Tropical and Subtropical Agroecosystems, 10 (2009): 337 - 354

REVIEW [REVISIÓN]

Tropical and

APPLICATIONS OF ARBUSCULAR MYCORRHIZAL FUNGI IN
AGROECOSYSTEMS

Subtropical

[APLICACIÓN DE LAS MICORRIZAS ARBUSCULARES EN LOS
AGROECOSISTEMAS]

Agroecosystems

Sharda W. Khade* and B.F. Rodrigues
Department of Botany, Goa University, Taleigao Plateau, Goa (403 206) India.
Current address: Darshan Apts, IInd Floor, Vidhyanagar Colony, Carenzalem Post,
Miramar, Panaji, Goa 403 002, India. Email: sharda_khade @yahoo.com,
Tel: 91 (0832) 2462978.
*Corresponding author

SUMMARY

RESUMEN

Arbuscular mycorrhizal fungi belong to phylum
Glomeromycota, which are main component of the
soil microbiota in most agroecosystems and form
symbiotic association with most of the plants. By
forming an extended, intricate hyphal network, AM
fungi can efficiently absorb mineral nutrients from the
soil and deliver them to their host plants in exchange
for carbohydrates. They facilitate nutrient uptake,
particularly with respect to immobile nutrients, such as
phosphorus and enhance tolerance to drought, disease
resistance, building up a macroporous structure of soil
that allows penetration of water and air and prevents
erosion, enhance photosynthesis and reduce stresses
during micropropagation. Thus the present review
focuses on nutritional and non-nutritional benefits of
arbuscular mycorrhizal fungi in agroecosystems.

Los hongos micorrizicos arbusculares pertenecen al
phylum Glomearomycota, que son componente
principal de la microbiota del suelo en la mayoría de
los agroecosistemas y forman la asociación simbiótica
con la mayoría de las plantas. Formando una red hifal
extendida e intrincada; estos hongos pueden absorber
eficientemente los nutrientes minerales del suelo y
entregarlos a sus plantas huésped a cambio de
carbohidratos. Facilitan la absorción de nutrientes,
particularmente los elementos inmóviles, tales como
fósforo; también son importantes en la tolerancia a la
sequía, aumentan la estructura macroporosa del suelo
que permite la penetración del agua y del aire y
previene la erosion; aumentan la resistencia a
enfermedades y la fotosíntesis y reducen el estrés
durante la micro-propagación. El presente trabajo de
revisión se centra en las ventajas nutricionales y nonutricionales de los hongos micorrizicos arbusculares
en agroecosistemas.
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2003). Not only their presence but also their genetic
and functional diversities are of importance: AM
fungal diversity can be decisive for both plant
community structure and ecosystem productivity (Oehl
et al., 2003). Therefore, the application of AM fungi is
of interest for the reclamation and revegetation of
degraded lands, an aspect of particular interest in the
tropics (Oehl et al., 2003). Modern intensive farming
practices are evidently a threat for AM fungi, as
indicated by studies of AM fungi performance in agroecosystems (Oehl et al., 2003). However, a recent
study on the effects of conventional versus low-input
agriculture reported that different management

INTRODUCTION
Plants in natural ecosystem are mostly dependent on
mycorrhizae for supply nutrients at adequate levels in
order to sustain normal growth and reproduction. The
mycorrhizas may also have often other less –direct
influences on plant fitness and survival. These indirect
mycorrhizal benefits that have been mostly reported
include tolerance to various biotic or aboitic stresses
(Brundrett, 1991). From all of these beneficial effects
on plant performance and soil health, it is evident that
arbuscular mycorrhizal (AM) fungi are crucial for the
functioning of terrestrial ecosystems (Oehl et al.,
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practices did not affect AM fungal communities in an
important way (Oehl et al., 2003). Arbuscular
mycorrhizal species appeared to occur as rapidly or
slowly sporulating ecotypes depending on the
agricultural management practices (Oehl et al., 2003).
This review gives an insight on the applications of AM
fungi in agro-ecosystems.

increasing level of soil P, mycorrhizal response on
plant growth declines and may either abolished or
leads to growth depressions (Peng et al., 1993). The
shift in root length: shoot dry weight ratio is a typical
response to improved P nutrition in both mycorrhizal
and non-mycorrhizal plants. In mycorrhizal plants, the
P concentration per unit dry weight are higher and
thus, the P use efficiency is lower than nonmycorrhizal plants (Marschner and Dell, 1994). This
indicates that other growth factors (carbohydrates,
mineral nutrients) become limiting or that in
mycorrhizal root systems the feed-back regulation
between nutrient uptake rates and shoot demand are
less well-regulated than in non-mycorrhizal plant
systems (Douds et al. , 1988). Effective P acquisition
by the external hyphae is related to a) formation of
polyphosphates in the hyphae and thus, maintaining
low internal phosphate (Pi) concentrations b) the small
hyphal diameter leading to a relatively larger volume
delivering P per unit surface area compared to the root
surface area (Jungk and Claassen, 1989) and
correspondingly 2-6 times higher P influx rate per unit
length of hyphae (Jakobsen et al.,1992) and production
of extracellular acid phosphatases which catalyze the
release of P from organic complexes in soil.

NUTRITIONAL BENEFITS
Phosphorus
Phosphorus is one of the essential mineral nutrients for
plants. The preferred form of phosphorus taken up by
plants is ortho-phosphate (Vance, 2003). Due to the
fact that phosphate (P) is generally not very mobile in
soils, narrow depletion zones in the order of
millimetres form around P-absorbing roots (Hinsinger
et al., 2005). Low phosphate concentrations in soil can
be limiting for plant growth. Therefore, plants have
developed mechanisms such as symbiotic relations
with soil fungi, to increase their access to soil
phosphate. Probably the most important symbiotic
mechanism is the formation of mycorrhizas,
mutualistic symbiotic associations between plant roots
and specific soil fungi. Arbuscular mycorrhizal
association usually increased the growth of the plants
by enhancing the uptake of nutrient especially P
(Abbott and Robson, 1982, Harley and Smith, 1983,
Kucey et al., 1989, Mosse, 1973, Tinker, 1978).
Results from a greenhouse study that examined the
effects of beneficial AM fungi on growth and nutrient
uptake by grapevines in different soil types showed
that 1) grapevines grown in red hill soils (Ultisols) are
heavily dependent on mycorrhizal fungi to supply P
needed for growth and ultimately the acquisition of
other nutrients, 2) grapevines grown in more fertile
valley soils (Mollisols) are less dependent on
mycorrhizal fungi, yet can still benefit in terms of
greater P uptake, depending on plant demand for P
(i.e. growth rate), 3) native isolates of AM fungi are
not necessarily better adapted to specific soils in
promoting growth and nutrient uptake of grapevines
(Schreiner, 2007). Strawberries (Fragaria ×ananassa
Duch.) grown in alfisols of semiarid areas in India
results in suboptimal yields. Low organic carbon and
low phosphorus (P) availability, in addition to high P
fixation, affects P availability drastically, even when it
is applied externally. Inoculated plants had a
significantly greater fruit yield when grown at 150 kg
P·ha–1 and the yield was comparable with uninoculated
plants grown at 200 kg P·ha–1. The external P
requirements were 71 kg·ha–1 for mycorrhizal and 106
kg·ha–1 for nonmycorrhizal strawberry plants to obtain
90% of the maximum fruit yield (Sharma and
Adholeya, 2004). It has been often reported that the
rate of uptake by mycorrhizal plants is faster than that
by non-mycorrhizal roots (Sanders and Tinker, 1973,
Smith et al., 1985, Son and Smith, 1988). With

Phosphatases: represent a broad range of intracellular
as well as soil accumulated activities that catalyze the
hydrolysis of both esters and anhydrides of phosphoric
acid (Spier and Ross, 1978). Phosphatase enzymes are
also directly involved in the acquisition of phosphorus
by plants. Their importance, however, is not always
obvious. The proposition that plants with lower
activities of root phosphatases may gain and use
phosphorus more readily than plants with higher ones
has been put forward by Mc Lachlan (1980) who
found that acid phosphatase activity was lower in
plants more efficient in P- uptake than grown under Pdeficient conditions. Mycorrhizal colonization had
been shown to influence root phosphatase activity.

Acid phosphatase may be associated with the growth
and development of the fungus within the host tissue
(Gianinazzi et al., 1979) as well as with phosphorus
acquisition in the rhizosphere. Joner and Jacobson
(1995) reported that mycorrhizal colonization resulted
in a lower activity of acid phosphatases. Information
on the role of AM fungi in the production of extra
cellular phosphatase and metabolization of organic –P
(Po) are conflicting. The extra cellular phosphatase
activity of the roots may be stimulated in the presence
of easily hydrolysable substances (Tarafdar and
Claassen, 1988) but repressed by non hydrolysable
forms of P (Azcòn et al., 1992). García-Gómez et al.
(2002) reported that soluble and extractable root acid
phosphatase activity (RAPA) was higher in Glomus
claroideum inoculated Carica papaya L. plants. In
another experiment, plants of rape, wheat and onion
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were inoculated singly with Glomus geosporum, G.
mosseae, and G. monosporum or were left
uninoculated and were grown in sand with little
available phosphorus. Here the root acid phosphatase
activity levels were higher for plants inoculated with
G. geosporum and G. mosseae than for control plants.
Colonization by G. monosporum did not result in a
similar increase in phosphatase activity, but plant
growth was improved (Dodd et al., 1987). Further, in
greenhouse pot experiments conducted at the
Universidad de la Frontera, Tamuco, Chile, seedlings
of wheat cultivars, Dalcahue, Malihue, Carahue and
Naofen were grown in the typical low phosphorus
volcanic soil of South Chile with and without 300 kg
of phosphorus pentaoxide per hectare and harvested at
21, 42, 63, 84, and 96 days after planting. The AM
colonization was similar among all genotypes. The
AM root colonization was increased up to 63 days
before decreasing up to 84 days after planting. Root
surface acid phosphatase activity did not differ
significantly among cultivars and the enzyme was
significantly influenced by phosphorus. When plants
were grown without phosphorus fertilizer, maximum
enzyme activity was reached at 63 days for Carahue
and Dakahue and 43 days for Naofen and Malihue.
Phosphatase activity was highest at 21 days but
quickly declined in the later samplings (Rubio et al.
,1990).

phosphorus concentrations. ACP (acid phosphatase)
and ALP (alkaline phosphatase) activities were closely
related to the level of fungal colonization in maize
roots. ACP activity in maize roots responded more to
soil phosphorus availability than ALP activity (38%
more). These results suggest that ACP was involved in
the increased uptake of phosphorus from the soil,
while ALP may be linked to active phosphate
assimilation or transport in mycorrhizal roots. Thus,
soil phosphorus directly affected a number of enzymes
essential in host–endophyte interplay, while
formononetin enhanced fungal colonization (Fries et
al., 1998). In studies conducted on Terminalia arjuna,
grown in polythene bags in sterilized soil treated with
Glomus mosseae, G. fasciculatum, and rock phosphate
separately, or in various combinations results showed
that acid phosphatase activity increased to a maximum
in G. fasciculatum roots followed by G. mosseae +
phosphorus and G. mosseae + G. fasciculatum treated
roots. The acid phosphatase activity in shoots was
maximum in G. mosseae + phosphorus treated plants.
All other combinations had reduced acid phosphatase
activity.
Alkaline phosphatase activity
was
considerably lower than the acid phosphatase activity
in the roots and shoots of all the AM fungi treated
Terminalia plants. Alkaline phosphatase activity was
maximum in roots of G. fasciculatum + phosphorus
and in shoots of G. mosseae + phosphorus, followed
by phosphorus treated plants. Positive correlation was
noted between acid phosphatase activity and
phosphorus concentration (Bhadraiah et al., 1999).

