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1 | INTRODUCTION

The majority of terrestrial plants form associations with ar-

Abstract

1. Although it is known that arbuscular common mycorrhizal networks (CMNs)
mediate below-ground interactions between one or two species, little is
understood about their role in mediating interactions among multiple, co-
occurring plant species.

2. We investigated the CMN-mediated interactions among two Central European
species, Inula conyzae and Crepis biennis within pots and the impact of a third
plant, an invasive Echinops sphaerocephalus, on these relationships. We examined
changes in C-to-P exchange within a CMN formed by Funneliformis mosseae
sourced from Central Europe by tracking plant C cost with e signatures of
16:1w5 and P acquisition to hosts with 3P only accessible to CMNs.

3. When only native plants were present, the C cost was consistent for both
species, despite CMNs favouring C. biennis with P uptake. In the presence of E.
sphaerocephalus, CMNs also favoured C. biennis with P, but while C. biennis and
E. sphaerocephalus provisioned similarly large portions of 13C, I. conyzae provided
less. Mycorrhizal P acquisition, therefore, was the costliest for E. sphaerocephalus,
which likely mitigated some I. conyzae's C cost even though both received a low
proportion of 33p from CMN:ss.

4. Echinops sphaerocephalus altered mineral nutrient and C exchange proportions
between native plants and their CMN, suggesting that this species alters below-
ground plant interactions and that not only specific characteristic of plant host and
fungal partner but also the wider plant community mediates resource exchanges

between CMNs and individual plants.

KEYWORDS
13C labelling, 16:105, arbuscular mycorrhiza, below-ground interactions, interspecific plant
competition, invasive plant species, mycorrhizal carbon cost, symbiotic 23P benefits

et al., 2016), which affect plant interactions (Rezacova, Rezag,
Gryndler, et al., 2021; Reza¢ova, Rezag, Liblova, et al., 2021; Smith

& Read, 2008; §tajerové et al., 2009; van der Heijden et al., 2015;

buscular mycorrhizal (AM) fungi (Glomeromycotina; Spatafora Wipf et al., 2019) and ultimately influence plant community
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composition (Awaydul et al., 2019; Callaway et al., 2001; Workman
& Cruzan, 2016).

These mycorrhizal relationships are based on reciprocal re-
wards: AM fungi supply host plants with essential mineral nutri-
ents, primarily phosphorus (Lekberg et al., 2010), in exchange for
photosynthetically fixed C from plants (Bago et al., 2000; Pfeffer
et al., 1999). As obligate symbionts (Lanfranco et al., 2016), AM
fungi usually consume up to 10% of their host plant's C budget
(Rezacova, Konvalinkova, et al., 2017). Conversely, in P-limited
soil conditions, AM fungi can be the primary supplier of P for
host plants (Bennett et al., 2017; Liao et al., 2018). These bene-
fits are dynamic and can be influenced by environmental abiotic
(Rezatova, Zemkova, et al., 2018) factors, host plant dependence
on mycorrhizal associations (Khalil et al., 1994) and the identity
of symbiotic partners (Rezacova et al., 2020; Rezacova, Slavikova,
etal, 2018).

Due to the low host specificity of AM fungi, the hyphae of the
same fungal genotype usually interconnect neighbouring plant
roots in nature, regardless of plant species, in a ‘common mycorrhi-
zal network’ (CMN; Muller, 2021; Selosse et al., 2006). CMNs can
mediate plant interactions by distributing nutrients among intercon-
nected individuals, which can ultimately support the weaker com-
petitor or intensify competition among neighbouring plants (Merrild
et al., 2013; Montesinos-Navarro et al., 2016; Walder & van der
Heijden, 2015; Weremijewicz et al., 2016, 2018; Weremijewicz &
Janos, 2013; Workman & Cruzan, 2016). Resource partitioning by
CMNs among plants may be influenced by the C investment of host
plants; the shared fungal partner generally allocates more mineral
nutrients to plants that provide more C than those that provide
less C (Hammer et al., 2011; Kiers et al., 2011; Lekberg et al., 2010).
However, this biological market theory of ‘reciprocal rewards’ (Kiers
et al., 2011) has been developed through carefully controlled in vitro
experiments and may not always hold true in natural communities
where many plant species with different mycorrhizal dependencies
and relationships to various fungal genotypes coexist. Thus, while
the concept of reciprocal rewards suggests a preference for more
beneficial partners in terms of nutrient exchange, many studies have
focused on interactions involving one or two species, potentially
overlooking more complex dynamics in natural settings.

In glasshouse experiments, resource allocation by CMNs
has been found to depend on a variety of factors such as the
nutrient sink strength of the plants involved (Walder & van der
Heijden, 2015; Weremijewicz et al., 2016) and variations in the
plants' ability to profit from AM fungi (Johnson & Graham, 2013;
Walder & van der Heijden, 2015). CMNs may favour more
mycorrhiza-dependent plant species over less-dependent ones
(Weremijewicz et al., 2018) or an invasive host plant over a native
one (Awaydul et al., 2019). Although C, plants are often considered
less dependent on AM fungi for mineral nutrient uptake than C,
plants, results from glasshouse studies on CMN-mediated interac-
tions among C, and C, plants have conflicting results. For example,
it has been demonstrated that a C; plant can benefit significantly
from a CMN without contributing much C to the fungus, while

