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The prevalence and potential functions of common mycorrhizal networks,

or the ‘wood-wide web’, resulting from the simultaneous interaction of
mycorrhizal fungi and roots of different neighbouring plants have been
increasingly capturing the interest of science and society, sometimes
leading to hyperbole and misinterpretation. Several recent reviews conclude
that popular claims regarding the widespread nature of these networks
inforests and their role in the transfer of resources and information

between plantslack evidence. Here we argue that mycoheterotrophic

plants associated with ectomycorrhizal or arbuscular mycorrhizal fungi
require resource transfer through common mycorrhizal networks and thus
are natural evidence for the occurrence and function of these networks,
offering alargely overlooked window into this methodologically challenging
underground phenomenon. The wide evolutionary and geographic
distribution of mycoheterotrophs and their interactions with abroad
phylogenetic range of mycorrhizal fungiindicate that common mycorrhizal
networks are prevalent, particularly in forests, and result in net carbon
transfer among diverse plants through shared mycorrhizal fungi. On the

basis of the available scientific evidence, we propose a continuum of carbon
transfer options within common mycorrhizal networks, and we discuss how
knowledge on the biology of mycoheterotrophic plants can be instrumental

for the study of mycorrhizal-mediated transfers between plants.

The roots or rootlike structures of most land plants are colonized by
mycorrhizal fungi, which help plants to take up growth-limiting soil
nutrients in exchange for photosynthetically fixed carbon'. These
ancientinteractions generally have low specificity and, consequently,
‘common mycorrhizal networks’ can be formed when a mycorrhizal
fungus simultaneously colonizes the roots of different plant indi-
viduals®* (Box 1). On the basis of indications that these networks can
transfer resources between trees’, common mycorrhizal networks in
forests were labelled the ‘wood-wide web’, a concept that has since
been expanded into a widespread fungal network that allows trees to

exchange nutritional resources and even information®”. Although the
existence of common mycorrhizal networksis notindoubt, researchers
haverecently pointed out that scientific support s still lacking for many
of these popular claims'* and have identified a biasin citing positive
effects of common mycorrhizal networks in the scientific literature'.
Thewidespread occurrence and importance of common mycorrhizal
networks have therefore remained controversial, particularly in the
scientific community'©™,

Yet, as mentioned in all recent evaluations of the occurrence and
potential functions of common mycorrhizal networks'®*™, there is
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Fig.1| Theintricate root matrix of a forest ecosystem on the slopes of
Mount Pirongiain New Zealand. The brown roots are those of Beilschmiedia
tawa (Lauraceae, magnoliids), the dominant tree species at this location. The
white-yellowish roots are those of Thismia hillii (Thismiaceae, monocots), a
perennial non-photosynthetic, mycoheterotrophic plant, which s linked to
B. tawa by acommon mycorrhizal network of Rhizophagus sp. (Glomeraceae)
arbuscular mycorrhizal fungi'*%. A thin layer of leaf litter was removed before this
picture was taken. Scale bar,1cm.

one phenomenon in which the establishment and function of com-
mon mycorrhizal networks is undisputed: mycoheterotrophy. Here,
non-photosynthetic mycorrhizal plants represent diverse ‘positive con-
trols’ for the potential ecological and evolutionary consequences of
common mycorrhizal networks. The existence of mycoheterotrophic
plant species, hundreds of which obtain carbon from surrounding
green plants through shared ectomycorrhizal or arbuscular mycorrhizal
fungi, is natural evidence for both the persistent formation of common
mycorrhizal networks and their ability to act as an important carbon
source for plants. However, because most mycoheterotrophic plants
tend tobe smallunderstory herbs seen only during flowering and fruiting,
they are usually ignored or considered as exceptions to the mutualistic
carbon-for-nutrients exchange typical of the mycorrhizal symbiosis” and
therefore have received little attention in the controversies surround-
ing common mycorrhizal networks. We argue that these fascinating
plants, which had a key role in the discovery of mycorrhizas™ and are at
the centre of questions about mycorrhizal cheating”, continue to play
their part as the ‘sphinxes of mycorrhizal research”®—natural examples
of mycorrhiza-mediated carbon uptake in plants within common myc-
orrhizal networks. To underline their unique importance, we briefly
summarize the currentknowledge onmycoheterotrophic plants, discuss
how their biology contributes to our understanding of the occurrence
and functions of common mycorrhizal networks and highlight how they
canhaveakeyroleinadvancing our knowledgein this controversial field.

