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Abstract  

Arbuscular mycorrhizal (AM) fungi form widespread symbioses with plants, exchanging soil 

nutrients for carbon (C) fixed through photosynthesis. While this bidirectional exchange is 

thought to be regulated by both partners, natural interactions involve multiple co-occurring 

organisms and complex mycorrhizal networks (MNs) linking neighbouring plants, 

complicating resource distribution. 

This thesis investigated the relationship between AM networks, potato plants, and potato 

cyst nematodes (PCN). First, using multi-plant systems likely connected to the same MN and 

isotope tracing, I quantified the movement of fungal-acquired phosphorus (P) and plant-

derived C under herbivory by PCN. Fungal-acquired P was preferentially allocated to 

uninfected plants relative to their infected neighbours, while plant-fixed C was consistently 

redistributed within the MNs away from infected hosts. 

To assess the influence of the wider microbial environment, I characterised root and soil 

communities using metabarcoding. PCN infection reduced fungal diversity, including AM 

fungal richness, and altered community composition, whereas bacterial communities 

remained largely unchanged. This suggests fungal communities are sensitive to PCN infection, 

with associated shifts potentially influencing C-for-P exchange. However, using simplified 

microcosms stripped of microbial complexity, I found that AM networks redirected C towards 

non-infected plants, confirming the MNs capacity to regulate allocation independent of other 

microbes. 

Finally, I explored plant metabolic responses. Non-volatile metabolites in leaves were overall 

unaffected by PCN infection, with only infected plants showing elevated defence-related 

compounds relative to their uninfected neighbours, indicating limited below-ground 

signalling. In contrast, volatile metabolites emitted from PCN-free plants were subtly altered 

by neighbouring PCN infection, suggesting MN-mediated below-ground signalling can 

influence some above-ground plant responses. 

Collectively, these results show that AM networks can, at least partly, regulate both resource 

exchange and plant volatile metabolite responses, and that these dynamics are modified by 

herbivory. This highlights the ecological importance of AM networks and their role in shaping 

plant–microbe–herbivore interactions. 
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Chapter 1. General Introduction: The functionality of arbuscular 

mycorrhizal networks across scales of experimental complexity and 

ecological relevance 

1.1 ABSTRACT 

One of the most prevalent symbioses on Earth is that formed between the majority of land 

plants and arbuscular mycorrhizal (AM) fungi. Through these intimate associations, AM fungi 

transfer soil nutrients to their plant hosts in exchange for photosynthetically fixed carbon 

resources. It has been hypothesised that this nutritional mutualism is evolutionarily stable 

because both partners are in control of the exchange of resources and can discriminate 

between partners according to whichever offers the highest returns. However, in nature, 

plant–AM symbioses are exposed to a wealth of additional biotic and abiotic interactions 

which can affect the regulation of carbon-for-nutrient exchange between symbionts. 

Moreover, the extraradical hyphae of AM fungi make up underground networks that may be 

interactive or physically connected, known as common mycorrhizal networks (CMNs). These 

can link neighbouring plants, potentially further influencing resource distribution across the 

network. How these layers of complexity interact to influence resource regulation and 

allocation between plants and AM fungi is not often considered by experimental designs. 

Here, I focus on resource allocation in AM symbioses, scaling up from evidence from 

reductionist experimental systems using axenic root organ cultures to complex systems 

incorporating multiple neighbouring plants dealing with other, co-occurring symbionts. I note 

biotic factors which might influence the carbon-for-nutrient exchange in plant-AM symbioses 

via direct or indirect mechanisms. As experimental designs increase in scale and ecologically 

relevant complexity, the carbon-for-nutrient exchange between plants and their AM 

symbionts is increasingly subject to disruption associated with the wider ecological context, 

such as the intricacies of the plant-fungal interactions in a CMN or the presence of co-

occurring organisms. 
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1.2 ARBUSCULAR MYCORRHIZAL SYMBIOSES: AN OVERVIEW 

One of the oldest (Redecker et al., 2000) and most widespread (Brundrett and Tedersoo, 

2018) symbiotic associations on Earth is that which occurs between the roots (or rhizoids) of 

nearly all plants and mycorrhizal fungi. The most common type is formed between arbuscular 

mycorrhizal (AM) fungi of the Glomeromycotina subphylum (Spatafora et al., 2017) and 72% 

of vascular plant species (Brundrett and Tedersoo, 2018). AM fungi are obligate biotrophs, 

relying on their plant hosts for their entire carbon (C) nutrition (Bago and Bécard, 2002; Figure 

1.1). In exchange, through their extraradical mycelium, AM fungi forage for and supply their 

hosts with critical soil nutrients such as phosphorus (P) and nitrogen (N; Smith and Read, 

2010; Figure 1.1). 

 

Figure 1.1 Schematic representation of arbuscular mycorrhizal hyphae extending from 

the root depletion zone to the inside of the plant host roots, where C-for-nutrient 

exchange occurs between the two partners (adapted from Watts et  al., 2023). 
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Increased access and assimilation of soil nutrients are considered the primary benefits of 

associating with AM fungi for plants, especially in nutrient-poor soils where P and N are the 

main growth-limiting factors (Mosse & Phillips, 1971; Smith & Read, 2010). Plant responses 

to AM colonisation range from positive to negative, varying substantially within (Ellouze et 

al., 2015; Sawers et al., 2017; Watts-Williams, 2022) and between species and often 

depending on the combination of plant-fungal species involved (Hoeksema et al., 2010; 

Klironomos, 2003). However, the extent and mechanisms, as well as the external influences, 

that govern the exchange of resources and the outcomes of the symbiosis remain unresolved 

in the vast majority of instances. Evidence suggests that nutritional outcomes and plant 

growth responses driven by mycorrhizal relationships are very context-dependent (Bennett 

& Groten, 2022), with biotic factors such as cultivar (Elliott et al., 2021; Ellouze et al., 2015; 

Sawers et al., 2017; Thirkell et al., 2016; Watts-Williams, 2022), species or functional group of 

both plant host and AM fungi (Klironomos, 2003), as well as abiotic factors such as CO2 

concentration (Field et al., 2012; Thirkell et al., 2020) influencing the mycorrhizal receptivity 

of host plants and the functioning of the symbiosis (Caris et al., 1998; Thirkell et al., 2021; 

Treseder, 2004). 

In addition to positive growth responses, plant benefits derived from associating with AM 

fungi may also include enhanced responses to abiotic constraints such as drought (Ruiz-

Lozano et al., 2016; Symanczik et al., 2018) and protection against biotic pressures, including 

pests and diseases (Berdeni et al., 2018; Cameron et al., 2013; Jung et al., 2012; Koricheva et 

al., 2009; Sikes et al., 2009). Although it is theoretically and technically challenging to 

decouple the nutritional from the non-nutritional benefits provided to plants by AM fungi 

(Delavaux et al., 2017), it does appear that host mycorrhiza-induced resistance and tolerance 

against pathogens are not necessarily related to AM-mediated nutrient provision (De Kesel et 

al., 2021; Fritz et al., 2006; Jung et al., 2012; Liu et al., 2007; Schouteden et al., 2015; Vos et 

al., 2012). In any case, the overall costs and benefits of AM symbioses appear very context-

dependent (Bennett & Groten, 2022), despite studies often measuring only a single trait (e.g. 

plant growth promotion) and rarely considering the implications for AM fungi themselves. 

AM fungal hyphae grow outwards from colonised roots into the surrounding soil, forming a 

mycelial web known as a ‘mycorrhizal network’ (MN). In some cases, hyphae meet and fuse 

via anastomosis (de Novais et al., 2017). The MN of one AM genotype or the anastomosis of 
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separate mycelia can reach and colonise neighbouring plants of the same or different species, 

forming what is then described as a ‘common mycorrhizal network’ (CMN; Giovannetti et al., 

2004; Mikkelsen et al., 2008). Studies on the capacity of such networks to facilitate the 

transfer of C between plants first appeared in the 1980s (e.g., Francis & Read, 1984). The 

implications that such interplant C transfer could have on plant diversity were also addressed 

using in vitro microcosms (Grime et al., 1987), with debate soon arising as to the mechanisms 

involved (Grime et al., 1988). Further debate about the ecological relevance of CMNs, 

especially in terms of the impact on plant hosts (Fitter et al., 1998), began almost as soon as 

the idea of ectomycorrhizal (ECM) CMNs facilitating net C transfer between forest trees 

started to gain traction (Robinson & Fitter, 1999; Simard et al., 1997). Recently, this debate 

has resurfaced (Henriksson et al., 2023; Karst et al., 2023; Robinson et al., 2023), raising 

important questions about the suitability of experimental designs employed to study ECM 

CMNs in forests and highlighting how findings from relevant studies have been extrapolated 

or miscited to support claims that are not unequivocally supported by the underlying data. 

Despite the ongoing debate, it is clear that CMNs exist across mycorrhizal types, including 

AMs, and that they play a potentially important role in plant community composition and 

ecosystem function (Tedersoo et al., 2020). In ECM systems, C movement from host trees to 

a MN (potentially a CMN) and then further to neighbouring trees of similar and distinct 

phylogenies has been detected (Cahanovitc et al., 2022). Similarly, in microcosms including 

both ECM and AM trees, C transfer between individuals has also been detected (Avital et al., 

2022); however, in this case, the proportion of transfer occurring via a CMN versus alternative 

means such as by diffusion through the soil could not be determined. In AM systems, 

experimental evidence supports a role for CMNs in modulating resource allocation below-

ground (Mikkelsen et al., 2008) and allowing for the transmission of signals (e.g., for defence) 

between neighbouring plants (Alaux et al., 2020; Babikova et al., 2013; 2013a; Barto et al., 

2012; Song et al., 2010, 2014, 2015, 2019). 

 

1.3 REGULATION OF RESOURCE ALLOCATION IN AM SYMBIOSES 

The evolution and dynamics behind the bidirectional resource exchange between AM fungi 

and their host plants are often described using Biological Market Theory (BMT; Noë & Kiers, 

2018; Werner et al., 2014; Werner & Kiers, 2015; Wyatt et al., 2014). One interpretation of 
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this model suggests that nutrients supplied by AM fungi and plants are ‘commodities’ to be 

traded, and both ‘partners’ perceive the cost and benefits of the symbiosis, discriminating 

among alternative partners according to who offers the best ‘exchange rate’ (Werner et al., 

2014). Theoretical models have proposed this is underpinned by a tightly coupled C-for-P 

exchange (Fitter, 2006); however, the exact principles of BMT and how it applies in the 

context of plants and AM fungi remain a topic of debate (Kiers et al., 2016; van der Heijden & 

Walder, 2016; Walder & van der Heijden, 2015; Bunn et al., 2024). For example, access to 

alternative partners is a prerequisite for partner discrimination, and in the case of AM fungi, 

MNs and CMNs allow this to occur. However, although MNs are an integral part of AM fungal 

community structure and function, it is unclear how the presence of a CMN influences 

resource regulation and, specifically, whether they provide a route by which sanctions and 

preferential resource allocation in plant-mycorrhizal symbioses can be undermined (Kiers & 

Denison, 2008). It is possible that the effectiveness of host-imposed punishment could be 

altered, as fungi denied resources by one host plant may receive resources from another plant 

connected to the same CMN (Kiers & Denison, 2008). 

Most research conducted to assess mycorrhizal resource exchange employs experimental 

designs based either on monoxenic culture of AM fungi with a plant, usually a root organ 

culture on sucrose-rich media, or pots filled with either sterilised or natural soil, as well as 

with non-soil mixes such as sand and perlite. All approaches have yielded important and 

interesting findings; however, each has constraints. As such, the appropriate caveats must be 

applied when interpreting data and generalisations on the regulation of resource allocation 

in AM symbioses should be made with caution. The renewed debate around the functionality 

of CMNs is raising the bar on how research on CMNs is conducted and reported, which is 

timely considering the number of critical research questions that remain unresolved. 

This introductory literature review aims to assess the extent to which AM symbioses, and 

CMNs in particular, operate via a tightly-regulated C-for-nutrient exchange. More specifically, 

I explore under which scenarios plant and AM fungal partners appear to be able to control 

the C-for-nutrient exchange for their own benefit (e.g., as per a ‘reciprocal rewards’ type of 

regulation suggested by Kiers et al., 2011) or, equally, what are the conditions that can disrupt 

such an exchange. To do so, I categorise evidence gathered across a gradient of ecological 

complexity and relevance, from simple monoxenic experimental systems involving single 
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plant–AM interactions to more complex (and ecologically relevant) soil-based systems 

sometimes involving multiple plant hosts, AM fungi and other co-occurring symbionts. This 

allows us to reflect on the strengths and weaknesses of each experimental approach, but also, 

as we critically evaluate findings from different approaches, we can provide alternative or 

additional mechanisms for the allocation of resources. Although there is some evidence for a 

coupled C-for-nutrient exchange in simple AM–plant symbioses, new patterns emerge as the 

scale of observation expands from simplified axenic systems to soil systems incorporating 

communities of plants coexisting with other non-mycorrhizal symbionts. By revealing the 

caveats and context dependencies of past findings, and by linking them to more recent 

studies, I aim to inform the continued debate on the regulation of resources across AM–plant 

symbioses (Noë, 2021; Prescott et al., 2020, 2021; Bunn et al., 2024) and to help strengthen 

future experiments. 

 

1.4 EXPERIMENTAL APPROACHES FOR INVESTIGATING RESOURCE 

ALLOCATION IN AM SYMBIOSES 

1.4.1 Compartmentalised monoxenic microcosms 

Using compartmentalised Petri dishes containing root organ cultures and AM fungi, it has 

been shown that the AM fungal uptake and supply of P (Bücking & Shachar-Hill, 2005) and N 

(Fellbaum et al., 2012) to roots is triggered by increased C supply via a plant host, in line with 

a ‘reciprocal rewards’ mode of regulation. Further evidence from monoxenic microcosms 

supports this, suggesting that roots preferentially allocate more C to AM compartments that 

offer a more generous supply of fungal-acquired nutrients (Kiers et al., 2011). While a 

‘reciprocal rewards’-based mechanism could explain the evolutionary stabilisation of the AM–

plant symbioses (Kiers & van der Heijden, 2006), it is important to note that in some cases 

(e.g. Kiers et al., 2011) the C movement from root to fungus and the P movement from fungus 

to root have been tested on separate plate systems, and thus, a direct link between the two 

flows within each system cannot be drawn.  

Using an in-vitro system with a plant ‘donor’ and plant ‘receiver’ compartment, zinc (Zn) has 

also been shown to be transferred between plants via a presumed CMN, and this evidence 

was supported by changes in the expression of Zn transport-related genes in fungi and plants 

(Cardini et al., 2021). By tagging rock phosphate apatite with fluorescent quantum-dot 
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nanoparticles and tracking its movement, it has also been shown that AM fungi can transfer 

P from ‘rich’ to ‘poor’ patches of the same MN (van ’t Padje, Bonfante, et al., 2021; van ’t 

Padje, Werner, et al., 2021; Whiteside et al., 2019) or across a CMN linking two separate root 

compartments (van ’t Padje et al., 2020). Consequently, in the latter case, roots growing in 

these ‘poorer’ P patches were found to acquire more P transferred from the other ‘richer’ 

side of the CMN, although this effect was not instantaneous (van ’t Padje et al., 2020). Taken 

together, this evidence suggests that, at least in vitro, when patches of a CMN have restricted 

access to nutrients, the entire MN might be supported (in terms of C) by a single host, while 

the least contributing host might benefit directly through nutrient acquisition from the CMN 

without giving much in return. However, when P concentration is high or when it does not 

vary greatly between different parts of a MN, transport of P might be compromised as, rather 

than distributing P across the network where it can be taken up by roots, the fungus might 

increase the allocation of P to its storage structures (van ’t Padje, Bonfante, et al., 2021; van ’t 

Padje, Werner, et al., 2021; Whiteside et al., 2019). That said, this hypothesis contrasts with 

findings from a visual assessment of fungal structures, where high P availability increased the 

formation of branched absorbing structures at the expense of storage structures (Olsson et 

al., 2014). 

Under conditions of limited C availability, AM fungi accumulate more P in their spores and 

hyphae (Hammer et al., 2011), likely because C provision to hyphae, and especially to spores, 

becomes reduced (Olsson et al., 2014). Potentially, this is a strategy that the fungus has 

evolved to supply nutrients with a better exchange rate if either root demand for nutrients or 

plant C supply increase at a later stage (van ’t Padje, Bonfante, et al., 2021; van ’t Padje, 

Werner, et al., 2021; Whiteside et al., 2019). Although the exact mechanisms behind such a 

strategy remain unresolved, a level of detection of the changing conditions by the MN would 

appear necessary, as would the capacity of this signal to then be transferred to arbuscules 

where the fungus would be able to control the rate of nutrient exchange through changes in 

nutrient transporters for C-based sugars (Doidy et al., 2012) and/or lipids (Jiang et al., 2017; 

Keymer et al., 2017) as well as fungal-acquired N (Koegel et al., 2013, 2017) and P (Walder et 

al., 2015; Xie et al., 2013). That said, it has been argued that plant C does not represent a 

significant cost to the plant as it is typically fixed surplus to requirements and that other, more 

parsimonious explanations such as source-sink dynamics regulate, or at least influence, 
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resource allocation among plants and AM fungi (Corrêa et al., 2023; Prescott et al., 2020, 

2021; van der Heijden & Walder, 2016). 

An additional pattern of increased AM fungal allocation of P to roots with a higher C root 

status has been shown using a four-compartment Petri dish system where ‘donor’ roots were 

connected via a CMN to two ‘receiver’ roots of varying C status (Lekberg et al., 2010). It was 

also suggested that C was transported from one root section to the other via AM fungi, with 

the strength being stronger in the direction from C-rich to C-limited roots (Lekberg et al., 

2010). However, in either case, the transferred C remained in the fungal tissue of both the C-

rich and the C-limited roots (Lekberg et al., 2010). This distinction is important as it adds to 

the evidence contradicting the significance of plant-to-plant C transfer (e.g. Pfeffer et al., 

2004; Voets et al., 2008) and suggests that any fungal-mediated C movement likely primarily 

benefits the fungus. 

From experiments involving compartmentalised monoxenic microcosms, it appears overall 

that both AM and plant partners can control the bidirectional C-for-nutrient exchange 

characteristic of AM symbioses, although the level of control seems to be impacted by abiotic 

conditions. The exact mechanisms underpinning this remain unresolved and could be equally 

attributed (at least partly) to other drivers such as sink-source dynamics. The monoxenic 

approach to investigating dynamics and regulation of mycorrhizal function, whether as one-

on-one or CMN-wide interactions between plants and fungi, has a number of strengths and 

weaknesses. Monoxenic systems are simpler and more easily manipulated or controlled than 

those that include soil and other microbes. As such, causation can be attributed with more 

confidence and more mechanistic insights revealed. On the other hand, their artificial nature 

(notably the absence of soil and the lack of photosynthetic plant materials through use of root 

organ culture), lack of ecological complexity as well as the potentially altered AM fungal 

evolution stemming from the continuous in vitro propagation (Kokkoris & Hart, 2019) limit 

our ability to draw conclusions on what really governs resource allocation in natural AM 

ecosystems. 

1.4.2 Soil-based microcosms with a single plant host 

Despite the mechanistic insights that monoxenic systems can potentially provide, an 

important consideration with any such reductionist approach is that the results might not be 

representative of what occurs in more natural, complex settings. Reciprocal allocation of 
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resources between symbionts in monoxenic experiments involving root organ culture might 

not be representative of effects observed where whole plants in soil-based experiments are 

used as, among other things, the lack of a photosynthetic plant shoot is likely to influence 

nutrient demand and thus sink strength dynamics between host plant and AM fungi (Smith & 

Smith, 2011). Another consideration relates directly to the challenge of transferring 

experimental techniques and conclusions from tightly controlled and highly simplified plate 

systems to more complex soil-based systems. For example, AM fungal-mediated increases in 

the uptake of quantum-dot apatite were not detected in either root or shoot in a soil-based 

experiment (van ’t Padje, Bonfante, et al., 2021; van ’t Padje, Werner, et al., 2021), although 

they were detected in similar monoxenic experiments (e.g., van ’t Padje, Bonfante, et al., 

2021; van ’t Padje, et al., 2021; Whiteside et al., 2019). 

Experiments conducted in soil-based experiments have also shown how the functional 

significance of mycorrhizal symbioses, and even the partner selection process, can be strongly 

influenced by environmental conditions, which typically (and necessarily) remain constant in 

axenic systems. For example, the preferential allocation of plant-fixed C to the more beneficial 

fungal partner has been shown to decrease with increasing soil P availability (Ji & Bever, 

2016). This is likely because under high P availability (e.g., fertilisation), the C allocation to AM 

fungi by host plants sometimes decreases considerably as the mycorrhizal-derived benefits 

are also reduced (Olsson et al., 2010). Similarly, in high or low P soils, plants might favour the 

direct over the mycorrhizal P uptake pathway, while under intermediate, suboptimal 

conditions, the mycorrhizal pathway may become preferred (Zhang et al., 2021). This suggests 

that the dynamics of resource regulation of a single plant species might change as its ‘fungal 

collaboration gradient’ (Bergmann et al., 2020) changes from a ‘do-it-yourself’ resource 

uptake to a ‘mycorrhizal outsourcing’ of resource uptake according to external conditions. 

Ultimately, although environmental conditions (e.g., elevated atmospheric 

CO2 concentrations) do not always influence the levels of mycorrhizal colonisation or the total 

amount of plant C that AM fungi receive (e.g. Thirkell et al., 2021), changes in environmental 

conditions can still influence how plants associate with AM fungi species and vice versa 

(Forczek et al., 2022). For example, the level of CO2 in the atmosphere has been found to 

influence plant-to-AM fungi C dynamics, with shifts in the AM taxa that received most of the 

plant C at ambient or elevated CO2 levels correlating with niche and life history strategies 
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(Drigo et al., 2010). This could have knock-on effects on plant–AM symbioses and the 

distribution of resources if fungal species that receive most of the plant C became dominant 

over time. In a different case, the preferential allocation of plant C to the more beneficial AM 

fungi and a reciprocal differential P uptake decreased with shading (Zheng et al., 2015). A 

similar pattern was observed in a separate experiment, where even though Medicago 

trunculata preferentially allocated C to Funneliformis mosseae over Claroideoglomus 

claroideum under simulated drought conditions, this was not the case under a shading 

treatment (Forczek et al., 2022). The lack of a shading-induced preferential allocation of 

resources could be explained by the reduction in the availability of above-ground resources 

caused by the shading treatment, which, as previously described, can lead plants to reduce 

their overall C allocation to AM fungi (Olsson et al., 2010). But even if it does not translate to 

a detectable change in how a plant allocates C to AM fungi, shading can still lead to a rapid 

shift in the mycorrhizal community composition (Forczek et al., 2022). Ultimately, all of these 

examples point to the importance of considering the longer-term implications relating to the 

regulation of C-for-nutrient exchange, such as the potential longer-term benefits of 

maintaining simultaneous root colonisation by different AM fungi (‘evolutionary bet-

hedging’; Lekberg and Koide, 2014; Veresoglou et al., 2022), even in the absence of consistent 

synergistic effects of inoculations with multiple AM species (e.g. Jansa et al., 2008; Martina et 

al., 2013). Although relevant data are scarce, incorporating some longer-term cost–benefit 

calculations into BMT models would greatly benefit their predictive capacity for 

understanding how the C-for-nutrient exchange is regulated under different scenarios. 

Using a split-root experimental system, where each fungal partner is inoculated separately in 

different parts of the root, Bever et al. (2009) demonstrated increased plant C delivery to the 

more beneficial (i.e., growth-promoting) of two AM fungal symbionts tested. A similar pattern 

was later confirmed, where the preferential allocation of C from a plant to two AM fungi 

separated by a split-root system was matched by a differential P uptake by the two AM fungi 

(Zheng et al., 2015). It is important to note that split-root designs might introduce positive 

bias, as it has been evidenced that spatial separation of fungal partners might be required for 

partner discrimination, and thus, the preferential allocation of C by plants to the more 

mutualistic AM fungi (Ji & Bever, 2016). That said, in other cases, reducing spatial structure 

by mixing soil has increased the abundance of the more ‘cooperative’ AM fungal symbionts 
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(Verbruggen et al., 2012), suggesting that plants preferentially associate with more 

mutualistic species, even under mixed species conditions. It might well be that in split-root 

systems, plants favour different parts of their root system rather than specifically different 

AM fungi. 

1.4.3 Single plant hosts with AM fungi and other interacting symbionts 

Despite these caveats and context dependencies, there is evidence from soil-based 

experiments that plant hosts can preferentially allocate more C to AM fungal partners that 

provide a greater return of nutrients (Bever et al., 2009; Kiers et al., 2011; Lendenmann et al., 

2011; Zheng et al., 2015). However, our understanding of how resources are regulated and 

allocated within AM–plant symbioses is still limited by the frequent oversight of other co-

occurring organisms that may compete for plant and/or fungal resources. This is particularly 

relevant given that AM colonisation has been shown to increase the attractiveness and 

consumption of plants by above-ground insect herbivores, possibly due to mycorrhizal-

mediated increases in plant size and nutrient content (Koricheva et al., 2009). In turn, above-

ground herbivores can themselves influence these same plant traits and consequently affect 

AM fungi—either by altering mycorrhizal community composition or by reducing (Gehring & 

Whitham, 2002) or increasing (Frew et al., 2023) mycorrhizal colonisation (Figure 1.2a). In 

other cases, above-ground herbivory does not appear to affect colonisation levels (Charters 

et al., 2020; Zhao et al., 2024), although abiotic factors such as atmospheric CO₂ concentration 

can (Charters et al., 2020; Figure 1.2a).



 

Figure 1.2 Illustrative summary of how above and below-ground complexity might have 

(a) indirect and (b) more direct effects on the C-for-nutrient exchange in plant-

arbuscular mycorrhizal (AM) symbioses (Bell et al., 2022, 2024; Charters et al., 2020; 

Frew, 2022; Jiang et al., 2021; Larimer et al., 2014; Rozmoš et al., 2021; Svenningsen et 

al., 2018; Zhang et al., 2016, 2024). The direction and colour of the arrows illustrate the 

direction of influence as per the legend. 

 

More specifically, above-ground herbivory can also reduce root C concentrations and increase 

foliar P of mycorrhizal plants (Frew et al., 2023; Figure 1.2b). Frew et al. (2024) hypothesised 

that when above-ground herbivores or pathogens infect a mycorrhizal plant host, the AM 

fungal communities in the roots might be shaped by the capacity of the AM species to either 

(i) tolerate the herbivore/pathogen-induced constraints on plant C or (ii) enhance plant 

defences against the same herbivores/pathogens. Additionally, as well as the amount of C, 

the shift in the type of C provided to AM fungi in response to plant herbivory is likely to also 

be an important factor in determining the community composition (Bell et al., 2024). For 

example, some plant pests might induce plant limitation of certain C compounds to AM fungi 
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more than others, thereby indirectly selecting AM species that may themselves have a 

preferential C usage or an ability to cope with less of a certain resource (i.e., fatty acids or 

hexose sugars). Below-ground, root-herbivory by cane beetle larvae (Dermolepida 

alborhirum) changes the community structure of AM fungi and reduces AM fungal species 

richness in roots (Frew, 2022; Figure 1.2a). Plant P concentration also becomes reduced 

(Frew, 2022), although it remains unclear whether this is due to a reduction in fungal-acquired 

P or an impact on the plant's own capacity to acquire P directly.  

Other than root herbivory, below-ground, mycorrhizal symbioses are also modulated by 

interactions with bacteria, most notably phosphate-solubilising bacteria (PSB; Jiang et al., 

2021; Wang et al., 2023; Duan et al., 2024; Duan et al., 2025). Due to the absence of most 

carbohydrate-active enzyme (CAZyme) genes, AM fungi are limited in their ability to utilise 

polymeric organic matter in soil (Miyauchi et al., 2020). As such, the AM fungal-bacterial 

symbiosis is based on the premise that hyphospheric bacteria feed on fungal metabolites 

containing plant-derived C, and in return, the bacteria use extracellular enzymes to 

decompose organic compounds into mineral forms that AM fungi can then access (Zhang et 

al., 2018). As a result, AM fungi do not associate with soil bacteria randomly; instead, they 

appear to ‘cooperate’ preferentially with bacteria that possess a large repertoire of CAZymes 

(Nuccio et al., 2022), potentially reflecting an evolutionary strategy to avoid C limitation. 

In fact, by varying the composition of their hyphal exudates (Zhou et al., 2020), AM fungi seem 

to be able to select for a specific microbiome, which often has AM-beneficial properties 

(Emmett et al., 2021). For example, bacteria from the family Oxalobacteraceae are thought 

to be preferentially promoted by AM fungi (Offre et al., 2007; Scheublin et al., 2010), and 

more recently, certain bacterial genera—such as Halangium, Pseudomonas, Devosia, and 

Sulfurifustis—have also been identified as commonly associating with AM fungi and even 

stimulating AM fungal colonisation (Zhang et al., 2024; Figure 1.2a). Plant inoculation with the 

bacterial genus Devosia was specifically found to lead to enhanced direct N uptake by the 

plant (Zhang et al., 2024; Figure 1.2a), which could mean that these plants become less reliant 

on AM fungi for their N nutrition. In some cases, soil biota (including bacteria) act 

antagonistically to AM fungi and have been found to inhibit their ability to colonise plant roots 

(Cruz-Paredes et al., 2019; Svenningsen et al., 2018). This context dependency is also 

observed in the interactions between AM fungi and rhizobacteria, where, although they often 
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act synergistically on plant growth, in some cases, rhizobia inoculation can also lead to neutral 

(Pérez-De-Luque et al., 2017) or even negative effects on AM colonisation (Larimer et al., 

2014; Figure 1.2a).  

Finally, other than interactions with hyphospheric or soil bacteria, AM fungi harbour 

endobacteria, notably Burkholderia-related (Bianciotto et al., 1996) and Mycoplasma-related 

endobacteria (Naumann, Schüßler, and Bonfante, 2010), which depend on the AM fungi for 

their C (Lumini et al., 2007) and nutrient demands (Ghignone et al., 2012) and can thus 

indirectly drive the C-for-nutrient exchange between AM fungi and their plant hosts. 

Mycoplasma-related endobacteria in particular seem to rely more on the fungus for their C 

demands (Kuga et al., 2021), and it has thus been speculated that they might be weak 

parasites (Duan et al., 2024). Moreover, these endobacteria can influence the fungus's gene 

expression and also remarkably, the gene expression of the fungus's plant host (Venice et al., 

2021), revealing a complex network of direct AM fungal-bacterial-plant interactions. 

Regardless of whether they might be synergistic or not, interactions between AM fungi and 

other organisms are typically not captured by most studies focusing on C-for-nutrient 

exchange in plant-mycorrhizal symbioses. However, this is important because any indirect 

impact on AM fungi (e.g., degree of colonisation) or the plant (e.g., uptake of N via non-

mycorrhizal means) might influence the extent to which each can control the C-for-nutrient 

exchange. The presence of multiple, simultaneous and diverse symbionts on the plants can 

also have other, more direct impacts on the C-for-nutrient exchange between AM fungi and 

their plant hosts. For example, other than only influencing levels of AM colonisation, certain 

soil bacteria appear to directly suppress (Cruz-Paredes et al., 2019; Svenningsen et al., 2018) 

or enhance (Jiang et al., 2021; Zhang et al., 2016) the P-delivery capacity of AM fungi (Figure 

1.2b). In vitro, it has been demonstrated that the AM fungus's capacity to obtain N from an 

organic source can increase in the presence of the soil bacterium Paenibacillus sp. and the 

protist Polysphondylium pallidum, but other chitinolytic bacteria, such as Janthinobacterium 

sp., did not have an effect (Rozmoš et al., 2021; Figure 1.2b).  

Also, in soil-based systems, the allocation of plant C to AM fungi decreases dramatically 

following plant exposure to aphids (Charters et al., 2020) or PCN (Bell et al., 2022), although 

in both cases the supply of fungal-acquired nutrients to the plants was largely maintained 

(Figure 1.2b). A split-root experiment found that roots colonised by AM fungi and/or PCN 
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accumulate more plant C than asymbiotic roots (per gram of root), possibly because roots 

with symbionts represent a greater sink for plant C than those without (Bell et al., 2024). 

Furthermore, in a split-root experiment, roots colonised by AM fungi have been found to 

contain more recently-fixed plant C than roots of the same host that are infected with PCN, 

which, again, could simply suggest that AM fungi represent a larger C sink than PCN (Bell et 

al., 2024). An alternative, not mutually exclusive hypothesis, is that plants may preferentially 

allocate C to AM-hosting roots rather than those hosting PCN to selectively enhance 

mutualistic interactions and limit the effects of parasitic infection (Bell et al., 2024). It could 

also be true, however, that plants simply have a greater degree of control over the plant–AM 

fungi flow rather than the plant–parasite flow, or that the supply of resources towards AM 

fungi is simply an indirect consequence of the plant trying to shuttle resources away from PCN 

(Bell et al., 2024).  

In any case, contrary to expectations based on a ‘reciprocal rewards’ mode of regulation, it 

appears that above- or below-ground herbivory drives asymmetry in the C-for-nutrient 

exchange between plants and AM symbionts. Another consideration for the theoretical 

framework of the interactions between AM fungi and other co-occurring symbionts is that 

individual organisms, such as aphids or PCN, function as distinct entities with the aim of 

acquiring resources to produce a second generation. In contrast, due to their coenocytic 

hyphae and spores, heterokaryotic nuclear organisation, and ability to fuse to form vast 

networks (Kokkoris et al., 2020), AM fungi cannot be easily classified as distinct, singular 

entities. This, in turn, might have implications for the evolution of the dynamics of inter- and 

intra-species competition between mycorrhizal fungi and result in the acquisition of C for the 

benefit of the entire MN rather than a single part of it consisting of a single genet. Moreover, 

the lifetime and cycle of co-occurring symbionts are likely to influence the C-for-nutrient 

exchange between hosts and their mycorrhizal symbionts. For example, aphids are seasonal, 

and one generation of PCN feeding lasts around 6 weeks, whereas, despite the patchy and 

ephemeral nature of the fungal colonisation and fungal intracellular structures (Friese & Allen, 

1991) which could mean that individual hyphae live on average only 5 to 6 days (Staddon et 

al., 2003), AM associations may last the entirety of a plant's lifetime. This could mean that in 

nature, AM fungi might have evolved to endure relatively short periods of a 

pathogen/parasite-constrained C flow before supply returns to pre-stress levels. As such, 
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given the impacts of plant and fungal phenologies as well as the impacts of any additional 

biotic and abiotic interactions, considerations and extrapolations of AM functionality to an 

ecosystem or even global scale should be undertaken with careful thought. 

Overall, while some evidence of the ability of plant and AM fungal partners to each control 

the C-for-nutrient exchange also stems from soil-based experiments, this is increasingly 

influenced or disrupted by various factors such as environmental conditions, the presence of 

additional/multiple symbionts, and the specific experimental design used. More research is 

needed on the varied ways that biotic and abiotic factors influence the C-for-nutrient 

exchange, and the longer implications of such factors need to be understood and 

incorporated into relevant models. Moreover, understanding complex processes influencing 

AM fungi is important in order to harness the benefits of AM fungal associations, but also to 

understand any unintended consequences. For example, the results from a combination of 

greenhouse and field experiments suggest that, although inoculation with AM fungi increases 

host tolerance to PCN, this also leads to a build-up of PCN in the soil, which can in turn start 

eradicating the benefits that AM provided their plant hosts in the first place (Bell et al., 2022; 

Bell et al., 2023). 

As with monoxenic approaches, soil-based experimental systems have strengths and 

weaknesses. Soil-based experiments add some necessary ecological complexity, and their 

findings are likely to be more realistic than those stemming from monoxenic plate-based 

systems. However, increased ecological complexity (e.g., a more diverse soil microbial 

community) can lead to additional, interactive indirect or direct consequences on both plant 

and fungal partners, which in turn makes it more challenging to decipher the mechanism 

behind resource allocation between symbionts. One such limitation is the difficulty of 

accounting for AM fungal C respiration, especially in a complex soil system with a diverse 

microbial community. Additionally, when soil-based systems involve only one plant, it is vital 

to consider that plant–plant interactions and the ability of AM fungi to form below-ground 

networks are lacking; and, as such, specific hypotheses such as the ability of AM fungi to 

associate with more beneficial plant hosts within a CMN cannot be tested. 

1.4.4 Common mycorrhizal networks and multi-species interactions in soil-based experiments 

Although MNs and CMNs are an integral part of AM fungal functioning, it is unclear how the 

presence of a CMN influences resource regulation and to what extent it can facilitate resource 
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transfer between plants. Early evidence from soil-based systems suggests that resources such 

as C (e.g., Graves et al., 1997) and P (e.g., Mikkelsen et al., 2008) are transferred across a MN. 

However, it is not always clear whether this transfer tends to be bidirectional between plants 

(Lerat et al., 2002) or unidirectional (Pfeffer et al., 2004) based on the unique characteristics 

of a ‘donor’ and a ‘receiver’ plant (Selosse et al., 2006). The physiological significance of 

interplant C transfer between host plants is also unclear, with a more mycocentric view of the 

transfer being required (Fitter et al., 1998). 

In line with the ‘reciprocal rewards’ hypothesis for regulation of symbiotic C-for-nutrient 

exchange, experiments using two CMN-connected plants, one shaded and one non-shaded, 

suggest that AM fungi retain their ‘bargaining power’ and provide the plant assumed to supply 

more C to the CMN (i.e., the non-shaded plant) with more nutrients (Faghihinia & Jansa, 2022; 

Fellbaum et al., 2014; Weremijewicz et al., 2016). However, it is important to consider these 

results in the context of the experimental design since shading does not always lead to a 

reduction in plant C flow (Faghihinia & Jansa, 2022; Olsson et al., 2010) and in other cases 

(e.g., Fellbaum et al., 2014) the strength of the plant C-source is assumed rather than 

experimentally quantified. Other potentially confounding impacts implicit in treatments such 

as shading include those on plant growth or metabolism (altering sink strength of the host 

plant for nutrients), or even the variability of plant species responses to shading (e.g., 

Semchenko et al., 2010), which could substantially influence the results. 

C-for-nutrient exchange across a CMN depends on the AM fungal and plant species involved 

in forming a network. In one experiment consisting of flax (Linum usitatissimum) and sorghum 

(Sorghum bicolor) linked to the same CMN, sorghum contributed more C to the AM network 

despite receiving fewer nutrient returns (Walder et al., 2012). Interestingly, this type of 

asymmetry was only observed when the CMN comprised a single AM fungal species 

Rhizophagus irregularis (formerly Glomus intraradices); when the CMN consisted of another 

AM fungal species, Funneliformis mosseae (formerly Glomus mosseae), both plants received 

similar amounts of nutrients from the CMN, although plant C inputs remained uneven 

(Walder et al., 2012). The functioning of a CMN in terms of nutrient allocation to plants could 

not be explained by the expression of genes that regulate orthophosphate (Pi) transporters 

(Walder et al., 2015), suggesting that another regulatory mechanism must be at play. The 

consequences of varied plant benefits derived from CMNs can be important in understanding 
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wider plant community structure and function. Invasive plant species, for instance, may 

receive a greater nutritional benefit from incorporation into CMNs than native plant species, 

but again, the exact patterns of AM fungal-mediated nutrient transfers to different plant 

hosts depend on the fungal species comprising the CMN (Awaydul et al., 2019). 

Plant community diversity can have impacts on the C inputs into a CMN, with more diverse 

plant communities associated with greater movement of C into CMNs than those comprising 

fewer species (Řezáčová et al., 2018). Similarly, more diverse plant communities are 

associated with greater benefits in terms of fungal-derived N, although the direction and 

strength of the transfer appear to be species-specific (Ingraffia et al., 2021). Such species 

specificity was also reflected in terms of mycorrhizal-growth responses by plant hosts, and 

this was attributed to the higher amounts of N transferred by the AM fungi (Ingraffia et al., 

2021). In a different example, no differences in C investment to the CMN were found between 

a C3 and a C4 plant at either low or elevated temperatures (Řezáčová et al., 2018). In fact, 

C3 plants were found to supply the CMN with similar amounts of C at both temperatures, 

despite their growth being negatively affected, AM root abundance being suppressed, and 

also the C3 hosts receiving less fungal-acquired N compared with the C4 hosts at the elevated 

temperature (Řezáčová et al., 2018). 

Despite increasing attention and experiments involving CMNs, relatively little is known about 

the distance over which nutrients and C can be conveyed by extraradical mycorrhizal hyphae 

(Werner et al., 2014) and how this might be influenced by the varied abiotic and biotic factors. 

For instance, N can be transported between plants across a distance of 12 cm (the maximum 

distance tested), presumably via mycorrhizal hyphal connections; however, this again appears 

to be species-specific, with no significant transfer being detected when the CMN was 

comprised by the AM fungal species Rhizophagus irregularis (Schütz et al., 2022). CMN-

mediated N transfer between plants also appears to be influenced by the levels of N 

availability in the soil as well as the source-sink strength dynamics of the plant hosts (e.g. C3 vs 

C4 physiology; Muneer et al., 2023). In a pot-intercropping experiment, N was also found to 

be transferred from soybean (Glycine max) to maize (Zea mays), presumably via a CMN;  with 

this transfer increasing when plants were also inoculated with rhizobia (Meng et al., 2015). 

Overall, the diversity in CMN functionality is likely due to a combination of biotic and abiotic 

factors such as variation in sink-source strengths of plant hosts and fungal symbionts (Walder 
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& van der Heijden, 2015), potentially partly driven by differences in plant physiologies 

(Muneer et al., 2023; Řezáčová et al., 2018), and indeed the capacity of individuals within the 

network to control the C-for-nutrient exchange (Werner & Kiers, 2015). 

