
Journal of Phytology 2010, 2(7): 53-69                                                                                                   ISSN: 2075-6240  
An Open Access Journal                                                                     Available Online: www.journal-phytology.com 

 
REGULAR ARTICLE 

ARBUSCULAR MYCORRHIZAL FUNGI-INDUCED 
SIGNALLING IN PLANT DEFENCE AGAINST 

PHYTOPATHOGENS 
Md. Haneef Khan1, M.K. Meghvansi1*, Vipin Panwar2, H.K. Gogoi1, Lokendra Singh1 

1Defence Research Laboratory, Post Bag No 2, Tezpur-784001, Assam, India 
2Directorate of Wheat Research (ICAR), Karnal, Haryana, India 

 
SUMMARY 

Arbuscular mycorrhizal fungi (AMF), the ancient mutualist and biotroph of plants, 
improve the supply of water and nutrients, such as phosphate and nitrogen to its host 
plant. In exchange of this, it takes a part of photosynthate sugar to complete its life cycle. 
Despite having its own immune system, the plant upon pathogen attack gets weaken and 
needs reinforcement to fight back and become stabilize in the battle ground. AMF fulfills 
the need of host plant and provides with support in many ways by induction of 
attenuated defence signaling for combating against phytopathogen. This elevation not 
only makes plant more tolerant towards the attack of phytopathogen but also, enhances 
the genetic, biochemical and signaling factors responsible for its defence purpose. In this 
article, we look forward to discuss the factors, mechanisms and pathways responsible for 
this back-up from AMF to plants with recent experimental proof. In addition, this meta-
analysis will also try to focus on areas that have recently got attention or are less known, 
so that, lacunae and underestimated aspects should come in front for a further systematic 
research. 
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1. Introduction 
It is a well established fact that the plants 

deal with phytopathogens by means of their 
own immune system (IS). These include 
preformed physical and chemical barriers 
and several active mechanisms (Kachroo and 
kachroo, 2009). IS is further divided into 
primary immune system and secondary 
immune system. The primary immune 
system involves interaction of strain-specific 
avirulent (AVR) protein from the pathogen 
with a cognate plant resistance (R) protein 
(Dangl and Jones, 2001). This initiates 
systemic acquired resistance (SAR) in 
systemic tissues to provide with immunity 
against the secondary infections by related 
and unrelated pathogens (Durrant and Dong, 
2004; Klessig et al., 2009). Another mode of 
secondary immunity, termed induced 
systemic resistance (ISR), is activated upon 
colonization of plant root by nonpathogenic 
rhizosphere microbes (Van Loon et al., 1998). 
Very often it has been observed that despite 

having their own defence system, plants 
require support to fight against 
phytopathogens. This may be due to slow 
response or low induction level of defense-
related factors. AMF have long been known 
as a paramount among symbionts of plants. 
They belong to the phylum, Glomeromycota 
(Schübler et al., 2001) and colonize 70–90% of 
land plant species (Smith and Read, 2008). 
Though the colonization specificity does 
matter but not much, depending upon many 
factors including the genotype of the host 
plant (Koide and Schreiner, 1992; Meghvansi 
et al., 2008). There are several benefits of 
AMF colonization in plants, mainly the 
increase in  nutrient uptake (Smith and Read, 
2008). Despite this, still there is an ambiguity 
that the AMF has any direct involvement in 
the host’s defence signaling against 
phytopathogens. Although, there are some 
indirect functions which contribute to 
intensify the plant defence responses 
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including augmentation of plant nutrition 
(Smith and Read, 2008) and damage 
compensation. Moreover, it includes 
anatomical alterations in the root system 
(Wehner et al., 2010), microbial changes in 
the rhizosphere and enhancing the 
attenuated plant defence responses by 
altering the host’s signaling pathways (Pozo 
and Azcón-Aguilar, 2007). This is 
accomplished primarily through modulation 
in Jasmonic acid (JA) and salicylic acid (SA) 
dependent pathways (Pozo and Azcón-
Aguilar, 2007). Furthermore, the AMF is 
likely to have role in induction of hydrolytic 
enzymes (Pozo et al., 1999), enhanced levels 
of Pathogenesis-related (PR) proteins, accrual 
of phytoalexins (Harrison and Dixon, 1993; 
Morandi, 1996; Larose et al., 2002), callose 
deposition (Cordier et al., 1998) and reactive 
oxygen species generation (Salzer et al., 1999). 
Hence, there are several reports exemplifying 
the potential of AMF in reducing the severity 
and incidence of phytopathogens for a long. 
But the knowledge of the mechanism behind 
it is scarce.  In this review, we have 
attempted to discuss the essential keys 
responsible for plant defence signalling 
against phytopathogens in presence of AMF. 
Most importantly, we highlight the 
biochemical, molecular, ecological and 
signaling factors in charge of affecting the 
relationship and the interactions among 
them with possible mechanisms to 
understand the underlying pathways. 
 
