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Most terrestrial plants establish symbiotic associations with mycorrhizal fungi for

accessing essential plant nutrients. Mycorrhizal fungi have been frequently reported

to interconnect plants via a common mycelial network (CMN), in which nutrients and

signaling compounds can be exchanged between the connected plants. Several studies

have been performed to demonstrate the potential effects of the CMN mediating

resource transfer and its importance for plant fitness. Due to several contrasting results,

different theories have been developed to predict benefits or disadvantages for host

plants involved in the network and how it might affect plant communities. However,

the importance of the mycelium connections for resources translocation compared

to other indirect pathways, such as leakage of fungi hyphae and subsequent uptake

by neighboring plant roots, is hard to distinguish and quantify. If resources can be

translocated via mycelial connections in significant amounts that could affect plant

fitness, it would represent an important tactic for plants co-existence and it could

shape community composition and dynamics. Here, we report and critically discuss the

most recent findings on studies aiming to evaluate and quantify resources translocation

between plants sharing a CMN and predict the pattern that drives the movement of

such resources into the CMN. We aim to point gaps and define open questions to

guide upcoming studies in the area for a prospect better understanding of possible

plant-to-plant interactions via CMN and its effect in shaping plants communities. We

also propose new experiment set-ups and technologies that could be used to improve

previous experiments. For example, the use of mutant lines plants with manipulation of

genes involved in the symbiotic associations, coupled with labeling techniques to track

resources translocation between connected plants, could provide a more accurate idea

about resource allocation and plant physiological responses that are truly accountable

to CMN.
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MYCORRHIZA NETWORK: THEORETICAL
BACKGROUND

Mutualistic associations between mycorrhizal fungi and
plants are well-known. Within the diverse mycorrihza
types, the arbuscular mycorrhizae (AM), from the phylum
Glomeromycota, is one of the most common, ancient and
widespread, associating with around 80% of all land plant
species (Schüßler and Walker, 2011). This fungi type is more
predominant in warm climates and species rich ecosystems,
such as tropical forests. The second most common fungi type
in nature is the ectomycorrhizal (EM) fungi. Although a lower
number of plant species have been found to form symbiosis
with EM, in comparison to AM, the hosts of EM tend to be
widely dispersed, abundant and dominant members of their
groups (Brundrett, 2009; Teste et al., 2020). Different from AM,
EM fungi are mainly found in colder regions and ecosystems,
where less host species are present, e.g., temperate and boreal
forests (Brundrett, 2009; Gorzelak et al., 2015). AM and EM
networks are assumed to differ in their structure, but both
affect plant responses, such as growth, photosynthesis rate,
nutrition, survival, and others (Gorzelak et al., 2015). Besides,
AM and EM fungi species are frequently found co-existing in the
same ecosystem. Some exceptional plants are even able to host
both types of fungi in its roots, although the proportion of the
association with each may differ along plant’s life (Gorzelak et al.,
2015).

Mycorrhizae fungi are widely recognized to improve plant
nutrition by being able to access soil spaces and nutrient sources
inaccessible for roots (Smith and Read, 2010, Wipf et al., 2019;
Andrino et al., 2021). The great majority of mycorrhizae fungi
are not host specific, being that a single mycorrhizae fungi specie
is able to colonize a wide range of plant species. Once a fungi
colonize the host plant, its mycelium is able to grow over large
distances in the soil and may reach and colonize the roots of
multiple neighboring plants, from the same or different species
(Van Der Heijden and Horton, 2009). Therefore, plants sharing
the same host fungi are reported to become interconnected by the
so-called common mycorrhiza network (CMN) (Heaton et al.,
2012; Rhodes, 2017; Wipf et al., 2019). Connectivity are therefore
likely to occur between plants able to associate with the same
fungi species.

As ecosystems are usually dominated by mycorrhizal plants,
including most temperate and tropical grasslands as well as
boreal, temperate and tropical forests (Read, 1991; Van Der
Heijden, 2016), abundant and extensive mycorrhizal fungal
networks are formed (Wipf et al., 2019). It is believed that
plant species can interact and communicate via these CMNs
(Gorzelak et al., 2015; Pickles et al., 2017; He et al., 2019). This
may affect survival and behavior of connected plants as well as
competitive and cooperative patterns, consequently influencing
plant diversity at local and regional scales (Deslippe and Simard,
2011; Simard et al., 2012; Bücking et al., 2016). Among the
reported effects of such connectivity are the improvement
of seedling establishment (Bingham and Simard, 2011; Seiwa
et al., 2020), impact on plant and microorganism community

compositions (Meng et al., 2015; Teste et al., 2015; Kadowaki
et al., 2018), induction of plant defense responses (Babikova et al.,
2013; Song et al., 2014), plant communication through a variety
of phytohormones such as jasmonic acid, methyl jasmonate and
zeatin riboside (Song et al., 2010), and nutrient exchange, which
may play a pivotal role for interplant nutrition (Bücking et al.,
2016; He et al., 2019; Fang et al., 2021).