Alkaline phosphatase activity specific to AM fungi
have been reported (Bertheau, 1977). This enzyme
activity is closely linked to both the mycorrhizal
growth stimulation and the arbuscular phase of the
colonization and there is strong evidence that it is of
fungal origin (Gianinazzi – Pearson and Gianinazzi,
1978). Gianinazzi – Pearson and Gianinazzi (1978)
have proposed that this AM fungal specific alkaline
phosphatase would play in polyphosphate breakdown
since ultra-cytochemical studies revealed that alkaline
phosphatase activity was localized in the vacuoles of
mature arbuscules (Gianinazzi et al., 1979).
Studies conducted at the Indian Institute of
Horticultural Research (Hessaraghatta, Bangalore,
India) on phosphatase activity in Carica papaya L.
roots showed that inoculation with AM fungi enhanced
the activity of both root surface acid and alkaline
phosphatases (25%–114%). Here, the acid phosphatase
activity was much greater than alkaline phosphatase
activity. Plants inoculated with Glomus mosseae
showed better activity than those with G. fasciculatum
(Mohandas 1990). In studies conducted by Fries et al.
(1998), maize (Zea mays cv. Great Lakes 586) plants
were grown under five different levels of soil
phosphorus, either in the presence or absence of
formononetin or the AM fungus, Glomus intraradices.
Formononetin treatment enhanced colonization of the
root by G. intraradices and partially overcame
inhibition of AM fungal colonization by high soil

Phosphatase activity may be detected in several ways,
histochemically e.g. by precipitating a Fast Blue RR
salt with P from alpha-naphtyl acid phosphate to
indicate metabolically active cells or cell component
(Tisserant et al. ,1993), as qualitative visualization
employing e.g. phenolphthalein phosphate activity
(Trolldenier, 1992) , or as a quantitative measurement
of hydrolysis of a substrate either, measured as
disappearance of substrate or as formation of one of
the two resulting products. Since its introduction three
decades ago (Tabatabai and Bremner, 1969) the use of
P-nitrophynyl phosphate (pNPP) as a substrate in
quantitative measurement of endogenous soil
phosphatase and extracellular phosphatase of plant and
micro-organism has dominated due to its convenience.
Nitrogen
Nutrient acquisition via the fungal partner involves
transfer across two interfaces: one between the soil
and the extraradical mycelium (ERM) of the AM
fungus and one between the intraradical mycelium
(IRM) of the AM fungus and the root cortex cells.
Soil-to-plant nitrogen transport by the ERM of AM
fungi was first demonstrated using compartmented
pots where 15N-labeled nitrogen sources were applied
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to soil containing the ERM (Ames et al. ,1983,
Johansen et al. ,1992, Frey and Schüepp 1993). The
ERM can take up ammonium (NH4+), nitrate (NO3−),
and amino acids (Ames et al. ,1983, George et al.
,1992, Frey and Schüepp 1993, Johansen et al. ,1994,
Tobar et al. ,1994, Bago et al. ,1996, Hawkins et al.
,2000, Toussaint et al. ,2004, Govindarajulu et al. ,
2005) and nitrogen uptake from root-free
compartments (RFCs) could account for as much as
30% to 80% of total plant nitrogen uptake in
compartmented growth systems (Frey and Schüepp,
1993, Johansen et al. ,1994). High nitrogen uptake
ability by AM fungi was confirmed using in vitro
model systems (Govindarajulu et al., 2005). Nitrogen
uptake by AM fungi has focused mostly on legumes.
When AM fungi improve the P-nutrition of the host
plant there may be a corresponding increase in
nodulation, N2 fixation and growth (Robson et al.,
1981). Enhancement effects of AM fungi on the N
contents in nodulated legumes are not only derived
from N2 fixation but in part through higher uptake of
soil N (Azcòn and Barea, 1992). However, mobility
of NO3- being high and that of NH4+ being relatively
low, an important contribution of the external hyphae
to the N nutrition of the host plant can be expected
from NH4 – N rather than NO3 – N uptake. Other
studies have demonstrated that AM fungi were able to
metabolize inorganic N (Ho and Trappe, 1975; Ames
et al., 1983, Smith et al., 1985). Also hyphal transport
of N between individual plants can be substantial
(Newman et al. ,1992) and may play a role in
competition between plants as well as N cycling
between species sharing same type of AM fungi
(Marschner and Dell, 1994).

been suggested that polyphosphate granules could
serve as the means for the hyphal transport of Ca
(White and Brown, 1979). However, due to the
necessity to maintain very low cytosolic free Ca2+
concentration, delivery loaded polyphosphates to the
arbuscules would be harmful to their functioning. In
view of the high mobility of Ca2+ and SO42- in the soil,
a substantial contribution of the hyphal delivery to the
host is not likely undermost circumstances. For Mg,
direct experimental evidence for uptake and transport
in mycorrhizal hyphae is either lacking or inconclusive
(Kothari et al., 1990 a,b).
In an study, vegetative pistachio seedlings (Pistacia
vera L.cv. Ravar) were inoculated with Glomus
intraradices,
Glomus
etunication,
Glomus
microaggregatum and Glomus mosseae at different
levels of phosphorus (0, 18.6, 27.8 and 37 mg P2O5
/kg soil, as triple super phosphate source) as compared
to non-mycorrhizal treatment. In this experiment, AM
fungi increased Ca, P, K, Mg and Zn, concentrations in
root dry matter and also translocation of P, K and Zn
from roots to above ground organs. Further, AM
inoculated onion had greater concentrations of P and
K in shoot tissues, P in bulb tissues, and greater P, Ca,
Mg, Na, K, Zn, and Fe total uptake than
nonmycorrhizal plants at intermediate soil salinity
(Ojala et al., 1983). Growth and nutrient uptake of
Euterpe oleracea seedlings was significantly improved
by inoculation of effective AM fungi. Here,
inoculation with S. gilmorei resulted in increment of
92% in total plant height, 116% in stem diameter,
361% in dry matter production, 191% in N, 664% in P,
46% in K, 562% in Ca, 363% in Mg and 350% in Zn
contents in comparison to uninoculated controls (Chu,
1999). Further, leaflets of inoculated Lychee (Litchi
chinensis Sonn.) plants reported higher concentrations
of P, K, Cu, Zn and lower concentrations of Ca, Mg
and Mn as compared to control plants (Janos et al.,
2001).

Other macronutrients
Little is known on the role of AM fungi in the uptake
of K, Ca, Mg and S. Although for arbuscular
mycorrhizae there are many results on effect of
colonization on concentrations and amount of K in
shoots, these results are inconsistent and difficult to
interpret (Sieverding and Toro, 1988). Remarkable
difference in growth response of soyabean to AM
fungal inoculation with different geographic isolates of
Glomus mosseae seemed to be more related to
improved K rather than P-nutrition of the host plant
(Bethlenfalvay et al., 1989). Higher levels of K were
noted in sorghum colonized by Glomus fasciculatum
(Raju et al., 1987) and in Eupatorium odoratum
colonized with Glomus macrocarpus (Sieverding,
1983).

Micronutrients
Several reports exist on the enhancement of Zn and Cu
uptake by AM plants can be attributed to the uptake
and transport in external hyphae to the host plant
(Kothari et al., 1991 a and b). Increased uptake for Zn
and Cu were noted for sorghum colonized by Glomus
fasciculatum (Raju et al., 1987) and cotton colonized
by Gigaspora calospora and Glomus intraradices
(Smith and Roncadri, 1986). The hyphal contribution
of Glomus mosseae in total uptake ranged from
between 16 and 25% for Zn and 13 to 20% for P in
maize grown in calcareous soil. In same soil, Li et al.
(1991) demonstrated that the delivery of Cu from the
hyphal compartment ranged from 52 to 62% of the
total Cu uptake under restricted rooting space.