When considering the significance of CMNs in wider ecosystems, it is important to note that 

any impact of CMN function on inter-specific plant and/or fungal competition could indirectly 

generate further feedbacks on mycorrhizal resource exchange across the network (Bücking et 

al., 2016; Figure 1.3). By influencing below-ground resource transfer and competition, CMNs 

can enhance plant growth (Muneer et al., 2023), sometimes promoting and perpetuating size 

inequality and resource sink strengths among neighbouring plants (Merrild et al., 2013; 

Weremijewicz et al., 2016; Weremijewicz & Janos, 2013; Figure 1.3). Plant-fungal interactions, 

the importance of symbiont compatibility, and the high variability in plant growth responses 

(e.g., Castelli & Casper, 2003; Klironomos, 2003) allow CMNs to play a role in fungal-mediated 

soil feedbacks, where one plant species promotes or discourages AM fungal species so that it 

enhances its performance relative to other, co-occurring plant species (Selosse et al., 2006; 

Figure 1.3). 
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Figure 1.3 Summary of the various possible ecological implications of common 

mycorrhizal networks (CMNs). The black arrows show the movement of resources (e.g. 

carbon and phosphorus) across the network. This can be bidirectional between plants 

or unidirectional from a ‘donor’ plant to a ‘receiver’ plant. Blue and green arrows 

illustrate how CMNs can influence interspecific plant and fungal competition 

respectively. This below-ground resource competition can promote size inequality 

among neighbouring plants. The orange arrow illustrates plant-fungal interactions. 

Symbiont compatibility and the high variability in plant growth responses mean that 

CMNs can play a role in fungal-mediated soil feedbacks and plant-fungal community 

structure. The red arrow from a plant attacked above-ground by aphids and below-

ground by plant-parasitic nematodes to a healthy plant refers to the ability of CMNs to 

facilitate plant–plant communication by transfer of phytohormones and defence signals.  
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The role of CMNs is not limited to modulating resource allocation below-ground or enhancing 

plant nutrient uptake (Mikkelsen et al., 2008); their role in mediating plant–plant interactions 

appears to also be important, particularly where plants linked to a CMN are affected by other 

co-occurring organisms. CMNs can serve as pathways for plant–plant communication, 

including phytohormones, disease resistance and induced defence signals (Alaux et al., 2020; 

Babikova et al., 2013, 2013a; Barto et al., 2012; Song et al., 2010, 2014, 2015, 2019; Figure 

1.3), influencing wider environmentally relevant characteristics such as plant competition 

dynamics (Tedersoo et al., 2020). In some cases, allelochemicals produced by certain plant 

species can be transported via CMNs and inhibit the growth of neighbouring plants (Barto et 

al., 2012). In other cases, it has been suggested that interplant communication occurring via 

CMNs can increase disease resistance as signals induced by pathogenic fungi are transmitted 

from diseased plants to healthy neighbours (Song et al., 2010). The induction of herbivore-

repellent VOCs and the elicitation of defence genes have also been observed in healthy plants 

sharing a MN with plants attacked by above-ground herbivores, whilst importantly, plant-

plant communication via aerial VOCs and root exudates was controlled for (Song et al., 2014; 

Babikova et al., 2013). 

Co-occurring organisms that compete for plant C resources can lead to asymmetry in C-for-

nutrient exchange between the plant and AM fungi (Bell et al., 2022; Charters et al., 2020). In 

these scenarios, the pest-infested plant reduces the movement of C via the export of hexose 

sugars from root to AM fungi but maintains the flow of fatty acids, presumably thereby 

providing enough C to AM fungal partners to maintain the symbiosis (Bell et al., 2024). Such 

regulatory mechanisms are likely further modulated across multiple hosts that are linked by 

a CMN (Bell et al., 2021; Figure 1.4). It is also an interesting observation that under increasing 

PCN densities in the soil, levels of AM fungal colonisation decrease, whereas soil hyphal 

densities increase, potentially suggesting a mechanism whereby AM fungi invest more in 

expanding their mycelium network to reach neighbouring plant hosts of better quality (Bell 

et al., 2022). 
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Figure 1.4 Potential scenario for the allocation of resources between a CMN and its plant 

hosts in the presence of competing above- and below-ground herbivores (i.e., aphids 

and plant-parasitic nematodes, respectively). The strain imposed on plant C supply by 

herbivores leads to a reduced allocation of C to the CMN by the plants. In turn, the CMN 

reduces the allocation of P to the infected plant host and directs resources towards a 

non-infected plant host that is offering more C in return. Red arrows—plant-to-

symbionts C flow; Blue arrows—AM fungi to host P flow; width of arrows—flow strength 

(adapted from Bell et al., 2021). 

 

For example, in the presence of an assumed CMN, parasitism of Trifolium pratense by the 

stem holoparasite Cuscuta australis reduced the acquisition of AM fungal-mediated N of the 

parasitised plant relative to its non-parasitised neighbour (Yuan et al., 2021). In this case, the 

non-parasitised plant also grew larger, which in turn supports the hypothesis that CMNs 

preferentially transport nutrients to larger plants or that differential nutrient supply from a 

CMN to plants amplifies plant size inequality (Awaydul et al., 2019; Merrild et al., 2013; 

Weremijewicz et al., 2016). Additionally, it is plausible in this case that the CMN provided 

more N to the non-parasitised plant, as that plant was providing more C in return. Durant et 

al. (2023) found that plants with aphids reduced the amount of C supplied to MN(s) 

(potentially a CMN) while uninfested neighbouring plants likely maintained C flow into the 
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MN(s), helping to support the wider MN(s). In this case, AM fungi maintained P transfer to 

both infested and non-infested plants (Durant et al., 2023), suggesting that the net C inputs 

into a MN are more important than one-on-one interactions in maintaining MN functionality. 

This also supports the idea that the presence of a CMN potentially undermines the capacity 

of the plant hosts to control AM fungi by denying them resources (Kiers & Denison, 2008). As 

in previous studies that created C sinks across a CMN, either by shading (Fellbaum et al., 2012) 

or by chemically altering nutrient gradients in vitro (Lekberg et al., 2010; van ’t Padje, 

Bonfante, et al., 2021; van ’t Padje, Werner, et al., 2021; Whiteside et al., 2019), these results 

demonstrate how CMNs are responsive and resilient and potentially have an important role 

to play in ameliorating the impacts of plant stresses. 

Overall, experiments involving multiple symbionts have shown that CMNs can play a role in 

facilitating resource transfer between plants and influencing plant–plant interactions within 

an ecosystem. However, CMNs can also play other roles, such as in plant–plant 

communication through the transfer of phytohormones and defence signals. Moreover, their 

overall functioning is highly context-dependent, influenced by both biotic and abiotic factors 

(e.g., the number or identity of plant and fungal species involved). All these factors appear to 

then feed into (and often compromise) the ability of plants, and especially that of AM fungi, 

to control the C-for-nutrient exchange for their own benefit. While soil-based experimental 

systems that incorporate multiple plants and other non-mycorrhizal symbionts are more 

ecologically relevant than the other experimental systems reviewed here, this increased 

complexity compromises our ability to draw clear causal links and to get a more detailed 

mechanistic understanding of the relationships occurring . 

 

1.5 CONCLUSIONS  

Although there is some evidence for a preferential allocation of resources to more beneficial 

partners and for a tight link between plant-mediated and AM fungal-mediated resource flows, 

there is also growing evidence that the dynamics behind the partner selection process and 

the characteristic bidirectional nutrient exchange are context-dependent. Factors such as 

resource abundance, soil microbial composition, the presence of other symbionts, and the 

compatibility between plant and AM species are all likely to play an important role in the 

strength and direction of resource allocation in AM symbioses. 
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Overall, it appears that the extent of a tightly coupled C-for-nutrient exchange in AM 

symbioses (in particular one that resembles a ‘reciprocal rewards’ type of regulation) might 

decrease with increasing experimental system complexity. At the CMN scale, nutrient 

exchange is not always balanced, and one plant host might maintain the CMN while 

neighbouring plant hosts benefit from the fungal-mediated nutrient allocation without 

providing much in return. Strict regulation of C-for-nutrient exchange by both a plant host 

and its AM symbionts might be less evident under increased ecological complexity, as other 

drivers such as source-sink dynamics (Walder & van der Heijden, 2015) and a C-for-defence 

exchange (Frew et al., 2024) become increasingly important. Moreover, the ability of both 

plant hosts and AM fungi to govern the exchange of resources is likely also compromised by 

the variation of limiting factors across space and time (e.g., how does plant physiology change 

when the plant moves from P limitation to water limitation to a pest infection, and how do 

plant ‘choices’ to associate with certain AM fungi are made when many of these limiting 

factors co-occur?). 

To improve the capacity of BMT to describe the C-for-nutrient exchange, ‘service’ provision 

(such as defence enhancement) should be incorporated alongside ‘goods’ provision (such as 

C or P acquisition). More research using varied biological systems across multiple scales is also 

needed to fully comprehend the role of CMNs in modulating the C-for-nutrient exchange and 

to test hypotheses quantitatively (e.g., using meta-analyses) while ensuring the inclusion of 

mechanisms or outcomes commonly overlooked by one plant × one fungus experiments. 

Techniques such as next-generation sequencing can be incorporated into C-for-nutrient 

experiments to increase the resolution of our results and test alternative hypotheses. Apart 

from increasing our fundamental understanding of how AM fungi might utilise CMNs, how 

they interact with other co-occurring organisms, and how this then influences the C-for-

nutrient exchange, it is also vital that experimental designs include CMNs so we can better 

address the plethora of unresolved questions, including pertinent topics such as the role of 

CMNs in enhancing ecosystem functionality, and specifically their role in sustainable farming 

practices (Alaux et al., 2021; Wipf et al., 2019). 
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1.6 PROJECT OVERVIEW 

The overall aim of this thesis is to understand how the presence of plant pests influences the 

functionality of mixed-species AM fungal networks connecting neighbouring potato (Solanum 

tuberosum) plants. I predominantly employ the potato cyst nematode (PCN) Globodera 

pallida as a below-ground pest, but in Chapter 4, I also introduce aphids (Myzus persicae) as 

a simultaneous above-ground pest. Across the thesis, the primary focus is on resource 

allocation, but I also explore PCN-induced changes in above-ground metabolites and volatile 

organic compounds (VOCs) as well as changes in the root and soil microbiome. This is 

imperative to understand the wider context that might be influencing any PCN-induced 

changes in the C-for-nutrient exchange between plants and the AM networks.  

PCN (Globodera pallida and G. rostochiensis) are obligate biotrophic plant-parasitic 

nematodes (PPN) which invade host roots, inducing syncytial feeding structures that siphon 

C and essential nutrients from the plant, ultimately undermining both growth and yield (Price 

et al., 2021). Together with other PPN, they amount to more than US$80 billion annual market 

losses worldwide (Nicol et al., 2011), whereas in the United Kingdom, PCN infestation alone 

is responsible for losses of approximately £31 million (Price et al., 2021). PCN are responsible 

for around 9-10% of potato yield losses worldwide (Turner & Rowe, 2006; Kantor et al., 2022), 

although, in some cases, losses can be up to 70% (Turner and Subbotin, 2013). They are 

among the most serious and strictly regulated quarantine pests, partly due to the limited 

control methods that are commercially and environmentally viable (Whitehead and Turner, 

1998).  

After hatching, infective juveniles must locate a host root, penetrate the cell wall at a suitable 

site, and migrate towards the vascular cylinder, where a feeding site is initiated (Wyss, 2002). 

PCN rely on cues received from the environment and their potential host plants (e.g., 

semiochemicals that function as attractants, repellents, hatching stimulants or hatching 

inhibitors) to synchronise their life cycle with that of their potential host plant (Ochola et al., 

2020; Rasmann et al., 2012; Kihika et al., 2017). There is evidence to show that plants can 

control the release of root metabolites (Sikder and Vestergård, 2020), including VOCs (Kihika 

et al., 2017) and root exudates (Ochola et al., 2020), in order to influence PPN behaviour. 

Information related to changes in above-ground VOCs in response to root herbivory is limited; 

however, it could be possible that, similar to herbivory of foliar tissue (Brosset and Blande, 
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2022), PCN induce changes in above-ground VOCs. Indeed, although no study has directly 

measured headspace VOCs after infection by PCN, the cyst nematode (Heterodera glycines) 

has been shown to alter foliar VOC emissions of soybean (Glycine max; Constantino et al., 

2021) and the PPN Xiphinema index to alter the VOC emissions of grapevines (Vitis vinifera L.; 

Castorina et al., 2020).  

Similar PCN-induced changes in VOCs could have important implications for plant–plant 

communication and the induction of defence responses in ‘receiver’ plants naïve to infection. 

Monitoring the effects of PCN infection on the VOC profiles of both infected plants and their 

uninfected neighbours is particularly valuable for assessing the role of the MN, as it can reveal 

the extent to which plant–plant communication occurs below-ground (via the MN) and 

above-ground (via headspace VOCs). Other than influencing plant-defence responses, 

evidence of either form of signalling could also represent a mechanism by which plants 

regulate C distribution within the MN. For example, if PCN-infected plants alter their 

metabolic profiles and these changes are transmitted to neighbouring plants, those 

neighbours may, in turn, adjust their own C allocation to the fungi. 

The plant host responses to PCN invasion have long been a subject of discussion (Bleve-

Zacheo and Melillo, 1997). However, there is no information on how PCN-induced changes to 

the host might influence the soil and root microbiome. However, this is also an important 

consideration when wanting to understand how PCN might influence the movement of P and 

C within a plant-mycorrhizal system, as PCN might indirectly influence C-for-P dynamics via 

changes in the microbiome. Overall, other PPN have been found to influence the microbiome 

either by increasing (e.g., Yeates et al. 1998; Denton et al., 1998) or decreasing species 

richness (Wurst et al., 2009; Zhou et al., 2019). Similarly, the community structure of both 

fungi and bacteria can be influenced by PPN (e.g., Kudjordjie et al., 2024). 

Primary objectives and associated research questions: 

Objective 1/Chapter 2: To track resource exchange in a system of two neighbouring plants 

potentially connected via one or more MNs and identify how infection with PCN influences 

the C-for-nutrient exchange. 

o What is the role of the MN in modulating resource allocation and regulation 

within AM-plant symbiosis? 
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o Do AM fungi provide plants with similar amounts of P regardless of their PCN 

status, and how does the PCN status of their neighbouring plants affect this? 

o Do PCN-infected plants, potentially linked to a common AM fungal network, 

continue to supply C to AM fungi? 

o How does the PCN status of the plants influence the movement of plant-derived 

C within the system? 

Main hypothesis: AM fungal networks will provide uninfected plant hosts with increased P 

provision because those hosts will be providing increased C provision in return. 

Objective 2/Chapter 3: To explore whether, in addition to or in contrast to what is predicted 

from BMT, any impact of plant PCN infection on the movement of P and C within the system 

can be explained indirectly via PCN-associated changes in the soil and root microbiome. 

o Does PCN infection influence the root and/or soil microbiome? 

o If so, does the PCN infection status of the neighbouring plant also affect 

microbial communities? 

o Ultimately, how might PCN-associated shifts in fungal and/or bacterial 

communities alter C-for-nutrient exchange between plants and AM fungi?  

o Do results from ITS- and 18S-based sequencing of the AM fungal community 

lead to consistent conclusions regarding these effects? 

Main hypothesis: PCN infection will shape the root microbiome. Specifically, PCN infection 

will lead to decreases (e.g., in richness and abundance) in AM fungi and AM-associated 

bacteria, but root pathogenic fungi will increase under PCN infection. 

Objective 3/Chapter 4: To track plant-derived C in a system of three neighbouring plants 

connected via an MN and identify how infection with plant pests influences the movement of 

C in a compartmentalised in vitro microcosm.      

o Do the results from soil-based mesocosms with multiple fungal and bacterial 

species agree with those of in vitro microcosms with limited microbial 

diversity? 

o Does the MN distribute plant-derived C in a similar way when there is the 

option of two ‘receiver’ plants of contrasting plant pest-infection status in the 

same system rather than just one? 
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o Can the distribution of plant-derived C within a compartmentalised in vitro 

microcosm be visually assessed? 

Main hypothesis: Plant-derived C will be preferentially distributed in parts of the MN 

surrounding pest-free hosts. This pattern will be more pronounced when the 14C-labelled host 

is pest-infected. 

Objective 4/Chapter 5: To collect above-ground leaf metabolites (non-volatile and volatile) 

to establish the extent to which these are influenced by PCN infection of the plant in question, 

as well as the infection of its neighbour.  

o What in-leaf non-volatile metabolites and headspace VOCs might be 

influenced by PCN infection? 

o To what extent do above-ground (e.g., VOCs) and below-ground (e.g., CMNs) 

pathways mediate defence signalling from PCN-infected plants to 

neighbouring uninfected plants?  

Main hypothesis: Leaf metabolites, in particular ones related to defence, will be shaped by 

PCN infection. Below-ground signalling processes will result in this PCN impact also being 

manifested in neighbouring PCN-free plants.  



Chapter 2. Plant-parasitic nematodes influence the movement of 

plant-fixed carbon and fungal-acquired nutrients through arbuscular 

mycorrhizal networks  

2.1  ABSTRACT 

Plants typically interact with multiple, co-occurring symbionts, including arbuscular 

mycorrhizal (AM) fungi, which can form networks, connecting neighbouring plants. A 

characteristic aspect of mycorrhizal symbioses is the bidirectional exchange of resources 

between host plants and fungal partners. Concurrent interactions 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. Using isotope tracing in multi-plant experimental 

systems, I investigated the movement of plant photosynthates and fungal-acquired soil 

phosphorus through MNs and the interactive effects of PCN infection on this. I 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, I 

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. 

This 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, help to elucidate the role of AM fungi in terrestrial carbon cycling 

and their function in agricultural systems. 
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2.2 INTRODUCTION 

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 ecosystems 

(Tedersoo and Brundrett, 2017). At least 72% of vascular plant species (Brundrett and 

Tedersoo, 2018), including many crops (Wang & Qiu, 2006), form mycorrhizal symbioses with 

arbuscular mycorrhizal (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 extraradical mycelium, also known as a ‘mycorrhizal network’ (MN). 

These MNs can reach and colonise additional neighbouring plants, sometimes involving the 

fusion of separate fungal hyphae of the same species 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 micronutrients (Hamilton & Smith, 2000; Lehmann et al., 2014), offering 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 dynamics (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 bidirectional nutrient exchange 

between AM fungi and their host plants are often discussed using Biological Markets Theory 

(BMT; e.g., Noë & Kiers, 2018; Werner et al., 2014; Werner & Kiers, 2015; Wyatt et al., 2014). 

According to one version of 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 
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is hypothesised that AM fungi also discriminate between alternative partners, ‘rewarding’ 

more ‘generous’ hosts by supplying them with more nutrients (Bücking & Shachar-Hill, 2005; 

Fellbaum et al., 2012; Kiers et al., 2011). However, the regulation and control of mycorrhizal 

resource exchange remain a topic of hot debate, with source–sink regulation presented as an 

alternative or complementary mechanism (Kiers et al., 2016; van der Heijden & Walder, 2016; 

Walder & van der Heijden, 2015; Corrêa et al., 2023; Bunn et al., 2024). An important, yet 

often overlooked, factor in mycorrhizal resource exchange is that plants rarely interact only 

with mutualistic symbionts (Chapter 1; 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 usually 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 supplies from AM 

fungi to plants are maintained. However, these studies still do not reflect ecologically relevant 

scenarios in which the regulation of plant C and soil nutrient flows is modulated across 

multiple 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 profile; potentially in search of 

alternative, more ‘generous’ hosts. 
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Aims 

To address these important knowledge gaps, I investigated the movement of fungal-acquired 

P from the soil and plant-fixed C across MNs formed between two neighbouring plants. I 

specifically manipulated the resource dynamics of the symbioses using the potato cyst 

nematode (PCN), a common pest that feeds on potato roots and is responsible for 9% of yield 

losses worldwide (Turner & Rowe, 2006). I 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). 

 

2.3 MATERIALS AND METHODS 

2.3.1 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 

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 commercially 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 

2.1). 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. Plants 



50 
 

were watered with tap water three times a week, taking care not to flush too much water 

down the 33P-labelled cores which had been inserted in the middle (see details below). 

 

Figure 2.1 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) –/–; (b) –/+; (c) +/+. 

 

2.3.2 Tracing fungus-to-plant 33P transfer 

Mesocosms (n = 12 per treatment combination shown in Figure 2.1) 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 mesocosm (Figure S2.1). 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 distribution of 33P through one core in 

each mesocosm, 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 mesocosm via the 

capillary tube. In half of the mesocosms per treatment combination (n = 6; Figure 2.1), the 33P-

labelled cores were rotated every other day to sever hyphal connections between the core 
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and plant roots (Figure 2.2). The non-labelled cores in these pots remained static to preserve 

the hyphal links between the core contents and the plant roots. In the remaining pots (n = 6 

per treatment combination), 33P-labelled cores remained static with non-labelled cores 

rotated (Figure 2.2). 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 S2.2A). 

 

Figure 2.2 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. The treatment 

where neither plant had PCN is used as an example. Plants were connected by one or 

more mycorrhizal networks (illustrated by the blue lines) across a root-excluding 35 μm 

pore mesh. Two root-excluding mesh cores were inserted randomly at either side of the 

mesh. In half of the mesocosms, the labelled cores were rotated every other day to sever 

the hyphal connection between the core and plant roots (left-hand side example). The 

non-labelled cores in these pots were kept static to preserve the hyphal links. In the 

remaining half of the pots, the opposite was applied; 33P-labelled cores were kept static, 

to preserve hyphal connections, and the non-labelled cores were rotated (right-hand 

side example).  

 

2.3.3 Tracing plant-to-fungus C transfer 

Mesocosms (n = 6 for each shown in Figure S2.2) were established in two identical blocks 

across subsequent weeks. Seven weeks after planting (Figure S2.1B), the above-ground tissue 

of all plants was enclosed within polythene bags (Polybags Ltd., London, UK), sealed airtight 
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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 

S2.3). 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 S2.2). 14CO2 was liberated into the 

chamber by adding 2 mL 10% lactic acid to a cuvette containing 190 μL 14C-sodium 

bicarbonate (specific activity: 1.62 GBq mmol−1; total activity released: 1 MBq; Perkin Elmer, 

USA). Plants were left in situ for 24 h post-labelling (Figure S2.2b), at which point 2 mL of 2 M 

KOH was added to vials within each labelled chamber to capture any remaining 

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

2.3.4 Preparation and harvest of plants and soils 

The week of harvest, using leaves of similar size, the photochemical 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 components (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. 

2.3.5 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 
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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 equations 

(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 isotopes (‘rotated’ core pots) was subtracted from the individual measured 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 processes. 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 produce a standard 

curve against which total sample P was calculated. 

2.3.6 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 equations 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 
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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: 

 

2.3.7 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 glycerol, 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 methodology 

(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 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 methodology (50 fields of view per half filter 

paper, 100× magnification; Tennant, 1975). 
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2.3.8 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. 

2.3.9 Statistical analysis 

All statistical analyses and figure construction were performed in RStudio (RStudio Team, 

2025) 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 planting) and the PCN infection treatment of a plant and/or the PCN 

infection treatment of its neighbouring plant as fixed effects. A random 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 concentration 

in the shoots, a further mixed-effects model with the same parameters as explained above 

was performed on the mixed 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 versus 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 mesocosm 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. 
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2.4 RESULTS 

2.4.1 Impact of PCN infection on AM fungi and plant growth 

The soil PCN population did not differ across PCN treatment combinations (Figure 2.3). AM 

fungal measures, including total root colonisation (Figure 2.4A), arbuscular and vesicular 

colonisation (Figure S2.3A and B), and soil hyphal length density (Figure 2.4B), were also 

unaffected by PCN infection of plants or that of their neighbours (Table S2.1). Similarly, shoot 

dry biomass (Figure S2.4A), FvP/FmP (Figure S2.5A), and SPAD (Figure S2.5B) showed no 

significant effects of PCN infection in either plants or their neighbours (Table S2.1). 

 

Figure 2.3 Soil PCN population at the end of the experiments expressed as the number 

of cysts per gram of soil. Dashed lines connect paired samples across each side of the 

same container. The centre line of the boxplot denotes the median, the box the 

interquartile range and the whiskers show no more than 1.5 times the distance between 

the 25th and 75th percentile. Data were extracted from pots used for 33P tracing. 

Treatments without PCN are indicated by ‘−’ and green bars, whereas treatments with 

PCN are indicated by ‘+’ and orange bars.  
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Figure 2.4 A. Percentage total root colonisation, B. Hyphal lengths expressed as metres 

in a gram of soil (log10+1 transformed), for each PCN treatment. Dashed lines connect 

paired samples across each side of the same container. The centre line of the boxplot 

denotes the median, the box the interquartile range and the whiskers show no more 

than 1.5 times the distance between the 25 th and 75th percentile. Data were extracted 

from a subset of mesocosms across both experiments. Treatments without PCN added 

to soil are indicated by ‘−’ and green bars, whereas treatments with PCN are indicated 

by ‘+’ and orange bars.  
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2.4.2 Total P in plant shoots and AM fungal-acquired 33P 

The total concentration of P (plant and AM fungal-acquired; Figure S2.6) in plant shoots did 

not differ overall based on the PCN infection of the plants (F = 0.14, p = 0.71) nor the PCN 

infection of their neighbours (F = 1.82, p = 0.19). The concentration of fungal-acquired 33P in 

the shoots (Figure 2.5) was also not overall influenced by either the presence of PCN on the 

plants (F = 0.03, p = 0.86) or the presence of the PCN on their neighbours (F = 0.32, p = 0.57). 

However, within the same mesocosms, when an uninfected plant was grown next to a PCN-

infected plant (i.e., ‘−/+’), the uninfected plants consistently acquired more fungal 33P in the 

shoots relative to their PCN-infected neighbours (F = 8.38, p = 0.03; Figure 2.5). 

 

Figure 2.5 Concentration of AM fungal-acquired 33P in plant shoots for each PCN 

treatment. Dashed lines connect paired samples across each side of the same container. 

Letters above barplots 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, plants with 

PCN are indicated by ‘+’ and orange bars. 
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2.4.3 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 2.6) did not significantly differ based on the PCN infection of the 14C-

labelled plant (F = 1.30, p = 0.27) nor the infection of the neighbouring plant (F = 0.68, 

p = 0.42). 

 

Figure 2.6 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 PCN treatment combination. Barplots denote mean ± SE. 

Treatments without PCN are indicated by ‘−’ and green bars, treatments with PCN are 

indicated by ‘+’ and orange bars. 
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However, the percentage of fungal C that moved across the mesocosms (i.e., from the 14C-

labelled to the unlabelled compartment; Figure 2.7) was significantly influenced by the PCN 

infection of the 14C-labelled plant (t = 2.74, p = 0.02), 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). 

 

Figure 2.7 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 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, treatments with PCN are indicated by ‘+’ and the orange colour.  
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2.5 DISCUSSION 

Despite the near ubiquity of plant symbioses with AM fungi, their function in complex, 

ecologically relevant scenarios is not often addressed experimentally. We do know that 

interacting or interconnected MNs can modulate resource allocation below-ground (Durant 

et al., 2023; Mikkelsen et al., 2008) and facilitate the transmission of defence signals between 

neighbouring plants (Alaux et al., 2020; Babikova et al., 2013, 2013a; Barto et al., 2012; Song 

et al., 2010, 2014, 2015, 2019). In this way, MNs influence wider ecological processes and 

dynamics, including plant competition and subsequent community structure 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 disruption of the 

C supply by pests or pathogens, which is common in natural ecosystems, remains largely 

unexplored. Here, using a dual tracer approach, I determined the allocation of P from the MN 

to plant hosts of contrasting PCN infection, as well as the relative contribution of C made by 

the two neighbouring plants and the movement 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 S2.4 and S2.5; Table S2.1), AM fungi in my 

experiments transferred more 33P to uninfected plants compared with PCN-infected plant 

neighbours (‘−/+’; Figure 2.5). However, in line with previous experiments using single plants 

(Bell et al., 2022), fungal-acquired P transfer to PCN-infected hosts was overall maintained, 

regardless of PCN treatment (Figure 2.5). 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 2.5), this was not matched by a PCN-induced difference 

in the total amount of C each plant contributed to the MN (Figure 2.6). 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 my experiment did not impact the 
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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 allocation below-ground according to each other's C 

provision (Wyatt et al., 2014). For example, in my ‘−/+’ treatment combination, uninfected 

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 PCN-infected and 

uninfected plants reacted similarly in terms of total C provision below-ground. 

The movement of P from ‘rich’ to ‘poor’ patches has been observed 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. My 

experimental design allowed me to explore this in soil, where I detected below-ground 

movement of plant-fixed C resources away from plants infected with PCN (Figure 2.7). The 

movement of plant-derived C resources could have promoted AM fungal mycelium expansion 

and soil exploration, away from the ‘drain’ on plant C caused by PCN. However, this greater 

accumulation of plant C did not translate into increased fungal hyphal density in the soil 

(Figure 2.2B). This is somewhat surprising, as absorptive AM hyphal networks are typically 

ephemeral and highly responsive, with hyphae disintegrating 5–7 days after formation (Friese 

& Allen, 1991; Staddon et al., 2003), so differences might have been expected to manifest 

within the timescale of my experiments. 

Another important consideration is that host plants may regulate not only the amount but 

also the form of C supplied to AM fungi. In split-root experiments, transcriptomic analyses 

showed that expression of mycorrhizal-induced hexose transporters is reduced when plants 

are co-infected with above- or below-ground parasites (Bell et al., 2024). Nevertheless, C 

transfer to AM fungi was maintained through sustained fatty acid biosynthesis and transport 

(Bell et al., 2024). These C sources have different fates in the fungus: hexoses are rapidly 

metabolised to support immediate hyphal growth, whereas fatty acids are preferentially 

stored in fungal structures (Salmeron-Santiago et al., 2022). If a similar mechanism operated 

in my system, AM fungi associated with PCN-infected roots may have received proportionally 
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more C as fatty acids. This C would be channelled into storage rather than supporting active 

hyphal growth, potentially explaining the absence of an increase in hyphal density. A further 

consideration is methodological: fatty acids may be underrepresented in the 14C pool 

recovered after a 24 h labelling experiment, meaning that the apparent redistribution of C 

away from infected hosts could be an underestimate. 

In any case, in my 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 I 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 infected (+ to +; Figure 2.7). 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 direction 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 physiological 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 symbiosis have focused on plant 

benefits or conceptualise the C-for-nutrient regulation using a rigid ‘reciprocal rewards’ 

framework. Here, I 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’. The data on C movement from this study support 

the latter hypothesis; however, any differences in perceived ‘profitability’ between PCN-

infected and uninfected hosts by AM fungi remain to be determined, as a reduction in plant 

C delivery under PCN infection was not detected. A better understanding of the physiology 

and evolution of AM fungi, as well as the varied benefits they receive from their plant hosts, 

would help further elucidate these results. 
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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, my findings reveal a new dimension which aligns 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.  A similar ability of fungi to be able to discriminate between hosts and supply 

the uninfected host with more nutrients is suggested by my 33P-tracing experiment. However, 

alternative (or supplementary) explanations are also possible. For example, any PCN-induced 

change in the movement of P and C could also affect the composition of the AM fungal 

community, which in turn affects the movement of P and C back. 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. In addition to PCN-induced changes in P and C being 

mediated by changes in the AM mycorrhizal community, the wider fungal and bacterial 

microbiome might also be an explanatory factor. These alternative theories are the focus of 

the following chapter.



Chapter 3. Plant-parasitic nematodes suppress fungal diversity and 

alter community composition 

3.1  ABSTRACT 

In the previous chapter, I showed that in two-plant systems connected to the same arbuscular 

mycorrhizal (AM) fungal network (MN), plants without potato cyst nematodes (PCN) received 

more fungal-acquired phosphorus while carbon was redistributed away from PCN-infected 

hosts, indicating that MNs can mediate bidirectional nutrient exchange. Since plant-parasitic 

nematodes can also influence root and soil microbiota, PCN-induced changes in microbial 

communities could underlie these altered C–P dynamics. In this chapter, I used Illumina 

metabarcoding of root and soil samples from the same systems to test whether microbial 

communities differ between PCN-infected and PCN-free plants. Two primer sets (18S and ITS 

rRNA) were applied to specifically examine AM fungi. I found that PCN infection reduced 

fungal diversity and shifted community structure, with consistent reductions in root AM 

fungal richness across both primer datasets. All fungal phyla except Ascomycota declined in 

infected roots, including Mucoromycota (dominated by AM fungi). By contrast, bacterial 

communities showed few shifts, though some taxa (e.g., Pseudomonadales) declined under 

PCN. These results demonstrate the sensitivity of fungal communities to PCN infection, with 

possible consequences for nutrient cycling, but provide little evidence that PCN manipulate 

microbiota to their advantage or that their infection leads to an increase in pathogen loads. 

Future work should target functional profiling of responsive taxa to clarify their roles in PCN-

affected systems and direct contributions to the dynamics of C-for-P exchange between 

plants and AM fungi.  
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3.2 INTRODUCTION 

Despite the nutritional aspects of the plant-arbuscular mycorrhizal (AM) fungal symbiosis 

being one of the most studied aspects of the relationship (see Chapter 1), the regulatory 

mechanisms governing the carbon (C)-for-nutrient exchange and their context dependency 

remain unclear (Chapter 1; Magkourilou et al., 2024). However, despite the experimental 

caveats, there is evidence to show that both plant (Bever et al., 2009; Kiers et al., 2011; 

Lendenmann et al., 2011; Zheng et al., 2015) and AM fungi (Bücking & Shachar-Hill, 2005; 

Fellbaum et al., 2012; Kiers et al., 2011; van ’t Padje, Bonfante, et al., 2021; van ’t Padje, 

Werner, et al., 2021; Whiteside et al., 2019; van ’t Padje et al., 2020) can under some 

circumstances control the exchange of resources for their respective benefits. Using different 

combinations of potato cyst nematode (PCN) infection on two neighbouring plants, Chapter 

2, showed how AM fungi allocate more phosphorus (P) to PCN-free plants relative to their 

PCN-infected neighbours (Magkourilou et al., 2024). In this scenario, according to the 

‘reciprocal rewards’ hypothesis (e.g., Kiers et al., 2011) or source-sink strength dynamics (e.g., 

Corrêa et al., 2023), in line with the observed increased AM-acquired P provision, AM fungi 

could be expected to receive an increased C provision from the PCN-free plants relative to 

their infected neighbours. However, according to my observations, this was not the case, 

although it was observed that once plant-derived C was assimilated below-ground, it was 

consistently moved away from the PCN-infected plants through the mycorrhizal network 

(MN; Magkourilou et al., 2024). 

In nature, plants and AM fungi form complex associations, whereby a single plant is often 

colonised simultaneously by multiple AM fungi, and the same MN can also simultaneously 

colonise multiple neighbouring plants (Smith and Read, 2010). Although a lot of AM fungal 

species are generalists, the plant response (e.g., plant growth promotion) varies based on the 

exact combination of plant and fungal species (Klironomos et al., 2003). Moreover, the effects 

of AM symbioses on plants typically span a continuum that ranges from mutualism, where 

both parties benefit from the association, to parasitism, where one party benefits from the 

association at the expense of the other (Johnson et al., 1997). This is exemplified by how 

abiotic and other biotic factors can influence plant responses to AM fungal colonisation 

(Hoeksema et al., 2010).  
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An alternative explanation for the differential provision of AM-fungal acquired P to the two 

plants that I discussed in Chapter 2 could be that the AM fungal community connected to 

each plant differed, possibly due to the influence of PCN. More specifically, it could be, for 

example, that PCN-free plants are colonised by AM fungi that are better at acquiring and 

delivering P to the plant, or that the fungi acquire similar amounts of P, but they are more 

‘generous’ with this provision to the plants. Similar herbivore-induced changes in the AM 

fungal community have been observed under root herbivory by the cane beetle (Dermolepida 

alborhirtum; e.g., Frew, 2022). In fact, it has more recently been suggested that, in addition 

to C availability driving changes in AM species composition, the ability of AM species to 

support the plant hosts' defence mechanisms might also act as a selection pressure (Frew 

et al., 2024). Moreover, it has been shown that PCN infection reduces the amount of C in the 

form of sugars that the host provides to AM fungi, whereas the provision of fatty acids 

remains largely unimpacted (Bell et al., 2024). Such PCN-induced localised root conditions 

could be driving the loss of some fungal taxa. Moreover, any difference in the quality of plant-

C delivered to the AM fungi could also shape the AM community if individual taxa show 

different preferences for a particular C type (i.e., sugar vs fatty acids).  

Alternatively, PCN-infected plants might be actively selecting for a different microbial 

community that favours AM fungi or other beneficial species capable of mitigating the impact 

of PCN, as plants are known to be able, at least to some extent, to shape their microbiomes 

to enhance their own health (Berendsen et al., 2012). Finally, although not much is known 

specifically about PCN, it has been shown that other plant-parasitic nematodes (PPN) can also 

manipulate the rhizosphere microbiome to their advantage (Liu et al., 2023). And even when 

the microbiome is not explicitly engineered by PPN, it is well-known that PPN can be vectors 

of many bacterial and fungal plant pathogens (Moens and Perry, 2009), which again can cause 

shifts in the soil and/or microbial communities.  

In short, if any of these scenarios occur in my experiments, rather than the same AM fungal 

isolate being able to discriminate between a PCN-infected and a PCN-free plant and provide 

differential amounts of P accordingly, it could be hypothesised that PCN-associated changes 

in microbial communities are indirectly driving the distribution of P. Similarly, the movement 

of plant-derived C could also influence or have been influenced by indirect changes to the 

microbial communities, as it has been previously shown that an increased plant C allocation 

https://besjournals.onlinelibrary.wiley.com/doi/10.1111/1365-2435.14693#fec14693-bib-0025
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can correlate with changes in the soil microbial community (Huang et al., 2023). These 

changes in the microbial community could involve direct shifts in the AM fungal community, 

or shifts in other fungi (e.g., saprotrophs) and bacterial communities, which may in turn 

directly affect AM fungi or indirectly influence them through altered P and C cycling. 

As introduced in Chapter 1, AM fungal-associated bacteria, most notably phosphate-

solubilising bacteria (PSB), can modulate mycorrhizal symbioses in a number of ways (Jiang et 

al., 2021; Wang et al., 2023; Duan et al., 2024; Duan et al., 2025). For example, hyphospheric 

bacteria (i.e., bacteria associated with AM fungal hyphae) can make otherwise inaccessible 

nutrients available to AM fungi, as well as to their plant hosts (Duan et al., 2023; Hestrin et 

al., 2019). It has also been observed that AM fungi can use C sources to facilitate the 

movement of PSB to organic P patches along their hyphal networks, supporting the 

establishment of mutualistic relationships (Jiang et al., 2021). In other cases, competition for 

nitrogen (N; and possibly also P) has been suggested as a mechanism by which bacteria might 

limit AM fungal growth (Leigh et al., 2011) and vice versa (Nottingham et al., 2013). C 

metabolism in mycorrhizal roots is tightly linked to C flow towards bacteria, as hyphospheric 

bacteria (in particular, the Orders Solibacterales, Sphingobacteriales, Myxococcales and 

Nitrososphaerales) rely heavily on hyphal exudates as a C source (Kakouridis et al., 2024). 

Moreover, some bacteria also have preferences as to which C sources to metabolise (Zhang 

et al., 2018), which could consequently influence the C-for-nutrient dynamics in AM 

symbioses, especially when the plant host is experiencing herbivory, where it has been 

reported that C-flow is mainly disrupted in the form of hexoses rather than fatty acids (Bell et 

al., 2024). 

Traditionally, bacteria were considered more efficient than fungi at exploiting labile C sources 

released in the rhizosphere (Moore et al., 1996). However, although saprotrophic fungi 

primarily fulfil their C demands by decomposing organic matter, evidence is accumulating that 

they can also utilise plant-derived C, such as root exudates (Hannula et al., 2012; Morriën, 

2016; Hannula et al., 2017; Hannula et al., 2020). This has led to a growing appreciation of 

how saprotrophic fungi might, in this way, compete with AM fungi for plant-derived C, 

although in some cases, no competition is reported as both groups seem to be equally 

stimulated by plant-derived C (Clochiatti et al., 2021). In fact, it appears that plant-derived C 

reaching fungi might be mediated by exudation via AM fungi themselves rather than directly 
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consumed after being exuded by the plant (Drigo et al., 2010; Kaiser et al., 2014; Hünninghaus 

et al., 2019). As for nutrient flows going in the other direction, similar to what has been shown 

for bacteria, some saprotrophic fungi release extracellular enzymes that depolymerise 

organic P or N compounds into smaller, mineral forms (Sinsabaugh, 1994; Richardson and 

Simpson, 2011), which could then become accessible to plants and AM fungi. In fact, organic 

P mineralisation by microbes is thought to be stimulated by plants through root exudation 

(Spohn et al., 2013), which in turn can be modulated by AM fungi through changes in plant C 

allocation or P status (Ma et al., 2022).  

AM fungi can also influence saprotrophs more directly, as they often enhance decomposition 

through a ‘priming effect’ (Frey, 2019; Choreño-Parra and Treseder, 2024). This is when they 

release plant-derived labile C into the soil, which—similar to the case with bacteria—

alleviates C limitation and thereby stimulates saprotrophic activity (Cheng et al., 2012; 

Herman et al., 2012; Nottingham et al., 2013; Chowdhury et al., 2022). This microbial 

stimulation can increase AM fungal access to nutrients, particularly N released during organic 

matter breakdown (Hodge & Fitter, 2010; Posada et al., 2012). Ultimately, however, this can 

lead to a stabilisation effect, as AM fungi begin competing with saprotrophs for N, potentially 

reducing saprotrophic activity and slowing decomposition (Leifheit et al., 2015). 