2. Genetic basis of AMF’s contribution 

During AMF’s colonization, a strong 
genetic shift occurs which leads to the 
enhancement of signaling pathways of plant 
defence response against phytopathogen. 
However, AMF itself while colonization face 
an attack of different classes of chitinases 
(enzymes having antifungal property) 
especially of Class I chitinases. Interestingly, 
the Class I chitinases was found to be unable 
to inhibit AMF colonization (Arlorio et al., 
1991; Salzer et al., 1997; Vierheilig et al., 
1993). After having symbiotic relationship 
with its host, AMF possibly enhances genes-
encoded products having antimicrobial 
activity. For instance, induction of Medicago 
truncatula genes TC104515 (6659-fold), 

TC101060 and TC98064 was observed in the 
roots colonized with Glomus intraradices (Liu 
et al., 2007). These genes were predicted to 
encode cysteine rich proteins that display 
antifungal activity (Terras et al., 1995). Their 
function is to elicit the hypersensitivity 
response with the matching resistance gene 
(de Wit et al., 1992). This response is 
mediated by reactive oxygen species (ROS) 
produced early in the plant-pathogen 
interaction (Levine et al., 1994). However, 
TC104515 transcripts were detected only in 
roots colonized with G. intraradices and not in 
roots colonized with G. versiforme or 
Gigaspora gigantea. This gene was also not 
expressed in M. truncatula/G. mosseae roots 
(Hohnjec et al., 2005). So, there is a 
considerable variation in the genetic shifts of 
different plant-related defence genes 
colonized with diverse AMF species, which 
needs exploration.  

It has been reported that AMF’s 
bioprotection strategy is more effective in the 
plant’s root than the shoot. Even, within the 
AMF colonized roots, the complex 
differential gene expression pattern was 
observed (Liu et al., 2007) rendering AMF’s 
bioprotection system more sensitive towards 
plant roots. In an experiment, a group of 
genes was identified through differential 
expression in shoots of AMF colonized plant, 
showing striking similarities with 
defence/stress signaling genes and ACRE 
genes (Liu et al., 2007). The ACRE genes 
were previously known to respond 
instantaneously in tomato upon infection of 
Cladosporium fulvum and suggested to be 
involved in the initial development of 
defense signaling (Durrant et al., 2000). 
Based on the split-root analyses, some of 
ACRE genes including two WRKY-type 
transcription factors and a TOLL-type 
protein showed a greater increase in 
transcripts in the noncolonized roots and 
shoots of the mycorrhizal plants (Liu et al., 
2007). On the contrary, leaves of mycorrhizal 
plants infected with the phytopathogens 
Botrytis cinerea or tobacco mosaic virus 
showed a higher incidence and severity of 
necrotic lesions than those of nonmycorrhizal 
ones (Shaul et al., 1999). Further 
investigation revealed the induction of PR-1 
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and PR-3 expression was observed in the 
leaves of both nonmycorrhizal and 
mycorrhizal plants (Shaul et al., 1999). 
Although, accretion and mRNA steady-state 
levels of these proteins were lower, and their 
appearance were delayed in the leaves of the 
mycorrhizal plants (Shaul et al., 1999). They 
concluded that prior infection of AMF than 
pathogen attack is required. In support of 
this, Cartieaux et al., (2003) found that 
photosynthesis-associated gene expression 
was downregulated in Arabidopsis leaves in 
mycorrhizal plants specifically of the small 
subunit of Rubisco (Liu et al., 2007). So, it is 
evident that there must be some regulatory 
processes which get initiated in the roots of 
mycorrhizal plants, that modified the 
disease-symptom development and gene 
expression in the tobacco leaves. Another 
common feature of the resistance responses 
induced by AMF is priming. Priming is a 
plausible strategy which includes 
preconditioning of plant tissues for a more 
effective activation of defenses (Conrath et al., 
2006). For example, colonization of 
mycorrhizal fungi in tomato roots 
systemically protects the plant against 
Phytophthora parasitica infection without 
direct accumulation of PR proteins (Conrath 
et al., 2006). However, Conrath et al., (2006) 
found that upon pathogen attack, 
mycorrhized plants accumulate considerable 
amount of PR-1a, which confers SAR and 