the interconnected C, plant may allocate a substantial amount of
C but receive only a limited amount of mineral nutrient in return
(Walder et al., 2012; Walder & van der Heijden, 2015). In contrast,
the C, plant within Faghihinia and Jansa's (2022) study allocated
more C to a CMN than the C, plant and ultimately received more P
in return. Rezacova, Zemkova, et al. (2018), however, did not find
differences in C investment to CMNs by C; and C, plants, and this
relationship did not change with elevated temperatures. Similar
to C; plants, weedy and invasive plant species are typically fac-
ultatively mycorrhizal (Lin et al., 2015; Richardson et al., 2000;
Vogelsang & Bever, 2009), but there are no clear patterns in C for
mineral nutrient exchange between hosts and fungi. Based on the
results of Awaydul et al. (2019) and Weremijewicz et al. (2018) with
invasive versus native plants and more versus less mycorrhiza-
dependent plants, respectively, it can be assumed that the invasive
plants will be capable of acquiring nutrients from shared CMNs
differently from non-invasive plants, either more successfully
or less successfully, depending on their AM fungal dependence.
CMNs have been shown to preferentially transfer >N and P to an
invasive plant over a native one when they receive more C from
invasive species in return (Awaydul et al., 2019, 2023). Similarly, in
Rezacova et al. (2020), CMNs benefited an invasive species with P
over native species. On the contrary, Rezacova et al. (2022) found
that CMNs either had no effect on the size of the P fraction ac-
quired by invasive and native plants or benefited the native plant
with P uptake over the invasive plant.

Despite ongoing research into the C for P exchange and the
factors influencing this exchange, the consequences of CMNs
for plant interactions among different species, especially those
differing in their origins and spread rates, remain incompletely
understood. A critical gap in current research is the examination
of CMNss involving multiple plant species to elucidate how these
networks influence nutrient exchanges and competitive dynam-
ics. Further research involving multiple mycorrhizal plant species
within shared CMNs (Faghihinia & Jansa, 2022) is warranted, with
a focus on C-for-P exchange, rather than just an assessment of
growth benefits.

The primary objective of this study was to investigate the C for
P exchange between plants and CMNs in a multispecies plant com-
munity and to evaluate if extension of the plant community by one
plant changes the proportions of exchanged C for P between plants
and CMNs. The research was conducted on a model plant commu-
nity composed of plant species co-occurring in Central European
plant communities belonging to one family—Asteraceae. Specifically,
we studied the effect of an invasive Echinops sphaerocephalus L. on
the CMN-mediated plant interactions among two native species
to Central European plant communities, Inula conyzae (Griesselich)
Meikle and Crepis biennis L. We examined changes to the dynam-
ics among I. conyzae and C. biennis and their interconnecting CMN
by investigating C provisioning to the CMN and P exchange from
the CMN when E. sphaerocephalus was present or not. We hypothe-
sized that CMNs play a significant role in below-ground competition
among mycorrhizal plants and that connecting another plant to the
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CMN would affect C-to-P exchange within CMN interconnecting
the two native species, potentially influencing the competitive dy-

namics of the native plants.

2 | MATERIALS AND METHODS

2.1 | Experiment design

In a glasshouse, we set out to model a Central European plant
community by growing two native, perennial herbs I. conyzae and
C. biennis in the presence or absence of invasive E. sphaerocepha-
lus (Figure 1). Pots were either inoculated with a mycorrhizal fun-
gus, Funneliformis mosseae (T.H. Nicolson & Gerd.) C. Walker &
A. Schuessler 2010, which allowed the establishment of a CMN
within pots, or not. We examined C-to-P exchange within CMNs
using *3C labelling of each individual species within pots and 3P
isotopic labelling of substrate within a root-free compartment
(RFC). There were five replicates for each treatment, for a total
of 70 pots.

2.2 | Plants and growth conditions

The plant species used in this study were chosen because they be-
long to the Asteraceae family, coexist in Central Europe and estab-
lish relationships with AM fungi. E. sphaerocephalus is native to Asia
and southern and eastern Europe, and its new distribution range
includes nearly all of central Europe and North America. E. sphaero-
cephalus is commonly invasive here, although it's spread into plant
communities is not particularly dramatic; it spreads, but rather over
shorter distances. I. conyzae and C. biennis are both native to Central
Europe. However, they differ in their ability to spread, with C. biennis

spreading easily, even over longer distances, whereas I. conyzae is

AMF+

" CMINs " CMINs

" CMNs

3
Eggé?gsﬁm Functional Ecology J—

more confined to natural habitats and does not spread (www.pladi
as.cz).

Seeds were collected from natural habitats and sowed directly
into pots at the end of January (1 seed of E. sphaerocephalus, 3
seeds of C. biennis based on the previous germination tests) or pre-
germinated on filter paper in Petri dishes (I. conyzae) with subse-
quent transplanting of always one seedling into a pot. The plants
were cultivated in a glasshouse from January to May 2019. The
glasshouse maintained average day and night temperatures of 24
and 20°C, respectively. The light intensity level corresponded to
about 40 klux sunlight (photosynthetic photon flux density being
approximately 690 pmolm™s1). Day length was extended to 12h
using supplemental lighting (mercury discharge lamps providing a
minimum photosynthetic flux density of 200 pmol m~2s™ at plant
level). The plants were watered daily as needed, one or two times
a day, with each dose receiving approximately 100mL of water.
After 3 and 4weeks, excess seedlings were removed, leaving
one plant of each species in each pot. Five weeks after sowing
seeds, each pot was provided with a weekly dose of 105mL of
the Long Ashton mineral nutrient solution (Hewitt, 1966), with the
P concentration reduced to 20% of the original recipe (following

Rezacova, Slavikova, et al., 2017).