Mycoheterotrophy

Mycoheterotrophy is a plant trophic mode defined by the ability to
obtain carbon from root-and/or rhizoid-associated fungi®*°. The most
obvious examples arethe ~580 species of diverse, leafless, achlorophyl-
lous plants, known as full mycoheterotrophs? (Fig. 1), including dicots,
monocots,agymnospermandabryophyte (Box 1). These evolved from
photosynthetic mycorrhizal ancestors at least 40 times across land
plants® (Fig. 2b), and their obligate mycoheterotrophic mode of life
has mostly been deduced from the absence of photosynthesis?, the
absence of a direct (that is, haustorial) link to any host plant (hence,
they are not holoparasites”) and dense fungal colonization in their
roots or rhizoids'*' (Fig. 2a).

BOX1
Key features

o Fully mycoheterotrophic plants (~580 species) do not
photosynthesize and rely on carbon from mycorrhizal fungi for
their entire development, largely underground. They belong

to liverworts (Aneuraceae), gymnosperms (Podocarpaceae),

monocots (Petrosaviaceae, Burmanniaceae, Thismiaceae,

Triuridaceae, Iridaceae, Corsiaceae and Orchidaceae) and

eudicots (Polygalaceae, Gentianaceae and Ericaceae). Many

species appear to be locally rare, and some are considered
indicators for undisturbed common mycorrhizal networks.

Initially mycoheterotrophic plants (~28,000 species) are

non-photosynthetic plants completely dependent on fungi

for carbon in their early developmental stages. They belong

to clubmosses (Lycopodiaceae), ferns (Ophioglossaceae,

Psilotaceae and Gleicheniaceae), monocots (Orchidaceae) and

eudicots (Ericaceae).

Partially mycoheterotrophic plants combine autotrophy and

mycoheterotrophy as adults. This has been experimentally

tested for only a few plant species so far, but stable isotope
signatures of carbon suggest that partial mycoheterotrophy
occurs in a wide range of ferns, monocots and eudicots.

The fungi targeted by mycoheterotrophic plants belong to a

wide range of ectomycorrhizal fungi (Atheliales, Boletales,

Agaricales, Russulales, Thelephorales, Hymenochaetales,

Gomphales, Cantharellales, Sebacinales, Leotiomycetes,

Dothideomycetes and Pezizomycetes), arbuscular mycorrhizal

fungi (Glomerales and Diversisporales) and saprotrophic fungi

(mostly Agaricales). Fully mycoheterotrophic plants often show

higher specificity towards narrow ectomycorrhizal or arbuscular

mycorrhizal fungal lineages than green plants.

Mycoheterotrophy evolved over 40 times across arbuscular

mycorrhizal, ectomycorrhizal and orchid mycorrhizal

symbioses. In a mycoheterotrophic interaction, the flow of

carbon is reversed relative to the net plant-to-fungus carbon

flow that is characteristic of ectomycorrhizas and arbuscular

mycorrhizas. Because mycoheterotrophs have often evolved from

photosynthetic ectomycorrhizal or arbuscular mycorrhizal plants,
they are considered as examples of mutualism breakdown.

Symbiotic germination, in which dust-like seeds or plant spores

with little or no reserves rely on fungal carbon for germination, is

often considered a prerequisite for the evolution of initial and full
mycoheterotrophy.

e Common mycorrhizal networks are formed when the same
individual of mycorrhizal fungus physically links the roots of two
or more individual plants, belonging to the same or different
species. These networks have the potential to transfer molecules
or signals among plants, and this has been the focus of many
investigations.

e ‘Wood-wide web' is a term coined by Nature in 1997. Although
its initial use referred to resource transfer between specific trees
and tree seedlings through a common mycorrhizal network,
popular media has considerably broadened this concept to
a fungal network through which most trees in a forest share
resources and information.