In the review made by Van Der Heijden and Horton (2009)
it is stated that CMN can be compared either to “socialist”
or “capitalist” systems, or even to a “superorganism.” For
the “socialist” behavior, individuals are able to have equal
opportunities and resources are distributed more evenly
providing benefits for all connected plants. For the “capitalist”
network, mycorrhizal would be privately controlled for
the profit of certain group of plants, increasing therefore
competition between connected plants. If network behaves
as a “superorganism,” fungal species in the network are
considered redundant physical extensions of the roots, which
might translocate nutrients freely between plants. Therefore,
the mode of interplant connection might have evolutionary
consequences of CMN by substantially defining the community
ecology of a site, leading to ecosystem-wide impacts (Gorzelak
et al., 2015). This depends largely on which of these responses
are predominant (“socialist,” “capitalist,” or simple physical
extensions) in the moment plants are connected; together with
the question whether these responses may change if plants from
the same or from different species are connected.

In face of all the possible effects of CMN on plant interactions,
many different theories have been raised with the intention to
predict how mutual association and co-existence of species in
the system is stabilized. By one hand, we have the biological
market theory, for example, which is based on the assumption
that fungi might recognized the best plant partner and re-allocate
nutrient accordingly to its carbon (C) gain. On the other hand,
we have the source-sink theory in which resource would move
in a concentration gradient. This could lead resources to be
distributed more equally among partner involved in the network,
which is the opposite of what is expected if the biological market
is driven resource allocations. Both theories will be more detailed
discussed in the following sections. Nevertheless, benefits and
disadvantages from the interactions between connected plants
are hard to distinguish in nature, once most of the plants are
colonized simultaneously by multiple fungal species, each one
with its own cost–benefit. In addition, in natural ecosystems,
not only mutualistic interaction between connected mycorrhizal
plants takes place, but networks may also include commensalistic
and even antagonistic interactions (Toju et al., 2013). Therefore,
some plant species might benefit from CMN more than others,
depending on the fungi and plants involved in the association.
It is important to note that, even if plants would be connected
mainly by a single mycorrhiza type, i.e., AM fungi, variations
in the functional properties and temporal patterns of different
strains can also be observed (Kiers et al., 2011). This adds
further complexity to the potential mechanisms by which such
network would determine plant community composition and
productivity through their facilitative and antagonistic effects
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on plants (Wagg et al., 2015). Therefore, predicting ecosystem
dynamics of connected plants is still a huge challenge.

Due to the high complexity to discriminate effects of CMN in
natural ecosystem, the majority of studies aimed to evaluate the
influence of CMN for connected plants were mainly performed
with few species of plants growing in pairs in microcosms and
under controlled environmental conditions. Even under such
controlled situation, the outcomes may still vary significantly,
once benefits of connected plants may change according to
host’s physiological status, plants and fungal species involved,
environment conditions, nutrient availability, etc. (Wagg et al.,
2011). With this in mind, it is necessary to assess the most
recent findings in literature and define still open questions, in
order to guide upcoming studies in the area aimed to have a
better understanding of possible plant-to-plant interactions via
CMN and its effect shaping plants community. The present paper
therefore evaluates results and theories of the functionality of
CMN for plant-to-plant communication, especially, for resource
exchange. Here, we also point the gaps of such studies in
order to highlight especial points that need to be address in
further studies.

Source Sink Theory
In the source-sink model, the source is defined as the entity that
can produce more of a given resource than it uses and the sink as
the entity that has the potential/necessity to use more of a given
resource than it produces (Heaton et al., 2012). The primary
importance of plant–sink strength in governing the magnitude
and direction of resource transfer through CMNs is illustrated
in studies showing transfer of C to rapidly growing young EM
trees with high transpiration rates, or to shaded seedlings with
high respiration demands, increasing its survival and growth
(Lekberg et al., 2010; Philip et al., 2010). Similarly, transfer
of other resources, such as nitrogen (N), were also reported
following a source-sink pattern (Montesinos-Navarro et al., 2017;
Muneer et al., 2020). This mechanism has been proposed to
increase the regenerative capacity of forest ecosystems (Teste
et al., 2009, 2010). However, there are also reports of reduced
transfer of C within a CMN to sink (shaded, defoliated, seedling)
plants (Kytöviita et al., 2003; Walder et al., 2012), and even C
transfer from sink (shaded) plants to source plants (Deslippe and
Simard, 2011). Thus, a better understanding of the forces driving
such interactions is required, since it has profound implications
for our understanding of plant communities and competition.
Depending on the species involved in the CMN and the possible
effects for its fitness, it will drive forest community composition
and dynamics (Beiler et al., 2010; Simard et al., 2015).

Biological Market Theory
Asymmetry on resource allocation has been also demonstrated to
increase competition between connected species (Merrild et al.,
2013; Weremijewicz et al., 2016). Merrild et al. (2013) found
that the growth suppression of small neighboring plants was
diminished by clipping the shoots of large plants, which also
increased the P uptake by interconnected small neighbors 6.5-
fold. In order to exclude that suppression was caused by a
general negative growth response, treatments including solitary

vs. networked seedling was performed. In the referred study,
suppression occurs only when seedlings were linked to the
extraradical mycelium (ERM) of the large plant. Therefore, the
authors concluded that the observed effects could solely be
attributable to the CMN effect. However, such results has to
be interpreted carefully, since inherent characteristics of plant
species involved, such as growth rate, size, and root:shoot ratio,
are likely to influence observed nutrient uptake.