Aims 

Because trait characterisation of AM fungi is still in its infancy (e.g., too few isolates have been 

characterised for their P-provision capabilities; Chaudhary et al., 2022; Antunes et al., 2025; 

Camenzind et al., 2024), in this study I used species richness, community composition, and 

the differential abundance of specific taxa as proxies for the functional capacities of the 

microbial communities. Specifically, to assess whether PCN-induced changes to fungal 

communities, including specific AM communities, and bacterial communities might have 

influenced the results discussed in Chapter 2, I performed Illumina metabarcoding of plant 

roots and soil samples collected from the same experiments described in Chapter 2, where 

neighbouring plants were inoculated with different combinations of PCN. 

 

https://enviromicro-journals.onlinelibrary.wiley.com/doi/full/10.1111/1462-2920.15563#emi15563-bib-0025
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3.3 MATERIALS AND METHODS 

3.3.1 Collection of samples 

Samples from the experiments described in the two experiments described in Chapter 2 were 

used for this analysis. Specifically, relevant soil and root samples were taken from the systems 

upon harvest and snap-frozen in liquid nitrogen until subsequent storage at -80 °C. A detailed 

summary of the sample composition used in the final analysis is included in Table S3.1. 

3.3.2 DNA extraction and PCR amplification 

DNA was extracted from sub-samples of freeze-dried and homogenised roots (mean = 22.3 

mg, SE = 2.0 mg) and soils (mean = 157.2 mg, SE = 4.4 mg) using the DNeasy PowerSoil Pro Kit 

(Qiagen, Germany) according to the manufacturer’s protocol. For soils, the samples were first 

mixed with tweezers and any stones removed. The CD1 solution of the kit was then added 

directly to the weighed subsamples in the PowerPro tubes, followed by homogenisation in a 

FastPrep-24™ (MP Biomedicals, USA) at 5.5 m s⁻¹ for two 30-s cycles with a 5-min incubation 

between runs. For roots, samples were first homogenised using the same FastPrep settings, 

but with the incubation performed on ice, after which the CD1 solution was added to the 

weighted subsamples before continuing with the extraction protocol. 

DNA concentrations were measured on a subsample by fluorometric quantification (Qubit™ 

Flex 3.0 Fluorometer) using the Qubit™ dsDNA high-sensitivity assay kit (Invitrogen, USA) 

following the manufacturer’s protocol. Amplicons were generated using three primer sets 

targeting: the 18S–5.8S rRNA region (including ITS1) for general fungi, the V4–V5 region of 

18S rRNA for Glomeromycotan fungi, and the V4 region of 16S rRNA for bacteria (Table S3.2).  

Primer pairs were applied in separate PCR reactions using an aliquot from the DNA extraction 

(2 μL of average concentration 3.7 ng μL-1 for soil and 1 μL of average concentration 13.27 ng 

μL-1 for roots) in a master mix containing 10 µl Taq PCR Master Mix Kit (Qiagen, Germany), 4 

µl ddH2O for soil samples or 5 µl for root samples, and 2 µl forward and reverse primers (5 

µM each) respectively. The PCR programme for each primer pair is detailed in Table S3.2 and 

was run on a Mastercycler X50s machine (Eppendorf UK Limited, UK). The size of the 

amplicons was checked by gel electrophoresis on a 1% agarose gel. Following PCR, a magnetic 

bead purification method was employed to purify the DNA amplicons using the ProNex® Size-

Selective Purification System (Promega, USA) according to the manufacturer’s instructions. 

The purified amplicons were then modified by attaching unique identifier sequences (dual-
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plexed: Fi5 and R17 primers in unique combinations) using 8 µl of template from PCR1, 10 µl 

MyTaq HS Mix (Meridian Bioscience, USA), 1 µl Fi5/Fi7 primers (10 µM), and 1 µl ddH2O per 

reaction. The conditions for PCR2 were: 95°C for 15 min, followed by 10 cycles starting with 

polymerase activation at 98°C for 10 s. Annealing of primers was set at 65°C for 30 s and at 

72°C for 30 s. Then, 72°C for 5 min. 

A selection of pre- and post-PCR2 samples was run on a 4200 TapeStation System (Agilent 

Technologies, USA) according to the manufacturer’s protocol to confirm the addition of PCR2 

primers. 

3.3.2 Library quantification and sequencing run 

A 2 µl aliquot of each amplicon was quantified using the QuantiFluor® dsDNA System 

(Promega, USA) on a BioTek Synergy LX multi-mode reader (Agilent Technologies, USA). 

Samples were then normalised to a concentration of 35 ng μL-1 and pooled into primer-pair 

specific groups of 8 to 24 samples. The pools produced were each purified using ProNex® Size-

Selective Purification System (Promega, USA). A subsample from each pool was run on a 4200 

TapeStation System (Agilent Technologies, USA) to check for primer dimers and confirm the 

presence of the target peaks. A likely primer dimer was identified for the bacterial pools, so 

these were size‐selected using a BluePippin (Sage Science, USA). Pools were quantified in a 

qPCR run using KAPA Library Quantification Kit (F. Hoffmann-La Roche Ltd, Switzerland). 

These results were used to further pool samples into two libraries at equimolar libraries, 3.4 

nM for the bacteria and general fungi, and 8.4 nM for the Glomeromycotan fungi.  

Libraries were sequenced on an Illumina MiSeq platform at the Centre for Genomic Research 

of the University of Liverpool using a 300 bp paired-end configuration. A 10% PhiX spike‐in 

was included on both runs to increase the sequence complexity. 

3.3.3 Bioinformatic analyses 

Demultiplexed sequences with primer sequences removed using Cutadapt version 4.5 and -O 

3 were processed using the DADA2 pipeline (Callahan et al., 2016) on the High-Performance 

Computing Cluster at the University of Sheffield. In brief, primers were identified and 

subsequently removed using cutadapt (Martin, 2011), low-quality reads, chimeras and 

singletons were removed from the library using filterAndTrim. The sequence error rates were 

assessed, and dereplication was performed using the learnErrors and derepFastq functions; 

forward and reverse reads were subsequently merged to form Amplicon Sequence Variants 
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(ASVs). For the ITS and 18S primers, the ASVs were also curated using LULU, a method which 

identifies errors by combining sequence similarity and co-occurrence patterns (Frøslev et al., 

2017).  

For the fungal ITS and 18S primers, taxonomy was assigned using assignTaxonomy of DADA2 

(MacLaren and Callahan, 2021) to ASVs using the EUKARYOME reference database version 

1.9.4 (‘DADA2-EUK-long’ and ‘DADA2-EUK-SSU’ versions, respectively for the ITS and 18S 

primers (Tedersoo et al., 2024). For this, only the fungal sequences trimmed for the respective 

primers were used and some taxonomy was manually updated as per http://www.amf-

phylogeny.com/. . After cleaning and filtering the bacterial 16S sequences, a few samples 

retained only a low number of sequences. Taxonomy was therefore assigned only to ASVs 

present in samples with at least 1000 sequences, using the assignTaxonomy and addSpecies 

functions from DADA2 (MacLaren and Callahan, 2021) against the bacterial sequences from 

the SILVA database release 138.2 (Quast et al., 2013). For all three primer pairs, ASVs were 

also assigned taxonomy using BLASTn (Camacho et al., 2009) as well as using Taxonomizr 

(Sherrill-Mix, 2025) and employing a Last Common Ancestor (LCA) method against the same 

respective databases. If a taxonomic level was missing in the first approach (DADA2), it was 

filled using the second approach (BLAST), provided the two methods agreed at the lowest 

taxonomic level already assigned. Six bacterial sequences were detected in the negative 

controls, and to reduce the impact of false positives, these ASVs were removed from the 

dataset. Moreover, sequences assigned to ‘chloroplast’ and ‘mitochondria’ were also 

removed from the bacterial dataset.  

Following taxonomic assignment, additional filtering was applied across all datasets. First, 

ASVs represented by fewer than five total reads across all samples were removed. Next, ASVs 

assigned to the same species were aggregated, resulting in 2,985, 631, and 1,684 sequences 

for the ITS, 18S, and 16S datasets, respectively. Finally, only sequences assigned to at least 

the Phylum level and detected in either root or bulk soil samples were retained. This yielded 

final datasets of 1,862 ITS sequences, 369 18S sequences, and 1,062 16S sequences, which 

were used for all subsequent analyses and visualisations. 

3.3.4 Statistical analyses and data visualisation 

Statistical analysis and data visualisation were carried out in R (R Core Team, 2025) using R 

Studio (R Studio Team, 2025). Briefly, for each primer set, the ASV table, taxonomy table and 
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metadata were imported to create a phyloseq object using the R package phyloseq 

(McMurdie and Holmes, 2013). Ultimately, a phyloseq object containing filtered ASVs 

assigned to at least Phylum level and with a total abundance across all samples of at least five 

was used for each of the primer pairs. ASVs were also aggregated to species levels if relevant.  

Three alpha diversity metrics—Observed ASV richness, Shannon diversity, and Simpson 

diversity—were analysed using mixed-effects models to account for the hierarchical 

experimental design. Observed richness, as count data, was modelled using a negative 

binomial GLMM (glmer) to account for overdispersion, with PCN treatment, sample type 

(roots vs. soil), and their interaction as fixed effects, and individual plants nested within 

containers and experimental replicate as random effects. Shannon diversity was modelled 

using linear mixed-effects models (lmer; LMMs) with heterogeneous variance structures to 

account for unequal variance between treatment × sample type groups. Simpson diversity 

was modelled using a beta GLMM (glmmTMB) with a logit link to account for the bounded 

nature of the metric (values between 0 and 1). In some cases, very small values were slightly 

adjusted to fall within the (0, 1) interval to allow use of the beta distribution. For all models, 

relevant assumptions were evaluated via residual diagnostics, including residuals versus fitted 

values, QQ-plots, and formal tests for overdispersion and zero-inflation where appropriate. 

Statistical significance of fixed effects was assessed using Type III Wald chi-square tests. 

Estimated marginal means (EMMs) were calculated for pairwise comparisons between 

treatments within each sample type, with Tukey-adjusted p-values to account for multiple 

testing where necessary.  

Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity was used to examine 

beta diversity differences for fungal and bacterial communities based on PCN treatment and 

sample type (roots or soil). The stat_ellipse function of the ggplot2 R package was used to 

overlay 95% confidence ellipses for each treatment within each sample type, aiding visual 

assessment of group separation. Homogeneity of variances across groups was tested using 

the betadisper function from the VEGAN R package (Oksanen et al., 2020) was used to test 

for homogeneity of variances across comparison groups. Groups that met the assumption of 

homogeneity (p ≥ 0.05) were analysed using permutational multivariate analysis of variance 

(PERMANOVA) with the adonis2 function in VEGAN. For groups exhibiting overdispersion, the 

argument by = "margin" was included to weight contributions by variance. Pairwise 
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differences between groups were further assessed using PERMANOVA implemented in the 

pairwiseAdonis R package (Martinez Arbizu, 2020). To identify the taxa most strongly 

associated with community variation, the most influential ASVs (top 10 for fungi and top 8 for 

bacteria) were fitted to the ordination, indicating their contribution to the separation of 

samples along the PCoA axes. 

Relative abundance was calculated as the number of sequences assigned to a given taxon 

divided by the total number of sequences in the same sample that were taxonomically 

assigned to at least the Phylum level. Differential abundance analyses at relevant taxonomic 

levels (e.g., Phylum or Genus) were performed using the DESeq2 R package (Love et al., 

2014) to compare taxonomic abundances between treatments or sample types. Count data 

were first normalised using the DESeq2 internal size-factor estimation, with the ‘poscounts’ 

method applied if any ASVs had zero counts. Pairwise contrasts (e.g., roots vs. bulk soil) were 

extracted from the shrunken results.  Significance of differential abundance was assessed with 

the Wald test, and p-values were corrected for multiple testing using the Benjamini–Hochberg 

method (Benjamini & Hochberg, 1995), with a threshold of p < 0.05.  

For ITS primers, the trophic mode of each ASV was determined using the FUNGuild database 

(Nguyen et al., 2016).  

 

3.4 RESULTS 

3.4.1 Fungi 

3.4.1.1 Alpha diversity 

Using the ITS primers, 1862 ASVs were successfully assigned to at least the Phylum level and 

retained for all subsequent analyses. Of these, 1573 ASVs were also assigned to a Class level, 

1420 to an Order level, 1152 to a Family level, 1004 to a Genus level and 287 to a Species 

level. 

Overall, roots showed lower Observed richness (χ2 = 111.09, p < 0.01) as well as lower 

diversity than soil across both metrics, Shannon (χ2 = 94.76, p < 0.01) and Simpson (χ2 = 77.61, 

p < 0.01; Table S3.3). Within roots, samples with PCN exhibited reduced richness (z-ratio = 

3.90, p < 0.01) compared to those without, as well as reduced diversity for both Shannon (t-

ratio = 4.62, p < 0.01) and Simpson (z-ratio = 6.35, p < 0.01) indices (Figure 3.1; Table S3.4). 
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No statistically significant differences were observed based on PCN treatment within soil 

(Figure 3.1; Table S3.4). 

 



76 
 

Figure 3.1 Observed richness and Alpha diversity (ITS dataset; all fungi) based on PCN 

treatment within soil and roots. Capital letters above grouped-boxplots indicate 

significant effects between soil and roots, whereas small letters above single boxplots 

indicate any PCN treatment differences within each sample type (Tables S3.3 and S3.2). 

Boxplots span the interquartile range (IQR), the line inside marks the median, and 

whiskers extend to 1.5 × IQR. Points outside are potential outliers. Plants without PCN 

are indicated by ‘−’ and green bars, plants with PCN are indicated by ‘+’ and orange bars. 

 

Looking specifically at the roots of neighbouring plants with the mixed PCN treatment 

combination ‘−/+’, those infected by PCN typically showed a lower fungal diversity than their 

uninfected neighbours across all indices (Observed: χ² = 11.84, p < 0.01; Shannon: χ² = 18.99, 

p < 0.01; Simpson: χ² = 16.44, p < 0.01; Figure 3.2). 
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Figure 3.2  Observed richness and Alpha diversity (ITS dataset; all fungi) for roots, split 

per container. Dashed lines connect paired samples across each side of the same 

container. Letters above boxplots indicate significant PCN treatment effects within the 

‘−/+’ mesocosms (p < 0.05). Boxplots span the interquartile range (IQR), the line inside 

marks the median, and whiskers extend to 1.5 × IQR. Points outside are potential 

outliers. Plants without PCN are indicated by ‘−’ and green bars, plants with PCN are 

indicated by ‘+’ and orange bars. 
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Focusing on AM fungal groups within the total fungal ITS dataset, 156 ASVs (out of 1,862 ASVs 

that had been filtered, cleaned, and assigned to at least the Phylum level) were classified into 

one of the Glomeromycotan Classes containing AM fungi: Glomeromycetes, 

Paraglomeromycetes, Archaeosporomycetes, or Diversisporomycetes. Similarly, analysis of 

the 18S dataset revealed 177 ASVs (out of 369 phylum-level assigned ASVs) that were 

assigned to at least one of the Glomeromycotan Classes. 

Although both the 18S and ITS primers captured a similar total number of Glomeromycotan 

ASVs, the 18S primers detected roughly four times higher Observed richness per sample, 

indicating that more taxa were captured consistently within individual samples. Shannon and 

Simpson diversity indices were also higher with the 18S primers, reflecting a more even 

distribution of taxa without any single taxon dominating abundance. 

Overall, Glomeromycotan Observed richness was higher in roots than in soil for both the ITS 

(χ² = 25.10, p < 0.01; Figure 3.3A) and 18S primers (χ² = 10.52, p < 0.01; Figure 3.3B; Table 

S3.5), a pattern largely driven by increased richness in PCN-free roots. Pairwise comparisons 

within each sample type confirmed that PCN treatment significantly reduced richness in roots 

for both datasets (ITS: z-ratio = 3.12, p < 0.01; 18S: z-ratio = 2.32, p = 0.02), but a similar trend 

for reduced diversity under PCN, particularly pronounced for the ITS dataset, was not 

statistically confirmed (Table S3.6). In soil, richness was not significantly affected in the ITS 

dataset, but richness showed a marginal reduction under PCN treatment within the 18S 

dataset (z-ratio = 1.92, p = 0.05). This reduction in both roots and soil within the 18S dataset 

contributed to an overall effect of decreased Observed richness under PCN treatment (χ² = 

3.70, p = 0.05). 

Finally, within the ITS dataset, similarly to richness, there was also a trend for diversity to be 

higher in roots than in soil, but this was marginally not statistically significant for both 

measures (Figure 3.3A; Table S.3.5) 
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Figure 3.3 Observed richness and Alpha diversity for Glomeromycota identified using A. 

ITS, and B. 18S dataset. Capital letters above grouped-boxplots indicate significant 

effects between soil and roots, whereas small letters above single boxplots indicate any 

PCN treatment differences within each sample type (Tables S3.5 and S3.6). Boxplots 

span the interquartile range (IQR), the line inside marks the median, and whiskers 

extend to 1.5 × IQR. Points outside are potential outliers. Samples without PCN are 

indicated by ‘−’ and green bars, whereas plants with PCN are indicated by ‘+’ and orange 

bars. 

 

Looking at all fungi using the ITS primers revealed that there was a trend for the proportion 

of ASVs shared across each side of the same mesocosm to be higher in soil than in roots 

(Figure 3.4A). Albeit the trend was overall statistically insignificant, likely due to the large 

variation between the ‘+/+’ roots (Table S3.7). The proportion of shared ASVs across each side 

of the same mesocosm was, however, overall significantly affected by the PCN treatment 

combination (Figure 3.4A; Table 3.7), with roots within ‘+/+‘ containing a significantly higher 
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proportion of shared ASVs than ‘−/+’ mesocosms (Table 3.8). For the 18S primers, the 

proportion of Glomeromycota ASVs shared showed a statistically insignificant trend to be 

slightly higher in roots compared to soil, whereas there was no difference based on the PCN 

treatment combination (Figure 3.4B; Tables S3.8 and S3.7).         

 

Figure 3.4 Proportion of shared ASVs across each side of the same mesocosm identified 

using the A. ITS dataset for all fungi, and the B. 18S dataset for Glomeromycotan fungi. 

The number above each boxplot represents the mean total number of ASVs detected for 

the respective category. Letters indicate any significant pairwise differences between 

PCN treatment combinations within each sample type (Table S3.x). Boxplots span the 

interquartile range (IQR), the line inside marks the median, and whiskers extend to 1.5 

× IQR. Points outside are potential outliers. Mesocosms without PCN are indicated by 

‘−/−’ and green boxplots, whereas mesocosms with PCN are indicated by ‘+/+’ and 

orange boxplots. Mesocosms with mixed PCN treatment combinations are indicated by 

‘−/+’ and purple boxplots. 

 

3.4.1.2 Beta diversity 

Fungal community composition was primarily shaped by sample type (R² = 0.40, F = 75.93, p 

< 0.01) and, to a smaller but still significant extent, by PCN treatment (R² = 0.03, F = 4.70, p < 

0.01; Figure 3.5; Table S3.9). When examining the effect of PCN treatment further, 

comparisons performed separately within roots and soil revealed that only root communities 

were significantly influenced by PCN (R² = 0.20, F = 9.89, p < 0.01). 
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PCoA indicated that among the top 10 ASVs most strongly associated with community 

variation, the AM fungal species Funneliformis mosseae was linked to PCN-free roots, 

whereas the genus Scutellinia (Phylum: Ascomycota) was more associated with PCN-infected 

roots (Figure 3.5). Soil communities were characterised by associations with taxa from the 

Phyla Ascomycota (families Plectosphaerellaceae and Microascaceae), Basidiomycota 

(Piskurozymaceae and Trimorphomycetaceae), and Mortierellomycota (Mortierellaceae). 
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Figure 3.5 Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity of 

fungal communities (ITS dataset; all fungi) from soil and root samples. Points represent 

individual samples, coloured by treatment group (‘PCN –‘ or ‘PCN +’) and shaped by 

sample type (roots or bulk soil). Ellipses show 95% confidence intervals for each 

treatment within each sample type. Arrows indicate the top 10 most influential ASVs, 

with labels based on Genus assignment, highlighting the taxa most strongly associated 

with variation along the PCoA axes. 

 

3.4.1.3 Relative and differential abundance 

Overall, the relative abundance of fungal Phyla was influenced by sample type (i.e., roots vs 

soil). In particular, most fungal Phyla were more abundant in soil samples than in roots except 

for Olpidiomycota and Mucoromycota, which were more abundant in root samples (Figure 

3.6A; B; Table S3.11). 

Within sample type, PCN treatment effects were more pronounced in the roots (Figure 3.6A. 

Most prominently, Mucoromycota and Olpidiomycota were relatively more abundant in roots 

without PCN, at the expense of Ascomycota (Figure 3.6A). However, although differential 

abundance analysis confirmed that Mucoromycota and Olpidiomycota were negatively 

influenced by the presence of PCN, Ascomycota, a very prominent taxon, showed no 

significant fold change based on PCN treatment (Figure 3.6D; Table S3.11), suggesting that 

the apparent higher relative abundance of Ascomycota in PCN-infected roots was driven 

primarily by the depletion of Mucoromycota and Olpidiomycota, and to some extent also the 

reduction of Basidiomycota (Figure 3.6A; Figure 3.6D; Table S3.11). 
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Figure 3.6 A. Relative abundance of fungal Phyla (ITS dataset) based on Sample type 

and PCN treatment. Differential abundance analysis using DESeq2 within B. Sample type, 

as well as within C. Soil and D. Roots based on PCN treatment. Absolute log₂ fold changes 

are shown as Roots/Soil (B) or PCN– / PCN+ (C, D); positive values indicate enrichment 

in Roots or PCN–, negative values in Soil or PCN+. Taxa present exclusively in one 

category are assigned a pseudo-log₂ fold change. Points are coloured by statistical 

significance: blue = padj < 0.05, red = padj ≥ 0.05, grey = padj unavailable  (Table S3.11). 
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The vast majority of Mucoromycota, especially within roots, were assigned to the AM fungal 

class Glomeromycetes (Figure 3.7A). Although differential abundance analysis confirmed that 

Glomeromycetes were negatively affected by the presence of PCN treatment, this difference 

was not statistically significant when adjusting for multiple comparisons (Figure 3.7B; Table 

S3.12). The only Mucoromycotan Class confirmed to be significantly affected by PCN 

treatment was Paraglomeromycetes, a Class that was relatively rare across samples but 

exhibited a log₂ fold change of ~5, indicating a strong decrease in the presence of PCN on the 

roots (Figure 3.7D; Table S3.12). 
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Figure 3.7 A. Relative abundance of fungal Classes (ITS dataset) based on Sample type 

and PCN treatment, highlighting only Mucoromycotan Classes. Differential abundance 

analysis using DESeq2 within B. Sample type, as well as within C. Soil and D. Roots based 

on PCN treatment. Absolute log₂ fold changes are shown as Roots/Soil (B) or PCN– / 

PCN+ (C, D); positive values indicate enrichment in Roots or PCN–, negative values in 

Soil or PCN+. Taxa present exclusively in one category are assigned a pseudo-log₂ fold 

change. Points are coloured by statistical significance: blue = padj < 0.05, red = padj ≥ 

0.05, grey = padj unavailable (Table S3.12). 

 

Focusing on Families within the Subphylum Glomeromycota, Gigasporaceae appeared more 

relatively abundant in soil, particularly PCN-free soil, based on both ITS (Figure 3.8A) and 18S 

primers (Figure 3.9A). Differential abundance analysis supported this trend, although it was 

not statistically significant (Figure 3.8B and 3.9B for ITS and 18S, respectively). 

Paraglomeraceae also appeared overall relatively more abundant in soil than in roots, 

especially with ITS primers (Figure 3.8A). This trend was supported by differential abundance 

analysis for both primer sets but reached statistical significance only with 18S, despite lower 

overall detection of Paraglomeraceae using this primer set (Figure 3.8B and 3.9B). Both primer 

datasets also indicated higher relative abundance of Polonosporaceae and Archaeosporaceae 

in soil, and more Glomeraceae in roots (Figure 3.8A and 3.9A for ITS and 18S, respectively), 

but differential abundance analysis confirmed this pattern only for Polonosporaceae and 

Archaeosporaceae using 18S (Figure 3.8B and Table S3.13 for ITS and Figure 3.9B and Table 

S3.14 for 18S). Diversisporaceae and Entrophosporaceae were also more abundant in soils 

than in roots (Figure 3.8B and Table S3.13 for ITS and Figure 3.9B and Table S3.14 for 18S). 

Examining PCN effects, ITS primers suggested that PCN treatment reduced the relative 

abundance of Gigasporaceae but increased that of Archaeosporaceae in soils (Figure 3.8A), a 

pattern also suggested by 18S data (Figure 3.9A). While these trends were also reflected in 

differential abundance analysis, none were statistically significant after adjusting for multiple 

comparisons (Figure 3.8C and Table S3.13 for ITS and Figure 3.9D and Table S3.14 for 18S).  

Within roots, ITS primers suggested that PCN treatment increased the relative abundance of 

Entrophosporaceae in roots at the expense of Glomeraceae (Figure 3.8A). However, 

differential abundance analysis showed that all Families tended to be negatively affected by 
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PCN, although none statistically so (Figure 3.8D; Table S3.13). In contrast, 18S primers showed 

that roots in general were dominated by Glomeraceae and revealed fewer PCN-related 

effects, with only Polonosporaceae appearing strongly reduced in PCN-infected roots (Figure 

3.9D, Table S3.14). 
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Figure 3.8 Relative abundance of Glomeromycotan Families (ITS dataset) based on 

Sample type and PCN treatment. Differential abundance analysis with DESeq2 within B. 

Sample type, as well as within C. Soil, D. Roots based on PCN treatment. Absolute log₂ 

fold changes are shown as Roots/Soil (B) or PCN– / PCN+ (C, D); positive values indicate 

enrichment in Roots or PCN–, negative values in Soil or PCN+. Taxa present exclusively 

in one category are assigned a pseudo-log₂ fold change. Points are coloured by statistical 

significance: blue = padj < 0.05, red = padj ≥ 0.05, grey = padj unavailable  (Table S3.13). 
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Figure 3.9 A. Relative abundance of Glomeromycotan Families (18S dataset) based on 

Sample type and PCN treatment. Differential abundance analysis using DESeq2 within B. 

Sample type, as well as within C. Soil, D. Roots based on PCN treatment. Absolute log₂ 

fold changes are shown as Roots/Soil (B) or PCN– / PCN+ (C, D); positive values indicate 

enrichment in Roots or PCN–, negative values in Soil or PCN+. Taxa present exclusively 

in one category are assigned a pseudo-log₂ fold change. Points are coloured by statistical 

significance: blue = padj < 0.05, red = padj ≥ 0.05, grey = padj unavailable  (Table S3.14). 

 

3.4.1.4 ITS and 18S primer comparison 

In silico analysis of primer efficiency indicated that the ITS primers captured a higher 

percentage of sequences present in their respective reference database for each 

Glomeromycotan Family (Figure 3.10). However, despite this lower capture efficiency of the 

18S primers, metabarcoding using 18S still allowed assignment to a greater absolute number 

of potential sequences for most families (except for Acaulosporaceae, Pervetustaceae, and 

Paraglomeraceae), because the 18S reference database used contained substantially more 

sequences overall (Figure 3.10). 
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Figure 3.10 In silico analysis of primer efficiency showing the percentage (%) of 

sequences captured by each primer pair. The percentage was calculated as the number 

of sequences from each Glomeromycotan Family captured by each primer (using 

cutadapt) divided by the total number of sequences from that Family present in the 

relevant reference database. This calculation is shown above each relevant barplot. 

 

Looking within my own data, most Glomeromycotan Families were successfully captured by 

both the ITS and the 18S primers, except for Acaulosporaceae and Ambisporaceae, which 

were uniquely identified by the ITS primers, and Pacisporaceae and Sacculosporaceae, which 

were uniquely identified by the 18S primers (Figure 3.11A). These families were detected at 

comparatively low abundances overall (Figure 3.11A), which may have contributed to their 

absence from either one of the primer datasets. As expected, the raw abundance for all 

Families was higher using the 18S primers, which largely only captured Glomeromycota 

(Figure 3.11B). When normalising abundances within each primer pair, considering only 

Families captured by both primers to some extent, Diversisporaceae and Entrophosporaceae 

appeared relatively more abundant with the 18S primers, whereas Paraglomeraceae and 

Polonosporaceae were relatively more abundant with the ITS primers (Figure 3.11C). 
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Figure 3.11 A. Venn diagram showing Glomeromycotan Families identified in root and 

soil samples using ITS and 18S primers, B. Relationship between the total abundance of 

each Glomeromycotan Family identified using ITS and 18S primers, and C. Log2 fold 

change of the relative abundance of each Glomeromycotan Family identified using ITS 

and 18S primers. A family is highlighted as ‘biased’ if the log2 fold change > than 2. 
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3.4.2 Bacteria 

3.4.2.1 Alpha diversity 

Using the 16S primers, 1055 ASVs were successfully assigned to at least the Phylum level and 

retained for all subsequent analyses. Of these, 1010 ASVs were also assigned to a Class level, 

899 to an Order level, 791 to a Family level, 526 to a Genus level and 54 to a Species level.  

Overall, similar to fungi, roots had a lower bacterial richness (χ2 = 19.18, p < 0.01) and diversity 

(Shannon: χ2 = 64.37, p < 0.01; Simpson: χ2 = 93.82, p < 0.01) than soil (Figure 3.12). That said, 

unlike fungi, there was no other statistically significant effect of PCN treatment within either 

sample type (Table S3.15). 
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Figure 3.12 Observed richness and Alpha diversity (16S dataset) based on PCN treatment 

within soil and roots. Capital letters above grouped-boxplots indicate significant effects 

between soil and roots, whereas small letters above single boxplots indicate any PCN 

treatment differences within each sample type (Tables S3.15 and S3.16). Boxplots span 

the interquartile range (IQR), the line inside marks the median, and whiskers extend to 

1.5 × IQR. Points outside are potential outliers. Plants without PCN are indicated by ‘−’ 

and green bars, plants with PCN are indicated by ‘+’ and orange bars. 

 

3.4.2.2 Beta diversity 

Bacterial community composition was largely driven by sample type (i.e., roots vs soil) alone 

(R² = 0.44, F = 48.87, p < 0.01), with no overall effect of PCN treatment (Figure 3.13; Table 

S3.17). However, when examining the effect of PCN treatment separately within roots and 

soil, root communities were significantly influenced by PCN, although the proportion of 

variation explained was small (R² = 0.05, F = 2.07, p < 0.05; Table S.18). 

PCoA indicated that variation in community composition was associated with higher 

representation of the Classes Thermoleophilia, Bacilli (Families Bacillaceae and 

Planococcaceae), Nitrososphaerales and Alphaproteobacteria (Order Hyphomicrobiales) in 

soil, whereas Cyanobacteria and Alphaproteobacteria (Order Rickettsiales) were more 

associated with root samples (Figure 3.13). 
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Figure 3.13 Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity of 

bacterial communities (16S dataset) from soil and root samples. Points represent 

individual samples, coloured by treatment group (‘PCN –‘ or ‘PCN +’) and shaped by 

sample type (roots or bulk soil). Ellipses show 95% confidence intervals for each 

treatment within each sample type. Arrows indicate the top 8 most influential ASVs, 

with labels based on Class assignment, highlighting the taxa most strongly associated 

with variation along the PCoA axes. 
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3.4.2.3 Relative and differential abundance 

Relative abundances of bacterial Orders associated with plant cell-wall degrading enzymes or 

known to associate with AM fungi (Table S3.19) were generally higher in soil than in roots 

(Figure 3.14A). The notable exceptions were Pseudomonadales and, to a lesser, non-

significant extent, Flavobacteriales, both of which showed higher relative abundance in root 

samples (Figure 3.14B; Table S3.20). 

Regarding PCN treatment, most Orders exhibited shifts primarily in the soil. In particular, 

Sphingobacteriales were relatively more abundant in soil under PCN treatment (Figure 3.14A). 

Differential abundance analysis supported this pattern in both soil (Figure 3.14C) and roots 

(Figure 3.14D), although these trends were not statistically significant (Table S3.21). The only 

statistically significant change observed was the decrease of Pseudomonadales in soil 

containing PCN (Figure 3.14C). 
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Figure 3.14 A. Relative abundance of bacterial Orders (16S dataset) from soil and root 

samples, highlighting only Orders enriched in plant cell-wall degrading enzymes or 

identified as hyphospheric (Table S3.15). Differential abundance was analysed using 

DESeq2 within B. Sample type, as well as within C. Soil, D. Roots, based on the PCN 

treatment. Absolute log₂ fold changes are shown as Roots/Soil (B) or PCN– / PCN+ (C, 

D); positive values indicate enrichment in Roots or PCN–, negative values in Soil or PCN+. 

Taxa present exclusively in one category are assigned a pseudo-log₂ fold change. Points 

are coloured by statistical significance: blue = padj < 0.05, red = padj ≥ 0.05, grey = padj 

unavailable (Table S3.21). 
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Relative abundance of bacterial Genera with potential phosphate-solubilising properties 

shifted particularly in the roots, with Streptomyces being relatively more abundant in roots 

without PCN, even though the opposite trend was seen in soil (Figure 3.15A). In any case, 

working with the raw count data and adjusting for differences in sequencing depth and 

variance between samples, it appears that Streptomyces and Rhizobium are indeed 

differentially more abundant in roots without PCN, albeit not statistically significantly so 

(Figure 3.15D). 
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Figure 3.15 A. Relative abundance of bacterial Genera (16S dataset) in soil and root 

samples, highlighting Genera with phosphate-solubilising taxa (Table S3.20). Differential 

abundance was analysed using DESeq2 within B. Sample type, as well as within C. Soil, 

D. Roots, based on the PCN treatment. Log₂ fold changes are shown as Roots/Soil (B) or 

PCN– / PCN+ (C, D); positive values indicate enrichment in Roots or PCN–, negative 

values in Soil or PCN+. Taxa present in only one category are assigned a pseudo-log₂ fold 

change. Points are coloured by statistical significance: blue = padj < 0.05, red = padj ≥ 

0.05, grey = padj unavailable (Table S3.22). 

 

3.5 DISCUSSION 

3.5.1 PCN treatment reduces root fungal diversity and alters community structure, while 
bacterial responses are limited to a few taxa 

The overall aim of this chapter was to understand how the presence of the PCN, Globodera 

pallida, influences bacterial and fungal communities, with a particular focus on AM fungi. To 

achieve this, I used Illumina sequencing to characterise the richness, diversity and 

composition of microbial communities within both roots and surrounding soil. Roots generally 

harboured less diverse fungal and bacterial communities than soil, with lower observed 

richness and diversity indices (fungi: Figure 3.1; bacteria: Figure 3.12), suggesting that root-

associated microbiomes are more selective or dominated by fewer taxa. This also agrees with 

previous studies (e.g., Lamelas et al., 2020; Yergaliyev et al. 2020; Toju and Tanaka, 2019) and 

further corroborates the ability of plant roots to regulate microbial entry, whether bacterial 

(Lundberg et al., 2012) or fungal (Edwards et al., 2015).  Although not a universal trend as soil 

communities often drive root communities (e.g., Santos-Gonzalez et al., 2011; Inceoglu et al., 

2013), selection at the root level is typically achieved by the plant host through biophysical 

and metabolic cues, as well as regulation of the plant immune system (Dodds and Rathjen, 

2010).  

Specifically, roots infected with PCN in my experiments exhibited lower total fungal richness 

and diversity than those without PCN, whereas no comparable effect was observed in soil 

samples (Figure 3.1) or for bacteria in either soil or root samples (Figure 3.12). The 

relationship between PCN and microbial communities has only recently been investigated in 

the context of ‘disease suppressive’ soils. One study reported a non-significant trend for 

higher bacterial richness in suppressive soils compared to conducive soils, with no clear 
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differences in fungal diversity or community composition (Kiige et al., 2025). Similar to my 

result, another study found no difference in fungal richness between PCN suppressive and 

conducive soils, although bacterial richness was higher in suppressive soils (van Himbeeck et 

al., 2025). Together, these findings suggest that PCN primarily influences fungal communities 

within the host root environment rather than in the surrounding soil, possibly through 

selective recruitment or suppression of root-associated fungi in response to infection. 

However, studies on PCN-microbe interactions remain limited, and the underlying 

mechanisms are likely complex, involving multiple biotic and abiotic factors. 

Studies on root-knot nematode (RKN, Meloidogyne spp.)-infested soils have also reported 

mixed effects on microbial diversity. Some studies have observed reduced bacterial diversity 

in infested soils compared to non-infested soils (Zhou et al., 2019). In contrast, others have 

found no differences in rhizosphere soil but detected higher bacterial richness in RKN-infected 

roots compared to uninfected roots (Tian et al., 2015). Similarly, microbial richness has been 

reported to increase at early stages of RKN infection (3–30 days) but decrease by 60 days 

post-infection (Kudjordjie et al., 2024). Comparable variability has been observed with other 

nematode types; for instance, the addition of PPNs, as well as bacterial-, fungal-feeding, 

omnivorous, and carnivorous nematodes, can reduce fungal species richness in the 

rhizosphere (Wurst et al., 2009), while root herbivory by clover cyst nematodes (Heterodera 

trifolii) generally also has no effect or a negative effect on fungal and bacterial biomass, 

although low-level infestations can stimulate microbial growth, presumably via nematode-

induced changes in root exudation (Yeates et al., 1998; Denton et al., 1998). These variable 

outcomes likely reflect context-dependent factors, including nematode species and feeding 

strategies, host plant traits, soil properties, levels of infection, as well as temporal dynamics, 

and whether roots or rhizosphere soil are sampled.  

Similar to my results for diversity and richness, community composition of both fungi and 

bacteria was influenced by sample type (roots vs soil), whereas PCN treatment also exerted 

an influence on the community structure of root fungi (Figure 3.5; Tables S3.9 and S3.10). 

Recently, PCN ‘conducive’ soils have been found to contain a separate fungal and bacterial 

community composition from PCN ‘suppressive’ soil (van Himbeeck et al., 2025). RKN have 

also previously been found to influence bacterial and fungal communities of tomato plants, 

with some taxa being influenced more than others and distinct communities being formed 
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under nematode infection (Kudjordjie et al., 2024). Moreover, successional changes in RNK 

coincide with nematode development, indicating again that microbial community 

composition is highly dynamic (Kudjordjie et al., 2024). Early in their experiment (0–3 days 

post-infection), hub taxa were primarily fungal, whereas by 60 days post-infection, bacterial 

taxa dominated. Although not entirely analogous, most importantly due to the different types 

of PPN used, in my study, sampling at 7 weeks (~49 days) would fall closer to a phase when 

bacteria might dominate.  

In any case, my results suggest that even low levels of PCN infection can reduce root fungal 

diversity and richness as well as impact community structure. However, metabarcoding does 

not provide information about microbial biomass, and techniques such as phospholipid fatty 

acid (PLFA) analysis or real-time qPCR would be more suitable for examining the effects on 

total microbial biomass. This is particularly interesting because PPN feeding can lead to C 

leakage from roots, which in turn may enhance microbial biomass (Yeates et al., 1998; Yeates 

et al., 1999) without necessarily impacting species richness or community structure.  

3.5.2 What drives PCN-associated changes in fungal and bacterial communities? 

Changes in the microbiome might be driven by the host plant, the PCN, and/or the microbes 

themselves. For example, PCN-associated microbiome changes may be plant-mediated (e.g., 

impacting plant defence mechanisms; Adam et al., 2014). Specifically, Jasmonic (JA) and 

Salicylic acid (SA), Strigolactones (SL) and Ethylene (ET) are thought to be important for PPN 

defence, but their effect might also be modulated indirectly by phytohormone-root 

microbiome effects (Doornbos et al., 2011; Carvalhais et al., 2015; Sikder et al., 2021; Liu et 

al., 2023). Indeed, growing evidence suggests that certain beneficial microorganisms can 

suppress PPN by triggering induced systemic resistance in plants (Topalović and Heuer, 2019), 

highlighting the importance of the plant host’s ability to shape the microbiome to its 

advantage. Plant-defence mechanisms may therefore be complemented by shifts in soil 

microbiota, which plants can influence through metabolic and physiological adjustments (as 

will be explored further in Chapter 5). For example, root exudates play a central role in 

regulating soil fungal diversity and community composition (Broeckling et al., 2008; Badri and 

Vivanco, 2009), and changes in exudate profiles triggered by plant defence responses can 

further shape microbial communities (Carvalhais et al., 2015).  
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 In one experiment, microbiomes from a flavonoid overexpressing line increased RKN 

invasion, whereas microbiomes harvested from the flavonoid-deficient lines significantly 

reduced invasion (Sikder et al., 2022). Microbiomes from the flavonoid-deficient lines also 

showed a higher abundance of several bacterial (e.g., Chitinimonas) and fungal (e.g., 

Gibellulopsis nigrescens) taxa, which are thought to be antagonistic with PPN (Sikder et al., 

2022). PPN-antagonistic taxa typically act by reducing root invasion and triggering plant 

defence responses (Topalović et al., 2020). In my study, PPN-antagonistic fungal genera 

Metapochonia, Clonostachys, Gibellulopsis, Pochonia and Acremonium (Table S3.23) were 

found to be substantially reduced in roots with PCN (albeit only the first three were 

significantly so; Figure S3.2B), potentially pointing to the PCNs’ ability to discourage their 

presence. Metacordyceps, another fungal genus which was recently found to be associated 

specifically with PCN ‘suppressive’ soil (van Himbeeck et al., 2025), was absent from my 

systems (Figure S3.2A and B). 

