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Chapter 1

Weeds are responsible for around 10% crop loss per year worldwide and one of the main constraints 
to crop produc  on. An even more drama  c value of 34% could poten  ally be achieved if it was not 
for e  ec  ve weed control measures, namely mechanical and, especially, chemical weed control 
(Oerke 2006). Since the introduc  on of the  rst selec  ve herbicides in the 1940’s, most farmers 

have been relying heavily on chemical control as the primary method of weed management due 
to its e  ec  veness and easy applica  on (Wyse 1994, Zimdahl 2007). The intensive and con  nuous 
use of herbicides is now clearly manifested in the phenomenon of herbicide resistant weeds; it 
is es  mated that c. 200 weed species are resistant to a broad range of herbicide modes of ac  on 

(Heap 2012). The general public has also become increasingly aware of the nega  ve impacts of such 
chemicals on health and the environment, leading to growing consumer demands for higher food 

safety and lower environmental impacts (Fernandez-Quintanilla et al. 2008). As a result, agricultural 
policies restric  ng the use of many chemical products (e.g. European Union pes  cide review EU 
91/414/EEC) and promo  ng more environmentally-friendly farming systems (e.g. EU subsidies for 

organic farming) are being implemented.
 If reliance on herbicides is reduced or eliminated, farmers will be more dependent on mechanical 

weed control prac  ces like  llage, for instance, that also has important environmental limita  ons 
related to soil degrada  on (Liebman & Davis 2000). Hence, it is impera  ve that research focuses on 
alterna  ve, environmentally-friendly weed control methods that can contribute to e  ec  ve weed 

management in sustainable agricultural systems.

De  ni  on of “weed”

Whether the problems caused by excessive weed growth are unanimously acknowledged, the 

de  ni  on of “weed” can be quite variable (Zimdahl 2007). Commonly, though, the term “weed” 
refers to plants, mostly herbaceous, that occur in situa  ons where they are unwanted (Håkansson 
2003). For example, the Oxford English Dic  onary de  nes weed as “herbaceous plant not valued 

for use or beauty, growing wild and rank, and regarded as cumbering the ground or hindering the 
growth of superior vegeta  on” (www.oed.com). A less anthropocentric de  ni  on has been given by 
Baker (1965, 1991) and is adopted here:

“A plant is a weed if, in any speci  ed geographical area, its popula  ons grow en  rely 
or predominantly in situa  ons markedly disturbed by man (without, of course, being 

deliberately cul  vated plants). Thus, for me, weeds include plants which are called agrestals 
by some writers of  oras (they enter agricultural land) as well as those which are ruderals 
(and occur in waste places as well as along roadsides). It does not seem to me necessary to 
draw a line between these categories and accept only the agrestals as weeds (…) because in 
many cases the same species occupy both kinds of habitats.” 
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The success of some plant species as pioneers and e  ec  ve colonizers of disturbed habitats re  ect 
their ability to grow fast and reproduce quickly and easily (Baker 1974). Hence, most plants that are 
usually classi  ed as weeds possess at least some of the following characteris  cs (Table 1), which 
were  rstly listed by Baker (1965) and s  ll persist in the literature (Sutherland 2004).

Table 1. Traits that promote weediness, listed by Baker (1965) as the “Ideal weed characteris  cs” (from 

Baker 1974)

Ideal weed characteris  cs

1. Germina  on requirements ful  lled in many environments

2. Discon  nuous germina  on (internally controlled) and great longevity of seed

3. Rapid growth through vegeta  ve phase to  owering

4. Con  nuous seed produc  on for as long as growing condi  ons permit

5. Self-compa  ble but not completely autogamous or apomic  c

6. When cross-pollinated, unspecialized visitors or wind u  lized

7. Very high seed output in favorable environmental circumstances

8. Produces some seed in wide range of environmental condi  ons; tolerant and plas  c

9. Has adapta  ons for short- and long-distance dispersal

10. If a perennial, has vigorous vegeta  ve reproduc  on or regenera  on from fragments

11. If a perennial, has bri  leness, so not easily drawn from ground

12. Has ability to compete interspeci  cally by special means (rose  e, chokingg rowth, allelochemics)

Biological weed control

An alterna  ve approach that can complement other non-chemical weed control methods is 

biological weed control (Hatcher & Melander 2003). Biological weed control refers to the ac  on 
of bio  c agents (parasites, predators or pathogens) to maintain weed popula  ons at a lower 
average density than would occur in their absence (Zimdahl 2007). There are two main strategies 

in biological control: the classical, or inocula  ve, which is based on the introduc  on of host-speci  c 
exo  c natural enemies to control (usually) introduced weeds, and the inunda  ve, or augmenta  ve, 

when na  ve biocontrol agents are mass-produced and released for the control of (usually) na  ve 
weeds (Wapshere et al. 1989, TeBeest et al. 1992). The la  er is also referred to as the bioherbicide 
approach (Charuda  an 2001, Håkansson 2003). Biological weed control has been successful mainly 

for the control of invasive species (Ho  mann & Moran 1991, Holden et al. 1992, Müller-Schärer 
et al. 2000) and in extensive agroecosystems (e.g. pastures) or natural ecosystems (Amsellem et 

al. 2002). Perhaps the most famous example is the control of Opun  a spp. (prickly-pear cactus), 
an invasive species in Australia, by means of a moth (Cactoblas  s cactorum) imported from South 
America (Håkansson 2003). However, the success of biocontrol in row crops has been minimal 
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(Amsellem et al. 2002) and its general applica  on in European agroecosystems di   cult (Müller-
Schärer et al. 2000).
 Alterna  vely, conserva  on (Newman & Thompson 1998) or systems management approach 
to biological weed control (Müller-Schärer & Frantzen 1996) propose the manipula  on of the 

environment to conserve or protect, and thereby increase, the popula  ons of na  ve biocontrol 
agents and their e  ec  veness (Hatcher & Melander 2003). This approach could result in long-term 
weed control, as opposed to the inunda  ve method, without entailing the risks of introducing an 
exo  c organism, as in the classical approach (Müller-Schärer & Frantzen 1996). Allelopathy, i.e. “the 

suppression of a neighboring plant growth by the release of toxic compounds” (Fi  er 2003) can be 
also regarded as component of biological weed control (Putnam & Duke 1974, Putnam et al. 1983, 

Love   1991).
 Research has predominantly focused on insects and foliar pathogens (especially fungi) as 
bio  c agents for weed biocontrol (Charuda  an 1991, Zimdahl 2007), largely overlooking soil 

microorganisms (Boyetchko 1996, Kennedy 1999). One excep  on is, for instance, the work of 
Weissman & Gerhardson (2001) who isolated rhizosphere plant-suppressive bacteria and tested 

their selec  ve e  ect on weeds via foliar applica  on with rela  ve success. However, there is an 
increasing apprecia  on of the impact of soil biota on plant growth and compe   ve interac  ons 
and, more broadly, on plant abundance and distribu  on (e.g. Bever et al. 1997, van der Pu  en & 

Peters 1997, Klironomos 2002, Wardle et al. 2004, van der Heijden et al. 2008). Therefore, analyzing 
the e  ects of soil microorganisms on weeds and understanding the mechanisms responsible for 

such e  ects might not only provide new insights on weed biology and ecology but also reveal new 
biological control agents for weed management (Boyetchko 1996, Kennedy 1999).

Arbuscular mycorrhizal fungi: an important group of soil fungi

Arbuscular mycorrhizal fungi (AMF) are widespread soil fungi belonging to the phylum 

Glormeromycota (Schüssler et al. 2001) that form symbio  c associa  ons with the majority of land 
plants (Smith & Read 2008). The arbuscular mycorrhizal (AM) symbiosis is probably the most ancient 
symbiosis, dated from c. 400 million years ago, and it is thought to have enabled plants to colonize 
the terrestrial environment (Brundre   2002).
 AMF colonize plant roots and develop extensive extraradical mycelium networks in the soil that 

assist the plant in nutrient, mainly phosphorus (P), uptake (Leake et al. 2004). In return, AMF take 
up photosynthesized carbon (C) from their hosts (Smith & Read 2008), essen  al for the growth 
and reproduc  on of these obligate biotrophs (Bonfante & Genre 2010). The coloniza  on of plant 
roots by AMF starts with the forma  on of the hyphodium on the epidermal cell wall, from which a 
fungal hypha penetrates root cells un  l reaching the cortex, where it branches and spreads inter- 

and intracellularly (Parniske 2008). It has been recently found that the plant cell ac  vely prepares 
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for and guides hyphal penetra  on with the forma  on of a prepenetra  on apparatus (Genre et al. 
2005, Genre et al. 2008). Highly branched, tree-shaped structures formed by AMF in the cell lumen 
of plant roots are named arbuscules (Figure 1) and are thought to be the main organ involved in 
nutrient exchanges between the symbio  c partners (Bonfante & Genre 2010). Some  mes, AMF 
also form vesicles – thick-walled structures containing abundant lipid and many nuclei – within the 
root apoplast which are, most likely, the storage organs of the fungus (Parniske 2008, Smith & Read 
2008). 

Figure 1. Arbuscular mycorrhizal hyphae (arrowhead), vesicles (V) and arbuscules (A) inside a root of 

Lolium mul   orum (stained with trypan blue; 400x).

In addi  on to a  ec  ng the nutrient status, and thereby growth, of their hosts, AMF have been 
shown to confer drought tolerance and disease resistance (Newsham et al. 1995). At the ecosystem 
level, these fungi play a key role by in  uencing a number of ecosystem func  ons such as plant 
produc  vity, plant diversity, soil structure and nutrient cycling (Grime et al. 1987, van der Heijden 
et al. 1998b, Fi  er 2005, van der Heijden 2010).
 Only an es  mated 10-15% of all vascular plants do not associate with AMF (Wang & Qiu 2006, 
Brundre   2009). These plants are referred to as “non-mycorrhizal” or “non-hosts” and are abundant 
in some families (e.g. Brassicaceae, Polygonaceae, Amaranthaceae, Caryophyllaceae) that, 
interes  ngly, comprise many weed species (Jordan et al. 2000). It is thought that non-mycorrhizal 
plants lost the ability to associate with AMF through evolu  on by: adap  ng to par  cular habitats 
where AMF are less abundant (e.g. disturbed habitats) or less needed to acquire immobile nutrients 
(e.g. nutrient-rich habitats or where nutrients are easily available, like aqua  c or wetland habitat), 
and/or by developing root systems well adapted to nutrient uptake (e.g. long,  ne, highly branched, 
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with well-developed root hairs) that confer a certain independence from the AM symbiosis (Trappe 
1987, Wang & Qiu 2006, Brundre   2009).

Con  nuum of mycorrhizal growth responses

Although the AM symbiosis is o  en considered mutualis  c, plant growth responses to inocula  on 
with AMF (i.e. mycorrhizal growth responses) range along a con  nuum from posi  ve, where plant 
growth is enhanced, to nega  ve where plant growth is reduced (Johnson et al. 1997). For any 
speci  c plant-AMF interac  on the posi  on of the response along this con  nuum is determined 

by the proper  es of the plant genome, fungal genome and their interac  on, developmental and 
environmental factors (Johnson et al. 1997, Smith et al. 2010).
 The proper  es of the plant genome cons  tute probably the most important factor in predic  ng 
plant responses to inocula  on with AMF (Hoeksema et al. 2010). As it was previously men  oned for 

non-mycorrhizal species, some plants possess traits, such as root systems well-adapted to nutrient 
foraging, that reduce their reliance on AMF for mineral uptake, but, contrary to non-mycorrhizal 

species, are able to form func  onal AM associa  ons. These plant species, like it is the case of many 
grasses, are described as “faculta  ve mycorrhizal plants” (Janos 1980, Brundre   2002, 2004) and 
can be unresponsive or even nega  vely-responsive to coloniza  on by AMF in certain environmental 

condi  ons. Conversely, plant species with opposite traits (e.g. thick, unbranched root systems, with 
few and short root hairs), tend to be highly dependent on AMF to acquire immobile nutrients and 

are o  en posi  vely-responsive (Jakobsen et al. 2002, van der Heijden 2002, Smith et al. 2009). 
 Mycorrhizal growth responses are also greatly in  uenced by the iden  ty of the fungal partner 
(Sanders & Fi  er 1992, Streitwolf-Engel et al. 1997, van der Heijden et al. 1998a, Helgason et al. 

2002). It has been demonstrated that a single plant species can show nega  ve, neutral or posi  ve 
responses to inocula  on with di  erent AMF (Klironomos 2003, Pringle & Bever 2008). Traits like the 

rate and extent of AMF coloniza  on have been shown to have a taxonomic basis (Hart & Reader, 
2002) and are proper  es of the fungal genome likely to in  uence the amount of nutrient bene  t 
conferred to the host. Despite the apparent func  onal diversity between AMF taxa (Jones & Smith 

2004, Maherali & Klironomos 2007) there is controversy whereas to consider AMF iden  ty as a 
predictor of func  on (Pringle & Bever 2008). Overall, in most cases, there is a strong AMF – plant 
species interac  on, meaning that an isolate that bene  ts one plant species might be less bene  cial 

or even detrimental to a di  erent host (Sanders & Fi  er 1992, van der Heijden et al. 1998a, Kiers et 
al. 2000, Helgason et al. 2002, Klironomos 2003). 
 Di  eren  al mycorrhizal growth responses can occur at par  cular developmental stages but 
results found in the literature are variable; while some studies suggest that younger plants are 
more suscep  ble to mycorrhizal growth depressions (Johnson et al. 1997, Li et al. 2005), some 

others report the opposite trend, with seedlings being more bene  ted by AMF than adult plants 
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(Eissenstat & Newman 1990, van der Heijden 2004). Finally, environmental factors such as light 
intensity, temperature, soil nutrient availability and soil pH play a considerable role on the outcome 
of the AM symbiosis in terms of mycorrhizal growth responses (Smith et al. 2009). In par  cular, high 
soil nutrient availability (especially P) is commonly associated with nega  ve e  ects of AMF on plant 

growth (Johnson 1993, Johnson et al. 1997, Johnson 2010).

Antagonis  c e  ects of arbuscular mycorrhizal fungi on plant growth: 
mechanisms

A signi  cant amount of research has focused in the in  uence of the above-men  oned factors on 
mycorrhizal growth responses and it is fairly clear how AMF can confer growth bene  ts to their 

hosts. Less is known about the mechanisms responsible for mycorrhizal growth depressions. 
Nega  ve mycorrhizal growth responses are o  en explained by C demands of the fungus that exceed 
bene  ts in terms of its P supply to the plant (Tinker 1975, Graham & Abbo   2000, Smith et al. 

2009). Consequently, AMF that induce growth depressions are usually regarded as “cheaters” or 
“parasites” (e.g.Johnson et al. 1997). In fact, fungal C demand has been es  mated to be as high 

as 15-20% of a plant’s total C budget (Jakobsen & Rosendahl 1990, Wright et al. 1998). However, 
some authors are currently ques  oning whether AMF parasi  sm can universally explain growth 
depressions caused by AMF on host plants (see below). Furthermore, nega  ve e  ects on plant 

growth have also been observed in non-mycorrhizal plants (Allen et al. 1989, Sanders & Koide 
1994, Francis & Read 1995, Rinaudo et al. 2010) and in mycorrhiza-defec  ve mutants (Neumann & 

George 2005, Facelli et al. 2010), in the presence of AMF. In these extreme cases of plants that do 
not func  onally associate with AMF, unbalanced nutrient exchanges cannot certainly explain such 
e  ects. It is then plausible that more mechanisms are involved in nega  ve growth responses to AMF 

coloniza  on and/or presence. Several addi  onal mechanisms (listed below) have been proposed 
but remain fairly unclear. Throughout this thesis, the use of “antagonism” in plant-AMF interac  ons 
is favored, in the general sense proposed by Francis & Read (1995), “to encompass (several possible) 

mechanisms by which one organism interferes with another” (in this case, AMF interfering with 
plant growth).

Addi  onal mechanisms that can explain antagonis  c e  ects of AMF on host plants include:
• Mycorrhizal plants have two pathways to uptake soil P: the direct uptake pathway, through 

the plant roots, and the AM pathway, through the fungal external mycelium and transloca  on 
to the root cell. For plants that show posi  ve growth responses it seems logical that the two 
pathways act addi  vely. Surprisingly, experiments using radioac  ve P (32P or 33P) have shown 
that in some unresponsive or nega  vely-responsive plants, a great percentage or even most P 

enters the plant via the AM pathway (Smith et al. 2003, Li et al. 2006, Grace et al. 2009). This 
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demonstrates that in such situa  ons, AMF are not ac  ng like parasites (delivering li  le or no P 
to the host). It has hence been suggested that AM coloniza  on might instead lead to par  al or 
total inac  va  on of the direct P uptake pathway which would explain reduced total P uptake 
and growth (Smith et al. 2003, Li et al. 2008, Smith et al. 2009, Smith et al. 2010). How AM 

coloniza  on can reduce P uptake by the plant roots is currently being inves  gated (e.g. Grace et 
al. 2009) and is reviewed in Smith et al., (2009, 2010);

• The presence of AMF can alter compe   ve rela  onships between mycorrhizal plants (Hartne   
et al. 1993, Hetrick et al. 1994, Hart et al. 2003, Scheublin et al. 2007, Wagg et al. 2011b). For 

instance, Schleubin et al. (2007) showed that the presence of AMF changed the compe   ve 
rela  onship between a grass and a legume species, favoring the most AM-dependent species, 

the legume, to the detriment of the grass. When two or more species are grown together, 
growth depressions can arise as a result of soil nutrients and water deple  on via AM mycelium, 
direc  onal to the most AM-dependent species and/or indirectly, as a result of increased 

biomass of the la  er (e.g. shading). Moreover, most AMF are not host speci  c and one fungus 
can simultaneously colonize several hosts (Trappe 1987). Therefore, transfer of C and nutrients 

through a common mycorrhizal network (Grime et al. 1987, Newman 1988, Simard et al. 2002) 
might also change nutrient distribu  on between plants;

• AMF take up soil nutrients not only to deliver them to their hosts but also for their own growth 

and development (Treseder & Allen 2002). Fungal nutrient immobiliza  on may lead to nega  ve 
plant responses (also valid for non-hosts grown in the presence of AM mycelium; Alberton et 

al. 2005). 

Mechanisms that can explain antagonis  c e  ects of AMF on non-host plants include:

• Similar to compe   on between mycorrhizal plants with varying AM-dependencies, the presence 
of AMF can change compe   ve interac  ons between mycorrhizal hosts and non-hosts to the 

detriment of the non-host. Antagonis  c e  ects of AMF on non-mycorrhizal species (or on 
mycorrhiza-defec  ve mutants) coexis  ng with host plants that support an ac  ve AM mycelium 
have been frequently observed (Sanders & Koide 1994, Francis & Read 1995, Facelli et al. 2010, 
Rinaudo et al. 2010);

• On the other hand, Allen et al. (1989) reported a direct antagonis  c e  ect of AMF on a non-
mycorrhizal species, in the absence of a host. These authors observed cell browning and death 
upon AMF penetra  on inside the roots of the non-host Salsola kali, resembling a hypersensi  ve 

defense response (García-Garrido & Ocampo 2002). Costly plant-defense responses triggered by 
AMF in incompa  ble plants could as well explain growth depressions;

• Francis & Read (1994, 1995) observed that aqueous extracts of soil containing AM mycelium 

had also a direct inhibitory e  ect on non-host seedling development, sugges  ng that AMF may 
produce allelopathic compounds. This hypothesis has not been further inves  gated.
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Chapter 1

Antagonis  c e  ects of arbuscular mycorrhizal fungi on weeds?

There is a considerable number of studies showing consistent antagonis  c e  ects of AMF on the 
growth, and some  mes survival, of plants characteris  c from disturbed habitats (Table 2). Two of 
these studies have purposely focused on weed species that are problema  c in agricultural  elds 
(Vatovec et al. 2005, Rinaudo et al. 2010). Vatovec et al. (2005) found nega  ve growth responses to 
AMF in some weed species, both mycorrhizal hosts and non-hosts (Table 2) but, on the whole, the 

individual responses were quite variable. Instead, Rinaudo et al. (2010) found that AMF reduced the 
total biomass of a weed community and that this e  ect was even stronger in the presence of the 
crop sun  ower.
 Overall, there is evidence to suggest that weeds can be suppressed by this group of soil fungi. 

A deeper understanding of the antagonis  c e  ects of AMF on weeds is fundamental to realize their 
poten  al role in weed management, as well as to further our knowledge on these plant-microbe 

interac  ons.

Thesis outline 

The research described in this thesis (summarized in Figure 2) was built upon the general ques  on 

“can AMF reduce the growth of agricultural weeds?” The main aim was to gain further insight 
on antagonis  c e  ects of AMF on plant growth, par  cularly of weed species in order to assess 
the poten  al role of AMF in weed management. More speci  c aims were (1) to test the e  ect of 

AMF on the growth of weeds, separately on mycorrhizal host and non-host species, (2) to test the 
e  ect of several factors (e.g. presence of a coexis  ng crop, AMF iden  ty, AMF abundance) on the 

growth responses of some weeds that respond nega  vely to AMF, and (3) to test under-inves  gated 
mechanisms (e.g. allelopathy) by which AMF might suppress weed growth.

 In chapter 2, I started by tes  ng the e  ect of the widespread AM fungus Glomus intraradices 
on nine problema  c agricultural weeds (mycorrhizal hosts) and on the crop species wheat (Tri  cum 
aes  vum), maize (Zea mays) and the legume clover (Trifolium pratense). I show predominance of 
nega  ve mycorrhizal growth responses of the weed species but care is required in interpre  ng 
this result as wheat and maize also responded nega  vely. From this ini  al screen, I selected three 

nega  vely-responsive weed species (Echinochloa crus-galli, Setaria viridis, Solanum nigrum) and 
analyzed their responses in a more “realis  c” situa  on; to a combina  on of AMF species and in the 
presence of the crop maize. The selected weed species maintained their nega  ve responses to a 
combina  on of AMF and, in the case of E. crus-galli, the antagonis  c e  ect of AMF on plant growth 
was ampli  ed in the presence of maize. In this study, no nega  ve e  ects were observed in maize.
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Figure 2. Schema  c representa  on of the research described in this thesis. 
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In chapter 3, I tested the e  ect of AMF iden  ty and abundance on the growth of the selected 
weed species and also on the growth of the legume clover, used as a posi  ve control. I con  rmed 
that the selected weed species are more prone to mycorrhizal growth depressions than clover but 
mycorrhizal growth depressions of weeds depend on the AM fungus colonizing their roots and on 

its abundance.
 An antagonis  c e  ect of AMF on the growth of non-host species was con  rmed in chapter 
4, using the weed Stellaria media as the focal species. I used an experimental system where S. 
media was grown together with a mycorrhizal host (the crop species wheat) that had been planted 

4 weeks before to allow the development of an ac  ve AM mycelium. Addi  onally, I tested, in three 
complementary experiments, whether the observed nega  ve e  ect on S. media growth was due to 

allelopathic compounds exuded by AMF. This mechanism could have clear prac  cal applica  ons for 
weed control (e.g. development of organic herbicides), but I found no evidence that AMF produce 
compounds that suppress the growth of non-host weed species. 

 The model plant Arabidopsis thaliana has been serving as a valuable tool in unraveling plant 
responses to microorganisms but neglected from mycorrhizal research since it does not establish 

AM symbiosis. I hypothesized that if antagonis  c e  ects of AMF found in other non-host weeds 
could be reproduced on A. thaliana (a species that also occupies mainly open and disturbed 
habitats; Koornneef et al. 2004), this species would be the ideal organism to further inves  gate 

the molecular basis of such e  ects. Therefore, in chapter 5, I inves  gated the e  ects of the AM 
fungus G. intraradices (using a similar experimental system as in chapter 4) on the growth and root 

infec  on of A. thaliana. I show that the presence of an ac  ve AM mycelium can strongly reduce the 
growth of A. thaliana. Furthermore, using op  cal, confocal and transmission electron microscopy 
techniques I show that G. intraradices can infect A. thaliana roots to a bigger extent than foreseen.

 In chapter 6, results presented in this thesis are discussed in view of current knowledge in plant-
AMF interac  ons, with emphasis on the poten  al role of AMF on weed management.
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Abstract 

Background
Arbuscular mycorrhizal fungi (AMF) are known for their bene  cial e  ects on plants. However, there 

is increasing evidence that some ruderal plants, including several agricultural weeds, respond 
nega  vely to AMF coloniza  on. Here, we inves  gated the e  ect of AMF on the growth of individual 
weed species and on weed-crop interac  ons.

Methodology/Principal Findings
First, under controlled glasshouse condi  ons, we screened growth responses of nine weed species 

and three crops to a widespread AMF, Glomus intraradices. None of the weeds screened showed a 
signi  cant posi  ve mycorrhizal growth response and four weed species were signi  cantly reduced 
by the AMF (growth responses between -22 and -35%). In a subsequent experiment, we selected 

three of the nega  vely responding weed species – Echinochloa crus-galli, Setaria viridis and Solanum 
nigrum – and analyzed their responses to a combina  on of three AMF (Glomus intraradices, Glomus 
mosseae and Glomus claroideum). Finally, we tested whether the presence of a crop (maize) 

enhanced the suppressive e  ect of AMF on weeds. We found that the growth of the three selected 
weed species was also reduced by a combina  on of AMF and that the presence of maize ampli  ed 

the nega  ve e  ect of AMF on the growth of E. crus-galli.

Conclusions/Signi  cance
Our results show that AMF can nega  vely in  uence the growth of some weed species indica  ng 
that AMF have the poten  al to act as determinants of weed community structure. Furthermore, 
mycorrhizal weed growth reduc  ons can be ampli  ed in the presence of a crop. Previous studies have 

shown that AMF provide a number of bene  cial ecosystem services. Taken together with our current 
results, the maintenance and promo  on of AMF ac  vity may thereby contribute to sustainable 

management of agroecosystems. However, in order to further the prac  cal and ecological relevance 
of our  ndings, addi  onal experiments should be performed under  eld condi  ons.
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Introduc  on

Weeds represent one of the most serious problems in crop produc  on, with a poten  al crop loss 
of up to 34% each year (Oerke 2006). In conven  onal farming systems, actual losses to weeds have 
been kept to considerably lower values mainly through intensive  llage and herbicide applica  on 
(Wyse 1994). However, with the increasing restric  ons on chemicals use (e.g. European Union 
pes  cide review EU 91/414/EEC), the emergence of more ecologically sound farming systems (e.g. 

Organic Farming) and the recogni  on of the importance of weeds to maintain or enhance on-farm 
biodiversity (Grundy et al. 2011), focus has shi  ed to sustainable alterna  ve approaches to weed 
management. The use and manipula  on of organisms that selec  vely cause damage to weeds has 
long been recognized as one of such alterna  ves (Templeton 1983, Wapshere et al. 1989) but not 

much a  en  on has been paid to soil biota despite its known in  uence on weed biology and ecology 
(Boyetchko 1996). Here, we focus on weed interac  ons with a par  cular group of symbio  c soil 

fungi, the arbuscular mycorrhizal fungi (AMF).
 Arbuscular mycorrhizal (AM) symbiosis is an ancient associa  on formed between fungi from 

the phylum Glomeromycota and almost two thirds of all land plants (Schüssler et al. 2001, Smith & 
Read 2008). The AMF extraradical mycelium acts as an extension of the host root system, taking up 
nutrients (especially phosphate) which are delivered to the plant in return for photosynthe  cally 

assimilated carbon (Leake et al. 2004, Smith & Read 2008). Thus, it is to be expected that a host plant 
will bene  t directly from the AM symbiosis through increased nutrient uptake, and, consequen  ally, 

increased growth. However, this is not always the case; some plants do not show any growth 
increase while others even seem to be nega  vely a  ected by AMF coloniza  on (Johnson et al. 1997, 
van der Heijden 2002, Klironomos 2003). 

 In agroecosystems, the e  ects of AMF on crops have been thoroughly studied (Plenche  e et al. 
1983, Hetrick et al. 1992, Plenche  e & Morel 1996, Gosling et al. 2006, Smith & Read 2008). These 

studies show that AMF mainly promote crop yield under nutrient de  cient condi  ons, although 
nega  ve or no e  ects have also been reported (Koide 1985, Graham & Abbo   2000, Ryan et al. 

2002, Grace et al. 2009, Verbruggen et al. 2012). Less is known about the interac  ons between AMF 
and agricultural weeds. It has been suggested that nega  ve e  ects of AMF are more likely to occur in 
ruderal species colonizing early successional environments where there is considerable disturbance 
and where AMF are some  mes absent (Read 1989, Francis & Read 1994, 1995). Many weeds have 
a ruderal lifestyle and colonize agroecosystems, which are o  en heavily disturbed environments 
where AMF abundance and diversity has been shown to be reduced by prac  ces like monocropping, 

 llage and fer  liza  on (Jansa et al. 2002, Oehl et al. 2003, 2004). Therefore, it is plausible to suggest 
that AMF-weed interac  ons might not be of the mutualis  c type. Vatovec et al. (2005) and Jordan 

& Huerd (2008) found variable weed responses to soil fungi, including nega  ve responses. More 
recently, Rinaudo et al. (2010) showed that weeds grown in community were suppressed by AMF 
and that this e  ect was even stronger in the presence of a crop plant (sun  ower). However, it is s  ll 
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unclear how individual weed species respond to AMF and how individual responses are a  ected by 
the presence of a crop. The poten  al role of AMF in weed management has already been discussed 
(Jordan et al. 2000, Cameron 2010) but, in order to realize this poten  al, a be  er understanding of 
the e  ects of AMF on individual weed species is required.

 In this study we analyzed individual mycorrhizal growth responses of nine weeds (listed in Table 
1) that are common in many countries, including Switzerland (Anonymous 2006), and recognized 
by farmers as troublesome in wheat and/or maize cultures by reducing yield and quality of grain 
(based on interviews with farmer advisors at Agroscope Reckenholz-Tänikon Research Sta  on ART). 

We  rst tested whether the widespread AMF species G. intraradices (Öpik et al. 2006) reduces the 
growth of the selected weeds. Under  eld condi  ons, though, usually more than one AMF species 

coexist in the host roots (Merryweather & Fi  er 1998, Jansa et al. 2003, Öpik et al. 2006) and plants 
can respond di  erently to di  erent AMF or to di  erent levels of AMF diversity (van der Heijden et al. 
1998a, Klironomos 2003, Jansa et al. 2008). For these reasons, we then tested whether the nega  ve 

e  ects of G. intraradices on weed growth are reproducible when the weeds are co-inoculated with 
other AMF species. Finally, we tested whether the nega  ve e  ects of AMF on weeds are enhanced 

by the presence of a crop plant.

Table 1. Plant species used in experiments 1 and 2 with the respec  ve common name and family.

Exp Crop species Common name Family

1 Trifolium pratense L. red clover Fabaceae

1 Tri  cum aes  vum L. common wheat Poaceae

1, 2 Zea mays L. maize, corn Poaceae

Weed species

1 Agropyron repens (L.) P. Beauv. Quackgrass Poaceae

1 Alopecurus myosuroides Huds. slender meadow foxtail, blackgrass Poaceae

1 Apera spica-ven   (L.) P. Beauv. loose silkybent Poaceae

1 Cirsium arvense (L.) Scop. canada thistle, creeping thistle Asteraceae

1 Digitaria sanguinalis (L.) Scop. hairy crabgrass, large crabgrass Poaceae

1, 2 Echinochloa crus-galli (L.) P. Beauv. Barnyardgrass Poaceae

1 Poa annua L. annual bluegrass Poaceae

1, 2 Setaria viridis (L.) P. Beauv. green bristlegrass, green foxtail Poaceae

1, 2 Solanum nigrum L. black nightshade Solanaceae
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Materials and Methods

Ethics Statement
No speci  c permits were required for the described studies. The soil used was collected from a 

 eld at Agroscope Reckenholz-Tänikon Research Sta  on ART and the experiments were run in 
glasshouses also at Agroscope Reckenholz-Tänikon Research Sta  on ART. Agroscope Reckenholz-
Tänikon Research Sta  on ART belongs to the Swiss Federal O   ce for Agriculture and is not privately 
owned or comprises protected area. The experiments did not involve endangered or protected 

species. 

Methods
In this paper we present two experiments. In the  rst experiment we analyzed the individual growth 
responses of nine agricultural weed species (Table 1) to the presence of the AMF G. intraradices. 
We added three crop species - wheat, maize and red clover – to compare their mycorrhizal growth 

responses to the ones of the weeds. Clover, in par  cular, as most of the legumes, o  en shows a 
posi  ve response to AMF (van der Heijden 2002, Wagg et al. 2011b), hence cons  tu  ng a posi  ve 

control. In a second experiment we tested the e  ect of a combina  on of AMF species on weed 
growth responses and inves  gated AMF-weed-crop interac  ons: out of the nine weeds, we selected 
three species showing a nega  ve growth response in the  rst experiment (Echinochloa crus-galli, 

Setaria viridis and Solanum nigrum) to analyze their responses in the presence of maize and to a 
combina  on of AMF species (G. intraradices, G. claroideum and G. mosseae). These three Glomus 

sp. are common and o  en co-occurring in Swiss arable soils (Jansa et al. 2002, 2003). Since direct 
root compe   on for soil resources might hinder interpreta  on of results, we physically separated 
roots of maize from weed roots by dividing the pots with a 30 m mesh which still allows the AM 

hyphae to pass through. 
 Both experiments were performed under controlled condi  ons in the glasshouse and thereby 
might di  er from a  eld situa  on. Nonetheless, we consider such experiments as an important 

star  ng point for further research on the e  ects of AMF on weeds in the  eld.

Plant material, fungal inoculum and soil substrate
Plant species used in both experiments are listed in Table 1. Wheat (Tri  cum aes  vum L. cv. Runal), 

maize (Zea mays L. cv. Gavo  ) and red clover (Trifolium pratense L. cv. Milvus) seeds were obtained 
from Agroscope Reckenholz-Tänikon Research Sta  on ART, Switzerland. Seeds of the weed species 
were obtained from Herbiseed, UK (www.herbiseed.com). All seeds were surface sterilized in 1.25% 
sodium hypochlorite for 10 min and subsequently rinsed with dH2O. 

 In experiment 1, soil inoculum containing colonized roots and spores of Glomus intraradices 
Schenck & Smith (BEG 21) (van der Heijden et al. 2006) was used. In experiment 2, a mixture of 

equal parts in weight of G. intraradices (BEG 21), Glomus claroideum Schenck & Smith (HG 181) and 
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Glomus mosseae (Nicol. & Gerd.) Gerd. & Trappe (HG 505) soil inocula cons  tuted the AMF inoculum 
that was added to the pots. The G. claroideum and G. mosseae isolates were kindly provided by 
Hannes Gamper (University of Basel). These isolates originated from single spores collected in 
2002 from trap cultures in grassland plots. Grassland plots were established in previously arable 

land in the Swiss long-term Free-Air CO2 Enrichment (FACE) experiment in Eschikon, Switzerland 
(see Hebeisen et al. 1997 and Gamper et al. 2009 for more details of the site). All inocula were 

propagated as pure cultures on Plantago lanceolata L. for 5 months, in pots  lled with an autoclaved 
(99 min at 121°C) mixture of quartz sand with 20% (v:v)  eld soil. Glomus intraradices, G. claroideum 
and G. mosseae colonized 77%, 43% and 51% of the root length of P. lanceolata, respec  vely, as 
assessed microscopically a  er staining with trypan blue (see details of the method below). The 

non-mycorrhizal (NM) control inoculum consisted of the same soil inocula as men  oned above, for 
experiments 1 and 2, but sterilized by autoclaving (2x 99 min at 121°C).

 The soil substrate used for both experiments consisted of an autoclaved (99 min at 121°C) mixture 
of 50% (v:v)  eld soil with quartz sand. Field soil was collected from an organically managed  eld 

plot at Agroscope Reckenholz-Tänikon Research Sta  on ART (Zurich, Switzerland) but at di  erent 
 me points for experiments 1 and 2. The pH and primary plant-available nutrient concentra  ons of 

the soil substrate for each experiment are shown in the Suppor  ng Informa  on (Table S1). Note that 

both soil substrates were P-rich.

Experiment 1: mycorrhizal growth responses of nine weed species (screening)
This experiment was set up in a randomized factorial design with nine weed and three crop plant 
species inoculated with G. intraradices (AMF treatment) or with NM control inoculum. Each 

treatment was replicated six  mes for a total of 144 pots (experimental units). The posi  on of the 
pots in the glasshouse was randomized every 2 weeks.

 Pots were  lled with 0.6 L of autoclaved soil substrate with 7% (v:v) G. intraradices soil inoculum 
or the same amount of sterilized inoculum in NM control pots. All the pots received 5 mL of inoculum 
washing (120 g of soil inoculum suspended in 1 L water and  ltered through Whatman  lter paper) 

to correct for possible di  erences in microbial communi  es.
 Seeds were germinated in quartz sand for approximately 4-7 days (depending on the plant 

species). Germinated seeds were transferred into pots and thinned a  erwards, leaving two seedlings 
per pot (except for maize and wheat where only one seedling was le   per pot). 
 Pots were watered three  mes a week with dH2O, and every pot was adjusted weekly to 10% 
water content by weighing. Plants were maintained in the glasshouse with constant temperature 
(25ºC) and constant ligh  ng provided by 400 W high-pressure sodium lights to a daylength of 14 h. 
Plants were harvested 8 weeks a  er plan  ng.
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Experiment 2: AMF-Weed-Crop interac  ons
This experiment was set up in a randomized factorial design with three weed (E. crus-galli, S. viridis 
and S. nigrum) and one crop species (maize) grown either alone (named “monocultures” herea  er), 

or each of the weed species grown in combina  on with maize (named “mixtures” herea  er). Plants 
were inoculated with a mixture of G. intraradices, G. mosseae and G. claroideum (AMF treatment) 
or with NM control inoculum. Each treatment was replicated seven  mes for a total of 98 pots 
(experimental units). The posi  on of the pots in the glasshouse was randomized every 2 weeks.
 Pots were divided in two equal parts by 30 m nylon mesh to separate roots but s  ll allowing 
the passage of AMF hyphae. Each half received 1 L of autoclaved soil mixture with 7% (v:v) AMF soil 

inoculum or the same amount of sterilized inoculum in NM control pots. All the pots received 10 mL 
(5 mL each half) of inoculum washing (300 g of the soil inoculum suspended in 2 L water and  ltered 
through Whatman  lter paper). 