2.3 | Cultivation pots and substrate

Plants were cultivated in 4-litre pots (Figure 2), which were lined
with a nylon mesh (with 1.2mm opening) at the bottom, steri-
lized with 96% ethanol and then filled with a potting substrate.
The substrate was composed of a well-mixed blend (volume-
based) of 10% y-irradiated (>25kGy) field Central European soil,
45% autoclaved zeolite MPZ 1-25 from Zeopol (www.zeolity.cz,
grain size 1-2.5mm) and 45% autoclaved quartz sand (grain size

<3mm; for physicochemical properties, please see Rezacova,

P BCE

CMNs CMNs CMNs

Native community members + E. sphaerocephalus

Native community members

FIGURE 1 Diagram of the experiment design in which native plants Inula conyzae and Crepis biennis grown with or without the presence
of Echinops sphaerocephalus, with (AMF+) or without (AMF-) arbuscular mycorrhizal fungi. Each individual species was exposed to 13CO2
labelling (*3C, red frame) within the treatments. 3*P was added to a root-free compartment (green cylinder) in the centre of all pots that was

only accessible to hyphae of Funneliformis mosseae (blue lines).
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FIGURE 2 Experimental three-species pot with Echinops sphaerocephalus, Inula conyzae and Crepis biennis growing along the perimeter (a,

¢) and P labelling (b).

Slavikova, et al., 2018). Plants grew in the pots at regular inter-
vals (Figure 2a,c) all equidistant from the central RFC (nylon mesh
barrier with pores 42 um in diameter; 5x 11 cm; Figure 2). A 1-mL
pipette tip with a cut end was placed in the centre of the RFC and
covered with foil until ®*P was later applied into the RFC through
this canal (Figure 2a,b).

2.4 | Mycorrhizal inoculation

Pots in the AM fungi inoculated (AMF+) treatment were supple-
mented with 120 g of mycorrhizal inoculum that consisted of potting
substrate containing root fragments of leek (Allium porrum L.), which
had been used as a host plant for cultivating the widespread general-
ist F. mosseae BEG 161 (BEG is an abbreviation for the International
Bank for the Glomeromycota; www.i-beg.eu) sourced from Central
Europe. The non-inoculated (AMF-) treatment received 120g of
non-mycorrhizal (mock) inoculum which consisted of potting sub-
strate containing root fragments of leek from a previous pot culture
grown under the same conditions and for the same period of time
as the AMF+ pot cultures, but without AM fungi. The inocula were
added in a layer 4.5cm beneath the surface of the potting substrate
(Figure 2a) before the sowing of experimental plants.

2.5 | Isotope labelling

Five days before harvest, we conducted pulse labelling with
13C0,. To prevent photosynthetic **CO, fixation by unlabelled
plants sharing the same pot with the labelled plant, we covered
unlabelled plants with thick aluminium foil during the labelling
process to keep them in darkness. Each pot had only one species
labelled (see experimental design, Figure 1), with five replicate
pots, which allowed us to gather information on 13CO2 fixation
by all co-occurring plant species. The pots were placed into an
air-tight Plexiglas chamber (100x100x85cm) equipped with a
fan to ensure proper mixing of the inner atmosphere, following
the procedures of previous studies (Konvalinkova et al., 2017;
Rezacova, Slavikova, et al., 2017, 2018; Slavikova et al., 2017).
Temperature, photon flux density and CO, concentration in the
chamber were monitored throughout the labelling using a Testo
435-2 datalogger equipped with an IAQ [indoor air quality]
monitor and a lux probe, Testo AG, Lenzkirch, Germany. The *3CO,
was introduced to the chamber by adding 60 mL of 20% HCI onto
5g of NaHlSCO3 (>99% *3C, Cambridge Isotopic Laboratories,
Inc., Andover, MA, USA). The labelling took 120min at 152 umol
photons m™2s?! (measured inside the chamber) labelling.
Immediately after the **CO, labelling, carrier-free **P-phosphoric
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acid (Hartmann Analytic GmbH, Braunsweig, Germany; diluted in
H,0) was applied into the pipette tips buried in RFCs within pots
(377,980Bq *°P pot™* decay-corrected for the time of labelling).

2.6 | Plant harvest and sample analyses

One hundred and fourteen days following the establishment of the
experiment, shoots of all plants were cut at the shoot-root inter-
face, dried for 3days at 65°C and weighed to determine shoot dry
weight (hereafter called plant biomass), P, **P, N and **C. The roots
were removed from the substrate, washed under cold tap water,
weighed and cut into 1.5cm fragments. The roots were then sub-
sampled and preserved for either staining and microscopy in the
AMEF- treatment or for molecular analyses of the AMF+ treatment.
Roots for microscopy were immersed in 50% ethanol, while those
for molecular analyses were frozen. The remainder of the root sys-
tem was weighed after clipping, dried for 5days and weighed again.
The fresh to dry weight ratio was determined and total root dry
weight was calculated for each root system. Approximately 200g
of representative (thoroughly mixed) substrate per pot was dried at
65°C for 4days before further determination of 13C in whole cell
fatty acids (WCFA) present in the substrate. Dried shoot, root and
substrate samples were milled to fine powder using a MM200 ball
mill (Retsch, Haan, Germany) prior to further elemental, isotopic and
molecular analyses.

We assessed mineral nutrient concentrations of P, 3%p and N
within shoot tissues. The P concentration in shoot tissues was
assessed by colorimetry in HNO, (69%) extracts of combusted
(550°C, 12h) samples using the malachite green assay (Ohno &
Zibilske, 1991). 33P activity was assessed by scintillation and decay
was corrected for the time of labelling as in Konvalinkova et al. (2017,
Supporting Information to the publication). The N concentration in
shoots (results are presented in the Supporting Information only)
and isotopic composition of **C in WCFA and shoots were mea-
sured using a Delta V Advantage isotope ratio mass spectrometer
(IRMS) as described earlier (Slavikova et al., 2017) and its peripheries
(ThermoFisher Scientific, Waltham, MA, USA), including Trace 1310
gas chromatograph as described in Konvalinkova et al. (2017) and
Rezacova, Slavikova, et al. (2018). Plant P and N contents (i.e. the
amounts of the respective elements in the shoot) were calculated
from the measured nutrient concentrations in shoots and multiplied
by the dry weights of the shoots. Whole cell fatty acids were ex-
tracted from all dried roots and substrate according to the procedure
described earlier by Frostegard et al. (1991) but with slight modifi-
cations described in Rezacova, Zemkova, et al. (2018). An internal
standard (100 pL of nonadecanoic acid, Sigma-Aldrich, Switzerland,
dissolved in hexane, 1gL'1) was added to samples before WCFA
extraction. Subsequently, WCFA were transmethylated using the
trimethylchlorosilane approach (Welc et al., 2012).