Nevertheless, based on the observed results, an alternative
theory has been proposed to elucidate such effects, the biological
market theory. This theory is based on the assumption that both,
plant and fungi, are able to detect variation in quality and amount
of the resource supplied by their partner, allowing them to adjust
their own resource allocation according to its gains (Kiers et al.,
2011;Walder and van der Heijden, 2015;Werner and Kiers, 2015;
Wang et al., 2019). Kiers et al. (2011) usedmolecular markers and
stable isotope probing to track C flow from Medicago truncatula
hosts into fungal RNA of roots colonized by mixed AM fungal
communities with different cooperative behavior to the host
plant. The authors found greater C enrichment in the most
beneficial fungal species, suggesting a preferential allocation of
C by the host, operating in a small spatial scale. The opposite
flux was also observed, in which the fungi delivered more P for
the host, which provided more C to fungi. Fellbaum et al. (2014)
also evidenced fungal discrimination by greater N allocation to
the host under elevated C allocation. If “rewards” indeed are
reciprocal between mycorrhizal fungi and host plants, larger
plants are supposed to obtain larger amounts of limiting nutrients
by the fungal networks once they can produce and allocate
much more C to the fungal partner. Increasing competition and
suppressing growth of smaller individuals thus makes CMN a
stronghold to avoid outcompeting its own kind.

It is important to note that the market theory proposed
by some authors goes in an opposite direction to what was
stated in the “source-sink” theory presented above. Neither
theory should be defined as an universal framework to explain
resource exchange in the mycorrhizal association nor predict
plant interactions within a CMN, since the outcome of such
interactions may vary with environmental conditions, functional
diversity, competition for surplus resources, reciprocity and sink
strength. Therefore, the effect of each variable should be tested
separately and considered into the proposed models in order to
define a more universal framework.

UNDERGROUND CONNECTIVITY

Both the source-sink theory and the market theory relies on
the prerequisite of an underground connectivity of plants via
CMN. In general, ecologists agree on the definition of CMN
as a physical linkage among plants via the mycelia of the
mycorrhiza fungi and that this linkage is common in nature
(Simard and Durall, 2004; Simard et al., 2012; Hoeksema, 2015).
However, this premise comes from observations that species
of AM fungi are often compatible with multiple host plant
species. In addition, Giovannetti et al. (2001) have demonstrated
the ability of genetically compatible hyphae to anastomose
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(fusion), with disappearance of hyphal walls and exchange of
cytoplasm and nuclei (Barreto de Novais et al., 2017). Both
findings suggesting that CMNs are probably ubiquitous, although
confirmation of such assumption still requires direct evidence
for these linkages in the field. In this context, plants of same
and different species have been reported sharing same fungi
species or even same genet in several ecosystems (Simard et al.,
2012; Beiler et al., 2015). Some authors have estimated the
potential of plants to become interconnected by evaluating
the similarity between mycorrhizal community composition,
assuming a greater similarity when plants are connected through
a CMN (Beiler et al., 2010; Diédhiou et al., 2010). (Beiler
et al., 2010), for example, evaluated the distribution of genets
of two species of ECM fungi (Rhizopogon vesiculosus and R.
vinicolor) among roots of individual trees of Interior Douglas-fir
(Pseudotsuga menziesii) as a network link. The authors proposed
a model where trees of different ages were connected in a scale-
free architecture and the larger trees served as hubs of nutrition,
favoring understory regeneration, and functional continuity in
the stand.

These achievements were of great importance to demonstrate
the complexity of the CMN and the number and diversity of
individuals that are potentially linked, resulting in a multitude
of interactions involving multiple generations. However, sharing
compatible species or even the same genets, does not necessarily
indicate a direct connection among the host plants. Collembolas,
for example, are known to feed on fungal hyphae. Such as AM
fungi, they are widespread and abundant in the soil (Ekblad
et al., 2013; Ngosong et al., 2014). By grazing the hyphae of
a genet connecting two or more plants, this genet can still be
identified in the roots of those plants although they would no
longer be connected (Rotheray et al., 2008; Beiler et al., 2010).
This is one of the examples of CMN disruption that could occur
in the soil, and would be hard to identify (Wu et al., 2005;
Beiler et al., 2015). Consequently, technical difficulties in proving
hyphal connections between plants are the main obstacle when
identifying whether any observed effect is really an intrinsic
property of a CMN.

Therefore, it is also important to prove the extent and
continuity of the mycelial network, together with mechanisms
driving such connections and its consequences for plant fitness.
In this context, there are few non-destructive methods for
mycelium network observation, especially for AM fungi, mostly
by the use of root observation chambers (Mikkelsen et al.,
2008; Gyuricza et al., 2010) and in vitro dual systems (Kiers
et al., 2011; Van’t Padje et al., 2021). Such studies have nicely
demonstrated the architecture of the extraradical mycelium
of the fungi connecting two neighboring plants, but yet the
relative importance of such network under realistic conditions is
frequently under debate. For experiments developed in the forest,
many interferences are found and the effects and mechanisms
involved in the CMN cannot be excluded from other effects, such
as positive and negative plant-soil feedback due to modulation of
soil microbiota and biogeochemical cycles or even by production
of roots exudates that might affect growth of nearby plants (Hu
et al., 2018). Therefore, mycorrhizae studies still face challenges,
raising questions if the data represents a natural situation, since

there are no guarantees that evaluated effects are caused by
mycorrhizae network.