PPN-antagonistic bacterial genera (Tables S3.23) showed a more mixed picture, with no 

statistically significant results (Figure S3.2C and D). However, it is worth noting that 

Pseudomonas was slightly increased in the roots in the presence of PCN (Figure S3.2C), 

despite being substantially less abundant in the soil under similar PCN conditions (Figure 

S3.2D). Such a pattern potentially points to the ability of the plant to preferentially recruit this 

genus with potential PCN-antagonistic properties (van Himbeeck et al., 2025). That said, the 

other study on PCN suppressive soils has identified Pseudomonas as having higher relative 

abundance in ‘conducive’ soils, suggesting a potential link between this genus and PCN 

infection (Kiige et al., 2025). These mixed results likely stem from the fact that Pseudomonas 

is known to contain pathogenic as well as plant-promoting strains (Raaijmakers and Mazzola, 

2012; Mendes, Garbeva, and Raaijmakers, 2013), meaning that it likely also interacts with 

PCN in different ways.  

As previously alluded to, the recruitment of PPN-antagonistic taxa by the plant hosts can 

create an evolutionary arms race, where it may also benefit PCNs to induce quantitative and 

qualitative changes in root exudates, phytohormones, and secondary metabolites, either to 

limit the plant’s recruitment of PPN-antagonistic taxa or to recruit PPN-beneficial taxa 

directly. PPNs may also influence the microbiome more directly, as root damage can create 

opportunities for certain microbial species to colonise and potentially replace others, in some 
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cases increasing the abundance of PPN-beneficial taxa. Supporting this nematode-driven 

selection, fungal and bacterial taxa attached to RKN surfaces often have low relative 

abundance in the surrounding soil (Elhady et al., 2017), suggesting a selective recruitment 

process.  

Moreover, it has been suggested that known cellulose-degrading bacterial Orders (e.g., 

Sphingobacteriales, Pseudomonadales, Flavobacteriales, Cytophagales, and Caulobacterales), 

which have an increased capacity to dissolve the plant cell wall, might be more enriched in 

RKN-infected roots because they potentially aid the formation of RKN-feeding sites (Tian and 

Zhang, 2015). In my study, although a substantially increased (albeit statistically insignificant) 

differential abundance of the Sphingobacteriales was observed in PCN-infected soil and roots, 

Pseudomonadales in the soil actually decreased in the presence of PCN (Figure 3.14C). This 

highlights once more the complexity and context-dependency of plant-nematode–microbe 

interactions, and suggests that even though PPN might favour infection sites where cellulose-

degrading bacteria have already damaged the plant cell wall, these bacteria are not 

necessarily harboured on the PPN-surfaces as has been suggested for wood-feeding insects 

(Adams et al., 2011). 

PCN-associated differences in fungal richness and community composition could also relate 

to the ability of PPN to encourage plant-detrimental consortia of bacteria, fungi, and viruses, 

collectively known as disease complexes (Back et al., 2002; Lamelas et al., 2020). These 

synergistic interactions are thought to arise through mechanisms such as the exploitation of 

PPN-induced wounds by soilborne pathogens (Karimi et al., 2000), as well as alterations in the 

rhizosphere environment and nematode-triggered physiological changes in the host, such as 

compromised host resistance (Back et al., 2002). In some cases, PPN-induced root damage 

can alter the composition of root exudates, making them more favourable to fungal 

pathogens (Bergeson, 1972). Indeed, more plant pathogens (e.g., Plasmodiophorida, 

Oomycetes and Rhizoctonia sp.) have been observed in plants that have PPN (Wilschut et al., 

2019). Although the precise evolutionary drive for the emergence of such a PPN-fungal 

pathobiome remains unresolved, it has been proposed that plant pathogens entering the 

roots on the surface of PPN might protect them against PPP-antagonistic root endophytes 

(Topalović & Vestergård, 2021).  



102 
 

In any case, in my study, I did not observe an overall higher relative abundance of 

pathotrophic fungi in systems with PCN; on the contrary, roots without PCN showed the 

highest relative abundance of taxa singly defined as ‘pathotrophs’ by FUNGuild (Nguyen et 

al., 2016; Figure S3.1); although this analysis is limited by the multiple trophic mode 

assignments given to most taxa. Furthermore, looking more specifically at known potato-

pathogenic fungal Genera in the roots, Fusarium, Helminthosporium, Rhizoctonia, and 

Verticillium were actually decreased in the presence of PCN (albeit the trend was statistically 

significant only for Fusarium; Figure S3.2B), whereas there was also no statistically significant 

difference in the recruitment of potential PPN-beneficial genera (Figure S3.2), suggesting that 

a different mechanism was in play in my experiments.  

Finally, another, more general influence of PPN relates to the release of plant-derived C into 

the rhizosphere. It has been demonstrated that PPN feeding by Rotylenchulus reniformis can 

result in C ‘leakage’ and a subsequent increase in organic C in the soil, thereby enhancing 

microbial respiration and CO2 release (Tu, Koenning, and Hu, 2003). PPN also contain 

cellulose-degrading genes, which means that they can increase the decomposability of roots 

(Smant et al., 1998) and thus further influence soil nutrient dynamics through feedbacks with 

saprotrophic microbes. Traditionally, bacteria (especially members of the order 

Burkholderiales; Vandenkoornhuyse et al., 2007) were thought to be better at consuming 

labile C and thus more dependent on plant exudates than fungi. If it is indeed true, PPN 

enhancement of labile C sources such as root exudates could benefit bacteria more than fungi 

(Newman, 1985). This could partly explain why bacterial richness and structure were overall 

unaffected by PCN in my study, as bacteria may benefit more than fungi from the increased 

labile C released into the soil under PPN infection. That said, more recently it has been 

proposed that fungi with saprotrophic capabilities (ectomycorrhizal fungi in particular) can 

also use substantial amounts of labile C (e.g., de Vries and Caruso, 2016), but more empirical 

research is needed to better understand soil food web dynamics.  

In my case, again, there was no clear evidence that the relative abundance of taxa singly 

defined as ‘saprotrophs’ by FUNGuild (Nguyen et al., 2016) was increased under PCN-infected 

soil or roots in my experiment (Figure S3.1). However, as expected due to their role in organic 

matter decomposition, ‘saprotrophs’ were more abundant in soil rather than root samples 

(Rillig et al., 2025). Moreover, although the relative abundance of the phylum Ascomycota, 
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which includes many saprotrophs, was higher in roots under PCN infection, differential 

abundance analyses suggest that this pattern likely reflects declines in Basidiomycota, 

Olpidiomycota, and Mucoromycota. Overall, it appears that, contrary to all other Phyla, the 

abundance of Ascomycota remained unaffected by PCN infection, which suggests that 

Ascomycota neither benefited from a PCN-induced release of plant-derived C nor were they 

negatively affected by C resources being consumed by PCN, as has been suggested in other 

C-limiting conditions (Dumbrell et al., 2011). 

Overall, the PPN-antagonistic fungal taxa Metapochonia, Clonostachys, and Gibellulopsis 

were the only taxa that exhibited significant trends consistent with expectations regarding 

the ability of PCN to manipulate the microbiome. Contrary to expectations, there was no clear 

indication that PCN increase the abundance of potato pathogenic fungal genera in PCN-free 

roots, or more generally, that of fungal ‘pathotrophs’ or ‘saprotrophs’. Importantly, as 

discussed earlier, PCN infection directly disrupts root structure and function, while also 

indirectly affecting plant immune and chemical signalling. These combined effects likely drive 

the exclusion of certain fungal taxa and the overall shifts in community composition observed 

in roots. Consequently, the patterns seen for fungal genera probably reflect broader changes 

in fungal diversity, such as reduced richness and lower abundances of most Phyla in PCN-

infected roots, rather than a direct ability of PCN to shape their microbial community. This 

interpretation also likely applies to ‘pathotrophs’ and ‘saprotrophs’, which, contrary to 

expectations, did not appear to be favoured by increased infection entry zones or by higher 

C exudation due to PCN. Instead, their patterns are more consistent with direct competition 

with PCN for root infection sites and, potentially, for C resources. More generally, the 

reduction in abundance of all Phyla except for Ascomycota under PCN infection ties in with 

evidence from trees where pathogen attacks can cause ‘destabilisation in microbiome 

complexity’, where an immune response is triggered by the plant in an effort to dampen the 

proliferation of the invading pathogen (Ginnan et al., 2020). 

More detailed analyses could potentially identify individual ASVs that respond to PCN 

presence. Such taxa might include microbes that directly interact with PCN, opportunistic taxa 

that exploit PCN-induced changes in root exudation, or microbial groups involved in plant 

defence. Identifying these specific responses would be particularly informative if coupled with 

functional approaches (e.g., metagenomics, metatranscriptomics, or targeted assays such as 
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qPCR), as this would provide insight not only into which taxa are affected by PCN but also into 

their ecological roles. Indeed, not only is it difficult to translate presence into function, but 

moreover, microbes such as bacteria can transition from the dormant to the active state 

within minutes to hours (Blagodatskaya et al., 2013), reflecting the difficulty in effectively 

capturing their dynamics, especially in soil systems. Dissecting specific root regions, such as 

PCN-infected vs uninfected areas, would also likely be required to more accurately resolve 

these localised microbial responses. 

Moreover, it is important to note that over time, any ability of PPNs to manipulate the 

microbiome could be further compromised as plants increasingly shape their microbial 

communities to defend against nematodes (Elhady et al., 2018). In fact, it could be argued 

that this process might be further accelerated in the presence of a common mycorrhizal 

network, which has been shown to mediate defence signals from infected plants to 

neighbouring uninfected plants (Babikova et al., 2013, 2013a; Song et al., 2010, 2014, 2015, 

2019). All in all, it remains difficult to untangle plant-mediated, soil-mediated, and PCN-

mediated effects, a challenge that is further compounded when considering potential AM 

fungal-mediated interactions in these systems. 

3.5.3 PCN-associated changes in AM fungi 

Similar to overall fungi, the richness of AM fungi in the roots was also negatively affected by 

PCN-treatment (Figure 3.3). Moreover, contrary to what was indicated by the root ink-vinegar 

staining results presented in Chapter 2, their abundance in the roots also seemed to decrease 

under PCN infection, particularly pronounced at the Phylum using the ITS primers (Figure 

3.6D). Considering that AM fungi are obligate symbionts, and that C is likely the main limiting 

resource for AM fungal communities (Smith & Read, 2008; Helgason & Fitter, 2009), this 

would not be so surprising if a PCN-induced reduction in plant-C delivery to the MN had been 

observed in my experiment. In fact, ecological theory developed to explain plant succession 

predicts that an increase in a limiting resource such as C often decreases both diversity and 

community evenness, as dominant competitors monopolise resources and outcompete 

others (Tilman, 1987). 

An alternative explanation for the observed PCN-associated effects on AM fungi is plant 

defence. Just as AM fungi can mediate plant defence responses against pests, including PPN 

(Schouteden et al., 2015; Jung et al., 2012), PCN infection could trigger plant defences that 
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inadvertently suppress beneficial fungi such as AM fungi. Mycorrhizal establishment is 

thought to depend on the partial suppression of SA-dependent responses, compensated by 

an enhancement of JA-regulated pathways (Pozo & Azcón-Aguilar, 2007). By contrast, PCN 

infection induces strong JA activation and, to a lesser degree, SA signalling (Nahar et al., 2011), 

and both pathways are required for effective defence against migratory nematodes such as 

Hirschmanniella oryzae (Nahar et al., 2012). In the context of my study, the activation of SA 

in PCN-infected roots could interfere with the SA suppression normally associated with AM 

colonisation, thereby preventing the successful establishment of more SA-sensitive AM taxa 

and reducing fungal richness overall. Of course, such a scenario necessitates the persistence 

of an active SA pathway, suggesting that PCN did not fully evade host defences via 

transcriptional reprogramming, a strategy that has been documented for other migratory PPN 

(Kyndt et al., 2012). However, cyst PPN are generally thought to exert a more localised 

defence-suppression effect than migratory species (Kyndt et al., 2013), creating a 

heterogeneous immune landscape within the plant. Namely, locally around syncytia, PCN can 

suppress plant defences to maintain the feeding structure, which may also favour AM 

colonisation; yet systemically, JA and SA responses are activated under PCN infection, 

generating a defence response that is less favourable for successful colonisation by a diverse 

fungal community.  

Another possible explanation for the reduction in AM fungi under PCN infection in roots is 

that AM fungi are directly competing with PCN for space and for plant resources (Schouteden 

et al., 2015). It has been shown specifically that in the presence of PCN, AM fungi receive less 

plant-derived C (Bell et al., 2022). The quality of C received by the AM fungi is also influenced 

by the presence of PCN, with hexose supply being shut down but fatty acid supply being 

maintained (Bell et al., 2024). This could mean that AM taxa that rely heavily on sugars are at 

a disadvantage, while those better able to use fatty acids may be less affected. For instance, 

members of the Glomeraceae are considered ruderal and fast-growing (Chagnon et al., 2013), 

suggesting a greater reliance on sugar-based C flow and, as such, potentially an increased 

propensity to be negatively influenced by PCN. Indeed, a trend of reduced relative abundance 

of Glomeraceae under PCN was observed in this study, particularly in the soil (Figure 3.8A and 

3.9A, for the ITS and 18S datasets, respectively), although it was not statistically supported by 

differential abundance analyses (Figure 3.8C and 3.9C, for the ITS and 18S datasets, 
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respectively). The lack of significance may reflect the relatively low levels of PCN infection 

used here, as well as the conservative nature of the statistical approach (e.g., DESeq2 is 

particularly stringent when model structures are complex and data variation is high).  

Polonosporaceae, a recently described AM fungal family with limited ecological 

characterisation (Błaszkowski et al., 2021), were negatively influenced by PCN, particularly in 

the roots (Figure 3.9D), possibly also suggesting sensitivity to C-sugar limitation or 

competitive disadvantage under host stress. Paraglomeraceae exhibited a similar trend, both 

in root samples at the Class level (Paraglomeromycetes; Figure 3.7) and in soil samples at the 

family level (Figure 3.9C), indicating that they were the most sensitive taxon to PCN infection 

in this dataset. As one of the most ancient AM fungal lineages, Paraglomeraceae are 

characterised by small to mid-sized spores (Aguilar-Trigueros et al., 2019) and a preference 

for developing extensive extra-radical mycelium rather than investing in root colonisation 

(Hempel et al., 2007), a pattern that was also confirmed by this study (Figure 3.9B). These 

traits have been linked to their limited plant-growth promotion (Säle et al., 2015) and likely 

translate into greater reliance on readily available host C, which may explain their reduced 

abundance under PCN-infected conditions in my dataset.  

In any case, establishing links between shifts in AM fungal taxa and functional changes 

remains challenging, as trait-based knowledge for AM fungi is still very limited, with most data 

coming from only a few strains, primarily within the Glomeraceae (Chagnon et al., 2013; 

Marro et al., 2022; Antunes et al., 2025). Moreover, the available information is often 

inconsistent, making it difficult to draw general conclusions (Chaudhary et al., 2022; Antunes 

et al., 2025; Camenzind et al., 2024). For example, a global meta-analysis on the effects of AM 

taxonomic groups on plants under various stresses revealed that different taxonomic groups 

influence plant performance differently with and without stress (Marro et al., 2022); 

however, this did not follow the expectations proposed by Chagnon et al. 2013. Namely, 

Diversisporales rather than Gigasporales were the most beneficial to plants without stress, 

and Gigasporales rather than Glomerales were the most beneficial to plants facing biotic 

stress (Marro et al., 2022). Although not directly comparable since prior meta-analyses did 

not assess relative abundance among AM fungal families and I did not measure family-level 

effects on plant performance, my findings diverge from those general trends. In my study, 

Gigasporaceae were not enriched in PCN-infected roots, as might be expected if they indeed 
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conferred resilience to PCN stress, although this might be related to the fact that they seemed 

to be severely negatively impacted by PCN conditions in the soil. Furthermore, although both 

my ITS and 18S data support the traditional view that Gigasporaceae invest in extensive 

hyphal networks while Glomeraceae dominate root colonisation (Maherali & Klironomos 

2007; Sike et al., 2009), this was not confirmed by differential analysis of either dataset. 

Of course, it is important to note that trait variations and predictions are further constrained 

by the fact that AM fungi are shaped by numerous factors, many of which are study-specific. 

For example, plant growth stage can influence microbial community dynamics (Hannula et al., 

2012), particularly for root fungi (Hannula et al., 2010). Specifically, among AM fungi, fast-

colonising species belonging to Glomeraceae like Funneliformis mosseae may dominate P-

transfer early in plant growth, whereas slower colonisers, such as Gigasporaceae, become 

more prominent at later stages (Blažková et al., 2021). These patterns are also closely linked 

to the plant host’s life cycle, as slower plant growth and reduced C allocation can favour 

slower-growing mycorrhizal species (Blažková et al., 2021). 

Finally, beyond the influence of the plant and/or PCN in shaping the microbiome, microbes 

themselves exhibit preferences and limitations regarding where they can establish and grow. 

As discussed in earlier chapters, AM fungi in particular can, in some cases, discriminate 

between plant hosts according to which offer the highest returns in terms of plant host 

resources (Kiers et al., 2011). If the PCN-infected host resources are compromised (or are 

likely to be compromised in the future due to increased levels of PCN infection), then it would 

make sense for AM fungi to preferentially associate with uninfected hosts. Not all fungi are 

likely equally capable of switching their host association, and the timings and individual 

thresholds that might trigger such a change will vary among species, as AM taxa show high 

functional variation, including in growth patterns (Thonar et al., 2011; Pringle and Bever, 

2002), the distance they acquire nutrients from (Thonar et al., 2011), and their mechanism of 

mediating plant growth (e.g., via nutrient provision or pathogen protection; Sikes et al., 2009; 

Sikes et al., 2010).  

From a plant perspective, it has been proposed that co-colonisation by AM fungal species with 

different traits may limit the plant’s ability to differentiate among fungal partners and 

preferentially allocate C to the most beneficial taxa (Verbruggen and Kiers, 2010; Hart et al., 

2013). This could, in turn, constrain the fungi’s ability to discriminate among plant hosts. In 
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my experiments, even if some AM taxa were able to switch host association, this would likely 

be reflected in the observed reduction in AM fungal richness under PCN treatment. Notably, 

the presence of a MN connecting plants appeared to exacerbate the differences between 

PCN-infected and PCN-free plants within the mixed treatment (−/+) compared to the 

contrasts between the entirely PCN-free (−/−) and PCN-infected (+/+) treatment 

combinations, as indicated by diversity measures (Figure 3.2) and the proportion of shared 

fungal ASVs (Figure 3.4A). 

3.5.2 Considerations regarding the use of ITS and 18S primers for assessing AM fungi 

Both ITS and 18S primers showed higher richness for Glomeromycotan fungi in roots than in 

soil, which has been shown using ITS primers previously (Berruti et al., 2017) and could 

suggest that both primers are amplifying root-dominant taxa more efficiently. It has also been 

hypothesised that low levels of AM fungal soil diversity described by ITS primers could be due 

to the lower ratio of AM fungal biomass relative to overall fungal biomass in soil compared to 

roots (Berruti et al., 2017). That said, both primer sets seemed to suggest that the abundance 

of most Glomeromycotan Families was overall higher in soil than in roots, which aligns with 

the expectation that the majority of their biomass is in the soil where their extensive extra-

radical mycelium is formed (Helgason and Fitter, 2009). 

Within roots, differences in Observed richness but not in Shannon or Simpson diversity 

(particularly in the 18S dataset) suggest that PCN presence influences mainly rare mycorrhizal 

taxa, while dominant taxa remain relatively unaffected. Moreover, the slight discrepancy 

between ITS and 18S results could be because each primer is picking out a different subset of 

Glomeromycotan fungi (Figure 3.11). For example, given that ITS primers can under-amplify 

certain taxa (especially those at low abundance, whose DNA may be masked by the high 

diversity of other fungi) PCN-associated differences may be overestimated when using ITS 

primers. On the other hand, if the 18S primers are overamplifying certain PCN-resilient taxa, 

this could obscure any PCN-associated differences.  

It is well known that sequencing studies come with multiple inherent biases depending on the 

marker region, primer pair, PCR conditions and sequencing platform used (Paloi et al., 2021; 

2023). Biases relating to the use of ITS and 18S-based primers have already been discussed 

extensively before (e.g., Hijri et al., 2006; Hempel et al., 2007; Stockinger et al., 2010; Van 

Geel et al., 2014; Kohout et al., 2014; Tedersoo and Lindahl, 2016; Lekberg et al., 2018; Suzuki 
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et al., 2020). Part of the issue lies in the difficulty of designing primers that can target all fungi 

equally, whilst excluding other organisms and plant DNA. There is also the difficulty of a single 

genetic locus giving a clear cutoff between intra- and interspecific genetic variation.  

This is particularly difficult for fungi, as defining an individual fungal taxon is challenging. For 

example, AM fungi present coenocytic hyphae and spores, heterokaryotic nuclear 

organisation, and the ability to fuse to form vast networks (Kokkoris et al., 2020). Partly due 

to these reasons, they also present high intraspecific variability (Matthieu et al., 2018). In 

theory, the ITS primers should allow for more resolution in terms of species differentiation 

due to the more variable ITS1 region (Stockinger et al., 2010). Although this poses the danger 

of inflated diversity due to oversplitting (i.e., more unique ASVs identified whilst some are 

actually variants of the same individual), in this study, this has been controlled through LULU 

curation, which helps collapse intragenomic variants, and by working with ASVs that have 

been assigned to at least the Phylum level. For AM fungi, however, the ITS region is highly 

variable (i.e., exhibits high intraspecific variability; Thiery et al., 2016), which can hinder 

resolution of closely related species (Stockinger et al., 2009, 2010) and potentially lead to 

overestimation of Glomeromycotan richness.  

However, this does not appear to have occurred in the present study, as overall 

Glomeromycotan richness was lower in the ITS dataset (Figure 3.3). This may reflect the 

limited characterisation of fungal diversity, including Glomeromycota (Öpik et al., 2013), 

which constrains accurate taxonomic assignment of ASVs from metabarcoding studies. 

Indeed, the comprehensiveness of reference databases is often the main factor driving bias 

when using different databases for taxonomy assignment (Berruti et al., 2017; Xue et al., 

2019). This limitation is particularly pronounced for studies using the ITS region, which has 

been less widely applied in AM fungal metabarcoding, resulting in less complete reference 

databases. Additionally, the ITS primers used in this study span a slightly unconventional 

region, incorporating a portion of 18S to enhance capture of mycorrhizal fungi. Consequently, 

standard ITS reference databases are not fully suitable for taxonomic assignment, and, as 

indicated by my in silico analysis, the longer-read reference database used contained 

substantially fewer representative sequences for each Glomeromycotan family (Figure 3.10), 

potentially limiting the ability to assign taxonomy to some genuine Glomeromycotan ASVs. 
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To control for some of these biases, the use of primer combinations has also been suggested 

(Bellemain et al., 2010). Previously, general ITS (targeting ITS2) and AMF-specific 18S primers 

revealed similar trends in AM fungal community composition in three mountain vineyards 

(Berruti et al., 2017). Diversity measures across locations were also similar between the two 

primer sets, but the ITS primer underestimated AM fungal diversity in the soil (Berruti et al., 

2017). More studies using ITS primers on soil samples have reported receiving low levels of 

Glomeromycota sequences (i.e., less than 5%; Leff et al., 2015; Tedersoo et al., 2015). That 

said, the difficulty in ensuring enough sequencing depth to capture Glomeromycota taxa has 

likely diminished with next-generation sequencing compared to older cloning and Sanger 

sequencing (Lekberg et al., 2018). Lekberg et al (2018) also compared a general fungal ITS 

primer (one that targeted the ITS2 region and is theoretically less representative of AM fungi) 

with 18S primers and detected some discrepancies in phylogenetic community composition, 

but no consistent difference in observed or extrapolated richness. In a different study looking 

at the traceability of AM inoculants in the field, 18S primers recovered a greater diversity than 

ITS primers targeting the ITS2 region (Berdeja et al., 2025), a trend which was also observed 

in this study. To further explain potential primer biases between the primers used in this 

study, a more in-depth in silico analysis paired with a metabarcoding study using artificial 

mock communities would be needed. Phylogenetic analysis would also help to assign 

phylogenetic placement and refine taxonomic assignments. 



Chapter 4. Plant herbivory influences the movement of plant-fixed 

carbon through an arbuscular mycorrhizal network independently of 

microbial community changes 

4.1  ABSTRACT 

In Chapter 2, I presented evidence that plant-derived carbon (C) moves within a mycorrhizal 

network (MN) away from potato cyst nematode (PCN)-infected plants. In Chapter 3, I 

explored whether PCN-associated changes in the wider microbial environment could be 

influencing this C movement and found that a PCN-associated reduction in fungal richness—

including arbuscular mycorrhizal (AM) fungi—may play a role. However, due to the lack of 

functional analysis and limited trait-based information on AM fungi, a conclusive assessment 

of the relative importance of microbial community changes versus the intrinsic capacity of 

AM fungi to preferentially move C within the MN could not be reached. In this chapter, I 

employ tripartite, compartmentalised in vitro microcosms, stripped of the microbial 

complexity found in soil, to further investigate MN-mediated C movement under 

simultaneous above- and below-ground herbivory (PCN and aphids) of host plants. I found 

that more plant-derived C was transported to a neighbouring compartment hosting a 

herbivore-free plant than to a compartment hosting a herbivore-infected plant. This trend 

was consistent regardless of the herbivore treatment of the 14C-labelled plant. These findings 

underscore the capacity of AM fungal networks to regulate C movement according to the 

herbivore status of host plants. Importantly, this regulation appears independent of 

herbivore-induced changes in microbial communities and persists even when overall C 

delivery by host plants remains unchanged.  
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4.2 INTRODUCTION 

The debate regarding the regulation of the carbon (C) for nutrient exchange in the arbuscular 

mycorrhizal (AM)-plant symbioses remains ongoing (e.g., Corrêa et al., 2023; Bunn et al., 

2024). One of the key observations from reviewing the relevant literature (Chapter 1) was 

that aspects of the experimental design, such as the scale (e.g., Petri dish vs pot) and the 

medium (e.g., agar vs soil) of the study system, often correlated with the extent to which the 

findings supported a ‘reciprocal rewards’-type regulation as described by Kiers et al. (2011), 

where plant and/or AM fungi can control aspects of the exchange of resources for their 

benefit. Specifically, it appears that, in comparison to larger-scale, soil-based experiments 

which employ whole plants under concurrent symbioses with other, non-AM organisms, the 

smaller-scale and more regulated or artificial an experiment is, the more likely it is to support 

a tightly regulated C-for-nutrient exchange (Chapter 1; Magkourilou et al., 2024).  

Consistent with the above observation, the soil-based study described in Chapter 2 did not 

support a resource-based ‘reciprocal rewards’ model of regulation. Although plants without 

potato cyst nematode (PCN) infection received slightly more fungal-acquired ³³P, the AM 

fungi did not, in turn, receive more C from PCN-free plant hosts. However, it is important to 

note that these results stem from two separate experiments, which, although almost 

identical, limit our ability to link the C-for-nutrient exchange dynamics specifically within each 

system. Moreover, although soil-based experiments offer a more realistic setting for plant-

AM symbioses to occur, soil complexity can create endless interactions which are difficult to 

track, and which could directly or indirectly influence the C-for-nutrient exchange between 

plant and AM fungi. This was partly explored in Chapter 3, where I found that PCN infection 

reduced root fungal species richness (including AM fungal richness) and also altered 

community structure and the relative abundance of various taxa. Although I could not 

specifically assess the direct implications of this on the C-for-nutrient exchange, in Chapter 3, 

I also discussed the many ways that such changes in microbial communities, whether 

predominantly plant, PCN or microbial-mediated, could influence the C-for-nutrient exchange 

via changes in C and nutrient cycling.  

More specifically, instead of PCN-induced shifts in microbial communities influencing the 

distribution of fungal-acquired P and plant-derived C within the mycorrhizal network (MN), it 

is also possible that PCN-driven changes in C and P distribution within the MN are themselves 



113 
 

driving alterations in the microbial environment. Another unresolved question from the study 

presented in Chapter 2 was why the MN moved C away from the PCN-infected plant when, in 

reality, my results suggested that it was not receiving more C from the plant on that other 

side. In an attempt to gain more insights that could help explain the above, here, I set up a 

more controlled experiment, stripped of the complexity introduced by the soil microbiome.  

As well as exposing plants to below-ground herbivory, I also introduced above-ground 

herbivory in the form of the aphid (Myzus persicae). Aphids are sap-sucking herbivores rather 

than root feeders, but similar to PCN (Bell et al., 2022), they have also been previously found 

to disrupt the C-for-nutrient exchange between plant hosts and their AM fungal symbionts 

(Charters et al., 2020). In a more complicated system involving two neighbouring plants 

presumably connected via an AM mycorrhizal network (MN), aphid-induced C losses to the 

MN were partly compensated by uninfected neighbours (Durant et al., 2023). Put another 

way, in that experiment, it seemed as if uninfested plants incurred an aphid-derived cost as 

they were the ones predominantly supporting the MN with C, without this being matched by 

an increased allocation of the fungal-acquired nutrient supply (Durant et al., 2023).  

Aims 

Here, I focus on plant-C and test whether simultaneous above- and below-ground herbivory 

on in vitro microcosms reduces plant C allocation to the MN, as observed in soil mesocosms. 

Using compartmentalised tripartite Petri dishes with three plants (each exposed or not to 

herbivory) and a shared AM fungal network, I also examine whether plant-derived C is 

preferentially directed to herbivore-free plants over those experiencing herbivory. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Experimental design and establishment 

Two different treatment combinations were established using tripartite plastic Petri dishes 

(90 mm diameter) where the dish’s raised walls separated the three plant compartments, but 

AM fungi could grow on a thin layer of gel medium above the walls. Each experimental system 

consisted of an allocated ‘labelled’ plant and two ‘receiver’ plants. For each pair of receiver 

plants, one plant was exposed to above- and below-ground herbivory (‘+’), whereas the other 

plant was not (‘–‘). Moreover, in some experimental systems, the ‘labelled’ plant was also 

exposed to herbivory, whereas in others, the ‘labelled’ plant was herbivore-free.  



114 
 

 

Figure 4.1 Treatment combinations used to test the effects of above-ground (aphids) 

and below-ground (PCN) herbivory on carbon exchange between plants and AM fungi  in 

tripartite compartmentalised Petri dishes. Each system contained one ‘donor’ 14C-

labelled plant and two non-labelled ‘receiver’ plants, which could be connected via one 

or more Rhizophagus irregularis networks (purple lines). Plants without a biotic pressure 

are indicated by ‘–‘ with green borders, whereas plants experiencing a biotic pressure 

are indicated by ‘+’ with orange borders. 14C-labelled plants were either herbivore-free 

(A) or herbivore-infected ‘+’ (C), while the receiver plants always had contrasting 

herbivory treatments. Panels B and D show the corresponding ‘control’ treatments, in 

which the MSR medium around the 14C-labelled plant was trenched and backfilled to 

sever mycorrhizal connections with the rest of the dish. 
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To establish the systems, using heated forceps, small holes (~2 mm diameter) were made 

through the cover and base at each compartment edge of the tripartite Petri dish, which had 

already been filled with Modified Strullu-Romand (MSR) medium (see Table S4.1 for the 

recipe). Using these holes as a base for the stem, approximately two-week-old plantlets were 

then inserted into each of the three compartments of the Petri dishes. At the same time, a 

similar quantity of crushed AM fungal inoculum (Rhizophagus irregularis MUCL 41933; 

derived from an axenic Ri T-DNA transformed Daucus carota root organ culture) was added 

on top of the MSR medium, in the middle of each dish. The holes around the stems of the 

plantlets were blocked with autoclaved lanolin, and the Petri dishes were sealed with 3MTM 

Micropore Tape to prevent contamination. The Petri dishes were also wrapped in aluminium 

foil to keep the roots in darkness, while allowing the shoots to grow under light conditions. 

The systems were stored horizontally at room temperature under LED lights (XS1500, 

VIPASPECTRA; two panels of range 1000-800 μmol/m2/s suspended at 24 cm) with a 14 h light 

/ 10 h dark photoperiod. 

Approximately four weeks later, the Petri dishes were opened under the flow hood so that 

the MSR media could be replenished, the roots trimmed to contain them within each 

compartment, more AM fungal inoculum added, and a total of approximately 30 PCN J2 

juveniles pipetted on at three different positions on the roots of each ‘+’ designated plant. 

The PCN juveniles had been hatched from cysts infused in filter-sterilised potato root exudate. 

The cysts had been treated in 0.1% malachite green for an hour and then left in sterile water 

overnight. The cysts were also then treated in an antimicrobial cocktail (see Table S4.2 for the 

recipe) at 4°C for approximately 9-24 h. After hatching, the J2s themselves were also treated 

in an antimicrobial cocktail (see Table S4.2 for the recipe) for 15 min, and washed in sterile 

water and 0.01% Tween before they were immediately added to the experimental systems 

as described above. Despite every effort to keep the system axenic, some amounts of fungal 

and bacterial contamination were observed, which resulted in almost half of the experimental 

systems that were originally set up being discarded. Finally, I only performed 14C-labelling (see 

details below) on those systems that only showed minimal amounts of bacterial growth under 

microscopic evaluation. It is also worth noting that although I had confirmed successful PCN 

infection of roots using the same method in experimental trials (Figure 4.2B), in the actual 

experiment, it was not possible to visually confirm the levels of PCN infection on the roots 
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due to how densely the root systems developed. However, the growth of the AM mycelium 

was visually confirmed, and multiple hyphae were seen crossing the raised walls on the thin 

layer of MSR medium linking the compartments (Figures 4.2C and D).  

Approximately three weeks after adding the PCN, two aphids (Myzus persicae) were placed 

on the leaves of the designated ‘+’ plants and left to feed for two days, before the systems 

were 14C-labelled, and then harvested. The aphids were retained within clip cages (see Durant 

et al., 2023 for more details). Empty clip cages were also added to the plants not exposed to 

aphids, to control for any potential impacts of the cages themselves. 

 

Figure 4.2 A. An example of the microcosms used to track the movement of plant-

derived C within the AM fungal network using tripartite compartmentalised Petri dishes. 

Each system contained one 14C-labelled ‘donor’ plant and two non-labelled ‘receiver’ 

plants; B. An example of a PCN cyst growing on roots in MSR medium, and C. and D. 

Rhizophagus irregularis networks growing in similar systems.  
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4.3.2 Tracing plant-to-fungus C transfer 

 Approximately eight weeks after establishment, the above-ground tissue of all plants was 

enclosed within polythene bags (Polybags Ltd., London, UK), sealed airtight using anhydrous 

lanolin and cable ties at the base of the plant stem. In the four ‘Control Dishes’ (two where 

the 14C-labelled plant had a ‘+’ treatment and two where the labelled plant had a ‘–

‘ treatment), the MSR medium around the plastic border surrounding the 14C-labelled plant 

was trenched and removed (approximately 2mm) and then backfilled.  These ‘control’ dishes 

were used to account for any movement of 14C via diffusion and other non-fungal means, and 

to ensure that plant-fixed C transferred from the 14C-labelled plants to the compartments 

around the non-labelled plants occurred via the MN.  

14CO2 was liberated into the chamber of each of the allocated 14C-labelled plants (n = 6 for ‘–

‘ and n = 7 for ‘+’, including two trenched ‘controls’ for each) by adding 1.5 mL 10% lactic acid 

to a cuvette containing 100 μL 14C-sodium bicarbonate (specific activity: 1.62 GBq mmol−1; 

total activity released: 0.25 MBq; Perkin Elmer, USA). Plants were left in situ for 24 h post-

labelling, at which point 1.5 mL of 2 M KOH was added to vials within each labelled chamber 

to capture any remaining gaseous 14CO2. At the end of the experiment, root-free sub-samples 

of the MSR medium containing AM fungal mycelium were collected from each of the three 

compartments per Petri dish to estimate the amount of recently fixed plant-derived C 

allocated to the fungus (i.e., fungal C; see below for details). 

4.3.3 Quantification of host-fixed C in fungi 

An average of 27 mg of the freeze-dried MSR medium containing the AM mycelium from each 

of the three compartments per Petri dish was weighed in triplicate 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 agar 

medium 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 MSR 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 equations as adapted from Cameron et al., 2008). 

https://besjournals.onlinelibrary.wiley.com/doi/10.1111/1365-2435.14693#fec14693-bib-0014


118 
 

The distribution of 14C was also visually assessed in one randomly selected microcosm. After 

labelling, the sample was exposed to a phosphor storage screen for 24 h in a dark cassette. 

The phosphor screen was then scanned using a Typhoon FLA 7000 imaging system using the 

‘phosphorimaging’ mode at 100 µm resolution with a photomultiplier tube setting of 500V.  

4.3.4 Statistical analysis 

All statistical analyses and figure construction were performed in RStudio (RStudio Team, 

2025) using the R programming language (R Core Team, 2023). The total C per dish (as a 

concentration ng per gram) was log-transformed to meet general linear models assumptions 

and analysed with one-way ANOVA to test whether the biotic treatment of the 14C-labelled 

plant influenced the overall amount of C transferred. Assumptions for the use of general 

linear models were validated by plotting residuals versus fitted values, square root residuals 

versus fitted values, normal qq plot, and constant leverage using the autoplot function of 

the ggplot2 R package (Wickham, 2014). The effect of trenching the MSR medium around 

the designated ‘control’ Petri dish was tested using the proportion of C in each compartment 

relative to the total for each dish. This was analysed using beta regression mixed-effects 

models (glmmTMB) to account for the bounded nature of the response variable (0–1) and 

potential heteroscedasticity, with ‘Petri dish’ also included as a random effect to account for 

paired measurements. A similar model was used to test the effect of the biotic treatment of 

the 14C-labelled plant as well as the effect of the plant on the ‘receiving’ compartments, as 

well as their interaction. Model assumptions were evaluated using residual diagnostics from 

the DHARMa R package (Hartig, 2025), including checks for linearity, dispersion, zero-

inflation, and uniformity of residuals.  

 

4.4 RESULTS 

The total C recovered per Petri dish did not statistically differ based on the treatment of the 

14C-labelled plants (F = 0.16; p = 0.70; Figure 4.3). This suggests that labelled plants delivered 

the same amount of total C below-ground regardless of whether they were under biotic 

pressure (‘+’) or not (‘–‘). 
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Figure 4.3 Total plant-derived C recovered in each Petri dish based on the herbivory 

treatment of the ¹⁴C-labelled plant. Boxplots span the interquartile range (IQR), the line 

inside marks the median, and whiskers extend to 1.5 × IQR. Points outside are potential 

outliers. Labelled plants without herbivory are indicated by ‘−’ and green colour, 

whereas those with herbivory are indicated by ‘+’ and orange colour.  

 

As expected, the largest proportion of C recovered from the experimental systems was 

retained around the compartments of the 14C-labelled plants (χ² = 22.99, p < 0.01; Figure 4.4). 

This pattern was observed both when the 14C-labelled plants received a biotic treatment and 

when they did not (χ² = 1.95, p = 0.16). However, an interaction effect indicated that retention 

around the compartments of the 14C-labelled plants was slightly more pronounced when the 

labelled plants were herbivore-free (χ² = 3.92, p = 0.0477; Figure 4.4). In any case, a substantial 

amount of C was indeed transferred away from the 14C-labelled plant towards the non-

labelled compartments. 
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Figure 4.4 Proportion of C contained in each compartment based on whether that 

compartment was around the ¹⁴C-labelled plant or not. Proportion calculations are 

based on concentration values (i.e., ng of C g -1 tissue). Letters above boxplots indicate 

significant differences based on the ‘labelled’ or ‘non-labelled’ status of the 

compartment (p < 0.05; Generalised Linear Mixed Model). Dashed lines connect 

compartments belonging to the same microcosm. Boxplots span the interquartile range 

(IQR), the line inside marks the median, and whiskers extend to 1.5 × IQR. Points outside 

are potential outliers. The individual points are also coloured based on whether the 14C-

labelled plant in that microcosm was exposed to herbivory (indicated by ‘+’ and orange 

colour) or not (indicated by ‘–’ and the green colour).  

 

Importantly, the proportion of C that moved to compartments around the non-labelled plants 

in the ‘control dishes’ (where the hyphal connections were severed just before 14C-labelling) 

was significantly lower than the proportion of C that moved to the compartments around the 
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non-labelled plants in the ‘connected dishes’ (where hyphal connections were left intact; 

Figure 4.5). This indicates that transfer in the ‘connected dishes’ was not merely due to 

diffusion or other, non-fungal means.  

Within the ‘connected dishes’, the proportion of C that moved to the compartments around 

the non-labelled plants was significantly higher if these plants were herbivore-free (‘–‘) than 

if they were exposed to herbivores (‘+’). This did not appear to be further influenced by the 

herbivore treatment of the 14C-labelled plant (Figure 4.5).  
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Figure 4.5 Proportion of C derived from the ¹⁴C-labelled plant that is contained in the 

compartments of non-labelled plants, shown according to their herbivory treatment. 