The fungiof mycoheterotrophic plants have beenrepeatedly iden-
tified as fungi that form ectomycorrhizas or arbuscular mycorrhizas
with green plants®** or as free-living wood- or litter-decaying fungi®.
Several DNA barcoding studies have found support for ectomycorrhizal
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Fig.2|Mycoheterotrophy in plants and its phylogenetic and geographic
distribution. a, Full mycoheterotrophy as evidence for interplant net carbon
transfer through common mycorrhizal networks, with the example of the
non-photosynthetic Monotropa uniflora (Ericaceae) linked to tree roots
viaectomycorrhizal Russulaceae fungi. b, Occurrence of achlorophyllous

mycoheterotrophic plants in families across the plant tree of life. ¢, Global
distribution of observations of fully mycoheterotrophic angiosperms growing
on arbuscular or ectomycorrhizal fungi based on available data from natural
history collections (data fromref. 63).

orarbuscular mycorrhizal fungisimultaneously colonizing the roots of
mycoheterotrophic plants and those of surrounding plants®?*, Ecto-
mycorrhizal and arbuscular mycorrhizal fungi are obligate biotrophs
withlittle or no capabilities for saprotrophy®**° or plant cell wall degra-
dation®; therefore, mycoheterotrophy requires a carbon source such
as a nearby photosynthetic host for the non-photosynthetic plant’s
fungi. These neighbouring plants provide all the carbon required by
the mycorrhizal fungi'*, and via these fungi, carbonis provided to the
mycoheterotrophic plant, thus creating atripartite symbiosis. Natural
abundances of stable carbon isotopes show that (fully) mycohetero-
trophic plants have isotope signatures like those of their mycorrhizal
fungi®*, which are enriched in heavy carbon and nitrogen isotopes
compared with photosynthetic understory plants growing at the same
location®**. Tracer experiments using *C or *C and mycoheterotrophic
plants growing on ectomycorrhizal fungi have provided additional
evidence that fungi provide a pathway for the transfer of carbon from
green plants to mycoheterotrophs® .

Mycoheterotrophy is not limited to non-photosynthetic plants.
Initial mycoheterotrophs obtain carbon during germinationand their
non-photosynthetic early developmental stages, and then they rely on
photosynthesis later in development”. All-28,000 species of orchids
are considered initial mycoheterotrophs (some on ectomycorrhizal
fungi but most on saprotrophic fungi, which do not form common
mycorrhizal networks). Outside orchids, this mode of life is also known
inEricaceae and several genera of ferns and clubmosses, whose game-
tophytes are non-photosynthetic and colonized by ectomycorrhizal or
arbuscular mycorrhizal fungi***. Importantly, initially mycohetero-
trophic plants reveal that reliance on carbon from mycorrhizal fungi
connected to photosynthetic plants is dynamic and can change over
plant development**.

In addition to initial mycoheterotrophs, some adult photosyn-
thetic plants are known to obtain carbon from fungi, a mode of life
known as ‘partial mycoheterotrophy’ or ‘mixotrophy*¢. Carbon

dioxide assimilation measurements indicate that the green orchid
Corallorhiza trifida obtains 85% of its carbon from ectomycorrhizal
fungi colonizing its roots". In Orchidaceae and Ericaceae, natural
abundances of stable isotopes intermediate between those of fully
mycoheterotrophic species and autotrophic plant species provide
further support for the existence of partial mycoheterotrophy?**5+,
Inthese partially mycoheterotrophic mature plants, the proportional
gain of carbon from mycorrhizal fungihas been estimated to vary from
near 0% to 84%. Isotope studies indicate that carbon uptake in partial
mycoheterotrophs canvary accordingtolight levels, season, soil nutri-
entsand developmental stage*®**. In some species, the ability to obtain
considerable amounts of carbon from mycorrhizal fungiis supported
by the natural occurrence of ‘albino’ plants and populations, which per-
sist despite their non-functional photosynthesis***~". Furthermore,
analysis of naturalabundances of stable isotopes suggests that partial
mycoheterotrophy might be commonin understory, photosynthetic,
arbuscular mycorrhizal plants®.

The autotrophy-mycoheterotrophy continuum

Partially mycoheterotrophic plants are often closely related to fully
mycoheterotrophic species and embedded in lineages where initial
mycoheterotrophy is observed or suspected”. Evolutionary reconstruc-
tions support a stepwise evolution of mycoheterotrophy, from initial
through partial to full mycoheterotrophy**®°. Overall, these observa-
tions support amodel in which carbon uptake from mycorrhizal fungiis
dynamicand canvary over ecological, evolutionary and plant develop-
mentalscales, leading to a continuum of carbon transfer options within
common mycorrhizal networks, both ecological and evolutionary
(Fig. 3). This continuum provides a functional framework to address
questions regarding common mycorrhizal networks and their potential
for interplant resource transfer. In particular, plants and fungi at the
mycoheterotrophy end-point are expected to reveal common biologi-
cal characteristics, which are instrumental for mycorrhizal-mediated
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Fig.3|The autotrophy-mycoheterotrophy continuum of mycorrhizal plants. a, The continuum over plant development. b, The continuum over evolutionary

timescales (based onref. 21).

