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Role of plant–fungal nutrient trading and host control
in determining the competitive success of
ectomycorrhizal fungi

Sara Hortal1, Krista Lynn Plett1, Jonathan Michael Plett1, Tom Cresswell2,
Mathew Johansen2, Elise Pendall1 and Ian Charles Anderson1

1Western Sydney University, Hawkesbury Institute for the Environment, Penrith, NSW, Australia and
2Australian Nuclear Science and Technology Organisation, Kirrawee DC, NSW, Australia

Multiple ectomycorrhizal fungi (EMF) compete to colonise the roots of a host plant, but it is not known
whether their success is under plant or fungal control, or a combination of both. We assessed whether
plants control EMF colonisation by preferentially allocating more carbon to more beneficial partners in
terms of nitrogen supply or if other factors drive competitive success. We combined stable isotope
labelling and RNA-sequencing approaches to characterise nutrient exchange between the plant host
Eucalyptus grandis and three Pisolithus isolates when growing alone and when competing either
indirectly (with a physical barrier) or directly. Overall, we found that nitrogen provision to the plant does
not explain the amount of carbon that an isolate receives nor the number of roots that it colonises.
Differences in nutrient exchange among isolates were related to differences in expression of key fungal
and plant nitrogen and carbon transporter genes. When given a choice of partners, the plant was able to
limit colonisation by the least cooperative isolate. This was not explained by a reduction in allocated
carbon. Instead, our results suggest that partner choice in EMF could operate through the upregulation
of defence-related genes against those fungi providing fewer nutrients.
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Introduction

Ectomycorrhizal fungi (EMF) have a key role in
forest ecosystem functioning, colonising the roots of
most tree species (Tedersoo et al., 2010). They
receive carbon from their host plant in exchange
for providing multiple benefits such as access to
nutrients and water, protection against pathogens or
tolerance to heavy metals (Smith and Read, 2008).
Multiple EMF species and individuals with different
functional attributes compete to colonise the
plant root system. Several studies have reported
negative effects of EMF competition in root colonisa-
tion and plant biomass (for example, Wu et al., 1999;
Kennedy et al., 2007, 2009; Hortal et al., 2008, 2016).
However, existing studies provide an incomplete
understanding of factors driving EMF competition
(Kennedy, 2010).

Competition between EMF during root colonisa-
tion could occur either directly between the EMF, or
indirectly, via the host plant. Direct competition can

be evaluated by growing fungi in a one-compartment
microcosm, while indirect competition can be
evaluated using two physically separated compart-
ments that are connected to the same host (Kennedy,
2010). If colonisation is the same in both experi-
ments, then interfungal interaction is likely minimal
and the plant controls EMF colonisation. Alterna-
tively, if colonisation changes in direct versus
indirect competition, then that would suggest
that fungal–fungal interactions drive competitive
outcomes independent of the host plant.

Considerable progress has been made in under-
standing how plants may control the dynamics of
another key group of symbiotic fungi: arbuscular
mycorrhizal fungi (AMF). It has been shown that
market theory of nutrient shuttling prevails in
some arbuscular mycorrhizal fungi associations with
the plant rewarding the fungus that provides the
most nutrients with more carbohydrates and there-
fore minimising infection by less-cooperative
symbionts (Bever et al., 2009; Kiers et al., 2011).
This response is not universal, however, and may
only apply to certain conditions (Walder and van der
Heijden, 2015). Similar preferential allocation
operates in the legume–rhizobium symbiosis
(Simms et al., 2006; Sachs et al., 2010) and partner
choice is considered important to stabilise the
mutualism (Bever, 2015).
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The evidence for nutrient trading dynamics in
regulating EMF colonisation is equivocal. Corrêa
et al. (2008) showed that carbon supply to the EMF
species Pisolithus tinctorius continued even when
nitrogen supply decreased. Carbon supply to the
fungus does not actually represent a significant cost
for EMF plant partners (Corrêa et al., 2012). Valtanen
et al. (2014) showed that fungi supplying the plant
with more nitrogen did not receive more carbon than
those supplying lower amounts of nitrogen and
Albarracín et al. (2013) suggested fungal autonomy
with respect to carbon and nitrogen utilisation. In
addition, Näsholm et al. (2013) and Hasselquist et al.
(2016) found evidence of reduced nitrogen transfer to
the plant with increased carbon. This evidence
against reciprocal rewards in the EM symbiosis
opens the questions of what actually drives nutrient
flux between partners and what causes one symbiont
to colonise more roots than another.

