantle ( arrow-
heads ). ( g ) Mantle ( asterisk ) and fungal peg ( arrow ) 
penetrating the outer tangential wall of an epidermal cell. 
( h ) Transmission electron micrograph showing a fungal 
peg with  fi nger-like wall depositions ( arrowheads )       
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  Fig. 4.17     Pityopus californicus  (Ericaceae/Monotro-
poideae). ( a ) Flowering stems of  Pityopus californicus . 
Photo courtesy of Barry Rice. ( b ) Developing embryo 
with multilayered mantle ( arrows ) on developing root. 
Remnants of seed coat are obvious ( arrowheads ). ( c ) 
Longitudinal section of an older root with mantle covering 
the apex. An emerging lateral root ( arrow ) is evident. 

( d ) Higher magni fi cation showing mantle ( arrows ) and 
Hartig net ( arrowheads ). ( e ) Detail of mantle ( asterisk ), 
Hartig net ( arrowheads ), and fungal peg ( arrow ) penetrat-
ing the tangential wall of an epidermal cell. ( f ) Scanning 
electron micrograph of fractured root showing a thick man-
tle ( asterisk ). ( g ) Transmission electron micrograph show-
ing a fungal peg with  fi nger-like wall depositions ( arrows )       

 



1934 Subterranean Morphology and Mycorrhizal Structures

on the presence of a suitable fungus to provide 
sugars and perhaps other nutrients needed for 
germination and seedling establishment (Bruns 
and Read  2000 ; Leake et al.  2004 ; Smith and 
Read  2008  ) . Massicotte et al.  (  2007  )  have shown 
that, in  Pityopus californicus , fungal hyphae 
become associated with germinating seeds and 
form a mantle as the embryo begins to elongate. 
Later, a mantle, Hartig net, and fungal pegs form 
in the developing root. Mycoheterotrophy is 
therefore established very early in the life cycle 
of these plant species. Their root systems vary 
among species, ranging from large root balls 
comprised of numerous mycorrhizal roots (e.g., 
 Monotropa ,  Pterospora ), to more diffuse root 
systems with mycorrhizal roots distributed more 
randomly (e.g.,  Pleuricospora ,  Monotropsis , 
 Allotropa ). Hirce and Finocchio  (  1972  )  described 
in detail the remarkably compact root system 
and anatomy of  M .  uni fl ora  and concluded that it 
represents a variation of the normal dicotyledon-
ous condition. They documented a decrease in 
anatomical complexity of  fi rst order (hexarch 
stelar con fi guration of vascular tissue, several 
centimeters long and up to 1.4 mm thick, linking 
adjacent plants) over second order (up to 8 mm 
long and 0.85 mm thick) to the third order roots 
(protostelic arrangement, max. 4 mm long and 
0.5 mm thick), even if all roots are densely cov-
ered with a mantle (and are presumably active). 
At the other extreme,  Allotropa  exhibits a more 
loose system of elongated rhizomes with  fi rst 
and second order adventitious roots (Massicotte 
et al.  2010  ) , and likewise in  Monotropsis odorata  
(treated as  Cryptophila pudica ) “the root system 
resembles a slender, mostly repeated many-
branched, creeping rhizome” (Wolf  1922  ) . 
Compared to  Allotropa ,  Pleuricospora  seems to 
have a slightly more condensed subterranean 
system (Massicotte et al.  2010  ) . 

 In the Monotropoideae (formerly Pyrolaceae), 
a progressive compaction of the root system, 
from  fi brous roots (e.g.,  Allotropa ) to coralloid 
roots (e.g.,  Pleuricospora ) to tight rootballs (e.g., 
 Monotropa ) has been hypothesized as re fl ecting a 
progressive dependence on epiparasitic mycotro-
phy (Furman and Trappe  1971  ) , although this 
remains to be tested physiologically. 

 Structurally, monotropoid mycorrhizas resem-
ble ectomycorrhizas in that a mantle and a Hartig 
net in this case con fi ned to the epidermis, form 
(Peterson et al.  2004  ) . However, they possess a 
unique feature, the invasion of epidermal cells by 
short hyphae originating from the Hartig net or 
inner mantle. These structures, referred to as fun-
gal pegs (Lutz and Sjolund  1973 ; Duddridge and 
Read  1982 ; Robertson and Robertson  1982 ; 
Peterson and Massicotte  2004 ; Peterson et al. 
 2004  )  form either along the outer tangential wall 
of epidermal cells, or at the base of the radial wall 
of epidermal cells. Host cells respond by deposit-
ing additional cell wall material, in  fi nger-like 
projections, around each peg. It has been hypoth-
esized (Lutz and Sjolund  1973 ; Duddridge and 
Read  1982 ; Massicotte et al.  2005  )  that these 
structures, resembling “transfer cells” in other 
plant species, may be involved in nutrient trans-
fer between the fungus and root cells although 
there is no experimental evidence to support this. 
In these systems, the Hartig net likely also plays 
a role in nutrient transfer but this needs to be 
con fi rmed. Kuga-Uetake et al.  (  2004  )  have shown 
the close association of microtubules with the 
fungal pegs in  M .  uni fl ora . 

 All of these species form monotropoid mycor-
rhizas with various fungal genera. The vast 
majority of fungi colonizing monotropoid roots 
are basidiomycetes and most of them have been 
identi fi ed using molecular approaches (Cullings 
et al.  1996 ; Lefevre  2002 ; Kretzer et al.  2000 ; 
Bidartondo and Bruns  2001,   2002  ) . In the follow-
ing paragraphs, we explore these critical features 
for  fi ve genera of Monotropoideae. 

    4.6.2.1    Monotropa uni fl ora  (Fig.  4.14 ) 
  Monotropa uni fl ora , a northern hemisphere spe-
cies (Fig.  4.14a ), along with the Asian 
 Monotropastrum humile  (Yokoyama et al.  2005 ; 
Yamada et al.  2008 ; Matsuda et al.  2011  )  have a 
strong af fi nity for fungi in the family Russulaceae, 
including many species of  Russula  such as 
 R .  brevipes ,  R .  decolorans ,  R .  nitida , as well as 
 Lactarius  spp. (Young et al.  2002 , Bidartondo 
 2005 ; Bidartondo and Bruns  2005 ; Yang and 
P fi ster  2006  ) .  Hypopitys monotropa  (= Monotropa 
hypopitys ), in contrast, forms mycorrhizas mostly 
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with fungal species in the Tricholomataceae. 
Excavated plants of  M .  uni fl ora  reveal well-
developed root balls (Fig.  4.14b ), packed with 
mycorrhizal tips of Russulaceae (Fig.  4.14c ), 
most forming numerous cystidia in the outer 
mantle (Fig.  4.14d ). Scanning electron micros-
copy of the mantle surface has shown that cys-
tidia can take various forms including, awl-shaped 
(Fig.  4.14e ) and  fl ask-shaped (Fig.  4.14f ). As 
well, frequent calcium-oxalate crystals may be 
present (Fig.  4.14g ). The mantle (Fig.  4.14h, i ) 
and Hartig net (Fig.  4.14h ) are easily observed 
but sectioning of mycorrhizal roots is required to 
show the presence and structure of fungal pegs 
(Fig.  4.14j–l ).  

    4.6.2.2    Pterospora andromedea  (Fig.  4.15 ) 
  Pterospora andromedea  (Fig.  4.15a ) and  Sarcodes 
sanguinea  (not shown), are con fi ned to western 
North America and appear to associate almost 
exclusively with the section of  Rhizopogon  
(Rhizopogonaceae) encompassing  R .  ellenae , 
 R .  salebrosus  and  R .  arctostaphyli  (Kretzer et al. 
 2000 ; Bidartondo and Bruns  2001,   2002 ; Taylor 
et al.  2002 ; Dowie et al.,  2011  ) . Large root balls 
(Fig.  4.15b ) dominated with  Rhizopogon  mycor-
rhizas (Fig.  4.15c ) are evident on excavated 
plants. A compact mantle with crystal inclusions 
of variable dimensions and shapes (Fig.  4.15d–f ) 
is characteristic of the mycorrhizas of this spe-
cies when viewed by scanning electron micros-
copy. Light microscopy shows a thick mantle, a 
well-developed Hartig net (Fig.  4.15g ) and a fun-
gal peg apparatus penetrating the radial epider-
mal cell wall (Fig.  4.15h ).  

    4.6.2.3    Allotropa virgata  and 
 Pleuricospora  fi mbriolata  
(Fig.  4.16 ) 

  Allotropa virgata  (Fig.  4.16a ) forms mycorrhizas 
exclusively with  Tricholoma magnivelare  
(Lefevre  2002 ; Taylor et al.  2002  ) , and is one of 
the most speci fi c host-fungal monotropoid sym-
biosis documented so far. Light microscopy 
reveals sporadic colonization at the root surface 
with a thin mantle (Fig.  4.16b ) and a fungal peg 
penetrating radial walls of epidermal cells (Fig. 
 4.16c, d ).  Pleuricospora  fi mbriolata  (Fig.  4.16e ) 

parasitizes the fungal species  Gautieria monti-
cola  (Bidartondo and Bruns  2001,   2002  ) , a truf fl e 
forming species belonging to the Gomphaceae 
(Humpert et al.  2001  ) . Typically, a well-devel-
oped mantle envelops the root (Fig.  4.16f ) and 
fungal pegs, penetrating the outer tangential walls 
of the epidermis (Fig.  4.16g ), are obvious. 
Characteristic  fi nger-like wall depositions are 
found on the fungal peg (Fig.  4.16h ).  

    4.6.2.4    Pityopus californicus  (Fig.  4.17 ) 
  Pityopus californicus  (Fig.  4.17a ) also forms 
mycorrhizas mostly with fungal species in the 
Tricholomataceae, in this case  Tricholoma myo-
myces  (Bidartondo and Bruns  2005  ) . However, a 
developmental study on young mycorrhizal 
embryos of  P .  californicus  suggests other fungi 
are present in earlier stages (Fig.  4.17b ) that are 
presumably replaced at later stages by  T .  myomy-
ces  (Fig.  4.17c , Massicotte et al.  2007  ) . Mature 
mycorrhizal roots typically show a thick mantle 
(Fig.  4.17d + f ), a well-developed Hartig net and 
a fungal peg, penetrating the outer tangential 
wall of epidermal cells (Fig.  4.17e ). Small  fi nger-
like projections can be seen on the fungal peg 
(Fig.  4.17g ).   

    4.6.3   Gentianaceae (Figs.  4.18 – 4.20 ) 

 In the Gentianaceae, 25 species in four genera are 
mycoheterotrophic. Additional to the genera cov-
ered here, two others are also considered to be at 
least partially “saprophytic” (Johow  1889 ; 
Knoblauch  1894 ; Gilg  1895 ; Holm  1897,   1906 ; 
Perrot  1898 ; Wood and Weaver  1982  ) . The mono-
typic  Obolaria virginica  has scale-like leaves 
along the lower stem with larger spatulate-
obdeltoid leaves towards the in fl orescence. The 
 fl eshy stem and leaves are purplish-green. The 
roots are coralloid and mycorrhizal (Holm  1897 ; 
Gillett  1959 ; Wood and Weaver  1982  ) , like many 
of the  Voyria  species described below.  Bartonia  
comprises four species,  B .  virginica ,  B .  verna , 
 B .  paniculata , the latter of which has two subspe-
cies (Gillett  1959  ) , and  B .  texana  (Correll  1966  ) . 
All species have only scale leaves but an overall 
greenish appearance. Compared to  Obolaria 
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  Fig. 4.18    ( a – c )  Voyria tenui fl ora , ( d ,  e )  Voyria obconica , 
( f – h )  Voyria spruceana , ( i – k )  Exochaenium oliganthum  
(Gentianaceae). ( a )  V .  tenui fl ora  in its natural habitat. ( b ) 
Coralloid shaped root system of  V .  tenui fl ora  with branched 
roots (r) clumped at the base of a shoot (s). ( c ) Subterranean 
organs of  V .  tenui fl ora  showing the tendency to radiating 
roots (r) at the base of a shoot (s). The roots can be up to 
1 mm thick and several centimeters long. ( d )  V .  obconica  
in its natural habitat (courtesy of H and PJM Maas). 
( e ) Subterranean system of  V .  obconica  with stout, up to 
1.5 mm thick and 1 cm long roots (r) at the base of a shoot 

(s). ( f ) Characteristic fringed, tail-like thecae appendages 
(ap) of  V .  spruceana . ( g ) Coralloid shaped root system of  V . 
 spruceana , also having the tendency for a star-like structure 
(this specimen measuring 14 mm in maximal extension). ( h ) 
Preserved  fl ower (1.2 cm long) of  V .  spruceana . ( i ) 
Vermiform to  fi liform root of  E .  oliganthum  with thicken-
ings up to 0.8 mm where a light brown coloration indicates 
fungal colonization (fc). ( j )  E .  oliganthum  tends to develop 
radiating roots (r) at the base of a shoot (s). ( k ) Two pre-
served  fl owers (7 mm long) of  E .  oliganthum        
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  Fig. 4.19    ( a – g )  Voyria truncata , ( h – n )  Voyria aphylla  
(Gentianaceae). ( a ) Epiterrestrial part of  V .  truncata . ( b ) 
Subterranean shoot (s) of  V .  truncata , spirally bent due to 

soil obstructions. The shoot arises from the axil between a 
main root (r) and a side root (sr). ( c ) Complete specimen 
of  V .  truncata  extracted from the soil, basally arising from 
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 virginica , the  Bartonia  species are more delicate, 
but also have  fl eshy, sparsely branched mycor-
rhizal root systems (Holm  1906  ) . Recent physio-
logical investigations using a stable isotope 
distribution approach found strong indications 
for a partial mycoheterotrophy in  Obolaria virgi-
nica  and  Bartonia virginica  (Cameron and Bolin 
 2010  ) . 

    4.6.3.1   Exacum 
  Cotylanthera  was originally a genus comprising 
four achlorophyllous species, which was sus-
pected to be closely related to the large genus 
 Exacum  (e.g., Raynal  1967a , Klackenberg  1985, 
  2002 , Yuan et al.  2003  ) ; the genus has now been 
formally transferred into  Exacum  by Klackenberg 
 (  2006  ) . The taxonomic accounts (e.g., Miquel 
 1856 ; Gray  1871 ; Clarke  1885 ; Gilg  1895 ; Lace 
 1914 ; Hara  1975  )  mostly do not refer to the sub-
terranean parts, but there are two rather old but 
quite detailed morphological descriptions of the 
roots for  Exacum tenue  (Janse  1896 ; Figdor  1897 , 

treated as  Cotylanthera tenuis ). Janse  (  1896  )  
described the roots as tufted around the stem 
base. Such star-like root systems are a common 
feature of most MH plants and interpreted as a 
strategy to decentralize carbohydrate and nutrient 
transport: a root system with many but hierarchically 
equivalent roots can better compensate for the 
failure of some of its elements than few but high-
capacity roots, as is the case in most allorhizic 
root systems (Imhof  2010  ) . Combining the 
information given by Figdor  (  1897  )  and Imhof 
et al.  (  1994  ) , the former showing a seedling of  E . 
 tenue , the latter describing the ontogeny of 
another gentian ( Voyria tenella ), the star-like root 
system of  E .  tenue  is probably generated by a pri-
mary root, developing ray-like lateral roots, and 
only then does this structure give rise to a root-
borne shoot. Later, further root-borne shoots are 
a means of vegetative propagation. Root hairs, if 
present, are much reduced (Figdor  1897  ) . A con-
siderable portion of the stem, up to half its length, 
may also be subterranean, often bent due to 

Fig. 4.19 (continued) a plagiotropous root (detached). 
Only the upper, reddish branches were epiterrestrial and, 
hence, appeared super fi cially as clustered but distinct 
individuals. ( d ) Subterranean shoot (s) of  V .  truncata  aris-
ing from a runner-like, plagiotropic root (r), intermingled 
with roots of neighboring plants (rnp). ( e ) Runner-like 
root (7 cm long and up to 2 mm thick) of  V .  truncata  
extracted from the soil with several side roots (sr) in the 
axils of which one or at most two root-borne shoots (s) 
develop. ( f ) Longitudinal section through a  V .  truncata  
root showing the epidermis (ep) and multilayered cortex 
with intracellular hyphal coils in various stages of degra-
dation. The  green dotted line  indicates a course of coloni-
zation from penetration to the inner cortex. The passage 
through a short cell (shc) of the exodermis (ex) is not vis-
ible on this section but present on the subsequent one (not 
shown). The pattern of newly inserted cell walls ( arrows ) 
indicate an ongoing primary thickening. ( g ) Schematic 
view of the mycorrhizal colonization pattern in  V .  trun-
cata . After penetration of the epidermis and a short cell 
(shc) of the exodermis as the only passage cells, the 
hyphae grow in a coiling manner from cell to cell deeper 
into the cortex. Extent of hyphal degradation increases 
with cortex depth. ( h ) Flower of  V .  aphylla . ( i ) Shoot (s) 
of  V .  aphylla  arising from a net of runner-like, up to 
0.5 mm thick roots (r), much smaller than in  V .  truncata . 
( j ) Radiating roots (r) at the base of a shoot (s) of 

 V .  aphylla . ( k ) Tangential section through the cortex of a 
 V .  aphylla  root showing the epidermis (ep) with straight, 
nondegenerated hyphae (sh), the exodermis (ex) with only 
the short cells (shc, anatomically not particular distinct) 
being used as passage cells for the hyphae, and the cortex 
parenchyma with often degenerated hyphal coils (hc−). 
Root hairs (h) only occur where organic material is 
attached to the root. Fungal penetrations (p) mostly hap-
pen via the root hairs. ( l ) Tangential section just  external 
to the central cylinder through a  V .  aphylla  root, showing 
the epidermis (ep) with straight hyphae (sh) and mostly 
degenerated hyphal coils (hc−) in the cortex parenchyma. 
However, straight hyphae (sh) also occur in the innermost 
parenchyma layers (ic), linked to the hyphae in the epider-
mis by nondegenerated coiled hyphae (not shown). ( m ) 
Root of  V .  aphylla  (r) attached to a root of a neighboring 
plant (rnp). Root hairs (h) develop only at such root to root 
connections. ( n ) Schematic view of the mycorrhizal colo-
nization pattern in  V .  aphylla . After penetration of root 
hairs, the hyphae grow straight in the epidermis, cross the 
 exodermis via passage cells (miss the red coloration), 
build coils in the outer cortex parenchyma which partly 
degenerate but also reach the innermost cortex paren-
chyma layers, where they again grow in a straight manner 
along the root axis. From these inner straight hyphae 
which do not become digested, branches grow back into 
the outer cortex to build coils for digestion       
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  Fig. 4.20     Voyria tenella  (Gentianaceae). ( a ) Three speci-
mens of  V .  tenella  in various stages of development. The 
younger specimens still show the nodding  fl ower bud. ( b ) 
Youngest specimen of  V .  tenella  found, measuring 2 mm 

in length. The primary root formed during germination 
(the arched part on the  left hand side ) has initiated three 
root primordia (on the  right hand side ). A shoot bud has 
not formed at this stage. ( c ) The  fi rst shoot primordium (s) 
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obstacles in the soil (Figdor  1897  ) . Similar obser-
vations were made in  Voyria truncata  (Imhof and 
Weber  1997  )  and  Triuris hyalina  (Imhof  1998  ) . 
The roots are several centimeters long and irreg-
ularly thickened, with the thicker parts three 
(Figdor  1897  )  to four times (Janse  1896  )  wider 
than the thinner ones. Tangential cell divisions in 
the outer cortex increase the number of paren-
chyma cell layers in those parts where fungal 
hyphae are found within the inner cortex cells. 
Uncolonized root segments, thus, have only four 
parenchyma layers whereas the mycorrhizal parts 
can have up to eight (Janse  1896  ) . Cells in the 
course of division do not become colonized, nei-
ther does the epidermis, exodermis nor the  fi rst 
cortical parenchyma layer. The hyphae within the 
cells are coiled (Figdor  1897  )  and show local 
swellings. They form “sporangioles,” a term used 
by Janse  (  1896  )  for degenerating hyphae. Figdor 
 (  1897  )  also speaks of clumped masses of dead 
hyphae. A prolonged primary thickening of 
the root as described by Janse  (  1896  )  has also 
been seen in  Voyria truncata , although there the 
cell divisions happen throughout the cortex, irre-
spective of being colonized or not (Imhof and 
Weber  1997  ) . 

 No information is given as to whether the sub-
terranean part of the stem is colonized by the fun-
gus. For comparison, more recent studies in  Voyria  
species did not  fi nd hyphae in shoot tissues (Imhof 
and Weber  1997,   2000 ; Imhof  1997,   1999c  ) , 
although Svedelius  (  1902  )  reports hyphae in aerial 
stems of  V .  tenella  (treated as  Leiphaimos azurea ).  

    4.6.3.2    Exochaenium  (Fig.  4.18i–k ) 
  Exochaenium oliganthum  (previously  Sebaea 
oligantha  Kissling et al.  2009 ; Kissling  2012  )  
from Central Africa is the only species in this 
genus that is achlorophyllous (Raynal  1967a , 
Kissling et al.  2009  ) . However, representatives 
with little photosynthetic surface such as  E .  debi-
lis , E. rara and E. pulsilla (Marais and Verdoorn 
 1963  )  suggest that partial mycoheterotrophy may 
also be present in other species of the genus. As 
is often the case, the subterranean organs are 
neglected in taxonomic accounts (Gilg  1899 ; 
Robyns  1962  ) . Raynal  (  1967a  ) , recognizing this 
lack, described the roots as radiating from the 
stem base, being few (her drawing shows  fi ve at 
the shoot base), sparsely branched, terete, car-
nose, and up to 0.5 mm thick (Fig.  4.18i, j ). This 
description is very similar to that for achloro-
phyllous  Exacum  species discussed above. More 
exciting is Raynal’s  (  1967a  )   fi nding of additional, 
almost subterranean cleistogamous  fl owers cov-
ered by the leaf litter of the soil surface. In con-
trast to the straight epiterrestrial shoots, the stems 
and pedicels of these “subterranean”  fl owers are 
mostly positively geotropic, coiled, and intermin-
gled with each other, but basically develop the 
same  fl owers and fruits as the aerial counterparts, 
except for some reductions in  fl oral structures. 
The fruits, due to positive geotropism, are geo-
carpic (Raynal  1967a  ) . 

 Information on the roots additional to that 
mentioned above is very scarce. Professor 
Mangenot did investigate the mycorrhiza of 

Fig. 4.20 (continued) appears only after the development 
of a characteristically radiating root system (this specimen 
is 4 mm wide in its maximal extension). ( d ) Young speci-
men of  V .  tenella , the shoot is 1 mm thick. ( e ) Flower of 
 V .  tenella . ( f ) Longitudinal section through a young root 
of  V .  tenella  showing the penetration and the subsequent 
direct growth of the straight hypha (sh) towards the inner 
root cortex where it proceeds along the central cylinder. 
( g ) Longitudinal section through a mature root of  V . 
 tenella  showing the straight hyphae (sh) in the inner cor-
tex parenchyma around the central cylinder (cc) and the 
degenerated coils of hyphae (hc−) in the outer cortex. ( h ) 
Transverse section through a root of  V .  tenella  (0.8 mm in 

diameter). The straight hyphae (sh) in the inner cortex 
parenchyma are visible as small circles. The epidermal 
tissue (et) consist of 2–3 layers of smaller cells never col-
onized by the fungus except for penetration points. Their 
outermost cells slough off (so) and are replaced by deri-
vates of the layers underneath. The obvious digestion of 
hyphal coils (hc−) takes place in the majority of the cortex 
parenchyma. ( i ) Schematic view of the mycorrhizal colo-
nization pattern in  V .  tenella . After penetration, the hyphae 
grows straighly towards the inner cortex layers which are 
longitudinally elongated and proceed therein along the 
central cylinder. Branches of these inner hyphae grow 
back into the outer cortex and degenerate (dh)       
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 Exochaenium oliganthum , but never published it. 
Raynal  (  1967a  )  reports his  fi ndings communi-
cated to her, which revealed fungal coils within 
the cells very similar to the conditions in  Neottia 
nidus - avis  (Orchidaceae). However, we know 
today that orchid mycorrhizas (e.g., Smith and 
Read  2008  )  and the AMs in gentians (e.g., Imhof 
 1999c  )  are only super fi cially alike. Recently, 
molecular methods have detected a  Glomus -
group A endophyte in  Exochaenium oliganthum , 
which seems to be highly speci fi c for this species 
(Franke et al.  2006  ) .  

    4.6.3.3   Voyriella 
 There are roughly 30 publications mentioning the 
monotypic  Voyriella , many of them only as part 
of an enumeration of gentianaceous genera. The 
approximately dozen of taxonomic or geographic 
accounts mostly lack information on subterra-
nean organs. In fact, there are only  fi ve statements 
on the roots of  Voyriella parvi fl ora : “radice 
 fi brosa” (Miquel  1851  ) , “roots on the transition 
from  fi liform to coralloid shape” (Johow  1889 , 
translated from German), “ fi liform” (Jonker 
 1936  ) , and “30 mm long and 0.3 mm thick” 
(Maas and Ruyters  1986  ) . The latter statement is 
simply restated by Pires O’Brien  (  1997  )  in a plant 
checklist of the Jari river in Brazil. There is no 
 fi gure showing the roots of  V .  parvi fl ora , but its 
mycorrhizal fungus has been identi fi ed by 18S 
rDNA sequencing.  V .  parvi fl ora  seem to be highly 
speci fi c to a basal clade of  Glomus -group A of the 
Glomeromycota (Bidartondo et al.  2002  ) .  

    4.6.3.4   Voyria (Figs.  4.18 – 4.20 ) 
 There is considerable information available for 
the roots of several of the 19  Voyria  species. The 
earliest observations by Aublet  (  1775  )  on  Voyria 
rosea  indicated that it has irregularly tuberous 
roots of the size of a  fi st and become eaten by the 
indigenous people (Garipons of the Guianas) 
after being cooked in a coal  fi re, tasting similar to 
potatoes. However, although  V .  rosea  has roots 
up to 40 mm long and 15 mm (!) thick, it appears 
more as a loosely coralloid root system rather 
than a tuberculous one (Maas and Ruyters  1986  ) . 

Either the specimen seen by Aublet had densely 
intermingled roots only appearing like a tuber of 
that size, or Aublet confused it with another plant. 
Aublet  (  1775  )  called the achlorophyllous genus 
after the Garipon name of that edible plant, 
 Voyria . There is still some confusion on the nature 
of the subterranean parts of  Voyria  spp. as they 
are sometimes erroneously called rhizomes (e.g., 
Süssenguth  1937 ; Jonker  1936 ; Fukarek et al. 
 1994 ; Pringle  1995  ) . Possibly, since the root-
borne shoots (Imhof et al.  1994 ; Imhof and Weber 
 1997 ; Imhof  1997  )  often have to grow through a 
considerable layer of soil before they reach the 
surface (Fig.  4.19b–d , Imhof and Weber  1997 , 
see before under  Exacum ), they might have been 
misinterpreted as orthotropous rhizomes. 

 Considerable differences, most probably rep-
resenting evolutionary steps, occur within this 
genus. Paralleled by the reduction of  fl oral 
(Oehler  1927 ; Maas and Ruyters  1986  )  and shoot 
anatomical features (Johow  1885 ; Solereder 
 1908 ; Oehler  1927 ; ter Welle  1986  ) , the root sys-
tems can also be arranged according to reduction 
particularly in root length. Roots of  Voyria trun-
cata  (a primitive member of the genus), can pre-
sumably be several meters long, growing 
horizontally and runner-like (Fig.  4.19e ) as deep 
as 20 cm beneath the soil surface (Fig.  4.19c, d ), 
and up to 2 mm thick, frequently branched, and 
give rise to two root-borne shoots in the axils of 
side roots (Imhof et al.  1994 ; Imhof and Weber 
 1997 , Fig.  4.19e ). Hence, seemingly distinct 
specimens above soil can well belong to the same 
individual, either by shoot rami fi cations already 
in the soil (Fig.  4.19c ), or because of different 
root sprouts originating from the same root (Fig. 
 4.19e ). Field observations recognized  V .  truncata  
shoots (Fig.  4.19a–d ) emerging like a chain of 
beads for several meters, denoting the root course 
in the soil (Imhof et al.  1994  ) . Aublet  (  1775  )  also 
reports on roots of  V .  rosea  being a foot deep in 
the soil. 

 In contrast, the most advanced representative 
of the genus,  Voyria tenella , has a small, star-like 
root system, shallowly rooted or only loosely 
connected to the litter substrate (Imhof et al. 
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 1994 , Fig.  4.20a–e ). Ontogenetic studies revealed 
a root to appear  fi rst after germination (Fig. 
 4.19b ) and only after a small star-like root system 
form does a  fi rst shoot arise (Imhof et al.  1994 , 
Fig.  4.20c ). In spite of the ray-like appearance, 
the roots do not grow evenly in all directions. In 
fact, there is a single pole of growth representing 
the primary root which develops side roots at 
very short distances creating the globose struc-
ture (Imhof  1997  ) . 

 In conclusion, although the two root systems 
of  V .  truncata  and  V .  tenella  seem to be very dif-
ferent, the root system of  V .  tenella  is easily 
interpreted as an extremely abbreviated root sys-
tem of  V .  truncata . This notion is supported by 
intermediate root systems linking  V .  truncata  and 
 V .  tenella , e.g.,  V .  aphylla  (Imhof  1999c , Fig. 
 4.19h–j ),  V .  rosea  (Maas and Ruyters  1986  ) , 
 V .  chionea  (Progel  1865  ) , and  V .  obconica  (Imhof 
and Weber  2000 , Fig.  4.18d, e ). The only African 
representative,  V .  primuloides , which is consid-
ered to be sister to  V .  chionea  (Albert and Struwe 
 1997  ) , is the only species in the genus with prom-
inent root hairs (Raynal  1967b  ) . 

 The root anatomy and mycorrhizal coloniza-
tion patterns in  Voyria  also support the progres-
sion proposed above.  Voyria truncata  has an 
almost identical root anatomy to a young  Gentiana 
lutea  (Perrot  1898  ) , including a distinct dimor-
phic exodermis with short and long cells (Fig. 
 4.19f, g ) and a substantial central cylinder with 
ligni fi ed tracheary elements, but lacking second-
ary thickening. Instead, a prolonged primary 
thickening is established (Fig.  4.19f ), which con-
stantly enhances the essential tissue for fungal 
colonization and is interpreted as an important 
adaptation to its mycoheterotrophy (Imhof and 
Weber  1997  ) . The type of arbuscular mycorrhiza 
is also very similar to other gentians (Neumann 
 1934 ; Jacquelinet-Jeanmougin and Gianinazzi-
Pearson  1983  ) , except for the lack of lateral 
arbuscules formed from the coiled intracellular 
hyphae, typical for a  Paris -type AM. The degra-
dation of hyphal coils in the cells, best explained 
as a digesting process of the plant to absorb car-
bon and nutrients from the hyphae, happens after 

about 15 cell passages (Imhof and Weber  1997 , 
Fig.  4.19f ). 

 The roots of  V .  aphylla  (Fig.  4.19h, i ) have all 
anatomical elements of  V .  truncata  but are 
reduced in their size and there is a tendency for a 
radiating formation of side roots at the shoot 
bases (Fig.  4.19i, j ). The mycorrhizal associa-
tions are also similar. However, some new fea-
tures have been acquired: (1) a longitudinal 
spread of straight hyphae within the epidermis as 
well as the innermost cortex layers (Fig.  4.19k, l ) 
and (2) the development of root hairs only where 
roots of neighboring plants are attached (Imhof 
 1999c , Fig.  4.19m ). Whereas the hyphae in roots 
of  V .  truncata  are largely restricted regarding the 
cortical spread, the nondegenerating hyphae in 
the epidermis of  V .  aphylla  are able to reach more 
distant segments of the root as well. Direct hyphal 
bridges from attached roots of neighboring plants 
are frequent sources of fungal root penetrations 
in several  Voyria  species. The locally developed 
root hairs of  V .  aphylla  increase this contact zone 
and, in fact, receive most of the external fungal 
penetrations (Imhof  1999c ; Fig.  4.19k + m ). 
Hyphal passage through the exodermis still is 
exclusively via the short cells, although those are 
not as anatomically distinct as they are in  V .  trun-
cata  (Imhof and Weber  1997  ) . Digestion of fun-
gal material takes place in the cortex parenchyma 
except for its innermost layers, where a still 
imperfect internal spread along the central cylin-
der can be seen. The latter feature foreshadows 
the highly ef fi cient colonization pattern of the 
further derived  Voyria tenella ,  V .  obconica  and 
 V .   fl avescens  (Fig.  4.20i ). 

 The root anatomy of the most advanced 
 V .  tenella  had been investigated by Johow  (  1885  )  
and Vigodsky-de Philippis  (  1938 , under the syn-
onym  Leiphaimos brachyloba ). Both stress the 
reduced character of the vascular system, the lack 
of suberization of the endodermis in  V .  tenella , 
and the voluminous root cortices (more details in 
Imhof  1997 , Fig.  4.20a–e ). Johow  (  1885  )  also 
recognized the coiled fungal mycelium within the 
cortex cells, but called it “parasitic” and, in 
accepting Drude’s hypothesis  (  1873  ) , assigned its 



202 S. Imhof et al.

presence to the attraction through a “particularly 
rich  fl ow of organic nutrients” (translated from 
German) he assumed to be a compulsory attribute 
of the roots of this “saprophytic” plant. He was 
aware of Kamienski’s  (  1882  )  new notion of a 
symbiotic association between fungus and plant, 
yet with cautious criticism. Vigodsky-de Philippis 
 (  1938  )  called the hyphae a “micelio micorrhiz-
ico.” However, these classical papers did not rec-
ognize the specialized colonization pattern. Root 
penetrating hyphae initially grow straight towards 
the innermost cortex layers and proceed in longi-
tudinal direction along the reduced central cylin-
der. From there, hyphal branches grow back into 
the outer cortex parenchyma where they begin to 
coil, quickly in fl ate, and  fi nally collapse into 
amorphous clumps (see details in Imhof  1997 ; 
Imhof and Weber  2000 ; Franke  2002 , Fig.  4.20f–
h ). By this means, a sustained use of only few 
external penetrations of the fungus is attained, 
maintaining the hyphae alive in the inner cortex 
and only digesting branches of them in the outer 
cortex: an intraradical fungus garden (Imhof 
 1997 , Fig.  4.19i ). In summary, within  Voyria , we 
can retrace not only morphological and anatomi-
cal reductions but also the evolutionary progres-
sion of a mycorrhiza (compare Figs.  4.19g, n    and 
 4.20i ), resulting in a highly ef fi cient system to 
bene fi t from a fungus. 

 The mycorrhizal fungi of several  Voyria  spe-
cies have been determined by molecular 
identi fi cation methods. Almost all of the endo-
phytes belong to  Glomus -group A of the 
Glomeromycota. However,  Voyria  spp. seem to 
not be as speci fi c regarding their mycorrhizal 
associates as other mycoheterotrophic species 
(Bidartondo et al.  2002 ; Merckx et al.  2010  ) . 

 Since mycoheterotrophic plants are very 
dif fi cult to cultivate, the unexpected emergence 
of a  Voyria  species in the Botanical Garden in 
Hamburg (Germany) shall be brie fl y reported 
here. As an epiphytic stowaway on the trunk of a 
tree fern ( Alsophila salvinii ) imported in the mid 
seventies, a yellow  Voyria  (perhaps  V .  aphylla , 
which is known to grow also epiphytically, 
Groenendijk et al.  1997  )  was discovered around 
1980. Unfortunately, it died in 1983, when its 
host fern tree was placed outside during summer 
(Poppendieck  1997  ) .    

    4.7   Selected Species of 
Questionable Trophic Status 

    4.7.1   Buxbaumia spp. (Bryophyta, 
Fig. 4.1k) 

 The genus  Buxbaumia  is comprised of 12 species 
in the northern hemisphere (Crosby et al.  2000 ; 
Gof fi net et al.  2008  ) . In contrast to the majority 
of mosses, the up to 3 cm high sporophyte is the 
prominent phase of this genus and consists of a 
bulky, oblique-oval capsule on top of the seta 
(Eastwood  1939  ) . This appearance has led to its 
enchanting vernacular names, e.g., Elfcap Moss, 
Humpbacked Elves, Bug-on-a-stick (Fig. 4.1k). 
While most species have greenish sporophytes 
(Udar et al.  1971 ; Ligrone et al.  1982 ; Stone 
 1983 ; Düll and Düll-Wunder  2008  ) , the sporo-
phytes of  Buxbaumia aphylla  and  B .  minakatae  
(Okamura  1911 ; Iwatsuki and Sharp  1967  )  seem 
to be largely devoid of chlorophyll. The gameto-
phyte of  Buxbaumia aphylla  is minute and achlo-
rophyllous (Goebel  1892 ; Dening  1928 ; Mueller 
 1972 ; Hancock and Brassard  1974  ) . The possibly 
perennial protonema (Steven and Long  1989  ) , 
consisting of single-lined threads of thick walled 
cells (Mueller  1972  ) , which may form velvety 
mats (McClymont  1950  ) , is green but of ques-
tionable trophic relevance (Haberlandt  1886 ; 
Eastwood  1939  ) . Early stages of the sporophyte 
may show some green color (Goebel  1892 ; 
Dening  1928 ; Eastwood  1936 ; Hancock and 
Brassard  1974 ; Schoepe and Philippi  2000 ; van 
Rompu and Stieperaere  2002  ) , but many recent 
as well as older publications consider it to have a 
heterotrophic mode of life (e.g., Haberlandt  1886 ; 
Eastwood  1936 ; Mueller  1972 ; Watson and 
Dallwitz  2005  onwards; Düll and Düll-Wunder 
 2008  ) . It is clear therefore that the relation of 
auto- vs. heterotrophy in the whole genus is com-
pletely unknown and should be studied. 

 In contrast to Eastwood  (  1939  ) , who believed 
in direct absorption by  Buxbaumia  of organic 
substances from humus or neighboring green 
mosses, we know today that plants are unable to 
do that directly, but are either parasitic (Kuijt 
 1969 ; Weber  1993  )  or mycoheterotrophic when 
lacking chlorophyll (Leake  1994,   2005  ) . However, 
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no information is yet available on mycorrhizal, 
endophytic, or parasitic associations, which could 
possibly explain the strange habit of these mosses. 
The ultrastructural investigation on the green  B . 
 piperi  did not  fi nd any association with fungi 
(Ligrone et al.  1982  ) . Neither did the detailed 
description (Stone  1983  )  on the foot and vaginula 
of  B .  novae - zelandiae  mention fungal hyphae, 
but explained the dense indumentum with anasto-
mosing elements as “rhizoidal outgrowth from 
the epidermal cells of the fertile axis.” Udar et al. 
 (  1971  )  also show drawings of longitudinal and 
transverse sections of the tomentose and slightly 
tuberous basis of the sporophyte of  B .  himalayen-
sis , which super fi cially resembles an ectomycor-
rhiza. Unfortunately, the authors did not comment 
on this feature at all. However, Haberlandt  (  1886  )  
has shown drawings of what he interpreted to be 
rhizoids. These “rhizoids” could well be fungal 
hyphae, and Haberlandt  (  1886  )  even explicitly 
remarked on their striking similarity to hyphae, 
particularly because of their frequent anastomo-
ses, which, as far as we know, is not characteristic 
for moss rhizoids. Similarly, Goebel  (  1892  )  
reports of anastomosing as well as achlorophyl-
lous protonemata, which even show clamp-like 
connections (line drawing in Goebel  1892  ) . In 
any case, contemporary studies providing photo-
graphic micrographs instead of drawings on the 
micromorphology and anatomy of  Buxbaumia 
aphylla  as well as stable isotope investigations 
(see Chap.   8    ) in order to elucidate the trophic 
mode, are urgently needed.  

    4.7.2    Pyrola picta  ( Pyrola aphylla , 
Ericaceae) 

  Pyrola aphylla  was  fi rst described by James 
Edward Smith 1814 in Abraham Rees’ 
Cyclopaedia (Vol. 29, No. 7), calling it “lea fl ess.” 
Other authors as well, such as de Candolle  (  1838  )  
and Hooker  (  1840  ) , described this species as hav-
ing no leaves. However, Nuttall  (  1843 , cited by 
Holm  1898  )  detected leaves of this species, and 
Holm  (  1898  )  ascertained subterranean shoots 
connecting apparently lea fl ess specimens with 
rosettes of green leaves, proving that they belong 
to the same individual. Also Andres  (  1914  )  noted 

that  P .  picta  can have few to no leaves. The same 
observation was made by Camp  (  1940  ) , who 
revisited herbarium sheets and argued for a close 
relationship, if not identity, of  Pyrola aphylla , 
 P .  picta  and  P .  dentata . More recently, Haber 
 (  1987  )  eventually merged the three species within 
the highly variable  Pyrola picta  Sm. 

 In addition to the subterranean shoots (sto-
lons) already mentioned,  P .  picta  also has hori-
zontally growing, runner-like, branching roots. 
Root-borne shoots as well as adventitious roots 
from the stolons can develop (Holm  1898  ) . The 
only speci fi c investigations on the mycorrhiza of 
 P .  picta  is by Largent et al.  (  1980  ) , calling it arb-
utoid and ericoid (both seen in specimens of 
 P .  picta  var.  picta ) and ericoid (in  P .  picta  var. 
 aphylla ). Other authors have called the mycor-
rhizas of  Pyrola  spp. arbutoid (Robertson and 
Robertson  1985 ; Massicotte et al.  2008 ; Vincenot 
et al.  2008  ) , ectendomycorrhizal (Wang and Qiu 
 2006  ) , or pyroloid (Cullings  1996  ) . It also has 
been considered as a linking mycorrhizal type 
between arbutoid and ericoid mycorrhiza in a 
new classi fi cation of mycorrhizas (Imhof  2009  ) . 

 Because  P .  picta  has green leaves, and the 
extreme, lea fl ess variant of  P .  picta ,  P .  aphylla , 
still has chlorophyll in the shoot bark (Holm 
 1898  ) , it actually should not be fully myco-
heterotrophic. However, Hynson et al.  (  2009  )  
found characteristic stable isotope signatures 
typical for mycoheterotrophic plants in  Pyrola 
aphylla  specimen. Interestingly,  Pyrola picta  
with leaves, although being the same species tax-
onomically, did not show signs of mycoheterotro-
phy according to carbon stable isotope signatures 
(Hynson et al.  2009  ) . Hence, the trophic status of 
this species is ambiguous. Possibly, dependency 
on the fungal carbon is not determined by the 
species in the taxonomical sense but on the actual 
ability for assimilation in a particular specimen.   

    4.8   Trends, Conclusions, 
and Future Directions 

 MH plants have distinctive structural necessities 
in contrast to autotrophic species due to their myc-
orrhizal dependence for carbon supply. Secondary 
growth of roots, for example, is deleterious since 

http://dx.doi.org/10.1007/978-1-4614-5209-6_8


204 S. Imhof et al.

it sheds the primary tissue, which alone can host 
the indispensable mycobiont. Moreover, the pri-
mary tissue, less important in autotrophic plants, 
must be present in suf fi cient quantity. Most impor-
tantly, intracellular (in contrast to intercellular) 
mycorrhizal colonization is a major prerequisite. 
In fact, there is no mycoheterotroph having 
an  Arum -type AM or an ectomycorrhiza, both 
of which are characterized by predominantly 
intercellular hyphal growth. Obviously, the trans-
fer of nutrients and carbohydrates provided by 
those mycorrhizal types is not suf fi cient to support 
achlorophylly. There also must be a high probabil-
ity to become colonized by an appropriate fungus, 
keeping in mind that MH plants are often quite 
speci fi c with respect to their endophyte (e.g., 
Kretzer et al.  2000 ; Taylor et al.  2002 ; Bidartondo 
et al.  2002 ; Franke et al.  2004 ; Ogura-Tsujita and 
Yukawa  2008  ) . A widely branched allorhizic root 
system seems to be suitable for this, but in turn, is 
susceptible to functional failure of large parts by 
only a single blocking, collapsing or disconnec-
tion event in a proximal segment. This is particu-
larly critical when secondary growth for securing 
the connection is impossible. In any case, the 
transfer of carbon to the reproductive parts must 
be either short or reliably assured. These chal-
lenges are reasons for the following convergent 
evolutionary trends concerning subterranean 
organs of MH plants in unrelated plant families:
    1.    Star-like root systems consisting of many 

roots radiating from the base of the shoot, 
either created by root-borne shoots or shoot-
borne roots, reduce the risk of becoming dis-
connected to a major part of the root system 
(e.g., Figs. 4.2g, 4.4b, 4.6c + g + k, 4.7b, 
4.8e + j, 4.10c + f + g + i, 4.12f + g, 4.13a + d, 
4.14b, 4.15b, 4.18b + e + g + j, 4.19j, 4.20a).  

    2.    Short and thick roots shorten the transport dis-
tance of carbon to the shoot while retaining 
the tissue volume of long and thin roots (e.g., 
Figs. 4.3a, 4.4b, 4.7b, 4.9d, 4.10f, 4.12f + g, 
4.14b, 4.15b, 4.17e + g, 4.19c).  

    3.    Specialized colonization pattern that enables a 
sustained use of a few fungal penetrations 
counterbalance the reduced probability to 
become colonized in short and thick roots 
compared to  fi liform roots (e.g., Figs. 4.3i, 

4.4i, 4.5j, 4.8h, 4.9h, 4.13h, 4.14k, 4.16d, 
4.19n, 4.20i).  

    4.    Strong reinforcement of thin roots, either by 
tertiary endodermae (in monocots) or the 
development of multicellular  fi brous tissue, 
protect the carbon supply of the shoot (e.g., 
Figs. 4.5d + f, 4.6c + d, 4.13h).     

 The contradicting needs for a large root surface for 
high infection probability and short distances for 
carbon transport, has been discussed as the “myco-
heterotroph’s dilemma” (Imhof  2010  )  and suppos-
edly has shaped much of the subterranean organs 
in MH plants during evolution. As an effect, 
advanced MH plants within a family have stout, 
clumped roots and (in orchids) rhizomes mostly 
with a specialized fungal colonization pattern. 
This trend is best exempli fi ed in  Voyria  
(Gentianaceae, Imhof  1999c  )  and in Ericaceae 
(Furman and Trappe  1971  ) . Gentianales and 
Ericaceae especially, having two fundamentally 
distinct groups of mycorrhiza (AM group vs. ECM 
group, Imhof  2009  )  but both show evolutionary 
reductions from trees to achlorophyllous herbs 
(Henderson  1919 ; Imhof  1999c  )  including changes 
in mycorrhizal pattern, turn out to be a textbook 
example for convergent evolution. In Triuridaceae 
(Imhof  2003  ) , Burmanniaceae (Imhof  2001  ) , 
 Thismia  (this chapter) and  Afrothismia  (both 
Thismiaceae, Imhof  2006  ) , and Orchidaceae 
(Furman and Trappe  1971  ) , this trend is partly 
detectable, but further investigations are neces-
sary for more support. Research on taxa-like 
 Geosiris  (Iridaceae),  Corsia  (Corsiaceae),  Kupea  
(Triuridaceae),  Haplothismia  (Thismiaceae) and 
others for which nothing is known concerning the 
fungal structures, will also help to understand the 
evolution of mycoheterotrophy. Moreover, given 
that 15 investigated vascular MH plants associ-
ated with AM fungi (i.e., Monotropoideae and 
orchids excluded) revealed 13 different mycor-
rhizal colonization patterns, there is a considerable 
chance for more fascinating novelties. In orchid 
mycorrhizas, although belonging to the oldest 
 fi elds of mycorrhizal research (e.g., Schleiden 
 1845  ) , comparatively little is known on the two 
existing types: tolypophagy and ptyophagy 
(Burgeff  1932 ; Wang et al.  1997 ; Rasmussen 
 2002 ; Imhof  2009  ) . Since the latter type was found 
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exclusively in achlorophyllous orchids so far (e.g., 
Janse  1896 ; Campbell  1963,   1964 ; Wang et al. 
 1997  ) , an examination of the mycorrhizal struc-
tures of other MH orchids is highly desired. 

 In conclusion, mycoheterotrophy is based on a 
number of specializations with respect to mor-
phology and anatomy of the underground parts, 
and, most importantly, on the evolution of sophis-
ticated mycorrhizal pattern.      
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          5.1   Introduction 

 The ability to obtain carbon from soil fungi is an 
exceptional trophic strategy in plants. The bizarre 
appearance of fully mycoheterotrophic plants 
immediately sparks questions about their evolu-
tionary history. How and when did they origi-
nate? Are all mycoheterotrophic plant lineages 
closely related? What did their ancestors look 
like? A quick glance through the list of plant fam-
ilies that contain fully mycoheterotrophic species 
reveals that mycoheterotrophy must have evolved 
multiple times independently during land plant 
evolution and that similarities in habit and eco-
logical interactions of many groups of myco-
heterotrophs thus are the result of remarkable 
convergent evolution (Chap.   2    ). The molecular 
revolution in plant systematics has helped to 
advance our understanding of land plant evolu-
tion considerably, including the evolutionary 
framework behind shifts from autotrophy to full 
mycoheterotrophy. In combination with the sub-
stantial progress that has been made in our knowl-
edge of the ecology of mycoheterotrophic plants 

and their fungal partners, we are now able to 
derive hypotheses of the evolutionary framework 
leading to mycoheterotrophy.  

    5.2   Reconstructing 
the Evolutionary History 
of Mycoheterotrophy 

 The evolutionary trajectory toward a fully myco-
heterotrophic mode of life can only be studied 
when solid phylogenetic frameworks are avail-
able. Despite our expanding knowledge of the 
evolutionary relationships in most plant families, 
our understanding of the af fi nities of many myco-
heterotrophic plant lineages is somewhat lagging 
behind. Indeed, in many cases, several obstacles 
cause the identi fi cation of relatives of full myco-
heterotrophs to be a phylogenetic challenge. 
First, many mycoheterotrophic plants are rare, 
dif fi cult to  fi nd, or only grow at remote localities 
(Chap.   2    ). In some extreme cases, particular spe-
cies are known from a single collection only. 
Obtaining study material is therefore often the 
 fi rst dif fi culty to overcome when trying to unravel 
the evolutionary history of mycoheterotrophs. 
Second, the evolution of full mycoheterotrophy 
is often associated with the loss of morphological 
key characters, leaving few reliable characters 
with which to infer evolutionary relationships. In 
such cases, the use of DNA sequence data for 
unraveling phylogenetic history provides a prom-
ising endeavor. Unfortunately, the evolution of 
mycoheterotrophy is not only accompanied by 
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physiological, anatomical, and morphological 
adaptations but also by high rates of molecular 
evolution. Chloroplast DNA data is the preferred 
choice for phylogenetic reconstruction of plants. 
However, including nonphotosynthetic full 
mycoheterotrophs in phylogenies based on plas-
tid DNA data poses many dif fi culties. Some 
achlorophyllous species still contain ampli fi able 
plastid DNA, but the resulting sequences are 
often problematic in alignment and analyses due 
to elevated substitution rates (Chase et al.  1993 ; 
Caddick et al.  2002  ) . Furthermore, as we discuss 
further in this chapter, these high rates of molecu-
lar evolution are not restricted to the chloroplast 
genome but are often present in nuclear and mito-
chondrial genes as well. The occurrence of sub-
stantial heterogeneity in rates of molecular 
evolution hampers sequence alignment and may 
also cause bias in phylogenetic reconstruction. 
Particularly, long phylogenetic branches can pos-
itively mislead parsimony analyses, causing the 
wrong tree to be estimated with increasing 
con fi dence as more characters are added. This 
phenomenon is called long-branch attraction 
(Felsenstein  1978  ) . Model-based phylogenetic 
reconstruction methods are less sensitive—but 
not immune—to long-branch attraction (e.g., 
Gaut and Lewis  1995 ; Huelsenbeck  1995  ) . Long-
branch attraction has been shown to prevent 

accurate phylogenetic reconstruction of 
Dioscoreales using parsimony analyses of nuclear 
and mitochondrial data due to the excessively 
increased substitution rates in the myco-
heterotrophic lineages (Merckx et al.  2009 ; 
Fig.  5.1 ). To minimize potential effects of long-
branch attraction in phylogenetic inference of 
mycoheterotrophic plant lineages, it is suggested 
to (1) sequence DNA regions that are less prone 
to rate heterogeneity (nuclear and mitochondrial 
DNA regions may be better candidates than chlo-
roplast regions), (2) maximize taxon sampling so 
that long phylogenetic branches are “broken up,” 
and (3) use different phylogenetic reconstruction 
methods, for example, results obtained with par-
simony methods should be compared to results of 
model-based methods (maximum likelihood and 
Bayesian methods). When long-branch attraction 
is suspected to have in fl uenced the results, its 
in fl uence can be assessed by repeating the analy-
sis without particular long branches (see Bergsten 
 2005  )  or by performing topology tests, such as 
the Shimodaira–Hasegawa test (Shimodaira and 
Hasegawa  1999  )  or the Swofford–Olsen–
Waddell–Hillis test (Swofford et al.  1996  ) .  

 Despite these drawbacks, the phylogenetic 
position of many mycoheterotrophic groups has 
been successfully inferred using DNA data, 
sometimes with surprising results, which in turn 

  Fig. 5.1    An example of how increased substitution rates in 
mycoheterotrophic lineages can lead to bias in phylogenetic 
reconstruction. ( a ) Most optimal maximum likelihood tree 
of a selection of Dioscoreales species based on nuclear 18S 
rDNA and mitochondrial  atp1  data. Branches leading to taxa 
of Thismiaceae are shown in  black  and clearly display ele-
vated substitution rates in comparison with other Dioscoreales 

lineages. This analysis suggests that Thismiaceae are a 
paraphyletic group. ( b ) One of the 1,824 most parsimonious 
trees obtained with maximum parsimony analysis of the 
same Dioscoreales dataset. In this analysis, Thismiaceae 
(black lineages) are monophyletic, but this was shown to be 
the result of a long-branch attraction artifact (Figure adapted 
from Merckx et al.  (  2009  ) )       
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urged a reevaluation of morphological characters. 
For example, the mycoheterotrophic family 
Triuridaceae was previously considered closely 
related to the alismatid families (Maas-van de 
Kamer  1995 ; Maas-van de Kamer and 
Weustenfeld  1998  ) , but phylogenetic hypotheses 
based on molecular data surprisingly placed them 
in Pandanales (Rudall and Bateman  2006  ) .  

    5.3   Evolution Toward 
Mycoheterotrophy 

    5.3.1   Origins of Mycoheterotrophy 

 Precise information about the closest relatives of 
some mycoheterotrophic plant lineages is still 
lacking. Nevertheless, all available evidence sug-
gests that plants capable of mycoheterotrophy 
evolved from autotrophic, mycorrhizal ancestors. 
Indeed, taxonomic and phylogenetic evidence 
suggests that full mycoheterotrophs living on 
arbuscular mycorrhizal fungi are most closely 
related to chlorophyllous arbuscular mycorrhizal 
plants. For example, mycoheterotrophic species 
in the genera  Voyria ,  Voyriella ,  Exacum , and 
 Exochaenium , as well as the putative partially 
mycoheterotrophic species in  Obolaria  and 
 Bartonia  are all part of Gentianaceae, of which 
the majority of the species are autotrophic and 
form arbuscular mycorrhiza (Struwe and Albert 
 2002 ; Yuan et al.  2003 ; Wang and Qiu  2006 ; 
Matthews et al.  2009 ; Cameron and Bolin  2010  ) . 
Other arbuscular mycorrhizal mycoheterotrophs 
are imbedded in, or most closely related to, clades 
of arbuscular mycorrhizal autotrophs as well, for 
example, Burmanniaceae (Merckx et al.  2006  ) , 
Thismiaceae (Merckx et al.  2008  ) ,  Geosiris  
(Goldblatt et al.  2008  ) , and  Petrosavia  (Cameron 
et al.  2003  ) . 

 Similar observations have been made for plants 
that perform mycoheterotrophic interactions 
through ectomycorrhizal fungi. Phylogenetic evi-
dence shows that an ectomycorrhizal fungal asso-
ciation capable of simultaneously infecting the 
roots of neighboring plants was probably in place 
in the common ancestor of the mycoheterotroph 
liverwort  Aneura mirabilis  and its most closely 

related species (Kottke and Nebel  2005 ; Wickett 
and Gof fi net  2008  ) . In Ericaceae, the phyloge-
netic relationships remain unclear, but it is safe to 
infer that all monotropoid mycoheterotrophs 
evolved from photosynthetic plants that formed 
ectomycorrhizas (Bidartondo  2005  ) . Similarly, in 
Pyroleae, phylogenetic hypotheses suggest the 
full mycoheterotroph  Pyrola aphylla  evolved 
from autotrophic ancestors (Liu et al.  2010  ) . 

 Also in Orchidaceae, there is ample evidence 
that fully mycoheterotrophic species are embed-
ded in clades of green orchids (e.g., Molvray 
et al.  2000  ) . It is well known that orchids form 
mycorrhizas. However, while an association with 
saprotrophic fungi is probably the ancestral state 
for Orchidaceae (Yukawa et al.  2009  ) , many fully 
mycoheterotrophic species of orchids associate 
with ectomycorrhizal fungi (Chap.   7    ). Some evi-
dence suggests that the establishment of a sym-
biosis with ectomycorrhizal fungi in these 
lineages served as preadaptation for the evolution 
of the full mycoheterotrophy (Motomura et al. 
 2010 ; see further). 

 Thus ultimately the evolutionary start point of 
mycoheterotrophy is mycorrhizal autotrophy, 
that is, an interaction in which a photosynthetic 
plant has a mutualistic association with mycor-
rhizal fungi. An evolutionary breakdown then 
leads to a shift from this mutualistic plant–fungus 
association to a situation in which the plant 
exploits its mycorrhizal fungi.  

    5.3.2   Evolutionary Stability 
of the Mycorrhizal Mutualism 

 In general, the breakdown of mutualisms is 
expected because they are theoretically unstable 
(Axelrod and Hamilton  1981 ; Bull and Rice  1991 ; 
Sachs et al.  2004  ) . Given the sel fi sh interest of 
individuals, why expend resources to bene fi t 
another species when resources could be redi-
rected for one’s own  fi tness (Kiers and van der 
Heijden  2006  ) ? However, mutualisms are ubiqui-
tous in nature, and many mutualisms have an 
ancient origin, which suggest that they are evolu-
tionary stable. A prime example is the arbuscular 
mycorrhizal mutualism, which encompasses more 
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than 80% of all land plants and is believed to have 
played a major role in the invasion of the land by 
plants (Smith and Read  2008  ) . About 3% of seed 
plant species have mutualistic interactions with 
ectomycorrhizal fungi, but while this number is 
relatively small, the global importance of ectomy-
corrhizal plants is greatly increased by their dis-
proportionate occupancy of terrestrial habitats. 
Furthermore, ectomycorrhizal plant–fungus asso-
ciations have a long history as well, which dem-
onstrates its evolutionary stability (Smith and 
Read  2008 ; Hibbett and Matheny  2009  ) . 