The amount of AMF-signature 16:1»5 fatty acid was calculated
compared to internal standard. Carbon isotopic composition in the
plant biomass and WCFA in roots and the substrate was used to

: 5
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calculate 3C derived from the 13C labelling pulse as in Konvalinkova
et al. (2015) and Rezacova, Slavikova, et al. (2018). We accounted
for natural *C abundance by subtracting the isotopic composition
of tissues and WCFA in unlabelled pots from those in 13C-labelled
pots. Thus, excess **C=nx(F , where n was the amount
of C (umol), F,

(*?c+3¢)] and Fniap Was the averaged fractional abundance of e

samp Funlab)
was the fractional abundance of *3C isotope [**C/

samp
in the respective unlabelled pots. Excess °C in 16:105 WCFA per
gram of roots or substrate was calculated using n and F values of the

methyl esters; because of the subtraction of F this calculation

unlab?
also corrected for the **C signature distortion by transmethylation,
as the same stock of methanol was used for the transmethylation of
all samples. Total excess 3C in 16:105 WCFA in roots or substrate
was then calculated by multiplying the excess *3C in 16:105 WCFA
per gram of sample by root or substrate total dry weight.

We quantified AM fungus presence within roots in two ways. For
AMEF- treatments, the absence of AM fungal structures in all roots
was checked microscopically (one composite sample per M- pot)
using the magnified intersection method (McGonigle et al., 1990),
scoring 100 magnified (x200) root intersections per sample, after
staining the roots with trypan blue (Koske & Gemma, 1989).

To assess AM fungal abundance in the roots of AMF+ plants,
DNA was extracted from frozen roots (70-80mg per sample) using
the glass milk method with the CTAB extraction buffer as described
in Gryndler et al. (2013). Subsequently, a quantitative real-time PCR
(gPCR) was employed to quantify AM fungus abundance in the
roots, with a moss marker, targeting sequence-specific motif of F.
mosseae in the nuclear large ribosomal subunit (LSU) genes (Thonar
etal., 2012).

2.7 | Statistical analyses

To assess the impact of mycorrhizal inoculation and the presence of
E. sphaerocephalus on resource allocation within pots, we performed
two-way ANOVAs on total biomass produced per pot by native
plants and on their per-pot summed shoot P content using inocula-
tion and E. sphaerocephalus presence as factors. To determine if the
presence of E. sphaerocephalus altered the CMN-mediated relation-
ship between the two native plant species, we calculated the pro-
portions of plant biomass produced by I. conyzae from the biomass
produced by both native plants in the cultivation pot (IC/(IC+CB)),
as well as the P content proportion in I. conyzae's shoot. Because
the remaining part of the particular resource was thus assignable
to the C. biennis, we further use terms ‘IC:CB biomass’ and ‘IC:CB
P content’ for the IC proportions from the total. We then carried
out two-way ANOVAs with E. sphaerocephalus presence and mycor-
rhizal inoculation as factors. We then analysed data from pots with
all three species to examine how mycorrhizal inoculation and each
plant species contributed to biomass and P content within pots using
two-way ANOVAs with inoculation and species as factors.

We then examined CMN-mediated P uptake using foliar 33p data
in inoculated pots. Similar to the biomass and P content analyses, we
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examined the total amount of 3P obtained by the native plants in the
presence and absence of E. sphaerocephalus; because 3P could only
be obtained by AM fungi, we conducted a one-way ANOVA with E.
sphaerocephalus presence as a factor on data from AMF+ pots. We
conducted a similar analysis on the proportion of >*P obtained by I.
conyzae from the total of both native plants in the pot (IC:CB 3°P).
We then investigated if CMNs distributed 2°P differently among all
three species in inoculated pots using a one-way ANOVA on the pro-
portion of 33p obtained by each species using species as a factor.

To determine how the presence of E. sphaerocephalus affected
the contribution of *3C to 16:1w5 WCFA in roots and substrate by
the two native species, we took the excess °C of I. conyzae and C. bi-
ennis and then conducted a two-way ANOVAs with E. sphaerocepha-
lus presence and species as factors. To determine if the different plant
species differ in their 3¢ provisioning to AM fungus in roots or sub-
strate in inoculated, three species pots, we examined the excess 8¢
contributed by each species using a one-way ANOVA with species as
a factor. These analyses were performed on log-transformed values
of 3C excess in 16:105 WCFA from roots and substrate.

We assessed how the presence of E. sphaerocephalus affected
the LSU abundance of each species using a two-way ANOVA with
E. sphaerocephalus presence and species as factors. To determine if
the different plant species differ in their LSU abundance in roots in
inoculated, three species pots, we examined the LSU abundance by
each species using a one-way ANOVA with species as a factor. These
analyses were performed on log-transformed values of AM fungus
LSU abundance in roots.

Analyses of variance were conducted in R (version 3.6.3, R Core
Team, 2013, http://www.R-project.org/) after checking for normal-
ity and homogenous variance (¢=0.05). When appropriate, post hoc
comparisons were carried out using Tukey HSD tests. Mean values

and standard errors per treatment combination are presented.

