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Abstract

Arbuscular mycorrhizal fungi and rhizobia are two important plant symbionts. Rhizobia are known for fixing nitrogen inside
legume root nodules while Arbuscular mycorrhizal (AM) fungi provide plants with nutrients and other benefits. AM fungi are
ubiquitous soil microorganisms and establish a symbiotic relationship with more than 80% of plant species of natural
ecosystems while rhizobia association is more specific and involved almost leguminous plants. The symbiosis between
legumes-Rhizobium and arbuscular mycorrhizal fungi (AMF) improves plant growth and tolerance against biotic and abiotic
stress. This suggests that it is possible to use rhizobia and mycorrhizal to mitigate detrimental impacts of these stresses on
terrestrial ecosystem health and agricultural productivity. This will lead to accelerate the natural process of re-vegetation in
decertified semiarid ecosystem. AMF and rhizobia interactions in legumes host are complex and our understanding of their
impact on plant growth is far from complete. In fact Legumes can host AMF and N2-fixing bacteria at the same time. However
the two symbioses are rarely studied together because of the obligate biotrophy of arbuscular myccorhizal fungi. In this review,
we look into the behavior of three symbiotic associations under stress conditions: drought, salt, pathogens, low minerals and
polluted soils with heavy metals. Mutualistic symbioses confer host fitness benefits that can result in stress-tolerance. Based on
the analyzed documents, mineral nutrient improvement seems to be the common mechanism under all environmental
stresses. The trends of this thematic area will be outlined, from genetically modified microorganisms in order to improve

classical screening to found efficient symbiotic micro organisms.
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Introduction
Arbuscular mycorrhizal fungi (AMF) and Rhizobium
ssp. form an intimate association with leguminous

plants. AMF colonize the root cortex and rhizobia are

located in root nodules. Tripartite symbiotic
associations improve plant performance (growth,
yield and nutrient content) under different

environmental conditions. Arbuscular Mycorrhizal
fungi are found in many soils around the world, and
they form association with 80% of all terrestrial plant.
Mycorrhiza benefits the host through mobilization of
phosphorus from non labile sources (Scheublin and
Van der Heijden, 2006) whereas rhizobia fixes N
and enrich both plants and soil with nitrogen
(Hindumathi and Reddy, 2012). It is estimated that
175%10° tones of nitrogen have been acquired world-
wide on an annual basis in this way (FAO, 1983), such
a contribution reduces the dependence on chemical
fertilizers and achieve sustainable agriculture and
agroforestry. In addition to the beneficial nutritional
effect of the symbiosis on plants and the positive
impact on hydric status, soil aggregation and mineral
enrichment, AM fungi and rhizobia act as biofertilizer
and can reduce the incidence and importance of root
diseases through biological process (Hindumathi and
Reddy, 2012; Gao et al., 2012). They also, have been
successfully used to remove heavy metals from soils
in phytoremediation technology. Lots of plant species
are completely dependent on microbial symbionts for
growth and survival (Van der Heijden et al., 2008)

especially legumes.

Legumes are primarily known for their ability to fix
nitrogen with the help of root nodule bacterium.
Currently, 98 species of legumes-nodulating bacteria
belonging to 13 bacterial genera and 13000 legumes
species 700 genera are identified (Rajwar et al,
2013). They are very important both ecologically and
agriculturally because they are responsible for a
substantial part of the global flux of nitrogen. They
also provide protein source for human and animal
nutrition. In agriculture, legumes are widely used as
green manure to improve soil quality by increasing its
organic matter content (Zahran, 1999). However,

legume growth is reduced by several environmental
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factors which cause great yield losses, especially in
arid and semi arid areas where salt stress, drought,
minerals deficient, pathogens and polluted soils are
recurrent. Therefore, legumes grown in these areas
not only need to deal with diseases but also need to
face the nutrient deficiency problems (Abdel-Fattah
et al., 2010) and abiotic stresses. Some researches
showed that synergic interaction with AMF and
rhizobia help them to deal with these problems. The
development of a symbiotic association is a beneficial
and also costly process but plant evolved auto
regulation to limit the costs of the establishment of

symbiosis (Caetano-Anollés and Gresshoff, 1991).