basic β-1,3 GLUCANASE (BGL) proteins 
than non-mycorrhized plants. AMF-
colonized rice was found to have induced 
lipid transfer protein (encoded from Ltp gene) 
(Blilou et al., 2000b.) which is accountable for 
plant defence response for its antimicrobial 
property (Molina and García-Olmedo, 1993; 
García-Olmedo, 1995). Phenylalanine 
ammonia lyase (PAL) enzyme (encoded from 
Pal gene), which leads to the production of 
phytoalexins and phenolic compounds, was 
also persuaded in the rice infected with AMF 
(Blilou et al., 2000b.). In addition to this, 
VCH3 gene-encoded chitinase enzyme was 
observed in the primed expression of AMF-
colonized grapevine roots against 
Meloidogyne incognita (Li et al., 2006). These 
evidences are strongly in favour of AMF 
triggered localized and systemic priming of 
plants. But, above stated studies lack the 
observation of induction of these constitutive 
genes on the plant’s health which is a costly 
affair for the host. Moreover, these findings 
are based on only observations of few 
defence-related genes. So, these limited 
findings need to be extended and the 
mechanism behind the stimulatory effect of 
AMF in plant’s defence response against 
phytopathogens should come in front. More 
effective and in depth studies are required to 
make a link between AMF and plant defence 
signaling.  

 
Table 1. List of genes induced after AMF colonization in host plant and are responsible for the plant’s defence 

against phytopathogen. 
Sl. 
No. 

Gene  Product Function Source Reference 

1.  TC104515   Cysteine rich 
protein 

Antifungal property M. truncatula Liu et al., 
2007 

2. TC101060 Cysteine rich 
protein 

Antifungal property M. truncatula Liu et al., 
2007 

3.  TC98064 Cysteine rich 
protein 

Antifungal property Medicago 
truncatula 

Liu et al., 
2007 

4. PR-1a PR-1a protein Pathogenesis-related 
(Antimicrobial) 

Tomato Conrath et 
al., 2006 

5.  BGL β-1,3 Glucanase 
(PR protein family) 

Antifungal property Tomato Conrath et 
al., 2006 

6. VCH3 Chitinase protein 
(PR protein family) 

Antifungal property against 
Meloidogyne incognita 

Vitis 
amurensis 
Rupr. 
(Grapevine) 

Li et al., 2006 

7. Pal Phenylalanine 
ammonia lyase 
(PAL) enzyme 

leads to production of 
phytoalexins and phenolic 
substances  

Rice Blilou et al., 
2000b. 
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8. Ltp Lipid transfer 
protein 

Antimicrobial Rice Blilou et al., 
2000b. 

9. PR10   PR 10 Pathogenesis-related protein 
(have RNases activity) 

Pea; Parsely Ruiz-Lozano, 
1999; Moieyev 
et al., 1994; 
Walter et al., 
1996 

10. pI 49 pI 49 Member of multigene family 
PR 10 (have Ribonuclease 
activity) 

Pea Ruiz-Lozano, 
1999; 
Hadwiger et 
al., 1992 

11.  pI 176  pI 176 Member of multigene family 
PR 10 (have Ribonuclease 
activity) 

Pea Ruiz-Lozano, 
1999; 
Hadwiger et 
al., 1992 

12. pI 206 pI 206 Linked to appressorium 
formation in G. mosseae- 
inoculated pea plant and 
plant-pathogen interaction as 
well 