The existence of strong nonreciprocal behaviour
and antagonistic interactions (Walder and Van der
Heijden, 2015) also suggests that an alternative
explanation to preferential allocation is needed.
Active repression of uncooperative symbionts after
infection through sanctions has been shown to be
important in rhizobial symbioses (West et al., 2002;
Kiers et al., 2003) and has been proposed, but not
demonstrated, as a means by which host plants
might control the functioning of EMF associations
(Hoeksema and Kummel, 2003). In particular,
the latter suggested that plants could facilitate the
persistence of more beneficial fungi by enhancing
the mortality of root tips colonised by competitively
superior and less beneficial fungi.

In the present study, we used a microcosm-based
system where Eucalyptus grandis seedlings were
colonised by a range of Pisolithus isolates competing
either directly or indirectly. Using this simplified
model system, we sought to: (i) further our under-
standing of whether the host plant, the fungal partner
or both control the outcomes of EMF competition,
(ii) further define the carbon and nitrogen trading
and transport dynamics occurring in EMF associa-
tions and (iii) evaluate the importance of alternative
mechanisms of plant control over EMF colonisation.
We sought to address these aims by integrating a
complementary set of physiological measurements,
stable isotope tracing and gene expression analyses.
Taken together, these data address key knowledge
gaps in the areas of nutrient trading, competition
outcomes and control over root colonisation, all
essential for understanding the relationship
dynamics among trees and their ensemble of sym-
biotic partners.

Materials and methods
Fungal and plant material
Two P. microcarpus isolates (R10 and SI9) and one
P. albus isolate (SI12, previously attributed to

P. microcarpus) were selected based on their ability
to colonise E. grandis and their negative response to
the presence of a competitor (Hortal et al., 2016).
Seeds of E. grandis were surface sterilised and
germinated as per Hortal et al. (2016). The main root
of each seedling was cut to promote splitting of the
root system. After 12 weeks, seedlings with well-
developed split root systems were selected.

Microcosm design
Individual E. grandis seedlings were transferred to
9 cm Petri dishes containing ½ strength modified
Melin–Norkrans agar with 0.1% glucose (Hortal
et al., 2016) in such a way that the leaves remained
outside the dish using a hole burned through the side
and the roots inside on top of a sterile cellophane
membrane (Figure 1). Seedlings were inoculated
with either a single Pisolithus isolate (R10, SI12 or
SI9; eight replicates per treatment) or two isolates in
all pairwise combinations (R10-SI12, R10-SI9 or
SI12-SI9; 10 replicates per treatment) under either
indirect or direct competition resulting in nine
treatments in total. Indirect competition microcosms
were established in a two-compartment Petri dish
with the root system of the plant equally divided
between the two compartments. For the inocula-
tions, one (for single isolate treatments) or two

Figure 1 The microcosm set-up showing an indirect competition
treatment using a two-compartment Petri dish with a physical
barrier in the middle. The seedling root was split between the two
compartments; each of them inoculated with one fungal isolate.
The agar of a trench (indicated with arrows) was removed to create
a side compartment (indicated with an F) only accessible to the
fungus where the 15NH4Cl solution was placed. The leaves
remained outside and the whole system was included inside a
larger Petri dish with holes covered with micropore tape.
Microcosms of the direct competition treatment were the same
but without the middle physical barrier while those with no
competition had one fungal isolate only.
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(one per isolate in the competition treatments) circular
fungal plugs (0.5 cm diameter) were obtained from the
edge of actively growing colonies and placed at either
side from the seedling root. In all microcosms we
removed the agar of two 3-mm-wide vertical trenches
at 2.5 cm of each side of the seedling. This created two
side compartments that only fungal mycelium could
access. The whole system was contained inside a
larger empty Petri dish. Control microcosms with non-
inoculated seedlings (eight replicates) as well as
microcosms with mycelium only (three replicates per
isolate) were also established following the same
design. Microcosms were incubated in a growth
cabinet at 25 °C under a 16 h light cycle (PAR 100μmol
m−2 s−1) for 6 weeks.