 For the mixtures, three seeds of maize were sown in one half of the pot, while  ve seeds of the 
same weed species were sown in the other half. For the monocultures,  ve weed seeds or three 

maize seeds were sown in one half while the other half remained unsown. Germina  ng seeds were 
thinned to one maize seedling or three weed seedlings per half-pot. 
 Pots were watered three  mes a week with dH2O and every pot was adjusted weekly to 13% 
water content by weighing. Plants were maintained in the glasshouse and addi  onal ligh  ng was 

provided by 400 W high-pressure sodium lights when natural light levels reached < 250 W m-2, to 

a daylength of 14 h. Temperatures varied in the glasshouse between a minimum of 14°C and a 
maximum of 22°C. Plants were harvested 12 weeks a  er plan  ng.

Harvest and analysis
Aboveground plant parts were cut at the soil surface, oven dried (80°C) and weighed to determine 

the aboveground biomass. Soil was separated from plant roots and carefully washed. Roots were 
then cut into 1 cm segments, mixed and divided in two subsamples which were both weighed. One 
of the subsamples was oven dried (80°C) and weighed while the other was taken to determine the 

percentage of root length colonized by AMF. The belowground biomass of the subsample taken 
for root coloniza  on determina  on was calculated by mul  plying its fresh weight with the dry to 
fresh weight ra  o of the oven-dried root subsample. Sum of the belowground biomass of both 
subsamples and aboveground biomass gave the total biomass for each plant species. 
 Mycorrhizal growth responses (MGR) were calculated using the following formulas (van der 

Heijden 2002):

if NM < AMF, then MGR (%) = 1 – NM
AMF(( ((x 100

if NM > AMF, then MGR (%) = -1 – NM
AMF(( ((x 100



26

Chapter 2

Where NM is the mean total biomass of the NM controls for each plant species, and AMF is the total 
biomass of that plant species in individual pots. A posi  ve mycorrhizal growth response means that 
the plant species bene  ted from AMF inocula  on in terms of total biomass. A nega  ve mycorrhizal 
growth response indicates that the plant species was suppressed by AMF.

 Root samples for measurement of AMF coloniza  on were cleared with 10% KOH and stained 
with trypan blue (Phillips & Hayman 1970). The percentage of root length colonized by AMF and 
frequency of hyphae, vesicles and arbuscules was es  mated according to McGonigle et al. (1990), 
using at least 100 intersec  ons per root sample.

Sta  s  cal analyses 
Total biomass, root length colonized by AMF (total, vesicles and arbuscules) and mycorrhizal growth 
responses were analyzed separately using generalized linear least squares with the gls func  on from 

the nlme library (Pinheiro & Bates 2000) for R2.9.0 (R Development Core Team 2009). Whenever 
there was heterogeneity in the variance structure between treatments we used the varIdent() 
func  on to allow each treatment to have a di  erent variance. Student’s t-test was used to assess 

di  erences between two sample means.
 In the  rst experiment, root length colonized and mycorrhizal growth responses were analyzed by 

a one-way analysis of variance (ANOVA) with “plant species” (each of 12 plant species inves  gated) 
as factor, while total biomass was analyzed by a two-way ANOVA with “plant species” and “AMF” 
(AMF treatment or NM control) as factors. During this experiment, both Agropyron repens plants 

in one of the pots inoculated with NM control inoculum died and this replicate was therefore 
eliminated from the analysis.

 In the second experiment, weeds and maize were analyzed separately. For the weeds, root 
length colonized and mycorrhizal growth responses were analyzed by a two-way ANOVA with 
“weed species” (each of the three weed species inves  gated) and “plant combina  on” (weed 

monocultures or mixtures with maize) as factors. Total biomass was analyzed separately for 
monocultures and mixtures by two-way ANOVA with “weed species” and “AMF” as factors. For the 
maize, root length colonized and mycorrhizal growth responses were analyzed by a one-way ANOVA 

with “plant combina  on” as a factor. As we  rst wanted to assess the general e  ect of the presence 
of weeds on the root length colonized and mycorrhizal growth responses of maize, we treated 
“plant combina  on” as a factor with two levels (maize monoculture and mixture with weeds). Then 
we treated “plant combina  on” as a factor with four levels (maize monoculture, maize in mixture 
with E. crus-galli, maize in mixture with S. viridis and maize in mixture with S. nigrum) to assess the 

di  erences between maize in monoculture and maize grown with each of the weed species. Maize 
total biomass was also analyzed separately for monoculture and mixtures by one-way ANOVA with 
“AMF” as factor. 
 Several authors use the sequen  al Bonferroni adjustment to correct for mul  ple tes  ng (Holm 
1979) but there are also important  aws in this method (Moran 2003). Therefore, we present 
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(Table S2) P-values for total biomass comparisons between the AMF treatment and NM control 
for each of the 12 plant species tested in the  rst experiment (where Bonferroni correc  ons would 
have a  ected the signi  cance of the results), enabling readers to perform a Bonferroni adjustment 
if preferred. In the text and  gures, we present means with their standard errors (SEM). In the 

Suppor  ng Informa  on (Tables S3 – S8) we present the complete results for the ANOVA tests 
performed.

Results

Experiment 1: mycorrhizal growth responses of nine weed species (screening)
AMF coloniza  on
No coloniza  on was observed in NM control plants for any of the species. When inoculated 

with G. intraradices, the percentage of total root length colonized varied greatly among species 
(F11,60 = 298.7, P < 0.0001), ranging from 2% to 97% (Table 2). All the typical fungal structures – 
hyphae, vesicles and arbuscules – were observed in each plant species at least once. Plant species 

with a low to moderate percentage of root length colonized (< 50%) by G. intraradices included the 
weeds Alopecurus myosuroides, Apera spica-ven  , Poa annua and the crop clover. The remaining six 

weeds and the crop species wheat and maize all showed a percentage of root coloniza  on higher 
than 50%.

Table 2. Percentage of root length colonized by G. intraradices in experiment 1.

Root length colonized (%)

Crop species Total Vesicles Arbuscules

Maize 86 ± 2.1 44 ± 2.0 23 ± 3.3 

Wheat 75 ± 3.1 19 ± 2.1 16 ± 2.0

Clover 45 ± 7.1 2 ± 2.1 8 ± 4.1

Weed species

Cirsium arvense 97 ± 2.0 32 ± 1.6 49 ± 4.2

Solanum nigrum 79 ± 1.9 24 ± 2.5 21 ± 3.1

Echinochloa crus-gali 77 ± 3.7 20 ± 2.1 28 ± 3.1

Digitaria sanguinalis 66 ± 4.9 19 ± 3.0 14 ± 1.9 

Agropyron repens 63 ± 7.9 20 ± 3.0 17 ± 3.5

Setaria viridis 63 ± 4.5 22 ± 2.6 7 ± 0.9 

Poa annua 43 ± 3.9 7 ± 1.4 5 ± 0.7 

Apera spica-ven  8 ± 4.3 1 ± 1.0 1 ± 0.4 

Alopecurus myosuroides 2 ± 1.2 0.5 ± 0.9 0.3 ± 0.3
Values are means of six replicates ± SEM
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Growth responses
The analysis of the total biomass showed that the e  ect of AMF was highly dependent on the plant 
species (signi  cant “AMF”  “plant species” interac  on F11,119 = 6.1, P < 0.0001). This translates to 
variable individual mycorrhizal growth responses of the di  erent species (F11,60 = 9.0, P < 0.0001). 

Indeed, Figure 1 shows how mycorrhizal growth responses varied among the 12 plant species from 
posi  ve to nega  ve, ranging on average from 38 ± 5.4% in clover to -35 ± 7.2% in the weed E. 
crus-galli. Four plants species, A. myosuroides, A. spica-ven  , P. annua and clover, showed posi  ve 
mycorrhizal growth responses. These were higher than 20% except in the case of A. myosuroides. 

The other eight plant species showed nega  ve responses to G. intraradices, with six species showing 
a strong nega  ve mycorrhizal growth response, lower than -20%.

 Six plant species showed sta  s  cally signi  cant di  erences in total biomass when inoculated 
with G. intraradices, compared to the NM controls (Table S2). The referred species were: clover 

(t = 2.5, P = 0.016), maize (t = -3.7, P < 0.001), Digitaria sanguinalis (t = -3.5, P < 0.001), E. crus-
galli (t = -5.7, P < 0.0001), S. viridis (t = -4.3, P < 0.0001) and S. nigrum (t = -2.5, P = 0.014). From 
these species, clover was the only one showing a posi  ve growth response which means that it 

was also the only plant whose biomass was signi  cantly increased in the presence of the AMF G. 
intraradices. All the other  ve species su  ered a signi  cant biomass reduc  on.

 

Figure 1. Mycorrhizal growth responses (%) of the nine weed and three crop species in experiment 1. Bars 

are means of six replicates ± SEM. Bars in grey indicate species with a total root length colonized by G. 

intraradices < 50% while bars in black indicate species with total root length colonized by G. intraradices 

> 50%. Asterisks represent signi  cant di  erences (P < 0.05) in total biomass between the AMF treatment 

and NM control, for each species.
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Experiment 2: AMF-Weed-Crop interac  ons
AMF coloniza  on
No coloniza  on was observed in NM control pots. Roots of all the four plant species (E. crus-galli, 
S. nigrum, S. viridis and maize) were colonized by AMF, showing the typical mycorrhizal structures, 
when inoculated with a mixture of G. intraradices, G. claroideum and G. mosseae.

Figure 2. Percentage of total root length colonized by AMF in exp-eriment 2. Total root length colonized 

by AMF (%) is represented as the sum of the percentages of root length colo-nized by arbuscules (black), 

vesicles (dark grey) and hyphae (light grey). Plant species were grown alone (Mono) or in weed-maize 

combi-na  ons (Mix). Bars are means of seven replicates ± SEM. Asterisks represent signi  cant di  erences 

in total root coloniza  on between monocultures and mixtures, for each species. Root coloniza  on of 

maize in monoculture repeated in each graph for be  er visual interpreta  on.
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The presence of maize had a di  eren  al e  ect on the percentage of root length colonized by AMF for 
the three weed species (signi  cant “plant combina  on”  “weed species” interac  on F2,36 = 12.4, P 
= 0.0001). The weed species S. viridis and S. nigrum achieved comparably high levels of coloniza  on 

in the absence and in the presence of maize (Figure 2B, C). On the contrary, E. crus-galli showed 
a signi  cant increase of total root length colonized by AMF, from 37 ± 5.3% in monoculture to 
72 ± 3.9% when grown in mixture with maize (t = 5.4, P < 0.0001; Figure 2A). 
 In general, maize achieved a signi  cantly higher AMF root coloniza  on when grown alone 
(80 ± 3.7%) than when coexis  ng with weeds (68 ± 2.3%; F1,26 = 9.1, P < 0.01; e  ect measured across 
the three weed species). AMF root coloniza  on of maize was consistently reduced in coexistence 

with each of the weed species (Figure 2) but not signi  cantly in the presence of E. crus-galli (t = -1.6, 
P = 0.134; Figure 2A).

Growth responses
The presence of maize had also a di  eren  al e  ect on the mycorrhizal growth responses of the three 

weed species (signi  cant “plant combina  on”  “weed species” interac  on F2,36 = 15.4, P < 0.0001).
Consistent with the previous experiment, in monocultures, the three weed species all responded 

nega  vely to AMF (Figure 3). These mycorrhizal growth responses represented a signi  cant 
reduc  on of total biomass in the presence of AMF, compared to NM controls, in the case of S. viridis 

(t = -7.7, P < 0.0001; Figure 3B) and S. nigrum (t = -4.1, P < 0.001; Figure 3C) but not in E. crus-galli 
(t = -1.8, P = 0.075, Figure 3A).
 In the presence of maize, the three weed species also responded nega  vely to AMF (Figure 

3). The total biomass of each weed was signi  cantly reduced in the AMF treatment as compared 
to the NM controls (t = -7.1, P < 0.0001 for S. viridis; t = -3.4, P < 0.01 for S. nigrum and t = -6.9, 

P < 0.0001 for E. crus-galli). However, the weed E. crus-galli showed a signi  cantly ampli  ed nega  ve 
mycorrhizal growth response when coexis  ng with maize (t = -5.3, P < 0.0001; Figure 3A), compared 
to the respec  ve monoculture, while S. viridis and S. nigrum responded similarly (P > 0.05), with or 
without maize (Figure 3B, C).

 Maize was insensi  ve to the presence of AMF when grown alone (F1,12 = 0.08, P = 0.783) (Figure 
3), showing a mycorrhizal growth response of -2 ± 4.0%. Similarly, when weeds were present, there 
was no signi  cant di  erence in maize biomass between the AMF treatment and the NM controls 
(F1,40 = 0.01, P = 0.923; e  ect measured across the three weed species), as re  ected by the neutral 

(0.3 ± 2.3%) mycorrhizal growth response of maize in mixtures. Nonetheless, the mycorrhizal growth 
response of maize grown with E. crus-galli was signi  cantly di  erent from that of the monoculture, 
increasing to 10 ± 3.7% (t = 2.3, P < 0.05), and represented a marginally signi  cant increase of maize 
total biomass in the presence of AMF, compared to the NM controls (t = 2.1, P = 0.057; Figure 3A). 
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Figure 3. Total biomass (g) of the three weed species and maize in experiment 2. Plant species were 

grown alone (Mono) or in weed-maize combina  ons (Mix). Monocultures and mixtures of E. crus-galli 

and maize (A), S. viridis and maize (B) and S. nigrum and maize (C) were inoculated with AMF (black bars) 

or with NM control inoculum (grey bars). Bars are means of seven replicates ± SEM. Asterisks represent 

signi  cant dif-ferences in total biomass between the AMF treatment and NM control for each species, in 

monocultures or mixtures. Total biomass of maize in monoculture repeated in each graph for be  er visual 

interpreta  on. Values in white inserted in the bars indicate the mycorrhizal growth response (%) of each 

species, in monocultures or mixtures (mean of seven replicates ± SEM).

Discussion

Our results show that (1) biomass of four of the inves  gated weed species was signi  cantly reduced 
by G. intraradices while none of the weeds signi  cantly bene  ted from inocula  on with this AMF, (2) 
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growth of the weed species E. crus-galli, S. viridis and S. nigrum was also reduced by a combina  on 
of AMF and (3) the presence of a crop (maize) further ampli  ed the nega  ve e  ect of AMF in one 
out of the three weed species tested.
 Previous work had shown that some weeds responded nega  vely to soil fungi (Vatovec et al. 

2005, Jordan & Huerd 2008) and that weeds grown together with a crop can be suppressed by 
AMF (Rinaudo et al. 2010). In this study we show that monocultures of some troublesome weeds 
in Switzerland and Europe respond nega  vely to inocula  on with the AMF species G. intraradices. 
Moreover, the weed species E. crus-galli, S. viridis and S. nigrum maintained nega  ve mycorrhizal 

growth responses when inoculated with a mixture of G. intraradices, G. mosseae and G. claroideum. 
Earlier experiments have shown that ruderal plant species respond nega  vely to AMF (Francis & Read 

1994, 1995). Most weeds originate from ruderal habitats (Baker 1974) and our results thus con  rm 
that many plants from this type of habitat do not establish a bene  cial AM symbiosis. However, 
although this may be generally true for ruderal plants as a group, not all weed species responded in 

this way in our study. For instance, two of the weeds tested in experiment 1, P. annua and A. spica-
ven  , showed posi  ve, albeit not sta  s  cally signi  cant, mycorrhizal growth responses above 20%. 

Hence, it is not possible to generalize our results to all weeds. In addi  on, plant responses to AMF 
depend on the iden  ty of the fungus (van der Heijden et al. 1998a, Klironomos 2003), indica  ng 
that the composi  on and diversity of AMF communi  es are likely to a  ect AMF-plant interac  ons. 

Future experiments should test the e  ect of whole AMF communi  es (with di  eren  al composi  on 
and diversity) on weed growth and whether speci  c weed species are absent or scarcer in  elds 
with high abundance of AMF and/or with a speci  c composi  on of AMF communi  es.
 Clover signi  cantly bene  ted in biomass produc  on from inocula  on with the AMF species 
G. intraradices. On the other hand, the two cereal crops showed a nega  ve mycorrhizal growth 

response that, in the case of maize, represented a signi  cant growth reduc  on in the presence of 
G. intraradices. This is not unexpected as wheat and maize are o  en unresponsive or nega  vely 

responsive to AMF coloniza  on in pot experiments where root development is space limited 
(Graham & Abbo   2000, Jansa et al. 2005, Li et al. 2006, 2008), while clover is mostly posi  vely 

responsive (e.g. van der Heijden 2002, Wagg et al. 2011b). When inoculated with a combina  on 
of AMF species, the biomass of maize in monoculture was not anymore signi  cantly reduced most 
probably due to di  erences in AMF diversity and abio  c condi  ons between the experiments. In 
the presence of weeds, maize was also overall unresponsive while the coexis  ng weed species, 
in contrast, grew signi  cantly less when colonized by AMF. This suggests that maize forms a more 

bene  cial symbiosis with AMF than the tested weed species as it has been observed for another 
crop, sun  ower (Rinaudo et al. 2010). Moreover, the compe   ve interac  ons of the di  erent plants 
for soil nutrients, mediated by the AMF networks, might have resulted in further depriva  on of 

symbio  c bene  ts to the weeds as compared to the maize plants. This la  er hypothesis will need to 
be further tested using isotopic tracers in the future. 
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The suppressive e  ect of a combina  on of AMF species on S. viridis and S. nigrum was comparable 
between monocultures and mixtures with maize. In contrast, the nega  ve mycorrhizal growth 
response of E. crus-galli was signi  cantly ampli  ed (by 40%), from -16% in monoculture to -56% 
when in coexistence with maize. Interes  ngly, also only in E. crus-galli the percentage of root 

length colonized by AMF di  ered between monocultures and mixtures, increasing from 37% to 72% 
when maize was present. This indicates dynamic shi  s of symbio  c costs and bene  ts in a plant 
community sharing a common mycorrhizal network. This phenomenon may well be of interest to 
prac  cal exploita  on in agriculture, but its mechanis  c understanding remains rather poor. The 

fact that the ampli  ed nega  ve mycorrhizal growth response in E. crus-galli in the presence of 
maize was only observed when accompanied by an increase in AMF root coloniza  on suggests that 

enhanced coloniza  on levels might have been responsible for the la  er. Previously, only species 
with a percentage of root length colonized by G. intraradices higher than 50% showed a nega  ve 
mycorrhizal growth response (Figure 1). On the other hand, unlike in the work of Li et al. (2008) 

and Grace et al. (2009), none of the plant species poorly colonized by AMF showed signi  cant 
growth depressions when grown in monocultures. Therefore, our results suggest that high AMF root 

coloniza  on might be an important factor determining nega  ve mycorrhizal growth responses, at 
least under our experimental condi  ons. It is important to note that in other studies performed with 
di  erent plant species and in di  erent condi  ons, highly colonized plants could s  ll strongly bene  t 

from AMF (Munkvold et al. 2004, van der Heijden et al. 2006, Jansa et al. 2008). We are currently 
inves  ga  ng whether the nega  ve e  ect of AMF on some weeds depends on AMF abundance in 

their roots. 
 O  en, mycorrhizal growth depressions are a  ributed to AMF parasi  sm, where carbon (C) 
demand from the fungus exceeds the bene  ts of increased nutrient uptake. In agreement with 

this no  on, Graham & Abbo   (2000) found lower sucrose concentra  ons in the roots of nega  vely 
responsive wheat plants colonized by aggressive AMF. Our own results seem to  t in this explana  on 

as growth depressions were associated with high root coloniza  on and hence poten  ally high 
fungal C costs. Moreover, the soil substrate used was P-rich, and high nutrient availability generally 

increases the likelihood of parasi  c associa  ons (Johnson et al. 1997). In other situa  ons though, 
when growth depressions occur in weakly colonized plants (Li et al. 2008, Grace et al. 2009), C drain 
might not be a sa  sfactory explana  on and alterna  ve mechanisms have been suggested. These 
include: reduc  on or suppression of the direct plant P uptake pathway with no or insu   cient 
compensa  on from the AMF uptake pathway (Li et al. 2008), allelopathic e  ects of fungal exudates 

(Francis & Read 1994) and AMF induc  on of costly plant defense responses (Allen et al. 1989). In 
addi  on, AMF-mediated plant compe   on can cause growth depressions in posi  vely responsive 
plants in the absence of a compe  tor (Scheublin et al. 2007). However, it cannot alone explain the 

nega  ve mycorrhizal growth responses of the weeds grown with maize as their responses were also 
nega  ve in the absence of the crop.
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It is di   cult to assess the impact of AMF on plants in the  eld because AMF are usually already 
present in the soil and their abundance cannot be easily manipulated without simultaneously 
changing other factors or ac  vity of other organisms (Read 2002). For this reason, our experiments 
were established under controlled condi  ons in sterilized soil to which AMF were added (together 

with the associated microbial communi  es). In this way, it was possible to successfully manipulate 
the presence of AMF, in line with previous experiments (van der Heijden et al. 1998b, Klironomos 
et al. 2000, Vogelsang et al. 2006, Maherali & Klironomos 2007). Although a recent study by Pringle 
& Bever (2008) has shown comparable e  ects of AMF on plants grown in growth chambers and in 

an open  eld, it is important to consider that our study design with sterilized soil, absence of larger 
soil organisms such as nematodes and earthworms, for instance, and manipula  on of microcosms 

under glasshouse condi  ons has limita  ons and theore  cally does not re  ect condi  ons found in 
the  eld (Read 2002). In agreement, we observed that some of the weed species inves  gated in this 
study seemed to be generally less colonized by AMF in the  eld (Table S9) than in our glasshouse 

experiments. Therefore, despite some experimental constraints, future work inves  ga  ng AMF-
weed interac  ons should be performed in  eld condi  ons in order to enhance agricultural/

ecological realism. 
 The results obtained here certainly do not indicate a strong poten  al for AMF as a weed 
biocontrol agent. Even if AMF suppressed some of the inves  gated weed species, the weeds kept 

producing some biomass and several species started to produce  owers or set seeds. Moreover, 
as previously men  oned, not all the weed species tested were nega  vely a  ected by AMF. The 

di  eren  al weed responses to AMF indicate though that the composi  on of weed communi  es in 
agricultural  elds and the rela  ve abundances of posi  vely and nega  vely responsive species within 
these communi  es, can be altered by AMF, similar to what has been observed in other studies with 

di  erent plant species (Sanders & Koide 1994, van der Heijden et al. 1998a). Furthermore, our 
results are also relevant for ruderal plant communi  es since several of the inves  gated weeds are 

abundant in heavily disturbed sites.
 The suppressive e  ect of AMF on the growth of some weeds, especially in coexistence with 
crop plants, might be of par  cular interest to more sustainable farming systems, where weed 
management to tolerable levels rather than total weed eradica  on is the prevailing strategy. 

Previous studies have shown that AMF provide a number of bene  cial ecosystem services (van der 
Heijden & Horton 2009, Gianinazzi et al. 2010). If our results can be con  rmed in  eld condi  ons, 
they provide an addi  onal argument to promote AMF ac  vity in agroecosystems.
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Suppor  ng Informa  on 

Table S1. pH and primary plant-available nutrient concentra  ons of the autoclaved soil substrate used in 

each experiment.

Exp 1 Exp2

pH (H2O) 7.7 8.1

Water soluble NO3- and NH4+ 53.3 mg kg–1 38.3 mg kg–1

P2O5 (CO2-saturated water extracted) 21 mg kg–1 20 mg kg–1

K2O (CO2-saturated water extracted) 56 mg kg–1 140 mg kg–1

Water-soluble inorganic N (NO3- and NH4+) was determined with a Skalar segment  ow analyzer. 

Table S2. Total biomass (g) of each plant species inoculated with G. intraradices (AMF) or with NM control 

inoculum, in experiment 1.

 Total biomass (g)   

Crop species NM AMF t-value P-value

Clover 1.1 ± 0.1 1.8 ± 0.1 2.5 0.016

Maize 5.2 ± 0.3 4.1 ± 0.2 -3.7 < 0.001

Wheat 1.6 ± 0.2 1.3 ± 0.1 -1.0 0.324

Weed species

Agropyron repens 2.0 ± 0.2 1.8 ± 0.2 -0.4 0.658

Alopecurus myosuroides 1.8 ± 0.3 1.8 ± 0.2 0.3 0.771

Apera spica-ven  0.6 ± 0.7 0.9 ± 0.1 1.0 0.318

Cirsium arvense 2.2 ± 0.1 1.7 ± 0.4 -1.7 0.093

Digitaria sanguinalis 4.6 ± 0.2 3.6 ± 0.2 -3.5 < 0.001

Echinochloa crus-gali 4.7 ± 0.4 3.1 ± 0.3 -5.7 < 0.0001

Poa annua 0.4 ± 0.04 0.6 ± 0.1 0.7 0.486

Setaria viridis 4.6 ± 0.2 3.4 ± 0.3 -4.3 < 0.0001

Solanum nigrum 2.6 ± 0.1 1.9 ± 0.1 -2.5 0.014
Values are means of six replicates ± SEM except for A. repens inoculated with NM control inoculum where the presented value 
is a mean of  ve replicates ± SEM. P-values in bold represent signi  cant di  erences in total biomass between AMF treatment 
and NM control for each plant species.
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Table S3. Results of the ANOVA tes  ng for the e  ects of diverse plant species on the total root length 

colonized (RLC) by AMF and on the mycorrhizal growth response (MGR) in experiment 1.

 RLC (total)  MGR

Source of varia  on df F P  df F P

Plant species 11 298.7 < 0.0001 11 9.0 < 0.0001

Error 60    60   

Table S4. Results of the ANOVA tes  ng for the e  ects of AMF and plant species on the total biomass in 

experiment 1.

 Total biomass

Source of varia  on df F P

AMF 1 29.3 < 0.0001

Plant species 11 93.2 < 0.0001

AMF × Plant species 11 6.1 < 0.0001

Error 119   

Table S5. Results of the ANOVA tes  ng for the e  ects of plant combina  on and species on the total root 

length colonized (RLC) by AMF and on the mycorrhizal growth response (MGR) of weeds in experiment 2.

 RLC (total)  MGR

Source of varia  on df F P  df F P

Plant combina  on 1 4.7  0.038 1 1.1  0.303

Weed species 2 23.7 < 0.0001 2 23.1 < 0.0001

Plant combina  on × Weed species 2 12.4  0.0001 2 15.4 < 0.0001

Error 36    36   

Table S6. Results of the ANOVA tes  ng for the e  ects of AMF and species on the total biomass of weeds 

grown in monocultures or mixtures with maize in experiment 2.

 Total biomass monocultures  Total biomass mixtures

Source of varia  on df F P  df F P

AMF 1 63.7 < 0.0001 1 102.0 < 0.0001

Weed species 2 18.2 < 0.0001 2 15.1 < 0.0001

AMF × Weed species 2 7.6  0.0017 2 4.3  0.021

Error 36    36   
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Table S7. Results of the ANOVA tes  ng for the e  ects of plant combina  on on the total root length 

colonized (RLC) by AMF and on the mycorrhizal growth response (MGR) of maize in experiment 2.

 RLC (total)  MGR

Source of varia  on df F P  df F P

Plant combina  on 1 1 9.1  0.006 1 0.1 0.737

Error 1 26    26   

Plant combina  on 2 3 11.2 < 0.0001 3 3.5 0.03

Error 2 24    24   
1 Plant combina  on treated as a factor with two levels: maize monoculture and mixture with weeds
2 Plant combina  on treated as a factor with four levels: maize monoculture, maize in mixture with E. crus-galli, maize in mixture 
with S. viridis and maize in mixture with S. nigrum

Table S8. Results of the ANOVA tes  ng for the e  ects of AMF on the total biomass of maize grown in 

monoculture or mixtures with weeds in experiment 2.

 Total biomass monoculture  Total biomass mixtures

Source of varia  on df F P  df F P

AMF 1 0.08 0.783 1 0.01 0.923

Error 12    40   
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Table S9. Percentage of root length colonized by AMF in the  eld.

  Root length colonized (%)

Weed species Field Total Vesicles Arbuscules

Alopecurus myosuroides A 19 4 7

A 24 7 4

b* 15 4 2

b* 24 2 11

b* 36 6 8

Echinochloa crus-galli C 25 1 12

C 23 3 11

C 14 1 8

A 12 1 2

A 10 4 3

A 10 3 3

d* 7 1 2

d* 12 1 3

d* 25 2 11

E 6 0 3

E 9 1 2

E 15 4 4

Poa annua C 13 3 3

C 18 4 3

C 25 4 8

Solanum nigrum F 12 2 3

F 15 5 4

F 14 3 1

 G 17 4 4
Weeds were collected in July 2011 in  ve organic and two conven  onal (  elds b and d, marked with an asterisk) maize  elds in 
Switzerland (  eld a: 47°25‘50.18‘‘ N, 8°44‘‘31.12‘‘ E;  eld b: 47°37‘44.00‘‘ N, 8°45‘‘56.36‘‘ E;  eld c: 47°31‘06.90‘‘ N, 8°18‘‘29.18‘‘ 
E;  eld d: 47°32‘48.45‘‘ N, 8°40‘‘08.83‘‘ E;  eld e: 47°24‘54.61‘‘ N, 8°12‘‘42.43‘‘ E;  eld f: 47°32‘34.34‘‘ N, 8°59‘‘40.12‘‘ E;  eld 
g: 47°37‘56.44‘‘ N, 8°45‘‘26.30‘‘ E). All  elds were ploughed in Spring 2011 before maize was sown. All  elds were organically 
fer  lized and  elds b and d received addi  onally one applica  on of pure synthe  c urea. Fer  liza  on ranged from 74 (  eld 
a) to 160 (  eld d) kg ha-1 water soluble N, 63 (  eld b) to 234 (  eld e) kg ha-1 P2O5 and 133 (  eld b) to 445 (  eld a) kg ha-1 K2O. 
When possible three individual plants from a species were collected in the  elds where that species was present. Roots were 
separated from shoots, thoroughly washed, cut into 1 cm segments, mixed and a subsample taken to determine the percentage 
of root length colonized by AMF (as described in Material and Methods). Percentage of total root length colonized by AMF and 
respec  ve par  al percentages of vesicles and arbuscules are given per individual plant.
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Abstract 

Plant associa  ons with arbuscular mycorrhizal fungi (AMF) are not always of the mutualis  c type 
but also include cases of antagonism. For example, it has been shown that the growth of some 
ruderal plant species, characteris  c of disturbed habitats, is o  en nega  vely a  ected by AMF. 
However, antagonism in the mycorrhizal symbiosis has been rarely explored and it is s  ll unclear 
whether mycorrhizal growth depressions depend on AMF iden  ty and abundance.

 Here we tested the e  ect of AMF iden  ty and abundance on plant growth in two dis  nct 
experiments. The e  ect of AMF iden  ty was tested by inocula  ng each of three ruderal plant species 
(Echinochloa crus-galli, Setaria viridis and Solanum nigrum), previously shown to be suppressed by 
AMF, with isolates of three Glomus species. The e  ect of AMF abundance was tested by inocula  ng 

E. crus-galli with increasing amounts of G. intraradices. In both experiments, the legume Trifolium 
pratense was used as a control species with a posi  ve response to AMF inocula  on.

 Both AMF iden  ty and abundance in  uenced the growth of the plant species studied. The three 
ruderal plant species were suppressed by G. mosseae and G. intraradices but not by G. claroideum, 

which was consistently the weakest colonizer. Moreover, growth suppression of E. crus-galli 
depended on G. intraradices abundance and probably plant age; four-week-old E. crus-galli plants 
bene  ted from low G. intraradices coloniza  on but, a  er 10 weeks, growth of E. crus-galli was 

linearly suppressed with increasing G. intraradices coloniza  on.
 This study shows that mycorrhizal growth depressions depend on AMF iden  ty and AMF 

abundance, thereby o  ering new insights on the nature of antagonis  c plant-AMF interac  ons. Our 
results provide a preliminary indica  on that increased abundance of AMF and probably also shi  s in 
AMF community composi  on during succession may contribute to the replacement of plant species 

that form antagonis  c associa  ons with AMF.
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Introduc  on

Arbuscular mycorrhizal fungi (AMF) are ubiquitous soil fungi that establish symbio  c rela  onships 
with the majority of land plants (Smith & Read 2008). These fungi supply limi  ng nutrients, especially 
phosphorus (P), to their hosts which o  en results in increased nutrient uptake and plant growth. 
In return, AMF take up photosynthesized carbon (C) from the hosts, indica  ng that arbuscular 
mycorrhizal (AM) associa  ons are not costless to the plants forming it (Koide & Ellio   1989, Fi  er 

1991). Therefore, depending on the cost  bene  t ra  o of the symbiosis, plant growth responses 
to AMF vary along a con  nuum from posi  ve where plants bene  t from coloniza  on, to nega  ve 
where plant growth is reduced (Johnson et al. 1997). This di  eren  al e  ect of AMF on their hosts 
is not only biologically interes  ng but also ecologically relevant as it can par  ally explain why AMF 

are able to determine plant community structure (van der Heijden et al. 1998a, Klironomos 2003).
 The impact of AMF on plant growth depends on a number of factors, including: plant iden  ty 

and ontogeny, fungus iden  ty, plant-fungus genomic interac  ons and resource availability (Johnson 
et al. 1997, Jones & Smith 2004, Smith et al. 2010), rendering the outcome of the AM symbiosis 

complex and di   cult to predict. However, some plants are more likely to bene  t from AMF 
than others. Some species are highly dependent on AMF to acquire soil nutrients (e.g. legumes 
as Trifolium and Medicago) and are hence o  en posi  vely-responsive to AMF coloniza  on (van 

der Heijden 2002, Facelli et al. 2009, Smith et al. 2009). Others have developed adapta  ons like 
 ne, long roots, well-adapted to nutrient uptake, that confer a certain independence from the AM 

symbiosis (Jakobsen et al. 2002). Such species, as it is the case of many grasses, can be unresponsive 
or even nega  vely responsive to AMF coloniza  on (van der Heijden 2002, Smith et al. 2009). Ruderal 
plants, characteris  c from disturbed, early-successional habitats, including agricultural weeds, have 

also been shown to respond nega  vely to AMF (Francis & Read 1994, 1995, Rinaudo et al. 2010, 
Veiga et al. 2011). Notably, pioneers of such habitats, where AMF inoculum poten  al is frequently 

very reduced (Reeves et al. 1979, Allen & Allen 1980, Janos 1980, Read & Birch 1988, Read 1989), 
tend to be less AM-dependent plant species (e.g. faculta  ve mycorrhizal or non-mycorrhizal plants). 

Conversely, AM-dependent species are more frequent in later-successional environments (Janos 
1980, Francis & Read 1994, 1995, Reynolds et al. 2003).
 Francis & Read (1995) hypothesized that antagonis  c e  ects of AMF on ruderals (antagonism 

used in a broad sense “to encompass mechanisms by which one organism interferes with another”) 
could par  ally explain the failure of some of these species to establish in closed, late-successional 
environments. Antagonis  c e  ects of AMF on ruderal weeds could also be of applied value to weed 

management in agroecosystems (Jordan et al. 2000, Rinaudo et al. 2010, Veiga et al. 2011). However, 
very few studies have focused on gaining more insight on the nature of antagonis  c associa  ons 

with AMF (but see Li et al. 2006, 2008, Grace et al. 2009).
 In this study we sought to be  er understand whether antagonis  c interac  ons with AMF 
depend on fungal iden  ty and abundance. Experimental plant species were selected on the basis 
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of their lifestyle and dependency/responsiveness. We chose three annuals  Echinochloa crus-galli 
(Poaceae), Setaria viridis (Poaceae) and Solanum nigrum (Solanaceae)  that occur predominantly 
in arable  elds and other ruderal sites and are thereby classi  ed as “weeds of cul  vated and waste 
ground” (Stace 2010). These three plant species have shown nega  ve growth responses to AMF in 

previous studies (Rinaudo et al. 2010, Veiga et al. 2011). We added the perennial legume Trifolium 
pratense (red clover; Fabaceae) as a control. As most of the legumes, T. pratense is very AM-
dependent and hence usually posi  vely responsive to inocula  on with AMF (e.g. van der Heijden 
2002, Facelli et al. 2009, Wagg et al. 2011b). T. pratense occurs naturally in plant communi  es 

ranging from late ruderal to established young  elds, being most abundant in the la  er (Gange et 
al. 1989). T. pratense is, in contrast to the three other plant species, typically not found in arable 

 elds that are yearly ploughed (personal observa  on). The AMF taxa used in this study are three 
Glomus species  G. intraradices, G. mosseae and G. claroideum  commonly found in a wide range 
of ecosystems including grassland and arable  elds in Switzerland and Europe (Jansa et al. 2002, 

2003, Oehl et al. 2010). In a  rst experiment, we tested whether nega  vely-responsive ruderal plant 
species respond di  erently to these three di  erent AMF species, similar to what has been found for 

posi  vely-responsive plants (Jansa et al. 2008).
 A  er a disturbance event, establishment of AMF and increase of AMF abundance might drive 
succession and ini  ate the replacement of ruderal plant species if these are nega  vely a  ected by 

AMF abundance. Based on this hypothesis, we further tested the e  ect of increasing AMF inoculum 
amount on the growth of one of the ruderal weed species.

Materials and Methods

In this study we present two independent glasshouse experiments. In the  rst experiment 
we inves  gated the e  ect of AMF iden  ty on the growth of Echinochloa crus-galli (L.) P. Beauv. 