Pea Ruiz-Lozano, 
1999 

13. Unknown Chalcone 
isomerase 

Requires for the production of 
phytolexins 

Pea Ruiz-Lozano, 
1999; 
Harrison and 
Dixon, 1993, 
1994 

14. Unknown Transcinnamic 
acid 4-hydroxylase 

Requires for the production of 
phytolexins 

Pea Ruiz-Lozano, 
1999; 
Harrison and 
Dixon, 1993, 
1994 

15. Unknown Basic A1-chitinase Antifungal property having 
vacuolar compartmentation 

Pea Ruiz-Lozano, 
1999 

 
3. Biochemical basis of AMF’s 
involvement  

The recognition of potential invader by 
the plant, a prerequisite for an effective 
response, is accomplished through the 
recognition of specific signal molecules 
known as elicitors (Garcia-Garrído and 
Ocampo, 2002). These elicitors are secreted 
either by pathogens (exogenous elicitors) or 
through damage in the plant’s cell wall 
caused by the pathogens. Upon perception of 
which, a cascade of biochemical reactions 
occurs in response of host’s defence. These 
include changes in the ion permeability of 
the plasma membrane bound enzymes, the 
activation of kinases, phosphatases, 
phospholipases and the production of signal 
molecules, including active oxygen species 
(Somssich and Hahlbrock, 1998). Similar 
events like signal perception, signal 
transduction and activation of defence genes 
have been encountered during AMF-plant 
interaction. Salzer and Boller, (2000) 
suggested that AMF and other mycorrhizal 

fungi secrete similar chitin elicitors like that 
of phytopathogen, which could induce plant-
defence related gene. For example, G. 
intraradices induces the expression of 
chalcone synthase (an antimicrobial 
compound), the first enzyme in flavonoid 
compound, such as phytoalexin, in M. 
truncatula (Bonanomi et al., 2001). On the 
contrary, RNA blot analysis revealed slightly 
higher accumulation of chalcone synthase in 
G. intraradices-colonized roots of dark red 
kidney bean (Phaseolus vulgaris L. cv 
Moncalm) when compared with the non-
colonized ones. This may be due to the fact 
that different plants may have their specific 
requirements. With the plausible induction 
of the genes by AMF in plants, it may play an 
implicate role in the biochemical reactions 
with proteins, secondary metabolites and 
other chemicals involved in plant defence 
response. It has been well reported that, with 
the AMF-colonized roots, the above ground 
effect against phytopathogen is quite 
apparent (Cimen et al., 2009; Sensoy et al., 
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2007; Ozgonen et al., 2010; Al-Askar and 
Rashad, 2010;  Kapoor, 2008).  

The most studied phytohormone in the 
AMF-plant interactions is JA which has been 
exploited for a long. Both, the 
accommodation of AMF and the nutrient 
provided by it within the plant root cells are 
regulated by JA. It is also involved in the 
regulation of wound response and resistance 
against necrotrophs (Ton et al., 2002; 
Glazebrook, 2005). Moreover, it has been 
suggested that JA plays a pivotal role in 
systemic resistance (Van der Ent et al., 2009) 
in Arabidopsis (Truman et al., 2007). JA 
biosynthesis requires substrate level 
availability (Stenzel et al., 2003; Wasterneck, 
2007) and for that, lipases are the enzymes 
which generate its precursors (eg. Linolenic 
acid) from plastid lipids (Hyon et al., 2008; 
Ishiguro et al., 2001). Upon pathogen attack, 
how this lipase gets activated or some 
exogenous elicitors do this job is yet to 
explored fully. There are several studies 
which show the increase in the endogenous 
JA levels in arbusculated cells of plant 
(Hause et al., 2002; Vierheilig and Piché, 
2002; Stumpe et al., 2005; Meixner et al., 
2005) upon phytopathogens attack. More 
evidences from experimental analysis 
suggest that JA pathway has some links with 
the primed deposition of callose in grapevine 
(Hamiduzzaman et al., 2005). In support of 
this, Cordier et al., in 1998, also found that in 
P. parasitica infected AMF tissues of tomato 
roots; arbusculated cells form wall 
appositions, suggesting a possible presence 
of callose. Nevertheless, whether AMF-
induced JA biosynthesis is only a localized 
effect or extended up to systemic level also is 
a question unanswered.  

Other phytohormones like SA and 
Ethylene, which have a crucial role in SAR 
and ISR respectively (Van Loon et al., 2006; 
Van der Ent et al., 2009), get activated upon 
pathogen perception by the plant. They show 
broad-spectrum effectiveness against several 
phytopathogen like fungal root pathogen 
Fusarium oxysporum, downy mildew 
pathogen Hyaloperonospora arabidopsis 
(Pieterse et al., 1996; Ton et al., 2002), 
necrtotrophic pathogens Alternaria 
brassicicola (Ton et al., 2002), Botrytis cinerea 

(Van der Ent et al., 2008), Plectosphaerella 
cucumerina (Segarra et al., 2009). Like other 
pathogens, SA also recognizes AMF as 
pathogen and acts against it by delaying its 
colonization or in some cases suppresses its 
growth. But, in mycorrhizal defective (myc-) 
mutants, it has been found that in response 
to AMF, SA levels are enhanced (Garcia-
Garrído and Ocampo, 2002).  