Although, there are many studies on the interactions
between AM

mechanisms behind these associations are not yet

and bacteria, the underlying
fully understood especially for legumes in stress
conditions. That's why we write this synthesis

bibliography to bring more light on this thematic.

-So, this review is aimed to analyze the work done on
advantage of rhizobia and AM used as inoculants
under various environnemental stresses. The review
will also provide a clear understanding of this
tripartite association and its impact on nodule
formation, AM colonization, nitrogen fixation and
plant growth under nutrient-poor ecosystems and
environmental stress and disease. The main
conclusions and future trends for research in this area

will then be presented.

Advantage of synergic interaction on salt stress

Salinization of soil is a serious problem and is
increasing steadily in many parts of the world, in
particular in arid and semi-arid tropics. Soil salinity
restricts legumes cultivation and productivity in the
world. In fact, salt alters a wide array of metabolic
processes, culminating in stunted growth, and re-
duced

constituents. High level of salt causes both hyperionic

enzyme  activities and  biochemical

and hyperosmotic stresses, disrupt the structure of
enzymes and other macromolecules, damage cell
organelles and membrane,

plasma disrupt

photosynthesis and respiration (Feng et al.,, 2002).
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All these physiological disorders can lead to plant
death.

Plants develop a plethora of biochemical and
molecular mechanisms to cope with salt stress.
Synergic interaction between Arbuscular mycorrhizal
(AM) these

mechanisms and help to maintain plant growth and

fungi and rhizobium reinforce
production under salt stress (Fig. 1). Mycorrhizal and

nodule symbioses often act synergistically on
infection rate, mineral nutrition and plant growth
(Bir6 et al., 2000; Patreze and Cordiro, 2004) which
support both needs of nitrogen and phosphorus and
increase the tolerance of legumes plants to salinity
stress. Rabie et al. (2005) showed that the main
mechanism for enhanced salinity tolerance in AM
plant was the improvement of phosphorus nutrition.
Rhizobia occur simultaneously and synergically by
providing nitrogen to plant and the fungi (Rabie and
Almadini, 2005). It was also well documented that
AMF colonization and rhizobia nodulation can

alleviate damage of host plants caused by soil salini-
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zation through osmotic adjustment (Evelin et al.,
2009) (Fig. 1). In fact, the excess of salt cause osmotic
stress by way of the decrease of soil water potential,
thus disturbing plant water relation. An increase in
intracellular inorganic solutes (K+, Ca2*, Mg2*), can
maintain turgor and reduce the deleterious effects of
salt stress on plants (Hajlaoui et al., 2010). Rabie and
Almadini (2005) showed that AM faba plants
contained significant higher levels of K*, Mg2* and
Ca2+ ions, particularly in the presence of nitrogen-
fixing bacterium. They conclude that the greater salt
tolerance of AM plants may be the result of the plant
inorganic nutrition improvement under salinity
stress. The crucial role plays by K in turgor regulation
within the guard cells during stomatal movement
have been demonstrated (Marschner, 2005). Many
studies have demonstrated that AM fungi improves
plants protection against salt stress not only via better
access to nutritional status (Zandavalli et al., 2004)
but also by modifying plant physiology i.e. osmotic
(Rao and Tak,

photosynthesis (Table 1).

modifications 2002) and

Table 1. Selected examples of low mineral stress alleviation in legumes plant by rhizobia and AM inoculants.

Mechanisms

Combinated Fungus/Rhizobia Legumes

Effects

References

Increase Phosphorus uptake

VA mycorrhizal
endophytes / Bradyrhizobium strains

chickpea (Cicer arietinum)

Increase development

Ruiz-Lozano and Azcon, (1993)

Increased Nitrogen et G. mosseae and Acaulospora laevis/ Vigna radiata Increase development  Kadian et al. (2014)
phosphorus uptake Bradyrhizobium japonicum

Increased Nitrogen et Glomus intraradices Shench&Shimith/ Chickpea Increases yield and Erman et al. (2011)
phosphorus uptake and Mesorhizobium ciceri yield components

K*, Mg+ and Ca?