3 | RESULTS
3.1 | Plant biomass

The presence of E. sphaerocephalus decreased the total biomass
produced by the native species per pot (Figure 3A; Table 1) likely
because the density of plants increased from two to three plants
per pot and E. sphaerocephalus was the largest species within pots
(Figure 5A; Table 2). Despite the presence of E. sphaerocephalus,
however, IC:CB biomass remained the same across two and three
species pots (Figure 4A; Table 2).

The presence of AM fungi had a significant effect on the total
biomass produced by native plants (Table 1), with inoculated pots
producing more total biomass than non-inoculated ones (Figure 3A).
The IC:CB biomass was significantly affected by inoculation as well
(Figure 4a; Table 1). Whether inoculated or not, I. conyzae produced
a similar amount of biomass (Figure 5A), but C. biennis produced
more biomass in inoculated treatments (Figure 5A), suggesting that
C. biennis was more responsive to AM fungi than I. conyzae.
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FIGURE 3 The total (per pot summed) shoot biomass (A) and
total shoot P content (B) of native plants growing in the same

pot, as affected by the presence of Echinops sphaerocephalus (ES
presence) and mycorrhizal fungus inoculation (AMF+: Inoculated;
AMF-: Non-inoculated control). Bars represent means accompanied
by standard errors (=15 for pots where E. sphaerocephalus was
absent, n=20 for pots where E. sphaerocephalus was present).
Different letters above individual bars indicate significant
differences among means as revealed by the Tukey post hoc test
(x=0.05).

3.2 | Phosphorus and carbon dynamics

Just as with biomass, the presence of E. sphaerocephalus decreased
the total P content of native species per pot (Figure 3B; Table 1) and
did not affect the IC:CB P content (Figure 4b; Table 1). The pres-
ence of AM fungi increased total P content per pot of the native
species (Figure 3B, Table 1). An interaction between the presence
of E. sphaerocephalus and AM fungus inoculation was also detected
(Table 1), and the positive effect of AM inoculation on the total P
content of native plants was smaller when E. sphaerocephalus was
present compared to when it was absent. Inoculated native plants
in two species pots had the most P content, while non-inoculated
native plants in three species pots had the least total P content per
pot (Figure 3B).

Just as the IC:CB biomass was reduced by inoculation, the
IC:CB P content was decreased in inoculated treatments (Figure 4B;
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TABLE 1 The effects of E. sphaerocephalus presence, mycorrhizal fungus inoculation and their interaction as revealed by two-way
ANOVAs on native plant (I. conyzae and C. biennis) total shoot biomass (IC:CB Biomass) and total P contents (IC:CB P content) summed per
pot, as well as the proportions of I. conyzae biomass and P content from the totals produces by both in the cultivation pot.

Total native plant

biomass

E. sphaerocephalus presence 1.66 361.1
<0.0001
o 4.0
0.049
0.03

0.86

Inoculation

E. sphaerocephalus presence x Inoculation

T M S M TS m
P L

Note: Significant results are bolded (¢=0.05).

TABLE 2 The effect of mycorrhizal fungus inoculation, plant
species and their interaction as revealed by two-way ANOVAs on
the proportion of shoot dry biomass and shoot phosphorus content
of native plants I. conyzae and C. biennis, and E. sphaerocephalus
within three-species pots (i.e. the share of resources diverted to
each plant within a pot).

Proportion of Proportion of P

biomass content

Fa114 P Fa114 p
Inoculation 0.0 1.00 0.0 1.00
Species 441.0 <0.001 48.9 <0.001
Inoculation x species 6.6 <0.002 23.6 <0.001

Note: Significant results are bolded (¢=0.05).

Table 1). In the E. sphaerocephalus presence, the increase in P con-
tent proportion gained by C. biennis in inoculated pots resulted in
these proportions not differing for C. biennis and E. sphaerocephalus,
the plant with largest proportion of biomass (Figure 5A), which re-
sulted in a significant interaction between plant and AMF inocula-
tion (Table 2).

In inoculated pots, the presence of E. sphaerocephalus did
not affect the total 3P obtained by native plants (F1y23:0.002,
p=0.96; absence of E. sphaerocephalus: 12.6+1.7kBq, presence
of E. sphaerocephalus: 12.5+0.7kBaq) nor the IC:CB **P (F, ,,=1.5,
p=0.23; when E. sphaerocephalus was absent: 12+ 3/88 +7%; when
E. sphaerocephalus was present: 22+3/78+7%). However, when
examining the proportion of 33p obtained by each species within
pots where E. sphaerocephalus was present, C. biennis obtained the
largest proportion of 3P from CMNs (Figure 6A), while I. conyzae
and E. sphaerocephalus obtained a similar, lower proportion of 33p
(Fy,4,=23.7,p<0.0001; Figure 6A).

When E. sphaerocephalus was present, less excess *>C originat-
ing from native plants was found in 16:105 WCFA in the substrate
(Table 3; 1770 + 322 nmol) than when E. sphaerocephalus was absent
(4645 + 1076 nmol). When E. sphaerocephalus was absent, C. biennis

and I. conyzae had similar excess 13C in their root 16:1w5 WCFA.

