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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)
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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  )        

 



3238 The Physiological Ecology of Mycoheterotrophy

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 
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 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  )        
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 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 



328 N.A. Hynson et al.

 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 
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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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