Glomus clarum Vicia faba

Increase growth

Rabie and Almadini (2005

K*, Mg+ and Ca?

Glomus mosseae and G. versiforme Trifoliate Orange

(Poncirus Reduce the deleterious Zou and Wu (2011)

trifoliate) effects of salt stress
Osmotic adjustment Glomus mosseae and G. versiforme Trifoliate Orange (Poncirus Increase growth Zou and Wu (2011)
trifoliate)

Proline accumulation

Bradyrhizobium Aust 13c/ Glomus Acacia maungium
intraradices/Pisolithus albus

Increase growth

Diouf et al. (2005)

Increased chlorophyll, nitrogen Glomus fasciculatum /Rhizobium Cajanus cajan Increase Bhattacharjee and  Sharma
and phospho-rus contents. (2012)
Reduction in Na Bradyrhizobium  CAN-11  and G. Vigna radiata cv. Increased the yield of ~ Singh et al. (2011)

uptake

mosseae BAS-I

Increased uptake of P, N and Mg

High chlorophyll content

Some

increase

researchers

nontoxic

showed that mycorrhization

and osmolyte protective

and act as a mediator of osmotic adjustment (Ashraf

and Foolad, 2007). Zou and Wu (2011) showed an

accumulation under saline conditions. Different type
of osmolyte (proline, glycine betaine, free amino
acids, sugars, polyamines, polyphenols, etc.) was
highlighted with different plants. Proline is most

common osmolyte in plants under stress conditions

increasing of proline activity in mycorrhizal plants as
compared to nonmycorrhizal plants of Trifoliate
Orange (Poncirus trifoliata) significantly by raising
salinity. Similary, Garg and Manchanda (2009),

reported that the quantum of an increase in synthesis
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and accumulation of proline was higher in
mycorrhizal than in non-mycorrhizal Cajanus cajan
plants subjected to salt stress. The potential role of
mycorrhiza in alleviating salt stress to their host plant
can be done by reducing salt (especially Na*) uptake
into the host plant. Singh et al. (2011) suggested that
the Dbeneficial effects of dual inoculation
(Bradyrhizobium and Glomus mosseae) on the
growth of Vigna radiata L. might be due to reduction
in Na*. In fact, the enzymes that require K* as a
cofactor are particularly sensitive to high
concentrations of Na* or high ratios of Na* /K*. In
contrast to positive effects, some studies, although
small, show depressive effects of symbiosis on the
growth and yield. For example, some publications
showed that high soil salinity limit legume

productivity by adversely affecting symbiosis
establishment with AM Fungi and Rhizobia and/or
efficiency (Manga 2007 Ph.D. thesis, unpublished;
Soumare et al., 2007; Kadian et al., 2014). Salinity
affect negatively spores germination of AM fungi and
rhizobia-plant symbiosis in several processes: growth
and survival, root colonization, infection and nodule

development and fonctionning (Juniper and Abbott,

1993).

The reasons that can be used to explain the varied
and sometimes contradictory results are the different
yield species and strains of Arbuscular Mycorrhizal

and rhizobia in saline conditions.

It is therefore of great importance to combine selected
plants with specific AM fungal isolates adapted to
high concentrations of salt in future research

programs.

Advantage of synergic interaction on drought stress

Legumes responses to water and salt stress are
considered mostly identical (Munns, 2002). Drought
and salinity share a physiological water deficit.
However salinity is more destructive because of
phytotoxicity of ions such as Na+ and Cl-. In a drying
soil, the soil water potential decreases and so does the
soil hydraulic conductivity. Thus it is more difficult