(Poaceae), Setaria viridis (L.) P. Beauv. (Poaceae) and Solanum nigrum L. (Solanaceae). The three 
AMF isolates used in this experiment belong to the species Glomus intraradices Schenck & Smith, 
Glomus mosseae (Nicol. and Gerd.) Gerd. & Trappe and Glomus claroideum Schenck & Smith. In 
the second experiment we analyzed the e  ect of AMF abundance on the growth of E. crus-galli by 
inocula  ng the plants with increasing amounts of G. intraradices inoculum. We were concerned 

that the e  ect of inoculum amount on root coloniza  on and growth responses would fade away in 
 me. For this reason we decided to harvest plants at two  me points: 4 or 10 weeks a  er sowing.

 We included, in both experiments, the perennial legume Trifolium pratense L. cv. Milvus (red clover; 
Fabaceae) as a control. 
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Soil substrate and biological material
The soil substrate used in both experiments consisted of an autoclaved (90 min, 120 C) mixture 
(50% v:v) of  eld soil collected from a cer   ed organic farm at Reckenholz (Zurich, Switzerland) and 

quartz sand. This soil substrate had pH (H2O) 8.0 and plant available P2O5, extracted by CO2 saturated 

water, of 3.32 mg kg-1.
 Seeds of E. crus-galli, S. viridis and S. nigrum were obtained from Herbiseed, UK (www.herbiseed.

com). Seeds of T. pratense were obtained from Agroscope Reckenholz-Tänikon Research Sta  on 
ART, Switzerland. Before sowing, seeds were surface sterilized for 10 min in an aqueous solu  on of 
sodium hypochlorite (1.25%) and rinsed with dH2O.
 In experiment 1 we used soil inoculum of (a) G. intraradices (isolate HG 495) with 27 spores 
g-1 soil, (b) G. mosseae (isolate HG 504) with 42 spores g-1 soil and (c) G. claroideum (isolate HG 
168) containing 91 spores g-1 soil. These three isolates were kindly provided by Hannes Gamper 
(University of Basel). They originated from single spores collected in 2002 from trap cultures in 
grassland plots (previously arable land) established in the Swiss long-term Free-Air CO2 Enrichment 

(FACE) experiment in Eschikon, Switzerland (see Hebeisen et al. 1997 and Gamper et al. 2009 for 
more details on the site). In experiment 2, soil inoculum of G. intraradices (isolate BEG 21, described 
in van der Heijden et al. 2006), with a spore density of 26 spores g-1 soil, was used. All inocula were 
propagated as pure cultures on Plantago lanceolata L. for 2 months, in pots  lled with an autoclaved 

(90 min, 120 C) mixture of quartz sand with 20% (v:v)  eld soil. In experiment 1, an autoclaved 
(2 × 90 min at 120 C) mixture of equal parts in weight of (a), (b) and (c) was used as the non-
mycorrhizal control (NC) inoculum. The NC inoculum used in experiment 2 consisted on sterilized 

(2 × 90 min at 120 C) G. intraradices (isolate BEG 21) soil inoculum. 

Experiment 1: e  ect of AMF iden  ty
Echinochloa crus-galli, S. viridis, S. nigrum and T. pratense were either inoculated with G. intraradices, 
G. mosseae, G. claroideum or with NC inoculum (referred herea  er as inoculum treatments). Each 

treatment was replicated seven  mes, making a total of 112 experimental units.
 Plas  c pots (0.75 L) were  lled with 640 g of soil substrate and 60 g (equivalent to 7% w:w) 
of AMF or NC inoculum. The inoculum was mixed with the soil substrate and a top layer of 150 g 
was added to each pot, to avoid contamina  on by water splashing. All the pots received 7 mL of 
microbial wash (500 g soil inoculum of each AMF species suspended in 2 L dH2O and  ltered through 

Whatman  lter paper) to correct for possible di  erences in microbial communi  es. 
 Three seeds of the same plant species were directly sown in each pot. Upon germina  on, extra 
seedlings were removed, leaving only one plant per pot. Pots were watered three  mes a week 
with dH2O, and every pot adjusted weekly to 10 to 20% water content by weighing. Plants were 

maintained in the glasshouse and addi  onal ligh  ng was provided by 400 W high-pressure sodium 
lights when natural light levels reached < 250 W m-2, to a daylength of 16 h. Temperatures in the 
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glasshouse varied between a minimum of 15 C and a maximum of 23 C. Plants were harvested 8 
weeks a  er sowing.

Experiment 2: e  ect of AMF abundance
Echinochloa crus-galli and T. pratense were inoculated with three di  erent amounts of G. intraradices 
soil inoculum  3, 16 and 49 g, corresponding to 100, 500 and 1500 spores pot-1, respec  vely 

or with NC inoculum (referred to also as 0 g AMF inoculum amount). Plants were harvested at 
two  me points: 4 or 10 weeks. Each treatment was replicated seven  mes, making a total of 112 
experimental units.
 Plas  c pots (0.75 L) were  lled with 751 g of soil substrate with either 3 g of G. intraradices soil 
inoculum plus 46 g of NC inoculum, 16 g of G. intraradices soil inoculum plus 33 g of NC inoculum, 

49 g of G. intraradices soil inoculum or 49 g of NC inoculum, according to the treatment. The 
inoculum was mixed with the soil substrate and a top layer of 50 g was added to each pot, to 

avoid contamina  on by water splashing. All the pots received 5 mL of microbial wash (400 g of G. 
intraradices soil inoculum suspended in 1 L dH2O and  ltered through Whatman  lter paper) to 
correct for possible di  erences in microbial communi  es.

 Seed sowing, seedling thinning and watering were performed as described in experiment 1, and 
plants grown in similar glasshouse condi  ons. Plants were harvested at 4 or 10 weeks a  er sowing.

Harvest and analyses
Plants were cut at the soil level. Shoots were oven dried at 70 C for 5 days and weighed to determine 
aboveground biomass. Soil was separated from plant roots and these were carefully washed. Roots 

were then cut into 1 cm segments, mixed and weighed. A root subsample (0.5 – 1 g) was taken for 
assessing AMF coloniza  on. The remaining roots were oven dried at 70 C for 5 days and the dry 

weight recorded. Total biomass was calculated by adding the above and belowground biomass.
 Roots taken for the assessment of AMF coloniza  on were cleared in 10% KOH and stained 
with an ink-vinegar solu  on containing 5% Parker Quink Black in household vinegar (adaped from 

Vierheilig et al. 1998). The modi  ed line intersec  on method (McGonigle et al. 1990) was used to 
calculate the percentage of root length colonized by AMF. At least 100 intersec  ons were examined, 

for each root sample.
 Responsiveness (used here as a synonym of mycorrhizal growth responses; MGR) of each plant 
species was calculated using the following formulas (van der Heijden 2002):

if NM < AMF, then Responsivness (%) = 1 – NM
AMF(( ((x 100

if NM > AMF, then Responsivness (%) = -1 + NM
AMF(( ((x 100

Where NM is the mean total biomass of the non-mycorrhizal controls for each plant species, and 
AMF is the total biomass of each plant inoculated with AMF. A posi  ve responsiveness indicates a 
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growth bene  t from AMF inocula  on while a nega  ve responsiveness indicates growth suppression 
by AMF. 

Sta  s  cal analyses 
For both experiments, response variables including total biomass, AMF coloniza  on and 
responsiveness were analyzed separately using generalized linear models for R 2.9.0 (R Development 

Core Team 2009). Biomass and responsiveness were analyzed using normal error distribu  on while 
AMF coloniza  on was analyzed using binomial error distribu  on and correc  on for overdispersion 
(quasibinomial error distribu  on). Whenever there was heterogeneity in the variance structure 
between treatments (for the analysis of total biomass in experiment 2) we used generalized linear 

least squares with the gls func  on from the nlme library (Pinheiro & Bates 2000) and the varIdent() 
func  on to allow each treatment to have a di  erent variance. 

 For experiment 1, we analyzed the e  ect of inoculum treatment and its interac  on with plant 
species on AMF coloniza  on and biomass using two-way ANOVA. We a priori suspected of a 

di  erent response of T. pratense compared to the other plant species. Therefore, we  rst analyzed 
plant species as a contrast between T. pratense and the remaining species, including the contrast in 
the analysis whenever signi  cant. For experiment 2, the e  ect of AMF inoculum amount (treated as 

con  nuous) and its interac  on with plant species and harvest on AMF coloniza  on was analyzed by 
covariance analysis (ANCOVA), while the e  ect of AMF inoculum amount (treated as categorical) and 

its interac  on with plant species and harvest on total biomass was analyzed by three-way ANOVA. 
Finally, the rela  onship between AMF coloniza  on and plant species responsiveness (experiment 1), 
and between AMF coloniza  on and plant species responsiveness in the two harvests (experiment 2) 

were analyzed by ANCOVA. In the text we present point es  mates of the means with their standard 
errors (s.e.m.) and the slopes with their 95% con  dence intervals.

 In experiment 1, mortality occurred in two T. pratense replicates inoculated with G. intraradices 
and one inoculated with G. claroideum, as well as in one S. viridis replicate inoculated with G. 

mosseae. These replicates were excluded from the analyses. No mortality was observed in 
experiment 2.

Results

Experiment 1: e  ect of AMF iden  ty 
No coloniza  on was observed in roots of plants inoculated with non-mycorrhizal control (NC) 
inoculum. Root length colonized di  ered between the four plant species tested (F3,74 = 19.1, 

P < 0.001) and in a similar way (no “plant species”  “inoculum treatment” interac  on) between the 
three AMF isolates (F2,74 = 38.4, P < 0.001) (Figure 1).
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Figure 1. Percentage of root length colonized by each AMF in experiment 1. Fungal species: GI = Glomus 

intraradices, GM = Glomus mosseae, GC = Glomus claroideum. Plant species: TP = Trifolium pratense, ECG 

= Echinochloa crus-galli, SN = Solanum nigrum, SV = Setaria viridis. Points are treatment means ± s.e.m.

Root coloniza  on levels achieved by the AMF isoltes were higher in T. pratense than in any of the 
weeds, with E. crus-galli showing the lowest levels. Between the three AMF, G. intraradices reached 
the highest root coloniza  on in every plant species while G. claroideum showed the lowest. Root 

nodules typical of associa  on with Rhizobium bacteria were observed in T. pratense, for all the 
inoculum treatments.

 The e  ect of inocula  on on total biomass was di  erent for T. pratense compared to the 
three other plant species (signi  cant “inoculum treatment”  “T. pratense vs other plant species” 
interac  on, F3,92 = 3.3, P = 0.02) (Figure 2). 
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Figure 2. Total biomass (g) of non-mycorrizal control plants (NC) and plants inoculated with di  erent AMF 

species in experiment 1. Fungal species: GI = Glomus intraradices, GM = Glomus mosseae, GC = Glomus 

claroideum. Plant species: TP = Trifolium pratense, ECG = Echinochloa crus-galli, SN = Solanum nigrum, 

SV = Setaria viridis. Points are treatment means ± s.e.m.

On the one hand, E. crus-galli, S. nigrum and S. viridis responded similarly to the di  erent AMF 

(F6,92 = 0.6, P = 0.71), with G. intraradices and G. mosseae signi  cantly reducing the biomass 

(t = -3.4, P = 0.001 for G. intraradices; t = -4.1, P < 0.001 for G. mosseae) and G. claroideum having 
no signi  cant e  ect (t = -0.6, P = 0.56), compared to NC. On the other hand, T. pratense biomass was 
never reduced by any AMF species, with G. intraradices and G. mosseae having no signi  cant e  ect 

(t = -0.7, P = 0.47 for G. intraradices; t = 1.2, P = 0.24 for G. mosseae) and G. claroideum marginally 
signi  cantly increasing T. pratense biomass, compared to NC (t = 1.9, P = 0.059).
 The two AMF species that achieved the highest levels of root coloniza  on (G. intraradices and 
G. mosseae) also induced biomass depressions in E. crus-galli, S. nigrum and S. viridis, sugges  ng 
a link between the degree of AMF coloniza  on and growth reduc  ons. In agreement, our analysis 

revealed a signi  cant nega  ve linear rela  onship between root length colonized and responsiveness 
(F1,72 = 8.5, P < 0.01), similar for all the ruderal species (F2,72 = 0.6, P = 0.55; slopes with 95% CI = -0.69 
(-1.18 – -0.19)) (Figure 3). Such rela  onship was not observed in T. pratense (F1,72 = 0.4, P = 0.51; 

slope with 95% CI = -0.40 (-0.57 – 1.13)).
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Figure 3. Rela  onship between percentage of root length colonized by AMF and plant responsiveness (%) 

in experiment 1. A responsiveness > 0 means that the plant bene  ted from AMF and a responsiveness < 

0 means that there was a deleterious e  ect of AMF on plant growth. Fungal species: Glomus intraradices 

( ), Glomus mosseae ( ) and Glomus claroideum ( ). Plant species: TP = Trifolium pratense, ECG = 

Echinochloa crus-galli, SN = Solanum nigrum, SV = Setaria viridis. Results are shown as linear regression 

slopes. 

Experiment 2: e  ect of AMF abundance
No coloniza  on was observed in roots of plants inoculated with NC inoculum. The rela  onship 

between G. intraradices inoculum amount and root coloniza  on varied signi  cantly between the 
two harvests and between T. pratense and E. crus-galli (signi  cant “AMF amount”  “harvest” 

“plant species” interac  on, F1,83 = 7.3, P < 0.01) (Figure 4).
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Figure 4. Rela  onship between G. intraradices inoculum amount (g) and percentage of root length 

colonized by this fungus at 4 and 10 weeks, in experiment 2. Plant species: TP = Trifolium pratense, ECG = 

Echinochloa crus-galli. Results are shown as linear regression slopes backtransformed on the original 

scale. Points are treatment means ± s.e.m.

Percentage of root length colonized by G. intraradices increased signi  cantly with inoculum amount 

for each plant species studied. For E. crus-galli, the amount of inoculum added had a stronger e  ect 
at 4 weeks, when plants were generally less colonized (slope and 95% CI on the logit scale = 0.049 
(0.031 – 0.067)) than later, at 10 weeks, when levels of coloniza  on were higher (slope and 95% 

CI on the logit scale = 0.018 (0.007 – 0.028)). For T. pratense, which achieved rela  vely high root 
coloniza  on at 4 weeks of growth, the amount of inoculum had a similar e  ect at 4 weeks (slope 
and 95% CI on the logit scale = 0.019 (0.008 – 0.029) as at 10 weeks (slope and 95% CI on the logit 
scale = 0.021 (0.010 – 0.031)). Root nodules typical of associa  on with Rhizobium bacteria were 
observed in T. pratense, for all the inoculum amount treatments.

 The e  ect of G. intraradices inoculum amount on biomass depended on the plant species and 
 me of harvest (signi  cant “AMF amount”  “harvest”  “plant species” interac  on, F3,96 = 23.7, 

P < 0.0001) (Figure 5). 
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Figure 5. Total biomass (g) of plants inoculated with di  erent amounts of G. intraradices inoculum at 4 

and 10 weeks, in experiment 2. Plant species: TP = Trifolium pratense, ECG = Echinochloa crus-galli. Points 

are treatment means ± s.e.m.

A  er 4 weeks of growth, E. crus-galli biomass signi  cantly increased, compared to NC, when 

inoculum amount was over 16 g (P < 0.05) (Table S1 in Suppor  ng Informa  on), while T. pratense 
biomass increased when the inoculum amount was 49 g (t = 3.5, P < 0.001). At 10 weeks, T. pratense 

biomass increased with all inoculum amounts (P < 0.05) while E. crus-galli biomass was signi  cantly 
reduced with the highest (49 g) inoculum amount (t = -4.8, P < 0.001). 
 The rela  onship between G. intraradices root coloniza  on and responsiveness depended on 

the harvest  me (signi  cant “harvest”  ”AMF coloniza  on” interac  on, F1,77 = 7.5, P < 0.01) and 
on plant species (signi  cant “plant species”  “AMF coloniza  on” interac  on F1,77 = 10.0, P < 0.01) 
(Figure 6). At 4 weeks there was a signi  cant posi  ve linear rela  onship for T. pratense (slope with 
95% CI =1.11 (0.48 – 1.74)) that persisted a  er 10 weeks, although weaker (slope with 95% CI =0.20 
(0.013 – 0.59)). Conversely, no rela  onship between coloniza  on and responsiveness was observed 
in E. crus-galli at 4 weeks (slope with 95% CI = 0.46 (-0.20 – 1.13)) but, at the  nal harvest, there was 

a signi  cant nega  ve linear rela  onship (slope with 95% CI =-0.35 (-0.67 – -0.04)).
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Figure 6. Rela  onship between percentage of root length colonized by G. intraradices and plant 

responsiveness (%) at 4 ( ) and 10 ( ) weeks, in experiment 2. Plant species: TP = Trifolium pratense, 

ECG = Echinochloa crus-galli. Results are shown as linear regression slopes.

Discussion

This study, together with earlier work, demonstrates that the growth of some plant species, o  en 
characteris  c from disturbed habitats, is consistently depressed by AMF (Table 1). We now show 
that such mycorrhizal growth depressions depend on AMF iden  ty and abundance.
 Previous studies have shown that the iden  ty of the fungal partner can greatly a  ect plant 
growth responses to AMF (Sanders & Fi  er 1992, Streitwolf-Engel et al. 1997, van der Heijden et al. 
1998a, Helgason et al. 2002, Klironomos 2003, Pringle & Bever 2008). However, it was s  ll unclear 
whether ruderal plant species that consistently respond nega  vely to AMF, also respond di  erently 
to di  erent AMF. Here, we demonstrate that growth depressions in ruderal plant species are AMF 
species-speci  c. Moreover, the results indicate that these antagonis  c interac  ons appear to be 
related to the fungus ability to colonize roots to a greater extent; the two more infec  ve fungi, 
G. intraradices and G. mosseae caused growth depressions in the three ruderal plants, but not G. 
claroideum which was the weakest colonizer. Consistently, we found a nega  ve linear rela  onship 
between AMF coloniza  on and responsiveness measured across the three AMF isolates. In another 
study, a similar coloniza  on pa  ern was found between these three Glomus species (although 
di  erent isolates), with G. intraradices and G. mosseae achieving higher root coloniza  on levels 
than G. claroideum (Jansa et al. 2008). This con  rms observa  ons that AMF have a taxonomic basis 
to their growth and development (Hart & Reader 2002). However, contrary to our results, in the 
study by Jansa et al. (2008), the stronger colonizers conferred more bene  ts (in terms of P uptake 
and biomass increase) to the posi  vely-responsive plants medic and leek. It is then clear that the 
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func  onal signi  cance of fungal coloniza  on ability depends on the iden  ty of the host plant and 
probably on other factors like environmental condi  ons. For nega  vely-responsive plants, increased 
coloniza  on levels intui  vely suggest higher C-costs of the symbiosis (Smith et al. 2009). For 
example, Graham & Abbo   (2000) showed that more infec  ve AMF reduced sucrose concentra  on 

in roots of growth depressed wheat plants. On the other hand, weaker colonizers have been shown 
to similarly induce growth depressions (Graham & Abbo   2000, Li et al. 2008, Grace et al. 2009). In 
conclusion, despite the indica  on that coloniza  on ability might be an important factor to consider 
when predic  ng the outcome of AM symbiosis, it is not possible to label an AMF isolate/species as 

antagonis  c based only on this trait.

Table 1. Examples of plant species characteris  c from disturbed habitats showing a nega  ve growth 

response to AMF in more than one study

Plant species Family Reference

Chenopodium album L. Chenopodiaceae Francis & Read 1995

Rinaudo et al. 2010

Digitaria sanguinalis (L.) Scop. Poaceae Rinaudo et al. 2010

Veiga et al. 2011

Echinochloa crus-galli (L.) P. Beauv. Poaceae Rinaudo et al. 2010

Veiga et al. 2011 (2 experiments)

Present study

Salsola kali L. Chenopodiaceae Allen & Allen 1988

Johnson 1998

Setaria viridis (L.) P. Beauv. Poaceae Rinaudo et al. 2010

Veiga et al. 2011 (2 experiments)

Present study

Solanum nigrum L. Solanaceae Veiga et al. 2011 (2 experiments)

Present study

Interes  ngly, our manipula  on of AMF inoculum abundance further demonstrates a role of the 
degree of AMF coloniza  on on determining nega  ve growth responses. Similarly to other studies 
(Garrido et al. 2010, Vanne  e & Hunter 2011), increased abundance of AMF inoculum resulted in 
increased root coloniza  on (i.e. increased abundance of fungal structures in the plant roots), which 
persisted even a  er 10 weeks of plant growth. Although the ruderal species E. crus-galli actually 

bene  ted from low G. intraradices coloniza  on levels at 4 weeks, at 10 weeks, when coloniza  on 
was higher, growth of E. crus-galli was depressed with the highest AMF inoculum amount and 

there was a nega  ve rela  onship between root length colonized by G. intraradices and E. crus-galli 
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responsiveness. The shi   of the outcome of the AM symbiosis from bene  cial to antagonis  c seems 
to have been most likely related to higher fungal abundance in 10-week-old E. crus-galli roots. In 
agreement, Gange & Ayres (1999) proposed that the bene  t of the AM symbiosis conferred by 
increased P uptake is maximized at a certain coloniza  on density, from which the costs of the symbiosis 

start to outweigh the bene  ts, resul  ng in decreasing bene  t with increasing coloniza  on. This type 
of rela  onship has been further shown in the work of Garrido et al. (2010) and Vanne  e & Hunter 
(2011). It is however important to note that plant ontogeny can also modulate growth responses 
to AMF (Johnson et al. 1997) and therefore the shi   observed in E. crus-galli responsiveness might 

have been also partly driven by di  erences in nutrient requirements, photosynthe  c rates and 
alloca  on of photosynthates, for instance, between 4-week-old seedlings and 10-week-old adult 

plants. Regardless, it s  ll remains clear from our results that the growth of the ruderal E. crus-galli 
was nega  vely in  uenced by AMF abundance, contrary to what was observed with the legume 
T. pratense, whose growth consistently improved with increasing AMF abundance.

 The nega  ve rela  onship between AMF abundance and E. crus-galli growth (at 10 weeks) 
provides a  rst indica  on that increasing AMF abundance during succession/lack of disturbance 

(Moorman & Reeves 1979, Allen & Allen 1980, Janos 1980, Read & Birch 1988, Koske & Gemma 
1997) might be one of the mechanisms responsible for con  ning some species to disturbed habitats 
(Francis & Read 1994, 1995). Similarly, s  mula  on of AMF abundance in agroecosystems might 

contribute to keep some weed popula  ons at tolerable levels. This trend should however be further 
demonstrated in a bigger sample of ruderal species, and tested under  eld condi  ons. Moreover, 

the observed di  eren  al growth responses to di  erent AMF suggests that suppression of some 
ruderals might also depend on AMF community composi  on. In fact, AMF community composi  on 
is known to di  er between early successional sites, including highly disturbed agricultural  elds, 

and late successional/less disturbed sites (e.g. Johnson 1993, Helgason et al. 1998, Oehl et al. 2010). 
However, our results obtained from inocula  on with a single AMF species and using only three 

species that are o  en coexis  ng and present in disturbed sites, do not allow to foresee how AMF 
communi  es and how shi  s in community composi  on a  ect growth of ruderal plants.

 It is also important to men  on that the experiments presented here were performed under 
controlled glasshouse condi  ons and using sterilized soil, and thereby might not re  ect the 
condi  ons found in the  eld (but see Pringle & Bever 2008). This is however common in mycorrhizal 
studies (e.g. van der Heijden et al. 1998b, Klironomos et al. 2000, Vogelsang et al. 2006, Maherali 
& Klironomos 2007, Wagg et al. 2011a) since it is di   cult to manipulate of AMF presence and 

abundance in the  eld without simultaneously changing other factors or organisms (discussed in 
Read 2002). Future  eld experiments should nonetheless be performed in order to further the 
ecological relevance of our  ndings.

 Overall, from an evolu  onary perspec  ve, the fact that about 80% of land plants maintain a 
symbiosis with AMF suggests that, despite cases of mycorrhizal antagonism, the AM symbiosis has 

an overall mutualis  c character (Smith & Read 2008, Facelli et al. 2009, Smith et al. 2009). However, 



54

Chapter 3

there is an increased concern that human prac  ces like fer  liza  on are promo  ng more antagonis  c 
AMF-plant interac  ons (Johnson 1993, 2010) and shi  ing this overall mutualis  c character of the 
AM symbiosis to a more antagonis  c one (Kiers et al. 2010). In this study we o  er new insights on 
growth depressions caused by AMF which may be relevant to predict, to explore (e.g. for weed 

management or restaura  on purposes) or to avoid, if that should be the goal, possible cases of 
mycorrhizal antagonism. 
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Table S1. Student’s t-values and P-values for comparisons of mean total biomass between each AMF 

inoculum amount treatment and the non-mycorrhizal controls (NC), for each plant species at each harvest 

 me (experiment 2).

Plant species Harvest (weeks) Inoculum amount (g)

 3 16 49

TP 4 t-value 0.57 1.08 3.50

 P-value 0.6 0.3 < 0.001

10 t-value 3.25 4.86 6.82

  P-value 0.001 < 0.001 < 0.001

ECG 4 t-value 0.79 3.54 2.57

 P-value 0.4 < 0.001 0.01

10 t-value -1.53 -0.50 -4.76

  P-value 0.1 0.6 < 0.001

Plant species: TP = Trifolium pratense, ECG = Echinochloa crus-galli
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Summary

Background and Aims
Increasing evidence suggests that several plants, par  cularly non-mycorrhizal species, are nega  vely 

a  ected by the presence of arbuscular mycorrhizal fungi (AMF). Mechanisms explaining suppressive 
e  ects of AMF are, however, s  ll poorly understood. Here we test whether growth suppression 
of the non-host weed Stellaria media in the presence of AMF can be explained by mycorrhizal 
alellopathy.

Methods
We grew S. media in microcosms where an ac  ve AM mycelium was supported by neighboring 
wheat (Tri  cum aes  vum) plants. To test for allelopathy, we added ac  vated carbon (AC) to the soil 

substrate. In addi  on, we performed two complementary experiments where extracts from roots 
extensively colonized by AMF (AM exudates) were directly applied to S. media seeds and seedlings.

Results
Stellaria media plants grown in microcosms with AM mycelium showed an 8-fold biomass reduc  on 
compared to microcosms where AMF were absent. The addi  on of AC, which is thought to reduce 

allelopathic e  ects by binding organic compounds, did not greatly mi  gate the nega  ve e  ect of 
AM mycelium on S. media growth. Moreover, AM exudates did not signi  cantly reduce S. media 
germina  on and growth.

Conclusions
Results from this study con  rm that non-hosts like S. media can be highly suppressed in the presence 

of AMF. However, we found no evidence that mycorrhizal allelopathy was a major mechanism 
responsible for growth suppression of S. media in the presence of AMF. Other mechanisms might 
therefore be more signi  cant in explaining suppressive e  ects of AMF on non-host plant species.
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Introduc  on

There is an increasing apprecia  on of the impact of soil biota on plant growth, abundance and 
distribu  on (e.g. Grime et al. 1987, Bever et al. 1997, van der Heijden et al. 1998b, Klironomos 
2002, 2003, van der Heijden et al. 2008). Nega  ve e  ects of soil biota on plants are par  cularly 
interes  ng for unwanted species, such as agricultural weeds. Understanding such e  ects of soil 
biota on agricultural weeds can not only provide new insights on weed biology and ecology, but 

also lead to the development of new tools to manage these plants to tolerable levels in sustainable 
agroecosystems (Boyetchko 1996). 
 The arbuscular mycorrhizal (AM) fungi are important components of the soil biota. These 
obligate root endophytes are present in most terrestrial environments and associate with the 

majority of land plants (Smith & Read 2008). AM fungi (AMF) colonize plant roots and develop 
an extensive extraradical mycelium in the soil that assists their hosts with nutrient uptake, mainly 

phosphorus (P), in return for plant carbohydrates (Leake et al. 2004, Smith & Read 2008). Even if 
this rela  onship is by de  ni  on mutualis  c, the e  ects of AMF coloniza  on on plant growth vary 

from posi  ve to nega  ve (Johnson et al. 1997). Interes  ngly, in ruderal plants, including several 
important agricultural weeds, there seems to be a predominance of nega  ve growth responses to 
inocula  on with AMF (Francis & Read 1995, Rinaudo et al. 2010, Veiga et al. 2011). 

 Some plant species, members of families like Amaranthaceae, Brassicaceae, Caryophyllaceae, 
Cyperaceae and Polygonaceae, do not establish a func  onal symbiosis with AMF and are hence 

characterized as “non-mycorrhizal” or “non-hosts” (Wang & Qiu 2006). Notably, many non-host 
species have a ruderal lifestyle and are problema  c weeds of agricultural  elds (Francis & Read 
1994, Jordan et al. 2000). Despite not establishing AM symbiosis, non-mycorrhizal plants can also be 

a  ected by AMF and most studies report a nega  ve e  ect of AMF presence on the growth of non-
mycorrhizal species (Allen et al. 1989, Francis & Read 1994, Sanders & Koide 1994, Francis & Read 

1995, Johnson 1998, Rinaudo et al. 2010) and, similarly, on some mycorrhiza-defec  ve mutants 
(Neumann & George 2005, Facelli et al. 2010). Therefore, there is accumula  ng evidence to suggest 

that ruderal plants, in par  cular non-mycorrhizal species, can be suppressed in the presence of 
AMF. Several mechanisms explaining deleterious e  ects of AMF on non-hosts have been proposed 
by the authors of the previously men  oned studies but most remain fairly unclear. Francis & Read 
(1994) reported that aqueous extracts of soil containing AM mycelium inhibited non-host root 
development. However, the hypothesis that AMF exude allelopathic compounds that interfere with 

the growth of non-mycorrhizal plants has not been further tested. Recently, extracts from AM roots 
have been shown to reduce the germina  on of parasi  c weeds of the genera Striga (Lendzemo 
et al. 2007, 2009), Orobanche and Phelipanche (Fernandez-Aparicio et al. 2010). This e  ect was 
a  ributed to a down-regula  on of exuda  on of signalling molecules by AM roots (to prevent further 
coloniza  on; e.g. strigolactones) which are known to induce both hyphal branching in AMF and 
germina  on of parasi  c weeds (Akiyama et al. 2005, Yoneyama et al. 2008), but not to allelopathy.
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The aim of this study was to inves  gate whether suppressive e  ects of AMF on the growth of the 
non-host plant Stellaria media result from allelopathy. Allelopathy refers hence to the suppression 
of plant growth through toxic compounds (Fi  er 2003). Both plants (e.g. Putnam 1988, Bais et 
al. 2003) and microorganisms, including fungi (e.g. Schulz et al. 2002, Macias-Rubalcava et al. 
2010), have been shown to produce such compounds. Stellaria media (common chickweed; family 
Caryophyllaceae) is a ruderal plant species (Sobey 1981, Briggs et al. 1991) and a common and 
highly compe   ve weed in cereals and broad-leaved arable crops (Lutman et al. 2000, van Delden 
et al. 2002).
 To test for the e  ects of AMF on S. media, we grew S. media in microcosms where neighboring 
wheat (Tri  cum aes  vum; mycorrhizal host species) plants inoculated with the AM fungus Glomus 
intraradices had been previously planted, ensuring the presence of an ac  ve AM mycelium (Figure 
1). Microcosms without AMF served as a control. Simultaneously, to test for allelopathy, we added 
ac  vated carbon to the soil substrate of half of the microcosms (with and without AMF). Ac  vated 
carbon (AC) is o  en used in allelopathy studies due to its capacity of adsorbing allelochemicals 
and hence minimizing their e  ects on target species (e.g. Mahall & Callaway 1992, Callaway & 
Aschehoug 2000, Ridenour & Callaway 2001, Inderjit & Callaway 2003, Kulma  ski & Beard 2006). 
However, it has been shown that AC can alter nutrient availability and plant growth, as well as 
a  ec  ng plant symbio  c associa  ons with AMF, which might lead to biased interpreta  ons of the 
e  ects of allelopathic substances (Lau et al. 2008, Weisshuhn & Pra   2009, Wurst et al. 2010). 
For this reason, we included two complementary experiments where aqueous extracts from roots 
colonized with the AM fungus G. intraradices were directly applied to S. media seeds and seedlings.

Figure 1. Schema  c representa  on of the experimental system 

used in experiment 1. Stellaria media plants (le  ) were grown 

in the presence (or absence) of AM mycelium (dashed lines) 

supported by a neighboring host species (wheat; right). The 

root systems of the two plant species were separated by a 30 m 

nylon mesh (permeable to AM hyphae but not to roots; arrow) 

to minimize the e  ects of direct root compe   on. The soil 

substrate in both halves of the microcosms was supplemented 

(or not) with ac  vated carbon to test for allelopathic e  ects of 

the AM mycelium on S. media growth.
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Materials and Methods

Plant material, fungal inoculum and soil mixture
In this study we used seeds of Tri  cum aes  vum L. cv. Runal obtained from Agroscope Reckenholz-

Tänikon Research Sta  on ART, Switzerland, and of Stellaria media (L.) Vill. obtained from Appels 
Wilde Samen GmbH, Germany (www.appelswilde.de). Seeds were surface sterilized in 1.25% 
sodium hypochlorite for 10 min and subsequently rinsed with dH2O. 
 We used soil inoculum of the AM fungus Glomus intraradices Schenck & Smith (isolate BEG 21, 
described in van der Heijden et al. 2006). Inoculum was propagated as a pure culture on Plantago 
lanceolata L. for 8 months, in pots  lled with a sterilized (99 min at 121 C) mixture of quartz sand 

with 20% (v:v)  eld soil. Roots and soil from similar but uninoculated P. lanceolata pot cultures 
served as non-mycorrhizal (NM) control inoculum. G. intraradices colonized 88% of the root length 
of P. lanceolata as assessed microscopically a  er staining with pen-ink vinegar (see details of the 
method below). No coloniza  on of P. lanceolata roots was observed in the control inoculum.

 Field soil was collected at a cer   ed organic farm in Reckenholz (Zurich, Switzerland), sieved 
through 1 cm mesh to remove large stones and root fragments and mixed with quartz sand at a 1:1 

ra  o in volume. The soil-sand mixture was autoclaved for 99 min at 121 C and cons  tuted the soil 
substrate used.

Experiment 1: e  ect of arbuscular mycorrhizal mycelium on the growth of S. media in 
the presence or absence of ac  vated carbon
In this experiment we tested the e  ect of AM mycelium on the growth of S. media with and without 
ac  ve carbon (AC) added to the soil substrate. AC was used to adsorb poten  al allelochemicals 
exuded by AM mycelium, following earlier work (Callaway & Aschehoug 2000, Inderjit & Callaway 

2003, Kulma  ski & Beard 2006, Weisshuhn & Pra   2009, Wurst et al. 2010). The experiment was 
set up as a randomized block design with two factors. One factor, “carbon presence”, contained 

two levels: soil substrate with (AC treatment) and without AC (no-carbon – NC  treatment). The 
other factor, “AM mycelium presence”, also contained two levels: with G. intraradices inoculum (AM 
treatment) and with non-mycorrhizal control inoculum (NM treatment). This makes a total of four 

treatment combina  ons. Each treatment was replicated eight  mes and assigned to a block, making 
a total of eight blocks and 32 microcosms (experimental units). 

 Each microcosm was divided in two equal parts by a 30 m nylon mesh to separate roots (and 
hence reduce direct root compe   on) but s  ll allowing the passage of AM hyphae (Figure 1). Each 
half received, according to the treatment, 700 g of autoclaved soil substrate or the same amount of 

autoclaved soil substrate mixed with AC (Sigma) at a concentra  on of 20 mL/L (Weisshuhn & Pra   
2009), with 7% (w:w) G. intraradices soil inoculum or with the same amount of NM inoculum. All the 

microcosms received 10 mL (5 mL each half) of inoculum washing (60 g of a mixture of equal parts 
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in weight of G. intraradices soil inoculum and NM soil inoculum, suspended in 1 L dH2O and  ltered 
through Whatman  lter paper) to correct for possible di  erences in microbial communi  es.
 Four seeds of wheat were sown in one half of the microcosms and, upon germina  on, wheat 
seedlings were thinned down to two. To allow su   cient  me for AMF coloniza  on and the 

development of a hyphal network, wheat seedlings grew for 4 weeks before ten S. media seeds 
were sown in the other half of each microcosm. Upon germina  on, S. media seedlings where 
thinned down to four.
 Plants were watered three  mes a week with the same volume of dH2O. During the growing 
season, plants were twice supplied with 10 mL (5 mL each half) of a nutrient solu  on based on 

Hoagland solu  on (Hoagland & Arnon 1950) but with half of the normal N and P concentra  ons and 
containing only macronutrients [6 mM KNO3, 4 mM CaCl2, 1 mM NH4H2PO4, 1 mM MgSO4]. Plants 
were maintained in the glasshouse with constant ligh  ng provided by 400 W high-pressure sodium 

lights to a daylength of 12 h. Temperatures in the glasshouse varied from 18 C to 25 C. Wheat and 
S. media plants were harvested 10 and 6 weeks a  er sowing, respec  vely.
 At the  me of harvest, shoots were cut at the soil surface, oven-dried at 80 C and the dry 

biomass recorded. Roots were carefully washed to remove soil par  cles, cut into 1 cm segments 
and mixed. A root subsample of known weight was taken for determining root coloniza  on by AMF. 