Proportion calculations are based on concentration values (i.e., ng of C g -1 tissue). The 

‘Control Dishes’ panel refers to the microcosms where the hyphal connections were 

severed just before labelling, whereas the ‘Connected Dishes’ panel refers to the 

microcosms where the hyphal connections were left intact. Dashed lines connect 

compartments belonging to the same microcosm. Capital letters above grouped 

boxplots indicate significant differences based on the ‘severing control treatment’, 

whereas small letters indicate differences based on the ‘biotic treatment’ of the non -

labelled plant (p < 0.05; Generalised Linear Mixed Model). Boxplots span the 

interquartile range (IQR), the line inside marks the median, and whiskers extend to 1.5 

× IQR. Points outside are potential outliers. Compartments of herbivore-free non-

labelled plants are indicated by ‘−’ and green colour, whereas compartments of non-

labelled plants with herbivory are indicated by ‘+’ and orange colour. Shapes denote the 

herbivory treatment of ¹⁴C-labelled plant as per legend. 

 

The qualitative data visually confirmed that the compartment around the herbivore-free plant 

(−) had a slightly higher concentration of 14C than that around the herbivore-infested plant 

(+). That said, as per the quantitative data, it appears that most of the 14C was retained around 

the labelled plant (Figure 4.6B). Moreover, it is worth noting that based on the quantitative 

data, the system that was randomly picked for visual inspection was not the most extreme 

example in terms of C movement to the non-labelled compartments. Specifically, the non-

labelled compartments contained approximately 25% of the detected C, whereas the average 

for all the other systems was 44%. The overall concentration of C detected across the system 

was also relatively low at 84.9 (ng/g) vs the average of 526.0 (ng/g), which might explain why 

the signal that was picked up is not more pronounced. 
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Figure 4.6 A ¹⁴C-labelled experimental microcosm consisting of one 14C-labelled ‘donor’ 

plant and two non-labelled ‘receiver’ plants, connected by an AM fungal network. The 

system is placed on a phosphor storage screen just before scanning, and B. Detection of 

¹⁴C in the same experimental system after scanning using a Typhoon FLA 7000 imaging 

system. The sample was exposed to the phosphor storage screen for 24 h in a dark 

cassette, after which the screen was scanned in Storage Phosphor mode at 100 µm 

resolution with a PMT setting of 500. Signal intensity is shown in grayscale, with darker 

areas corresponding to stronger ¹⁴C emission. Compartments without herbivory 

treatment are indicated by ‘−’, whereas compartments with herbivory are indicated by 

‘+’.  

 

4.5 DISCUSSION 

Previously, plant herbivory by aphids (Charters et al., 2020) or PCN (Bell et al., 2022) has been 

found to lead to a reduction in the amount of plant-C allocated to AM fungi, although the 

fungal-acquired provision of nutrients to the plants was largely maintained. Similar to Chapter 

2, this herbivore-induced C reduction was not confirmed here using simultaneous aphid and 

PCN infection, as the total plant-derived C retrieved across the Petri dishes did not differ 

based on the herbivore treatment of the 14C-labelled plants (Figure 4.3). However, in contrast 



124 
 

to the work done by Charters et al. (2020) and PCN (Bell et al. 2022), where single plants were 

used, here I used compartmentalised microcosms with three neighbouring plants, possibly 

connected by the same MN. As it was also discussed in Chapter 2, plant–plant interactions 

can strongly influence the amount of resources invested below-ground (Weiner & Thomas, 

1992), and this also appears to be the case here. Common mycorrhizal networks (CMNs) may 

intensify competition between neighbouring hosts (Merrild et al., 2013; Weremijewicz et al., 

2016), and potentially force plants to adjust their below-ground C allocation in relation to the 

C supplied by their neighbours (Wyatt et al., 2014).  

Based on their finding that plant-C allocation to the AM network increased only when one 

plant was infested by aphids compared to when both plants were infested, Durant et al. 

(2023) hypothesised that the uninfested plant was the primary C contributor to the MN in the 

(−/+) scenario. However, the individual contributions of each plant were not directly 

measured, leaving open the possibility that aphid-infested plants also increased their C 

allocation when neighbouring an uninfested plant—perhaps to compete with the uninfested 

plant and maintain their association with the MN. If so, the uninfested plants would not have 

been the sole C providers to the MN. 

As discussed in Chapter 2, once assimilated by the MN, plant-derived C moved away from the 

PCN-infested plants in a soil-based system of two neighbouring plants. Interestingly, the 

movement of C was not influenced by the PCN infection status of the plant on the other side 

(i.e., C moved similarly towards PCN-infected and PCN-free plants), although this comparison 

was somewhat limited by a lack of replication. Here, by using compartmentalised microcosms 

with three plants, I was able to more fully explore the spatial distribution of plant-fixed C. 

Similar to Chapter 2, it appears that the MN was distributing plant-derived C away from the 

herbivore-infected plants (Figure 4.5), even in the absence of a plant-herbivore-induced 

reduction in the total amount of plant-C delivered to the MN (Figure 4.1). However, in 

contrast to Chapter 2, rather than just comparing how much C stayed versus how much C 

moved away from the 14C-labelled plant based on the PCN treatment combination, here, I 

could compare how much C moved away from the labelled plant towards a herbivore-infected 

or a herbivore-free neighbouring plant situated at an equal distance. This is important 

because it enhances the evidence for the preferential nature of the C transfer. Moreover, 

importantly, I could confirm the movement of C within MN in the absence of any herbivore-
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associated changes in the soil or root microbiome, which, as discussed extensively in Chapter 

3, could have directly or indirectly influenced the C-for-P exchange. 

Interactions between aphids and plant-parasitic nematodes (PPN), such as PCN, are not well 

understood. In general, it is thought that the presence of herbivorous insects may influence 

PPN activity, and conversely, PPN can positively or negatively affect shoot-feeding 

herbivorous insects (Wondafrash, Dam, and Tytgat, 2013). For example, root-feeding by the 

cyst nematode Heterodera schachtii can lead to reduced aphid body size (Hol et al., 2010) and 

infection by root-knot nematodes has been shown to trigger defence responses against 

aphids, partly mediated by changes in plant volatile organic compounds (Shi et al., 2022), with 

similar effects reported for other insect herbivores (Guo and Ge, 2017; Hong et al., 2010). If 

this applies in the current experiment, aphid-induced damage may have been limited, as 

plants had already experienced two weeks of root herbivory before aphid addition. 

Ultimately, this would suggest that the effect of herbivory on C movement within the MN 

could be even more pronounced under a more coordinated herbivore attack. In any case, as 

with soil-based mesocosms, evidence from these in vitro microcosms supports the idea that 

even low levels of herbivory can alter the distribution of plant-derived C within the MN, and 

that this occurs without a corresponding reduction in the overall C supplied by plants to the 

MN. More importantly, this experiment suggests that such changes can take place 

independently of herbivore-associated shifts in the microbial environment. Future work could 

further confirm the mechanisms through microbial inoculation experiments, in which 

communities from PCN-infected or uninfected plants are transferred to PCN-free plants, and 

the resulting distribution of fungal-acquired P and plant-derived C is monitored as before. 

 



Chapter 5. Neighbouring plant infection by parasitic nematodes does 

not alter non-volatile metabolites via below-ground signalling, but 

induces subtle shifts in headspace VOCs 

5.1  ABSTRACT 

Plants use metabolites, such as volatile organic compounds (VOCs), for internal coordination 

and external communication with other plants and organisms. Mycorrhizal networks (MNs) 

can act as conduits for below-ground defence signalling, including the transfer of defence-

related VOCs. Building on the previous chapter, where I showed that PCN-induced changes in 

C distribution within MNs can occur independently of microbial shifts or overall C allocation, 

here, as another alternative mechanism, I test whether PCN infection alters leaf non-volatile 

metabolites and VOCs in focal and neighbouring plants. To do so, I analysed metabolites using 

MALDI-TOF MS and VOCs GC-MS. Leaf non-volatile metabolite composition and intensity 

were overall unaffected by PCN infection. However, in mixed treatments, infected plants 

consistently exhibited higher defence-related metabolite intensities than their uninfected 

neighbours, suggesting no defence-related signalling between plants. This further suggests 

that the increased contribution of fungal-acquired P to PCN-free hosts in the mixed treatment 

(as observed in Chapter 2) did not translate into AM-mediated priming of plant defences. In 

contrast, VOC profiles were significantly shaped by neighbour PCN status: PCN-free plants 

adjacent to infected neighbours displayed distinct blends, likely driven by Tricyclene—the 

most abundant compound—even though no single VOC showed significant log-fold changes 

with PCN treatment. These findings suggest that PCN influence VOC profiles through subtle, 

coordinated, system-wide shifts rather than changes in individual metabolites. The 

mechanism is likely below-ground, and future work should determine whether this occurs via 

root exudation, below-ground VOC diffusion, or MN connectivity. In any case, plant–plant 

communication via VOCs does not appear to play a role in shaping AM resource allocation in 

my systems.  
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5.2 INTRODUCTION 

Plants do not live in isolation; rather, they form interactions with con-specific and 

heterospecific plant neighbours as well as with other above- and below-ground organisms. As 

one strategy to mediate these interactions, plants release a diverse array of volatile organic 

compounds (VOCs) that serve as chemical signals (Badlwin, 2010). For example, when under 

herbivore attack, stressed plants often modulate their VOC emissions, releasing blends of 

herbivore-induced plant volatiles (HIPVs) that act as airborne cues, including terpenes, green 

leaf volatiles (GLVs), benzenoids, or jasmonate-related volatiles (Turlings and Erb, 2018). 

These volatiles can act as an internal signal in response to herbivore attack (Frost et al., 2007) 

or as an inter-plant signal to potentially prime neighbouring ‘naïve’ plants to activate defence 

pathways in anticipation of stress (Farmer and Ryan, 1990). In some cases, the emitted VOCs 

also recruit natural enemies of herbivores (Thaler, 1999), thereby potentially contributing to 

indirect defence strategies (Dicke and Baldwin, 2010). It has also been suggested that plant 

microbial pathogens can also manipulate plant VOCS to attract insect vectors (Hammerbacher 

et al., 2019). As well as activating plant defences, VOCs are also thought to suppress plant 

defences, although the mechanisms for this are less clear (Erb, 2018). Importantly, the 

specificity and intensity of VOC signalling can vary with the nature of the stress, the identity 

of the emitting plant, and the ecological context, suggesting a highly dynamic communication 

system (McCormick, et al., 2012).  

Beyond airborne volatiles, non-volatile metabolites also play critical roles in signalling within 

an individual plant, as, among other things, they contribute to the regulation of plant 

defences and stress responses, albeit in a more localised manner than VOCs (Li et al., 2023). 

For example, below-ground, AM fungi colonisation has been found to promote root-feeding 

nematodes by suppressing benzoxazinoid defence compounds in the roots (Frew et al., 2018). 

Above-ground, leaf metabolites such as phenolics, flavonoids, alkaloids, and amino acid 

derivatives not only act as signalling molecules modulating resource allocation and tolerance 

to stress but can also act as direct deterrents against herbivores and pathogens (Naoumkina 

et al., 2010; Cheynier et al., 2013; Li et al., 2023). Alongside these metabolites, 

phytohormones such as Jasmonic acid (JA), Salicylic acid (SA) and Ethylene (ET) function as 

central signalling molecules, often mediating the activation of systemic acquired resistance 

(SAR) and induced systemic resistance (ISR) and priming tissues against subsequent attack 
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(Pieterse et al., 2012). This often also means that root-induced responses can alter leaf 

responses (Dam and Oomen, 2008). 

Together, VOCs, metabolites, and defence-related compounds such as phytohormones 

integrate local stress perception into systemic signalling networks, enabling coordinated 

physiological adjustments within individual plants. Through the release of VOCs in both the 

above-ground phyllosphere and the below-ground rhizosphere, similar signalling processes 

can also mediate interactions at a distance, for example, between plants or between plants 

and insects, or even microbes (Junker and Tholl, 2013; Brosset and Blande, 2022). That said, 

there is very little information about how plant-parasitic nematodes (PPN), and PCN in 

particular, might influence above-ground plant VOC release, as, somewhat understandably, 

given the below-ground feeding strategy, the majority of the research has focused on changes 

in below-ground VOCs (e.g., Kihika et al., 2017). However, syncytia of feeding female PCN are 

thought to be connected with the phloem via plasmodesmata (Hofmann et al., 2006). Thus, 

PCN infection could also manifest in changes above-ground. For example, above-ground 

tissues of root-knot nematode (RKN)-infected plants have been found to show a reduced 

expression of SA-related genes (Kyndt et al. 2012; Hamamouch et al. 2011). In fact, similar 

ISRs in plants (Wondafrash, Dam, and Tytgat, 2013; van Dam et al., 2008) as well as other 

changes in leaf and phloem plant metabolomes (Pajar et al., 2024) are thought to mediate 

interactions between PPN and above-ground herbivores. Specifically for headspace VOCs, 

although no study has directly measured changes after PCN infection, the cyst nematode 

Heterodera glycines has been shown to alter foliar VOC emissions of soybean (Glycine max; 

Constantino et al., 2021) and the PPN Xiphinema index to alter the VOC emissions of 

grapevines (Vitis vinifera L.; Castorina et al., 2020).  

Here, I employ a similar experimental design as in the previous chapters to monitor any 

potato cyst nematode (PCN)-induced changes in the profile and intensity of in-leaf 

metabolites as well as VOCs released from the plants. Measuring both volatile and non-

volatile metabolites is important because they have been shown to respond differently to 

different above-ground herbivore stresses (Mezzomo et al., 2023), and the same could also 

be true for below-ground stresses such as PCN infection. I also assess the influence of having 

neighbouring plants connected via common mycorrhizal networks (CMNs), as CMNs can 

transfer defence signals and other stress-induced responses (Babikova et al., 2013; Song et 
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al., 2010, 2014, 2015, 2019). In fact, plant VOC collection has been used to verify this, as 

experiments have demonstrated that plants under aphid attack and neighbouring, uninfested 

plants produced a similar VOC profile (defined in particular by methyl salicylate; Babikova et 

al., 2013). Importantly, this occurred only when potential hyphal links below-ground were 

retained; when links were severed, neighbours’ VOC profiles remained unresponsive 

(Babikova et al., 2013). Moreover, it was shown that aphids were repelled by the headspace 

samples collected from the infested plants and their hyphal-linked uninfested neighbours, 

whereas parasitoid wasps, a key aphid predator, were attracted to the VOCs (Babikova et al., 

2013). A similar study confirmed this and showed that such aphid-induced changes in the VOC 

profile via CMNs can occur as early as 24 hours after aphid attack (Babikova et al., 2013). 

Subsequent research reinforced this CMN-mediated priming whereby caterpillar herbivory on 

one tomato plant elevated defence-related VOC pathways in CMN-connected neighbours and 

reduced caterpillar performance on those neighbouring plants (Song et al., 2014).  

However, experimental design caveats remain, particularly regarding the need to distinguish 

CMN-mediated signalling from diffusion through soil or shared airspace (Figueirido et al, 

2021). Against this backdrop, investigating how PCN infection alters the profile of above-

ground volatile and non-volatile secondary metabolites in neighbouring potato plants grown 

in mesocosms inoculated with AM fungi has the potential to demonstrate the extent of plant 

signalling and community defence dynamics. This is also linked to evidence from Chapter 3, 

suggesting that PCN infection can reduce fungal diversity and alter community structure, as 

soil microbial communities can influence the release of defence-related metabolites from the 

below-ground as well as the above-ground parts of the plants (Joosten et al., 2009). In fact, 

even rare soil microorganisms, such as some of the rarer AM fungal taxa that seemed to be 

lost under PCN infection, seem to be important in eliciting above-ground and below-ground 

plant defences (Hol et al., 2010). 

Aims 

Here, I examine in-leaf metabolites collected from the plants used in the 33P tracing 

experiment described in Chapter 2, as well as VOCs collected from the headspace of plants 

set up in similar mesocosms with contrasting PCN treatments. The initial longer-term 

objective of the experiment from which VOCs were collected was to test whether a priming 

effect could be observed in the experimental mesocosms—that is, whether a plant ‘naïve’ to 
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PCN infection but connected via a CMN to a PCN-infected plant would respond more 

effectively to a subsequent PCN infection. If such an effect were detected, the intention was 

to follow up with a second experiment designed to more clearly disentangle the below-

ground mechanisms involved (i.e., distinguishing between root exudation/VOC diffusion and 

CMN connectivity). However, an aphid infestation in the plant growth chambers 

compromised the validity of continuing with the experiment. As a result, only the first stage 

of the anticipated dataset is presented in this chapter. Specifically, the aims of this study are 

to:  

1. Characterise changes in leaf non-volatile metabolites and VOCs induced by PCN infection 

in potato plants;  

2. Assess whether PCN infection induces changes in leaf metabolites and VOCs in 

neighbouring, uninfected plants connected via a CMN. Specifically, could the preferential 

allocation of fungal-acquired P to PCN-free plants in the mixed treatments, as observed in 

Chapter 2, be driving changes in defence-related metabolites (or vice versa)? 

3. If such changes are detected in neighbouring plants, evaluate whether they could arise 

from above-ground (i.e., shared headspace) and/or below-ground mechanisms (i.e., root 

exudation and VOC diffusion, or CMN connectivity, though without the ability to further 

resolve between potential mechanisms).  

 

5.3 MATERIALS AND METHODS 

5.3.1 Leaf metabolites  

5.3.1.1 Collection  

The metabolic profile of plant leaves from Block 3 of the 33P-tracing experiment, described in 

Chapter 2, was analysed. Leaves were collected from weeks 5 and 7 of plant growth, with 

week 5 corresponding to the addition of the 33P tracer to the containers and week 7 being the 

week the experiment was harvested.  

500 μL of methanol/chloroform/water (2.5:1:1 v/v/v –20 °C) was first added to 50 mg of leaf 

sample from each plant, whilst keeping the samples on ice. Samples were then homogenised 

using metallic beads (two 3 mm stainless steel beads per sample) and a FastPrep-24™ (MP 

Biomedicals, USA) at 5.5 m s-1 for 2 x 30 sec periods and an incubation step for 5 minutes 

between homogenisations. Samples were then vortexed and left on ice for 5 minutes, before 
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vortexing again and centrifuging (14,000 rpm, 2 min, 4 °C). For each sample, the supernatant 

was then collected, and the pellet re-extracted with 250 μL of methanol/chloroform (1:1 v/v 

stored at -20 °C), followed by another centrifugation (14,000 rpm, 2 min, 4 °C). The 

supernatant was again collected, and the two supernatants were combined. 175 μL of chilled, 

distilled water and 100 μL of chloroform were then added to the merged supernatants, 

followed by centrifugation (14,000 rpm, 15 min, 4 °C). The chloroform and aqueous phases 

were then separated and each centrifuged (14,000 rpm, 2 min, 4 °C) before the supernatants 

were collected again and stored at -20 °C until further use. 

Preliminary trials were carried out with different dilutions and buffer–matrix ratios to 

minimise matrix suppression effects and to avoid overloading the MALDI spot. Based on these 

optimisations, 10 μL of the aqueous phase was diluted 1:100 with a buffer (methanol/water 

1:1 v/v + 0.1% trifluoroacetic acid). From this dilution, 10 μL was then mixed 1:1 with a matrix 

solution (α-Cyano-4-hydroxycinnamic acid in methanol at 5 mg mL⁻¹ + 0.1% trifluoroacetic 

acid) prior to spotting for analysis. Finally, a 1 μL aliquot was spotted onto a stainless-steel 

MALDI target plate (preheated at 40 °C using a heat block) in technical triplicate, and the plate 

was left to dry at room temperature before being loaded into the mass spectrometry 

instrument. 

5.3.1.2 MALDI-TOF Mass Spectrometry  

Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF 

MS) was performed to analyse the molecular composition of the samples. Measurements 

were carried out using a SYNAPT G2 MS System (Waters, USA) operated in positive ion mode 

only. The mass spectra were acquired over an m/z range of 50–1200 Da. A spiral laser raster 

pattern was used for sample ablation, ensuring uniform desorption across the target spot. 

The laser energy was set to 340 arbitrary units, optimised to achieve sufficient ionisation 

without inducing sample degradation. Each sample was analysed for a total acquisition time 

of 2 minutes to ensure adequate signal accumulation and reproducibility. 

5.3.1.3 Processing and analysis  

Raw MALDI-TOF spectra were acquired in profile mode and converted into the open mzML 

format using Mass-Up (López-Fernández et al., 2015). All subsequent processing and analysis 

were performed in R (R Core Team, 2025) using RStudio (RStudio Team, 2025) and packages 

MALDIquant and MALDIquantForeign packages (Gibb & Strimmer, 2012).  
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To reduce technical variability, replicate scans were first grouped by sample and averaged to 

generate one spectrum per sample. Intensities were then square-root transformed to 

stabilise variance, and spectra were smoothed using a Savitzky–Golay filter (Savitzky & Golay, 

1964) to suppress high-frequency noise, followed by baseline correction with the SNIP 

algorithm (Ryan et al., 1988) to improve peak detection. Intensities were normalised by total 

ion current (TIC), a standard approach to correct for variation in ionisation efficiency across 

spectra (Rubakhin et al., 2005). The majority of one sample had been lost during 

homogenization, and as expected, no obvious spectra were recovered so this was removed 

from all subsequent analysis. 

For all other samples, technical replicates (three for each biological sample) were averaged 

to yield representative consensus spectra for each sample. In three cases where there were 

also biological duplicates (i.e., samples from the sample individual that were run separately 

on the MALDI-TOF), these were also merged into a single consensus spectrum for each 

sample. 

Peak detection was performed using a median absolute deviation (MAD)–based approach 

(Gibb & Strimmer, 2012). Different peak detection parameters were assessed visually, but 

ultimately, peak detection was performed using a half-window size of 180, a signal-to-noise 

(SNR) ratio threshold of 5, and a minimum relative intensity threshold of 0.005. To ensure 

comparability across samples, peak alignment was carried out using a warping-based 

approach with a mass tolerance of 0.001 Da, and diagnostic plots were inspected to confirm 

alignment quality, at which point one spectrum was removed. 

The resulting aligned peak lists were combined into a comprehensive peak table containing 

the m/z values and corresponding intensities for each sample. The dataset was reshaped into 

a wide-format matrix with samples as rows and m/z bins as columns, with missing peaks 

treated as zero intensity. This final binned intensity matrix was used for all subsequent 

statistical and multivariate analyses. 

A principal component analysis (PCA) was performed on the centred and scaled intensity 

matrix using the prcomp function. To identify the m/z features most strongly driving 

separation along the first two principal components, feature loadings were extracted, ranked 

by their combined contribution to PC1 and PC2, and the top 10 were plotted as biplot arrows 

on the PCA plot. Sample scores were visualised, with points grouped by PCN treatment and 
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growth stage. To formally test treatment effects while accounting for week-to-week variation, 

PERMANOVA was applied using the adonis2 function from the vegan R package (Oksanen et 

al., 2022). Bray–Curtis dissimilarities were computed from the intensity matrix, and models 

included PCN treatment, PCN treatment of neighbour, growth week, and any relevant 

interactions, with permutations also stratified by growth week where appropriate. 

To focus on defence-related metabolites (e.g., jasmonates, abscisic acid, salicylic acid, 

glycoalkaloids, and phenolic acids), a reference table of expected m/z values and adducts was 

constructed from published molecular weights (Table S5.1). Observed peaks were matched 

to targets using a tolerance of ±900 ppm. Matched peaks were then collapsed at the 

metabolite level, summing intensities across adducts within each sample, while retaining the 

associated m/z values for reporting. 

To test for treatment-specific differences in defence metabolites, peak intensities were 

summarised per sample and compared between groups using two-sample t-tests, with false 

discovery rate (FDR) correction applied to control for multiple testing (Benjamini & Hochberg, 

1995). Results are presented as log₂ fold changes (PCN+/PCN−), with significance assigned at 

adjusted p < 0.05. In addition, the total defence metabolite intensity per sample was analysed 

using a mixed-effects model, with PCN treatment of the focal plant and its interaction with 

growth week included as fixed effects. A random intercept for mesocosm was added to 

account for non-independence among plants within the same mesocosm and repeated 

measures across weeks. Following visual inspection of the data, a further mixed-effects model 

was applied to the mixed treatment combination (PCN−/PCN+), with PCN treatment included 

as a main effect and a random intercept for mesocosm and for growth week to account for 

non-independence among plants within the same mesocosm and repeated measures across 

weeks. Significance of all model parameters was assessed using the Anova (Type III) function 

in R with the lmerTest package (Kuznetsova et al., 2017). 

For comparison, the total intensity of non-defence metabolites was also computed by 

removing all peaks that matched defence-related m/z values and summing the remaining 

intensities per sample. This allowed defence-related metabolites to be evaluated relative to 

the broader metabolic background. The model parameterisation and testing were as for the 

defence metabolites described above. 
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5.3.2 Leaf Volatile Organic Compounds (VOCs)  

5.3.2.1 Collection  

Four containers were established for each of the two treatment combinations: (a) PCN–/PCN– 

and (b) PCN–/PCN+, following the setup described in Chapter 2. VOCs were collected from 

the headspace of individual plants. Air samples were drawn using a pump (11.6 L min⁻¹; 

WELCH MP 065 E, 18V, Germany) connected via plastic tubing to cups enclosing the plant 

leaves. Each cup contained an adsorption tube packed with activated charcoal (Supelco 

ORBO™ 32). Sampling was conducted at week 5 of plant growth (corresponding to the 

addition of ³³P in the tracing experiment described in Chapter 2) and lasted for approximately 

six hours, from 11:00 to 17:00 h. After sampling, adsorption tubes were sealed with 

manufacturer-supplied caps and stored at –20 °C until analysis. 

5.3.2.2 Adsorption tube elution 

Caps were removed from the adsorption tubes, and 5 μL of an internal standard solution 

(tetralin in ethanol, 80 μg mL⁻¹) was injected through the glass wool plug into the charcoal 

adsorbent. The tubes were then placed into gas chromatography (GC) vials and positioned 

in a vacuum manifold. Subsequently, 250 μL of dichloromethane was eluted through each 

tube. The eluates were sealed in GC vials and stored at –80 °C for no more than 48 h before 

being analysed. 

5.3.2.3 Gas Chromatography-Mass Spectrometry (GC-MS) 

Volatile and semi-volatile compounds were analysed using a gas chromatograph (PerkinElmer 

Clarus 680) coupled with a thermal desorber (PerkinElmer TurboMatrix 650) and a mass 

spectrometer (PerkinElmer Clarus SQ 8T). Sample introduction was performed at 1 μL aliquots 

for each sample via thermal desorption under standard conditions according to the 

manufacturer’s guidelines. 

The GC injector was maintained at 225 °C and operated in split mode with a split ratio of 

100:1, held for 0.7 minutes before switching to full flow. Chromatographic separation was 

achieved on an Elite-5ms capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness; 

PerkinElmer), with helium as the carrier gas at a constant flow rate of 1.0 mL/min. The oven 

temperature program was as follows: an initial hold at 40 °C for 5 minutes, followed by a ramp 

of 8 °C/min to 180 °C, then a second ramp of 20 °C/min to 220 °C, which was held for 10 

minutes. The total runtime was 30 minutes. 
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Mass spectrometric detection was performed in electron ionisation (EI) mode at 70 eV (EI 

auto). Full-scan data were acquired across a mass range of m/z 33–350 over a retention time 

window of 6 to 30 minutes.  

5.3.2.4 Processing and analysis 

Initial data acquisition and analysis were carried out using TurboMass software (version 

6.1.0.1963; PerkinElmer). First, chromatograms of all samples were visually inspected to 

confirm the presence of VOC peaks. Compound identification was based on comparison of 

retention times and mass spectra with the NIST Mass Spectral Library (version 2.2). For each 

detected peak, retention time and m/z values were recorded, and peak integration was 

subsequently performed in TurboMass, with spectra of each pre-selected compound purified. 

The internal standard was applied to correct for sample-to-sample variation in the desorption 

procedure. Chromatograms were smoothed using the Savitzky–Golay method (Savitzky & 

Golay, 1964), with join valley, peak tailing, and baseline parameters set to default values of 

30%, 50%, and 10%, respectively. These parameters were incorporated into the quantification 

method, which was then applied across all samples (see Table S5.11 for peaks included in the 

integration method). Peak areas for each sample were then manually inspected and adjusted 

in the TurboMass software.  

The raw data were then imported into R (R Core Team, 2025) using RStudio (RStudio Team, 

2025) and organised in long format with sample names, compound identities, and peak areas. 

The intensity for each compound detected in the background control sample was subtracted 

from each of the sample intensities, removing quite a few compounds in the process. 

Furthermore, to limit the impact of extreme outliers, only compounds detected in at least 2 

of the 15 samples were retained for downstream analyses. Finally, total emission per 

compound was calculated as the sum across samples, and a log-transformation (log1p) was 

applied to normalise the data and reduce skewness. 

PCA was performed on log-transformed VOC data (centred and scaled) to visualise patterns 

in VOC profiles. Top contributing VOCs were identified based on the sum of absolute loadings 

on the first two principal components. Arrows representing these VOCs were scaled 

proportionally and plotted on the PCA biplot with labels for the top compounds. Bray–Curtis 

dissimilarity was computed from the log-transformed VOC data to quantify compositional 

differences. Permutational multivariate analysis of variance (PERMANOVA, adonis2) with 
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Bray–Curtis dissimilarity was used to test the effects of PCN treatment of the focal plant, the 

PCN treatment of the neighbouring plant, and their interaction on VOC composition. 

For each VOC, mean abundance per PCN treatment and neighbour treatment was calculated, 

and log₂ fold changes were computed using an adaptive pseudocount (half the minimum non-

zero value across all VOCs). Wilcoxon rank-sum tests were applied to assess statistical 

differences between treatment groups. Top compounds with the largest absolute fold 

changes were visualised using dot plots. Linear mixed-effects models (lmer) and linear models 

(lm) were used to test for the effects of PCN treatment and PCN neighbour treatment on total 

VOC emissions and VOC classes (e.g., Aldehydes, Benzenoids, Monoterpenoids, 

Sesquiterpenoids), with log-transformation applied to correct for skewness and reduce the 

influence of outliers where necessary. Significance of all model parameters was assessed 

using the Anova (Type III) function in R. 

 

5.4 RESULTS 

5.4.1 Leaf metabolomics 

To assess the overall effect of PCN treatment on the leaf metabolite profile, Principal 

Component Analysis (PCA) was performed on the scaled intensity data. The first two principal 

components explained a combined 61.38% of the total variance (PC1: 49.7%, PC2: 11.68%; 

Figure 5.1). The PCA scores plot revealed a clear separation along PC1 according to the growth 

week that the samples were taken from(Figure 5.1; Table S5.2). This separation was 

statistically confirmed (R² = 0.85, F = 238.67, p < 0.01) and was also found to be primarily 

driven by elevated intensities of m/z features 771.25 (likely ID: Tamarixetin) and 455.03 (likely 

ID: Gangleodin) being more pronounced at week 7 of growth whereas, m/z peak 933.31 (likely 

ID: Torososide B) was more pronounced in week 5 of growth. PCN treatment did not prove to 

be a statistically significant factor overall or when comparing individually within each growth 

week (Figure 5.1; Tables S5.2 and S5.3).  

The relative total intensity of metabolites was also influenced by growth week, but again it 

was not influenced by PCN treatment, overall or within each growth week (Tables S5.4 and 

S5.5) 
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Figure 5.1 Principal Component Analysis (PCA) of MALDI-TOF metabolomics data from 

potato leaf samples. Points represent individual samples coloured by treatment group 

(‘PCN −‘ or ‘PCN +’) and shaped by PCN treatment combination (PCN−/PCN−; 

PCN−/PCN+; PCN+/PCN+). Ellipses indicate 95% confidence intervals for leaf samples 

taken at growth weeks 5 and 7. Red arrows show the top 10 metabolites driving the 

separation, labelled with m/z and short metabolite name. Full metabolite identities, 

adducts, and additional notes are provided in Table S.5.1. Metabolite IDs are tentative, 

and were annotated via the CEU MassBatch database using a tolerance of 100 mDa in 

positive ion mode, considering possible adducts [M+H]+, [M+Na]+, [M+K]+ across the 

LipidMaps, Metlin, and KEGG databases. 

 

A more targeted approach was also employed to specifically search for potential defence-

related metabolites listed in Table S5.6. Of the 26 metabolites screened, 10 were successfully 

detected in my dataset. Among these, α-Chaconine exhibited by far the highest intensity, with 

a mean relative abundance approximately an order of magnitude higher than other 
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metabolites detected (e.g., ~14 times higher than Solanidine and ~25–50 times higher than 

jasmonates, phenolics, and amino acids).  

Generally, defence-related metabolites showed higher intensities in the leaves of PCN-free 

plants except for the most abundant metabolites overall, such as α-Chaconine, Solanidine, 

and α-Solanine (Figure 5.2). In any case, the observed log₂ fold changes were relatively small 

and not statistically significant, suggesting that when looked at individually, the defence-

related metabolites measured in this study were not substantially influenced by PCN 

treatment under these experimental conditions. 

 

Figure 5.2 Log₂ fold change of candidate defence-related metabolites in potato leaves 

based on PCN treatment. Each point represents a measured metabolite matched to its 

expected m/z value and potential adducts ([M+H]+, [M+Na]+, [M+K]+). The x-axis shows 

the log₂ fold change in intensity between PCN-free and PCN-infected plants (PCN−/ 

PCN+); negative values indicate a decrease in PCN+. The y-axis lists metabolite names 

(tentative IDs) and corresponding m/z values. Point colour reflects statistical 

significance (t-test p-value < 0.05, FDR-adjusted; Table S5.5), and the dashed vertical 

line at zero indicates no change in abundance between treatments.  
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The total intensity of defence-related m/z values (which, as already mentioned, was largely 

dominated by α-Chaconine) was generally higher in week 5 compared with week 7 (χ2 = 28.18, 

p < 0.01), whereas it was not overall influenced by PCN treatment (Figure 5.3; Table S5.8). 

Pairwise comparisons further confirmed the overall lack of PCN treatment, even within 

growth weeks (Table S5.9). Interestingly, however, within the mixed treatment combination 

(−/+), PCN-infected plants consistently showed higher metabolite intensities relative to their 

uninfected neighbours (χ2 = 28.18, p = 0.01; Figure 5.3).  

In contrast, when considering all other (i.e., non-defence) metabolites, the opposite temporal 

trend was observed, with total intensity being higher in growth week 7 (χ2 = 18.19, p < 0.01; 

Figure S4.S). Similar to the defence-related subset, there was no detectable effect of PCN 

treatment overall (χ2 = 0.56, p = 0.45), within each growth week (Growth week 5: t-ratio = -

0.71, p = 0.49;  Growth week 7:  t-ratio = -0.0, p = 0.49) or within the mixed combination (χ2 = 

2.00, p = 0.16; Figure S5.1). 
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Figure 5.3 Total intensity values of defence-related m/z peaks detected in potato leaves 

across both sampling timepoints (weeks 5 and 7), split per mesocosm. Boxplots span the 

interquartile range (IQR), the line inside marks the median, and whiskers extend to 1.5 

× IQR; points outside are potential outliers. Letters above boxplots indicate significant 

PCN treatment effects within the ‘−/+’ mesocosms across both growth weeks (p < 0.05).  

Plants without PCN are indicated by ‘−’ and green boxplots, while plants with PCN are 

indicated by ‘+’ and orange boxplots. Individual points represent biological replicates, 

with colours denoting the sampling timepoint (Growth Week 5 in blue, Week 7 in 

reddish-brown). Dashed lines connect paired m/z peaks across each side of the same 

mesocosm for a given timepoint. Intensities were calculated as the summed abundance 

of tentative defence-related metabolites (Table S5.6), measured by MALDI-TOF MS in 

positive ion mode. 

 

5.4.1 Leaf Volatile Organic Compounds 

To assess the overall effect of PCN treatment on the leaf VOCs profile, a PCA was performed 

on the scaled, relative intensity data. The first two principal components explained a 

combined 61.38% of the total variance (PC1: 30.73%, PC2: 17.72%; Figure 5.4). The PCA scores 

plot hinted at some separation based on the PCN treatment as well as the PCN treatment of 

the neighbour (Figure 5.4); with only the influence of the PCN treatment of the neighbour 

being statistically confirmed (R² = 0.83, F = 3.00, p = 0.04; Table S5.10). Overall, the separation 

was primarily driven by Monoterpenes (e.g., β-Sesquiphellandrene) and Sesquiterpenes (e.g., 

β-Caryophyllene).   



141 
 

 

Figure 5.4 Principal Component Analysis (PCA) of log-transformed GC-MS metabolomics 

data from potato leaves. Points represent individual samples coloured by treatment 

group (‘PCN −’ or ‘PCN +’) and shaped by PCN treatment combination (PCN−/PCN−; 

PCN−/PCN+). Red arrows show the top 10 VOCs driving the separation, with tentative 

VOCs ID assignment performed using the NIST library (version 2.2). Further details about 

the VOCs included in the analysis are provided in Table S.5.11. 

 

Among the 14 VOCs retained after excluding those also detected in the ‘background’ control, 

Tricyclene showed by far the highest intensity, with mean levels roughly an order of 

magnitude greater than the other detected metabolites (~25× higher than β-

Sesquiphellandrene, the second most abundant VOC).  

Overall, the log₂ fold changes in the emission of individual VOCs varied, and none reached 

statistical significance, likely due to variability in the dataset (Table S5.12). Nonetheless, a 

trend was observed in which VOC emissions tended to decrease under PCN infection of the 

plant (Figure 5.5A) and also when the neighbouring plant was infected (Figure 5.5B). 
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Interestingly, the most abundant VOCs, Tricyclene and β-Sesquiphellandrene, showed the 

opposite pattern, with increased emissions under these PCN conditions. 
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Figure 5.5 Log₂ fold change of normalised emission intensities of VOCs emitted from 

potato leaves, shown for A. the PCN treatment of the plant and B. the PCN treatment of 

the neighbouring plant. Fold changes were calculated with a small pseudocount added 

to all intensities to avoid division by zero. The colour of each point indicates whether 

the difference between treatments is statistically significant (p-value < 0.05; Table 

S5.12). The dashed vertical line at zero represents no change in intensities between 

treatments. VOC ID assignment is tentative and was performed using the NIST library 

(version 2.2). 

 

VOC emissions varied substantially across PCN treatments and VOC classes, with few clear 

patterns emerging (Figure 5.6). Crucially, PCN-free plants neighbouring PCN-infected plants 

did not show a different emission for any of the VOC classes, compared to PCN-free plants 

neighbouring PCN-free plants (Table S5.12). The only noticeable trend was for the ‘Unknown’ 

VOCs where there was a reduction in emission from PCN-free plants with PCN-infected 

neighbours (Figure 5.6). 
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Figure 5.6 VOCs relative emission intensity from potato leaves, split per mesocosm. A. 

Total emission across all VOCs detected above the background threshold, B. VOCs of 

unknown ID, C. Aldehydes (i.e., Decanal), D. Benzenoids (i.e., Toluene, Xylene, Benzoic 

acid), E. Monoterpenoids (i.e., β-Sesquiphellandrene, Tricyclene), and F. 

Sesquiterpenoids (i.e., β-Caryophyllene, α-Bergamotene, Geranylacetone, β-

Farnesene). ID assignment is tentative and was performed using the NIST library (version 

2.2). Boxplots span the interquartile range (IQR), the line inside marks the median, and 

whiskers extend to 1.5 × IQR; points outside are potential outliers. Plants without PCN 

are indicated by ‘−’ and green boxplots, while plants with PCN are indicated by ‘+’ and 

orange boxplots. Individual points represent biological replicates, with dashed lines 

connecting paired VOCs across each side of the same mesocosm. 
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5.5 DISCUSSION 

The main aims of these experiments were to characterise changes in leaf non-volatile 

metabolites and VOCs induced by PCN infection in potato plants, and assess whether PCN 

infection also induces changes in leaf metabolites and VOCs in neighbouring, uninfected 

plants connected via a CMN. Overall, leaf non-volatile metabolites were influenced more 

strongly by time (i.e., growth week) than by PCN treatment. Although some defence-related 

metabolites appeared to vary with PCN infection, the underlying variability meant that these 

trends were not statistically significant. α-Chaconine was the most abundant defence-related 

metabolite, which is consistent with the fact that α-Chaconine and α-Solanine account for 

approximately 95 % of potato glycoalkaloids (Lachman et al., 2001). Glycoalkaloids such as α-

Chaconine and α-Solanine are well-known defence-related metabolites (Friedman, 2006; 

Pariera Dinkins et al., 2008), and in this study, both showed a slightly higher relative 

abundance in the leaves of PCN-infected plants. In a previous study, α-Chaconine and α-

Solanine, together with chlorogenic acid, were found to be more abundant in the leaves of 

potato plants whose tubers had been damaged by the moth Tecia solanivora, whilst the same 

plants also exhibited reduced growth of the above-ground herbivore Spodoptera exigua 

(Kumar et al., 2016). Caterpillar larvae reared on a mixture of the same metabolites showed 

reduced growth, confirming the defensive role of these compounds against above-ground 

herbivores (Kumar et al., 2016). In my study, however, chlorogenic acid actually showed the 

opposite trend, where its abundance was slightly higher in PCN-free plants.  