Stable isotope labelling
For 15N labelling, two sterile pieces of filter paper
(Whatman no. 1; Whatman, GE Healthcare Life
Sciences, Little Chalfont, UK) 1 cm long x 0.5 cm
wide were placed on top of each other 5mm from the
edge of the fungal colony growing in the fungal
compartment and saturated with 40 μl of a 30mM

99% atom excess 15NH4Cl solution in an acetate
buffer (pH 4.8). In the microcosms with two fungal
isolates, only one of the isolates received the 15N-
labelled solution. Four or five labelled microcosms
of each isolate in each competition combination (that
is, none, indirect or direct) were produced.

On the following day, microcosms were trans-
ferred to a clear polycarbonate chamber designed for
the 13CO2 labelling (for more details see
Supplementary Information and Supplementary
Figure 1). The internal Petri dishes were completely
sealed while leaves were given access to 13CO2. The
chamber was placed in a controlled environment
growth room (BioChambers Inc., Winnipeg, MB,
Canada) at 25 °C and a 14-h light cycle (PAR
500 μmol m−2 s− 1). Twelve millilitres of 99% atom
excess 13CO2 were injected into the completely
sealed chamber using a syringe through a rubber
septum. Plants were allowed to photosynthesise
under these conditions for 5 h. The same procedure
of 13CO2 labelling was repeated on the following day.
We detected a decrease in 12CO2 and 13CO2 concen-
tration in air samples collected 5 h after the injection
compared with samples taken right after the injec-
tion, confirming that there had been an uptake of 13C
label by the seedlings (Supplementary Information).
Non-inoculated seedlings and microcosms with only
mycelium were labelled following the same proce-
dures. Sixteen microcosms from across the different
treatments remained unlabelled to determine back-
ground levels of 15N and 13C in both mycelium and
leaves.

Harvesting and parameters measured
Harvesting took place 6 days after 15N labelling
(that is, 4 days after the second 13CO2 injection)

following Fellbaum et al. (2012), Grelet et al. (2009),
Högberg et al. (2008), Kiers et al. (2011) and Pickles
et al. (2016). We counted the number of mycorrhizas
formed by each isolate in each microcosm. Differ-
ences in mycorrhiza morphology among the three
isolates (Hortal et al., 2016) plus their position in the
microcosm allowed us to attribute each mycorrhiza
to a particular isolate as the colonies did not overlap.
Microcosms were scanned and the area of the
colonies was measured using the Image J software
(Rasband, 1997).

Approximately 10mg of mycorrhizal root tips
from a subset of microcosms (see below) were
collected in random order within a 2 h timeframe
and immediately placed in liquid nitrogen for RNA
extraction. The mass of leaves and mycelium for all
microcosms was determined after drying at 40 °C for
72 h. Mycelium density was calculated by dividing
the mass of the colony by its area. Dry leaf and
mycelium samples were manually ground into a fine
powder using a micropestle and 1mg was weighed
into tin capsules. We checked for any 15N diffusion
to the central compartment and 13C diffusion into the
fungal compartment in the agar of microcosms
containing non-inoculated seedlings as well as in
the mycelium of competing unlabelled fungi. Sam-
ples were analysed for atom % 15N and 13C as well as
nitrogen and carbon content (%) using an Automated
Nitrogen Carbon Analyser system (Sercon Limited,
Crewe, UK) consisting of a Sercon 20-22 mass
spectrometer (Sercon Limited) and an elemental
analyser (Sercon Limited) at the West Australian
Biogeochemistry Centre (University of Western
Australia, Crawley, WA, Australia). Atom % excess
15N and 13C were calculated as the difference
between labelled and unlabelled samples. Following
Pena and Polle (2014), 15N and 13C content was
calculated as follows:

Leaf 15N content (ng excess) = (leaf dry biomass (g)
x N concentration (ng g− 1) x 15N atom% excess)/100.