AMF was also found to induce several 
phytoalexins such as Phenylalanine 
Ammonia Lyase (PAL), Rishitin and 
solavetivone (Engström et al., 1999), 
hydroxyproline-rich glycoproteins (Lambais, 
2000; Garcia-Garrído and Ocampo, 2002), 
isoflavonoid (-)-medicarpin, medicarpin-3-0-
glycoside and formononetin in alfalfa 
(Volpin et al., 1995; Harrison and Dixon, 
1993), glyceollin and coumestrol (Morandi 
and Le Querre, 1991). They are low 
molecular weight, anti-microbial compounds 
that are both synthesized by and 
accumulated in plants after encountering 
pathogens (Paxton, 1981). AMF colonization 
in roots stimulates the phenylpropanoid 
pathway (Morandi, 1996), which can be due 
to the induction of PAL activity as observed 
by Kapoor (2008). Cordier et al., (1998) found 
that decreased colonization by P. parasitica in 
mycorrhizal parts of the plants was 
associated with an elevated accumulation of 
phenolics and than Ortho-dihydric phenol 
non-mycorrhizal (Kapoor, 2008). This 
increase in concentration of phenols and O-
dihydric phenols in mycorrhizal tomato 
plants can be due to the induction of PAL 
enzyme activity (Kapoor, 2008). However, 
many of these Phytoalexins and 
hydroxyproline-rich glycoproteins were 
found to induce either temporarily or the 
level of accumulation of these molecules was 
moderate when compared with the non-
colonized plants (Yao et al., 2002, 2003; 
Lambais, 2000; Garcia- Garrído and Ocampo, 
2002). 

AMF is also reported to stimulate 
defence related other enzymes such as 
polyphenol oxidase and peroxidase (Al-
Askar and Rashad, 2010), specific isoforms of 
hydrolytic enzymes like chitinases and 
glucanases (Pozo and Azcón-Aguilar, 2007), 
catalase and ascorbate peroxidase (Blilou et 
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al., 2000a) upto a significant level. 
Accumulation of reactive oxygen species 
(ROS) in the mycorrhized plants has also 
been observed (Pozo and Azcón-Aguilar, 
2007). Although its accumulation was not so 
significant and was generally localized (Pozo 
and Azcón-Aguilar, 2007). It is evident that 
AMF-colonized plants stand in better 
position than the non-colonized ones. 
However, some studies don’t comply with 
this statement because it depends on many 
other factors such as soil community 
dynamics and its nutrient status in 
combination with several other 
environmental factors. Therefore, these areas 
of intra-disciplines of biology need more 
emphasis as there are still huge lacunae 
remain which need more detailed 
investigations. 
 

4. Signal transduction between AMF 
and plant upon pathogen attack  

During plant-microbe interactions, an 
extensive exchange of molecular messages in 
form of signal transduction befalls. These 
signaling pathways are an integrated system 
of diverse defence-related compounds. It 
includes cytosolic calcium, reactive oxygen 
species (ROS), fatty acids, jasmonic acid, 
salicylic acid and Ethylene which get 
activated through a cascade of reactions. 
Cytosolic free Ca2+ concentration ([Ca2+]cyt) is 
an illustrious component of signal 
transduction pathways involved in plant-
pathogen interactions (Scheel, 1998; Sanders 
et al., 2002). Upon receiving signals from 
plant, AMF replies through yet an 
unidentified small molecule known as Myc 
factor which is responsible for triggering 
downstream responses including Ca 
responses (Müller et al., 2000), thereby 
leading to form a symbiotic relationship with 
the host plant.  A Ca–calmodulin-dependent 
protein kinase (ccaMK) is essential for AMF 
symbiosis (Lévy et al., 2004; Mitra et al., 
2004). The calmodulin-binding domain and 
Ca-binding EF hand motifs of ccaMK allow 
the protein to sense calcium, making it a 
prime candidate for the response to calcium 
signatures that are induced by AM fungi 
(Kosuta et al., 2008). These promptly induce 
the cytosolic calcium ([Ca2+]cyt) elevation 

