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Abstract

1. Plants typically interact with multiple, co- occurring symbionts, including arbus-

cular mycorrhizal (AM) fungi which can form networks, connecting neighbouring 
plants. A characteristic aspect of the mycorrhizal symbiosis is the bidirectional 
exchange of nutrients between host plants and fungal partners. Concurrent inter-
actions with competing organisms such as aphids or potato cyst nematodes (PCN) 
can disrupt the carbon- for- nutrient exchange between plants and AM fungi. 
However, the role of mycorrhizal networks (MNs) in mediating these interactions 
remains unclear.

2. Using isotope tracing in multi- plant experimental systems, we investigated the 
movement of plant photosynthates and fungal- acquired soil phosphorus through 
MNs and the interactive effects of PCN infection on this.

3. We found evidence of preferential allocation of fungal- acquired phosphorus 
to plants that were not infected by PCN compared with infected neighbours. 
Contrary to previous findings using single plants, we did not detect a PCN- induced 
reduction in the amounts of plant carbon delivered to AM fungi in multi- plant 
systems. However, the MN(s) moved plant- fixed carbon away from PCN- infected 
host plants, regardless of the PCN infection status of the neighbouring plant host.

4. Our work highlights the responsiveness of MNs to interactions with below- 
ground organisms. It also strengthens the argument for a more mycocentric view 
of AM–plant symbioses. Experimental designs of increasing ecological complexity 
are needed for a more comprehensive understanding of the carbon- for- nutrient 
dynamics in AM fungi–plant networks. This will, in turn, elucidate the role of AM 
fungi in terrestrial carbon cycling and their function in agricultural systems.
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1  |  INTRODUC TION

The intimate associations formed between the roots (or rhizoids) 
of plants and symbiotic soil fungi, together known as mycorrhizas, 
evolved at the dawn of plant terrestrialisation >450 million years ago 
(Redecker et al., 2000). Today, mycorrhizal symbioses are formed by 
the vast majority of land plants across nearly all terrestrial ecosys-

tems (Brundrett & Tedersoo, 2007). At least 72% of vascular plant 
species (Brundrett & Tedersoo, 2018), including many crops (Wang 
& Qiu, 2006), form mycorrhizal symbioses with arbuscular mycor-
rhizal (AM) fungi of the subphylum Glomeromycotina (Spatafora 
et al., 2016). AM fungal hyphae extend beyond the roots of host 
plants into the surrounding soil to form a complex web of extrarad-

ical mycelium, also known as a ‘mycorrhizal network’ (MN). MNs 
can reach and colonise additional neighbouring plants, sometimes 
involving the fusion of separate fungal hyphae by anastomosis (de 
Novais et al., 2017; Giovannetti et al., 2004; Mikkelsen et al., 2008), 
forming what is then often referred to as a ‘common mycorrhizal 
network’ (CMN; Wipf et al., 2019).

Through their MNs, AM fungi supply up to 80% of phosphorus 
(P; Bago & Bécard, 2002) and ~30% of nitrogen (N; Govindarajulu 
et al., 2005) of their host plants' requirements alongside other mi-
cronutrients (Hamilton & Smith, 2000; Lehmann et al., 2014), of-
fering a vital ecosystem service to plant communities. AM fungi 
are obligate biotrophs, unable to produce and exude the necessary 
degradative enzymes for the decomposition of complex soil organic 
materials (Tisserant et al., 2012, 2013), relying entirely on their plant 
hosts for their carbon (C) nutrition (Bago & Bécard, 2002). Up to 
30% of a plant host's photosynthetically fixed C can be allocated to 
AM fungi (Drigo et al., 2010). As such, together with other types of 
mycorrhizal fungi, AM fungi are important regulators of global C dy-

namics (Averill et al., 2014; van der Heijden et al., 2015; Wurzburger 
et al., 2017). According to recent estimates, plants allocate 13.12 Gt 
of CO2e to mycorrhizal fungi globally, an amount equivalent to 
around 36% of current annual CO2 emissions from fossil fuels 