for plants to extract water and, as a consequence, the
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plant water potential tends to decrease. This decrease
diffusion, uptake by root sand transport of nutrients
from roots to shoots and may directly affect the
physical aspects of some physiological processes
(Sardans et al., 2008). Shortage of assimilates at the
roots decrease root growth and these roots may be
less able to utilize all the soil’s reserves of water. In
general, legume plants are highly dependent on
mycorrhiza to achieve their maximum growth. AM
fungi helps in water regulation of plants by extending
their hyphae towards the available moisture zone for
continuous water absorption and translocating them
to plants (Fig. 2) In fact, AM fungi hyphae can
transport water by itself from soil reservoirs not
accessible to plant roots (Ruiz-Lozano and Azcon,
1995). AMF may also increase drought resistance of
plants by lowering leaf osmotic potential for greater
turgor maintenance, by regulating stomatal
conductance (Augé et al., 1986) or photosynthesis.
Few years after, Augé and Duan (1991) found that
mycorrhizal symbiosis can alter non hydraulic root-
to-shoot signaling in drying soil. AM plants are not
only able to take up more water under drought
conditions (Marulanda et al., 2003), but also to use
water more efficiently. Moreover, additive and
sometimes synergistic effects on legume performance
are frequently seen when both rhizobia and AMF are
present (Goss and de Varennes, 2002). Previous
study of Ruiz-Lozano and Azcon (1993) on chickpea
(Cicer arietinum) plants showed that the symbiotic
efficiency was dependent on the particular
combination of the Rhizobium strain and Glomus
species. AM symbiosis protect roots nodules in
legume plant against premature nodule senescence
induced by drought stress. According to Porcel and
Ruiz-Lozano al. (2004), this could be cause by a
higher activity of the of the antioxidant enzyme of
glutathione reductase in nodules of AM colonized
roots. In recent work, Fan and Liu (2011) provided
the molecular mechanisms involved in AM inoculated
plants “trifoliate orange” response to DS through
regulatory and functional sets of genes. According
their works G. mosseae inoculation under drought
stress significantly increased the mRNA abundance of

four genes encoding different antioxidant enzymes
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like, oxi-doreductase, lactoylglutathione lyase, and

flavonoid biosynthase (Fig 2).

Advantage of synergic interaction on plant disease

Plant pathogens are responsible for tremendous
annual crop and revenue losses throughout the world.
Biocontrol approach should be a better alternative to
solve these problems. It is therefore important to
understand how symbiotic microorganisms reduce
infection and proliferation of phytopathogens. Since
soil borne pathogens, as well as symbionts share
common habitat and show differential influence on
the growth of the host plant, major interest has been
focused on the relevance of AMF and rhizobia in the

control of soil borne pathogens (Dar et al., 1997;
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Singh et al., 2010). Aysan and Demir (2009) showed
that the suitable combination of AM and Rhizobia
may increase the plant growth and resistance to
pathogens. Previous research of Dar et al. (1997) on
the interaction between AMF Glomus mosseae (Gm),
root rodulating symbiont Rhizobium leguminosarum,
and root rot pathogen Fusarium solani on the
common bean (Phaseolus vulgaris) indicate that Gm
has a vital role in inhibiting the root pathogen from
more so in the of R.

invasion, presence

leguminosarum.
The mechanisms are varied and depend on
environmental situation, the host plant and symbiont

in presence (Table 2).

Table 2. Selected examples to pathogenic attacks alleviation in legumes plant by dual symbioses AMF and

Rhizobia Dual symbioses AMF and Rhizobia effects on legume host subject to pathogenic attacks.

Mechanisms Pathogens Fungus/Rhizobia species Legumes Effects References
Accumulation of phytoalexins Furasium. G. fasciculatum Faba bean (Vigna Increase the plant growth Sundaresan et al.
Oxysporum unguiculata) and resistance (1993)

Inhibiting the root pathogen

Fusarium solani

Glomus mosseae /Rhizobium Common

bean Increase the plant growth Dar et al. (1997);

leguminosarum (Phaseolus vulgaris)  and resistance
*-Growth and Cylindrocladium  Glomus Peanut and soybean Decreased severity and Gao et al. (2012)
reproduction, inhibition parasiticum mosseae/Bradyrhizobium sp. incidence at low P
*Activation of plant defense
system
Competition Cylindrocladium  Glomus Common bean Increase the plant growth Gao et al. (2012)
for nutrients and space parasiticum mosseae/Bradyrhizobium sp. (Phaseolus vulgaris and resistance