MECHANISMS INVOLVED FOR PLANT
INTERACTION VIA CMN

Currently, the mechanisms that drive benefits and competitive
interactions between plants involved into a CMN has been under
debate (e.g., Fellbaum et al., 2012; Bücking et al., 2016), raising
diverse theories about the mechanism in these associations. The
first one is based on the assumption that established mycorrhizal
plants would facilitate mycorrhization of neighboring seedlings,
acting as an inoculum and C source. In this case, seedlings
would be able to join a CMN, which were already stablished
and supported, in terms of translocation of reduced C by the
older plants. Thus, seedling would be able to get access to
limiting nutrients provided by the fungi without contributing
with C supply to maintain the network. The second mechanism
is based on the idea that CMN will act as conduits for
interplant nutrient transfer (Gilbert and Johnson, 2017; Wipf
et al., 2019). In this context, depending on how resources are
distributed between connected plants, plants may either benefit
by a more equilibrate distribution of resources or by increasing
discrepancies of resources. In the first case, plants with higher
nutritional conditions may donate excess of their resources to
the receiver plants by a direct transfer. In the second case,
resources might be distributed unequally favoring a certain group
of individuals increasing therefore competitive interactions.

Inoculum Source and Carbon Provision
Firstly, CMN may provide an inoculum source. Association
with hyphae from the CMN can be much faster in comparison
to soil spore bank, by the provision of an already established
fungal inoculum source by the mature tree, permitting seedlings
to quickly tap into a large soil resource pool that they could
not access by their own (Bingham and Simard, 2012). Thus,
this faster access to mycorrhizal services in the early plant
stage, where mortality is high due to drought and biotic
interactions, may be of critical importance, especially under
harsh environmental conditions (Simard et al., 2012; Teste et al.,
2015). In the experiment developed by Varga and Kytöviita
(2016), the proportion of colonized seedlings by three different
AM fungi was strongly related to the fungal species as well as
to the source of inoculum. Seedlings inoculate much faster from
nearbymycorrhized plants than from spores, despite a high spore
density. This premise is also supported by some field experiments
showing a positive relationship between the survival rate of
seedling and its distance from the mature tree (McGuire, 2007;
Grove et al., 2019). In addition, experiments involving barriers
(e.g., mesh bags) or soil disturbance to manipulated seedling
contact with CMN have shown higher seedling mortality when
seedling are impeded to join the network (Nara, 2006; Pec et al.,
2020).

Secondly, seedling may benefit from sharing a CMN with
adult established tree since adult trees might provide much more
C to sustain the network while seedling invest very little C and
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still obtain nutrients provided by the fungi. The maintenance of
fungal symbiosis can be costly, resulting in a high C demand
by the fungi for its development and activity (Smith and Read,
2010; Keymer et al., 2017; Rezáčová et al., 2017). In this context,
sugars and lipids are the main C source derived from host
plants transported to the fungal symbiont. Those C derived
components will provide the fungi with the energy necessary
for nutrient acquisition and the C skeleton for mycorrhizal
growth (Bravo et al., 2017; Bezrutczyk et al., 2018). A benefit
for seedlings would arise if larger trees pay the C cost required
for the growth and maintenance of the CMN, so seedlings could
potentially become mycorrhized and receive the benefits of this
association without expending their own C for this (Diédhiou
et al., 2010; Walder et al., 2012; Weremijewicz et al., 2016).
In the study made by Högberg et al. (1999), for example, EM
fungi connecting overstory pine trees with understory plants of
different ages received 87–100% of their C from overstory trees
and very little from understory trees. Walder et al. (2012) have
shown a similar asymmetric pattern by using 13C of natural
abundances between C3 and C4 plants without disturbing the
system. The authors found that the C4 plant, which had the
higher biomass, was invested more C to both fungal partner than
the C3 plant but did not have a higher nutritional benefit. In
this context, nutritional benefit strongly depended on the fungus
involved in the CMN, in which Rhizophagus irregularis allocated
nutrients preferentially to the C3 host plant while the CMN
formed by Glomus mosseae were more balanced with respect
to the nutrient allocation to both, C3 and C4, host plants. This
demonstrate that C investment and nutritional benefit are not
necessarily tightly linked and that some plant species can receive
disproportional benefits from CMN. It is important to note that
these experiments indicate that disproportional C investment by
one plant does not necessarily mean a disadvantage for the other
plant, especially when the cost of C is negligible for the main
C donor.

Mycorrhiza Network as Conduits for
Interplant Resources Transfer
The premise of a possible nutrient transfer through a physical
connection established by CMN may be of great importance
in agricultural, where redistribution of symbiotic costs and
benefits between individuals of the same or different plant species
could increase growth of connected plants and therefore reduce
amounts of chemical fertilizer input (Pena et al., 2013; Jansa
et al., 2019). However, if a direct transfer of photoassimilates
and nutrients between plants occurs via CMN is particularly
controversially discussed (Bever et al., 2010; Courty et al.,
2010). Such transfers have been frequently reported in field
and laboratory experiments using labeling compounds to trace
the fate of nutrients in plants connect by a CMN, trying to
demonstrate belowground resource transfer between plants of
same and different species is facilitated by mycorrhizal fungi
(Teste et al., 2009; Deslippe and Simard, 2011; He et al., 2019;
Fernandez et al., 2020).