(Hawkins et al., 2023).
The evolutionary drivers and mechanisms that underpin bidirec-

tional nutrient exchange between AM fungi and their host plants 
are often discussed using a ‘biological markets’ framework (e.g., Noë 
& Kiers, 2018; Werner et al., 2014; Werner & Kiers, 2015; Wyatt 
et al., 2014). According to this, plant C is preferentially allocated to 
AM fungal partners that offer the most ‘generous’ supply of fungal- 
acquired nutrients (Kiers et al., 2011). In return, it is hypothesised 
that AM fungi also discriminate between alternative partners, ‘re-

warding’ more ‘generous’ hosts by supplying them with more nu-

trients (Bücking & Shachar- Hill, 2005; Fellbaum et al., 2012; Kiers 
et al., 2011). However, the regulation and control of mycorrhizal re-

source exchange remains a topic of hot debate with source–sink reg-

ulation presented as an alternative or a complementary mechanism 
(Kiers et al., 2016; van der Heijden & Walder, 2016; Walder & van der 
Heijden, 2015). An important, yet often overlooked, factor in my-

corrhizal resource exchange is that plants rarely interact only with 
mutualistic symbionts (Magkourilou et al., 2024). Instead, they exist 

as part of complex, multi- kingdom ecosystems, interacting with a 
myriad of co- occurring organisms and with neighbouring plants usu-

ally interconnected underground by one or more MNs. When these 
complex symbiotic scenarios are considered, the evidence suggests 
that co- occurring, competing organisms such as aphids (Charters 
et al., 2020) and plant- parasitic nematodes (Bell et al., 2022) drive 
asymmetry in C- for- nutrient exchange where infected plants reduce 
the allocation of C to their AM fungal symbionts, but nutrient sup-

plies from AM fungi to plants are maintained. However, these stud-

ies still do not reflect ecologically relevant scenarios in which the 
regulation of plant C and soil nutrient flows is modulated across mul-
tiple hosts of various infection statuses by CMNs (Bell et al., 2021).

Experiments assessing the impacts of changing C source–sink 
strengths across a CMN, either by shading (Fellbaum et al., 2012; 

Weremijewicz et al., 2016) or by altering nutrient gradients in vitro 
(Lekberg et al., 2010; van't Padje et al., 2021; Whiteside et al., 2019) 
suggest that CMN can modulate resource regulation. Moreover, 
results from experiments employing multitrophic interactions (e.g., 
Alaux et al., 2020; Babikova et al., 2013; Durant et al., 2023; Song 
et al., 2014) point to the responsiveness and resilience of CMNs and 
their ability to potentially ameliorate some plant stresses. Despite 
these advances in understanding nutrient dynamics in plant–AM 
fungal networks, the relative C contribution of each plant partner 
into the MN(s) remains unclear. An important consideration should 
be the spatial distribution and movement of C by AM fungal hyphae 
through the soil. An aspect of the responsiveness of MNs is likely 
their ability to move resources away from ‘poor’ hosts, increasing 
AM hyphal proliferation and subsequent exploration of the soil pro-

file; potentially in search of alternative, more ‘generous’ hosts.
To address these important knowledge gaps, we investigated 

the movement of fungal- acquired P from the soil and plant- fixed C 
across MNs formed between two neighbouring plants, manipulat-
ing the resource dynamics of the symbioses using the potato cyst 
nematode (PCN), a common pest that feeds on the roots of pota-

toes and is responsible for 9% of yield losses worldwide (Turner & 
Rowe, 2006). We tested the hypothesis that AM fungi provide more 
P to host plants not infected with PCN because uninfected plants 
would provide the MN with more photosynthetically fixed C (Kiers 
et al., 2011; Werner & Kiers, 2015).

2  |  MATERIAL S AND METHODS

2.1  |  Mesocosm design and plant growth

Plants were grown in mesocosms (37 cm length × 26 cm width × 22 cm 
height) that were divided into two equal compartments by a 35 μm 

pore nylon mesh barrier (no air gap) affixed centrally using hot glue. 
This mesh excluded plant roots but allowed mycorrhizal hyphae to 
cross (Johnson et al., 2001). A single, non- sterile tuber from Solanum 

tuberosum cv. Désirée (Denholm Seed Potatoes, UK) was planted in 
the middle of each compartment within each mesocosm, containing 
a total of ~10 kg of non- sterile coarse sand: topsoil (50:50) mix (sand 
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    |  3MAGKOURILOU et al.

acquired from RHS Enterprise Ltd., UK for coarse sand and topsoil 
from East Riding Horticulture Ltd., UK). The distance between the 
two plant stems was ~18 cm.

Both compartments of all mesocosms received 100 g of a com-

mercially available mixed species mycorrhizal fungal inoculum 
(Funneliformis mosseae, Funneliformis geosporus, Claroideoglomus 

clarodeum, Rhizophagus intraradices, Glomus aggregatum, Diversispora 

spp. and Scleroderma citrinum; PlantWorks Limited, UK). Three 
treatment combinations were established based on the presence or 
absence of the PCN Globodera pallida (population Lindley) in each 
compartment of the mesocosms (Figure 1). The PCN- containing 
compartments were established by mixing in stock soil of known PCN 
density to achieve a final density of ~10 eggs per gram of substrate. 
These relatively low levels of infection reflected the conditions of 
most infected fields in England (Minnis et al., 2002) and ensured that 
plants would not be severely damaged by PCN. Mesocosms were 
established in a randomised block layout, in the same controlled 
environment glasshouse (16°C night–18°C day, 16 h day length, 60% 
humidity) and grown for a total of 7 weeks.