carbon transfer between green plants. Here we focus on carbon as the
resource transferred, though others (for example, mineral nutrients)
may be relevant to common mycorrhizal networks®*?, as mycohet-
erotrophy is likely to primarily inform carbon transfer via common
mycorrhizal networks.

Common mycorrhizal networks are widespread
Karst etal.”” questioned the claim that common mycorrhizal networks
are widespread in forests. To evaluate this claim, they exclusively
focused on evidence from trees and highlighted that, with current
technology, it is difficult to confirm that continuous, non-transient
mycelial connections exist between trees in the field. They concluded
that support for the widespread occurrence of common mycorrhizal
networks is limited, owing to the paucity of information on common
mycorrhizal network structure, and especially dynamics, in the field.
However, because fully mycoheterotrophic plants growing on
ectomycorrhizal or arbuscular mycorrhizal fungi provide natural
evidence for the occurrence of common mycorrhizal networks, their
distributions and those of their associated fungi offer additional
information on the prevalence of common mycorrhizal networks.
Locally, fully mycoheterotrophic plants are often rare (or difficult
to observe), yet globally they have a wide distribution that is closely
associated with the occurrence of forests® (Fig. 2c). Unlike typical
mycorrhizal-generalist photosynthetic plants, individual species of
fully mycoheterotrophic plants often show high specificity in their
interactions with mycorrhizal fungi, including extreme specificity toa
single ectomycorrhizal or arbuscular mycorrhizal lineage®*. However,
mycorrhizal specificity is not arequirement for mycoheterotrophy®°.
The fungithemselves belong to aphylogenetically wide range of arbus-
cular and ectomycorrhizal fungi—in fact, only a few major lineages
of mycorrhizal fungi have not (yet) been found to be targeted by full
mycoheterotrophs®’. In the arbuscular mycorrhizal symbiosis, full
mycoheterotrophs preferentially associate with Glomeraceae®®®’,
which is the most abundant family of arbuscular mycorrhizal fungiin
forests globally™. Several fully mycoheterotrophic Ericaceae species
have also been found to associate with ectomycorrhizal fungithat are
common in temperate forests”. Therefore, the global occurrence of
fully mycoheterotrophic plants growing on mycorrhizal fungiand the
wide range and distribution of fungi supporting these interactions
strongly indicate that the potential for the formation of common
mycorrhizal networks and carbon transfer is widespread.
Fullmycoheterotrophs cantake up several yearsto develop, from
germination to fruiting*’?,and mycoheterotrophic fern gametophytes
live up to several years’, showing that the physical link between mycor-
rhizal fungi—often asingle fungus—and aneighbouring photosynthetic
host plant is either maintained or continuously renewed over years.

These observations further demonstrate the capacity of common
mycorrhizal networks to persistently link the roots of different plant
species under natural circumstances. Not surprisingly, mycohetero-
trophs are consideredindicators of undisturbed mycorrhizal networks
such as old-growth forests’™ 7",

Common mycorrhizal networks facilitate carbon
transfer between plants

The hypothesis that carbon is transferred between plants through
common mycorrhizal networks is central to the current debate on
the wood-wide web' ™, Although multiple pulse-chase experiments
have shown that labelled carbon is transferred from a donor tree to a
receiver tree or sapling*’®®! it remains under dispute whether carbon
was transferred through a soil or mycorrhizal pathway'*'2. However,
to experimentally rule out the possibility that carbon is transferred
through the soil rather than through acommon mycorrhizal network,
plantroot systems would have to be separated by an air gap that physi-
cally separates the soil but still allows fungal hyphae to cross. As myc-
orrhizal fungi grow through soil and soil solution, it is challenging to
maintain ecological relevance with this set-up. Also, because fungal
hyphae are coated with aqueous films and fungal cell walls use apoplas-
tic transport, this would not provide absolute proof for active carbon
transport through acommon mycorrhizal network.