The remaining roots were weighed, oven-dried at 80 C and the dry biomass was recorded. The dry 
biomass of the root subsample was inferred by mul  plying its fresh weight with the dry to fresh 
weight ra  o of the oven dried roots. Sum of shoot and root dry biomass gave the total biomass of 

each plant species per microcosm.
 Roots taken for the assessment of AMF coloniza  on were cleared in 10% KOH and stained 

with an ink-vinegar solu  on containing 5% Parker Quink Black in household vinegar (adaped from 
Vierheilig et al. 1998). The modi  ed line intersec  on method (McGonigle et al. 1990) was used to 
calculate the percentage of root length colonized by G. intraradices. At least 100 intersec  ons were 

examined, for each root sample.
 Oven-dried roots and shoots were ground together and phosphorus (P) and nitrogen (N) 
concentra  ons of S. media and wheat were determined. Firstly, P concentra  on was determined 

photometrically a  er calcina  on and extrac  on with hydrochloric acid (Siegel 1976). When there 
was enough ground plant material le   from the la  er analysis, N was determined according to the 
Dumas combus  on procedure (Houba et al. 1989). Due to lack of enough ground material, only S. 
media plants grown in the absence of AM mycelium were analyzed and only for P concentra  on. The 
total P content of S. media and the total P and N content of wheat per microcosm was determined 

by mul  plying the respec  ve P or N concentra  on in a microcosm by the total biomass of that 
species in that microcosm. The mean of the 8 replicates per treatment was subsequently calculated 
and is presented.
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Experiment 2: e  ect of arbuscular mycorrhizal exudates on the germina  on of S. media
In this experiment we tested the e  ect of AM fungal exudates on the germina  on of S. media. 
Exudates were collected from mycorrhizal and non-mycorrhizal P. lanceolata plants. P. lanceolata 

plants were grown for 6 months in pots  lled with an autoclaved (99 min at 121 C) mixture of quartz 
sand with 20% (v:v)  eld soil and inoculated with G. intraradices BEG 21 (AM plants) or le   un-
inoculated (NM plants). Plants were gently removed from the microcosms and roots were carefully 
washed, not to break all extraradical AM mycelium a  ached to the roots. En  re plants were placed 
in 2-L  asks and dH2O was added to completely immerse the root systems. The  asks were wrapped 
in aluminum foil and le   for 48 hours in the glasshouse. Plants were then removed from the  asks, 

the root systems cut o  , brie  y dried in absorbent paper and weighed. Exudate solu  ons in each 
 ask were adjusted with dH2O to achieve a root density of 0.03 g of P. lanceolata root fresh weight 

per mL of root solu  on, following the approach by Fernández-Aparicio et al. (2010). Finally, exudate 

solu  ons were  ltered through Whatman  lter paper. Roots were further cut in 1 cm segments, 
mixed and a subsample of AM or NM roots taken for assessing root coloniza  on (as previously 
described). G. intraradices colonized 93% of the root length of P. lanceolata while no coloniza  on 

was observed in NM plants.
 Thirty S. media seeds were placed on Whatman  lter paper in 9 cm diameter Petri dishes. Petri 

dishes received 2 mL of either: AM exudate solu  on, NM exudate solu  on or dH2O as an addi  onal 

nega  ve control. Each treatment was replicated 10  mes making a total of 30 experimental units 
(Petri dishes). Individual Petri dishes were sealed with Para  lm and kept in the dark at RT for 2 

weeks. Germina  on was determined by coun  ng the number of germinated seeds in each Petri 
dish. A seed was considered germinated if the radicle was visible.

Experiment 3: e  ect of arbuscular mycorrhizal exudates on the growth of S. media 
In this experiment we tested the e  ect of AM exudates on the growth of S. media. The exudate 
solu  ons were prepared as previously described for experiment 2 and stored at 4 C in between 

applica  ons. Five S. media seeds were sown in plas  c pots containing 215 g of soil substrate and 
covered in plas  c  lm to maintain moisture content. Upon germina  on, seedlings were thinned 
down to one seedling of similar size per pot. Germinated seedlings received 5 mL of either: AM 
exudate solu  on, NM exudate solu  on or dH2O, 3  mes per week, un  l the end of the experiment. 
Each treatment was replicated 10  mes making a total of 30 experimental units (pots).
 Pots were randomly distributed in the glasshouse and their posi  ons randomized every week. 
Pots were watered with dH2O by weight as required to maintain soil mixture in the range of 
12  15%. Plants were allowed to grow for 5 weeks in the glasshouse where addi  onal ligh  ng was 

provided by 400 W high-pressure sodium lamps when natural light levels were below 250 W m-2, 

to a daylength of 14 h. During the growing season the temperatures in the glasshouse ranged from 
15 C to 27 C.
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At the  me of harvest, shoots were cut at the soil surface, oven dried at 80 C and the biomass 
recorded. Roots were carefully washed to remove soil par  cles, brie  y dried in absorbent paper, 
oven-dried at 80 C and the dry biomass recorded. Sum of shoot and root dry biomass gave the total 
biomass of S. media per pot (plant).

Sta  s  cal analyses
For the analyses of data from experiment 1 we used mixed-e  ects models (Pinheiro and Bates 2000) 
since our design included  xed and a random (block) e  ects. We used the lme func  on from the 
nlme library for R 2.9.0 (R Development Core Team 2009). For the analysis of AMF coloniza  on in 
S. media and wheat, “carbon presence” was treated as  xed e  ect. For the analysis of S. media and 

wheat total biomass and for the analysis of P and N content in wheat, “AM mycelium presence” and 
“carbon presence” were treated as  xed e  ects. P content of S. media plants grown without AM 
mycelium (NM treatment) was analyzed with “carbon presence” treated as  xed e  ect. Whenever 
there was heterogeneity in the variance structure between treatments (S. media biomass 

between “AM mycelium presence” treatments and S. media P content between “carbon presence” 
treatments) we used the varIdent() func  on to allow each treatment to have a di  erent variance. 

For the rela  onship between S. media and wheat AMF coloniza  on, “carbon presence” was treated 
as  xed e  ect. 
 Experiments 2 and 3 did not include any random e  ect and were analyzed using generalized 

linear least squares with the gls func  on from the nlme library. We analyzed the e  ect of the 
solu  on applied (AM exudate solu  on, NM exudate solu  on or dH2O) on the number of germinated 
S. media seeds (experiment 2) and on S. media total biomass (experiment 3) with ANOVA. Since 

there was heterogeneity in the variance structure of S. media germina  on and biomass between 
the three exudate solu  on treatments, we used the varIdent() func  on to allow each treatment to 

have a di  erent variance. In experiment 3, two S. media plants treated with dH2O died and these 
replicates were therefore removed from the analysis.

 In the text we present es  mates of the means with their standard errors (s.e.m) and regression 
slopes with their 95% con  dence interval (CI). 

Results

Experiment 1: e  ect of arbuscular mycorrhizal mycelium on the growth of S. media in 
the presence or absence of ac  vated carbon
The presence of AM mycelium signi  cantly reduced the biomass of S. media both in the absence 

(NC treatment; t = -17.9, P < 0.0001) or presence (AC treatment; t = -7.0, P < 0.0001) of ac  vated 
carbon (AC), compared to the respec  ve NM controls (Figure 2). In treatments without AC, the 

presence of AM mycelium caused an 8-fold biomass reduc  on of S. media while a ~5-fold biomass 
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reduc  on was observed in treatments with AC. The biomass reduc  on by the AM mycelium was 
weaker in the AC treatment because the biomass of NM S. media plants was lower (t = -6.0, P < 
0.0001), while the biomass of S. media plants grown with AM mycelium was similar between AC 
and NC treatments. As a consequence, a signi  cant “AM mycelium presence” × “carbon presence” 

interac  on term was observed (F1,21 = 18.8, P < 0.001), demonstra  ng that mycorrhizal e  ects on S. 
media biomass were not the same in treatments with or without AC. Similarly, the total P content 

of NM S. media plants was signi  cantly lower in microcosms with AC (2.29 ± 0.25 mg) than without 
(4.18 ± 0.34 mg; F1,5 = 20.4, P < 0.01). 

Figure 2. Total biomass (g) of S. media and neighboring wheat in experiment 1. Plants were grown with or 

without addi  on of ac  vated carbon to the soil substrate (AC and NC, respec  vely) and in the presence or 

absence of G. intraradices (AM and NM, respec  vely). Points are means of 8 replicates ± s.e.m.

The total biomass of wheat was in  uenced by “AM mycelium presence” (F1,22 = 9.6, P < 0.01) 

and “carbon presence” (F1,22 = 63.8, P < 0.0001) but not by their interac  on. The presence of G. 
intraradices (AM treatment) signi  cantly reduced the biomass of wheat, equally in microcosms with 
or without AC (t = -3.1, P < 0.01) (Figure 2). On the other hand, NM or AM wheat plants grown with 
AC had a signi  cantly lower biomass than the respec  ve NM or AM wheat plants grown without 

AC (t = -8.0, P < 0.0001). In contrast to the biomass, P and N content of wheat plants were strongly 
in  uenced by the interac  ve e  ect of “AM mycelium presence” and “carbon presence” (F1,21 = 13.3, 
P < 0.01 for P; F1,21 = 9.4, P < 0.01 for N). In microcosms without AC (NC treatment), AM wheat plants 
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had signi  cantly more P and N than NM plants (t = 10.84, P < 0.0001 for P; t = 5.9, P < 0.0001 for N) 
(Figure 3). In the presence of AC, AM wheat plants s  ll had higher P and N content than NM plants 
but the di  erence was smaller and only sta  s  cally signi  cant for P (t = 5.67, P < 0.0001). Generally, 
wheat plants grown in microcosms with AC, either AM or NM, had signi  cantly lower (P < 0.05) 

P and N content than the respec  ve AM or NM plants grown without AC.

Figure 3. Total P and N content (mg) of wheat plants in experiment 1. Plants were grown with or without 

addi  on of ac  vated carbon to the soil substrate (AC and NC, respec  vely) and in the presence or absence 

of G. intraradices (AM and NM, respec  vely). Points are means of 8 replicates ± s.e.m.

No coloniza  on was observed in NM control plants for S. media or wheat. Wheat plants inoculated 
with G. intraradices showed extremely high levels of AMF coloniza  on and all the typical fungal 
structures – hyphae, vesicles and arbuscules – were observed. The percentage of root length 
colonized by G. intraradices in wheat was signi  cantly di  erent between the carbon treatments 

(F1,7 = 7.6, P = 0.028), being reduced from 95 ± 1.5% in the NC treatment to 91 ± 1.5% in the 
AC treatment. S. media plants grown in the presence of AM mycelium also showed some AMF 
coloniza  on but only hyphae and vesicles were observed, and never arbuscules. Contrary to what 
we observed for wheat, the percentage of root length colonized by G. intraradices in S. media did not 

di  er among carbon treatments: 15.5 ± 3.8% in both NC and AC treatments. There was a signi  cant 
posi  ve linear rela  onship between AMF coloniza  on of S. media and AMF coloniza  on of wheat in 
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the other half of the microcosms (F1,7 = 12.6, P = 0.012), similar for both carbon treatments (slope 
with 95% CI = 1.8 (0.6 – 3.1)) (see Suppor  ng Informa  on Figure S1). 

Experiment 2: e  ect of arbuscular mycorrhizal exudates on the germina  on of S. media
The number of germinated S. media seeds depended on the solu  on applied (F2,27 = 92.3, P < 0.0001). 
Germina  on was signi  cantly higher when seeds were treated with dH2O compared to exudate 

solu  ons (P < 0.05; Figure 4a). More importantly, the germina  on of S. media did not di  er between 
seeds treated with NM and AM exudates (t = -0.73, P = 0.47).

Experiment 3: e  ect of arbuscular mycorrhizal exudates on the growth of S. media 
The total biomass of S. media depended on the solu  on applied (F2,25 = 43.1, P < 0.0001). Plants 
treated with dH2O had a signi  cantly lower biomass compared to those treated with exudate 
solu  ons (P < 0.05; Figure 4b). The biomass of S. media treated with AM exudates was slightly 
lower than the biomass of plants treated with NM exudates but this di  erence was not sta  s  cally 

signi  cant (t = -1.53, P = 0.14). 

Figure 4. E  ect of exudate solu  ons on the germina  on (A, experiment 2) and biomass (B, experiment 3) 

of S. media. Exudate solu  ons were obtained from P. lanceolata roots colonized with G. intraradices (AM) 

or non-mycorrhizal (NM) roots. dH2O was used as an addi  onal control. Points are means of 10 replicates 

± s.e.m. except for the biomass of S. media plants treated with dH2O (in B) which is a mean of 8 replicates 

± s.e.m.
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Discussion

Increasing evidence suggests that deleterious e  ects of AMF are common on ruderal plant species 
like many agricultural weeds (Francis and Read 1995, Rinaudo et al. 2010, Veiga et al. 2011) and, 
in par  cular, on non-mycorrhizal hosts (Allen et al. 1989, Francis & Read 1994, Sanders & Koide 
1994, Johnson 1998). In agreement, this study shows that the presence of an ac  ve AM mycelium 
supported by a mycorrhizal host plant reduces the growth of the non-mycorrhizal weed S. media. 
However, we found no evidence that allelopathy is a major mechanism by which AMF can suppress 
S. media growth.
 In the  rst experiment, S. media su  ered a signi  cant 8-fold biomass reduc  on in the presence 
of the AM fungus G. intraradices (see Figure 5 for a strong visible e  ect). 

Figure 5. Suppressive e  ect of G. intraradices mycelium on 6-week-old S. media plants (panel B), 

compared to when the AM fungus was absent (panel A). The microcosms represented did not contain 

ac  vated carbon.

In theory, if this e  ect resulted from toxic compounds produced by AMF, the deleterious e  ect 
on S. media growth should be mi  gated by AC addi  on as illustrated in Figure 6. We observed 
that, when AC was mixed into the soil substrate, the biomass of S. media was s  ll signi  cantly 
reduced in the presence of G. intraradices but the di  erence was smaller (c. 5-fold instead of 8-fold 
reduc  on). The interpreta  on of such result is complicated by a nega  ve e  ect of AC on S. media 
biomass, as demonstrated by the lower biomass of NM S. media control plants. If we hypothesize 
that the addi  on of AC should cause a similar biomass reduc  on of S. media in both the absence or 
presence of AM mycelium, like it was observed for wheat, then the smaller di  erence found in the 
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AC treatment could be due to the adsorp  on of allelochemicals. S  ll, the e  ect of allelopathy on 
growth suppression of the non-host S. media would have been minimal. 

Figure 6. Expected biomass of S. media if allelopathy was the main mechanism responsible for biomass 

reduc  on in the presence of AM mycelium. Open bars represent the biomass of S. media plants grown 

in the absence of AM mycelium and closed bars represent the biomass of S. media plants growth in the 

presence of AM mycelium. When ac  vated carbon (AC) is added to the soil substrate, only other e  ects 

(non-allelopathic) would occur because AC is supposed to bind most organic compounds. Adapted from 

Lau et al. (2008).

The use of AC has been highly cri  cized in studies of allelopathy due to unwanted e  ects on plant 

growth; it has been shown to alter nutrient availability directly or indirectly by a  ec  ng microbial 
communi  es (Wardle et al. 1998, Pie  kainen et al. 2000, Callaway & Ridenour 2004, Lau et al. 2008, 

Weisshuhn & Pra   2009). The e  ects of AC are not consistent, though: in most cases AC has been 
shown to increase plant biomass/nutrient availability (Lau et al. 2008, Weisshuhn & Pra   2009) but, 
in some others, like in our study, addi  on of AC resulted in biomass decrease (Lau et al. 2008, Wurst 

et al. 2010). This discrepancy might be due to factors such as the source of AC, the plant species, 
the type of substrate and the experimental condi  ons (Lau et al. 2008). In this study, both S. media 

and wheat biomass were reduced by the addi  on of AC in microcosms without G. intraradices. In 
addi  on, total P content of S. media and total P and N content of wheat were also generally lower in 
plants grown in the presence of AC. Together, these results indicate that AC had a nega  ve e  ect on 

nutrient availability. It is possible that AC reduced nutrient availability by adsorbing organic N and P, 
consequen  ally decreasing their mineraliza  on rates (Kulma  ski & Beard 2006). Another side e  ect 

of AC is the possible disrup  on of mycorrhizal associa  ons with their hosts by adsorbing signaling 
molecules that control for mycorrhiza  on (Weisshuhn & Pra   2009, Wurst et al. 2010). In this study 
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we also observed a signi  cant decrease of AMF coloniza  on of wheat roots in the presence of AC, 
although average coloniza  on remained quite high, above 90%. 
 We observed slight AMF coloniza  on in 6-week-old S. media roots that was posi  vely related to 
root coloniza  on levels of the neighbor wheat plants. However, we did not observe any arbuscules 

which are the main organs where nutrient exchanges between symbio  c partners occur (Parniske 
2008). Therefore, there is no indica  on that, at least at the  me plants were harvested, a func  onal 
symbiosis between S. media and AMF was occurring. Root infec  on of non-hosts is not completely 
unexpected; it has been previously shown, using other plant species, that non-mycorrhizal plants 

can be colonized by AMF, o  en in low amounts, usually lacking arbuscules and, in most cases, 
when non-host plants are grown together with a mycorrhizal host that provides the carbohydrates 

necessary for the survival and development of AMF (Hirrel et al. 1978, Ocampo et al. 1980, Francis 
& Read 1995, Daisog et al. 2012). Occasionally, arbuscules have also been found in the roots of non-
host species (e.g. Allen et al. 1989, Regvar et al. 2003, Rinaudo et al. 2010), as well as root infec  on 

in the absence of a host plant (e.g. Glenn et al. 1985, Allen et al. 1989).
 The experiments employing extracts from AM roots further indicate that if there is an allelopathic 

e  ect of AMF, this e  ect is likely minimal; there was a slight, but not signi  cant, biomass reduc  on 
of S. media plants treated with AM extracts compared to those treated with NM extracts, and AM 
extracts did not a  ect S. media germina  on. We cannot however exclude the possibility that this 

experimental approach precluded the expression of a puta  ve allelopathic e  ect. For example, it is 
clear from the di  erence in S. media germina  on and biomass between the dH2O treatment and the 
treatments with unsterile root extracts, that other factors (e.g. presence of nutrients and microbial 

communi  es in the extracts) in  uenced S. media behavior. One can hence suggest that the e  ect of 
these factors on plant germina  on/growth might have hindered a puta  ve e  ect of allelochemicals 

produced by AMF. S  ll, an even more complex environment is expected in the  eld. Hence, if 
puta  ve allelopathic e  ects of AMF are counteracted or hidden by other factors that in  uence plant 

growth and development, such e  ects are anyway unlikely to be ecologically relevant. On the other 
hand, we collected AM extracts by detaching roots from the soil (thereby breaking up AM mycelium) 
and incuba  ng the roots for 48 hours in dH2O, thus dilu  ng the extracts. This raises ques  ons 
about whether puta  ve AM allelopathic compounds were produced in su   cient amounts and/or 
were ac  ve and strong enough to cause an e  ect on S. media growth and germina  on. Ideally, 
exudates should be harvested from AM mycelium isolated from the substrate and concentrated 

before applica  on. Nevertheless, in studies using similar extrac  on approaches, a di  eren  al e  ect 
of exudates from roots colonized with AMF (compared to exudates from non-mycorrhizal roots) was 
observed on the germina  on of parasi  c weeds (Lendzemo et al. 2007, 2009, Fernandez-Aparicio 
et al. 2010). Finally, it is possible that puta  ve allelopathic compounds are only expressed when the 
fungal hyphae are in contact with the roots of incompa  ble plant species. However, in the study 

by Francis and Read (1994) which reported inhibi  on of non-host root development by aqueous 
extracts of soil containing AMF mycelium, it is not men  oned whether there were non-host plants 
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growing in contact with the fungal mycelium. Overall, despite the limita  ons of both experimental 
approaches used in this study (addi  on of AC or addi  on of AM root exudates), results from the 
three experiments put together, do not provide evidence that AM allelopathy is a main mechanism 
responsible for growth reduc  on of S. media in the presence of AMF. 

 Despite studies sugges  ng that allelopathy might be ecologically signi  cant in the case of exo  c 
invasions (Callaway & Aschehoug 2000, Bais et al. 2003, Callaway & Ridenour 2004, Vivanco et al. 
2004), the general relevance of this mechanism in  eld condi  ons is controversial (Harper 1977, 
Fi  er 2003, Inderjit & Callaway 2003). For example, it has been argued that, for normally coexis  ng 

organisms, both the producers of the toxin as the recipient species would evolve resistance to it 
(Fi  er 2003, Callaway et al. 2005). Since AMF are present in most terrestrial ecosystems, though not 

so abundant in ruderal habitats, it is possible that, even if AMF produce allelochemicals, these might 
have li  le or no e  ect on resistant non-mycorrhizal plant species.
 Mechanisms other than allelopathy might have hence been responsible for the observed growth 

reduc  on of S. media in the presence of AM mycelium supported by a host species. It is known 
that AMF can in  uence the compe   ve rela  onships between coexis  ng plant species (Hartne   

et al. 1993, Hetrick et al. 1994, Hart et al. 2003, Scheublin et al. 2007, Wagg et al. 2011b). Even if a 
recent study has shown that AMF favored a non-host plant species compe  ng with a host (Daisog 
et al. 2012), the majority of research suggests that, in the presence of AMF, non-host species have 

a compe   ve disadvantage in the presence of plants hos  ng AMF (Sanders & Koide 1994, Francis 
& Read 1995, van der Heijden et al. 1998b). Similarly, compe   on studies between tomato (a 

mycorrhizal species) and a surrogate non-mycorrhizal mutant have shown that some AMF species 
changed compe   ve interac  ons to the detriment of the non-host mutant and this was mainly 
a  ributed to deple  on of P by AM mycelium and delivery to the neighboring host plant (Cavagnaro 

et al. 2004, Facelli et al. 2010). Although the host species in our study (wheat) did not bene  t from 
AMF coloniza  on in terms of biomass increase, AM wheat plants s  ll had higher P and N content 

than the respec  ve NM controls, indica  ng that these nutrients might have been acquired at the 
expenses of the neighbor non-host. In addi  on, the deleterious e  ect of G. intarardices on S. media 

growth could be related to the presence of the fungus inside the roots. A rela  onship between root 
infec  on and nega  ve e  ects on a non-mycorrhizal plant inoculated with AMF has been reported 
by Allen et al. (1989). These authors observed that AMF coloniza  on of the non-mycorrhizal plant 
Salsola kali caused root browning and cell death, resembling a hypersensi  ve response (García-
Garrido & Ocampo 2002). Investment in plant defense mechanisms following AMF root penetra  on 

of incompa  ble hosts could limit the alloca  on of recourses available for plant growth. Furthermore, 
Allen et al. (1989) also observed arbuscules in germina  ng S. kali seedlings and, in a later study, S. 
kali C4 signature was found on AMF spores in the  eld (Allen & Allen 1990). Such observa  ons raise 

the interes  ng possibility that early-formed arbuscules (that may be no longer present at a later 
stage of plant development, as in our case, in 6-week-old S. media) enables AMF to take up C from 

non-host species, which could contribute to growth depressions. Finally, it has been suggested that 
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AMF coloniza  on or contact with the roots might inac  vate the plant’s direct root P-uptake pathway 
and reduce the total P uptake and growth (Neumann & George 2005, Smith et al. 2009, Facelli et al. 
2010). Future studies should now focus on these alterna  ve mechanisms.
 The antagonis  c e  ect of AM mycelium on non-mycorrhizal weeds such as S. media in our 

study is likely to be one of the factors responsible for the restric  on of such species to disturbed 
habitats where AMF are absent or low in abundance (Francis & Read 1995). Similarly, it can par  ally 
explain the success of these species as agricultural weeds, since several agroecosystems are highly 
disturbed environments where, accordingly, abundance and diversity of AMF has been shown to be 

reduced (Johnson 1993, Helgason et al. 1998, Jansa et al. 2002, Oehl et al. 2003). Several bene  cial 
ecosystem services of AMF have been pointed out (e.g. van der Heijden & Horton 2009) and 

discussed in the context of more sustainable farming systems (Gianinazzi et al. 2010). The possibility 
of reducing the growth of some weed species and maintaining weed popula  ons at tolerable levels 
further emphasizes the importance of preserving this component of the soil biota.
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Abstract

Non-mycorrhizal plants are present in most terrestrial ecosystems but li  le is known about their 
interac  ons with arbuscular mycorrhizal fungi (AMF). This study inves  gates e  ects of the AM 
fungus Glomus intraradices on growth and root infec  on of the non-mycorrhizal plant Arabidopsis 
thaliana.
 To assess growth responses, two glasshouse experiments were conducted using a dual 

compartment system in which A. thaliana was grown alone or together with the mycorrhizal hosts 
Trifolium pratense or Lolium mul   orum, in the presence or absence of G. intraradices. The host 
plants in the system ensured the presence of an ac  ve mycorrhizal mycelium. 
 The AM fungal mycelium caused growth (measured as aboveground biomass) depressions in 

A. thaliana of more than 50% compared to non-mycorrhizal controls. When A. thaliana was grown 
in the presence of G. intraradices but in the absence of the host plant, no growth reduc  on was 

observed. Light, confocal and electron microscopy revealed that G. intraradices supported by its 
host plant was capable of infec  ng A. thaliana  ssues (up to 45% of root length colonized). However, 

these roots seemed senescent and no arbuscules were observed. 
 The results reveal a strong suscep  bility of A. thaliana to G. intraradices, sugges  ng that 
A. thaliana might be a suitable model plant to study the molecular basis of AMF/non-host 

incompa  bility.
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Introduc  on

The majority of land plants form a symbiosis with arbuscular mycorrhizal (AM) fungi, widespread soil 
fungi belonging to the phylum Glomeromycota (Schüssler et al. 2001, Smith & Read 2008). AM fungi 
(AMF) acquire nutrients from the soil and deliver these to host plants in return for photosynthates 
(Smith & Read 2008). Nutrient exchanges between the fungus and its host occur in symbio  c 
structures inside plant roots cells known as arbuscules (Parniske 2008). In addi  on to having an 

e  ect on plant nutri  on, AMF can provide drought tolerance, disease protec  on (Newsham et al. 
1995, Leake et al. 2004) and in  uence a number of important ecosystem func  ons such as plant 
produc  vity, plant diversity, soil structure and nutrient cycling (Grime et al. 1987, van der Heijden 
et al. 1998b, van der Heijden 2010).

 Only an es  mated 10-15% of all vascular species do not associate with AMF (Wang & Qiu 2006, 
Brundre   2009). These plants, denominated here as “non-host” or “non-mycorrhizal” plants, 

are especially abundant in a few families (e.g. Brassicaceae, Polygonaceae, Amaranthaceae, 
Caryophyllaceae) (Wang & Qiu 2006). Early successional ecosystems are o  en dominated by 

such non-mycorrhizal plant species (Janos 1980, Francis & Read 1994). In other ecosystems, non-
mycorrhizal plant species are usually less abundant, but almost always present. Interes  ngly, many 
agricultural weeds are non-mycorrhizal (Jordan et al. 2000, Rinaudo et al. 2010), also re  ec  ng the 

fact that agricultural systems are o  en heavily disturbed environments. 
 Un  l now only few studies inves  gated the interac  ons of AMF with non-hosts. Most of these 

studies reported a nega  ve e  ect of AMF on non-host growth and survival (Allen et al. 1989, 
Sanders & Koide 1994, Francis & Read 1995, Rinaudo et al. 2010). Proposed mechanisms include: 
a) compe   ve disadvantage compared to mycorrhizal plants (Hetrick et al. 1994, Sanders & Koide 

1994), b) release of allelopathic compounds by the AM mycelium that inhibit the growth of non-
host plants (Francis & Read 1994, 1995) and c) ac  va  on of strong plant defense responses that 

result in a loss of plant  tness (Allen et al. 1989, Francis & Read 1995).
 Despite these observa  ons, the precise mechanism(s) responsible for nega  ve e  ects of AMF 

on non-hosts is s  ll poorly understood, probably due to the absence of a suitable model system. For 
this reason, we focused on Arabidopsis thaliana, the most studied model organism in plant biology, 
biochemistry and gene  cs. A. thaliana belongs to the Brassicaceae family and, although it has been 
reported that its roots can be weakly colonized by AMF (Kruckelmann 1975), it is considered as a 
non-host plant that cannot establish mycorrhizal symbiosis (Harley & Harley 1987, Wang & Qiu 

2006). Based on the hypothesis that, similarly to other non-mycorrhizal plants, A. thaliana growth 
is a  ected by AMF, we set out to inves  gate the interac  on between A. thaliana and the AM fungus 
Glomus intraradices in terms of growth responses and root infec  on. Our aim was to evaluate the 
suitability of A. thaliana as a model plant to further inves  gate the molecular basis of AMF/non-host 
interac  ons. 
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We combined two approaches to study the interac  on between AMF and A. thaliana. We grew A. 
thaliana plants with and without AMF inoculum, an approach used by most physiologists studying 
plant-AMF interac  ons. In addi  on, we chose a more “ecological approach” and grew A. thaliana 
in microcosms where an ac  ve mycorrhizal mycelium had been pre-established by a host plant 
that was sown 4  5 weeks earlier in a neighboring soil compartment (Figure 1). This approach 
has similari  es to many natural ecosystems where seedlings establish and grow in the presence of 
mycorrhizal mycelium already developed by the surrounding vegeta  on (e.g. Francis & Read 1995, 
van der Heijden & Horton 2009). The la  er approach is especially interes  ng because a vital and 
ac  ve mycorrhizal mycelium is present that con  nuously interacts with the roots, thus amplifying 
poten  al nega  ve interac  ons with non-host plants. 
 In order to gain more insight on the nature of A. thaliana growth responses to AMF, we tested, 
in one of the experiments, three A. thaliana genotypes: the “wild type” Columbia-0 (Col-0) and the 
mutants myb72-1 and jin1-2 that are impaired in their response to root coloniza  on by bene  cial 
plant growth-promo  ng rhizobacteria and/or fungi (Pozo et al. 2008, van der Ent et al. 2008, 
Segarra et al. 2009). We hypothesized that if A. thaliana plants would recognize G. intraradices as a 
bene  cial fungus, this would be re  ected in di  eren  al growth responses among the mutants and 
the wild type. We also performed op  cal, confocal and transmission electron microscopy studies 
to visualize whether AMF colonize A. thaliana roots. We show that the AM fungus G. intraradices 
infects roots of A. thaliana more extensively than what was foreseen and that plant growth is highly 
inhibited by this fungus.

Figure 1. Schema  c representa  on of a microcosm containing a mycorrhizal host plant (le  ), used to pre-

establish the mycorrhizal network (dashed lines), and Arabidopsis thaliana (right). The microcosm was 

divided in two equal parts by a 30 m nylon mesh which allows the hyphae but not the roots to pass from 

the host to the A. thaliana compartment.
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Materials and Methods

In this paper three experiments are presented. The  rst two experiments were conducted to assess 
A. thaliana growth responses to G. intraradices while the third was aimed to describe the root 
infec  on process. In the  rst experiment, interac  ons between A. thaliana and G. intraradices 
were inves  gated in microcosms where A. thaliana was grown either alone or together with the 
host species Trifolium pratense, sown 4 weeks earlier in a neighboring soil compartment to pre-

establish an ac  ve AM mycelium (Figure 1). To understand whether the e  ects of G. intraradices on 
A. thaliana depend on the iden  ty of the neighbor host species and its AM dependency/response, 
in the second experiment, A. thaliana was grown in the presence of a pre-established AM mycelium 
but this  me supported by the host Lolium mul   orum. In addi  on, three di  erent A. thaliana 

genotypes were used. In the third experiment, A. thaliana was grown in pots with G. intraradices 
mycelium supported by T. pratense and roots of A. thaliana were collected for extensive microscopic 

analyses. 

Plant material, fungal inoculum and soil mixture
In this study we used seeds of wild-type Arabidopsis thaliana (L.) Heynh. Col-0 and the mutants 
myb72-1 and jin1-2 that are impaired in their response to root coloniza  on by bene  cial plant 

growth-promo  ng rhizobacteria and/or fungi (see Lorenzo et al. 2004, Pozo et al. 2008, van der 
Ent et al. 2008, Segarra et al. 2009 for a descrip  on). Seeds of Trifolium pratense L. (red clover) and 
Lolium mul   orum Lam. (Italian ryegrass) were surface sterilized in 1.25% sodium hypochlorite for 

10 min and rinsed with dH2O. 
 Inoculum of Glomus intraradices (BEG 21, described in van der Heijden et al. 2006) was 
propagated on Plantago lanceolata L. for 5 months in pots  lled with a sterilized mixture (99 min at 

121 C) of quartz sand with 20% (v:v)  eld soil.
 The soil substrate used for all the experiments consisted of an autoclaved (99 min at 121 C) 

mixture of 10% (v:v)  eld soil collected at a cer   ed organic farm in Reckenholz (Zurich, Switzerland) 
with quartz sand. The autoclaved soil mixture had pH (H2O) 7.5 and plant available P2O5, extracted 
by CO2 saturated water, of 5 mg kg-1. 

Experiment 1: E  ects of AMF on A. thaliana grown alone or in combina  on with T. 
pratense
This experiment was set up as a randomized block design with two factors. One factor, plant mixture, 
contained two levels: A. thaliana Col-0 grown alone and A. thaliana Col-0 grown in combina  on 

with T. pratense in the other half of the microcosm (named also “monocultures” and “mixtures”, 
respec  vely). The other factor, AMF presence, also contained two levels: with G. intraradices (AMF) 
and with non-mycorrhizal (NM) inoculum. This makes a total of four treatment combina  ons. Each 



76

Chapter 5

treatment was replicated six  mes and assigned to a block, making a total of six blocks and 24 
microcosms (experimental units). 
 Each microcosm was divided in two equal parts by a 30 m nylon mesh to separate roots but 
s  ll allowing the passage of AM hyphae (see Figure 1). Each half received 0.5 L of autoclaved soil 

mixture with 5% (v:v) G. intraradices soil inoculum or the same amount of sterilized (2  99 min at 
121 C) inoculum for the NM control treatment. All the microcosms received 10 mL (5 mL each half) 
of inoculum washing (100 g of G. intraradices soil inoculum suspended in 600 mL water and  ltered 
through  lter paper) to correct for possible di  erences in microbial communi  es.

 According to the treatment (mixtures or monocultures), six seeds of T. pratense were sown 
in one half of the microcosms, or these were le   unsown. Upon germina  on, smaller seedlings 

were removed, leaving three seedlings. T. pratense seedlings grew for 4 weeks before A. thaliana 
seeds (2.5 mg) were sown in the other half of each microcosm. At the same  me, A. thaliana seeds 
(2.5 mg) were added to microcosms without T. pratense. Upon germina  on, smaller seedlings were 

removed, leaving 12 A. thaliana seedlings of similar size.
 Plants were watered three  mes a week with the same volume of dH2O and were supplied 
weekly with 10 mL (5 mL each half) of a nutrient solu  on based on Hoagland solu  on (Hoagland & 

Arnon 1950) but with half of the normal N and P concentra  ons and containing only macronutrients 
[6 mM KNO3, 4 mM CaCl2, 1 mM NH4H2PO4, 1 mM MgSO4]. Plants were maintained in the glasshouse 

and addi  onal ligh  ng was provided by 400 W high-pressure sodium lamps when natural light levels 
were below 250 W m-2, to a daylength of 14 h. During the growing season the temperatures in the 
glasshouse ranged from 14 C to 23 C. T. pratense and A. thaliana plants were harvested 10 and 6 

weeks a  er sowing, respec  vely.

Experiment 2: E  ects of AMF on three A. thaliana genotypes grown in combina  on with 
L. mul   orum
This experiment was set up as a randomized block design with two factors. One factor, A. thaliana 
genotype, contained three levels: Col-0, myb72-1 and jin1-2. The other factor, AMF presence, 
contained two levels: with G. intraradices (AMF) and with non-mycorrhizal (NM) inoculum. This 

makes a total of six treatment combina  ons. Each treatment was replicated 10  mes and each 
replicate assigned to a block, making a total of 10 blocks and 60 microcosms. 
 Microcosms were divided with 30 m nylon mesh,  lled with soil mixture and inoculum exactly 
as described in experiment 1. Similarly, all microcosms received 10 mL (5 mL each half) of inoculum 
washing (170 g of G. intraradices soil inoculum suspended in 1 L water and  ltered through  lter 

paper). 
 Six L. mul   orum seeds were sown in one half of the microcosms. Upon germina  on, smaller 
seedlings were removed, leaving three seedlings. L. mul   orum seedlings grew for 5 weeks before 
A. thaliana seeds (2.5 mg) were sown in the other half of each microcosm. Upon germina  on, 
smaller seedlings were removed, leaving eight A. thaliana seedlings of similar size.
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Plants were watered and received nutrient solu  on like in experiment 1. Plants were maintained 
in the glasshouse with constant temperature (25 C) and constant ligh  ng provided by 400 W high-
pressure sodium lights to a daylength of 14 h. L. mul   orum and A. thaliana plants were harvested 
11 and 6 weeks a  er sowing, respec  vely.

Experiment 3: AMF coloniza  on of A. thaliana roots
Trifolium pratense and A. thaliana plants were grown in 0.75 L pots  lled with the same soil/sand 
mixture and G. intraradices inoculum as in the previously described experiments. Three T. pratense 
seeds were sown in the centre of the pot. Upon germina  on, two of the seedlings were removed, 
leaving only one plant. This plant grew for 4 weeks before A. thaliana (Col-0) was sown. A. thaliana 

seeds were sown in circle around the T. pratense plant in each pot. Plants received microbial wash, 
nutrient solu  on and were watered as previously described. A  er 6 weeks (maintained in the same 
glasshouse condi  ons as in experiment 2), A. thaliana plants were harvested and roots carefully 
washed. The complete root system was excised under the stereomicroscope. In a similar set up, A. 

thaliana plants were grown for 6 weeks and maintained in the same condi  ons, but in the absence 
of fungal inoculum (non-infected, control roots).