By supplying radioisotopes 45Ca, 35SO4, a certain
capacity of the external hypae of AM fungi for uptake
and transport to the host root has been shown for Ca
(Rhodes and Gerdemann, 1975) and SO4 –S (Cooper
and Tinker, 1978). Compared to P, the uptake and
transport rates particularly of Ca were very low. It has
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In contrast, Mn uptake and concentrations in plants
are some times not affected, but more often are lower
in AM plants (Lambert and Weidensaul, 1991). The
decrease in Mn concentrations is most likely an
indirect effect caused by the changes induced by the
AM fungi in the rhizosphere micro-organisms in
general and decrease in population of Mn reducers in
particular (Kothari et al., 1991b). The role of AM
fungi on Boron (B) of host plant is either lacking or
inconclusive. Arbuscular mycorrhizal fungi may
decrease B concentration in host plants (Kothari et al.,
1991 a and b). Plants have varying mechanisms for
mobilizing, chelating and reducing ferric (Fe) in order
to facilitate uptake (Marschner, 1986). Treeby (1992)
indicated that AM fungi may facilitate the Fe uptake in
acidic but not in alkaline soils.

hormones especially cytokinins, could alleviate
photosynthetic rate by stomatal opening (Incoll and
Whitelam, 1977) influencing iron transport (Van
Stevennick, 1976) and regulating chlorophyll levels
(Richmond and Lang, 1957, Stetler and Laetsch,
1965). Nemec and Vu (1990) reported that inoculation
of sour orange with Glomus intraradices accounted for
improved photosynthetic CO2 fixation, which was
consistent with increase in chlorophyll and RuBPlase
activity. Similarly, Wu and Xia (2006) reported that
Citrus tangerine seedlings inoculated with Glomus
versiforme had higher photosynthetic rates than
corresponding control seedlings. In another study, Fay
et al. (2006) reported that AM colonization of barley
(Hordeum vulgare L. cv. Manitou) by Glomus
mosseae resulted in enhancement of maximum
photosynthetic rate at the lowest P level and was
associated with a higher stomatal conductance, but
was not related to increased leaf P or to changes in
photon yield or the ratio of variable (FV) to maximum
(FM) chlorophyll fluorescence.

NON NUTRIENT BENEFITS
Photosynthesis
Since growth stimulation is often associated with AM
colonization and it seems likely that important
metabolic processes such as photosynthesis would also
be stimulated (Allen et al., 1981, Johson et al., 1982).
Johnson (1984) and Nemec and Vu (1990) reported
improved photosynthetic rates in Citrus aurantium L.
inoculated with Glomus intraradices as compared to
un-inoculated plants. Similarly Johnson et al., (1982)
reported increased photosynthesis and greater stomatal
conductance in mycorrhizal Citrus sinensis L.

Drought resistance
Plant colonized by AM fungi can tolerate and recover
more rapidly from soil water deficits than plants
without AM fungi (Allen and Boosalis, 1983, Bildus et
al.,1986, Henderson and Davies, 1990). Johnson and
Hummel (1985) reported increased resistance to
drought and transplant stress by Carrizo citrange
seedlings inoculated with Glomus intraradices as
compared to un-inoculated ones. The tolerance of
lettuce plants (Lactuca sativa L. cv. Romana) to
drought stress differed with the AM fungal isolate with
which the plants were associated. Seven fungal species
belonging to the genus Glomus were studied for their
ability to enhance the drought tolerance of lettuce
plants. These fungi had different traits that affected the
drought resistance of host plants. The ranking of AM
fungal effects on drought tolerance, based on the
relative decreases in shoot dry weight, was as follows:
Glomus deserticola > Glomus fasciculatum > Glomus
mosseae > Glomus etunicatum > Glomus intraradices
> Glomus caledonium > Glomus occultum. In this
comparative study specific AM fungi had consistent
effects on plant growth, mineral uptake, the CO2
exchange rate, water use efficiency, transpiration,
stomatal conductance, photosynthetic phosphorus use
efficiency and proline accumulation under either wellwatered or drought-stressed conditions. The ability of
the isolates to maintain plant growth effectively under
water stress conditions was related to higher
transpiration rates, levels of leaf conductance, proline
concentration, N, and P contents. Differences in
proline accumulation in leaves among the fungal
symbioses suggested that the AM fungi were able to
induce different degrees of osmotic adjustment (RuizLozano et al., 1885).

Lösel and Cooper (1979) observed a greater
translocation of photosynthates to root of mycorrhizal
onion and suggested that this could reflect increased
photosynthesis by leaves of the mycorrhizal plants.
Levy and Krikun (1980) observed improved
photosynthesis of mycorrhizal Citrus plants following
water uptake suggesting that the improvement was
associated with stomatal regulation. Increase in
transpiration and photosynthetic rates and chlorophyll
concentrations in the grass, Bouteloua gracilis was
reported by Allen and Allen (1981). Higher P-levels in
leaf tissue of AM host plants have as been suggested
as the primary reason for high photosynthetic rates
(Lösel and Cooper, 1979). Yano-Melo et al., (1999)
reported that Glomus clarum and Glomus etunicatum
enhanced growth, photosynthesis and transpiration
rates of Musa sp. and these effects were due to
improved P-nutrition.
Also,
with
increased
respiratory losses (Snellgrove et al. ,1982) from the
mycorrhizal symbiont, AM fungi may function as
metabolic sink causing basipetal mobilization of
photosynthates to roots (Bevege et al. ,1975), thus
providing stimulus for greater photosynthetic activity
(Frier, 1977, Herold, 1980). In addition, enhanced
levels of cytokinin (Allen et al., 1980) were found in
association with AM colonization. Increase of such
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A variety of mechanism may help to ameliorate
drought stress in mycorrhizal plants thereby enhancing
plant recovery after drought. Mycorrhizal plants
sometimes increase root length density or alter the root
system morphology, enabling colonized plants to
explore more soil volume and extract more water than
non colonized plants during the drought (Davies et al.,
1996). It has been suggested that mycorrhizal hyphae
may directly enhance root water uptake, providing
adequate water to preserve physiological activity in
plants, particularly under severe drought conditions
(Allen, 1982, Faber et al., 1991). Extramatrical hyphae
can also bind soil to roots and maintain better root-soil
contact during drought and facilitate water uptake
(Davies et al., 1992). Augé et al. (1986) reported that
mycorrhizal colonization enhanced stomatal control in
rose plants and reduced water loss during drought.
Improved drought tolerance and better recovery by
mycorrhizal plants is often related to improved P
uptake (Fitter, 1985, Graham et al., 1987, Nelson and
Safir 1982a and b). Mycorrhizal fungi have been
shown to improve osmo-regulation in tissue of
colonized plants by increasing leaf tissue solute
concentration (Allen and Boosalis, 1983). The AM
fungi may induce increase in the level of soluble
proteins which contribute to plant tolerance to stresses,
such as drought (Ruiz-Lozano and Azcon, 1995,
Subramanian and Charest, 1998). Sugar accumulation
in mycorrhizal maize plants had been reported under
drought conditions (Subramanian et al., 1997). Higher
levels of sugar may improve the ability of the plants to
withstand drought stress and recover after the
condition is restored (Kameli and Lösel, 1993).

mycorrhizal roots could serve as storage form of
phytoalexins which could be easily hydrolyzed in case
of pathogen attack (Morandi et al., 1984). For
example, when tomato plants were inoculated with
Glomus mosseae, the damage caused by Fusarium
oxysporum f. sp. lycopersici was considerably reduced
(Dehne and Schonbeck, 1975). Such tolerance, due to
mycorrhizal association may be imparted by one or
more of the following mechanisms: alterations in the
physiology of the host, improvement of the plant
nutritional status, anatomical changes and production
of phenolic compounds (Baltruschat and Schonbeck,
1972; Ling-Lee et al., 1977; Dehne et al., 1978;
Krishna and Bagyaraj, 1983; Morandi et al. ,1984). Of
these the production of phytoalexins is considered to
be an important mechanism of disease resistance in
plants (Morandi et al., 1984).
The beneficial effects of the AM symbiosis result from
a complex molecular dialogue between the two
symbiotic partners and some processes occurring in
this dialogue are known to be mediated by
phytohormones
on
the
plant
side.
Thus,
phytohormones have been proposed as" suitable
candidates for signalling between plants and AM
fungi", and it is tempting to speculate in the
autoregulation of mycorrhization (Meixner et al.,
2005). The elevated jasmonic acid (JA) levels
occurring upon mycorrhization may enhance the
defence status of mycorrihizal tissues, which were
shown to be less sensitive to secondary infection by
pathogens (Cordier et al., 1998). The role of
mycorrhiza in plant defense was carried out by
modulating endogenous JA levels via overexperession
or suppression of JA biosynthetic genes, thus it is
tempting to speculate that JA serves as endogenous
signal in mycorrhiza-induced resistance (Pozo and
Azcon-guilar, 2007). On the other hand, it has been
suggested that plant defense responses mediated by
salicylic acid (SA) are involved in the regulation of
enteric endophytic colonization (Iniguez et al., 2005).
Exogenous SA application delays mycorrhizal
colonization, it is plausible that AM fungi repress SAdependent defense responses in the host in order to
achieve a compatible interaction (Dumas-Gaudot et
al., 2000). In the case of mycorrhizal plants, such
attenuation could explain the delay in systemic
accumulation of PR-proteins upon treatement with SA
or analogs (Shaul et al., 1999). Moreover, interaction
between AM fungi (Glomus etunicatum) and SA had
the highest effect on infection of Fusarium wilt and
disease severity in tomato was reduced by 70%
(Ozgönen et al., 2001).

Disease resistance
Arbuscular mycorrhizal fungi can reduce plant root
disease symptoms and pathogen populations in soil
through mechanisms that are not well understood
(Schönbeck, 1979, Dehne, 1982, Graham, 1986,
Caron, 1989, Perrin, 1990, Lindermann, 1994). The
action has been attributed to improvement of plant
nutrition, stimulation of host plant disease resistance
mechanisms, direct interaction with pathogens and
indirect effect through changes in soil microflora (StArnaud et al., 1995). The synthesis of chemical
compounds implicated in physical or chemical
resistance to pathogen infection has been observed in
response to mycorrhizal colonization (Baltruschat and
Schönbeck, 1975, Krishna and Bagyaraj, 1983,
Morandi et al., 1983, Lieberei and Feldmann, 1989,
Grandmaison et al., 1993). Increased phenolic
metabolism in plant roots has been suggested as a part
of mechanism involved in the biocontrol (Morandi et
al., 1984). Mycorrhizal fungi are able to cause an
accumulation of phenolics, in particular phytoalexins
and associated flavinoids and isoflavinoids in the roots
of their host plants. Conjugate isoflavinoids that are
not toxic and that accumulate at higher levels in

Further, the potential of AM fungi to alleviate
nematode induced plant stress has been widely
investigated because of their ability to increase root
growth and nutrient absorption. Numerous studies
have reported to increase host tolerance or resistance
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in many plant –nematode systems especially fruit
crops viz., Citrus (Smith and Kaplan, 1988; Ó Bannon
et al., 1979) cherry (Pinochet et al., 1995), banana
(Umesh et al., 1988), apple (Utkhede et al., 1992) etc.
Umesh et al. (1988) reported suppression or reduction
of burrowing endophyte Radopholus similes by
Glomus fasciculatum in banana (Musa acuminata
Colla.). They attributed following reasons for the
disease
resistance:1)
Arbuscular
mycorrhizal
colonization of roots mechanically preventing
nematode penetration and establishment 2) Increased
plant vigour masking the nematode damage 3)
increased nutritional status of roots 4) increased sugar
content in the roots and 5) other physiological and
anatomical alterations in the host.

and woody species (Amijee et al., 1989, Berta et al.,
1990, Schellenbaum et al., 1991). Recent work
suggested that some of the effects of mycorrhizal
symbiosis are likely to be due to direct influence on
root system rather than to the effect of the AM fungus
in improving mineral nutrition (Hooker et al., 1992,
Berta et al., 1995). Furthermore, some fungal effects
on morphogenesis could be induced by metabolites or
hormones (Fortuna et al., 1998). The development of
an efficient root system is particularly important in
micro-propagated plants, where the AM fungi could
have a positive effect not only by inducing rapid
development of a functioning root system but also
through benefits on plant growth in subsequent period
(Atkinson et al., 1994).