Mycelium 13C content (ng excess) = (mycelium dry
biomass (g) x C concentration (ng g−1) x 13C atom %
excess)/100

RNA-sequencing
RNA was extracted from three samples of non-
colonised root tips of control E. grandis seedlings
(for baseline plant expression levels), three samples
of mycelium from each of the three Pisolithus
isolates (for baseline fungal expression levels) and
three samples of mycorrhizal root tips per isolate
alone (3 isolates x 3 replicates) and in compe-
tition (3 isolates x 2 competitors x 2 competition
treatments x 3 replicates). In all cases, samples had
been labelled with 15NH4Cl solution. RNA was
extracted using the Qiagen RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) following the manufac-
turer’s instructions. Transcriptional analysis of all
tissues was tested using RNA-sequencing via con-
ventional Poly-A library preparation for Illumina
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sequencing. Library construction and 125-bp paired-
end reads sequencing was performed on an Illumina
HiSeq 2500 flow cell by the Western Sydney
University Next Generation Sequencing Facility.
Details on data analysis and availability are provided
in Supplementary Information. For carbon and
nitrogen transport, we extracted genes annotated as
having a role in nutrient movement (Supplementary
Tables 1–4). Gene expression fold-change values
(versus control values) for each sample for all
primary transcripts can be found in Supplementary
Tables 5 (plant) and 6 (fungus).

Statistical analyses
We first used a subset of data corresponding to
microcosms inoculated with one isolate (no compe-
titor) to check for differences among Pisolithus
isolates. Differences in measured parameters were
analysed with general linear models (GLMs) that
included isolate (R10, SI12 or SI9) as a fixed factor. To
relate atom excess results with RNA-sequencing data,
we assessed the correlations between 15N content or
13C content and the coordinates of each sample in the
first two axes of a principal coordinates analysis
(PCoA) with Bray–Curtis similarity index using the
expression levels of either nitrogen or carbon trans-
porter genes in the fungal and plant transcriptomes.

We then assessed differences induced by the
presence of a competitor per each of the isolates
independently. Differences were analysed with
GLMs including competition (none, indirect, direct)
as a fixed factor. Correlations between variables were
assessed using Pearson's coefficients. All statistical
analyses were performed with R (R Development
Core Team, 2016) using the interface implemented in
the InfoStat software (Di Rienzo et al., 2012), except
for the PCoA that was run in the Past software
(Hammer et al., 2001). Additional details on statis-
tical analyses are provided in Supplementary
Information, F- and P-values for GLMs are shown
in Supplementary Table 7 and R- and P-values for
correlations in Supplementary Table 8.

Results
Root colonisation and nutrient exchange with the
different EMF isolates in the absence of a competitor
When isolates R10, SI12 and SI9 were given access to
labelled nitrogen, they all showed similar uptake of
15NH4

+, although there was a trend suggesting that
uptake by the mycelium of SI9 could be the highest
(Figure 2a, P=0.08). Plants colonised by either SI12
or SI9 had higher leaf 15N content than plants
colonised by R10 (Figure 2b), indicating that SI12
and SI9 were better at transferring nitrogen to the
plant. Isolate R10 also had the highest percentage of
nitrogen in its mycelium when in contact with host
roots, supporting that it is able to uptake nitrogen but
that it retains this nitrogen rather than transfer it to
its host (Figure 2c). Despite differences in nitrogen

transfer ability, all isolates received similar amounts
of 13C from the plant (Figure 2d). We tested 13C
enrichment in a few colonised root tips and they had
similar values of enrichment as roots of control non-
inoculated seedlings (data not shown), indicating
that 13C was not retained in the mycorrhizas. There
was no difference in overall % nitrogen in
plant leaves or in leaf biomass between plants
colonised by the three isolates (Supplementary
Figures 2a and b).