In earlier studies, this mechanism was mainly observed
in mycoheterotrophic plants, which are partly or entirely

non-photosynthetic and indirectly parasitize green plants via
CMN. These non-photosynthetic plants, also called epiparasites,
associate with AM fungi emanating from the roots of
surrounding green plants, therefore having access to C provided
by those plants, together with other resources (Bidartondo et al.,
2002; Girlanda et al., 2006; Selosse and Roy, 2009). In addition
to mycoheterotrophic plants, some green orchids or small green
perennial shrubs from the Ericaceae family have also been shown
to receive considerable amounts of C from their mycorrhizal
fungi (Selosse and Roy, 2009; Selosse et al., 2016). Those studies
have raised the attention for the existence of a network where
unrelated plants are able to transfer elemental compounds via
shared fungal symbionts.

The mycorrhizal fungi which associates with
mycoheterotrophic plants and green orchids usually belong
to a diverse fungal taxa that also form mycorrhizae association
with phototrophic tree roots (Zimmer et al., 2008; Waterman
et al., 2013; Brundrett and Tedersoo, 2018). Since C transfer were
observed between mycoheterotrophic and green plants and the
same fungi species connecting those plants can also colonize
several phototrophic trees, theories were raised regarding the
possible C allocation between phototrophic trees as well. If
such networks could act as a direct pathway of C and nutrients
between green plants, this could play an important role for plant
to plant interactions (Selosse and Roy, 2009; Smith and Read,
2010). Once C is an important resource for fungi growth, C
allocation between plants would go to an opposite direction of
the natural C flux commonly accepted in the symbiosis, which
is from plant to fungi. In this case, one of the host plants would
provide fungi with C and the fungi would not incorporate but
channel this C through a neighboring plant. Some researchers
believe that it might happen when networking fungus can acquire
more C than it is required for its own fitness, therefore it may
supply the excess to other plants in need (Gorzelak et al., 2015;
Prescott et al., 2020). This has been suggested as a mechanism
from the fungi to ensure survival of its host plants and therefore
its access to multiple C supply, in case of a potential loss of one
of the hosts (Gorzelak et al., 2015; Bücking et al., 2016). Some
authors raised this theorem by using experiments involving
high and low quality plants connected into a CMN (Kiers et al.,
2011; Fellbaum et al., 2014; Bücking et al., 2016). In this context,
the quality of a host is determined by its C investment into
the mycorrhiza, in which low quality hosts have a reduced
investment while high quality host can produce and allocate
higher amounts of C to fungi partner. In previous studies,
shading have been frequently used to reduce the plant’s ability
to produce C compounds to be exchanged by limiting nutrients.
In such experiments, although a discrimination between plants
was observed leading to higher resources (such as N and P)
allocation to high quality host of the network, the fungi also
transferred nutrients for the low quality host and maintained a
high colonization rate in these plants (Kiers et al., 2011; Fellbaum
et al., 2014; Bücking et al., 2016). Those mechanisms shows a
possible strategy from the fungi in maintaining both high and
low quality host into the network, to ensure that the possible loss
of a high quality host is not harmful for its survival. This might
be an important mechanism for fungi survival, especially under
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variable environments, as suggested first by Perry et al. (1989)
and Wilkinson (1998).

In this context, Simard et al. (1997a) was one of the
first to demonstrate a bi-directional flux of C between two
autotrophic plants, Douglas-fir (P. menziesii) and paper birch
(Betula papyrifera) species, sharing an EM network. Here, a great
amount of C was observed to be exchanged between the plant
species, with no net gain for any one of them in the end. However,
in the second year of study, Simard et al. (1997b) observed a net
gain of C by one of the species independently of full, partial or
deep shade light intensity. However, some methodological issues
regarding the experimental design of this study was unraveled
later by Robinson and Fitter (1999), raising doubts regarding
the ecological relevance of CMN-facilitated resource transfer.
Simard et al. (1997b) used a double labeling technique (14C and
13C) to track C exchange between plants connected by an EM
network in the field and calculate proportions of C received by
each individual. However, not only EM connected plants received
the applied C, but AM surrounding plants not connected to the
network had access to labeled C too. That demonstrate that the
movement of C between plants were not necessarily exclusively
by mycorrhizal links, but could have reached neighboring plant
by different pathways. This is especially likely to occur when no
physical barriers are used in the experiments.

Robinson and Fitter (1999) also suggested that C transferred
from neighboring photosynthetic active plant to hyphae within
the roots of C-stressed plants is probably a strategy of the
fungi for its own growth and survival, with minor consequences
for plant communities. Teste et al. (2010) using a different
experimental design also showed a low net C transfer between
Douglas-fir seedlings in the field relative to total C uptake by
photosynthesis. The significance of the amounts transferred have
been repeatedly questioned in other works (Teste et al., 2009;
Philip et al., 2010; Pickles et al., 2017), raising a center debate on
whether the extent of net transfer from one plant to another is
sufficiently large to affect significantly plant fitness and predict
communities’ dynamics. In addition, there are also reports about
the accumulation of C partially or entirely in mycorrhizal roots
of receiver plants, probably in fungal tissues, and not detected
on shoots even under situations where root to shoot C flow is
encouraged by clipping or shadding (Robinson and Fitter, 1999;
Pfeffer et al., 2004; Lekberg et al., 2010). However, some authors
argue that the movement of C to receiver plant, even without
transfer into plant tissues, is still an important subsidy to meet
the nutrient requirements of the plant, especially under stress
conditions (Bever et al., 2010; Teste et al., 2015).