2.2  |  Tracing fungus- to- plant 33P transfer

Mesocosms (n = 12 per treatment combination shown in Figure 1) 
were established in three identical blocks across subsequent 
weeks. Two soil- filled PVC cores (18 mm diameter × 130 mm length; 
Barkston Ltd., UK) with 35 μm pore nylon mesh- lined windows 
(70 mm × 16 mm) affixed using Tensol 12 acrylic adhesive (Bostik 
Ltd., Stafford, UK) were positioned in the middle of each meso-

cosm (Figure S1). A 1 mm diameter silicone capillary tube (Smiths 
Medical Ltd., Ashford, UK) perforated every 0.5 cm using a mounted 
needle was also fixed centrally in each core to allow for the distri-
bution of 33P through one core in each pot, with water added to 
the control cores. Specifically, 5 weeks after planting, 150 μL of 
33P- orthophosphate (1.5 MBq; [33P]- orthophosphate; Hartmann 

Analytic, Braunschweig, Germany) was supplied to one of the two 
cores in each pot via the capillary tube. In half of the mesocosms per 
treatment combination (n = 6; Figure 1), the 33P- labelled cores were 

rotated every other day to sever hyphal connections between the 
core and plant roots (Figure S1). The non- labelled cores in these pots 
remained static to preserve the hyphal links between the core con-

tents and the plant roots. In the remaining pots (n = 6 per treatment 
combination), 33P- labelled cores remained static with non- labelled 
cores rotated (Figure S1). This allows fungal- acquired 33P transfer to 
plants to be estimated by excluding the transfer of 33P via alternative 
means such as by diffusion or alternative microbial nutrient cycling 
processes (see below for more details; Johnson et al., 2001). The 
experiment was harvested 2 weeks following the application of 33P 

(Figure S2a).

2.3  |  Tracing plant- to- fungus C transfer

Mesocosms (n = 6 for each shown in Figure S3) were established in 
two identical blocks across subsequent weeks. Seven weeks after 
planting (Figure S2b), the above- ground tissue of all plants was en-

closed within polythene bags (Polybags Ltd., London, UK), sealed 
airtight using anhydrous lanolin and cable ties at the base of the 
plant stem. One plant per mesocosm was labelled with 14CO2, with 
plants for labelling selected randomly where appropriate (Figure S3). 
At the beginning of the photoperiod, one of the two soil- filled, 
meshed- walled cores on each side of the mesh barrier separating 
the plants was rotated to sever the hyphal connection between the 
core and plant roots (Figure S3). 14CO2 was liberated into the cham-

ber by adding 2 mL 10% lactic acid to a cuvette containing 190 μL 
14C- sodium bicarbonate (specific activity: 1.62 GBq mmol−1; total ac-

tivity released: 1 MBq; Perkin Elmer, USA). Plants were left in situ for 
24 h post- labelling (Figure S2b), at which point 2 mL of 2 M KOH was 
added to vials within each labelled chamber to capture any remain-

ing gaseous 14CO2. At the end of the experiment, soil sub- samples 

F I G U R E  1  Treatment combinations were used to test the effect of potato cyst nematodes (PCN; illustrated by the beige shapes on the 
magnified portions of the roots) on the carbon- for- phosphorus exchange between plants and arbuscular mycorrhizal fungi. All plants were 
connected by one or more mycorrhizal networks (illustrated by the blue lines) across a root- excluding 35 μm pore mesh. Plants without PCN 
are indicated by ‘–’ and green borders, whereas plants with PCN are indicated by ‘+’ and orange borders. Three treatment combinations were 
deployed: (a) PCN- /PCN- ; (b) PCN- /PCN+; (c) PCN+/PCN+.
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from within the cores were used to estimate the amount of recently 
fixed plant C provided to the fungus (i.e., fungal C; see below for 
more details).