Micro-propagation (Plate 1)
Among other applications, micropropagation is used to
produce certified stock for nurseries. The plants
produced with this method are free from any
microorganisms, including symbiotic ones which are
necessary in nutrients and water uptake and provide
some protection against certain biotic and abiotic
stresses. Thus, a reintroduction of symbiotic microorganisms is needed to facilitate a smooth plant
transition from pro-tective in vitro conditions to the
field (Sbrana et al., 1994, Monticelli et al., 2000,
Taylor and Harrier 2000, Borkowska 2001). The
mycorrhization technology has been used during the
last years in a number of micropropagated crops in
order to improve their survival rate and growth during
post vitro stages (Schubert and Lubraco, 2000, Rai,
2001, Borkowska, 2002, 2005). Mycorrhizal fungi
help to recover the biological activity and physical
properties of a soil and they are active in mobilizing
minerals (Camprubi et al., 1993, Diaz and Honrubia,
1993, Calvet et al., 2001). Thus, arbuscular
mycorrhizas are important in establishment and
subsequent growth of crops, especially those cultured
in intensive agriculture systems, where soil structure,
chemistry and microflora is frequently degraded
(Borkowska et al. ,2008). Early mycorrhizal
inoculation and colonization of tissue cultured
plantlets of plant species has been reported to reduce
transplant shock during acclimatization, thus
increasing plant survival and establishment rates. Also
micro-propagated plantlets that were inoculated with
arbuscular mycorrhiza have enhanced plant quality,
nutrient uptake and plant growth (Estrada – Luna et al.
,2000, Ravolanirina et al. ,1989 a and b, Branzanti et
al. ,1992, Schübert et al. ,1992, Azcón- Aguilar et al.
,1994, Lovato et al. ,1994, Rapparini et al. , 1994,
Vesteberg and Estaún 1994). Arbuscular mycorrhizal
fungi can induce morphological modifications in the
host plant root system (Berta et al., 1993, Atkinson et
al., 1994). A more branched root system has been in
observed in mycorrhizal plants of different herbaceous

Plate 1. A) Response of micro-propagated tissue
cultured banana to inoculation with AM fungi
(C-Control; GF- Inoculated with Glomus fasiculatum,
GM- Inoculated with Glomus mosseae).
B) Micro-propagated tissue cultured banana inoculated
with Glomus mosseae.
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arbuscular mycorrhizal fungi in determing the level of
water-stable aggregation. Thomas et al., (1986)
demonstrated that onion roots colonized by Glomus
macrocarpum increased the aggregation of a
calcareous silty – clay loam as compared to non-host
plant. Later studies by, Thomas et al. (1993), reported
that roots and external hyphae contributed equally to
water- stable soil aggregation and that both of them
had an additive effect on soil aggregation process.
Rothwell (1984) suggested that the reactions between
root phenolics and glucosamine residues in AM hyphal
walls could be a stabilizing mechanism for soil
aggregates. Also hyphal fragments of AM fungi and
dead AM spore and sporocarps may act as nucleation
sites in the formation of soil-aggregates, by supplying
substrate to the microbial community. Differences in
the hyphal density and morphology among AM fungi
isolates may account for divergent soil properties.
Morphological restrictions of different AM fungi
could result in the colonization of different micro-sites
within soil that may enhance aggregation whenever
multiple fungi are colonizing the soil. Since the
spatial distribution of soil hyphae can vary among
fungal species (Jakobsen et al., 1992), an increase in
the overall hyphal density of AM mycelium around the
roots may result from multiple AM fungal
colonization’s, compared
to single species.
Alternately, different AM fungi may produce different
types and/or amounts of soil binding agents and the
interaction of these agents within the aggregates may
result in synergistic soil stability. Thus little is known
about the mechanisms of AM fungal mediated soil
aggregation, but it seems to result from binding of
small particles into micro-aggregates and the
entanglement
of
microaggregates
into
macroaggregates. The ability of AM fungi to extract
water from small pores within the soil matrix may also
contribute to the stabilization of soil aggregates by
entanglement and cementing mechanisms.

Soil aggregation and stabilization
Soil aggregation is a complex, hierarchical process
mediated by both biotic and abiotic factors (Tisdall
and Oades, 1980). Aggregation is essential to
maintaining soil porosity, allowing gas exchange and
water infiltration, and facilitating biogeochemical
cycling (Diaz-Zorita et al., 2002). Soil structure is also
crucial to the success of sustainable agriculture and
erosion resistance. Over one-third of the world’s
arable land was damaged by erosion over the last 40 yr
(Pimentel et al., 1995) and much of the focus of
sustainable agriculture has shifted towards managing
for well-aggregated soils. Hyphae of AM fungi are
considered to be primary soil aggregators for several
reasons: the extraradical hyphae of AM fungi have a
significant biomass in most soils (Rillig and Allen,
1999), as obligate biotrophs these fungi do not need to
compete with saprobes for soil carbon and AM fungal
hyphae are more resistant to fungivory than saprobic
fungi (Klironomos and Kendrick, 1996). Arbuscular
mycorrhizal fungi may stabilize soils up to 5 months
after their host’s death (Tisdall and Oades, 1980). A
positive correlation between AM fungal hyphae and
aggregate stabilization in natural systems is described
by Miller and Jastrow (1990) and Jastrow et al.,
(1998). Rillig et al., (2002) described significant
indirect effects of AM fungal hyphal length on
waterstable aggregate (WSA) stabilization via the
production of glomalin-related soil protein (GRSP) in
a natural grassland system.
Little is known about the effects of different AM
fungal taxa on aggregate stabilization. Schreiner et al.,
(1997) tested the WSA forming ability of three AM
fungal species on soybean (Glycine max). The authors
found that Glomus mosseae stabilized aggregates in
the 2– 4 mm size class significantly more than Glomus
etunicatum and Gigaspora rosea , but there were no
differences between species in the 1–2 mm or 0.25–1
mm size classes. Plants with dense, fibrous root
systems (such as grasses) assist aggregate formation
(Oades, 1993, Amézketa, 1999). Similarly, hyphal
characteristics may contribute to aggregation ability.
An AM fungus with dense hyphal clusters may hold
soil particles together better than diffuse hyphae, but
this hypothesis has never been tested. The idea of an
aggregation ‘specialist’ is attractive to agriculture as
well as to applications in ecosystem restoration. If a
species of AM fungi is promoted due to its WSA
stabilization properties, independent of plant host or
soil type, it could be used to inoculate crops or other
soils with poor water aggregate stability (Piotrowski et
al., 2004).

CONCLUSIONS
Thus, most our knowledge about mycorrhizal benefits
comes from studies of crops and forage plants. Many
crops may be expected to be facultatively mycorrhizal
because they have ruderal ancestors and were selected
for rapid growth in high fertility soils. However,
tropical crops and forage species often grow in acidic,
highly infertile soils and they are highly dependant on
arbuscular mycorrhizae as they have so many benefits
to confer. Many modern agronomic practices are
disruptive to mycorrhizal symbiosis. There is great
potential for low input agriculture to manage the
system in a way that promotes mycorrhizal symbiosis.
Most agricultural crops can perform better and are
more productive when well colonized by AM fungi.
The ability of the same AM fungi to colonize many
species of plants has ecological implications. Plants of
different species can be linked underground to a

The effects of arbuscular mycorrhizal fungi on the
stability of agricultural soils was provided by the
pioneering work of Tisdall and Oades (1979), who
demonstrated the importance of soil hyphae of
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common mycelial network. One plant may provide the
photosynthate carbon for the establishment of the
mycelial network which another plant of a different
species can utilize for mineral uptake. This implies
that arbuscular mycorrhizae are able to balance below
ground intra–and interspecific plant interactions.
Mycorrhizae diversity has been shown to increase
plant species diversity as the potential number of
associations
increases.
Dominant
arbuscular
mycorrhizal fungi can prevent the invasion of nonmycorrhizal plants on land where they have
established symbiosis and promote their mycorrhizal
hosts.

Amézketa, E. 1999. Soil aggregate stability: a review.
Journal of Sustainable Agriculture 14: 83–
151.
Amijee, E., Tinker, P. B., Stribley, D.P. 1989. Effects
of phosphorus on the morphology of VA
mycorrhizal root system of leek (Allium
porrum). Plant and Soil 199: 334-336.
Atkinson, D., Berta, G., Hooker, J. E. 1994. Impact of
mycorrhizal colonization on root architecture,
root longevity and the formation of growth
regulators. In: Gianiazzi, S. and Schuepp H.
(eds.). Impact of arbuscular mycorrhizas on
sustainable
agriculture
and
natural
ecosystems. Birkhauser, Basel. pp. 89-99.

REFERENCES
Abbott, L.K., Robson, A.D. 1982. The role of
vesicular-arbuscular mycorrhizal fungi in
agriculture and the selection of fungi for
inolculation. Australian Journal Agriculture
Research 33:389 – 408.

Augé, R. M., Schekel, K. A., Wample, R.L. 1986.
Greater leaf conductance of well-watered VA
mycorrhizal rose plants is not related to
phosphorus nutrition. New Phytologist
103:107 - 116.

