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a b s t r a c t

Common mycorrhizal networks (CMNs) that connect individual plants of the same or different species
together play important roles in nutrient and signal transportation, and plant community organization.
However, about 10% of land plants are non-mycorrhizal species with roots that do not form any well-
recognized types of mycorrhizas; and each mycorrhizal fungus can only colonize a limited number of
plant species, resulting in numerous non-host plants that could not establish typical mycorrhizal sym-
biosis with a specific mycorrhizal fungus. If and how non-mycorrhizal or non-host plants are able to
involve in CMNs remains unclear. Here we summarize studies focusing on mycorrhizal-mediated host
and non-host plant interaction. Evidence has showed that some host-supported both arbuscular
mycorrhizal (AM) and ectomycorrhizal (EM) hyphae can access to non-host plant roots without forming
typical mycorrhizal structures, while such non-typical mycorrhizal colonization often inhibits the growth
but enhances the induced system resistance of non-host plants. Meanwhile, the host growth is also
differentially affected, depending on plant and fungi species. Molecular analyses suggested that the AMF
colonization to non-hosts is different from pathogenic and endophytic fungi colonization, and the hy-
phae in non-host roots may be alive and have some unknown functions. Thus we propose that non-host
plants are also important CMNs players. Using non-mycorrhizal model species Arabidopsis, tripartite
culture system and new technologies such as nanoscale secondary ion mass spectrometry and multi-
omics, to study nutrient and signal transportation between host and non-host plants via CMNs may
provide new insights into the mechanisms underlying benefits of intercropping and agro-forestry sys-
tems, as well as plant community establishment and stability.

Copyright © 2021 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

About 80e90% of �10,000 plant species in terrestrial ecosys-
tems have symbiotic relationships with mycorrhizal fungi to form
mycorrhizas, which are beneficial to both the plant and fungi,
thereby increasing their chances of surviving (Wang and Qiu, 2006;
Smith and Read, 2008; Brundrett, 2009), although only < 1.0% of all
classified plant species have been evaluated for their mycorrhizal
status (Albornoz et al., 2021). At present six mycorrhizal types are
categorized as arbuscular mycorrhiza, arbutoid mycorrhiza, ecto-
mycorrhiza, ericoid mycorrhiza, monotropoid mycorrhiza and
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orchid mycorrhiza (Smith and Read, 2008). Among them, the first
and second common mycorrhizas, also the most economically
important mycorrhizas in agricultural and natural ecosystems, are
arbuscular mycorrhiza (AM) and ectomycorrhiza, which colonize
~80% and 2% of all tested plant species, respectively (He et al., 2003;
Wang and Qiu, 2006; Smith and Read, 2008; Brundrett, 2009). The
mycorrhizas improve plant nutrient uptake, growth and yield,
while the fungus receives photosynthetically assimilated carbon (C)
from the associated mycorrhizal host plant (hereafter host) (Smith
and Read, 2008; Bonfante and Genre, 2010; Wagg et al., 2015).

In nature, a plant may associate with multiple fungi and each
fungal individual may associate with more than one plant, when
mycorrhizal fungi connect individual plants of the same or different
species together belowground, (common) mycorrhizal networks
(CMNs) formed (Pringle, 2009; van der Heijden et al., 2015).
Through a CMN, C, nitrogen (N), and other nutrients can be
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
censes/by-nc-nd/4.0/).
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transferred among individual plants, and plants can also use these
networks to communicate the presence of pests and diseases, and
to release chemicals that provide plants with a competitive
advantage over other non-mycorrhizal plants (He et al., 2003;
Hoeksema, 2015; Wagg et al., 2015; Gilbert and Johnson, 2017).