Since parasites reduce the mass of the root system
and its ability to absorb nutrients, endomycorrhizal
colonization allows the remaining roots to be more
effective and to partially offset the reduction in
biomass caused by the parasite. According Gao et al.
(2012), rhizobia and AMF might compete for the
colonizing sites of plant roots with pathogens, and
thus protect plants out of pathogen infection as the
roles of most biocontrol. Another well accepted
mechanism of biocontrol agents was proposed by
Compant et al. (2005). Based on these results, it was
postulated that rhizobium and AMF produce toxic
metabolites which prevent growth and proliferation
of phytopathogens. For example, exudates of
rhizobitoxine have been well documented as the main
mechanisms underlying the inhibition of soil-borne

pathogens by rhizobium and AMF. Gao et al. (2012),

suggest that the mechanisms of resistance to
pathogens are through an increase of phenolic acids
in root exudates. They found that phenolic acids
(ferulic acid, cinnamic acid and salicylic acid) in the
root exudates were coincidently enhanced by rhizobia

and/or AMF inoculation.

Selvaraj and chellappan (2006) showed that an
increase of phenols in roots of Arachis hypogea
colonized by G. fasciculatum. This increase level of
orthodihydric phenol was also correlated with
resistance to pathogen. The increase in phenols in AM
inoculated plants could be attributed to triggering of
pathways of aromatic biosynthesis. According
Benhamou et al. (1994) the deposited phenols may
act as a barrier to pathogen. Other natural defenses as

phytoalexins compounds are involved in reducing the
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incidence of disease. Sundaresan et al. (1993) showed
that G. fasciculatum reduced the severity of disease
caused by Furasium oxysporum on Faba bean (Vigna
the accumulation of

unguiculata)  through

Mpycorhiza may act indirectly on

well establish that

phytoalexins.
pathogens. In fact, it is
mycorrhizae induce significant physiological changes

in their host plant, one of which is to alter the
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quantity and quality of root exudates (Graham, 1981).
So, by creating a new environment in the mycosphere,
AM fungi might contribute to the proliferation of
specific microorganisms, some of them interacting
with pathogens through a range of mechanisms such
as antibiosis, and

competition for resources

parasitism (Filion et al., 1999).

Table 3. Selected examples of heavy metal stress alleviation in legumes plant by dual symbioses AMF and

Rhizobia.

Mechanisms

Polluant Fungus/Rhizobia

Legumes Effect References

Better

nutrient acquisition Mn and Cr

Glomus mosseae, Gigaspora sp., Vicia faba

Increase the plant growth Ismaiel 2014

enhanced the and  Acaulospora sp /R and resistance
photosynthetic capacity leguminosarum bu. viceae,
N, P uptake/ by affecting Nickel R leguminosarum bu Trifolium Repens Increase the plant growth Vivaset al. (2006)
metals availability and trifoli/Glomus mosseae and resistance
uptake.
Exclusion strategy Zn (0-1,000 mg/kg species not specified cowpea (Vigna Increase dry weight, root: Al-Garni (2006)
dry soil) and Cd sinensis) shoot ratio, leaf number
and area, plant length, leaf
pigments, total
carbohydrates, N and P
content
Exclusion strategy Pb Bradyrhizobium/ Glomus Soybean Number of pod, Nodule Andrade et al. (2004)

macrocarpum Tul/

dry weights of mycorrhizal

roots decrease

Linderman (1992) showed that, in general, when AM
are formed, there is an increase in the number and
proportion of bacteria from the mycorrhizosphere soil
that can inhibit specific pathogens in vitro, compared
to those from rhizosphere soil from non-mycorrhizal

plants.