2.4  |  Preparation and harvest of plants and soils

The week of harvest, using leaves of similar size, the photochemi-
cal activity of photosystem II characterised by FvP/FmP and the 
relative chlorophyll content (SPAD; Photosynthesis RIDES protocol, 
MultispeQ 2.0, PhotosynQ; Kuhlgert et al., 2016) was recorded in 
a subset of plants as a functional indicator of plant photosynthetic 
efficiency and plant stress (Cessna et al., 2010). Two weeks after the 
introduction of 33P tracer or 24 h after the release of 14CO2, soil and 

plant material were separated into shoots, roots, and tubers, as well 
as the soil from each compartment and the soil from within each 
core. Roots were cleaned with tap water and sub- samples (~5–10 g) 
of a subset of plants were taken and stored in 50% ethanol (v/v) at 
4°C for AM colonisation counts. All of the soil in each compartment 
was weighed fresh and the measurements were used to extrapolate 
the hyphal counts to the equivalent compartments. All other com-

ponents (i.e., the above- ground portion of plants, tubers, remaining 
roots, and soil from within the cores) were stored at −20°C until they 
were freeze- dried (CoolSafe 55- 4; LaboGene, Allerød, Denmark) 
and dry mass of each was recorded. All freeze- dried plant materials 
were then homogenised using a hand- blender and stored at room 
temperature until subsequent analysis.

2.5  |  Quantification of fungal- acquired 33P and 

total P in plant shoots

To quantify 33P in plant shoots, ~100–200 mg of the homogenised 
freeze- dried samples were processed as per Cameron et al. (2007). 
Briefly, samples were digested in duplicate in 2 mL concentrated 

sulphuric acid (H2SO4) at 365°C for 15 min (Grant BT5D; Grant 
Instruments Ltd., St Ives, UK), cleared in hydrogen peroxide (H2O2; 

300–600 μL), diluted to 10 mL with distilled water (dH2O) and then 
a 2 mL sub- sample was added to 10 mL of the liquid scintillant 
(Emulsify- safe; PerkinElmer). Sample radioactivity was quantified 
through liquid scintillation counting (Tri- Carb 3100TR; PerkinElmer) 
and 33P quantified using previously published equations (Cameron 
et al., 2007). 33P budgets were calculated using established equa-

tions (see Durant et al., 2023 for detailed equations as adapted from 
Cameron et al., 2007). For each of the three experimental blocks, the 
mean 33P content of plants with no direct hyphal access to the iso-

topes (‘rotated’ core pots) was subtracted from the individual meas-

ured 33P content of each plant with hyphal access to the isotopes 
(‘static’ core pots). This accounts for the movement of isotopes out 

of the cores by diffusion or alternative microbial nutrient cycling pro-

cesses. The total P content (i.e., plant and fungal- acquired) of plant 
shoot material from a subset of plants was also determined using an 
adapted method of Murphy and Riley (1962). Sample optical density 
was recorded at 822 nm using a spectrophotometer (Jenway 6300, 
Staffordshire, UK). A 10 mg/mL standard P solution was used to pro-

duce a standard curve against which total sample P was calculated.

2.6  |  Quantification of host- fixed C in fungi

About 100–250 mg of freeze- dried soil from within each core 
was weighed in duplicate into Combusto- cones (PerkinElmer, 
Beaconsfield, UK). 14C was measured following sample oxidation 
(Model 307 Packard Sample Oxidiser; Isotech, Chesterfield, UK) 
with released 14CO2 from burnt soil samples trapped in 10 mL of the 
liquid scintillant CarbonTrap and mixed with 10 mL CarbonCount 
(Meridian Biotechnologies Ltd., Tadworth, UK). Radioactivity was 
quantified by liquid scintillation counting (Packard Tri- Carb 4910TR; 
PerkinElmer). The total C (i.e., 12CO2 and 14CO2) contained in each 
soil sub- sample was calculated by quantifying the total CO2 volume 

and content mass in the labelling chamber and the proportion of the 
supplied 14CO2 that was photosynthetically fixed by the plant during 
the 24 h labelling period (see Durant et al., 2023 for detailed equa-

tions as adapted from Cameron et al., 2008).
To account for the movement of 14C via diffusion and to estimate 

the amount of plant- fixed C transferred from the 14C- labelled plants 
to the MN (i.e., fungal C), the rotated core C values (i.e., soil and 
severed hyphae) were subtracted from the static core (i.e., soil and 
intact hyphae) for each mesocosm compartment. These values were 
then extrapolated to the entire compartment and expressed relative 
to the soil hyphal density measurements for each compartment. To 
calculate the percentage (%) of fungal C that moved from the 14C- 

labelled plant compartment to the unlabelled plant compartment of 
the same mesocosm, the following equation was used:

2.7  |  Fungal colonisation of roots and soil

Root samples that had been stored for colonisation assessment 
were stained using the ‘ink and vinegar’ staining method (Vierheilig 
et al., 1998) at 70°C for 20 min. Roots were de- stained in 1% acetic 
acid at room temperature and mounted on microscope slides using 
polyvinyl lacto- glycerol (16.6 g polyvinyl alcohol powder, 10 mL glyc-

erol, 100 mL lactic acid, 100 mL dH2O). Assessment of percentage 
root length colonisation (including intraradical hyphae, arbuscules, 
and vesicles) was made using the magnified intersection method-

ology (around 150 intersects per mesocosm, 100× magnification; 
McGonigle et al., 1990).