 In one-to-one plant–fungal symbiont interac-
tions, fungal symbionts will increase their own 
 fi tness by helping plants grow, and vice versa. 
However, mycorrhizas are diffuse symbioses 
because a mycorrhizal plant typically associates 
simultaneously with multiple fungi and a mycor-
rhizal fungus often associates simultaneously with 
multiple plants (Giovannetti et al.  2004 ; Lian et al. 
 2006  ) . This can select for parasitism by exploita-
tion of the bene fi ts provided by others while avoid-
ing the costs of supplying resources. Plants may be 
able to “enforce” cooperation of mycorrhizal fungi, 
as has been observed in plant–pollinator (Pellmyr 
and Huth  1994 ; Goto et al.  2010 ; Jandér and Herre 
 2010  )  and legume–rhizobium interactions (Kiers 
et al.  2003,   2006 ; Simms et al.  2006  ) . However, in 
these systems, sanction mechanisms rely on a 
 single host interacting with multiple partners. In 
contrast, the mycorrhizal symbiosis involves inter-
actions with multiple fungi and multiple host 
plants, and it is not clear whether sanctions could 
operate in the same way (Kiers et al.  2011  ) . 

 In the arbuscular mycorrhizal mutualism, 
in vitro experiments have shown that both plants 
and AM fungi are able to detect variation in the 
resources supplied by their partners, allowing 
them to adjust their own resource allocation 
accordingly (Bever et al.  2009 ; Kiers et al.  2011  ) . 
The system therefore seems to represents a “bio-
logical market,” in which reciprocal rewards sta-
bilize cooperation (Schwartz and Hoeksema 
 1998 ; Kiers and van der Heijden  2006 ; Kiers 
et al.  2011  ) . In addition, spatial structure of AM 
fungi within the plant root system may enhance 
the stability of the AM mutualism, as less 
bene fi cial AM fungi proliferate in spatially well-
mixed environments (Bever et al.  2009  ) .  

    5.3.3   Breakdown of the Mycorrhizal 
Symbiosis 

 Given the high costs for both partners in the myc-
orrhizal mutualism, the diffuse character of the 
partnership and the inability to assess the costs of 
particular associations at the time of the initial 
infection, a breakdown of the mycorrhizal sym-
biosis seems inevitable (Bruns et al.  2002 ; Kiers 
and van der Heijden  2006  ) . Theoretically break-
down of mutualisms leads to extinction, aban-
donment, or exploitation (Sachs and Simms 
 2006  ) . There are no straightforward examples of 
extinction in the mycorrhizal symbiosis. Evidence 
of mycorrhizal mutualists reverting to autonomy 
appears in the phylogenetic records of plants, 
while whether or not such reversals occurred 
in fungi is still debated. Multiple lineages of 
angiosperm plants, presumed to have arbuscular 
mycorrhizal ancestors, have switched to a non-
mycorrhizal condition (e.g., species of the families 
Brassicaceae, Caryophyllaceae, Proteaceae, and 
Cyperaceae; Smith and Read  2008  ) . In fungi, 
early phylogenetic hypotheses suggested that 
diverse lineages of free-living (saprotrophic) 
fungi were nested within ancestrally ectomycor-
rhizal clades (Hibbett et al.  2000  ) . Hibbett et al. 
 (  2000  )  used parsimony reconstructions of trophic 
traits and tested internal node reconstructions 
with a likelihood model for evolution of the myc-
orrhizal trait. The two models the authors com-
pared were a nonreversible model (only gain of 
ectomycorrhizal habit, no loss) and a model in 
which gains and losses were equally probable. 
The nonreversible model was signi fi cantly worse, 
and the authors estimated that nine losses of the 
ectomycorrhizal habit have occurred in the lin-
eages sampled. However, the same original data-
set was reanalyzed by Bruns and Shefferson 
( 2004 ), and they found that all except one rever-
sals were converted to gains when assuming that 
acquiring ectomycorrhizal habit was twice as 
probable as losing it. Indeed, while still arbitrary, 
assuming similar probabilities of the different 
switches may be biologically more justi fi able, 
given that reverting to free-living lifestyle requires 
the activation of numerous metabolic pathways 
involved in obtaining carbon and may be, there-
fore, more dif fi cult to achieve. The remaining one 
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reversal might have been caused by questionable 
state assignment for the ambiguous taxon 
involved ( Lentaria byssoides ) and/or may be an 
artifact of limited taxon sampling and too little 
genetic variation in the gomphoid lineage the 
taxon belongs to. Free-living Glomeromycota 
fungi are not known. 

 Breakdown of a mutualism into exploitation 
occurs when individuals obtain commodities 
offered by mutualists but that provide fewer com-
modities in return or even, in the case of pure 
cheaters, no commodities at all (Ferrière et al. 
 2007  ) . While it remains to be demonstrated that 
mycoheterotrophic plants provide no commodi-
ties to their associated fungi, they seem to qualify 
as the result of an evolutionary breakdown of the 
mycorrhizal mutualism. An important aspect of 
this evolutionary trajectory is the ability of a myc-
orrhizal fungus to associate simultaneously with 
multiple host plants. In general, multi-partner 
interactions appear to help maintain newly evolved 
exploiters (Sachs and Simms  2006  ) . For example, 
in the  fi g– fi g wasp symbiosis, all non-pollinating 
wasps coexist with pollinating species, and coex-
isting pairs on a host tree species are not sister 
taxa (Pellmyr and Huth  1994 ; Pellmyr et al.  1996 ; 
Machado et al.  2001  ) . In the mycorrhizal symbiosis, 
multi-partner interactions are of vital importance 
for the evolution of mycoheterotrophs. Since a 
mycorrhizal fungus needs an association with an 
autotrophic plant to obtain carbohydrates, an 
exclusive one-to-one interaction between a myc-
orrhizal fungus and a fully mycoheterotrophic 
plant cannot exist. An important exception to this 
multipartite obligation for the maintenance of 
mycoheterotrophic interactions is myco-
heterotrophic orchids that associate with sapro-
trophic fungi. Although in this case, the persistence 
of the system relies on ability of the fungus to 
access dead or decaying organic matter.  

    5.3.4   Intermediate Evolutionary Steps 
Between Autotrophy and Full 
Mycoheterotrophy 

 Some groups of fully mycoheterotrophic plants 
consist of evolutionary isolated lineages that 
diverged from their most closely related extant 

autotrophic relatives tens of million years ago. 
In these cases, the large evolutionary gap between 
autotrophic and fully mycoheterotrophic species 
prevents us to study the putative transitional 
steps that occurred in the evolution toward full 
mycoheterotrophy. Examples are the families 
Thismiaceae and Triuridaceae that exclusively 
contain fully mycoheterotrophic species and of 
which no closely related autotrophic or partially 
mycoheterotrophic relatives are known. Other 
fully mycoheterotrophic species, particularly in 
Orchidaceae, do have closely related green rela-
tives. The fact that some of these green relatives 
are able to obtain carbon from root-associated 
fungi as well (partial mycoheterotrophy) provides 
an interesting evolutionary perspective on the 
shift to full mycoheterotrophy. In particular, 
Motomura et al.  (  2010  )  reported that full myco-
heterotrophic species of  Cymbidium  probably 
evolved from partially mycoheterotrophic ances-
tors, which suggests that in this case, full myco-
heterotrophy evolved gradually rather than 
through a direct shift from autotrophy to full 
mycoheterotrophy. Partial mycoheterotrophs with 
close relationships to full mycoheterotrophs also 
exist in other orchid genera, such as  Cephalanthera  
(Bidartondo et al.  2004 ; Julou et al.  2005 ; Abadie 
et al.  2006  )  and  Corallorhiza  (Zimmer et al.  2008 ; 
Cameron et al.  2009  ) . In addition, initial myco-
heterotrophy is ubiquitous among orchid species 
(Bernard  1899 ; Rasmussen  1995  ) , and thus, it is 
likely that partially mycoheterotrophic orchids 
originated from initially mycoheterotrophic 
ancestors. A scenario for the evolution toward full 
mycoheterotrophy in Orchidaceae therefore 
seems to include shifts from initial mycoheterotro-
phy to partial mycoheterotrophy and from partial 
mycoheterotrophy to full mycoheterotrophy 
(Fig.  5.2 ). Whether this is a universal model for 
the evolution of full mycoheterotrophy in plants 
remains unclear. Initial and partial myco-
heterotrophic ancestors of extant full myco-
heterotrophic species in other families may have 
disappeared over the course of evolution. A simi-
lar pattern in the evolution of mycoheterotrophy 
seems to be present in Pyroleae (Ericaceae). 
Species of Pyroleae produce dust seeds, and some 
evidence suggests that germination and early 
development depends on fungal nutrition (Leake 
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 1994 ; Smith and Read  2008 ; Eriksson and 
Kainulainen  2011  ) . Moreover, in  Pyrola,  partial 
mycoheterotrophy has been detected in the rela-
tives of the full mycoheterotroph  Pyrola aphylla  
(Tedersoo et al.  2007 ; Zimmer et al.  2007 ; Hynson 
et al.  2009  ) , which indicates that partial myco-
heterotrophy preceded full mycoheterotrophy in 
the evolution of  Pyrola . Some evidence suggests 
that partial mycoheterotrophy occurs in arbuscu-
lar mycorrhizal Gentianaceae as well, although 
not in lineages closely related to full myco-
heterotrophs (Cameron and Bolin  2010  ) . In gen-
eral, autotrophic Gentianaceae are known to be 
dif fi cult to germinate under laboratory condi-
tions. This has been attributed to speci fi c abiotic 
requirements (Bouman et al.  2002  ) , but it is also 
possible that a symbiotic interaction with a myc-
orrhizal fungus is necessary for seedling develop-
ment (Ramsbottom  1922  ) . These observations 
show that Gentianaceae deserve further interest 
as they may include undiscovered initial and par-
tial mycoheterotrophs.  

 For some partially mycoheterotrophic orchid 
species, non-chlorophyllous phenotypes are 
known. From an evolutionary point of view, these 
“albino” variants offer a fascinating model for the 
shift from partial to full mycoheterotrophy. 
Achlorophyllous specimens have been reported 
for  Epipactis microphylla  (Selosse et al.  2004  ) , 
 E .  helleborine  (Salmia  1989  ) ,  Cephalanthera 

longifolia  (Abadie et al.  2006  ) , and  C .  damasonium  
(Julou et al.  2005  ) . Stable isotope analyses indicate 
that they are fully mycoheterotrophic and thus 
obtain all of their carbon from associated fungi. 
They seem to have lost the ability to perform pho-
tosynthesis and respire less than chlorophyllous 
individuals (Julou et al.  2005  ) . In some cases, 
forms with variegated leaves are known, demon-
strating that there is a continuum of leaf chlorophyll 
concentrations between green and albino indi-
viduals. For  Cephalanthera damasonium,  there is 
a linear relationship between leaf chlorophyll 
concentrations and the proportional reliance on 
fungi as a carbon source (Stöckel et al.  2011  ) . 
While these non-chlorophyllous individuals are 
able to persist for multiple years, they are 
extremely rare and produce less seeds than their 
chlorophyllous phenotypes. Thus, they seem to 
have a reduced  fi tness, and consequently, they are 
sometimes regarded to represent an evolutionary 
stage of a failed transition from partial myco-
heterotrophy to full mycoheterotrophy (Selosse 
and Roy  2009 ; see also Chap.   8    ).  

    5.3.5   Evolutionary Drivers of 
Mycoheterotrophy 

 What drives plants toward mycoheterotrophy? 
This is one of the most compelling questions about 

  Fig. 5.2    Model for the evolution of mycoheterotrophy in orchids. Key innovations are indicated on the tree       
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mycoheterotrophy, and while yet unanswered, 
some data allow us to at least speculate about the 
evolutionary drivers behind the shift to a myco-
heterotrophic mode of life. 

 In orchids and probably also in Pyroleae, the 
occurrence of initial mycoheterotrophy seems to 
be the  fi rst step in the evolutionary trajectory 
toward full mycoheterotrophy. Dependence on 
fungal carbon for germination and early develop-
ment reduces the requirement of maternal 
resources. This means that smaller seeds can be 
produced at lower cost and thus in larger num-
bers. Indeed, initially mycoheterotrophic orchids 
and Pyroleae, as well as most fully myco-
heterotrophic plant species in general, produce 
large amounts of very small, dust-like seeds 
(Eriksson and Kainulainen  2011  ) . Having many 
seeds promotes dispersal and increases the likeli-
hood of reaching microsites with suitable host 
fungi. From an evolutionary point of view, this 
involves a paradox: seeds are small because they 
have to be so numerous to successfully reach 
suitable hosts, yet they can only be so small 
because they completely depend on their hosts 
for successful establishment. It is unlikely that 
extremely small seeds evolved before a depen-
dency on mycorrhizal fungi because that would 
make an impossible way of living. But on the 
other hand, evolution of a high dependency on 
(a narrow range of) host fungi before reduction of 
seed size and increase of seed number is equally 
unlikely. Thus, both trends of increased host 
dependence and reduction of seed size must have 
evolved gradually, reciprocally reinforcing each 
other (Eriksson and Kainulainen  2011  ) . Moreover, 
at least in some cases, increased dependence on 
host fungi seems to be coupled with an increased 
specialization toward narrow ranges of fungi 
which further increases the need for maximal 
seed dispersal capabilities. 

 Thus, reduction of seed size and fungal depen-
dency are tightly coupled, and neither trend seems 
to be the evolutionary driver of the other. Eriksson 
and Kainulainen  (  2011  )  argue that evolution of 
dust seeds in mycoheterotrophic  fl owering plant 
lineages coincided with the development of 
closed-canopy forests. Initial mycoheterotrophy 

would thus allow plants to establish in forest 
understory habitats where there is strong comple-
tion for light. Indeed, several authors have argued 
that mycoheterotrophy evolved as an adaption to 
living in deep shade (e.g., Leake  1994 ; Bidartondo 
 2005  ) .    Although initial mycoheterotrophy may 
also help plants to establish in nitrogen-limited 
habitats (Read and Perrez-Moreno  2003  )  or serve 
as an escape from water stress. Initial myco-
heterotrophic Lycopodiaceae gametophytes, for 
example, sexually reproduce undercover in moist 
soil and litter environments that provide protec-
tion from desiccation (Leake et al.  2008  ) . Thus, 
several factors may contribute to the evolution of 
initial mycoheterotrophy in plants. 

 As mentioned above, partial and full myco-
heterotrophy is often seen as an adaptation to low-
light environments. This seems evident since nearly 
all fully mycoheterotrophic plants grow in the dark 
understory of primary forests, while partially 
mycoheterotrophic plants are often found in more 
open forests, where irradiance is higher (Selosse 
and Roy  2009  ) . Indeed, studies using stable isotope 
natural abundances suggest that light availability 
plays a major role in the degree of mycoheterotro-
phy at least in a few partially mycoheterotrophic 
orchids and Pyroleae (Zimmer et al.  2007 ; Liebel 
et al.  2010 ; Preiss et al.  2010 ; Hynson et al.  2012 ; 
see also Chap.   8    ). However, differences in  13 C 
abundances of partially mycoheterotrophic popu-
lations growing under different environmental 
conditions cannot always be explained by differ-
ences in irradiance only (e.g., Zimmer et al.  2007 ; 
Hynson et al.  2012 ). Thus, in these cases, light 
availability is not the only driver of the heterotro-
phy level. It has been suggested that C gain in par-
tially mycoheterotrophic plants may in some cases 
arise as a “side-product” of N and P gain from 
mycorrhizal fungi (Selosse et al.  2009 ; Chap.   8    ). 
Thus, the evolution toward increasing levels of 
mycoheterotrophy may be driven by multiple 
factors. However, since fully mycoheterotrophic 
plants successfully abandoned photosynthesis 
 and  mostly occur in habitats where light avail-
ability is extremely low, it can be hypothesized that 
light availability is one of the most important driv-
ers behind the evolution of mycoheterotrophy.   

http://dx.doi.org/10.1007/978-1-4614-5209-6_8
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    5.4   Phylogenetic Aspects 

    5.4.1   Number of Origins 

 Our increasing knowledge about the phylogenetic 
relationships of fully mycoheterotrophic plants 
allows us to estimate the number of origins of a 
fully mycoheterotrophic mode of life in land 
plants. Hereby it is essential to assume that rever-
sals to partial mycoheterotrophy or autotrophy are 
impossible. There is no direct evidence that sup-
ports this assumption. However, the relaxed evolu-
tionary constraints on photosynthesis genes of 
fully mycoheterotrophic plants leads to a profound 
increase of substitution rates, frameshift muta-
tions, and even the loss of complete genes (Barrett 
and Freudenstein  2008 ; Wickett et al.  2008a, 
  2008b ; Delannoy et al.  2011  ) . Therefore, it seems 
highly unlikely that the reduced plastid genomes 
of fully mycoheterotrophic plants are able to regain 
their essential role in functional photosynthesis. 

 By adding up estimates of the number of inde-
pendent origins of full mycoheterotrophy in dis-
tinct clades of plants, we  fi nd evidence of at least 
47 origins of full mycoheterotrophy in land plants 
(or 46 if  Parasitaxus  is not classi fi ed as a myco-
heterotroph) (Table  5.1 ). This number is probably 
an underestimation due to the uncertain phyloge-
netic position of several mycoheterotrophic species 
and genera in Burmanniaceae, Orchidoideae, and 
Epidendroideae. Thus, full mycoheterotrophy 
has likely more than four times the number of 
evolutionary origins compared with haustoria-
forming holoparasitic plants. The number of evo-
lutionary origins of mycoheterotrophy  sensu 
lato —that is, the ability to obtain carbon from 
mycorrhizal fungi—is probably lower. There 
may be only a single origin of initial myco-
heterotrophy in Orchidaceae and Ericaceae, and 
this is perhaps also the case for Burmanniaceae 
and Gentianaceae. On the other hand, initial and 
partial mycoheterotrophy may remain to be 
detected in plant groups that do not include fully 
mycoheterotrophic species. Undiscovered initial 
mycoheterotrophy may be present in diverse 
plant families with species that produce dust 
seeds, such as Rubiaceae, Buddlejaceae, and 
Gesneriaceae (Eriksson and Kainulainen  2011  ) , 

and partial mycoheterotrophy may occur in plant 
families that are adapted to grow in the low-light 
conditions of forest understories (Selosse and 
Roy  2009  ) . Also, mycoheterotrophy evolved inde-
pendently in lycophytes and ferns, of which sev-
eral lineages have putative fully mycoheterotrophic 
gametophytes.   

    5.4.2   Diversity 

 Mycoheterotrophy occurs in almost every major 
lineage of land plants (Fig.  5.3 ). Mycoheterotrophic 
interactions are unknown in the hornworts and in 
the mosses. The latter may be explained by the 
putative nonmycorrhizal status of mosses (Smith 
and Read  2008  ) . Here we provide a short over-
view of mycoheterotrophic interactions in major 
lineages of land plants. See Chap.   2     for a detailed 
overview.  

    5.4.2.1   Liverworts 
 In liverworts, which comprises ca. 5,000 species, 
at least one species ( Aneura mirabilis ) is fully 
mycoheterotrophic (Bidartondo et al.  2003  ) . 
Another closely related species awaits investiga-
tion (Crum and Bruce  1996  ) .  A .  mirabilis  is 
 specialized on  Tulasnella  species that form ecto-
mycorrhizas with surrounding trees (Bidartondo 
et al.  2003  ) . Other Aneuraceae species associate 
nearly exclusively with  Tulasnella  species as 
well (Bidartondo and Duckett  2010  ) . This inter-
action is unique because Aneuraceae are the only 
thalloid group with basidiomycetous mycobionts 
and the only liverwort group known to have 
 Tulasnella  symbionts (Preussing et al.  2010  ) .  

    5.4.2.2   Lycophytes 
 Lycophytes comprise ca. 1,200 species in three 
families: Lycopodiaceae, Isoëtaceae, and 
Selaginellaceae (Christenhusz et al.  2011  ) . Several 
of the ca. 300 species of Lycopodiaceae have 
achlorophyllous gametophytes that are presum-
ably mycoheterotrophic on arbuscular mycorrhizal 
fungi (Winther and Friedman  2008 ; Chap.   2    ).  

    5.4.2.3   Ferns 
 The gametophytes of several fern species 
in the families Ophioglossaceae, Psilotaceae, 

http://dx.doi.org/10.1007/978-1-4614-5209-6_2
http://dx.doi.org/10.1007/978-1-4614-5209-6_2


2235 Evolution and Diversi fi cation

   Table 5.1    Overview of independent occurrence of full mycoheterotrophy in land plants   

 Clade 
 Number of origins 
of full mycoheterotrophy 

 Associated fungi 
(see Chap.   6    )  References 

 Aneuraceae  1 a   Basidiomycota 
( Tulasnella ) 

 Wickett and Gof fi net  (  2008  )  

 Podocarpaceae  1 b   Unknown  Sinclair et al.  (  2002  ) ; Feild and 
Bodribb  (  2005  )  

 Petrosaviaceae  1  Glomeromycota  Cameron et al.  (  2003  )  
 Triuridaceae  1  Glomeromycota  Rudall and Bateman  (  2006  )  
 Burmanniaceae   ³ 8 c   Glomeromycota  Merckx et al.  (  2008  )  

 Thismiaceae  1–2 d   Glomeromycota  Merckx and Bidartondo  (  2008  )  
 Corsiaceae  1 e   Glomeromycota  Neyland and Hennigan  (  2003  ) ; 

Davis et al.  (  2004  )  
 Iridaceae  1 f   Glomeromycota  Goldblatt et al.  (  2008  )  
 Orchidaceae—Vanilloideae  2–3 g   Ascomycota and 

Basidiomycota 
 Cameron  (  2009  )  

 Orchidaceae—Orchidoideae   ³ 9 h   Basidiomycota  See Chap.   2     

 Orchidaceae—Epidendroideae   ³ 14 i   Ascomycota and 
Basidiomycota 

 Freudenstein  (  1994  ) ; Chase et al. 
 (  2003  ) ; Freudenstein et al.  (  2004  ) ; 
Rothacker  (  2007  ) , Roy et al.  (  2009  ) ; 
Pedersen et al.  (  2009  )  

 Polygalaceae  1 j   Glomeromycota  Eriksen  (  1993  )  
 Ericaceae  2–3 k   Ascomycota and 

Basidiomycota 
 Kron  (  1996  ) ; Bidartondo 
and Bruns  (  2002  )  

 Gentianaceae  4 l   Glomeromycota  Albert and Struwe  (  1997  ) ; Struwe 
and Albert  (  2002  ) ; Yuan et al. 
 (  2003  ) ; Kissling et al.  (  2009  )  

   a  Aneura mirabilis  is the only fully mycoheterotrophic species in this family 
  b  Parasitaxus usta  is the only fully heterotrophic species in this family, but it is debatable whether it is a true 
mycoheterotroph 
  c The high number of independent origins of full mycoheterotrophy in this family is due to the polyphyletic status of 
chlorophyllous  Burmannia  species 
  d It is unclear whether Thismiaceae are monophyletic. A paraphyletic status for the family would mean two separate 
origins of full mycoheterotrophy 
  e Corsiaceae may not be monophyletic as suggested by Neyland and Hennigan  (  2003  ) . In that case, more than a single 
origin of full mycoheterotrophy might be needed to explain the evolution of full mycoheterotrophy 
  f  Geosiris , which includes two closely related species, is the only fully mycoheterotrophic genus in Iridaceae 
  g Phylogenetic evidence indicates that full mycoheterotrophy evolved independently in  Lecanorchis  and the common 
ancestor of the  Erythrorchis – Pseudovanilla – Galeola – Cyrtosia  clade. If  Pseudovanilla  species are not considered full 
mycoheterotrophs, three origins are needed to explain the evolution of full mycoheterotrophy in Vanilloideae 
  h Full mycoheterotrophy probably evolved separately in the genera  Arthrochilus ,  Brachycorythis ,  Corybas ,  Cryptostylis , 
 Cystorchis ,  Odontochilus ,  Platanthera , and  Platythelys  because these genera also contain chlorophyllous species. Due 
to the uncertain phylogenetic position of  Burnettia ,  Chamaegastrodia ,  Danhatchia ,  Degranvillea , and  Rhizanthella,  it 
remains unknown how many independent shifts they represent 
  i Due to taxonomy and phylogenetic placement probably independent origins of full mycoheterotrophy in  Neottia , 
 Cephalanthera ,  Cremastra ,  Cymbidium ,  Corallorhiza ,  Stereosandra ,  Tropidia ,  Epipogium ,  Malaxis ,  Hexalectris , 
 Eulophia ,  Yoania , the common ancestor of  Aphyllorchis  and  Limodorum , and Gastrodieae (including  Didymoplexiella , 
 Didymoplexis ,  Gastrodia ,  Uleiorchis ,  Auxopus ,  Neoclementia ). Due to the uncertain phylogenetic position of 
 Kalimantanorchis ,  Pogoniopsis ,  Risleya ,  Silvorchis , and  Stereosandra,  it remains unclear how many independent shifts 
they represent 
  j Probably a single origin of full mycoheterotrophy in the genus  Epirixanthes  
  k Independent origins in the tribes Pyroleae, Monotropeae, and Pterosporeae, although a single origin in the ancestor of 
the two latter tribes is also possible 
  l Independent origins for  Voyria ,  Voyriella , and mycoheterotrophic  Exochaenium  and  Exacum  species  

http://dx.doi.org/10.1007/978-1-4614-5209-6_6
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Gleicheniaceae, and Schizeaceae are achloro-
phyllous and presumably mycoheterotrophic on 
arbuscular mycorrhizal fungi (Chap.   2    ). Further 
study on mycoheterotrophy of achlorophyllous 
gametophytes of ferns is needed.  

    5.4.2.4   Gymnosperms 
 The species  Parasitaxus usta  (Podocarpaceae) 
sprouts from roots and trunks of another podo-
carp,  Falcatifolium taxoides . Fungi are thought to 
play an important role in this unique interaction, 
and therefore, the plant may be a mycoheterotroph 
rather than a holoparasite. However, the identity 
and the exact role of the fungi involved in this 
interaction remain undetermined.  

    5.4.2.5   Angiosperms 
 There are 10 angiosperm families with fully 
mycoheterotrophic species, and full myco-
heterotrophy probably evolved at least 45 times 
independently within  fl owering plants (Table  5.1 ). 
In terms of number of species, most fully myco-
heterotrophic angiosperms are monocots (ca. 468 
species), while full mycoheterotrophy occurs in 
only 47 species of eudicots (Fig.  5.4 ). In contrast, 

haustorial parasitism has 11 independent origins 
in  fl owering plants and is limited to ca. 390 spe-
cies of eudicots (Barkman et al.  2007 ; Heide-
Jørgensen  2008  ) .  

 In ca. 236 species, full mycoheterotrophy is 
supported by exploitation of arbuscular mycor-
rhizal fungi (Glomeromycota). All full myco-
heterotrophic species in Ericaceae, and most in 
Orchidaceae, exploit ectomycorrhizal fungi. 
Some tropical fully mycoheterotrophic orchids 
rely on an association with saprotrophic fungi. 
However, for many species of full mycoheterotro-
phs, in particular, tropical species of Orchidaceae, 
the identity of their fungal associates remains to 
be investigated. Partial mycoheterotrophy has 
been detected in Orchidaceae and Ericaceae. In 
most cases, it seems to occur through ectomycor-
rhizal fungi, although some orchids may receive 
limited amounts of carbon through saprotrophic 
fungi (see Chap.   8    ). Putative partial myco-
heterotrophy through arbuscular mycorrhizal 
fungi has been reported in Gentianaceae (Cameron 
and Bolin  2010  ) . All three families also contain 
fully mycoheterotrophic species. Many puta-
tively partially mycoheterotrophic taxa, also in 

  Fig. 5.3    Mycoheterotrophic interactions in land plants. 
Phylogenetic relationships of land plants based on Palmer 
et al.  (  2004  )  and Forrest et al.  (  2006  ) . Occurrence of dif-
ferent types of mycoheterotrophy is plotted on the tree 
with symbols shown in the legend. The identity of fungi 

involved is indicated.  AMF  arbuscular mycorrhizal fungi; 
 EMF  ectomycorrhizal fungi;  SAP  saprotrophic fungi. 
 Question marks  indicate putative interactions (Based on 
data obtained from Chap.   2    )       
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other families, remain to be investigated. 
Chlorophyllous species that are closely related to 
fully mycoheterotrophic species are prime candi-
dates for undiscovered partial mycoheterotrophy. 

Similarly, initial mycoheterotrophy has only been 
recorded in Orchidaceae, mostly with sapro-
trophic fungi and more rarely with ectomycor-
rhizal fungi. However, initial mycoheterotrophy 

  Fig. 5.4    Species diversity of full mycoheterotrophy in 
angiosperms. Phylogenetic relationships are based on 
APG  (  2009  ) . Orders with fully mycoheterotrophic species 
are highlighted in  bold . The families to which these spe-

cies belong are written after the dash. The  gray bars  rep-
resent the number of fully mycoheterotrophic species in 
each order. Species numbers were derived from Chap.   2           

 

http://dx.doi.org/10.1007/978-1-4614-5209-6_2


226 V.S.F.T. Merckx et al.

may be present in other lineages that produce 
dust seeds (Eriksson and Kainulainen  2011  ) .   

    5.4.3   Timing 

 Fossil evidence to trace the evolutionary history 
of mycoheterotrophy is lacking. There is only 
one series of fossils that might be assigned to an 
extant mycoheterotrophic lineage. These fossils 
are from the Upper Cretaceous (about 90 Ma) 
and show af fi nities with extant Triuridaceae 
(Gandolfo et al.  2002  ) . However, it remains ques-
tionable whether these fossilized plants were in 
fact mycoheterotrophic (Gandolfo et al.  2002  )  
and members of the Triuridaceae (Furness et al. 
 2002  ) . Nevertheless, based on the taxonomic and 
phylogenetic data that is available, it is obvious 
that the fully mycoheterotrophic mode of life has 
evolved during various epochs of plant 
diversi fi cation. A relatively recent origin of full 
mycoheterotrophy can be inferred for species 
that are imbedded in genera that also contain 
autotrophic species. Examples include  Exacum  
and  Exochaenium  in Gentianaceae (Yuan et al. 
 2003 ; Kissling et al.  2009  )  and  Cymbidium  in 
Orchidaceae (Motomura et al.  2010  ) . For wide-
spread, species-rich clades that contain only fully 
mycoheterotrophic species, it is likely that full 
mycoheterotrophy evolved in the common ances-
tor of these species and thus represents a much 
older origin of full mycoheterotrophy (e.g., 
Triuridaceae, Thismiaceae). 

 Due to the dif fi culties associated with molecu-
lar dating methods, in particular, the use of fossil 
calibration points, the absence of fossil data for 
mycoheterotrophic groups, the paucity of data, 
and the increased substitution rates of myco-
heterotrophic clades, only very few myco-
heterotrophic lineages have been dated using 
these methods. In Dioscoreales, fully myco-
heterotrophic lineages are estimated to 
have diverged from as early as the Cretaceous 
to the Miocene (Merckx et al.  2010  ) . The 
fully mycoheterotrophic genus  Wullschlaegelia  
(Orchidaceae) has been estimated to have an 
Eocene (Ramirez et al.  2007  )  or Oligocene 
(Gustafsson et al.  2010  )  origin. Based on the 
results of Yuan et al.  (  2003  ) , mycoheterotrophic 

 Exacum  species (Gentianaceae) diverged not 
before the Miocene. However, a divergence time 
estimate of the origin of a fully mycoheterotrophic 
clade (“stem node” age) is not an accurate esti-
mate for the origin of mycoheterotrophy, since it 
has to be assumed that mycoheterotrophy could 
evolve between the origin of the myco-
heterotrophic clade and the beginning of the 
diversi fi cation of the clade (“crown node”) 
(Fig.  5.5a ). This assumption considerably broad-
ens age estimates for the evolution of myco-
heterotrophy. But even when crown node ages 
are considered as upper boundaries for the evolu-
tion of mycoheterotrophy, some shifts from auto-
trophy to mycoheterotrophy must have occurred 
several tens of million years ago. The 
diversi fi cation of Thismiaceae, for example, 
probably started during the Eocene; therefore, a 
shift to mycoheterotrophy in the ancestor of this 
clade has occurred at least around that time.  

 In some clades, full mycoheterotrophs may be 
preceded by partial mycoheterotrophs or initial 
mycoheterotrophs. In these cases, the  fi rst occur-
rence of mycoheterotrophy predates the origin of 
fully mycoheterotrophic species (Fig.  5.5b ). For 
example, under the assumption that most orchids 
are initial mycoheterotrophs, the origin of myco-
heterotrophy in Orchidaceae may be traced back 
to the common ancestor of all Orchidaceae spe-
cies. As a result, the evolution of mycoheterotro-
phy in Orchidaceae may have started during the 
Cretaceous (Ramirez et al.  2007  ) . Despite the 
dif fi culties to accurately estimate the timing of 
the evolution of mycoheterotrophy, the examples 
above indicate that for at least some groups of 
mycoheterotrophs, the origin of mycoheterotro-
phy is relatively ancient. This demonstrates that 
mycoheterotrophic lineages were able to emerge, 
persist, and diverge over a considerable amount 
of time and thus are remarkably evolutionarily 
stable.  

    5.4.4   Diversi fi cation 

 Clades of fully mycoheterotrophic plants gener-
ally contain only few species. In some cases, this 
may re fl ect their relatively recent origin. For 
example, the mycoheterotrophic species in the 
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genera  Exacum  and  Exochaenium  (Gentianaceae) 
and several Orchidaceae genera may have 
diverged in relatively recent times (see above). 
However, some early diverging lineages of full 
mycoheterotrophic plants (e.g.,  Geosiris , 
 Petrosavia ) are species poor as well. Relatively 
speciose lineages include Thismiaceae (ca. 65 
species) and Gastrodieae (ca. 47 species), but 
even in these clades, species numbers are not par-
ticularly high. This suggests that diversi fi cation 
rates in lineages of fully mycoheterotrophic 
plants are low, extinction rates are high, or a com-
bination of both. Diversi fi cation through time has 
only been studied in detail for Burmanniaceae, 
for which it has been suggested that the 
diversi fi cation and radiation of the pantropical 
genera  Burmannia  and  Gymnosiphon  signi fi cantly 
increased during the Eocene (Merckx et al.  2008 ; 
Fig.  5.6 ). The beginning of the Eocene was char-
acterized by high global temperatures, which 
allowed tropical rain forests to expand and reach 
high levels of diversity (Jaramillo  2002 ; Jaramillo 
et al.  2006  ) . Dense closed-canopy rainforest is 
the prime habitat for mycoheterotrophic species 

of Burmanniaceae. The increase in rainforest area 
may have resulted in an increase in myco-
heterotrophic plant diversity in tropical regions 
during the Eocene. Larger regions can support 
more species, which enhance both regional and 
local diversity by reducing the risk of extinction 
and increasing niche opportunities (Leigh et al. 
 2004 ; Linder  2008  ) . Subsequent cooling during 
the end of the Eocene caused a global retraction 
of rainforest and a decrease in plant diversity 
(Jaramillo et al.  2006  ) , perhaps leading to a 
decrease in mycoheterotrophic plant diversity as 
well. It remains to be investigated whether this 
also in fl uenced the diversity of other tropical 
mycoheterotrophic groups such as Triuridaceae 
and Thismiaceae, which were likely to be present 
in rainforest during that period as well (Gandolfo 
et al.  2002 ; Merckx et al.  2010  ) . In Orchidaceae, 
major diversi fi cation is also estimated to have 
occurred during the early Eocene (Ramirez et al. 
 2007  ) , although dates suggested by Gustafsson 
et al.  (  2010  )  place orchid diversi fi cation during 
the cooler period at the end of the Eocene and 
into the Oligocene.  

  Fig. 5.5    Estimating the age of the origin of myco-
heterotrophy using molecular clock methods. ( a ) When a 
monophyletic clade of fully mycoheterotrophic species is 
assessed, it can be assumed that full mycoheterotrophy 
has evolved somewhere between the node where this 
mycoheterotrophic clade branched from its autotrophic 
ancestors (“B”) and the node where diversi fi cation started 
(“A”). Age estimates of these nodes will encompass 95% 
con fi dence intervals. When these are taken into account, 

evolution of mycoheterotrophy occurred between time  x  
and  x  ¢ . ( b ) Similarly in this example, with a clade of par-
tial and full mycoheterotrophs, it can be derived that 
mycoheterotrophy evolved between time  y  and  y  ¢ . 
Accurate taxon sampling is essential in this context. 
Failure to include extant lineages (particularly earliest 
diverging mycoheterotrophic species and most closely 
related autotrophs) will in fl uence the upper and lower 
boundaries of the age estimates       

 



228 V.S.F.T. Merckx et al.

  Fig. 5.6    An example of species diversi fi cation through 
time estimated from a molecular phylogeny. 
Semilogarithmic lineage-through-time (LTT) plot of 
Burmanniaceae ( black ) calculated from the chronogram 
shown below. A simulated LTT plot with 95% con fi dence 

intervals under a constant death–birth rate of 0.5 is shown 
in gray for comparison.  Gray  branches in the chronogram 
represent fully mycoheterotrophic species (Adapted from 
Merckx et al.  (  2008  ) )       
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 The species diversity of mycoheterotrophic 
lineages is not solely to be explained by ancient 
 fl uctuations in diversi fi cation rates. In some lin-
eages, the occurrence of closely related species 
over a more or less continuous and restricted 
geographic range suggests that the diversity in 
these lineages is the result of a recent rapid 
diversi fi cation. The species in the  Hexalectris 
spicata  species complex, for example, are likely 
to have evolved only recently (Kennedy and 
Watson  2010 ; Kennedy et al.  2011  ) . Other candi-
dates for recent rapid diversi fi cation include the 
 Corsia  species in New Guinea,  Didymoplexiella  
species on Borneo, and  Lecanorchis  species in 
Japan. 

 The fragmented but often widespread distri-
bution patterns of many mycoheterotrophic lin-
eages (Chap.   3    ) suggest that extinction may have 
played a signi fi cant role in the current distribu-
tion and diversity of mycoheterotrophic plants. 
The comparative low diversity of myco-
heterotrophic plants in African rain forests, for 
example, is likely the result of the degrading 
effect of signi fi cant climatic changes during the 
Cenozoic, and more recently to Pleistocene cli-
matic  fl uctuations, resulting in a drier climate 
throughout most of equatorial Africa (Chap.   3    ). 
However, the fossil record of mycoheterotrophic 
plant is virtually nonexistent and thus prevents 
the detection of extinction events in these lin-
eages. Also, episodes of rapid extinction do not 
leave a clear signal in phylogenies based on 
extant species which makes it hard to estimate 
extinction rates based on a phylogenetic approach 
(Harvey et al.  1994 ; Purvis  2008 ; Tarver and 
Donoghue  2011  ) .   

    5.5   Common Evolutionary Trends 

    5.5.1   Morphology 

 The shift from autotrophy to full mycoheterotro-
phy is accompanied by profound morphological 
changes, and despite the very diverse range of 
families and genera of mycoheterotrophic plants, 
these show some quite remarkable parallel evolu-
tionary forms. 

    5.5.1.1   Subterranean Morphology 
 The subterranean parts of mycoheterotrophic 
plants show considerable trends of convergent 
evolution, consistent with a change in function 
from organs of absorption to organs of storage: 
(1) root hairs are mostly absent, (2) there is trend 
toward stout, clumped roots and rhizomes mostly 
with a specialized fungal colonization pattern, 
and (3) an increased width of the root cortex often 
accommodates mycorrhizal infection and stores 
of carbohydrates and other materials obtained 
from the fungal host (Leake  1994  ) . See Chap.   4     
for a detailed overview of root morphology of 
mycoheterotrophic plants.  

    5.5.1.2   Shoots 
 Many fully mycoheterotrophic species have 
exceptionally slender and threadlike stems, result-
ing in a hyaline appearance. Vascular tissues are 
often reduced to a single narrow cylinder of bicol-
lateral bundles or, minimally, to four or six nar-
row bundles in the cortex. Most species lack 
secondary thickening, and their stems are succu-
lent and brittle (e.g.,  Rhizanthella ) or hyaline 
and slender (e.g.,  Gymnosiphon ). Ligni fi cation is 
generally con fi ned to a narrow ring of xylem ves-
sels, or rarely only a few scalariform xylem vessels 
are present (e.g.,  Voyria tenella ). Phloem is pres-
ent in very small amounts and then mainly as 
parenchyma with sieve tubes frequently recorded 
as narrow and possibly with adherent sieve plates 
(Leake  1994  ) .  

    5.5.1.3   Leaves 
 In fully mycoheterotrophic plants, leaves no lon-
ger serve a useful function. As a result, leaves are 
typically reduced to widely spaced achlorophyl-
lous scales on the in fl orescence axis. Occasionally, 
they are present only on underground rhizomes or 
tubers or even totally absent. The vascular supply 
to the leaf scales is often reduced to a single trace 
or may be absent. Stomata are generally absent as 
well, although some species retain vestigial sto-
mata on their leaves and shoots (Leake  1994  ) .  

    5.5.1.4   Seeds 
 An extreme reduction of seed size and seed com-
plexity is one of the most common and signi fi cant 
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modi fi cations seen in fully mycoheterotrophic 
plants. Most species of mycoheterotrophic plants 
have extremely small seeds, which are commonly 
described with the term “dust seeds.” For exam-
ple, some of the smallest seeds known are found 
in the genus  Voyria  in the Gentianaceae (Maas 
and Ruyters  1986  )  although the seeds of some 
orchids are equally reduced in size (Arditti and 
Ghani  2000  ) . This reduction in seed size is cou-
pled with a reduction of endosperm and a lack of 
differentiation of the embryo at maturity. Some 
parasitic plant families are also characterized by 
the occurrence of very small seeds (e.g., 
Orobanchaceae, Raf fl esiaceae, Balanophoraceae, 
Hydnoraceae). And dust seeds are also present in 
a few angiosperm lineages that have not been 
associated with heterotrophic interactions, such 
as Rubiaceae, Buddlejaceae, and Gesneriaceae 
(Eriksson and Kainulainen  2011  ) . The small dust 
seeds of mycoheterotrophic plants are often pro-
duced in very large numbers. A single capsule of 
the mycoheterotrophic orchid  Galeola altissima  
contains about 18,000 seeds (Arditti and Ghani 
 2000  ) . And  Pterospora andromedea  (Ericaceae) 
produces 2,000–4,800 seeds per capsule (Bakshi 
 1959  ) . However, not all full mycoheterotrophic 
plants produce large numbers of seeds; individu-
als of  Rhizanthella gardneri  (Orchidaceae), for 
example, only produce 20–50 seeds (George and 
Cooke  1981  ) .   

    5.5.2   Biomass Reduction 

 In general, full mycoheterotrophic species are 
considerably smaller than their most closely 
related autotrophic/partially mycoheterotrophic 
species. In many cases, this reduction in biomass 
cannot solely be explained by the absence of 
leaves. Perhaps biomass production of fully 
mycoheterotrophic plants is limited by the 
amount of carbon they can obtain from their 
associated fungal networks. Or it may be the 
result of positive selection toward smaller plants 
because these can minimize the amount of car-
bon needed from the fungus, which makes it 
easier to subvert the mycorrhizal mutualism 
while remaining undetected.  

    5.5.3   Habitats 

 Fully mycoheterotrophic plants generally occur 
in shaded habitats, like the ground layer of closed-
canopy forest (Chap.   3    ). These habitats are often 
characterized by a lack of understory plants, 
which is attributed to the absence of suf fi cient 
light for photosynthetic plants to survive. Partially 
mycoheterotrophic orchids, Ericaceae, and 
Gentianaceae often grow in forest habitats as 
well, although partially mycoheterotrophic 
orchids and gentians ( Bartonia ) also can be found 
in open vegetations, such as bogs and meadows 
(Matthews et al.  2009 ; Girlanda et al.  2011  ) . 
Interestingly, Preiss et al.  (  2010  )  demonstrated 
that light availability is a major determinant of 
the degree of mycoheterotrophy in two partially 
mycoheterotrophic species of  Cephalanthera  
(Orchidaceae). These observations provide sup-
port for a strong correlation between irradiance 
levels and dependence on fungal carbon. 
Therefore, an evolutionary switch from autotro-
phy to full mycoheterotrophy seems to be accom-
panied by a shift toward more shaded habitats.  

    5.5.4   Reduction of the Chloroplast 
Genome 

 In holoparasitic plants, the loss of photosynthesis 
has led to a loss of various chloroplast genes 
(Bungard  2004 ; Barbrook et al.  2006  ) . Similar 
trends are observed in fully mycoheterotrophic 
plants, although only few taxa have been studied 
in detail. The RuBisCO large-subunit gene ( rbcL ) 
was ampli fi ed in a few mycoheterotrophic 
Dioscoreales and showed signi fi cantly increased 
substitution rates (Caddick et al.  2002  ) . Davis 
et al.  (  2004  )  noticed that  rbcL  could not be 
ampli fi ed from species of  Arachnitis  (Corsiaceae), 
 Thismia  (Thismiaceae),  Lacandonia ,  Sciaphila , 
and  Triuris  (Triuridaceae). Cameron  (  2004  )  
reported putative pseudogenes of  rbcL  in  Cyrtosia  
but not for  Erythrorchis  and  Pseudovanilla  
(Orchidaceae). The evolution of  rbcL  was studied 
in detail in  Corallorhiza  orchids by Barrett and 
Freudenstein  (  2008  ) . Pseudogenes were detected 
in some lineages of  Corallorhiza  but not in  others. 
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This is probably indicative of the early stages of 
pseudogene formation and the result of a recent 
switch from autotrophy to mycoheterotrophy. 
The maturaseK gene ( matK ) is probably a pseudo-
gene in species of  Corallorhiza  as well. But 
because large 5 ¢  deletions and frameshift indels 
occur in closely related leaf-bearing species of 
 Aplectrum  and  Oreorchis,  major changes in the 
functionality of  matK  apparently precede the 
transition to full mycoheterotrophy (Freudenstein 
and Senyo  2008  ) . 

 To date, complete chloroplast genomes have 
been sequenced of only three species of fully 
mycoheterotrophic plants:  Aneura mirabilis  
(Aneuraceae),  Rhizanthella gardneri,  and  Neottia 
nidus - avis  (Orchidaceae) (Wickett et al.  2008a ; 
Delannoy et al.  2011 ; Logacheva et al.  2011  ) . In 
 A .  mirabilis,  all  ndh  genes are either absent or 
pseudogenes. Five of 15  psb  genes are pseudo-
genes, as are 2 of 6  psa  genes and 2 of 6  pet  genes. 
In addition, pseudogenes of  cysA ,  cysT ,  ccsA , and 
 ycf 3  were also detected. The remaining genes 
retained intact open reading frames. 
Chlororespiratory genes are the most affected of 
any functional category in  A .  mirabilis , with the 
partial or complete loss of all genes (Wickett 
et al.  2008a  ) . All gene losses and pseudogenes 
are limited to  Aneura mirabilis  and were not 
found in closely related photosynthetic species of 
 Aneura  suggesting that they are likely correlated 
with the loss of photosynthesis in this liverwort 
(Wickett et al.  2008b  ) . With 108,007 base pairs 
and a structure that is remarkably collinear with 
its distant relative,  Marchantia polymorpha , the 
plastid genome of  A .  mirabilis,  probably repre-
sents a genome in the early stages of decay fol-
lowing the relaxation of selection pressures. In 
contrast, the plastid genome of  Rhizanthella 
gardneri  consists of only 59,190 base pairs and 
contains only 37 genes. It is the least gene-rich 
plastid genome known apart from the fragmented 
plastid genome of some dino fl agellates. In com-
parison with the plastid genome of  Phalaenopsis 
aphrodite  (Orchidaceae), an estimated 70% of 
the original genes are lost or transferred to the 
nucleus. These missing genes include those cod-
ing for the plastid-encoded RNA polymerase 
(PEP), the maturase-like protein MatK, all of the 

genes required for photosynthesis (encoding 
 subunits of photosystem I, photosystem II, cyto-
chrome  b  

 6  
  f  complex, and ATP synthase), as well 

as 6 genes encoding ribosomal proteins and 27 
genes encoding tRNAs. Despite rampant gene 
loss, the plastid genome of  R .  gardneri  retains a 
minimal set of protein-encoding and tRNA genes 
and appears to be the basis of a functioning gene 
expression system, with transcription, splicing, 
and RNA editing all detected and translation 
likely (Delannoy et al.  2011  ) . The plastid genome 
of  Neottia nidus - avis  was also found to be reduced 
in both genome size and gene content. However, 
these reductions are not as drastic as in 
 Rhizanthella : the plastome of  Neottia nidus - avis  
lacks all genes encoding photosynthetic proteins 
and RNA polymerase subunits, but retains most 
genes of the translational apparatus (Logacheva 
et al.  2011  ) .  

    5.5.5   High Substitution Rates 
in Nuclear and Mitochondrial 
Genomes 

 High rates of molecular evolution have also been 
observed in nuclear and mitochondrial genomes 
of mycoheterotrophic plants. Merckx et al.  (  2006, 
  2009  )  reported that branch lengths in 18S rDNA 
gene trees of mycoheterotrophic Dioscoreales 
(particularly in Thismiaceae) are up to 6.5-fold 
longer than those of related autotrophic species 
(see also Yokoyama et al.  2008  ) . Lemaire et al. 
 (  2011  )  measured 18S rDNA substitution rates of 
heterotrophic species across the phylogeny of the 
angiosperms and observed that branch lengths of 
many included mycoheterotrophic species are 
signi fi cantly longer than those of related auto-
trophic lineages. Substitution rates of 18S rDNA 
are particularly high in mycoheterotrophic spe-
cies of Thismiaceae, Corsiaceae, Orchidaceae 
( Rhizanthella ), and Triuridaceae ( Kupea ). 
However, in many other lineages of myco-
heterotrophic plants, no signi fi cantly faster sub-
stitution rates of 18S rDNA were detected. In 
lineages where substitution rates of 18S rDNA 
are high, only few mutations occur in major func-
tional and structural regions of the small ribosomal 
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molecule, suggesting that the ef fi ciency of the 
translational apparatus in nonphotosynthetic 
plants has not been affected (Lemaire et al.  2011  ) . 
Although data is more limited, high substitution 
rates have been demonstrated to occur in some 
mitochondrial genes of fully mycoheterotrophic 
species as well (Merckx et al.  2006,   2009  ) . 

 Interestingly high substitution rates in nuclear 
and mitochondrial genomes have also been 
observed in holoparasitic plants and have, for 
example, frustrated attempts to infer the phyloge-
netic position of the world’s largest  fl ower, 
 Raf fl esia  (Barkman et al.  2004  ) . The underlying 
causes of accelerated substitution rates in het-
erotrophic plants are unknown, but numerous 
hypotheses have been proposed. The long-term 
effects of a small effective population size result-
ing in a genetic bottleneck effect (Wu and Li 
 1985  ) , the in fl uence of a short generation time and 
the correlated higher number of mutation-generat-
ing reproductive events (Wu and Li  1985  ) , an 
increased tolerance of mutations due to a relax-
ation of selective constraints, variations in muta-
tion rate (Sniegowski et al.  2000  ) , DNA repair 
ef fi ciency (Modrich and Lahue  1996  ) , and specia-
tion rates (Barraclough and Savolainen  2001  )  are 
possible factors that trigger high substitution rates 
in mycoheterotrophic and parasitic plants. 
However, none of these hypotheses can unequivo-
cally explain higher substitution rates in parasitic 
plants (Nickrent and Starr  1994 ; dePamphilis 
et al.  1997 ; Young and dePamphilis  2005  )  and 
mycoheterotrophic plants (Lemaire et al.  2011  ) .  

    5.5.6   Mycorrhizal Speci fi city 

 Both the arbuscular and the ectomycorrhizal 
symbiosis are generally characterized by low 
speci fi city between plants and fungi. In contrast 
to autotrophic mycorrhizal plants, however, 
mycoheterotrophic plants often show high 
speci fi city toward fungi even though the fungi 
remain generalists (e.g., Taylor and Bruns  1997 ; 
Bidartondo et al.  2002,   2003 ; Chap.   6    ). In the 
Monotropoideae (Ericaceae),  fi ve related myco-
heterotrophic plant lineages are each specialized 
on one of  fi ve distantly related basidiomycete 
fungal lineages (Bidartondo  2005  ) . Species of 

mycoheterotrophic orchids often show speci fi city 
toward various lineages of either ectomycorrhizal 
or saprotrophic fungi (e.g., Taylor and Bruns 
 1997 ; Ogura-Tsujita and Yukawa  2008  ) . Similarly, 
speci fi city toward narrow lineages of fungi is 
also observed in mycoheterotrophs that are living 
on arbuscular mycorrhizal fungi, such as 
 Arachnitis uni fl ora  (Corsiaceae) (Bidartondo 
et al.  2002  ) ,  Kupea martinetugei  (Triuridaceae) 
(Franke et al.  2006  ) ,  Afrothismia  (Thismiaceae) 
(Merckx and Bidartondo  2008  ) , and  Petrosavia 
sakuraii  (Petrosaviaceae) (Yamato et al.  2011  ) . 
High speci fi city toward host fungi is also observed 
in non-angiosperm mycoheterotrophs (Bidartondo 
et al.  2003 ; Winther and Friedman  2007,   2008, 
  2009  ) . See Chap.   6     for a detailed overview on the 
interactions between mycoheterotrophs and their 
host fungi. 

 Association with compatible fungi is essential 
for the establishment of a fully mycoheterotrophic 
plant. In absence of their speci fi c fungus, many 
mycoheterotrophic plants will not germinate or 
develop (Bruns and Read  2000  ) . Even if germina-
tion is triggered by a close relative of the host fun-
gus, the seedling may not survive past the early 
stages of development (Bidartondo and Read 
 2008  ) . In an evolutionary context, highly special-
ized full mycoheterotrophs have evolved from 
ancestors with more generalist fungal associations. 
There are two mechanisms that may drive this evo-
lutionary trend toward increased fungal speci fi city: 
(1) a mycoheterotrophic plant selects from the 
potential fungal community the best target to meet 
its nutrient demands, and (2) a mycoheterotrophic 
plant, because of its increasingly parasitic interac-
tion with fungi, is “denied” access to most mem-
bers of the fungal community except for a few 
fungal lineages that fail to detect or exclude the 
plant (Bruns et al.  2002 ; Egger and Hibbett  2004 ; 
Bidartondo  2005 ; Merckx et al.  2009  ) . 

 Mycorrhizal speci fi city of mycoheterotrophic 
plants is not always targeted toward a single fun-
gal lineage. Some mycoheterotrophic species 
associate with distinct sets of fungal lineages. For 
example,  Corallorhiza maculata  (Orchidaceae) 
associates with exclusive sets of fungi, spanning 
ca. 22 described species across the Russulaceae 
(Taylor et al.  2004  ) . It was demonstrated that 
 C .  maculata  consists of several distinct fungal 
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host-associated races, and even when different 
orchid genotypes were found growing in close 
proximity, they maintained their distinct fungal 
associations (Taylor et al.  2004  ) . Similarly, the 
closely related species  Corallorhiza striata  tar-
gets a narrow breadth of fungi in the genus 
 Tomentella  (Thelephoraceae)—speci fi cally  T . 
 fuscocinerea . A population-level analysis of  C . 
 striata  and its mycorrhizal associates across the 
entire distribution range of the orchid shows that 
distinct orchid clades associate with divergent 
sets of fungi. The associations between  C .  striata  
and its mycorrhizal fungi are strongly determined 
by geography and phylogenetic af fi nity of the 
orchid populations (Barrett et al.  2010  ) . Levels of 
mycorrhizal speci fi city are also high in species of 
 Hexalectris  (Orchidaceae). The phylogenetic 
breadth of mycorrhizal associations between the 
species ranges from speci fi city toward a single 
narrow clade of ectomycorrhizal fungi (e.g.,  H . 
 brevicaulis ,  H .  grandi fl ora ) to speci fi city toward 
multiple clades of different fungal groups in  H . 
 spicata . However, fungal associations of  H .  spi-
cata  showed geographic variation (Kennedy et al. 
 2011  ) . In Ericaceae, the fully mycoheterotrophic 
species  Monotropa uni fl ora  has a widespread 
distribution in North America. The species spe-
cializes on various Russulaceae species within 
 Russula ,  Lactarius , and  Martellia , but fungal 
associations on population level appear to be geo-
graphically structured as well (Bidartondo and 
Bruns  2001 ; Bidartondo  2005  ) . Speci fi cally,  M . 
 uni fl ora  populations in Oregon associated exclu-
sively with  Russula brevipes , while a single pop-
ulation in Vermont, USA, associated with three 
 Russula  species groups and  Lactarius theiogalus . 
These examples demonstrate that the interactions 
between mycoheterotrophs and their mycorrhizal 
fungi may resemble a geographic mosaic 
(Thompson  2005  ) . The geographic mosaic theory 
of coevolution hypothesizes that three processes 
are the primary drivers of coevolutionary dynam-
ics: geographic selection mosaics, coevolutionary 
hot spots, and trait remixing. Selection mosaics 
occur when natural selection on interactions 
 varies among different communities. While this 
has yet to be tested for mycoheterotrophic plants, 
 fi tness was found to vary in vitro across different 
fungus–orchid combinations in the orchid 

 Tolumnia variegata , suggesting potential for 
 natural selection to act on these relationships 
(Otero et al.  2005  ) . Hot spots are communities in 
which interacting species have reciprocal effects 
on  fi tness and are often embedded within sur-
rounding communities in which interspeci fi c 
selection affects only one or neither species (cold 
spots). Finally, a combination of gene  fl ow, ran-
dom genetic drift, and extinction/colonization 
dynamics continually reshapes the genetic land-
scape over which future selection takes place 
(trait remixing) (Gomulkiewicz et al.  2000 ; 
Thompson  2005  ) . This tripartite coevolutionary 
process should produce three general ecological 
patterns: different combinations of coevolved 
traits in different regions, local maladaptation 
within some interactions, and few geographically 
uniform coevolved traits (Thompson  2005  ) . 