Furthermore, it has been well documented that
inoculation with rhizobia and/or AMF had potential
impacts to the disease occurrence and development
(Aysan and Demir, 2009), which probably due to the
increase of plant growth and nutrient status after
roots colonized by rhizobia and AMF (Siddiqui and
Singh, 2004). Barea and Azcon-Aguilar (1983)
suggested that an increase in P status of the host as a
result of AMF association can increase host immunity
to infections which can limit pathogen infection. In

contrast in these studies, few works from Gao et al.

(2012), found that mycorhization and nodulation of
inhibited by C.

parasiticum infection in a field experiment. This was

roots  were significantly
explaining as results of competition between by

indigenous rhizobia, AMF and pathogen (Table 2).

Advantage of synergic interaction on Low mineral
area

It is widely recognized that nitrogen and phosphorus
constitute the most limited nutrient factors for
vegetative growth. This deficiency of macro and
micronutrients has become major constraint to
productivity, stability and sustainability of soils (Bell
and Dell, 2008). That why these major nutrients
required for plant growth are supplied by fertilizers or
manures. However, an improper use of chemical
fertilizer / pesticides leads to disastrous consequences

of environmental quality. Biofertilizers are the
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alternative sources to meet the nutrient requirement
of plant under poor soil. Bhattacharjee and Sharma
(2012), found that the increase in pigeon pea
(Cajanus cajan L.) productivity after co-inoculation
with G. fasciculatum and Rhizobium was associated
with increased N, P and chlorophyll content. This
indicates that AMF + Rhizobia treatments enhance
nutrients uptake (Fig 2). The mechanisms of stress
tolerance may involve promotion of root extension,
improved mineral nutrition and water uptake (Ruiz-
Lozano et al., 1995) (Fig. 2). According to Cardoso
and Kuyper (2006); Medinaet al. (2007), mycorrhizal
colonization improves P acquisition by plants because
the extraradical mycelium grows beyond the nutrient
depletion zone of the root system. In the same way,
Xavier and Germida (2002) showed that Glomus
clarum and Rhizobium leguminosarum increased

lentil (Lens culinaris L.) productivity (shoot + seeds)

in soil with low N and P available by increasing N and
P uptake. However the symbiotic efficiency is
dependent on the particular combination of the AM
species, rhizobia strain, the host cultivar (Xavier and
Germida, 2002) and the limiting mineral (Pelaez et
al., 2010). For example, Saxena et al. (1997) reported
that the nodulation and growth of Vigna radiata
inoculated with a Bradyrhizobium sp. varied
significantly depending upon the co-inoculated AMF
species. Inoculation of R. leguminosarum bv phaseoli
strain in combination with arbuscular mycorrhizal
fungi Scutellospora heterogama and Entrophospora
colombiana decreased growth, nodulation and
chlorophyll concentrations in black bean grown low
manganese (Mn) contents (Pelaez et al., 2010). It
mean that the tripartite symbiosis is not a random
occurrence, but on that is regulate by legume host as

already suggested by Bradbury et al. (1991).
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Fig. 1. Summary of protection mechanism against salinity by the tripartite symbiosis.
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Advantage of synergic interaction on polluted soils
(heavy metals)

Water and soil pollution are a very important
environmental problem and have been drawing
considerable public attention because metals are very
toxic and remain persistent in soils. The quantity and
diversity of toxic and hazardous wastes have been
increased with the increase in quick industrial
development and urbanization (Ismaiel, 2014). The
most common heavy metal contaminants are
cadmium (Cd), copper (Cu), mercury (Hg), lead (Pb),
zinc (Zn), and nickel (Ni). Heavy metals ions taken up
by plants from contaminated soil and water operate
as stress factors causing physiological constraints
leading to impaired metabolism and reduced growth
(Bingham et al., 1986). Heavy metals absorbed by

roots and translocated to shoot have also negative
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impact on human health as they can enter the food
chain via agricultural products or contaminated
drinking water. In roots, metals can impair cell
division, increase cell wall rigidity, alter root
respiration, and precipitate nucleic acids. They also
disturb  the

antioxidants in the cell (Khan et al., 2010). In fact,

balance between oxidants and
high concentration of heavy metals (HM inactivates
enzymic antioxidant defense system in plants
resulting into increased Reactive oxygen species
(ROS) signaling generally leading to death of plants
(Khan et al., 2010). Unfortunately, metals cannot be
biodegraded. However microorganisms can interact
with these contaminants and transform them from on
chemical form to another by changing their oxidation

state (Tabak et al., 2005).
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Fig. 2. Simplified model for improved plant nutrient use efficiency with AMF and Rhizobia inoculants under

drought or salt stress (adapted from Rapparini and Pefiuelas 2014). a) nodule, b) hyphye, ¢) spore.