Harvest and analyses of samples from experiments 1 and 2
At harvest, shoots of A. thaliana, T. pratense and L. mul   orum were cut at the soil surface, oven 

dried (80 C) and weighed to determine the aboveground biomass. Roots were carefully removed 
from the soil substrate. Soil from A. thaliana Col-0 half of microcosms containing T. pratense or 
L. mul   orum in the other half (in experiment 1 or experiment 2, respec  vely) was collected, 

separated in two subsamples and weighed. One subsample was oven dried (80 C) and weighed. 
The other soil subsample was used to determine the length of the fungal hyphae by an aqueous 

extrac  on and membrane  lter technique (Jakobsen et al. 1992). G. intraradices total hyphal length 
per gram was es  mated (on dry weight basis) using the modi  ed Newman formula (Tennant 1975).

 Roots were carefully washed, cut into ~1 cm segments, mixed and the fresh weight recorded. 
A subsample of T. pratense or L. mul   orum roots of known weight was taken for measurement 
of AMF coloniza  on. In the case of A. thaliana, there was not su   cient root material for assessing 
belowground biomass and AMF coloniza  on levels. For this reason, all roots retrieved were taken 
for measurement of coloniza  on. Remaining roots of T. pratense and L. mul   orum were oven 

dried (80 C) for 5 days and weighed. The dry weight of the subsample taken for measurement of 
AMF coloniza  on was inferred by mul  plying its fresh weight with the dry to fresh weight ra  o of 
the oven-dried roots. The inferred dry weight of the subsample was added to the dry weight of 
the remaining roots to calculate the belowground biomass. Sum of belowground and aboveground 
biomass gave the total biomass of T. pratense and L. mul   orum per microcosm.

 Root samples for measurement of AMF coloniza  on were cleared with 10% KOH and stained 
with trypan blue (Phillips & Hayman 1970). The percentage of root length colonized by AMF and 
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frequency of hyphae, vesicles and arbuscules was es  mated according to McGonigle et al. (1990) 
using at least 100 intersec  ons per root sample. Note that A. thaliana roots are very thin. As a 
consequence, it was some  mes di   cult to dis  nguish between hyphae inside the root and those 
growing externally on the root surface. Hence, the percentage of root length colonized by AMF may 

also include extraradical hyphae in close contact with the root. 
 Oven-dried roots and shoots of L. mul   orum (experiment 2) grown with A. thaliana Col-0 were 
grinded and analyzed separately for phosphorous (P) and nitrogen (N) content. P was determined 
photometrically a  er calcina  on and extrac  on with hydrochloric acid (Siegel 1976). N was 

determined according to the Dumas combus  on procedure (Houba et al. 1989). 

Sta  s  cal analyses
Plant biomass, AMF coloniza  on, G. intraradices hyphal length and nutrient content (P and N) in 
plant material were analyzed separately with mixed-e  ects models (Pinheiro & Bates 2000) using 
the lme func  on from the nlme library for R 2.9.0 (R Development Core Team 2009).

 In the experiment with T. pratense (experiment 1), for the analyses of A. thaliana biomass and 
AMF coloniza  on, AMF presence and plant mixture were treated as  xed e  ects as was the AMF 

presence in the analyses of T. pratense biomass and in the analysis of the hyphal length. Since 
there was heterogeneity in the variance structure of T. pratense biomass, G. intraradices hyphal 
length and AMF coloniza  on between the AMF treatment and NM controls, we used the varIdent() 

func  on to allow each treatment to have a di  erent variance. 
 In the experiment with L. mul   orum (experiment 2), for the analyses of A. thaliana and 

L. mul   orum biomass, AMF presence and genotype were treated as  xed e  ects as was the AMF 
presence in the analysis of hyphal length and genotype in the analysis of AMF coloniza  on. We 
used the varIdent() func  on to take into account the heterogeneity in the variance structure of 

G. intraradices hyphal length and A. thaliana biomass between the the AMF treatment and NM 
controls. For the P and N content in L. mul   orum plants, AMF presence was treated as  xed e  ect.
Block was treated as random e  ect. In the text we present es  mates of the means from the mixed-

e  ects models with their standard errors (s.e.m) and regression slopes with their 95% con  dence 
interval (CI). 

Microscopic analyses of samples from experiment 3
Light microscopy
Complete root systems excised from four A. thaliana plants growing in the presence of G. intraradices 
mycelium were cut into segments of about 1 cm long. Root segments were stained overnight at 

room temperature in 0.1% Co  on blue (w:v) in lac  c acid, and washed several  mes in lac  c acid. 
Stained root segments were observed under an op  cal microscope (Nikon Eclipse E400). Some 
segments were not stained and were le   for confocal and electron microscope analyses.
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Confocal microscopy
Root segments were treated for 5 min in 0.5% NaClO in phosphate bu  er, pH 6.8, washed three 
 mes for 10 min in the same bu  er and incubated for 2 hr with wheat germ agglu  nin-FITC (Sigma) 

at a  nal concentra  on of 10 g/mL, to stain the chi  n of fungal cell walls. Fluorescence was excited 
with the 488 nm band of an argon laser and imaged using a 500  540 nm emission window for FITC 
and a 600  690 nm window for root background auto  uorescence. All images were acquired and 
processed using a Leica TCS SP2 confocal microscope and so  ware. 

Electron microscopy
Selected root segments were  xed in 2.5% G.A. in 0.1 M cacodilate bu  er (pH 7.2) for 2 hr at room 

temperature and then overnight at 4 C. A  er rinsing three  mes with the same bu  er, they were 
dehydrated in an ascending series of ethanol to 100%, incubated in two changes of absolute acetone, 
in  ltrated in Epon-Araldite resin (Hoch, 1986) and  at-embedded in a thin resin layer between 

Te  on-coated glass slides (Howard & O’Donnell 1987). The resin was polimerized for 24 hr at 60 C.
 Samples in resin were selected under an op  cal microscope, excised using a razor blade and 
mounted on resin stubs prior to ultramicrotomy. Semi-thin sec  ons of 0.5 m were stained with 

1% toluidine blue and ultra-thin (70 nm) sec  ons were counter-stained with uranyl acetate and 
lead citrate (Reynolds, 1963), and used for electron microscopy analyses under a Philips CM10 

transmission electron microscope.

Results

Experiment 1: E  ects of AMF on A. thaliana grown alone or in combina  on with T. 
pratense
The e  ect of G. intraradices on A. thaliana growth (measured as aboveground biomass) depended 
on the presence or absence of the host species T. pratense (F1,15 = 16.05, P = 0.001). In the absence 
of T. pratense, G. intraradices had no e  ect on the growth of A. thaliana compared to the respec  ve 
controls, i.e. A. thaliana plants inoculated with non-mycorrhizal (NM) inoculum (Figure 2a Mono). 

However, when grown with T. pratense, G. intraradices signi  cantly reduced (by more than 50%) the 
growth of A. thaliana (t = -5.05, P < 0.001) (Figure 2a Mix). 
Similarly to growth, AMF root coloniza  on of A. thaliana also depended on the presence of T. 
pratense. Roots of A. thaliana were barely colonized (0.5 ± 0.22%) when grown without T. pratense 
but achieved a level of root coloniza  on of 12 ± 1.92% when grown with T. pratense, although 

arbuscules were not present. Hyphae of G. intraradices supported by T. pratense reached a 
density of 2.39 ± 0.21 m g-1 in A. thaliana side of the microcosms. When NM inoculum was used, 

no coloniza  on of A. thaliana roots was observed and the hyphal length density found in the A. 
thaliana side of the microcosms (0.04 ± 0.01 m g-1) is most likely due to non-AM fungi or dead G. 
intraradices hyphae present in the soil at the beginning of the experiment.
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Contrary to A. thaliana, T. pratense plants inoculated with G. intraradices had signi  cantly higher 
biomass than the NM control plants (F1,5 = 17.01, P = 0.009) (Figure 2b). When inoculated with 
G. intraradices, 53 ± 2.68% of the root length of T. pratense was colonized with the forma  on of 

vesicles and arbuscules. No AMF coloniza  on was observed in NM T. pratense. Root nodules typical 
of associa  on with Rhizobium bacteria were observed in T. pratense regardless the presence or 
absence of AMF coloniza  on.

Figure 2. Aboveground biomass of Arabidopsis thaliana grown in microcosms with (mix) and without 

(mono) Trifolium pratense (a), and total biomass of T. pratense (b), in experiment 1. Plants were grown in 

microcosms inoculated with Glomus intraradices (AMF) or with non-mycorrhizal (NM) inoculum. Points 

are means of 6 replicates and the intervals show least signi  cant di  erences (treatments with non-

overlapping intervals are signi  cantly di  erent at P = 0.05).

It is possible that the reduc  on of A. thaliana biomass could be due to increased above- and 
below-ground compe   on with the neighbor T. pratense, mediated by AMF. In fact, in microcosms 
inoculated with G. intraradices we observed a trend of decreasing A. thaliana biomass with 
increasing T. pratense biomass (Suppor  ng Informa  on Figure S1). However, there was no 

sta  s  cally signi  cant linear rela  onship between the aboveground biomass of A. thaliana and the 
aboveground biomass of neighbor T. pratense, independently of the presence of G. intraradices 
(slopes with 95% CI = -0.07 (-0.16 – 0.02)).
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Experiment 2: E  ects of AMF on three A. thaliana genotypes grown in combina  on with 
L. mul   orum
Growth of A. thaliana was signi  cantly a  ected by G. intraradices supported by the host 
L. mul   orum (F1,47 = 31.76, P < 0.001). As in the experiment with T. pratense (experiment 1), 

A. thaliana aboveground biomass was signi  cantly reduced (always more than 50%) by the presence 
of G. intraradices, regardless the genotype (F1,45 = 0.11, P = 0.90) (Figure 3a). A. thaliana plants 

grown in the presence of G. intraradices mycelium showed root coloniza  on by hyphae and vesicles 
but not arbuscules, comparable among the three genotypes (F2,18 = 0.58, P = 0.57). The percentage 
of root length colonized was of 42 ± 3.92% in genotype Col-0, 38 ± 3.92 % in myb72-1 and 43 ± 

3.92% in jin 1-2. Hyphal density of G. intraradices in A. thaliana Col-0 side of the microcosms was 
3.07 ± 0.28 m g-1 while almost no hyphae were observed in the correspondent NM microcosms 
(0.03 ± 0.01 m g-1). When NM inoculum was used, no AMF coloniza  on was observed in A. thaliana 
plants.

Figure 3. Aboveground biomass of Arabidopsis thaliana genotypes Col-0, myb72-1 and jin1-2 grown in 

microcosms with Lolium mul   orum (a), and total biomass of L. mul   orum according to A. thaliana 

genotype in the same microcosm (b). Plants were grown in microcosms inoculated with Glomus 

intraradices (AMF) or with non-mycorrhizal (NM) inoculum. Points are means of 10 replicates, and the 

intervals show least signi  cant di  erences (treatments with non-overlapping intervals are signi  cantly 

di  erent at P = 0.05).
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Roots of the host species L. mul   orum inoculated with G. intraradices were colonized on average by 
64 ± 1.13% of total root length with the forma  on of vesicles and arbuscules. No AMF coloniza  on 
was observed in NM L. mul   orum plants. Growth of L. mul   orum was not a  ected by the genotype 
of the coexis  ng A. thaliana plants (F2,47 = 0.31, P = 0.73) (Figure 3b) and, in opposi  on to what we 

observed in the experiment with T. pratense (experiment 1), also not a  ected by the presence of 
G. intraradices (F1,47 = 0.61, P = 0.44). Understandably hence, there was no rela  onship between 

the aboveground biomass of A. thaliana and the aboveground biomass of neighbor L. mul   orum, 
independently of the presence of G. intraradices (slopes with 95% CI = -0.001 (-0.006 – 0.003)) 
(Figure S2).
 Despite the lack of a growth response, mycorrhizal L. mul   orum plants grown with A. thaliana 
Col-0 showed a signi  cantly higher phosphorus (P) content compared to NM controls in both 

the roots (F1,9 = 37.55, P < 0.001) and the shoots (F1,9 = 51.10, P < 0.001) (Table 1). Similarly, the 
nitrogen (N) content in the shoots of L. mul   orum was signi  cantly higher when inoculated with G. 
intraradices (F1,8 = 11.93, P = 0.008). However, there was also no linear rela  onship between P and N 

content in the shoots of L. mul   orum and the aboveground biomass of neighbor A. thaliana: slope 
and 95% CI for P = 0.003 (-0.003 – 0.009) and for N = 0.002 (-0.001 – 0.004). 

Table 1. Phosphorous (P) and nitrogen (N) content in roots and shoots of Lolium mul   orum grown in 

combina  on with Arabidopsis thaliana Col-0 in experiment 2 

P content (g kg -1 dry ma  er) N content (g kg -1 dry ma  er)

roots Shoots roots Shoots

NM 1.12 ± 0.10 1.62 ± 0.007 n.d. 7.19 ± 0.18

AMF 2.00 ± 0.10 2.14 ± 0.007 n.d. 8.06 ± 0.18

Plants were grown in microcosms inoculated with Glomus intraradices (AMF) or with non-mycorrhizal (NM) inoculum. Values 
are means of 10 replicates ± s.e.m. 
It was not possible to determine the N content in roots of L. mul   orum due to the lack of enough plant material to perform 
the analysis.

Experiment 3: AMF coloniza  on of A. thaliana roots
To be  er describe the infec  on process and to understand the nature of the interac  on between A. 
thaliana and G. intraradices, 6-week-old roots of A. thaliana were inves  gated with a combina  on 
of op  cal, confocal and electron microscopy.
 Light microscopy observa  ons of co  on blue stained roots highlighted the presence of a 
network of hyphae which mostly penetrated larger and thinner roots via hairs (Figure 4, arrows). 

As illustrated in the details of Figure 4b, the hypha, which is penetra  ng a root hair, is con  nuous 
with a small vesicle and with intraradical hyphae that showed limited branching. The observa  ons 
were con  rmed by sec  ons from embedded roots (Figure 4c) and provided a  rst con  rma  on that 
the fungus was infec  ng A. thaliana roots and not simply growing on their surface. A more rare 
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penetra  on way was directly through the epidermal cells (Figure 4d). Many roots were strongly 
colonized by hyphae which also reached the vascular cylinder and moved from primary roots to 
the secondary ones producing a high number of intraradical vesicles (Figure 5a, b). These la  er 
structures  ll up the whole cell lumen as can be observed in Figure 5c. Arbuscules were never 
observed.

Figure 4. Glomus intraradices hyphae (F) penetrate Arabidopsis thaliana roots through root hairs (H, 

arrow) (a, b and c) and, more rarely, directly through the epidermal cells (d). Figures (a), (b) and (d) are 

co  on blue stained roots, while (c) is a semi-thin sec  on from resin embedded roots. Bars correspond to 

100 m in (a), 50 m in (b), 20 m in (c) and (d).

Figure 5. Glomus intraradices produces vesicles inside Arabidopsis thaliana roots. Large vesicles (V) 

strongly blue stained, are localized in the root cells, while a fungal hypha (F) penetrates through a root 

hair (arrow) (a and b). Electron microcopy of the vesicles: huge lipid globules (L) and electron dense 

granules (arrowheads) (c). Figure (a) is a co  on blue stained root while (b) and (c) are respec  vely light 

and transmission electron microscopy images from the same resin embedded root. Bars correspond to 

50 m in (a), 75 m in (b) and 10 m in (c).
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Wheat germ agglu  nin-FITC staining of roots was used to visualize the fungal walls. Confocal 
microscopy analyses of these stained root samples subsequently con  rmed fungal presence inside 
the roots of A. thaliana, providing further details on the coloniza  on of outer and inner  ssues. 
Figures 6a-c show a root with super  cial coloniza  on. The reconstructed transverse sec  ons show 
that hyphae are only adhering to the root surface. An example of epidermal cell penetra  on is 
presented in Figures 6d-e, where the reconstructed cross sec  on clearly shows that the  uorescent 
hypha is located in the center of the epidermal cell lumen. The root shown in Figures 6f-h is more 
heavily colonized and hosts both vesicles and hyphae located in the inner zone of the root. Lastly, 
Figure 6i shows the produc  on of spores from root-colonizing hyphae. Such spores protrude outside 
the root surface, while vesicles are hosted inside the root  ssues.

Figure 6. Confocal microscopy imaging of wheat germ 

agglu  nin (WGA) stained Glomus intraradices infec  ng 

Arabidopsis thaliana roots. Hyphae adhering to the 

root epidermis are shown in (a)-(c). The yellow lines in 

(a) indicate the posi  ons of the confocal reconstructed 

tran-sverse sec  ons shown in (b) and (c), which con  rm 

hyphal loca-liza  on on the root surface. A hyphal  p 

growing inside an epidermal cell is shown in (d). Its 

loca  on inside the epidermal cell lumen is clearly 

visible in the reconstructed cross sec  on (yellow line) 

presented in (e), where the green  uorescence of the 

hypha (arrowhead) is surrounded by the weaker signal 

outlining the cell walls (arrows). Figure (f) shows a 

more heavily colonized root, where both vesicles (V) 

and hyphae (arrowheads) can be observed in the cross 

sec  ons presented in (g) and (h) (posi  oned along the 

corresponding yellow lines in (e)). Spore produc  on also 

occurred from root-colonizing hyphae, as shown in (i), 

where several WGA labelled spores protrude outside the 

root surface. Bars correspond to 75 m in (a), (f) and (i); 

10 m in (d).
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Di  erently from the non-infected control roots (Figure S3), the infected root  ssues seemed 
senescing and transmission electron microscopy clearly con  rms this observa  on. A. thaliana cells 
did not show any organelle and rod-shaped bacteria colonized its dead/dying  ssues (Figure 7a). 
By contrast, the fungus was ac  vely thriving inside such dead plant cells (Figure 7a). All the fungal 

organelles were easily dis  nguishable (Figure 7a, b): nuclei with an electron transparent chroma  n, 
lipid globules, electron dense granules, mitochondria, abundant endoplasmic re  culum as well as 
ribosomes. The fungal wall was thick and homogenously layered without changes between the 
extraradical and the intraradical hyphae (Figures 7b, c respec  vely). Occasionally, the plant wall 

appeared degraded at the point of the contact with the fungal hyphae (Figure 7c arrow).

Figure 7. Electron microscopy of Glomus intraradices infec  ng Arabidopsis thaliana roots. The morphology 

of A. thaliana roots was greatly a  ected when compared with the control roots (see Suppor  ng 

Informa  on Figure S3): cell cytoplasm was highly degraded, no organelles were dis  nguishable and 

bacteria (B) colonized the dead/dying  ssues (a). The fungus (F) was ac  vely thriving inside such dead 

root cells and all the fungal organelles were easily dis  nguishable: a nucleus (arrow) with an electron 

transparent chroma  n, lipid globules (L), electron dense granules (arrow heads) (a). Figure (b) is a detail 

of an extraradical hypha: lipid globules (L), electron dense granules (arrowheads), mitochondria (M) with 

long cristae. The fungal wall (FW) was thick and homogenously layered without changes between the 

extraradical and the intraradical hyphae (b and c, respec  vely). Occasionally, the plant cell wall appeared 

degraded at the point of the contact with the fungal hyphae (arrow) (c). Bars correspond to 2 m in (a), 

0.8 m in (b) 1 m in (c).
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Discussion

This study is the  rst to demonstrate that the growth of the model plant A. thaliana is reduced 
in the presence of a previously established and ac  ve AM mycelium. Moreover, we show that A. 
thaliana roots can be extensively colonized by AMF even if a func  onal symbiosis is not occurring, 
as suggested by the lack of arbuscules.
 Results from the experiment with T. pratense (experiment 1) emphasize the importance of 

adding a host plant to the study system in order to assess the impact of AMF on non-host plants. 
The biomass of A. thaliana grown alone (in monocultures) was not in  uenced by the presence of G. 
intraradices and its roots were also not colonized. However, when A. thaliana was grown together 
with a host plant, either with T. pratense or L. mul   orum, considerable root infec  on levels were 

observed and biomass of A. thaliana was greatly reduced in presence of G. intraradices. This is in 
concordance with other reports that show that non-mycorrhizal plants can be infected, although 

usually in low levels and lacking arbuscules, in the presence of a host plant (Hirrel et al. 1978, 
Ocampo et al. 1980, Francis & Read 1995, Rinaudo et al. 2010).

 The presence of G. intraradices supported by the respec  ve host plants caused comparable 
growth reduc  ons in A. thaliana Col-0 in both experiments (2.5-fold reduc  on in experiment 1 
and 3-fold reduc  on in experiment 2). Interes  ngly, A. thaliana (Col-0) grew generally much be  er 

with T. pratense (experiment 1) than with L. mul   orum (Figure 2a vs Figure 3a). We a  ributed this 
di  erence mainly to the fact that T. pratense is a nitrogen-  xing legume (as opposed to L. mul   orum) 

and, as so, can facilitate the growth of neighbor non  xing plant species (see Temperton et al. 2007 
and references therein), like A. thaliana in our case. Addi  onally, di  eren  al glasshouse condi  ons 
(light, temperature, humidity) might have also contributed to the observed di  erences in the 

aboveground biomass of A. thaliana between experiments. 
 It is possible that the growth reduc  on observed in A. thaliana in the presence of G. intraradices 

is, to some extent, due to nutrient removal from the A. thaliana side of the microcosm by the fungal 
hyphae that allocate nutrients to the coexis  ng host plant. In addi  on, increased light and water 

compe   on caused by larger host plants could a  ect the growth of neighbor A. thaliana. Indeed, 
in the experiment with T. pratense (experiment 1), the biomass of host T. pratense was enhanced 
in the presence of G. intraradices while the biomass of A. thaliana was reduced (Figures 2a, b). In 
order to reduce e  ects of compe   on, we performed experiment 2 with the grass L. mul   orum 
as host since in earlier work it has been observed that many grasses are not very responsive 

to AMF (van der Heijden 2002). Although the biomass of L. mul   orum did not di  er between 
mycorrhizal and non-mycorrhizal plants (Figure 3b), P and N content was s  ll signi  cantly higher in 
L. mul   orum inoculated with G. intraradices. Therefore, it is likely that the host species bene  ted 
from G. intraradices par  ally at the expenses of the neighbor A. thaliana. However, we could not 
 nd a clear rela  onship between growth reduc  on of A. thaliana and bene  t (in biomass, P or N 

content) to the coexis  ng host plant species.
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Another possibility is that the con  nuous root contact with AM mycelium and root penetra  on 
ac  vates costly plant defense responses that might result in reduced plant growth. In a study by 
Allen et al. (1989), cell death resembling a hypersensi  ve response (García-Garrido & Ocampo 
2002) was observed in roots of the non-host plant Salsola kali upon coloniza  on by AMF. Similarly, 

we observed that colonized A. thaliana roots seemed senescent or dead. It is however s  ll unclear 
from our observa  ons whether root cell death occurred as a defense response to AMF infec  on or 
if roots were previously dead (but see below).
 Although there is no evidence for saprotrophy by AMF (Smith & Read 2008), AMF can take up P 

and N from organic material (Ritz & Newman 1985, Hodge & Fi  er 2010). Therefore, G. intraradices 
may have been using already dead or senescent A. thaliana roots to acquire these nutrients. 

Moreover, dead roots may be a good substrate for spore forma  on as has been shown for non-
 xing root nodules (Scheublin & van der Heijden 2006), organic debris and old AMF spores in soil 

(Koske 1984). This may be another reason why we observed spores in the A. thaliana roots. If this 

is the case, though, the cause of root death would s  ll remain unexplained. The A. thaliana plants 
were only 6-week-old and just star  ng to  ower, and even secondary roots were colonized. Hence, 

as con  rmed by the non-colonized control roots which appeared to be viable, it is unlikely that all 
colonized roots were roots that naturally died due to root turn-over and senescence. 
 In recent years, A. thaliana served as a valuable tool in unraveling plant responses to bene  cial 

microorganisms (van Wees et al. 2008). Mutants myb72-1 and jin1-2 that are impaired in genes 
encoding the transcrip  on factors MYB72 and MYC2, respec  vely, are incapable of responding to 

bene  cial Pseudomonas rhizobacteria or Trichoderma fungi (Pozo et al. 2008, van der Ent et al. 
2008, Segarra et al. 2009). However, in our microcosm experiments, both mutants behaved similar 
to wild-type Col-0 plants, sugges  ng that these components of the A. thaliana immune response to 

bene  cial microbes are not associated with the e  ects of AMF observed in our experiments. In the 
future, A. thaliana mutants that are impaired in their responses to root pathogens should be used 

instead.

Conclusions

Recent studies have increased our understanding of the molecular dialogue going on between 

AMF and host plants (Harrison 2005, Parniske 2008, Bonfante & Genre 2010, Bonfante & Requena 
2011). The mechanisms responsible for nega  ve interac  ons between AMF and non-host plants 
are, however, s  ll poorly understood. A mechanis  c understanding of such nega  ve interac  ons 
is not only interes  ng from a biological perspec  ve, it also has the poten  al to be applied in weed 
management in view of recent observa  ons that several aggressive non-mycorrhizal weeds respond 

nega  vely to AMF (Jordan et al. 2000, Rinaudo et al. 2010). Our study does not allow to establish a 
clear causal link between AMF root infec  on, cell death and growth depressions in A. thaliana, and 
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this should be further inves  gated. However, by developing a model system with hyphal networks 
and showing nega  ve mycorrhizal e  ects on the model plant A. thaliana we set up the basis for 
future physiological, molecular and gene  c studies on the mechanisms responsible for nega  ve 
responses of non-hosts to AMF. 
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Suppor  ng Informa  on

Figure S1. Rela  onship between aboveground biomass of Trifolium pratense and aboveground biomass of 

coexis  ng Arabidopsis thaliana in experiment 1, in microcosms inoculated with Glomus intraradices (AMF) 

or with non-mycorrhizal (NM) inoculum. There was no sta  s  cally signi  cant linear rela  onship between 

the aboveground biomass of A. thaliana and the aboveground biomass of T. pratense, independently 

of AMF presence (slope with 95% CI = -0.07 (-0.16 – 0.02)). However, a trend of decreasing A. thaliana 

biomass with increasing T. pratense biomass, represented by the do  ed line (R2 = 0.58), could be observed 

in the AMF treatment.
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Figure S2. Rela  onship between aboveground biomass of Lolium mul   orum and aboveground biomass 

of coexis  ng Arabidopsis thaliana in experiment 2, in microcosms inoculated with Glomus intraradices 

(AMF) or with non-mycorrhizal (NM) inoculum. There was no sta  s  cally signi  cant linear rela  onship 

between the aboveground biomass of A. thaliana and the aboveground biomass of L. mul   orum, 

independently of AMF presence (slope with 95% CI = -0.001 (-0.006 – 0.003)).

Figure S3. Anatomy and morphology of non-infected Arabidopsis thaliana control roots sampled 6 weeks 

a  er germina  on. Figures (a) and (b) are light microscopy images of transverse (a) and longitudinal (b) 

sec  ons cut in the root subapical and di  eren  ated zone, respec  vely. Sec  ons (0.5 m thickness) were 

stained with toluidine blue. Root cells appear living with regular cell pro  les and blue-stained nuclei 

(arrows). Figures (c) and (d) are electron microscopy images of thin sec  ons produced from the samples 

shown in (a) and (b). Cor  cal cells are alive with the usual organelle equipment: nucleous (N), nucleolus 

(Nu), mitochondria (M), Golgi apparatus (G), microtubules (Mt), vacuole (V) and cell wall (CW). Bars 

correspond to 20 m in (a), 50 m in (b) 0,5 m in (c) and 0,3 m in (d).
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Weed control with arbuscular mycorrhizal fungi?

The con  nuous growth of the human popula  on and the rapidly raising environmental degrada  on 
arising from human ac  vi  es pose a great challenge for agricultural produc  on to keep pace in a 
sustainable and environmentally sound manner (Tilman et al. 2002). Excessive weed growth is a 
major constraint to crop produc  on especially when the reliance on herbicides is reduced. This is 
illustrated by the farmers’ reluctance to convert to more sustainable farming systems like Organic 

Farming, with the fear of ine  ec  ve weed control without synthe  c herbicides (Beveridge & Naylor 
1999, Bond & Grundy 2001). It is therefore impera  ve that research focus on providing farmers with 
environmentally sound tools to manage weeds while maintaining crop produc  on.
 Weed control with bio  c agents, especially when integrated with other methods, might 

contribute to an e  ec  ve weed management in sustainable agroecosystems (Müller-Schärer et 
al. 2000). There is increasing evidence that a group of soil fungi, the arbuscular mycorrhizal fungi 

(AMF) can nega  vely in  uence growth and survival of weedy plant species (see Chapter 1: Table 2), 
which mo  vated the research presented in this thesis. My main aim was to gain a further insight on 

antagonis  c e  ects of AMF on the growth of weeds in order to assess the poten  al role of AMF in 
weed management.
 The results obtained highlight the capability of some AMF to exert antagonis  c e  ects on 

some weed species, both mycorrhizal and non-mycorrhizal plant hosts. I show that six out of 
nine mycorrhizal host weed species tested were nega  vely a  ected by inocula  on with the 

AM fungus G. intraradices, resul  ng in signi  cant biomass reduc  on in four of those species 
(Chapter 2). Predominantly antagonis  c e  ects of AMF on the growth of the mycorrhizal weed 
species Echinochloa crus-galli, Setaria viridis and Solanum nigrum were con  rmed by addi  onal 

experimental trials (Chapters 2 and 3). Furthermore, I show that the presence of AM mycelium 
supported by a coexis  ng host plant species resulted in a drama  c growth reduc  on of the non-

mycorrhizal weed Stellaria media (Chapter 4). A similar e  ect was observed in Arabidopsis thaliana, 
used here as a model for non-host weeds (Chapter 5). 

 Although my results demonstrate that AMF can cause reduc  ons in the growth of weedy plants, 
the e  ects were species speci  c and overall do not indicate AMF as broad-spectrum weed biocontrol 
agents that could be applied (or produce compounds that could be applied) as bioherbicides. Firstly, 
not all the weed species screened responded nega  vely to AMF (Chapter 2) and not all AMF species/
isolates caused weed growth reduc  ons (Chapter 3). Secondly, adverse e  ects of AMF coloniza  on 

on plant growth were also observed in the crop species maize (Chapter 2) and wheat (Chapters 2 
and 4). Thirdly, AMF did not a  ect weed survival and even growth suppressed weed species s  ll 
produced  owers and set seeds (results not shown). Finally, there is no evidence that AMF produce 
allelochemicals that could inhibit the growth of weeds (Chapter 4). 
 The role of AMF in weed management might therefore be more subtle. It is currently 

acknowledged the importance of on-farm biodiversity (crops, weeds, soil microbes, etc.) on the 
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stability, produc  vity and health of agroecosystems (Bàrberi 2002). Weeds, in par  cular, can o  er 
some agroecological bene  ts like providing food and shelter for natural enemies of pests and 
diseases, and help to conserve soil moisture and prevent erosion (Jordan & Vatovec 2004). Therefore, 
there has been a shi   in a   tude from total weed eradica  on to managing weeds at densi  es that 

reduce the harm to crop produc  on resul  ng from this  ora but s  ll allow for the exploita  on of 
its bene  cial e  ects (Müller-Schärer et al. 2000, Grundy et al. 2011). The observed nega  ve e  ects 
of AMF on the growth of some weed species suggest that these fungi may contribute to keeping 
popula  ons of weed species at tolerable levels. In addi  on, the di  eren  al weed responses to AMF 

indicate that the composi  on of weed communi  es in agricultural  elds and the rela  ve abundances 
of posi  vely and nega  vely responsive species within these communi  es, can be altered by AMF, 

similar to what has been proposed in other studies concerning di  erent plant communi  es and 
ecosystems (Grime et al. 1987, Sanders & Koide 1994, van der Heijden et al. 1998a, Klironomos 
2003). Manipula  on of AMF via agronomic management may thus provide a means of (1) keeping 

some weed popula  ons at tolerable threshold levels and (2) direc  ng weed community dynamics 
to not only reduce nega  ve e  ects of weeds, but also increase their bene  cial e  ects (Jordan et al. 

2000).
 A number of studies have shown that AMF richness and abundance is reduced by agricultural 
intensi  ca  on (Helgason et al. 1998, Oehl et al. 2004, 2010, Verbruggen et al. 2010). Agricultural 

prac  ces like  llage, fer  liza  on and monocropping are par  cularly deleterious to AMF communi  es 
(Johnson 1993, Jansa et al. 2002, Oehl et al. 2003). Minimizing such prac  ces and favoring those 

with opposite e  ects on AMF communi  es (e.g. conserva  on  llage, use of mycorrhizal cover crops, 
rota  on with mycorrhizal crops; Jordan et al. 2000) should contribute to the conserva  on and 
promo  on of AMF in agroecosystems, thereby possibly enhancing their nega  ve e  ects on weed 

growth. An ini  al indica  on that the promo  on of AMF abundance in agroecosystems could bene  t 
weed management was evidenced by the linear growth suppression of the weed E. crus-galli with 

increasing AMF abundance (Chapter 3). However, this trend should be con  rmed for mul  ple weed 
species. 
 If AMF can also nega  vely a  ect the growth of crop species (e.g. Chapter 2), then the promo  on 
of AMF in agroecosystems could have instead a nega  ve impact on yields. Cereal crops like wheat, 

barley and maize have been shown to be o  en unresponsive or nega  vely-responsive to AMF 
inocula  on in pot experiments where root development is space limited (Graham & Abbo   2000, 
Jansa et al. 2005, Li et al. 2006, 2008, Grace et al. 2009, Verbruggen et al. 2012). However, a bene  cial 
e  ect of AMF abundance on crop yields seems to be largely predominant, especially in  eld 
condi  ons. For example, a survey of 78 published  eld trials found that increased AMF coloniza  on 

resulted in an average yield increase of 37% percent (McGonigle 1998). Another meta-analysis of 290 
published  eld and greenhouse studies determined that increased coloniza  on resulted in a 23% 
yield increase (Lekberg & Koide 2005). I observed a nega  ve e  ect of the AM fungus G. intraradices 
on the growth of wheat (although not signi  cant) and maize (Chapter 2) but, generally, the e  ect 
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of AMF on crop growth was more variable than on weed growth; in a di  erent experiment maize 
did not respond nega  vely to a combina  on of three AMF while the three weeds tested maintained 
nega  ve responses (Chapter 2). Furthermore, in scenarios of weed-crop coexistence (Chapters 2 
and 4), AMF always reduced weed growth while crop response was not a  ected (maize; Chapter 

2) or, despite reducing crop biomass, AMF s  ll improved its nutri  onal status (wheat; Chapter 4). 
Similarly, in the work of Rinaudo et al. (2010), AMF reduced total weed biomass while the coexis  ng 
crop, sun  ower, bene  ted from AMF via enhanced phosphorus nutri  on. In conclusion, possible 
nega  ve e  ects of AMF on crops should be considered when manipula  on of AMF is proposed but 

these may not be meaningful in more complex systems, such as  eld condi  ons. 
 In the  eld, plant roots are usually colonized by more than one AMF species (Merryweather & 

Fi  er 1998, Öpik et al. 2006). If weed growth responses depend on AMF iden  ty, even for closely 
related fungi (Chapter 3), it is not clear how weeds might respond to coloniza  on by mul  ple 
and more phylogene  cally distant AMF. I have observed that the AM fungus G. claroideum did 

not reduce biomass of the weed species E. crus-galli, S. viridis and S. nigrum (Chapter 3) but, in a 
di  erent experiment, these weeds showed nega  ve mycorrhizal growth responses to co-inocula  on 

of G. claroideum with two other species (G. intraradices and G. mosseae). Unfortunately, the 
di  erence in experimental condi  ons and the fact that the same AMF isolates were not used in both 
studies hinders concise conclusions on the impact of AMF richness. Several studies have reported 

an increase in plant produc  vity with AMF richness (van der Heijden et al. 1998b, Vogelsang et al. 
2006, Maherali & Klironomos 2007) that has been a  ributed to complementary (i.e. a mixture of 

AMF species that are complementary in their func  ons results in more bene  ts than any of the 
species separately) and/or selec  on (i.e. presence of a par  cularly e  ec  ve and compe   ve AMF 
species that drives the responses to a mixture) e  ects among AMF (Wagg et al. 2011a). Furthermore, 

it has been shown that coexis  ng plant species can be colonized by di  erent AMF communi  es 
(Vandenkoornhuyse et al. 2002, Sýkorová et al. 2007) and recent work now indicates that plants 

might be able to discriminate and select the best fungal partners (Kiers & van der Heijden 2006, 
Bever et al. 2009, Kiers et al. 2011). Altogether, these studies raise awareness to extrapola  ng the 
nega  ve e  ect of one or few AMF species on weed growth to a  eld situa  on where more AMF are 
present, and to possible unwanted consequences, strictly from a weed management perspec  ve, of 

promo  ng AMF richness in agroecosystems.
 Overall, it is the prevalent opinion that AMF provide many bene  cial ecosystem services 
(summarized in van der Heijden & Horton 2009) that are essen  al for the sustainable management 
of agroecosystems (Gianinazzi et al. 2010). By showing that some AMF can reduce the growth of 
some weeds, my results provide a preliminary indica  on that AMF can be also important for the 

sustainable management of weeds. Nonetheless, the e  ects of AMF communi  es on weed (and 
crop) growth in the  eld remain to be tested (see Sugges  ons for future research). It is hence in 
the wider context of mul  ple bene  cial e  ects of AMF in agroecosystems that, at this point, the 
promo  on of AMF abundance and richness should be proposed. 
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Func  oning of (antagonis  c) plant-AMF interac  ons 

Despite the poten  al applied value of AMF indicated by the bene  cial ecosystem services provided 
by these organisms, the complexity of plant-AMF interac  ons has limited the use and management 
of AMF to ful  ll this poten  al (Johnson et al. 1997). This limita  on can be only overcome by a 
thorough knowledge on the func  oning of plant-AMF interac  ons, in par  cular, on the factors 
that determine, and mechanisms that control, plant responses to AMF. My results provide further 

insights on (antagonis  c) interac  ons between AMF and (a) mycorrhizal hosts, (b) non-mycorrhizal 
hosts.