 While high mycorrhizal speci fi city is often 
regarded as a hallmark of mycoheterotrophic 
plants, not all full mycoheterotrophs show high 
speci fi city toward fungi. Examples are  Pyrola 
aphylla  (Ericaceae) (Hynson and Bruns  2009 ), 
 Wullschlaegelia aphylla  (Martos et al.  2009  ) , and 
species of  Aphyllorchis  (Orchidaceae) (Roy et al. 
 2009  ) . This indicates that identifying a speci fi c 
fungus that meets the plant’s demands need not be 
the initiating process in the subversion of the myc-
orrhizal mutualism. Also, high mycorrhizal 
speci fi city is not restricted to fully myco-
heterotrophic plants. Many green species of orchids 
(although are all initial mycoheterotrophs and 
some perhaps partially mycoheterotrophic) show 
speci fi city toward mycorrhizal fungi. Specialization 
trends within some of these lineages appear to be 
phylogenetically conserved as well (Shefferson 
et al.  2007,   2010 ; Jacquemyn et al.  2011  ) .  

    5.5.7   Host Shifts 

 Broad shifts of fungal associations in the evolu-
tionary trajectory toward full mycoheterotrophy 
have probably occurred multiple times in 
Orchidaceae: while an association with sapro-
trophic fungi is likely the ancestral state for all 
orchids (Yukawa et al.  2009  ) , many fully and 
 partially mycoheterotrophic orchids associate 
with ectomycorrhizal fungi (see Chaps.   6     and   8    ). 
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This “host” switch has been described in detail for 
the genus  Cymbidium  (Orchidaceae) by Motomura 
et al.  (  2010  ) . Early diverging  Cymbidium  species 
are presumably autotrophic as adults and gener-
ally have associations with saprotrophic fungi 
only (mainly Tulasnellaceae). The partially myco-
heterotrophic species diverging from this group 
harbor both Tulasnellaceae and ectomycorrhizal 
fungi (Russulaceae and others), while the latest 
diverging branch in this clade comprises the fully 
mycoheterotrophic species  C .  macrorhizon  and  C . 
 aberrans  that associate exclusively with the ecto-
mycorrhizal fungi. These results indicate that the 
nutritional shift from autotrophy to myco-
heterotrophy through partial mycoheterotrophy in 
 Cymbidium  may correlate with shifts in associ-
ated fungi from saprotrophic to ectomycorrhizal 
fungi. Hashimoto et al.  (  2012  )  recently reported a 
remarkable congruent fungal shift in a Japanese 
 Pyrola  species (Ericaceae), of which adult plants 
are supposedly capable of partial mycoheterotro-
phy. Adult  Pyrola asarifolia  plants, like other 
Pyroleae, associate with diverse ectomycorrhizal 
fungal species that are a subset of those that are 
forming mycorrhiza with surrounding trees. 
Conversely, seedlings of  Pyrola asarifolia  
speci fi cally associate with a lineage of Sebacinales 
B, which probably derive carbon through sapro-
trophy (see Chap.   8    ). 

 Similarly, in the liverwort family Aneuraceae, 
an association with tulasnelloid symbionts is a 

secondary acquisition of recent origin following 
the loss of the ancestral arbuscular mycorrhizal 
symbiosis (Bidartondo and Duckett  2010 ). The 
evolution of mycoheterotrophy in  Aneura mira-
bilis  then led to a subsequent specialization 
toward narrow  Tulasnella  lineages (Bidartondo 
et al.  2003 ; Bidartondo and Duckett  2010 ). In 
these examples, evolution of mycoheterotrophy 
is thus preceded by a secondary gain of associa-
tions with fungal lineages, which are in a later 
evolutionary step exploited to obtain carbon. 

 Shifts of fungal associations within lineages 
of full mycoheterotrophic plants have not yet 
been documented, and the mycoheterotrophs’ 
common preference toward narrow fungal lin-
eages suggests that such shifts may be rare. 
However, the tendency of many species of 
monotropes and orchids to specialize toward 
multiple distant lineages of mycorrhizal fungi 
may be interpreted as the result of radical host 
jumps. Another possible explanation for this 
pattern is high lineage attrition creating vast 
phylogenetic gaps that then appear as host jumps 
(Bidartondo  2005  ) . Only by studying mycor-
rhizal specialization in a phylogenetic context it 
is possible to distinguish host jumps from lin-
eage attrition (Box  5.1 ). Although the lack of 
extant species that represent in-between evolu-
tionary steps of this mycorrhizal specialization 
process may prevent the uncovering of the 
underlying evolutionary pattern.  

  Box 5.1 Analysis of Mycorrhizal Interactions 

in an Evolutionary Framework: A Primer 

 Fully mycoheterotrophic plants often show 
extreme speci fi city in their associations with 
fungi. Since all fully mycoheterotrophic plants 
evolved from autotrophic mycorrhizal ances-
tors, and autotrophic mycorrhizal plants gen-
erally show low speci fi city in their interaction 
with mycorrhizal fungi, this extreme speci fi city 
is the result of an evolutionary specialization 
process. Estimating effects of evolutionary 
relatedness on mycorrhizal associations 
requires information on phylogenetic relation-
ships and plant–fungal interactions. Depending 

on the questions asked and the available data, 
phylogenetic patterns can be used to infer dif-
ferent evolutionary processes shaping mycor-
rhizal interactions (Fig.  5.7 ).  

   Mycorrhizal Associations and Plant 

Phylogenetic Relatedness 

 Do plant species that are phylogenetically 
related show similar patterns of mycorrhizal 
speci fi city? This question can be answered 
when a well-supported plant phylogeny is 
available as well as information on the mycor-
rhizal fungi that are associated with each plant 
species in the phylogeny. Plant species can be 

(continued)
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scored according to the number of associated 
fungi (genotypes or fungal OTU’s) or accord-
ing to the mean pairwise genetic or phyloge-
netic distance among the associated fungal 
taxa (e.g., Nei and Tajima  1981  ) . The former 
method assesses mycorrhizal speci fi city 
purely as a function of number of associated 
fungi per species, without taking the phyloge-
netic distance between the associated fungi 
into account. This method results in discrete 
character states. Calculating genetic distances 
de fi nes mycorrhizal speci fi city as a function 
of phylogenetic breadth of associated fungi, 

but may be misleading when species tend to 
specialize on multiple, distant fungal lineages. 
This method results in continuous character 
states. Both the number of associated fungal 
OTU’s and distances among the associated 
fungi can be mapped on the plant phylogeny 
and used reconstruct evolutionary patterns of 
mycorrhizal speci fi city. For this purpose, a 
wide variety of methods for ancestral state 
reconstruction are available, for example, in 
the software packages Mesquite (Maddison 
and Maddison  2011  )  and APE (Paradis et al. 
2004  ) . In addition, there are different methods 

  Fig. 5.7    Hypothetical models showing examples of 
mycorrhizal interactions between plants ( circles ) and 
fungi ( squares ) in fl uenced by phylogenetic relationships 
of plants, fungi, or both. ( a ) Example in which the degree 
of mycorrhizal speci fi city of host plants is clearly 
in fl uenced by the phylogenetic relationships between the 

plants, shown as a progressive loss of associated fungi 
moving from the  bottom  to the  top  of the phylogeny. 
( b ) Example in which plants in a clade associate with a 
phylogenetically restricted set of fungi. ( c ) Example in 
which plant–fungal interactions are in fl uenced by the 
phylogenetic relationships of both plants and fungi       

Box 5.1 (continued)

(continued)
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to test whether the variation in mycorrhizal 
speci fi city between the plant species is 
in fl uenced by their phylogenetic relationships, 
such as phylogenetic autocorrelation tests 
(Gittleman and Kot  1990  ) , and measurements 
of phylogenetic signal (e.g.,  K  statistic of 
Blomberg et al.  2003  ) . Several of these tests 
are available in the R packages APE and 
Picante (Kembel et al.  2010  ) . These methods 
have been used to study the evolution of myc-
orrhizal speci fi city, for example, in the orchid 
genera  Cypripedium  (Shefferson et al.  2007  ) , 
 Goodyera  (Shefferson et al.  2010  ) , and  Orchis  
(Jacquemyn et al.  2011  ) . 

 A drawback of the methodology described 
above is that it ignores the actual identity of the 
fungal partners. Related plant species may be 
associated with the same number of fungal taxa 
or with a similar phylogenetic range of fungi, 
yet they may actually grow with completely 
different sets of mycorrhizal fungi. To test 
whether phylogenetically related plant species 
interact with similar fungi, plant phylogenetic 
distances can be regressed against metrics of 
fungal community dissimilarity using a Mantel 
test. The dissimilarity (or distance) in fungal 
community structure between plant species 
pairs can be calculated as 1— S , in which  S  is 
the fungal community similarity between spe-
cies pairs. There are a number of different com-
munity similarity statistics available in the 
ecological literature (reviewed in Koleff et al. 
 2003 ; Anderson et al.  2010  ) , but they are gener-
ally based on a ratio of shared vs. total fungal 
taxa hosted between plant species. Differences 
in the number of associated fungal taxa per 
plant species may affect estimates of commu-
nity similarity, and therefore, a partial Mantel 
test controlling for a number of associated fungi 
or choice of a metric that controls for differ-
ences in richness (e.g.,  b  

sim
 , Koleff et al.  2003  )  

may be more appropriate in most cases. The ZT 
software package (Bonnet and Van de Peer 
 2002  )  and the R package APE can be used to 

run these Mantel tests, and the R package Vegan 
(Oksanen et al.  2011  )  can be used to calculate 
most metrics of community similarity.  

   Mycorrhizal Associations and Fungal 

Phylogenetic Relatedness 

 Are mycorrhizal interactions evolutionarily 
conserved across the fungal phylogeny? In 
theory, the same methods as described above 
for mycorrhizal interactions in the context of 
plant relationships can be applied to fungal 
phylogenies. However, for most fungal taxa, 
we lack data about the range of associated 
plant species. Nevertheless, we can test the 
degree to which fungi associating with partic-
ular plant species tend to be close phylogenetic 
relatives. These tests can be performed at dif-
ferent ecological and evolutionary scales. For 
example, a fungal phylogeny may represent all 
lineages of a particular clade of fungi, regard-
less of their occurrence or their ecology, and 
may be used to infer whether a particular group 
of plants shows a preference for fungi based 
on the phylogenetic relatedness of the latter. 
Or a fungus phylogeny may be restricted to all 
mycorrhizal fungi detected at a particular 
research site and can be used to test whether 
mycorrhizal associations of particular plants at 
this site are in fl uenced by fungal phylogenetic 
relatedness. Choosing the appropriate pool of 
species is critical to matching the scale of anal-
ysis to the scale of the question being asked. 
A popular method to examine the phylogenetic 
structure of a “community” (in this case, a set 
of mycorrhizal fungi detected in a particular 
sample of plant species) is the calculation of 
the net relatedness index (NRI) and nearest 
taxon index (NTI) (Webb et al.  2002  ) . NRI is a 
standardized measure of the mean pairwise 
phylogenetic distance of taxa in a sample and 
quanti fi es overall clustering of taxa on a tree, 
while NTI is a measure of the phylogenetic 
distance to the nearest co-occurring taxon 
for each taxon in the sample and quanti fi es 
the extent of terminal clustering, independent 

(continued)
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of deep-level clustering (Webb et al.  2002  ) . 
The NTI and NRI indices are measured as 
standardized effect sizes based on a null model 
generated by random permutation of a phylog-
eny that contains an appropriate pool of spe-
cies for the given question. Positive NTI and 
NRI values indicate that species within a sam-
ple are more closely related than expected by 
chance (phylogenetic clustering), and negative 
values indicate that  species within a sample 
are less related than might be expected by 
chance (phylogenetic evenness or overdisper-
sion). Phylogenetic clustering and overdisper-
sion are generally interpreted as the result of 
evolutionary trait conservation or trait conver-
gence as the result of ecological processes 
such as niche partitioning and competition. 
However, care must be used when interpreting 
results as multiple processes can result in pat-
terns of clustering or overdispersion (Kraft 
et al.  2007  ) . These methods are implemented 
in the software program Phylocom (Webb 
et al.  2011  )  and the R package Picante and 
have been used by Merckx et al.  (  2012  )  to 
investigate the phylogenetic clustering of 
arbuscular mycorrhizal fungi detected in 
mycoheterotrophic interactions. Alternatively, 
multivariate statistics can be used to analyze 
phylogenetic distance between fungi and their 
ecological role (e.g., presence/absence in 
mycoheterotrophic interactions).  

   Plant–Fungal Networks 

 The methods described above evaluate myc-
orrhizal interactions either from a plant or 
fungus phylogenetic perspective. A more 
integrative approach estimates the in fl uence 
of both phylogenies on a plant–fungal inter-
action network. This can be achieved by cal-
culating the phylogenetic relationships of 
both plants and their interacting mycorrhizal 
fungi and assessing the mycorrhizal network 
from a classic host–parasite coevolutionary 

perspective. A simple approach is to calculate 
congruency between plant and fungal phylog-
enies (e.g., Penny and Hendy  1985 ; Farris 
et al.  1994  )  and has been used by Bidartondo 
and Bruns  (  2002  )  for Monotropoideae and 
their associated fungi and Barrett et al.  (  2010  )  
for  Corallorhiza – Tomentella  interactions. 
The latter study also applied a more advanced 
congruence/incongruence statistical test 
implemented in ParaFit (Legendre et al. 
 2002  ) . Several other methodologies to ana-
lyze host–parasite associations are available 
(reviewed by Stevens  2004  ) . However, many 
of these approaches are based on a host–para-
site co-speciation model (e.g., Charleston and 
Page  2002 ; Ronquist  2002  ) , which may be 
not an appropriate model to explain the 
observed branching patterns of mycorrhizal 
specialization processes. When congruence 
between both phylogenies is high, co-specia-
tion of congruent plant–fungus nodes can be 
tested by comparing their absolute ages 
obtained with molecular clock techniques. 
When age estimates for congruent nodes 
 overlap, they may be the result of synchro-
nous co- speciation events. When age esti-
mates do not overlap, the pattern may be 
explained by delayed co-speciation of phylo-
genetic tracking events, as was observed in 
fully mycoheterotrophic  Afrothismia  species 
and their associated  Glomus  fungi (Merckx 
and Bidartondo  2008  ) . 

 Food-web approaches are probably more 
appropriate to explore complex plant–fungus 
mycorrhizal interactions than host–parasite 
co-speciation models. A relevant method for 
evaluating mycorrhizal interactions is that of 
Ives and Godfray  (  2006  ) , which calculates 
the strength of the phylogenetic signal of the 
two phylogenies on the interaction matrix. 
It is implemented in the R package Picante 
and has been used to study phylogenetic 
effect on  Orchis –Tulasnellaceae interactions 
by Jacquemyn et al.  (  2011  ) .  
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    5.5.8   Phylogenetic Tracking 

 It has been argued that once an appropriate fungal 
partner has been found, a mycoheterotroph  fi ne-
tunes its physiology to adapt to that particular fun-
gus, and it is therefore largely incapable of host 
jumps to distantly related fungi (Bidartondo and 
Bruns  2002  ) . Subsequent speciation, mycorrhizal 
specialization, and a lack of host switching may 
force the plants to track the fungus phylogeny. 
Such phylogenetic tracking has been observed 
between species of  Afrothismia  (Thismiaceae) and 
 Glomus  group A fungi (Merckx and Bidartondo 
 2008  ) . Phylogenetic tracking and host loyalty has 
been extensively studied in Monotropoideae, 
where it resulted in extreme mycorrhizal special-
ization, most extensively toward  Tricholoma  and 
Russulaceae (Bidartondo  2005  ) .      

    5.6   Conclusions 

 Many millions of years of evolution have produced 
an astonishing array of land plants. Fully myco-
heterotrophic plants are perhaps among the most 
remarkable of these. They clearly demonstrate 
that the mycorrhizal mutualism, which in case of 
the AM mutualism has been stable for over 400 
million years, can be successfully cheated. A 
large majority of land plants associate with myc-
orrhizal fungi, and therefore, it is perhaps not sur-
prising that the ability to cheat this interaction 
arose many times independently during plant 
evolution. However, it remains unknown why 
particular families of mycorrhizal plants contain 
many fully mycoheterotrophic species, while 
mycoheterotrophy is absent in most other myc-
orrhizal plant families. Lineages of fully myco-
heterotrophic plants always comprise relatively 
few species, and those species are often rare 
and have scattered geographic distributions (see 
also Chap.   3    ). This may re fl ect limited ecological 
success, at least under recent climatic and biotic 
conditions. However, detailed evolutionary his-
tories of ancient mycoheterotrophic lineages may 
reveal pronounced diversi fi cation and geographic 
dispersal—and thus increased ecological suc-
cess—during past epochs of plant evolution. The 

drivers behind the evolution toward myco-
heterotrophy remain unknown as well, although 
several lines of evidence suggests that myco-
heterotrophy may provide an evolutionary escape 
route from intense competition for light in forest 
understory habitats.         
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          6.1   Introduction 

 Mycoheterotrophic plants provide fascinating 
evolutionary narratives. Examples include con-
vergent evolution of traits such as miniscule 
seeds, shortened and thickened roots, narrow 
mycorrhizal speci fi city, and self-fertilization 
(Leake  1994  ) . Another example is provided by 
the patterns of decay of the photosynthetic 
machinery (DePamphilis and Palmer  1990 ; 
Barrett and Freudenstein  2008 ; Delannoy et al. 

 2011 ; Logacheva et al.  2011  ) . Finally, the dynam-
ics of specialization and host-jumps among 
 various clades of fungal hosts (Taylor et al.  2004 ; 
Kennedy et al.  2011  )  offer compelling cases for 
comparison with more “main-stream” parasites, 
such as lice (Hafner and Page  1995  ) , phytopha-
gous insects (Hawthorne and Via  2001  ) , or rust 
fungi (Jarosz and Burdon  1991  ) . Another inter-
esting feature of mycoheterotrophs, which is per-
haps less often considered, is that multiple traits, 
including most of those mentioned above, appear 
to be evolving rapidly across numerous indepen-
dent lineages. For example, from the limited 
sampling available at present, it appears that sis-
ter species of mycoheterotrophic plants always 
target different fungal clades (Taylor and Bruns 
 1999 ; Bidartondo and Bruns  2001,   2002 ; Kennedy 
et al.  2011  ) . This phenomenon is too widespread 
to be merely coincidence. But we are currently 
without any clear understandings of the evolu-
tionary dynamics and selective pressures that 
underlie this phenomenon. Investigation of selec-
tive pressures and rapidly evolving traits falls 
principally under the purview of population 
genetics, quantitative genetics, genomics, and 
molecular evolution. When applied to ecological 
questions, these  fi elds form the basis for ecologi-
cal genetics, the subject of this review. Ecological 
genetics of mycoheterotrophic plants is only in 
its infancy, hence in this review we suggest some 
ideas about ways in which ecological genetics 
might enlighten the  fi eld of mycoheterotrophic 
plant research going forward. We also present 
case studies of several fully mycoheterotrophic 
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species, to illustrate some emerging trends, and 
further questions raised by these early  fi ndings. 

 Mycoheterotrophic plants present several 
challenges as potential model systems in ecologi-
cal genetics. The most signi fi cant is the fact that 
they cannot routinely be grown in cultivation. 
Hence, standard methods such as controlled 
crosses (and resulting tools, such as recombinant 
inbred lines), common gardens, and most experi-
mental manipulations are dif fi cult or impossible 
to apply to mycoheterotrophic plants. On the 
other hand, methods for the study of the ecologi-
cal genetics of wild populations have advanced 
signi fi cantly in recent years (Travers et al.  2007 ; 
Baird et al.  2008 ; Nadeau and Jiggins  2010 ; 
Helyar et al.  2011 ; Baxter et al.  2011  ) . Today, 
ecological genetics and genomics have much to 
offer the study of the biology of mycoheterotrophic 
plants. Mycoheterotrophic plants are usually rare 
plants, with patchy local distributions, yet some-
times rather wide geographic distributions (see 
Chap.   3    ) as well as occasional cleistogamy, and 
other forms of inbreeding (Chap.   7    ). Hence, stud-
ies of mating systems are fundamental to an 
understanding of the microevolution of myco-
heterotrophic plants. However, traditional meth-
ods of studying breeding systems, such as 
observations of pollinator behavior and experi-
mental manipulation of pollination, are not ade-
quate to characterize mating systems in many 
mycoheterotrophic plants. To understand mating 
and gene- fl ow, molecular methods based on mul-
tiple, independent, highly variable markers offer 
the best way forward (e.g., Klooster and Culley 
 2010  ) . Population genetics summary statistics 
(Table  6.1 ) such as Hardy–Weinberg, heterozy-
gosity,  F  

st
  can then be calculated to infer patterns 

of gene- fl ow and answer key questions about the 
degree of genetic differentiation within and 
among populations at various spatial scales. 
Marker data can also be subject to methods 
such as parentage analysis (Blouin  2003  )  and 
population assignment (Pritchard et al.  2000  )  to 
provide additional insights into within-popula-
tion mating patterns, as well as population bound-
aries where they are not obvious from morphology 
or geography. As described in several of the case 

studies below, even species boundaries are often 
ambiguous in mycoheterotrophic plants, due to 
highly variable  fl oral morphologies and the 
occurrence of nearly continuously variable inter-
mediate forms. An absence of gene- fl ow between 
populations based on molecular markers can pro-
vide strong evidence for the existence of distinct 
biological species. This contemporary perspec-
tive is complementary to a historical perspective 
based upon multilocus, sequence-based phyloge-
netic analyses (e.g., Kennedy and Watson  2010  )  
for distinguishing lineages that are on indepen-
dent evolutionary trajectories.  

 Understanding species and population bound-
aries and elucidating patterns of gene- fl ow and 
genetic variation set the stage for investigation of 
adaptation and natural selection. Numerous 
approaches have been developed, only a few 
of which will be mentioned here. One fundamen-
tal de fi nition of evolution is change in allele fre-
quencies in a population over time. Hence, 
investigation of the genetic constituency of myco-
heterotrophic plant populations over life stages, 
generations, space and time can alert us to situa-
tions in which evolution has taken place. If, for 
example, certain alleles or genotypes are consis-
tently lost in the transition from zygotes to adult 
mycoheterotrophic plants, selection against those 
genotypes is likely. A major emphasis in ecologi-
cal genetics is the identi fi cation of genes that 
in fl uence traits of interest, especially those that 
are related to  fi tness differences underlying eco-
logical adaptation (Hohenlohe et al.  2010  ) . 
Furthermore, reconstruction of the geographic 
and demographic histories of populations and 
species is a rapidly advancing, energetic  fi eld 
(Huang et al.  2011  ) . All of these subdisciplines 
are becoming exponentially more informative as 
the genome-wide distribution of variable markers 
increases in a greater diversity of taxa. In tandem 
with improvements in molecular tools, advances 
in related “–omics” technologies are providing 
radical new opportunities to investigate functional 
genomics, even in non-model organisms. For 
example, next-generation sequencing of cDNAs 
can provide a detailed snapshot of gene expres-
sion in any organism (Mortazavi et al.  2008  ) .  

http://dx.doi.org/10.1007/978-1-4614-5209-6_3
http://dx.doi.org/10.1007/978-1-4614-5209-6_7
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    6.2   Population Genetic Analysis 
of  Hypopitys monotropa  
(Ericaceae) 

 The Monotropoideae are eudicots belonging to the 
Ericales, and include the fully mycoheterotrophic 
genera  Allotropa, Pleuricospora, Pterospora, 
Sarcodes, Monotropa, Hypopitys, Monotropastrum, 
Monotropsis, Pityopus  and  Hemitomes  (Chap.   2    ). 
Though the green genus  Pyrola  has traditionally 
been placed within the Monotropoideae, molecu-
lar systematic studies have not yet resolved the 
closest photosynthetic relatives to the fully myco-
heterotrophic Monotropoideae (Cullings  2000 ; 
Kron et al.  2002  ) . 

 Studies of the Monotropoideae have histori-
cally played a fundamental role in enhancing our 
understanding of the biology of myco-
heterotrophic plants and their fungal associates. 
Speci fi cally,  Hypopitys monotropa  Crantz (syn. 
 Monotropa hypopitys  L.), has functioned as a 
model system for investigating many aspects of 
the biology of mycoheterotrophic plants, with 
pioneering investigations including the nature of 
mycorrhizal infections (Björkman  1960  ) , mycor-
rhizal symbioses (e.g., Bidartondo and Bruns 
 2002,   2005 ; Leake et al.  2004  ) , developmental 
biology (Olson  1990,   1993  ) , reproductive ecol-
ogy (Klooster and Culley  2009  ) , and the life his-
tory chronology of mycoheterotrophic plants 
from seed to reproductively mature adult (Leake 
et al.  2004 ; Bidartondo and Bruns  2005  ) . Despite 
the importance of this species to our understand-
ing of mycoheterotrophic plants,  H. monotropa  
has also created much confusion among scien-
tists since it was  fi rst described by Carl Linnaeus 
over 250 years ago as  M. hypopitys . Ironically, 
the taxonomic fate of this species was predes-
tined for quandary from its very inception, as 
even Linnaeus misspelled the species name 
“ hypopithys. ” 

 Taxonomists have long struggled to resolve 
the relationships among various color forms and 
morphs of  H. monotropa  throughout its circum-
boreal distribution. In fact, the species has under-
gone over 85 taxonomic rearrangements dating 
back to Linneaus’ initial, errant circumscription, 

with classi fi cations ranging from multiple species 
within the genus  Hypopitys , to a single species 
within the genus  Monotropa , with ascribed sub-
species, variety, and form epithets. Much of this 
confusion arises from the lack of thorough eco-
logical investigations in this system. Additionally, 
many taxonomic arguments have been con-
structed from assessments of pressed herbaria 
specimens, with the dramatic changes in color 
and loss of diagnostic morphological features of 
dried tissues clouding our resolution to effec-
tively assign taxonomic identities. The taxonomic 
dilemma of  H. monotropa  was further investi-
gated over the past 10 years through the use of 
molecular systematics, with studies by Cullings 
 (  2000  ) , Bidartondo and Bruns  (  2002  ) , and 
Neyland  (  2004  ) . Despite these thoughtful 
attempts to elucidate the true taxonomic identity 
of  H. monotropa , our understanding of the evolu-
tionary ecology of the various color forms and 
morphs has remained unresolved. 

 A recent study of the reproductive ecology of 
two genera within the Monotropoideae (Klooster 
and Culley  2009  )  identi fi ed distinct ecological 
differences between color forms within 
 H. monotropa . Speci fi cally, this study recon fi rmed 
the presence of discrete blooming periods pre-
sented by Neyland  (  2004  ) , with the yellow color 
form exhibiting a summer blooming phenology 
(June–August) and the red color blooming in the 
fall (September–October). Also, breeding system 
differences were identi fi ed between populations 
of each color form, with the yellow form exhibit-
ing a mixed breeding system with high rates of 
autogamous, self-pollination, and the red form 
approaching herkogamy (spatial separation 
between anthers and stigma) and facultative 
xenogamy (movement of pollen among geneti-
cally distinct plants; see Chap.   7    ). The functional 
data presented in this study supported the hypoth-
esis that forms within  H. monotropa  possess 
some ecological differences that extend beyond 
natural plasticity in colouration and that may be 
attributable to genetic variation. 

 Because phylogenetic analyses had previously 
been somewhat unsuccessful at assigning a con-
clusive genetic identity to the color forms of 
 H. monotropa , Klooster and Culley (Klooster and 

http://dx.doi.org/10.1007/978-1-4614-5209-6_2
http://dx.doi.org/10.1007/978-1-4614-5209-6_7


250 D.L. Taylor et al.

Culley  2010  )  utilized population genetic tech-
niques to investigate  H. monotropa . Using seven 
populations consisting of red and yellow color 
forms of  H. monotropa  growing in sympatry and 
allopatry in the Ohio River Valley, USA, Klooster 
and Culley assessed levels of genetic variation 
within populations, genetic differentiation among 
populations, and genetic structuring by color 
form. Results from this investigation demon-
strated low to moderate levels of within-popula-
tion genetic variation, with higher variation 
present in the facultatively xenogamous, red color 
form, and relatively low levels occurring within 
the primarily autogamous yellow form (see 
Table  6.1 ). Furthermore, pair-wise comparisons 
of some populations of the yellow color form 
exhibited high levels of genetic differentiation, 
although this did not signi fi cantly correlate with 
geographic distance, demonstrating the possibil-
ity that various extrinsic and/or intrinsic factors 
may be contributing to genetic substructuring 
within the yellow color form. All pair-wise com-
parisons between yellow and red color forms 
growing in both allopatry and sympatry indicated 
high levels of genetic differentiation (Table  6.1 ). 
Finally, population genetic spatial analyses 
revealed high levels of genetic structuring by 
color form, indicating minimal gene- fl ow and 
strong genetic divergence between color forms, 
suggesting reproductive isolation and corre-
sponding speciation between “color forms.” 

 The synergistic culmination of historical, eco-
logical, reproductive, and genetic analyses of  
H. monotropa  conclusively demonstrates that 
forms of  H. monotropa  possess discrete traits 
which merit taxonomic recognition as separate 
species. Also, these multifaceted analyses illumi-
nate “hidden” divergence between populations 
that might have otherwise gone ignored given the 
minimal and sometimes ambiguous morphologi-
cal differences present in this system. In both of 
the aforementioned studies, minimal to no mor-
phologically discrete features revealed the exis-
tence of intriguing genetic differences and 
informative patterns. Clearly, merging  fi ne-scale 
population genetic analysis with broad scale phy-
logeographic assessments will provide a vastly 
enhanced understanding of the evolutionary 

 history of  H. monotropa , as we have only begun 
to scratch the surface of ecological genetic 
discoveries. 

 In     2011a     , Beatty and Provan published a com-
plimentary study examining peripheral popula-
tions of the yellow form of  H. monotropa  in 
Northern Ireland (Beatty and Provan  2011a  ) . 
These remnant populations are located at the 
western edge of the species European range and 
are small and highly fragmented. Microsatellite 
analysis of the 21 extant populations, which occur 
in two separate areas, revealed high levels of 
genetic diversity, genetic structuring and inbreed-
ing.  H. monotropa  is a highly self-compatible 
species (Klooster and Culley  2009  )  and with 
numbers of individuals in patches generally low, 
the high incidence of inbreeding is probably due 
to increased self-pollination. Reproduction in 
these populations was found to be predominantly 
sexual, but several small clones were detected. 
This is in contrast to  Orthilia secunda , another 
member of the Monotropoideae that exhibits a 
similar distribution to  H. monotropa  in Northern 
Ireland, where all populations studied each com-
prised a single clone (Beatty et al.  2008  ) . 
Although typical range-edge population dynam-
ics (small and fragmented populations) were evi-
dent for both species, it is thought that the 
observed switch to clonal growth in  O. secunda  
might re fl ect the response of this boreal species 
to global climate change. 

 A larger scale phylogeographic study by 
Beatty and Provan (Beatty and Provan  2011b  )  
investigated the glacial history of  H. monotropa  
in North America. The species exhibits an East–
West disjunct distribution, with additional pock-
ets of the species found in central North America. 
Phylogeographic analysis using the chloroplast 
 rps 2 gene, the nuclear internal transcribed spacer 
(ITS) region and eight microsatellite loci 
revealed that the present-day distribution is due 
to persistence in separate eastern and western 
refugia during the last glaciation. Patterns of 
genetic variation, namely levels of diversity and 
the occurrence of unique haplotypes, indicated 
two western refugia in Oregon and further north 
in the Alexander Archipelago. In the eastern part 
of the species range, refugia were identi fi ed in 
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the south, around the area of the Carolinas, as 
well as further north in the “driftless region,” 
just south of the ice sheets. Due to the parasitic 
nature of  H. monotropa , presence of a host tree 
and associated fungal species would have been 
fundamental to existence in any refugial loca-
tion, and palynological records con fi rmed the 
existence of host tree species in all areas during 
the glaciations. Unlike  H. monotropa, O. 
secunda , which has a similar contemporary 
East–West disjunct distribution, was con fi ned to 
exclusively western refugia during the LGM 
based on chloroplast sequencing and nuclear 
microsatellites (Beatty and Provan  2010  ) . Its 
present-day distribution has resulted from east-
ward postglacial recolonization following the 
retreat of the ice sheets, and loss of central popu-
lations as forests were replaced by the grasslands 
of the Great Plains. 

 Phylogeographic studies in Europe again 
revealed some differences between the two spe-
cies (Beatty and Provan  2011c  ) . In this case, pat-
terns of genetic variation generally corresponded 
more to the classic scenario of “southern richness 
vs. northern purity” observed in numerous 
European phylogeographic studies (Taberlet et al. 
 1998 ; Hewitt  1999 ; Provan and Bennett  2008  ) . 
Southern refugia were identi fi ed in the Balkans/
southeast Europe for  H. monotropa , and in the 
French and Austrian Alps and Slovakia for  O. 
secunda . Populations of  H. monotropa  in recolo-
nized areas, however, were much more geneti-
cally depauperate than those of  O. secunda , 
possibly indicating more northerly persistence of 
the latter species, which is cold-tolerant, during 
the glaciations. Models of future species distribu-
tions under climate change scenarios suggested 
that loss of rear-edge populations will have a dis-
proportionally greater effect on  H. monotropa  
than in  O. secunda , since these populations har-
bor the majority of the genetic variation. A simi-
lar scenario has recently been reported in other 
species (Alsos et al.  2012 ; Provan and Maggs 
 2012  ) , and these studies highlight the importance 
of taking into account the distribution of genetic 
variation across species ranges when considering 
the potential effects of climate change and popu-
lation extinction (Hampe and Petit  2005  ) . 

 The extrinsic and intrinsic mechanisms under-
lying the observed population genetic patterns 
and possible cryptic species in  H. monotropa  still 
remain primarily inferential. Continuing such 
analyses, coupled with a corresponding investi-
gation into the identity and diversity of  Tricholoma  
fungal associates will more completely elucidate 
both historic and contemporary factors in fl uencing 
the evolutionary ecology of this fascinating sym-
biosis. Given the intrinsic reliance of myco-
heterotrophic taxa upon their fungal associates, it 
is possible that a substantial portion of the popu-
lation genetic patterns discovered in the afore-
mentioned studies will correspond with equally 
intriguing evolutionary dynamics of interactions 
with their fungal partners. Also, human-mediated 
habitat destruction and fragmentation has likely 
exacerbated the degree of genetic structuring 
among populations, contributing to further repro-
ductive isolation and divergence of populations. 
Consequently, ecological investigations cou-
pled with genetic analyses are required to better 
understand the evolutionary processes behind 
speciation within and among lineages of the 
Monotropoideae.  

    6.3   Hybrid Origin of Monotropoid 
Taxa 

 The process of hybridization as a mechanism of 
speciation within the Monotropoideae has been 
proposed numerous times throughout the litera-
ture. Speci fi cally, Wallace  (  1975  )  observed inter-
mediate pinkish color forms of  H. monotropa  
growing among yellow and red forms in the west-
ern United States, suggesting the possibility that 
hybridization may be responsible for producing 
intermediate, hybrid color forms. Also, Cullings 
 (  2000  )  found polyphyletic placement of  
H. monotropa  within his phylogenetic reassess-
ment and suggested the possibility of having 
sampled individuals arising from hybridization 
between  H. monotropa  and  Pterospora  growing 
in sympatry in Yellowstone National Park, 
Wyoming, USA or, alternatively, he argued that 
the samples represented a cryptic new species 
that is morphologically similar to  H. monotropa . 
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 It has also been suggested that  Pityopus cali-
fornicus  represents a possible hybrid between the 
parent lineages of  Hemitomes congestum , 
 Pleuricospora  fi briolata , and  H. monotropa  
(G. Wallace pers. comm., in Cullings  2000 ; 
Neyland  2005  ) . Given the high degree of mor-
phological similarity between  P. californicus  and 
 H. monotropa , both species were once classi fi ed 
within the genus  Monotropa  and  P. californicus  
was later given the name  Hypopitys californica  
(Eastwood  1897,   1902  ) . Cullings  (  2000  )  and 
Neyland  (  2005  )  further entertained the sugges-
tion that  Pityopus  arose from hybrid origin, 
although subsequent molecular analyses failed to 
conclusively support this theory. 

 Although hybridization remains a viable 
mechanism for speciation in the Monotropoideae 
and may account for some of the morphological 
and molecular variation observed within particu-
lar lineages, it has not yet been empirically shown 
to occur. Additionally, it is unclear how hybrid-
ization might impact the ability of a myco-
heterotroph to successfully recruit and associate 
with fungal hosts. The many factors that have 
limited empirical assessment of hybridization in 
this and similar systems include high level of 
molecular divergence among lineages, discrete 
reproductive phenologies that preclude cross-
pollination manipulations, and our inability to 
cultivate these mycoheterotrophic species in con-
trolled settings.  

    6.4    Hexalectris spicata  Species 
Complex 

  Hexalectris  is a New World genus of nine fully 
mycoheterotrophic terrestrial orchid species 
belonging to the derived “higher” Epidendroideae, 
and appears to be most closely related to the pho-
tosynthetic genera  Basiphyllaea  and  Bletia , col-
lectively the Bletiinae (Goldman et al.  2002 ; Sosa 
 2007  ) . Within  Hexalectris  are six species that 
comprise the  H. spicata  species complex and 
share a  fl oral architecture that is distinctive from 
those of the remaining species,  H. brevicaulis , 

 H. grandi fl ora , and  H. warnockii  (Goldman et al. 
 2001  ) . Morphological variation among members 
of the  H. spicata  complex is primarily in terms of 
 fl oral characteristics, although height, thickness, 
and color are also informational. Floral variation 
within these species is relatively low; however 
higher for the more wide-ranging members, such 
as  H. arizonica  and  H. nitida  which each exhibit 
chasmogamous (open- fl owered) and cleistoga-
mous (closed- fl owered)  fl oral forms with an 
accompanying loss of rostellar  fl aps and reduced 
 fl ower size. 

 Members of the  H. spicata  species complex 
range throughout the distribution of  Hexalectris , 
which generally follows the mountainous regions 
of Mexico (Sierra Madre Occidental, Sierra 
Madre Oriental, Sierra Madre del Sur, and the 
Trans-Mexican Volcanic Belt) and their exten-
sions into the United States. Observed species 
richness is at its height in these mountainous 
regions near the borders between Texas, USA 
and Coahuila, MX; and Arizona, USA and 
Sonora, MX. Overlaying species-level distribu-
tions while considering phylogenetic relation-
ships within this complex (Kennedy and Watson 
 2010  )  reveals a high degree of sympatry between 
well-supported sister species and suggests that 
the Sierra Madre Oriental and the Sierra Madre 
Occidental have facilitated independent north-
ward migration routes for this radiation and 
potential contact zones for hypothesized hybrid 
progenitors (Kennedy and Watson  2010  ) . 

 Members of the  H. spicata  species complex 
persist mostly undetected due to rarity and incon-
spicuous and inconsistent  fl owering patterns 
across this distribution. Collectively this group 
exploits a wide array of habitats from tropical dry 
forests of western Mexico, oak-lined desert 
canyons of the Santa Rita Mountains, juniper 
woodlands of the Edwards Plateau, mixed coni-
fer-hardwood forests on the peaks of the Chisos 
Mountains in the Big Bend, to the mixed meso-
phytic hardwood forests of Appalachia (Liggio 
and Liggio  1999 ; Coleman  2002 ; Kennedy and 
Watson  2010  ) . 

 Independent and combined phylogenetic anal-
yses of the nuclear ITS region and six plastid 
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DNA regions ( trnL  (uaa)  intron ( trnL ),  trnL  (uaa) —
 trnF  (gaa)  intergenic spacer ( trnL-F  IGS),  matK , 
 psbA ,  atpA , and  accD ) revealed strong support 
for the monophyly of this complex and six phylo-
genetic species,  H .  spicata ,  H .  arizonica ,  
H .  nitida ,  H. revoluta ,  H. colemanii , and 
 H. parvi fl ora  (Kennedy and Watson  2010  ) . The 
derived phylogenetic position of the  H .  spicata  
complex within  Hexalectris , a small number of 
morphological synapomorphies for each species, 
a low level of differentiation in ITS sequences, 
and poor support for the position of some clades 
in all trees suggests a recent, rapid, and continu-
ing radiation in this lineage (Kennedy and Watson 
 2010  ) . Hybridization has been proposed as an 
explanation for morphological intermediacy in 
 fl oral traits in some species (Catling and Engel 
 1993  ) , and for incongruent phylogenetic posi-
tions of some clades between plastid and nuclear 
gene trees (Kennedy and Watson  2010  ) . However, 
strong evidence for hybridization remains elu-
sive. For example, Kennedy and Watson  (  2010  )  
detected no evidence for hybridization after sta-
tistically testing for recombination among ITS 
clones from putative hybrid species. Also, popu-
lation genetic analyses of several plastid DNA 
regions reveals that genetic diversity is almost 
entirely distributed among species (Table  6.1 ), 
providing evidence that although hybridization 
may have occurred historically, each modern lin-
eage is likely reproductively isolated and, there-
fore, an independent biological species (Kennedy 
et al. unpublished data). 

 A particularly intriguing example of potential 
historical hybridization may be found within the 
morphological species  H .  spicata  s.l., which con-
tains the cryptic phylogenetic species  H .  spicata  
and  H .  arizonica  (Fig.  6.1 ; Kennedy and Watson 
 2010  ) .  H .  spicata  s.l. ranges from Virginia, south 
to central Florida, and west to Missouri and 
Arizona. Its varieties,  spicata  and  arizonica , may 
be distinguished based on the presence or absence 
of a rostellar  fl ap, respectively (Catling and Engel 
 1993  ) . In the eastern portion of this species’ range 
(i.e., east of Texas) only chasmogamous plants 
with a well-developed rostellum may be found, 
whereas cleistogamous and chasmogamous 
plants with a variety of rostellum development 

may be found throughout Texas and Arizona 
(Kennedy and Watson  2010  ) . In Texas, differen-
tiating between these taxa is clear; closed-
 fl owered plants lack rostellar  fl aps and 
open- fl owered plants have well-developed  fl aps. 
However in Arizona, plants may be found with 
almost any combination of these characteristics, 
including open  fl owers and no rostellar  fl ap, mak-
ing identi fi cation dif fi cult. Phylogenetic analyses 
provided strong support for two clades, one con-
taining only plants with open  fl owers and a well-
developed rostellum from the eastern portion of 
the distribution and Texas (i.e.,  H .  spicata  s.s.), 
and another comprised exclusively of plants with 
cleistogamous  fl owers lacking a rostellum from 
throughout Texas and all plants from Arizona 
(i.e.,  H .  arizonica ). Despite this clarity, incongru-
ent positions of the  H .  arizonica  clade between 
nuclear and plastid gene trees suggested that this 
lineage may be the product of hybridization 
between  H .  spicata  s.s. or  H .  nitida  and some 
other member of the  H .  spicata  species complex 
(Kennedy and Watson  2010  ) .    

  Hexalectris  species maintain long-lived rhi-
zomes with highly reduced roots that are the sites 
for mycorrhizal colonization (Taylor et al.  2003  ) . 
Members of the  H .  spicata  complex associate 
nearly exclusively with fungi from Sebacinaceae 
subgroup A (Taylor et al.  2003 ; Kennedy et al. 
 2011  ) , a group of ectomycorrhizal fungi known to 
simultaneously form endomycorrhizas with 
orchids (Selosse et al.  2002a,   b,   2009  ) . Speci fi city, 
as measured by the average genetic pair-wise dis-
tances between fungal associates of a particular 
 Hexalectris  species (i.e., p; Nei and Tajima  1981  ) , 
revealed narrow associations within each species, 
ranging between 0.012 in  H .  arizonica  and 0.047 
in  H .  spicata  (Kennedy et al.  2011  ) . Interestingly, 
the two primarily self-pollinating species in this 
group,  H .  arizonica  and  H .  nitida , are the most 
highly specialized toward their mycorrhizal fungi 
(0.012 and 0.021, respectively), suggesting that 
specialization toward mycorrhizal partnerships 
may be narrowed with the loss of genetic diversity 
that accompanies self-pollination (Kennedy et al. 
 2011  ) . From a phylogenetic perspective, each 
species within this complex was identi fi ed to asso-
ciate with a unique clade or group of clades within 
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  Fig. 6.1    Photos of the phylogenetic species that com-
prise the  Hexalectris spicata  species complex ( sensu  
Kennedy and Watson  2010  ) .  H. spicata  (a-b, Harrison 
Co., Indiana, USA) and the open- fl owered form of 
 H. arizonica  (c, Pima Co., Arizona, USA) are dif fi cult to 
distinguish morphologically, but fortunately for 
identi fi cation purposes only the closed- fl owered form of 
 H .  arizonica  (d, Santa Cruz Co., Arizona, USA; e, Dallas 

Co., Texas, USA) is sympatric with  H .  spicata .  H. nitida  
also has open- and closed- fl owered forms (f, Brewster 
Co., Texas, USA; g, Dallas Co., Texas, USA; respec-
tively).  H. parvi fl ora  (h, Cuquío, Jalisco, Mexico), 
 H. colemanii  (i, Pima Co., Arizona, USA), and 
  H. revoluta  (j, Brewster Co., Texas, USA) complete this 
species complex. Photographs by Aaron H. Kennedy       
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Sebacinaceae subgroup A, suggesting that spe-
cialization is not only narrow within this complex, 
and narrower within each of its species, but that 
speci fi city is a rapidly evolving characteristic. 

 Finally, these data also revealed that many of 
the mycorrhizal fungi that  H. spicata  species 
complex members specialize on are widely dis-
tributed across North America and have largely 
sympatric distributions. This  fi nding supported 
the conclusion that the geographic distributions 
of  Hexalectris  species may not be in fl uenced by 
their fungal associates’ distributions, a  fi nding 
also made in  Cypripedium  (Shefferson et al. 
 2007  ) . For example, the sebacinaceous fungi 
identi fi ed from  H .  spicata  in North Carolina 
alone span nearly the entire breadth of associa-
tions formed by this species across its total geo-
graphic distribution, revealing wide distribution 
for these sebacinaceous fungi. Also, even though 
the extremely rare  H .  colemanii  is restricted to 
only a few populations in southern Arizona, the 
fungi identi fi ed from two populations in highly 
similar habitats and only a few dozen kilometers 
apart were widely distant members of 
Sebacinaceae subgroup A, and identi fi ed from 
other members of the  H. spicata  species complex 
ranging from western Mexico to the eastern 
United States (Kennedy et al.  2011  ) . These 
 fi ndings therefore also suggest that mycorrhizal 

host-jumps and preferences have evolved largely 
where  Hexalectris  species and their potential 
mycorrhizal fungi exist in sympatry.  

    6.5   The Genus  Corallorhiza  

  Corallorhiza  is a new world genus of about ten 
mycoheterotrophic species that falls within the 
Epidendroideae, with the closest leafy relatives 
belonging to the genera  Cremastra ,  Oreorchis  
(both Asian), and  Aplectrum  (North American) 
(Freudenstein and Senyo  2008  ) .  Corallorhiza  
species occupy temperate forests across North 
America; only  Corallorhiza tri fi da  has spread 
widely across boreal regions, achieving a pan-
Arctic distribution. 

    6.5.1    Corallorhiza striata  Complex 

 From a phylogeographic perspective,  Corallorhiza 
striata  (Orchidaceae) is one of the most compre-
hensively studied fully mycoheterotrophic spe-
cies complexes. This wide-ranging, North 
American, temperate-montane group displays 
extensive geographic variation in  fl oral morphol-
ogy (Fig.  6.2 ; Freudenstein  1997 ; Barrett and 
Freudenstein  2009,   2011  ) . Using plastid DNA 

  Fig. 6.2    The  Corallorhiza striata  species complex. From 
the left,  Corallorhiza involuta  (Morelos, Mexico), 
 Corallorhiza bentleyi  (cleistogamous population, Virginia, 
USA),  C. striata vreelandii  (New Mexico, USA),  C. striata  

from California, USA, and  C. striata striata  (the only 
known population in New York State, USA). Photographs 
by Craig Barrett and John Freudenstein       
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( rbcL ,  rpl32-trnL ), Barrett and Freudenstein 
 (  2009  )  demonstrated that the  C. striata  complex 
also displays substantial genetic diversity ( n  = 84 
individuals). Four largely allopatric plastid 
DNA clades were identi fi ed across North 
America, and no populations were found to har-
bor members of more than one clade, even in 
potential contact zones. These clades are distrib-
uted as follows: clade (a)  Corallorhiza involuta  
(Mexico) +  Corallorhiza bentleyi  (Virginia and 
West Virginia, USA), clade (b) Sierra Nevadan 
clade (California, USA), clade (c)  C. striata  var. 
 vreelandii  (southwestern USA, Mexico, and 
Newfoundland, Canada), and clade (d)  C. striata  
var.  striata  (northern USA, Canada). Overall 
 fl ower size in this complex appears to be clinal, 
roughly increasing with latitude (Freudenstein 
 1997  ) . The incorporation of plastid DNA infor-
mation gives a different perspective on morpho-
logical variation, with each clade corresponding 
to a distinct morphometric grouping. 

 The four plastid clades associate with overlap-
ping—yet signi fi cantly divergent—members of a 
single, highly variable, ectomycorrhizal fungal 
taxon,  Tomentella fuscocinerea  (Fig.  6.3 ; Barrett 
et al.  2010  ) . This fungal species may, in fact, be 
composed of 9–12 cryptic species, based on 3 % 
and 2.5 % nuclear ITS divergence criteria, respec-
tively. Thus, the  C. striata  complex has highly 
speci fi c nutritional preferences across the entire 
geographic range. Overall, gene trees based on 
plastid DNA ( C. striata  complex) and ITS ( T. 
fuscocinerea ) were incongruent but also 
signi fi cantly nonindependent, suggesting some 
level of cophylogeographic structure (Fig.  6.3 ). 
In particular, the plastid clade endemic to 
California associates almost exclusively with a 
single ITS clade of  T. fuscocinerea ; this  fi nding 
was consistent across multiple populations along 
a ca. 600 km transect through the Sierra Nevada. 
Overall, patterns of subspeci fi city within the  C. 
striata  complex reveal a “geographic mosaic” 
(Thompson  1994,   2005  ) , with orchid plastid 
types associating with divergent sets of  T. fuscoci-
nerea  fungi in different biogeographic regions of 
North America. This study represents one of the 
most extensive phylogeographic investigations 
of host speci fi city for any mycoheterotroph to 

include both plant and fungal DNA, and has con-
servation implications for  C. striata  and the habi-
tats in which these and several other 
mycoheterotrophic species occur. Analysis of the 
 C. striata  complex based on nuclear intron 
sequences ( fl avanone-3 hydroxylase, RNA poly-
merase II beta subunit) showed less geographic 
structuring than did plastid DNA, with alleles 
shared between plastid groupings/geographic 
regions.  C. bentleyi  (eastern USA) and  C. invo-
luta  were genetically identical for all loci, form-
ing a clade that was highly divergent from the 
remaining  C. striata  (=  sensu stricto ). A closer 
investigation of population structure within 
 C. striata  s.s. identi fi ed three geographically 
parapatric clusters, corresponding to var.  vree-
landii , var.  striata , and Californian populations 
Interestingly, a few individuals of both var.  stri-
ata  and Californian populations displayed 
admixed multilocus genotypes, suggesting either 
limited gene- fl ow between groupings or residual 
ancestral polymorphism. Multilocus distance 
estimates of relationships within  C. striata sensu 
stricto  based on nuclear alleles indicated strong 
evidence for divergence between var.  vreelandii  
and var.  striata , with Californian individuals 
occupying intermediate positions relative to both. 
 C. striata ,  C. striata vreelandii , and the 
Californian accessions (i.e., var.  californica  ined) 
are best described at the level of variety, thus 
comprising a widespread, highly variable (and 
geographically structured) species,  C. striata 
sensu stricto . Furthermore, the varieties therein 
represent evolutionarily signi fi cant units (ESUs) 
for conservation purposes ( sensu  Dizon et al. 
 1992 ; Moritz  1994  ) . 

 Based on cumulative integration of genetic, 
morphological, geographic, phenological, and 
reproductive-mode variation, there is evidence to 
suggest that the  C. striata  complex is composed 
of three species:  C. bentleyi ,  C. involuta , and 
 C. striata  s.s. There is ample evidence for largely 
autogamous modes of reproduction in both  
C. bentleyi  and  C. involuta  based on: (1) small, 
drab-colored, partially closed  fl owers (some 
populations of  C. bentleyi  are fully cleistogamous), 
(2) the tendency for all  fl owers in a raceme to set 
seed (even before anthesis), and (3) low plastid/
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nuclear genetic diversity. The latter observation 
may be a cause for conservation concern, in that 
adaptive potential (similar to neutral variation) 
could be reduced in autogamous, genetically 

 depauperate species, rendering them unable to 
cope with future environmental  fl uctuations (e.g., 
climate change). Alternatively, they may represent 
highly adapted,  fi xed genotypes in populations 

  Fig. 6.3    Comparison of fungal internal transcribed 
spacer (ITS) and orchid plastid  rbcL  +  rpl32 - trnL  (right) 
gene trees for a rangewide sampling of  Corallorhiza stri-
ata  complex populations across North America. Trees are 
represented by highest likelihood topologies under the 
GTR- G  model in RAxML (Stamatakis  2006  ) . Asterisks 
adjacent to branches indicate likelihood bootstrap val-
ues > 90 % based on 2,000 pseudoreplicates.  Left scale 
bar  (fungi) = 0.01 substitutions/site and right scale bar 

(orchids) = 0.001 substitutions/site. Accessions in fungal 
ITS tree are coded by US/Mexican State, or by Canadian 
Province, and with symbols corresponding to orchid DNA 
clade (also found on orchid DNA tree). Clade A 
( Corallorhiza bentleyi, Corallorhiza involuta ) =  gray 
squares ; Clade B (Californian  C. striata ) =  black stars ; 
Clade C ( C. striata vreelandii ) =  empty squares ; Clade D 
( C. striata striata ) = black squares       
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that have been historically purged of deleterious 
alleles; this certainly deserves further study. 

  C. striata  s.s. displays morphological and 
genetic attributes concordant with a xenogamous 
reproductive mode. Several observations have 
been made of visitation and pollinium transfer to/
from  fl owers by ichneumonid wasps known to 
pollinate  C. striata  (Freudenstein  1997 ; C. 
Barrett, pers. observ.).  C. striata  s.s. is likely to 
be reproductively isolated from  C. involuta  and 
 C. bentleyi , and the same is also true between the 
latter two entities based on their autogamous 
reproductive modes and the immense geographic 
distances separating them. 

 Members of the  C. striata  complex are of great 
conservation interest, because they are good can-
didates as both “indicator” and “umbrella” spe-
cies. The former concept refers to the idea that  C. 
striata  represents a window into otherwise elu-
sive soil processes; its fungal host ( T. fuscoci-
nerea ) is rare and extremely ephemeral (in terms 
of sporocarp formation), having been collected 
very few times (U. Kõljalg, pers. comm.). Thus, 
 C. striata  is highly sensitive to habitat perturba-
tions affecting soil microbial processes, and is 
typically only found in old-growth habitats. This 
 C. striata  complex is also composed of umbrella 
species in that any conservation decisions focused 
toward them will most certainly bene fi t co-occur-
ring species, many of which are sensitive/rare as 
well (e.g., other orchids and mycoheterotrophs).  

    6.5.2    Corallorhiza wisteriana–
odontorhiza  Complex 

  Corallorhiza odontorhiza  ranges from Nicaragua 
northward through Mexico into the eastern USA/
Canada.  Corallorhiza wisteriana  is distributed 
from Chiapas, Mexico through the Sierras Madre 
Oriental and Occidental, into the USA 
(Freudenstein  1997  ) . In the USA, the latter 
becomes disjunct between the southeastern USA 
and a portion of the Rocky Mountains to the west, 
separated by the Great Plains and arid regions of 
north-central Mexico (Freudenstein  1997  ) . Both 
species have similar  fl owering times in Mexico 
(winter), but diverge phenologically in more 
northern populations. In the USA,  C. wisteriana  

 fl owers in the spring, while  C. odontorhiza  
 fl owers in the autumn. Both species show evi-
dence for a largely autogamous reproductive 
mode (e.g.,  C. odontorhiza  is mostly cleistoga-
mous), but this remains to be further investigated 
in the group as a whole. In the eastern US portion 
of its range,  C. wisteriana  primarily occurs in 
deciduous forests, whereas in the West and in 
Mexico, it occurs in higher elevation conifer for-
ests. Plastid DNA analyses based on  rpl32-trnL  
and  trnL-F  indicate that  C. odontorhiza  forms a 
clade, with three Mexican accessions sister to 
those from eastern US populations (Freudenstein 
and Barrett, unpublished data). There seems to be 
little additional phylogeographic structure within 
this species, with multiple plastid types often 
occurring in the same population. Sister to all  C. 
odontorhiza  populations are Mexican accessions 
of  C. wisteriana , with the remainder of  C. wiste-
riana  sister to this collective assemblage. Analyses 
based on plastid DNA within  C. wisteriana  from 
the USA ( n  = 40 individuals;  rpl32-trnL +   trnL-F ) 
indicate two divergent haplotypes, corresponding 
to eastern and western populations; however, 
these loci are invariant within populations. 
Patterns based on plastid DNA are consistent with 
an origin of the group in Mexico, followed by 
migration northward and divergence in  fl owering 
times. More variable markers will be needed to 
better address population genetics and patterns of 
gene- fl ow within and between both species. 

  C. wisteriana  presents an intriguing example 
of allopatric genetic differentiation that is corre-
lated with differences in habitat preferences and a 
major shift in fungal associations. First, both  
C. odontorhiza  and western-US populations of  
C. wisteriana  associate with members of the 
genus  Tomentella  (Thelephoraceae), while in the 
eastern USA,  C. wisteriana  associates with 
Russulaceae based on fungal ITS sequencing 
(Taylor  1997 ; J. Freudenstein and Barrett, unpub-
lished data). The earliest-diverging lineages of 
 Corallorhiza  ( C. striata, C. tri fi da ) typically 
associate with Thelephoraceae (Taylor  1997 ; 
McKendrick et al.  2000b ; Barrett et al.  2010  ) , so 
association with Russulaceae in the eastern USA 
may represent a geographic/habitat-correlated 
host shift, but a broader genus-level investigation 
is warranted to determine the polarity of host 
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shifts. It remains to be investigated whether these 
plastid DNA, habitat, and fungal host correla-
tions persist toward the southern extent of the 
geographic range in Mexico.  