Allen, M.F., Moore Jr. T.S, Christensen M. 1980.
Phytohormone changes in Bouteloua gracilis
infected by vesicular arbuscular mycorrhizae:
I. Cytokinin increases in the host plant.
Canadian Journal of Botany 58: 371-374.

Azcón, R., Barea, J. M. 1992. Nodulation, N2 fixation
(15N) and N nutrition relationships in
mycorrhizal or phosphate amended alfalfa
plants. Symbiosis 12:33-41.
Azcón–Aguilar, C., Barcelộ, A., Vidal, M.T., De La
Viña, G. 1992. Further studies on the
influence mycorrhizae on growth and
development of microporpagated avocado
plants. Agronomie 12: 837- 840.

Allen, M.F. 1982. Influence of vesicular-arbuscular
mycorrhizae on water movement through
Bouteloua gracilis (H.B.K.) Lag Ex Steud .
New Phytologist 91:191-196.
Allen, M.F., Boosalis, M.G. 1983. Effects of two
species of VA mycorrhizal fungi on drought
tolerance of winter wheat. New Phytologist
93: 67-76.

Azcón-Aguilar, C.A, Eneina, C.L., Azcón, R., Barea,
J.M. 1994. Effect of arbuscular mycorrhiza
on the growth and development of
micropropogated Annona cherimola plants.
Agric. Sci. Fin .3: 281-288.

Allen, M.F., Smith, W.K., Moore, T.S., Christensen,
M. 1981. Comperitive water relation and
photosynthesis of mycorrhizal and nonmycorrhizal Bouteloua gracilis (HBK)
Lag.ex.Steud. New Phytologist 88:683 -693.

Bago, B., Vierheilig, H., Piche, Y., Azcón Aguilar, C.
1996. Nitrate depletion and pH changes
induced by the extra-radical mycelium of the
arbuscular mycorrhizal fungus Glomus
intraradices grown in monoxenic culture.
New Phytologist 133:273–280.

Allen, O.N., Allen, E. K.1981.The leguminosae, a
source book of characteristics- Uses and
nodulation. The University of Wisconsin
Press, Madison, WI, USA.

Baltruschat, Η., Schonbeck, F. 1972 The influence of
endotrophic mycorrhiza on the infestation of
tobacco
by
Thielaviopsis
basicola.
Phytopathology 84: 172–188.

Ames, R.N., Reid, C. P. P., Porter, L. K., Cambardella,
C. 1983. Hyphal uptake and transport of
nitrogen from two 15 N labeled sources by
Glomus mosseae, a vesicular-arbuscular
mycorrhizal fungus. New Phytologist 95:
381-396.

Baltruschat, H., Schönbeck, F. 1975. Untersuchungen
überden Einfluß der endotropen mycorrhiza
auf den Befall von Tabak mit Thielaviopsis
basicola. Phytophathol. Z. 84: 172-188.

345

Khade and Rodrigues, 2009

Berta, G., Fusconi, A., Trotta, A., Scannerini, S. 1990.
Morphogenic modifications induced by the
mycorrhizal fungus Glomus strain E3 in the
root system of Allium porrum L. New
Phytologist 114: 207-215.

Borkowska, B. 2002. Growth and photosynthetic
activity of micropropagated strawberry plants
inoculated with endomycorrhizal fungi
(AMF) and growing under drought stress.
Acta Physiologie Plantarum 24: 365-370.

Berta, G., Fusconi, A., Trotta, A. 1993. VA
mycorrhizal infection and the morphology
and function of root systems. Environmental
and Experimental Botany 33: 159-73.

Borkowska, B. 2005. The role of mycorrhiza in
acclimatization and photosynthetic activity of
micropropagated plants. COST 843, Final
Report, Skierniewice/Warsaw.

Berta, G., Trotta, A., Fusconi, A., Hooker, J.E.,
Munro, M., Atkinson, D., Giovannetti, M.,
Morini , S., Fortuna, P., Tisserant, B.,
Gianinazzi-Pearson, V., Gianinazzi, S. 1995.
Arbuscular mycorrhizal induced changes to
plant growth and root system morphology in
Prunus cerasifera. Tree Physiology 15:281 –
293.

Bor kowska , B., Balla, I.. , Szucs, E., Michaczuk , B.
2008. Evaluation of the response of micropropagated peach rootstock ‘cadaman’ and
cv. ‘cresthaven’ to mycorrhization using
chlorophyll a Fluorescence method. Journal
of Fruit and Ornamental Plant Research 16:
243-260.

Bertheau, Y. 1977. Etudes des phosphatses solubles
des endomycorhizaes à vésicules et
arbuscules. D.E.A. Thesis, Universitéde
Dijon ,France.

Branzanti, B., Gianinazzi-Pearson, V., Gianinazzi, S.
1992. Influence of phosphate fertilization on
the growth and nutrient status of
micropropagated
apple
infected
with
endomycorrhizal fungi during the weaning
stage. Agronomie 12:841-846.

Bethlenfalvay, G.J., Franson, R.L., Brown, M.S.,
Mihara, K.L. 1989. The Glycine–Glomus–
Bradyrhizobium symbosis. IX. Nutrition
morphological and physiological responses of
nodulated soybean to geographic isolates of
the mycorrhizal fungus Glomus mosseae.
Physiology Plantarum 76:226-232.

Brundrett, M. 1991. Mycorrhizas in natural ecosystem.
In: Begon, M., Fitter, A.H., Macfadyen, A.
(eds.). Advances in Ecological Research.
Academic Press Limited, London. pp.171313.

Bevege, D.I., Bowen, G.D., Skinner, M.F. 1975.
Comparative carbohydrate Physiology of
ecto- and endomycorrhizas. In: Sanders, F.F,
Mosse,
B.,
Tinker,
P.B.
(eds).
Endomycorrhizas. Academic Press, New
York. pp. 149-175.

Calvet C., Pinochet J., Hernandez-Dorrego A., Estaun
V., Camprubi A. 2001. Field microplot
performance of the peach-almond hybrid GF677 after inoculation with arbuscular
mycorrhizal fungi in a replant soil infested
with root-knot nematodes.Mycorrhiza 10:
295-300.

Bhadraiah, B., Kankadurga, V. V., Ramarao, P.,
Manoharachary, C. 1999. Effect of VAM
fungi and rock phosphate on phosphatase
activities in Terminalia arjuna. National
Conference on Mycorrhiza. Section 3
(Poster): Physiology and Biochemistry. 5–7.

Camprubi A., Pinochet, J., Calvet, C., Estaun, V. 1993.
Effects of root lesion nematode Pratylenchus
vulnus
and
the
vesicular-arbuscular
mycorrhizal fungus Glomus mosseae on the
growth of three plum rootstocks. Plant Soil
153: 223-229.

Bildusas, I.J., Dixon, R.K., Pfleger, F.L., Steward,
E.L. 1986. Growth nutrition and gas
exchange of Bromus inermis inoculated with
Glomus fasciculatum. New Phytologist 102:
303-311.

Caron,

M. 1989. Potential use of mycorrhizae in
control of soil borne diseases. Canadian
Journal of Plant Pathology 11: 177-179.

Chu, E. Y. 1999. The effects of arbuscular mycorrhizal
fungi inoculation on Euterpe oleracea Mart.
(açaí) seedlings. Pesquisa Agropecuaria
Brasileira 34: 1018-1024.

Borkowska, B. 2001. Morphological and physiological
characteristics
of
micro-propagated
strawberry plants rooted in vitro and ex vitro.
Scientia Horticulture 89: 195-206.

Cooper, K.M., Tinker, P.B. 1978. Translocation and
transfer of nutrients in vesicular-arbuscular
mycorrhizas II. Uptake and translocation of
346

Tropical and Subtropical Agroecosystems, 10 (2009): 337 - 354

phosphorus zinc and
Phytologist 81: 43-52.

sulphur.

New

net leaf P accumulation is a split-root VA
mycorrhizal symbiosis. Plant Physiology 86:
491-496.

Cordier, C., Pozo, M.J., Barea, J.M., Gianinazzi, S.,
Gianinazz., P.V. 1998. Cell defense response
associated with localized and systemic
resistance to Phytophthora parasitica induced
in tomato by an arbuscular mycorrhizal
fungus. Molecular Plant Microbe Interaction
11: 1017-1028.

Dumas-Gaudot, E., A. Gollotte, Ordier, C., Gianinazzi,
S. Gianinazzi-Pearson, V. 2000. Modulation
of host defense systems. In Arbuscular
Mycorrhizas: Physiology and Function. 173200. Kluwer Academic Publishers.
Estrada-Luna, A.A., Davies Jr., F.T., Egilla, J.N. 2000.
Mycorrhizal fungi enhancement
of growth
and gas exchange of micropropogated guava
plantlets (Psidium guajava L.) during ex vitro
acclimatization and plant establishment.
Mycorrhiza 10:1-8.

Davies Jr, F.T., Potter, J.R., Linderman, R.G. 1992.
Mycorrhiza and repeated drought exposure
affect resistance and extraradical hyphae
development of pepper plants independent of
plant size and nutrient content. Journal Plant
Physiolology 139:289 - 294.
Davies

Faber, B.A., Zasoski, R.J., Munns, D.N., Shackel, K.
1991. A method for measuring
hyphal
nutrient and water uptake by mycorrhizal
plants. Canadian Journal of Botany 69: 87-94.

Jr., F.T., Svenson, S.E., Cole, J.C.,
Phavaphutanon, L., Durray, S.A., Olalde
Portugal, V., Meier, C.E. 1996. Nonnutritional stress acclimation of mycorrhizal
woody plants exposed to drought. Tree
Physiology 16: 985 - 993.

Fay, P., Mitchell, D. T., Osborne, B. A. 2006.
Photosynthesis and nutrient-use efficiency of
barley in response to low arbuscular
mycorrhizal colonization and addition of
phosphorus. New Phytologist 132: 425-433.

Dehne, Η. W., Schonbeck, F. 1975. The influence of
the endotrophic mycorrhiza on the fusarial
wilt of tomato. Z. Pflanzenkr. Pflanzenschutz
82: 630–639.

Fitter, A. H. 1985. Functional significance of root
morphology and root system architecture. In:
Fitter, A.H., Atkinson, D., Read, D.J., Usher,
M.B.( eds.) Ecological Interactions in Soil.
Blackwell Scientific Publication ,Oxford.