However, there are ~10% of land plants are non-mycorrhizal
species (Wang and Qiu, 2006; Smith and Read, 2008; Brundrett,
2009). Moreover, each mycorrhizal fungus has a limited number
of host plant species, resulting in a large number of plant species
that are non-mycorrhizal host plants for a specific mycorrhizal
fungus. Currently if and how non-mycorrhizal or non-host plants
are able to involve in CMNs remains unknown, while relevant
studies can help to understand plant community establishment and
stability in terrestrial ecosystems. Additionally, intercropping and
agro-forestry systems become globally popular and thus AM and/or
EM mediating host and non-host plant interactions warrant
attention. Great progresses on host plants-mycorrhizal fungi in-
teractions and their ecological functions have been made in the
past two decades (e.g. He et al., 2003; Simard and Durall, 2004;
Smith and Read, 2008; Wagg et al., 2015; Wipf et al., 2019).
Regarding non-mycorrhizal or non-host plants, studies are mainly
focused on their contribution to understand the mechanisms and
evolution of mycorrhizal symbiosis (see reviews Giovannetti and
Sbrana, 1998; Cosme et al., 2018). To date, studies on the mycor-
rhizal host, mycorrhizal fungus and non-mycorrhizal host tripartite
relation (hereafter tripartite) have not attracted enough attention,
leading to the effects of the tripartite interaction on plant growth
and nutrient acquisition and their relevant underlyingmechanisms
remain largely unknown (Fernandez et al., 2019). Currently, to our
knowledge, from the point of view of the interaction between
mycorrhizal and non-mycorrhizal plants, only two reviews have
discussed the performance and coexistence of mycorrhizal and
non-mycorrhizal species under extremes of nutrient availability,
particularly under phosphorus deficiency (Lambers and Teste,
2013; Lambers et al., 2018).

In this review, we first define the concepts and scopes of non-
mycorrhizal and non-host plants. Next, we summarize experi-
mental data from published studies to discuss (1) if AM or EM
hyphae could penetrate or colonize roots of non-host plants; (2)
how plant growth and nutrient acquisition has been affected by
host-mycorrhizal fungi-non-host tripartite; (3) molecular dialogue
between AM hyphae and non-host model plant Arabidopsis thali-
ana; (4) the induced system resistance (ISR) or induced system
susceptibility (ISS) responses when non-host plant roots were
colonized by mycorrhizal hyphae. Finally, we discuss future per-
spectives in this research area. The overarching goal is to review
recent progress in mycorrhizas mediated host and non-host plant
interaction, and discuss if non-host plants can be involved in CMNs.

2. Non-mycorrhizal or non-host plants

In contrast to plants that have facultative mycorrhizal associa-
tions with fungi, there are some plant species that do not usually
form any well-recognized types of mycorrhizas, with roots that are
highly resistant to mycorrhizal fungi and normally remain
uncolonized, so called non-mycorrhizal (NM) plants (Tester et al.,
1987; Brundrett, 1991). Generally, various members in families of
Proteaceae, Chenopodiaceae, and Brassicaceae, and some genera in
families of Fabaceae and Cactaceae, including several major agri-
cultural crops and weeds are considered to be NM plants (Tester
et al., 1987; Lambers and Teste, 2013; Albornoz et al., 2021).
Caution should be taken when terming NM plants because there is
no any clear line between mycorrhizal and non-mycorrhizal plants,
especially when the criteria used to define functionally mycorrhizal
colonization evolved with time (for details please see Cosme et al.,
128
2018). For instance, although clear evidences showed that the
model plant species Arabidopsis thaliana can be colonized by fungi
Piriformospora indica (Peskan-Berghofer et al., 2004; Shahollari et
al., 2007; Mandyam et al., 2013; Keim et al., 2014), from the
genomic comparisons and mycorrhizal structure analysis,
A. thaliana is not a true or typical mycorrhizal plant (Cosme et al.,
2018).

Meanwhile, even for mycorrhizal plants, they cannot have
symbiotic mycorrhizal relationships with all mycorrhizal fungi.
Plants that cannot be colonized by a specified mycorrhizal fungus
are considered to be non-host plants, e.g. plants that unable to
establish a symbiosis with an AM fungusmay be colonized by other
AM fungi or EM fungi and then these plants are non-host to a
specific AMF (Veiga et al., 2013; Cosme et al., 2018; Fernandez et al.,
2019). Non-mycorrhizal plants that unable to form anymycorrhizas
are definitely non-host plants, hence the non-host plants hereafter
refer to NM plants and plants that could not establish a typical
mycorrhizal symbiosis with a specific mycorrhizal fungus.

3. Can mycorrhizal hyphae access to (colonize) non-host
roots?

At present our understanding of the formation and function of
CMNs is based on two key points: 1) multiple host plants are
connected by mycorrhizal fungi simultaneously (Babikova et al.,
2013; van der Heijden et al., 2015; Song et al., 2019; Alaux et al.,
2020); 2) symbiotic fungi utilize carbohydrates from hosts and
transport elements along the mycorrhizal networks (Robinson and
Fitter, 1999; Barto et al., 2012; Fellbaum et al., 2014). These indicate
that the non-host plants are shut out of CMNs. To understand if
non-host plants are involved in a CMN, we first searched publica-
tions that have paid attention to mycorrhizal hyphae in non-host
plants, and a number of studies showed that mycorrhizal hyphae
could penetrate roots of non-host plants without forming typical
mycorrhizal structures (Table 1), suggesting that roots of non-host
plants could be linked to CMNs.