Isolate R10 formed the highest number of mycor-
rhizas, followed by SI12 and SI9 (Figure 2e). R10 also
formed the largest colonies (Supplementary
Figure 2c), but its mycelium was much less dense
than the other two isolates (that is, mycelium mass
per cm2 was the lowest; Supplementary Figure 2d).
Thus, overall, colony mass was similar for the three
isolates (Figure 2f). Contents of leaf 15N and
mycelium 13C were not significantly correlated with
either mycelium mass or number of mycorrhizas.
Therefore, an isolate forming a larger number of
mycorrhizas does not necessarily result in getting
more carbon or providing more nitrogen.

Regulation of plant and fungal nutrient transporter
genes in the absence of a competitor
RNA was sequenced from the mycelium and mycor-
rhizal root tips of R10, SI12 and SI9 to determine the
expression of plant and fungal nutrient transporters.
The mycelium of isolate R10 showed the lowest
expression of genes encoding nitrogen importers,
while isolates SI9 and SI12 expressed different
classes of nitrogen importers (Figure 3a). R10
colonised root tips showed much lower expression
of two predicted amino-acid/nitrate efflux fungal
genes (Pismi.96126 and Pismi.686226) when com-
pared with SI9 and SI12 (Figure 3b, section i). Roots
colonised by SI9 and SI12 showed increased gene
expression of different plant nitrogen transporters
such as oligopeptide and lysine/histidine importers
(arrows for SI9 and regulon EucNC for SI12 in
Figure 3b, section ii). These results fit well with the
lowest nitrogen transfer to the plant by isolate R10
and are supported by significant correlations
between mycelium 15N content and the overall
expression of fungal nitrogen importers as well as
between leaf 15N content and the expression of
fungal N efflux genes (expressed as axes of the
corresponding PCoAs).

Isolates SI12 and SI9 had opposing groups of
fungal carbon transporter genes that were induced
when colonising E. grandis (regulons PisoCi versus
PisoCii in Figure 3c, section i). The individual
Pisolithus isolates induced very distinct sets of
carbon transporters in the host plant that were
almost unique to each isolate (Figure 3c, section ii,
regulons EucCA, EucCB and EucCC). We found a
significant correlation between mycelium 13C con-
tent and the overall expression of plant carbon
transporters (second axis of the PCoA).
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Changes in nutrient exchange and colonisation induced
by the presence of a competitor
When more than one Pisolithus isolate was intro-
duced to the same root system competition effects
were seen. Isolate R10 delivered significantly more
nitrogen to the plant when it was in direct competi-
tion with another isolate, as opposed to colonising
alone or in indirect competition (Figure 4a). Myce-
lium of SI9 showed higher 13C content when paired
with another isolate in either indirect or direct
competition than when alone (Figure 4b). Overall,
there was no significant correlation between leaf 15N
content and mycelium 13C content (Figure 5).

Isolate R10 formed fewer mycorrhizas when
another isolate was present in either indirect or
direct competition than alone (Figure 4c). No
differences in the number of mycorrhizas under

indirect versus direct competition were observed for
any of the isolates.

Differential regulation of plant and fungal nutrient
transporter genes induced by the presence of a
competitor
Compared to when alone, we found increased
expression of two Pisolithus nitrogen efflux trans-
porters in R10 under direct competition and in SI12
under indirect competition (Supplementary
Figure 3a, section i). These were the same nitrogen
efflux transporter genes that were highly expressed
in SI9 when alone. The host exhibited differential
regulation of both nitrogen and carbon transporter
genes in response to the presence of two isolates
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compared with one isolate only (Supplementary
Figures 3a and b, sections ii).