Mycorrhizal networks have also been frequently reported to
play an important role for belowground transfer of N among
plants, but as for C different studies lead to contradicting
results. Patterns of N transfer have been studied using natural
abundance (δ15N) or 15N-enriched techniques. For the 15N-
enriched techniques, fertilizer is applied directly to the growth
media of the N donor root or directly to the N donor plant by
exposure to 15N2 (in case of experiments using N-fixing bacteria
as an additional symbiont to host plant) or foliar spray or petiole
injection of labeled 15N (NH+

4 , NO
−

3 , or urea). In early studies of
several intercropping systems, a substantial one-way N transfer

was demonstrated via a source-sink gradient from N2 fixing
plants to non-N2 fixing plants, within a range of 20–50% (He
et al., 2009). However, when a bi-directional flux was considered
it was possible to note a greater flux of N from non-fixing plants
to N-fixing plants, contradicting the source-sink theory initially
proposed by this system (He et al., 2005, 2009; Pirhofer-Walzl
et al., 2012).

Moreover, a transfer between N2 non-fixing donors and
receiver plants of varying amount of N has also been observed.
The transfer of N usually was reported to be lower than 5 % of
N added by pulse labeling, while the direction of transport was
largely found to be correlated with plant size (Teste et al., 2009,
2015; He et al., 2019) or plant physiology (Meding and Zasoski,
2008;Weremijewicz et al., 2018). Teste et al. (2009) also suggested
that C and N move together in form of amino acids, once the
stoichiometry of the relative amounts of C and N transferred was
similar of this compound, but they were never identified (Simard
et al., 2015).

Interestingly, the idea of plant-to-plant transfer implies that
N may flow in the “opposite” direction of what is widely known
to occur. In the context of nutrient uptake, the current model
suggests that P andN acquired from surrounding soil by the ERM
of the fungi are transferred to the intraradical mycelium (IRM)
as polyphosphate (polyP) and arginine, respectively, stored later
on in vacuoles (Hijikata et al., 2010; Bücking and Kafle, 2015).
Once in the IRM, polyp, and arginine are catabolized and
Pi and ammonium are released and transported to the plants
through transporters present in the periarbuscular membrane
(Breuillin-Sessoms et al., 2015; Wang et al., 2017; Figure 1).
Therefore, for plant-to-plant transfer, N should be transferred in
the opposite direction: from plant to the IRM via transporters
in the periarbuscular membrane, from IRM transferred to the
ERM of the fungi and then again to the IRM of the receiver
plant to be assimilated. Although many studies have been made
in order to prove such transfer via connected hyphae (please
check Supplementary Table 1 for some of those studies), such
fluxes were never described anywhere. In the studies presented
in Supplementary Table 1, it is also possible to observe that
amount of N transferred via CMN is quite variable, probably
due to differences in the experimental design and the choice of
plant and fungi combination. In addition, transfer exclusively
via mycelium connection in comparison to other possible are
not distinguishable, especially in those studies in which a mesh
barrier is not used to prevent roots intermingle and flow of
soil solution.

Direct Vs. Indirect Transfer
Mechanistically, AM fungi can facilitate the transfer of N between
plants by creating direct mycelial connections between donors
and receivers (Høgh-Jensen, 2006; Meng et al., 2015; He et al.,
2019). When it comes to resource allocation through CMN, it
is easy to notice a disagreement regarding its concept within
published papers, even most recent ones. On the one hand some
authors report a transport of nutrients via CMN exclusively
via connected hyphae, thus describing hyphae as “pipelines” for
resources (Klein et al., 2016; Van Der Heijden, 2016). On the
other hand, other authors describe nutrient transfer to occur
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FIGURE 1 | Mycorrhizal pathways for Pi and N in AM Symbiosis. In the mycorrhizal pathway, Pi is assimilated directly via phosphate importers while ammonium (NH+

4 )

and/or nitrate (NO−

3 ) are assimilated into glutamine (Gln) and then into arginine (Arg). Assimilation will generate excess H+ or OH− with NH+

4 and NO−

3 , respectively.

Phosphate is mainly transported in the form of polyphosphate (Poly-P) granules, which is negatively charged, making possible it association with arginine and metal

ions for further transportation to the IRM. Phosphate (Pi) and NH+

4 transporters from the intraradical mycelium (IRM) to the interfacial apoplast are still unknown and

therefore marked with a “?,” requiring further study (modified from Wang et al., 2017).

at least additionally via an indirect pathway. In such pathway,
compounds are exuded or leaked into the soil pool by the roots
or associated hyphae of one plant and then picked up by the roots
or associated hyphae of a neighboring plant or even by other
microorganisms present in the soil (Jansa et al., 2019; Fernandez
et al., 2020; Fang et al., 2021). In this context, it is frequently stated
in studies that CMN simply facilitate transfers between plants
without further specification of the mode of transport, although
this transport may occur by several pathways simultaneously
between a single pair of plants (Wang et al., 2016; Fang et al.,
2021).