3.1. AM hyphae colonize non-host plant roots

To date, many studies have shown that AM hyphae could
penetrate roots of non-host plants (Ocampo, 1986; Allen et al.,
1989; Francis and Read, 1994; Veiga et al., 2012, 2013;
Fernandez et al., 2019). For instance, the fungi initially invaded
roots and formed arbuscules and peletons, and then the invaded
root segment turned brown while the fungus disappeared from
the root within two days, when the non-mycorrhizal plant Salsola
kali was inoculated by a mixture of Glomus spp. and Gigaspora
margarita (Allen et al., 1989). In contrast, penetrations of fungal
hyphae to non-mycorrhizal plant roots without arbuscules were
observed in a number of studies (Hirrel et al., 1978; Rinaudo et al.,
2010; Veiga et al., 2013; Fernandez et al., 2019). In addition,
studies have showed that the root mycorrhizal colonization of a
non-mycorrhizal plant (Arabidopsis thaliana) by AMF required the
concurrent presence of AMF host plants, suggesting that AMF
hyphae alone might not be able to colonize roots of a non-host
plant (Hirrel et al., 1978; Ocampo, 1986; Veiga et al., 2012, 2013;
Fernandez et al., 2019). Only a few studies suggested that a host
plant was not necessary (Allen et al., 1989; Rinaudo et al., 2010),
indicating that the colonization of non-host roots might be driven
by the host plant.

3.2. EM hyphae penetrate non-host plant roots

For ectomycorrhiza (EM), PCR using specific primers for ribosomal
DNA of EM fungi and root fungal communities barcoding suggested



Table 1
Summary of AM and EM hyphae detected in roots of non-host plants.

Mycorrhizal fungi Host plants Growth conditions Non-host plants Identification
methods

The presence
of host

References

Glomus spp. or Gigaspora
margarita

(AMF)

Agropyron
dasystachyum

Root observation
chambers with soil

Salsola kali Microscope
observation of
autofluorescence
and stained roots

No Allen et al. (1989)

Glomus fasciculatus Citrus macrophylla
or Allium cepa

Pots filled with an
autoclaved soil mix of
loam-sand (2:1)

Chenopodium
album, C.
amaranticolor, C.
quinoa, Spinacea
oleracea, Brassica
nigra, Raphanus
sativus

Microscope
observation of
stained roots

Yes Hirrel et al. (1978)

Glomus mosseae Sorghum vulgare A double pot system
using sterilized P-
deficient soil

Brassica oleracea Microscope
observation of
stained roots

Yes Ocampo (1986)

Glomus intraradices Triticum aestivum Microcosms filled with
sterilized mixture of
quartz sand with 20%
field soil

Stellaria media Microscope
observation of
stained roots

Yes Veiga et al. (2012)

Rhizophagus irregularis
(previously named
Glomus intraradices)

Trifolium pratense
or Lolium
multiflorum

Microcosms filled with
a sterilized mixture of
quartz sand with 10%
field soil

Arabidopsis thaliana Microscope
observation of
stained roots,
confocal
microscopy of
fungal cell walls,
Electron
microscopy

Yes Veiga et al. (2013)

Rhizophagus irregularis Medicago truncatula Microcosm system
filled with a river-sand
soil mixture (5:12, v/v)

Arabidopsis thaliana Microscopy
observation of
stained roots

Yes Fernandez et al. (2019)

Glomus spp. (one or mix of
three species)

Helianthus annuus Microcosms filled with
a mixture of autoclaved
sand and grassland soil

Amaranthus
retroflexus,
Chenopodium
album, Sinapis
arvensis

Microscope
observation of
stained roots

No Rinaudo et al. (2010)

Cortinarius cinnamomeus
(EMF)

Picea abies Grassland located in the
Burren in Western
Ireland

Carex flacca, C.
pilulifera

Microscope
observation of
stained roots, RFLP
analysis of ITS
region of rDNA

Not determined Harrington et al.
(2002)

Sebacinales
(ectomycorrhizas to
ericoid and orchid
mycorrhizas)

Not available A Caribbean and two
European sites

39 different plant
species

PCR and
sequencing

Not determined Selosse et al. (2009)

Tricholoma matsutake, T.
fulvocastaneum

Pinus densiflora Pots with soil obtained
from a Pinus densiflora
forest

Cedrela odorata,
Prunus speciosa

Microscope
observation of
washed roots

No Murata et al.
(2013, 2014)