(Navazio et al., 2007), which is an initial step 
of active defence, making increment in the 
ROS generation (Strange, 2003). ROS 
includes superoxide anion (O2.-) and 
hydrogen peroxide (H2O2) which are 
associated with normal plant biochemical 
processes (Zhu et al., 2004). They are also 
responsible for the lipid peroxidation with 
membrane destruction, protein inactivation, 
DNA mutation (Torres et al., 2006), oxidative 
burst and probably hypersensitive response 
(HR) or systemic acquired resistance (Bolwell, 
2004) at the pathogen infected site of plants. 
Generation of H2O2 exhibit antimicrobial 
activity which inhibit spore germination of 
fungal pathogens and participates in the 
formation of phenoxyl-radicals during 
phenol-polymerization within the plant cell 
wall (Lamb & Dixon, 1997). In addition, lipid 
peroxidation through ROS generation leads 
to membrane integrity, tissue necrosis and 
induction of phytoalexins, which is 
synthesized by the action of lipoxygenases 
(LOXs) (El- Khallal, 2007). LOX metabolites 
possibly exert antimicrobial activity and 
induce or alter wound/pathogen defense 
gene expression (Künke et al., 2002) through 
an octadecanoid pathway (Hause et al., 2007) 
which leads to Jasmonate biosynthesis. 
Jasmonates serve as a putative endogenous 
signal in mycorrhiza-induced systemic 
resistance (El- Khallal, 2007), which still 
requires elucidation. Furthermore, Several 
antioxidant enzymes such as peroxidase 
(POX), superoxide dismutase (SOD), catalase 
(CAT) and ascorbate peroxidase (APX) take 
part in the ROS metabolism during the 
pathogen attack (El- Khallal, 2007). POXs are 
one among the defence compounds that are 
stimulated in plants in response to pathogen 
infection like Fusarium oxysporum (Morkunas 
& Gmerek, 2007). Augmentation in SOD 
activity has been implicated in inducing 
pathogen-related HR development in plants, 
however, catalase activity gets reduced 
during microorganism induced HRs 
(Delledonne et al., 2002). In bean roots, it was 
found that catalase activity was regulated 
according to AMF infectivity and the 
availability of phosphorus (Lambais, 2000). 
In another experiment, it was observed that 
G. intraradices regulates the catalase and 
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peroxidase in bean and wheat (Blee and 
Anderson, 2000).  

The induced cytosolic calcium ([Ca2+]cyt) 
elevation also induces Mitogen activated 
protein kinase (MAPK) and alterations in G-
protein after or parallel with ROS generation. 
MAPKs and G-protein modifications 
regulate activity of several enzymes 
responsible for defence mechanisms through 
phosphorylation or dephosphorylation 
(Strange, 2003). Their role to transduce the 
external stimuli to the cell’s machinery, leads 
to bringing about a response (Strange, 2003) 
against phytopathogen. 

Taking consideration of the above facts, 
it could be stated that AMF has the potential 

and is to be involved in plant defence 
signaling through activation of certain 
precursors from a course of reactions which 
lead to their respective end products, 
responsible for combating with harmful 
invaders. But, there are many other aspects 
that are unknown like the exact reaction or 
pathway in the AMF induction, potent 
factors responsible for this activation, the 
changes in plant before and after the 
activation through these factors and finally, 
how plant react and up to which extent it 
come up with these changes. This 
necessitates further exploration with the help 
of advanced phytochemical studies coupled 
with genomics and proteomics approach. 

 
Fig 1. Schematic representation of AMF-induced defence signaling in plant cell 

 

 

 

 

 

 

 

 

 

 

 

 

 

The myc (myc factor) from AMF, triggers ([Ca2+]cyt; abbreviated as Ca) which further induces ROS generation, and 
MAPK & G-protein alterations.  ROS includes O2.- (abbreviated as O) and H2O2 (abbreviated as H). ROS also 
induces LOX, which leads to JA biosynthesis. Antioxidant enzymes (E) such as SOD, POD, catalase and APX which 
plays an important role in ROS metabolism gets phosphorylated (EP) through MAPK & G-protein. MAPK & G-
protein also triggers plant’s defence genes. As pathogen enters, it either secretes some elicitors or by damaging cell 
wall caused by the pathogen triggers plant’s defence genes. These defence related genes encoding proteins attack 
on pathogen and try to neutralize them. Whereas, antioxidant enzymes and ROS act constitutively on the pathogen 
infected site and initiate hypersensitivity reaction leading to apoptosis of the infective cells. 
 