Fungal hyphae were extracted from soil from each of the two 
compartments of the mesocosms used for 33P tracing and from 

%of fungalCthat moved =
fungalCin the compartment of the unlabelled plant

(

fungalCin the compartment of the unlabelled plant + fungalCin the compartmentof the14C- labelled plant
) × 100
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within the static cores of each compartment for the mesocosms 
used for 14C labelling. 4.5–5 g of dried soil sub- samples were first 
suspended in 500 mL H2O. A 10 mL aliquot was filtered through a 
cellulose nitrate membrane filter (47 mm diameter, 0.45 μm pore 
size; CYTIVA, Whatman™, Germany) and stained with a few drops 
of ink and vinegar solution (Vierheilig et al., 1998). Filter papers 
were halved and mounted on microscope slides using polyvinyl 
lacto- glycerol and oven- dried at 65°C for an hour. Hyphal lengths 
(excluding only a few unstained, thick, and highly septate hyphae) 
per mesocosm were calculated using the gridline- intersection meth-

odology (50 fields of view per half filter paper, 100× magnification; 
Tennant, 1975).

2.8  |  PCN infection

Upon harvest, PCN cysts were removed from the roots by vigorously 
shaking the roots. The cysts were then extracted from a sub- sample 
of soil (minimum 250 g) from each mesocosm compartment used for 
33P tracing using Fenwick's (1940) method. Briefly, soil was washed 
through a 1 mm mesh into the Fenwick can (i.e., a metal can with a 
sloped base at the top and a sloping collar below the rim). Heavy soil 
particles sink to the bottom of the water- filled can, whereas cysts 
and light soil debris float to the surface and are siphoned over the 
rim into a 250 mm sieve. The contents of the sieve were then washed 
through a filter paper which was in turn examined under a dissecting 
microscope for the collected cysts to be counted and PCN infection 
to be expressed as cysts per gram of soil (Figure S4).

2.9  |  Statistical analysis

All statistical analyses and figure construction were performed in 
R studio (RStudio Team, 2022) using the R programming language 
(R Core Team, 2023). For the 33P tracing experiment, one or both 
plants did not grow sufficiently in two mesocosms, so these were 
removed from all analyses. For all comparisons, linear mixed- effects 
models were performed including a block effect (i.e., week of plant-
ing) and the PCN infection treatment of a plant and/or the PCN 
infection treatment of its neighbouring plant as fixed effects. A ran-

dom intercept for the mesocosm was included to account for non- 
independence among pairs of plants from the same mesocosm. After 
visual evaluation of the data for the fungal- acquired 33P concentra-

tion in the shoots, a further mixed- effects model with the same 
parameters as explained above was performed on the intermediate 
treatment combination (i.e., ‘−PCN/+PCN’). The significance of all 
model parameters was assessed using the ‘anova’ function in R and 
the lmerTest package (Kuznetsova et al., 2017). Assumptions for the 
use of general linear models were validated by plotting residuals ver-
sus fitted values, square root residuals versus fitted values, normal 
qq plot, and constant leverage using the ‘autoplot’ function of the 
ggplot2 package (Wickham, 2014). The data for soil hyphal counts 
did not satisfy assumptions so these were (log10 + 1) transformed. 

Data for the percentage of fungal C that moved across the me-

socosm showed an unequal variance, so a Welch two- sample t- test 
was performed to assess the effect of the PCN infection on the 14C- 

labelled plant.

3  |  RESULTS

3.1  |  Impact of PCN infection on AM fungi and 
plant growth

The soil PCN population (Figure S4), total root colonisation 
(Figure S5a), and soil hyphal length density (Figure S5d) were not in-

fluenced by either the PCN infection of the plants or the PCN infec-

tion in their neighbours (Table S1). Shoot dry biomass upon harvest 
(Figure S6a), as well as FvP/FmP (Figure S7a) and SPAD (Figure S7b) 
measured during the weeks of harvest, were also not significantly 
affected by the PCN infection of the plants or the PCN infection of 
their neighbouring plants (Table S1).