Tuber melanosporum Not available Truffle grounds located
in Occitanie, southern
France

Tuber
melanosporum was
detected in 89.7% of
the 80 non-EM
species

PCR, sequencing,
metabarcoding

Tuber spp. were not
detected in roots
out of brûl�es

Schneider-Maunoury
et al. (2018)

Tuber aestivum Carpinus betulus A deciduous forest
contains brûl�es, in
Czech Republic

16 non-EM plant
species

qPCR Root were sampled
in brûl�es

Gryndler et al. (2014)

Tuber melanosporum,
T. aestivum

Coryllus avelana
and Quercus petrae

Truffle ground of
Rollainville, Lorraine,
France

9 of 10 non-EM
plant species

Fluorescent in situ
hybridization, PCR
and ITS sequencing

Root were collected
in brûl�es

Schneider-Maunoury
et al. (2020)
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that some EM fungi could colonize living roots of non-EM plants
(Harrington and Mitchell, 2002; Selosse et al., 2009; Murata et al.,
2013; Gryndler et al., 2014; Schneider-Maunoury et al., 2018; Toju
and Sato, 2018). These EM fungi may colonize roots of non-EM
plants in a loose way, without EM morphology, called endophytism
(Rodriguez et al., 2009; Weiß et al., 2016). Endophytism in non-EM
plants has been claimed for EM taxa such as Helotiales, Pyronemata-
ceae, Sebacinaceae and Thelephoraceae (Selosse et al., 2009; Weiß et
al., 2016; Schneider-Maunoury et al., 2018). The endophytic coloniza-
tion of Tuber melanosporum hyphae was observed on the apoplast of
healthy roots of non-EM plants, providing morphological evidence of
endophytism between EM T. melanosporum and >70 non-EM plant
129
species from a total of 80 tested plant species (Schneider-Maunoury et
al., 2018, 2020). Additionally, quantified PCR results showed that the
housekeeping gene RPS3 and laccase gene that expressed in Tuber
aestivum EM root tips and ascocarps were also expressed in 12 of 17
sampled non-EM roots; and the sugar transporter, gluco-
seemethanolecholine oxidoreductase and secreted protein genes
were expressed in some non-EM root systems as well, confirming a
living status and potential functions (Schneider-Maunoury et al.,
2020). Most above-mentioned studies collected non-EM roots near
EM roots, e.g. non-EM plants sampled from brûl�e (Schneider-
Maunoury et al., 2018, 2020), indicating that the colonization of non-
EM roots by EM hyphae might have acquired from the hosts.
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However, studies also showed that the formation of endophytism
between EM fungi of Tricholomamatsutake and T. fulvocastaneum,with
non-EM but AM plants, Cedrela odorata and Prunus speciosa, did not
require the presence of their hosts (Murata et al., 2013, 2014).

Collectively, numerous studies have suggested that NM plants
could be connected by host-supported mycorrhizal hyphae as
illustrated by Fig. 1, which is a prerequisite for establishing a CMN.
Although no formation of typical mycorrhizal structures, colonized
mycorrhizal hyphae can be alive and have certain functions within
roots of non-host plants.
4. Plant growth and nutrient acquisition affected by host
plants, mycorrhizal fungi and non-host plants tripartite

4.1. Plant growth and nutrient acquisition of non-hosts affected by
the tripartite

It has long been known that AM species have a hyphal-mediated
adverse effect on the growth of NM neighbors, especially for
Brassicaceae (Lambers and Teste, 2013). Root branching, root-hair
development and aboveground biomass production of NM neigh-
bors were inhibited when the fungal hyphae were present while
their roots are separated by nylon mesh barrier (Ocampo, 1986;
Francis and Read, 1994; Veiga et al., 2013). Such adverse effects of
NM species on their mycorrhizal neighbors could result from alle-
lochemicals released through AM roots, however, these had been
denied (Vierheilig et al., 1996; Wurst et al., 2010; Lambers and
Teste, 2013). Similarly, when NM white lupin (Lupinus albus, be-
longs to Proteaceae) was grownwith AMwheat (Triticum aestivum)
under both glasshouse and field conditions where presumably
allowed wheat to form mycorrhizas, the biomass and grain yield of
white lupin was adversely affected; but when white lupin was
grown in pots without mycorrhizal fungi, no adverse effects of
wheat on the growth of white lupin were observed (Gardner and
Boundy, 1983; Cu et al., 2005). The nutrient acquisition of non-
host plants in these two studies was not affected by their mycor-
rhizal neighbors, neither. Similarly, no significant differences were
in the phosphorus, N or C content between A. thaliana colonized by
host-supported Rhizophagus irregularis and non-R. irregularis
colonized plants (Fernandez et al., 2019). However, when young
non-host cabbage grown with AMF-colonized mature sorghum,
significant decrease in yields and nutrient (N, P, K, Ca and Mg)
concentrations were detected; and similar trends were found in
young sorghum when grown with mature sorghum (Ocampo,
Fig. 1. A conceptual diagram showing the host-supported AM and EM hyphae can penetra
roots, but Veiga et al. (2013) observed vesicles in Arabidopsis roots colonized by Lolium
(2019) observed hyphopodia-like structures on the surface of Arabidopsis roots colonized b
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1986). Moreover, the N and P uptake of three non-host weed spe-
cies (Amaranthus retroflexus, Chenopodium album, Sinapis arvensis)
were decreased when grownwith AMF host sunflower (Rinaudo et
al., 2010). In summary, the biomass of non-hosts, rather than their
nutrient acquisition, was always adversely affected by host-
supported AM colonization (Table 2). Thus, the competition of
nutrients between host and non-host plants is unlikely to appro-
priately explain the growth reduction of non-host plants.