Dehne , Η.W., Schonbeck, F., Baltruschat, Η. 1978
The influence of endotrophic mycorrhiza on
plant diseases 3. Chitinase-activity and the
omithine-cycle;
Z.
Pßanzenkr.
Pflanzenschutz 85: 666-678.
Dehne, H.W. 1982. Interaction between vesiculararbuscular mycorrhizal fungi and plant
pathogens. Phytopathology 72: 1115-1119.

Fortuna, P., Morini, S., Giovannetti, M. 1998. Effect
of arbuscular mycorrhizal fungi on in vivo
root initiation and development of micropropagated plum shoots. Journal Horticultural
Science Biotechnology 73:19-28.

Diaz G., Honrubia M. 1993. Infectivity of mine soils
from Southeast Spain II. Mycorrhizal
population levels in spoil sites. Mycorrhiza 4:
85-88.

Frey, B., Schüepp, H. 1993. Acquisition of nitrogen by
external hyphae of arbuscular mycorrhizal
fungi associated with Zea mays L. New
Phytologist 124: 221–230.

Diaz-Zorita, M., Perfect, E., Grove, J.H. 2002.
Disruptive methods for assessing soil
structure. Soil and Tillage Research 64: 3–22.

Frier,

Dodd, J. C., Burton, C.C., Burns, R. G., Jeffries, P.
1987. Phosphatase activity associated with
the roots and the roots and the rhizosphere of
plants infected with vesicular-arbuscular
mycorrhizal fungi. New Phytologist 107:
163–172.

V. 1977. The relationship between
photosynthesis and tuber growth in Solanum
tuberosum L. Journal of Experimental Botany
28: 999-1007.

Fries, L. L. M., Pacovsky, R. S., Safir, G. R.,
Kaminski, J. 1998. Phosphorus effect on
phosphatase activity in endomycorrhizal
maize. Physiologia Plantarum 103:162–171.
García-Gómez, R., Chávez-Espinosa, J., MejíaChávez, A., Durán, B.C. 2002. Short term
effects of Glomus claroideum and

Douds Jr., D.D., Johnson, C.R., Koch, K.E. 1988.
Carbon cost of the fungal symbiont relative to
347

Khade and Rodrigues, 2009

Azospirillum brasilense on growth and root
acid phosphatase activity of Carica papaya L.
under
phosphorus
stress.
Revista
Latinoamericana Microbiologia 44: 31-37.

independent of leaf elemental content. New
Phytologist 115: 503-510.
Herold, A. 1980. Regulation of photosynthesis by sink
activity-the missing link. New Phytologist
86: 131-144.

George, E., Haussler, K.U., Vetterlein, D., George, E.
& Marchesus, H. 1992. Water and nutrient
translocation by hyphae of Glomus mosseae.
Canadian Journal of Botany 70:2130-2137.

Hinsinger, P., Gobran, G.R., Gregory, P.J., Wenzel,
W.W. 2005. Rhizosphere geometry and
heterogeneity arising from rootmediated
physical and chemical processes. New
Phytologist 168:293–303.

Gianiazzi-Pearson, V., Gianiazzi, S. 1978. Enzymatic
studies on the metabolism of vesiculararbuscular mycorrhiza. II. Soluble alkaline
phosphatase specific to mycorrhizal infection
in onion roots. Physiol.Plant Pathol. 12:4553.

Ho I, Trappe JM. 1975. Nitrate reducing capacity of
two vesicular-arbuscular mycorrhizal fungi:
Mycologia 67:886-888.

Gianiazzi, S., Gianiazzi-Pearson, V., Dexheimer, J.
1979. Enzymatic studies on the metabolism
of
vesicular-arbuscular
mycoorhiza.III.
Ultrastructural localization of
acid and
alkaline phosphatase in onion roots infected
by Glomus mosseae (Nicol. and Gerd.). New
Phytologist 82:127-132.

Hooker, J.E., Munro, M., Atkinson, D. 1992.
Vesicular–arbuscular
mycorrhizal
fungi
induced alteration in popular root system
morphology. Plant and Soil 148: 207-209.
Incoll, L. D., Whitelam, G. C. 1977. The effect of
Kinetin on stomata of the grass Anthephera
pubescens Nees. Planta 137: 243-245.

Govindarajulu, M., Pfeffer, P.E., Jin, H.R., Abubaker,
J., Douds, D.D., Allen, J.W., Bucking, H.,
Lammers, P.J., Shachar-Hill, Y. 2005.
Nitrogen transfer in the arbuscular
mycorrhizal symbiosis. Nature 435: 819–823

Iniguez, A.L., Dong, Y., Carter, H.D., Ahmer, B.M.,
Stone, J.M., Triplett, E.W. 2005. Regulation
of enteric endophytic bacterial colonization
by plant defense. Molecular Plant Microbe
Interaction 18: 169-178.

Graham, J.H., Syvertsen, J.P., Smith, M.L. 1987.
Water relation of mycorrhizal and
phosphorous –fertilized non-mycorrhizal
Citrus under drought stress. New Phytologist
105:411-419.

Jakobsen, I., Abbott, L.K., Robson, A.D. 1992.
External hyphae of vesicular –arbuscular
mycorrhizal fungi associated with Trifolium
subterraneum L. I. Spread of hyphae and
phosphorus inflow into roots. New
Phytologist. 120: 371-380.

Graham, J.H. 1986. Citrus mycorrhizae: potential
benefits and interactions with pathogens. Hort
Science 21: 1302-1306.

Janos, D.P., Schroeder, M..S., Schaffer, B., Crane, J.
H. 2001. Inoculation with arbuscular
mycorrhizal fungi enhances growth of Litchi
chinensis Sonn. trees after propagation by airlayering . Plant and Soil 233: 85-94.

Grandmaison, J., Olah, G.M., Van Calsteren, M.R.,
Furlan, V. 1993. Characterization and
localization of plant phenolics likely involved
in the pathogen resistance expressed by
endomycorrhizal roots. Mycorrhiza 3: 115164.

Jastrow, J.D., Miller, R.M., Lussenhop, J. 1998.
Contributions of interacting biological
mechanisms to soil aggregate stabilization in
restored
prairie.
Soil
Biology
and
Biochemistry 30: 905–916.

Harley, J.L., Smith, S.E. 1983.
Mycorrhizal
Symbiosis Academic Press, New York.
Hawkins, H.J., Johansen, A., George, E. 2000. Uptake
and transport of organic and inorganic
nitrogen by arbuscular mycorrhizal fungi.
Plant Soil 226: 275–285.

Johansen, A., Jakobsen, I., Jensen, E.S. 1992. Hyphal
transport of 15 N – labelled nitrogen by a
vesicular-arbuscular mycorrhizal fungus and
its effect on depletion of inorganic soil N.
New Phytologist 122:281-288.

Henderson, J.C., Davies, F.T. 1990. Drought
acclimation and the morphology of
mycorrhizal Rosa hybrida L. cv. ‘Fredy’ is

Johansen, A., Jakobsen, I., Jensen, E.S. 1994. Hyphal
N transport by a vesicular-arbuscular
348

Tropical and Subtropical Agroecosystems, 10 (2009): 337 - 354

mycorrhizal fungus associated with cucumber
grown at three nitrogen levels. Plant Soil
160:1-9.
Johnson,

Johnson,

Kucey, R. M. N., Janzen, H.H., Leggett, M.E. 1989.
Microbially mediated increases in plant
available phosphorus. Adv. Argon. 42, 199229.

C.R., Hummel, R.L. 1985. Influence of
mycorrhizae and drought stress on growth of
Poncirus x Citrus seedlings. HortScience 20:
754-755.

Lambert, D.H., Weidensaul, T.C. 1991. Element
uptake mycorrhizal soybean from sewagesludge-treated soil. Soil Science American
Journal. 55: 393-398.

C.R. 1984. Phosphorus nutrition on
mycorrhizal colonization, photosynthesis,
growth and nutrient composition of Citrus
aurantium. Plant and Soil 80: 35-42.

Levyy, L., Krikun, J. 1980. Effect of vesicular –
arbuscular mycorrhiza on Citrus jambhiri
water relations. New Phytologist 85, 25-31.

Johnson, C.R., Menge, J.A., Shcwab, S., Ting, I.P.
1982. Interaction of photoperiod and
vesicular-arbucsular mycorrhizae on growth
and metabolism of sweet orange. New
Phytologist 90: 665-669.

Li, X.L., George, E., Marschner, H. 1991. Phosphorus
depletion and pH decreases at the root–soil
and hyphae-soil interfaces of VA mycorrhizal
white clover fertilizer with ammonium. New
Phytologist 119: 397-404.

Joner, E.J., Jakobson, I. 1995.Growth and extracellular
phosphatase
activity
of
arbuscular
mycorrhizal hyphae as influenced by soil
organic
matter.
Soil
Biology
and
Biochemistry 27:1153-1159.

Lieberei, R., Feldmann, F. 1989. Physiological
changes in root colonized by vesicular
arbuscular mycorrhizal fungi–reactions in
mutualistic and parasitic interactions.
Agriculture Ecosystems and Environment 29:
251-255.

Jungk, A., Chaassen, N. 1989. Availability in soil and
acquisition by plants as the basis for
phosphorus and potassium supply to plants. Z
Pflanzenernaehr. Bodentil.152:151-157.

Linderman, R.G. 1994. Role of VAM fungi in
biocontrol. In: Pfleger, F.L., Linderman,
R.G.(eds). Mycorrhizae and plant health.
APS, St. Paul, Minn.. pp: 1-25.

Kameli, A., Lösel, D.M. 1996. Growth and sugar
accumulation in durum wheat plants under
water stress. New Phytologist 132: 57-62.

Ling-Lee, M., Chilvers, G. A., Ashford, Α. Ε. 1977. A
histochemical study of phenolic
materials
in mycorrhizal and uninfected roots of
Eucalyptus fastigata Deane and Maiden. New
Phytologist 78: 313–328.

Klironomos, J.N., Kendrick, B. 1996. Palatability of
microfungi to soil arthropods in relation to
the functioning of arbuscular mycorrhizae.
Biology and Fertility of Soils 21: 43–52.