Ferulic acid, a phenylpropanoid alongside compounds such as flavonoids, lignin, and other 

phenolic acids (Dixon et al., 2022), showed the largest reduction in the leaves of PCN-infected 

plants. Since phenylpropanoid pathways are closely linked to pathogen resistance (Yadav et 

al., 2020; 2022) and PPN tolerance in plants (Singh et al., 2021), this reduction, although 

statistically insignificant—likely due to underlying variation in the data and the relatively low 

PCN infection levels used—could still be biologically meaningful. It may reflect a PCN-induced 

metabolic shift in which the plant reallocates phenylpropanoids such as ferulic acid from 

leaves to roots to reinforce local defences against PCN. If true, this would contrast with earlier 

findings suggesting that even under below-ground herbivore attack, roots generally 

accumulate fewer secondary metabolites than leaves, and that metabolite translocation is 

more effective from roots to shoots than in the opposite direction (Erb et al., 2009). 
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Alternatively, transcriptome studies have shown that PPN can modulate the phenylpropanoid 

biosynthetic pathway (Shukla et al., 2017; Iberkleid et al., 2015). In this context, PCN may 

actively downregulate ferulic acid production in the roots as a strategy to suppress host 

defences, with possible downstream consequences for ferulic acid concentrations in leaves. 

The defence-related metabolite JA, which is known to mediate systemic responses alongside 

SA and ET (Pieterse et al., 2012), was also found to be in lower relative abundance in leaves 

of PCN-infected plants. This is contrary to predictions that would expect root PPN infection to 

induce JA accumulation in above-ground tissues (e.g., van Dam et al., 2008). Although many 

studies investigate JA induction up to 7–10 days after nematode infection (e.g., Shi et al., 

2022), the absence of detectable signalling in this study is unlikely to be due to the timing of 

sampling (5 and 8 weeks after PCN inoculation), as elevated JA levels have been observed in 

roots even 30 days post-inoculation with RKNs, the latest time point assessed in that study 

(Mbaluto et al., 2020). More likely, the lack of a clear signal could be due to the relatively low 

level of PCN infection employed in this study which reflected the conditions of most infected 

fields in England at 10 eggs per gram of soil (Minnis et al., 2002), the variability of the response 

depending on PPN species (van Dam et al., 2008) and PPN lifestage (Mbaluto et al., 2020), 

and the ability of PPN to secrete protein effectors that suppress JA production (Haegeman et 

al., 2012; Mantelin et al., 2015), which is partly responsible for the transient nature of the JA-

response (Kyndt et al., 2012). 

Interestingly, defence-related metabolites were more abundant at week 5 of growth, 

whereas the other metabolites peaked at week 7 (Figure 5.3). This suggests that between 

weeks 5 and 7, plants shifted resources away from defence and toward other functions, such 

as growth and reproductive investment, such as tuber bulking (Thornton, 2020). In addition, 

within the mixed treatment (−/+), defence-related metabolites consistently accumulated to 

higher levels in PCN-infected plants compared with their PCN-free neighbours across both 

sampling weeks, whereas such a pattern was not observed for the non-defence-related 

metabolites. This would be expected given that infected plants are dealing with an active 

infection. Surprisingly, however, PCN-free plants in the mixed treatment (−/+) did not show 

higher levels of defence-related metabolites compared to PCN-free plants in the (−/−) 

treatment. This suggests that the slightly increased contribution of fungal-acquired P to PCN-

free hosts in the mixed treatment (as observed in Chapter 2) did not translate into AM-
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mediated priming of plant defences (Jung et al., 2012; Pozo et al., 2015). More detailed 

analyses (e.g., qPCR of defence-related genes) would be needed to confirm this.  

Overall,  although there were some indications that PCN treatment caused some differences, 

especially in defence-related metabolites, there was no indication that these differences 

translated to neighbours (i.e., PCN-free plants neighbouring PCN-free plants did not show 

different patterns to PCN-free plants neighbouring PCN-infected plants). As such, it appears 

from this experiment that no inter-plant mechanism, whether above-ground (i.e., shared 

headspace) or below-ground (i.e., root exudation and VOC diffusion, or CMN connectivity), 

seemed to come into play to influence leaf metabolites under PCN infection. It might well be 

that, based on the below-ground lifestyle of PCN, these changes occur first around the roots 

and that a higher infection or a longer timescale is needed to pick up the signal above-ground. 

For VOCs, although overall composition did not change significantly in response to PCN 

infection itself, the presence of a PCN-infected neighbour had a detectable effect on the VOC 

profiles of nearby plants (Table S5.10). Specifically, PCN-free plants growing next to PCN-

infected plants (−/+) produced VOC profiles that were more similar to those of the infected 

plants than to PCN-free plants growing next to other PCN-free plants (−/−). In contrast, PCN-

free plants neighbouring other PCN-free plants (−/−) showed no such shift. Because all plants 

shared the same headspace, airborne transmission alone cannot explain this pattern. Instead, 

this suggests the involvement of a below-ground signalling mechanism, likely mediated 

through root exudation or mycorrhizal connections.  

That said, interestingly, examination of individual VOCs revealed that the intensity of VOCs 

was not consistently altered by the PCN treatment of the focal plant (Figure 5.5A) or of the 

neighbouring plant (Figure 5.5B). Still, the effect was likely driven by Tricyclene, the most 

abundant VOC overall, which showed a trend to be more pronounced in PCN-free plants when 

neighbouring a PCN-infected plant. Although Tricyclene has been recorded as a plant VOC 

before (e.g., Courtois et al., 2009; Zhao et al., 2011), not much is known about its function; 

however, the monoterpene biosynthetic pathway is known to be responsive to stress or 

signalling cues internally within a plant (Frank et al., 2021) as well as to support SAR within 

and between plants (Riedmeier et al., 2017; Wenig et al., 2019). A field study using sagebrush 

plants (Artemisia tridentata) found that plants that emitted more Tricyclene (alongside 

Camphor and Camphene) received less chewing damage from above-ground herbivores 
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(Karban et al., 2016). Other monoterpenes (i.e, β-Linalool and γ-Terpinene) have also been 

found to be emitted from tomato (Solanum lycopersicon), another Solanaceae plant, 

following caterpillar-induced damage (Zebelo et al., 2014). Overall, the observed Tricyclene 

response highlights that, while the broader VOC profile showed limited PCN treatment 

effects, specific compounds can potentially act as sensitive indicators of plant physiological 

responses. 

The paired VOC emission profiles of the plants in the same mesocosm showed a lot of 

variation between and within PCN treatment, as well as based on the VOC class (Figure 5.6). 

Within the mixed treatment combination (−/+), only the emission of ‘Unknown’ VOCs 

appeared to show a consistent trend. This pattern reflected an increase in VOC emission 

under PCN treatment, which was actually driven by a reduction in emission from PCN-free 

plants with PCN-infected neighbours. The three ‘Unknown’ VOCs were detected at retention 

times 15.51, 22.94, and 25.44. As with all other peaks, tentative identification was made 

based on mass spectral matches to the NIST library; however, these matches were of low 

probability and often suggested a mix of compounds, all unlikely to be plant VOCs. Without 

external standards, the identities of these compounds cannot be fully confirmed. This is a 

common limitation of GC–MS when relying solely on library matches, as co-elution, matrix 

effects, or minor differences in derivatisation or ionisation can lead to misidentification or 

ambiguous assignment. In general, the reported VOCs identities in this study should be 

considered tentative, and future studies using authentic external standards will be necessary 

to validate them. 

Similarly, limitations also come with the MALDI-TOF MS, which was used to identify leaf non-

volatile metabolites. While MALDI-TOF MS provides a rapid and high-throughput method for 

profiling leaf metabolites, it offers limited structural information, making it difficult to 

distinguish isomers or confidently identify compounds without further MS/MS analysis. The 

choice of matrix can introduce interference in the low-mass range and bias, which metabolite 

classes are ionised, while the lack of chromatographic separation increases the chance of 

overlapping peaks in complex plant extracts. In addition, sensitivity is lower for compounds 

present at low abundance, and ion suppression effects may mask biologically relevant 

metabolites. Although preliminary trials were conducted to assess the optimal level of sample 

dilution and buffer–matrix ratios for my samples, some of the caveats remain, and the ID of 
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metabolites is tentative. This analysis should thus be considered as a screening tool, with 

complementary techniques required for detailed metabolite quantification, such as High-

Performance Liquid Chromatography (HPLC) and identification, such as Liquid 

Chromatography–Mass Spectrometry (LC-MS). 

 

 



Chapter 6. General Discussion 

6.1 Summary of main results 

Plants typically form multiple, concurrent biotic associations with other organisms. However, 

research often focuses on interactions between individual symbionts and plant hosts. As 

discussed in Chapter 1, specifically for the symbioses of plants with arbuscular mycorrhizal 

(AM) fungi, our current understanding of resource allocation and regulation relies 

substantially on evidence gained from experimental systems consisting of single plants. While 

such approaches have significantly advanced our understanding, to increase the ecological 

relevance of the results, it is necessary to go beyond this approach and investigate the role of 

competing root symbionts, especially on neighbouring plants connected via mycorrhizal 

networks (MN). 

Building on previous work that has shown that plant infection with potato cyst nematodes 

(PCN) disrupt the carbon (C)-for-nutrient exchange in AM fungal symbioses (Bell et al., 2022), 

in Chapter 2, I found that in the presence of two neighbouring plants potentially linked by a 

CMN, plant-C supply to the fungus was not negatively affected by the PCN infection (Figure 

2.6). However, PCN infection influenced the movement of plant-derived C once below-ground 

as the MN distributed C away from PCN-infected hosts (Figure 2.7). In the same Chapter, I 

also presented evidence for the ability of the MN to provide their PCN-free hosts with more 

fungal-acquired phosphorus (P) relative to their PCN-infected neighbours (Figure 2.5). Overall, 

the presence of a MN interconnecting neighbouring host plants appears to mitigate the 

difference in the amount of plant-derived C delivered to AM fungi by infected versus 

uninfected hosts. This is consistent with predictions from biological market theory (BMT), 

which suggest that host-imposed ‘punishment’ may be less effective in the presence of a 

CMN, as if one plant withholds resources, the CMN can still receive C from other connected 

plants (Kiers and Denison, 2008). 

However, in Chapter 3, I explored how PCN infection might influence the microbial diversity 

of the roots and the soil as an alternative explanation for what might be affecting the 

distribution of P and C within the system. The results suggest that fungal species diversity and 

richness were reduced in PCN-infected roots (Figure 3.1) and that fungal root community 

structure also differed based on PCN infection (Figure 3.5). This was also true for AM fungi, 

where it appears that their overall richness (Figure 3.3) as well as their abundance in the roots 
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decreased under PCN infection, especially evident at the Phylum level when using the ITS 

primers (Figure 3.6D). Overall, Chapter 3 suggests that PCN may indirectly, through changes 

in the microbiome, influence the C-for-P exchange in AM-plant symbioses. This could serve as 

an alternative or complementary explanation to the notion that AM fungi actively adjust P 

and C allocation depending on their needs and the PCN infection status of their host plants. 

That said, it remains possible that the opposite is also true, where differences in the P and C 

allocation are driving microbial community shifts. 

To clarify this further, in Chapter 4, I revisited resource allocation in the AM-plant symbioses, 

focusing entirely on C. The results confirmed that herbivory, above- and below-ground, did 

not reduce overall C allocation (Figure 4.3). Instead, the MN directed C towards the 

compartments that contained plants that were not experiencing herbivory (Figure 4.5). These 

results are important as they confirmed that even without the PCN-associated effect on the 

microbiome, the MN alone can influence the distribution of plant-derived C within the 

system. Using a single ‘14C-labelled’ plant and two ‘receiver’ plants within each system also 

strengthens the results, as any variation in the physiology of the ‘14C-labelled’ plant (e.g., size, 

photosynthetic rates, etc.) that might influence the results is inherently accounted for.  

Finally, Chapter 5 examined how PCN-induced changes in P and C distribution within the 

plant–MN system could both influence and be influenced by plant metabolites, and whether 

such changes affected neighbouring PCN-free plants connected to the same MNs. I found that 

PCN infection might slightly increase or decrease individual defence-related non-volatile 

metabolites in plant leaves, although plant growth stage remained the primary driver (Figure 

5.1). The most abundant leaf metabolite detected, α-Chaconine, showed a trend, albeit 

statistically insignificant, to be increased in the leaves of PCN-infected plants (Figure 5.2). 

Overall, the total abundance of defence-related metabolites peaked at week 5 of growth and 

showed a consistent trend to be higher in leaves of PCN-infected plants relative to their PCN-

free neighbours (Figure 5.3). This indicates that while PCN treatment influenced the infected 

plant, the effect was not transmitted to neighbouring uninfected plants, and there was no 

evidence of a link between mycorrhizal P distribution and AM-mediated priming of plant 

defences. On the other hand, volatile organic compounds (VOCs) emitted by plants appeared 

less influenced by the PCN treatment of the emitting plant itself. Instead, PCN-free plants 

displayed distinct VOC profiles depending on whether their neighbour was PCN-infected or 
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not (Figure 5.4), pointing to a possible below-ground signalling pathway. This effect was 

largely driven by Tricyclene, the most abundant VOC, which showed elevated emissions in 

PCN-free plants neighbouring PCN-infected plants (Figure 5.5), although variability in the data 

limited statistical significance. Overall, findings from this chapter suggest that PCN infection 

can induce below-ground signalling that modulates above-ground VOC emissions to some 

extent, but does not alter in-leaf metabolite profiles.  

 

6.2 C-for-nutrient exchange and fungal diversity 

Metabarcoding analysis revealed that PCN infection led to reduced AM-fungal richness in my 

soil-based experiments. However, total AM root colonisation assessed through ink-vinegar 

staining was not found to be impacted. This suggests that PCN infection likely influenced low-

abundance or rare AM fungal taxa, and although fewer taxa colonised PCN-infected roots, 

those that did likely compensated for losses in colonisation by other taxa. Previous research 

has also found no effect of PPN on AM colonisation (e.g., Vos et al., 2012), which highlights 

that, as well as the quantity, the quality of AM colonisation is also important. For example, it 

has been suggested that plants may benefit from being colonised by more AM fungal species 

(Crossay et al., 2019) or more diverse AM communities (van der Heijden et al., 1998; Wagg et 

al., 2011), although the pattern is not universal (e.g., Sendek et al., 2019). Importantly, it has 

also been shown that increasing the number of AM fungal species in a system does not 

necessarily translate to changes in the overall level of AM colonisation, even though other 

benefits can occur, such as increased shoot biomass and increased plant P acquisition via AM 

fungi (Weber et al., 2025). Moreover, in the same study, under increased AM fungal richness, 

plants acquired this extra P without substantially increasing total C allocation (Weber et al., 

2025). My observations align with both of these recent findings, suggesting that greater AM 

fungal diversity can enhance P supply through complementary nutrient acquisition strategies 

and competition among fungi for host C, ultimately meaning that plants effectively gain more 

P at a lower C cost. However, in my systems, plants were able to reduce the C:P ratio only 

when they were PCN-free, and their plant neighbours were PCN-infected, highlighting the 

level of influence other symbionts can have on the C-for-nutrient dynamics. 

Another possible explanation for the patterns of P and C distribution observed in my systems, 

as explored in Chapter 3, is that PCN alter the microbiome. Specifically for P, a PCN-associated 
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reduction in AM fungal species richness might decrease the functional complementarity 

between the remaining AM taxa and their host (Powell & Rillig, 2018). Functional 

complementarity is particularly important because higher AM fungal richness increases the 

likelihood that roots are colonised by species with a high capacity for P provision, whereas a 

reduction in richness could limit access to these ‘high-performing’ partners. Following a 

similar logic, it has been proposed that low P availability may select for functionally similar 

AM fungal species exhibiting highly efficient P uptake (Buil et al., 2025). Moreover, 

colonisation by a greater number of, and likely more functionally varied, species could allow 

access to a wider range of P pools through their different growth strategies (spatial 

partitioning; Thonar et al., 2011) or enable complementary roles at different stages of plant 

growth or environmental conditions according to seasonal patterns (complementary 

phenology; Pringle and Bever, 2022).  

However, it is important to note that these patterns are only expectations, and that 

complementarity between plant and mycorrhizal fungal communities is not always enhanced 

by greater diversity in the other (Wagg et al., 2015). Moreover, as with other traits, the P-

provisioning capacity of AM fungal species is highly context-dependent (Johnson et al., 1997). 

Increased AM fungal richness likely entails the coexistence of both ‘expensive’ and ‘cheaper’ 

species, which can influence plant C allocation in different ways. For example, the presence 

of ‘cheaper’ partners may reduce the C cost of ‘expensive’ species, potentially because 

greater species richness promotes more ‘cooperative’ behaviour and enhances P provision 

(Argüello et al., 2016). Conversely, ‘expensive’ species may stimulate higher C consumption 

by ‘cheaper’ partners (Blažková et al., 2021), particularly if high sink strength is an inherent 

trait of certain fungi (Ji and Bever, 2016), thereby increasing the overall C flow into the AM 

fungal community to maintain allocation across partners of differing quality (Wyatt et al., 

2014). Pertinent to my experiments, increased AM fungal richness has been shown to make 

otherwise ‘uncooperative/expensive’ taxa behave more ‘cooperatively/cheaply’ (Argüello et 

al., 2016). This suggests that the higher P provision observed in PCN-free plants in the mixed 

treatment may not necessarily be driven by the presence of particular taxa unique to their 

roots, but rather by the same taxa performing differently when embedded in the larger and 

more functionally diverse communities found around PCN-free roots. 
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Finally, even if AM fungal diversity remains unchanged, the amount of P acquired by AM fungi 

can still be indirectly affected by observed changes in overall fungal diversity. One of the 

reasons for this is that fungi can mediate the P and N cycles by releasing extracellular enzymes 

that convert organic P or N compounds to smaller products or mineral forms (Sinsabaugh, 

1994; Richardson and Simpson, 2011). Such interactions have been demonstrated in 

experimental systems, where non-mycorrhizal fungi enhance organic P mobilisation and 

thereby increase the inorganic P available to AM fungi and their hosts (Jiang et al., 2021; Wang 

et al., 2023). Conversely, the PCN-associated reduction in fungal richness and diversity 

observed here could limit organic P mineralisation by free-living fungi, decreasing the pool of 

inorganic P available to AM fungi. This, in turn, may reduce the amount of P that AM fungi 

can supply to their hosts, which could lower the C they receive in return and potentially 

decrease AM fungal abundance. Of course, the outcome would still depend on the specific 

plant–AM fungal interactions, as under low P, plant dependence on mycorrhizal associations 

is likely to increase, potentially leading to greater plant-C allocation to the MN (Ji and Bever, 

2016), which could then fuel MN growth and enhance its capacity to scavenge for P. Further 

research is needed to decipher the strength of each of these mechanisms and to better 

understand the extent to which free-living fungi may also mediate the functional 

complementarity between plant hosts and AM fungi as discussed above.  

In any case, and despite the complexity in interpreting the results, monitoring AM fungal 

diversity in experiments is a step in the right direction, as biotic factors (i.e., plant and AM 

taxa identity) appear to be more important than abiotic factors (i.e., soil pH, soil texture, and 

experimental duration) in explaining mycorrhizal growth responses (Wang et al., 2023). While 

characterising the mycorrhizal community is a useful first step, future research should go 

further by linking community composition to the functional traits of individual AM fungal taxa, 

thereby enabling hypotheses about how shifts in AM fungal communities affect plant nutrient 

acquisition to be tested. This remains a challenging task, not only because of the high diversity 

of AM fungi, but also because their traits can vary at the physiological level (Janoušková and 

Jansa, 2025) and can change during the course of their interaction with plant hosts—partly 

because, as already discussed, the composition of the fungal community itself can change 

over time (Jansa et al., 2008; Blažková et al., 2021). 
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Trait-based and functional analyses are important not only for identifying which fungal taxa 

are most capable of supplying P (or other benefits) to the plant, but also for understanding 

their associated C demands. Under a ‘reciprocal rewards’ framework (e.g., Kiers et al., 2011), 

if AM fungi provided more P to PCN-free plants than to their infected neighbours, it would be 

expected that they would, in return, receive increased C from those PCN-free plants. 

However, this pattern was not observed in my experiments. What could not be determined 

here, however, is which individual AM fungal isolates were responsible for providing P, and 

how much C those same isolates were receiving. It remains possible that the isolates providing 

most of the P to PCN-free plants were also those receiving most of the C from the same plants, 

even if the overall amount of C transferred below ground did not differ between treatments. 

That said, theory predicts that such precise C allocation would reduce the diversity of fungal 

partners (Lekberg and Koide, 2014), which was not observed in this study. It would therefore 

be valuable to test this more explicitly in longer-term experiments. Stable isotope probing 

(SIP) using ¹³CO₂ pulse-labelling of plants, combined with lipid biomarker analysis (i.e., using 

phospholipid fatty acids for total fungi and neutral lipid fatty acids for AM fungi) and/or 

nucleic acid–based approaches (DNA-SIP), as applied in previous studies (Clochiatti et al., 

2021; Maillard et al., 2023; Nuccio et al., 2022), could help disentangle the interactions 

between PCN, AM fungi, free-living fungal communities, and bacteria. 

 

6.3 C-for-nutrient exchange and bacterial diversity 

In addition to free-living soil fungi, bacteria also play a crucial role in mobilising both organic 

and mineral-bound P, and shifts in bacterial community composition could therefore 

influence the availability of P to AM fungi. In my study, I explored bacterial diversity and 

community structure in an attempt to relate these patterns to the AM-mediated distribution 

of C and P. However, interpretation of these findings is constrained by our incomplete 

understanding of how AM fungi interact with bacteria. In particular, it remains unclear how 

much C flows from AM fungi to bacteria, what the chemical identity of AM hyphal exudates 

is, and which bacterial processes these exudates may induce (Duan et al., 2024). Similar to 

what was discussed for AM fungi, targeted functional assays assessing the saprophytic 

capacity of the soil microbiome would be needed to determine whether the specific bacterial 

taxa detected in my system can solubilise P and thereby influence AM fungi.   
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Previous studies have shown that AM fungi can actively influence the composition and 

function of their surrounding bacterial communities. For example, AM fungi have been found 

to recruit bacteria harbouring phosphatase genes and thereby increase alkaline phosphatase 

activity in the hyphosphere (Zhang et al., 2018). Building on this, metagenomic approaches 

have been used to reveal shifts in the relative abundance of a wider set of microbial P-

transformation genes in response to AM fungal activity (Dai et al., 2020). More recently, 

studies have gone further to link these functional changes to actual P fluxes, showing that 

specific microbial genes (i.e., CAZy genes) involved in phytate mobilisation can directly 

contribute to mycorrhizal P uptake pathways (Wang et al., 2023). Together, these studies 

highlight a progression from documenting microbial recruitment to identifying functional 

potential, to quantifying functional consequences, offering a framework that could be applied 

to better understand how hyphospheric bacteria influence AM-mediated nutrient transfer. 

A more in-depth exploration linking bacterial taxa to functional genes—and ideally to gene 

expression—associated with organic P mineralisation is needed to better connect the 

observed patterns of C and P distribution in my systems with potential PCN-induced shifts in 

bacterial community composition. Moreover, the composition of bacteria in and around the 

hyphae is different from that in the soil and the roots (Zhang et al., 2022), so it would be 

useful for a more detailed analysis of the hyphosphere to be included. For example, in one 

study, richness and diversity of the bacteria were significantly higher in the hyphosphere than 

in the rhizosphere, leading the authors to suggest that in the rhizosphere, bacteria and AM 

fungi are competing for resources, whereas in the hyphosphere, bacteria are feeding on AM 

fungal exudates (Huang et al., 2023). Future studies should also assess more distinct soil and 

plant compartments—such as P-rich versus P-poor soil patches or specific dynamics around 

PCN infection zones —to better resolve spatial dynamics. Inoculation experiments under 

controlled and possibly P-limited conditions could then confirm whether specific bacterial 

taxa appearing more sensitive to PCN (e.g., Pseudomonadales) in my system are responsible 

for enhancing AM-mediated P delivery to PCN-free plants. 

6.4 Beyond a resource-based biological markets framework 

The evolution and dynamics of bidirectional nutrient exchange between AM fungi and host 

plants are often explained using Biological Market Theory (BMT; Noë & Kiers, 2018), which 

suggests that nutrients are traded commodities and partners can assess costs and benefits to 
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preferentially interact with those offering the best exchange rates (Werner et al., 2014). 

Access to alternative partners is necessary for such discrimination, and CMNs allow AM fungi 

to reach multiple hosts. Most studies have focused on the nutritional benefits of AM fungi 

and CMNs to plants (e.g., Fellbaum et al., 2014; van’t Padje et al., 2020, 2021; Whiteside et 

al., 2019) and used BMT to explain symbiosis stability (Noë & Kiers, 2018). However, AM fungi 

can also provide non-nutritional benefits, including mycorrhizal-induced pathogen resistance 

(Cameron et al., 2013) and defence priming, reducing the impacts of parasites (Jung et al., 

2012). 

Specifically for PPN, the potential for CMNs to confer additional benefits, as shown in other 

systems (e.g., Alaux et al., 2020), warrants further investigation, as CMNs may enable 

systemic priming of defence responses in plants that are not directly attacked by PCN but are 

connected to infected plants. PPN secrete effector molecules to promote root colonisation 

(Rai et al., 2015), suppress plant defence responses (Chen et al., 2018), and reprogram host 

cells to form metabolically active feeding sites that accumulate plant resources (Rodiuc et al., 

2014). In PCN-resistant potato varieties, recognition of these effectors is thought to trigger 

localised cell death, collapse of the feeding site, and ultimately nematode mortality (Postma 

et al., 2012). Co-colonisation by other root symbionts, such as AM fungi, could potentially 

interfere with these processes.  

AM fungi have in some cases been shown to reduce PPN infection, although evidence remains 

equivocal (e.g., De La Peña et al., 2006; Garita et al., 2019; Vos et al., 2012), and it is unclear 

to what extent such protective effects depend on improved nutrient acquisition (Schouteden 

et al., 2015). More recently, it was shown that while AM colonisation can enhance PCN 

reproductive capacity, it also increases plant tolerance to PCN infestation, allowing plants to 

better withstand the negative impacts of the pest (Bell et al., 2022). These findings, together 

with suggestions that shifts in AM fungal communities may be driven by the level of pest or 

pathogen protection they offer rather than by changes in C-for-nutrient exchange ratios (Frew 

et al., 2024), point to a broader interpretation of BMT in the context of AM–plant symbioses. 

Rather than being solely defined by a tightly coupled reciprocal rewards system based on 

resource allocation, these symbioses could still be conceptualised as ‘markets’ but with 

‘services’ (e.g., pathogen defence) as well as ‘goods’ (e.g., nutrients or C) being exchanged, 

and their evolutionary stability likely shaped by multiple selective pressures.  
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It has long been recognised that microbial symbioses with plants are multifunctional, so 

considering as many of these functions as possible is crucial for interpreting experimental 

outcomes (Sikes et al., 2010). For example, increased AM fungal richness has been associated 

not only with greater P provision to plants, as discussed earlier, but also with enhanced 

protection against fungal pathogens when plants are colonised by more diverse AM fungal 

communities (Sikes et al., 2009). In contrast, in my system, the PCN-associated reduction in 

overall AM fungal richness could reflect plants under stress becoming more selective in 

identifying and excluding ‘uncooperative’ AM fungi. This aligns with the idea that such 

‘uncooperative’ taxa tend to perform better in more diverse communities (Hart et al., 2013). 

It is therefore not surprising that the effects of AM fungal richness may vary depending on 

the type of plant antagonist involved, with higher richness potentially enhancing defences 

against some root pathogens but not conferring the same benefits against pests such as PCN, 

where C allocation might be retained even if the AM species are ‘uncooperative’. It, of course, 

remains possible that AM fungal richness is also determined by the fungi themselves, as well 

as indirectly shaped by the plant host and/or PCN.  

Both my ITS and 18S datasets hint towards the traditional view that Gigasporaceae invest 

more in developing extensive extraradical hyphal networks, whereas Glomeraceae are more 

concentrated within roots (Maherali and Klironomos, 2007; Sikes et al., 2009; Sikes, 2010). 

More specifically, my data indicate a trend for Gigasporaceae abundance to be higher in PCN-

free compartments—particularly in soil—which corresponds with the increased AM-derived 

³³P received by plants in those compartments. This aligns with previous findings that greater 

soil colonisation by AM fungal hyphae is correlated with increased shoot P concentration 

(Powell et al., 2009). In contrast, although Glomeraceae were slightly more abundant in roots, 

they did not appear to contribute to fungal pathogen protection in my study as previously 

suggested (Sikes et al., 2009; Sikes, 2010). If anything, their modestly higher abundance in 

PCN-free roots coincided with an elevated relative abundance of ‘pathotrophs’ as defined by 

FUNGuild (Nguyen et al., 2016). Notably, the known potato-pathogenic fungal genus 

Fusarium was also more abundant in PCN-free roots, which, as mentioned, showed slightly 

higher Glomeraceae abundance. This lack of apparent protective effect could reflect context 

dependency in Glomeraceae-mediated pathogen suppression, which has been shown to vary 
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with host species, nutrient availability, and the composition of co-occurring AM fungal taxa 

(Sikes, 2010).  

The rationale behind Chapter 5 was that CMNs can function as a highway for plant-plant 

communication via phytohormones, disease resistance and induced defence signals (e.g., 

Barto et al., 2012; Song et al., 2010). This has previously been demonstrated when plant VOCs 

caused by aphid herbivory were expressed in aphid-free plants, only when these aphid-free 

plants were connected to aphid-infested plants via a CMN (Babikova et al., 2013). Crucially, 

the VOCs produced in aphid-free plants were found to elicit the same insect responses (i.e., 

repelling aphids and attracting parasitoid wasps to act as natural enemies) as those produced 

after aphid infestation (Babikova et al., 2013).  

In my experiment, I found evidence that VOC profiles of PCN-free plants were influenced by 

the PCN treatment of their neighbouring plants, with the monoterpene Tricyclene likely 

contributing strongly to these differences. This suggests the involvement of a below-ground 

signalling mechanism that affects the emission of headspace VOCs. An alternative explanation 

could be a resource-reallocation mechanism, whereby the increased 33P received by PCN-free 

plants relative to their infected neighbours drives changes in VOC production. However, if this 

were the case, PCN-free plants in the mixed treatment (i.e., −/+) would be expected to form 

a distinct cluster, separate from both the PCN-free plants in the ‘−/−‘ treatment and the PCN-

infected plants in the mixed treatment—yet this pattern was not observed. On the other 

hand, it appears that below-ground signalling may have, to some extent, mediated plant–

plant communication and influenced plant–C delivery dynamics. Specifically, if the altered 

metabolic profiles of PCN-infected plants were transmitted to neighbouring plants—as 

suggested by the observed shifts in the VOC emissions of PCN-free plants—those neighbours 

may, in turn, have adjusted their own C allocation to the fungi. This supports the hypothesis 

proposed in Chapter 3 that, in the ‘−/+’ treatment, uninfected plants could have reduced their 

C allocation to the MN to match that of their infected neighbours. Such a mechanism would 

explain why a PCN-induced reduction in C allocation is not evident in systems of neighbouring 

plants, despite being observed in systems of single plants (Bell et al., 2022). More research is 

needed to verify this, as the observed differences in VOCs in my experiment appeared to be 

driven primarily by Tricyclene, and similar patterns were not detected in the in-leaf 

metabolites. 
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In any case, monitoring the effects of PCN infection on the VOC profile of infected plants, as 

well as on neighbouring plants, as done in my experiments, is crucial for assessing the role of 

MNs in plant–plant communication. However, the extent to which the signalling resulting in 

different VOCs occurred via MNs or via other below-ground mechanisms, such as root 

exudation, remains unclear and requires further investigation. In fact, even if the above-

ground pathways are controlled or accounted for, below-ground VOCs also need to be 

considered, as these can be emitted from roots and even from fungi and bacteria (Martínez-

Medina et al., 2017). It would be useful for future experiments to disentangle the evolutionary 

drivers behind developing below-ground signalling mechanisms, considering that above-

ground air signalling is likely more direct and faster, and to further determine the specific 

influence of below-ground pathways such as root exudation and mycorrhizal connections 

(e.g., is the speed of defence-related signals similar via both mechanisms and under what 

circumstances is one mechanism more useful than the other?). 

Furthermore, while my study examined potential PCN-induced changes in both volatile and 

non-volatile plant metabolites, future work should test the actual impact of any below-ground 

signalling by infecting with PCN ‘naïve’ plants that have been connected via a MN to PCN-

infected neighbours and comparing their responses to infecting ‘naïve’ plants connected to 

other PCN-free neighbours, as was originally planned for the next stage of my experiment 

before the aphid infestation in the greenhouse chamber. Gaining deeper insights would 

further require incorporating transcriptomic approaches (e.g., RNA-seq), followed by 

targeted gene expression analyses (e.g., qPCR). For potato in particular, it would be valuable 

to conduct such experiments using both susceptible and PCN-resistant varieties to determine 

whether maintaining a connection to a CMN involves a trade-off with the plant host’s own 

defence system. Understanding whether and how the AM fungal community is shaped 

directly by the distribution of plant-derived C or indirectly through its contribution to plant 

defences is also an important open question. 

More broadly, research using a wider range of plant species and diverse organisms that might 

influence AM fungal function is needed to clarify the role of MNs in modulating the C-for-

nutrient exchange of the symbiosis and/or improving plant host defences. Increasing the 

temporal and spatial resolution of experimental studies will also be paramount to fully 

appreciate the contribution of AM fungi and MNs to ecosystem functioning (reviewed by 
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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) and their potential 

applications in agricultural systems (Rillig et al., 2019; Thirkell et al., 2017). If BMT were 

expanded to incorporate these additional ecological and functional scenarios, it might 

converge with other frameworks explaining C-for-nutrient exchange (e.g., source–sink 

dynamics) in predicting similar outcomes. Ultimately, more research is needed to understand 

the multiple ways that other symbionts influence the C-for-nutrient exchange—directly or 

indirectly—so that these interactions can be incorporated into predictive models. 

 

6.5 What could a PPN-induced movement of C through mycorrhizal networks 

mean for global C-cycling? 

PPNs are among the most abundant and diverse life forms on Earth, and most plants 

encounter them at some point during their life cycle (Sohlenius, 1980). Likewise, 

approximately 82% of plant species form associations with mycorrhizal fungi, including 72% 

with AM fungi and around 2% with ectomycorrhizal (EcM) fungi (Brundrett and Tedersoo, 

2018). Both PPN (De Deyn et al., 2003) and mycorrhizal fungi (Tedersoo et al., 2020; van der 

Heijden et al., 1998) are known to drive plant succession in natural ecosystems, and—as 

explored throughout this thesis in the context of PCN and AM fungi in particular—they can 

also influence each other. From a biotic perspective, soil organic carbon (SOC) dynamics 

depend largely on plant productivity and the subsequent allocation of plant-derived C 

between above- and below-ground tissues (Creighton et al., 2007). Both of these processes 

can be affected by PPN and mycorrhizal fungi. Once translocated below-ground, plant-derived 

C can be utilised by the plant, consumed directly by phytophagous organisms such as PPN, 

acquired by plant mutualists such as mycorrhizal fungi, or released into the soil where it 

becomes available to the broader microbial community. 

Despite C metabolism and transport in AM fungi being a subject of study for a long time (e.g., 

Bago, Pfeffer, and Shachar-Hill., 2000), our understanding of how mycorrhizal fungi influence 

soil C dynamics remains limited. Still, we do know that mycorrhizal fungi typically receive up 

to around 20% of plant photosynthates (Jakobsen and Rosendahl, 1990; Hobbie, 2006; Drigo 

et al., 2010). There are also thought to be three main and complementary pathways by which 

mycorrhizal fungi in general contribute to C cycling: providing substrates for decomposition 
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(Soudzilovskaia et al., 2015), affecting plant litter quality and quantity (Averill et al., 2019), 

and shaping the microbial and environmental context of litter breakdown (Frey, 2019). In 

terms of decomposition, it is thought that mycorrhizal fungi can reduce decomposition 

through a phenomenon known as the ‘Gadgil effect’, where mycorrhizal fungi compete with 

free-living fungi for nutrient resources and thus limit their activity (Gadgil, 1971). On the other 

hand, mycorrhizal fungi can also increase (aka prime) decomposition through the activation 

of plant exudation, which can release saprotrophic fungi from C limitation (Paterson et al., 

2016). Finally, mycorrhizal fungi also contribute to increased decomposition through their 

own exudation (Shahzad et al., 2015) as well as their necromass acting as a food source for 

saprotrophic organisms (Wilkinson, Alexander, and Johnson, 2011). Traditionally, EcM fungi 

were thought to be more likely to reduce decomposition through the ‘Gadgil effect’, whereas 

AM fungi were more likely to prime decomposition (Frey, 2019). However, a recent meta-

analysis has suggested that, irrespective of their type, mycorrhizal fungi are more likely to 

promote decomposition and thus negatively influence soil C storage (Choreño-Parra and 

Treseder, 2024). 

Despite increasing evidence of the importance of mycorrhizal fungi as a global C pool 

(Hawkins et al., 2023), we still know relatively little about how plant-derived C is distributed 

once it enters the fungal mycelium and how this influences wider soil C cycling. Understanding 

the drivers of C movement within the MN is particularly important given that extraradical 

hyphae of AM fungi may constitute around 15% of SOC (Leake et al., 2004). In this study, I 

focused exclusively on AM fungi, the most widespread type of mycorrhizal association, which 

colonise approximately 55% of global vegetation and are common in herbaceous plants such 

as potato, my model organism (Soudzilovskaia et al., 2019). Using both soil- and medium-

based experimental designs, I observed that plant-derived C moves within an AM fungal MN 

and that this movement is influenced by biotic factors, namely whether the plant producing 

the C—or neighbouring plants connected to the same MN—are subjected to phytophagy.  

AM networks exhibit rapid turnover, with individual hyphae disintegrating within 5–7 days of 

formation (Friese & Allen, 1991; Staddon et al., 2003), suggesting that much of the plant-

derived C they transport may be quickly respired or made available to free-living saprotrophs. 

While earlier I discussed how PCN-associated changes in free-living fungal communities could 

influence AM fungal diversity and the C-for-P exchange, my findings could also be interpreted 
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in the opposite direction: that PCN-induced movement of C within the AM network shapes 

the diversity of surrounding soil fungi, particularly saprotrophs. For example, C translocated 

toward PCN-free compartments could stimulate saprotrophic activity, potentially explaining 

the observed increase in overall fungal richness and the slightly higher relative abundance of 

‘saprotrophs’ (as classified by FUNGuild; Nguyen et al., 2016) in both PCN-free soil and roots. 

In fact, this interpretation is further supported by evidence from the in vitro experiment, 

where plant-derived C preferentially moved via the MN toward microcosm compartments 

containing PCN-free plants, even in the absence of a complex soil microbial community. 

Besides AM fungi, EcM fungi represent another important type of mycorrhizal association. 

Although they form symbioses with only ~2% of land plants, their host species account for 

over 25% of global vegetation (Brundrett and Tedersoo, 2018). AM and EcM fungi are 

hypothesised to differ in their influence on C cycling (Soudzilovskaia et al., 2015), with EcM 

fungi showing a stronger positive correlation with below-ground C stocks (Soudzilovskaia et 

al., 2019). Consequently, it is interesting to consider how herbivory might shape the 

movement of C within EcM MNs. EcM plants are estimated to allocate more C to their fungal 

partners than AM plants (Leake et al., 2004), and their extraradical mycelium is likely more 

extensive and exhibits slower turnover than that of AM fungi (Leake et al., 2004). Soils in 

ecosystems dominated by EcM fungi also contain more C per unit N than AM-dominated soils 

(Averill et al., 2014), potentially because EcM fungi compete with free-living decomposers for 

N, thereby slowing decomposition (Orwin et al., 2011). Taken together, these factors suggest 

that herbivore-induced effects on C distribution within EcM MNs could be particularly 

pronounced. On the other hand, if PPN reduce EcM species richness—as I observed PCN do 

for AM fungal richness—the overall CO₂ efflux from soil might also be reduced (Wilkinson, 

Alexander, and Johnson, 2010). 

There is limited information on how PPN might influence EcM hosts, as these are largely trees 

and woody shrubs (Smith & Read, 2010), and most research on PPN focuses on crops (Kantor 

et al., 2022). Consequently, the global impact of PPN on forests may be underestimated 

(Khan, 2012). PPN can be classified according to their feeding strategy into ectoparasites, 

migratory endoparasites, and sedentary endoparasites such as PCN (Sijmons et al., 1994). 

Early research indicates that migratory root-feeding nematodes, such as Pratylenchus spp., 

can negatively interact with EcM of forest trees (Marks et al., 1987; Hanel, 1998). These 
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interactions extend further, as for example, inoculation of EcM oak (Quercus robur) with 

Pratylenchus penetrans reduced bacterial biomass in the rhizosphere, although plant-derived 

C detected in bacteria was enhanced (Maboreke et al., 2017). 

PPN feeding style likely influences how plant-derived C moves within MNs. Unlike sedentary 

endoparasites such as PCN, which establish long-lived feeding sites composed of 

metabolically active host cells that act as strong carbon sinks, migratory endoparasites like 

Pratylenchus kill the cells they feed on, leaving necrotic tissue behind (Sijmons et al., 1994). 

This suggests that while PCN infection may reduce C supply to mycorrhizal fungi, some supply 

of C to the AM fungi will likely be maintained and then distributed within MNs. In contrast, 

Pratylenchus infection likely disrupts root integrity and, depending on the level of damage, 

halts C flow through affected regions, reducing the amount of plant-derived C entering MNs 

altogether. 