Microbial inoculation using strains adapted to high
heavy metals concentrations can restore the plant
biomass value. AM fungi and rhizobia symbioses
interactions to improve legume development in soils
subjected to heavy metal stress has been reported by
several works as an important component of

phytoremediation technology (Jing et al., 2007). For

instance, Bird et al. (2000) showed a synergistic
effect and significantly increased plant tolerance to
heavy metals when inoculated with dual symbiosis
AM-fungi and N2-fixing rhizobia. According Burd et
al. (2000), AM inoculums and/or bacteria confer
by modifying

physiological processes and/or by affecting metals

tolerance to Ni specific plant
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availability and uptake. In fact, changes in root
exudates, pH and physico-chemical properties of the
soil (Grichko et al., 2000) may be involved and such
changes could reduce metal root uptake or
translocation from root to shoot tissue. Most of the
reports on this topic concluded that AM colonized
plants translocate less HMs to their shoots than the
corresponding nonmycorrhizal plants, as shown for
herbaceous (Redon et al., 2009) or tree (Lin et al.,
2007) legumes. Fungal hyphae sequester metals,
which may serve to reduce movement into and
toxicity to the host stress tolerance. Al-Garni (2006)
provided a mechanistic explanation for the
observation that AM fungal and rhizobia can promote
cowpea (Vigna sinensis) under soil polluted with Zn
and Cd. They showed that these metals were
accumulated in roots suggesting that an exclusion
strategy for metal tolerance exists in such organisms.
Yet in other study (Joner and Leyval, 1997)
demantrated that AM fungi and rhizobia can also act
as a filtration barrier against transfer of heavy metals
to plant shoots. According to Rivera- Becerril et al.,
(2002), AM can provide mycorrhizal buffer to stress
imposed by Cd (Rivera- Becerril et al., 2002) or Cd
tolerance by changing its polyamine metabolism,
thus, stabilizing Cd in the root system of colonized
plants. However, effect of heavy metals depends
upon duration of exposure, dose and type of metal
used (Giller et al., 1989). Prolonged exposure to heavy
metals may lead to a reduced growth rate or to the
loss of several beneficial properties, such as the
nitrogen-fixing ability in the case of rhizobia. A delay
in the mycorrhizal colonization in plants growing in
contaminated soils was also reported by Koomen et
al. (1990). In recent work,

showed that the co-inoculation with R+AMF in faba

Ismaiel et al. (2014)

bean plants had a negative effect on nodulation
number compared to the single inoculation with R
only which showed the highest number of nodules in
faba bean (Vicia faba) plants irrigated with heavy
metal polluted water. Table 3 summarizes published
works on effect of fungi and rhizobia symbiosis on
legume growth under heavy metal stress. Overall,
tripartite symbiosis offers some protection against

metal toxicity. However, the diversity of AMF and

2015

rhizobia in metal soil polluted must be examined to
identify the suitable species that are effective in

remediation processes.

Mechanisms of Mutualistic Benefits

Arbuscular mycorrhizal fungi (AMF) usually enhance
nodulation and nitrogen fixation in legumes. Several
authors have shown that the increase in the
availability of phosphorus essential for the
establishment of nodulation and efficiency of nitrogen
fixation (Abd-Alla et al., 2014; Tajini et al., 2012;
Sakamoto et al., 2013). It has been demonstrated for
increased N2 fixation in mycorrhizal plants that when
both nitrogen and phosphorus are limiting, AM fungi
can improve phosphorus uptake by the plant which in
turn would result in more energy available for
nitrogen fixation by rhizobia (Mortimer et al., 2008).
For Smith (2002), plant—rhizobium system benefits
from the presence of AM fungi because the
mycorrhizae ameliorate not only P deficiency but also
any other nutrient deficiencies that might be limiting
to rhizobium. For example, AM fungi increase Ca2*
uptake which in turn increases nod-gene induction
and expression, and concurrently affects the
attachment of rhizobia to root hairs and nodule

development (Smith et al., 1992).