For these indirect pathways, resources are vulnerable for
potential disruptions, such as adsorption of nutrients to soil
particles, immobilization and mineralization by surrounding

microorganisms, biochemical transformation, and others (Philip
et al., 2010; Simard et al., 2012). Thus, a direct pathway
genuinely utilizing mycorrhizal hyphae would represent a
potential conduit of resource sharing, in which resources
would be free of disruption by leakage and re-assimilation by
other microorganisms.

In field and laboratory studies, split root designs and root
restrictive screening techniques have been used to determine
the different pathways in interplant transfers (Xiao et al., 2004;
He et al., 2005; Meng et al., 2015; Muneer et al., 2020). These
designs can effectively prevent contact between individual host
plant root systems, but they do not entirely prevent bulk flow
or diffusive chemical movement in the soil water. Therefore,
some experimental designs rely on air gaps to avoid diffusion
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FIGURE 2 | Possible movement of resources between networked plants, even when mesh barriers are used to avoid roots intermingle and flow of soil solution

between connected plants. (A) Represents disrupted hyphal connections between two mycorrhizal (M+) plants and (B) possible transfer from a mycorrhized (M+)

plant to a non-mycorrhized (M−) neighbor plant.

over the soil solution flow while allowing the ingrowth of
hyphae but not roots. This assures that all labeled compounds
found in the receiver plant using in this system can be
attributed to the mycorrhizal transport (Zhang et al., 2020;
Andrino et al., 2021; Fang et al., 2021). However, these measures
still do not exclude a transfer over indirect pathways, once
transported resources by fungi mycelium can be released on
neighboring plant compartment, leading the receiver plant to
have access to resources without being connected (Figure 2).
Moreover, connections among plants can hardly be directly
visualized in soils of traditional pot experiments or even under
field conditions.

Therefore, due to the technical difficulties to distinguish
between transport pathways, it still remains unknown whether
transfer occurs preferentially via direct hyphae connections or
through indirect pathways. Creation of new experiment set-ups
using new technologies to improve previous experiments should
be developed for a more accurate idea about resource allocation
and plant physiological responses that are truly accountable
to CMN. Manipulation of the genes involved in setting up
symbiotic associations between plant and fungi partner may help
to differentiate the fungal effect in such networks (Merrild et al.,
2013; Song et al., 2014). Mutant lines where the development
of arbuscules is impaired and not functional are a promising
starting point, and at least for M. truncatula such a mutant
line is already known. Arbuscules are recognized as the main
site of exchange, and comparing networks formed by wild
type and mutant lines might lead to e better understanding
of the effects of arbuscular network on the development of
donor and receiver. Unfortunately, to our knowledge there
are no such impaired mutant lines for EM fungi, therefore
such studies are only possible for AM networks. In addition,
some plant genera such Acacia, Alnus, Eucalyptus, Fraxinus,
Populus, Salix, Shorea, and Uapaca are recognized to associate
with both AM and EM fungi simultaneously (Teste et al.,
2020), although frequency of each fungi type might differ

along plant life. Much less research have been made in dual-
mycorrhizae plants, and how AM and EM networks may
affect connected plants differently. Altogether, such experiments
could be helpful in order to achieve deeper understanding of
mechanisms and processes behind CMN and its impact on
plant community.

Nevertheless, it is important to keep in mind that, even
if resources exchanges between plants takes place mainly via
indirect pathways, receiver plants can still be favored by a
facilitation of its access to resource coming from neighboring
plants, which may anyway play a role in plant-to-plant
interaction (Høgh-Jensen, 2006; Alaux et al., 2021).

Role of Transfer for Plant Fitness
The simple movement of elements from one plant to another
does not by itself indicate a net transfer able to represent an
ecological advantage on plant fitness (Kytöviita et al., 2003;
Bücking et al., 2016). Quantifying the contribution of each
pathway to plant fitness is likewise a matter of discussion in
most studies on CMN. However, quantification of nutrient and
C fluxes exclusive to the fungal hyphae is difficult. To the best
of our knowledge, there are only few quantitative information
on the magnitude of C fluxes between plants sharing a CMN. In
general, C transfer through CMN is not frequently considered a
significant pathway for mobile C transfer among plants, although
some authors suggest that even small amounts may be of great
importance for receiver plant survival and development (Wu
et al., 2001; Deslippe and Simard, 2011; Klein et al., 2016).
This can be especially true if the receiver plants are seedlings
(Nara, 2006; Booth and Hoeksema, 2010; Burke et al., 2018;
Liang et al., 2021). Reported amounts of C vary from 0 up to
10% in literature (Teste et al., 2010; Lin et al., 2020). Simard
et al. (1997b) was the first attempting to quantify a bidirectional
flux of C between plants connected via EM network, in order
to evaluate its ecology significance. The authors concluded that
there was no net transfer between the species. However, the
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study raised debate in the literature due to its difficulty in
extrapolating the data from young seedlings to mature tree
and the use of relevant controls (Robinson and Fitter, 1999;
Simard et al., 2012; Tedersoo et al., 2020). In addition, Simard
et al. (1997b) concluded that it was not possible to distinguish
whether the translocation occurred through interconnecting
hyphae, soil pathways, or even both simultaneously, and, hence,
did not really demonstrate the contribution of the CMN for
C transfer.