Lösel, D.M., Cooper, K.M. 1979. Incorporation of 14
C-labelled substrates by uninfected and VA
mycorrhizal roots of onion. New Phytologist
83: 415-426.

Kothari, S.K., Marschner, H., Römheld, V. 1991a.
Contribution of VA mycorrhizal fungi
hyphae in acquisition of phosphorus and zinc
by maize grown in a calcareous soil. Plant
Soil 131:177-185.

Lovato, P.E., Hammat, N., Gianinazzi–Pearson, V.,
Gianinazzi, S. 1994. Mycorrhization of
micropropogated nature wild cherry (Prunus
avium I.) and common ash (Fraxinus
excelsior L.) Agricultural Science Finland 3:
297-302.

Kothari, S.K., Marschner, H., George, E. 1990b. Effect
of VA mycorrhizal fungi and rhizosphere
microorganisms and root and shoot
morphology, growth and water relations in
maize. New Phytologist 116: 303-311.

Marschner, H. 1986. Mineral Nutrition of Higher
Plants .Academic Press. London.

Krishna, K.R., Bagyaraj, D.J. 1983. Interaction
between Glomus fasciculatum and Sclerotium
rolfsii in peanut. Canadian Journal of Botany
61: 2349-2351.

Marschner, H., Dell, B. 1994. Nutrient uptake in
mycorrhizal symbiosis. Plant Soil.159:89102.

349

Khade and Rodrigues, 2009

Mc Lenanan, E.I. 1980 . Endophtic fungus of Lolium.
II. The mycorrhiza on the roots of Lolium
tenuelentum L. with a discussion on the
physiological relationship of the organism
concerned, Annals of Botany: 43.

Neme, S., Vu , J.C.V. 1990. Effect of soil phosphorus
and Glomus intradices on growth, non
utructriral carbohydrates and photosynthetic
activity of Citrus aurantium. Plant and Soil
128: 257-263.

Meixner, C., Ludwig-Müller, J., Miersch, O.,
Gresshoff, P., Staehlin, C., Vierheilig, H.
2005. Lack of mycorrhizal autoregulation and
phytohormonal
changes
in
the
supernodulating soybean mutants 1007.
Planta 222: 709-715.

Nemec, S., Vu, J.C.V. 1990. Effects of soil
phosphorous and Glomus intraradices on
growth, nonstructural carbohydrates, and
photosynthetic activity of Citrus aurantium.
Plant and Soil 128:257-263.
Newman, E.I., Eason, W.R., Eissenstat, D.M., Ramos,
M.I.R.F. 1992. Interaction between plants :
the role of mycorrhiza. Mycorrhiza 1:47-53.

Miller, R.M., Jastrow, J.D. 1990. Hierarchy of root
and mycorrhizal fungal interactions with soil
aggregation. Soil Biology and Biochemistry
22: 579–584.

O’Bannon, J.H., Inserra, R.N., Nemce, S., Vovlas, N.
1979.The influence of Glomus mossae on
Tylenchulus semipenetrans-infected and
uninfected Citrus limon seedlings. Journal of
Nematology 11: 3.

Mohandas, S. 1990. Enhanced phosphatase activity in
mycorrhizal papaya (Carica papaya cv.
Coorg Honey Dew) roots. In: Jalali, B. L.
and Chand, H. (eds.) Current Trends in
MycorrhizaResearch. Proceedings of the
National Conference on Mycorrhiza, Hisar:
Haryana Agricultural University [Hisar,
India, 14–16 February 1990]. pp. 55–56.

Oades, J.M. 1993. The role of biology in the
formation, stabilization and degradation of
soil structure. Geoderma 56: 377–400.
Oehl, F., Sieverding, E., Ineichen, K., Mäder, 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
Environmental Microbiology 69: 2816–2824.

Monticelli, S., Puppi, G., Damiano, C. 2000. Effects of
in vivo mycorrhization on micropropagated
fruit tree rootstocks. Applied Soil Ecology
15: 105-111.
Morandi, D., Bailey, J.A., Gianianazzi-Pearson, V.
1983. Isoflavonoid accumulation in soybean
roots infected with vesicular-arbuscular
mycorrhizal fungi. Physiology and Plant
Pathology. 24: 357-364.

Ojala, J. C., Jarrell, W. M., Menge, J. A., Johnson, E.
L. V. 1983. Influence of mycorrhizal fungi
on the mineral nutrition and yield of onion in
saline soil. Agronomy Journal 75:255-259.

Morandi, D., Bailey, J. A., Gianinazzi-Person, V.
1984. Isoflavonoid accumulation in soybean
roots infected with vesicular-arbuscular
mycorrhizal fungi. Physiology and Plant
Pathology 24: 357–364.

Ozgönen, H., Bicici, M., Erkilic, A. 2001. The effect
of salicylic acid and endomycorrhizal
fungusGlomus
etunicatum
on
plant
development of tomatoes and Fusarium wilt
caused by Fusarium oxysporum f. sp
lycopersici. Turkish Journal of Agriculture.
25: 25-29.

Mosse, B., 1973. Advances in the study of vesicularArbuscular mycorrhiza. Annul Review of
Physiopathology 11: 171-196.

Peng, S., Eissenstat, D.M., Graham, J.H., Williams,
K., Hodge, N.C. 1993.Growth depression in
mycorrhizal Citrus at high-phosphorous
supply. Plant Physiology 101:1063-1071.

Nelson, C.E., Safir, G.R. 1982a .T he water relation of
some well watered, mycorrhizal non
mycorrhizal onion plants. Journal American
Society Horticultural Science. 107: 271-276.

Perrin, R. 1990. Interactions between mycorrhizae and
diseases caused by soil-borne fungi .Soil Use
Management 6:189-195.

Nelson, C.E., Safir, G.R. 1982b. Increased drought
tolerance of mycorrhizal onions due to
improved phosphorus nutrition. Planta. 154:
407-413.

Pimentel, D., Harvey, C., Resosudarmo Sinclair, K.,
Kurz ,D., Mcnair, M.M., Crist, S., Shpritz, L.,
Fitton, L., Saffouri, R., Blair, R.P. 1995.
Environmental and economic costs of soil
350

Tropical and Subtropical Agroecosystems, 10 (2009): 337 - 354

erosion and conservation benefits. Science
267:1117–1123.

Rillig, M.C., Allen, M.F. 1999. What is the role of
arbuscular mycorrhizal fungi in plant to
ecosystem responses to elevated atmospheric
CO2 ?. Mycorrhiza 9: 1–9.

Pinochet, J., Calvet, C., Camprubí, A., Fernández, I.
1995. Interaction between the root lesion
nematode Pratylenchus vulnus and the
mycorrhizal
association
of
Glomus
intraradices and Santa Lucia 64 cherry
rootstock. Plant and Soil 170:323-329.

Rillig, M.C., Wright, S.F., Eviner, V.T. 2002. The role
of arbuscular mycorrhizal fungi and glomalin
in soil aggregation: comparing effects of five
plant species. Plant and Soil 238: 325–333

Piotrowski, J. S., Denich, T., Klironomos, J. N., Rillig,
M. C. 2004. The effects of arbuscular
mycorrhizas on soil aggregation depend on
the interaction between plant and fungal
species. New Phytologist 164: 365–373.

Robson, A.D., Hara, G.W.O., Abbott, L.K. 1981.
Involvement of phosphorus in
nitrogen
fixation by subterranean clover (Trifolium
subterranean L). Australian Journal of Plant
Physiology 8: 427-436.

Pozo, M.J., Azcón-Aguilar, C. 2007. Unraveling
mycorrhiza-induced
resistance.
Current
Opinion in Plant Biology 10: 393-398.

Rothwell, F.M. 1984. Aggregation of surface mine soil
by interaction between VAM fungi and lignin
degradation products of lespedeza. Plant Soil
80:99-104.

Rai, M.K. 2001. Current advances in mycorrhization
in
micropropagation.
In
vitro
cell
development. Biol. Plant. 37: 158-167.

Rubio, R., Moraga, E., Borie, F. 1990. Acid
phosphatase activity and vesicular-arbuscular
mycorrhizal infection associated with roots of
4 wheat cultivars. Journal of Plant Nutrition
13: 585–598.

Raju, P.S, Clark, R.B., Ellis, J.R., Maranville, J.W.
1987.
Vesicular-arbuscular
mycorrhizal
infection effects on sorghum growth,
phosphorus efficiency, and mineral elements
uptake, Journal Plant Nutrition 10: 13311339.

Ruiz-Lozano, J.M., Azcon, R., Gomez, M. 1995.
Effects of arbuscular-mycorrhizal Glomus
species on drought tolerance: Physiological
and Nutritional Plant Responses. Applied and
Environmental Microbiology 61: 456-460.

Rapparini, F., Baraldi, R., Bertazza, G., Brazanti, B.,
Predieri, S. 1994. Vesicular-arbuscular
mycorrhizal inoculation of micropropogated
fruit trees. Journal of Horticulture Science 69:
1101-1109.

Ruiz-Lozano, J.M., Gomez, M., Azcón, R. 1995.
Influence of different Glomus species on the
time-course of physiological responses of
lettuce to progressive drought stress periods.
Plant Science 110: 37-44.

Ravolanirina, F., Blal, B., Gianiazzi, S., GianiazziPearson, V. 1989a. Mise au point d’une
méthod rapide d’endomycorhization de vitroplants. Fruits 44: 165-170.

Sanders, F.E., Tinker, P.B. 1973. Phosphate inflow
into mycorrhizal roots. Pesticide Science 4:
385-395.

Ravolanirina, F., Gianiazzi, S., Trouvelot, A., Carre,
M. 1989b. Production of endomycorhizal
explants of micropropogated grapevine rootstocks. Agriculture Ecosystems Environment
29: 323-327.

Sbrana C., Giovannetti M., Vitagliano C. 1994. The
effect of mycorrhizal infection on survival
and growth renewal of micropropagated fruit
rootstocks. Mycorrhiza 5: 53-156.

Rhodes, L.H., Gerdemann, J.W. 1975. Phosphatase
uptake zone of mycorrhizal and non
mycorrhizal onion. New Phytologist 75:555561.

Schellenbaum, L., Berta, G., Ravolanirina, F.,
Tisserant, B., Gianiazzi, S., Fitter, A.H. 1991.
Influence of endomycorhizal infection on root
morphology in a micropropogated woody
plant species (Vitis vinifera L.). Annals of
Botany 68: 135-141.