Host-AMF interac  ons
The complex nature of the AM symbiosis was well re  ected in the di  eren  al mycorrhizal growth 
responses of host plants obtained, according to the plant iden  ty (Chapters 2 and 3), AMF iden  ty 
(Chapter 3), inoculum amount (Chapter 3) and extent of root coloniza  on (Chapters 2 and 3).

 Responses of di  erent plant species to inocula  on with a single AMF can vary from highly 
posi  ve to highly nega  ve. Klironomos (2003) inoculated 64 plant species from an old-  eld plant 

community with the AM fungus G. etunicatum and found highly varying mycorrhizal growth 
responses (-46 to +48%.) that followed a normal frequency distribu  on. I observed a similar variable 
range of mycorrhizal responses (-35 to +38%) on 12 plant species inoculated with G. intraradices 

(Chapter 2), but skewed towards the nega  ve side of the axis of plant responses. The predominance 
of nega  ve mycorrhizal growth responses likely re  ects a higher suscep  bility of weed species, or 

species normally occurring in agroecosystems (since the crop species wheat and maize were also 
nega  vely a  ected), to nega  ve e  ects of AMF coloniza  on. It is important to note, however, that 
the high level of available P in the soil substrate might have also contributed to the higher frequency 

of nega  ve responses. In any case, together with other studies (Chapter 1: Table 2), my results 
indicate that, in general, weedy plant species may be more prone to antagonis  c AM symbioses, 
but this does not necessarily apply to all weeds (Chapter 2), in all environmental condi  ons. Yet, it is 

possible that traits of common weedy plants (e.g. usually short life-cycles; Chapter 1:Table 1) and/
or the fact that such species evolved in disturbed habitats (Baker 1974) that are usually poor in AMF 
(Moorman & Reeves 1979, Read & Birch 1988, Jasper et al. 1991), promote a certain independence 
of weed species from AM symbiosis, explaining the predominance of antagonis  c associa  ons 
found. 

 A recent meta-analysis has shown that the iden  ty of the host plant is probably the most 
important predictor of plant responses to AMF (Hoeksema et al. 2010). My results support this 
general conclusion but are not in agreement with the  ndings that C4 grasses and non-N-  xing forbs 
are more posi  vely-responsive to AMF than N-  xing plants (Hoeksema et al. 2010); I observed the 
opposite pa  ern, with the N-  xing legume clover always more posi  vely-responsive than the C4 

grasses E. crus-galli and S. viridis and the non-N-  xing forb S. nigrum (Chapters 2 and 3). In fact, the 
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biomass of clover, already perceived as a highly AM-dependent plant that frequently demonstrates 
posi  ve responses to AMF coloniza  on (van der Heijden 2002, Facelli et al. 2009, Smith et al. 2009, 
Wagg et al. 2011b), was on average never reduced by any of the AMF used (Chapters 2 and 3), or for 
any AMF inoculum amount, or at any  me point (Chapter 3), contrary to the other plant species. 

 On the other hand, a single plant species can show varying responses to inocula  on with single 
AMF taxa (e.g. van der Heijden et al. 1998a, Klironomos 2003, Pringle & Bever 2008). In agreement, 
I found that the AM fungus G. claroideum had a di  erent e  ect on the growth of each of four plant 
species than G. intraradices and G. mosseae (Chapter 3). My results suggest that these di  eren  al 

growth responses were related to the ability of the fungus to colonize host roots, as the poorest 
colonizer G. claroideum was the only fungus that did not reduce the growth of the weed species E. 

crus-galli, S. viridis and S. nigrum and the only fungus that marginally signi  cantly increased growth 
of clover. AMF have a taxonomic basis to their growth and development (Hart & Reader 2002) 
and another study using di  erent isolates from the same AMF species (G. intraradices, G. mosseae 

and G. claroideum) has similarly shown that G. claroideum was the poorest colonizer compared to 
the other two species, in medic and leek roots (Jansa et al. 2008). However, in this same study, all 

three AMF species bene  ted the host plants in biomass and P uptake, and the poorest colonizer, G. 
claroideum, was instead the species that provided the lowest bene  t. Traits of the fungal genome, 
such as the ability to colonize roots, are likely to in  uence plant responses but di  eren  ally 

according to the iden  ty of the host plant. Therefore, such traits should be merely indica  ve and 
not used to infer AMF func  on or to classify fungi as “bene  cial” or “antagonis  c”.

 One factor usually missing from the discussion on the outcome of the AM symbiosis is the 
abundance of the fungal partner (but see Gange & Ayres 1999). Abundance can be regarded as the 
amount of infec  ve propagules in the soil or the amount of fungal structures in the roots (measured 

as percentage of root length colonized). Experiments manipula  ng the amount of AMF inoculum 
added to the soil show that the two are usually related, with the percentage of root length colonized 

increasing with the amount of AMF inoculum (Chapter 3, Garrido et al. 2010, Vanne  e & Hunter 
2011). I show that the e  ect of root coloniza  on density (as a proxy of AMF abundance, in general) 
on plant growth depends once again on the iden  ty of the host plant. While 10-week-old clover 
plants linearly bene  ted from increasing coloniza  on levels, growth of 10-week-old E. crus-galli 
was linearly suppressed (Chapter 3). This means that enhancing AMF abundance in the  eld (e.g. 
applica  on of commercial inoculum) might have markedly dis  nct e  ects on plant popula  ons 
present.

 Besides the relevance of plant iden  ty, the importance of root length colonized by AMF in 
determining mycorrhizal growth depressions in host plants seems to be a unifying conclusion. In 
chapter 2, I show that among the 12 plant species tested, only those with a percentage of root length 

colonized by G. intraradices higher than 50% su  ered growth depressions. In a second experiment, 
the only case where a nega  ve mycorrhizal growth response became stronger in a two-plant 

species coexistence scenario was when the percentage of root length colonized by AMF increased 
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(E. crus-galli; Chapter 2). In chapter 3, the two AMF isolates that colonized a higher percentage of 
root length also induced mycorrhizal growth responses. Finally, growth suppression of E. crus-galli 
linearly increased with increasing percentage of root length colonized by AMF. When studying the 
nature of mycorrhizal growth depressions in sun  ower, Koide (1985) also found that the degree of 

infec  on was posi  vely correlated with the degree of depression. Increased coloniza  on intui  vely 
suggests more compe   on for photosynthe  cally-assimilated carbon between the plant and the 
fungus (Buwalda & Goh 1982) that compromises the total amount of photosynthates available for 
plant growth. It has been shown that, in legumes, plant photosynthe  c rates can be s  mulated by 

the C sink exerted by AMF as an adapta  ve mechanism to op  mize the AM symbiosis (Kaschuk et 
al. 2009). This might par  ally explain why the biomass of clover was never reduced even at high 

root coloniza  on levels (Chapter 3). In other plants, when C losses to AMF are not counteracted by 
propor  onal gains via s  mula  on of photosynthe  c rates, increased compe   on with AMF might 
result in net C costs of the AM symbiosis. It is s  ll unclear whether growth depressions subsequently 

arise because C costs of the symbiosis are not compensated by increased P uptake by the fungus or 
because the root direct P-uptake pathway is inac  vated (e.g. Smith et al. 2003, Li et al. 2008).

Non-host – AMF interac  ons
While the C-for-P trade is considered a key factor in predic  ng the outcome of AM symbioses 

(Johnson 2010), it cannot explain antagonis  c e  ects of AMF on plants that are not colonized or 
that lack arbuscules. However, several studies report a nega  ve e  ect of AMF presence on the 

growth of non-host plants (Allen & Allen 1988, Allen et al. 1989, Sanders & Koide 1994, Francis & 
Read 1995, Johnson 1998, Rinaudo et al. 2010). In agreement, I found strong antagonis  c e  ects 
of AMF on the growth of the non-mycorrhizal species Stellaria media (Chapter 4) and Arabidopsis 

thaliana (Chapter 5). 
 As indicated by the biotrophic nature of AMF, e  ects on non-hosts are more likely to occur in 

the presence of mycorrhizal plants that provide AMF with the C necessary for their development 
and survival (Chapter 5). In fact, antagonis  c e  ects of non-hosts were mainly found in systems that 

include coexis  ng mycorrhizal plant(s) (Chapters 4 and 5, Sanders & Koide 1994, Francis & Read 
1995, Rinaudo et al. 2010). In the presence of a mycorrhizal host, infec  on of non-host roots has 
also been observed but usually in low levels and laking arbuscules (Chapters 4 and 5, Hirrel et al. 
1978, Ocampo et al. 1980, Francis & Read 1995, Rinaudo et al. 2010).
 Perhaps the most obvious cause of growth depressions by AMF on non-hosts coexis  ng with 

host plants is deple  on of soil P in the vicinity of non-host roots by the AMF hyphae and delivery 
to the host. This is more apparent in cases where a growth reduc  on of the non-host species is 
accompanied by a bene  cial e  ect of AMF on the growth and/or nutrient uptake of the coexis  ng 
host species (e.g. Sanders & Koide 1994, Facelli et al. 2010). The increased growth and/or nutrient 
content of AMF-colonized host plants  wheat (Chapter 4), T. pratense and L. mul   orum (Chapter 
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5)  thereby indicates that the nega  ve e  ect of AMF on the growth of S. media and A. thaliana 
might have been mainly indirect as a result of AMF-mediated compe   on. 
 However, direct antagonis  c e  ects of AMF on non-hosts have been also observed (Allen et 
al. 1989, Francis & Read 1994, 1995). Francis & Read (1994) found that aqueous extracts of soil 

containing AM mycelium inhibited non-host root development. I performed three complementary 
experiments to test whether AMF produce phytotoxic compounds that impair non-host germina  on/
growth (using ac  vated carbon to adsorb such compounds or aqueous extracts from roots colonized 
with AMF), but found no strong evidence for AMF allelopathy as a mechanism responsible for 

antagonis  c e  ects on non-hosts (Chapter 4). In another study, Francis & Read (1995) reported 
swellings and distor  on of the meristems of non-host roots (in addi  on to growth and survival 

reduc  on) in the presence of AM mycelium supported by donor host plants, “sugges  ve of (direct) 
antagonis  c rather than nutri  onal impacts of the fungus”. On a similar note, Allen et al. (1989) 
observed that inocula  on of the non-host Salsola kali with AMF resulted in browning and death 

of infected root segments. In chapter 5 of this thesis, a thorough microscopic examina  on of A. 
thaliana roots exposed to AM mycelium also revealed that cells of infected roots were mostly dead. 

Unfortunately, it is not clear if cell death occurred as a result of AMF infec  on or if roots were 
already senescing prior to infec  on.
 Cell death upon infec  on could be regarded as a hypersensi  ve-like plant response (García-

Garrido & Ocampo 2002) to limit coloniza  on by the fungus. In compa  ble host-AMF interac  ons, 
AMF have been shown to induce weak, localized and transcient defense responses indica  ng that AMF 

are able to overcome/neutralize plant defense mechanisms and establish a successful, compa  ble 
associa  on (Gianinazzi-Pearson et al. 1996, García-Garrido & Ocampo 2002, Campos-Soriano et al. 
2010). In turn, experiments with mycorrhiza-defec  ve mutants show that AMF induces stronger and 

more prolonged defense responses in the mutants than in the respec  ve mycorrhizal “wild-type” 
plants (Harrison & Dixon 1993, Blilou et al. 1999, Ruiz-Lozano et al. 1999, Gao et al. 2004). Since 

defense responses can entail costs derived from trade-o  s between investment in defense and 
alloca  on of resources to plant growth and development (Walters & Heil 2007), in non-host plants, 
especially those constantly exposed to AM mycelium, the investment in defense mechanisms might 
result in signi  cantly reduced plant growth. The e  ects of AM mycelium on A. thaliana growth and 
root infec  on (Chapter 5) indicate that it is now possible to explore the molecular dialogue (if any) 
between AMF and non-host plants and test hypotheses like the involvement of defense-response 
mechanisms in antagonis  c non-host – AMF interac  ons (e.g. Appendix).
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Considera  ons on the role of AMF in con  ning weeds to the ruderal habit

Baker’s de  ni  on of “weeds” (Baker 1965; see Chapter 1) implies that these plant species are o  en 
con  ned to disturbed environments. What then determines this apparent failure to succeed in 
closed, late-successional habitats? 
 Disturbance nega  vely a  ects AMF abundance and diversity (Moorman & Reeves 1979, Read 
& Birch 1988, Jasper et al. 1991, Helgason et al. 1998, Oehl et al. 2010) and therefore favors the 

establishment of species that do not depend heavily on AMF to acquire immobile soil nutrients 
(Reeves et al. 1979, Allen & Allen 1980, Janos 1980). Consequently, disturbed habitats are o  en 
dominated by non-mycorrhizal and faculta  ve hosts (Janos 1980, Smith & Read 2008). It had been 
previously suggested that, as nutrient availability decreases with  me a  er disturbance, more AM-

dependent species would gradually be favored (Francis & Read 1994). The nega  ve e  ects of AMF 
on weeds found in several studies (Chapter 1: Table 2) and con  rmed in this thesis (Chapters 2, 3, 

4 and 5) indicate that antagonis  c interac  ons with AMF may also contribute to the exclusion of 
these species during succession (Francis & Read 1994, 1995). In  me, with the establishment of 

more plant species that can be colonized by AMF propagules that survived disturbance and with 
the growth of AMF-colonized roots from adjacent sites, AMF abundance and diversity is likely to 
increase with succession (Janos 1980, Koske & Gemma 1997). From the observed di  eren  al e  ects 

of di  erent AMF on weed growth and increased growth suppression of the weed E. crus-galli with 
higher AMF abundance (Chapter 3), it can be further suggested that changes in AMF community 

composi  on and increased AMF abundance during succession might be mechanisms determining 
the exclusion of such species from late-successional, undisturbed habitats. 

Sugges  ons for future research

While the predominance of antagonis  c e  ects of AMF on weeds found throughout this thesis 

is consistent with  ndings reported in other studies, future research is required to further the 
ecological and applied relevance of antagonis  c plant-AMF interac  ons (in par  cular the role of 
AMF on weed management).
 I used very simpli  ed experimental systems where only one or two plant species were grown 
in the presence of one or few AMF, under controlled glasshouse condi  ons. Such “reduc  onist 

approaches” (Read 2002) are frequently used in mycorrhizal research (van der Heijden et al. 1998b, 
Klironomos 2003, Kiers et al. 2011, Wagg et al. 2011a) and are certainly vital for the understanding 
of the mechanisms regula  ng the func  oning of plant-AMF interac  ons. Above all, it is di   cult 
to assess the impact of AMF on plants in the  eld because AMF are usually already present in 
the soil and cannot be easily manipulated without simultaneously changing other factors or 

organisms (Read 2002). A recent study has shown that the e  ects of AMF on some plant species 
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found in the laboratory could be generally reproduced in the  eld (Pringle & Bever 2008). However, 
theore  cally, reduc  onist approaches do not re  ect the complexity found in the  eld where plant-
AMF interac  ons are bound to be a  ected by a mul  tude of parallel interac  ons with the abio  c 
and bio  c environment. Therefore, future research should, on one hand, analyze the e  ects of AMF 

on weeds in increasingly complex study systems. For example:
• Weeds can reduce agricultural yields by compe  ng with the crop for resources (Zimdahl 2007). 

The observed antagonis  c e  ects of AMF on some weeds will not be meaningful for crop 
produc  on if they do not minimize the compe   ve pressure of weed communi  es on crops and 

therefore yield losses to weeds. Future studies should test the e  ect of AMF on the compe   ve 
rela  onships between crops and their naturally co-occuring weed communi  es with special 

emphasis on crop yield. 
• As it has been previously men  oned, since not all AMF nega  vely a  ect weed growth (Chapter 

3) it is di   cult to foresee the overall impact of “real” AMF communi  es on weed growth. 

Future research should now test the e  ect of whole AMF communi  es (with di  eren  al species 
composi  on and richness) on weed growth.

• An interes  ng approach to assess the signi  cance of the impact of AMF on weeds would be 
to perform correla  on analyses between (a) weed species composi  on, abundance and 
produc  vity and (b) AMF abundance, community composi  on and richness, in a wide range of 

agricultural  elds. Nonetheless, it would cons  tute a challenge to separate the e  ects of AMF 
on weeds from those resul  ng from di  erent agricultural management strategies and di  erent 

environmental condi  ons. 

On the other hand, future studies on the mechanisms responsible for nega  ve e  ects of AMF on 

plant growth are warranted to be  er predict antagonis  c plant-AMF interac  ons and to eventually 
manage them to our bene  t (e.g. to reduce popula  ons of problema  c weeds to tolerable levels). 

The implica  on of higher AMF coloniza  on levels in growth depressions of mycorrhizal hosts 
(Chapters 2 and 3) suggests that the la  er arise from higher C costs of the symbiosis. In order to test 
this, studies using isotopes to quan  fy both C costs and P bene  ts (e.g. Lendenmann et al. 2012) 
should be performed. In non-hosts, the possibility that some of the nega  ve impact is a  ributable 

to compe   ve e  ects, especially the withdrawal of nutrients by AMF hyphae, should not be 
overlooked. However, death of AMF-infected A. thaliana root cells suggests that more direct, non-
nutri  onal e  ects, related to root infec  on could also play a role in determining growth depressions 
of non-hosts in the presence of AMF. Therefore, a causal e  ect of AMF infec  on on root cell death 
should be clearly shown. Ul  mately, using A. thaliana as a model plant, it should be tested whether 

AMF are able to induce strong defense responses on non-hosts that could result in reduced growth 
(e.g. Appendix).
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Concluding remarks

This thesis demonstrated that, despite the complexity of plant-AMF interac  ons, some AMF can 
reduce the growth of some weeds, either mycorrhizal or non-mycorrhizal hosts. Such e  ects are not 
strong or general enough to propose AMF as broad-spectrum weed control bioagents for classical 
or inunda  ve biocontrol approaches. Rather, these soil fungi should be regarded as possible 
biocontrol agents from a conserva  on or systems management approach; the manipula  on of the 

environment to favor AMF (i.e. reducing the deleterious impact of some agricultural prac  ces on 
AMF communi  es) might enhance their poten  al to reduce some weed popula  ons to tolerable 
levels and contribute to a more sustainable weed management. This poten  al has s  ll to be 
con  rmed in future research.

 For the  rst  me, an e  ect of AMF presence was shown in the model plant Arabidopis thaliana. 
A. thaliana may thereby in the future serve as a valuable tool in unraveling the molecular basis of 

incompa  ble plant-AMF interac  ons, including antagonis  c e  ects on non-host (weed) species. 
 Jus   ably, the majority of mycorrhizal research has been based on the premise of mutualis  c 

associa  ons and nega  ve e  ects of AMF are usually casual observa  ons. So far, only few studies 
before this thesis have focused speci  cally in “predictable” cases of antagonis  c plant-AMF 
interac  ons. However, both antagonis  c and mutualis  c e  ects of AMF are likely to in  uence plant 

community composi  on and produc  vity. In addi  on, there is raising concern that the impact of 
human ac  vi  es on the environment is shi  ing the o  en mutualis  c character of the AM symbiosis 

to a more antagonis  c one (Kiers et al. 2010). I hope the research presented in this thesis will be a 
step forward in the understanding of the nature of antagonis  c plant-AMF interac  ons, fundamental 
for an adequate management of these soil fungi in the  eld.
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Abstract

Some plants do not establish a symbiosis with arbuscular mycorrhizal (AM) fungi but are s  ll a  ected 
by their presence. This has been shown to be the case of the model plant Arabidopsis thaliana 
whose growth can be signi  cantly reduced in the presence of AM mycelium supported by a host 
species (Chapter 5 of this thesis). We hypothesized that such nega  ve e  ect on non-host growth 
could be related to ac  va  on of strong and costly defense responses. Therefore, in this preliminary 

study, we analyzed the expression of six defense-related genes (PR-1, PDF1.2, VSP2, CYP71A12, 
WRKY11, MYB51) in A. thaliana roots exposed to mycelium of the AM fungus Glomus intraradices.
 One-week-old A. thaliana plants were transferred to bi-compartmental Petri dishes where G. 
intraradices mycelium supported by the host Medicago truncatula (grown in the other compartment 

of the Petri dish) had developed during the three previous months. A  er one week of growing A. 
thaliana in the presence of G. intraradices mycelium, roots were harvested for gene expression 

analyses by qRT-PCR. 
 The presence of G. intraradices mycelium resulted in marginal induc  on of only one defense-

related gene in A. thaliana roots, namely CYP71A12. The other genes tested were not induced by 
the AM fungus and even a (sta  s  cally non-signi  cant) trend towards reduced levels of expression 
was detected (e.g. PR-1, PDF1.2, VSP2). 

 These results suggest that AMF might not induce strong defense-responses in non-host plants 
like A. thaliana, but rather suppress them. However, e  ects of AMF on A. thaliana biomass seemed 

(visually) weak and it is possible that G. intraradices did not invade A. thaliana roots, as previously 
observed (Chapter 5). Overall, this study was severely limited by the lack of enough A. thaliana plant 
material that impeded determina  on of A. thaliana biomass or percentage of root coloniza  on 

by AMF. In addi  on, replicates had to be pooled in order to have su   cient root material for RNA 
extrac  on and subsequent qRT-PCR, resul  ng in only two biological replicates per treatment. Such 

small replica  on indicates that gene expression data should be interpreted with great cau  on. 
Future studies should enhance sample size and focus on a wide range of genes (e.g. compara  ve 

transcriptomics approach) rather than a set of pre-selected genes.
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Introduc  on

The arbuscular mycorrhizal (AM) symbiosis is an ancient and widespread associa  on between plants 
and fungi from the phylum Glomeromycota (Schüssler et al. 2001, Smith & Read 2008). Host plants 
usually bene  t from AM symbiosis through improved water and nutrient uptake (predominantly 
phosphate, P), and resistance to plant diseases (Newsham et al. 1995, Smith & Read 2008). In return, 
AM fungi (AMF) obtain carbohydrates from plants, essen  al for their growth and reproduc  on 

(Bonfante & Genre 2010). The establishment of the AM symbiosis involves coloniza  on of host 
roots and development of rami  ed structures within the plant cells, named arbuscules, which are 
the main organs of nutrient exchange between the symbio  c partners (Parniske 2008). Coloniza  on 
of host roots by AMF has been shown to induce plant defense mechanisms that must subsequently 

be overcome or neutralized by AMF for the establishment of a successful, compa  ble associa  on 
(Gianinazzi-Pearson et al. 1996, García-Garrido & Ocampo 2002, Campos-Soriano et al. 2010).

 Plant species that do not associate with AMF are only a minority but are frequent in families like 
Brassicaceae, Polygonaceae, Amaranthaceae, Caryophyllaceae (Wang & Qiu 2006), which comprise 

several problema  c agricultural weeds (e.g. Rumex spp., Chenopodium album, Amaranthus 
retro  exus, Stellaria media). Notably, growth and some  mes survival of non-mycorrhizal hosts 
seem to be o  en nega  vely a  ected by the presence of AMF (Allen et al. 1989, Sanders & Koide 

1994, Francis & Read 1995, Johnson 1998, Rinaudo et al. 2010, Chapters 4 and 5 of this thesis) but 
the mechanis  c basis of this e  ect is s  ll unclear. In addi  on, AM fungal hyphae have been shown 

to penetrate roots of non-hosts, especially when supported by a mycorrhizal host (Hirrel et al. 1978, 
Ocampo et al. 1980, Francis & Read 1995, Rinaudo et al. 2010, Chapters 4 and 5). In these cases, 
however, arbuscules are usually not formed. Allen et al. (1989) observed that inocula  on of the non-

host Salsola kali with AMF resulted in a hypersensi  ve-like reac  on (García-Garrido & Ocampo 2002) 
in the infected root cells that retracted AMF coloniza  on. Previously, S. kali growth and survival had 

been shown to be reduced by AMF both in the  eld and in greenhouse experiments (Allen & Allen 
1988, Allen et al. 1989). Similarly, work with AM-defec  ve mutants (i.e. “mutants of AM host plants 

that block fungal development at various steps of root infec  on”, Gao et al. 2004), some of which 
are also nega  vely a  ected by the presence of AMF (Neumann & George 2005, Facelli et al. 2010), 
has shown that AMF can induce stronger and more prolonged defense responses in the mutants 
(e.g. produc  on of the signaling compound salicylic acid, expression of defense-related genes and 
accumula  on of defense-associated proteins or phytoalexins), compared to the respec  ve wild-
type, AM host plants (Gao et al. 2004 and references therein). Defense responses might entail costs 

derived from trade-o  s between investment in defense and alloca  on of resources to plant growth 
and development (Walters & Heil 2007). Whereas the costs of weak and transient defense responses 

induced by AMF in host plants might be small and/or quickly compensated by the nutri  onal bene  t 
derived from the AM associa  on, in non-host plants, especially those constantly exposed to AM 
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mycelium, the investment in defense mechanisms is likely to be re  ected in signi  cantly reduced 
plant growth. 
 Chapter 5 of this thesis demonstrated that the model plant Arabidopsis thaliana, a non-
mycorrhizal host, can be strongly a  ected by AMF; the presence of an ac  ve AM mycelium 

signi  cantly reduced A. thaliana biomass and infected its roots (without forming symbio  c 
structures, arbuscules). Therefore, A. thaliana may be a suitable model to study the molecular basis 
of antagonis  c e  ects of AMF on non-mycorrhizal plants, as well as non-host incompa  bility. To 
understand if the observed growth reduc  on results from ac  va  on of costly defense responses we 

analyzed, in this preliminary study, expression of defense-related genes in the roots of A. thaliana 
plants grown in the presence of AM mycelium in an in vitro culture system. Some A. thaliana plants 

were addi  onally treated with Flg22, an elicitor of defense responses (Felix et al. 1999), to inves  gate 
if AMF are, on the other hand, able to ac  vely suppress plant defense responses. The expression of 
six defense-related genes was tested. These genes were selected based on their induc  on pa  erns 

upon coloniza  on by diverse harmful and bene  cial microbes (see in the Material and Methods 
sec  on a brief descrip  on of the selected genes).

Material and Methods

Defense-related genes
In this study we analyzed the expression of the defense-related genes: PR-1, PDF1.2, VSP2, 
CYP71A12, WRKY11 and MYB51.

 The PR-1 gene is a Salicylic acid (SA)-responsive gene that encodes for a pathogenesis-related 
(PR) protein 1. PR-1 proteins have an unknown func  on but are the most abundantly accumulated 

PR proteins a  er infec  on with (hemi) biotrophic pathogens. PR-1 proteins are commonly used as 
indicators of pathogen-induced systemic acquired resistance (SAR) (Uknes et al. 1992, van Loon 
1997, van Loon & van Strien 1999, van Loon et al. 2006).

 The PDF1.2 gene is a Jasmonic acid (JA)/Ethylene (ET)-regulated gene that encodes for plant 
defensin 1.2, a low molecular weight protein with an  fungal ac  vity. It is used as a marker for 

JA-ac  vated defense responses against necrotrophic pathogens. (Penninckx et al. 1996, 1998, 
Memelink 2009, Verhage 2011).
 The VSP2 gene is a JA/ Abscisic acid (ABA)-regulated gene that encodes for vegeta  ve storage 

protein 2. It is used as a marker for the JA-regulated defense pathway involved in the wounding 
response and resistance against insect herbivores (Lorenzo et al. 2004, Liu et al. 2005, Memelink 

2009, Verhage 2011).
 The genes CYP71A12, MYB51 and WRKY11 encode, respec  vely, the cytochrome P450 essen  al 
for camalexin produc  on (Na  si et al. 2007, Millet et al. 2010), a transcrip  on factor essen  al for 

the regula  on of indole-glucosinolate biosynthesis (Gigolashvili et al. 2007) and a transcrip  on 
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factor that is a nega  ve regulator of basal resistance in Arabidopsis (Journot-Catalino et al. 2006). 
They are used as markers for the ac  va  on of plant innate immune responses that are ac  vated 
upon percep  on of microbial-derived molecules (conserved among di  erent classes of microbes), 
collec  vely referred to as MAMPs. Common MAMPs include the bacterial  agellin epitope  g22, the 

bacterial elonga  on factor Tu, as well as chi  n, the major component of fungal cell walls (Zamioudis 
& Pieterse 2012).

Biological material
In this study we used spores from Glomus intraradices Schenck and Smith MUCL 41833 colonizing 
transformed carrot roots (Daucus carota L.) cultured in modi  ed Strullu Romand (MSR) medium 
(Declerck et al. 1998)  solidi  ed with 3 g L-1 GelGroTM (ICN Biomedicals Inc.). 
 Seeds of Arabidopsis thaliana (L.) Heynh. Columbia-0 (Col-0) and Medicago truncatula Gaertn. 

cv. Jemalong strain A17 were surface-sterilized with sodium hypochlorite (8% ac  ve chloride) for 10 
min, rinsed with sterilized dH2O and germinated in Petri dishes  lled with 35 mL of MSR medium 

lacking sucrose and vitamins and solidi  ed with 3 g L-1 GelGroTM. Petri dishes were incubated in the 
dark at 27 C un  l seeds germinated. Subsequently, cultures were placed at 22/18 C (day/night), 

light/dark cycle of 16h/8h. 

Prepara  on of the mycelium donor plant in vitro culture system
The method described in Voets et al. (2009) was followed to prepare the system where A. thaliana 
was grown in the presence of AM mycelium. Brie  y, this system consists on bi-compartmental Petri 

dishes (9 cm diameter) containing solid MSR medium lacking sucrose and vitamins where, in one 
compartment, the donor host plant M. truncatula is planted and inoculated with AMF spores (root 

compartment) and, in the other, only AM mycelium and not roots have access and develop (hyphal 
compartment). Approximately 100 spores of G. intraradices were inoculated in the vicinity of M. 

truncatula roots. Petri dishes were wrapped in opaque plas  c bags (but not covering M. truncatula 
shoots) and incubated for c. 12 weeks in a growth chamber with 22/18ºC (day/night), 70% rela  ve 
humidity, photoperiod of 16 h day -1 and an average photosynthe  c photon  ux of 225 m m-2 s-1. 
During this period, 10 mL MSR medium lacking sucrose and vitamins was weekly added to the root 
compartment (star  ng from week 3) and M. truncatula roots that passed the par   on wall were 
trimmed.

 Non-mycorrhizal (NM) control Petri dishes consisted of similarly prepared plates but in which 
M. truncatula was not inoculated with AMF spores. In total, 16 Petri dishes were prepared, eight 
containing G. intraradices (AM) and eight NM control plates.
 One-week-old A. thaliana seedlings were transferred to the hyphal compartement of AM and 
NM Petri dishes (15 seedlings/Petri dish) and grown for another week in the growth chamber (same 

condi  ons as above).
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Treatment with Flg22 
In eight Petri dishes (four AM and four NM), 2 mL of liquid MSR medium lacking sucrose and vitamins 
and containing 200 nM Flg22 (GenScript) was applied to the hyphal compartment /A. thaliana 

plants, during 3 h before harvest. A. thaliana plants in the remaining eight Petri dishes received 2 
mL of liquid MSR medium lacking sucrose and vitamins but without Flg22. 

Root RNA extrac  on and qRT-PCR
At harvest, A. thaliana shoots were cut and roots were removed from the growing medium, quickly 
washed with sterilized dH2O, placed in Whatman  lter paper to absorb excess water and snap-
frozen in liquid nitrogen. Total RNA was extracted from the roots of ~30 two-week-old seedlings 
harvested from two pooled Petri dishes (from the same treatment) using RNeasy® Plant Mini 

Kit (QIAGEN) according to the manufacturer’s instruc  ons (two samples per treatment). Total 
RNA was treated with DNase I (Ambion) to avoid genomic DNA contamina  on, and 1 g of total 
RNA was reverse transcribed using the RevertAidTM H Minus Reverse Transcriptase. Quan  ta  ve 

reverse transcrip  on-PCR (qRT-PCR) reac  ons were performed in op  cal 96-well plates (Applied 
Biosystems) with an ABI PRISM® 7900 HT sequence detec  on system, using SYBR® Green to monitor 
the synthesis of double-stranded DNA. The program used for qRT-PCR was as follows: 50 C for 2 

min, 95 C for 10 min, 40 cycles of 95 C for 15 s and 60°C for 1 min followed by a melt curve from 
60 to 95 C with 19 C increments every minute. Transcript levels were calculated rela  ve to the 

reference gene At1g13320 using the 2- Ct method described previously (Livak & Schmi  gen 2001, 
Schmi  gen & Livak 2008). The primers used for qRT-PCR are described in Table 1.

Table 1. Primers used for qRT-PCR

At1g13320-Fw 5’-AGTGGTCGTACAACCGGTATTGT-3’ 

At1g13320-Rv 5’-GATGGCATGAGGAAGAGAGAAAC-3’

PR-1-Fw 5’-CTCGGAGCTACGCAGAACAACT-3’

PR-1-Rv 5’-TTCTCGCTAACCCACATGTTCA-3’

PDF1.2-Fw 5’-TTTGCTGCTTTCGACGCAC-3’

PDF1.2-Rv 5’-CGCAAACCCCTGACCATG-3’

VSP2-Fw 5’-TCAGTGACCGTTGGAAGTTGTG-3’

VSP2-Rv 5’-GTTCGAACCATTAGGCTTCAATATG-3’

CYP71A12-Fw 5’-GATTATCACCTCGGTTCCT-3’

CYP71A12-Rv 5’-CCACTAATACTTCCCAGATTA-3’

WRKY11-Fw 5’-CCACCGTCTAGTGTAACACTCGAT-3’

WRKY11-Rv 5’-TGCAACGGAGCAGAAGCAAGGAA-3’

MYB51-Fw 5’-ACAAATGGTCTGCTATAGCT-3’

MYB51-Rv 5’-CTTGTGTGTAACTGGATCAA-3’
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Sta  s  cal analysis
Rela  ve expression was analyzed for each gene by two-way ANOVA with AMF (presence or absence 
of G. intraradices mycelium) and Flg22 (roots treated with Flg22 or le   untreated) as factors, using 

generalized linear least squares with the gls func  on from the nlme library (Pinheiro & Bates 
2000) for R2.9.0. (R Development Core Team 2009). Since there was heterogeneity in the variance 
structure between treatments we used the varIdent() func  on to allow each treatment to have a 
di  erent variance. Whenever a factor or their interac  on was at least marginally signi  cant (P < 0.1) 
we proceeded to analyze di  erences between speci  c treatment means using Student’s t-test. We 
present rela  ve expression means for each gene ± SE that, in this speci  c case of two replicates, 

corresponds to the expression values of each replicate.

Results

A  er one week of growth in Petri dishes containing G. intraradices mycelium supported by M. 
truncatula, A. thaliana plants did not exhibit big di  erences in size or survival (data not shown) 

compared to NM control plants (Figure 1A). Some A. thaliana plants grown in the presence of AM 
mycelium did however develop a purple color sugges  ve of stress, in contrast to plants grown in 

NM control Petri dishes (in the 16 Petri dishes without AM mycelium, none of the seedlings showed 
purple colora  on). Overall, at harvest  me, two-week-old A. thaliana plants grown either in the 
presence or in the absence of G. intraradices were all considerably small and under-developed 

(2  4 rose  e leaves). For this reason, all the roots collected were taken for RNA extrac  on and 
AMF coloniza  on (by staining and microscopic analysis) was not assessed. However, a previous 

observa  on of A. thaliana roots at the stereomicroscope (before harvest) revealed that, although 
there was close contact with G. intraradices hyphae and spores, there did not seem to be root 
infec  on (Figure 1B).
 From the observa  on of Figure 2 there seems to be a general trend toward suppression of the 

genes tested in the presence of AMF (with or without the addi  on of Flg22), except in the case of 
CYP71A12. In the next paragraphs we present the results from the sta  s  cal analyses but these 
should be interpreted with cau  on since they were based on only two replicates per treatment.
 There was no interac  ve e  ect of AMF and Flg22 on the expression level of the analyzed genes 
in A. thaliana roots, except for CYP71A12 (marginally signi  cant) (Table 1). In this case, there was a 

marginally signi  cant increase in the expression levels of CYP71A12 in the presence of G. intraradices 
(t = 2.6, P = 0.06) but a slight decrease (not sta  s  cally signi  cant) when roots were treated with 
Flg22 (Figure 2). On the other hand, Flg22 marginally induced the expression of CYP71A12 in NM 
roots (t = 2.4, P = 0.07). The genes PR-1, PDF1.2 and MYB51 were expressed at comparable levels in 
the roots of A. thaliana, independently of the treatment (Table 1).
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Figure 1. (A) Two-week-old A. thaliana plants grown for one week in the presence of G. intraradices 

mycelium (AMF) supported by the host plant M. truncatula, compared to plants grown in non-mycorrhizal 

(NM) control Petri dishes. (B) Two-week-old A. thaliana root growing amongst, and in close contact with, 

G. intraradices hyphae and spores, observed at the stereomicroscope (4x magni  ca  on). 

Figure 2. qRT-PCR analysis of six defense-related genes (rela  ve to At1g13320) in the roots of two-

week-old A. thaliana grown for one week in the absence (white bars) or presence (grey bars) of G. 

intraradices mycelium, and treated with Flg22 or le   untreated (no Flg22). Data represent the mean ± SE 

of two biological replicates (in this case the SE corresponds to the rela  ve expression of each of the two 

replicates). P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001; Student’s t-test.
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Nevertheless, there seemed to be a trend of weak suppression of expression of these three genes 
in the roots grown with AM mycelium compared to NM control, regardless the Flg22 treatment 
(Figure 2). The expression of VSP2 was signi  cantly a  ected by the treatment with Flg22 but not 
by the presence of AM mycelium (although VSP2 expression was again slightly reduced in the AM 

roots compared to NM control roots) (Table 1, Figure 2). Flg22-treated NM A. thaliana roots had 
signi  cantly lower VSP2 transcript copies than untreated NM control roots (t = -9.9, P = 0.0006). 
Finally, the expression of the gene WRKY11 was signi  cantly a  ected by AMF and Flg22 (Table 1). 
This gene was similarly expressed in the roots of A. thaliana grown with G. intraradices, compared 

to NM control roots, but the treatment with Flg22 signi  cantly increased WRKY11 expression in NM 
roots (t = 10.1, P = 0.005) (Figure 2). For the roots treated with Flg22, the presence of AM mycelium 

marginally reduced the expression of WRKY11 (t = -2.3, P = 0.08).