A more recent approach was developed by Klein et al. (2016),
attempting to evaluate C transfer between trees in a mature
forest. They continuously labeled five 40-m-tall Norway spruce
trees (Picea abies) as part of a 5-year free-air CO2 enrichment
experiment (FACE) with 13C-depleted CO2. Despite the low
difference in the δ

13C ratios of canopy twigs, stems, and fine roots
between labeled and unlabeled control (max. 2.6‰), the isotopic
signal of neighboring trees belonging to same or different taxa
(Fagus sylvatica, Pinus sylvestris, and Larix decidua) were than
measured to evaluate C allocation. The authors claimed to find
evidences that reciprocal C transfer indeed occurred between
trees, as δ

13C of fine roots of neighboring plants followed the
same signal from the donor Picea. Most of the label was found
in the fine roots, which was concluded to prove the participation
of the mycorrhizae in the transfer. It was estimated that C derived
from transfer represents 4% of net primary productivity.

Another point usually under discussion regarding C transfer
is whether transferred C is taken up by the receiver plant for its
own growth or, contrastingly, whether the C is mainly kept in
the roots, probably incorporated into fungal structures, therefore
not representing a meaningful advantage for the receiver plant.
This was evaluated, for example, by Waters and Borowicz
(1994) and Fitter et al. (1998). They assumed that by clipping
the aboveground parts of living plants, additional C would be
required and translocated from the roots to the re-growing
clipped shoots. However, in neither of the experiments labeled C
was found in the re-growing shoots of the receiver plants. Thus,
the authors concluded that the transferred C remained in fungal
structures. The opposite was found by Song et al. (2015) who
reported labeled 13C in the shoots of the receiver plant. Another
difference in the mentioned studies is that, in the experiment
developed by Song et al. (2015), C transfer from donor to
receiver plant increased by increasing defoliation of donor plant.
This has been suggested as an effect of the sink-source strength
of the connected plants. The authors concluded authors that
defoliation could have stimulated interior Douglas-fir donor to
rapidly export labile C from enriched roots to the CMN, while the
rapid growth rate of ponderosa pine would created a large sink.
Nevertheless, even if it is assumed that mycorrhizae might be able
to transfer C from one plant to its neighbors, it remains unclear if
the amounts of the transferred elements are of any significance to
the receiver plant. If this amount is viable for the receiver plant, a
process understanding of the switch between fungal storage and
delivery to the plant is still required.

Equally contradictory is the magnitude of N transfer reported
in the literature. In grassland ecosystems, N transfer was reported
to vary from 0 to 72% under field conditions, while it is less
variable in agroforestry ecosystems, ranging from 0 up to 16%,

depending of the conditions under which the experiments were
performed (e.g., in pots, field, etc.; Marty et al., 2009; Chapagain
and Riseman, 2014; Meng et al., 2015; Zhang et al., 2020).
In general, the high variability in the literature may reflect
many different factors that might interfere in plant-to-plant
interaction, such as differences in environmental conditions,
in the different experimental setups, or plant and fungi
combinations, soil nutrient supply, additional stress conditions
added (e.g., nutrients deficiency, drought, shading, etc.), and
the general experimental design (e.g., field, pot or microcosmos
experiments). In addition, like for C, quantification of N transfer
via interconnecting hyphae is not distinguishable from other
pathways (Montesinos-Navarro et al., 2016; Fang et al., 2021).
The distinction and relative importance of the different pathways
determines the strength, direction, and outcome of interactions
among plants and soil organisms, requiring new technologies and
ideas to address such issues. Nevertheless, the many researches
made on this topic so far developed different hypotheses that
could give us some hints on how CMN would affect plant-
plant interaction.

CONCLUSIONS

Despite of the great progress in understanding the effect
of mycorrhiza network for plant-to-plant interactions, and
how this might affect mycorrhizal communities, there are
still important questions to be answered in future researches.
Resource allocation between connected plants thereby drew the
largest attention of the scientific community. Many possible
effects of such transfers of resources have been described, but
contrasting results were frequently found. Labeled experiments
using C and N isotopes have revealed that under certain
conditions a movement of such resources between donor
and receiver plants seem to happen, but none of them
could demonstrate unequivocally that the transfer occurred
preferentially through the direct mycorrhizal pathway and not
over the soil solution or simply over exudates. Moreover,
quantification of this transfer demonstrated to be an even
bigger challenge. Therefore, the real effect of the CMN in
shaping plant communities is still not clear. Further research
involving new experiment set-ups and new technologies to
improve previous experiments should be developed for a more
accurate idea about resource allocation and plant physiological
responses that are truly accountable to CMN. The use of
mutant lines with manipulation of the genes involved in setting
up symbiotic associations between plant and fungi partner
together with labeling techniques to track resources translocation
between connected plants can be used to differentiate the fungal
effect in such networks. Effects exclusively to CMN for plant
interactions may help us to understand plant community and
ecosystem functioning.
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