3.2  |  Total P in plant shoots and AM 
fungal- acquired 33P

The total concentration of P (plant and AM fungal- acquired; 
Figure S8) in plant shoots did not differ overall based on the PCN in-

fection of the plants (p = 0.71, F = 0.14) nor the PCN infection of their 
neighbours (p = 0.19, F = 1.82). The concentration of fungal- acquired 
33P in the shoots (Figure 2) was also not overall influenced by either 
the presence of PCN on the plants (p = 0.86, F = 0.03) or the pres-

ence of the PCN on their neighbours (p = 0.57, F = 0.32). However, 

F I G U R E  2  Concentration of arbuscular mycorrhizal (AM) 
fungal- acquired 33P in plant shoots for each potato cyst nematode 
(PCN) treatment. Letters and dashed lines between data points 
indicate paired plants within the same mesocosm when significant 
effects were observed (p < 0.05; linear mixed- effects model). 
Barplots denote mean ± SE. Plants without PCN are indicated by ‘−’ 
and green bars, whereas plants with PCN are indicated by ‘+’ and 
orange bars.
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within the same mesocosms, when an uninfected plant was grown 
next to a PCN- infected plant (i.e., ‘−/+’), the uninfected plants con-

sistently acquired more fungal 33P in the shoots relative to their 
PCN- infected neighbours (p = 0.03, F = 8.38; Figure 2).

3.3  |  Plant- fixed C transfer to AM fungal networks

The total recently- fixed plant- derived C in extraradical hyphae (i.e., 
fungal C) across the whole mesocosm (Figure 3) did not significantly 
differ based on the PCN infection of the 14C- labelled plant (p = 0.27, 
F = 1.30) nor the infection of the neighbouring plant (p = 0.42, 
F = 0.68).

However, the percentage of fungal C that moved across the me-

socosms (i.e., from the 14C- labelled to the unlabelled compartment; 
Figure 4) was significantly influenced by the PCN infection of the 
14C- labelled plant (p = 0.02, t = 2.74), with more C moving away from 
infected plants (i.e., 46% or 38% depending on whether the plant on 
the other side was also infected or uninfected) than from uninfected 
plants (0% or 6% depending on whether the plant on the other side 
was also uninfected or PCN- infected).

4  |  DISCUSSION

Despite the near- ubiquity of plant symbioses with AM fungi, 
our understanding of their function in complex, ecologically rel-
evant scenarios is not often addressed experimentally. Interacting 
or interconnected MNs can modulate resource allocation 

below- ground (Durant et al., 2023; Mikkelsen et al., 2008) and fa-

cilitate the transmission of defence signals between neighbouring 
plants (Alaux et al., 2020; Babikova et al., 2013; Song et al., 2014). 
In this way, MNs influence wider ecological processes and dynam-

ics, including plant competition and subsequent community struc-

ture and function (Tedersoo et al., 2020) as well as global C cycling 
(Hawkins et al., 2023). However, the function and responsiveness 
of MNs to biotic perturbation, such as that caused by a disrup-

tion of the C supply by pests or pathogens, which is common in 
natural ecosystems, remains unexplored. Here, using a dual tracer 
approach, we determined the allocation of P from the MN to plant 
hosts of contrasting PCN infection, as well as the relative contri-
bution of C made by the two neighbouring plants and the move-

ment of C through the MN.
Despite relatively low levels of PCN infection (Minnis et al., 2002) 

and no obvious PCN- induced physiological impact on the plants 
(Figures S6a and S7a,b; Table S1), AM fungi in our experiments trans-

ferred more 33P to uninfected plants compared with PCN- infected 
plant neighbours (‘−/+’; Figure 2). However, in line with previous ex-

periments using single plants (Bell et al., 2022), fungal- acquired P 
transfer to PCN- infected hosts was overall maintained, regardless of 
PCN treatment (Figure 2). Together, these findings suggest a degree 
of preference in the allocation of fungal- acquired resources towards 
non- infected plants, but only when the MN is linked to plant hosts 
of contrasting parasitism. However, this effect does not appear to 
be universal across plant and pest species, as another experiment 
that also used paired plants with interconnected or interacting MNs 
detected no differences (between or within treatments) in fungal- 
acquired P between aphid- infested and uninfested plants (Durant 
et al., 2023).

Although there were differences in the levels of fungal- acquired 
33P in shoots within the ‘−/+’ PCN treatment combination (Figure 2), 
this was not matched by a PCN- induced difference in the total 
amount of C each plant contributed to the MN (Figure 3). Contrary 
to a previous experiment using single plants, where plant C provision 
to AM fungi decreased in the presence of PCN (Bell et al., 2022), a 
similar level of PCN infection in our experiment did not impact the 
overall amount of plant C delivered to the MN. This difference may 
be driven by plant–plant interactions modifying the amounts of plant 
resources invested below- ground (Weiner & Thomas, 1992). CMNs 
can increase competition between plants (Merrild et al., 2013; 

Weremijewicz et al., 2016) and host plants connected to the same 
CMN, or even interacting MNs, may partially adjust C resource al-
location below- ground according to each other's C provision (Wyatt 
et al., 2014). For example, in our ‘−/+’ treatment combination, un-

infected plants could have reduced their C allocation to the MN to 
mimic that of their infected neighbours. It is also worth noting that 
although we do not know the exact effect of the temporary pulse 
of 14CO2 on the labelled plants, these results suggest that PNC- 
infected and uninfected plants reacted similarly in terms of total C 
provision below- ground.

