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Abstract Research in the field of arbuscular mycorrhizal
(AM) symbiosis has taken a giant leap in the past two
decades, as demonstrated by the large amount of literature
being published every year. Most of the research efforts
have been put towards the understanding of the mecha-
nisms of this symbiosis. However, there are still several
unknowns on the systemic effects of the AM symbiosis,
and our understanding of non-nutritional effects on the
physiological changes occurring in the aerial parts of the
host plant is yet quite limited. In this short note, I briefly
address the question, if there are any changes in metabolic
activities that are triggered by AM fungi, and assess the
importance of such changes for mycorrhizal research and
application.
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The understanding of the arbuscular mycorrhizal (AM)
symbiosis has greatly improved in the past decades mainly
due to the broadening and amalgamating of research in
plant physiology, plant–microbe interactions, molecular and
cellular biology, as well as ecology. This research has one
main goal: to understand the biology of the AM symbiosis,
particularly at the root level, which is where the symbiosis
occurs. Hence, some of the main physiological mechanisms
underlying this important and widespread symbiosis are

now better understood (e.g. Harrison 2005; Bucher 2007).
However, there is still a lack of information on the
physiological implications of the symbiosis in the aerial
parts (referred here as “shoots”) of host plants.

Research activities in the field of AM symbioses have
been conducted under a variety of conditions ranging from
laboratory studies, including root-organ cultures (ROC;
Declerck et al. 2005), to glasshouse and field trials (Fitter
1985; Klironomos et al. 2000; Smith et al. 2003). Recent
advances in bio-technology are now providing many
molecular tools to elucidate the intricate mechanisms of
this symbiosis. ROC systems have been extensively used in
the past decade (Fortin et al. 2002) and, more recently, have
been used as a tool to understand the mechanisms of the
signalling processes involved in the host recognition by the
fungus (Buée et al. 2000; Akiyama et al. 2005). Some
researchers argue that the growth environment of the ROC
system is too artificial, as it totally lacks the shoot input,
which is likely to affect the functioning of the symbiosis
(i.e. photosynthates, hormonal balance and other signals),
therefore “masking” the true physiological and whole-
plant nature of the symbiosis. However, the purpose of
this communication is not to focus on the advantages and
disadvantages of any particular experimental system but
rather to assess the importance and relevance of focusing
on the physiological (metabolic) changes occurring in the
shoots of an AM plant, which is often neglected in AM
research, except for obvious effects on growth and
nutrient concentrations.

Focusing on the shoots

Mycorrhizal research has largely focused on the uptake of
mineral nutrients in AM plants (Marschner and Dell 1994;
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Smith and Read 1997), investigating the effects of the
symbiosis in increasing nutrients concentrations such as
phosphorus (P), nitrogen and zinc (Johansen et al. 1994;
Zhu et al. 2001; Smith et al. 2003; Toussaint et al. 2004).
This nutritional improvement in AM plants often (but not
always) results in positive growth responses in host plants,
most evidently at the shoot level. Research on primary
metabolism of AM plants has also been partly addressed in
studies investigating changes in photosynthetic rates (Wright
et al. 1998b) as well as carbon assimilation and allocation in
AM plants (Wright et al. 1998a). It has been suggested that
the symbiosis can increase photosynthesis through mor-
phological adaptations such as increase in specific leaf area
(Harris and Paul 1987). Other less well-defined effects of
AM fungi (AMF) on host plant’s primary metabolism
include drought tolerance and water relations and the
changes it induce (e.g. higher enzyme activities, leaf water
potential, sugar content; Cui and Nobel 1992; Subramanian
et al. 1995, 1997; Ruiz-Lozano 2003; Caravaca et al. 2005).

There are also indirect physiological effects of the
symbiosis that are not quite clear yet. AMF have been
reported to induce changes in phytohormone balance in
host plants (Allen et al. 1980, 1982; Esch et al. 1994;
Torelli et al. 2000; Fitze et al. 2005), but there is only
limited evidence of such effects in the shoots of AM plants.
There also have been several studies related to acquired
bio-protective effects through AMF, especially focusing on
the activation of plant defence mechanisms in roots of host
plants (see reviews by Garcia-Garrido and Ocampo 2002
and Harrier and Watson 2004 and references therein).
Although there is no clear pattern of bio-protection of AMF
against pathogens (see review by Borowicz 2001), AMF
seem to have an impact on host plants physiology. It is
believed that the first steps of colonisation by AMF induce
the production of secondary plant compounds in the roots of
the host plant, such as low molecular weight antimicrobial
flavonoids [e.g. phytoalexins (VanEtten et al. 1994; Scharff
et al. 1997)] or pathogenesis-related proteins [e.g. chitinase
and β-1,3-glucanase (Bonfante and Perotto 1995; Benhamou
1996)]. There also have been other reports on the effect of
AMF on accumulation of phenolics (Grandmaison et al.
1993; Larose et al. 2002 and references therein), but again,
these were focused on roots.

Systemic effects of AMF in host plants have been
partly addressed in the past regarding pathogen resistance
(Cordier et al. 1998) and, more recently, in relation to bio-
chemical changes and the induction of plant defences (Singh
et al. 2004; Bezemer and van Dam 2005). AMF can have a
direct impact in below- and above-ground interactions,
although these interactions are quite complex and not well
understood. Relevant questions that need addressing include
the following: Are there any true systemic effects of this
particular symbiosis on the host plant? In that regard, it was

recently demonstrated that AM tomato plants show different
gene expression patterns in leaf and root tissues (Taylor and
Harrier 2003). The authors suggested that these regulation
patterns could be the result of a different nutritional status or
the alteration of hormonal balance in the host plant. Studies
such as the latter can provide important insights on the
mechanisms by which the AM symbiosis influences the host
plant metabolism and physiology. However, as a word of
caution, despite the advantages of new molecular techniques,
it is imperative to incorporate both basic physiological
investigations and novel technical approaches in AM
research, as it is not always the case in molecular-focused
studies. On the other hand, another question that, to my
belief, could be quite captivating and worth investigating is:
Are new bio-chemical pathways or changes in metabolic
activities triggered by AMF in the aerial parts of a host
plant?