    6.5.3    Corallorhiza maculata–
mertensiana  Complex 

  Corallorhiza maculata , or the spotted coral root 
orchid, is one of the most abundant terrestrial 
orchids in North America (Coleman  1995  )  and, in 
particular, the most likely encountered species of 
 Corallorhiza  (Freudenstein and Doyle  1994  ) . The 
species ranges from Mexico to Canada in western 
North America and can be found throughout the 
rest of the United States with the exception of the 
Great Plains region and the deep Southeast 
(Freudenstein  1997  ) . In general, the plants are 
found in shaded areas of both deciduous and conif-
erous old-growth forests. This species can occur 
singly or in large clumps (Luer  1975  ) . It has long 
been acknowledged that there is a large amount of 
 fl oral variation within the species, with many pop-
ulations encompassing morphologically dissimilar 
individuals (Freudenstein  1997  ) . While this mor-
phological variation can be quite useful as a proxy 
for genetic relatedness, it is not reliable enough to 
supplant the need for DNA sequencing and other 
molecular markers (Freudenstein  1997  ) . 

  C. maculata  is often referred to as the  C. macu-
lata  complex because it is composed of several 
recognized varieties:  C. maculata  var.  maculata , 
 C. maculata  var.  occidentalis  (both occurring 
throughout the entire range), and  C. maculata  var. 
 mexicana  (restricted to Mexico, and possibly bor-
dering states) (Freudenstein  1992,   1997  ) . This 
complex also includes other closely related spe-
cies:  C. bulbosa  (Mexico) , C. macrantha  (Mexico), 
and  Corallorhiza mertensiana  (northwestern 
North America) ,  the latter of which is likely to be 
the closest relative to the two aforementioned 
varieties of  C. maculata . Analysis of the ITS and 
the  rbcL  gene, (Barrett and Freudenstein  2008  )  
and other plastid DNA (Freudenstein and 
Doyle  1994  )  places  C. mertensiana  within the 
 C. maculata  clade. Chloroplast RFLP studies 
have indicated that  C. mertensiana  may be 
derived from  C. maculata  (Freudenstein and 

Doyle  1994  ) . The range of  C. mertensiana  is 
almost entirely contained within the range of  
C. maculata  and the two species are often found 
co-occurring (Taylor and Bruns  1999  ) . In addi-
tion to different varieties of  C. maculata , it has 
also been observed in the Midwestern and Eastern 
United States that “early” and “late”  fl owering 
forms exist, and correspond to vars.  maculata  and 
var.  occidentalis  (Freudenstein  1987  ) . The phe-
nology of these individuals is suf fi ciently distinct 
that cross-pollination between them is unlikely. 

 It has long been suspected that  C. maculata  is 
almost completely autogamous. While capable of 
outcrossing via pollinators, any  fl ower that has 
not been pollinated via foreign pollen will self-
fertilize, with plants consistently displaying 
nearly 100 % seed set. Personal observation (S. 
Hopkins) has provided evidence that plants 
whose emergence from the soil has been impeded 
due to a physical obstruction will still  fl ower and 
experience full seed set underground. Despite its 
ability to self-pollinate, microsatellite analysis of 
parents and seeds is revealing more outcrossing 
than was previously thought to occur (Hopkins 
and Taylor  2011  ) . Hypothesized pollinators 
include dance  fl ies (Empididae), Bombyliid  fl ies, 
and Acroceratid  fl ies (Kipping  1971  )  and Luer 
 (  1975  )  published a photograph of  C. maculata  
being visited by a bee in the genus  Andrena  with 
pollinia attached to its back. 

 The question of potential cross-pollination is 
an interesting one given that  C. maculata  is the 
 fi rst species complex in which diversi fi cation of 
fungal speci fi city had been shown to exist below 
the species level.  C. maculata  and  C. mertensiana  
both associate with fungi in the Russulaceae, but 
have never been found to share a  Russula  species, 
even where the two orchids co-occur (Taylor and 
Bruns  1999  ) . Furthermore, molecular methods 
were used to identify six distinct genotypes of  C. 
maculata  using three single nucleotide polymor-
phisms (SNPs) in the nuclear ITS region and the 
nuclear single-copy  fl avanone beta hydroxylase 
gene (Taylor et al.  2004  ) . These genotypes, or 
races, have been shown to associate with separate 
clades of fungi within the family Russulaceae, 
with fairly little overlap in fungal associations 
across races (Taylor et al.  2004  ) . Multiple races 
have been found growing in the same location but 
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never utilizing the same fungal partners, demon-
strating a genetic control of fungal associations 
that is not dependent on habitat, and occurs below 
the species level (Taylor et al.  2004  ) . Current 
work utilizing 6 polymorphic microsatellite mark-
ers on adults and seeds from 15 putative popula-
tions with multiple morphotypes suggests that 
there are a minimum of 6 races present in this 
species and that considerable population structure 
exists. Furthermore, these microsatellites show 
that  C. mertensiana  is genetically distinct from  
C. maculata , despite their paraphyletic relation-
ship in prior chloroplast studies. Preliminary data 
has indicated that only 1 of the ca. 100  C. macu-
lata  adults examined may be a hybrid between 
two different races and that less than 5 % of the 
seed capsules surveyed display any heterozygos-
ity at the genotyped loci. Along with this distinct 
lack of gene- fl ow between populations, individu-
als of  C. maculata  display extreme fungal 
speci fi city. Recent work with microsatellite mark-
ers has yielded results in agreement with those 
above: A single clade of individuals of  C. macu-
lata  will nearly always associate with only a sin-
gle clade of fungi, or at most two clades of fungi, 
within the genus  Russula.  In some cases individu-
als of different genotypes will grow within centi-
meters of one another, however these different 
genotypes have never been found to associate 
with the same fungus or even the same clade of 
fungi .  These results demonstrating  fi ne-scale fun-
gal preference  suggest that mycorrhizal speci fi city 
is evolving rapidly, with changes occurring among 
very recently separated biological species or pos-
sibly even at the population level.   

    6.6   Emerging Patterns 

 The case studies presented above suggest several 
interesting trends in the ecological genetics of 
mycoheterotrophic plants. On the other hand, these 
examples are limited to only a few species, mostly 
from North American temperate forests (two 
 Hexalectris  species were sampled in subtropical 
forests). Therefore, the generality of the patterns 
discussed below remains to be determined. 
Nevertheless, the trends are tantalizing. First, we 

note that species and population boundaries are 
dif fi cult to discern, even when careful morpho-
logical studies and informative molecular mark-
ers are combined (Barrett and Freudenstein  2009 ; 
Kennedy and Watson  2010  ) . This observation is 
likely explained, in part, by the mixed mating 
systems seen in these mycoheterotrophic plants. 
Nearly all are self-fertile, many have explicit 
mechanisms for sel fi ng such as cleistogamy 
(though all appear capable of outcrossing), all 
have small, widely scattered populations, and all 
display moderate to high levels of inbreeding. 
The specter of hybridization as a pathway to novel 
forms or species has been raised for several taxa, 
though proven in none. Thus, these plants have 
complex evolutionary histories, making species 
and population boundaries extremely dependent 
on what criteria are used and how they are 
weighed (Barrett and Freudenstein  2009 ; Kennedy 
and Watson  2010  ) . When integrative approaches 
are applied, the best-studied taxa turn out to be 
species complexes encompassing one or several 
cryptic species (Kennedy and Watson  2010 ; 
Barrett and Freudenstein  2011 ; Hopkins and 
Taylor, unpublished data). From an evolutionary 
point of view, these plants offer exciting research 
opportunities, since their particular combination 
of population dynamics, symbioses and specia-
tion patterns are unusual in the plant world. 

 Focusing in on the ESUs, host-races, and pop-
ulations that have been uncovered, we  fi nd that 
genetically discrete demes are often maintained 
in sympatry or parapatry. Examples include the 
two color forms of  H. monotropa  (Klooster and 
Culley  2010  ) , the three western ESUs within  
C. striata sensu stricto  (Barrett and Freudenstein 
 2011  ) , the host-races within  C. maculata  (Taylor 
et al.  2004  ) , and the western sibling species 
within the  H. spicata  complex (Kennedy and 
Watson  2010  ) . However, we do not interpret these 
patterns to suggest that geographic barriers are 
unimportant to the diversi fi cation of these lin-
eages. There are several very clear examples of 
geographic patterning of genetic breaks, includ-
ing East–West disjunctions and associated genetic 
divergence within  H. monotropa  (Beatty and 
Provan  2010  )  and  C. wisteriana . Thus, we infer 
that genetic divergence in allopatry has played an 
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important role in several of these lineages, 
although the spatial and temporal scales of allo-
patric diversi fi cation remain open questions. 

 Perhaps the most exciting trend that coincides 
with the discovery of these cryptic species and 
ESUs is that these entities have diverged in traits 
of considerable ecological interest. In some cases, 
different  fl oral forms or mating systems (color, 
phenology, cleistogamy) distinguish the lineages. 
And, in some cases, mycorrhizal speci fi city has 
diverged between these closely related lineages. 
The best examples of the latter trend are the dis-
tinct  Sebacina  clades targeted by different mem-
bers of the  H. spicata  complex (Kennedy et al. 
 2011  )  and the distinct  Russula  clades targeted by 
different  C. maculata  host-races (Taylor et al. 
 2004 ; Hopkins, unpublished). These rapid and 
ongoing evolutionary dynamics open the way for 
incisive studies of the genes and selective forces 
underlying ecological diversi fi cation. For exam-
ple, do host-jumps to novel mycorrhizal taxa tend 
to occur in geographically isolated populations 
following rare long-distance dispersal? Or do 
increases in sel fi ng, such as in transitions to cleis-
togamy, and associated genetic drift and low 
genetic diversity, precede the evolution of 
extremely narrow specialization, as suggested for 
 H. arizonica  and  H. nitida  (Kennedy et al.  2011  ) ?  

    6.7   Future Questions 
and Approaches 

 In the past, developing molecular markers and 
other tools with which to carry out research on 
the ecological genetics of a non-model species 
has been a laborious, costly, and often untenable 
undertaking. Technological breakthroughs, par-
ticularly next-generation sequencing and compu-
tational tools, are allowing ecological genetics 
and genomics to be applied to any organism. We 
anticipate that this revolution will greatly expand 
our view of the evolution, ecology and function 
of mycoheterotrophic plants. 

 Currently, the major advantage provided 
by next-generation technologies to studies of 
non-model organisms is the much greater ease 
with which variable markers can be discovered 

and assayed. For example, highly polymorphic 
 microsatellites have been the loci of choice for 
studies of gene- fl ow and population structure for 
the last 20 years. But it has been slow and costly 
to develop microsatellites for a single new spe-
cies. Today, a fraction of a single pyrosequencing 
run, using either random genomic DNA (shotgun 
sequencing) or microsatellite-enriched genomic 
DNA, can rapidly yield thousands of loci con-
taining microsatellite motifs (Guichoux et al. 
 2011  ) . Assays of SNPs are beginning to rival 
microsatellites in popularity, as methods for 
genome-wide analysis become more routine. 
By tagging and pooling individuals prior to a 
shotgun sequencing run, numerous SNPs can be 
discovered. In a further re fi nement of this 
approach, genomic DNA is cut with a restriction 
enzyme before tagging, pooling and sequencing 
(RADseq; Davey and Blaxter  2010  ) . This 
approach has been used to simultaneously dis-
cover and genotype tens of thousands of SNPs 
spread across the genome in non-model organ-
isms. For studies at or above the species level, 
where a select set of loci are known to be infor-
mative, the target regions can be PCR ampli fi ed, 
ligated to adaptors, pooled and sequenced (De 
Leeneer et al.  2011  ) , or enriched then sequenced. 
These target capture methods include molecular 
inversion probes (MIP; Porreca et al.  2007  ) , solu-
tion hybrid selection (SMS; Elshire et al.  2011  ) , 
and microarray-based genomic selection (MGS; 
Okou et al.  2007  ) . In this way, hundreds or thou-
sands of de fi ned loci can be sequenced across 
large numbers of individuals simultaneously. 

 Improved markers will enable inquiries into 
numerous aspects of the evolutionary ecology of 
mycoheterotrophs. In particular, we envision 
more in-depth investigations of mating systems 
and gene- fl ow within and among myco-
heterotrophic plant demes, which should provide 
improved estimates of population and species 
boundaries. For example, improved likelihood 
and Bayesian methods for parentage analysis 
have appeared in recent years (Jones et al.  2010  )  ,  
and could be applied to mycoheterotrophic plants 
to reveal patterns of pollen movement and gene 
exchange within and among populations, ESUs 
and species. Detailed,  fi ne-scale genetic data can 
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also be used to infer population parameters, such 
as effective population sizes. This should be par-
ticularly informative in the case of myco-
heterotrophic plants, in which true population 
sizes are poorly represented through censuses of 
above-ground  fl owering individuals in any one 
year (Shefferson et al.  2001  ) . Bayesian methods 
have also been developed for assigning individu-
als to populations, some of which can be used 
without any a priori population de fi nitions 
(Pritchard et al.  2000  ) . These methods, in part, 
have been used to de fi ne genetically distinct 
ESU’s within  C. striata sensu stricto , and to 
investigate speci fi c cases of admixed multilocus 
genotypes based on multiple nuclear markers 
(Barrett and Freudenstein  2011  ) . This will also be 
particularly useful for the elucidation of popula-
tion boundaries in  C. maculata , where widely 
divergent genotypes occur in sympatry, and pop-
ulation boundaries are thus dif fi cult to de fi ne 
using geographic criteria. 

 Additional markers will also improve our abil-
ity to infer the phylogeographic and demographic 
histories of mycoheterotrophic plant species. We 
may be able to infer the migration routes that 
have led to current geographic ranges, along with 
the timing and coincident climatic conditions 
under which changes in distributions occurred. 
These inferences can be approached by combin-
ing geographic reconstruction methods such as 
nested clade analysis (Templeton  1998  ) , coales-
cent methods that provide insights into demo-
graphic histories in the process of reconstructing 
the likely time course of mutation events 
(Donnelly and Tavare  1995 ; Carbone and Kohn 
 2001  ) , and niche/climate modeling (Peterson 
 2001 ; see Beatty and Provan  2011b  for an exam-
ple). A focal issue may be the geographic, demo-
graphic, and temporal scenarios under which 
mycorrhizal specialization has changed. 

 New markers and analytical tools also open 
the way to asking more direct questions about 
adaptation in non-model organisms. For example, 
one approach seeks to elucidate the genetic archi-
tecture underlying adaptation via estimation of 
heritability and the use of association tests, which 
search for statistical correlations between varia-
tion in particular alleles and variation in traits of 

interest. Controlled crosses combined with phe-
notypic measurements in common environments 
form the basis for the  fi eld of quantitative genet-
ics (Falconer and Mackay  1996  ) . For organisms, 
such as mycoheterotrophic plants, which cannot 
be easily crossed or cultivated, related methods 
have been developed for wild organisms (Ritland 
 2000  ) . The most powerful of these methods start 
with at least some pedigree information (e.g., 
mother-offspring relationships), and attempt to 
reconstruct missing pedigree information (e.g., 
via paternity assignment methods), then model 
trait values as a function of allelic segregation 
(Garant and Kruuk  2005  ) . Another approach 
relies on the principles of population genetics 
and molecular evolution, without reference to 
observable phenotypic variation. DNA sequences 
themselves can carry signatures of drift, hitch-
hiking, population bottlenecks, directional selec-
tion, balancing selection, and other evolutionary 
phenomena (Nordborg  1997 ; Nielsen  2000 ; 
Nielsen and Wakeley  2001 ; Charlesworth  2006  ) . 
These methods are best viewed as tools for data 
exploration, i.e., ways to search for candidate 
loci, leading to the formulation of testable hypoth-
eses concerning the adaptive signi fi cance of par-
ticular loci (Storz and Wheat  2010  ) . 

 In the case of mycoheterotrophic plants, we 
recommend pursuit of both improved molecular 
markers and  fi eld and/or laboratory manipula-
tions to begin to elucidate the processes and 
selective pressures underlying ecological varia-
tion. For example, hand-pollination experiments 
combined with seed packet methods (Rasmussen 
and Whigham  1993  )  and subsequent genomic 
scans could be used to begin to quantify the con-
tribution of various mechanisms to reproductive 
isolation among populations with overlapping 
geographic ranges, i.e., to ascertain whether iso-
lation is prezygotic or postzygotic, and, therefore, 
whether there may be selection against hybrids. 

 Lastly, mycoheterotrophic plant research 
would bene fi t from the application of advancing 
methods in functional genomics. Transcriptional 
pro fi ling can be used to reveal patterns of gene 
expression under varying conditions, even in 
non-model organisms. A  fl ood of gene expression 
data has come in recent years from the use of 
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microarrays. However, microarrays are very 
expensive to design and construct, and, hence, 
have only been developed for model organisms. 
There have been several successful uses of 
microarrays to study gene expression in non-
model organisms that are closely related to model 
species for which microarrays are available 
(Travers et al.  2007  ) . Unfortunately, to our knowl-
edge, there are no model organisms that are 
closely related to a mycoheterotrophic plant spe-
cies. On the other hand, direct next-generation 
expressed sequence tag (EST) sequencing meth-
ods, such as Illumina Hi-seq, can be applied to 
any organism at costs much lower than microar-
ray design. These approaches could be used to 
survey the plant and fungal genes that are up or 
down-regulated at different stages of the interac-
tion (Seddas et al.  2009  ) . Alternatively, gene 
expression could be compared across species or 
ESUs with differing fungal speci fi city,  fl owering 
times, or other traits of interest, to search for pat-
terns of gene expression that may underlie these 
differences.  

    6.8   Conclusions 

 While mycoheterotrophic plants may never 
become common “lab-rat” model organisms, in 
our view, they have great value as models of 
speci fi city and symbiosis-shaped evolution in the 
unique circumstance in which it is the plant that 
attacks the fungus, as opposed to the traditional 
role of plants as victims of attack by numerous 
pathogens and herbivores. The value as a study 
system in evolutionary ecology is magni fi ed by the 
fact that the specialized plant-fungus interaction is 
evolving rapidly in some mycoheterotrophic plant 
lineages. The rapid advance of methods in ecologi-
cal genetics and genomics that can be applied to 
wild organisms holds tremendous promise for 
mycoheterotrophic plant research. To most effec-
tively pursue these opportunities, we suggest that 
one or a few mycoheterotrophic species should 
receive increased attention from the research com-
munity as mycoheterotrophic plant models.  
C. tri fi da  comes to mind, because it has been 

grown in tripartite symbiotic microcosms 
(McKendrick et al.  2000a,   2000b  )  and because a 
signi fi cant amount of physiological work has been 
carried out (Zimmer et al.  2008 ; Cameron et al. 
 2009  ) . However, we still know relatively little 
about patterns of genetic variation and fungal asso-
ciations within this taxon (McKendrick et al. 
 2000b  ) . While the new methods democratize 
genomics, we cannot yet apply them to every 
mycoheterotrophic species due to constraints of 
funding and feasibility. There are still synergistic 
gains to be made by focusing on species that are 
most tractable in terms of crossing and growth (in 
the  fi eld, if necessary), and working as a commu-
nity to develop tools for these species.      
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    7.1   Species Interactions 
of Mycoheterotrophic Plants 

 Both the origin and maintenance of biodiversity 
are dependent on interactions between species. 
All species exist as part of a complex network of 
interactions, ranging from antagonistic examples 
such as competition and parasitism, to mutual-
isms such as those shared between over 90 % of 
plant species and mycorrhizal fungi (Thompson 
 2005 ; Montoya et al.  2006  ) . For example, the 
diversi fi cation of two of Earth’s major lineages, 
the insects and  fl owering plants, is thought to 
have been driven by their mutual interactions 

(Ehrlich and Raven  1964  ) . An even more diverse 
lineage, the fungi, is notably dominated by 
biotrophic species that interact with plants and 
animals. Diverse communities of plants and fungi 
can be linked physically by common mycorrhizal 
networks (Smith and Read  2008  ) , and these eco-
logical networks extend to other symbioses as 
well, with nearly 90 % of  fl owering plants being 
pollinated by insects or other animals (Ollerton 
et al.  2011  ) . Enhancing our understanding of 
plants engaged in multiple, potentially highly 
specialized, symbiotic interactions has become 
the focus of many recent empirical studies, with 
mycoheterotrophic plants serving as an ideal 
model system for such analyses. 

 Mycoheterotrophs are a phylogenetically 
diverse plant group, de fi ned by their unique inter-
action with fungi; whereas the vast majority of 
plants exchange photosynthetically derived car-
bon resources for fungal-acquired soil nutrients, 
mycoheterotrophs have evolved to cheat this 
mutualistic exchange by extracting these resources 
from fungal associates. These plants therefore 
offer a fascinating case-study for research into the 
exploitation of mutualisms, and for determining 
how a highly specialized life history strategy for 
obtaining nutrition impacts the wider web of 
symbiotic interactions invaded by mycoheterotro-
phs. In this chapter we discuss recent research 
into the fungal interactions of mycoheterotrophs, 
and various hypotheses on the impacts of myco-
heterotrophy on plant reproduction.  
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    7.2   The Exploitation 
of a Mutualism 

 The two major mycorrhizal symbioses are the 
arbuscular mycorrhizas involving members of 
the Glomeromycota and about 80 % of plant spe-
cies, and the ectomycorrhizas involving some 
members of the Basidiomycota and Ascomycota 
and less than 5 % of plants, mainly trees and 
shrubs. These ancient interactions are generally 
obligate and mutualistic for both plants and fungi; 
mycorrhizal plants and fungi exchange carbon 
for soil minerals. Mycorrhization leads to the 
development of unique fungal structures among 
and/or within the cells of plants (e.g., arbuscule, 
ectomycorrhizal mantle and Hartig net, orchid 
peloton, monotrope peg). 

 Mutualisms are arrangements to exchange 
goods between two distantly related lineages. 
Mutualists offer their partners goods that are rela-
tively inexpensive for them to produce or obtain, 
in exchange for goods that are more expensive or 
unfeasible for them to produce, even at an unmea-
surably low pro fi t (Schwartz and Hoeksema 
 1998 ; Bronstein  2001  ) . Mutualisms can be sub-
verted by intra-speci fi c cheaters, who are indi-
viduals of one of the two interacting lineages that 
defect from the mutualism by failing to recipro-
cate. If an entire lineage defects, the mutualism is 
replaced by a parasitism, or two autonomous lin-
eages emerge. Mutualisms can also be subverted 
by cheaters from a third lineage that invade a 
mutualism between two other lineages, or evolve 
from one of the partners of the mutualism. Thus, 
cheaters become part of a tripartite symbiosis and 
depend on the fate of the mutualism they target. 

 Mycoheterotrophic plants associated with the 
mycorrhizal fungi of neighboring plants may be 
considered third-party cheaters (Sachs and Simms 
 2006  ) . Nonetheless, we should bear in mind that (1) 
the  fi tness costs of cheaters are typically lower than 
those of parasites; (2) the  fi tness costs (and the 
 fi tness) of fungi is a challenging research area 
(Pringle and Taylor  2002  ) ; and (3) it may be dif fi cult 
to show that no bene fi t of any kind at no time is 
accrued by the cheated. For instance, both a “delayed 
payback” by the initial mycoheterotrophic orchid 
 Goodyera repens  to the  saprobic fungus 

 Ceratobasidium cornigerum,  and a form of “paren-
tal nurture” of mycoheterotrophic gametophytes of 
 Huperzia hypogeae  by its photosynthetic sporo-
phytes via an arbuscular mycorrhizal  Glomus  sp., 
have been hypothesized (Cameron et al.  2008 ; 
Winther and Friedman  2008  ) . In fact, full myco-
heterotrophy could be viewed as an evasion of 
delayed payback (Bidartondo  2005  ) . The question 
of whether cheaters are parasites or mutualists has 
been considered unsettled in both pollination 
(Maloof and Inouye  2000  )  and mycorrhizas (Leake 
 1994  ) . In many cases, the answer will be context-
dependent. 

 Specialized cheating of common mycorrhizal 
networks has evolved multiple times across sev-
eral plant lineages, and in both arbuscular and 
ectomycorrhizal networks (Chap.   5    ). It is thought 
that the majority of mycoheterotrophic lineages 
evolved from photosynthetic ancestors that were 
mutualistic members of mycorrhizal networks. 
A  potential intermediate step in the evolution of 
mycoheterotrophy has been proposed for various 
orchids, where close relatives of mycoheterotro-
phs have been shown to rely on a combination of 
mycoheterotrophy and photosynthesis for their 
carbon needs (Tedersoo et al.  2007  ) . This nutri-
tional mode is termed partial mycoheterotrophy, 
or mixotrophy, and has been putatively demon-
strated in several green forest orchids, which 
obtain up to 80 % of their carbon via associations 
with ectomycorrhizal fungi (Gebauer and Meyer 
 2003 ; Bidartondo et al.  2004 ; Julou et al.  2005  ) . 
This strategy may compensate for low ef fi ciency 
photosynthesis among green orchids growing in 
the shaded understory of forests (Julou et al. 
 2005 ; Girlanda et al.  2006  ) . These partial myco-
heterotrophs are closely related to fully myco-
heterotrophic orchids, thus suggesting an 
evolutionary pathway where low light conditions 
have selected for a switch from free-living, 
rhizoctonia-forming fungi to fungal partners 
involved in mycorrhizal networks. A transition to 
partial mycoheterotrophy is thought to evolve to 
compensate for reduced photosynthetic capabili-
ties, allowing for the eventual rise of fully myco-
heterotrophic plants. A parallel evolutionary path 
to mycoheterotrophy has also been demonstrated 
in the Ericaceae. Understory Pyroleae, related to 
the fully mycoheterotrophic Monotropoideae 

http://dx.doi.org/10.1007/978-1-4614-5209-6_5
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(both Ericaceae), obtain between 10 and 67 % of 
their carbon from fungi, and have associations 
with networks of ectomycorrhizal fungi (Tedersoo 
et al.  2007  ) . 

 Mycoheterotrophs provide numerous case-
studies for investigations into the subversion of a 
mutualism. Mutualisms are widespread in nature, 
and play a key role in the maintenance of biodi-
versity, yet in theory should be susceptible to 
exploitation and eventual breakdown (Bronstein 
 2001 , Chap.   5    ). The exploitation of mycorrhizal 
networks can provide insights into how mutual-
isms remain robust in the face of cheaters, the 
evolution of parasites and mutualists, and the 
ecological distribution of cheaters; i.e., are par-
ticular mutualisms or lineages particularly sus-
ceptible to exploitation, and why? 

 Although full mycoheterotrophy has evolved 
independently on at least 40 occasions in diverse 
plants, including liverworts, monocots, and 
eudicots (Chap.   5    ), it appears to evolve repeat-
edly in certain plant lineages, such as Orchidaceae 
and Burmanniaceae, perhaps indicating preadap-
tations to this lifestyle in these families. As men-
tioned before, being part of a common mycorrhizal 
network appears to be a prerequisite to the evolu-
tion of mycoheterotrophy, even though some 
orchids can be supported by non-mycorrhizal 
fungi, e.g. ,  pathogenic rhizoctonia-forming fungi 
and saprobic  Psathyrella . The frequency of 
mycoheterotrophy among orchids, all of which 
rely on fungi to support germination and early 
growth, and are therefore mycoheterotrophic for 
at least the early part of their life cycle, suggests 
that initial mycoheterotrophy may also make a 
switch to cheating a more likely occurrence. 
Orchids must already possess the necessary bio-
chemical and structural adaptations to actively 
sequester carbon from their fungal associates, 
reversing the typical plant-to-fungus direction of 
carbon  fl ow in mycorrhizal symbioses. In addi-
tion, certain photosynthetic ancestors of myco-
heterotrophic orchids and Ericaceae, both show 
the ability to form mycorrhizas in which other-
wise ectomycorrhizal fungi penetrate the epider-
mal root cells. This suggests an ability to 
manipulate their fungal symbionts, and may 
explain the high mycorrhizal speci fi city gener-
ally shown by mycoheterotrophic plants in these 

families. Although there are exceptions, myco-
heterotrophs are typically small plants that pre-
sumably have a relatively low carbon demand, 
and so incur limited costs to their fungal hosts, 
and to the trees that act as their ultimate carbon 
source if the mycoheterotrophs happen to also be 
epiparasites. Ancestral characteristics related to 
growth and nutrient acquisition may make some 
plant groups more likely to evolve mycoheterotro-
phy than others. It is thought that there is just a 
single Gymnosperm species that is potentially 
mycoheterotrophic (Chap.   2    );  Parasitaxus usta , a 
woody shrub that grows up to 1.8 m, is consid-
ered to obtain carbon via a shared mycorrhizal 
connection with its host tree, whilst obtaining 
water from the host via a connection similar to 
that found in holoparasitic plants (Feild and 
Brodribb  2005  ) . The rarity of mycoheterotrophy 
among Gymnosperms is, in some ways, surpris-
ing—as a group they have a considerable depen-
dence on mycorrhizal fungi, and their seedlings 
are thought to rely on a partial mycoheterotrophic 
supply of nutrients from common mycorrhizal 
networks during establishment (Simard  2012  ) . 
This may indicate that large woody plants with a 
higher carbon demand are precluded from becom-
ing cheats due to their negative impact on fungal 
hosts. Fitness costs to fungi are notoriously chal-
lenging to measure, but knowledge of the costs 
incurred by fungi would provide a number of 
insights into the evolution of this lifestyle in dif-
ferent plant groups.  

    7.3   Fungal Hosts 

 We can refer to fungi as the hosts of myco-
heterotrophic plants because the fungi are likely 
to be older and larger than the plants, and the 
fungi may belong to older lineages that are being 
tracked over evolutionary time by the plants 
(Bidartondo and Bruns  2001 ; Bidartondo  2005 ; 
Merckx et al.  2009  ) . In many cases of myco-
heterotrophy, neighboring photosynthetic mycor-
rhizal plants may be referred to as ultimate hosts, 
because they represent the ultimate source of car-
bon for both their mycorrhizal fungi and associ-
ated mycoheterotrophic plants (i.e., epiparasitic 
mycoheterotrophy). 

http://dx.doi.org/10.1007/978-1-4614-5209-6_5
http://dx.doi.org/10.1007/978-1-4614-5209-6_5
http://dx.doi.org/10.1007/978-1-4614-5209-6_2
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 Although the reliance of mycoheterotrophic 
plants on mycorrhizal fungi has been known for 
some time (e.g., Björkman  1960  ) , for many years 
our understanding of the biology of these plants 
was limited by the inability to identify the plants’ 
fungal hosts. Prior to the “molecular revolution,” 
identi fi cation relied on the ability to culture fungi 
in the laboratory. Although this methodology was 
sometimes effective, there were several limita-
tions. Culturing methods could be biased towards 
fast-growing fungi, often precluded many fungi 
that were un-culturable, and were sometimes 
based on  fl awed morphological species concepts. 
The development of DNA-based molecular tools 
greatly increased the capacity to identify and 
sample fungal associates. Fungal-speci fi c prim-
ers allowed direct ampli fi cation of fungal DNA 
from plant roots. By applying these methods, the 
mycorrhizal fungi of many mycoheterotrophs 
have been identi fi ed over the last 20 years 
(Table  7.1 ), providing insights into the diversity 
and identity of the fungi utilized by these plants.  

 One would expect certain fungal lineages to be 
more susceptible to exploitation by myco-
heterotrophs, or be more attractive as hosts, than 
others. For example, it might be expected that 
fungi with large genet size, long lifespan, wide 
distribution, and a large and reliable source of car-
bon would be exploited preferentially. Yet among 
the fungal lineages in which mycorrhizal symbio-
ses have evolved, exploitation seems widespread 
(Table  7.1 ). Only two orders of Glomeromycota, 
and one class of Ascomycota contain mycorrhizal 
fungi that have not yet been found to associate 
with mycoheterotrophs, whilst every order of 
Agaricomycotina includes fungi that are exploited 
(Hynson and Bruns  2010  ) . Nevertheless, there are 
surprising exceptions of fungi that have not yet 
been found to associate with mycoheterotrophs. 
The widespread  Hymenoscyphus ericae  complex 
includes the dominant mycorrhizal associates of 
most plants with ericoid mycorrhizas. The lack of 
exploiters of this fungus is striking, considering 
that it is thought to form mycorrhizal networks 
between understory and tree vegetation (Grelet 
et al.  2009  ) , and the Ericaceae with which it asso-
ciates are closely related to the mycoheterotrophic 
Monotropoideae. 

 All orchids are mycoheterotrophic during 
development, and the majority associate with 
fungi from the form genus Rhizoctonia (a poly-
phyletic group, consisting of fungi from the 
Ceratobasidaceae, Sebacinales, and  Tulasnella ). 
However, where orchids have become myco-
heterotrophic throughout their life they have 
nearly always switched to ectomycorrhizal fungal 
partners. For example,  Cephalanthera  orchids 
associate with ectomycorrhizal fungi in the 
Thelephoraceae family (Taylor and Bruns  1997 ; 
Abadie et al.  2006 ; Bidartondo and Read  2008  ) , 
and similarly,  Corallorhiza  associate with fungi 
in the Russulaceae (Table  7.1 ; Taylor and Bruns 
 1997,   1999  ) . Surprisingly, there are no examples 
of achlorophyllous orchids that associate with 
non-ectomycorrhizal rhizoctonias. The fully 
mycoheterotrophic orchids  Rhizanthella gardneri  
and  Chamaegastrodia sikokiana , do associate 
with Ceratobasidiaceae (Yagame et al.  2008 ; 
Bougoure et al.  2009  ) , but in these cases the fun-
gal partner is also ectomycorrhizal, thought to be 
from a distinct clade of the family, separate from 
the saprobic/pathogenic Ceratobasidaceae that 
many green orchids associate with. Similarly, 
although some mycoheterotrophic orchids associ-
ate with  Sebacina  (McKendrick et al.  2002 ; 
Selosse et al.  2002 ; Taylor et al.  2003  ) , this is an 
ectomycorrhizal clade of Sebacinales, phyloge-
netically distinct from those used by green orchids 
(Weiss et al.  2004  ) . It may be that as free-living 
fungi, unconnected to mycorrhizal networks, 
most rhizoctonia-forming fungi do not possess 
suf fi cient carbon supplies to sustain myco-
heterotrophic plants throughout their life; or that 
as the sole victim of exploitation, with no epi-
parasitised tree as the carbon source, selection to 
avoid exploitation is stronger among these fungi. 
Selection pressure to obtain alternative sources of 
carbon will be highest in understory habitats 
where ectomycorrhizal fungi are more common, 
although given their cosmopolitan distributions, it 
would be surprising if saprobic/pathogenic rhizoc-
tonias were not also present in these environ-
ments. Interestingly, there are rare examples of 
non-photosynthetic orchids that exploit fungi and 
are not part of a mycorrhizal network—this abil-
ity to recruit non-mycorrhizal fungi and channel 
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them into novel mycorrhizal-like symbioses 
appears so far unique to orchids. Martos et al. 
 (  2009  )  demonstrated that  Gastrodia similis  has a 
speci fi c association with wood-decaying 
 Resinicium , and  Wullschlaegelia aphylla  associ-
ates with leaf-decaying  Mycena .  Gastrodia con-
fusa  has also been found to be specialized towards 
species of  Mycena  (Ogura-Tsujita et al.  2009  ) . 
This could suggest that these fungi provide a more 
consistent supply of carbon than saprobic rhizoc-
tonias in these environments. 

 The genus  Epipogium  provides an interesting 
example of fungal partner choice among myco-
heterotrophic orchids, and how it is in fl uenced by 
the environment.  Epipogium aphyllum  occurs 
predominantly in temperate areas, and has been 
found to depend on  Inocybe  fungi (Roy et al. 
 2009b  )  that are ectomycorrhizal with woody 
plants. The closely related  Epipogium roseum  
occurs in tropical forests and associates with sap-
robic Coprinaceae (Yamato et al.  2005 ; Yagame 
et al.  2007  ) . Other orchids associated with sapro-
bic fungi also tend to be found in tropical forests 
(Umata  1995  ) , although tropical myco-
heterotrophic orchids have also been found that 
associate with ectomycorrhizal fungi (Roy et al. 
 2009a  ) . It may be that the hot, humid conditions 
found in tropical forests mean that saprobic fungi 
in these environments are a better source of car-
bon than those found in temperate forests, where 
decomposition rates are lower. It is notable that 
 E. roseum  has a shorter life cycle, and produces 
smaller roots and fruits than  E. aphyllum  (Roy 
et al.  2009b  ) , perhaps as a consequence of sapro-
bic fungi providing less carbon than ectomycor-
rhizal fungi. Further comparisons of 
phylogenetically related mycoheterotrophs that 
differ in environment and/or fungal host ecology 
will be informative.  

    7.4   The Causes and Consequences 
of Fungal Specialization 

 Speci fi city is a multifaceted and relative concept 
with far-reaching ecological and evolutionary 
implications. For instance, in mycorrhizal sym-
bioses, narrow receptivity implies low ecological 

redundancy whereby a particular fungus is essen-
tial for the establishment, survival, and/or 
diversi fi cation of a plant. If mycoheterotrophic 
plants are biotrophic parasites, we should expect 
them to be specialized relative to (1) mutualistic 
mycorrhizal plants and (2) the fungi potentially 
available in mycoheterotroph habitats (Bidartondo 
 2005  ) . This is because continuous intimate con-
tact between host and symbiont throughout life 
generally correlates with high speci fi city in para-
sites (Price  1980 ; Thompson  2005  ) . Indeed, the 
ongoing molecular ecology revolution has 
revealed several examples of exceptionally high 
speci fi city by mycoheterotrophic plants towards 
narrow clades of ecto- and arbuscular mycor-
rhizal fungi relative to generalist autotrophic 
mycorrhizal plants, or towards narrow clades of 
saprobic fungi, within what are typically highly 
diverse fungal communities in nature. These 
novel  fi ndings have in turn led to numerous new 
ideas and interpretations (Bruns et al.  2002 ; 
Gardes  2002 ; Hibbett  2002 ; Taylor et al.  2002 ; 
Sanders  2003 ; Taylor  2004 ; Bidartondo  2005 ; 
Leake  2005 ; Selosse et al.  2006 ; Smith and Read 
 2008 ; Waterman and Bidartondo  2008 ; Merckx 
et al.  2009 ; Hynson and Bruns  2010  ) . 

 Notably, molecular ecology allows research-
ers to test the  fi rst of Koch’s four postulates for 
demonstrating a plant-fungal link in myco-
heterotrophic mycorrhizas; researchers can iden-
tify fungi using DNA sequences generated from 
 fi eld mycorrhizas without the need for fungal iso-
lation (Table  7.1 ). Some studies have supported 
these molecular fungal identi fi cations, to the phy-
lum or family level, using light microscopy 
(Taylor and Bruns  1997 ; Ogura-Tsujita and 
Yukawa  2008  )  or electron microscopy of mycor-
rhizas (Winther and Friedman  2008 ; Roy et al. 
 2009b  ) . However, due to the rarity of some myco-
heterotrophic plants many studies have only 
examined a few plants from a few populations 
and some studies have only used fungal DNA 
sequence identi fi cation of fungi cultured from 
 fi eld-collected mycorrhizas (Yamato et al.  2005 ; 
Yagame et al.  2008  ) . Due to the unculturability or 
slow growth of most mycorrhizal fungi under 
non-mycorrhizal conditions, there have been 
only two examples of testing all three subsequent 
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postulates—isolation of fungi in pure culture, re-
mycorrhization and re-isolation—in 
mycoheterotrophic systems. These are the orchid 
 Epipogium roseum  with the litter-decomposer 
 Coprinus disseminatus  (Yagame et al.  2007  )  and 
the underground orchid  Rhizanthella gardneri  
with the ectomycorrhizal/saprobic  Thanatephorus 
gardneri  (Bougoure et al.  2009  ) . In the future, 
more studies will use multi-locus fungal 
identi fi cation from  fi eld mycorrhizas and will 
reach asymptotes for mycorrhizal fungus accu-
mulation curves at multiple populations. 

 Obligate manipulation of the host may select 
for extreme speci fi city in parasites and host 
manipulation may be explained by the need of a 
parasite to complete its life cycle on one host 
individual (Thompson  2005  ) . Mycoheterotrophic 
plants appear to be highly manipulative of their 
symbionts’ growth (see Chap.   4    ) while avoiding 
recognition and/or suppressing defenses. The 
evolution and maintenance of the unknown bio-
chemical and structural mechanisms that allow 
mycoheterotrophic plants to actively sequester 
fungal carbon may also generate selective pres-
sures toward specialization. 

 Also in keeping with the general characteris-
tics of parasitism, mycoheterotrophy has led to 
phylogenetic tracking of several fungi (e.g., 
 Tricholoma, Russula, Glomus ), strict mycorrhizal 
loyalty even when different mycoheterotrophic 
plant lineages co-occur, and the formation of 
geographic mosaics with regards to mycorrhizal 
speci fi city (Bidartondo  2005  ) . Nevertheless, as 
shown by Jackson  (  2004  ) , the phylogenetic co-
divergence pattern of monotrope mycoheterotro-
phs and their mycorrhizal fungi is radically 
different from that of plants and their pathogenic 
fungi. The dif fi culty lies in explaining the odd 
combination of outlandish host jumps with nar-
rowly conservative host shifting observed in the 
monotropes, despite the plants having ample eco-
logical opportunities for host jumping within for-
est ecosystems (Bidartondo and Bruns  2002  ) . 

 It should be noted that not all mycoheterotro-
phs are specialized towards fungi. For example, 
two species of  Aphyllorchis , growing in tropical 
Dipterocarp forests in Asia were shown to associ-
ate with a wide range of ectomycorrhizal fungi—

individual orchids associated with up to nine 
species of fungi (Roy et al.  2009a  ) . The authors 
speculated that the higher photosynthetic capa-
bility of trees in the tropics may make the costs of 
mycoheterotrophs lower, and so make functional 
co-adaptation, or co-evolutionary arms-races less 
likely. The challenges of quantifying costs to host 
fungi make it dif fi cult to test this hypothesis. 
Mycoheterotrophs that exploit arbuscular mycor-
rhizal networks also show differing levels of 
speci fi city. Mycoheterotrophs found to associate 
with multiple distantly related arbuscular mycor-
rhizal fungi are known in the tropics (Bidartondo 
et al.  2002 ; Franke et al.  2006 ; Merckx et al. 
 2010 ; Courty et al.  2011  ) , but there are also 
examples of extreme specialist cheaters of arbus-
cular mycorrhizal networks in tropical forests 
(Bidartondo et al.  2002 ; Merckx and Bidartondo 
 2008  ) . Some members of the Ericaceae also show 
low speci fi city— Pyrola aphylla  associates with a 
diverse range of ectomycorrhizal fungi (Hynson 
and Bruns  2009  ) . It is notable that a partially 
mycoheterotrophic ancestor of  Pyrola  is also a 
generalist (Hynson and Bruns  2009 ; Toftegaard 
et al.  2010  ) . The degree of specialization among 
the photosynthetic ancestors of mycoheterotro-
phs is bound to in fl uence the breadth of possible 
fungal hosts once mycoheterotrophy has evolved. 
It is possible that the high specialization found in 
mycoheterotrophic orchids is simply an ancestral 
trait—many photosynthetic orchids show equal, 
or even greater specialization towards mycor-
rhizal fungi (McCormick et al.  2004  ) . 

 If mycorrhization within a short time frame 
after seed germination is necessary for survival, 
then germination must be a critical life history 
checkpoint for all mycoheterotrophic plants. Some 
orchids may imbibe water and break their seed 
coat in the absence of fungi, but further develop-
ment is arrested unless mycorrhization occurs 
(Smith and Read  2008  ) . The seeds of monotrope 
mycoheterotrophs are able to recognize speci fi c 
molecules released by fungi as germination cues, 
as demonstrated by in vitro experiments with 
 Sarcodes sanguinea  and  Pterospora andromedea  
seeds exposed across a permeable membrane to 
hyphae of  Rhizopogon  section  Amylopogon  fungi 
(Bruns and Read  2000  ) . 
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 Data on germination of mycoheterotrophic 
plants in nature is currently scarce; it stems from 
the application of the laborious seed packet burial 
technique (Rasmussen and Whigham  1993  )  or 
the fortuitous unearthing of seedlings. In some 
monotropes there is evidence of speci fi city to the 
same fungi colonizing adults, with occasional 
“mistakes” when seeds are buried in locations 
where fungi are naïve (Bidartondo and Bruns 
 2005  ) . Furthermore, the seeds of some partial 
mycoheterotrophic  Cephalanthera  orchids are 
known to undergo a narrow speci fi city checkpoint 
during their initial mycoheterotrophic develop-
ment relative to their generalist mycorrhizal 
behavior as adults (Bidartondo and Read  2008  ) . 

 A useful conceptual counterpart to myco-
heterotrophic germination, and one that has been 
the focus of extensive research, is direct plant–
plant parasitism. There is in vitro data available for 
some phases of seed germination and early seed-
ling development from direct plant parasitic 
Scrophulariaceae (i.e.,  Striga ,  Orobanche ). The 
seeds of many direct plant parasites are 
microsperms with longevities in soil of several 
years. Low concentrations of small labile diffus-
ible compounds known as xenognosins serve as 
host plant recognition factors that probably acti-
vate developmental programs in the parasitic plant 
such as breaking seed dormancy, starting a viabil-
ity clock that lasts for a few days without host 
plant attachment, and signaling haustorium devel-
opment (Yoder  1999 ; Keyes et al.  2001 ; Yoder 
 2001  ) . Surprisingly, some of these same signals 
are now known to be targeted at germinating 
Glomeromycota spores and only secondarily co-
opted by direct plant parasites to germinate their 
seeds (Akiyama et al.  2005  ) . The  fi rst two pro-
grams are of interest from the perspective of myco-
heterotrophic plant seeds interacting with potential 
host fungi. The last may also be of interest for 
some mycoheterotrophs; the root hairs of the 
mycoheterotrophic  Voyria aphylla  (Gentianaceae) 
grow towards the roots of photosynthetic plants 
prior to the formation of hyphal connections 
(Imhof  1999  )  much like the haustorial hairs of the 
parasitic  Triphysaria pusilla  (Scrophulariaceae) 
grow towards host roots prior to penetrating 
between epidermal cells (Yoder  1999  ) . 

 In the context of mycoheterotrophy, speci fi c 
elicitors of seed germination would provide a 
ready co-evolutionary arena (in addition to any 
potential arms-races post-colonization). Seeds 
produced by outcrossing should have a high fre-
quency of mismatches between the plant and fun-
gus and hence low colonization frequencies. 
Ultimately, if hybrids have lower  fi tness at germi-
nation than speci fi cally coevolved local genotypes, 
coevolution could precipitate reproductive isola-
tion and diversi fi cation. It will be fascinating to 
test these hypotheses in mycorrhizal symbioses. 

 Being so reliant on fungi for nutrition, the 
choice of host will have major consequences for 
the potential distribution of mycoheterotrophs, 
especially those dependent on fungi for germina-
tion. High specialization will place constraints on 
the plant distribution, limiting it to be at least less 
than that of the fungus. This may explain the 
extreme rarity of many of these plants. Due to the 
conditions within which this lifestyle was initially 
selected, most mycoheterotrophs are found in dark 
forest  fl oor habitats, where plants relying on photo-
synthesis would be under a competitive disadvan-
tage. However, choice of fungal partner will still 
limit which of these habitats the plant can occur in. 
For example,  Corallorhiza tri fi da  was shown to 
germinate in  Betula  and  Salix  forests, but not 
within pine forests, probably due to the lack of a 
host fungus in this environment (McKendrick et al. 
 2000  ) . However, specialization towards a single 
fungus does not preclude a wide distribution—the 
orchid  Eulophia zollingeri  has a wide geographic 
range despite being specialized towards a single 
fungal species, because its fungal host also has an 
extremely wide distribution (Ogura-Tsujita and 
Yukawa  2008  )  and the same is true for 
Monotropoideae—diverse clades with wide ranges 
depend on diverse widespread fungi ( Monotropa 
hypopithys/Tricholoma ,  Monotropa uni fl ora/
Russula ) and more restricted plants depend on 
less widespread fungi ( Pleuricospora/Gautieria , 
 Monotropsis/Hydnellum ,  Pterospora-Sarcodes/
Rhizopogon  sect.  Amylopogon ) (Bidartondo and 
Bruns  2005  ) . The nested structure of most interac-
tion networks (Bascompte and Jordano  2007  ) , 
whereby specialists interact with generalists, may 
limit the negative consequences of specialization. 
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 One of the key  fi ndings from the simultaneous 
increase in molecular phylogenetic and myco-
heterotrophy research over the last two decades 
has been the realization that this nutritional strat-
egy has evolved independently on so many occa-
sions. However, despite this progress, there has 
been very little work performed to elucidate the 
subsequent consequences of mycoheterotrophy 
on the diversi fi cation of those lineages. Any 
change that so profoundly alters the life history 
of a plant is likely to have some impact on the 
subsequent evolution of that lineage, yet so far 
we have been largely unable to investigate these 
impacts. A study of the mycorrhizal partners of 
 Afrothismia  in Cameroon shows that they appear 
to have diversi fi ed on to a preexisting diversity of 
fungi within a narrow clade of arbuscular mycor-
rhizal  Glomus  fungi (Merckx and Bidartondo 
 2008  ) . The diversity of mycoheterotrophic lin-
eages may therefore be restricted to equaling or 
remaining less than the diversity of their associ-
ated fungi, unless they are able to shift to an alter-
nate fungal host lineage. 

 Ecological specialization has historically been 
thought of as an evolutionary dead end (Cope 
 1896 ; Gould  1970 ; Futuyma and Moreno  1988  ) . 
It is thought that the numerous adaptations 
required to specialize on a particular resource can 
lead lineages to become increasingly committed 
to that niche, making reversals or shifts to gener-
alization very unlikely (Futuyma and Moreno 
 1988  ) . Generalists meanwhile, have greater 
potential to adapt to new environments, provid-
ing more opportunities for speciation and a 
reduced risk of extinction (Zayed et al.  2005  ) . 
Such directionality can clearly be seen in the evo-
lution of mycoheterotrophy in lineages such as 
Neottieae, in which mycoheterotrophy is thought 
to have evolved repeatedly, but reversals to auto-
trophy are unknown. The “mutational freefall” in 
which the metabolic pathways of photosynthesis 
are rapidly lost following the evolution of myco-
heterotrophy, makes any reversion back to auto-
trophy highly unlikely. The mutation of plastid 
genes essential for photosynthesis into non-func-
tional pseudogenes has been demonstrated among 
several mycoheterophic lineages (Cameron  2004 ; 
Cameron and Molina  2006 ; Barrett and 

Freudenstein  2008  ) . The subsequent dependence 
on and specialization towards particular fungal 
hosts is therefore likely to be a conserved trait 
within mycoheterotrophic lineages, and this spe-
cialization may cause similar constraints on the 
subsequent evolution of these clades. 

 The impacts of this specialized interaction on 
processes such as speciation, adaptation, and spe-
cialization towards other organisms remains 
unknown. The high degree of specialization 
towards particular fungal partners certainly does 
not prevent diversifying selection from acting on 
those species. Indeed, some mycoheterotrophic 
lineages have diversi fi ed to occupy a wide range 
of habitats following the loss of photosynthetic 
capabilities e.g.,  Neottia . There is anecdotal evi-
dence of ongoing morphological and molecular 
diversi fi cation—e.g.,  Hypopitys monotropa  
shows great morphological diversity and has a 
record 85 taxonomic synonyms, indicating its 
specialization towards  Tricholoma  has not con-
strained any subsequent evolution. As previously 
mentioned, sympatric genotypes of myco-
heterotrophs have been shown to consistently 
associate with distinct fungi—in these cases the 
diversity of a particular fungal clade may limit 
the diversity of mycoheterotrophic plants able to 
occur at a given site. It may be worth investigat-
ing whether this partitioning of fungi between 
co-occurring mycoheterotrophs is a mechanism 
to avoid competing for nutrition, as has been pro-
posed for specialized photosynthetic orchids in 
diverse communities (Waterman et al.  2011  ) . 

 Although mycoheterotrophy is certainly not a 
barrier to further diversi fi cation, the evolution of 
this life history trait is still likely to have had an 
impact on speciation and extinction, and a number 
of speci fi c hypotheses can be raised. The reliance 
on clonal reproduction, and specialization towards 
a narrow resource may limit mycoheterotrophic 
plants’ ability to adapt, and thus lower speciation 
rates. Alternatively, the strongly subdivided popu-
lations associated with mycoheterotrophy may 
promote speciation (Chap.   6    ). Mycoheterotrophy 
may also affect extinction rates—loss of genetic 
diversity through increased clonal reproduction, 
and extreme reliance on a narrow range of fungal 
partners may render mycoheterotrophic lineages 
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particularly vulnerable to extinction. The simplest 
way to investigate the effects of nutritional mode 
on diversi fi cation rates is to compare the diversity 
of mycoheterotrophic lineages with their auto-
trophic sister clades. In the Vanilleae tribe, myco-
heterotrophic lineages are clearly less diverse than 
their autotrophic sister clades (Cameron  2009  ) , 
suggesting reduced  speciation rates or increased 
extinction. In  contrast, mycoheterotrophic 
Thismiaceae (minus  Afrothismia ) appears to be 
more diverse than its autotrophic sister clade, 
 Tacca  (Chap.   2    ). A global analysis of sister clades 
would be useful in uncovering major trends, and 
identifying how they differ between angiosperm 
families, but at present it is dif fi cult to con fi dently 
assign sister clades to the vast majority of myco-
heterotrophic lineages. Mycoheterotrophic plants 
present particular challenges to the construction of 
molecular phylogenetic trees, not least of which is 
the scarcity of study material (Merckx and 
Freudenstein  2010  ) . However, as new data on 
mycoheterotrophs and their relatives gradually 
becomes available we should be provided with 
greater insights into the consequences of myco-
heterotrophy for diversi fi cation. Near-complete 
phylogenies can be subjected to more sophisti-
cated tests to detect changes in speciation or 
extinction rates associated with shifts in nutri-
tional mode from ancestral autotrophy to mix-
otrophy to full mycoheterotrophy (e.g., BiSSE 
analysis, Maddison et al.  2007  ) .  

    7.5   Non-fungal Interactions 

 As a group of plants de fi ned by their nutritional 
strategy, it is understandable that most research 
into mycoheterotrophs has focused on their nutri-

tional physiology, and the nature of their fungal 
interactions. The wider interaction networks of 
mycoheterotrophs have received little attention, 
despite offering an excellent model to test how 
the inherent constraints of a highly specialized 
relationship with fungi might impact the evolu-
tion of other species interactions, such as those 
with herbivores (see Box  7.1 ) and pollinators. 
Their limitation to environments where fungal 
hosts are available, in dark understory habitats, 
and possible nutrient limitations, has led some to 
propose that a syndrome of characteristics may 
evolve with mycoheterotrophy and lead to con-
vergence in traits related to reproduction. 
However, this could manifest itself in various 
ways. It is notable that many mycoheterotrophs 
produce a vast number of tiny seeds, although it 
is uncertain if this is a cause or consequence of 
reliance on fungi. As this convergent trait is also 
found among many parasitic plants, it could be a 
reproductive strategy aimed at increasing the 
likelihood of at least a few offspring locating a 
suitable host. The production of vast quantities of 
seeds requires large amounts of pollen to be 
transferred between plants, and this has the poten-
tial to lead to specialized pollination systems, 
seen most notably in the Orchidaceae. Certainly, 
there are mycoheterotrophic orchids with spe-
cialized pollination systems— Cryptostylis hunte-
riana  is pollinated speci fi cally by an Ichneumon 
wasp ( Lissopimpla excelsa ) via pseudo-copula-
tion (Nicholls  1938  ) . It is notable in this example 
that the wasp has a wide distribution—as with 
fungal interactions, a common or widely distrib-
uted partner may promote specialization. 

 Another theory is that limited carbon supply, 
patchy distributions, and a restriction to habi-
tats with few pollinators, may lead to a reliance 

  Box 7.1 Cryptic Coloration in  Monotropsis 

odorata   

Camou fl age (cryptic) coloration that allows 
an organism to blend in with its surroundings 
can increase individual  fi tness by reducing 
attacks from visually guided predators or by 
increasing concealment from possible prey. 
While this is a well-studied and accepted 

 strategy in the animal kingdom, until recently 
cryptic coloration has only been proposed to 
exist in plants. Such an absence of empirical 
evidence is not surprising, given that the col-
oration of the vast majority of plants is con-
strained to consist of green pigmentation 
necessary for photosynthetic activities. 
However, non-photosynthetic plants, such as 

(continued)
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mycoheterotrophs, do not require such green 
pigmentation and are therefore open to a world 
of possibility in coloration, much of which 
may be adaptive.

   Monotropsis odorata  (Ericaceae) is a 
mycoheterotroph that has been proposed to 
exhibit cryptic coloration, as it is small in stat-
ure, notoriously dif fi cult to locate in the wild, 
and seemingly reliant on fragrance cues for 
both pollinator and seed dispersal agents 
(Klooster and Culley  2009  ) . Standing only 
3.5–6 cm tall,  M. odorata  is covered with 
dried, sterile bracts that resemble dead leaf lit-
ter under casual observation (see Fig.  7.1a ). In 
the  fi rst empirical investigation of plant cryp-
tic coloration, Klooster et al.  (  2009  )  set out to 
determine (1) if manipulating these bracts can 
impact herbivory rates and (2) if the bracts, as 
dead vegetative material, actually resemble 
leaf litter in the visual spectrum. A large popu-
lation of  M. odorata  was studied in Tennessee 
prior to reproductive maturity during a 2-year 
study and, each year, a control group of unma-
nipulated plants was established (see Fig.  7.1a ) 
and an experimental group of plants had its 
bracts removed (see Fig.  7.1b ). Throughout 
the blooming period, the control and experi-
mental plants were monitored to assess her-
bivory rates. Overall, 27 % and 20 % higher 
herbivory rates were observed in the experi-
mental group consisting of plants without 

bracts compared to the control group of 
unmanipulated plants across 2 years, respec-
tively. These signi fi cant  fi ndings supported the 
hypothesis that bracts play a role in herbivore 
avoidance for  M. odorata . Additional mea-
surements of the re fl ectance spectra of  M. 
odorata  bracts,  fl ower petals, and stems were 
compared to re fl ectance measurements taken 
of ambient leaf litter collected from the base 
of the plants. Such analyses demonstrated that 
bracts are indistinguishable from leaf litter in 
the visual spectrum and  fl eshy  fl ower petals 
and stems strongly contrast with leaf litter. 
Therefore, plants with bracts intact resemble 
leaf litter in the visual spectrum, whereas 
plants without bracts are much more visually 
conspicuous, supporting the proposed hypoth-
esis of cryptic coloration. 