Another important consideration is that adjustments in C re-

source provision by host plants could be reflected in the quantity and 

F I G U R E  3  The total amount of recently- fixed plant- derived 
C detected in the mycorrhizal network (MN; μg C per metre of 
hyphae per gram of dry soil) across both compartments of the 
mesocosm based on the potato cyst nematode (PCN) treatment 
combination. Barplots denote mean ± SE. Treatments without PCN 
are indicated by ‘−’ and green bars, whereas treatments with PCN 
are indicated by ‘+’ and orange bars.

 1
3

6
5

2
4

3
5

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://b
esjo

u
rn

als.o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/1

3
6

5
-2

4
3

5
.1

4
6

9
3

 b
y

 U
N

IV
E

R
S

IT
Y

 O
F

 S
H

E
F

F
IE

L
D

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [1
2

/1
1

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



    |  7MAGKOURILOU et al.

as well as the quality of C resources allocated to AM fungi. Using sin-

gle plants in split root experimental systems, transcriptomic analysis 
has revealed that expression of mycorrhizal- induced hexose trans-

porters is reduced when plants are coinfected with either an above 
or a below- ground parasite (Bell et al., 2024). However, host plants 
appear to maintain C transfer to AM fungi by maintaining the ex-

pression of fatty acid biosynthesis and transportation pathways (Bell 
et al., 2024). A similar mechanism could be in play here, whereby AM 
fungi in and around PCN- infected roots could be receiving more C 
in the form of fatty acids, whereas AM fungi in uninfected compart-
ments could be receiving more C in the form of glucose. The former 
would likely be more suitable for longer- term storage rather than 
for immediate metabolism and mycelium growth (Salmeron- santiago 
et al., 2022) and thus may not be detected in our experiments which 
capture the fate of recently- fixed plant C.

Any PCN- induced changes in plant C could also affect the 
composition of the AM fungal community (Frew et al., 2024). Such 
changes in the AM fungal community can be induced by other root 
herbivores (e.g., Frew, 2022), and recently it has been suggested 
that in addition to C availability driving changes in mycorrhizal 
species composition, the ability of mycorrhizal species to support 
the plant hosts' defence mechanisms might also act as a selection 
pressure (Frew et al., 2024). In other words, the impact of plants on 
AM fungi could be, at least partly, driven indirectly by PCN- induced 

differences in the composition and functionality of the AM fungal 
community, rather than directly by differences in plant C inputs.

The movement of P from ‘rich’ to ‘poor’ patches has been ob-

served in in vitro experiments using AM root organ cultures 
(Whiteside et al., 2019). However, Whiteside et al. (2019) did not 
resolve how the AM fungus itself might redistribute C across the 
network. Our experimental design allowed us to explore this in 
soil, where we detected below- ground movement of plant- fixed 
C resources away from plants infected with PCN (Figure 4). The 
movement of plant- derived C resources could have promoted AM 
fungal mycelium expansion and exploration of the soil, away from 
the ‘drain’ on plant C resources caused by PCN. However, a greater 
accumulation of plant C did not translate into increased fungal hy-

phal density within the soil in our experiments (Figure S5d). It is im-

portant to note that absorptive AM hyphal networks are typically 
ephemeral, with hyphae disintegrating 5–7 days after formation 
(Friese & Allen, 1991); as such differences might not have been cap-

tured within the timescale of these experiments.
In our experiment, the capacity of the MN to detect parasitism 

of host plants and move C according to the C source–sink strength 
seems to be limited spatially. Specifically, although we detected an 
overall movement of C away from PCN- infected hosts, there was no 
clear indication that this movement was more pronounced when the 
plant in the other compartment was uninfected (+ to −) rather than 

F I G U R E  4  Percentage of fungal C 
(amount per metre of hyphae in a gram 
of dry soil) that moved from the 14C- 

labelled compartment to the unlabelled 
compartment of the mesocosm according 
to the potato cyst nematode (PCN) 
treatment of both plants. Numbers 
underneath the visual schematics 
represent means. Brackets indicate the 
significantly different groups (p < 0.05). 
Barplots denote mean ± SE. Treatments 
without PCN are indicated by ‘−’ and the 
green colour, whereas treatments with 
PCN are indicated by ‘+’ and the orange 
colour.
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infected (+ to +; Figure 4). Therefore, it appears that extraradical AM 
fungal hyphae may be able to ‘perceive’ parasitism of their proximal 
plant host and move C away if that host is infected, but the direc-

tion of C movement thereafter appears to be ‘blind’ to infection of 
the more distal plant host. Similarly to what has been suggested for 
plants (Veresoglou et al., 2022), AM fungi may thus be ‘hedging their 
bets’; moving C away from infected hosts in case of a future physio-

logical decline of those same hosts. In the field, PCN infection tends 
to be heterogeneous (Been & Schomaker, 2000), so any movement 
of C and mycelium growth away from infected plants would increase 
the chances of the MN associating with an uninfected host.