Studies on the effects of EM on the growth of non-host plants are
mainly attracted by the phenomenon so-called brûl�e, a zone around
host plants colonized by some EMs especially the Tuber aestivum,
T. indicum complex and T. melanosporum, where the growth of non-
EM herbaceous and shrubby plants are inhibited (Streiblova et al.,
2012). Mycelia, mycorrhizas, and fruiting bodies of brûl�e-forming
truffles can produce volatile organic compounds and plant hor-
mones like ethylene and auxin to impair seed germination, root
morphogenesis and rhizosphere microflora of non-hosts (Splivallo
et al., 2007, 2009; Streiblova et al., 2012). Additionally, a direct
endophytic interaction in the roots of non-EM grasses and other
weeds particularly Anthoxanthum odoratum and Leontodon farax-
acoides might affect non-host plant health as immuno-localization
had detected T. melanosporum mycelium in unhealthy root tissues
of two brûl�e herbs (Plattner and Hall, 1995). Recently, Taschen et al.
(2019) found that T. melanosporum colonized Quercus ilex decreased
the shoot and root biomass, and leaf N and P concentration of the
non-host plants, highlighting the inhibition role of T. melanosporum
on the growth of the non-host plants. Similarly, we found that the
growth of A. thalianawas dramatically inhibited when plantingwith
T. melanosporum colonized 37-month-old Quercus mongolica seed-
lings (unpublished data). It should be noted that not all Tuber species
(e.g. Tuber magnatum and T. borchii) can form brûl�e or similar phe-
nomenon (Pacioni, 1991; Angelini et al., 2015), and very few studies
have focused on the interactions between non-brûl�e truffle EMs and
non-EMhosts (Riccioni et al., 2016). Thus, at the ecosystem level, it is
possible that EM hosts have no adverse effects on non-host plants,
and further studies culturing non-brûl�e EM plants and non-EM
plants together would provide more insights.
4.2. Plant growth and nutrient acquisition of hosts affected by the
tripartite

Studies have shown that non-mycorrhizal species had various
impacts on the growth and nutrients acquisition of their mycor-
rhizal neighbors. The adverse effects of NM species on their
te roots of non-host plant. No formation of typical mycorrhizal structures in non-host
multiflorum and Trifolium pratense nursed Rhizophagus hyphae, and Fernandez et al.
y Medicago-supported Rhizophagus hyphae.



Table 2
Effects of mycorrhizal host/mycorrhizal fungi/non-host tripartite on shoot biomass, nutrients uptake and root mycorrhizal colonization rate of host and non-host plants. Only
studies particularly focusing on the tripartite interaction were included. ND, not determined; ns, no significant difference.