Table 2. Results of the ANOVA tes  ng for the e  ects of AMF and Flg22 on the expression (rela  ve to 

At1g13320) of each defense-related gene in A. thaliana roots.

  PR-1

 

PDF1.2

 

VSP2

df F P F P F P

AMF 1 0.7 0.46 0.6 0.47 0.2 0.65

Flg22 1 4.6 0.15 0.2 0.71 98.2 0.0006***

AMF ×  g22 1 2.6 0.18 0.9 0.40 2.1 0.22

Error 4         

  CYP71A12

 

WRKY11

 

MS1

df F P F P F P

AMF 1 158.3 0.0002*** 15.9 0.016* 4.7 0.10

Flg22 1 1.8 0.25 120.7 0.0004*** 0.8 0.43

AMF   g22 1 4.8 0.09 2.4 0.19 1.0 0.37

Error 4         

P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001

Discussion

Previous studies indicate that AMF can induce defense responses in non-hosts (Allen et al. 

1989) and in mycorrhiza-defec  ve mutants, that seem to be stronger and more prolonged than 
in mycorrhizal plants (Harrison & Dixon 1993, Blilou et al. 1999, Ruiz-Lozano et al. 1999, Gao et 

al. 2004). In this study we could not  nd consistent evidence of ac  va  on of defense responses 
in A. thaliana roots by the AM fungus G. intraradices. For instance, Blilou et al. (1999) showed 
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a higher accumula  on (and increasing with  me) of salicylic acid (SA), a signaling molecule that 
primarily ac  vates defense responses to biotrophic pathogens (Thomma et al. 2001, Pieterse et al. 
2009), in mycorrhiza-defec  ve pea mutants compared to wild-type plants. However, in our case, G. 
intraradices did not induce expression of PR1, a SA-inducible gene (Uknes et al. 1992, van Loon & 

van Strien 1999), in A. thaliana roots. Similarly, G. intraradices did not induce the expression of the 
jasmonate (JA)-responsive VSP2 or the jasmonate- and ethylene (ET)-responsive PDF1.2 (De Vos et 
al. 2005), sugges  ng that SA-independent defense signaling pathways were also not ac  vated. In 
fact, of the six defense-related genes tested, G. intraradices only marginally induced the expression 

of CYP71A12 which encodes a cytochrome P450, essen  al for the biosynthesis of the an  -microbial 
compound camalexin, and is known to be regulated independent of SA and JA signaling (van Wees 

et al. 2003, Na  si et al. 2007, Millet et al. 2010). 
 It is possible that we did not observe signi  cant increase of defense-gene expression because 
G. intraradices probably did not infect A. thaliana roots. For example, Gao et al. (2004) observed 

accumula  on of defense-gene mRNAs exclusively in mycorrhiza-defec  ve tomato mutants in which 
the AM fungus was able to penetrate the roots. Although we did not determine percentage of root 

length colonized by G. intraradices, observa  on of A. thaliana roots under a stereomicroscope did 
not suggest AM infec  on. It might be that A. thaliana plants were not exposed long enough to G. 
intraradices for this to a  empt to invade the roots. We also did not no  ce a big di  erence (size, 

survival) in A. thaliana plants grown with G. intraradices, compared to the NM controls, except for a 
purple colora  on that could be related to P de  ciency as these plants have to compete with the AM 

mycelium for P uptake. This is in contrast to earlier  ndings that AM mycelium can strongly suppress 
the growth and infect the roots of A. thaliana (Chapter 5). Therefore, the ques  on whether infec  on 
of non-host roots by AMF ac  vates costly defense responses that result in reduced growth remains 

open.
 In mycorrhizal hosts, it is thought that AMF are able to suppress/overcome localized ac  va  on 

of plant defense-responses so that a compa  ble associa  on is formed (regula  on of defense 
responses in the AM symbiosis reviewed in García-Garrido & Ocampo 2002, Zamioudis & Pieterse 
2012). From our results, there is a slight indica  on that AMF might be also able to suppress defense-
responses in non-host roots; as expected, Flg22 elicited the ac  va  on of the genes CYP71A12 and 

WRKY11 (not signi  cantly for MYB51) (Millet et al. 2010) but their expression levels were reduced 
in Flg22-treated roots exposed to AM mycelium (although only signi  cantly for WRKY11). Also in 
the absence of Flg22, in general, there was a reduc  on of defense-gene expression, except for 
CYP71A12. The fact that AMF seem to suppress the defenses of a non-host plant, A. thaliana, 
suggests that suppression of plant defenses may not alone determine the compa  bility of the AM 

associa  on.
 Overall, the di  erences in gene expression between the treatments were mainly weak and 
sta  s  cally non-signi  cant which does not allow drawing conclusions but only  rst indica  ons. 
We acknowledge limita  ons of this preliminary study that mostly resulted from lack of enough 
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plant material like, for instance, not determining the percentage of root infected by G. intraradices 
or seedling biomass, and having only two biological replicates. In the future, condi  ons should 
be op  mized so that enough plant material is obtained and defense-gene expression should be 
assessed over  me, from the moment A. thaliana roots contact AM mycelium un  l a puta  ve 

root infec  on is observed. In addi  on, future studies should focus on a wide range of genes (e.g. 
compara  ve transcriptomics approach) rather than a set of pre-selected genes. Gene expression 
analysis under condi  ons of AMF infec  on could provide insights into the mechanism of infec  on 
and growth suppression caused by AMF in non-host plants like A. thaliana. 

Acknowledgements
We would like to thanks Céline Bivort for technical assistance. This work was supported by the 
Swiss Federal Government (Agroscope Reckenholz-Tänikon Research Sta  on ART) and grants from 

the Swiss Na  onal Science Founda  on (grant numbers: 315230_130764/1 and 31003AS_125428).





115

References

References

 Akiyama K., Matsuzaki K., Hayashi H. 2005. Plant sesquiterpenes induce hyphal branching in arbuscular 
mycorrhizal fungi. Nature 435:824-827.

 Alberton O., Kuyper T. W., Gorissen A. 2005. Taking mycocentrism seriously: mycorrhizal fungal and plant 
responses to elevated CO2. New Phytologist 167:859-868.

 Allen E. B., Allen M. F. 1980. Natural re-establishment of vesicular-arbuscular mycorrhizae following stripmine 
reclama  on in Wyoming. Journal of Applied Ecology 17:139-147.

 Allen E. B., Allen M. F. 1988. Facilita  on of succession by the nonmycotrophic colonizer Salsola kali 
(Chenopodiaceae) on a harsh site: e  ects of mycorrhizal fungi. American Journal of Botany 75:257-266.

 Allen M. F., Allen E. B. 1990. Carbon source of VA mycorrhizal fungi associated with Chenopodiaceae from a 
semiarid shrub-steppe. Ecology 71:2019-2021.

 Allen M. F., Allen E. B., Friese C. F. 1989. Responses of the non-mycotrophic plant Salsola kali to invasion by 
vesicular-arbuscular mycorrhizal fungi. New Phytologist 111:45-49.

 Amsellem Z., Cohen B. A., Gressel J. 2002. Engineering hypervirulence in a mycoherbicidal fungus for e   cient 
weed control. Nature Biotechnology 20:1035-1039.

 Anonymous. 2006. Acker  ora – Wich  ge Unkräuter und Ungräser der Schweiz. Syngenta Agro AG & Maag Agro, 
Dielsdorf, Switzerland.

 Bais H. P., Vepachedu R., Gilroy S., Callaway R. M., Vivanco J. M. 2003. Allelopathy and exo  c plant invasion: From 
molecules and genes to species interac  ons. Science 301:1377-1380.

 Baker H. G. 1965. Characteris  cs and modes of origin of weeds. In H. G. Baker and G. L. Stebbins, eds. The 
Gene  cs of Colonizing Species. Academic Press, New York, pp 147-158.

 Baker H. G. 1974. The evolu  on of weeds. Annual Review of Ecology and Systema  cs 5:1-24.

 Baker H. G. 1991. The con  nuing evolu  on of weeds. Economic Botany 45:445-449.

 Bàrberi P. 2002. Weed management in organic agriculture: are we addressing the right issues? Weed Research 
42:177-193.

 Bever J. D., Richardson S. C., Lawrence B. M., Holmes J., Watson M. 2009. Preferen  al alloca  on to bene  cial 
symbiont with spa  al structure maintains mycorrhizal mutualism. Ecology Le  ers 12:13-21.

 Bever J. D., Westover K. M., Antonovics J. 1997. Incorpora  ng the soil community into plant popula  on dynamics: 
the u  lity of the feedback approach. Journal of Ecology 85:561-573.

 Beveridge L. E., Naylor R. E. L. 1999. Op  ons for organic weed control – what farmers do. In Proceedings of the 
Brighton Crop Protec  on Conference, Weeds, vol.3, pp 939-944 

 Blilou I., Ocampo J. A., Garcia-Garrido J. M. 1999. Resistance of pea roots to endomycorrhizal fungus or Rhizobium 
correlates with enhanced levels of endogenous salicylic acid. Journal of Experimental Botany 50:1663-1668.

 Bond W., Grundy A. C. 2001. Non-chemical weed management in organic farming systems. Weed Research 
41:383-405.

 Bonfante P., Genre A. 2010. Mechanisms underlying bene  cial plant-fungus interac  ons in mycorrhizal symbiosis. 
Nature Communica  ons 1:48.

 Bonfante P., Requena N. 2011. Da  ng in the dark: how roots respond to fungal signals to establish arbuscular 
mycorrhizal symbiosis. Current Opinion in Plant Biology 14:451-457.

 Boyetchko S. M. 1996. Impact of soil microorganisms on weed biology and ecology. Phytoprotec  on 77:41-56.



116

References

 Briggs D., Hodkinson H., Block M. 1991. Precociously developing individuals in popula  ons of chickweed 
[Stellaria media (L.) Vill.] from di  erent habitat types, with special reference to the e  ects of weed control 
measures. New Phytologist 117:153-164.

 Brundre   M. 2004. Diversity and classi  ca  on of mycorrhizal associa  ons. Biological Reviews 79:473-495.

 Brundre   M. C. 2002. Coevolu  on of roots and mycorrhizas of land plants. New Phytologist 154:275-304.

 Brundre   M. C. 2009. Mycorrhizal associa  ons and other means of nutri  on of vascular plants: understanding 
the global diversity of host plants by resolving con  ic  ng informa  on and developing reliable means of 
diagnosis. Plant and Soil 320:37-77.

 Buwalda J. G., Goh K. M. 1982. Host-fungus compe   on for carbon as a cause of growth depressions in vesicular-
arbuscular mycorrhizal ryegrass. Soil Biology & Biochemistry 14:103-106.

 Callaway R. M., Aschehoug E. T. 2000. Invasive plants versus their new and old neighbors: A mechanism for exo  c 
invasion. Science 290:521-523.

 Callaway R. M., Ridenour W. M. 2004. Novel weapons: Invasive success and the evolu  on of increased 
compe   ve ability. Fron  ers in Ecology and the Environment 2:436-443.

 Callaway R. M., Ridenour W. M., Laboski T., Weir T., Vivanco J. M. 2005. Natural selec  on for resistance to the 
allelopathic e  ects of invasive plants. Journal of Ecology 93:576-583.

 Cameron D. D. 2010. Arbuscular mycorrhizal fungi as (agro)ecosystem engineers. Plant and Soil 333:1-5.

 Campos-Soriano L., Garcia-Garrido J. M., San Segundo B. 2010. Ac  va  on of basal defense mechanisms of 
rice plants by Glomus intraradices does not a  ect the arbuscular mycorrhizal symbiosis. New Phytologist 
188:597-614.

 Cavagnaro T. R., Smith F. A., Hay G., Carne-Cavagnaro V. L., Smith S. E. 2004. Inoculum type does not a  ect 
overall resistance of an arbuscular mycorrhiza-defec  ve tomato mutant to colonisa  on but inocula  on does 
change compe   ve interac  ons with wild-type tomato. New Phytologist 161:485-494.

 Charuda  an R. 1991. The mycoherbicide approach with plant pathogens. In D. O. TeBeest, ed. Microbial control 
of weeds. Chapman & Hall Inc, New York, pp 24-57.

 Charuda  an R. 2001. Biological control of weeds by means of plant pathogens: Signi  cance for integrated weed 
management in modern agro-ecology. Biocontrol 46:229-260.

 Daisog H., Sbrana C., Cristani C., Moonen A. C., Giovanne    M., Bàrberi P. 2012. Arbuscular mycorrhizal fungi 
shi   compe   ve rela  onships among crop and weed species. Plant Soil 353:395-408.

 De Vos M., Van Oosten V. R., Van Poecke R. M. P., Van Pelt J. A., Pozo M. J., Mueller M. J., Buchala A. J., Metraux J. 
P., Van Loon L. C., Dicke M., Pieterse C. M. J. 2005. Signal signature and transcriptome changes of Arabidopsis 
during pathogen and insect a  ack. Molecular Plant-Microbe Interac  ons 18:923-937.

 Declerck S., Strullu D. G., Plenche  e C. 1998. Monoxenic culture of the intraradical forms of Glomus sp. isolated 
from a tropical ecosystem: a proposed methodology for germplasm collec  on. Mycologia 90:579-585.

 Eissenstat D. M., Newman E. I. S. 1990. Seedling establishment near large plants: e  ects of vesicular-arbuscular 
mycorrhizas on the intensity of plant compe   on. Func  onal Ecology 4:95–99.

 Facelli E., Smith S. E., Facelli J. M., Christophersen H. M., Smith F. A. 2010. Underground friends or enemies: 
model plants help to unravel direct and indirect e  ects of arbuscular mycorrhizal fungi on plant compe   on. 
New Phytologist 185:1050-1061.

 Facelli E., Smith S. E., Smith F. A. 2009. Mycorrhizal symbiosis - overview and new insights into roles of arbuscular 
mycorrhizas in agro- and natural ecosystems. Australasian Plant Pathology 38:338-344.

 Felix G., Duran J. D., Volko S., Boller T. 1999. Plants have a sensi  ve percep  on system for the most conserved 
domain of bacterial  agellin. Plant Journal 18:265-276.



117

References

 Fernández-Aparicio M., Garcia-Garrido J. M., Ocampo J. A., Rubiales D. 2010. Colonisa  on of  eld pea roots by 
arbuscular mycorrhizal fungi reduces Orobanche and Phelipanche species seed germina  on. Weed Research 
50:262-268.

 Fernandez-Quintanilla C., Quadran   M., Kudsk P., Bàrberi P. 2008. Which future for weed science? Weed 
Research 48:297-301.

 Fi  er A. 2003. Making allelopathy respectable. Science 301:1337-1338.

 Fi  er A. H. 1991. Costs and bene  ts of mycorrhizas: Implica  ons for func  oning under natural condi  ons. 
Experien  a 47:350-355.

 Fi  er A. H. 2005. Darkness visible: re  ec  ons on underground ecology. Journal of Ecology 93:231-243.

 Francis R., Read D. J. 1994. The contribu  ons of mycorrhizal fungi to the determina  on of plant community 
structure. Plant and Soil 159:11-25.

 Francis R., Read D. J. 1995. Mutualism and antagonism in the mycorrhizal symbiosis, with special reference to 
impacts on plant community structure. Canadian Journal of Botany 73:S1301-S1309.

 Gamper H. A., Walker C., Schussler A. 2009. Diversispora celata sp nov: molecular ecology and phylotaxonomy 
of an inconspicuous arbuscular mycorrhizal fungus. New Phytologist 182:495-506.

 Gange A. C., Ayres R. L. 1999. On the rela  on between arbuscular mycorrhizal coloniza  on and plant ‘bene  t’. 
Oikos 87:615-621.

 Gange A. C., Brown V. K., Evans I. M., Storr A. L. 1989. Varia  on in the impact of insect herbivory on Trifolium 
pratense through early plant succession. Journal of Ecology 77:537-551.

 Gao L. L., Knogge W., Delp G., Smith F. A., Smith S. E. 2004. Expression pa  erns of defense-related genes in 
di  erent types of arbuscular mycorrhizal development in wild-type and mycorrhiza-defec  ve mutant 
tomato. Molecular Plant-Microbe Interac  ons 17:1103-1113.

 García-Garrido J. M., Ocampo J. A. 2002. Regula  on of the plant defence response in arbuscular mycorrhizal 
symbiosis. Journal of Experimental Botany 53:1377-1386.

 Garrido E., Benne   A. E., Fornoni J., Strauss S. Y. 2010. Varia  on in arbuscular mycorrhizal fungi coloniza  on 
modi  es the expression of tolerance to above-ground defolia  on. Journal of Ecology 98:43-49.

 Genre A., Chabaud M., Faccio A., Barker D. G., Bonfante P. 2008. Prepenetra  on apparatus assembly precedes 
and predicts the coloniza  on pa  erns of arbuscular mycorrhizal fungi within the root cortex of both 
Medicago truncatula and Daucus carota. Plant Cell 20:1407-1420.

 Genre A., Chabaud M., Timmers T., Bonfante P., Barker D. G. 2005. Arbuscular mycorrhizal fungi elicit a novel 
intracellular apparatus in Medicago truncatula root epidermal cells before infec  on. Plant Cell 17:3489-
3499.

 Gianinazzi-Pearson V., DumasGaudot E., Gollo  e A., TahiriAlaoui A., Gianinazzi S. 1996. Cellular and molecular 
defence-related root responses to invasion by arbuscular mycorrhizal fungi. New Phytologist 133:45-57.

 Gianinazzi S., Gollo  e A., Binet M. N., van Tuinen D., Redecker D., Wipf D. 2010. Agroecology: the key role of 
arbuscular mycorrhizas in ecosystem services. Mycorrhiza 20:519-530.

 Gigolashvili T., Berger B., Mock H. P., Muller C., Weisshaar B., Fluegge U. I. 2007. The transcrip  on factor HIG1/
MYB51 regulates indolic glucosinolate biosynthesis in Arabidopsis thaliana. Plant Journal 50:886-901.

 Glenn M. G., Chew F. S., Williams P. H. 1985. Hyphal penetra  on of Brassica (Cruciferae) roots by a vesicular-
arbuscular mycorrhizal fungus. New Phytologist 99:463-472.

 Gosling P., Hodge A., Goodlass G., Bending G. D. 2006. Arbuscular mycorrhizal fungi and organic farming. 
Agriculture, Ecosystems & Environment 113:17-35.



118

References

 Grace E. J., Cotsa  is O., Tester M., Smith F. A., Smith S. E. 2009. Arbuscular mycorrhizal inhibi  on of growth in 
barley cannot be a  ributed to extent of coloniza  on, fungal phosphorus uptake or e  ects on expression of 
plant phosphate transporter genes. New Phytologist 181:938-949.

 Graham J. H., Abbo   L. K. 2000. Wheat responses to aggressive and non-aggressive arbuscular mycorrhizal fungi. 
Plant and Soil 220:207-218.

 Grime J. P., Mackey J. M. L., Hillier S. H., Read D. J. 1987. Floris  c diversity in a model system using experimental 
microcosms. Nature 328:420-422.

 Grundy A. C., Mead A., Bond W., Clark G., Burston S. 2011. The impact of herbicide management on long-term 
changes in the diversity and species composi  on of weed popula  ons. Weed Research 51:187-200.

 Håkansson S. 2003. Weeds and weed management on arable land: an ecological approach. CABI Publishing, 
Wallingford, UK.

 Harley J. L., Harley E. L. 1987. A check-list of mycorrhiza in the bri  sh  ora. New Phytologist 105:1-102.

 Harper J. L. 1977. The popula  on biology of plants. Academic Press, London.

 Harrison M. J. 2005. Signaling in the arbuscular mycorrhizal symbiosis. Pages 19-42 Annual Review of 
Microbiology.

 Harrison M. J., Dixon R. A. 1993. Iso  avonoid accumula  on and expression of defense gene transcripts during the 
establishment of vesicular-arbuscular mycorrhizal associa  ons in roots of Medicago truncatula. Molecular 
Plant-Microbe Interac  ons 6:643-654.

 Hart M. M., Reader R. J. 2002. Taxonomic basis for varia  on in the coloniza  on strategy of arbuscular mycorrhizal 
fungi. New Phytologist 153:335-344.

 Hart M. M., Reader R. J., Klironomos J. N. 2003. Plant coexistence mediated by arbuscular mycorrhizal fungi. 
Trends in Ecology & Evolu  on 18:418-423.

 Hartne   D. C., Hetrick B. A. D., Wilson G. W. T., Gibson D. J. 1993. Mycorrhizal in  uence on intra- and interspeci  c 
neighbour interac  ons among co-occurring prairie grasses. Journal of Ecology 81:787-795.

 Hatcher P. E., Melander B. 2003. Combining physical, cultural and biological methods: prospects for integrated 
non-chemical weed management strategies. Weed Research 43:303-322.

 Heap I. 2012. The Interna  onal Survey of Herbicide Resistant Weeds. Online. Internet. February 15 2012. 
Available www.weedscience.com

 Hebeisen T., Luscher A., Zane    S., Fischer B. U., Hartwig U. A., Frehner M., Hendrey G. R., Blum H., Nosberger J. 
1997. Growth response of Trifolium repens L. and Lolium perenne L. as monocultures and bi-species mixture 
to free air CO2 enrichment and management. Global Change Biology 3:149-160.

 Helgason T., Daniell T. J., Husband R., Fi  er A. H., Young J. P. W. 1998. Ploughing up the wood-wide web? Nature 
394:431-431.

 Helgason T., Merryweather J. W., Denison J., Wilson P., Young J. P. W., Fi  er A. H. 2002. Selec  vity and func  onal 
diversity in arbuscular mycorrhizas of co-occurring fungi and plants from a temperate deciduous woodland. 
Journal of Ecology 90:371-384.

 Hetrick B. A. D., Hartne   D. C., Wilson G. W. T., Gibson D. J. 1994. E  ects of mycorrhizae, phosphorus availability, 
and plant density on yield rela  onships among compe  ng tallgrass prairie grasses. Canadian Journal of 
Botany 72:168-176.

 Hetrick B. A. D., Wilson G. W. T., Cox T. S. 1992. Mycorrhizal dependence of modern wheat varie  es, landraces, 
and ancestors. Canadian Journal of Botany 70:2032-2040.

 Hirrel M. C., Mehravaran H., Gerdemann J. W. 1978. Vesicular-arbuscular mycorrhizae in the Chenopodiaceae 
and Cruciferae: do they occur? Canadian Journal of Botany 56:2813-2817.



119

References

 Hoagland D. R., Arnon D. I. 1950. The water-culture method for growing plants without soil. California Agricultural 
Experimental Sta  on Circular 347:1–32.

 Hodge A., Fi  er A. H. 2010. Substan  al nitrogen acquisi  on by arbuscular mycorrhizal fungi from organic 
material has implica  ons for N cycling. Proceedings of the Na  onal Academy of Sciences of the United 
States of America 107:13754-13759.

 Hoeksema J. D., Chaudhary V. B., Gehring C. A., Johnson N. C., Karst J., Koide R. T., Pringle A., Zabinski C., Bever 
J. D., Moore J. C., Wilson G. W. T., Klironomos J. N., Umbanhowar J. 2010. A meta-analysis of context-
dependency in plant response to inocula  on with mycorrhizal fungi. Ecology Le  ers 13:394-407.

 Ho  mann J. H., Moran V. C. 1991. Biological control of Sesbania punicea (Fabaceae) in South Africa. Agriculture, 
Ecosystems & Environment 37:157-173.

 Holden A. N., Fowler S. V., Schroeder D. 1992. Invasive weeds of amenity land in the UK: biological control-the 
neglected alterna  ve. Aspects of Applied Biology 29:325-332.

 Holm S. 1979. A simple sequen  ally rejec  ve mul  ple test procedure. Scandinavian Journal of Sta  s  cs 6:65-70.

 Houba V., van Vark W., Walinga I., van der Lee J. J. 1989. Plant Analysis Procedures (Part 7, chapter 2.2). 
Department of Soil Science and Plant Analysis, Wageningen, The Netherlands.

 Howard R. J., O’Donnell K. L. 1987. Freeze subs  tu  on of fungi for cytological analysis. Experimental Mycology 
11:250-269.

 Inderjit, Callaway R. M. 2003. Experimental designs for the study of allelopathy. Plant and Soil 256:1-11.

 Jakobsen I., Abbo   L. K., Robson A. D. 1992. External hyphae of vesicular-arbuscular mycorrhizal fungi associated 
with Trifolium sub terraneum L. I. Spread of hyphae and phosphorus in  ow into roots. New Phytologist 
120:371-380.

 Jakobsen I., Rosendahl L. 1990. Carbon  ow into soil and external hyphae from roots of mycorrhizal cucumber 
plants. New Phytologist 115:77-83.

 Jakobsen I., Smith S. E., Smith F. A. 2002. Func  on and diversity of arbuscular mycorrhizae in carbon and mineral 
nutri  on. In M. G. A. van der Heijden and I. R. Sanders, eds. Mycorrhizal Ecology. Springer-Verlag, Berlin, 
pp 75-92.

 Janos D. P. 1980. Mycorrhizae in  uence tropical succession. Biotropica 12:56-64.

 Jansa J., Mozafar A., Anken T., Ruh R., Sanders I. R., Frossard E. 2002. Diversity and structure of AMF communi  es 
as a  ected by  llage in a temperate soil. Mycorrhiza 12:225-234.

 Jansa J., Mozafar A., Frossard E. 2005. Phosphorus acquisi  on strategies within arbuscular mycorrhizal fungal 
community of a single  eld site. Plant and Soil 276:163-176.

 Jansa J., Mozafar A., Kuhn G., Anken T., Ruh R., Sanders I. R., Frossard E. 2003. Soil  llage a  ects the community 
structure of mycorrhizal fungi in maize roots. Ecological Applica  ons 13:1164-1176.

 Jansa J., Smith F. A., Smith S. E. 2008. Are there bene  ts of simultaneous root coloniza  on by di  erent arbuscular 
mycorrhizal fungi? New Phytologist 177:779-789.

 Jasper D. A., Abbo   L. K., Robson A. D. 1991. The e  ect of soil disturbance on vesicular—arbuscular mycorrhizal 
fungi in soils from di  erent vegeta  on types. New Phytologist 118:471-476.

 Johnson N. C. 1993. Can fer  liza  on of soil select for less mutualis  c mycorrhizae? Ecological Applica  ons 3:749-
757.

 Johnson N. C. 1998. Responses of Salsola kali and Panicum virgatum to mycorrhizal fungi, phosphorus and soil 
organic ma  er: implica  ons for reclama  on. Journal of Applied Ecology 35:86-94.

 Johnson N. C. 2010. Resource stoichiometry elucidates the structure and func  on of arbuscular mycorrhizas 
across scales. New Phytologist 185:631-647.



120

References

 Johnson N. C., Graham J. H., Smith F. A. 1997. Func  oning of mycorrhizal associa  ons along the mutualism-
parasi  sm con  nuum. New Phytologist 135:575-586.

 Jones M. D., Smith S. E. 2004. Exploring func  onal de  ni  ons of mycorrhizas: Are mycorrhizas always mutualisms? 
Canadian Journal of Botany 82:1089-1109.

 Jordan N., Huerd S. 2008. E  ects of soil fungi on weed communi  es in a corn-soybean rota  on. Renewable 
Agriculture and Food Systems 23:108-117.

 Jordan N., Vatovec C. 2004. Agroecological bene  ts from weeds. In Inderjit, ed. Weed biology and management. 
Kluwer Academic Publishers, The Netherlands, pp 137-158.

 Jordan N. R., Zhang J., Huerd S. 2000. Arbuscular-mycorrhizal fungi: poten  al roles in weed management. Weed 
Research 40:397-410.

 Journot-Catalino N., Somssich I. E., Roby D., Kroj T. 2006. The transcrip  on factors WRKY11 and WRKY17 act as 
nega  ve regulators of basal resistance in Arabidopsis thaliana. Plant Cell 18:3289-3302.

 Kaschuk G., Kuyper T. W., Le  elaar P. A., Hungria M., Giller K. E. 2009. Are the rates of photosynthesis s  mulated 
by the carbon sink strength of rhizobial and arbuscular mycorrhizal symbioses? Soil Biology & Biochemistry 
41:1233-1244.

 Kennedy A. C. 1999. Soil microorganisms for weed management. Journal of Crop Produc  on 2:123-138.

 Kiers E. T., Duhamel M., Beese  y Y., Mensah J. A., Franken O., Verbruggen E., Fellbaum C. R., Kowalchuk G. A., 
Hart M. M., Bago A., Palmer T. M., West S. A., Vandenkoornhuyse P., Jansa J., Bucking H. 2011. Reciprocal 
rewards stabilize coopera  on in the mycorrhizal symbiosis. Science 333:880-882.

 Kiers E. T., Lovelock C. E., Krueger E. L., Herre E. A. 2000. Di  eren  al e  ects of tropical arbuscular mycorrhizal 
fungal inocula on root coloniza  on and tree seedling growth: implica  ons for tropical forest diversity. 
Ecology Le  ers 3:106-113.

 Kiers E. T., Palmer T. M., Ives A. R., Bruno J. F., Bronstein J. L. 2010. Mutualisms in a changing world: an evolu  onary 
perspec  ve. Ecology Le  ers 13:1459-1474.

 Kiers E. T., van der Heijden M. G. A. 2006. Mutualis  c stability in the arbuscular mycorrhizal symbiosis: Exploring 
hypotheses of evolu  onary coopera  on. Ecology 87:1627-1636.

 Klironomos J. N. 2002. Feedback with soil biota contributes to plant rarity and invasiveness in communi  es. 
Nature 417:67-70.

 Klironomos J. N. 2003. Varia  on in plant response to na  ve and exo  c arbuscular mycorrhizal fungi. Ecology 
84:2292-2301.

 Klironomos J. N., McCune J., Hart M., Neville J. 2000. The in  uence of arbuscular mycorrhizae on the rela  onship 
between plant diversity and produc  vity. Ecology Le  ers 3:137-141.

 Koide R. 1985. The nature of growth depressions in sun  ower caused by vesicular-arbuscular mycorrhizal 
infec  on. New Phytologist 99:449-462.

 Koide R., Ellio   G. 1989. Cost, bene  t and e   ciency of the vesicular- arbuscular mycorrhizal symbiosis. Func  onal 
Ecology 3:252-255.

 Koornneef M., Alonso-Blanco C., Vreugdenhil D. 2004. Naturally occurring gene  c varia  on in Arabidopsis 
thaliana. Annual Review of Plant Biology 55:141-172.

 Koske R. E. 1984. Spores of VAM fungi inside spores of VAM fungi. Mycologia 76:853-862.

 Koske R. E., Gemma J. N. 1997. Mycorrhizae and succession in plan  ngs of beachgrass in sand dunes. American 
Journal of Botany 84:118-130.

 Kruckelmann H. W. 1975. E  ects of fer  lizers, soils, soil  llage, and plant species on the frequency of Endogone 
chlamydospores and mycorrhizal infec  on in arable soils. Pages 511-525 in F. E. Sanders, B. Mosse, and P. B. 
Tinker, editors. Endomycorrhizas. Academic Press, New York and London.



121

References

 Kulma  ski A., Beard K. H. 2006. Ac  vated carbon as a restora  on tool: Poten  al for control of invasive plants in 
abandoned agricultural  elds. Restora  on Ecology 14:251-257.

 Lau J. A., Pulia  co K. P., Kopshever J. A., Steltzer H., Jarvis E. P., Schwarzlander M., Strauss S. Y., Hu  auer R. A. 
2008. Inference of allelopathy is complicated by e  ects of ac  vated carbon on plant growth. New Phytologist 
178:412-423.

 Leake J. R., Johnson D., Donnelly D., Muckle G. E., Boddy L., Read D. J. 2004. Networks of power and in  uence: 
The role of mycorrhizal mycelium in controlling plant communi  es and agro-ecosystem func  oning. 
Canadian Journal of Botany 82:1016-1045.

 Lekberg Y., Koide R. T. 2005. Is plant performance limited by abundance of arbuscular mycorrhizal fungi? A meta-
analysis of studies published between 1988 and 2003. New Phytologist 168:189-204.

 Lendenmann M., Thonar C., Barnard R. L., Salmon Y., Werner R. A., Frossard E., Jansa J. 2012. Symbiont iden  ty 
ma  ers: carbon and phosphorus  uxes between Medicago truncatula and di  erent arbuscular mycorrhizal 
fungi. Mycorrhiza 21:689-702.

 Lendzemo V., Kuyper T. W., Vierheilig H. 2009. Striga seed-germina  on ac  vity of root exudates and compounds 
present in stems of Striga host and nonhost (trap crop) plants is reduced due to root coloniza  on by 
arbuscular mycorrhizal fungi. Mycorrhiza 19:287-294.

 Lendzemo V. W., Kuyper T. W., Matusova R., Bouwmeester H. J., Van Ast A. 2007. Coloniza  on by arbuscular 
mycorrhizal fungi of sorghum leads to reduced germina  on and subsequent a  achment and emergence of 
Striga hermonthica. Plant Signalling Behaviour 2:1–5.

 Li H. Y., Smith F. A., Dickson S., Holloway R. E., Smith S. E. 2008. Plant growth depressions in arbuscular mycorrhizal 
symbioses: Not just caused by carbon drain? New Phytologist 178:852-862.

 Li H. Y., Smith S. E., Holloway R. E., Zhu Y. G., Smith F. A. 2006. Arbuscular mycorrhizal fungi contribute to 
phosphorus uptake by wheat grown in a phosphorus-  xing soil even in the absence of posi  ve growth 
responses. New Phytologist 172:536-543.

 Li H. Y., Zhu Y. G., Marschner P., Smith F. A., Smith S. E. 2005. Wheat responses to arbuscular mycorrhizal fungi in 
a highly calcareous soil di  er from those of clover, and change with plant development and P supply. Plant 
and Soil 277:221-232.

 Liebman M., Davis A. S. 2000. Integra  on of soil, crop and weed management in low-external-input farming 
systems. Weed Research 40:27-47.

 Liu Y. L., Ahn J. E., Da  a S., Salzman R. A., Moon J., Huyghues-Despointes B., Pi  endrigh B., Murdock L. L., Koiwa 
H., Zhu-Salzman K. 2005. Arabidopsis vegeta  ve storage protein is an an  -insect acid phosphatase. Plant 
Physiology 139:1545-1556.

 Livak K. J., Schmi  gen T. D. 2001. Analysis of rela  ve gene expression data using real-  me quan  ta  ve PCR and 
the 2(T)(-Delta Delta C) method. Methods 25:402-408.

 Lorenzo O., Chico J. M., Sanchez-Serrano J. J., Solano R. 2004. Jasmonate-insensi  ve1 encodes a MYC transcrip  on 
factor essen  al to discriminate between di  erent jasmonate-regulated defense responses in Arabidopsis. 
Plant Cell 16:1938-1950.

 Love   J. V. 1991. Changing percep  ons of allelopathy and biological-control. Biological Agriculture & Hor  culture 
8:89-100.

 Lutman P. J. W., Bowerman P., Palmer G. M., Whytock G. P. 2000. Predic  on of compe   on between oilseed rape 
and Stellaria media. Weed Research 40:255-269.

 Macias-Rubalcava M. L., Hernandez-Bau  sta B. E., Oropeza F., Duarte G., Gonzalez M. C., Glenn A. E., Hanlin 
R. T., Anaya A. L. 2010. Allelochemical e  ects of vola  le compounds and organic extracts from Muscodor 
yucatanensis, a tropical endophy  c fungus from Bursera simarub. Journal of Chemical Ecology 36:1122-
1131.



122

References

 Mahall B. E., Callaway R. M. 1992. Root communica  on mechanisms and intracommunity distribu  ons of two 
Mojave Desert shrubs. Ecology 73:2145–2151.

 Maherali H., Klironomos J. N. 2007. In  uence of phylogeny on fungal community assembly and ecosystem 
func  oning. Science 316:1746-1748.

 McGonigle T. P. 1998. A numerical analysis of published  eld trials with vesicular-arbuscular mycorrhizal fungi. 
Func  onal Ecology 2:473-478.

 McGonigle T. P., Miller M. H., Evans D. G., Fairchild G. L., Swan J. A. 1990. A new method which gives an objec  ve 
measure of coloniza  on of roots by vesicular-arbuscular mycorrhizal fungi. New Phytologist 115:495-501.

 Memelink J. 2009. Regula  on of gene expression by jasmonate hormones. Phytochemistry 70:1560-1570.

 Merryweather J., Fi  er A. 1998. The arbuscular mycorrhizal fungi of Hyacinthoides non-scripta - I. Diversity of 
fungal taxa. New Phytologist 138:117-129.

 Millet Y. A., Danna C. H., Clay N. K., Songnuan W., Simon M. D., Werck-Reichhart D., Ausubel F. M. 2010. Innate 
immune responses ac  vated in Arabidopsis roots by microbe-associated molecular pa  erns. Plant Cell 
22:973-990.

 Moorman T., Reeves F. B. 1979. The role of endomycorrhizae in revegeta  on prac  ces in the semi-arid west. II. 
Bioassay to determine the e  ect of land disturbance on endomycorrhizal popula  ons. American Journal of 
Botany 66:14-18.

 Moran M. D. 2003. Arguments for rejec  ng the sequen  al Bonferroni in ecological studies. Oikos 100:403-405.

 Müller-Schärer H., Frantzen J. 1996. An emerging system management approach for biological weed control in 
crops: Senecio vulgaris as a research model. Weed Research 36:483-491.