Plant defence-related genes differentially regulated
during fungal competition
The presence of a competitor induced a reduction in
the number of mycorrhizas formed by isolate R10

and we found differential expression in 953 plant
genes in roots colonised by R10 in competition
compared with root colonised by R10 alone. Some of
these were also differentially regulated in roots
colonised by either SI9 or SI12 in competition, while
a smaller subset of 145 genes were uniquely
regulated in R10 colonised roots (Figure 6a and
Supplementary Table 9). These genes encode

Figure 3 (a) Average relative expression of nitrogen transport genes in the fungal transcriptome of colonies growing in pure culture. (b)
Nitrogen efflux genes of each fungal isolate (i) and nitrogen transport genes of E. grandis (ii) in root tips colonised by individual Pisolithus
isolates; (c) carbon transport genes in the fungal (i) and plant (ii) transcriptome of colonised root tips. Results are expressed as log 2 fold
change. Genes in regulon EucNA, EucNB and EucNc were predominantly upregulated, repressed or highly expressed in SI12, respectively.
Regulons PisoCi and PisoCii show genes induced in SI9 or SI12, respectively, while regulons EucCA, EucCB and EucCC show genes highly
expressed in R10, SI9 or SI12, respectively.
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proteins from a variety of functional categories,
including 12 disease resistance proteins (including
NB-ARC domain containing and TIR-NBS-LRR class)
and pathogenesis-related genes (Figure 6b). Thirty of
these 145 genes show protein family (PFAM)
enrichment in the specific areas of ‘defence
response, incompatible interaction’ or ‘regulation of
plant-type hypersensitive response’ (false discovery
rate o0.001; Supplementary Table 9).

Discussion

No link found between nitrogen and carbon allocation
in EM symbiosis under non-limiting nitrogen conditions
We found no overall significant correlation between
the amount of nitrogen delivered to the plant and the
carbon allocated to any of the Pisolithus isolates
tested (Figure 5). ‘Bad’ (R10) and ‘good’ (SI12 and
SI9) symbionts, in terms of nitrogen provision,

received similar amounts of 13C from the host plant
(Figure 2). While it is possible that carbon was
actually transferred but respired before harvesting
took place (4 days), other studies have used a similar
timeframe to allow for carbon transfer and detection
in the fungal tissue (Högberg et al., 2008; Grelet et al.,
2009; Kiers et al., 2011; Fellbaum et al., 2012; Pickles
et al., 2016).

Our results support recent suggestions that nitro-
gen flux to the plant is not the main control on
carbon flux to the fungus in the EM symbiosis
(Corrêa et al., 2008, 2012; Albarracín et al., 2013;
Valtanen et al., 2014). Because of the environmental
dependence of mutualism, these results might have
been different under experimental conditions where
nitrogen was limiting. Bever (2015) predicted that in
a fertile system such as ours, symbionts evolve
toward reduced mutualism. However, the absence
of correlation between carbon allocated to EMF and
nitrogen transferred to the plant has been also
described in nitrogen-limited systems (Hasselquist
et al., 2016).

Differences in expression of specific carbon/nitrogen
shuttling genes explain the outcome of EMF–plant
nutrient fluxes
The high import of 15N label by the exploratory
hyphae of SI9 was linked to high expression of an
ammonium importer, while the other isolates
appeared to depend upon other nitrogen transporters
(Figure 3). These results reinforce previous work that
demonstrated that different EMF isolates exhibit
differences in nitrogen use (Anderson et al., 1999;
Lilleskov et al., 2002; Pena and Polle, 2014). R10 had
the lowest expression of nitrogen importers of the
isolates tested. Its reduced capacity to absorb nitro-
gen from its surroundings may explain why it is the
least cooperative of the symbionts tested in terms of
nitrogen delivery to the host. Given that nitrogen

R10 SI12 SI9

-3 1 5 9
0

2

4

6 n.s.

ln leaf 15N (ng excess) 

ln
 m

yc
el

iu
m

 13
C

 (n
g 

ex
ce

ss
) 

Figure 5 Pearson's correlation between leaf 15N and mycelium
13C contents using all data. Different colours and symbols are used
to identify each isolate (R10=blue circles; SI12=yellow triangles;
SI9= green squares). NS denotes no significant correlation (Pear-
son's = 0.14, P=0.27).