Host e mycorrhizal
fungi e non-host tripartite

Mycorrhizal type Host plants Non-host plants Reference

Shoot
biomass

Nutrients
uptake

Colonization
rate

Shoot
biomass

Nutrients
uptake

Colonization
rate

Quercus ilex - Tuber
melanosporum - six
arbuscular mycorrhizal
plant species

EMF �16.87% N (þ38.46%)
P (ns), C (ns)

Soil EM mycelium
biomass
þ90.48%

On average
�23.66%

N (�12.69%)
P (�30.23%)
C (ns)

ND, and soil AM
fungi DNA amounts
�83.16%

Taschen et al. (2019)

Mature Sorghum vulgare -
Glomus mosseae - Young
Brassica oleracea

AMF ns N (ns), P (ns)
K (ns), Ca (ns)
Mg (ns)

ns �64.66% N (�66.67%)
P (�73.68%)
K (�68.18%)
Ca (�75.76%)
Mg (�71.43%)

3.8 ± 1.2% Ocampo (1986)

Trifolium pratense or Lolium
multiflorum -
Rhizophagus irregularis -
Arabidopsis thaliana

AMF ns N (þ12.10%)
P (þ78.57%)

ND �50.00% ND 12.0 ± 2.0% Veiga et al. (2013)

Medicago truncatula -
Rhizophagus irregularis -
Arabidopsis thaliana

AMF ns P (þ36.36%) ND �50.00% N (ns), P (ns)
C (ns), K (ns)

5.0 ± 1.0% Fernandez et al. (2019)

Helianthus annuus - Glomus
spp. - Amaranthus
retroflexus, Chenopodium
album, or Sinapis arvensis

AMF ns P (þ48.00%)
N (ns)

ns On average
�47%

P (�41.00%)
N (�26.88%)

Ranged from
1.2% to 14.8%

Rinaudo et al. (2010)

Fig. 2. A conceptual illustration showing how the tripartite of host, mycorrhizal fungi
and non-host plant affects nutrients uptake and biomass of both host and non-host
plants. To date, as shown in Table 2, experimental data has confirmed that the nutri-
ents uptake and biomass of non-host were most likely adversely affected, while the
nutrients uptake of host were improved in many cases. In addition, host-nursed
mycorrhizal hyphae accessed to roots of non-host could stimulate ISR (induced sys-
tem resistance) or ISS (induced system susceptibility) responses at late stage
(Fernandez et al., 2019), which may lead to growthedefense tradeoffs. ① The host- EM
e AM plant tripartite could increase amounts of soil EM hyphae but reduce amounts of
soil AM hyphae (Taschen et al., 2019). Solid lines indicate mechanisms that have been
experimental proved; dotted lines indicate possible relationships; arrows indicate
stimulation; ‘T’ arrows indicate inhibition; without arrows indicate no effect; hollow
arrows indicate change.
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mycorrhizal neighbors or subsequent crops have been reported in
theBrassicaceae species (Lambers andTeste, 2013). Thepresence of
a non-host cabbage had no effects on the growth and nutrient
acquisition of its mycorrhizal neighbor sorghumwas also reported
(Ocampo, 1986). Whilst the shoot P content of sunflower was
significantly higher (þ48%) when grown in mycorrhizal micro-
cosms with weeds than without weeds (Rinaudo et al., 2010).
Moreover, when Quercus ilex seedlings associated with
Tuber melanosporum grew together with companied non-host
plants, the companion plants promoted the development of
truffle mycelium and the leaf N content of the host, resulting in
positive effects to host plants conferred by non-host neighbors
(Taschen et al., 2019). Although the underlying mechanisms had
not yet explored, nutrient transfer between host and non-host
plants through EM mycelium (or an established mycorrhizal
network) could not be excluded. Furthermore, the more of the
mycorrhizal hyphae, the more of the nutrients can be absorbed
(Smith and Read, 2008). Mycorrhizal hyphae can also modify
rhizosphere exudates (Wang and Lambers, 2020;Wanget al., 2021)
or hyphae-associated bacterial community (Zhang et al., 2018;
Wang et al., 2021), thereby affect plant nutrient uptake.

Taken together, plant growth and nutrient acquisition of non-
hosts are generally adversely affected by host-supported
mycorrhizal hyphae (Table 2); and the host-supported AM and
EM fungi colonization might differentially modulate the nutrient
status of non-host plants. While plant growth and nutrient
acquisition of host plants could be variously affected, depending
on plant species and fungus involved. The mechanisms under-
lying the effects of tripartite interaction on plant growth and
nutrient uptake remain largely unexplored; factors including
nutrient transfer, signal communication, mycorrhizal hyphae
proliferation, rhizosphere exudates or soil microbiome modifi-
cation cannot be excluded (Fig. 2). Future studies using multi-
omics and new technologies such as nanoscale secondary ion
mass spectrometry (NanoSIMS) and cryo-scanning electron mi-
croscopy, to trace movement of C, N and P along mycorrhizal
hyphae (e.g. Yu et al., 2020) would help to underpin such
mechanisms. In addition, the function of mycorrhizas should be
re-examined, particularly the non-nutritional benefits of mycor-
rhizas (Albornoz et al., 2021).
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5. Molecular dialogue between mycorrhizal fungi and non-
host plants