Nevertheless, without carbon transfer via common mycorrhi-
zal networks, mycoheterotrophic plants cannot exist. Because fully
mycoheterotrophic plants provide evidence for carbon uptake from
mycorrhizal fungi by plants (Fig. 2a), both the plants and their myc-
orrhizal fungi offer us clues into the mycorrhizal pathway. There is
clear evidence that a wide range of photosynthetic plants also obtain
carbon via this pathway, in both the arbuscular and ectomycorrhizal
symbioses®****% and that the fungi involved also sustain mycohet-
erotrophic plants, which ultimately evolved from autotrophic ances-
tors*°, Given the widespread existence of fully, initially and partially
mycoheterotrophic plants, the question is not whether net carbon
transfer between green plants occurs through common mycorrhizal
networks, but rather how important this transfer is.

Mycoheterotrophic plants canalso provide clues about the mecha-
nisms by which plants get carbon from mycorrhizal fungi'. Although
relatively few studies have focused on fungus-to-plant transport in
mycoheterotrophic plants, they provide an important framework to
explore mycorrhizal-mediated carbonuptakein green plants. It is often
assumed that mycoheterotrophic plants obtain carbon fromthe ‘diges-
tion’ of degenerating fungal hyphae or active lysis of hyphae, but given
the quantity of fungal biomass in the roots of fully mycoheterotrophic
plants, this mechanism has been considered insufficient to account for
the full carbon demand of the plant”. Indeed, Kuga et al.** showed that
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carbontransfer froma Ceratobasidium fungus to the orchid Spiranthes
sinensis occurs through both active transport and fungal degrada-
tion. Moreover, the fungal-induced growth of mycoheterotrophic
protocorms (underground seedlings) of the orchid Dactylorhiza
purpurella precedes lysis of fungal hyphae®. Also, the rapid transfer
of *C from fungus to the orchid Goodyerarepens—plant-respired *CO,
was detected within seven hours®*—indicates active carbon transfer
from fungus to plant across intact membranes.

Carbon-labelling and genomic studies of mycoheterotrophic
orchids have further revealed that trehalose is actively transported
from fungus to plant and is probably the main carbon source support-
ing mycoheterotrophy for these species®>® % (but seeref. 90). Invitro
germination experiments with ectomycorrhizal Ericaceae, which are
initially mycoheterotrophic, provide clear evidence that the developing
plants can use trehalose as their only carbon source®. Trehalose is an
important component of carbohydrate conversionand biosynthesisin
algae, early-branchingland plants and fungi, including ectomycorrhizal
fungi and arbuscular mycorrhizal fungi, whereas sucrose has these
rolesinvascular plants® *, The presence of a metabolic pathway in vas-
cular plants for utilizing fungal trehalose as a carbon source may thus
be animportant component for mycorrhizal-mediated carbon uptake.

Plants benefit from carbon transfer through
common mycorrhizal networks
An outstanding challenge is to assess the effect of carbon transfer
through common mycorrhizal networks on plants and plant com-
munities'>>, The difficulty of quantifying carbon transfer through
common mycorrhizal networks has been highlighted asamajor reason
for this challenge™". According to isotope mixing models, carbon gain
in some partially mycoheterotrophic orchids and Ericaceae species
is considerable and may constitute more than half of the total carbon
budget of the plant®*. Similar levels of carbon gain have been reported
for candidate partial mycoheterotrophs associated with arbuscular
mycorrhizal fungi®®. The autotrophy and mycoheterotrophy end-points
inthese two-source mixing models are averages of whole-plant signa-
tures. These averages usually show some variation®, and the resulting
estimates are therefore prone to large uncertainties’. Importantly, this
technique only provides a unidirectional estimate of fungus-to-plant
carbon fluxes. Although a photosynthetic plant may receive carbon
frommycorrhizal fungi, it may still be anet carbon donor to these fungi’.

