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General Introduction 

 

 

 

 

 

 

Soils are a critical component of all terrestrial ecosystems; they serve as the 

primary substrate of nearly all plants by providing water, nutrients, and a 

physical “foundation” on which plants can flourish. Thus, all food we consume 

and clothes we wear are - directly or indirectly – derived from soils, and this 

provision depends largely on soil biotic processes. We are only beginning to 

understand the complex workings of the organisms that inhabit soil (van der 

Heijden et al., 2008). Because of the immense complexity of soil ecosystems -  

rightfully coined “the poor-man’s tropical rainforest” (Usher et al., 1979) - we do 

not yet understand “who they are” and “what they are doing”. Deciphering this 

information is a major current research theme with important implications for 

increasing agricultural productivity (Sanders, 2010; Mendes et al., 2011) and 

mitigating climate-change (Dunfield et al., 2007; King, 2011). 

 

However, next to the “who” and “what” questions posed above, there is an 

urgent need to answer an additional question: “how do they respond?” This has 

been the call by Kowalchuk et al. (2003b) in a proposal regarding effects of 

Genetically Modified (GM) plants on soil ecological functioning, which has set 

the framework of the research presented in this thesis. 

 

Genetically Modified Crops 

Why do we need to study effects of genetically modified crops? One reason is 

that they are an abundant factor in most terrestrial environments worldwide. 
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Although the first GM varieties were developed two decades ago, acreage has 

since increased steadily and immensely. Currently, GM crops are grown on 

approximately 8.7% of all arable land (James, 2009). Their development has 

represented a landmark breakthrough in producing more productive plant 

varieties: the significance of this technology stems from the fact that it holds 

potential in alleviating some of the strongest constraints currently imposed on 

crop production, such as pest infestations and weed growth. Other potential 

improvements to be gained from GM technology are increases in nutritious 

content and increases in drought or salt tolerance of crops (e.g. Fukao et al., 

2011). These traits are considered crucial for feeding the growing human 

population under climate change in the twenty-first century. Considering that 

agricultural crops are expected to be increasingly employed to replace fossil 

fuels, this puts an even stronger demand on crop production (Tilman et al., 

2009).  

 

GM crops have in common, by definition, that genes have been inserted into 

their genomes (hence the term: transgenic) by other means than conventional 

breeding (including hybridization). As such, they are a diverse group; there are 

many genes that one way or the other might be associated with an increased 

crop yield, and thus constitute potential candidates for creating a new GM crop. 

However, most common (>90% of current GM acreage) are transformations that 

cause expression of proteins that either enhance specific insect-pest resistance 

or increase tolerance to herbicides, allowing discriminative removal of weeds 

(Nap et al., 2003). Traits introduced in GM crops are typically derived from other 

species, the evolutionary distance between which may span kingdoms. 

Therefore, these novel crop-trait combinations are new to the agricultural 

ecosystem. These new combinations might be considered as “xenobiotic”, and 

represent new ecological conditions, and thus have potential to alter ecological 

processes in agricultural systems in ways not foreseen (Hails, 2000; Bruinsma et 

al., 2003).  

 

Specifically, GM crops have the potential to alter soils in ways we don't yet 

understand. Soils perform many crucial functions, including decomposition and 

nutrient cycling, soil structure improvement, and disease suppression (Doran & 
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Zeiss, 2000). These functions are of high ecological and economic importance, 

and therefore care must be taken to prevent disturbing them. These processes 

are executed in concert by a plethora of organisms, which cannot all be studied 

simultaneously for reasons of feasibility. Therefore, here we will focus on an 

abundant and important group of plant-root symbionts: arbuscular mycorrhizal 

(AM) fungi.  

 

Figure 1: hyphal network 

of arbuscular mycorrhizal 

fungi extending from carrot 

(Daucus carotus L.) roots 

in a two-dimensional 

plane. Through this 

extension AM fungi are 

thought to greatly increase 

the root-absorptive surface 

area, and thereby increase 

nutrient uptake of plants 

(Photo by Valeria 

Rinaudo). 

 

 

Arbuscular mycorrhizal fungi 

AM fungi are considered crucial for agricultural soil functioning and sustainability 

(Gianinazzi et al., 2011), but are potentially sensitive to some agricultural 

management practices (Jansa et al., 2003; Toljander et al., 2008; Gosling et al., 

2010). These fungi can compose up to 30% of soil microbial biomass and are 

therefore a significant player in agricultural soil ecosystems (Leake et al., 2004); 

see chapter 2 of this thesis for a thorough synthesis of literature). As for nearly 

all soil micro-organisms, we do not yet know very much about their distribution 

and ecology. How many species are typically found in an agricultural soil? Which 

functions do they perform? Will they respond similarly to biologically active 

compounds? These questions need to be answered to evaluate the effects of 

GM crops on these fungi, and ecological processes the fungi are responsible for.  

 

There is evidence that some transgenic plants impose a real threat on AM fungal 

performance (Vierheilig et al., 1995; Turrini et al., 2004; Castaldini et al., 2005; 

Cheeke et al., 2011). This warrants their inclusion in risk assessments of 
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transgenic plants. Moreover, because AM fungi are root symbionts, and 

therefore intricately associated with plants, they may serve as general indicator 

of plant-induced effects on beneficial soil fungi (Liu, 2010), which further 

stresses the need for increasing our knowledge of AM fungal ecology and 

distribution. 