Host plants can recognize AM fungi and trigger early responses
by increasing the expression of strigolactone biosynthesis genes
CCD7 and CCD8, resulting in the increased production and exuda-
tion of strigolactones (Akiyama et al., 2005; Kohlen et al., 2012;
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L�opez-R�aez et al., 2015). The molecular mechanism responsible for
mycorrhiza-non host plant interaction remains poorly understood.
Using a hyphal mesh to separate roots of Arabidopsis thaliana from
roots of the host species, Veiga et al. (2013) set up the basis for
molecular and genetic studies to understand the relative mecha-
nisms. By using this system researchers have found that the
detection of AM fungus Rhizophagus irregularis in Arabidopsis
induced the expression of CCD7 and CCD8 significantly within 24 h
(Fernandez et al., 2019). Generally, the defense-related genes like
PR1, MYB51 etc. would be up-regulated at the early stage of inter-
action between AM fungi and host, and between Arabidopsis and
pathogenic or endophytic fungi (García-Garrido and Ocampo,
2002; Berrocal-Lobo and Molina, 2008; Fernandez et al., 2019).
However, the expression of these defense genes were not activated
in R. irregularis colonized Arabidopsis roots (Fernandez et al., 2019).
These results indicated that AM fungi are neither pathogenic nor
endophytic fungi to non-host Arabidopsis, and the exposure of
Arabidopsis roots to Rhizophagusmycelia starts early AM fungi-host
recognition (Fig. 3).

In addition, once stable AM symbiosis was established, the
expression of well-characterized symbiosis-related genes GintPT,
GintAMT2, GintMST2 and GintMST4 would be strongly upregulated,
and gene ontology (GO) terms associated with carbohydrate
metabolism and nutrient transport should be overrepresented to
maintain a functional AM symbiosis (Helber et al., 2011; P�erez-
Tienda et al., 2011; Zouari et al., 2014; Fernandez et al., 2019). In
contrast, when host-supported Rhizophagus colonizes Arabidopsis
roots, the symbiosis-related genes were not expressed in roots; but
defense-related GO terms like sulfur compound biosynthesis and
metabolism, salicylic acid biosynthesis and systemic acquired
resistance, as well as defense-related gene FMO GS-OX3 (flavin-
monooxygenase S-oxygenase 3) and pathogenesis-related gene PR-
14 were overrepresented (Fernandez et al., 2019).

Collectively, as shown in Fig. 3, the early stage of interaction
between non-host Arabidopsis and host-supported AMF showed
some processes that were usually observed during the presym-
biotic stages of hosteAM fungus interactions; but in a later inter-
action stage the AM fungus activated plant defenses and the fungus
was recognized as an unwanted invader (Fernandez et al., 2019).
These results suggest that the colonization of non-host plant roots
by host-supported AMF may transfer signal compounds from host
plants and/or AMF to non-host plants to activate plant defense
responses. Consequently, these plant costly defense responses
might lead to growthedefense tradeoffs and result in inhibition of
non-host plant growth (Stringlis et al., 2018) as described in the
Fig. 3. A conceptual illustration showing current knowledge on molecular dialogues betwe
AM-host, and pathogen or endophytic fungi - Arabidopsis interaction.
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Non-host plant growth and nutrient acquisition affected by CMNs
section. However, the growth-defense tradeoffs could not explain
the growth and nutrient acquisition of host plants impaired by
mycorrhizal hyphae connected non-hosts as discussed in the Host
growth affected by mycorrhizal hyphae connected non-host neighbors
section.

6. Induced system resistance (ISR) or susceptibility (ISS)
responses

One of the main advantages of CMNs is to communicate the
presence of pests and diseases among plant individuals connected
by mycorrhizal networks (Song et al., 2019). Indeed, Rhizophagus-
colonized Arabidopsis displayed a significant decrease in foliar
necrotrophic fungus Botrytis cinerea induced disease (Fernandez et
al., 2019). Similarly, EM fungus Laccaria bicolor triggered ISR against
a foliar pest cabbage looper Trichoplusia ni and ISS against a bac-
terial pathogen Pseudomonas syringae pv. tomato DC3000 in Ara-
bidopsis. Furthermore, heat-killed L. bicolor and chitin were
sufficient to trigger these ISR and ISS responses, suggesting that the
colonization to non-host plant is not necessary to trigger these
responses (Vishwanathan et al., 2020). The different results be-
tween AM (Fernandez et al., 2019) and EM fungi (Vishwanathan et
al., 2020) indicate that the direction andmagnitude of mycorrhizal-
mediated non-host plant ISR or ISS responses may be distinct
depending on mycorrhizal type. To date, although no direct evi-
dence showed that challenge of host plants could trigger ISR of
non-host plants in the tripartite, it is possible that the perceiving
signals of pests and diseases can be transferred from a host to a
non-host to fight against pathogen infection in non-hosts. Thus, the
host, mycorrhizal fungi and non-host tripartite system (see
Fernandez et al., 2019; Taschen et al., 2019) could be used to
monitor the transmission of warning signals from infected to un-
infected plants (Babikova et al., 2013; Alaux et al., 2020).