  In conclusion, mycoheterotrophic plants, 
such as  M. odorata , can play a valuable role in 
testing hypotheses that may otherwise be 
dif fi cult to assess in most plant systems. This 
study of herbivore interactions with  M. odorata  
shows that mycoheterotrophic plants acquire 
unique adaptations, convergent with those of 
other heterotrophs, by eliminating aspects of 
photosynthesis from their life history. Further 
empirical investigations into the ecological 
interactions of mycoheterotrophs with mem-
bers of their community will likely elucidate 
more novel life history traits. 

  Fig. 7.1    ( a ,  b ) The reproductive stems of  Monotropsis odorata , with ( a ) bracts intact, and ( b ) bracts experi-
mentally removed       

Box 7.1 (continued)
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on autogamy among mycoheterotrophs (Dressler 
 1981 ; Leake  1994  ) , although detailed studies 
indicate that autogamy may be less common 
among these plants than sometimes thought (see 
Box  7.2 ). It has also been hypothesized that 
mycoheterotrophs will converge on  fl oral charac-
ters to attract pollinators more common in under-
story forests. This could potentially lead to 
a mycoheterotroph  fl oral syndrome, consist-
ing of small white  fl owers, with a scent attractive 
to fungus gnats, as seen in  Neottia cordata  
(Ackerman and Mesler  1979  ) , and tight synchrony 

of blooming period among co-occurring popula-
tion members. However, a review of the anec-
dotal evidence available on reproduction among 
mycoheterotrophs shows a diversity of breeding 
systems and pollinators (Table  7.2 ). Although 
there are no obvious patterns in the available 
data, there is only one study that looks at the 
diversity of pollination systems among related 
plants within a monophyletic lineage (Klooster 
and Culley  2009  ) , and this is where any recipro-
cal evolution of nutritional and reproductive 
strategies may be most apparent.  

  Box 7.2 Is Autogamy an Adaptation Towards 

Mycoheterotrophy?  Voyria  as a Case-Study  

Several investigations of mycoheterotrophic 
species have revealed that self-pollination 
seems to be a common characteristic of these 
plants (Oehler  1927 ; Bakshi  1959 ; Takahashi 
et al.  1993 ; Lehnebach et al.  2005 ; Klooster 
and Culley  2009  ) . In this context, it has often 
been hypothesized that autogamy represents 
an adaptation towards the mycoheterotrophic 
mode of life. Leake  (  1994  )  argued that myco-
heterotrophic plants invest large amounts of 
carbohydrates into their reproductive organs 
so that they probably cannot afford failure to 
produce seeds. Since they typically bloom in 
moist shaded places near the forest  fl oor, 
where  fl owers are sometimes covered with 
leaf litter, their habitat may be unfavorable for 
common pollinating insects. In addition, sin-
gle plants or plant patches are often widely 
separated, and as they depend on the nutrient 
supply of the fungus, simultaneous  fl owering 
cannot always be attained. It appears, there-
fore, that autonomous self-pollination may be 
a logical consequence for the plants to assure 
seed production. Nonetheless, most myco-
heterotrophic plants exhibit  fl oral characteris-
tics, raising doubts about reproduction purely 
by self-pollination. Many  fl owers develop 
special morphological structures like long 
appendages, trap-like cavities, broadened the-
cae, hairs, etc. Some are conspicuously col-
ored and/or fragrant and even possess glands 

for nectar production. All these observations 
do not  fi t in the image of a typical self-polli-
nated plant. Why should an organism spend its 
precious carbohydrate reserves on large  fl oral 
tissues, pigments, volatiles, and sugars if its 
 fi nal aim is self-pollination?

  An interesting plant group in this respect is 
the genus  Voyria  (Gentianaceae). The genus 
comprises 19 species and has a vast distribu-
tion in tropical and subtropical America with 
its center in the Guianas and one species occur-
ring in western tropical Africa (Maas and 
Ruyters  1986 ; Albert and Struwe  1997  ) . Most 
taxa possess brightly colored  fl owers, which 
emit scent and offer nectar (Fig.  7.2 ). 
Consequently, they are considered to be cross-
pollinated (Maas and Ruyters  1986  ) . 
Nevertheless,  fl oral visitors have only been 
observed once ( Brachycera  sp. at  V. tenella ; 
Imhof et al.  1994  ) , and there was insuf fi cient 
evidence to prove that these insects were also 
pollinators of the plant. The sole other publica-
tion dealing with the reproductive biology of 
this genus postulated that  Voyria rosea  and 
 Voyriella parvi fl ora  (a close relative of  Voyria ) 
are strictly autogamous (Oehler  1927  ) . 
Therefore, in a recent study, Hentrich et al. 
 (  2010  )  studied the reproductive biology of 
three  Voyria  species— V. caerulea ,  V. clavata , 
and  V. rosea —to document the reproductive 
traits of the plants and determine the impor-
tance of  fl oral visitors for their propagation. 
For this purpose, in the early to mid-rainy 

(continued)
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 season of the years 2004–2006, they studied 
the plant’s  fl oral morphology, characterized 
UV-re fl ections of the  fl owers, and determined 
the ratio of pollen to ovules, since this is 
thought to be a good indicator of breeding sys-
tems (Cruden  1977  ) . Further, the composition 
of  fl oral nectar and  fl oral scent was analysed, 
 fl owers were observed to identify potential 
pollinators, and  fi nally bagging experiments 
were carried out on  V. rosea  to test for autono-
mous self-pollination. 

  Germinating pollen grains were observed in 
the anthers of all species, forming large inter-
woven clumps that were transferred by the pol-
linators as a unit. In  V. caerulea  and  V. rosea , 
stamens and stigmas were positioned close 
together, enabling the plants to self-pollinate. 
In addition, a pollinator exclusion experiment 
clearly demonstrated that  V. rosea  produced 
seeds by autonomous self-pollination. In con-
trast, male and female organs were widely 
separated in  V. clavata ,  making self-pollination 

very unlikely in this species. Pollen-to-ovule 
ratios of all three species were low (33–78), 
indicating ef fi cient pollen transfer, either by 
sel fi ng or by outcrossing. Observed  fl ower 
visitors were butter fl ies ( V. caerulea ,  V. rosea ) 
and/or long-tongued bees of the genus  Euglossa  
( V. clavata ,  V. rosea ). However, the level of 
pollinator specialization differed between spe-
cies and this may be the key factor in fl uencing 
the plant’s breeding systems and levels of 
autogamy. The  fl oral characteristics of  V. caer-
ulea  and  V. rosea  allow a large group of long-
tongued insects to gather nectar from the 
 fl owers, indicating a generalist pollination 
strategy. Nevertheless, these species were vis-
ited only rarely and irregularly, and may there-
fore follow a mixed sel fi ng-outcrossing 
strategy to ensure seed production when pollen 
transfer by visitors failed. In contrast,  V. clav-
ata  showed a high degree of specialization 
towards a small species group of euglossine-
pollinators, which were frequent visitors. The 

  Fig. 7.2    Floral diversity in the genus  Voyria , illus-
trating the brightly colored  fl owers and long corolla 
tubes indicative of specialization towards long-

tongued insect  pollinators. Above ground organs of 
 V. caerulea ,  V. clavata ,  V. rosea ,  V. tenui fl ora , 
 V. corymbosa  (from  left  to  right )       
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close plant–pollinator interaction increases the 
probability of outcrossings and might enable 
this species to completely rely on pollinators 
for reproduction.

  This study highlighted the risks of making 
generalizations for breeding systems in myco-
heterotrophic plants. Breeding systems differ 
signi fi cantly within the genus  Voyria , and pol-
linators also exist in the seemingly hostile 
environment of forest under-stories. This is 
also likely for other genera of myco-
heterotrophic plants which have been demon-
strated to be autogamous in earlier studies; 
extended visitor observations might reveal 
that they do not exclusively rely on autono-
mous self-pollination for reproduction. Of 
course, sel fi ng entails several advantages. The 
nutrients provided by the fungus can be 
directly used for the build-up of progeny 
instead of investing them in showy  fl oral 

organs and costly  fl oral resources for attract-
ing visitors. Moreover, genetic similarity to 
the parental generation can be an advantage 
when offspring grow in a similar environment, 
which is often the case in mycoheterotrophic 
plants (Solbrig  1976 ; Catling  1990 ; Lloyd 
 1992  ) . On the other hand, relying on sel fi ng 
can also lead to serious disadvantages. It can 
result in inbreeding depression, and the adap-
tive capability to react to changing environ-
mental conditions is limited due to a lowered 
genetic variability. This might additionally 
restrain the plants from colonizing new habi-
tats (Ornduff  1969 ; Lloyd  1992  ) . 
Mycoheterotrophic species that are not xeno-
gamous might therefore follow a mixed 
sel fi ng-outcrossing strategy. The conspicuous 
 fl owers of many “autogamous” myco-
heterotrophic plants, which are often provided 
with nectar glands and sometimes emit scent, 
support this theory. 

 In a review of mycoheterotroph biology, 
Bidartondo  (  2005  )  hypothesized that myco-
heterotrophic plants specialized on fungi will 
rarely be specialized towards pollinators due to 
the evolutionary instability inherent on special-
izing on two interactions (Fig.  7.3 ). Because 
mycoheterotrophic plants already engage in 
highly specialized symbiotic interactions with 
fungi in one aspect of their life history, Bidartondo 
argued it would be an evolutionarily unstable 
strategy to engage in additional compulsory asso-
ciations. Consequently, mycoheterotrophs are 
likely to evolve reproductive traits free from 
highly specialized symbiotic associations, with 
characteristics including a generalist pollination 
syndrome, high occurrence of autogamous self-
pollination, and resource allocation away from 
metabolically expensive reproductive structures, 
such as large showy  fl owers, instead dedicating 
resources to seed production.  

 To empirically address this gap in our under-
standing of mycoheterotrophic plant reproduction, 
Klooster and Culley  (  2009  )  assessed the repro-
ductive strategies of related mycoheterotrophic 

plants. The Monotropoideae (Ericaceae) was tar-
geted for this investigation, as it has been an 
important study system throughout the scienti fi c 
history of plant–fungal mycorrhizal interactions 
and is useful as a model system for enhancing our 
understanding of mycoheterotrophic plant biol-
ogy. Speci fi cally, genera within this subfamily 
possess many distinct traits, with broad variation 
in geographic distribution, degree of mycorrhizal 
speci fi city, and reproductive characteristics; 
including size and color of reproductive stems, 
 fl ower number per stem, fragrance production, 
seed shape, and fruit type. Given this broad varia-
tion in traits, the Monotropoideae present an 
opportunity to assess reproductive strategies and 
infer limitations in the evolution of reproductive 
traits of closely related mycoheterotrophic plants, 
using a comparative framework. 

 Three consecutive years of  fi eld observations 
and empirical manipulations were performed 
upon four populations of  Monotropa uni fl ora  L., 
seven of  Hypopitys monotropa  Crantz (both red 
and yellow color forms), and two of  Monotropsis 
odorata  Schwein. ex Elliot located in the eastern 

Box 7.2 (continued)
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United States and included investigations of 
 fl owering phenology, pollination ecology, breed-
ing system, and reproductive effort and output. 
Results of these analyses revealed that, in addi-
tion to differing strongly in the seasonal timing 
and duration of reproductive phenological traits, 
taxa exhibited unique breeding systems. 
Speci fi cally, pollinator exclusion tents and hand-
pollination treatments, used to assess levels of 
self-compatibility and autogamous self-pollina-
tion, demonstrated that red and yellow color 
forms within  Hypopitys monotropa  were both 
self-compatible but differed substantially in lev-
els of autogamy, with the yellow color form 
highly autogamous compared to the facultatively 
xenogamous red color form.  Monotropa uni fl ora  
was moderately self-compatible but showed very 
little sign of autogamous fruit set. In sharp con-
trast,  Monotropsis odorata  showed negligible 
fruit set in the self-compatibility treatment and a 
corresponding lack of autogamy. While these 
 fi ndings uncover useful results, important to 
understanding reproduction in these fascinating 
plants, much more variation in breeding system 
traits was observed than what might be expected 
under Bidartondo’s theory, which proposed con-

vergence of taxa upon reproductive self-compat-
ibility and autogamy. 

 In contrast to the variation in breeding systems 
documented in this study, pollinator observations 
revealed that all taxa specialize on  Bombus  spp. as 
their primary pollen dispersal agents (Fig.  7.4 ). 
 Bombus  spp. were anecdotally reported by 
Wallace  (  1975,   1977  )  as  fl oral visitors across 
many taxa in the Monotropoideae (Table  7.1 ), and 
observations by Klooster and Culley demon-
strated that  Bombus  spp. visited populations of 
 Hypopitys, Monotropa,  and  Monotropsis  with 
high frequency and  fi delity, both within and across 
seasons.  Monotropa uni fl ora  and the red color 
form of  H. monotropa  relied upon  Bombus  spp. 
for movement of pollen among  fl owers on the 
same plant (i.e., geitonogamous self-pollination), 
and among plants within a population. The yellow 
color form of  H. monotropa  received few visita-
tions by  Bombus  spp., although the presence of a 
mixed breeding system with high instances of 
self-pollination accounted for consistent fruit set 
among plants of this color form.  Monotropsis 
odorata  also obtained a large number of visits 
from  Bombus  spp. pollinators both within and 
across years of study. Interestingly, in contrast to 

  Fig. 7.3    A potential trade-off between above- and below-
ground symbioses shown as a single symbiotic continuum 
( dashed ). Specialization for both symbioses may limit 
ecological opportunities and be evolutionarily unstable, 
leading to a trade-off between specialization and general-
ization above- and below-ground. Most plant species 
are generalist mutualists towards both pollinators and 

mycorrhizal fungi ( center ). Some plant species are spe-
cialized towards pollinators and they are non-mycorrhizal 
( extreme left ). Other plant species cheat their mycorrhizal 
fungi by failing to provide photosynthates and they are 
selfers ( extreme right ). Mutualists and cheater plants inter-
act with subsets of the available community of symbionts. 
Figure modi fi ed from Waterman and Bidartondo  (  2008  )        
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 Monotropa  spp . , which produce anthers that 
dehisce along a single slit spilling pollen through-
out the inside of the  fl ower, anthers of  M. odorata  
possess two pores at the apex, leaving pollen 
encased within the anther sacs after pore dehis-
cence. Consequently, the release of pollen from 
anthers of  M. odorata  and subsequent pollen dis-
persal required the high frequency vibration of the 
wing muscles of  Bombus   fl oral visitors, through 
an evolved mechanism known as “buzz pollina-
tion” (e.g., Buchmann  1983  ) . The resultant low 
diversity of pollen dispersal agents among taxa in 
this study is indicative of pollinator specializa-
tion, which was not expected under Bidartondo’s 
theory, which proposes low pollinator reliance by 
mycoheterotrophic plants. Despite the lack of 
diversity in pollinators, these monotropoid plants 
do appear to have specialized on a common, abun-
dant, and reliable pollen dispersal agent across 
their respective ranges. In this way, the already 
restricted ranges of these mycoheterotrophic 
plants are not further limited by their symbiosis 
with  Bombus  pollinators, offering some evidence 

that specialization in multiple symbiotic interac-
tions may evolve in mycoheterotrophs.  

 While it is certainly feasible that further spe-
cialization in mycoheterotrophic plants might be 
the path to an evolutionary “dead end,” as argued 
by Bidartondo  (  2005  ) , this may be possible if 
symbiotic associates do not exert redundant 
selective pressures that further restrict an already 
constrained suite of life history traits. For 
instance, specialization on an abundant and wide-
spread  Bombus  pollinator would not restrict 
Monotropoid mycoheterotrophs from locating 
and associating with their mycorrhizal fungal 
hosts, as the ranges of these pollinator and fungal 
symbionts neatly overlap. Additional thorough 
investigations into this and other similar study 
systems will help to further elucidate any dis-
cernible trends in the evolutionary ecology of 
mycoheterotroph reproductive strategies. Long-
term evolutionary instability is not a barrier to the 
evolution of a trait, provided it brings short-term 
bene fi ts, which specialization often does. The 
question of whether specialization towards fungi 
and pollinators are in con fl ict therefore requires 
not only case-studies on the presence or absence 
of species specialized towards both interactions, 
but a knowledge of the evolutionary persistence 
of any such strategy. Using molecular phyloge-
netics it may be possible to compare branch 
lengths, and test tree topologies against random-
izations, in order to predict whether lineages spe-
cialized in multiple interactions are less able to 
persist in the long term. Such analyses of 
diversi fi cation in mycoheterotrophic lineages 
could ultimately provide insights into the con fl ict 
between evolutionary forces that drive the selec-
tion of the trait, and those that determine the sub-
sequent fate of that lineage; be it extinction, 
further diversi fi cation or long-term persistence in 
a co-evolutionary arms race. 

 Despite our present lack of resolution in under-
standing the long-term impacts of mycoheterotro-
phy on the evolution of reproductive strategies, 
this life history trait does likely affect various sea-
sonal aspects of plant reproductive timing, output, 
and success (Bidartondo  2005 ; Selosse et al. 
 2006  ) . For example, Luoma  (  1987  )  demonstrated 
that reproduction in mycoheterotrophs is naturally 

  Fig. 7.4    Pollination of  Monotropa uni fl ora  by  Bombus  spp.       
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variable, with observations that  Sarcodes san-
guinea  plants reproduced in no more than two out 
of  fi ve consecutive seasons of monitoring. This 
 fi nding was further supported by Klooster and 
Culley  (  2009  ) , who identi fi ed signi fi cant variation 
in seasonal reproductive output across populations 
of  Monotropa  spp. and  Monotropsi s  odorata  with 
an average of 87 % of plants exhibiting at least 1 
year of dormancy in the 3 years of observations. 
This and other like anecdotes of inconsistent 
reproductive output in mycoheterotrophic plants 
(e.g., Leake  1994  )  suggest the possibility that the 
necessary resources for reproduction provided by 
fungal associates may be somewhat limited and 
are likely seasonally variable. Also, temporal vari-
ation in the reproductive effort of a plant species 
may result from association with unique mycor-
rhizal taxa at the population level and could lead 
to speciation if this temporal variation functions 
as a persistent mechanism for reproductive isola-
tion (Taylor and Bruns  1999 ; Bidartondo and 
Bruns  2002 ; Taylor et al.  2003  ) . Plants for which 
successful fertilization takes place must further 
rely upon this web of interactions for resources 
necessary for seed and fruit production. 
Specialization upon different mycorrhizal fungi 
and differences in the dynamics of resource allo-
cation by particular mycorrhizas might help 
explain the observed differences in the timing and 
duration of reproductive phenological traits at 
both the intra- and inter-speci fi c levels. 

 It has also been shown that variation in abiotic 
factors may have profound impacts upon myco-
heterotroph reproduction. For instance, removal 
of the forest canopy and alteration of litter com-
position can severely impact mycoheterotroph 
reproductive effort (Luoma  1987 ; Moola and 
Vasseur  2004 ; M. Klooster pers. observ.), with 
observed declines in the reproductive output of 
mycoheterotrophs possibly corresponding to 
unfavorable shifts in vital abiotic factors affect-
ing the composition of mycorrhizal communities 
and/or the vitality of obligate fungal associates. 
Also, Klooster and Culley  (  2009  )  found a 
signi fi cant decline in the reproductive output of 
 Monotropa uni fl ora  and  H. monotropa  strongly 
associated with an exceptionally dry reproduc-
tive season, with lower than average levels of 

precipitation. Although correlations between 
speci fi c ecological factors responsible for suc-
cessful and reliable reproduction in myco-
heterotrophic plants have not yet been empirically 
assessed, these observations highlight particular 
ecosystem dynamics that likely in fl uence 
monotropoid plant reproduction. 

 Although the  fl oral morphology of myco-
heterotrophic plants has frequently been described 
in great detail (Chap.   2    ), there is often little infor-
mation available about the reproductive strategies 
of mycoheterotrophic plants. Recent studies have 
made use of available case-studies to test hypoth-
eses about the effects of mycoheterotrophic nutri-
tion on the interaction network of these plants. 
However, further studies identifying the fungal 
and pollinator networks of entire mycoheterotrophic 
lineages could be a productive future avenue of 
research to test ideas about the effects of cheating 
on mutualistic networks and the consequences of 
specialization in multiple life history traits.            
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          8.1   Introduction 

 Mycoheterotrophic (MH) plants have been cen-
terpieces for the study of the physiological aspects 
of the mycorrhizal symbiosis for over 150 years. 
A.B. Frank who in 1885 coined the term “mycor-
rhiza” conducted research on the anatomy and 

physiology of the fully MH species  Hypopitys 
monotropa  (syn.  Monotropa hypopitys ) (Frank 
 1885  ) . Due to the charismatic, often highly 
derived, appearance of many MH plants, it is no 
surprise that they have captured the interest of 
researchers throughout the centuries. These plants 
continue to draw attention from various realms of 
science because they consistently require that our 
fundamental understanding of many ecological, 
evolutionary, and physiological theories be 
expanded upon. Both the ecology and evolution 
of mycoheterotrophy are tightly coupled to plant–
fungal interactions or ecophysiology, and this 
subject is the focus of this chapter. From an eco-
logical perspective, MH plants that associate with 
mycorrhizal fungi represent the best-known 
examples of mycorrhizal networks, where unre-
lated plants transfer elemental compounds via 
shared fungal symbionts (Chap.   1    ; Simard and 
Durall  2004 ; Selosse et al.  2006  ) . From an evolu-
tionary perspective, fully MH plants that associ-
ate with mycorrhizal fungi are the primary 
example of one extreme in the mycorrhizal con-
tinuum, ranging from plants giving carbon (C), to 
plants receiving C from their fungal symbionts 
(Chap.   1    ). 

 Within the plant kingdom the MH strategy has 
arisen numerous times throughout evolutionary 
history and involves not only mycorrhizal fungi, 
but saprotrophic (SAP) fungi as well. The physi-
ology of mycoheterotrophs and their mycorrhizal 
fungi represent the only clear example of a com-
plete reversal in the normal  fl ow of nutrients in 
the mycorrhizal symbiosis, where instead of 
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plant-derived C being traded for nutrients 
acquired by fungi (Kiers et al.  2011 ; Selosse and 
Rousset  2011  ) , both C and other nutrients have a 
net unidirectional  fl ow from fungus to plant. 
Furthermore, fully MH plants that depend on 
SAP fungi are the only known examples of plants 
whose primary C source is derived solely from 
complex dead organic substrates. Their existence 
reopens the important, but debated question of 
reentry of organic C into plants via mycorrhizal 
interactions (Baldrian  2009 ; Selosse et al.  2010  ) . 
Sometimes it is these exceptions to conventional 
biological systems that provide the greatest 
insights into ecosystem function as a whole, and 
we approach here the ecophysiology of myco-
heterotrophy with this broader context in mind. 

 The purpose of this chapter is to provide a 
practical and theoretical framework for the study 
of MH plants’ ecophysiology. We will highlight 
the  fi ndings from recent studies that have pro-
vided inroads into unraveling the curious func-
tioning of MH plants. Of all the chapters in this 
book, this chapter will most likely be the quickest 
to become outdated, because at the time of writ-
ing, the  fi eld of MH plant ecophysiology is in 
rapid development. Techniques for high-through-
put sample analysis especially for elemental and 
isotope studies are gaining momentum, as are 
new techniques for studying source–sink rela-
tionships between plants, fungi, and the environ-
ment in situ. However, with the application of 
new methodologies, it is important to remember 
that within the speci fi c  fi eld of MH research, the 
questions being asked have remained fundamen-
tally the same for over 200 years (Rayner  1927  
and references therein). These questions include, 
who are the players in MH associations? What 
are the plant and fungal trade-offs for MH inter-
actions? What factors, environmental or other-
wise, select for mycoheterotrophy? And more 
speci fi cally, what forms of C and other nutrients 
are transferred from fungi to mycoheterotrophs? 
To date, the majority of research on myco-
heterotrophy has addressed the  fi rst question and 
we now have a substantial amount of information 
on the functional and phylogenetic diversity of 
fungi that associate with mycoheterotrophs (see 
Chaps.   5    ,   6    , and   7     for more detail). 

 A frequent pattern among most MH species is 
speci fi city for particular fungal hosts. However, 
these fungi have a wide phylogenetic breadth 
within the kingdom Fungi. This indicates that 
rather than phylogenetic conservatism, it is either 
physiological or evolutionary pressures that 
select the fungal hosts for mycoheterotrophs 
(Hynson and Bruns  2010  ) . To date, the most in-
depth research has been focused on fully MH 
orchids and other taxa that are dependent on 
mycorrhizal fungi, particularly ectomycorrhizal 
(EM) fungi, to meet their nutrient demands. 
Although some fully MH species subsist on com-
pounds derived from SAP fungi, they appear to 
occur only among the orchids (Selosse et al. 
 2010  ) . However, the vast majority of fully MH 
species associate with arbuscular mycorrhizal 
(AM) fungi in the tropics, but due to a bias of 
 fi eld research to temperate regions, much of what 
we understand about the ecophysiology of myco-
heterotrophy comes from temperate species. 

 What are the potential ecophysiological deter-
minants of mycoheterotrophy? The physiological 
dependency of mycoheterotrophs on fungi starts 
with the earliest stages of seedling development 
when there are chemical cues between seed and 
fungus that trigger germination (Bruns and Read 
 2000  ) . However, germination also seems to be 
the tightest bottleneck for MH plant survival 
(Bidartondo and Read  2008 ; Eriksson and 
Kainulainen  2011 ; Tesitelova et al.  2012 ; Chap.   5    ). 
This is because the seeds of many MH species 
will only germinate in the presence of fungi that 
are closely related to those associated with adult 
plants, but upon reaching maturity, no plants have 
been found with the “wrong” fungal host. 
However, we cannot rule out the possibility that 
there are rare instances of individuals surviving 
with alternative hosts, and that this may lead to 
permanent host switching, explaining jumps from 
one fungal partner to another. 

 At the early developmental stages, securing a 
source of C and other nutrients is of paramount 
importance to the plant. It has been argued that 
for C and other nutrient transfer to occur from 
fungus to MH plant, the plant must create a con-
centration gradient that has a draw-down or sink 
effect on the plant-fungal network (Finlay and 
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Read  1986  ) . This gradient could be created by the 
rapid transformation of compounds received 
from the fungus by the mycoheterotroph into 
forms that are unavailable for fungal use, or by 
storage apart from the plant–fungal interface. 
This has been somewhat demonstrated in the 
mutualistic interactions of mycorrhizal fungi 
with autotrophic host plants where plant carbo-
hydrates derived from photosynthesis are con-
verted by fungi into trehalose and polyols that are 
largely unavailable for plant uptake (Smith and 
Read  2008  ) . The primary example of fungal 
assimilated C compounds being converted to 

plant carbohydrates by a mycoheterotroph is 
from a study by Smith  (  1966  ) . In her laboratory 
experiments two rhizoctonia fungi  fi rst colonized 
the MH seedlings of the orchid  Dactylorhiza pur-
purella , then fungi were fed  14 C labeled sucrose, 
which they transformed into trehalose, a portion 
of which was transferred to the orchid seedlings 
which transformed it into glucose, fructose, and 
sucrose (Box  8.1 ). Interestingly, invertases are 
absent from at least some EM fungi (Martin and 
Selosse  2008 ; Parrent et al.  2009  )  and AM part-
ners (Tisserant et al.  2012  ) , so that sucrose may 
well be unavailable for fungal use. Similar to 

  Box 8.1 Radioisotope and Stable Isotope 

Labeling

  The use of naturally rare radioactive isotopes 
(e.g.,  14 C,  32 P, or  35 S) has a long history in bio-
chemistry and biology. Many physiological 
matter pathways of living organisms were 
elucidated using radioisotopes as tracers. For 
example, Melvin Calvin and colleagues dis-
covered in the late 1940s and 1950s the pho-
tosynthetic C reduction cycle of plants and 
mapped the complete route that C travels 
during photosynthesis, starting from its 
absorption as CO 

2
  to its conversion into sug-

ars and other organic compounds by using 
 14 C as a tracer. In 1961 Calvin was awarded 
the Nobel Prize in Chemistry for his discov-
ery. Nuclear weapon tests in the 1950s and 
1960s were responsible for a doubling of the 
natural  14 C concentration in the atmosphere 
(Levin and Kromer  1997  ) . This increase in 
 14 C concentration in the atmosphere has been 
used in ecological studies as a “natural” 
tracer to investigate turnover rates of organic 
C pools and the age of soil organic C stores 
(e.g., Trumbore  2000  ) . Later on rare stable 
isotopes (e.g.,  13 C,  15 N, or  18 O) were added to 
the suite of tracers in  fi eld and laboratory 
experiments on matter  fl uxes and transforma-
tions between ecosystem pools. Isotopes, i.e., 
atoms belonging to the same element and 
possessing equal numbers of protons and 
electrons, but different numbers of neutrons, 

are considered as ideally suited tracers 
because of their almost identical chemical 
and physical properties. In a typical tracer or 
isotope labeling experiment a known and 
usually small amount of a naturally rare iso-
tope in a de fi ned chemical form (e.g.,  13 CO 

2
 ) 

is added to a source pool (e.g., atmosphere of 
a growth chamber containing  12 CO 

2
 ) and then 

recovered transformed in a sink pool (e.g., 
tissue of a photosynthetic plant) after a known 
amount of time. The total amount of an ele-
ment (e.g.,  13 C tracer and  12 C from the growth 
chamber atmosphere) that moved from the 
labeled source pool (A) to the sink pool (B) 
can be calculated knowing the atom% excess 
of pool A ( I  

A
 ), and the mass ( P  

B
 ) and atom% 

excess of pool B ( I  
B
 ) at the end of the experi-

ment (from Stark  2000  ) :

    = ×AB B B AM (P I ) / I   

  Dividing of  M  
AB

  by the time of the experi-
ment gives the  fl ux rate from A to B.

  Isotope labeling experiments are based on 
the following assumptions:

   Added isotope and natural isotope behave • 
identically.  
  The source pool is uniformly labeled, and • 
this labeling remains constant over the 
duration of the experiment.  
  Addition of the tracer does not change  fl ux • 
rates.  
  No labeling gets lost from the sink pool.   • 

(continued)



300 N.A. Hynson et al.

autotrophic plant-to-plant C transfer via shared 
mycorrhizal fungi, in MH plants, the demand or 
sink strength could be life stage dependent, as 
well as seasonally and environmentally variable 
(Lerat et al.  2002 ; Simard and Durall  2004  ) . 

 The recent revelation of cryptic or partial 
mycoheterotrophy in green plants has highlighted 
the variation in plants’ dependency on fungi to 
meet their C demands. Partial mycoheterotrophs 
are green plants that appear to be fully auto-
trophic, but meet some portion of their C demands 
via fungi in a mixotrophic nutrition that will be 
explored in detail in this chapter. Since these 
 fi ndings, partial mycoheterotrophy has been pro-
posed as a potential evolutionary pathway to full 
mycoheterotrophy. However, the underlying 
determinants, geographical and phylogenetic 
extent of partial mycoheterotrophy are unknown 
and currently an area of active research. 
Ecophysiological methods such as radioactive 
and stable isotope probing, measuring plant 
assimilatory and respiratory responses to envi-
ronmental gradients such as light availability, and 
natural abundance stable isotope analysis are all 
critical tools for the study of mycoheterotrophy 
and their applications are discussed in detail in 
this chapter. Methodological limitations and con-
siderations for the study of physiological ecology 
of mycoheterotrophy will also be outlined. 

 The  fi nal section of this chapter will address 
areas for future research and draw attention to 
the gaps in our current knowledge of MH 

ecophysiology. This  fi eld is ripe for the undertak-
ing by new methods and researchers. In the years 
to come, many of the current limitations to study-
ing mycoheterotrophs, and plant–fungal interac-
tions in general, will become obsolete as we 
continue to develop new quantitative and nonin-
vasive methods to study these systems in situ or 
perhaps even ex situ (Yagame et al.  2012  ) . What is 
critical now is that robust theoretical frameworks 
be established a priori that will engage researchers 
from across  fi elds and provide a sound foundation 
for the interpretation of forthcoming data on MH 
plants. In future research, MH plants will continue 
to be model systems for the study of the ecophysi-
ology of plant–fungal interactions. This is due to 
their complete dependency on often a sole fungus 
to meet their nutrient demands, the fact that 
they are phylogenetically and geographically 
widespread, and many represent a profound 
modi fi cation of the most common and abundant 
mutualism on earth, the mycorrhizal symbiosis.     

    8.2   From Mutualism to Parasitism: 
Deconstructing the Continuum 
of Plant–Fungal Interactions 

    8.2.1   Mycorrhizal Networks 

 Since the de fi nitive experiments of Erik Björkman 
in the 1960s where the transfer of a  14 C label 
applied to the phloem of pines was traced to 

  Box 8.1 (continued)

These assumptions are not always entirely 
valid. For example, due to fractionation effects 
isotopes behave very similarly, but not entirely 
equal (see Box  8.2 ). However, isotope frac-
tionations can be ignored in labeling experi-
ments as long as isotope enrichments well 
above natural isotope abundance are used.

  Radioisotopes in source and sink pools can 
easily be quanti fi ed using scintillation count-
ing (e.g., Schimel  1993  ) . In addition autora-
diography is a long known and elegant 
technique to visualize the radioisotope distri-

bution in a sink pool (e.g., Schimel  1993  ) . The 
use of stable isotopes in tracer studies requires 
more sophisticated analytical techniques (e.g., 
isotope ratio mass spectrometry, see Box  8.2 ); 
however, they bear no health or environmental 
hazards and therefore can easily be used in 
tracer experiments on  fi eld level. Furthermore, 
stable isotopes provide access to trace ele-
ments for which no natural radioisotopes exist, 
e.g., nitrogen and oxygen. For further details 
on the theory and application of radioisotopes 
and stable isotopes as tracers we refer readers 
to Schimel  (  1993  ) . 
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 surrounding individuals of the fully MH species 
 Hypopitys monotropa , researchers continue to 
test for the presence and extent of mycorrhizal 
networks in nature. In its simplest form, a mycor-
rhizal network consists of two plant individuals 
of the same species connected via a shared myc-
orrhizal fungus. Due to the diffusivity of the 
mycorrhizal symbiosis and the large size of fun-
gal individuals in some species (some genetic 
individuals can cover several m 2 ; Douhan et al. 
 2011  )  it is almost certain that these connections 
exist in nature, but to what extent they actually 
link different plants and act as conduits for C and 
mineral nutrient exchange between plants is the 
subject of much debate. 

 Fully MH plants that associate with mycor-
rhizal fungi provide the best examples of C trans-
fer from unrelated plants via shared fungi. Because 
this tripartite network of autotrophic host plants, 
mycorrhizal fungus, and mycoheterotroph 
involves only unidirectional C and mineral nutri-
ent  fl ow to the mycoheterotroph, it is often referred 
to as an epiparasitism rather than a mutualism. 
However, the impact of mycoheterotrophy on 
partners’  fi tness (especially on the autotrophic 
host plant) is currently unknown. The evidence 
for mycorrhizal networks where there is transfer 
of C or other nutrients among plants that engage 
in a mutualism with their mycorrhizal fungi is less 
clear-cut. The  fi rst quantitative ex situ laboratory 
studies to show signi fi cant transfer of C between 
autotrophic plants via shared AM or EM fungi 
were conducted by Francis and Read in  1984  and 
Finlay and Read in 1986. Since then, numerous 
 fi eld manipulation and laboratory experiments 
have taken place to test the signi fi cance of mycor-
rhizal networks in plant establishment, survival, 
and below-ground resource sharing. These studies 
have had mixed results, leading some researchers 
to question the overall importance of mycorrhizal 
networks (Fitter et al.  1998 ; Robinson and Fitter 
 1999 ; Wu et al.  2001 ; Pfeffer et al.  2004  ) . 
However, there is mounting evidence that (1) 
mycorrhizal networks are common in nature 
(Simard and Durall  2004 ; Selosse et al.  2006  ) , (2) 
there is the potential for bidirectional C, nitrogen 
(N), and phosphorus (P) movement between 

plants (Lerat et al.  2002 ; Teste et al.  2009  ) , and (3) 
depending on environmental factors such as light 
availability the sink strength of “receiver” plants 
in mycorrhizal networks can increase (Finlay and 
Read  1986 ; Simard et al.  1997  ) . All these factors 
could have profound effects on interplant compe-
tition, plant and fungal diversity, and community 
dynamics (Simard and Durall  2004 ; Selosse et al. 
 2006  ) . Recent  fi eld studies of mycorrhizal net-
works have focused on their role in seedling 
establishment (Nara  2006 ; Teste et al.  2009  ) , 
 survival (McGuire  2007  ) , and growth (Booth 
 2004  ) . These studies provided strong support that 
mycorrhizal networks can be critically important 
in early forest succession stages and tree recruit-
ment. However, they suffer from similar limita-
tions such as the dif fi culties in assessing the 
physical presence of fungal connections between 
plants, measuring long-term net C  fl ow from 
donor to receiver plants, and the contributions of 
mycorrhizal networks to plant  fi tness over tempo-
ral and life stage gradients. Future efforts in the 
study of mycorrhizal networks should be focused 
in these areas as well as gaining a better under-
standing of the environmental plasticity of myc-
orrhizal networks; if they are controlled by plants 
and/or fungi; if the payoffs of networking are 
stronger selective forces than the bene fi ts of com-
petition; and  fi nally, whether plants receiving 
bene fi ts from networking are true “cheaters,” pro-
viding no reciprocity, or if they somehow com-
pensate for what they receive. 

 It is becoming undoubtedly clear that the myc-
orrhizal symbiosis is far less static than it was 
historically thought to be. Furthermore, where a 
particular plant or fungus falls along the contin-
uum of mutualistic to parasitic in relation to its 
symbiotic partner(s) appears to be potentially 
life-stage, environmentally, and community 
driven. Fully MH plants may provide one excep-
tion to this plasticity due to their absolute depen-
dency on fungi. Thus, quantifying complete C 
budgets for mycoheterotrophs over the course of 
their lifecycles, as well as the  fi tness costs to their 
fungi (and perhaps autotrophic host plants) will 
provide much needed constraints for modeling 
plant–fungal interactions.  
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    8.2.2   Determination of Full 
Mycoheterotrophy 

    8.2.2.1   Evidence Based on Radioisotope 
and Stable Isotope Labeling 

 In 1881 it was hypothesized that  Hypopitys 
monotropa  shares a symbiotic fungus with neigh-
boring forest trees and is nourished by these trees 
through a common mycelial network (Kamienski 
 1881  ) . However, at that time this hypothesis was 
not widely accepted. It took almost 80 years until 
Kamienski’s hypothesis was for the  fi rst time 
experimentally con fi rmed based on radioisotope 
labeling experiments. It was Björkman  (  1960  )  
who demonstrated in  fi eld experiments that 
 14 C-labeled glucose and  32 P-labeled phosphate 
injected into the phloem of spruce and pine trees 
were translocated within 5 days to adjacent 
 Hypopitys monotropa  plants. Other neighboring 
understory plants, like  Vaccinium myrtillus ,  V. 
vitis-idaea , and  Calluna vulgaris , remained unla-
beled (for details on isotope labeling see Box  8.1 ). 
Björkman  (  1960  )  furthermore demonstrated that 
a trenching of  H. monotropa  plants from adjacent 
tree roots by metal sheets severely reduced their 
development. He concluded that these observa-
tions con fi rm the existence of hyphal connections 
between  H. monotropa  and neighboring trees and 
indicate a selective C and P transfer from the 
trees to  H. monotropa  plants through shared fun-
gal hyphae. 

 It took another 40 years until further substan-
tial evidence on a selective C transfer from trees 
to an MH plant through linked fungal mycelia 
was successfully documented—again using 
radiocarbon as a tracer. In microcosm experi-
ments McKendrick et al.  (  2000  )  fed shoots of 
 Betula pendula  and  Salix repens  plants growing 
in association with the lea fl ess orchid  Corallorhiza 
tri fi da  with  14 CO 

2
  and traced the movement of the 

isotope by a combination of digital autoradiogra-
phy and scintillation counting. Direct C transfer 
assimilated by both of the autotrophs to 
 Corallorhiza  plants occurred only in those cases 
where plants had already been connected to a 
shared mycorrhizal fungus.  C. tri fi da  seedlings 
introduced to the microcosms as controls imme-
diately before isotope labeling and thus lacking 
these hyphal connections failed to assimilate 

signi fi cant C amounts. McKendrick et al.  (  2000  )  
furthermore documented that  C. tri fi da  plants 
linked to  B. pendula  and  S. repens  through myc-
orrhizal hyphae gained 6–14% in biomass during 
the 25–28 weeks period of the microcosm experi-
ment, while  C. tri fi da  plants growing in micro-
cosms with  Pinus sylvestris  failed to develop 
hyphal links and lost 13% of their weight over 
the same period. Nearly at the same time, fungal 
ribosomal DNA also provided evidence that the 
same fungal individuals occurred in the roots of 
surrounding trees and of the MH orchids 
 Cephalanthera austinae  (Taylor and Bruns  1997  )  
and  Neottia nidus-avis  (Selosse et al.  2002  ) , 
 supporting a link to trees by individual fungal 
mycelia. In another microcosm labeling experi-
ment it was shown that a  14 C label provided as 
CO 

2
  to  Betula pendula  seedlings was transferred 

to the non-photosynthetic liverwort  Aneura  
( Cryptothallus )  mirabilis  through a shared myc-
orrhizal fungus (Bidartondo et al.  2003  ) . In this 
case a  Tulasnella  sp. was identi fi ed to form simul-
taneously an EM association with trees and a 
connection with  Aneura mirabilis . 

 Also using the microcosm approach, but  stable 
isotope labels ( 13 C and  15 N) instead of radioactive 
isotopes, Bougoure et al.  (  2010  )  investigated the 
tripartite matter exchange between the fully sub-
terranean orchid  Rhizanthella gardneri , a mycor-
rhizal fungus from the genus  Ceratobasidium  
and the photosynthetic shrub  Melaleuca scalena . 
They demonstrated that up to 5% of the C applied 
as  13 CO 

2
  to the autotrophic shrub was transferred 

to  R. gardneri .  Rhizanthella gardneri  also gained 
6% of the C and 22% of the N fed as [ 13 C- 15 N]
glycine to the soil through the mycorrhizal fun-
gus. The non-stoichiometric C and N transfer 
from the glycine source through the fungus to  R. 
gardneri  is explained by fungal glycine transfor-
mation and respiratory  13 C-loss (see also Taylor 
et al.  2004  ) . 

 Isotope labeling experiments are not only used 
to trace matter  fl uxes between ecosystem com-
partments, but also to document a lack of matter 
 fl uxes or reduced  fl uxes, for example due to miss-
ing or reduced metabolic activity. Cameron et al. 
 (  2009  )  provide an example for this kind of tracer 
application. They compared the potential for CO 

2
  

assimilation by the MH orchid  Neottia nidus-avis  
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to that of the lea fl ess but chlorophyll containing 
orchid  Corallorhiza tri fi da . CO 

2
  assimilation of 

these two orchid species was further compared to 
the leafy and green (chlorophyllous) orchid 
 Cephalanthera damasonium  and to  Fagus syl-
vatica  seedlings using  13 C isotope tracers in the 
 fi eld. The  13 CO 

2
  assimilation rates decreased in 

the order  Fagus  >  Cephalanthera  >>  Corrallorhiza  
>  Neottia . These results indicated that the photo-
synthetic capacity of the  Corallorhiza tri fi da  
individuals on the day of this experiment was 
closer to the fully MH  Neottia nidus-avis  than to 
the autotrophic  Fagus sylvatica  or the apparently 
partially MH (PMH)  Cephalanthera damasonium  
(for further details on this tracer experiment see 
Sect.  8.5.1 ).  

    8.2.2.2   Evidence Based on Natural 
Abundance  13 C and  15 N 

 Independent investigations by Gebauer and 
Meyer  (  2003  )  and Trudell et al.  (  2003  )  discov-
ered a considerable enrichment of heavy C and N 
isotopes in the tissues of fully MH orchids and 
monotropoids (Ericaceae) in comparison to sur-
rounding autotrophic plants (for further details 
on the stable isotope natural abundance approach 
see Box  8.2 ). This enrichment in  13 C in the inves-
tigated fully MH plants was explained by these 
species tapping into alternative C sources to 
atmospheric CO 

2
  utilized by autotrophic plants 

in photosynthesis. Fully MH plants enrichment 
in  15 N was thought to be due to these plants 
receiving compounds enriched in  15 N compared 

  Box 8.2 Stable Isotope Natural Abundance

  Most elements of biological interest are com-
posed of two or more stable and/or nonstable 
(radioactive) isotopes. Isotopes of an element 
have by de fi nition identical numbers of protons 
and electrons. However, they are distinguished 
by the number of neutrons in their nucleus and 
therefore have different atomic mass units. 
Identical numbers of protons and electrons are 
responsible for the mostly equal chemical and 
physical properties of isotopes. Nonetheless, 
the difference in the number of neutrons causes 
slightly different symmetries of atom nuclei 
and the electron sheath of isotopes. These dif-
ferences in atomic properties cause thermody-
namic isotope effects, i.e., the equilibrium 
constants of isotopes are slightly different, and 
kinetic isotope effects, i.e., the speed constants 
of isotopes in (bio)chemical reactions are 
slightly different. Due to these isotope effects, 
the isotopic composition of ecosystem com-
partments changes in predictable ways as ele-
ments cycle through the biosphere. Geochemists 
exploit changes in the isotopic composition of 
various biospherical pools to understand prin-
ciples of the global  element cycles. During the 
last two decades  biologists have also become 

increasingly aware of the potential information 
that can be gained from the analysis of (mostly 
stable) isotope natural abundance variation. 
The use of stable isotope natural abundance 
analysis provides a nondisruptive method for 
studying ecosystem  fl uxes that complements 
the long established use of stable and radioac-
tive isotopes in tracer experiments (see 
Box  8.1 ). However, the adoption of stable iso-
tope analysis has been relatively slow to the 
 fi eld of biology due to: (1) Limited access to 
isotope ratio mass spectrometers (IRMS) which 
require speci fi c knowledge of sophisticated 
analytical techniques to operate and are quite 
expensive. Also, many biologists do not have 
suf fi cient backgrounds in analytical chemistry 
to successfully run this equipment or interpret 
the resulting data. (2) The framework for 
advances in many  fi elds of biology, and 
speci fi cally in ecophysiology, are based on 
manipulative experiments, i.e., mostly short-
term manipulations of organisms or environ-
mental conditions and analysis of responses to 
these manipulations. Exploiting information 
from stable isotope natural abundances, how-
ever, provides new perspectives based on an 
essentially different conceptual framework.

(continued)
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Box 8.2 (continued)

Gaining information of biological rele-
vance from variations in stable isotope natural 
abundance does not necessarily require exper-
imental manipulation. The “experiments” are 
all in situ processes in nature. Stable isotope 
natural abundance of various ecosystem com-
partments integrates these processes and asso-
ciated matter  fl uxes (sources) over time. A 
typical example of process information based 
on stable isotope natural abundance is the iso-
topic distinction between plants following the 
C3 and C4 pathways of photosynthesis. Due 
to the different isotope fractionations by the 
two enzymes involved in primary CO 

2
   fi xation: 

Rubisco in C3 plants and PEP carboxylase in 
C4 plants, C3 and C4 plants have distinct sta-
ble carbon isotope signatures. Conversely, 
typical source information is the origin of 
compounds in a product pool, e.g., the total 
N pool of a legume acquired from soil-borne 
N compounds taken up by the roots versus N 
gained through symbiotic  fi xation of isotopi-
cally distinguished atmospheric N 

2
  in root 

nodules. Thus, analysis of stable isotope natu-
ral abundance in various ecosystem compart-
ments provides process and source information, 
and care must be taken to avoid a mix up of 
these two kinds of information.

  The two elements of major interest in this 
chapter, carbon (C) and nitrogen (N), are both 
composed of two stable isotopes:  12 C and  13 C, 
or  14 N and  15 N, respectively. In addition, C also 
has a natural very rare radioactive isotope:  14 C. 
In analogy to most other elements of biologi-
cal interest, the light stable isotopes of C and 
N ( 12 C and  14 N) are much more abundant than 
the heavy ones ( 13 C and  15 N). While  12 C con-
tributes about 98.89 atom% to the terrestrial C 
pool,  13 C contributes only about 1.11 atom%. 
The relative abundance of  15 N is even lower. 
This isotope contributes only about 0.37 
atom% to the terrestrial N pool, thus leaving 
99.63 atom% to the isotope  14 N. The variation 
in relative abundance of heavy isotopes 
between ecosystem compartments driven by 
isotope fractionation due to thermodynamic or 

kinetic isotope effects is rather low. For C and 
N the natural variation in relative abundance 
of the respective stable isotopes in nature 
ranges at a maximum by 0.1 atom% or 0.02 
atom%, respectively. Highly precise detection 
of such small variations in stable isotope natu-
ral abundance requires sophisticated analyti-
cal techniques. Speci fi cally designed IRMS 
measuring the frequency ratios of stable iso-
tope pairs of the respective elements in rela-
tion to de fi ned reference gases (in our case 
CO 

2
  or N 

2
 , respectively) coupled online to dif-

ferent types of gas sample preparation devices 
like elemental analyzers, pyrolysis units, and 
gas chromatographs are at present most com-
monly used to ful fi ll these requirements. Due 
to the fact that the analysis of stable isotope 
natural abundances is based on abundance 
ratios, in a sample of unknown isotope abun-
dances, its isotope ratios are measured and 
then related to stable isotope abundance 
ratios of a de fi ned standard. The so-called  d  
notation is commonly used to express isotopic 
compositions:

    ‰δ = − ×sample standardx (R / R 1) 1,000[ ]   

where  x  in our case is either  13 C or  15 N and  R  is 
the corresponding ratio  13 C/ 12 C or  15 N/ 14 N, 
respectively. International standard reference 
material for C stable isotope abundances is 
PDB (limestone from a fossil belemnite of the 
PeeDee strata in South Carolina) with a  13 C/ 12 C 
ratio of 0.0112372 and for N stable isotope 
abundances is N 

2
  gas in the atmosphere with a 

 15 N/ 14 N ratio of 0.0036765. By subtracting 1 
from the  R  

sample
 / R  

standard
  ratio and subsequent 

multiplying by 1,000 the  d  value provides 
information about the deviation in the respec-
tive heavy isotope abundance between sample 
and standard in ‰. For example, a  d  value of 
+1,000 ‰ is equivalent to a twice as high 
heavy isotope abundance in a sample than in 
the respective standard.

  For further details on principles of the 
 stable isotope natural abundance technique 
and on the exponentially increasing spectrum 
of applications in plant ecophysiology and

(continued)
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to surrounding autotrophic plants that share the 
same mycorrhizal fungi. Owing to MH plants’ 
obligate association with various functional 
groups of fungi (see Chap.   7    ), and based on the 
 fi ndings from earlier isotope labeling studies, 
fungi were proposed as the most likely alterna-
tive C and N source of fully MH plants. As fur-
ther support for this, many fungi were already 
known to be enriched in the heavy isotopes  13 C 
and  15 N in comparison to autotrophic plants from 
the same habitat due to their speci fi c physiology 
and access to C and N sources also enriched in 
heavy isotopes (see review by Mayor et al.  2009  ) . 
Following the food chain concept (Fry  2006  )  the 
C and N isotope signatures of MH plants should 
be similar to, or even more enriched in heavy 
isotopes than in their fungal source (Trudell et al. 
 2003  ) . Moreover, the relative enrichment in 
heavy isotopes in fungi is not a uniform feature, 
but is speci fi c to different functional and taxo-
nomic fungal groups. For example, fungi form-
ing EM associations tend to be more enriched in 
heavy C and N isotopes than the majority of SAP 
fungi (Kohzu et al.  1999 ; Taylor et al.;  2003 ; 
Mayor et al.  2009  ) . In contrast, AM fungi tend to 
be more depleted in  15 N than EM fungi, and are 
apparently not enriched in  13 C compared to their 
autotrophic host plants (Courty et al.  2011  and 
references therein). The relative  13 C enrichment 
in EM fungi is related to the gain of  13 C-enriched 
carbohydrates from photosynthetic plant partners 
(Gleixner et al.  1993  ) . Among EM fungi, species 
associated with overstory trees are more enriched 
in  13 C than species associated with understory 
trees (Högberg et al.  1999  ) , and species capable 
of decomposing recalcitrant soil organic com-
pounds are more enriched in  15 N than species with 

a preference for inorganic N compounds (Gebauer 
and Taylor  1999  ) . For SAP fungi their respective 
C and N source (wood, leaf litter, humus, etc.) 
determines their isotope signature (Gebauer and 
Taylor  1999 ; Kohzu et al.  1999  ) . Thus, according 
to the isotope food chain concept, the differing 
patterns in the isotope signatures of the various 
functional groups of fungi is expected to be mir-
rored by MH plants associated with them. In the 
following section we provide a comparative over-
view of our current knowledge on C and N iso-
tope natural abundance in fully MH plants 
associated with EM, wood- and litter-decomposer 
SAP, and AM fungi and discuss their ecophysio-
logical implications.       

    8.3   Isotopic Patterns in Full 
Mycoheterotrophs Based 
on Fungal Host 

    8.3.1   Fully Mycoheterotrophic 
Plants Associated with 
Ectomycorrhizal Fungi 

 C and N stable isotope natural abundance data of 
MH plants associated with ectomycorrhizal fungi 
(EM-MH plants) are already available for a con-
siderable number of species collected in a broad 
range of habitats of wide geographic distribution 
(Fig.  8.1 ). These data include  fi eld collections 
from Europe (Gebauer and Meyer  2003 ; 
Bidartondo et al.  2004 ; Julou et al.  2005 ; Abadie 
et al.  2006 ; Tedersoo et al.  2007 ; Zimmer et al. 
 2007,   2008 ; Liebel et al.  2010 ; Liebel and 
Gebauer  2011  ) , North America (Trudell et al. 
 2003 ; Zimmer et al.  2007 ; Hynson et al.  2009b  ) , 

Box 8.2 (continued)

 ecology in general we refer readers to reviews 
by Dawson et al.  (  2002  )  and Fry  (  2006  ) . Three 
aspects out of the huge range of stable isotope 
natural abundance applications that are of 
speci fi c importance for the study of myco-
heterotrophy are: (1) the principles of how 
environmental factors affect carbon isotope 

signatures of plants with C3 photosynthesis 
(Farquhar et al.  1989  ) , (2) the concept of an 
isotopic shift along food chains (DeNiro and 
Epstein  1978,   1981  ) , and (3) the  fi nding of a 
signi fi cant enrichment in heavy C (Gleixner 
et al.  1993  )  and N isotopes (Gebauer and 
Dietrich  1993  )  in fungal fruit bodies in com-
parison to plant tissues. 

http://dx.doi.org/10.1007/978-1-4614-5209-6_7
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and Asia (Ogura-Tsujita et al.  2009 ; Roy et al. 
 2009a ; Motomura et al.  2010  )  covering habitats 
from boreal coniferous forests, deciduous or 
mixed temperate forests, evergreen forests in 
Mediterranean climates to tropical forests. All of 
these habitats are forests at least partially com-
posed of tree species known to form EM—an 
essential prerequisite for a tripartite matter  fl ux 
between trees, EM fungi, and EM-MH plants. 
The C and N stable isotope natural abundance 
data of EM-MH plants currently available from 
the literature mostly also contains stable isotope 
natural abundance data of accompanying auto-
trophic plants. Using these autotrophic plants 
as references for C gains independent of fungi, 
site-independent differences between autotrophic 

“reference” and MH “target” species can be 
calculated. These calculations allow for compari-
sons of isotope enrichment between species 
across broad geographic regions (enrichment fac-
tors  e , see Box  8.3 ). Figure  8.1  compiles the 
entire currently available C and N stable isotope 
natural abundance data for EM-MH plants suited 
to calculate enrichment factors. The data set is 
composed of 11 orchid species belonging to  fi ve 
different tribes within the subfamily 
Epidendroideae and  fi ve species of Ericaceae 
belonging to three different tribes within the 
subfamily Monotropoideae. Among this data set 
are EM-MH species that have served as model 
organisms to elucidate matter  fl uxes between 
trees, EM fungi, and mycoheterotrophs (like 

  Fig. 8.1    Mean enrichment factors ( e , see Box  8.3 ) for  13 C 
and  15 N of fully mycoheterotrophic (MH) plants associ-
ated with fungi forming ectomycorrhizas (EM-MH 
Orchidaceae and EM-MH Ericaceae), with saprotrophic 
wood-decomposer fungi (SAP-MH Orchidaceae) and 
with fungi forming arbuscular mycorrhizas (AM-MH 
plants). The  boxes  represent one SD of the mean  e  values 
for the four signi fi cantly distinguished groups of MH 
plants and for the photosynthetic reference plants (Ref, 
 n  = 659) collected together with each of the myco-
heterotrophs. Abbreviations of the respective species and 
numbers of replicates ( n ) as following:  Ac  =  Aphyllorchis 
caudata  ( n  = 3);  Am  =  A. montana  ( n  = 4); 
 Cd ( a ) =  Cephalanthera damasonium albino  ( n  = 10); 
 Ce  =  C. exigua  ( n  = 5);  Cl ( a ) =  C. longifolia albino  ( n  = 9); 
 Com  =  Corallorhiza maculata  ( n  = 10);  Cs  =  Cyrtosia sep-

tentrionalis  ( n  = 1);  Cya  =  Cymbidium aberrans  ( n  = 3); 
 Cym  =  C. macrorhizon  ( n  = 6);  Do  =  Dictyostega oroban-
choides  ( n  = 8);  Ea  =  Epipogium aphyllum  ( n  = 5); 
 Gc  =  Gastrodia confusa  ( n  = 5);  Gs  =  G. similis  ( n  = 10); 
 Hm  =  Hypopitys monotropa  ( n  = 23);  Ln  =  Lecanorchis 
nigricans  ( n  = 3);  Mu  =  Monotropa uni fl ora  ( n  = 8); 
 Nn  =  Neottia nidus-avis  ( n  = 36);  Pa  =  Pyrola aphylla  
( n  = 39);  Pta  =  Pterospora andromedea  ( n  = 10); 
 Ss  =  Sarcodes sanguinea  ( n  = 15);  Va  =  Voyria aphylla  
( n  = 8). Data compiled from Gebauer and Meyer  (  2003  ) , 
Bidartondo et al .   (  2004  ) , Julou et al .   (  2005  ) , Abadie et al .  
 (  2006  ) , Tedersoo et al .   (  2007  ) , Zimmer et al .   (  2007,   2008  ) , 
Hynson et al .   (  2009b  ) , Martos et al .   (  2009  ) , Ogura-Tsujita 
et al .   (  2009  ) , Roy et al .   (  2009a  ) , Liebel et al .   (  2010  ) , 
Merckx et al .   (  2010  ) , Motomura et al .   (  2010  )  and Liebel 
and Gebauer  (  2011  )        

 



  Box 8.3 Normalizing Stable Isotope Natural 

Abundance Data: The  e  Approach 

 As detailed in Box  8.2 , the isotopic composi-
tion of an ecosystem compartment (e.g., the 
leaf of a chlorophyllous, photosynthetically 
active plant) is driven by the isotope signature 
of its C source (CO 

2
  in the atmosphere) and by 

the isotope fractionation during the process of 
assimilation, for example CO 

2
  uptake through 

the stomata and enzymatic reduction in photo-
synthesis. Thus, with known C isotope signa-
ture of CO 

2
  in the atmosphere and known 

isotope fractionation during CO 
2
  assimilation 

the C isotope signature of a green plant leaf 
following the C3 pathway of photosynthesis 
can be predicted as following:

    δ = δ − − −13 13
leaf air i aC C a (b a)c / c   

with  a  as the fractionation caused by the slower 
gas phase diffusion of  13 CO 

2
  relative to  12 CO 

2
  

(4.4 ‰),  b  as the fractionation caused by dis-
crimination of the enzyme Rubisco against 
 13 CO 

2
  (27 ‰),  c  

a
  as the atmospheric CO 

2
  con-

centration and  c  
i
  as the leaf internal CO 

2 
 con-

centration (Farquhar et al.  1989  ) . 
 While  a ,  b,  and  c  

a
  might be considered as fairly 

constant, neither  d  13 C 
air

  nor  c  
i
  is constant in 

nature. For example, CO 
2
  assimilated by the 

leaf of a plant from a temperate forest under-
story is composed of CO 

2
  from the free atmo-

sphere (current  d  13 C  »  −8 ‰) and CO 
2
  from soil 

respiration ( d  13 C  »  −25 ‰) with nonconstant 
mixing ratios. The leaf internal CO 

2
  concentra-

tion  c  
i
  depends on all of those environmental 

parameters that affect stomata regulation and 
CO 

2
  assimilation (light climate, atmospheric 

water vapor pressure de fi cit, soil water status, 
leaf temperature, nutrient supply, etc.) and can 
thus be highly variable over time and in space. 