PPN feeding styles are highly diverse, and EcM hosts can also be impacted by some above-

ground PPN as well. For instance, Bursaphelenchus xylophilus inhabits the trunk and branches 

of trees, causing pine wilt disease (Mamiya, 1983), and is under regulatory control in the US 

due to its potential for extensive forestry damage (APHIS, 2025; Dwinell, 1997). Another 

example is Litylenchus crenatae mccannii, a nematode recognised in 2020 for causing beech 

leaf disease in the US state of Ohio, which, within a year, had spread to nine further states 

(Carta et al., 2020; Kantor et al., 2022). Because these above-ground PPN attack 

photosynthetic tissues rather than roots, they are likely to reduce the plant’s overall 

photosynthetic capacity and carbohydrate production. A reduction in photosynthate supply 

would be expected to limit the amount of recent C available for below-ground allocation, 

including to EcM fungi. Whether above- or below-ground, a PPN-induced reduction in C 

allocation to EcM fungi could diminish SOM accumulation, especially in forests where EcM 

fungi play a key role in soil C storage. Understanding how the C that is delivered below-ground 

gets distributed within MNs would allow for better predictions of soil C losses and could 

inform management strategies to prevent them. This is particularly important as such effects 

may be exacerbated under warming climates, which could facilitate the poleward expansion 

of PPN or other herbivores into boreal and taiga regions dominated by EcM trees (Brundrett 

and Tedersoo, 2018). 
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In general, it is important to consider how PPN-induced shifts in the movement of C within 

MNs might interact with future climate conditions, which are projected to involve a rise in 

atmospheric CO₂ from current levels of ~420 ppm to 800–1000 ppm by 2100, representing an 

increase of approximately 90–140% (IPCC, 2021). For example, Charters et al. (2020) found 

that allocation of plant C to AM fungi decreased following aphid herbivory and that this 

reduction persisted under elevated CO₂ conditions (800 ppm). This suggests that the PCN-

induced effects detected in my experiments could similarly persist under future CO₂ levels. In 

fact, they could even be amplified, as several studies have shown that plant C allocation to 

AM fungi can increase by up to 25% under elevated CO₂ (Drigo et al., 2010), which could 

increase the flow of C through MNs. Greater C flux could in turn stimulate microbial activity 

and enhance below-ground C turnover, thereby increasing the amount of C respired back into 

the atmosphere (Cheng et al., 2012). That said, under a more gradual rise in CO₂, this positive 

priming effect on decomposers may be less pronounced as soil microbial communities have 

more time to adjust their functioning to changing conditions (Klironomos et al., 2005). Still, 

although it is very difficult to predict how exactly soil and rhizosphere communities will 

respond to a changing climate, plant root exudation and thus microbial C flow are likely to be 

influenced (Drigo et al., 2013), which will undoubtedly shift the composition of the soil food 

web. Future research incorporating a broader range of host plants, mycorrhizal types, and 

combinations of biotic stresses such as herbivory, under varying abiotic conditions like 

elevated CO₂, will be crucial not only for improving our understanding of current MN-

mediated C dynamics but also for enhancing our ability to predict their responses under 

future climate scenarios. 

 

6.6 Wider considerations 

Several aspects of the experimental design were chosen to reconcile practical constraints with 

biological relevance. For example, experiments involving ¹⁴C-isotopic labelling require a 

careful balance between allowing sufficient time for the isotope to be taken up by the plant 

and distributed within the system and avoiding excessive labelling periods that would allow 

the isotope to be recycled and respired to the point where it can no longer be traced. Longer 

labelling times also increase the likelihood that labelled C exuded from AM fungi will be taken 

up by other saprotrophic fungi, as AM fungi are known to mediate the transfer of plant-
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derived C to the wider microbial community (Nottingham et al., 2013). Indeed, experiments 

using ¹³C have shown that labelling periods longer than 24 h result in greater ¹³C enrichment 

of non-AM taxa, although even within 24 h, not only AM fungi but also other fungal taxa—

most notably members of the Ascomycota—can become enriched (Hannula et al., 2012; 

2020). Although somewhat debated, this likely reflects plant-derived C being passed to other 

fungi via exudation from AM fungi themselves, rather than being directly consumed from root 

exudates (Drigo et al., 2010; Kaiser et al., 2015; Hünninghaus et al., 2019).  

In any case, labelling for 24 h enabled me to trace plant-derived C through the system, though 

this represents only a brief snapshot in time and does not necessarily capture the longer-term 

C dynamics, which may differ substantially over the full course of my experiment—or more 

importantly, over the longer timescales at which such interactions occur in nature. Moreover, 

this short labelling period preferentially captures recently-fixed C sources such as hexose 

sugars, whereas other C forms, such as fatty acids—which take longer to be constructed by 

the plant and are typically used for storage—are less likely to be traced. This is an important 

consideration because recent work has shown that plant herbivory can limit the delivery of 

hexose sugars to AM fungi, while C delivery in the form of fatty acids is largely maintained 

(Bell et al., 2024). If such dynamics occur in my systems, then the apparent redistribution of 

C away from infected hosts could actually be an underestimate. It could be useful for future 

experiments to validate these results using 13C rather than 14C labelling, since 13C-labelling is 

less sensitive and typically requires longer pulse periods to achieve detectable incorporation. 

In my P-tracing experiment, I applied 33P in the form of soluble inorganic orthophosphate 

because it is widely regarded as the principal form that AM fungi supply to their hosts (Smith 

& Read, 2010). However, organic P is the predominant form in some soils (Walker and Syers, 

1976; Harrison, 1987) and occurs alongside insoluble inorganic forms such as crystalline 

apatite (Raven et al., 2018). From a plant’s perspective, the C cost of acquiring these different 

P pools depends largely on whether the plant (or its symbionts) can access the P form directly 

and on its concentration levels in the soil (Raven et al., 2018). Although, somewhat spatially 

separated, the inorganic P acquired by AM fungi is generally considered to originate from the 

same pool that is in principle also accessible to plants; yet, there is growing evidence that 

mycorrhizal roots can also exploit otherwise inaccessible insoluble inorganic P sources in the 
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soil (e.g., rock phosphate; Cabello et al., 2005; Duponnois et al., 2005). That said, the actual 

phosphate-solubilising capabilities of AM fungi remain somewhat contested.  

Although early reports suggested that AM fungi might produce extracellular phosphatases 

(Gianinazzi et al., 1979), genomic analyses indicate that AM taxa have a reduced repertoire of 

genes for plant-cell-wall and polysaccharide degradation and apparently lack phytase genes 

(Tisserant et al., 2013; Miyauchi et al., 2020). The current understanding is that without these 

genes, it is unlikely that AM fungi can effectively hydrolyse complex organic P such as phytate 

— a major component of soil organic P (Liu et al., 2022). Nonetheless, some in vitro studies 

have indicated that AM hyphae can contribute to organic-P hydrolysis and transport of this P 

within the MN (Joner, Ravnskov, and Jakobsen, 2000), with the released inorganic P then 

transported to the root organ culture (Koide and Kabir, 2000). Acid phosphatase activity has 

also been detected on extraradical hyphae of Rhizophagus clarus (Sato et al., 2015). More 

recently, Rhizophagus irregularis was shown to mobilise P from phytic acid (both in free form 

and bound to goethite; Andrino et al., 2019) and to access apatite-bound P (Andrino et al., 

2021).  

Most likely, mechanisms underlying the enhanced P uptake observed in past studies of AM 

symbioses primarily reflect hyphal exploration of a larger soil volume and/or synergistic 

interactions with P-solubilising microorganisms (Antunes et al., 2007). Specifically, as already 

discussed, AM fungi cooperate with soil microorganisms that possess the enzymatic 

machinery to mineralise organic P, with hyphal exudates potentially stimulating microbial 

phosphatase activity and thereby releasing inorganic P that becomes accessible to both the 

fungus and its host plant (Zhang et al., 2018). This also ties in with the evidence suggesting 

that AM fungi can influence the degradation of organic matter and subsequently acquire and 

transfer a portion of released nutrients to their associated host plants, not directly through 

mobilising organically bound nutrients but through associations with other microbes (Bunn 

et al., 2019).  

Regardless of whether AM fungi can access organic P directly or indirectly, this process 

appears to require substantially greater mycelial growth and host C investment than the 

uptake of soluble mineral P (Andrino et al., 2019; 2021). This implies that the dynamics of the 

C-for-P exchange in plant–AM symbioses are influenced by the form of P available. It would 

therefore be valuable to confirm the results presented here using a range of P forms, and 
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ideally to link this back to specific AM fungal isolates and bacterial strains. Different AM taxa 

may specialise in scavenging orthophosphate, whereas others may rely more on bacterial 

partners to solubilise mineral P sources such as apatite or to hydrolyse organic P forms such 

as phytic acid. Such functional differences could also relate to the longevity of hyphae or their 

patterns of mycelial development—for example, whether an AM taxon invests more in soil 

exploration to reach new hosts or in root colonisation of existing host (Hart et al., 2001; Hart 

and Reader, 2002).  

Although trait-based approaches are urgently needed, it remains challenging to test how AM 

fungal families (and even more so individual species) truly differ in these traits under 

controlled yet realistic conditions (Lekberg and Koide, 2014). Pot experiments, as presented 

in this thesis, for example, come with inherent limitations, particularly when studying MNs, 

as fungal traits may not be expressed in pots as they are in natural settings. For example, soil 

temperature in pots likely fluctuates more than that in the ground, with unknown 

consequences for AM fungal growth and the capacity of MNs to transfer nutrients. Pot 

experiments are also usually time-bound, running up to a few weeks, and although the AM 

fungi are very active during the first 3 to 8-9 weeks of the symbiosis (Jansa et al., 2008; 

Blažková et al., 2021), our understanding of how communities shift past these few initial 

weeks and how this might influence their overall functioning is very limited.  

Furthermore, comparisons of the relative abundance of AM families are not only limited by 

the lack of trait-based information on AM fungal families, but should also be caveated by the 

fact that AM fungi orders have varying genome sizes, ranging from approximately 150 Mb 

in Rhizophagus species to 784 Mb in Gigaspora margarita (Venice et al., 2020), whereas the 

ancestral sister lineage Paraglomus occultum contains an exceptionally small genome of 

39.6 Mb (Malar et al., 2022). Such a large variation means that the rRNA copy numbers are 

likely to also vary, and indeed, rRNA copy numbers of fungi vary substantially across 

phylogenetic scales and ecological roles (Lofgren et al., 2019), which could lead to an 

overestimation of the relative abundance of taxa with higher copy numbers in metabarcoding 

datasets.  

Another consideration for future studies is the levels of P in the soil. Although this was not 

specifically determined in this study, previous experiments using soil and sand from the same 

suppliers had an estimated 20.5 mg/L of P, which is considered a medium soil P concentration 
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(Bell et al., 2022). It would be interesting to corroborate the findings under different levels of 

soil P, as it is well known that levels of soil P influence mycorrhizal functioning (Hoeksema et 

al., 2010), and in particular, under high P, plants may rely less on the mycorrhizal pathway for 

their P uptake (Johnson et al., 1997; Johnson, 2010). It would also be interesting to test how 

PCN infection might influence the movement of other nutrients, such as N, given that N and 

P dynamics are interdependent (Vance, 2001). Although ¹⁵N was applied together with 33P in 

my experiments, it was not detected above background levels in plant shoots, likely because 

the amount added was small relative to the size of the experimental mesocosms.  

Another important detail is that a microbial filtrate of the PCN inoculum (e.g., obtained by 

removing the nematodes while retaining the associated microbial community) was not 

applied to the PCN-free compartments in my experiments. However, the metabarcoding 

analysis showed that soil community profiles were similar across PCN treatments (i.e., PCN− 

and PNC+) and therefore root-level differences were not driven by the characteristics of the 

microbial communities present in the soil used to add the PCN. Furthermore, the results 

regarding the PCN-mediated C movement within the MN were further corroborated using the 

compartmentalised microcosm, which was stripped of the microbial diversity seen in soil. 

Relevant to this point, here I examined how microbial communities might be shaped by PCN 

treatment; however, the primary determinant of microbial community structure is often soil 

type, which can be considered as a microbial seed bank. The plant species and genotype then 

select which microbial taxa can grow in the roots (Philippot et al., 2013). It is thus important 

for the results to be corroborated using different soil types, different starting soil 

communities, as well as different plant species at different plant growth stages, which might 

be better or worse than at shaping their rhizosphere microbiome. The effect of plant 

community diversity should also be considered, as this can influence the rhizosphere 

microbiota, including AM fungi (Hausmann et al. 2009), as well as above-ground processes 

such as VOC release (Kigathi et al., 2019). 

My experimental design used for the experiments conducted in soil mesocosms did not 

include an air gap compartment between the two mesocosm compartments as used in some 

other studies (e.g., Shen et al., 2020), as the focus was on monitoring the functioning of MNs 

in soil. This does, however, come with the limitation that limited root contact through the 

mesh barrier cannot be fully excluded. AM-free controls were not included because the 
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primary aim was to examine interactions among plants, AM fungi, and PCN within a naturally 

mycorrhizal context. While AM-free controls can help separate mycorrhizal from non-

mycorrhizal nutrient transfer, they can also hinder interpretations, as non-mycorrhizal plants 

show different exudation patterns and also change their direct (aka non-mycorrhizal) nutrient 

pathways (Smith and Read, 2010). Moreover, although my results suggest that on average 

30% of AM fungal ASVs were shared across both sides of the soil-based mesocosms, the 

continuity of the MN(s) between the two plants has not been formally established, and 

throughout the thesis, I have refrained from using the term ‘CMN’ to refer to my systems.  

As recently discussed, however, the definition of CMNs as ‘physical, continuous linkages 

among the roots of at least two different individual plants, by the same genetic individual of 

mycorrhizal fungus’ (Karst et al., 2023) may represent a rather special case. This strict 

definition ensures that any resource transfer is interpreted as occurring exclusively via direct 

hyphal connections—a condition that is rarely demonstrated in experimental studies 

(Lehman & Rillig, 2025). Rillig et al. (2025) argue instead that the term CMN should encompass 

MNs more broadly, regardless of whether hyphal continuity is proven, since many of their 

ecological functions (e.g., mediation of defence signalling, as discussed in Chapter 5) do not 

necessarily require direct hyphal links. They further propose the term Common Fungal 

Network (CFN), which includes networks formed by non-mycorrhizal fungi. Such networks are 

likely widespread in natural systems, potentially more biologically significant than mycorrhizal 

networks in some contexts, yet often remain underexplored (Lehman & Rillig, 2025). 

Finally, although initial tuber size was not formally quantified in any of the experiments, 

tubers were visually assessed to ensure comparable size and distributed evenly among 

treatments, reducing the likelihood of systematic size-related bias. Moreover, previous 

preliminary experiments in which tuber size was measured did not reveal any relationship 

between tuber size and subsequent plant growth (unpublished data), supporting the validity 

of this approach. Nevertheless, explicitly recording initial tuber mass could provide additional 

precision in future studies.  

 

6.7 Conclusion 

The work presented in this thesis demonstrates the inherent complexity of studying 

ecologically relevant experimental systems. It is well recognised that mycorrhizal functioning 
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is highly context-dependent, and the diversity of mycorrhizal fungi described to date likely 

represents only a fraction of what exists. Even so, trait-based information for the AM fungi 

already discovered is limited and often contradictory, which constrains our ability to interpret 

findings and make broader generalisations. This complexity is further compounded by the 

presence of other symbionts, such as PCN or bacteria, as demonstrated throughout this 

thesis. Gathering robust trait-based information will require accurate characterisation of 

mycorrhizal diversity, yet current molecular tools—including the primers used here—capture 

only a subset of this diversity and introduce their own biases.  

Finally, while the C-for-nutrient exchange is a fundamental feature of AM fungal–plant 

symbioses, experimental studies must be expanded to monitor this process under a wider 

range of biotic and abiotic conditions. As well as the quantity and the quality of the C delivered 

to the MN (see Bell et al., 2024), the distribution of this C within MNs needs to be further 

explored (see Chapter 2; Magkourilou et al., 2024), as it likely has important ramifications not 

only for the basic functioning of mycorrhizal fungi but also for their role in ecosystem 

processes such as C cycling. Furthermore, conceptual frameworks should not be confined to 

a rigid, resource-based biological markets perspective; rather, alternative hypotheses, 

including those incorporating other mycorrhizal benefits conferred to plants, such as 

increased defence, should be explored. If broadened in this way, my findings suggest the BMT 

could remain a relevant and valuable model for understanding AM fungal symbioses. 
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Supplementary material 

Chapter 2 

 

Supplementary Figure 2.1 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. 
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Supplementary Figure 2.2 The experimental design used to test the effect of potato-cyst 

nematodes on the transfer of recently-fixed plant carbon across the mycorrhizal network. 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 a green 

box, whereas plants with PCN are indicated by ‘+’ a yellow box. Two soil-filled, root-excluding 

but hyphal-permitting mesh cores were inserted at the extreme boundary of each 

compartment. At seven weeks of growth and immediately before labelling one plant per 

mesocosm with 14CO2 (illustrated by the red arrow), one of the two cores on each 

compartment was rotated to break hyphal connections whilst the other was left static to 

maintain hyphal links to the host plants. n = 6 for each mesocosm shown in (a), (b), (c) and 

(d).  
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Supplementary Figure 2.3 A. Percentage arbuscular, and B. vesicular root colonisation for 

each PCN treatment. Dashed lines connect paired samples across each side of the same 

container. The centre line of the boxplot denotes the median, the box the interquartile range 

and the whiskers show no more than 1.5 times the distance between the 25th and 75th 

percentile. Data were extracted from a subset of mesocosms across both experiments. 

Treatments without PCN added to soil are indicated by ‘-’ and green bars, whereas treatments 

with PCN are indicated by ‘+’ and orange bars.  

 



207 
 

 

Supplementary Figure 2.4 A. Shoot dry biomass in grams, B. Total number of harvested 

tubers, and C. dry tuber yield expressed in grams, for each PCN treatment. Dashed lines 

connect paired samples across each side of the same container. The centre line of the boxplot 

denotes the median, the box the interquartile range and the whiskers show no more than 1.5 

times the distance between the 25th and 75th percentile. Treatments without PCN added to 

soil are indicated by ‘-’ and green bars, whereas treatments with PCN are indicated by ‘+’ and 

orange bars.  
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Supplementary Table 2.1 Summary of statistical results from linear mixed-effects models 

showing the effect of the PCN treatment of a plant and/or the effect of the PCN treatment of 

the neighbouring plants on the PCN reproductive success, root colonisation and plant growth 

parameters.  

  df F-statistic p-value 

 PCN reproductive success    
 PCN treatment of neighbour 46 0.99 0.32 

 AM root colonisation    
 PCN treatment  82 0.07 0.79 
 PCN treatment of neighbour 82 0.04 0.85 

 Soil hyphal lengths    
 PCN treatment  73 0.68 0.41 
 PCN treatment of neighbour 73 0.07 0.80 

 Shoot biomass    
 PCN treatment  109 0.37 0.55 
 PCN treatment of neighbour 109 2.94 0.09 

 FvP/FmP    
 PCN treatment  62 0.20 0.65 
 PCN treatment of neighbour 62 0.00 0.97 

 SPAD    
 PCN treatment  161 0.05 0.82 
 PCN treatment of neighbour 161 1.29 0.26 
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Supplementary Figure 2.5 A. The photochemical activity of photosystem II characterised by 

the FvP/FmP and B. the Relative Chlorophyll Content (SPAD) at the week of harvest for each 

PCN treatment. Dashed lines connect paired samples across each side of the same container. 

The centre line of the boxplot denotes the median, the box the interquartile range and the 

whiskers show no more than 1.5 times the distance between the 25th and 75th percentile. 

Data were extracted from a subset of mesocosms across both experiments. Plants without 

PCN are indicated by ‘-’ and green bars, whereas plants with PCN are indicated by ‘+’ and 

orange bars.  
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Supplementary Figure 2.6 Concentration of Total P (plant and AM fungal-acquired) in plant 

shoots for each PCN treatment. Dashed lines connect paired samples across each side of the 

same container. Barplots denote mean +/- SE. Data were extracted from experimental blocks 

1 and 3 of the 33P tracing experiment. Plants without PCN are indicated by ‘-’ and green bars, 

whereas plants with PCN are indicated by ‘+’ and orange bars.  
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Chapter 3 

Supplementary Table 3.1. Composition of samples used in analysis (i.e., after excluding 

samples that failed at any step of the cleaning and filtering process) 

Experiment PCN treatment PCN treatment of neighbour Roots Soil Total 

Fungi (ITS) 42 58 100 
33P - - 6 12 18 
33P - + 2 6 8 
33P + - 4 6 10 
33P + + 6 12 18 
14C - - 6 5 11 
14C - + 6 6 12 
14C + - 6 6 12 
14C + + 6 5 11 

      

AM fungi (18S) 40 53 93 
33P - - 4 11 15 
33P - + 2 5 7 
33P + - 4 5 9 
33P + + 6 10 16 
14C - - 6 5 11 
14C - + 6 7 13 
14C + - 6 4 10 
14C + + 6 6 12 

      

Bacteria 42 18 58 
33P - - 6 3 9 
33P - + 3 0 3 
33P + - 4 1 5 
33P + + 6 1 7 
14C - - 6 3 7 
14C - + 5 3 9 
14C + - 6 3 8 
14C + + 6 4 10 

   42 18 58 
 



Supplementary Table 3.2 Sequencing primer details and PCR cycle conditions  

Target 
region 

Target Group Oligo 
name 

Primer sequence (with indexes) (5 ->3) Target 
size 
(bases) 

Amplification 
conditions 

References 

18S of the 
SSU (RY 115-

136) to 
5.8S/ITS1 (FE 
406-426) of 

the ITS 
region 

General Fungi, 
but limiting the 
ITS bias against 
Mucoromycota 

1624F 
 
 
 

newITSR 
 

Forward: 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-

CCTTTGTACACACCGCCCGTCG 
 

Reverse: 
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-

CCAAGAGATCCRTTGYTRAAA 

~311 

35 cycles 
95 °C for 15:00 min 
94 °C for 00:30 min 
55 °C for 01:00 min 
72 °C for 00:30 min 
72 °C for 10:00 min 

10:00 min hold 

NA 

Variable 
region V4 of 
the 18S SSU 
rRNA gene 

Glomeromycota 
fungi 

NS31 
 
 
 

AML2 
 

Forward: 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-

NNNNNNNN-TTGGAGGGCAAGTCTGGTGCC 
 

Reverse: 
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-
NNNNNNNN-GAACCCAAACACTTTGGTTTCC 

~560 

5 cycles 
95 °C 15:00 min 
94 °C  00:30 min 
52 °C 00:30 min 
72 °C 01:00 min 

30 cycles 
94 °C 00:30 min 
58 °C 00:30 min 
72 °C 01:00 min 
72 °C 10:00 min 
10:00 min hold 

NS31 (Simon 
et al., 1992) 

 
 

AML2 (Lee et 
al., 2008) 

 
Cycling 

conditions 
(Öpik et al., 

2013) 

Variable 
region V4 of 
the 16S SSU 
rRNA gene 

 

Bacteria 

515F 
(Parada) 

 
 

806R 
(Apprill) 

 

Forward: 
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-

NNNNN-GTGYCAGCMGCCGCGGTAA 
 

Reverse: 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-

GGACTACNVGGGTWTCTAAT 

~293 

30 cycles 
95 °C for 15:00 min 
94 °C for 00:30 min 
51 °C for 01:00 min 
72 °C for 00:30 min 
72 °C for 10:00 min 

10:00 min hold 

515F (Parada 
et al., 2016) 

 
SAR11 (806R, 
Apprill et al., 

2015) 

 



Fungi 

Supplementary Table 3.3 Statistical results from a negative binomial generalised linear 

mixed‐effects model (GLMM; Observed richness), a linear mixed‐effects model with 

heterogeneous variance structure (LMM; Shannon), and a beta GLMM (Simpson), testing the 

effects of PCN treatment and sample type (roots vs. soil) on alpha diversity metrics using the 

ITS dataset for all fungi. Type III Wald chi‐square (χ2) tests were used to assess the significance 

of main effects and interactions. 

 df  χ2  p-value 

Observed    

PCN treatment 1 0.20 0.65 

Sample type 1 111.09 <0.01 

Interaction 1 8.55 <0.01 

Shannon    

PCN treatment 1 0.01 0.94 

Sample type 1 94.76 <0.01 

Interaction 1 14.58 <0.01 

Simpson    

PCN treatment 1 0.42 0.51 

Sample type 1 77.61 <0.01 

Interaction 1 17.56 <0.01 
 

Supplementary Table 3.4 Pairwise comparisons of PCN treatment (PCN– vs. PCN+) within 

each sample type (roots and soil) for alpha diversity metrics of fungal ASVs (ITS dataset). 

Observed richness was analysed using negative binomial GLMMs, Shannon diversity using 

LMMs, and Simpson diversity using a beta GLMM. Estimated marginal means from each 

model were used for comparisons, with differences assessed separately for roots and soil 

using Wald z-tests. 

 estimate SE df statistic (t- or z-ratio) p-value 

Observed      

Soil 0.04 0.09 Inf 0.45 0.65 

Roots 0.45 0.11 Inf 3.90 <0.01 

Shannon      

Soil 0.01 0.12 30 0.08 0.94 

Roots 0.75 0.16 30 4.62 <0.01 

Simpson      

Soil 0.03 0.07 Inf 0.35 0.73 



214 
 

 estimate SE df statistic (t- or z-ratio) p-value 

Roots 0.54 0.09 Inf 6.35 <0.01 

 

Supplementary Table 3.5 Statistical results from negative binomial GLMMs (Observed 

richness), LMMs (Shannon), and a beta GLMM (Simpson), testing the effects of PCN treatment 

and sample type (roots vs. soil) on alpha diversity metrics using the Glomeromycota ASVs 

only extracted from the ITS and the 18S dataset, respectively. Type III Wald chi‐square (χ2) 

tests were used to assess the significance of main effects and interactions. 

  df  χ2  p-value 

IT
S 

G
lo

m
e

ro
m

yc
o

ta
 

Observed    
PCN treatment 1 0.60 0.44 
Sample type 1 25.10 <0.01 
Interaction 1 3.25 0.07 

Shannon    
PCN treatment 1 0.07 0.80 
Sample type 1 3.23 0.07 
Interaction 1 0.79 0.37 

Simpson    
PCN treatment 1 0.01 0.93 
Sample type 1 2.96 0.09 
Interaction 1 1.66 0.20 

1
8

S 

G
lo

m
e

ro
m

yc
o

ta
 

Observed    
PCN treatment 1 3.70 0.05 
Sample type 1 10.52 <0.01 
Interaction 1 0.19 0.66 

Shannon    
PCN treatment 1 2.81 0.09 
Sample type 1 0.01 0.94 
Interaction 1 0.35 0.55 

Simpson    
PCN treatment 1 2.66 0.10 
Sample type 1 1.38 0.24 
Interaction 1 0.93 0.33 

 

Supplementary Table 3.6 Pairwise comparisons of PCN treatment (PCN– vs. PCN+) within 

each sample type (roots and soil) for alpha diversity metrics of Glomeromycotan ASVs (from 

the ITS and 18S datasets). Observed richness was analysed using negative binomial GLMMs, 

Shannon diversity using LMMs, and Simpson diversity using a beta GLMM. Estimated marginal 

means from each model were used for comparisons, with differences assessed separately for 

roots and soil using Wald z-tests. 
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  estimate SE df z-ratio p-value 

IT
S 

G
lo

m
e

ro
m

yc
o

ta
 

Observed      

Soil 0.17 0.22 Inf 0.77 0.44 

Roots 0.68 0.22 Inf 3.15 <0.01 

Shannon      

Soil 0.11 0.43 Inf 0.26 0.80 

Roots 0.69 0.50 Inf 1.39 0.17 

Simpson      

Soil -0.03 0.32 Inf -0.08 0.93 

Roots 0.62 0.38 Inf 1.61 0.11 

 Observed      

1
8

S 

G
lo

m
e

ro
m

yc
o

ta
 

Soil 0.25 0.13 Inf 1.92 0.05 

Roots 0.33 0.15 Inf 2.32 0.02 

Shannon      

Soil 0.20 0.12 83.4 1.63 0.11 

Roots 0.10 0.14 87.2 0.71 0.48 

Simpson      

Soil 0.31 0.19 Inf 1.63 0.10 

Roots 0.07 0.21 Inf 0.31 0.76 

 

Supplementary Table 3.7 Statistical results from binomial GLMMs (logit link) testing the 

effects of PCN treatment combinations and sample type (roots vs. soil) on the proportion of 

fungal or Glomeromycotan ASVs shared between sides of the container (extracted from the 

ITS and 18S datasets, respectively). Type III Wald chi-square tests were used to assess the 

significance of main effects and interactions. 

  
df  χ2  p-value 

IT
S 

 A
ll 

fu
n

gi
 Treatment combination 1 7.84 0.02 

Sample type 2 1.53 0.22 

Interaction 2 0.32 0.85 
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1
8

S 

G
lo

m
e

ro
m

yc
o

ta
 

Treatment combination 1 0.26 0.88 

Sample type 2 1.23 0.27 

Interaction 2 1.66 0.44 

 

Supplementary Table 3.8 Pairwise comparisons from binomial GLMMs (logit link) testing the 

effects of PCN treatment combinations on the proportion of shared fungal or 

Glomeromycotan between sides of the mesocosm in soil and roots (extracted from the ITS 

and 18S datasets, respectively). Comparisons were based on estimated marginal means from 

each model, with differences assessed using Wald z-tests with asymptotic degrees of freedom 

(df = ∞). All pairwise comparisons were Tukey-adjusted for multiple testing. 

  estimate SE df statistic p-value 

IT
S 

A
ll 

fu
n

gi
 

Soil      

–/–  vs  –/+ 0.13 0.09 Inf 1.40 0.34 

–/–  vs  +/+ -0.13 0.10 Inf -1.37 0.36 

–/+  vs  +/+ -0.26 0.09 Inf -2.79 <0.01 

Roots      

–/–  vs  –/+ 0.23 0.18 Inf 1.30 0.40 

–/–  vs  +/+ -0.10 0.20 Inf -0.47 0.88 

–/+  vs  +/+ -0.33 0.20  -1.69 0.21 

1
8

S 

G
lo

m
e

ro
m

yc
o

ta
 

Soil      

–/–  vs  –/+ 0.02 0.21 Inf 0.11 0.99 

–/–  vs  +/+ -0.08 0.21 Inf -0.39 0.92 

–/+  vs  +/+ -0.11 0.22 Inf -0.48 0.39 

Roots      

–/–  vs  –/+ -0.30 0.23 Inf -1.30 039 

–/–  vs  +/+ -0.47 0.26 Inf -1.86 0.15 

–/+  vs  +/+ -0.18 0.23 Inf -0.79 0.71 
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Supplementary Table 3.9 Results of PERMANOVA (adonis2) testing the effects of PCN 

treatment, sample type, and experimental block (strata) on fungal community composition 

(ITS dataset) based on Bray–Curtis dissimilarities. The model included 999 permutations and 

assessed factors by marginal effects.  

Factor df Sum of Squares R² F-statistic p-value 

PCN treatment 1 0.76 0.03 4.70 <0.01 

Sample type 1 12.22 0.40 75.93 <0.01 

Experiment (strata) 1 1.48 0.05 9.19 <0.01 

Residual 96 15.45 0.51   

Total 99 30.28 1.00   

 

Supplementary Table 3.10 Pairwise PERMANOVA comparisons of the effect of PCN treatment 

(PC- vs PCN+) on fungal community composition (ITS dataset) based on Bray-Curtis 

dissimilarity. Analyses were performed separately for root and soil samples, with factors 

assessed by marginal effects and stratified by experiment. 

Sample type df Sum of Squares R² F-statistic p-value 

Roots 1 1.64 0.20 9.89 <0.01 

Soil 1 0.13 0.01 0.79 0.47 



Supplementary Table 3.11 Differential abundance of fungal Phyla (ITS dataset) comparing soil vs roots, as well as the effect of PCN treatment 

in soil and roots, analysed using DESeq2. The table reports standard errors, test statistics, p-values, and adjusted p-values for each Phylum. Only 

Phyla detected in each of the comparisons are included. Taxa present exclusively in one category were assigned a pseudo-log₂ fold change by 

employing (log₂(mean counts + 1)). 

Phylum baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Aphelidiomycota 70.13 1.61 119.74 -7.85 0.38 -20.88 <0.01 <0.01 

Roots_vs_Soil 

Ascomycota 11,324.39 11,324.39 11,324.39 0.00 0.00 0.00 1 1 

Basidiobolomycota 0.00 0.00 1.10 -1.07 0.00 0.00 1  

Basidiomycota 1,438.67 236.71 2,309.06 -4.83 0.34 -14.33 <0.01 <0.01 

Blastocladiomycota 0.98 0.00 1.69 -3.12 2.26 -1.38 0.17 0.27 

Chytridiomycota 40.62 11.10 62.01 -4.04 0.66 -6.09 <0.01 <0.01 

Entomophthoromycota 0.07 0.00 0.12 -0.77 3.01 -0.26 0.8 0.93 

Entorrhizomycota 0.99 0.00 1.71 -2.37 1.92 -1.24 0.22 0.3 

Kickxellomycota 0.09 0.00 0.15 -0.49 3.01 -0.16 0.87 0.94 

Monoblepharomycota 0.13 0.00 0.22 -1.01 3.01 -0.34 0.74 0.93 

Mortierellomycota 1,407.42 194.68 2,285.61 -4.35 0.39 -11.06 <0.01 <0.01 

Mucoromycota 815.85 1,534.09 295.75 2.06 0.33 6.17 <0.01 <0.01 
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Phylum baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Olpidiomycota 590.30 1,220.31 134.09 2.29 0.39 5.95 <0.01 <0.01 

Rozellomycota 34.90 9.18 150.51 -5.88 0.37 -15.85 <0.01 <0.01 

Sanchytriomycota 0.94 0.00 1.62 -2.56 1.89 -1.35 0.18 0.27 

Aphelidiomycota 70.13 125.30 114.19 0.24 0.36 -0.66 0.51 1 

Soil_PCN-
/PCN+ 

Ascomycota 11,324.39 11,324.39 11,324.39 0.00 0.01 0.00 1 1 

Basidiobolomycota 0.00 0.00 2.20 -1.68 0.00 0.00 1  

Basidiomycota 1,438.67 2,260.23 2,357.89 0.00 0.43 0.00 1 1 

Blastocladiomycota 0.98 2.24 1.14 0.96 2.87 -0.34 0.74 1 

Chytridiomycota 40.62 65.24 58.77 -1.18 0.81 1.45 0.15 0.95 

Entomophthoromycota 0.07 0.25 0.00 0.94 3.82 -0.25 0.81 1 

Entorrhizomycota 0.99 0.09 3.33 -3.85 2.42 1.59 0.11 0.95 

Kickxellomycota 0.09 0.00 0.31 -0.66 3.83 0.17 0.86 1 

Monoblepharomycota 0.13 0.44 0.00 1.28 3.82 -0.34 0.74 1 

Mortierellomycota 1,407.42 2,729.10 1,842.13 0.42 0.50 -0.85 0.4 1 

Mucoromycota 815.85 311.90 279.59 0.16 0.42 -0.38 0.7 1 

Olpidiomycota 590.30 160.88 107.31 0.63 0.49 -1.27 0.2 0.95 



220 
 

Phylum baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Rozellomycota 34.90 238.81 62.21 -0.16 0.38 0.43 0.67 1 

Sanchytriomycota 0.94 1.68 1.57 0.16 2.39 -0.07 0.95 1 

Aphelidiomycota 70.13 3.38 0.00 4.16 0.65 -6.44 <0.01 <0.01 

Roots_PCN-

/PCN+ 

Ascomycota 11,324.39 11,324.39 11,324.39 0.00 0.01 0.00 1 1 

Basidiomycota 1,438.67 466.88 27.46 3.87 0.51 -7.66 <0.01 <0.01 

Chytridiomycota 40.62 21.64 1.51 2.59 1.00 -2.59 <0.01 0.02 

Mortierellomycota 1,407.42 340.41 62.19 2.10 0.59 -3.56 <0.01 <0.01 

Mucoromycota 815.85 2,587.40 576.54 2.18 0.50 -4.36 <0.01 <0.01 

Olpidiomycota 590.30 2,261.74 273.55 2.78 0.58 -4.83 <0.01 <0.01 

Rozellomycota 34.90 19.10 0.16 4.38 0.63 -7.01 <0.01 <0.01 

 

Supplementary Table 3.12 Differential abundance of Mucoromycotan Classes (ITS dataset) comparing soil vs roots, as well as the effect of PCN 

treatment in soil and roots, analysed using DESeq2. The table reports standard errors, test statistics, p-values, and adjusted p-values for each 

Class. Only Classes detected in each of the comparisons are included. Taxa present exclusively in one category were assigned a pseudo-log₂ fold 

change by employing (log₂(mean counts + 1)). 
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Class baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Archaeosporomycetes 7.13 6.79 7.38 -0.26 1.36 -0.19 0.85 0.86 

Roots_vs_Soil 

 

Glomeromycetes 642.77 1,260.13 195.72 2.39 0.47 5.09 <0.01 <0.01 

Mucoromycetes 3.23 0.52 5.19 -3.92 0.83 -4.70 <0.01 <0.01 

Paraglomeromycetes 13.50 2.88 21.19 -1.38 1.08 -1.28 0.2 0.32 

Umbelopsidomycetes 58.74 0.00 101.28 -8.24 0.45 -18.46 <0.01 <0.01 

Archaeosporomycetes 7.13 12.76 2.00 3.41 1.73 -1.96 0.05 0.86 

Soil_PCN-

/PCN+ 

 

Glomeromycetes 642.77 207.89 183.55 -0.10 0.60 0.17 0.87 0.96 

Mucoromycetes 3.23 6.08 4.30 0.51 1.02 -0.50 0.62 0.96 

Paraglomeromycetes 13.50 24.28 18.10 1.35 1.36 -0.99 0.32 0.96 

Umbelopsidomycetes 58.74 106.63 95.92 -0.03 0.43 0.08 0.94 0.98 

Archaeosporomycetes 7.13 10.80 3.14 1.64 2.02 -0.81 0.42 0.91 

Roots_PCN-

/PCN+ 

 

Glomeromycetes 642.77 1,905.46 673.47 1.29 0.70 -1.83 0.07 0.19 

Mucoromycetes 3.23 1.09 0.00 2.06 1.29 -1.60 0.11 0.29 

Paraglomeromycetes 13.50 4.69 1.24 5.91 1.62 -3.63 <0.01 <0.01 
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Supplementary Table 3.13 Differential abundance of Mucoromycotan Families (ITS dataset) comparing soil vs roots, as well as the effect of PCN 

treatment in soil and roots, analysed using DESeq2. The table reports standard errors, test statistics, p-values, and adjusted p-values for each 

Family. Only Families detected in each of the comparisons are included. Taxa present exclusively in one category were assigned a pseudo-log₂ 

fold change by employing (log₂(mean counts + 1)). 