-70

520

1110

1700

b b
a

n.s. n.s.

R10 SI12 SI9

-10

15

40

65

n.s. n.s.

b

a

a

R10 SI12 SI9

no
ne

in
di

re
ct

di
re

ct

no
ne

in
di

re
ct

di
re

ct

no
ne

in
di

re
ct

di
re

ct

0

20

40

60

N
um

be
r o

f m
yc

or
rh

iz
as

R10 SI12 SI9

n.s.

n.s.

a

b b

Le
af

 15
N

 (n
g 

ex
ce

ss
) 

M
yc

el
iu

m
 13

C
 (n

g 
ex

ce
ss

) 

Figure 4 Mean (a) leaf 15N content, (b) mycelium 13C content and
(c) number of mycorrhizas in plants inoculated with isolate R10,
SI12 or SI9 in the absence of competition (none), in indirect or
direct competition. Each vertical panel corresponds to a given
isolate as indicated by the top headings. Different letters in a graph
indicate significant differences (Po0.05) among competition
treatments per each isolate by GLM and DGC post hoc comparison.
NS represents no significant differences among competition
treatments. Data are mean±1 s.e.

Host control over ectomycorrhizal fungi
S Hortal et al

2672

The ISME Journal



transfer to the host plant is such a crucial part of the
EM symbiosis, it is interesting that only two fungal
amino-acid efflux transporters were induced in
mycorrhizal root tips (Figure 3). A similar restriction
in the repertoire of nitrogen transporters induced
during symbiosis has been observed in the interac-
tion between Laccaria bicolor and its host Populus
trichocarpa (Plett et al., 2015). Of interest, hosts with
the greatest 15N label in the leaves also exhibited the
largest contingent of induced amino-acid transpor-
ters, underlining the importance of amino acids as a
nutrient vector during EM symbiosis. Overall, our
findings contribute to better understanding the
regulation of transport at symbiotic interfaces
(Garcia et al., 2016).

Despite similarities in total 13C recovered in the
mycelium of isolates SI12 and R10, we found that the
two isolates were characterised by nearly opposing
host carbon transporter expression profiles in mycor-
rhizal root tips (Figure 3). This would suggest that
there is redundancy in the roles of host carbon
transporters during EM symbiosis. The amount of 13C

in mycelium was positively correlated with the
overall expression pattern of plant carbon transpor-
ter genes, while the amount of 15N in leaf was
correlated with fungal nitrogen transporter genes
expression. This might suggest that the partner that
provides the benefit has greater control over it than
the partner that receives it.

The ability to form mycorrhizas is not related to the
effectiveness of EMF–plant nutrient exchange
The isolate that was able to form the largest number
of mycorrhizas (R10) was neither the isolate that
provided the most nitrogen to the host nor the one
that received the greatest quantity of carbon from the
plant (Figure 2). Bever (2015) proposes that because
host plants have to invest in all potential symbionts
before identifying which symbiont provides the best
reward, one might expect fungal cheaters to specia-
lise in rapid colonisation of new roots to best capture
plant investment in symbiosis initiation. This strat-
egy best describes isolate R10, which invests less

Figure 6 (a) Relative expression (log 2 fold change) of 145 genes differentially regulated in plants colonised by R10 when in indirect or
direct competition compared with when colonised by R10 alone and uniquely regulated when colonised by R10 compared with SI9 and
SI12 in competition. (b) Functional classification of these 145 genes.
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energy in forming dense mycelium (Supplementary
Figure 2) and could therefore be allocating more
resources to form mycorrhizas than the other two
isolates. It also has the highest nitrogen content,
suggesting that it might retain the nitrogen for itself
(Figure 2). It would be of interest to further
investigate whether these traits in EMF correlate
with a propensity to be a mycorrhizal cheater.