Total native plant IC:CBP
phosphorus content IC:CB biomass content
410.9 0.01 0.5
<0.0001 0.94 0.49
136.6 14.3 70.0
<0.0001 0.0003 <0.0001
24.9 1.7 1.1
<0.0001 0.20 0.31
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FIGURE 4 The share of resources diverted between native
plants per pot as represented by the proportion of shoot dry
biomass (a) and shoot P content (b) of Inula conyzae (IC, green bars)
compared to biomass produced by C. biennis (CB, yellow bars)
growing in the same pot, as affected by the presence of Echinops
sphaerocephalus (ES) and mycorrhizal fungus inoculation (AMF+:
Inoculated; AMF-: Non-inoculated). Results from a two-way
ANOVA are presented for the I. conyzae fraction of biomass and P
content per pot. Bars represent means accompanied by standard
errors (n=15 pots where E. sphaerocephalus was absent, n=20 for
pots where E. sphaerocephalus was present).
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FIGURE 6 Proportions of 33P of the total >*P received by all three species in three-species pots acquired into shoots (A) and excess °C in
16:105 whole cell fatty acid (WCFA) in roots (B) of co-occurring mycorrhizal fungus inoculated native plants Inula conyzae (IC) and C. biennis
(CB), and Echinops sphaerocephalus (ES), as affected by plant species and/or E. sphaerocephalus presence. Bars represent means accompanied
by standard errors (n=15 for 3P data, n=5 for *3C data). Different letters above individual bars indicate significant differences among
means as revealed by the Tukey post hoc test («=0.05). Statistical analyses were performed on log-transformed values of *3C excess in

16:105 WCFA.

When E. sphaerocephalus was present, however, excess *C of WCFA 3.3 |
in C. biennis roots was greater than of I. conyzae roots (F2,12=5'5’
p=0.02). Notably, the excess 13C of root WCFA was not different
between C. biennis and E. sphaerocephalus, both of which differed
from I. conyzae (Figure 6B). The effect of plant species on the excess
13C of WCFA found in the substrate in three-species pots, however,
was not detectable (F2’12=0.3, p=0.73).

AM fungal abundance in plant roots

No structures of mycorrhizal fungi were present in any non-
inoculated treatment as revealed by light microscopy of plant roots.
The presence of E. sphaerocephalus increased AM fungus abundance
the same in both the native plants (Figure 7; Fi1e6=61, p=0.02);
however, C. biennis had lower LSU abundance than I. conyzae
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TABLE 3 The effects of E. sphaerocephalus presence, plant
species (C. biennis, CB and I. conyzae; IC) and their interaction as
revealed by two-way ANOVAs, respectively, on the 13C excess in
16:105 whole cell fatty acid (WCFA) in roots and substrate affected
by native plants.

Excess °Cin 16:105

WCFA
Roots Substrate
E. sphaerocephalus presence Fi16 1.2 4.7
p 0.28 0.04
Species Fi16 2.6 0.99
p 0.12 0.33
E. sphaerocephalus Fi16 5.2 0.007
presence X species p 0.04 093

Note: Significant results are stated in bold.
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FIGURE 7 LSU abundance in roots of mycorrhizal fungus
inoculated native plants Inula conyzae (IC), C. biennis (CB) and
Echinops sphaerocephalus (ES), as affected by plant species and
by plant species and E. sphaerocephalus presence (ES presence).
Statistical analyses were performed on log-transformed values of
AM fungus LSU abundance. Bars represent means accompanied
by standard errors (n=15 for pots where E. sphaerocephalus was
absent, n=20 for pots where E. sphaerocephalus was present).

(F1’66=9.6, p=0.003 for pots where E. sphaerocephalus was absent;
Figure 7), possibly even lower than E. sphaerocephalus—this was mar-
ginally significant in three species pots (F2,57 =3.1,p=0.05).

4 | DISCUSSION

In this study, we investigated how a CMN among three Central
European plant species with different origins and abilities to spread
mediated plant interactions for P. We found that, in accordance
with the initial hypotheses, CMNs played a significant role in below-
ground interactions among interconnected plants, and the presence
of a third plant within the CMN altered C and P exchange dynamics
between native plants and AM fungi. Therefore, the identity and
number of plant species affected C-for-P exchange within the
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community, with the invasive E. sphaerocephalus bearing the highest
C cost for CMN-acquired P.

4.1 | Factors behind mycorrhizal P redistribution
among plants in CMNs

Although the findings of this study did not detect an effect of E.
sphaerocephalus in CMNs on the morphometric measurements (the
relative proportions of biomass produced) of native plants, the use
of isotopes revealed that this plant does affect C-for-P trade dy-
namics within CMNs. When grown in two-species pots, the native
plants provided equal amounts of *3C to CMNs, but the presence of
E. sphaerocephalus resulted in I. conyzae provisioning less C to AM
fungi than C. biennis, while C. biennis provisioned a similar amount
of C as E. sphaerocephalus. The large C transfer, however, did not
benefit E. sphaerocephalus, which received a similarly small share
of 2P as I. conyzae. C. biennis, though, received three times more
33p than I. conyzae and E. sphaerocephalus. Ultimately, the cost of P
was two to three times more expensive for E. sphaerocephalus than
I. conyzae and C. biennis, respectively. This disproportional C invest-
ment did not necessarily disadvantage any plant involved in CMNs in
biomass production, most likely because C costs of AM fungi can be
negligible to main C donors (Figueiredo et al., 2021). Plants allocate
an average of 6% of plant assimilated C to mycorrhizae (Hawkins
et al., 2023), so it is possible that this increase in C provisioning was
not significant enough to affect growth or it did not occur for long
enough to affect biomass. This change in C-for-P exchange detected
by isotopes in the presence of E. sphaerocephalus, however, suggests
that E. sphaerocephalus can alter interactions for mineral nutrients
established among native plants growing together in CMNs.