7. Concluding remarks and future perspectives

Experimental data have directly proved that host-supported
mycorrhizal fungi could penetrate or colonize non-host plant
roots, without forming typical mycorrhizal structures. The coloni-
zation of non-host plant roots by mycorrhizal fungi differs to that
with pathogenic or endophytic fungi, since similar early AM fungi-
host recognition can be initiated normally, but plant defense re-
sponses could be triggered in a late stage. Moreover, the non-host
plants are most likely to be adversely affected by host-supported
en AM hyphae and non-host plant Arabidopsis, and the differences in comparison with
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mycorrhizal fungi and the growth of hosts are also variously
impaired; the growth-defense tradeoffs alone could not explain
these phenomenon sufficiently. AM and EM fungi show some
different impacts on plant growth and nutrient acquisition in the
tripartite system. These findings result in to a promising conclusion
that non-mycorrhizal or non-host plants are also involved in CMNs
(Fig. 4), which would offer excite future studies to answer the
following questions:

1. Can mycorrhizal fungi get and/or translocate carbon, nitrogen
and other mineral nutrients from non-host plants through hy-
phal colonization?

2. Do host-supported mycorrhizal hyphae always negatively affect
the growth of non-host plants? And for host plants? What's the
mechanisms underlying the effects of the tripartite on host and
non-host plant growth and nutrient acquisition?

3. How rhizosphere traits such as root exudates and rhizosphere
microbiome changes in response to the host, mycorrhizal fungi
and non-host plant tripartite?

4. Is there any molecular signal communication within the
tripartite, such as microRNAs or peptides/proteins?

5. Can pest or pathogenic organisms induced warning signals
transmit from host to non-host plants? And vice versa?

6. Will intercropping of AMF crops and non-AMF crops or EM trees
and crops lead to resistance to diseases but reduction of yield?

7. In natural ecosystems, are all plants connected by mycorrhizal
fungi belowground? And what is the role of mycorrhizal fungi in
shaping plant community?

8. Are there any new techniques, suitable plant species or plant
cultural system that can be used to promote the research in this
area?

Currently, intercropping is attracting attention due to its ability
to produce high yields at lower inputs and to suppress pests and
diseases (Li et al., 2020; Tang et al., 2021). Given the fact that a
cereal and a legume is by far the most common intercrop combi-
nation worldwide (Martin-Guay et al., 2018; Li et al., 2020),
mycorrhizal effects on intercropping of a mycorrhizal (e.g. cereal or
legume) and a non-mycorrhizal (e.g. canola) plant species with
mycorrhizal fungus inoculation warrant attention. Understand the
interaction between mycorrhizal and non-host plants will also
benefit agro-forestry mixed system and underpin important
Fig. 4. A conceptual diagram showing potential common mycorrhizal linkages or
networks among arbuscualr mycorrhizal (AM), ectomycorrhizal (EM) and/or non-
mycorrhizal (NM) plants (Picture drew by Wenjun Xu, Kunming Institute of Botany,
Kunming, China), as well as the potential functions of this kind of networks. Ecto-
mycorrhizal (EM) trees or arbuscular mycorrhizal (AM) plants are connected by EM
hyphae (red lines) or AM hyphae (blue lines), respectively (note: some trees can have
dual EM and AM symbioses); and host supported both AM and EM hyphae may
penetrate roots of non-mycorrhizal (NM) plants and/or their non-host plant species.
Thus, all the plants could be connected underground via AM and/or EM fungi.
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drivers for plant community establishment under natural condi-
tions. In future, growing non-mycorrhizal Brassicaceae species
with mycorrhizal cereal species as their neighbors would be an
excellent system to study the interactive impacts and mechanisms
between host and non-host plants. Application of new techniques
such as SIMS, stable isotope of C and N, and multi-omics (e.g.
transcriptome, metabolome and proteome) will facilitate the
research progress in this direction.
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