To date, many studies investigating the AM fungi–plant symbio-

sis focus on plant benefits or conceptualise the C- for- nutrient reg-

ulation using a rigid ‘reciprocal rewards’ framework. Here, we have 
shown evidence of a fungal- mediated movement of C based on the 
pest- infection status of the host plants. From a fungal perspective, 
resources could be distributed evenly across MNs to compensate 
for C losses due to competing plant symbionts (Durant et al., 2023), 
or alternatively, resources could be invested more readily in parts of 
the networks that might be more ‘profitable’. Our data on C move-

ment support the latter hypothesis; however, any differences in per-
ceived ‘profitability’ between PCN- infected and uninfected hosts by 
AM fungi remain to be determined, as we did not detect a reduction 
in plant C delivery under PCN infection. A better understanding of 
the physiology and evolution of AM fungi, as well as the varied bene-

fits they receive from their plant hosts, would help further elucidate 
our results.

In the long term, any fungal- mediated C movement is likely to 
influence plant hosts themselves via effects on the growth and 
functioning of MNs. As pointed out by Finlay and Söderström (1992) 
and later by Pfeffer et al. (2004), the distribution of C within MNs 
may be significant to plants even in the absence of net transfer of C 
from fungus to plants. This is because the C demand of the fungal 
mycelium would be reduced, and newly colonised plants would gain 
access to nutrients from the mycelium without contributing as much 
C in return. Overall, our findings reveal a new dimension which lines 
with a more mycocentric view of MNs (Fitter et al., 1998), whereby 
fungi move C to satisfy their own needs as well as those of their 
plant hosts. More research, using a range of plant species and dif-
ferent organisms that might impact AM fungi function, is needed to 
better understand the role of MNs in modulating the C- for- nutrient 
exchange of the symbiosis. Increasing the temporal and spatial res-

olution of experimental studies is also paramount to fully appreciate 
the importance of AM fungi and MNs for ecosystem functioning 
(reviewed by Alaux et al., 2021), especially their role in C cycling 
and storage (e.g., Averill et al., 2014; Hawkins et al., 2023; van der 

Heijden et al., 2015; Wurzburger et al., 2017) as well as their role in 
agricultural systems (Rillig et al., 2019; Thirkell et al., 2017).
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SUPPORTING INFORMATION

Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. The experimental design used to test the effect of potato- 
cyst nematodes (PCN) on the transfer of fungal- acquired 33P to pairs 
of potato plants.
Figure S2. A simplified experimental timeline for (a) the tracing of 
33P from fungus to plant and (b) the tracing of plant (c) from plant 
to fungus.
Figure S3. The experimental design used to test the effect of potato- 
cyst nematodes on the transfer of recently- fixed plant carbon across 
the mycorrhizal network.

Figure S4. Soil potato- cyst nematode (PCN) population at the end of 
the experiments expressed as the number of cysts per gram of soil.
Figure S5. (a) Percentage total root colonisation, (b) percentage 
arbuscular root colonisation, (c) percentage vesicular root 
colonisation and (d) hyphal lengths expressed as metres in a gram 
of soil (log10 + 1 transformed), for each potato cyst nematode (PCN) 
treatment.
Figure S6. (a) Shoot dry biomass in grams, (b) total number of 
harvested tubers, and (c) dry tuber yield expressed in grams, for each 
potato cyst nematode (PCN) treatment.
Figure S7. The photochemical activity of photosystem II characterised 
by the FvP/FmP (a) and the relative chlorophyll content [SPAD; (b)] 
values at the week of harvest for each potato cyst nematode (PCN) 
treatment.
Figure S8. Concentration of total P (plant and AM fungal- acquired) in 
plant shoots for each potato cyst nematode (PCN) treatment.
Table S1. Summary of statistics from linear mixed- effects models 
showing the effect of the potato cyst nematode (PCN) infection 
treatment of a plant and/or the effect of the PCN infection treatment 
of the neighbouring plants on the PCN reproductive success, root 
colonisation and plant growth parameters.
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