 To make realistic comparisons of stable iso-
tope values between autotrophic and myco-
heterotrophic (MH) plants from different 
habitats it is essential to have either the vari-
ables mentioned above remain constant (which 
is almost impossible under  fi eld conditions) or 
to normalize  d  values for site-speci fi c environ-
mental stochasticity. For the study of MH plants 
this normalization is done by analyzing the 

 isotope signatures of target plants (e.g., puta-
tive MH species) together with reference plants 
(a selection of chlorophyllous C3 plants of dif-
ferent life forms and taxonomic groups that are 
associated with different types of mycorrhizas 
and thus representing the spectrum of plants 
living together with the target plants) growing 
in close spatial proximity and thus experienc-
ing over time the same microenvironmental 
conditions as the target plants (for further 
details of the sampling concept see Gebauer 
and Meyer  2003  ) . This approach allows calcu-
lating (1) the variability of isotope signatures of 
reference plants and (2) differences between 
reference and target plants, and (3) testing of 
these differences for their statistical signi fi cance. 
Following this approach, the conventional  d  
values (see Box  8.2 ) are converted into differ-
ences. Stable isotope nomenclature uses the 
enrichment factor  e  to describe the difference 
in relative stable isotope abundance of a prod-
uct and its substrate (Högberg  1997  ) . To calcu-
late  e  the mean  d  value per element of the 
reference plants from a single sampling plot is 
subtracted from the individual  d  values of each 
plant collected at the same plot (irrespective of 
whether target or reference plant) as follows:

    ε = δ − δSx Sx Refx[%]   

with  S  as a single value of a sample from a 
reference or target plant,  x  as a sampling plot 
within a certain study site, and Ref as the mean 
value of all reference plants (Preiss and 
Gebauer  2008  ) . Only in cases from the litera-
ture where target and reference plants of a 
study site were not collected plot-wise do we 
use a simpli fi ed site-wise instead of plot-wise 
 e  value calculation. This simpli fi ed approach 
is accompanied by a loss in resolution (Preiss 
and Gebauer  2008  ) . Irrespective of these 
approaches the mean  e  value of all reference 
plants at a certain study site is always 0 ‰, 
with an associated standard deviation that rep-
resents the small variance in the differing 
physiologies of autotrophic plants. Thus, con-
verting site-dependent  d  values into site-inde-
pendent  e  values opens the option of 
meta-analyses over sites and the presentation 
of multiple datasets within a single graph. 
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 Hypopitys monotropa : Björkman  1960  )  or to 
identify the speci fi city towards certain EM fungi 
(like  Corallorhiza maculata  and  Neottia nidus-
avis : Taylor and Bruns  1997 ; McKendrick et al. 
 2002 ; Selosse et al.  2002  ) . Also among this data 
set are, however, also species that were just 
recently identi fi ed as EM-MH species based on 
isotope abundance analyses (like  Pyrola aphylla , 
the only known fully EM-MH species among the 
tribe Pyroleae: Zimmer et al.  2007 ; Hynson et al. 
 2009b  ) , vegetative albino forms of usually chlo-
rophyllous orchid species ( Cephalanthera dama-
sonium  and  C. longifolia : Julou et al.  2005 ; 
Abadie et al.  2006 ; see Sects.  8.4.1  and  8.4.3  for 
further information on albino phenotypes), and 
MH species with taxonomically close relatives 
associated with functional types of fungi other 
than EM fungi (like the relatives of  Epipogium 
aphyllum : Roy et al.  2009b ; Liebel and Gebauer 
 2011 ). Furthermore, the data set contains species 
strictly specialized on narrow EM fungal strains 
(like  Corallorhiza maculata ,  Neottia nidus-avis,  
and  Hypopitys monotropa : Taylor and Bruns 
 1997 ; McKendrick et al.  2002 ; Bidartondo and 
Bruns  2005  )  and species associated with a fairly 
constant set of EM fungi (like  Epipogium aphyl-
lum  and the albino variants of  Cephalanthera 
damasonium  and  C. longifolia : Julou et al.  2005 ; 
Abadie et al.  2006 ; Roy et al.  2009b ; Liebel and 
Gebauer  2011 ) or even with multiple EM fungi 
(like  Pyrola aphylla ,  Aphyllorchis caudata,  and 
 A. montana : Hynson and Bruns  2009 ; Roy et al. 
 2009a  ) .  

 Irrespective of their wide geographical distri-
bution, phylogenetic breadth within the plant 
kingdom, their occurrence in different forest 
types, and their varying degree of EM fungal 
speci fi city, what all of these EM-MH species have 
in common is that they are signi fi cantly enriched 
in the heavy C and N isotopes compared to neigh-
boring reference plants. However, the enrichment 
factors for both C and N are not constant between 
MH species, presumably due to variations in the 
isotope signature of their respective fungal asso-
ciates. The mean enrichment ranges from 
5.3 ± 1.2(SD)‰ ( Sarcodes sanguinea , Ericaceae) 
to 10.8 ± 0.6(SD)‰ ( Cymbidium aberrans , 
Orchidaceae) for  13 C and from 6.0 ± 2.1 ‰ 
( Epipogium aphyllum , Orchidaceae) to 

17.8 ± 2.7 ‰ ( Pyrola aphylla , Ericaceae) for  15 N. 
Thus, the variation between EM-MH species in 
heavy isotope enrichment is greater for N than for 
C and probably re fl ects the broader variation in 
fungal N isotope abundance than fungal—and 
speci fi cally EM fungal—C isotope abundance 
(Mayor et al.  2009 ). Current data furthermore 
indicate a difference in the heavy isotope enrich-
ment of EM-MH species belonging to the 
Orchidaceae and to the Ericaceae (Fig.  8.1 ). The 
investigated 11 EM-MH species belonging to the 
Orchidaceae are signi fi cantly (Mann–Whitney 
 U -test:  U  = 1731.0,  p  < 0.001) more enriched in 
 13 C (mean  e  13 C = 8.2 ± 1.3 ‰,  n  = 94) than the  fi ve 
EM-MH species belonging to the Ericaceae (mean 
 e  13 C = 6.5 ± 1.5 ‰,  n  = 95), and the EM-MH 
Orchidaceae (mean  e  15 N = 11.6 ± 3.1 ‰,  n  = 94) 
are signi fi cantly ( U  = 2941.5,  p  < 0.001) less 
enriched in  15 N than the EM-MH Ericaceae (mean 
 e  15 N = 14.2 ± 4.0 ‰,  n  = 95). The signi fi cant differ-
ence in C and N stable isotope enrichment between 
the investigated EM-MH representatives of the 
two plant families becomes obvious from this 
meta-analysis thanks to a continuously increasing 
number of data points available from the litera-
ture. Though yet to be con fi rmed, these differ-
ences between orchids and ericaceous MH plants 
may also relate to the evolution of different mech-
anisms for MH nutrition in these two families.  

    8.3.2   Fully Mycoheterotrophic Plants 
Associated with Saprotrophic 
Fungi 

 Besides the tripartite associations with trees and 
EM fungi, some fully MH orchids associate with 
free-living wood-decomposer or litter decaying 
fungi. Interestingly, all of these fully MH plants 
are orchids and belong mostly to the subfamily 
Epidendroideae, similar to many EM-MH 
Orchidaceae. Such saprotrophic-MH (SAP-MH) 
orchids are typically found in the litter-rich forest 
 fl oor or beside decomposed woody materials such 
as decayed tree trunks, stumps, logs, and pruned 
branches. In  1911 , Kusano reported on an associa-
tion of the MH orchid  Gastrodia elata  with the 
normally plant pathogenic wood-decomposing 
fungus  Armillaria , and Hamada  (  1939  )  also found 
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this fungus associating with the MH orchid 
 Cyrtosia sepentrionalis . Subsequently, various 
 Armillaria  species have been isolated and 
identi fi ed from these orchids (Terashita and 
Chuman  1987,   1989 ; Cha and Igarashi  1995, 
  1996 ; Matsushita et al.  1996 ; Terashima et al. 
 1998 ; Ota et al.  2000 ; Kikuchi et al.  2008a,   b ; 
Sekizaki et al.  2008  ) . In the world’s largest MH 
climbing orchid,  Erythrorchis ochobiensis , an 
association with the SAP  Erythromyces crocicreas  
(Basidiomycota) was reported by Hamada and 
Nakamura  (  1963  )  and, later, a wide range of wood-
decomposing fungi, such as  Lentinula edodes  and 
 Pleurotus ostreatus , were shown to induce seed 
germination and plantlet formation in symbiotic 
culture (Umata  1995,   1997,   1998a,   b,   1999  ) . The 
MH orchid  Epipogium roseum , the sister species 
of the EM-MH orchid  Epipogium aphyllum , has 
been shown to associate with fungi from the SAP 
family Psathyrellaceae (Basidiomycota), includ-
ing  Coprinellus disseminatus  (Yamato et al.  2005 ; 
Yagame et al.  2008a  ) . Notable is that  Epipogium 
roseum  (Yagame et al.  2007  )  can be cultivated for 
its whole lifecycle with wood-decomposer fungi 
under laboratory conditions. Such instances of 
in vitro cultivation are also known for other 
SAP-MH orchids (Burgeff  1932,   1936 ; Umata 
et al.  2007  ) , and  Gastrodia elata  is now routinely 
cultivated symbiotically with  Armillaria  spp. for 
commercial use of its tubers (Chou  1974 ; Sung 
et al.  1995 ; Xu and Guo  2000  ) . In addition to these 
reports, several other SAP decomposer fungal 
genera such as  Fomes ,  Marasmius ,  Xerotus , 
 Campanella,  and  Gymnopus  have been reported 
to be associated with MH  Gastrodia  species, its 
related MH genus  Didymoplexis,  and some spe-
cies of the MH genera  Galeola  and  Erythrorchis  
(Burgeff  1932 ; Campbell  1962,   1964 ; Dearnaley 
 2006 ; Dearnaley and Bougoure  2010  ) . Although 
information about fungal speci fi city of SAP-MH 
orchids is still rather scarce, recent reports showed 
a wide range of speci fi cities, from a strict associa-
tion between  Eulophia zollingeri  and the 
 Psathyrella candolleana  species group (Ogura-
Tsujita and Yukawa  2008  ) , to an association with 
a constant set of fungal partners, like  Gastrodia 
confusa  and representatives of the Mycenaceae 
(Ogura-Tsujita et al.  2009  ) , to a broad spectrum of 
associated fungi in the case of  Wullschlaegelia 

aphylla  or  Gastrodia similis  and multiple 
Basidiomycetes related to the genera  Mycena , 
 Marasmius ,  Psathyrella,  and  Resinicium  (Martos 
et al.  2009  ) . Apparently different lineages within 
Psathyrellaceae and Mycenaceae have been repet-
itively targeted by independent MH orchid 
lineages (Selosse et al.  2010  ) . 

 Associations between decomposer SAP fungi 
and fully MH plants as well as laboratory cultiva-
tion experiments provide a hint that fully MH 
plants also can cover their C and N demand 
through associations with these fungi in nature. 
As with EM-MH plants, stable isotope natural 
abundance analysis is a powerful tool to eluci-
date the nutritional sources of MH plants associ-
ated with decomposer fungi. The still very small 
stable isotope natural abundance data set avail-
able for SAP-MH orchids and accompanying ref-
erence plants indicates a signi fi cant enrichment 
in  13 C and  15 N due to C and N gain from the fun-
gal source, but with a different pattern than found 
for EM-MH plants (Fig.  8.1 ). The so far investi-
gated SAP-MH orchids ( Gastrodia confusa  from 
a wet-temperate bamboo forest in Japan and 
associated with several species of wood-decom-
poser  Mycena  fungi (Ogura-Tsujita et al.  2009  ) , 
 Gastrodia similis  from tropical rainforests and 
secondary forests in La Réunion and associated 
with the wood-decomposer  Resinicium  (Martos 
et al.  2009  ) , and one individual of  Cyrtosia sep-
tentrionalis  collected in a warm-temperate ever-
green broadleaf forest in Japan (Motomura et al. 
 2010  ) ) indicate a  13 C enrichment (mean 
 e  13 C = 9.7 ± 2.4 ‰,  n  = 16) that is signi fi cantly 
higher than EM-MH (vs. EM-MH orchids 
 U  = 456,  p  = 0.012; vs. EM-MH Ericaceae  U  = 212, 
 p  < 0.001) and a  15 N enrichment (mean 
 e  15 N = 2.7 ± 1.1 ‰,  n  = 16) that is signi fi cantly 
lower than found for EM-MH orchids ( U  = 2, 
 p  < 0.001) and EM-MH Ericaceae ( U  = 0, 
 p  < 0.001). Though not suited for the  e  approach 
due to the absence of true reference plant data, 
the C and N isotope signature of one other MH 
orchid species associated with wood-decomposer 
fungi ( Gastrodia sesamoides  from open wood-
land in Queensland, Australia; (Dearnaley and 
Bougoure  2010  )  also points towards a consider-
ably high  13 C enrichment and a  15 N enrichment 
lower than found for EM-MH plants. The most 
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likely reason for the different pattern of C and N 
isotope natural abundance between SAP-MH 
plants and EM-MH plants is a difference in the 
isotope signature of the C and N sources utilized 
by their respective fungal hosts. These few inves-
tigated SAP-MH plants are consistently associ-
ated with wood-decomposer fungi, and wood is 
known to be enriched in  13 C and depleted in  15 N 
(Gebauer and Schulze  1991 ; Gebauer and Dietrich 
 1993 ; Gebauer and Taylor  1999  ) . Presently, stable 
isotope natural abundance data are available only 
for one SAP-MH orchid associated with litter 
decaying fungi ( Wullschlaegelia aphylla  from a 
tropical rainforest in Guadeloupe; Martos et al. 
 2009  ) . These data point towards lower  13 C enrich-
ment in SAP-MH orchids associated with litter 
decaying fungi than in SAP-MH orchids with 
wood-decomposer fungi. Undoubtedly more data 
on stable isotope signatures of SAP-MH orchids 
(especially associated to litter decaying fungi) 
and accompanying reference plants are required 
to con fi rm these preliminary conclusions. Also, 
the geographic distribution of SAP-MH orchids 
and their apparent preference for wood-decom-
posers among the SAP fungi require further inves-
tigation. At present we only can conclude that 
SAP-MH orchids obviously prefer humid climate 
conditions under which wood or litter decomposi-
tion rates are high.  

    8.3.3   Fully Mycoheterotrophic Plants 
Associated with Arbuscular 
Mycorrhizal Fungi 

 The AM symbiosis is one of the oldest plant sym-
bioses on earth, estimated to be at least 400 mil-
lion years old (Smith and Read  2008  ) . It is 
therefore not surprising that this lineage of fungi 
has been in fi ltrated by the cheating strategy of 
fully MH plants on many more independent occa-
sions than EM or SAP fungi. The majority of fully 
MH plants grow in tropical forests dominated by 
photosynthetic plants that associate with AM 
fungi. For this reason it was assumed in analogy 
to the EM-MH plants that among these fully MH 
plants in AM dominated forests an association 
with AM fungi occurs. Based on fungal DNA 

analysis from the mycorrhizal roots of several 
fully MH plants,  fi ve  Voyria,  and one  Voyriella  
species (Gentianaceae) from tropical forests in 
French Guiana and  Arachnitis uni fl ora  
(Corsiaceae) from three subantarctic forest sites 
in Argentina, and neighboring green plants, 
Bidartondo et al.  (  2002  )  showed that these plants 
indeed associate with AM fungi and display a 
fungal host speci fi city similar to many EM-MH 
plants. This  fi nding suggested that AM fungi 
mediate a C transfer between autotrophic AM 
plants and AM-MH plants. Recent stable isotope 
natural abundance data con fi rm this suggestion 
(Fig.  8.1 ). Though phylogenetically distant, the 
fully MH plants  Voyria aphylla  (Gentianaceae) 
and  Dictyostega orobanchoides  (Burmanniaceae) 
also collected in a tropical forest in French Guiana 
are both signi fi cantly enriched in the heavy iso-
tope  13 C in comparison to neighboring photosyn-
thetic plants (Merckx et al.  2010  ) . The relative 
 13 C enrichment of these AM-MH plants (mean 
 e  13 C = 5.5 ± 0.8 ‰,  n  = 16) is, however, signi fi cantly 
lower than in EM-MH orchids ( U  = 40.5, 
 p  < 0.001), EM-MH Ericaceae ( U  = 393.5, 
 p  = 0.002), and SAP-MH orchids ( U  = 4, 
 p  < 0.001). Similar trends were found by Courty 
et al.  (  2011  )  for  V. aphylla  and  V. tenella  
(Gentianaceae) as well as  Aptera aphylla  and 
 Gymnosiphon sphaerocarpus  (Burmanniaceae) 
from a Caribbean island, La Guadeloupe. In addi-
tion, the latter study recovered spores from soil to 
investigate the isotope signature of AM fungal 
propagules, which proved similar to that of leaves 
of canopy trees. Thus, while the relative  13 C 
enrichment of EM-MH plants compared to sur-
rounding autotrophic plants is primarily related 
to the  13 C enrichment of their fungal associates, 
the enrichment of AM-MH plants compared to 
surrounding understory autotrophic plants is 
likely unrelated to differences in AM fungal C 
acquisition and rather due to differences in photo-
synthetic rates between canopy trees and under-
story plants. Because of low photosynthetic rates 
and more humid conditions supporting longer 
and more numerous stomatal openings, under-
story plants are more depleted in  13 C than canopy 
trees (see Gebauer and Schulze  1991  ) . Noteworthy 
is the  fi nding of no signi fi cant  15 N enrichment in 
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the AM-MH plants by both Merckx et al.  (  2010  )  
(mean  e  15 N = −0.4 ± 3.3 ‰,  n  = 16; see Fig.  8.1 ) 
and Courty et al.  (  2011  )  who, additionally, 
reported that the  15 N signature was similar in AM 
fungi. Courty et al.  (  2011  )  also showed that, com-
pared to their accompanying reference plants, the 
investigated AM-MH plants have similar total N 
concentrations as compared to green plants and 
fungi, whereas higher total N concentrations are 
common among EM-MH plants (Gebauer and 
Meyer  2003 ; Julou et al.  2005 ; Liebel et al.  2010 ; 
Stöckel et al.  2011 ; see also Sect.  8.6.1 ). Lack of 
differentiation in  15 N natural abundance and total 
N concentrations between AM-MH plants and 
reference plants suggests utilization by all of 
these plants of similar N sources, presumably 
inorganic N compounds obtained through their 
AM fungal partners. Taken together, these obser-
vations, which deserve replicates from other sites 
and taxa, suggest that the matter exchanged 
between fungus and host plant differs in EM-MH 
vs. AM-MH plants, a situation not fully unex-
pected owing to the ancient divergence between 
AM Glomeromycota and EM-forming taxa of 
Asco- and Basidiomycota   .      

    8.4   Partial Mycoheterotrophy 

    8.4.1   Evolution of Partial and Full 
Mycoheterotrophy 

 PMH plant lineages add to a long list of taxa where 
heterotrophic abilities evolved from autotrophic 
ancestors. In the broadest sense, such a strategy is 
a kind of mixotrophy. The word mixotrophy has 
been used as a synonym for partial mycoheterotro-
phy, but is a more encompassing term than partial 
mycoheterotrophy, because mixotrophic strategies 
and mechanisms are very diverse. For example, 
many independent phyla of planktonic algae are 
mixotrophic, either by uptake of dissolved organic 
matter (Kamjunke and Tittel  2009  )  or by phagot-
rophy on unicellular preys (Jones  2000  ) . Uptake 
of C or phagotrophy is a plesiomorphic condition 
in these algae, since ancestors of plastid-bearing 
taxa are considered to have been heterotrophs 
(phagotrophy likely being the process through 

which plastids were indeed acquired). In contrast, 
mixotrophy in land plants is secondarily evolved, 
i.e., represents subversion from full autotrophy, 
and its ecological relevance is yet to be estimated 
in terrestrial ecosystems. Here we use the phrase 
“partial mycoheterotrophy” whenever mixotrophy 
is achieved in a green plant by partial use of C 
from a mycorrhizal fungus. 

 In land plants, mixotrophic strategies encom-
passes partial mycoheterotrophy, but also the use 
of C from prey (Adamec  1997  )  and of the host 
sap in hemiparasitic plants (Schulze et al.  1991 ; 
Press and Graves  1995 ; Těšitel et al.  2010  ) . The 
latter are green plants that obtain some nourish-
ment, especially mineral nutrients and sometimes 
C, by parasitizing other plants: C is obtained 
from connection to the xylem sap, or even 
to the phloem sap. For example, mistletoes 
(Loranthaceae) derive up to 63% of their C from 
their host (Schulze et al.  1991 ; Bannister and 
Strong  2001  ) ;  Olax phyllanthi  (Olacaceae) 
derives 19–30% (Tennakoon and Pate  1996  ) ; 
 Rhinanthus alectorolophus  (Orobanchaceae) 
derives up to 50% (Těšitel et al.  2011  ) . In the lat-
ter case, as is true for some PMH species (see 
Sect.  8.4.3 ), shading enhanced the contribution 
of host-derived C; moreover, achlorophyllous 
variants of  Striga hermonthica  (Orobanchaceae) 
can survive (Press and Graves  1995  ) . 

 When considering mycoheterotrophy in a 
phylogenetic framework, some fully MH species 
are nested within PMH lineages, e.g., in the tribe 
Neottieae (Fig.  8.2a ; Abadie et al.  2006 ; Selosse 
and Roy  2009  )  and in the genus  Cymbidium  
(Motomura et al.  2010  ) ; and the same may have 
happened in the genus  Platanthera  (Yagame 
et al.  2012  ) . Pyroloids (= tribe Pyroleae) are 
closely related to the MH Monotropoideae 
(Monotropeae and Pterosporeae; Kron et al. 
 2002  ) , suggesting a similar scenario (Tedersoo 
et al.  2007  ) ; however, the subtribe relationships 
in Monotropoideae deserve new analyses and a 
basal position of Pyroleae remains uncertain. 
Interestingly, in pyroloids, there are two well-
supported clades (Freudenstein  1999 ; Kron et al. 
 2002  ) ,  Pyrola  +  Orthilia  on the one hand and 
 Moneses  +  Chimaphila  on the other; the second 
clade tends to encompass less frequent reports of 



  Fig. 8.2    ( a ) A phylogeny of Neottieae (based on 
ITS + rbcL phylogenies, inferred by Maximum Likelihood 
and 1,000 bootstrap repetitions, using a GTR model, from 
Roy et al.  2009a  )  with reconstruction inferred ancestral 
trophic status, assuming the most parsimonious scenario 
for its evolution.  Green , autotrophic nutrition;  yellow , par-
tially mycoheterotrophic (PMH) nutrition;  red , myco-
heterotrophic nutrition.     Stars  indicate node supported by 
>80% bootstrap support and ( a ) indicates green species 

for which albino, i.e., fully achlorophyllous variants are 
reported. ( b ) CO 

2
  exchanges at various light levels in 

 Cephalanthera damasonium , a green species where rare 
fully non-chlorophyllous albinos exist. Each  curve  is the 
mean of  fi ve individuals (M. Roy and M.-A. Selosse, 
unpublished data; see Julou et al.  2005  for site, material 
and methods). On the  right  a typical green  C. damaso-
nium  individual together with a non-chlorophyllous 
variant       
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partial MH than the  fi rst, which harbors the fully 
MH  P. aphylla  (Zimmer et al.  2007 ; Hynson 
et al.  2009b  )  and PMH  P. japonica  (Matsuda 
et al.  2012  ) .  

 The evolution to full mycoheterotrophy through 
partial mycoheterotrophy is thus reminiscent of 
the evolution of holoparasitic plants (= full het-
erotrophs) from hemiparasitic ancestors, as 
reported in the Orobanchaceae (Bennett and 
Mathews  2006  )  and Convolvulaceae (McNeal 
et al.  2007  ) . A common scenario for evolution of 
plant heterotrophy can be suggested (Table  8.1 ; 
Cameron and Leake  2007 ; Selosse and Roy  2009  ) , 
where biological interactions which only formerly 
selected for mineral nutrition allow (1) some indi-
rect mixotrophy, and then (2) select for emergences 
of full heterotrophy, directly targeting C. Basically, 
this is an exaptation from mineral to C nutrition by 
“baiting the feeding hand.” This scenario awaits 
con fi rmation from other taxa such as AM-MH 
plants that associate with one of the oldest extant 

mycorrhizal lineages of fungi on earth, the 
Glomeromycota (Selosse and Roy  2009  ) .  

 In terms of selective mechanisms, evolution-
ary transition to mycoheterotrophy can be fuelled 
by the fact that some PMH plants, at least in some 
environments, grow in young forests whose ini-
tially open canopies allows photosynthesis but 
tend to close due to ongoing succession. Thus, 
they undergo increasing shading that selects for 
more light-independent C supply (Selosse and 
Roy  2009  ) ; indeed, this may explain the conver-
gent evolution to full MH observed within the 
Neottieae (Fig.  8.2a ; Roy et al.  2009a  ) . In this 
tribe, full MH is never shown to be evolutionarily 
reversible, maybe due to loss of photosynthetic 
genes both in the plastid and nucleus. However, 
there are possible reversions from partial myco-
heterotrophy at adulthood to autotrophy at 
 adulthood. For example, the  Epipactis palustris-
gigantea  clade (Fig.  8.2a ) is autotrophic at adult-
hood, as shown by survival upon transplantation 

   Table 8.1    A convergent scenario for the evolution of heterotrophy in plants through mixotrophic steps that exploit a 
living source for mineral nutrients   

 Nutrition 
 Evolution to 
parasitism in plants: 

 Evolution to 
mycoheterotrophy  Positively selected for 

 #1 Autotrophy  Free-living, autotrophic 
non-mycorrhizal plant. 

 #2 Autotrophy  Hemiparasitic xylem 
tapping plants of its host 
mainly for mineral 
nutrition. 

 Mineral nutrition by mycorrhizal 
fungi shared with surrounding 
plants that also contribute to 
fungal nutrition. 

 improved and less costly 
mineral nutrition. 

 #3 Mixotrophy (low to 
high heterotrophy) a  

 Hemiparasitic xylem 
tapping plant tapping 
xylem accessing both 
minerals and carbon from 
its host. 

 Mixotrophic plant deriving 
mineral nutrients and some 
carbon from shared mycorrhizal 
fungi, but still photosynthetic. 

 improved carbon nutrition, 
improved tolerance 
to low light. 

 #4 Mixotrophy (high 
heterotrophy) a  

 Mixotrophic hemipara-
sitic plant with reduced 
photosynthetic abilities 
with improved growth 
and reproduction when 
associated with it’s host 
plant. 

 Partially mycoheterotrophic plant 
with reduced photosynthetic 
abilities. 

 improved carbon nutrition 
in low light. 

 #5 Full heterotrophy  Heterotrophic, nongreen 
plant, obtaining all its 
mineral nutrient and 
carbon supply by tapping 
the xylem and phloem of 
its host plant. 

 Mycoheterotrophic, nongreen plant 
obtaining all its mineral 
and carbon supply from fungi. 

 Complete carbon nutrition, 
even in absence of light. 

   a Possibility of survival for albino (=achlorophyllous) variants  
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(Sadovsky  1965  ) ,  13 C abundances indicative of 
autotrophy (Fig.  8.3 ), and association with rhizoc-
tonia fungi that are common associates of ini-
tially MH orchids (Bidartondo et al.  2004 ; 
Zimmer et al.  2007 ; Illyés et al.  2009  ) . Similarly, 
some green  Listera  species, despite close taxo-
nomic relatedness to  Neottia nidus-avis  and 
Asian MH species (Roy et al.  2009a  ) , are likely 
autotrophic as adults based on their  13 C abun-
dances (Fig.  8.3 ) and associations with rhizocto-
nias (Bidartondo et al.  2004  ) . Although Neottieae 
phylogenies remain poorly resolved, these clades 
are unlikely to be basal (Pridgeon et al.  2008 ; 
Roy et al.  2009a  ) , making reversion from partial 
mycoheterotrophy to autotrophy at adulthood the 
most parsimonious scenario, while multiple shifts 
to partial mycoherotrophy remain a possible, but 
less parsimonious, alternative. Reversion to auto-
trophy at adulthood is not unexpected, since 
 photosynthetic abilities remain in partial 
mycoheterotrophs.  

 Despite their successful survival, albinos 
observed in some orchid species show reduced 
 fi tness (Salmia  1986,   1989b ; Roy et al.  2012  ) , 
reduced demography as compared to green indi-
viduals (Abadie et al.  2006 ; Tranchida-Lombardo 
et al.  2010  ) , and more or less impaired vegetative 
traits (Salmia  1989b ; Julou et al.  2005  ) . Their 
lower basal metabolic rates (Julou et al.  2005 ; see 
CO 

2
  evolution in the dark on Fig.  8.2b ) suggest C 

limitation. They often display higher rates of 
mycorrhizal colonization (Salmia  1989a ; Selosse 
et al.  2004 ; Abadie et al.  2006  ) , a fact that could 
compensate for absence of photosynthesis, but it 
is unknown if more extensive colonization is 
linked to greater carbon gains. In a study of two 
 C. damasonium  populations with albino and 
green individuals (Roy et al.  2012  ) , albinos 
 comparatively displayed (1) more frequent shoot 
drying at time of fruiting, possibly due to sto-
matal dysfunctions, (2) higher frequency of dor-
mancy, and (3) fewer seeds, with lower 
germination capacity. This results in a 500–
1,000×  fi tness reduction as compared to green 
individuals. Among other  factors, two observed 
features were proposed to cause a C limitation 
and  fi tness reduction in these albinos: they dis-
played higher pathogen and  herbivore load, and a 

sharp reduction of mycorrhizal colonization at 
time of fruiting, which would likely be compen-
sated by photosynthesis in green individuals, but 
may be critical for the survival of albinos (Roy 
et al.  2012  ) . Albinos likely represent unique 
snapshots of failed transitions from partial myco-
heterotrophy to full mycoheterotrophy, and the 
analysis by Roy et al.  (  2012  )  suggests that suc-
cessful transitions at least require degeneration of 
leaves and stomata, optimization of the temporal 
pattern of fungal colonization and shoot sprout-
ing, and new defences against pathogens and her-
bivores. In Neottieae, albinos suggest that the 
transition from partial to full mycoheterotrophy 
cannot be sudden, and that additional traits are 
required to become successfully MH. Moreover, 
their absence in PMH Ericaceae suggests that the 
transition to full mycoheterotrophy can occur in 
lineages devoid of albinos, so that they are not a 
necessary step toward full mycoheterotrophy. 
Albinos are ecological equivalents to mutants in 
genetics, i.e., their dysfunctions may suggest 
what makes mycoheterotrophy successful. 
Although their determinism remains unknown, 
they offer fascinating models for comparing the 
physiology of mixo- and autotrophs within very 
similar genetic backgrounds. The options for 
physiological investigations on the transition 
from autotrophy to full mycoheterotrophy 
become even wider when including MH species 
possessing variegated leaves. In addition to the 
frequent green and rare albino forms of some 
orchid species, individuals with a continuous 
range between these extremes have episodically 
been found (Renner  1938 ; Salmia  1989b ; Stöckel 
et al.  2011  ) .  

    8.4.2   Initial Mycoheterotrophy-
Autotrophy 

 In contrast with full mycoheterotrophs, many 
plants are MH during and after seed/spore germi-
nation, but eventually develop into autotrophic 
individuals. While the duration of mycoheterotro-
phy in such species is relatively short, it remains 
an obligate and critical part of their life cycle. 
Most orchids (aside from a few hundred species 



  Fig. 8.3    Mean enrichment factors ( e , see Box  8.3 ) for 
 13 C and  15 N of ( a ) 16 green orchid species ( black symbols ) 
and 14 fully mycoheterotrophic (MH) orchid species 
( grey symbols , for further details see Fig.  8.1 ) belonging 
to the subfamily Epidendroideae and associated either 
with fungi from the polyphyletic rhizoctonia group or, 
fungi simultaneously forming ectomycorrhizas with sur-
rounding trees (EM-PMH and EM-MH) or with sapro-
trophic wood-decomposer fungi (SAP-MH) and of 
autotrophic reference plants (Ref,  n  = 765) collected 
together with each of the respective orchids and ( b ) of 44 
green orchid species belonging to the subfamily 
Orchidoideae and of autotrophic reference plants (Ref, 
 n  = 863) collected together with each of the respective 
orchids. The  boxes  represent one SD of the mean  e  values 
for the different groups of green and MH orchids and for 
the autotrophic reference plants. Abbreviations of the 
green orchid species belonging to the Epidendroideae and 
numbers of replicates ( n ) as following:  Cd  =  Cephalanthera 
damasonium  ( n  = 21);  Ce  =  C. erecta  ( n  = 3);  Cyl  =  C. 
longifolia  ( n  = 19);  Cr  =  C. rubra  ( n  = 7);  Cot  =  Corallorhiza 
tri fi da  ( n  = 9);  Cyg  =  Cymbidium goeringii  ( n  = 7);  Cl  =  C. 
lancifolium  ( n  = 6);  Ea  =  Epipactis atrorubens  ( n  = 11); 
 Ed  =  E. distans  ( n  = 4);  Eg  =  E. gigantea  ( n  = 5);  Eh  =  E. 
helleborine  ( n  = 18);  Ep  =  E. palustris  ( n  = 4); 
 La  =  Limodorum abortivum  ( n  = 10);  Lt  =  L. trabutianum  
( n  = 5);  Ln  =  Liparis nervosa  ( n  = 3);  Lo  =  Listera ovata  

( n  = 25). The data set of the green orchids belonging to the 
Orchidoideae includes the following species and repli-
cates ( n ):  Aceras anthropophorum  ( n  = 10),  Anacamptis 
laxi fl ora  ( n  = 5),  Barlia metlesicsiana  ( n  = 5),  B. rober-
tiana  ( n  = 5),  Cheirostylis montana  ( n  = 2),  Dactylorhiza 
majalis  ( n  = 4),  D. sambucina  ( n  = 11),  Gennaria diphylla  
( n  = 10),  Goodyera oblongifolia  ( n  = 18),  G. repens  ( n  = 5), 
 G. schlechtendaliana  ( n  = 1),  Gymnadenia conopsea  
( n  = 8),  Habenaria tridactylites  ( n  = 5),  Ludisia discolour  
( n  = 5),  Neotinea maculata  ( n  = 5),  Ophrys fuci fl ora  
( n  = 9),  O. insectifera  ( n  = 12),  O. apifera  ( n  = 5),  O. incu-
bacea  ( n  = 5),  O. sicula  ( n  = 5),  O. sphegodes  ( n  = 5), 
 Orchis brancifortii  ( n  = 5),  O. canariensis  ( n  = 5),  O. ich-
nusae  ( n  = 5),  O. laxi fl ora  ( n  = 5),  O. longicornu  ( n  = 5),  O. 
mascula  ( n  = 18),  O. morio  ( n  = 5),  O. papilionacea  ( n  = 5), 
 O. pauci fl ora  ( n  = 5),  O. provincialis  ( n  = 5),  O. purpurea  
( n  = 10),  O. tridentata  ( n  = 5),  O. ustulata  ( n  = 5), 
 Platanthera bifolia  ( n  = 7),  P. chlorantha  ( n  = 4),  P. leu-
costachys  ( n  = 13),  Serapias cordigera  ( n  = 5),  S. lingua  
( n  = 5),  S. nurrica  ( n  = 5),  S. parvi fl ora  ( n  = 10),  S. vomer-
acea  ( n  = 10),  Spiranthes spiralis  ( n  = 5), and  Zeuxine 
agyokuana  ( n  = 1). Data compiled from Gebauer and 
Meyer  (  2003  ) , Bidartondo et al .   (  2004  ) , Julou et al .  
 (  2005  ) , Abadie et al .   (  2006  ) , Tedersoo et al .   (  2007  ) , 
Zimmer et al .   (  2007,   2008  ) , Hynson et al .   (  2009a  ) , Roy 
et al .   (  2009a  ) , Liebel et al .   (  2010  ) , Motomura et al .   (  2010  )  
and Girlanda et al .   (  2011  )        
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that remain fully or PMH as adults) appear to be 
initially mycoheterotrophic-autotrophic (IMH), 
although direct evidence is available for only a 
small number of species. With over 20,000 spe-
cies in the Orchidaceae, the number of IMH spe-
cies is likely far greater than all fully and PMH 
species combined. Initial mycoheterotrophy-
autotrophy is not limited to the orchid family; 
however, additional taxa within the Ericaceae 
(Pyroleae), Lycopodiaceae, and several fern fam-
ilies appear to be IMH, as well (see Chap.   2    ). 

 MH seedlings and sporelings of IMH plants 
are typically subterranean and non-photosyn-
thetic; however, despite their cryptic nature, such 
germlings belonging to the Orchidaceae 
(Salisbury  1804  ) , Pyroleae (Irmisch  1855  ) , 
Ophioglossaceae (Hofmeister  1857  ) , and 
Lycopodiaceae (Mettenius  1856  )  had already 
been observed by the nineteenth century. Like 
fully MH plants, they were often erroneously 
described as “saprophytic” (Leake  2005  ) . The 
understanding of IMH orchid seedlings advanced 
in the late nineteenth to early twentieth centuries, 
with discoveries by Noël Bernard (Bernard  1899 ) 
that fungal symbionts are necessary for the het-
erotrophic growth of orchid seedlings, Beau 
 (  1920  )  that growth of symbiotic orchid seedlings 
occurs only when the fungi have access to a C 
source, and Bernard  (  1908  )  and Knudson  (  1922  )  
that orchid seedlings exhibit asymbiotic growth 
on media enriched with simple sugars. More 
recently, studies involving labeled and naturally 
abundant isotopes have indicated that adult plants 
of photosynthetic orchid spp., as has generally 
been assumed, are usually autotrophic (Gebauer 
and Meyer  2003 ; Cameron et al.  2006,   2008 ; 
Hynson et al.  2009a ; Liebel et al.  2010 ; Girlanda 
et al.  2011  ) . Autotrophy at adulthood is indicated 
by  13 C natural abundance for the majority of 
green species from the subfamily Orchidoideae 
investigated thus far (Fig.  8.3b ) and for species 
from the subfamily Epidendroideae that are 
solely associated with fungi of the polyphyletic 
rhizoctonia group (Fig.  8.3a ). While isotopic evi-
dence for initial mycoheterotrophy-autotrophy is 
not yet available for most putatively IMH taxa, 
this lifestyle can be inferred by characteristic dust 
seed morphology (in angiosperms), subterranean 

and non-photosynthetic germling development, 
consistent association of germlings with fungi, 
absence of hemiparasitic interactions, and photo-
synthetic, readily cultivated adults. 

    8.4.2.1   Initial Mycoheterotrophy-
Autotrophy in the Orchidaceae 

 Like fully MH angiosperms, initially myco-
heterotrophic-autotrophic orchids (IMHOs) have 
highly reduced “dust seeds” which contain an 
embryo but no endosperm (see Chap.   5    ). 
Germination occurs when the embryo enlarges 
enough to rupture the testa, with the seedling at 
this stage known as a protocorm. Seeds of IMHOs 
may be stimulated to germinate by host or non-
host fungi, or may germinate in the absence of 
fungi all together (Downie  1959 ; Hadley  1970 ; 
Warcup  1973 ; Rasmussen  1995  ) ; however, fur-
ther protocorm growth is usually dependent on 
mycoheterotrophy. Protocorms of most terrestrial 
IMHOs are subterranean, non-photosynthetic, 
and unambiguously MH. While protocorms of 
many epiphytic and some terrestrial species are 
super fi cial and green, they usually cannot prog-
ress beyond germination without a fungal host 
(or exogenous supply of sugar). A small number 
of terrestrial species (e.g., in the genera  Disa  
(Section  Disa ,  Bletilla , and  Sobralia ) have been 
observed to germinate and develop to the leafy 
stage without host fungi (Burgeff  1959  ) . However, 
it has been suggested that seedling development 
in some of these taxa occurs more rapidly with 
fungal symbionts than without. 

 Shoot production in symbiotically cultured 
seedlings frequently occurs within several months 
of germination (Warcup  1973 ; Muir  1989 ; 
reviewed in Rasmussen  1995  ) , though the  fi rst leaf 
may not emerge until the second growing season 
in some temperate spp. (e.g., Zettler et al.  2001 ; 
Sharma et al.  2003  ) ; production of the  fi rst root 
usually occurs concurrently or shortly thereafter. 
Early  fi eld reports suggesting IMHO seedlings 
remain underground and MH for several years 
(e.g., Curtis  1943  )  were based on conjectural inter-
pretation of seedling “growth segments”; as MH 
periods of similar duration have not been observed 
in symbiotic cultural studies, it would appear that 
such claims are exaggerated. Whether seedlings 

http://dx.doi.org/10.1007/978-1-4614-5209-6_2
http://dx.doi.org/10.1007/978-1-4614-5209-6_5
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become fully autotrophic upon emergence of the 
 fi rst leaf or remain PMH for a period of time 
thereafter is not known. However, asymbiotic 
seedlings propagated following Knudson’s  (  1922  )  
protocol are commonly removed from sugar-
enriched media when they have well-developed 
shoots and roots, apparently transitioning readily 
from partial/full heterotrophy to full autotrophy. 

 With very few exceptions (e.g., McCormick 
et al.  2004  ) , host fungi of IMHO seedlings 
belong to  Ceratobasidium sensu lato  (incl. 
 Thanatephorus ),  Tulasnella , and the Sebacinales 
(Dearnaley et al.  2012  ) . Before Warcup and 
Talbot  (  1967  )  identi fi ed the perfect states of host 
fungi in culture, the identity of such fungi was 
hidden behind the veil of the morphologically 
de fi ned, asexual genus  Rhizoctonia , now known 
to be polyphyletic. Identi fi cation of host fungi 
has at times been further confounded by the pro-
pensity of IMHO seeds to germinate—and even 
for protocorms to undergo limited MH develop-
ment—with non-host fungi, and of adult plants to 
allow peloton-formation of such fungi in their 
roots. These fungi may include rhizoctonia strains 
capable of hosting seedlings of other orchid spe-
cies (Harvais and Hadley  1967  ) , as well as 
Basidio- and Ascomycota not known to host 
seedlings of any orchid species (Currah et al. 
 1997 ; Vujanovic et al.  2000 ). Consequently, true 
host fungi of IMHOs are most appropriately 
identi fi ed as those supporting seedling develop-
ment to the  fi rst leaf stage (e.g., Warcup  1973 ; 
Zettler and Hofer  1998  ) . 

 Host speci fi city of IMHO seedlings is vari-
able; while some IMHO species are highly host-
speci fi c (e.g., Wright et al.  2010 ; Phillips et al. 
 2011  ) , compatibility with multiple strains of 
 Ceratobasidium  and/or  Tulasnella  is not uncom-
mon (Hadley  1970  ) . However, compatibility with 
 Tulasnella  and Sebacinales has only been 
observed in  Microtis  spp. (Warcup  1981 ; Milligan 
and Williams  1988 ; Bonnardeaux et al.  2007  ) . 
 Ceratobasidium  and  Tulasnella , by far the most 
common hosts of IMHOs, are thought to be pre-
dominantly SAP and/or pathogenic (Rasmussen 
 2002  ) , though some lineages can be EM 
(Bidartondo et al.  2003 ; Yagame et al.  2012  ) , and 
the ecology of these genera deserves further 

study. Sebacinales are known as hosts of IMHO 
seedlings within the Caladeniinae and occasion-
ally the Prasophyllinae and Acianthinae (three 
closely related and predominantly Australian 
subtribes within the Diuridae). Sebacinales have 
been implicated in a wide variety of mycorrhizal 
and non-mycorrhizal (endophytic) interactions 
with plants (Selosse et al.  2009 ; Weiss et al. 
 2011  ) , though notably, almost all such hosts of 
IMHOs belong to Sebacinales clade B, a group 
that is endophytic in many plants (Weiss et al. 
 2004 ; Selosse et al.  2009  ) . 

 In symbiotic culture, growth of IMHO seed-
lings commonly occurs when C is available to 
host fungi in the form of starch or cellulose, and 
there is  fi eld evidence that organic matter may 
enhance germination in the presence of host fungi 
(McCormick et al.  2012  ) . The extent to which C 
from living plants—acquired by orchid host fungi 
as pathogens or endophytes—may contribute to 
IMHO seedling development in nature is 
unknown. Unlike  Ceratobasidium  and  Tulasnella  
spp., Sebacinales are often dif fi cult to culture, 
suggesting relatively poor SAP capability. 
Nevertheless, they may consume dead plant tis-
sues (Zuccaro et al.  2011  )  and are capable of sup-
porting IMHO seedling development in vitro via 
utilization of starch (Warcup  1981 ; Ramsay et al. 
 1986    ; Bonnardeaux et al.  2007 ; Wright et al. 
 2009  ) . Seedlings of  Microtis  spp., which are 
sometimes compatible with EM sebacinoid hosts 
(Warcup  1988  ) , are the only known examples of 
EM-hosted IMHOs. However, given the recent 
discovery of EM  Ceratobasidium  and  Tulasnella  
strains hosting fully and PMH orchids 
(Mursidawati  2004 ; Bougoure et al.  2009,   2010 ; 
Yagame et al.  2008b,   2012  )  and a fully MH liver-
wort (Bidartondo et al .   2003  ) , respectively, it is 
possible that IMHO seedlings are hosted by EM 
fungi in additional genera.  

    8.4.2.2   Isotopic Evidence for Initial 
Mycoheterotrophy-Autotrophy 
in Orchidaceae 

 Cameron et al.  (  2006,   2008  )  demonstrated recip-
rocal transport of labeled C between adult, photo-
synthetic plants of  Goodyera repens  and their 
 Ceratobasidium  symbiont, with more than  fi ve 
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times as much C transferred from plant to fungus 
as in the opposite direction. These  fi ndings suggest 
the direction of net C  fl ow may reverse as seed-
lings transition from mycoheterotrophy to auto-
trophy. Although Cameron et al. did not con fi rm 
that the fungal symbiont associated with adult 
plants is capable of hosting MH development of 
conspeci fi c seedlings, this has frequently been 
found in other studies of  Goodyera  spp. 
(Rasmussen  1995 ; McCormick et al.  2004  ) . It 
should be noted, however, that the placement 
within the subfamily Orchidoideae of taxa capable 
of reciprocal C transfer is not suf fi cient to support 
that the trait is ancestral to the orchid family; iso-
topic data from taxa in the Apostasioideae, 
Vanilloideae, and Cypripedioideae are needed in 
order to determine the evolutionary polarity of 
this trait. Further, the repeated acquisition of EM 
hosts by partially and fully MH orchids, as stated 
above, suggests an innate ability to exploit C of 
fungi with which they had no apparent preexisting 
mutualism. 

 Natural abundance  13 C and  15 N data indicate 
that adult IMHOs may, as expected, exhibit  13 C 
and  15 N abundances equivalent to autotrophic ref-
erence plants (Fig.  8.3 ). More often, however, 
they are signi fi cantly depleted in  13 C and/or 
enriched in  15 N (Fig.  8.3 ). Hynson et al.  (  2009a  )  
suggest that because adult individuals of 
 Goodyera  spp. exhibit such  13 C depletion 
(Fig.  8.3b ), it may result from the net C transfer 
from plant to fungus, as documented in  G. repens  
by Cameron et al.  (  2006,   2008  ) . Given that  13 C 
depletion has been found in other spp. within the 
Orchideae (Liebel et al.  2010  ) , it is possible that 
reciprocal C transfer occurs in additional taxa. 

 Why C transfer from orchids to fungi might 
result in  13 C depletion relative to autotrophic ref-
erence plants (which also participate in such 
transfer) is not known. It is possible that physio-
logical differences in C transfer pathways 
between orchids and SAP  Ceratobasidium/
Tulasnella  fungi and non-orchid reference plants 
and EM fungi result in different patterns of  13 C 
natural abundance in these groups of plants. The 
mechanism by which adults of some IMHOs are 
enriched in  15 N, typically to a level intermediate 
between autotrophic and MH reference plants 

(Fig.  8.3 ), is also unknown. Liebel et al.  (  2010  )  
suggest such species may continue to obtain 
N via a pathway analogous to that in fully MH 
plants, resulting in  15 N enrichment, but that con-
current  13 C enrichment of plant tissue may be 
counteracted by simultaneous transfer of  13 C 
from plant to fungus. This suggestion is sup-
ported by the  fi nding of signi fi cantly increased 
total N concentrations in many IMHOs in com-
parison to accompanying reference plants 
(Gebauer and Meyer  2003 ; Abadie et al.  2006 ; 
Liebel et al.  2010 ; see also Sect.  8.6.1 ). 

 While it has been assumed that cultivable, 
 Ceratobasidium / Tulasnella- hosted orchid species 
are invariably IMH, Liebel et al.  (  2010  )  and 
Girlanda et al.  (  2011  )  found levels of natural  13 C 
enrichment consistent with partial mycoheterotro-
phy in adult plants of several such species 
(Fig.  8.3b ). While these taxa represent a minority 
of the orchids investigated thus far, the discovery 
of their trophic status suggests the total number of 
IMHO species may be signi fi cantly smaller than 
previously expected. Further, the known cultiva-
bility of some of the study taxa suggests that 
partial mycoheterotrophy in the adults is faculta-
tive rather than obligate, in which case initial 
mycoheterotrophy-autotrophy and initial myco-
heterotrophy-partial mycoheterotrophy may not 
represent mutually exclusive categories. 
Additionally, the association of these orchids with 
 Ceratobasidium  and  Tulasnella  suggest that par-
tial mycoheterotrophy in adult orchids may not 
always be accompanied by a switch to EM hosts, 
though the ability to form mycorrhizal networks 
among the strains identi fi ed by Liebel et al.  (  2010  )  
and Girlanda et al.  (  2011  )  is not yet known. 

 Among putatively IMHOs, natural abundance 
stable isotope analyses have largely been limited 
to species that are (1) hosted by  Ceratobasidium  
and/or  Tulasnella , (2) members of the 
Orchidoideae and Epidendroideae subfamilies, 
and (3) terrestrial. Given the utility of these anal-
yses in con fi rming the trophic status of photosyn-
thetic adults, they deserve to be more widely 
applied to species that are hosted by Sebacinales 
members of the Apostasioideae, Vanilloideae, 
and Cypripedioideae subfamilies; and/or epiphytic 
species. However, a potentially confounding 
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 factor for examining partial mycoheterotrophy 
among epiphytic orchids is that many of these 
species are either obligate or facultative CAM 
(crassulacean acid metabolism) plants (Neales 
and Hew  1975 ; Motomura et al.  2008 ; Silvera 
et al.  2010  ) . Plants that rely on the CAM photo-
synthetic pathway are enriched in  13 C compared 
to those that utilize C3 photosynthesis. Thus, 
based on their C stable isotope pro fi les some epi-
phytic CAM orchids may, like PMH orchids, be 
enriched in  13 C even though they do not rely on 
fungi to meet their C demands. While analyses of 
IMHO seedlings have not yet been published, it 
would seem that these seedlings are likely to 
exhibit enrichment in  13 C and  15 N similar to fully 
MH plants. Enrichment in  13 C and  15 N compared 
to surrounding autotrophs has been observed in 
some adult orchids associated with  Ceratobasidium  
and  Tulasnella  (Liebel et al.  2010 ; Girlanda et al. 
 2011  ) , the most common hosts of IMHO 
seedlings.  

    8.4.2.3   Initial Mycoheterotrophy-
Autotrophy in Pyroleae 

 The Pyroleae have dust seeds that, like most ter-
restrial orchids, germinate underground and 
develop into MH seedlings. While such subter-
ranean, non-photosynthetic seedlings, made up 
of root-like organs, have been observed in culture 
(Lihnell  1942  )  and in the  fi eld (Irmisch  1855 ; 
Velenovsky  1892  ) , the duration of initial myco-
heterotrophy remains unknown. The few data 
available indicate that individual seedlings of two 
species of Pyroleae,  Pyrola chlorantha  and 
 Orthilia secunda,  are hosted by fungi in 
Sebacinales clade B ( sensu  Weiss et al.  2004  ) , and 
a suite of EM fungi (N.A. Hynson unpublished; 
Smith and Read  2008  ) . When investigating the 
fungal hosts to seedlings of  P. asarifolia  in Japan, 
Hashimoto et al.  (  2012  )  found a higher degree of 
host speci fi city for fungi only in Sebacinales 
clade B. However, seedlings of  Pyrola chloran-
tha  and  Orthilia secunda  have also been found to 
associate with ectomycorrhizal Sebacinales fungi 
from clade A (N.A. Hynson unpublished). It is 
surprising that single seedlings associate with 
single fungal hosts, and that some appear to be 
rather speci fi c to non-EM fungi given that adult 

Pyroleae commonly associate with a diversity of 
EM fungi (Tedersoo et al.  2007 ; Zimmer et al. 
 2007 ; Vincenot et al.  2008 ; Hynson and Bruns 
 2009 ; Toftegaard et al.  2010  ) . 

 With the exception of the fully MH  Pyrola 
aphylla  (Zimmer et al.  2007 ; Hynson et al. 
 2009b  ) , many adult Pyroleae are leafy and pri-
marily dependent on photosynthesis. Partial 
mycoheterotrophy in adult plants is frequently 
inconsistent between conspeci fi c populations, 
with some individuals signi fi cantly more enriched 
in  13 C than autotrophic reference plants and oth-
ers not (see Sect.  8.4.3 ; Tedersoo et al.  2007 ; 
Zimmer et al.  2007 ; Hynson et al.  2009b  ) . 
Nevertheless, the populations that appear to be 
primarily dependent on photosynthetic C gains 
upon reaching adulthood, together with the sur-
vival of adult plants in cultivation (e.g., Hunt and 
Hope-Simpson  1990  ) , suggests that some adult 
Pyroleae may be facultatively, if not consistently, 
autotrophic. Clearly, this group of plants deserves 
further investigation into the trophic status of 
adult individuals.  

    8.4.2.4   Initial Mycoheterotrophy-
Autotrophy in Other Taxa 

 A number of taxa in the Lycopodiaceae, 
Psilotaceae, Ophioglossaceae, Schizaeaceae, and 
Gleicheniaceae have unambiguously MH game-
tophytes and preemergent sporophytes (Boullard 
 1979  ) . With few exceptions, adult sporophytes 
are consistently photosynthetic, and many can be 
cultivated. It appears that many of these taxa may 
be IMH, although the trophic status of adult 
sporophytes under  fi eld conditions has yet to be 
investigated (see Sect.  8.4.3 ).   

    8.4.3   Initial Mycoheterotrophy- 
Partial Mycoheterotrophy 

 Contrasting with the previous scenario where 
adult plants are fully autotrophic, several species 
that turn green at adulthood after MH seedling 
development were discovered to remain PMH, 
i.e., maintain a C  fl ow from the fungus to the plant 
over their whole lifespan. Although orchids were 
instrumental in the emergence of the concept, the 
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phenomenon is now suspected, and partly dem-
onstrated, to be more widespread (Tedersoo et al. 
 2007 ; Zimmer et al.  2007 ; Cameron and Bolin 
 2010 ; reviewed in Selosse and Roy  2009  ) . 

    8.4.3.1   Discovery of Partial 
Mycoheterotrophy in Adult 
Orchids 

 The suspicion of partial mycoheterotrophy came 
from two lines of observation in species of the 
Neottieae orchid tribe: unique C and N isotope 
natural abundances compared to autotrophic ref-
erence plants, and existence of achlorophyllous, 
albino individuals in otherwise green species. 
Gebauer and Meyer  (  2003  )  discovered unex-
pected isotope abundances in some forest orchids, 

with  13 C and  15 N abundances intermediate 
between those of autotrophic reference plants 
and full mycoheterotrophs from the same site. 
This was con fi rmed for additional European, 
North American and Asian species by several 
studies (Fig.  8.3a ; Bidartondo et al.  2004 ; Julou 
et al.  2005 ; Abadie et al.  2006 ; Tedersoo et al. 
 2007 ; Zimmer et al.  2007 ; Liebel et al.  2010 ; 
Motomura et al.  2010  ) . Stable isotope analyses 
from putative PMH plants have also been used to 
calculate these plants degree of heterotrophy 
(Table  8.2 , Box  8.4 ).  