Increase mineral nutrient levels in the plants would
also lead to increased photosynthesis, making a
greater proportion of photosynthates available to the
rhizobium nodules (Mortimer et al., 2008). Previous
studies of Ruiz-lozano et al., (2001) showed that
under drought condition, AM fungi protect soybean
plants against the detrimental effects of drought and
helped them cope with the premature nodule
senescence induced by drought stress. Acording
Muller et al. (2001); Ocoén et al., (2007), AM fungi
synthesizes trehalose in the extraradical mycelium,
which serves as the main storage carbohydrate and
also as an abiotic-stress protectant in plants colonized

by AM fungi and nitrogen fixing micro-organisms.

All these relationships are indirect, but according

(1987)
mycorrhizas may directly and preferentially stimulate

Bayne and Bethlenfalvay arbuscular
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nodule function. For example, higher leghaemoglobin
content and nitrogenase activity was observed in

mycorrhizal plants (Manchanda and Garg, 2011).

It is well established that mycorrhizal colonization
generally has a positive effect on nodulation but much
less is known about the impact of rhizobial
colonization on AMF activity. Using G.mosseae, as a
representative AM fungus, Barea et al. (1996) and
Tobar et al. (1996) demonstrated that genetically
modified Rhizobium meliloti increased AM
colonization and nutrient acquisition by Medicago
sativa compared to the wild type. Early studies of
Mosse (1962) reported inoculation with different
bacteria increased branching and led to better AMF
colonization of the root. Moreover, negative effect of
nodulation on AMF colonization was reported by
several authors. Thus, Sakamoto et al. (2013), found
that an established nodulation in the roots of alfalfa
and soybean respectively suppressed AM fungal
colonization, suggesting that rhizobial nodulation
systemically suppresses AM fungal colonization.
Therefore, symbiotic efficiency of the association was
dependent on the particular combination of AMF and
Rhizobium strain indicating that not all AMF interact
equally well with all rhizobia. Incompatibility
between AMF and rhizobia in the tripartite
association can be manifested as yield depressions
(Bethlenfalvay et al., 1985). These yield depressions
may be the result of competition between the host
and the endophytes for nutrients such as P, or
competition  between the endophytes for
carbohydrates (Bethlenfalvay et al., 1985). According
to Stamford et al. (1997), the inability of the
endophytes to supply adequate levels of N or P to the

host could lead to poor plant growth and yield.

Conclusion and future trends

This review has focused on recent research
concerning interaction between AM fungi, rhizobia
and legumes under different abiotic stresses. A large
number of differing types of interaction operating
through a variety of modes have been identified.
However, mineral nutrient improvement appears to

be the common mechanism under all environmental

2015

stresses. The review reported shows also, that it is not
possible to generalize on microbial interactions,
because each microbial partner needs a specific study.
The diversity of AMF and rhizobia in each stress must
be examinated to identify the suitable species that are
effective in remediation processes (in helping plant
deal with stress). Therefore, besides the classical
screening in order to found efficient symbiotic couple,
scientists would be also in the process of engineering
plants genetically using different genes. New
biotechnological = approaches  with
which

availability and success of microorganisms as

genetically
modified microorganisms enhance the
inoculants in agriculture would be extremely helpful
in this way. With the scarcity of fresh water in the
word (about 97% of earth water is seawater) and
salinization, efficient symbiotic microorganism may
help to reclaim salinized areas, but also because it
would allow us to use brackish water for irrigation in
agriculture. Keeping this in view, the development of
microbial inoculum for an improved remediation of
disturbed soils should focus on potential of symbiotic

microorganisms and plant species
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