 
5. Plant’s response with AMF towards 
phytopathogen  

The phrase SAR explains the induction of 
local defence related pathways which incite the 
intercellular signal that produces a general 
response (Slater et al., 2006). In 1966, Ross 
demonstrated this phenomenon in tobacco 
inoculated with tobacco mosaic virus. In 1979, 
White also observed decrease in the symptoms 

of Tobacco Mosaic virus when treating with 
aspirin (acetyl salicylic acid). SAR responses 
include lignification (Dean and Kuć, 1987), PR 
proteins (Strange, 2003; Van Loon et al., 2006), 
callose containing papillae and oscillation of 
Ca2+ (Stumm and Gessler, 1986). This resistance 
is broad-spectrum and long lasting (Durrant 
and Dong, 2004; Ross, 1966) and to large extent 
is dedicated to SA. However, the relation 



Md. Haneef Khan et al. /J Phytol 2/7 (2010) 53-69 
 

between AMF and SAR is not very positive and 
still in ambiguity. The reports related to their 
relationship are also very limited. It has been 
suggested that SA regulates the enteric 
endophytic colonization (Iniguez et al., 2005) 
like that of AMF. Application of SA 
exogenously, delays mycorrhizal colonization 
thus; it is plausible that for a compatible 
interaction, AM fungi repress SA-dependent 
defence responses (Dumas-Gaudot et al., 2000). 
This may leads to delay in systemic 
accumulation of PR-proteins (Shaul et al., 1999). 
SA levels increases while colonization of AMF 

in plants but decreases when colonization is 
over (Pozo and Azcón-Aguilar, 2007). This 
makes researchers to ponder and deduce some 
unexplored aspects of this relationship like what 
happens to SA level when AMF-colonized 
plants are being attacked by the pathogen? If SA 
level increases then, does it affects the AMF 
colonized within the same host or there also 
exist some kind of genetic shift which makes SA 
to recognize AMF as a friend of plant? Likewise, 
there are several queries regarding SAR and 
AMF affiliation in respect of plant defence 
which is vague and waiting for a reply.

 
Fig 2. Interaction of AMF induced plant defence responses (SAR/IR) with the pathogen 

 

 

 

 

 

 
 
Other forms of disease resistance such as 

ISR, a SA-independent pathway, is also 
induced by avirulent phytopahtogens (Slater 
et al., 2006) like AMF (Pozo and Azcón-
Aguilar, 2007). These are mainly attributed to 
the jasmonates and its family with several 
other volatile chemicals such as methyl 
jasmonates and Ethylene (Slater et al., 2006; 
Van der Ent et al., 2009). Jamonates have 
been implicated in plant disease resistance 
from pathogen attack (Strange, 2003). They 
activate and modulate the genes encoding 
protease inhibitors and expression of cell 
wall proteins that provide protection against 
insect attack (Strange, 2003; Yen et al., 2001). 
Its biosynthetic precursors are volatile 
aldehydes and alcohols that are inhibitory to 
the pathogens such as 2-hexanol is an 
effective inhibitor of Pseudomonas syringae 
(Strange, 2003). Another potent ISR 
component is Ethylene whose role is still 
perplexing (Boller, 1991; Strange, 2003; 
Knoester et al., 1998) in AMF-colonized 
plants. Several reports stating that AMF-
colonized plants show low level of Ethylene 
production or increased level of Ethylene 
thereby repressing growth of AMF (Geil and 
Guinel, 2002; Geil et al., 2001; McArthur and 

Knowles, 1992; Barker and Tagu, 2000; 
Vierheilig et al., 1994). However, there are 
very few reports suggesting the increased 
level of Ethylene formation in plants. 
Dugassa et al., (1996) observed the enhanced 
Ethylene formation in Linum usitatissimum 
roots inoculated with G. intraradices. So, there 
is an uncertainty in the knowledge of AMF-
induced SAR and IR corresponding to the 
plant’s defence response which needs a 
detailed investigation.  
 