 Independent observations that some fully 
achlorophyllous individuals (= albinos), with 
colors ranging from white to pinkish due to 
anthocyanins (Fig.  8.4a, b ), indicated partial 

   Table 8.2    Mean proportional C and N gains from fungi via mycoheterotrophy (Cd [%] and N df  [%] ± 1 SD) by green 
orchids from the subfamily Epidendroideae and green pyroloids (Ericaceae) based on the data of all so far published 
literature (see Figs.  8.3  and  8.5 ) and on the linear two-source isotopic mixing model (Box  8.4 ) with fully EM-MH 
orchids or Ericaceae species used as the upper end point of the model representing 100% C and N gains via myco-
heterotrophy, respectively   

 Species  Association with EM fungi  N 
df
  (%)  C 

df
  (%)   n  

 Orchidaceae 
  Cephalanthera damasonium   +   98 ± 21   65 ± 24  21 

  C. erecta   ?     56 ± 17  30 ± 6  3 

  C. longifolia   +  71 ± 21  38 ± 22  19 

  C. rubra   +  56 ± 8  16 ± 14  7 

  Corallorhiza tri fi da   +  53 ± 10  84 ± 12  9 

  Cymbidium goerginii   +  67 ± 33  49 ± 32  7 

  C. lancifolium   +   97 ± 9   55 ± 26  6 

  Epipactis atrorubens   +   94 ± 30   28 ± 19  11 

  E. distans   +  142 ± 32   29 ± 23   4 

  E. helleborine   +   113 ± 38   36 ± 33  18 

  Limodorum abortivum   +  129 ± 27  62 ± 6  10 

  L. trabutianum   +   99 ± 30   56 ± 13  5 

  Epipactis gigantea   −  27 ± 6  −14 ± 8  5 

  E. palustris   −  30 ± 3   0 ± 7   4 

  Liparis nervosa   −  18 ± 10   21 ± 21   3 

  Listera ovata   −  27 ± 16   6 ± 20   25 

 Ericaceae 
  Chimaphila umbellata   +  61 ± 19   0 ± 20   36 

  Orthilia secunda   +  45 ± 16  33 ± 20  17 

  Pyrola chlorantha   +  67 ± 26  20 ± 18  17 

  P. minor   +  33 ± 13   −4 ± 12   9 

  P. picta   +  73 ± 13   6 ± 23   54 

  P. rotundifolia   +  68 ± 5  55 ± 7  6 

   Note : N 
df
  data in  italics  are not signi fi cantly distinguished from 100%. C 

df
  data in  italics  are not signi fi cantly distin-

guished from 0%  
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mycoheterotrophy in some orchids. The surviv-
ing of such individuals in species that are 
normally green, especially from the Neottieae 
tribe, hinted at partial heterotrophy in these spe-
cies. Albinos occur especially frequently in the 
genera  Epipactis  (Beau  1920 ; Renner  1938 ; 

Salmia  1986,   1989a,   b ; Selosse et al.  2004  )  and 
 Cephalanthera  (Renner  1938 ; Julou et al.  2005 ; 
Abadie et al.  2006 ; Stöckel et al.  2011  ) . In some 
populations, the phenotype remains stable for 
green individuals and nearby albinos over many 
years (Renner  1938 ; Tranchida-Lombardo et al. 

  Box 8.4 The Linear Two-Source Mixing Model 

Approach 

 Stable isotope natural abundance data not only 
contain qualitative information about the C 
and N origin from different sources in the var-
ious types of MH plants, but are also a tool to 
estimate the proportions of C and N gained 
from different sources by PMH plants. Stable 
isotope natural abundance data and mixing 
model approaches have already frequently 
been used in a broad range of ecological  fi eld 
investigations to partition the origin of differ-
ent nutrient sources utilized by various kinds 
of organisms (see Fry  2006  ) . In our speci fi c 
case we have to distinguish between two kinds 
of sources for C or N. For C the sources are 
quite obvious. PMH plants can gain C from 
photosynthesis and organic C compounds 
from their fungal hosts. For N the nature of the 
sources is less clear, because N uptake through 
the roots of terrestrial plants is usually medi-
ated by mycorrhizal fungi irrespective of 
whether these plants are autotrophs or full or 
partial mycoheterotrophs. Nonetheless, it is 
obvious that there must be a distinction 
between N compounds gained by autotrophic 
and MH plants through their fungal associ-
ates. Otherwise, autotrophic and fully MH 
plants would not be distinguished by their N 
isotope signatures. Though the nature of N 
compounds utilized by autotrophic and MH 
plants is not fully understood, we can use their 
different N isotope signatures to estimate the 
contribution of either of these N fractions to 
cover the N demand of PMH plants. The fact 
that we have to consider only two kinds of 
sources provides the opportunity to use the 
most simple type of mixing model approaches, 
namely the linear two-source mixing model. 

This model requires as endpoints information 
about the isotopic composition of the two 
respective sources potentially utilized by a 
PMH plant and assumes that these sources are 
mixing in a linear manner in the tissue of the 
target plant. The mixing model approach in 
our case furthermore assumes (1) that the iso-
topic composition of the C source from photo-
synthesis and the isotopic composition of the 
N gained by autotrophic plants as one of the 
two endpoints are  represented  by the isotopic 
composition of fully autotrophic reference 
plants living in close spatial proximity and 
under identical micro climate conditions as 
the PMH target plant (=0% C or N gain of MH 
origin) and (2) that the isotopic composition 
of C and N gained from MH nutrition through 
the fungal source as the other endpoint is  rep-
resented  by fully MH orchids or Ericaceae, 
respectively (=100% C or N gain of myco-
heterotrophic origin). According to this model 
the C and N isotope signature of PMH plants 
should range between the two endpoints and 
the proportional C and N gain from the source 
utilized by mycoheterotrophs can be calcu-
lated according to

    
δ − −δ

=
ε

PMH Ref
df

MH

( x x )
%x 100   

with % x  
df 
 as percentage of C or N in the tissue 

of a PMH plant derived through MH nutrition 
from fungi,  d x 

PMH
  as the individual  d  13 C or 

 d  15 N value of a PMH plant,  d  x  
Ref

  as the mean 
 d  13 C or  d  15 N value of autotrophic reference 
plants from a certain study site, and  e  

MH
  as the 

mean enrichment factor of fully MH plants 
relative to obligate autotrophic reference 
plants from the same site (Gebauer and Meyer 
 2003  ) . 
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  Fig. 8.4    ( a ) Albino  Cephalanthera rubra  (courtesy of 
J.-P. Amardeihl); see also Fig.  8.2b  for albino  C. damaso-
nium . ( b ) Variegated individual of  Epipactis helleborine  
(photo M.-A. Selosse). ( c ) Correlation between relative 
enrichments in  13 C ( e , see Box  8.3 ) and mean light avail-
ability for two PMH and one fully mycoheterotrophic 
(MH) orchid species and for autotrophic reference plants. 
Regression lines (±95% con fi dence intervals) represent 

the range of isotope signatures of autotrophic plants 
including the initially mycoheterotrophic (IMH) orchid 
 Cypripedium calceolus  ( green ), of the two PMH orchids 
 Cephalanthera damasonium  ( light red ) and  C. rubra  
( dark red ) and of the MH orchid  Neottia nidus-avis  ( blue ). 
 Arrows  indicate the variable proportions of C derived 
from fungi (C 

df
 ) or photosynthesis (C 

dp
 ), respectively 

(reproduced with permission from Preiss et al.  2010  )        
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2010), up to 14 years for albinos (Abadie et al. 
 2006  ) , while in others, variegated individuals or 
reversion to green shoots can occur (Salmia 
 1986 ; Stöckel et al.  2011 ; Fig.  8.4a, b ). Although 
they tend to perform less well than green indi-
viduals (as stated above, see Sect.  8.4.1 ), some 
albinos form  fl owers and fruits (Salmia  1986, 
  1989a,   b ; Julou et al.  2005 ; Tranchida-Lombardo 
et al.  2010  ) . Albinos were suggested to depend 
on their mycorrhizal fungi for C nutrition 
(Selosse et al.  2004  ) : Beau  (  1920  ) , having 
observed albino  Epipactis  and  Cephalanthera  
spp. nearly one century ago, wrote that “the 
exact complementation of the photosynthetic 
function by the symbiosis permits us to under-
stand how green orchids can exceptionally grow 
and  fl ower in more or less etiolating conditions” 
(see also Renner  1938  ) . Indeed, most of these 
species tend to inhabit shaded forest sites. 
Albinos’ mycoheterotrophy is now further cor-
roborated by the demonstration of their low 
chlorophyll content and lack of CO 

2
  absorption 

in the light (Fig.  8.4b ; Julou et al.  2005  ) ; con-
gruently, they display  13 C enrichment similar to 
that of fully MH plants (Fig.  8.1 ; Julou et al. 
 2005 ; Abadie et al.  2006  ) . This supported the 
likelihood of partial mycoheterotrophy in green 
conspeci fi cs (Selosse et al.  2004 ; Julou et al. 
 2005  ) . Accordingly, survival of albinos is also 
reported from green parasitic plants such as 
 Striga hermonthica  (Press et al.  1991  )  that use 
other plants’ sap to support part of their C needs 
(see Sect.  8.4.1  and Table  8.1 ).  

 Moreover, some green orchids were found to 
have high  13 C abundance, which correlates with 
the potential for mycoheterotrophy via their EM 
fungal partners (Bidartondo et al.  2004 ; see also 
Dearnaley et al.  2012 , for review). These orchid 
species also have a trend to low or no coloniza-
tion by rhizoctonias. However, many orchids 
from more or less open environments associate 
with rhizoctonias mainly but occasionally display 
EM fungi, e.g.  Cypripedium  (Shefferson et al. 
 2005,   2007  ) ,  Gymnadenia  (Stark et al.  2009  ) , or 
 Orchis  (Liebel et al.  2010 ; Lievens et al.  2010 ; 
Girlanda et al.  2011  ) . These associates were 
likely hidden in studies based on fungal cultiva-
tion, because EM fungi do not grow easily in 

culture, and may even be discarded as “molecular 
scraps” in some molecular studies (Selosse et al. 
 2010  ) , but, as suggested by Girlanda et al.  (  2011  ) , 
they could allow a C  fl ow to the plant, at least in 
some light environments. 

 PMH Neottieae display various levels of 
speci fi city to non-rhizoctonia fungi that are 
known to form EM associations with forest trees: 
most  Epipactis  species show a preference for 
Pezizomycetes related to truf fl es, sometimes 
with additional fungi (Bidartondo et al.  2004 ; 
Selosse et al.  2004 ; Ouanphanivanh et al.  2008 ; 
Ogura-Tsujita and Yukawa  2008 ; Shefferson 
et al.  2008 ; Liebel et al.  2010  ) ;  Cephalanthera  
species display a large fungal spectrum includ-
ing Cortinariaceae, Hymenogastraceae and 
Thelephoraceae (Bidartondo et al.  2004 ; Julou 
et al.  2005 ; Abadie et al.  2006 ; Matsuda et al. 
 2008 ; Yamato and Iwase  2008  )  whereas  Russula  
are speci fi c associates of  Limodorum  species 
(Girlanda et al.  2006 ; Liebel et al.  2010  ) . This is 
much reminiscent of the EM fungal associates in 
many fully MH orchids (see Sect.  8.3.1 ). A simi-
lar feature occurs in Japanese  Cymbidium  spe-
cies (Motomura et al.  2010 ; Ogura-Tsujita et al. 
 2012  ) . The MH  C. macrorhizon  and  C. aberrans  
exclusively associate with EM taxa (Russulaceae, 
Thelephoraceae, and Sebacinaceae), the green  C. 
lancifolium  and  C. goeringii , which have  13 C 
abundances indicative of partial mycoheterotro-
phy (Fig.  8.3a ), associate simultaneously with 
EM taxa and Tulasnellaceae. However, there is 
evidence that Ceratobasidiaceae species alone 
can support the ex situ growth of  C. goeringii , 
although the heterotrophy level of these individ-
uals and ecology of these fungi remain unknown 
Wu et al.  2010  ) . The pattern is further compli-
cated by the fact that some orchids associated 
with potentially EM taxa have not demonstrated 
partial mycoheterotrophy (Waterman et al.  2011  ) , 
and that a few rhizoctonia lineages within the 
Sebacinales (Selosse et al.  2004  ) , the 
Tulasnellaceae (Bidartondo et al.  2003  )  or the 
Ceratobasidiaceae (Bougoure et al.  2009  )  have 
EM abilities. Indeed, EM  Ceratobasidium  asso-
ciate with the PMH  Plantanthera minor  and 
autotrophic trees such as  Pinus densi fl ora  
(Yagame et al.  2008b,   2012  ) . Surrounding trees 
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are thus likely to be the ultimate C source of all 
known PMH orchids, and the availability of EM 
fungi could be a limitation for the geographic 
distribution of partial mycoheterotrophy (Liebel 
et al.  2010  ) . The reason why non-EM rhizocto-
nia, which support MH seedling development in 
green orchids, only support minor MH gains in 
adult orchids (Liebel et al.  2010 ; Girlanda et al .  
 2011  )  remains unclear: one interpretation is that 
they may not be capable of transferring a suf fi cient 
amount of C to support adult orchid individualss 
(Taylor and Bruns  1997 ; Martos et al.  2009  ) , but 
there is no direct evidence for this. 

 Experiments carried out by Sadovsky  (  1965  ) , 
at a time European protection laws did not forbid 
destructive manipulation of native orchids, 
and in repeated attempts to transplant various 
orchids, he listed some species that did not sur-
vive the process. The list interestingly mixes 
full mycoheterotrophs (such as  Neottia nidus-
avis ) and PMH species ( Corallorhiza tri fi da , 
 Cephalanthera ,  Limodorum , and  Epipactis  spp.), 
suggesting that in these cases, disconnecting the 
fungus from its resources (=nearby mycorrhizal 
tree roots) entailed plant death. 

 Within the Epidendroideae (Fig.  8.3a ), partial 
mycoheterotrophy is not limited to the Neottieae. 
It also occurs in the genus  Cymbidium  ( tribe  
Cymbidieae) as stated above, and in the interest-
ing case of  Corallorhiza tri fi da  (tribe Calypsoeae). 
Despite being lea fl ess and having only chloro-
phyllous stems and seed capsules  Corallorhiza 
tri fi da , in contrast to all other species of its genus 
(Freudenstein and Doyle  1994  ) , is not fully MH 
upon reaching adulthood (Zimmer et al.  2008 ; 
see also Sect.  8.5.1 ). PMH species with appar-
ently low heterotrophy levels were found among 
Mediterranean and Macaronesian orchids from 
the tribe Orchideae (such as  Barlia robertiana , 
 Gennaria diphylla ,  Habenaria tridactylites , and 
 Orchis purpurea ; Fig.  8.3b ; Liebel et al.  2010 ; 
Girlanda et al.  2011  ) . Interestingly,  G. diphylla  is 
associated with EM fungi (Liebel et al.  2010  ) , 
and it is possible that some Tulasnellaceae and 
Ceratobasidiaceae found in association with other 
orchid taxa (Liebel et al.  2010 ; Girlanda et al. 
 2011  )  are EM as well. 

 The situation is more complicated in 
Orchidoideae (Fig.  8.3b ), where some green 
species show  13 C depletion compared to 
surrounding autotrophs (Hynson et al.  2009a  ) . 
This is especially pronounced for  Goodyera 
repens  (Fig.  8.3b ), which is demonstrated to be 
autotrophic and to transfer C to its fungal associ-
ate (Cameron et al.  2008  ) . Finding a relevant 
autotrophic baseline in terms of  13 C abundance is 
thus dif fi cult for Orchidoideae phylogenetically 
related to  Goodyera  spp.: using the surrounding 
green plants that are enriched in  13 C relative to 
autotrophic  Goodyera  spp. may underestimate 
the heterotrophy level of adult PMH plants in 
some Orchidoideae. Nevertheless, even using 
such a baseline, partial mycoheterotrophy was 
successfully demonstrated in the Japanese 
 Platanthera minor  (Yagame et al.  2012  ) , and in 
 Cheirostylis montana  from Thailand (Roy et al. 
 2009a ; Fig.  8.3b ), suggesting the need for more 
investigations to  fi nd PMH Orchidoideae within 
North America and Europe. Thus, many, if not 
all, orchid taxa appear predisposed to partial 
mycoheterotrophy (as well as to full myco-
heterotrophy), perhaps because of their required 
MH germination. 

 We currently have no data on the impact of adult 
PMH plants on their associated fungi (exact load of 
the C loss, existence of any reward such as nutrients 
and/or protection). If one assumes, as suggested by 
C  fl ow, that the plant is parasitic on the fungus, then 
some con fl icts may occur and fungi may undergo 
selection to avoid this parasitism. In initial myco-
heterotrophy-autotrophy, the interaction maybe 
positively selected on the fungal side, since 
investing C in a seedling may later allow it to 
recover C from the adult roots (see below) and 
thus compensate the C  fl ow to germinating seed-
lings. Thus, one may speculate that initial myco-
heterotrophy-autotrophy systems are more evolu-
tionarily stable, which is corroborated by this 
strategy being more ancient in orchids than initial 
mycoheterotrophy-partial mycoheterotrophy. 
However, one might also speculate that initial 
mycoheterotrophy-autotrophy is more evolution-
arily stable because the plant—by being MH only 
at the seedling stage—limits the duration and 
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magnitude of the parasitism, thereby reducing the 
selective pressure on host fungi to evolve 
resistance.  

    8.4.3.2   Partial Mycoheterotrophy 
in Adult Pyroloids 

 Until recently, orchids have been the primary  
models for investigations of partial myco-
heterotrophy, but this nutritional mode is more 
widespread, and some Ericaceae were essential 
in demonstrating that this strategy had evolved 
convergently in other plant lineages. Pyroloids, 
for instance, are small shade-tolerant perennial 
shrubs, often with impressive underground rhi-
zome networks, and grow in temperate, alpine 
and boreal forests. They are candidates for partial 
mycoheterotrophy for three reasons: (1) they 
have a close, although not fully resolved, phylo-
genetic relationship with the MH Monotropeae 
and Pterosporeae (all members of the 
Monotropoideae are MH; Kron et al.  2002 ; 
Tedersoo et al.  2007 ; Matsuda et al.  2012  ) . As 
stated in Sect.  8.3.1 , one species of Pyroleae, 
 Pyrola aphylla , is even fully MH (Fig.  8.1 ; 
Zimmer et al.  2007 ; Hynson et al.  2009b  ) , 
although its recognition as a separate species, or 
simply a lea fl ess variant of the green  P. picta , 
remains unclear (Camp  1940 ; Haber  1987 ; 
Freudenstein  1999  ) . (2) As in orchids, seeds are 
very small, with few C reserves (Eriksson and 
Kainulainen  2011  ) , and pyroloids undergo an 
MH subterranean germination (Christoph  1921 ; 
Lihnell  1942  )  where various fungi have been 
shown to provide C nutrition (Smith and Read 
 2008  ) . (3) As in many other basal Ericaceae 
(Selosse et al.  2007  ) , pyroloids form EM-like 
arbutoid associations: the fungus often forms a 
sheath around the root and a Hartig net, but in 
addition, hyphal coils penetrate root cells (Khan 
 1972 ; Robertson and Robertson  1985 ; Vincenot 
et al.  2008 ; Hynson and Bruns  2009  ) . The fungal 
taxa involved are also capable of forming typical 
EM associations with surrounding tree roots 
(Robertson and Robertson  1985 ; Tedersoo et al. 
 2007 ; Zimmer et al.  2007 ; Vincenot et al.  2008 ; 
Hynson and Bruns  2009 ; Toftegaard et al.  2010 ; 
Matsuda et al.  2012  ) , thus offering a link to auto-
trophic trees. 

 Investigations on stable isotope abundances of 
leafy Pyroleae species have provided variable 
results. An investigation in two boreal Estonian 
forests revealed that some pyroloids had higher 
 13 C and  15 N abundances and leaf N concentrations 
than surrounding autotrophs, including other 
plants from Ericaceae (Fig.  8.5 ; Tedersoo et al. 
 2007  ) . Based on a linear mixing model using 
 Hypopitys monotropa  as the fully MH end-mem-
ber (Box  8.4 ), 10–68% of C was of fungal origin 
in  Orthilia secunda ,  Pyrola chlorantha ,  P. rotun-
difolia , and  Chimaphila umbellata . However,  the 
latter species did not differ from autotrophs in 
one of the investigated sites, and the levels of 
conspeci fi c heterotrophy did not correlate among 
sites, indicating a complex regulation of this 
parameter among species. In a second set of 
investigations in more southern sites from 
Germany and California, (Fig.  8.5 ; Zimmer et al. 
 2007 ; Hynson et al.  2009b  ) ,  15 N abundance was 
intermediate between autotrophic and MH plants 
for  O. secunda ,  C. umbellata ,  P. chlorantha ,  P. 
minor,  and  P. picta ; however, based on  13 C abun-
dance, only  O. secunda  showed signi fi cant C 
gain via mycoheterotrophy at a single low irradi-
ance site. Given the broad range of irradiances in 
investigated sites, light availability is unlikely to 
be the only driver of the heterotrophy level in the 
study by Zimmer et al.  (  2007  ) . Conversely, 
Matsuda et al.  (  2012  )  demonstrated that the 
Japanese  P. japonica  derived 50% of it’s C from 
fungi, and that individuals growing in most 
shaded forest microsites and in darker months 
(due to canopy closure) tended to display higher 
 15 N and  13 C abundances, and higher leaf N con-
centrations. This was linked to a more speci fi c 
association to  Russula  spp. in these conditions, a 
feature speculated to allow a better supply of 
fungal C. In a recent study by Hynson et al. 
 (  2012  ) , the  fi rst truly experimental study on PMH 
in pyroloids, light and access to mycorrhizal net-
works, was manipulated in the  fi eld for two spe-
cies of Pyroleae,  P. picta  and  C. umbellata . The C 
stable isotope values from these species’ leaf sol-
uble sugars were then used to track changes in 
their relative dependency on MH C gains over 
the course of a growing season. The major 
 fi ndings of this study were that (1)  P. picta  and 



326 N.A. Hynson et al.

 C. umbellata  respond differently to a decrease in 
light availability: due to an increase in  13 C abun-
dance over the course of the experiment  P. picta  
showed signs of partial mycoheterotrophy, 
whereas  C. umbellata  did not. (2) Assaying the 
leaf soluble sugars from the two target species 
rather than bulk tissue revealed subtle changes 
along the autotrophy-mycoheterotrophy contin-
uum in these species that would have otherwise 
gone undetected. And (3), the relative depen-
dency of  P. picta  compared to  C. umbellata  on 
MH C gains does not appear to be solely driven 
by light availability.  

 In the cases where light levels do not drive the 
heterotrophy level, it was suggested that the 
C gains were not solely based on C needs, but 
could arise as a “side-product” of the N and P 
nutrition (Selosse and Roy  2009 ; see stage #3 in 
Table  8.1 ). Some fungal C could move along with 
organic forms of N, which is the case in mix-
otrophic algae where C gains arise as a conse-

quence of mineral nutrients from prey (see 
Sect.  8.4.1 ). Indeed, a speci fi c strategy to obtain 
fungal organic N in pyroloids may also explain 
their unusual  15 N abundance (Fig.  8.5 ), as well as 
their elimination after anthropogenic N deposi-
tion (Allen et al.  2007  ) . A study of two species 
( O. secunda  and  P. asarifolia ) in Canada 
con fi rmed high  15 N abundance and leaf N con-
centrations (Kranabetter and MacKenzie  2010  ) , 
but the responses of these parameters to an 
edaphic gradient of N availability strongly sug-
gested difference in N metabolism, not only as 
compared to other plants, but also between these 
two species. Much remains to be studied on N 
and C acquisition and metabolism in pyroloids. 
Interestingly, no evidence for lysis or degradation 
of intracellular hyphae is reported in living root 
cells of pyroloids (Tedersoo et al.  2007 ; Vincenot 
et al.  2008  ) , adding to the idea, against previous 
postulates, that hyphal lysis may not be necessary 
for C transfer. 

  Fig. 8.5    Mean enrichment factors ( e , see Box  8.3 ) for  13 C 
and  15 N of six green species belonging to the tribe Pyroleae 
within the subfamily Monotropoideae of the Ericaceae 
( black symbols ) and  fi ve fully mycoheterotrophic (MH) 
species belonging to three different tribes within the sub-
family Monotropoideae of the Ericaceae ( grey symbols , 
for further details see Fig.  8.1 ) and of autotrophic refer-
ence plants (Ref,  n  = 392) collected together with each of 
the respective target species. The  boxes  represent one SD 

of the mean  e  values for the different groups of green and 
fully MH Monotropoideae and for the autotrophic refer-
ence plants. Number of replicates for the six target species 
as following:  Chimaphila umbellata  ( n  = 36),  Orthilia 
secunda  ( n  = 38),  Pyrola chlorantha  ( n  = 17),  P. minor  
( n  = 9),  P. picta  ( n  = 54),  P. rotundifolia  ( n  = 6). Data com-
piled from Tedersoo et al .   (  2007  ) , Zimmer et al .   (  2007  ) , 
Hynson et al .   (  2009b  )  and Liebel et al .   (  2009  )        

 



3278 The Physiological Ecology of Mycoheterotrophy

 Furthermore, a  14 C labeling experiment was 
claimed to show transfer from autotrophs to 
pyroloids, in dual pot cultures of  Larix kaempferi  
seedlings and  Pyrola incarnata  from Japan 
(Kunishi et al.  2004 ; Hashimoto et al.  2005  ) , but 
this experiment and its controls remain unpub-
lished. Carbon gains from fungi may explain 
other ecophysiological features of pyroloids, 
such as the few C reserves in winter (the fungal C 
may contribute to development of new organs in 
spring for  P. incarnata ; Isogai et al.  2003  ) , the 
low capacity for adjusting vegetative growth and 
leaf area after shading (in  P. rotundifolia  at least; 
Hunt and Hope-Simpson  1990  ) , or the sensitivity 
to forest disturbances that affect mycorrhizal net-
works (logging, burning; Zimmer et al.  2007  ) . 
However, at least some green pyroloids survive, 
at least temporarily, outplanting to glasshouse 
conditions (e.g., Hunt and Hope-Simpson  1990  ) . 
In contrast with PMH orchids, the use of fungal C 
in pyroloids may be more facultative, allowing 
disconnections from mycorrhizal network in 
some conditions; If one assumes that populations 
display variable level of dependency on mycor-
rhizal networks, this may also resolve the dis-
crepancies between studies reporting variable 
levels of heterotrophy (Tedersoo et al.  2007 ; 
Zimmer et al.  2007 ; Hynson et al.  2009b  ) .  

    8.4.3.3   Partial Mycoheterotrophy in 
Plants Associated with Arbuscular 
Mycorrhizal Fungi 

 The two lineages investigated above, orchids and 
Pyroleae, present two unusual features among 
MH lineages: (1) they associate with Asco- or 
Basidiomycota (EM or SAP) and (2) are primarily 
from temperate ecosystems. Yet, the majority of 
fully MH species are from tropical regions, and 
associate with the obligatorily biotrophic AM 
fungi (Leake  1994,   2004  ) . Is there some evidence 
of partial mycoheterotrophy in these or other fam-
ilies mycorrhizal with Glomeromycota? Indeed, 
competition for light is high in wet tropical for-
ests, and may select for partial mycoheterotrophy. 
In these conditions, some families contain both 
green and MH species, such as Burmanniaceae 
(Merckx et al.  2006,   2010  ) , Gentianaceae (Struwe 
et al.  2002 ; Cameron and Bolin  2010  ) , 

Polygalaceae (Imhof  2008  ) , Iridaceae (Reeves 
et al.  2001  ) , Pandanales (Rudall and Bateman 
 2006  ) , and Petrosaviaceae (Cameron et al.  2003  ) . 
Also, some green species have reduced leaves 
that suggest that photosynthesis is not their sole 
C source (Cameron and Bolin  2010  ) . 

 There are unique challenges to assessing par-
tial mycoheterotrophy in AM plants. For instance, 
it is dif fi cult to sample the tiny, submillimetric 
spores of individual AM fungi (that do not form 
conspicuous fruitbodies) for stable isotope analy-
ses, although this has sometimes been done 
(Allen and Allen  1990 ; Nakano et al.  1999 ; 
Courty et al.  2011  ) . Also,  15 N abundances and N 
concentrations are similar in AM-MH plants and 
nearby green plants (Merckx et al.  2010 ; Courty 
et al.  2011 ; see Sect.  8.3.3 ): this suggests similar 
N nutrition and forbids any speci fi c detection of 
mixotrophy on these parameters only—at least in 
Burmanniaceae and Gentianaceae. Finally, 
Courty et al.  (  2011  )  found few or no difference 
between canopy leaves, Glomeromycota spores, 
and AM-MH plants, so that speci fi c  13 C enrich-
ment is not generally expected for AM-partial 
mycoheterotrophy. Only in dense forests, light-
starved understory plants may display some dif-
ferences with AM-partial mycoheterotrophy (see 
Sect.  8.3.3 ). In more open conditions ( fi eld or 
canopy-open forest), similar  13 C enrichment in 
potential AM-PMH and surrounding autotrophic 
plants can be expected. Moreover, in some non-
forest ecosystems, the occurrence of C4 plants as 
partners of AM fungi may further complicate the 
pattern, as these have lower  13 C depletion than 
the C3 plants. 

 Evidence for partial mycoheterotrophy among 
AM-MH plants, although expected (e.g., Selosse 
and Roy  2009  ) , thus remains unclear. Investigating 
two Gentianaceae species with reduced leaves 
from a Virginia hardwood forest, Cameron and 
Bolin  (  2010  )  found no  13 C enrichment, but higher 
leaf N concentrations in  Bartonia virginica  and 
higher  15 N abundance in  Obolaria virginica  as 
compared to nearby autotrophs. Given the state-
ments above, it is dif fi cult to conclude whether this 
re fl ects some heterotrophy or some physiological 
particularity of N nutrition. Investigating the poten-
tial candidate for AM-partial mycoheterotrophy 
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 Burmannia capitata  from French Guiana forest 
gaps, Merckx et al.  (  2010  )  showed no enrichment 
in  13 C as compared to nearby herbaceous plants. 
Moreover, this species and three other from the 
same genus were successfully grown from seeds 
in isolated pots under controlled conditions (i.e., 
no mycorrhizal network). Thus, partial myco-
heterotrophy is lacking, or at least facultative in 
these cases. 

 Green relatives of fully AM-MH plants could 
provide promising targets for future mechanistic 
studies on mycoheterotrophy. If partial myco-
heterotrophy is found among AM plants, these 
plants target the most widespread mycorrhizal 
symbiosis, and could prove ideal for further stud-
ies of the ecophysiology of MH plants. Field and 
laboratory studies of the tripartite symbiosis 
between autotrophic host plant, mycorrhizal fun-
gus and mycoheterotroph that have been dif fi cult 
with EM mycoheterotrophs (but see Yagame 
et al.  2012  )  may receive new attention among 
AM mycoheterotrophs. Although many AM fungi 
cannot be grown axenically in culture, the puta-
tive autotrophic C source for AM mycoheterotro-
phs are relatively smaller than the trees that host 
EM fungi, and are possibly annuals which can be 
grown in combination with their AM mutualists. 
Therefore, these systems lend themselves to both 
in situ and laboratory experiments that follow the 
fate of C as it is passed from the autotrophic host, 
onto its associated fungus and  fi nally the myco-
heterotroph. Owing to these factors and, the plas-
ticity of speci fi city among AM mycoheterotrophs, 
the physiological pathways and biochemical sig-
naling between mycoheterotrophs and fungi may 
 fi nally gain traction in the  fi eld of MH research.       

    8.5   Challenges in the Study of 
Partial Mycoheterotrophy 

    8.5.1   Gas Exchange Measurements 
and Photosynthesis in Partially 
Mycoheterotrophic Plants 

 Investigations of photosynthesis and in situ gas 
exchange support partial heterotrophy for some 
green orchids. CO 

2
  exchanges in  C. damasonium  

revealed that, as expected from their phenotype, 
albinos were fully heterotrophic and did not 
respond to light, while green individuals exhib-
ited a normal photosynthetic response to light 
(Fig.  8.4b ; Julou et al.  2005  ) . After in situ  13 C 
labeling,  C. damasonium  showed reduced CO 

2
  

assimilation compared to surrounding green 
plants, while  C. tri fi da  showed nearly no assimi-
lation, close to the level of the fully MH control 
(Cameron et al.  2009  ) . This was in agreement 
with chlorophyll content and  fl uorescence values 
(re fl ecting proper assembly of pigments into pho-
tosystems): these parameters suggested subnor-
mal and very reduced potential for photosynthesis 
in  C. damasonium  and  C. tri fi da  respectively 
(Fig.  8.6 ; Cameron et al.  2009  ) . In  C. tri fi da , the 
chlorophyll content is only 1% of that of  C. 
damasonium  (Zimmer et al.  2008  ) . However, 
Montfort and Küsters  (  1940  ) , measuring CO 

2
  

exchange in in fl orescences and maturing infrutes-
cences, found that CO 

2
  assimilation was 2.2 times 

higher than respiration—whether differences in 
technology or plant tissue origin explains this 
remains unclear. Intrinsic photosynthetic limita-
tions also exist in  Limodorum abortivum , where 
photosynthetic abilities do not compensate respi-
ration even in full light (Girlanda et al.  2006  ) . In 
some  C. damasonium  populations, there is evi-
dence that low light conditions force the plant to 
survive near its compensation point, where C 
losses through respiration are equal to C gains 
from photosynthesis (Julou et al.  2005  ) . Based on 
variegated albinos,  C. damasonium  individuals 
with a mosaic of chlorophyllous and achloro-
phyllous tissues, Stöckel et al.  (  2011  )  found a 
positive correlation between leaf chlorophyll 
concentrations and degree of mycoheterotrophy, 
as shown by  13 C abundance. However, the recent 
 fi nding that some meadow Mediterranean orchids, 
living in places devoid of canopy, are PMH 
(Girlanda et al.  2011  )  demonstrates that light 
limitation is not the sole driver of this nutritional 
strategy. Thus, both intrinsic and environmental 
factors determine partial mycoheterotrophy, 
depending on the species and site. Partial myco-
heterotrophy may also allow buffering against 
herbivory or shading damage: in a defoliation 
and shading experiment involving the autotrophic 



  Fig. 8.6    A comparison of photosynthetic abilities between 
 Neottia nidus-avis  (mycoheterotroph) and  Corallorhiza 
tri fi da  (lea fl ess partial mycoheterotroph) and the leaves of 
 Cephalanthera damasonium  (partial mycoheterotroph) 
and  Fagus sylvatica  (autotroph), reproduced with permis-
sion from Cameron et al.  (  2009  ) . ( a ) Total chlorophyll 
content as a function of surface area of the organ (stems for 

 Corallorhiza tri fi da , which is lea fl ess, and leaves in all 
other cases). ( b ) Maximum quantum yield (Fv/Fm). ( c ) 
Total amount of  13 C present in plant shoots after a 4-h 
exposure to a  13 CO 

2
  atmosphere; mean photosynthetically 

active radiation (PAR) is given above each bar (values on 
the  right ). In each panel, bars with differing letters are 
signi fi cantly different       
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 Cypripedium calceolus  and the PMH  C. longifo-
lia , Shefferson et al.  (  2006  )  demonstrated that 
both treatments led to signi fi cant declines in veg-
etative and reproductive vigor of  C. calceolus , 
but had more limited impacts in  C. longifolia.   

 Measurements of photosynthetic activity and 
stable isotope natural abundance are both power-
ful tools for investigating partial mycoheterotro-
phy. However, the information gained from these 
techniques differs. Gas exchange measurements 
provide snapshot information about photosyn-
thetic activity, while stable isotope natural abun-
dance data integrate the sources of C gain over 
the entire life history of a plant or plant organ 
(Liebel et al.  2010  ) . This difference may explain 
the diverging results for  C. tri fi da , where isoto-
pic abundances suggest partial mycoheterotro-
phy (Zimmer et al.  2008  )  whereas CO 

2
   fi xation 

was detected (Montfort and Küsters  1940  )  or not 
(Cameron et al.  2009  ) . However, one advantage 
of stable isotope analyses is that they can be used 
in a quantitative manner way to  compare levels 
of heterotrophy: the percent of C derived from 
the fungi can be estimated from a linear mixing 
model (Box  8.4 , Table  8.2 , but see 8.5.2 for con-
siderations when applying linear mixing models 
to the study of PMH). Not unexpectedly, this 
reveals a continuum from autotrophy to full 
mycoheterotrophy (as also suggested in Fig.  8.3 ). 
Moreover, a given species shows a variable het-
erotrophy level from one site to another: for the 
well-studied  C. damasonium , this level ranges 
for green individuals from 33% in an open, 
sunny pine forest to 85% in a dark beech forest 
(Gebauer and Meyer  2003 ; Bidartondo et al. 
 2004 ; Gebauer  2005  ) .  

    8.5.2   Considerations for the 
Application of Linear Isotope 
Mixing Models to 
Mycoheterotrophic Food Webs 

 With the revelation of partial mycoheterotrophy, 
two primary challenges for researchers have been 
(1) determining the degree of dependence on fun-
gal C gains in these plants and (2) elucidating the 
factors that select for partial mycoheterotrophy in 

nature. Attempts to quantify the percent fungal C 
and N gains in PMH plants have been made 
through the application of an isotope mixing 
model (Box  8.4 ; Gebauer and Meyer  2003 ; 
Bidartondo et al.  2004 ; Tedersoo et al.  2007 ; 
Zimmer et al.  2007  ) . The two end-members of 
this linear mixing model are the  13 C and  15 N iso-
tope abundances of fully MH plants that theoreti-
cally receive all of their C and mineral nutrients 
from fungi, and the  13 C and  15 N isotope abun-
dances of autotrophic plants, which are theoreti-
cally not receiving any C from their associated 
mycorrhizal fungi, but meeting basically all of 
their N demands via their mycorrhizal fungi 
(Gebauer and Meyer  2003  ) . However, while this 
model generates estimates of the potential depen-
dency on fungal derived C, it also involves numer-
ous assumptions about the isotopic behavior of 
MH plants, many of which are not yet fully 
understood. For instance, it is unknown if the 
relationship between the  13 C isotope signatures of 
partial mycoheterotrophs and autotrophs across 
environmental gradients is linear. Most PMH 
orchids and some pyroloids have been found liv-
ing in low-light environments (<20  m mol photons 
m −2  s −1 ; Gebauer and Meyer  2003 ; Bidartondo 
et al.  2004 ; Julou et al.  2005 ; Abadie et al.  2006 ; 
Zimmer et al.  2007 ; Liebel et al.  2010  ) . Under low 
light conditions, fully autotrophic plants in the 
understory would theoretically become more 
depleted in  13 C. This depletion is owed to a combi-
nation of biochemical and leaf-level processes 
such as a decrease in photosynthetic rate, along 
with an increase in C 

i
 /C 

a
  (the ratio of the CO 

2
  con-

centration inside the leaf to the atmosphere outside 
the leaf) which would lead to greater discrimina-
tion against  13 CO 

2
  by the primary caboxylating 

enzyme for C3 photosynthesis, Rubisco (Farquhar 
et al.  1989  ) . In contrast, PMH often have 
signi fi cant increases in δ13C in low light condi-
tions (Zimmer et al.  2007 ; Liebel et al.  2010 ; 
Preiss et al.  2010 ; Hynson et al.  2012 ; Fig.  8.4b ). 
Thus the assumption that the  d  13 C of target spe-
cies and the autotrophic end-members of the mix-
ing model are linearly related may be invalid, 
especially if they are from different light environ-
ments or have differing rates of photosynthesis 
(Fig.  8.2b ). In fact, PMH species are likely have 
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lower photosynthesis rates than autotrophic 
plants, resulting in better equilibration of  13 CO 

2
  

concentration between environmental air and sto-
matal chamber, therefore entailing increased  13 C 
discrimination (= lower  13 C abundance). They 
may also use respired CO 

2
  in relatively larger 

amounts as compared to plants with higher CO 
2
  

need; and this respiratory CO 
2
  is more depleted in 

 13 C than atmospheric CO 
2
 . Thus the photosyn-

thetic contributions to PMH’s δ13C may be more 
depleted in 13C than surrounding autotrophic 
plants. The linear relationship between leaf chlo-
rophyll concentration (= photosynthetic capacity) 
and  d  13 C observed in the variegated leaves of 
 Cephalanthera damasonium  (Stöckel et al.  2011  )  
suggests that these mechanisms may have limited 
effects. However, it should be kept in mind that 
CO 

2
  equilibrium effects and respiratory effects 

may increase  13 C depletion in leaves, thus poten-
tially reducing the apparent heterotrophy level of 
some PMH plants. 

 Furthermore, the factors that lead to 
interspeci fi c differences in the  d  13 C and  d  15 N of 
fully MH plants are unclear (Fig.  8.1 ; Kranabetter 
and MacKenzie  2010  ) . Therefore, the species of 
fully MH plants used as end-members in the mix-
ing model can greatly affect the estimates of per-
cent C or N gains via mycoheterotrophy. For 
example, in the case of the MH  Pyrola aphylla  
(Ericaceae), if the percent C and N gains via fungi 
are calculated (Hynson et al.  2009b  )  using the 
mixing model approach with an MH end-member 
based on the mean relative  13 C enrichment of 
seven fully MH plants associated with EM fungi 
(Table  8.2 , Preiss and Gebauer  2008  )  the esti-
mated percent C derived from fungi would be 
96 ± 12%. This indicates that  P. aphylla  essen-
tially gains all of its C from a source that is similar 
to other fully MH plants associated with EM 
fungi. In contrast, if the same mixing model is 
used to calculate percent N gain via myco-
heterotrophy,  P. aphylla  would gain over 100% 
(149 ± 18%) of its N from the source(s) utilized by 
the MH end-members. Thus, the MH species used 
as end-members in this scenario do not fully rep-
resent the extent of variability in  15 N signatures of 
mycoheterotrophs. However, from the meta-anal-
ysis of MH plant enrichment factors (Fig.  8.1 ), we 

have found signi fi cant differences in C and N 
stable isotope enrichment between EM-MH 
Orchidaceae and Ericaceae. In order to improve 
the resolution of the mixing model approach, we 
recommend that for future quanti fi cations of 
mycoheterotrophy among orchidaceous and eri-
caceous species the MH end-member of the mix-
ing model should be chosen based on the test 
species’ respective plant family. 

 Other potential issues with using a mixing 
model approach to quantify the degree of myco-
heterotrophy are the types of compounds that are 
being analyzed for their stable isotope abun-
dances. To date, all mixing model calculations of 
partial mycoheterotrophy except a single study 
by Hynson et al. (2012), have been based on 
structural (bulk) leaf or stem tissue isotope sig-
natures. Because these values represent a time-
integrated measurement of C and other nutrient 
gains over the lifespan of a leaf, they may mask 
short-term  fl uctuations of mycoheterotrophy 
with organ or plant developmental stage, or with 
season. This factor may be particularly important 
for long-lived evergreen species such as Pyroleae 
species or orchids that have long belowground 
dormancy periods. For example, in the latter 
case, when the dormancy period ends and above-
ground shoots are formed, the C for building 
these tissues will be derived from a heterotrophic 
source—either fungal or the mobilization of 
stored C such as starch. Both these scenarios 
would lead to  13 C enrichment in newly formed 
orchid leaves, potentially leading to erroneous 
conclusions regarding the MH status of the plants 
at time of observation (although the conclusion 
is exact regarding the C origin). The only study 
to date to have targeted compounds other than 
bulk C and N is by Hynson et al.  (  2012  )  where 
the leaf soluble sugars of two Pyroleae species 
were used to track changes in relative levels of 
mycoheterotrophy throughout a single growing 
season. Though the identities of the transfer 
compounds from fungi to MH plants remain 
unknown, sugars are reasonable candidates. 
Sugars are the major transport materials in bio-
logical systems, including the mycorrhizal sym-
biosis, due to their high energy and chemical 
stability (Smith and Read  2008  ) . The results of 
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the work by Hynson et al.  (  2012  )  revealed that 
indeed sugars were a sensitive assay for shifts of 
C assimilation over short time periods, whereas 
bulk C gave an average value for the global ori-
gin of the C in the investigated plants’ biomass.  

    8.5.3   Cryptic Mycoheterotrophy 

 One additional gap remaining in the current lit-
erature are labeling experiments directly demon-
strating the C transfer from plant to (1) fungus 
and (2) PMH orchid: thus, the fact that nearby 
trees are the ultimate C source remains to be for-
mally demonstrated. There are two indirect addi-
tional sources of evidence for the use of 
mycorrhizal fungi as trophic source:  15 N abun-
dance and N concentrations in plant tissues (N 
content, best expressed as mmol N gdw −1 , also 
expressed as C/N ratios in some papers) are high 
in PMH orchids as compared to surrounding 
autotrophs (Gebauer and Meyer  2003 ; Abadie 
et al.  2006 ; Tedersoo et al.  2007 ; Selosse and Roy 
 2009 ; Liebel et al.  2010  ) . However, these values 
are lower than in fully MH plants, supporting a 
mixotrophic strategy (see also Sect.  8.6.1 ). 
Stöckel et al.  (  2011  )  demonstrated a linear rela-
tionship between MH C gain and leaf N concen-
tration in  Cephalanthera damasonium  populations 
with albinos displaying various level of variega-
tion with green tissues. The same studies also 
demonstrate that some orchids considered as 
autotrophic based on their  13 C abundance exhibit 
higher (although less extreme)  15 N abundance 
(Fig.  8.3 ) and N concentrations than other auto-
trophs, again raising the possibility of a cryptic 
partial mycoheterotrophy.   

    8.6   Future Directions and 
Unanswered Questions 

    8.6.1   Nitrogen 

 Soil N availability is for many plants in natural ter-
restrial habitats a growth-limiting factor (e.g., 
Marschner  1995 ). Therefore, plants repeatedly 

developed strategies to gain access to N sources 
alternative to soil-born mineral N. For example, 
legumes through their symbiosis with N 

2
 - fi xing 

bacteria use atmospheric N and carnivorous plants 
use their preys as alternative N sources. The N 
availability to plants is mirrored by the N concen-
tration in their tissues (Gebauer et al.  1988  ) . 
Legumes have N concentrations in their tissues 
that are up to twice as high as in non-legumes liv-
ing in the same environment. A major part of N, 
speci fi cally in photosynthetic plant tissues, is 
invested in the enzyme Rubisco (Feller et al.  2008  ) , 
which is directly involved in photosynthetic C 
 fi xation. Thus, the capacity for leaf photosynthesis 
and plant productivity increases with increasing 
leaf total N concentration (Schulze et al.  2005  ) . 

 As already mentioned above (see Sects.  8.3.3  
and  8.5.3 ) many MH and PMH plants, speci fi cally 
those associated with EM fungi, but also orchids 
associated with rhizoctonias, have surprisingly 
high total N concentrations in their tissues 
(Gebauer and Meyer  2003 ; Abadie et al.  2006  ) . 
Liebel et al.  (  2010  )  investigated orchids and 
 autotrophic reference plant species in the 
Mediterranean and Macaronesian regions and 
found that representatives of the tribe Neottieae 
(subfamily Epidendroideae) mostly associated 
with EM fungi were PMH or even MH had total 
N concentrations of 2.9 ± 0.6(SD) mmol N gdw −1  
( n  = 42). Conversely, species belonging to the 
subfamily Orchidoideae that were mostly associ-
ated with rhizoctonias did not show signs of 
mycoheterotrophy based on their bulk stable iso-
tope signatures, but had tissue total N concentra-
tions of 1.7 ± 0.4(SD) mmol N gdw −1  ( n  = 150). 
Both groups of orchids’ total N concentrations 
are signi fi cantly distinguished from each other 
and signi fi cantly above those found for non-
orchid reference plants from the same environ-
ments: 1.4 ± 0.5(SD) mmol N gdw −1  ( n  = 513). 
The  fi nding of increased tissue N concentrations 
in orchids associated with rhizoctonias supports 
the idea of a cryptic C gain from the fungus 
through organic N compounds (see Sect.  8.5.3 ). 
Moreover, the high total N concentrations in 
PMH and MH orchids raise the question as to the 
function of these high N concentrations in their 



3338 The Physiological Ecology of Mycoheterotrophy

tissues. Use of increased photosynthetic activity 
as in “normal” autotrophic plants seems to be 
unlikely, because PMH plants mostly live under 
conditions under which light availability limits 
their photosynthetic activity (Preiss et al.  2010  )  
and fully MH plants have given up photosyn-
thetic activity altogether. Furthermore, in varie-
gated individuals of Cephalanthera damasonium, 
Stöckel et al.  (  2011  )  documented a linear increase 
in leaf total N concentration with decreasing 
chlorophyll concentration and thus, decreasing 
photosynthetic capacity. At the moment we only 
can speculate about the reasons why MH and 
PMH plants accumulate unusually high N con-
centrations in their tissues. One possible reason 
may be related to the fact that fungal tissues and 
speci fi cally those of EM fungi also have total N 
concentrations far above those known for the 
majority of autotrophic plants (Gebauer and 
Dietrich  1993 ; Gebauer and Taylor  1999  )  and 
MH plants may have an N metabolism more sim-
ilar to their fungal hosts than other plants. Future 
studies that focus speci fi cally on the N assimila-
tion strategies among MH plants are greatly 
needed. These studies may in turn elucidate 
modes of C acquisition among MH plants because 
the two nutrients are inherently linked in their 
organic forms.  

    8.6.2   Liverworts, Lycopods, 
and Ferns 

 Gametophytes of most species in the liverwort 
family Aneuraceae are photosynthetic, readily 
grown in asymbiotic culture, and lack a mor-
phologically unambiguous MH stage. However, 
in the  fi eld, most species maintain specialized 
relationships with tulasnelloid fungi, exhibiting 
patterns of fungal peloton formation and diges-
tion that appear cytologically identical to those 
in the confamilial MH liverwort  Aneura mirabi-
lis  and in IMH orchid seedlings (Ligrone et al. 
 1993  ) . As in other liverworts, the sporophytes of 
the Aneuraceae are minute, ephemeral, depen-
dent on the gametophytes, and uncolonized by 
mycorrhizal fungi. While it appears likely that 

gametophytes of many species in the Aneuraceae 
exhibit facultative partial mycoheterotrophy, 
their trophic status has yet to be investigated via 
isotope analyses. 

 Most members of the Lycopodiaceae, all mem-
bers of the Ophioglossaceae and Psilotaceae, 
some members of the Schizaeaceae, and one 
member of the Gleicheniaceae have subterranean, 
non-photosynthetic, and unambiguously MH 
gametophytes and preemergent sporophytes. 
Both gametophytes and sporophytes in the 
Lycopodiaceae (Winther and Friedman  2008  ) , 
Ophioglossaeae (Winther and Friedman  2007  ) , 
and Psilotaceae (Winther and Friedman  2009  )  
have specialized associations with Glomeromycota. 
Adult sporophytes of all species are typically 
photosynthetic, although albino and/or non-emer-
gent forms have been observed in  Lycopodium 
clavatum  (Bruce and Beitel  1979  ) ,  Psilotum 
nudum  (Whittier  1988  ) , and  Botrychium mormo  
(Johnson-Groh  1998 ; Johnson-Groh and Lee 
 2002  ) . In  B. paradoxum , sporophyte leaves, while 
green, are reduced to small, bladeless, sporangia-
bearing stipes (Wagner and Wagner  1981  ) . Adult 
sporophytes of Lycopodiaceae, Ophioglossaceae, 
and Psilotaceae are commonly cultivated in the 
absence of AM host plants, although some 
 Botrychium  spp. are noted to be uncultivable 
(Donald Farrar, pers. comm.). In contrast, adult 
sporophytes of the Gleicheniaceae are dif fi cult to 
cultivate, and those of the Schizaeaceae are rarely, 
if ever, cultivated. 

 Basic life history data, such as the duration of 
initial mycoheterotrophy, are unknown for most 
fern and lycopod taxa. The identities of auto-
trophic plants supporting MH development of 
ferns and lycopods via AM fungal networks are 
also largely unknown. Adult sporophytes are 
apparently autotrophic or PMH, depending on the 
taxa, but this has yet to be investigated via isotope 
analyses. Whether sur fi cial, green gametophytes 
possessed by some taxa in the Lycopodiaceae, 
Schizaeaceae, and Gleicheniaceae are autotrophic 
or PMH is also uncertain. While gametophytes 
belonging to some species in the Lycopodiaceae 
(Whittier and Renzaglia  2005  )  and Gleicheniaceae 
(Stokey  1950  )  have been cultured asymbiotically 
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on sugar-free media (indicating they are at least 
facultatively autotrophic), relatively few such taxa 
have been studied and the trophic status of game-
tophytes under  fi eld conditions remains unknown. 
While this represents an interesting avenue for 
further research, collecting isotope data from 
minute—and in some cases,  fi lamentous—
gametophytes may prove dif fi cult.  

    8.6.3   Fungi 

 Because the study of PMH and MH plants 
reveals constraints that we currently are unable 
to explain, future studies should also focus on 
the physiology of soil mycelia in regards to car-
bon and nutrient cycling. For example, appar-
ently only in wet climates can SAP fungi support 
fully MH orchids. Although, as mentioned 
above (see Sect.  8.3.2 ), this may be linked to 
longer periods of C assimilation (growing sea-
sons) and higher ef fi ciency of fungal exoen-
zymes, which allow the access to larger C 
amounts, we must acknowledge these ideas are 
speculative, and face the reality that current 
knowledge of fungal ecophysiology may limit 
our understanding of these processes. Similarly, 
although SAP, parasitic and endophytic rhizoc-
tonias support MH seedling development in 
most orchid species and some pyroloids, they 
are never used by fully MH orchids. Here again, 
we currently can speculate that the maximal C 
provided by rhizoctonias is not suf fi cient (Taylor 
and Bruns  1997 ; Hashimoto et al.  2012  ) , but we 
lack direct evidence for this. In the future, sim-
ple designs that are tractable in the lab, or data 
from the growing number of sequenced fungal 
genomes, that reveal metabolic abilities (Martin 
and Selosse  2008  )  may help understanding these 
observations through the knowledge gained on 
the physiology of fungal partners.  

    8.6.4   An Ecological View 

 Up to now, as exempli fi ed in this chapter, our 
approach to the study of partial and full myco-
herotrophy is centered on the side of plants receiv-
ing C, as well as on the description of the fungal 

associates. We now need to know more about the 
overlooked components of the association. First, 
what is the impact on the fungus? Although wide-
spread opinion holds mycoheterotrophy as a para-
sitism on the fungus, and EM-MH/AM-MH 
nutrition as “epiparasitism,” on the autotrophic 
host plant the  fi nal evidence for this would be to 
show that the fungal or autotrophic host plant 
 fi tness, i.e., growth and/or sporulation, is impaired. 
Again here, tractable ex situ designs, which may 
be the most plausible on plants using SAP fungi, 
may help to resolve the costs to fungi associating 
with MH plants. It may be discovered that there is 
a variable level of impact of mycoheterotrophy on 
fungal  fi tness, or even some compensation by MH 
plants to their fungi: This compentation could 
possibly in the form of nutrients, growth factors 
(as early suggested by Björkman  1960  )  or shelter 
provided to the fungi in the roots of MH plants. 

 Furthermore, future studies should address the 
impact of PMH and MH plants on surrounding 
green plant(s) that provide C to these plants, in 
every case where a mycorrhizal fungus is provid-
ing C. From these ideas comes the question of the 
ecological relevance of MH nutrition. Parasitic 
plants are well known to impact ecosystem pro-
ductivity (Westwood et al.  2010  )  and hemipara-
sitic plants, by in fl uencing dominance of plants, 
have important impact on diversity of plant com-
munities (Watson  2009  ) . It is fascinating to 
observe how common some MH plants are in 
some tropical and temperate forests while com-
pletely absent from forests that appear similar in 
both their above and belowground biotic and abi-
otic conditions. Future studies, will hopefully 
reveal the conditions that select for the presence 
of MH plants in nature, and discern the impacts 
that they have on ecosystem dynamics.       
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  Achlorophyllous    Lacking chlorophyll.   
  Allopatry    Having geographically nonoverlap-

ping distributions.   
  Arbuscule    A  fi nely branched structure produced 

by arbuscular mycorrhizal fungi inside the 
root cells of their host plants.   

  Arbuscular mycorrhizas    Widespread type of 
mycorrhizal interactions involving fungi of the 
phylum Glomeromycota and diverse plants. 
The fungal hyphae grow into the inner cor-
tex of the plant root and form  fi nely branched 
 exchange structures called “arbuscules.”   

  Ascomycota    Phylum of the kingdom Fungi 
characterized by a microscopic sexual repro-
duction structure called ascus.   

  Autotrophy    Nutritional strategy in which 
organic compounds are synthesized from inor-
ganic sources, for example by photosynthesis.   

  Basidiomycota    Phylum of the kingdom Fungi 
of which the sexual reproduction is accom-
plished in club-shaped cells called “basidia,” 
which bear external spores.   

  Chloroplast    Cell organelle found in plants and 
algae in which chlorophylls are contained. 
Photosynthesis occurs here.   

  Chlorophyll    The green pigment of plant cells, 
which is the receptor of light energy in photo-
synthesis. Also found in algae and photosyn-
thetic bacteria.   

  Coevolution    Evolutionary process in which the 
genetic composition of one species (or group) 
changes in response to a genetic change in 
another.   

  Community    All organisms occurring and interact-
ing with each other in a common environment.   

  Convergent evolution    Independent evolu-
tionary development of similar structures in 
 organisms that are not directly related.   

  Cospeciation    Synchronous speciation in two or 
more interacting populations.   

  Disjunct distribution    Distribution with large 
geographic gaps.   

  Ectomycorrhizas    Symbiosis between various 
plants and fungi belonging to the Ascomy-
cota or Basidiomycota. The fungal hyphae 
surround the root tip and grow between the 
 epidermal cells of the plant root, but never 
 enter the cell lumen.   

  Endemic    Restricted to a certain area.   
  Endosperm    Tissue in the seeds of most 

 fl owering plants that contains stored food. It is 
digested by the growing sporophyte.   