Richmond, A., Lang, A. 1957. Effect of kinetin on
protein content and survival of detached
Xanthium leaves. Science 125: 650-651.

Schönbeck, F. 1979. Endomycorrhiza in relation to
plant diseases. In: Schippers, B., Gams, W.
(eds.). Soil-Borne Plant Pathogens.Academic
351

Khade and Rodrigues, 2009

Press, London, New York, San Francisco. pp.
271-280.

Smith, G.S., Roncadori, R.W. 1986. Responses of
three vesicular arbuscular mycorrhizal fungi
at four soil temperatures and their effects on
cotton growth. New Phytologist 104: 89-95.

Schreiner, R.P., Mihara, K.L., McDaniel, H.,
Bethlenfalvay, G.J. 1997. Mycorrhizal fungi
influence plant and soil functions and
interactions. Plant and Soil 188: 199–209.

Smith, S.E., St John, F.A., Nicholas, D.J. 1985.
Activity of glutamine synthetase and glumate
dehydrogenase in Trifolium subterraneum L.
and Allium cepa L.: Effects of mycorrhizal
infection and phosphate nutrition. New
Phytologist 99: 211-227.

Schreiner, R.P. 2007. Effects of native and nonnative
arbuscular mycorrhizal fungi on growth and
nutrient uptake of 'Pinot Noir' (Vitis vinifera
L.) in two soils with contrasting levels of
phosporus. Applied Soil Ecology 36:205-215.

Snellgrove, R.C., Splittstoesser, W.E., Stribley, D.P.,
Tinker, P.B. 1982. The distribution of carbon
and the demand of the fungal symbiont in
leek plants with vesicular arbuscular
mycorrhizal. New Phytologist 92: 75-87.

Schubert, A., Lubraco, G. 2000. Mycorrhizal
inoculation enhances growth and nutrient
uptake of micropropagated apple rootstock
during weaning in commercial substrates of
high nutrient availability. Applied Soil
Ecology 15: 113-118.

Son, C.L., Smith, S.E. 1988 Mycorrhizal growth
response: interaction between photon
irradiance and phosphorus nutrition. New
Phytologist 108. 305 –314.

Schubert,A., Bodrino, C., Gribaudo, I. 1992.
Vesicular-arbuscular mycorrhizal inoculation
of
kiwifruit
(Actinidia
deliciosa)
micropropagation plants. Agronomie 12:847850.

Speir, T.W., Ross, D.J. 1978. Soil phosphatase and
sulphatase. In. Soil Enzymes. (Eds.) Burns
RG. Academic Press, New York, USA. Pp.
197 – 250.

Sharma, M.P., Adholeya, A. 2004. Effect of arbuscular
mycorrhizal
fungi
and
phosphorus
fertilization on the post vitro growth and yield
of micropropagated strawberry grown in a
sandy loam soil. Canadian Journal of Botany
82: 322-328.

St-Arnaud, M., Hamel, C., Vimard, B., Caron, M.,
Fortin, J.A. 1995. Altered growth of
Fusarium oxysporum f.sp.chrysenthemi in an
in vitro dual culture system with the vesicular
arbuscular mycorrhizal fungus Glomus
intraradices growing on Daucus carota
transformed roots. Mycorrhiza 5:431-438.

Shaul, O., Galili, S., Volpin, H., Ginzberg, I., Elad, Y.,
Chet, T., Kapulink, Y.1999. Mycorrhiza
induced changes in disease severity and PR
protein expression in tobacco leaves.
Molecular Plant- Microbe Interaction 12:
1000-1007.

Stetler, D.A., Laetsch, W.M. 1965. Kinetin- induced
chloroplast maturation in culture of tobacco
tissue Science 149: 1387-1388.
Subramaniam, K. S., Charest, C. 1998. Arbuscular
mycorrhizae and nitrogen assimilation in
maize after drought and recovery. Plant
Physiology. 102: 285-296.

Sieverding, E. 1983. Influence of soil water regimes
on VA mycorrhiza. II. Effect of soil
temperature and water regime on growth,
nutrient uptake, and water utilization of
Eupatorium odaratum L. Journal Agronomy
Crop Science. 152:56-67.

Subramaniam, K. S., Charest, C., Dwyer, L. M.,
Hamilton, R. I. 1997. Effects of mycorrhizas
on leaf water potential, sugar and P contents
during and after recovery of maize. Canadian
Journal of Botany 75: 1582-1591.

Sieverding, E., Toro, S. 1988. Influence of soil water
regime on VA mycorrhiza. V. Performance of
different VAM fungal species with cassava.
Journal Agronomy Crop Science. 161: 322332.

Tabatabai, M.A., Bremner, J.M. 1969. Use of pnitrophenyl phosphate for assay of soil
phosphatase activity. Soil Biology and
Biochemistry 1: 301-307.

Smith, G.S., Kaplan, D.T. 1988. Influence of
mycorrhizal fungus, phosphorous and
burrowing nematode interaction on growth of
rough lemon citrus seedlings. Journal of
Nematology 20:539-544.

Tarafdar, J. C., Claassen, N. 1988. Organic
phosphorous compounds as phosphorus
source for higher plants through the activity
352

Tropical and Subtropical Agroecosystems, 10 (2009): 337 - 354

of phosphates produced by plant roots and
micro-organisms Biology Fertility Soils 5:
308 -312.

intraradices Schenck & Smith and Ri T-DNA
roots of Daucus carota L. in an in vitro
compartmented system. Canadain Journal of
Microbiology 50: 251–260.

Taylor J., Harrier, L.A. 2000. A comparison of nine
species of arbuscular mycorrhiza fungi on the
development
and
nutrition
of
micropropagated Rubus ideus L. cv. Glen
Prosen (red raspberry). Plant Soil 255: 5361.

Treeby, M.T. 1992 .The role of mycorrhizal fungi and
non-mycorrhizal micro-organisms in iron
nutrition of Citrus. Soil Biology and
Biochemistry 24:857-864.
Troldenier, G. 1992. Techniqus for observing
phosphorus metabolism in the rhizosphere.
Biology and Fertility of Soils 14: 121-125.

Thomas, R. S., Dakessian, S., Ames, R. N., Brown, M.
S., Bethelenfalvay, G. J. 1986. Aggregation
of silt clay loam by mycorrhizal onion roots.
Soil Science Society American Journal
50:1494-1499.

Umesh, K.C., Krishnappa, K., Bagyaraj, D.J. 1988.
Interaction
of
burrowing
nematode,
Radopholus similes (Cobb, 1893) thorne1949,
and VA mycorrhiza, Glomus fasciculatum
(Thaxt.) Gerd and Trappe in banana (Musa
acuminata Colla.). Indian Journal of
Nematology 18:6-11.

Thomas, R. S., Franson, R.I., Bethelenfalvay, G. J.
1993.
Separation of vesicular-arbuscular
mycorrhizal fungus and root effects on soil
aggregation. Soil Science Society American
Journal 57:77-81.

Utkhede, R.S., Li, T.S.C., Smith, E.M. 1992. The
effect of Glomus mosseae and Enterobacter
aerogenes on apple seedlings grown in apple
replant
disease
soil.
Journal
of
Phytopathology 135: 281-288.

Tinker, P. B. 1978. Effects of vesicular- arbuscular
mycorrhizae on plant growth. Physiol Veg.
16, 743 –751.
Tisdall, J. M., Oades, J. M. 1979. Stabilization of
soil aggregates by root system of rye grass.
Australian Journal of Soil Research 17: 42944.

Van Stevenick, R. F. M. 1976. Effect of hormones and
related substances on ion transport. In:
Luttage, U., Pittaman, M.G. (eds.). Transport
in Plants II, Part B. Springer-Verlag, NewYork .

Tisdall, J. M., Oades, J. M. 1980. The effect of crop
rotation on aggregation in a red-brown earth.
Australian Journal of Soil Research 18: 423–
433.

Vance, C.P. 2003. Phosphorus acquisition and use:
critical adaptations by plants for securing a
nonrenewable resource. New Phytologist
157:423–447.

Tisserant, B., Schellenbaum, L., Gianinazzi-Pearson,
V., Gianinazzi, S., Berta, G. 1992. Influence
of infection by endomycorrhizal fungus on
root development and architecture in
Platanus acerifolia. Allionia 30: 171-182.

Vestberg, M., Estaún, V. 1994. Micropropogated
plants, an opportunity to positively manage
mycorrhizal activities. In: Gianiazzi, S.,
Schüepp, H. (eds.). Impact of Arbuscular
Mycorrhizas on Sustainable Agriculture and
Natural Ecosystems. Birkhäuser, Basel. pp.
217-226.

Tobar, R., Azcón, R., Barea, J.M. 1994. Improved
nitrogen uptake and transport from 15-N
labeled nitrate by external hyphae of
arbuscular mycorrhiza under water-stressed
conditions. New Phytologist 126: 119-122.

White, J. A., Brown, M. F. 1979 .Ultra Structural and
X-ray analysis of phosphorus granules in a
vesicular–arbuscular mycorrhizal fungus.
Canadian Journal of Botany 57: 2812-2818.

Tobar, R., Azcón, R., Barea, J.M. 1994. Improved
nitrogen uptake and transport from 15N
labelled nitrate by external hyphae of
arbuscular mycorrhiza under water stressed
conditions. New Phytologist 126: 119–122.

Wu, Q.S., Xia, R.X. 2006. Arbuscular mycorrhizal
fungi influence growth, osmotic adjustment
and photosynthesis of citrus under wellwatered and water stress conditions. Journal
of Plant Physiology 163: 417-425, 2006.

Toussaint, J. P., St-Arnoud, M., Charest, C. 2004.
Nitrogen transfer and assimilation between
the arbuscular mycorrhizal fungus Glomus
353

Khade and Rodrigues, 2009

Yano-Melo, A. M., Saggin, O.J., Lima-Filho, J.M.,
Melo, N.F., Maia, L.C. 1999. Effect of
arbuscular
mycorrhizal
fungi
on
acclimatization of micro- propagated banana
plantlets. Mycorrhiza 9: 119 -123.

Submitted March 30, 2009 – Accepted May 12, 2009
Revised received May 18, 2009

354