In pulse-chase experiments on trees and tree saplings, only rela-
tively small gains have been detected in aboveground plant tissue
(<10% of the carbonacquiredin plant tissue during the experiment®*’
(butseeref.100)), although factors such as low labelling intensity, the
duration of the experiment and the heterogeneity of carbon partition-
ing may lead to considerable underestimates of net carbon gain'®’. A
pulse-chase experiment on Cephalanthera damasonium, a partially
mycoheterotrophic orchid, highlighted the importance of the latter
process; even though theinvestigated plants perform photosynthesis,
theresulting photosynthates are not used for the growth of perennial
underground organs®*. Similarly, Simard et al.’ estimated that 13% to
45% of the total fungal carbon acquired in the roots was translocated
to foliar tissue in tree saplings. Mycorrhizal-mediated carbon gain
can therefore be considerably underestimated on the basis of meas-
urements of aboveground tissue. Finally, dual-labelling experiments
allow for the measurement of bidirectional carbon transfer between
two plants connected by acommon mycorrhizal network and thus the
inference of net carbon transfer between plants when carbon transfer
in one direction is larger than in the opposite direction. Only small
levels (<10% of the total amount of carbon fixed by both plants) of net
transfer have been reported using this technique®”, but always over
short experiments (carbon ‘pulse’ periods of several hours followed
by a‘chase’ period of seven to nine days).

Inthe ectomycorrhizal symbiosis, it has been suggested that small
amounts of carbon gain might be aby-product of nitrogen uptake””. But

several studies indicate that nitrogen is transferred from the fungus
to the plant in a non-organic form'*'%, Similarly, in the arbuscular
mycorrhizal symbiosis, both phosphorous and nitrogen are transferred
from the fungus to the plant without carbon'**'””, Carbon uptake is
therefore unlikely to be solely a by-product of nutrient uptake. Yet,
it is clear that carbon uptake by plants from mycorrhizal fungi may
constitute only a minute fraction of the total plant biomass in forest
ecosystems or even in individual plants”. Also, because no study has
reported a positive effect on plant growth or performance due to car-
bon gain from common mycorrhizal networks, this phenomenon has
been considered ‘physiologically insignificant*. Henriksson et al."”
argued that if carbon uptake from mycorrhizal fungi influenced tree
establishment and survival, seedling abundance and growth should
be higher within the zone of active roots and associated mycorrhizal
fungi of large trees than outside this zone—a concept known as the
‘mother tree hypothesis™*™. Inline with this view, a slight carbon gain
through mycorrhizal fungi is effective only if it outweighs interplant
competition forlight, nutrients and space, as well as growth-supressing
negative plant-soil feedbacks. However, according to our knowledge
of the dynamics of mycoheterotrophy in relation to environmental fac-
tors and plant development, even aminute amount of carbon during a
particular developmental stage canbe a determining factor inthe suc-
cess of plantestablishment and development ifit outweighs potential
costs'®®, We therefore propose focusing on the question of whether
small amounts of carbon gain can lead to niche expansion of species
or acompetitive advantage, rather than comparing overall plant per-
formance under different environmental conditions. Similarly, on an
ecosystem level, the absolute amount of plant carbon uptake from
common mycorrhizal networks probably has aninsignificant contribu-
tion to overall carbon cycling processes. Nevertheless, if widespread,
mycoheterotrophy could be a determining factor in the composition
of the forest understory vegetation, which not only includes the next
generation of canopy trees but also can make up the majority of plant
speciesinforeststands'”’, is asubstantial component of the carbon sink
of forests"®and is an overlooked reservoir of biodiversity™. The timing
and the ecological drivers of carbon transfer, rather than its relative
contribution to plant biomass, may therefore be of centralimportance
to plant communities. Nevertheless, someresearchers will continue to
focus onthe need for conclusive physiological evidence of relevant net
plant-to-plant transfer via fungi, while others will continue to focus on
demonstrating fitness effects for the plants receiving any such transfer
fromneighbouring plants via shared fungi. Mycoheterotrophic plants
represent anatural reference point, so far untapped, for both of those
researchlines.

Cheating the mycorrhizal symbiosis

The occurrence of carbon uptake by plants from mycorrhizal fungi
hasbeen further questioned from an evolutionary perspective: “Why
should mycorrhizal fungi export carbon at all when the evolutionary
stability of the symbiosis is based on fungal import of plant carbon
in exchange for nutrients such as nitrogen?”". This view ignores the
fact that cheating is ubiquitous in mutualisms, as predicted by the-
ory"?, and the mycorrhizal mutualism is no exception, as there are
clear indications that both mycorrhizal plants and fungi behave as
cheaters'**7"31"*_Experiments indicate that mycorrhizal nutrient
exchange dynamics are better understood as community-wide interac-
tions between multiple playersrather than as strict exchanges between
individual plants and their symbionts">". In addition, our knowledge
frommycoheterotrophy stresses theimportance of temporal dynamics
of resource exchange in the mycorrhizal symbiosis, which can change
inrateand direction over time. While plants can be mycoheterotrophic
during early developmental stages, they may be autotrophic and
thus mutualistic during later stages. This may stabilize the symbiosis
through selection for net overall fitness benefits for both partners over
their lifetimes'’”. Thus, the multiple independent evolutionary shifts
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towards mycoheterotrophy within mycorrhizal plant lineages as part
ofthe autotrophy-mycoheterotrophy continuum provide unequivocal
examples supporting the evolutionary stability of mycoheterotrophy
without the need to invoke fungal altruism.