Our findings are counterintuitive to the predictions of the biolog-
ical market theory in which plants allocate C preferentially to more
beneficial fungal partners, while AM fungi provide nutrients prefer-
entially to photosynthate-rich hosts (Kiers et al., 2011, 2016; Kiers &
Denison, 2008; Kiers & van der Heijden, 2006; Wyatt et al., 2014).
Although several studies have found evidence for this theory in
greenhouse experiments (i.e. Fellbaum et al., 2014; Weremijewicz
et al., 2016), others have found unequal C-for-P trade within CMNs
interconnecting different plant species (Durant et al., 2023; Lekberg
et al., 2024; Walder et al., 2012). It should be noted here that by
using only 1AM fungal species for creating model CMNs to sim-
plify experimental design and feasibility, we have brought into the
set-up somewhat artificial nature compared to natural ecosystems
and limited the plant's ability to select and interact with the most
beneficial symbionts and thus precluded direct testing of the bio-
logical market hypothesis from the plant perspective. Distribution
of P among plants could be related to the abundance of AM fungi
in plant roots, which can correlate with the amount of received P
(Treseder, 2013). However, in our study, the AM fungal abundance
did not differ significantly for individual plants in three-species
communities. Nevertheless, the inequality, in which a large C pro-
visioner receives little mineral nutrients from CMNs in return, can
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be attributed to differences in expression of inorganic P (Pi) fungal
transporters by different fungal species in the plant's periarbuscu-
lar space (Walder et al., 2016). For example, a high affinity Pi trans-
porter was not expressed in Sorghum bicolor when it was grown in
mixed culture with Linum usitatissimum (Walder et al., 2016), likely
explaining why S. bicolor, despite provisioning most of the C found
in a CMN interconnecting it with L. usitatissimum, received little P in
return (Walder et al., 2012). Thus, single AM fungus species combi-
nations with different plant hosts may affect the C-for-P stoichiom-
etry. Because our experiment investigated a CMN formed by a single
species of AM fungi, F. mosseae, differences in Pi transporter regu-
lation could have contributed to the unequal trade exhibited by E.
sphaerocephalus in CMN:ss. It is likely that by sourcing from the same
area, the symbiosis between the native plant species and F. mosseae
may have coevolved to maximize the exchange of a limiting resource
like P (Johnson et al., 2010). In contrast, the differing origins of the
non-native plant and its AMF partner could also explain the host
plant's inability to harness CMNs to its advantage. Enhanced pho-
tosynthetic abilities of E. sphaerocephalus might also contribute to
its high carbon investment. This is supported by research indicat-
ing that invasive plants may allocate more carbon to growth due to
reduced investment in defence mechanisms, such as biochemical
or physical defences, against native herbivores or pathogens (e.g.
Blossey & Notzold, 1995; Huang et al., 2010).

When seeking to uncover the factors contributing to the un-
equal distribution of P by CMNs among different host plants, we
must also consider the mycorrhizal responsiveness of these plants.
Mycorrhizal responsiveness, defined as the mean biomass differ-
ence of plants grown with and without mycorrhiza, standardized
for growth with mycorrhiza (Janos, 2007), reflects plant investment
strategies in mycorrhizal associations. Plants with varying mycor-
rhizal responsiveness are more likely to coexist, as mycorrhiza can
serve as a coexistence mechanism, balancing and stabilizing forces
(Chesson, 2000; Wagg et al., 2011). Non-native invaders, unlike pe-
rennials, are generally annuals representing an R strategy and are
typically facultative mycorrhizal (Richardson et al., 2000; Vogelsang
& Bever, 2009). Such plants establish weaker associations with AM
fungi and often exhibit low levels of AM fungal root colonization
(Lin et al., 2015; Richardson et al., 2000; Vogelsang & Bever, 2009).
However, this was not the case of E. sphaerocephalus, similar to the
other two plants involved, is biennial to perennial and was compara-
bly colonized by AM fungi. Moreover, based on the previous research
(Rezacova, Slavikova, et al., 2017, 2018), E. sphaerocephalus was the
most mycorrhiza-responsive species in our experiment, and based on
the results of this research, C. biennis is more mycorrhiza-responsive
than I. conyzae, which was the least responsive plant. Our results
demonstrate that CMNs was more beneficial for the less-mycorrhiza
responsive plants, I. conyzae and C. biennis, and less beneficial for
more mycorrhiza-responsive E. sphaerocephalus in the three-plant
community. These findings suggest that the more responsive a plant
to mycorrhiza is, the weaker its advantage through CMNs.

The fact that E. sphaerocephalus can alter proportions of ex-
changed C for P established among native plants growing together

in CMNs point out to the fact that perhaps any additional plant can
change the dynamics of resource exchange between plants and
CMNs. This suggests that CMNs mediated supply to its hosts may
not be based on C for P exchanges with specific individuals, but
driven by source and sink strengths across plant communities. This
highlights the potential importance of plant neighbours in CMNs in
the dynamics of resource exchange and is consistent with the find-
ings of Durant et al. (2023).

4.2 | Therole of native CMNs in the spread of
invasive E. sphaerocephalus

In light of the fact that our model community consisted of an in-
vader and two native plants, it is possible to assess the influence
of E. sphaerocephalus, on CMNs-mediated relationships with re-
spect to the mechanisms influencing its invasiveness. The intro-
duction of the invasive E. sphaerocephalus into our model plant
community changed the C cost ratio between the native plants,
which altered the settled coexistence of I. conyzae and the native
C. biennis. Notably, we have not yet found a similar experiment,
which examines the influence of a third plant on below-ground
relationships within CMNs by altering resource flows among the
involved partners in the scientific literature. Given the high cost of
mycorrhizal P acquisition for invasive E. sphaerocephalus, it is pos-
sible that it acquired some of the mycorrhizal C cost from native
plants, especially I. conyzae. While the hypothesis that E. sphaero-
cephalus could exploit CMNs to gain benefits at the expense of
native plants was not confirmed, the invader's strategy may still be
linked to destabilizing below-ground relationships among native
plants, although it did not manifest in our experiment on biomass.
It is worth noting that, for a plant of E. sphaerocephalus size, as-
suming the C cost is typically below 10% (but usually much lower)
of the photosynthetically assimilated C (Reza¢ova, Konvalinkova,
et al., 2017; Slavikova et al., 2017), taking over a portion of these
payments may not be a significant burden.