New perspectives

Until recently, very little attention had been paid on the
accumulation of secondary compounds in the aerial parts of
AM plants. There have been reports on the activity of
antioxidants in AM plants, but mainly in response to abiotic
stresses (Schutzendubel and Polle 2002; Porcel and Ruiz-
Lozano 2004). It has also been known for several years that
different species of AMF can contribute to higher produc-
tion and yield of essential oils in plants with medicinal
virtues such as mint (Sirohi and Singh 1983). However, no
clear mechanism, other than an improvement of the
nutritional status (mainly P), has been put forward to
explain such observations. A recent study showed that
increases of essential oils in sweet basil colonised by
Gigaspora rosea are correlated to a larger number of peltate
glandular trichomes per surface area (Copetta et al. 2006).
It was suggested that the increase in number of trichomes
could have been regulated by changes in hormonal balance
in AM plants as previously reported (Allen et al. 1980,
1982). Another study reported increases of essential oil
concentrations in oregano plants colonised by Glomus
mosseae, which was not related to improved P nutrition
(Khaosaad et al. 2006). Furthermore, we recently demon-
strated that Glomus caledonium and G. mosseae induce the
production of antioxidants in the aerial parts of sweet basil
(Toussaint et al. 2007). These results were obtained under
matched P tissue concentrations for both AM and non-AM
plants; therefore, these were not solely the indirect effect of
improved P nutrition, but a fungal-mediated enhancement
of active compounds in the shoots. Altogether, these reports
illustrate that there can be accumulations of secondary plant
compounds in the aerial parts of AM plants, which are
“non-nutritional-related”, and therefore highlight the need
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for further research aiming at elucidating the mechanisms
by which AMF affect plant metabolism in shoots.

In search of an answer...where to next?

Plant pathogens and herbivores are known to directly or
indirectly influence defence responses in roots and shoots
of plants (Bezemer and van Dam 2005). There is evidence
that defence responses involve similar compounds against
root pathogens and herbivores (e.g. 2-b-O-D-glucopyrano-
syl-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one, DIM-
BOA-Glc; Collantes et al. 1998). Ectomycorrhizal fungi
are thought to produce their own secondary metabolites that
can protect the host plant against root pathogens (Jones and
Last 1991). If such compounds can be translocated to the
shoots of the plant, this could enhance plant defences
against herbivores. Likewise, AMF could confer some
protection to host plants by inducing the production
secondary compounds that would make the plant less
palatable to herbivores. However, such a hypothesis has
not been properly investigated. There have been reports of
the reduction in survival of Lepidopteran (Noctuidea)
larvae when fed with the leaves of AM plants compared
to the leaves of non-AM plants (Rabin and Pacovsky 1985).
The effect was not correlated to any increase in total
phenolic content, and no clear mechanism was suggested
that would explain how the AMF rendered the leaves less
palatable. Perhaps such a mechanism could not be revealed
due to the experimental methods used at the time, which
might not have allowed detecting subtle, yet significant,
changes in plant secondary compounds. New techniques
(e.g. liquid and gas chromatography, molecular tools)
might help circumvent this problem. Recent and novel
analytical techniques/approaches such as metabolomics,
gene expression studies and proteomics will most
definitely help us understand and gain a “global picture”
of plant–microbe interactions, including AMF (Cánovas
et al. 2004; Bezemer and van Dam 2005). Therefore, if
we are to understand the effects of the AM symbiosis at
the shoot level, and the molecular mechanisms involved
behind it, we need to carefully combine new high
throughput techniques, such as the ones mentioned above,
with classical physiological investigations (i.e. nutritional
status of the plants, growth/morphological characteristics,
etc.). Only then will we be able to fill some of the gaps
left in this area of AM research and be able to answer the
“how’s” and “why’s”.

There is increasing interest in the use of AMF as
biological control agents (Whipps 2004) as well as in
organic farming (Gosling et al. 2006). This was particularly
illustrated at the latest International Conference on Mycor-
rhiza (ICOM), held in Granada, Spain, where an entire

session was devoted to “Mycorrhiza in alternative produc-
tion systems”. There were six oral presentations relating to
this subject and more than 30 posters of original research
topics, confirming the growing interest in AM research
related to practical and holistic approaches. As an example,
the production of commercially important crops might
benefit from knowledge gained through investigations of
the effect of AMF on the production of phytochemicals or
secondary compounds. This is especially true as the
harvested product is quite often the aerial part. For instance,
by the year 2000, the herbal medicine industry was
generating $4 billion in the USA, about £31 million in the
UK and £1.3 billion in Germany (Ernst 2000). As there is a
need to develop herb varieties with better growth and
increased levels of active compounds (Rai et al. 2001), the
exploitation of the AM symbiosis could greatly benefit such
an industry; providing that further attention is paid towards
the understanding of the effects of AMF in the bio-chemical
pathways occurring in the shoots of host plants. The
research in this area would also be relevant in the sector
of research and development, especially when focusing on
sustainable management systems (see Lumpkin 2005).
Ultimately, it should be highly valuable to further acknowl-
edge the influence of AMF on the bio-chemical pathways
in the aerial parts of the host plant and scrutinise this
symbiosis in a more holistic way.
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