EMF competition can improve mutualistic nutrient
exchange with the host plant
Plants received more nitrogen from the ‘cheater’ isolate
R10 when this isolate was directly competing with
another isolate (Figure 4). This increase in nitrogen
provision to the plant corresponded with the upregula-
tion of genes responsible for amino-acid efflux
(Supplementary Figure 3). Argüello et al. (2016) also
found that plants received more phosphorus from less-
cooperative arbuscular mycorrhizal fungi when
another fungus was present and the model by
Franklin et al. (2014) suggests that plant discrimination
induces fungal competition for carbon, thus enhancing
nitrogen uptake. Our data suggest a plastic response
whereby a typically uncooperative EMF isolate would
alter behaviour to become more cooperative when
under competition with a more beneficial isolate. The
fact that this only happened when the two isolates
were competing directly might suggest that this
response is triggered by the direct interaction with
another fungus. The other two fungal isolates tested,
SI9 and SI12, did not significantly increase the amount
of nitrogen delivered to the plant when placed in direct
competition with another isolate. This may be because
they were already delivering a fair quantity of nitrogen
to the plant, or the results seen with R10 may not be
universal. Additional tests with more isolates would be
required to see if the results with R10 are more
generally applicable. Changes in carbon allocation due
to the presence of multiple EMF (Figure 4) were also
observed, but again further investigation is needed.

Host plants specifically target defensive signalling to
root segments colonised by less-cooperative symbionts
Our findings suggest that fungal success in colonis-
ing root tips is controlled at least in part by the plant,
because both indirect and direct fungal–fungal
interactions had a similar competitive outcome
(Figure 4). Otherwise, we would have expected a
reduction when competing directly but not when
competing indirectly (Kennedy, 2010). Isolate R10
(the least cooperative isolate tested) exhibited sig-
nificantly reduced colonisation levels when another
isolate was present. Similar results have been
reported for rapidly growing cheater rhizobial
symbionts (Sachs et al., 2010). However, our patterns
of carbon allocation did not explain this reduction.

Instead, our results suggest that plants may avoid
EMF cheaters by upregulating defence-related genes
(Figure 6). We found that there was a significant

over-representation of upregulated defence-related
genes in roots colonised by R10, but not in other
parts of the same root system simultaneously
colonised by either SI9 or SI12. These same defence
genes were not upregulated in R10 colonised roots in
the absence of a competitor, indicating that the plant
may only actively reject unhelpful symbionts if
another more favourable option is available. Inter-
estingly, the plant did not completely repudiate all
colonisation by R10, despite its comparatively poor
ability to support plant nutrition. This would
support previous work showing that plants are not
fully immune to colonisation by less beneficial fungi
(Douglas, 2008; Kiers and Denison, 2008; Grman,
2012). Alternatively, this isolate could be providing
other benefits to the host plant not accounted here. In
any case, the plant defensive response and corre-
sponding reduction in the number of mycorrhizas
did not significantly reduce the amount of carbon
transferred to R10 (Figure 4), supporting the idea that
carbon might not be a cost for the plant (Corrêa et al.,
2012). We did not detect upregulation of fungal
genes related to production of anti-fungal com-
pounds when in competition (data not shown),
which provides additional support for plant control
over colonisation rather than fungal control.

Conclusions

We found that, when given a choice of partners, the
plant had the ability to limit root tip colonisation by
the least cooperative symbiont and therefore influ-
ence the outcome of EMF competition. Interestingly,
this reduction in colonisation did not result in a
reduction in carbon allocation to the fungus provid-
ing the lowest amount of nitrogen. Our results also
suggest that EMF competition might encourage
mutualistic behaviour in some circumstances. These
nutrient exchange dynamics were closely related to
the expression of key plant and fungal nutrient
transporter genes that, overall, resulted in no link
between the amount of nitrogen delivered to the host
plant and the carbon allocated to the EM fungus.
Instead, our results suggest that partner choice in
EMF could operate through the upregulation of
defence compounds that would prevent infection
and discourage cheaters, a mechanism that deserves
further investigation.
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