  Epiparasitism    Interaction in which one parasitic 
species is parasitized by another. In the context 
of mycoheterotrophy epiparasitism de fi nes the 
tripartite symbiosis between a parasitic lin-
eage (mycoheterotroph), an intermediate host 
lineage (mycorrhizal fungus), and an ultimate 
host lineage (mycorrhizal autotroph).   

  Fruit body    Reproductive structure of many 
fungi.   

  Full mycoheterotroph    A plant that solely 
 depends on fungal carbon during its entire life 
cycle.   

  Gametophyte    The haploid ( n ), gamete-produc-
ing generation.   

  Glomeromycota    Phylum of the kingdom Fungi 
of which the majority of taxa form arbuscu-
lar mycorrhizas with the roots or thalli of land 
plants.   

       Glossary 
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  Haustorium    The modi fi ed root of parasitic 
 angiosperms capable of penetrating and 
 absorbing materials from host tissues.   

  Heterotrophy    Nutritional strategy in which 
 organic compounds are obtained by feeding 
on organic materials.   

  Host    An organism on which a parasite lives.   
  Hybridization    The formation of offspring 

 between two different species or varieties.   
  Hyphae    Tubular  fi laments of a fungus.   
  Initial mycoheterotroph    A plant that is fully 

dependent on associated fungi for its car-
bon supply during the early stages of its 
 development.   

  Mixotrophy    Nutritional strategy in which a mix 
of different sources of energy and carbon are 
used.   

  Mutualism    A symbiosis between two lineages 
of organisms based on a balanced reciprocal 
exchange of resources.   

  Mycelium    The mass of hyphae forming the 
body of a fungus.   

  Mycoheterotroph    A plant capable of myco-
heterotrophy during at least one stage of its 
development.   

  Mycoheterotrophy    Nutritional strategy in 
which a plant obtains carbon from fungi.   

  Mycorrhiza    Symbiosis between a plant and a 
fungus. This interaction is typically mutual-
istic, obligate, and based on an exchange of 
photosynthates for soil minerals.   

  Obligate symbiosis    When symbiosis is neces-
sary for completion of the life cycle of one or 
both interacting lineages.   

  Organic    Referring to compounds formed by 
 living organisms.   

  Parasite    An organism that lives on or in an 
organism of a different species and derives 
nutrients from it through parasitism.   

  Parasitism    Interaction between organisms of dif-
ferent species where one organism, the parasite, 
bene fi ts at the expense of the other, the host.   

  Partial mycoheterotroph    A plant that com-
bines autotrophy and mycoheterotrophy to 
obtain carbon during at least one stage of its 
life cycle.   

  Partial mycoheterotrophy    Nutritional strategy 
in which a plant obtains carbon simultaneously 
through autotrophy and mycoheterotrophy.   

  Partner choice    Occurs when preference is due 
to organisms being capable of assessing the 
quality of potential partners.   

  Pathogen    An organism that causes a disease.   
  Photosynthesis    The synthesis of carbohydrates 

from carbon dioxide and water in the presence 
of chlorophyll by using light energy.   

  Phylogeny    Evolutionary relationships among 
organisms.   

  Phylogenetic conservatism    When host shifts or 
jumps are prevented and lead to phylogenetic 
tracking of the host lineage by the symbiont 
lineage.   

  Preference    Disproportionate association 
between one lineage and a subset of its com-
patible symbiotic lineages in the absence of 
external constraints.   

  Saprotrophy    Nutritional strategy in which 
organic compounds are synthesized from dead 
organic matter.   

  Speci fi city    Limitation in the number of other 
lineages with which a particular lineage inter-
acts.   

  Sporophyte    The diploid ( 2n ), spore-producing 
generation.   

  Symbiosis    Intimate long-term interaction 
between two different lineages, or symbionts.   

  Symbiotic continuum    The ecological or evo-
lutionary space between exclusive parasitism 
of one symbiont and exclusive parasitism of 
the other symbiont, with reciprocal parasitism 
(i.e., mutualism) at the center.   

  Sympatry    Having geographically overlapping 
distributions.         
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   Campylosiphon  

  C. congestus  , 42, 173–175  
  C. purpurascens  , 41, 42, 130, 132, 174   

   Cephalanthera  
  C. austinae  , 65, 185, 302  
  C. damasonium  , 11, 65, 220, 303, 308, 322, 

314, 320, 328–333  
  C. erecta  , 320  
  C. longifolia  , 65, 220, 308, 320, 330  
  C. rubra  , 11, 322, 320   

   Ceratobasidium  
  C. cornigerum  , 268  
  C. sensu lato  , 317   

   Chamaegastrodia  
  C. shikokiana  , 62  
  C. sikokiana  , 270   

   Cheilotheca  
  C. khasiana  , 76–77  
  C. malayana  , 76–77  
  C. sleumeriana  , 76–77   

   Cheirostylis montana  , 324   
   Chimaphila umbellata  , 320, 325, 326   
  Clubmosses 

 distribution of , 104–105  
 gametophytes and mycoheterotrophy , 24  
 life cycle of , 24  
 Lycopodiaceae 

 classi fi cation , 25  
 distribution and habitat , 25  
 evolutionary history , 25  
 genera and species , 25  
  Huperzia  , 26  
  Lycopodiella  , 26  
  Lycopodium  , 27  
 mycoheterotrophy , 26   

  Conservation 
 establishing new populations , 146–147  
 ex situ conservation , 147  
 habitats , 146  
 inventory and monitoring , 146   

   Coprinellus disseminatus  , 309   
   Corallorhiza  

  C. bentleyi  , 65, 256, 258  
  C. bulbosa  , 259  
  C. involuta  , 256, 258  
  C. macrantha  , 259  
  C. maculata  , 232, 259–262, 308  
  C. mertensiana  , 259–260  

  C. odontorhiza  , 258–259  
  C. striata  , 65, 233, 255–258  
  C. striata sensu stricto  , 256, 260, 262  
  C. striata vreelandii  , 255, 256  
  C. tri fi da  , 8, 65, 185, 255, 258, 302, 303, 

320, 324, 328–330  
  C. wisteriana  , 258–260   

   Corallorhiza  spp. , 183   
   Corsia  

  C. dispar  , 181  
  C. ornata  , 181  
  C. purpurata var. wiakabui  , 183  
  C. pyramidata  , 181  
  C. unguiculata  , 181   

  Corsiaceae 
  Arachnitis  , 57–58  
 classi fi cation , 56  
  Corsia  , 58  
  Corsiopsis  , 58  
 distribution and habitat , 56  
 ecology , 57  
 evolutionary history , 56  
 genera and species , 56   

   Corsiopsis chinensis  , 58, 183   
   Corybas  

  C. cheesemanii  , 62  
  C. cryptanthus  , 62   

   Cotylanthera tenuis  , 197   
   Cremastra aphylla  , 65   
  Cryptic coloration , 279–280   
   Cryptophila pudica  , 193   
   Cryptostylis hunteriana  , 62   
   Cryptothallus mirabilis  , 158   
   Cymbidium  

  C. aberrans  , 234, 308, 323  
  C. goerginii  , 320, 323  
  C. goeringii  , 65  
  C. lancifolium  , 65, 320, 323  
  C. macrorhizon  , 65, 234, 323   

   Cymbocarpa refracta  , 174   
   Cypripedium calceolus  , 322, 330   
   Cyrtosia  

  C. javanica  , 183  
  C. septentrionalis  , 309   

   Cystorchis  
  C. aphylla  , 62  
  C. peliocaulos  , 62  
  C. saprophytica  , 62    

  D 
   Dactylorhiza purpurella  , 299   
   Danhatchia australis  , 62   
   Degranvillea dermaptera  , 62   
   Dictyostega orobanchoides  , 43, 163, 174, 175, 310   
  Dipterocarp forests , 113    

Index



348

  E 
  East Africa , 110–111   
  Ecological genetics 

 Bayesian methods , 262  
 breeding systems , 246  
 coalescent methods , 262  
  Corallorhiza  

  C. maculata-mertensiana  complex , 259–260  
  C. odontorhiza-wisteriana  complex , 258–259  
  C. striata  , 255–258  

 emerging patterns , 260–261  
 fungal clades , 245  
 gene expression , 246  
 hand-pollination experiments , 262  
  Hexalectris spicata  species complex , 252–255  
  Hypopitys monotropa  

 color forms , 250  
 extrinsic and intrinsic mechanisms , 251  
 genetic variation , 251  
 microsatellite analysis , 250  
 Monotropoideae , 249  
 phylogeographic analysis , 250  
 reproductive ecology , 249  
 taxonomic identity , 249  

 Marker data , 246  
 microarrays , 263  
 monotropoid taxa , 251–252  
 nested clade analysis , 262  
 non-model organisms , 261  
 parentage analysis , 261  
 photosynthetic machinery , 245  
 population genetics statistics , 247–248   

  Ecophysiology 
 arbuscular mycorrhizal fungi , 310–311  
 C labeled sucrose , 299  
 cryptic mycoheterotrophy , 332  
 ectomycorrhizal fungi 

 autotrophic plants , 306  
 C and N stable isotope natural abundance 

data , 305  
 chlorophyllous orchid species , 308  
  e  approach , 307  
 heavy isotope enrichment , 308  
 mean enrichment factors , 306  

 ferns , 333–334  
 fungi , 334  
 gas exchange measurements and photosynthesis , 

328–330  
 germination , 298  
 initial mycoheterotrophy 

 autotrophy , 314–319  
 partial mycoheterotrophy , 319–328  

 linear isotope mixing models , 330–332  
 liverworts , 333–334  
 lycopods , 333–334  
 MH plants , 298  
 Nitrogen , 332–333  
 partial and full mycoheterotrophy 

 mixotrophy , 311  

 Neottieae phylogenies , 314  
 photosynthetic genes , 313  
 phylogenetic framework , 311  
 plant heterotrophy , 313  
 rhizoctonia fungi , 314  

 plant–fungal interactions 
 mycorrhizal networks , 300–301  
 natural abundance  13 C and  15 N , 303–305  
 radioisotope and stable isotope labeling , 

302–303  
 radioisotope and stable isotope labeling , 

299–300  
 saprotrophic fungi , 297, 308–310   

  Ectomycorrhizas (EM) , 2–4   
   Epipactis  

  E. atrorubens  , 320  
  E. distans  , 320  
  E. gigantea  , 320  
  E. helleborine  , 220, 322, 320  
  E. microphylla  , 220  
  E. palustris  , 320  
  E. palustris-gigantea clade  , 313   

   Epipogium  
  E. aphyllum  , 66, 183, 275, 308, 309  
  E. japonicum  , 66  
  E. roseum  , 66, 275, 309   

   Epirixanthes  
  E. cylindrica  , 186, 188  
  E. elongata  , 72–73, 186  
  E. papuana  , 73, 186   

  Ericaceae 
  Allotropa  , 74–76  
  Cheilotheca  , 76–77  
 classi fi cation , 73  
 distribution , 73  
 ecology , 73–74  
 evolutionary history , 73  
 genera and species , 73  
  Hemitomes  , 77  
  Hypopitys  , 77–78  
  Monotropa  , 78  
  Monotropastrum  , 78–79  
  Monotropsis  , 79  
  Pityopus  , 79–81  
  Pleuricospora  , 81  
  Pterospora  , 81–82  
  Pyrola  , 82  
  Sarcodes  , 82–83   

   Erythromyces crocicreas  , 309   
   Erythrorchis  

  E. altissima  , 61  
  E. cassythoides  , 61  
  E. ochobiensis  , 61, 309   

  EST.    See  Expressed sequence tag (EST)  
   Eulophia zollingeri  , 185, 309   
  Evolutionarily signi fi cant units (ESUs) , 256   
   Exacum  

  E. oldenlandioides  , 87  
  E. tenue  , 197   

Index



349

   Exochaenium  
  E. debilis  , 199  
  E. oliganthum  , 88, 199, 200  
  E. pulsilla  , 199  
  E. rara  , 199   

  Expressed sequence tag (EST) , 263   
  Extinct species , 139–140    

  F 
   Fagus sylvatica  , 185, 303, 329   
   Falcatifolium taxoides  , 35, 162, 224   
  Ferns 

 distribution of , 105  
 diversity , 222, 224  
 gametophytes and mycoheterotrophy , 24  
 life cycle of , 24  
 Ophioglossaceae 

  Botrychium  , 28  
 classi fi cation , 27–28  
 distribution and habitat , 27  
 fossil history of , 28  
 genera and species , 27  
  Helminthostachys  , 28–30  
  Mankyua  , 30  
 mycoheterotrophy , 28  
  Ophioglossum  , 30  

 Psilotaceae , 29  
 classi fi cation , 31  
 distribution and habitat , 30  
 evolutionary history , 31  
 gametophytes , 24  
 genera and species , 30  
 mycoheterotrophy , 31  
  Psilotum  , 31  
  Tmesipteris  , 31–32   

  Fully mycoheterotrophic plants 
 arbuscular mycorrhizal fungi , 310–311  
 breeding systems and pollinators of , 

284–288  
 chloroplast genomes , 230–231  
 dust seeds , 229–230  
 ectomycorrhizal fungi , 305–308  
 habitats , 230  
 mycorrhizal fungi, DNA sequence identi fi cation , 

270–274  
 mycorrhizal speci fi city , 232  
 saprotrophic fungi , 308–310    

  G 
   Galeola  

  G. altissima  , 230  
  G. humblotii  , 61  
  G. septentrionalis  , 61   

   Gastrodia  
  G. confusa  , 275, 309  
  G. elata  , 308, 309  
  G. sesamoides  , 67, 309  
  G. similis  , 275, 309   

   Gautieria monticola  , 194   
   Gennaria diphylla  , 324   
  Gentianaceae 

 classi fi cation , 84  
 distribution and habitat , 83–84  
 ecology , 84  
 evolutionary history , 84  
  Exacum  , 86–87  
  Exochaenium  , 87–88  
 genera and species , 83  
  Voyria  , 84–86  
  Voyriella  , 86   

   Gentiana lutea  , 201   
   Geosiris  

  G. albi fl ora  , 71, 185  
  G. aphylla  , 70–71, 185, 186   

  Gleicheniaceae , 32   
  Global climate change , 144–145   
   Goodyera repens  

 C transfer , 317, 318  
 mutualisms , 268   

   Goodyera  spp. , 318, 324   
  Greenhouse gas emission , 144   
  Gulf of Guinea , 110   
   Gymnosiphon  

  G. afro-orientalis  , 174  
  G. divaricatus  , 174  
  G. longistylus  , 174  
  G. refractus  , 174  
  G. sphaerocarpus  , 310    

  H 
   Habenaria tridactylites  , 324   
  Habitat 

 characteristics 
 co-occurrence , 132  
 elevation , 130–131  
 light , 129–130  
 plant communities , 131  
 population size , 132  
 soil types , 130  
 termite nests , 132  
 water , 130  
 woodland and wooded grassland , 131  

 conservation , 146  
 destruction/fragmentation , 143–144   

   Haplothismia exannulata  , 48, 165   
   Helminthostachys zeylanica  , 29–30, 161   
   Hemitomes congestum  , 77, 252   
   Hexalectris  

  H. arizonica  , 252, 253, 261  
  H. brevicaulis  , 233, 252  
  H. colemanii  , 253, 255  
  H. grandi fl ora  , 233, 252  
  H. nitida  , 252, 253, 261  
  H. parvi fl ora  , 253  
  H. revoluta  , 253  
  H. spicata  , 229, 252–255, 260, 261  
  H. warnockii  , 252   

Index



350

   Hexapterella  
  H. gentianoides  , 42–43, 174  
  H. steyermarkii  , 42   

   Huperzia  
  H. drummondii  , 26  
  H. hypogeae  , 26, 159, 268   

   Hyalisma janthina  , 53   
   Hymenoscyphus ericae  , 270   
   Hypopitys  

  H. californica  , 252  
  H. monotropa  

 autogamy , 289  
 Central American coniferous forests , 108  
 color forms , 250  
 Europe , 119  
 extrinsic and intrinsic mechanisms , 251  
 genetic variation , 251  
 hybridization , 251–252  
 Japan , 120  
 microsatellite analysis , 250  
 Monotropoideae , 249  
 morphological and molecular 

diversi fi cation , 278  
 North America , 118  
 Paci fi c Ocean , 127  
 phylogeographic analysis , 250  
 population genetic analysis of , 249–251  
 reproductive ecology , 249  
 scienti fi c research , 6–7  
 seasonal reproductive output , 291  
 taxonomic identity , 249    

  I 
  India , 111–112   
  Indochina , 114   
  Initially mycoheterotrophic-autotrophic orchids 

(IMHOs) , 316   
  Initial mycoheterotrophy 

 autotrophy 
 adult sporophytes , 319  
 asymbiotic seedlings , 317  
  13 C natural abundance , 316  
 isotopic evidence , 317–319  
 Orchidaceae , 316  
 peloton-formation , 317  
 protocorm growth , 316  
 Pyroleae , 319  
 seed/spore germination , 314  

 mycorrhizal fungi, DNA sequence identi fi cation , 
270–274  

 partial mycoheterotrophy 
 adult PMH plants , 324  
 adult pyroloids , 325–327  
 albinos , 321  
 arbuscular mycorrhizal fungi , 327–328  
 Ceratobasidiaceae species , 323  
 Epidendroideae , 324  

 green orchids , 323  
 linear two-source mixing model approach , 321  
 molecular scraps , 323  
 Neottieae orchid tribe , 320  
 stable isotope analyses , 320   

  Internal transcribed spacer (ITS) , 250   
  International Plant Names Index (IPNI) , 20   
  Iridaceae 

 classi fi cation , 69–70  
 distribution and habitat , 69  
 ecology , 70  
 evolutionary history , 70  
 genera and species , 69  
  Geosiris  , 70–71   

  Isotope ratio mass spectrometers (IRMS) , 303    

  J 
  Japan , 120    

  K 
   Kalimantanorchis nagamasui  , 67   
   Kihansia lovettii  , 51   
  Kihansi River , 111   
   Kupea  

  K. jonii  , 51  
  K. martinetugei  , 51, 181, 232    

  L 
   Lacandonia  

  L. brasiliana  , 54  
  L. schismatica  , 54–55, 177   

   Lactarius  spp. , 193   
   Lactarius theiogalus  , 233   
   Leiphaimos  

  L. azurea  , 199  
  L. brachyloba  , 201   

   Lentaria byssoides  , 219   
   Lentinula edodes  , 309   
  Light , 129–130   
   Limodorum  

  L. arbortivum  , 67, 320, 328  
  L. trabutianum  , 67, 320   

   Liparis nervosa  , 320   
   Listera ovata  , 320   
  Liverworts 

 Aneuraceae , 21–24  
 distribution of , 104  
 diversity , 222  
 EM fungi , 4  
 gametophyte phase , 20  
 genera and species , 20–21   

  Lower Guinea Region , 110   
  Lycopodiaceae 

 classi fi cation , 25  
 distribution and habitat , 25  

Index



351

 evolutionary history , 25  
 genera and species , 25  
  Huperzia  , 26  
  Lycopodiella  , 26  
  Lycopodium  , 27  
 mycoheterotrophy , 26   

   Lycopodium  
  L. clavatum  , 159, 160, 333  
  L. complanatum  , 159  
  L. obscurum  , 159, 160    

  M 
  Madagascar , 111   
   Malaxis  

  M. aphylla  , 68  
  M. saprophyta  , 68   

   Mankyua chejuense  , 29–30, 161   
   Marchantia polymorpha  , 231   
   Marthella trinitatis  , 44, 174   
   Melaleuca scalena  , 302   
  Microarray-based genomic selection 

(MGS) , 261   
   Microtis  spp. , 317   
   Miersiella umbellata  , 43, 174   
  Molecular evolution 

 autotrophy and full mycoheterotrophy , 
219–220  

 biomass reduction , 230  
 chloroplast genes , 230–231  
 evolutionary drivers , 220–221  
 habitats , 230  
 host shifts 

 adult plants , 234  
 APE , 235  
 ectomycorrhizal fungi , 233  
 fungus phylogeny , 236  
 Mesquite , 235  
 NTI , 236  
 Phylocom , 237  
 plant–fungal networks , 237  
 saprotrophic fungi , 233  
 tulasnelloid symbionts , 234  

 morphology 
 leaves , 229  
 seeds , 229–230  
 shoots , 229  
 subterranean morphology , 229  

 mycoheterotrophy , 215–217  
 mycorrhizal mutualism , 217–218  
 mycorrhizal speci fi city , 232–233  
 mycorrhizal symbiosis , 218–219  
 nuclear and mitochondrial genomes , 231–232  
 origins of , 217  
 phylogenetic aspects 

 angiosperms , 224–226  
 diversi fi cation , 226–229  

 ferns , 222, 224  
 gymnosperms , 224  
 liverworts , 222  
 lycophytes , 222  
 number of origins , 222  
 timing , 226  

 phylogenetic tracking , 238   
  Molecular inversion probes (MIP) , 261   
   Monotropa  

  M. hypopitys  , 188  
  M. uni fl ora  , 78, 188, 193–194, 233  

 pollination of , 289–290  
 seasonal reproductive output , 291   

   Monotropastrum  
  M. humile  , 79, 188  
  M. sciaphilum  , 79   

   Monotropsis  
  M. odorata  

 cross-pollination of , 79  
 cryptic coloration , 279–280  
 distribution and habitat , 79  
 pollination , 289–290  
 reproductive stems , 280  
 root system of , 193  
 seasonal reproductive output , 291  

  M. reynoldsiae  , 79   
   Monotropsis odorata  , 193   
  Morphology and mycorrhizal structures 

  Buxbaumia  spp. , 202–203  
 eudicots 

 Ericaceae (Monotropoideae) , 188–194  
 Gentianaceae , 194–202  
 Polygalaceae (Epirixanthes) , 186–188  

 gymnosperms , 162–163  
 monocots 

 Burmanniaceae , 170–175  
 Corsiacea , 181–183  
 Iridaceae , 185–186  
 Orchidaceae , 183–185  
 Petrosaviaceae,  Petrosavia  , 163  
 Thismiaceae , 163–170  
 Triuridaceae , 175–181  

 nonvascular plants , 158–159  
  Pyrola  

 Ericaceae , 203  
  P. aphylla  , 203  
  P. picta  , 203  

 seedless vascular plants 
 Gleicheniaceae , 162  
 Lycopodiaceae , 159  
 Ophioglossaceae , 159–161  
 Psilotaceae , 161–162  
 Schizaeaceae , 162   

  Mount Cameroon , 133   
  Mount Kinabalu , 133, 134   
  Mount Kupe , 133   
  Mutualisms , 268–269   

Index



352

  Mycoheterotrophic plants 
 biodiversity hotspots 

 Mount Cameroon , 133  
 Mount Kinabalu , 133–134  
 Mount Kupe , 133  
 Reserva Ducke , 133  

 biogeographic patterns 
 disjunct distribution patterns , 127  
 diversity , 121–122  
 widespread distributions , 122, 124  
 widespread species , 124  

 carbon stable isotope values , 9  
 chlorophyll , 12  
 conservation 

 establishing new populations , 146–147  
 ex situ conservation , 147  
 habitats , 146  
 inventory and monitoring , 146  

 DNA sequencing and ampli fi cation techniques , 8  
 ecological and physiological aspects , 1  
 endemism and rarity , 134–139  
 epiparasitism , 11  
 extinct species , 139–140  
 fungal carbon , 1  
 fungas distributions , 140–142  
 gametophytes , 13  
 green plant species , 13  
 habitat characteristics 

 co-occurrence , 132  
 elevation , 130–131  
 light , 129–130  
 plant communities , 131  
 population size , 132  
 soil types , 130  
 termite nests , 132  
 water , 130  
 woodland and wooded grassland , 131  

  H. monotropa  , 7  
 land plant phylogeny , 10  
 molecular methods , 8  
 mycorrhizal symbiosis 

 arbuscular mycorrhizas , 3  
 ectomycorrhizas , 3–4  
 mutualism–parasitism continuum , 5–6  
 saprotrophic fungi , 5  

 nutrient  fl uxes , 9  
 orchid species , 11  
 partial mycoheterotrophy , 9, 11  
 photosynthesis , 9  
 radioactive-labeled isotopes , 8  
 species distributions , 129  
 species interactions of   ( see  Species interactions) 
 symbiotic saprophytism , 7  
 Thomson Reuters’ Web of Science , 2  
 threats 

 disturbance , 145–146  
 existence value , 142–143  
 global climate change , 144–145  
 habitat destruction/fragmentation , 143–144  
 pollution , 144  
 vulnerable taxa , 146  

 trophic strategy , 11  
 vicariance  vs.  long-distance dispersal , 127–129   

   Mycorrhizal Symbiosis  , 2    

  N 
  Nearest taxon index (NTI) , 236   
  Neotropical rainforests , 106–107   
   Neottia  

  N. cordata  , 281  
  N. nidus-avis  , 9, 185, 200, 231, 302, 308, 322, 314, 

324, 329   
  Net relatedness index (NRI) , 236   
  New Caledonia , 117   
  New Guinea , 116   
  Nonangiosperm mycoheterotrophs 

 clubmosses , 104–105  
 ferns , 105  
 gymnosperms , 105  
 liverworts , 104   

  NTI.    See  Nearest taxon index (NTI)   

  O 
   Obolaria virginica  , 194, 197, 327   
   Odontochilus  

  O. asraoa  , 62  
  O. guangdongensis  , 62  
  O. poilanei  , 62  
  O. saprophyticus  , 62   

   Olax phyllanthi  , 311   
  Ophioglossaceae 

  Botrychium  , 28  
 classi fi cation , 27–28  
 distribution and habitat , 27  
 fossil history of , 28  
 genera and species , 27  
  Helminthostachys  , 28–30  
  Mankyua  , 30  
 mycoheterotrophy , 28  
  Ophioglossum  , 30   

   Ophioglossum  
  O. crotalophoroides  , 159, 161  
  O. nudicaule  , 159  
  O. palmatum  , 30, 159, 161  
  O. pendulum  , 161  
  O. reticulatum  , 30  
  O. vulgatum  , 159   

  Orchidaceae 
  Aphyllorchis  , 64  
  Arthrochilus  , 61  
  Auxopus  , 64  
  Brachycorythis  , 61–62  
  Burnettia  , 62  
  Cephalanthera  , 64–65  
  Chamaegastrodia  , 62  
 classi fi cation , 60  
  Corallorhiza  , 65  
  Corybas  , 62  
  Cremastra  , 65  
  Cryptostylis  , 62  

Index



353

  Cymbidium  , 65  
  Cyrtosia  , 61  
  Cystorchis  , 62  
  Danhatchia  , 62  
  Degranvillea  , 62  
  Didymoplexiella  , 65–66  
  Didymoplexis  , 66  
  Dipodium  , 66  
 distribution and habitat , 59–60  
 ecology , 60–61  
  Epipogium  , 66  
  Erythrorchis  , 61  
  Eulophia  , 66–67  
 evolutionary history , 60  
  Galeola  , 61  
  Gastrodia  , 67  
 genera and species , 59  
  Hexalectris  , 67  
  Kalimantanorchis  , 67  
  Lecanorchis  , 61  
  Limodorum  , 67  
  Malaxis  , 67–68  
  Neottia  , 68  
  Odontochilus  , 62  
  Platanthera  , 63–64  
  Platythelys  , 64  
  Pogoniopsis  , 68  
  Pseudovanilla  , 61  
  Rhizanthella  , 64  
  Risleya  , 68  
  Silvorchis  , 68  
  Stereosandra  , 68  
  Tropidia  , 68–69  
  Uleiorchis  , 69  
  Wullschlaegelia  , 69  
  Yoania  , 69   

  Orchids 
 fungal hosts , 270, 275  
 mutualisms , 268–269   

   Orchis purpurea  , 324   
   Orthilia secunda  , 250, 251, 319, 320, 325   
   Oxygyne  

  O. hyodoi  , 165  
  O. shinzatoi  , 165  
  O. triandra  , 49, 165  
  O. yamashitae  , 49, 165    

  P 
  Paci fi c Islands , 117–118   
  Parabikulam Wildlife Sanctuary , 48   
   Parasitaxus usta  , 35, 162, 224, 269   
  Parasitic plants , 13   
   Peltophyllum  

  P. caudatum  , 54  
  P. luteum  , 54   

   Peltophyllum  spp. , 177   
   Petrosavia  

  P. sakuraii  , 39, 163, 232  

  P. sinii  , 39  
  P. stellaris  , 37–39   

  Petrosaviaceae 
 classi fi cation , 36–37  
 distribution and habitat , 36  
 ecology , 37  
 evolutionary history , 37  
 genera and species , 36  
 monocots , 163  
  Petrosavia  , 37–39   

   Phalaenopsis aphrodite  , 231   
  The Philippines , 115   
   Pinus  

  P. densi fl ora  , 323  
  P. sylvestris  , 302   

   Pityopus californicus  , 81, 188, 193, 194, 252   
   Platanthera  

  P. minor  , 323  
  P. saprophytica  , 64   

   Platythelys pedicellata  , 64   
   Pleuricospora  

  P.  fi briolata  , 252  
  P.  fi mbriolata  , 81, 194   

   Pleurotus ostreatus  , 309   
  Podocarpaceae , 33–35, 105, 162–163   
  Pollution , 144   
  Polygalaceae 

 classi fi cation , 71  
 distribution and habitat , 71  
 ecology , 71  
  Epirixanthes  , 71–73  
 evolutionary history , 71  
 genera and species , 71   

   Polygala setacea  , 186   
   Psathyrella candolleana  , 185, 309   
  Psilotaceae , 29  

 classi fi cation , 31  
 distribution and habitat , 30  
 evolutionary history , 31  
 gametophytes , 24  
 genera and species , 30  
 mycoheterotrophy , 31  
  Psilotum  , 31  
  Tmesipteris  , 31–32   

   Psilotum  , 161  
  P. complanatum  , 31  
  P. nudum  , 31, 333   

   Pterospora andromedea  , 82, 194, 230   
   Pyrola  

  P. aphylla  , 203, 217, 220, 233, 308, 313, 
319, 325, 331  

  P. asarifolia  , 234, 319, 326  
  P. chlorantha  , 82, 319, 320, 325  
  P. dentata  , 203  
  P. incarnata  , 327  
  P. japonica  , 313, 325  
  P. minor  , 82, 320, 325  
  P. picta  , 203, 320, 325, 326  
  P. rotundifolia  , 320, 325, 327    

Index



354

  R 
   Raf fl esia arnoldii  , 13   
  Rainforest regions.    See  Tropical rainforest regions  
  Reserva Ducke , 133   
   Rhinanthus alectorolophus  , 311   
   Rhizanthella  

  R. gardneri  , 9, 64, 183, 230, 231, 270, 302  
  R. omissa  , 64  
  R. slateri  , 64   

   Rhizoctonia  , 5   
   Rhizopogon  

  R. arctostaphyli  , 194  
  R. ellenae  , 194  
  R. salebrosus  , 194   

   Risleya atropurpurea  , 68   
  RuBisCO large-subunit gene (rbcL) , 230   
   Russula  

  R. brevipes  , 193, 233  
  R. decolorans  , 193  
  R. nitida  , 193    

  S 
   Salix repens  , 302   
   Salomonia ciliata  , 186   
  Saprotrophic fungi (SAP) , 4   
   Sarcodes sanguinea  , 83, 194, 308   
  Schizaeaceae , 32–33, 162   
   Sciaphila  

  S. japonica  , 179  
  S. ledermannii  , 177, 179, 181  
  S. polygyna  , 177, 179  
  S. purpurea  , 179  
  S. secundi fl ora  , 179  
  S. thaidanica  , 179  
  S. tosaensis  , 179   

   Sciaphila  spp. , 177   
   Sebaea oligantha  , 199   
   Seychellaria  

  S. madagascariensis  , 53, 177  
  S. thomassettii  , 53   

  Shimodaira–Hasegawa test , 216   
   Silvorchis colorata  , 68   
  Single nucleotide polymorphisms (SNPs) , 259   
  Soil , 130   
  Solution hybrid selection (SMS) , 261   
   Soridium spruceanum  , 54, 177   
  Southeast Asia 

  Brachycorythis  , 62  
  Cystorchis  , 62  
  Epirixanthes  , 186  
  Exacum  , 87  
 Mount Kinabalu , 133  
 Orchidaceae , 59  
 Petrosaviaceae , 36  
  Salomonia ciliata  , 186  
  Stereosandra javanica  , 68  
  Thismia  , 131  
  Tmesipteris  , 105  

 tropical rainforest regions 
 dipterocarp forests , 113  
 distribution , 113  
 Indochina , 114  
 Philippines , 115  
 Sundaland , 114–115  
 Wallacea , 115   

  Species interactions 
 fungal hosts 

 causes and consequences of , 275–279  
  Epipogium  , 275  
  Gastrodia similis  , 275  
  Hymenoscyphus ericae  , 270  
 mycorrhizal fungi, DNA sequence identi fi cation , 

270–274  
 orchids , 270, 275  
 photosynthetic mycorrhizal plants , 269  
  Sebacina  , 270  
  Wullschlaegelia aphylla  , 275  

 mutualism 
 delayed payback , 268  
  fi tness costs , 269  
 intra-speci fi c cheaters , 268  
 orchids , 268–269  
 third-party cheaters , 268  

 non-fungal interactions 
 autogamy,  Voyria  , 281–283  
  Bombus  spp. , 289–290  
 breeding systems and pollinators , 284–288  
  Monotropsis odorata,  cryptic coloration , 

279–280  
 reproductive strategies, evolution of , 290–291  
 seasonal reproductive output , 291  
 specialized pollination systems , 279  
 specialized symbiotic interactions , 283   

  Sri Lanka , 111–112   
   Stereosandra javanica  , 68   
   Striga hermonthica  , 311, 323   
   Stromatopteris moniliformis  , 32, 162   
  Sundaland rainforests , 114–115   
  Swofford–Olsen–Waddell–Hillis test , 216    

  T 
  Taxonomical classi fi cations 

 angiosperms   ( See  Angiosperms) 
 ferns and clubmosses 

 gametophytes and mycoheterotrophy , 24  
 Gleicheniaceae , 32  
 life cycle of , 24  
 Lycopodiaceae , 25–27  
 Ophioglossaceae , 27–30  
 Psilotaceae , 30–32  
 Schizaeaceae , 32–33  

 liverworts 
 Aneuraceae , 21–24  
 gametophyte phase , 20  
 genera and species , 20–21  

 Podocarpaceae , 33–35   

Index



355

  Temperate forests 
 coniferous and mixed forest , 118–119  
 Europe , 119  
 Japan , 120  
 New Zealand , 121  
 North America , 118–119  
 South Africa , 120  
 South Chile and Argentina , 120  
 temperate Asia , 119–120  
 temperate Australia and Tasmania , 120–121   

   Thismia  
  T. americana  , 167  
  T. annamensis  , 165  
  T. appendiculata  , 165  
  T. aseroe  , 167  
  T. clandestina  , 165, 167  
  T. clavigera  , 165  
  T. glaziovii  , 165, 167  
  T. goodii  , 165  
  T. hyalina  , 165  
  T. janeirensis  , 165  
  T. javanica  , 167  
  T. luetzelburgii  , 165, 167  
  T. panamensis  , 165  
  T. rodwayi  , 47–48, 167  
  T. saülensis  , 165  
  T. tentaculata  , 165  
  T. versteegii  , 165  
  T. yorkensis  , 165   

  Thismiaceae 
 Afrothismia , 167–170  
  Afrothismia  , 45–47  
 classi fi cation , 45  
 distribution and habitat , 45  
 ecology , 45  
 evolutionary history , 45  
 genera and species , 44–45  
  Haplothismia  , 48  
 Haplothismia, Oxygyne and Tiputinia , 165  
  Oxygyne  , 48–49  
 Thismia , 165, 167  
  Thismia  , 47–48  
  Tiputinia  , 48   

   Thismia  spp. , 165, 167   
   Tiputinia foetida  , 48, 165   
   Tmesipteris  , 31–32   
   Tmesipteris tannensis  , 162   
   Tolumnia variegata  , 233   
   Tomentella fuscocinerea  , 233, 256, 258   
   Tricholoma  

  T. magnivelare  , 194  
  T. myomyces  , 194   

  Triuridaceae 
  Andruris  , 53–54  
 classi fi cation , 50  
 distribution and habitat , 50  
 ecology , 50  
 evolutionary history , 50  
 genera and species , 49–50  

  Hyalisma  , 53  
  Kihansia  , 51  
  Kupea  , 51  
  Lacandonia  , 54–55  
  Peltophyllum  , 54  
  Sciaphila  , 53  
  Seychellaria  , 51–53  
  Soridium  , 54  
  Triuridopsis  , 55–56  
  Triuris  , 56   

   Triuridopsis  
  T. intermedia  , 56, 177  
  T. peruviana  , 56   

   Triuris  
  T. alata  , 56  
  T. hexophthalma  , 56  
  T. hyalina  , 56, 177, 179, 199   

  Tropical rainforest regions 
 in Africa 

 distribution , 109  
 East Africa , 110–111  
 Madagascar , 111  
 West and Central Africa , 110  

 arbuscular mycorrhizas , 106  
 in Australasia , 115–116  

 Australia , 116–117  
 New Caledonia , 117  
 New Guinea , 116  
 Vanuatu , 117  

 in Central and South America 
 Atlantic Forest , 109  
 Guianas and Amazonia , 108  
 neotropical rainforests , 106–107  
 West Indies , 108  

 fully mycoheterotrophic angiosperms , 105–106  
 global distribution of , 105  
 in India and Sri Lanka , 111–112  
 Paci fi c Islands , 117–118  
 in Southeast Asia 

 dipterocarp forests , 113  
 distribution , 113  
 Indochina , 114  
 Philippines , 115  
 Sundaland , 114–115  
 Wallacea , 115   

   Tropidia  
  T. connata  , 69  
  T. saprophytica  , 69   

   Tulasnella  spp. , 158    

  U 
   Uleiorchis liesneri  , 69    

  V 
   Vaccinium  

  V. myrtillus  , 302  
  V. vitis-idaea  , 302   

Index



356

  Vanuatu , 117   
   Voyria  

 autogamy , 281–283  
 distribution and habitat , 84–85  
 DNA data , 85–86  
 pollination , 86  
 root system , 84, 200–202  
 seed dispersal , 86  
  V. aphylla  , 201, 310  
  V. chionea  , 201  
  V.  fl avescens  , 201  
  V. obconica  , 201  
  V. primuloides  , 201  
  V. rosea  , 200, 201  
  V. tenella  , 197, 199–201, 229, 310  
  V. truncata  , 163, 199–201   

   Voyriella parvi fl ora  , 86, 200    

  W 
  Wallacea , 115   
  Water , 130   
  Western Ghats , 111–112   
  West Indies , 108   
  World Checklist of Selected Plant Families , 20   
   Wullschlaegelia  

  W. aphylla  , 69, 233, 275, 309, 310  
  W. calcarata  , 69, 183    

  Y 
   Yoania  

  Y. amagiensis  , 69  
  Y.  fl ava  , 69  
  Y. japonica  , 69  
  Y. prainii  , 69          

Index


	Mycoheterotrophy
	Preface
	Contents
	Contributors
	1: Mycohetrotrophy: An Introduction
	1.1	 Motivation
	1.2	 Mycorrhizal Symbiosis
	1.2.1	 Mycorrhizas
	1.2.2	 Arbuscular Mycorrhizas
	1.2.3	 Ectomycorrhizas
	1.2.4	 Mycorrhizal Associations with Saprotrophic Fungi
	1.2.5	 Mutualism–Parasitism Continuum of the Mycorrhizal Symbiosis

	1.3	 A Short History of Research on Mycoheterotrophy
	1.4	 Concepts and Terminology
	1.5	 Parasitic Plants
	References

	2: Taxonomy and Classi ﬁ cation
	2.1	 Introduction
	2.2	 Liverworts
	2.2.1	 Aneuraceae
	2.2.1.1 Aneura (Fig.  2.1a)


	2.3	 Ferns and Clubmosses
	2.3.1	 The Life Cycle of Ferns and Clubmosses
	2.3.2	 Gametophytes and Mycoheterotrophy
	2.3.3	 Clubmosses
	2.3.4	 Lycopodiaceae
	2.3.4.1 Huperzia (Fig.  2.1b, e, f)
	2.3.4.2 Lycopodiella (Fig.  2.1g)
	2.3.4.3 Lycopodium (Figs.  2.1c, d and 4.1a)

	2.3.5	 Ferns
	2.3.6	 Ophioglossaceae
	2.3.6.1 Botrychium (Figs.  2.2a and 4.1d)
	2.3.6.2 Helminthostachys (Fig.  2.2b)
	2.3.6.3 Mankyua (Fig.  2.2d)
	2.3.6.4 Ophioglossum (Fig.  2.2c)

	2.3.7	 Psilotaceae
	2.3.7.1 Psilotum (Figs.  2.2f and 4.1g)
	2.3.7.2 Tmesipteris (Fig.  2.2e)

	2.3.8	 Gleicheniaceae
	2.3.8.1 Stromatopteris (Fig.  2.2g)

	2.3.9	 Schizaeaceae
	2.3.9.1 Actinostachys (Fig.  2.2h)


	2.4	 Gymnosperms
	2.4.1	 Podocarpaceae
	2.4.1.1 Parasitaxus (Fig.  2.3)


	2.5	 A ngiosperms
	2.5.1	 Petrosaviaceae
	2.5.1.1 Petrosavia (Figs.  2.4 and 2.5a)

	2.5.2	 Burmanniaceae
	2.5.2.1 Burmannia (Figs.  2.6e, f and 4.7g)
	2.5.2.2 Campylosiphon (Figs.  2.5b and 2.6c)
	2.5.2.3 Hexapterella (Figs.  2.6d and 4.6f, h)
	2.5.2.4 Dictyostega (Figs.  2.6a and 4.5a)
	2.5.2.5 Miersiella (Fig.  2.6i)
	2.5.2.6 Gymnosiphon (Figs.  2.5d and 2.6g)
	2.5.2.7 Apteria (Figs.  2.6b and 4.6b)
	2.5.2.8 Marthella (Fig.  2.6h)

	2.5.3	 Thismiaceae
	2.5.3.1 Afrothismia (Figs.  2.5h , 2.7f , 4.2, 4.3, and 4.4)
	2.5.3.2 Thismia (Figs.  2.5f, 2.7b, c , and 4.10j)
	2.5.3.3 Tiputinia (Fig.  2.7a)
	2.5.3.4 Haplothismia (Fig.  2.7d)
	2.5.3.5 Oxygyne (Fig.  2.7e)

	2.5.4	 Triuridaceae
	2.5.4.1 Kupea (Figs.  2.5c, 2.8a, b , and 4.10d, e)
	2.5.4.2 Kihansia (Fig.  2.8g, h)
	2.5.4.3 Seychellaria (Figs.  2.8c and 4.10a)
	2.5.4.4 Sciaphila (Figs.  2.8e , 4.8i, and 4.9a–c)
	2.5.4.5 Hyalisma (2.8f)
	2.5.4.6 Andruris (Fig.  2.8d)
	2.5.4.7 Soridium (Fig.  2.8i)
	2.5.4.8 Peltophyllum (Fig.  2.9a, b)
	2.5.4.9 Lacandonia (Fig.  2.9g)
	2.5.4.10 Triuridopsis (Fig.  2.9c, d)
	2.5.4.11 Triuris (Figs.  2.9e, f , and 4.8b)

	2.5.5	 Corsiaceae
	2.5.5.1 Arachnitis (Figs.  2.10 and 4.11a)
	2.5.5.2 Corsia (Fig.  2.10a, b)
	2.5.5.3 Corsiopsis (Fig.  2.10c)

	2.5.6	 Orchidaceae
	2.5.6.1 Cyrtosia
	2.5.6.2 Erythrorchis
	2.5.6.3 Galeola
	2.5.6.4 Lecanorchis
	2.5.6.5 Pseudovanilla
	2.5.6.6 Arthrochilus
	2.5.6.7 Brachycorythis
	2.5.6.8 Burnettia
	2.5.6.9 Chamaegastrodia
	2.5.6.10 Corybas
	2.5.6.11 Cryptostylis
	2.5.6.12 Cystorchis (Fig.  2.11e)
	2.5.6.13 Danhatchia
	2.5.6.14 Degranvillea
	2.5.6.15 Odontochilus
	2.5.6.16 Platanthera (Fig.  2.11f)
	2.5.6.17 Platythelys
	2.5.6.18 Rhizanthella
	2.5.6.19 Aphyllorchis
	2.5.6.20 Auxopus
	2.5.6.21 Cephalanthera (Figs.  2.5g and 2.11b)
	2.5.6.22 Corallorhiza (Figs. 4.12a and 6.2)
	2.5.6.23 Cremastra
	2.5.6.24 Cymbidium
	2.5.6.25 Didymoplexiella
	2.5.6.26 Didymoplexis
	2.5.6.27 Dipodium
	2.5.6.28 Epipogium (Fig.  2.11d)
	2.5.6.29 Eulophia
	2.5.6.30 Gastrodia (Fig.  2.11a)
	2.5.6.31 Hexalectris (Fig. 6.1)
	2.5.6.32 Kalimantanorchis
	2.5.6.33 Limodorum
	2.5.6.34 Malaxis
	2.5.6.35 Neottia
	2.5.6.36 Pogoniopsis
	2.5.6.37 Risleya
	2.5.6.38 Silvorchis
	2.5.6.39 Stereosandra
	2.5.6.40 Tropidia (Fig.  2.11c)
	2.5.6.41 Uleiorchis
	2.5.6.42 Wullschlaegelia
	2.5.6.43 Yoania

	2.5.7	 Iridaceae
	2.5.7.1 Geosiris (Figs.  2.5e, 2.12 , and 4.10h)

	2.5.8	 Polygalaceae
	2.5.8.1 Epirixanthes (Figs.  2.13a, b , 2.15b, and 4.13c)

	2.5.9	 Ericaceae
	2.5.9.1 Allotropa (Figs.  2.14a, 2.15d , and 4.16a)
	2.5.9.2 Cheilotheca (Fig.  2.14b)
	2.5.9.3 Hemitomes (Fig.  2.14c)
	2.5.9.4 Hypopitys (Fig.  2.14d)
	2.5.9.5 Monotropa (Figs.  2.14e and 4.14a)
	2.5.9.6 Monotropastrum (Fig.  2.14f)
	2.5.9.7 Monotropsis (Figs.  2.16a and 7.3a, b)
	2.5.9.8 Pityopus (Figs.  2.16b and 4.17a)
	2.5.9.9 Pleuricospora (Fig.  2.16d)
	2.5.9.10 Pterospora (Figs.  2.16c and 4.15a)
	2.5.9.11 Pyrola (Fig.  2.16e)
	2.5.9.12 Sarcodes (Figs.  2.15e and 2.16f)

	2.5.10	 Gentianaceae
	2.5.10.1 Voyria (Figs.  2.15a, c , 2.17a , 4.18, 4.19, 4.20, and 7.4)
	2.5.10.2 Voyriella (Fig.  2.17c)
	2.5.10.3 Exacum (Fig.  2.17b)
	2.5.10.4 Exochaenium (Fig.  2.17d)


	References

	3: Biogeography and Conservation
	3.1	 Introduction
	3.2	 Distribution of Nonangiosperm Mycoheterotrophs
	3.2.1	 Liverworts
	3.2.2	 Clubmosses
	3.2.3	 Ferns
	3.2.4	 Gymnosperms

	3.3	 Distribution of Fully Mycoheterotrophic Angiosperms
	3.3.1	 Tropical Regions
	3.3.2	 Central and South America
	3.3.2.1 Central America
	3.3.2.2 West Indies
	3.3.2.3 Guianas and Amazonia
	3.3.2.4 Southern Neotropics
	3.3.2.5 Atlantic Forest

	3.3.3	 Africa and Madagascar
	3.3.3.1 West and Central Africa
	3.3.3.2 East Africa
	3.3.3.3 Madagascar

	3.3.4	 India and Sri Lanka
	3.3.5	 Southeast Asia
	3.3.5.1 Indochina
	3.3.5.2 Sundaland
	3.3.5.3 Philippines
	3.3.5.4 Wallacea

	3.3.6	 Australasia
	3.3.6.1 New Guinea
	3.3.6.2 Australia
	3.3.6.3 New Caledonia and Vanuatu

	3.3.7	 Paci ﬁ c Islands
	3.3.8	 Temperate Regions
	3.3.9	 North America
	3.3.10	 Europe
	3.3.11	 Temperate Asia
	3.3.12	 Japan
	3.3.13	 South Chile and Argentina
	3.3.14	 South Africa
	3.3.15	 Temperate Australia, Tasmania, and New Zealand

	3.4	 Biogeographic Patterns
	3.4.1	 General Patterns of Diversity
	3.4.2	 Widespread Distributions
	3.4.3	 Widespread Species
	3.4.4	 Disjunct Distribution Patterns

	3.5	 Biogeographic History
	3.5.1	 Distributions of Families and Genera: Vicariance Versus Long-Distance Dispersal
	3.5.2	 Species Distributions

	3.6	 Habitat Characteristics
	3.6.1	 Light
	3.6.2	 Water
	3.6.3	 Soil Types
	3.6.4	 Elevation
	3.6.5	 Plant Communities
	3.6.6	 Exceptional Habitats
	3.6.7	 Population Size
	3.6.8	 Co-occurrence

	3.7	 Biodiversity Hotspots
	3.8	 Endemism and Rarity
	3.9	 Extinct Species
	3.10	 Distribution of Host Fungi
	3.11	 Threats
	3.11.1	 Value of Diversity
	3.11.2	 Habitat Destruction
	3.11.3	 Global Climate Change
	3.11.4	 Disturbance
	3.11.5	 Vulnerable Taxa

	3.12	 Conservation
	3.12.1	 Habitat Conservation
	3.12.2	 Inventory and Monitoring
	3.12.3	 Establishing New Populations
	3.12.4	 Ex Situ Conservation

	3.13	 Conclusions
	References

	4: Subterranean Morphology and Mycorrhizal Structures
	4.1	 Introduction
	4.2	 Nonvascular Plants
	4.2.1	 Aneura

	4.3	 Seedless Vascular Plants
	4.3.1	 Lycopodiaceae (Fig. 4.1a–c)
	4.3.2	 Ophioglossaceae (Fig. 4.1d–f)
	4.3.3	 Psilotaceae (Fig. 4.1g–j)
	4.3.4	 Schizaeaceae
	4.3.5	 Gleicheniaceae

	4.4	 Gymnosperms
	4.4.1	 Podocarpaceae

	4.5	 Monocots
	4.5.1	 Petrosaviaceae ( Petrosavia)
	4.5.2	 Thismiaceae (Figs. 4.2 –4.4 and 4.10)
	4.5.2.1 Haplothismia, Oxygyne, Tiputinia
	4.5.2.2 Thismia (Fig. 4.10g, h)
	4.5.2.3 Afrothismia (Figs. 4.2 – 4.4)

	4.5.3	 Burmanniaceae (Figs. 4.5 – 4.7)
	4.5.3.1 Apteria, Campylosiphon, Dictyostega, Gymnosiphon, Hexapterella, Marthella, Miersiella (Figs. 4.5 and 4.6)
	4.5.3.2 Burmannia (Fig. 4.7)

	4.5.4	 Triuridaceae (Figs. 4.8 – 4.10)
	4.5.5	 Corsiaceae (Fig. 4.11)
	4.5.5.1 Arachnitis
	4.5.5.2 Corsia
	4.5.5.3 Corsiopsis

	4.5.6	 Orchidaceae (Fig. 4.12)
	4.5.7	 Iridaceae ( Geosiris , Fig. 4.10g, h)

	4.6	 Eudicots
	4.6.1	 Polygalaceae ( Epirixanthes , Fig. 4.13)
	4.6.2	 Ericaceae (Monotropoideae, Figs. 4.14 – 4.17)
	4.6.2.1 Monotropa uni ﬂ ora (Fig. 4.14)
	4.6.2.2 Pterospora andromedea (Fig. 4.15)
	4.6.2.3 Allotropa virgata and Pleuricospora ﬁ mbriolata (Fig. 4.16)
	4.6.2.4 Pityopus californicus (Fig. 4.17)

	4.6.3	 Gentianaceae (Figs. 4.18 – 4.20)
	4.6.3.1 Exacum
	4.6.3.2 Exochaenium (Fig. 4.18i–k)
	4.6.3.3 Voyriella
	4.6.3.4 Voyria (Figs. 4.18 – 4.20)


	4.7	 Selected Species of Questionable Trophic Status
	4.7.1	 Buxbaumia spp. (Bryophyta, Fig. 4.1k)
	4.7.2	 Pyrola picta ( Pyrola aphylla , Ericaceae)

	4.8	 Trends, Conclusions, and Future Directions
	References

	5: Evolution and Diversi ﬁ cation
	5.1	 Introduction
	5.2	 Reconstructing the Evolutionary History of Mycoheterotrophy
	5.3	 Evolution Toward Mycoheterotrophy
	5.3.1	 Origins of Mycoheterotrophy
	5.3.2	 Evolutionary Stability of the Mycorrhizal Mutualism
	5.3.3	 Breakdown of the Mycorrhizal Symbiosis
	5.3.4	 Intermediate Evolutionary Steps Between Autotrophy and Full Mycoheterotrophy
	5.3.5	 Evolutionary Drivers of Mycoheterotrophy

	5.4	 Phylogenetic Aspects
	5.4.1	 Number of Origins
	5.4.2	 Diversity
	5.4.2.1 Liverworts
	5.4.2.2 Lycophytes
	5.4.2.3 Ferns
	5.4.2.4 Gymnosperms
	5.4.2.5 Angiosperms

	5.4.3	 Timing
	5.4.4	 Diversi ﬁ cation

	5.5	 Common Evolutionary Trends
	5.5.1	 Morphology
	5.5.1.1 Subterranean Morphology
	5.5.1.2 Shoots
	5.5.1.3 Leaves
	5.5.1.4 Seeds

	5.5.2	 Biomass Reduction
	5.5.3	 Habitats
	5.5.4	 Reduction of the Chloroplast Genome
	5.5.5	 High Substitution Rates in Nuclear and Mitochondrial Genomes
	5.5.6	 Mycorrhizal Speci ﬁ city
	5.5.7	 Host Shifts
	5.5.8	 Phylogenetic Tracking

	Box 5.1 Analysis of Mycorrhizal Interactions in an Evolutionary Framework: A Primer
	Mycorrhizal Associations and Plant Phylogenetic Relatedness
	Mycorrhizal Associations and Fungal Phylogenetic Relatedness
	Plant–Fungal Networks

	5.6	 Conclusions
	References

	6: Progress and Prospects for the Ecological Genetics of Mycoheterotrophs
	6.1	 Introduction
	6.2	 Population Genetic Analysis of Hypopitys monotropa (Ericaceae)
	6.3	 Hybrid Origin of Monotropoid Taxa
	6.4	 Hexalectris spicata Species Complex
	6.5	 The Genus Corallorhiza
	6.5.1	 Corallorhiza striata Complex
	6.5.2	 Corallorhiza wisteriana–odontorhiza Complex
	6.5.3	 Corallorhiza maculata–mertensiana Complex

	6.6	 Emerging Patterns
	6.7	 Future Questions and Approaches
	6.8	 Conclusions
	R eferences

	7: Species Interactions of Mycoheterotrophic Plants: Specialization and its Potential Consequences
	7.1	 Species Interactions of Mycoheterotrophic Plants
	7.2	 The Exploitation of a Mutualism
	7.3	 Fungal Hosts
	7.4	 The Causes and Consequences of Fungal Specialization
	7.5	 Non-fungal Interactions
	Box 7.1 Cryptic Coloration in Monotropsis odorata
	Box 7.2 Is Autogamy an Adaptation Towards Mycoheterotrophy? Voyria as a Case-Study
	References

	8: The Physiological Ecology of Mycoheterotrophy
	8.1	 Introduction
	Box 8.1 Radioisotope and Stable Isotope Labeling
	8.2	 From Mutualism to Parasitism: Deconstructing the Continuum of Plant–Fungal Interactions
	8.2.1	 Mycorrhizal Networks
	8.2.2	 Determination of Full Mycoheterotrophy
	8.2.2.1 Evidence Based on Radioisotope and Stable Isotope Labeling
	8.2.2.2 Evidence Based on Natural Abundance 13 C and 15 N


	Box 8.2 Stable Isotope Natural Abundance
	8.3	 Isotopic Patterns in Full Mycoheterotrophs Based on Fungal Host
	8.3.1	 Fully Mycoheterotrophic Plants Associated with Ectomycorrhizal Fungi
	8.3.2	 Fully Mycoheterotrophic Plants Associated with Saprotrophic Fungi
	8.3.3	 Fully Mycoheterotrophic Plants Associated with Arbuscular Mycorrhizal Fungi

	Box 8.3 Normalizing Stable Isotope Natural Abundance Data: The e Approach
	8.4	 Partial Mycoheterotrophy
	8.4.1	 Evolution of Partial and Full Mycoheterotrophy
	8.4.2	 Initial Mycoheterotrophy-Autotrophy
	8.4.2.1 Initial Mycoheterotrophy-Autotrophy in the Orchidaceae
	8.4.2.2 Isotopic Evidence for Initial Mycoheterotrophy-Autotrophy in Orchidaceae
	8.4.2.3 Initial Mycoheterotrophy-Autotrophy in Pyroleae
	8.4.2.4 Initial Mycoheterotrophy-Autotrophy in Other Taxa

	8.4.3	 Initial Mycoheterotrophy- Partial Mycoheterotrophy
	8.4.3.1 Discovery of Partial Mycoheterotrophy in Adult Orchids
	8.4.3.2 Partial Mycoheterotrophy in Adult Pyroloids
	8.4.3.3 Partial Mycoheterotrophy in Plants Associated with Arbuscular Mycorrhizal Fungi


	Box 8.4 The Linear Two-Source Mixing Model Approach
	8.5	 Challenges in the Study of Partial Mycoheterotrophy
	8.5.1	 Gas Exchange Measurements and Photosynthesis in Partially Mycoheterotrophic Plants
	8.5.2	 Considerations for the Application of Linear Isotope Mixing Models to Mycoheterotrophic Food Webs
	8.5.3	 Cryptic Mycoheterotrophy

	8.6	 Future Directions and Unanswered Questions
	8.6.1	 Nitrogen
	8.6.2	 Liverworts, Lycopods, and Ferns
	8.6.3	 Fungi
	8.6.4	 An Ecological View

	References

	Glossary
	Index