6. Factors affecting AMF colonization 
leading to plant defence response 

Plant defense responses not only depend 
on gene induction, SAR and ISR, but also 
rely on other factors regulating AMF 
colonization. These include host genotype, 
competition for colonization from soil-borne 
pathogens and within themselves, degree of 
mycorrhization and mycorrhizal 
autoregulation. It has been well documented 
that AMF colonization depends on the host 
genotype and hence, its development and 
effect within host is partially under genetic 
control of host (Lackie et al., 1987; Hetrick et 
al., 1993; Vierheilig and Ocampo, 1990, 1991). 
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In an experiment, mycorrhizal strawberry 
showed a different susceptibility to 
Phytophthora fragariae depending upon the 
host genotype (Mark and Cassels, 1996). 
However, there are very few studies 
supporting this fact.  
 Direct (interference competition, 
including chemical interactions) and indirect 
(via exploitation competition) interactions 
have been suggested as strategies of AM 
fungi for the reduction of pathogenic fungi in 
roots (Wehner et al., 2010).  Most likely, there 
is a great similarity between the soil-borne 
pathogens and AMF in their resources like 
infection sites, space and photosynthate 
within the root (Whipps, 2004). Once AMF 
has colonized the host plant’s root, less 
carbon will be available for the root fungal 
pathogen (Singh et al., 2000; Azcon-Aguilar 
et al., 2002; Xavier and Boyetchko, 2004). This 
is in the case between AMF and other 
pathogens. Interestingly, there is very limited 
number of reports suggesting the 
competition within AMF species. In an 
experiment, inoculation of multi-species AM 
fungal assemblage (Glomus monosporus, G. 
clarum or G. deserticola) increased the 
colonization intensity in date palm roots but 
did not result in refraining of F. oxysporum f. 
sp. albedinis infection on plant growth (Jaiti et 
al., 2007). So, it was deduced that 
competition within AMF doesn’t affect the 
total level of colonization (Abbott and 
Robson, 1981; Davis and Menge, 1981; White, 
1984; Jansa et al., 2008). 

In several studies, a high degree of 
AM root colonization shows high localized 
bioprotective effect, whereas intermediate 
and low levels of AM root colonization 
showed very less bioprotective effect 
(Vierheilig, 2008). In mycorrhizal tomato 
plants, a bioprotective effect against P. 
parasitica (Cordier et al., 1998) and F. 
oxysporum (Caron et al., 1986a, b) was 
observed. In addition, wheat plants against 
Gaeumannomyces graminis (Graham and 
Menge, 1982), could be observed only when 
AMF colonized heavily into the roots. 
Recently, it has been found out that not only 
the local, but also the general bioprotective 
effect of mycorrhization depends on the 

degree of AM root colonization (Khaosaad et 
al., 2007). 

In recent years, a new term has been 
introduced “autoregulation of mycorrhization” 
which means once the plant is colonized with 
AMF; it suppresses the further colonization in 
order to limit the energy costs of this symbiotic 
relationship (Vierheilig, 2004; Garcia-Garrido 
and Vierheilig, 2007). Number of split-root 
systems of plants were inoculated on one side 
with an AMF and, when after establishing 
symbiosis, the other side was inoculated with 
the same or another AMF. In these 
experiments, with different AMF host plants 
such as barley (Vierheilig et al., 2000a, b), 
alfalfa (Catford et al. 2003, 2006) and soybean 
(Meixner et al., 2005, 2007), it was undoubtedly 
revealed that AM pre-colonization on one side 
of a split-root system systemically stifled AM 
root colonization on the other side of the root 
system. This is a very interesting fact that is 
recently gaining attention. The factors and 
mechanisms beneath this autoregulatory 
function of plant, is still unknown. 
 
7. Conclusion  

Over the past few years, AMF have 
proven to be potent and reliable candidate 
for the mutual collaboration and nutrient 
trading. This symbiont has an important 
impact on plant interactions with 
phytopathogens. From colonization to 
induction of defence signaling, the above 
discussed genetic, biochemical and signaling 
factors, their mechanisms and pathways 
involved, are less known to us or whose link 
has been missing. Knowing these factors, 
unraveling the mechanisms and elucidating 
their pathways in combination with the 
findings of regulatory ecological factors 
involved, will represent the next logical step 
in this line of research. Further research 
efforts should be directed to know the direct 
or indirect relationship of AMF with below-
ground and above-ground community via 
plants. Advance studies like mutational 
analysis, metabolomic and proteomic studies 
coupled with transcript profiling are 
warranted to understand AMF-Plant-
Phytopathogen interactions. Conclusively, 
efforts should be made in such a way to 
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make AMF as a complete commercial 
supplement for crops in agriculture system. 
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