 Müller-Schärer H., Scheepens P. C., Greaves M. P. 2000. Biological control of weeds in European crops: Recent 
achievements and future work. Weed Research 40:83-98.

 Munkvold L., Kjoller R., Vestberg M., Rosendahl S., Jakobsen I. 2004. High func  onal diversity within species of 
arbuscular mycorrhizal fungi. New Phytologist 164:357-364.

 Na  si M., Goregaoker S., Botanga C. J., Glawischnig E., Olsen C. E., Halkier B. A., Glazebrook J. 2007. Arabidopsis 
cytochrome P450 monooxygenase 71A13 catalyzes the conversion of indole-3-acetaldoxime in camalexin 
synthesis. Plant Cell 19:2039-2052.

 Neumann E., George E. 2005. Does the presence of arbuscular mycorrhizal fungi in  uence growth and nutrient 
uptake of a wild-type tomato cul  var and a mycorrhiza-defec  ve mutant, cul  vated with roots sharing the 
same soil volume? New Phytologist 166:601-609.

 Newman E. I. 1988. Mycorrhizal links between plants; their func  oning and ecological signi  cance. Advances in 
Ecological Research 18:243-270.

 Newman R. M., Thompson D. C. 1998. Conserva  on strategies for the biological control of weeds. In D. B. 
Richman, ed. Conserva  on Biological Control. Academic Press, San Diego, pp 371–396.

 Newsham K. K., Fi  er A. H., Watkinson A. R. 1995. Mul  -func  onality and biodiversity in arbuscular mycorrhizas. 
Trends in Ecology & Evolu  on 10:407-411.

 Ocampo J. A., Mar  n J., Hayman D. S. 1980. In  uence of plant interac  ons on vesicular-arbuscular mycorrhizal 
infec  ons. I. Host and non-host plants grown together. New Phytologist 84:27-&.

 Oehl F., Laczko E., Bogenrieder A., Stahr K., Bosch R., van der Heijden M., Sieverding E. 2010. Soil type and 
land use intensity determine the composi  on of arbuscular mycorrhizal fungal communi  es. Soil Biology & 
Biochemistry 42:724-738.

 Oehl F., Sieverding E., Ineichen K., Mader P., Boller T., Wiemken A. 2003. Impact of land use intensity on the 
species diversity of arbuscular mycorrhizal fungi in agroecosystems of Central Europe. Applied and 
Environmental Microbiology 69:2816-2824.



123

References

 Oehl F., Sieverding E., Mader P., Dubois D., Ineichen K., Boller T., Wiemken A. 2004. Impact of long-term 
conven  onal and organic farming on the diversity of arbuscular mycorrhizal fungi. Oecologia 138:574-583.

 Oerke E. C. 2006. Crop losses to pests. Journal of Agricultural Science 144:31-43.

 Öpik M., Moora M., Liira J., Zobel M. 2006. Composi  on of root-colonizing arbuscular mycorrhizal fungal 
communi  es in di  erent ecosystems around the globe. Journal of Ecology 94:778-790.

 Parniske M. 2008. Arbuscular mycorrhiza: the mother of plant root endosymbiosis. Nature Reviews Microbiology 
6:763-775.

 Penninckx I., Eggermont K., Terras F. R. G., Thomma B., DeSamblanx G. W., Buchala A., Metraux J. P., Manners 
J. M., Broekaert W. F. 1996. Pathogen-induced systemic ac  va  on of a plant defensin gene in Arabidopsis 
follows a salicylic acid-independent pathway. Plant Cell 8:2309-2323.

 Penninckx I., Thomma B., Buchala A., Metraux J. P., Broekaert W. F. 1998. Concomitant ac  va  on of jasmonate 
and ethylene response pathways is required for induc  on of a plant defensin gene in Arabidopsis. Plant Cell 
10:2103-2113.

 Phillips J. M., Hayman D. S. 1970. Improved procedures for clearing roots and staining parasi  c and vesicular-
arbuscular mycorrhizal fungi for rapid assessment of infec  on. Transac  ons of the Bri  sh Mycological 
Society 55:158-161.

 Pieterse C. M. J., Leon-Reyes A., Van der Ent S., Van Wees S. C. M. 2009. Networking by small-molecule hormones 
in plant immunity. Nature Chemical Biology 5:308-316.

 Pie  kainen J., Kiikkila O., Fritze H. 2000. Charcoal as a habitat for microbes and its e  ect on the microbial 
community of the underlying humus. Oikos 89:231-242.

 Pinheiro J. C., Bates D. M. 2000. Mixed-E  ects Models in S and S-Plus. Spinger-Verlag, New York.

 Plenche  e C., For  n J. A., Furlan V. 1983. Growth responses of several plant species to mycorrhizae in a soil of 
moderate P-fer  lity. I. Mycorrhizal dependency under  eld condi  ons. Plant and Soil 70:199-209.

 Plenche  e C., Morel C. 1996. External phosphorus requirement of mycorrhizal and non-mycorrhizal barley and 
soybean plants. Biology and Fer  lity of Soils 21:303-308.

 Pozo M. J., Van Der Ent S., Van Loon L. C., Pieterse C. M. J. 2008. Transcrip  on factor MYC2 is involved in priming 
for enhanced defense during rhizobacteria-induced systemic resistance in Arabidopsis thaliana. New 
Phytologist 180:511-523.

 Pringle A., Bever J. D. 2008. Analogous e  ects of arbuscular mycorrhizal fungi in the laboratory and a North 
Carolina  eld. New Phytologist 180:162-175.

 Putnam A. R. 1988. Allelochemicals from plants as herbicides. Weed Technology 2:510-518.

 Putnam A. R., Defrank J., Barnes J. P. 1983. Exploita  on of allelopathy for weed control in annual and perennial 
cropping systems. Journal of Chemical Ecology 9:1001-1010.

 Putnam A. R., Duke W. B. 1974. Biological suppression of weeds: Evidence for allelopathy in accessions of 
cucumber. Science 185:370-372.

 R Development Core Team. 2009. A language and environment for sta  s  cal compu  ng. R Founda  on for 
Sta  s  cal Compu  ng, Vienna, Austria.

 Read D. J. 1989. Mycorrhizas and nutrient cycling in sand dune ecosystems. Proceedings of the Royal Society of 
Edinburgh Sec  on B-Biological Sciences 96:89-110.

 Read D. J. 2002. Towards ecological relevance – Progress and pi  alls in the path towards an understanding of 
mycorrhizal func  ons in nature. In M. G. A. van der Heijden and I. R. Sanders, eds. Mycorrhizal Ecology. 
Springer-Verlag, Berlin, pp 3-29.

 Read D. J., Birch C. P. D. 1988. The e  ects and implica  ons of disturbance of mycorrhizal mycelial systems. 
Proceedings of the Royal Society of Edinburgh Sec  on B-Biological Sciences 94:13-24.



124

References

 Reeves F. B., Wagner D., Moorman T., Kiel J. 1979. The role of endomycorrhizae in revegeta  on prac  ces in the 
semi-arid west. I. A comparison of incidence of mycorrhizae in severely disturbed vs. natural environments. 
American Journal of Botany 66:6-13.

 Regvar M., Vogel K., Irgel N., Wraber T., Hildebrandt U., Wilde P., Bothe H. 2003. Coloniza  on of pennycresses 
(Thlaspi spp.) of the Brassicaceae by arbuscular mycorrhizal fungi. Journal of Plant Physiology 160:615-626.

 Reynolds H. L., Packer A., Bever J. D., Clay K. 2003. Grassroots ecology: Plant-microbe-soil interac  ons as drivers 
of plant community structure and dynamics. Ecology 84:2281-2291.

 Ridenour W. M., Callaway R. M. 2001. The rela  ve importance of allelopathy in interference: the e  ects of an 
invasive weed on a na  ve bunchgrass. Oecologia 126:444-450.

 Rinaudo V., Bàrberi P., Giovanne    M., van der Heijden M. G. A. 2010. Mycorrhizal fungi suppress aggressive 
agricultural weeds. Plant and Soil 333:7-20.

 Ritz K., Newman E. I. 1985. Evidence for rapid cycling of phosphorus from dying roots to living plants. Oikos 
45:174-180.

 Ruiz-Lozano J. M., Roussel H., Gianinazzi S., Gianinazzi-Pearson V. 1999. Defense genes are di  eren  ally induced 
by a mycorrhizal fungus and Rhizobium sp in wild-type and symbiosis-defec  ve pea genotypes. Molecular 
Plant-Microbe Interac  ons 12:976-984.

 Ryan M. H., Norton R. M., Kirkegaard J. A., McCormick K. M., Knights S. E., Angus J. F. 2002. Increasing mycorrhizal 
colonisa  on does not improve growth and nutri  on of wheat on Vertosols in south-eastern Australia. 
Australian Journal of Agricultural Research 53:1173-1181.

 Sanders I. R., Fi  er A. H. 1992. Evidence for di  eren  al response between host-fungus combina  ons of vesicular-
arbuscular mycorrhizas from a grassland. Mycological Research 96:415-419.

 Sanders I. R., Koide R. T. 1994. Nutrient acquisi  on and community structure in co-occuring mycotrophic and 
non-mycotrophic old-  eld annuals. Func  onal Ecology 8:77-84.

 Scheublin T. R., van der Heijden M. G. A. 2006. Arbuscular mycorrhizal fungi colonize non  xing root nodules of 
several legume species. New Phytologist 172:732-738.

 Scheublin T. R., Van Logtes  jn R. S. P., Van der Heijden M. G. A. 2007. Presence and iden  ty of arbuscular 
mycorrhizal fungi in  uence compe   ve interac  ons between plant species. Journal of Ecology 95:631-638.

 Schmi  gen T. D., Livak K. J. 2008. Analyzing real-  me PCR data by the compara  ve C-T method. Nature Protocols 
3:1101-1108.

 Schulz B., Boyle C., Draeger S., Rommert A. K., Krohn K. 2002. Endophy  c fungi: a source of novel biologically 
ac  ve secondary metabolites. Mycological Research 106:996-1004.

 Schüssler A., Schwarzo   D., Walker C. 2001. A new fungal phylum, the Glomeromycota: Phylogeny and evolu  on. 
Mycological Research 105:1413-1421.

 Segarra G., Van der Ent S., Trillas I., Pieterse C. M. J. 2009. MYB72, a node of convergence in induced systemic 
resistance triggered by a fungal and a bacterial bene  cial microbe. Plant Biology 11:90-96.

 Siegel O. S. 1976. Handbuch der landwirtscha  lichen Versuchs- und Untersuchungsmethodik (Methodenbuch), 
Band III. Verlag J. Neumann, Berlin – Basel – Wien.

 Simard S. W., Durall D. M., Jones M. D. 2002. Carbon and nutrient  uxes within and between mycorrhizal plants. 
In M. G. A. van der Heijden and I. R. Sanders, eds. Mycorrhizal Ecology. Springer-Verlag, Berlin, pp 33–74.

 Smith F. A., Grace E. J., Smith S. E. 2009. More than a carbon economy: nutrient trade and ecological sustainability 
in faculta  ve arbuscular mycorrhizal symbioses. New Phytologist 182:347-358.

 Smith S. E., Facelli E., Pope S., Smith F. A. 2010. Plant performance in stressful environments: Interpre  ng new 
and established knowledge of the roles of arbuscular mycorrhizas. Plant and Soil 326:3-20.

 Smith S. E., Read D. J. 2008. Mycorrhizal symbiosis. Academic Press, Cambridge, UK.



125

References

 Smith S. E., Smith F. A., Jakobsen I. 2003. Mycorrhizal fungi can dominate phosphate supply to plants irrespec  ve 
of growth responses. Plant Physiology 133:16-20.

 Sobey D. G. 1981. Biological Flora of the Bri  sh Isles, No. 150 Stellaria media (L.) Vill. Journal of Ecology 69:311-
335.

 Stace C. A. 2010. New  ora of the Bri  sh Isles. Third Edi  on. Cambridge University Press, Cambridge.

 Streitwolf-Engel R., Boller T., Wiemken A., Sanders I. R. 1997. Clonal growth traits of two Prunella species are 
determined by co-occurring arbuscular mycorrhizal fungi from a calcareous grassland. Journal of Ecology 
85:181-191.

 Sutherland S. 2004. What makes a weed a weed: life history traits of na  ve and exo  c plants in the USA. 
Oecologia 141:24-39.

 Sýkorová Z., Wiemken A., Redecker D. 2007. Cooccurring Gen  ana verna and Gen  ana acaulis and their 
neighboring plants in two swiss upper montane meadows harbor dis  nct arbuscular mycorrhizal fungal 
communi  es. Applied and Environmental Microbiology 73:5426-5434.

 TeBeest D. O., Yang X. B., Cisar C. R. 1992. The status of biological control of weeds with fungal pathogens. 
Annual Review of Phytopathology 30:637-657.

 Temperton V. M., Mwangi P. N., Scherer-Lorenzen M., Schmid B., Buchmann N. 2007. Posi  ve interac  ons 
between nitrogen-  xing legumes and four di  erent neighbouring species in a biodiversity experiment. 
Oecologia 151:190-205.

 Templeton G. E. 1983. Biological control of weeds with mycoherbicides. Phytopathology 73:774-774.

 Tennant D. 1975. A test of a modi  ed line intersect method for es  ma  ng root length. Journal of Ecology 63:995-
1001.

 Thomma B., Penninckx I., Broekaert W. F., Cammue B. P. A. 2001. The complexity of disease signaling in 
Arabidopsis. Current Opinion in Immunology 13:63-68.

 Tilman D., Cassman K. G., Matson P. A., Naylor R., Polasky S. 2002. Agricultural sustainability and intensive 
produc  on prac  ces. Nature 418:671-677.

 Tinker P. B. 1975. Soil chemistry of phosphorus and mycorrhizal e  ects on plant growth. In F. E. Sanders, B. 
Mosse, and P. B. Tinker, eds. Endomycorrhizas. Academic Press, London, pp 353–371.

 Trappe J. M. 1987. Phylogene  c and ecologic aspects of mycotrophy in the angiosperms from an evolu  onary 
standpoint. In G. R. Sa  r, ed. Ecophysiology of VA mycorrhizal plants. CRC, Boca Raton, pp 5–25.

 Treseder K. K., Allen M. F. 2002. Direct nitrogen and phosphorus limita  on of arbuscular mycorrhizal fungi: a 
model and  eld test. New Phytologist 155:507-515.

 Uknes S., Mauchmani B., Moyer M., Po  er S., Williams S., Dincher S., Chandler D., Slusarenko A., Ward E., Ryals 
J. 1992. Acquired-resistance in Arabidopsis. Plant Cell 4:645-656.

 van Delden A., Lotz L. A. P., Bas  aans L., Franke A. C., Smid H. G., Groeneveld R. M. W., Krop   M. J. 2002. The 
in  uence of nitrogen supply on the ability of wheat and potato to suppress Stellaria media growth and 
reproduc  on. Weed Research 42:429-445.

 van der Ent S., Verhagen B. W. M., van Doorn R., Bakker D., Verlaan M. G., Pel M. J. C., Joosten R. G., Proveniers M. 
C. G., van Loon L. C., Ton J., Pieterse C. M. J. 2008. MYB72 is required in early signaling steps of rhizobacteria-
induced systemic resistance in arabidopsis. Plant Physiology 146:1293-1304.

 van der Heijden M. G. A. 2002. Arbuscular mycorrhizal fungi as a determinant of plant diversity: In search of 
underlying mechanisms and general principles. In M. G. A. van der Heijden and I. R. Sanders, eds. Mycorrhizal 
Ecology. Springer-Verlag, Berlin, pp 243-265.

 van der Heijden M. G. A. 2004. Arbuscular mycorrhizal fungi as support systems for seedling establishment in 
grassland. Ecology Le  ers 7:293-303.



126

References

 van der Heijden M. G. A. 2010. Mycorrhizal fungi reduce nutrient loss from model grassland ecosystems. Ecology 
91:1163-1171.

 van der Heijden M. G. A., Bardge   R. D., van Straalen N. M. 2008. The unseen majority: Soil microbes as drivers 
of plant diversity and produc  vity in terrestrial ecosystems. Ecology Le  ers 11:296-310.

 van der Heijden M. G. A., Boller T., Wiemken A., Sanders I. R. 1998a. Di  erent arbuscular mycorrhizal fungal 
species are poten  al determinants of plant community structure. Ecology 79:2082-2091.

 van der Heijden M. G. A., Horton T. R. 2009. Socialism in soil? The importance of mycorrhizal fungal networks for 
facilita  on in natural ecosystems. Journal of Ecology 97:1139-1150.

 van der Heijden M. G. A., Klironomos J. N., Ursic M., Moutoglis P., Streitwolf-Engel R., Boller T., Wiemken A., 
Sanders I. R. 1998b. Mycorrhizal fungal diversity determines plant biodiversity, ecosystem variability and 
produc  vity. Nature 396:69-72.

 van der Heijden M. G. A., Streitwolf-Engel R., Riedl R., Siegrist S., Neudecker A., Ineichen K., Boller T., Wiemken 
A., Sanders I. R. 2006. The mycorrhizal contribu  on to plant produc  vity, plant nutri  on and soil structure 
in experimental grassland. New Phytologist 172:739-752.

 van der Pu  en W. H., Peters B. A. M. 1997. How soil-borne pathogens may a  ect plant compe   on. Ecology 
78:1785-1795.

 van Loon L. C. 1997. Induced resistance in plants and the role of pathogenesis-related proteins. European Journal 
of Plant Pathology 103:753-765.

 van Loon L. C., Rep M., Pieterse C. M. J. 2006. Signi  cance of inducible defense-related proteins in infected 
plants. Annual Review of Phytopathology 44: 135-162.

 van Loon L. C., van Strien E. A. 1999. The families of pathogenesis-related proteins, their ac  vi  es, and 
compara  ve analysis of PR-1 type proteins. Physiological and Molecular Plant Pathology 55:85-97.

 van Wees S. C. M., Chang H. S., Zhu T., Glazebrook J. 2003. Characteriza  on of the early response of Arabidopsis 
to Alternaria brassicicola infec  on using expression pro  ling. Plant Physiology 132:606-617.

 van Wees S. C. M., van der Ent S., Pieterse C. M. J. 2008. Plant immune responses triggered by bene  cial 
microbes. Current Opinion in Plant Biology 11:443-448.

 Vandenkoornhuyse P., Husband R., Daniell T. J., Watson I. J., Duck J. M., Fi  er A. H., Young J. P. W. 2002. Arbuscular 
mycorrhizal community composi  on associated with two plant species in a grassland ecosystem. Molecular 
Ecology 11:1555-1564.

 Vanne  e R. L., Hunter M. D. 2011. Plant defence theory re-examined: nonlinear expecta  ons based on the costs 
and bene  ts of resource mutualisms. Journal of Ecology 99:66-76.

 Vatovec C., Jordan N., Huerd S. 2005. Responsiveness of certain agronomic weed species to arbuscular 
mycorrhizal fungi. Renewable Agriculture and Food Systems 20:181-189.

 Veiga R. S. L., Jansa J., Frossard E., van der Heijden M. G. A. 2011. Can arbuscular mycorrhizal fungi reduce the 
growth of agricultural weeds? PLoS ONE 6:e27825. doi:27810.21371/journal.pone.0027825.

 Verbruggen E., Kiers E. T., Bakelaar P. N. C., Roling W. F. M., van der Heijden M. G. A. 2012. Provision of contras  ng 
ecosystem services by soil communi  es from di  erent agricultural  elds. Plant and Soil 350:43-55.

 Verbruggen E., Roling W. F. M., Gamper H. A., Kowalchuk G. A., Verhoef H. A., van der Heijden M. G. A. 2010. 
Posi  ve e  ects of organic farming on below-ground mutualists: large-scale comparison of mycorrhizal 
fungal communi  es in agricultural soils. New Phytologist 186:968-979.

 Verhage A. 2011. Rewiring of the jasmonic acid signaling pathway during insect herbivory in Arabidopsis. 
Disserta  on, University of Utrecht, Utrecht.

 Vierheilig H., Coughlan A. P., Wyss U., Piche Y. 1998. Ink and vinegar, a simple staining technique for arbuscular-
mycorrhizal fungi. Applied and Environmental Microbiology 64:5004-5007.



127

References

 Vivanco J. M., Bais H. P., Stermitz F. R., Thelen G. C., Callaway R. M. 2004. Biogeographical varia  on in community 
response to root allelochemistry: Novel weapons and exo  c invasion. Ecology Le  ers 7:285-292.

 Voets L., de la Providencia I. E., Fernandez K., Ijdo M., Cranenbrouck S., Declerck S. 2009. Extraradical mycelium 
network of arbuscular mycorrhizal fungi allows fast coloniza  on of seedlings under in vitro condi  ons. 
Mycorrhiza 19:347-356.

 Vogelsang K. M., Reynolds H. L., Bever J. D. 2006. Mycorrhizal fungal iden  ty and richness determine the diversity 
and produc  vity of a tallgrass prairie system. New Phytologist 172:554-562.

 Wagg C., Jansa J., Schmid B., van der Heijden M. G. A. 2011a. Belowground diversity e  ects of plant symbionts 
support aboveground produc  vity. Ecology Le  ers 14:1001-1009.

 Wagg C., Jansa J., Stadler M., Schmid B., van der Heijden M. G. A. 2011b. Mycorrhizal fungal iden  ty and diversity 
relaxes plant-plant compe   on. Ecology 92:1303-1313.

 Walters D., Heil M. 2007. Costs and trade-o  s associated with induced resistance. Physiological and Molecular 
Plant Pathology 71:3-17.

 Wang B., Qiu Y. L. 2006. Phylogene  c distribu  on and evolu  on of mycorrhizas in land plants. Mycorrhiza 
16:299-363.

 Wapshere A. J., Delfosse E. S., Cullen J. M. 1989. Recent developments in biological control of weeds. Crop 
Protec  on 8:227-250.

 Wardle D. A., Bardge   R. D., Klironomos J. N., Setala H., van der Pu  en W. H., Wall D. H. 2004. Ecological linkages 
between aboveground and belowground biota. Science 304:1629-1633.

 Wardle D. A., Zackrisson O., Nilsson M. C. 1998. The charcoal e  ect in Boreal forests: Mechanisms and ecological 
consequences. Oecologia 115:419-426.

 Weisshuhn K., Pra   D. 2009. Ac  vated carbon may have undesired side e  ects for tes  ng allelopathy in invasive 
plants. Basic and Applied Ecology 10:500-507.

 Weissmann R., Gerhardson B. 2001. Selec  ve plant growth suppression by shoot applica  on of soil bacteria. 
Plant and Soil 234:159-170.

 Wright D. P., Read D. J., Scholes J. D. 1998. Mycorrhizal sink strength in  uences whole plant carbon balance of 
Trifolium repens L. Plant Cell and Environment 21:881-891.

 Wurst S., Vender V., Rillig M. C. 2010. Tes  ng for allelopathic e  ects in plant compe   on: Does ac  vated carbon 
disrupt plant symbioses? Plant Ecology 211:19–26.

 Wyse D. L. 1994. New technologies and approaches for weed management in sustainable agriculture systems. 
Weed Technology 8:403-407.

 Yoneyama K., Xie X. N., Sekimoto H., Takeuchi Y., Ogasawara S., Akiyama K., Hayashi H. 2008. Strigolactones, host 
recogni  on signals for root parasi  c plants and arbuscular mycorrhizal fungi, from Fabaceae plants. New 
Phytologist 179:484-494.

 Zamioudis C., Pieterse C. M. J. 2012. Modula  on of host Immunity by bene  cial microbes. Molecular Plant-
Microbe Interac  ons 25:139-150.

 Zimdahl R. L. 2007. Fundamentals of Weed Science. Third Edi  on. Academic Press, San Diego, CA.





129

Summary

Summary

Excessive weed growth represents one of the major threats to crop produc  on. Weeds are o  en 

controlled by means of herbicide applica  on. However, the use of such chemicals has been raising 
concerns about weed resistance and their impact on the environment and on animal and human 
health. Biological weed control is an alterna  ve, environmentally-sound method that, especially 
combined with other weed control prac  ces, can reduce the reliance on herbicides and contribute 

to an e  ec  ve weed management in sustainable farming systems. 
 Arbuscular mycorrhizal fungi (AMF) are widespread soil fungi that form symbio  c associa  ons 

with the majority of land plants. Although AMF are mainly acknowledged for enhancing plant 
nutrient uptake and growth, these fungi are not always bene  cial; interac  ons between plants and 

AMF can range from mutualis  c to antagonis  c, where plant growth is reduced. Previous studies 
indicate that AMF can have deleterious e  ects on weedy plant species but not much a  en  on has 
been paid to antagonis  c interac  ons between AMF and weeds, despite their applied poten  al. 

This PhD thesis aimed to gain further insight on antagonis  c e  ects of AMF on the growth of weeds 
in order to assess the poten  al role of AMF in weed management. 

 In several glasshouse experiments, I tested the e  ect of AMF on the growth of mycorrhizal and 
non-mycorrhizal (i.e. plants that do not establish a symbiosis with AMF) weed species. I started by 
tes  ng the e  ect of the widespread AM fungus Glomus intraradices on nine problema  c agricultural 

weeds (mycorrhizal hosts) and on the crop species wheat (Tri  cum aes  vum), maize (Zea mays) 
and the legume clover (Trifolium pratense). I show predominance of nega  ve mycorrhizal growth 

responses of the weed species but care is required in interpre  ng this result as wheat and maize 
also responded nega  vely. From this ini  al screen, I selected three nega  vely-responsive weed 
species (Echinochloa crus-galli, Setaria viridis, Solanum nigrum) and analyzed their responses in a 

more “realis  c” situa  on; to a combina  on of AMF species and in the presence of the crop maize. 
The selected weed species maintained their nega  ve responses to a combina  on of AMF and, in the 
case of E. crus-galli, the antagonis  c e  ect of AMF on plant growth was ampli  ed in the presence 
of maize. In this study, no nega  ve e  ects were observed in maize. Finally, in a subsequent set of 

experiments, I tested whether AMF iden  ty and abundance have an impact on weed growth. In 
order to do this, I analyzed growth responses of (a) the three selected weeds to three di  erent AMF 
species and (b) of the weed E. crus-galli to increasing amounts of AMF inoculum. I show that weed 
growth suppression depends on the AMF colonizing the roots and on AMF abundance. The nega  ve 
rela  onship found between growth responses of 10-week-old E. crus-galli and fungal abundance in 

its roots is especially interes  ng as it suggests that promo  ng the abundance of (some) AMF in the 
 eld might increasingly suppress the growth of some weed species.

 To test the e  ect of AMF on the growth of non-mycorrhizal weeds, I used an experimental system 
where the non-host species was grown together with a mycorrhizal host that had been planted 4-5 
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weeks before to allow the development of an ac  ve AM mycelium. I found that, in the presence 
of an ac  ve AM mycelium, the growth of the non-mycorrhizal weed species Stellaria media was 
strongly reduced. In three complementary experiments, using S. media as the focal species, I tested 
whether the observed nega  ve e  ect on non-hosts was due to allelopathic compounds exuded by 

AMF. This mechanism could have clear prac  cal applica  ons for weed control (e.g. development 
of organic herbicides), but I found no evidence that AMF produce compounds that suppress the 
growth of non-mycorrhizal weed species. 
 I hypothesized that if antagonis  c e  ects of AMF on non-host weeds (e.g. S. media) could be 

reproduced on the model plant Arabidopsis thaliana, this species would be the ideal organism 
to further inves  gate the molecular basis of such e  ects. In agreement, I show that growth of 

A. thaliana can be signi  cantly reduced in the presence of AM mycelium supported by a host 
species. Furthermore, in the presence of an ac  ve AM mycelium, both S. media and A. thaliana 
were colonized by fungal hyphae and vesicles, some  mes to a bigger extent than foreseen. The 

lack of arbuscules indicates that no func  onal symbiosis was established between these plants 
and the fungus colonizing their roots. Further microscopical analyses (using op  cal, confocal and 

transmission electron techniques) of A. thaliana roots revealed that infected roots were senescing 
or dead. These observa  ons raise the ques  on of whether antagonis  c e  ects of AMF on the 
growth of non-mycorrhizal (weed) species are related to constant contact with AM mycelium and 

eventual root infec  on (e.g. through ac  va  on of costly plant defense responses). 
 Although there seems to be predominance of antagonis  c e  ects of AMF on weeds, the fact 

that not all the weed species were nega  vely a  ected by AMF and that not all AMF caused growth 
depressions indicates that AMF should not be considered as broad-spectrum weed biocontrol agents. 
Nonetheless, it suggests that AMF can drive weed community composi  on in agroecosystems. The 

role of AMF in weed management might therefore be more subtle; it is possible that manipula  on 
of AMF via agronomic management may provide a means of keeping some weed popula  ons below 

tolerance threshold levels and of direc  ng weed community dynamics as to reduce nega  ve e  ects 
of weeds. In order to fully realize the poten  al role of AMF on weed management future research is 

needed. On the one hand, antagonis  c e  ects of AMF on the growth of weeds should be con  rmed 
in more complex study systems, including  eld situa  ons. On the other hand, mechanisms explaining 
such e  ects should be inves  gated. For this purpose, by showing for the  rst  me mycorrhizal 
e  ects on the model plant A. thaliana, my results suggest that A. thaliana may serve in the future as 
a valuable tool in unraveling the molecular basis of incompa  ble plant-AMF interac  ons, including 

antagonis  c e  ects of AMF on non-host weeds species.
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Overma  ge onkruidgroei vormt één van de grote gevaren voor de produc  e van landbouwgewassen. 

Vaak worden herbiciden gebruikt bij de bestrijding van onkruid. Echter, er zijn toenemende zorgen 
over het gebruik van zulke chemicaliën op de resisten  e van onkruid en het mogelijk e  ect op 
het milieu en gezondheid van mens en dier. Biologische onkruidbestrijding is een alterna  eve, 
milieuvriendelijke methode. Vooral gecombineerd met andere methoden van onkruidbestrijding 

kan biologische bestrijding de a  ankelijkheid van herbiciden verminderen en bijdragen tot een 
e  ec  eve bestrijding van onkruid in duurzame landbouwsystemen.

 Arbusculaire mycorrhiza schimmels (AMF) zijn wijdverbreide bodemschimmels die een 
symbio  sche associa  e aangaan met het overgrote deel van de landplanten. Hoewel AMF vooral 

bekend zijn omdat ze planten helpen nutriënten op te nemen, is de associa  e met AMF niet al  jd 
van voordeel voor de plant. De interac  e tussen AMF en een plant kan variëren tussen mutualisme 
en antagonisme, met bijbehorende gereduceerde groei van de plant. Eerdere studies wijzen op 

een nega  ef e  ect van AMF op een aantal onkruidsoorten. Echter de antagonis  sche interac  e 
tussen AMF en onkruid is nog grotendeels onbekend, ondanks poten  ële toepassingmogelijkheden 

voor onkruidbestrijding. Dit proefschri   hee   als doel het verkrijgen van meer inzicht in de 
antagonis  sche e  ecten van AMF op de groei van onkruid. Het uiteindelijke doel is te evalueren of 
AMF een rol bij de onkruidbestrijding kan spelen.

 In kasexperimenten heb ik het e  ect van AMF op de groei van diverse onkruidsoorten onderzocht. 
Ik heb zowel onderzoek gedaan naar onkruidsoorten die met AMF samen leven en onkruidsoorten 

die geen associa  e met AMF vormen (zogenaamde niet-gastheren). Ik ben begonnen met het 
testen van het e  ect van een algemene AMF soort (Glomus intraradices) op negen problema  sche 
landbouwonkruiden, en op de landbouwgewassen tarwe (Tri  cum aes  vum), maïs (Zea mays) en rode 

klaver (Trifolium pratense). Ik toon aan dat de geteste onkruidsoorten over het algemeen nega  ef 
op mycorrhiza-schimmels reageren. Dit resultaat dient echter kri  sch te worden geïnterpreteerd, 
aangezien zowel tarwe als maïs ook verminderde groei toonden. Op basis van dit onderzoek heb 
ik drie onkruidsoorten met een nega  eve groeirespons (Echinochloa crus-galli, Setaria viridis, 

Solanum nigrum) geselecteerd. Ik heb de reac  es van deze drie soorten in een meer ‘realis  sche’ 
situa  e geanalyseerd: in combina  e met drie AMF soorten en in de aanwezigheid van maïs. Ook in 
dit experiment werd de biomassa van de drie gekozen onkruidsoorten door de aanwezigheid van 

AMF gereduceerd. In het geval van E. crus-galli versterkte de aanwezigheid van mais het nega  eve 
e  ect van AMF op de groei van E. crus-galli. In dit experiment werden geen nega  eve e  ecten 
in maïs geobserveerd. Ten slo  e heb ik in een volgende set van experimenten onderzocht of de 

iden  teit en abundan  e van AMF de groei van onkruid beïnvloed. Om dit te kunnen onderzoeken 
heb ik de groeiresponse van (a) de drie eerder gekozen onkruidsoorten met drie verschillende 

AMF soorten, en (b) het onkruid E. crus-galli met toenemende hoeveelheden van AMF inoculum 
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geanalyseerd. Ik toon aan dat onkruidsuppressie a  ankelijk is van de soort mycorrhiza schimmel 
welke de wortels koloniseerd, en van de abundan  e aan AMF. De gevonden nega  eve rela  e tussen 
groeiresponsies van 10-weken oude E. crus-galli planten en de abundan  e aan schimmels in de 
wortels is vooral interessant omdat het suggereert dat s  mulering van (sommige) AMF in het veld 

de groei van speci  eke onkruidsoorten in toenemende mate zou kunnen onderdrukken. 
 Om het e  ect van AMF op de groei van onkruidsoorten die geen associa  e met AMF vormen (niet-
gastheren), te kunnen testen, heb ik een model systeem ontwikkeld waarbij de niet-gastheer soort 
samen met de mycorrhiza gastheer (bijvoorbeeld klaver of gras) werd opgegroeid. De mycorrhiza 

gastheer werd 4  5 weken eerder geplant zodat er een ac  ef AMF mycelium in de bodem werd 
ontwikkeld. Hierbij heb ik gevonden dat, in aanwezigheid van een ac  ef AMF mycelium, de groei van 

de onkruidsoort Stellaria media (een onkruidsoort die niet met AMF samenlee  ) aanzienlijk werd 
gereduceerd. In drie complementaire experimenten, waarin S. media als focus soort is gebruikt, 
heb ik onderzocht of het waargenomen nega  eve e  ect op deze plant toegeschreven kon worden 

aan allelopathische sto  en welke door AMF worden uitgescheiden. Dit mechanisme zou duidelijke 
prak  sche toepassingen op onkruidbestrijding (bijv. bij de ontwikkeling van organische herbiciden) 

kunnen hebben. Ik heb echter geen bewijs gevonden dat AMF sto  en aanmaakt die de groei van de 
niet-gastheer onkruidsoort kan onderdrukken.
 Ik verwacht dat als antagonis  sche e  ecten van AMF op niet-gastheer onkruidsoorten (bijv. 

S. media) kunnen worden gereproduceerd op de modelplant Arabidopsis thaliana, deze soort het 
ideale organisme voor verdere onderzoeken naar de moleculaire basis van antagonis  sche e  ecten 

zou zijn. In overeenstemming met mijn verwach  ng laat ik zien dat de groei van A. thaliana in 
aanwezigheid van een ac  ef AM mycelium sterk wordt gereduceerd. Bovendien werden zowel 
S. media als A. thaliana gekoloniseerd door schimmelhyfen en vesicules zodra een ac  ef AMF 

mycelium aanwezig was. Deze kolonisa  e was in sommige gevallen omvangrijker dan men tot nu 
toe had aangenomen. De afwezigheid van arbuscules, speci  eke AMF structuren welke voor de 

uitwisseling van voedingssto  en verantwoordelijk zijn, wijst erop dat er geen func  onele symbiose 
tussen de planten en de koloniserende schimmel was gevormd. Verdere microscopische analyses 
(waarbij op  sche, confocal en transmissie elektron mikroskopie technieken werden gebruikt) van 
de wortels van A. thaliana hebben onthuld dat geïnfecteerde wortels ofwel dood, ofwel aan het 
verouderen waren. Deze waarnemingen roepen de vraag op of de antagonis  sche e  ecten van AMF 
op de groei van niet-gastheer soorten gerelateerd zijn aan het con  nue contact tussen het AMF 
mycelium en een eventuele wortelinfec  e (bijv. door ac  vering van kostbare afweermechanismen 

van de plant). 
 Hoewel AMF de groei van de meeste onkruidsoorten onderdrukt, is het feit dat niet alle 
onkruidsoorten nega  ef reageerden, en dat niet alle AMF groeidepressies veroorzaakten, een 

indica  e dat AMF niet als een a-selec  eve biologische onkruidbestrijder moet worden beschouwd. 
Nie  emin is er een sterke sugges  e dat AMF een drijvende factor is bij de onkruidsamenstelling in 

agroecosystemen. De rol van AMF in onkruidbestrijding zou daarom sub  eler kunnen zijn: het is 
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mogelijk dat door manipula  e van AMF door middel van speci  eke landbouwkundige maatregelen 
een middel kan worden gevonden voor het beheren van onkruidpopula  es binnen toelaatbare 
grenzen. Om een beter inzicht te verkrijgen in de rol van AMF bij de bestrijding van onkruid, is verder 
onderzoek van belang. Aan de ene kant zouden de antagonis  sche e  ecten van AMF op de groei 

van onkruid moeten worden beves  gd in complexere experimenten, inclusief veldexperimenten. 
Aan de andere kant is onderzoek noodzakelijk naar de mechanismen die de nega  eve e  ecten 
kunnen verklaren. Mijn observa  e dat de model plant A. thaliana sterk door AMF wordt beïnvloed, 
bied voor de toekomst een waardevol werktuig op bij het ontrafelen van de moleculaire basis van 

incompa  bele AMF-plant interac  es, inclusief antagonis  sche e  ecten van AMF op niet-gastheer 
onkruidsoorten. 
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