 

What is the current evidence for how AM fungi respond to GM plants? In each of 

the cases reported above, a reduction of AM fungal symbiotic development was 

found (e.g. percentage root colonization). The problem is that even though these 

experiments involved a variety of plant-introduced traits, they typically focused 

on only one species of AM fungi. However, given the complexity of microbial 

responses and functioning, responses of one “model” species may not be 

indicative of responses in functioning in more realistic ecological settings. For 

instance, through “functional resilience”, the loss of one species may not 

translate into alterations of ecological functioning, because other species may 

take over and perform the same function (Allison & Martiny, 2008). This 

complicates scaling-up from effects on one species towards effects on AM fungal 

communities. Indeed, many studies that tested GM effects on consortia of AM 

fungi, either in microcosm or field, tended to report no effects on total AM 

fungal development (de Vaufleury et al., 2007; Powell et al., 2007; Knox et al., 

2008) or AM fungal community composition (Hannula et al., 2010).  

 

A recent meta-analysis of impact of GM plants on non-target fungi revealed 

important findings: in 30% of studies effects on non-target fungi are reported 

(Stefani & Hamelin, 2010). This high incidence indicates that there is a potential 

risk of altered ecological functioning through cropping of GM plants. In none of 

these studies were the introduced traits expected to affect fungi, including all 

tests with AM fungi (examples cited above). For instance, while Bt crops 

(expressing a transgenic protein against some insects) have in some instances 

been found to affect AM fungi, the purified transgenic protein does not have this 

effect (Ferreira et al., 2003). So, by assessing introduced traits and their mode of 

action, hardly any prediction can be made on how soil fungi will respond. These 

results further implicate the importance of assessing - and further improving 
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measurement of - impact of transgenic plants on soil communities, even when 

no effects are expected. 

 

Normal operating range 

The previous section reveals two important considerations regarding the risk 

assessment of GM crops: 1) when certain transgenic crops have an effect on soil 

organisms, this does not necessarily lead to a significant alteration of soil 

functioning, and 2) effects on soil fungi cannot be predicted only on the basis of 

activity of the transformed gene. Hence, we need to better understand aspects 

of soil communities that relate to functioning and, even when no responses are 

expected, risk assessments need to include species that perform key functions in 

agricultural systems. In order to do so, we need to know more about the habitat 

GM crops may or may not adversely affect: agricultural soils. Any test of GM crop 

effects should be calibrated against the normal natural variation in this habitat 

(Conner et al., 2003). For instance, if we know that all agricultural soils always 

harbour a given number of species, and a given reduction of this number is 

related to reduced functioning, we can define that reduction as an adverse 

effect. If a GM crop induces less than this reduction, this is not likely to reduce 

soil ecological function, at least outside the natural range of soil functioning. 

Therefore, the central goal of this thesis will be to measure the normal operating 

range (NOR) of AM fungal communities and their functioning in agricultural soils. 

We do this by answering the following questions: 

- What is the range of AM fungal species diversity and abundance in 

agricultural fields? 

- How does variance in AM fungal communities relate to soil functions 

relevant to agriculture and the environment? 

 

Thesis outline 

The problems emphasized in this introduction will be addressed separately in the 

chapters of this thesis.  

 

In chapter two we will present and synthesize what is currently known about 

diversity and functioning of AM fungi in agricultural soils, with specific emphasis 

on how this is influenced by different agricultural management practices. 
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In chapter three we will study natural variation of AM fungal communities in 

agricultural and semi-natural fields. We will address the question whether 

alterations in management practices can significantly influence presence of AM 

fungal species, and how this difference scales with the difference between 

arable and non-cultivated soils. We will use agricultural practices - represented 

by organic and conventional farming - as a test case. By answering this question, 

we will gain insight in sensitivity of AM fungal communities to varying 

agricultural management, which will aid the evaluation of whether potential 

variation induced by e.g. a GM crop falls outside the “natural” range of variation 

associated with common agricultural practices. 

 

In chapter four we will focus more deeply into how AM fungal communities 

change upon environmental stress. We explore competing hypotheses on how 

communities may change with agricultural management regimes, and evaluate 

which hypothesis best reflects our data. For instance, can we identify “indicator” 

species for fields that are relatively less disturbed, or are there other community 

characteristics that are indicative? By doing so we aim to provide a framework of 

how stress, which might ultimately result in loss of species, will be associated 

with “early warning” signals. 

 

In chapter five we analyse how different varieties of GM plants affect AM fungal 

communities. This is done by growing these two varieties in the greenhouse in 

intact agricultural soil mesocosms, and following fungal community 

development. We will compare this development between the two GM-crops 

with their non-GM parental varieties. This allows us to compare variation 

associated with the GM-trait to variation among “normal” varieties. Moreover, 

we also compare how community variability in each of the plant varieties is 

related to natural variability in the field over a three year time-course, and 

between-field variability. 

 

In chapter six we will explore functional variation in communities of AM fungi as 

it relates to management practices. These will include general traits such as 

development of mycelia, but we also relate these traits to qualities important to 
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agriculture, such as plant productivity and soil retention of nutrients. Do AM 

fungal communities from less intensively managed fields differ in functional 

attributes, and can we relate this to the community composition? 

 

Then, in chapter seven we will provide a synthesis of the results in a General 

Discussion. 
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