Mycoheterotrophic plants as positive controls for
carbon transferin common mycorrhizal networks
By explicitly positioning the current debate on the occurrence and
functions of common mycorrhizal networks in the context of the auto-
trophy-mycoheterotrophy continuum of the mycorrhizal symbiosis
(Fig.3), fully mycoheterotrophic plants emerge as positive controls for
mycorrhizal-mediated transfer of carbon between plants. While at the
autotrophicside of the continuum, small gains of carbon are difficult
to measure and their effects hard to assess, plants positioned at the
mycoheterotrophic side provide essential clues on the ecology and
physiology of fungus-to-plant carbon transfer. These clues can help to
uncover the true extent of resource transfer in common mycorrhizal
networks and theirimportance in plant biology and biodiversity.

In particular, future studies on the genomics and metabolomics
of mycoheterotrophic plants are needed to reveal the mechanisms,
composition, quantity and chronology of metabolite transfers from
fungusto plant; characterize the metabolic pathwaysinvolvedinstor-
age and allocation by the plant of the carbon and nutrients received
from fungal partners; and determine any metabolite fluxes from plant
to fungus and their roles in establishing, maintaining or repaying the
fungal association®. Further investigation of common molecular,
morphological, developmental and biochemical characteristics of
mycoheterotrophic plants and their mycorrhizal fungi are necessary
to reveal potential partially or initially mycoheterotrophic plant line-
ages beyond those thatinclude fully mycoheterotrophic species"® %,
and to identify potential predispositions for fungus-to-plant carbon
transfer through phylogenetic comparative analyses. Recent advances
inthe cultivation of fully and initially mycoheterotrophic plants provide
important opportunities to study these aspects*.

Continued molecular identification and genome sequencing of
the mycorrhizal fungi associated with mycoheterotrophic plants and
their interaction patterns in mycorrhizal networks are necessary to
assess the fungal diversity involved in mycorrhizal-mediated resource
transfer®® and will eventually reveal the genetic and metabolic pathways
of the fungal partner. Finally, key insight into the regulation of the myc-
orrhizal symbiosis will probably develop from uncovering the environ-
mental conditions under which mycoheterotrophy occurs'. Labelling
studies at forest sites where partially mycoheterotrophic plants occur
will provide insights into these aspects. Subsequently, these genomic,
metabolomic, morphological, biochemical, symbiotic and environ-
mental datawill allow for targeted detection of mycorrhizal-mediated
carbon gainin plants, including trees and their saplings.

Conclusions

Mycoheterotrophy provides natural evidence for the prevalence of
common arbuscular and ectomycorrhizal networks and for their ability
tomediate physiologically and evolutionarily relevant net carbon trans-
fer among plants. The widespread occurrence of mycoheterotrophy,
involving diverse plants and mycorrhizal fungi, suggests that persistent
common mycorrhizal networks are common, particularly inforests, and
cansupport net carbon transfer between green plants. How common
thelatter phenomenonis remainsto be determined. The autotrophy-
mycoheterotrophy continuum of mycorrhizal plants provides a func-
tional framework to address this question. In particular, the biology
of plants and fungi involved in the mycoheterotrophy end of the con-
tinuum offers essential tools to test for mycorrhizal-mediated resource
transfer between plants. Mycoheterotrophy on mycorrhizal fungi and
itswidespread occurrence challenge the dogma of carbon-for-nutrients
transfer in the mycorrhizal symbiosis as well as the assumption that
allgreen plants are strict autotrophs. Hence, this phenomenon offers

exciting opportunities for the investigation of common mycorrhizal
networks and their function. In this sense, mycoheterotrophic plants
may be exceptions that both prove and challenge rules.
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