Two hypotheses have been postulated to explain the relationship
between AM fungi and invasive plants, and E. sphaerocephalus does
not fit into either hypothesis. The first, known as the enhanced mu-
tualism hypothesis (Reinhart & Callaway, 2006), suggests that AM
fungi enhance the competitiveness of invasive plants. The second,
the degraded mutualism hypothesis, assumes that invasive plants
weaken native plants by disrupting mycorrhizal associations, as-
suming invasive plants do not associate with AM fungi (Vogelsang &
Bever, 2009). In the case of the invasive E. sphaerocephalus, contrary
to the degraded mutualism hypothesis, it does form mycorrhizal
associations. However, in contrast to the enhanced mutualism hy-
pothesis (and previous research of Rezacova et al. (2020)), AM fungi
and their CMNs did not significantly support the plant. Instead, by
supplying C to native CMNs, E. sphaerocephalus destabilized rela-
tionships between native plants. While the involvement of native
CMNs may have benefited the spread of invasive E. sphaerocepha-
lus, it did not entirely align with the enhanced mutualism hypothesis.
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However, prior studies on the role of AM fungi/CMNs in the spread
of invasive plants did not include the flow of nutrients and C within a
community of three plant species, thus limiting their ability to inves-
tigate changes in below-ground relationships among native plants
following the introduction of an invader.

4.3 | Methodological issues

One question to address is whether the plants in the community
were indeed connected by CMNs or whether we only observed an
individual plant's relationships with AM fungi. Proving this connec-
tion is typically challenging. However, given that the presence of E.
sphaerocephalus increased colonization of both native plants (and
increased it equally in both) while reducing the amount of C sup-
plied by the native plants to the fungus, we hypothesize that the
colonization of native plants increased due to the C contributions by
E. sphaerocephalus to CMNs, thereby interconnecting all three plants
through CMNs.

We used *°C pulse-chase labelling as AMF receive the recently
fixed photosynthates from their hosts, using it for their growth, res-
piration and biological maintenance (Jansa et al., 2011). Although
we want to acknowledge the limitations of this approach—a single
snapshot offers only a glimpse into the system's function at a spe-
cific time and may not reflect the full range of exchange rates that
occur over extended periods—it can still reveal valuable insights in
assessing the C transfers within the CMN-plants system for a par-
ticular growth stage, especially in short-living plant species involved
in this study.

5 | CONCLUSIONS

Arbuscular mycorrhiza involves many interactions, particularly when
CMNs interconnect roots of multiple plant species. Understanding
the trading and distribution of resources between CMNs and their
interconnected host plants remains a significant challenge. To date,
most studies on CMNs and mineral nutrient/C exchange have in-
volved at most two plant species. It is essential to elucidate the
functioning of mycorrhizal symbiosis in a broader context, which
becomes especially complex when involving multiple plant species
of diverse origins. The inclusion of three plant species in this study,
compared to previous research, is novel and allowed us to confirm
that resource exchange is largely influenced by the specific plant
partners involved in the CMN, not solely by the specifics of the in-
teracting plant and fungus.

In this study, we investigated how three plant species, sharing a
similar life strategy but differing in their geographic origin and rate
of spread, compete for P from native one-fungus CMNs. Within this
model plant community, CMNs sourced from Central Europe exhib-
ited a disproportionate distribution of P among plants, contradicting

the biological market theory.
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While this is a model and a greatly simplified, it nevertheless
also advances our understanding of the role of mycorrhizal fungi
in plant invasions, even if only for a single species. CMNs sup-
ported plants of the same geographical origin; however, the ben-
efits of mycorrhizal associations imposed costs on the invasive E.
sphaerocephalus, a plant with the highest mycorrhizal responsive-
ness. Despite these costs, the invasive plant still derived P bene-
fits from the CMNs and, moreover, destabilized the relationships
between native plants by altering the size of the C cost for my-
corrhizal P uptake more in one of the native plants. This suggests
that the invader's interaction with native CMNs may play a role
in its spread.

Our research underscores the importance of integrating mycor-
rhizal ecology into the study of plant community dynamics to gain
a more comprehensive understanding of how these communities
are maintained. This approach can also provide insights into the
mechanisms driving the expansion of certain invasive plant species.
Furthermore, considering that both the plant species and the iden-
tity/genotype of the AM fungi can significantly influence the alloca-
tion of C in mycorrhizal associations, we advocate for the inclusion
of a wider range of mycorrhizal plant species and a consortium of
AM fungi in studies focusing on carbon flows within mycorrhizal
networks. This broader approach would facilitate the formulation
of more generalizable conclusions and enhance our understand-
ing of the complexities of mycorrhizal interactions in diverse plant

communities.
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Table S1. The effects of mycorrhizal fungus inoculation, plant species
and presence of Echinops sphaerocephalus (ES) on shoot N content of
the two native plants (. conyzae and C. biennis) growing in two- and
three-species pots.

Table S2. The effects of mycorrhizal fungus inoculation and plant
species on shoot N content of the three plants (E. sphaerocephalus,
Inula conyzae and Crepis biennis) growing in the same three species
pots.

Table S3. Raw data.

Figure S1. Shoot N content of (a) plants growing in three-species pots
as affected by mycorrhizal fungus inoculation (AMF+: inoculated;
AMF-: non-inoculated control) and plant species, (b) native plants,
I. conyzae (IC) and C. biennis (CB), as affected by mycorrhizal
inoculation, plant species and E. sphaerocephalus (ES) presence.
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