Family baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Acaulosporaceae 0.05 0.00 0.08 -2.34 0.71 -3.31 <0.01 <0.01 

Roots_vs_Soil 

 

Ambisporaceae 0.00 0.13 0.00 0.17 0.00 0.00 1  

Archaeosporaceae 1.35 2.03 0.81 0.23 1.47 0.16 0.87 0.91 

Diversisporaceae 1.54 1.40 1.66 0.17 1.62 0.11 0.91 0.91 

Entrophosporaceae 4.84 3.82 5.64 -0.78 0.95 -0.82 0.41 0.66 

Gigasporaceae 1.33 0.96 1.62 -0.82 1.72 -0.47 0.64 0.85 

Glomeraceae 314.34 421.18 230.10 0.88 0.41 2.13 0.03 0.09 

Paraglomeraceae 4.00 1.31 6.12 -1.39 0.88 -1.58 0.11 0.23 

Polonosporaceae 0.21 0.00 2.12 -2.95 1.14 -2.59 <0.01 0.04 

Acaulosporaceae 0.05 0.16 0.00 1.14 0.90 -1.27 0.2 0.56 
Soil_PCN-

/PCN+ 

 

Archaeosporaceae 1.35 0.62 1.00 0.09 1.92 -0.05 0.96 0.96 

Diversisporaceae 1.54 1.11 2.21 -0.82 2.11 0.39 0.7 0.8 
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Family baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Entrophosporaceae 4.84 1.97 9.31 -1.93 1.25 1.54 0.12 0.56 

Gigasporaceae 1.33 2.96 0.28 1.82 2.24 -0.81 0.42 0.56 

Glomeraceae 314.34 267.35 192.84 0.50 0.54 -0.92 0.36 0.56 

Paraglomeraceae 4.00 8.50 3.74 1.21 1.14 -1.06 0.29 0.56 

Polonosporaceae 0.21 0.62 3.61 1.36 1.46 -0.93 0.35 0.56 

Ambisporaceae 0.00 0.26 0.00 0.33 0.00 0.00 1  

Roots_PCN-

/PCN+ 

 

Archaeosporaceae 1.35 3.05 1.06 1.28 2.14 -0.60 0.55 0.69 

Diversisporaceae 1.54 2.28 0.56 2.75 2.36 -1.16 0.24 0.69 

Entrophosporaceae 4.84 5.91 1.84 1.49 1.38 -1.08 0.28 0.69 

Gigasporaceae 1.33 1.63 0.33 0.26 2.51 -0.10 0.92 0.92 

Glomeraceae 314.34 492.43 353.32 0.47 0.60 -0.78 0.44 0.69 

Paraglomeraceae 4.00 1.59 1.05 2.44 1.30 -1.89 0.06 0.47 

 

Supplementary Table 3.14 Differential abundance of Mucoromycotan Families (18S dataset) comparing soil vs roots, as well as the effect of 

PCN treatment in soil and roots, analysed using DESeq2. The table reports standard errors, test statistics, p-values, and adjusted p-values for 

each Family. Only Families detected in each of the comparisons are included. Taxa present exclusively in one category were assigned a pseudo-

log₂ fold change by employing (log₂(mean counts + 1)). 
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Family baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Archaeosporaceae 90.86 25.21 140.40 -2.16 0.78 -2.78 <0.01 0.01 

Roots_vs_Soil 

 

Diversisporaceae 315.03 183.06 971.73 -1.55 0.55 -2.82 <0.01 0.01 

Entrophosporaceae 1,182.64 516.74 1,685.21 -1.24 0.50 -2.46 0.01 0.02 

Gigasporaceae 29.33 7.65 418.36 -0.65 1.82 -0.35 0.72 0.81 

Glomeraceae 11,573.23 11,573.23 11,573.23 0.00 0.01 0.00 1 1 

Pacisporaceae 4.46 0.10 16.78 -3.57 3.00 -1.19 0.23 0.3 

Paraglomeraceae 56.90 1.47 98.73 -6.89 1.22 -5.63 <0.01 <0.01 

Polonosporaceae 15.55 0.48 123.90 -15.76 1.93 -8.15 <0.01 <0.01 

Sacculosporaceae 0.00 0.00 5.70 -2.74 0.00 0.00 1  

Unknown 686.17 486.66 836.75 -0.70 0.54 -1.29 0.2 0.3 

Archaeosporaceae 90.86 54.00 237.18 -2.12 1.00 2.12 0.03 0.1 

Soil_PCN-

/PCN+ 

 

Diversisporaceae 315.03 742.04 1,228.97 -0.08 0.71 0.12 0.91 1 

Entrophosporaceae 1,182.64 1,166.19 2,266.52 -0.81 0.65 1.25 0.21 0.38 

Gigasporaceae 29.33 787.63 4.77 5.48 2.35 -2.33 0.02 0.09 

Glomeraceae 11,573.23 11,573.23 11,573.23 0.00 0.01 0.00 1 1 

Pacisporaceae 4.46 14.68 19.14 5.74 3.85 -1.49 0.14 0.31 
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Family baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Paraglomeraceae 56.90 155.40 35.25 5.78 1.55 -3.73 <0.01 <0.01 

Polonosporaceae 15.55 182.31 58.47 1.27 2.46 -0.52 0.61 0.78 

Sacculosporaceae 0.00 0.00 12.08 -3.71 0.00 0.00 1  

Unknown 686.17 1,031.09 619.08 0.40 0.70 -0.58 0.56 0.78 

Archaeosporaceae 90.86 29.45 21.74 0.47 1.16 -0.40 0.69 0.93 

Roots_PCN-

/PCN+ 

 

Diversisporaceae 315.03 141.04 217.43 -0.69 0.82 0.84 0.4 0.93 

Entrophosporaceae 1,182.64 411.45 602.88 -0.60 0.75 0.80 0.42 0.93 

Gigasporaceae 29.33 7.64 7.65 0.88 2.71 -0.33 0.74 0.93 

Glomeraceae 11,573.23 11,573.23 11,573.23 0.00 0.01 0.00 1 1 

Pacisporaceae 4.46 0.00 0.17 -1.69 4.48 0.38 0.71 0.93 

Paraglomeraceae 56.90 1.02 1.85 -0.72 1.85 0.39 0.69 0.93 

Polonosporaceae 15.55 0.41 0.54 18.56 2.90 -6.39 <0.01 <0.01 

Unknown 686.17 415.08 545.22 -0.18 0.81 0.22 0.83 0.93 

 



 

 

Supplementary Figure 3.1 A. Relative abundance of fungal trophic modes (ITS dataset) based 

on Sample type and PCN treatment. The trophic mode of each ASV was determined using the 

FUNGuild database (Nguyen et al., 2016).  

 

Bacteria 

Supplementary Table 3.15 Statistical results from a negative binomial GLMM (Observed 

richness), a LMM (Shannon), and a beta GLMM (Simpson), testing the effects of PCN 

treatment and sample type (roots vs. soil) on alpha diversity metrics using the 16S dataset for 

all bacteria. Type III Wald chi‐square (χ2) tests were used to assess the significance of main 

effects and interactions. 

 χ2 df p-value 

Observed    
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 χ2 df p-value 

PCN treatment 0.85 1 0.36 

Sample type 19.18 1 <0.01 

Interaction 0.68 1 0.41  

Shannon    

PCN treatment 0.46 1 0.50 

Sample type 64.37 1 < 0.01 

Interaction 0.60 1 0.44 

Simpson    

PCN treatment 0.51 1 0.47 

Sample type 93.82 1 < 0.01 

Interaction 0.50 1 0.48 

 

Supplementary Table 3.16 Pairwise comparisons of PCN treatment (PCN– vs. PCN+) within 

each sample type (roots and soil) for alpha diversity metrics of bacterial ASVs (16S dataset). 

Observed richness was analysed using negative binomial GLMMs, Shannon diversity using 

LMMs, and Simpson diversity using a beta GLMM. Estimated marginal means from each 

model were used for comparisons, with differences assessed separately for roots and soil 

using Wald z-tests. 

 estimate SE df statistic (t- or z-ratio) P-value 

Observed      

Soil -0.17 0.19 Inf -0.92 0.36 

Roots 0.00 0.14 Inf -0.03 0.98 

Shannon      

Soil -0.16 0.25 51.4 -0.63 0.53 

Roots 0.04 0.16 49.7 0.24 0.81 

Simpson      

Soil -0.02 0.31 54.1 -0.72 0.47 

Roots -0.02 0.18 44.8 -0.09 0.93 
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Supplementary Table 3.17 Results of PERMANOVA (adonis2) testing the effects of PCN 

treatment, sample type, and experimental block (strata) on bacterial (16S dataset) 

community composition based on Bray–Curtis dissimilarities. The model included 999 

permutations and assessed factors by marginal effects.  

Factor df Sum of Squares R² F-statistic p-value 

PCN treatment 1 0.24 0.01 1.59 0.14 

Sample type 1 7.31 0.44 48.86 <0.01 

Experiment (strata) 1 0.51 0.03 3.39 0.01 

Residual 56 8.37 0.50   

Total 59 16.62 1.00   

 

Supplementary Table 3.18 Pairwise PERMANOVA comparisons of the effect of PCN treatment 

(PCN– vs PCN+) on the bacterial community composition (16S dataset) based on Bray-Curtis 

dissimilarity, performed separately for roots and soil samples  

Sample type df Sum of Squares R² F-statistic p-value 

Roots 1 0.22 0.05 2.07 0.05 

Bulk soil 1 0.22 0.05 0.82 0.63 

 

Supplementary Table 3.19 Bacterial Orders reported to contain taxa with cell-wall degrading 

enzymes or to be associated with AM fungal hyphae. 

Order Notes References 

Actinomycetales Cell-wall degrading Tian et al., 2015 

Bacteroidales Cell-wall degrading Tian et al., 2015 

Betaproteobacteriales Hyphospheric 
Emmet et al., 2021; Wang et al., 
2023 

Caulobacterales Cell-wall degrading Tian et al., 2015 

Cellvibrionales Hyphospheric Emmet et al., 2021 

Chloroflexales Hyphospheric 
Emmet et al., 2021; Wang et al., 
2023 

Cytophagales 
Cell-wall degrading; 
Hyphospheric 

Tian et al., 2015; Emmet et al., 
2021; Wang et al., 2023 

Enterobacterales Cell-wall degrading Tian et al., 2015 
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Order Notes References 

Flavobacteriales Cell-wall degrading Tian et al., 2015 

Fibrobacterales Hyphospheric 
Emmet et al., 2021; Wang et al., 
2023 

Hyphomicrobiale (previously 
Rhizobiales) 

Hyphospheric 
Tian et al., 2015; Wang et al., 
2023 

Myxococcales Hyphospheric; Hyphal C-reliant 
Emmet et al., 2021; Wang et al., 
2023; Kakouridis et al., 2024 

Nitrososphaerales Hyphal C-reliant Kakouridis et al., 2024 

Pseudomonadales (including 
outdated order Cellvibrionales) 

Cell-wall degrading 
Tian et al., 2015; Wang et al., 
2023 

Sphingobacteriales 
Cell-wall degrading and hyphal 
C-reliant 

Tian et al., 2015; Kakouridis et 
al., 2024 

Solibacterales Hyphal C-reliant Kakouridis et al., 2024 

Xanthomonadales Cell-wall degrading Tian et al., 2015 

 

Supplementary Table 3.20 Bacterial Genera reported to contain taxa with phosphate-

solubilising (PSB) or plant growth–promoting properties (PGPB) across different studies. 

Genus Notes Reference(s) 

Paenibacillus Hyphospheric, PSB Duan et al., 2024 

Burkholderia Hyphospheric, PSB Duan et al., 2024 

Stenotrophomonas Hyphospheric, PSB Duan et al., 2024 

Acinetobacter PSB  Kumar et al., 2016; Wan et al., 2020 

Arthrobacter Hyphospheric; PSB  
Chen et al., 2006; Wan et al., 2020; Duan 
et al., 2024 

Bacillus Hyphospheric; PSB  
Kumar et al., 2016; Wan et al., 2020; 
Duan et al., 2024 

Cupriavidus PSB; enriched with AMF Wan et al., 2020; Wang et al., 2023 

Massilia Hyphospheric; PSB  Wan et al., 2020; Duan et al., 2024 

Ochrobactrum PSB  Wan et al., 2020 

Pseudomonas Hyphospheric; PSB  
Ordoñez et al., 2016; Kumar et al., 2016; 
Wan et al., 2020; Duan et al., 2024 

Streptomyces PSB; Enriched with AM fungi 
Zhang et al., 2018; Guo et al., 2019; 
Wang et al., 2023 
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Genus Notes Reference(s) 

Gemmatimonas PSB; Enriched with AM fungi 
Zhang et al., 2018; Guo et al., 2019; 
Wang et al., 2023 

Agrobacterium PGPB Glick et al., 2012 

Rhizobium  PGPB/PSB  
Kumar et al., 2016; Tajini et al., 2012; 
Glick et al., 2012 

Azotobacter PGPB/PSB  Kumar & Singh, 2001; Kumar et al., 2014 

Enterobacter PGPB/PSB Kumar et al., 2016 

Ramlibacter Enriched with AM fungi Wang et al., 2023 

Aridibacter Enriched with AM fungi Wang et al., 2023 

Gemmatirosa Enriched with AM fungi Wang et al., 2023 

Noviherbaspirillum Enriched with AM fungi, phod gene Wang et al., 2023 

Actinomadura Enriched with AM fungi, phod gene Wang et al., 2023 

Rhodococcus PSB Chen et al., 2006 

Serratia PSB  Chen et al., 2006; Kumar et al., 2016  

Chryseobacterium PSB  Chen et al., 2006 

Gordonia PSB  Chen et al., 2006 

Phyllobacterium PSB  Chen et al., 2006 

Delftia PSB  Chen et al., 2006 



Supplementary Table 3. 21 Differential abundance of bacterial Orders (16S dataset) comparing soil vs roots, as well as soil and roots based on 

PCN treatment (DESeq2). The table reports standard errors, test statistics, p-values, and adjusted p-values for each Phylum. Only Orders detected 

in each of the comparisons are included. Taxa present exclusively in one category were assigned a pseudo-log₂ fold change by employing 

(log₂(mean counts + 1)). 

Order baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Caulobacterales 7.28 1.32 21.18 -4.03 1.21 -3.33 <0.01 <0.01 

Roots_vs_Soil 

 

Chloroflexales 2.16 0.64 5.70 -2.60 1.99 -1.30 0.19 0.21 

Cytophagales 48.19 16.96 121.08 -2.10 0.58 -3.65 <0.01 <0.01 

Enterobacterales 7.39 0.20 24.15 -18.26 3.22 -5.68   

Flavobacteriales 21.12 26.22 9.20 1.35 0.75 1.80 0.07 0.1 

Hyphomicrobiales 204.10 60.74 538.60 -3.12 0.33 -9.46 <0.01 <0.01 

Myxococcales 21.29 0.00 70.96 -7.80 1.87 -4.17 <0.01 <0.01 

Nitrososphaerales 49.24 0.00 164.14 -10.06 1.08 -9.32 <0.01 <0.01 

Pseudomonadales 31.24 32.04 29.38 1.46 0.49 2.97 <0.01 <0.01 

Solibacterales 2.85 0.00 9.49 -4.37 3.23 -1.35 0.18 0.21 

Sphingobacteriales 48.01 0.28 159.38 -6.74 2.23 -3.02 <0.01 <0.01 

Caulobacterales 7.28 13.73 28.62 -1.14 1.98 0.58 0.56 0.99 Soil_PCN-/PCN+ 
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Order baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Chloroflexales 2.16 7.37 4.04 0.96 3.28 -0.29 0.77 0.99  

Cytophagales 48.19 209.42 32.74 2.06 0.95 -2.18 0.03 0.63 

Enterobacterales 7.39 46.92 1.37 5.08 5.30 -0.96   

Flavobacteriales 21.12 4.64 13.77 -0.53 1.24 0.43 0.67 0.99 

Hyphomicrobiales 204.10 728.33 348.87 0.46 0.54 -0.85 0.39 0.99 

Myxococcales 21.29 10.87 131.05 -3.55 3.05 1.16 0.24 0.99 

Nitrososphaerales 49.24 213.75 114.53 0.67 1.70 -0.40 0.69 0.99 

Pseudomonadales 31.24 54.07 4.68 3.29 0.83 -3.98 <0.01 <0.01 

Solibacterales 2.85 0.00 18.97 -5.07 5.32 0.95 0.34 0.99 

Sphingobacteriales 48.01 7.89 310.87 -3.64 3.66 0.99 0.32 0.99 

Caulobacterales 7.28 1.05 1.56 -0.42 1.33 0.32 0.75 1 

Roots_PCN-

/PCN+ 

 

Chloroflexales 2.16 1.00 0.32 0.85 2.17 -0.39 0.7 1 

Cytophagales 48.19 16.57 17.31 0.03 0.62 -0.05 0.96 1 

Enterobacterales 7.39 0.00 0.39 -16.98 3.50 4.85   

Flavobacteriales 21.12 32.44 20.57 0.65 0.78 -0.83 0.41 1 

Hyphomicrobiales 204.10 57.55 63.64 -0.03 0.36 0.09 0.93 1 
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Order baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Pseudomonadales 31.24 37.30 27.27 0.09 0.49 -0.18 0.86 1 

Sphingobacteriales 48.01 0.33 0.23 -2.53 2.45 1.03 0.3 1 

 

Supplementary Table 3.22 Differential abundance of bacterial Genera (16S dataset) containing taxa with phosphate-solubilising (PSB) or plant 

growth–promoting properties (PGPB) in soil and roots based on PCN treatment (DESeq2). The table shows log₂ fold changes, standard errors, 

test statistics, p-values, and adjusted p-values for each Genus. The table reports standard errors, test statistics, p-values, and adjusted p-values 

for each Phylum. Only Phyla detected in each of the comparisons are included. Taxa present exclusively in one category were assigned a pseudo-

log₂ fold change by employing (log₂(mean counts + 1)). 

Genus baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Agrobacterium 0.00 0.34 0.00 0.42 0.00 0.00 1  

Roots_vs_Soil 

 

Bacillus 0.00 0.00 1.50 -1.32 0.00 0.00 1  

Cupriavidus 3.47 0.00 11.56 -4.25 3.23 -1.32   

Flavobacterium 16.79 21.75 5.21 1.93 1.01 1.92 0.06 0.1 

Gemmatimonas 1.68 0.00 5.61 -4.01 3.23 -1.24 0.21 0.27 

Klebsiella 0.00 0.32 0.00 0.40 0.00 0.00 1  

Massilia 6.64 5.86 8.45 -0.58 1.33 -0.43 0.66 0.73 
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Genus baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Noviherbaspirillum 13.06 2.66 37.34 -5.14 1.67 -3.08 <0.01 <0.01 

Paenibacillus 10.13 0.19 33.33 -7.34 2.47 -2.97 <0.01 0.01 

Phyllobacterium 0.00 8.99 0.00 3.32 0.00 0.00 1  

Pseudomonas 15.14 0.36 49.64 -5.39 2.84 -1.90 0.06 0.1 

Rhizobium 1.89 2.71 0.00 1.83 3.08 0.59 0.55 0.62 

Streptomyces 111.63 142.39 39.84 1.92 0.65 2.96 <0.01 0.01 

Bacillus 0.00 0.00 3.00 -2.00 0.00 0.00 1  

Soil_PCN-/PCN+ 

 

Cupriavidus 3.47 23.13 0.00 5.96 5.32 -1.12   

Flavobacterium 16.79 4.09 6.33 -0.09 1.68 0.05 0.96 1 

Gemmatimonas 1.68 0.00 11.22 -4.50 5.33 0.84 0.4 1 

Massilia 6.64 6.68 10.23 -0.60 2.20 0.27 0.79 1 

Noviherbaspirillum 13.06 27.33 47.34 -0.60 2.74 0.22 0.83 1 

Paenibacillus 10.13 48.15 18.51 1.38 4.06 -0.34 0.73 1 

Pseudomonas 15.14 95.46 3.82 4.86 4.68 -1.04 0.3 1 

Streptomyces 111.63 21.25 58.44 -1.41 1.08 1.31 0.19 1 

Agrobacterium 0.00 0.00 0.64 -0.72 0.00 0.00 1  
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Genus baseMean 
mean (Roots or 

PCN-) 

mean (Soil or 

PCN+) 
log2Fold_Change lfcSE statistic p_value p_adjusted Comparison 

Flavobacterium 16.79 29.36 14.83 0.93 1.06 -0.87 0.38 0.98 

Roots_PCN-

/PCN+ 

 

Klebsiella 0.00 0.00 0.61 -0.69 0.00 0.00 1  

Massilia 6.64 4.20 7.38 -0.80 1.43 0.56 0.57 0.98 

Noviherbaspirillum 13.06 5.35 0.21 4.38 1.84 -2.38 0.02 0.98 

Paenibacillus 10.13 0.00 0.37 -1.30 2.72 0.48 0.63 0.98 

Phyllobacterium 0.00 0.00 17.17 -4.18 0.00 0.00 1  

Pseudomonas 15.14 0.27 0.43 -0.69 3.09 0.22 0.82 0.98 

Rhizobium 1.89 3.98 1.55 0.97 3.32 -0.29 0.77 0.98 

Streptomyces 111.63 163.77 122.95 0.43 0.70 -0.62 0.53 0.98 



Both 

Supplementary Table 3.23 Fungal and Bacterial genera containing taxa with PPP-antagonistic. 

properties. 

 Genus Notes Reference(s) 

Fu
n

gi
 

Dactylellina Preying on PPN Toju and Tanaka, 2019 

Rhizophydium Preying on PPN Toju and Tanaka, 2019 

Clonostachys Preying on PPN Toju and Tanaka, 2019 

Pochonia Preying on PPN Toju and Tanaka, 2019 

Purpureocillium Preying on PPN; Suppressive soils Toju and Tanaka, 2019; van 
Himbeeck et al., 2025  

Trichoderma Suppressive soils; parasitise PPN Sikder et al., 2022; van 
Himbeeck et al., 2025  

Metapochonia Suppressive soils; parasitise PPN Sikder et al., 2022; van 
Himbeeck et al., 2025  

Monocillium Suppressive soils; parasitise PPN Sikder et al., 2022 

Exophiala Suppressive soils; parasitise PPN Sikder et al., 2022 

Acremonium Suppressive soils; parasitise PPN Sikder et al., 2022; van 
Himbeeck et al., 2025  

Mortierella Suppressive soils; parasitise PPN Sikder et al., 2022 

Gibellulopsis  Suppressive soils; parasitise PPN Sikder et al., 2022 

Metacordyceps  Suppressive soils;  
parasitise PCN eggs 

Manzanilla-López 
et al. 2017; van Himbeeck 
et al., 2025 

Arthrobotrys  Suppressive soils van Himbeeck et al., 2025  

B
ac

te
ri

a 

Pseudomonas Suppressive soils; reduce PPN 
juvenile mobility 

van Himbeeck et al., 2025  

Rhizobium Decreased PPN invasion Sikder et al., 2022 
Adhaeribacter Decreased PPN invasion Sikder et al., 2022 
Deinococcus Decreased PPN invasion Sikder et al., 2022 
Gemmatimonas Suppressive soils; Decreased PPN 

invasion 
Adam et al., 2014; Sikder 
et al., 2022 

Iamia Decreased PPN invasion Sikder et al., 2022 
Nocardioides Decreased PPN invasion Sikder et al., 2022 
Oceanobacillus Decreased PPN invasion Sikder et al., 2022 

 Chitinimonas Decreased PPN invasion Sikder et al., 2022 

 

Supplementary Table 3.24 Fungal and Bacterial genera containing taxa with PPP-beneficial 

properties. 

B
a

ct
er

ia
 Bacillus 

 
Sikder et al., 2022 

Castellaniella Increased PPN invasion Sikder et al., 2022 
Gemmata  Sikder et al., 2022 
Haliangium Increased PPN invasion Sikder et al., 2022 

 Genus Notes Reference(s) 

Fu
n

g
i Oidiodendron Increased PPN invasion Sikder et al., 2022 

   
Metarhizium  Increased PPN invasion Sikder et al., 2022 
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Leptolyngbya  Sikder et al., 2022 
Pirellula Increased PPN invasion Sikder et al., 2022 
Rhodopirellula Increased PPN invasion Sikder et al., 2022 
Taibaiella  Increased PPN invasion Sikder et al., 2022 
   

 

     

    

Supplementary Table 3.2 Differential abundance of fungal (ITS dataset) and bacterial (16S 

dataset) genera comparing soil vs roots, as well as the effect of PCN treatment in soil and 

roots, analysed using DESeq2. Only Genera containing taxa with known PPN-antagonistic 

(circles) or PPN-beneficial (squares) properties (Tables S3.23 and S3.24) are highlighted. Only 

Genera detected in each of the comparisons are included. Taxa present exclusively in one 

category were assigned a pseudo-log₂ fold change by employing (log₂(mean counts + 1)). 
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Chapter 4 

Supplementary Table 4.1 MSR medium (Modified Strullu-Romand medium) recipe used for 

propagating AM fungal inoculum (Rhizophagus irregularis MUCL 41933) on an axenic Ri T-

DNA transformed Daucus carota root organ culture. The same recipe was also used for filling 

in the experimental tripartite Petri Dish dishes, except for the addition of Vitamins and 

Sucrose. 

Solution Component Concentration / Notes Amount per 1 L  

A: Macrolements MgSO₄·7H₂O 73.9 g/L 

10 mL 
 KNO₃ 7.60 g/L 

 KCl 6.50 g/L 

 KH₂PO₄ 0.41 g/L 

B: Calcium nitrate Ca(NO₃)₂·4H₂O 35.9 g/L 10 mL 

C: Vitamins Pantothenate Ca 0.18 g/L 

5 mL 

 Biotin 
0.18 mg/L (from 1 mL 
stock/500 mL) 

 Niacin 0.20 g/L 

 Pyridoxine 0.18 g/L 

 Thiamine 0.20 g/L 

 Cyanocobalamine 0.08 g/L 

D: Na Fe EDTA Na Fe EDTA 1.60 g/L 5 mL 

E: Microelements MnSO₄·H₂O 1.225 g/100 mL stock 

1 mL 

 ZnSO₄·7H₂O 0.14 g/100 mL stock 

 H₃BO₃ 0.925 g/100 mL stock 

 CuSO₄·5H₂O 1.1 g/50 mL stock 

 Na₂MoO₄·2H₂O 0.12 g/100 mL stock 

 (NH₄)₆Mo₇O₂₄·4H₂O 1.7 g/100 mL stock 

Other components Sucrose  10 g 

 Phytagel   5 g 

Preparation notes Adjust pH 5.5-5.8  

 Autoclave 121°C, 15-20 min  
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Supplementary Table 4.2 Antimicrobial cocktails are used for the sterilisation of PCN cysts 

and second-stage juveniles (J2). Concentrations shown are final working concentrations 

prepared in sterile phosphate-buffered saline. 

 Component Final Concentration 

1. Cyst Sterilisation  Penicillin G 100 µg/ml 

 Streptomycin 100 µg/ml 

 Amphotericin B 0.25 µg/ml 

 Polymyxin B 5–10 µg/ml 

 Doxycycline 5–10 µg/ml 

2. J2 Sterilisation Streptomycin 100 µg/ml 

 Penicillin G 100 µg/ml 

 Amphotericin B 25 µg/ml 

 Polymyxin B 5–10 µg/ml 

 Doxycycline  5 µg/ml 

 Tween 20 0.01–0.05% 
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Chapter 5 

Non-volatile metabolites 

Supplementary Table 5.1 Candidate potato leaf metabolites corresponding to top MALDI-TOF 

m/z features. Metabolite IDs are tentative and were annotated by searching the CEU 

MassBatch database (https://ceumass.eps.uspceu.es/batch_search.xhtml) using a tolerance 

of 100 mDa against the LipidMaps, Metlin, and KEGG databases, considering positive ion 

mode and possible adducts [M+H]+, [M+Na]+, and [M+K]+. Full names, adducts, and 

additional notes (e.g., metabolite class or tentative fragment assignment) are reported. 

Confirmed identifications are those with exact or highly probable matches in the database. 

M/Z CANDIDATE METABOLITE(S) NOTES ADDUCT 

256.27 Palmitamide Fatty acid derivative M+H 
373.08 2-O-Caffeoylglucarate/Cappariloside A Phenolic acid derivative; plant 

secondary metabolite 
M+H/M+K 

455.03 Gangleoidin Acetate Flavonoid derivative M+H 
606.11 Pelargonidin 3-O-3'',6''-O-

dimalonylglucoside 
Anthocyanin; flavonoid 
glycoside 

M+H 

666.05 Delphinidin 3-O-(6-caffeoyl-beta-D-
glucoside) 

Anthocyanins M+K 

698.01 Delphinidin 3-O-(2''-O-galloyl-6''-O-
acetyl-beta-galactopyranoside) 

Anthocyanin; flavonoid 
glycoside 

M+K 

757.18 Quercetin 3-(3'',6''-di-p-
coumarylglucoside) 

Flavonoid glycoside M+H 

771.25 Tamarixetin 3-rutinoside-7-rhamnoside / 
Kaempferol derivatives 

Flavonoid glycosides; 
secondary metabolites 

M+H 

877.07 Beta-Alanyl-CoA fragment Likely glycoalkaloid derivative M+K 
933.31 Torososide B Steroidal 

glycoalkaloid/saponin 
M+H 

 

Supplementary Table 5.2 Results of PERMANOVA (adonis2) testing the effects of PCN 

treatment and growth week on leaf non-volatile metabolites based on Bray–Curtis 

dissimilarities.  

Factor df Sum of Squares R² F-statistic p-value 

PCN treatment 1 0.05 0.00 1.18 0.33 

Growth week 1 10.53 0.84 238.67 <0.01 

Residual 43 1.90 0.15   

Total 45 12.48 1.00   

 

 

https://ceumass.eps.uspceu.es/batch_search.xhtml?utm_source=chatgpt.com
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Supplementary Table 5.3. Pairwise PERMANOVA comparisons of the effect of PCN treatment 

(PCN– vs PCN+) on leaf non-volatile metabolites based on Bray-Curtis dissimilarity, performed 

separately for each growth week. The model included 999 permutations and assessed factors 

by marginal effects.  

 df Sum of Squares R² F-statistic p-value 

Growth Week 5 1 0.01 0.06 1.31 0.25 

Growth Week 7 1 0.01 0.05 1.23 0.28 

 

Supplementary Table 5.4 Statistical results from linear mixed-effects models, showing the 

effects of PCN treatment and growth week on leaf non-volatile metabolite intensity. Type III 

Wald chi-square tests were used to assess the significance of main effects and interactions. 

Effect χ2 df p-value 

PCN treatment 0.45 1 0.50 

Growth Week 11.47 1 <0.01 

Interaction 0.31 1 0.58 

 

Supplementary Table 5.5 Pairwise comparisons from linear mixed-effects models testing the 

effect of PCN treatment (PCN– vs PCN+) on leaf non-volatile metabolite intensity within each 

sampling week (Growth Week 5 and 7). Comparisons are estimated marginal means 

(emmeans) contrasts, Tukey-adjusted, with Kenward–Roger degrees of freedom. 

 Estimate SE df t-ratio p-value 

Growth Week 5 -0.01 0.01 41.10 -0.89 0.38 

Growth Week 7 -0.00 0.01 39.70 -0.15 0.88 

 

Supplementary Table 5.6 Candidate potato leaf defence-related or secondary metabolites. 

Metabolites and their respective molecular weights (MW) were confirmed as plant 

metabolites using the BioSino Plant Metabolite Database (https://www.biosino.org/). 

Protonated molecular ions ([M+H]+), sodium adduct ions ([M+Na]+), and potassium adduct 

ions ([M+K]+) were calculated, as commonly detected in positive ion MALDI-TOF MS. These 

adduct-adjusted ions were then matched against the peaks observed in the experimental 

data. 

https://www.biosino.org/?utm_source=chatgpt.com
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METABOLITE MW (DA) 
[M+H]+ 
(M/Z) 

[M+NA]+ 
(M/Z) 

[M+K]+ 
(M/Z) 

ACC 101.10 102.11 124.09 140.06 

GABA 103.12 104.13 126.11 142.08 

PROLINE 115.13 116.14 138.12 154.09 

PIPECOLIC ACID 129.16 130.17 152.15 168.12 

SALICYLIC ACID 138.12 139.13 161.11 177.08 

COUMARIC ACID 164.16 165.17 187.15 203.12 

PHENYLALANINE 165.19 166.20 188.18 204.15 

4-FORMYLSALICYLIC ACID 166.13 167.14 189.12 205.09 

CAFFEIC ACID 180.16 181.17 203.15 219.12 

GLUCOSE 180.16 181.17 203.15 219.12 

FERULIC ACID 194.18 195.19 217.17 233.14 

TRYPTOPHAN 204.22 205.23 227.21 243.18 

JASMONIC ACID 210.27 211.28 233.26 249.23 

TRAUMATIN (OPDA) 212.28 213.29 235.27 251.24 

METHYL JASMONATE 224.30 225.31 247.29 263.26 

12-HYDROXYJASMONIC ACID 226.27 227.28 249.26 265.23 

ABA 264.32 265.33 287.31 303.28 

LINOLEIC ACID 280.40 281.41 303.39 319.36 

SUCROSE 342.30 343.31 365.29 381.26 

CHLOROGENIC ACID 354.31 355.32 377.30 393.27 

CHLOROGENIC ACID METHYL ESTER 368.30 369.31 391.29 407.26 

SOLANIDINE 397.64 398.65 420.63 436.60 

Α-CHACONINE 852.06 853.07 875.05 891.03 

Α-SOLANINE 868.10 869.11 891.09 907.06 

 

Supplementary Table 5.7 Statistical comparisons of log₂ fold change of candidate defence-

related metabolites in potato leaves based on PCN treatment. (t-test, FDR-adjusted) 

mz peak target_mz mean_PCN- mean_PCN+ log2FC p-value p-adj 

116.05 116.14 0.00 0.00 -0.05 0.56 0.63 

195.10 195.10 0.01 0.01 -0.31 0.45 0.63 

211.10 211.28 0.00 0.00 -0.19 0.58 0.63 

227.10 227.21 0.00 0.00 -0.15 0.43 0.63 

265.25 265.23 0.00 0.00 -0.10 0.58 0.63 
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287.08 287.31 0.00 0.00 0.02 0.79 0.79 

393.11 393.27 0.00 0.00 -0.05 0.47 0.63 

398.36 398.65 0.01 0.01 0.14 0.19 0.63 

852.54 853.07 0.09 0.09 0.13 0.19 0.63 

868.54 868.11 0.07 0.07 0.13 0.25 0.63 

874.56 875.05 0.01 0.01 0.14 0.28 0.63 

890.52 891.03 0.01 0.01 0.14 0.16 0.63 

906.50 907.06 0.00 0.00 0.14 0.35 0.63 

 

Supplementary Table 5.8 Statistical results from a linear mixed‐effects model testing the 

effects of PCN treatment and growth week on the total emission of defence-related 

metabolites. Type III Wald chi‐square (χ2) tests were used to assess the significance of main 

effects and interactions. 

 df  χ2  p-value 

PCN treatment 1 0.06 0.81 

Growth Week 1 28.17 <0.01 

Interaction 1 0.00 1.00 

 

Supplementary Table 5.9 Pairwise comparisons of PCN treatment (PCN– vs. PCN+) within 

each growth week on the emission of defence-related metabolites. Estimated marginal 

means from each model were used for comparisons, with differences assessed separately for 

roots and soil using Wald z-tests. 

 estimate SE df statistic (t- or z-ratio) p-value 

Growth Week 5 -0.02 0.02 41.1 -0.98 0.33 

Growth Week 7 -0.02 0.02 39.7 -1.02 0.32 
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Supplementary Figure 5.1 Total intensity values of non-defence-related m/z peaks detected 

in potato leaves across both sampling timepoints (weeks 5 and 7), split per mesocosm. 

Boxplots span the interquartile range (IQR), the line inside marks the median, and whiskers 

extend to 1.5 × IQR; points outside are potential outliers. Plants without PCN are indicated by 

‘−’ and green boxplots, while plants with PCN are indicated by ‘+’ and orange boxplots. 

Individual points represent biological replicates, with colours denoting the sampling 

timepoint (Growth Week 5 in blue, Week 7 in reddish-brown). Dashed lines connect paired 

m/z peaks across each side of the same mesocosm for a given timepoint. Intensities were 

calculated as the summed abundance per sample excluding defence-related metabolites 

(Table S4.x), measured by MALDI-TOF MS in positive ion mode. 
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VOCs 

Supplementary Table 5.10 Results of PERMANOVA (adonis2) testing the effects of PCN 

treatment and PCN treatment of the neighbour on leaf volatile metabolites based on Bray–

Curtis dissimilarities.  

Factor df Sum of Squares R² F-statistic p-value 

PCN treatment 1 0.10 0.02 0.37 0.87 

PCN treatment neighbour 1 0.83 0.19 2.98 0.04 

Residual 12 3.33 0.78   

Total 14 4.25 1.00   

 

Supplementary Table 5.11 List of volatile organic compounds (VOCs) detected in potato leaf 

samples, with retention time (RT, in minutes) and major mass spectral peaks (Peak.1 and 

Peak.2, m/z). Compound IDs are tentative and were assigned using the NIST mass spectral 

library (version 2.2) and classified into chemical classes: aldehydes, monoterpene 

hydrocarbons, oxygenated monoterpenes (alcohols, aldehydes, ketones), sesquiterpene 

hydrocarbons, aromatic hydrocarbons, and alkanes. Defence-related VOCs include 

oxygenated monoterpenes and selected sesquiterpenes. The ‘Passed Filtering’ column 

indicates whether a compound was retained in the analysis based on its peak area being 

greater than zero relative to the blank and present in >15% of samples. 

Common Name Class RT Peak 1 Peak 2 Passed Filtering 

Toluene Benzenoid 5.39 92 91 YES 

Octane Alkane 6.09 56 57 NO 

Hexanal Aldehyde (C6) 6.62 56 57 NO 

Xylene Benzenoid 8.34 91 106 YES 

Heptanal Aldehyde (C7) 9.36 70 55 NO 

Tricyclene 
Monoterpene 
hydrocarbon 

9.6 93 136 YES 

α-Pinene 
Monoterpene 
hydrocarbon 

9.91 93 91 NO 

Camphene 
Monoterpene 
hydrocarbon 

10.32 93 121 NO 

α-Phellandrene 
Monoterpene 
hydrocarbon 

10.49 91 92 NO 

β-Phellandrene 
Monoterpene 
hydrocarbon 

11.02 93 91 YES 
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Sulcatone 
Monoterpenoid 

ketone 
11.52 108 55 NO 

Octanal Aldehyde (C8) 11.75 84 55 NO 

p-Mentha-1,3,8-triene 
Monoterpene 
hydrocarbon 

12.19 119 91 NO 

4-Acetyl-1-
methylcyclohexene 

Oxygenated 
monoterpene 

12.37 95 123 NO 

α-carene 
Monoterpene 
hydrocarbon 

12.9 93 91 NO 

Campholenal derivative 
Oxygenated 

monoterpene 
(aldehyde) 

13.64 95 108 NO 

Nonanal Aldehyde (C9) 13.85 57 70 NO 

cis-p-Mentha-2,8-dien-
1-ol 

Oxygenated 
monoterpene 

(alcohol) 

14.08 91 119 NO 

Campholenal 
Oxygenated 

monoterpene 
(aldehyde) 

14.38 108 93 NO 

Unknown_14.51 Unknown 14.51 73 267 YES 

Pinocarveol 
Oxygenated 

monoterpene 
14.7 92 91 NO 

Verbenol 
Oxygenated 

monoterpene 
(alcohol) 

14.82 91 109 NO 

Tetralin 

Aromatic 
hydrocarbon 

(Internal 
standard) 

15.12 104 91 NA 

Pinocarvone 
Oxygenated 

monoterpene 
(ketone) 

15.18 81 53 NO 

Decanal Aldehyde (C10) 15.76 56 57 YES 

α-Thujenal 
Oxygenated 

monoterpene 
(aldehyde) 

15.85 79 91 NO 

Verbenone 
Monoterpenoid 

ketone 
16.11 107 135 NO 

Pinanediol Monoterpenoid 17.26 83 69 NO 

Campholenal 
Oxygenated 

monoterpene 
(aldehyde) 

18.54 108 93 NO 
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β-Caryophyllene 
Sesquiterpene 
hydrocarbon 

19.5 91 93 NO 

α-Bergamotene 
Sesquiterpene 
hydrocarbon 

19.64 93 119 YES 

β-Sesquiphellandrene 
Monoterpene 
hydrocarbon 

19.75 91 69 YES 

Geranylacetone 
Sesquiterpene 

ketone 
19.92 69 151 NO 

β-Farnesene 
Sesquiterpene 
hydrocarbon 

20.45 69 93 YES 

β-Sesquiphellandrene 
derivative 

Monoterpene 
hydrocarbon 

20.98 69 93 YES 

Unknown_22.94 Unknown 22.94 173 55 YES 

Benzoic acid Benzenoid ester 23.5 105 70 YES 

Unknown_24.90 Unknown 24.9 100 207 NO 

Unknown_25.44 Unknown 25.44 73 207 YES 

 

Supplementary Table 5.12 Statistical comparisons of log₂ fold change of candidate defence-

related VOCs emitted from potato leaves based on PCN treatment and the PCN treatment of 

the neighbouring plant (Wilcoxon rank-sum test-adjusted). 

comparison VOC PCN- PCN+ log2FC p-value 

P
C

N
 t

re
at

m
en

t 
 

Benzoic acid 0.01 0.00 9.88 0.30 

Decanal 0.01 0.01 -0.99 1.00 

Geranylacetone 0.01 0.00 6.49 0.53 

Toluene 0.02 0.04 -0.57 0.65 

Tricyclene 5.74 12.68 -1.14 0.71 

Unknown.25_44 0.00 0.00 8.08 0.30 

Unknown_14.51 0.04 0.09 -1.31 0.47 

Unknown_22.94 0.00 0.09 -4.29 0.08 

Xylene 0.01 0.01 -0.14 0.64 

α-Bergamotene 0.03 0.04 -0.77 0.61 

β-Caryophyllene 0.02 0.05 -1.05 0.83 

β-Farnesene 0.01 0.00 1.08 0.64 

β-Sesquiphellandrene 0.30 0.30 0.03 0.65 

β-Sesquiphellandrene derivative 0.01 0.00 2.14 0.53 

P
C

N
 

tr
ea

tm
en

t 
o

f 
n

ei
gh

b
o

u
r 

 

Benzoic acid 0.01 0.00 0.87 0.85 

Decanal 0.01 0.00 2.24 0.64 

Geranylacetone 0.00 0.01 -1.62 1.00 

Toluene 0.03 0.02 0.60 0.56 
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Tricyclene 6.01 11.94 -0.99 0.12 

Unknown.25_44 0.00 0.00 -1.00 0.16 

Unknown_14.51 0.06 0.02 1.88 0.10 

Unknown_22.94 0.03 0.01 1.37 1.00 

Xylene 0.01 0.01 0.89 0.32 

α-Bergamotene 0.04 0.01 1.92 0.51 

β-Caryophyllene 0.03 0.03 -0.06 0.71 

β-Farnesene 0.01 0.01 -0.72 1.00 

β-Sesquiphellandrene 0.33 0.23 0.53 0.17 

β-Sesquiphellandrene derivative 0.01 0.02 -1.59 1.00 

 

Supplementary Table 5.13 Statistical results from linear models assessing the effect of 

neighbouring plant treatment on the emission of VOCs from PCN-free plants using Type III 

ANOVA. Log-transformed emission values were used with a small pseudocount added to 

account for zeros where necessary. 

VOC Class Source Sum Sq df F value / LR χ2 p-value 

Total emission (Intercept) 0.07 1 0.01 0.92 
 PCN treatment of neighbour 3.71 1 0.60 0.46 
 Residuals 55.34 9   

Unknown (Intercept) 73.35 1 130.53 <0.01 
 PCN treatment of neighbour 0.28 1 0.50 0.50 
 Residuals 5.06 9   

Aldehydes PCN treatment of neighbour 0.76 1  0.38 

Benzenoids (Intercept) 80.04 1 53.30 <0.01 
 PCN treatment of neighbour 1.43 1 0.95 0.36 
 Residuals 13.52 9   

Monoterpenoids (Intercept) 1.00 1 0.11 0.75 
 PCN treatment of neighbour 4.82 1 0.54 0.48 
 Residuals 81.04 9   

Sesquiterpenoids (Intercept) 238.64 1 7.25 0.02 
 PCN treatment of neighbour 60.57 1 1.84 0.21 
 Residuals 296.26 9   

 


