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l'l* Coastal sand dunes

y es are highly organized natural dynamic systems that undergo continuous 

tion due to changing weather conditions and geomorphological processes, 

y comprise o f a near shore zone where water currents and waves are involved in 

sand movement, the foreshore zone where the transport is by water currents or waves 

and rarely by wind action, the backshore zone where the transport is primarily due to 

wind with breaking waves having least influence, and the dunes where the sand 

movement is largely due to wind action (Krumbein and Slack, 1956).

Coastal sand dunes are natural structures which shield the coastal zone by absorbing 

energy from wind, tide and wave action (McHarg, 1972). Coastal sand dunes are built 

up by the deposition of dry beach sand blown through wind action on the inland side of 

the beaches. The dune systems are the most capable and provide least expensive 

protection against shoreline erosion. Generally sand dunes consist of vegetation cover 

that traps the sand (Clowes and Comfort, 1987). The variability in the structure of the 

dune systems is influenced by factors such as its sediment property, climate and 

ecological conditions. The basic pre-requisite for the formation of sand dunes is a 

plentiful source o f sediment transported by wind (Labuz, 2005) followed by 

stabilization of the deposited sand by vegetation. According to the degree of exposure 

to coastal stress conditions the vegetation on the dunes tends to occur in zones. Nearest 

to the sea is the pioneer zone, extending landward from the debris line at the top of the 

beach in the area o f the fore dune or frontal dune. Only specialized pioneer plants that 

can withstand the stress conditions colonize areas exposed to salt spray, sand blast, 

strong winds and flooding by the sea. These plants have specialized structures such as a 

waxy coating on stems and leaves, are prostrate, and have well developed and rapidly 

spreading root systems. The creeping stems or stolons can interconnect, so if one part is
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ied in shifting sand or is uprooted, another part continues to grow; and so serve to 

t*le sand, forming and building the dunes

(https.//www. ehp.qld.gov.au/coastal/ecology/beaches-dunes/coastal_dunes.html).

he State of Goa, situated on the West coast of India has a beautiful coastline and 

beaches with a characteristic sand dune ecosystem of economic significance. The sandy 

beaches of Goa are backed by several rows of 1-10 meters high sand dunes that extend 

almost half a kilometer or more before merging with the hinterland coastal plain 

(http://www.goaenvis.nic.in/sanddunes.htm). According to Dessai (1995), the coastal 

sand dunes of Goa are classified as: a) embryonic dune, the zone nearest the sea just 

above the high tide level with its steeper face inland and is often not vegetated. The 

zone is formed by sand delivered to the beach by wave action and is the most 

vulnerable. The pioneer plants found growing on the embryonic dunes are Ipomoea 

pes-caprae (L.) R.Br. (Convolvulaceae), Spinifex littoreus L. (Poaceae) and other 

herbaceous species; b) mid shore dune, where the vegetation is characterized by 

shrubs and is more or less stable, species commonly found are Spermacoce stricta L. f. 

(Rubiaceae), Leucas aspera (Willd.) L. (Lamiaceae), Vitex negundo L. (Lamiaceae) 

and Clerodendrum inerme (L.) Gaertn. (Lamiaceae), and c) hind shore dune, the zone 

that has trees with well developed root systems. Dominant plant species growing on 

hind shore dune include Vitex negundo L. (Lamiaceae), Clerodendrum inerme (L.) 

Gaertn (Lamiaceae), Anacardium occidentale L. (Anacardiaceae), Pandanus tectorius 

Park. (Pandanaceae), Casuarina equisetifolia L. (Casuarinaceae), Cocos nucifera L.

(Arecaceae).

Sand dune vegetation plays a crucial role in the dune formation process by acting as a 

wind break and trapping the deposited sand particles, thereby influencing dune

2
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morphology. The pioneer plants have the ability to grow up through the sand frequently 

p oducing new stems and roots which help to stabilize the ground as more sand is 

ulated and the dune grows (https://www.ehp.qld.gov.au/coastal/ecology/beaches- 

dunes/coastaldunes.html). Fixed dunes play a key role in the protection of the 

coastline as they act as a buffer against wave damage during storms and protect the 

landward side from salt water intrusion, thus helping in the development of more 

complex plant communities. They also function as a sand reservoir to replenish and 

maintain the coastal ecosystem during times of weathering and erosional processes 

(https://www.ehp.qld.gov.au/coastal/ecology/beaches-dunes/coastal_dunes.html).

Plants established on sand dunes are subjected to various environmental fluctuations 

which affect their growth, survival and community structure. The most important 

factors include temperature, desiccation, low moisture retention, soil erosion, sand 

accretion and burial, soil salinity, salt spray, changes in organic matter and pH (Maun, 

1994). Loss of vegetation that traps and holds sand leaves the dunes and beach more 

susceptible to wind and water erosion (Gomez-Pina et al., 2002), resulting in 

degradation. Sand particles shift to another place through long-shore drift or littoral 

drift (Healy and de Lange, 2014). If the vegetation cover is damaged then strong winds 

may cause ‘blowouts’ or gaps in the dune ridge. Unless repaired, these can increase in 

size and lead to the migration of whole dune system on the inland side by covering 

everything in its path. With a diminished reservoir of sand, erosion of the beach may 

lead to coastal recession. The vegetation cover can also be adversely affected and 

destroyed by natural disturbances such as storms, cyclones, droughts, fire or by human 

intervention such as clearing, grazing, vehicles or excessive foot traffic

(https://www.ehp.qld.gov.au/coastal/ecology/beaches-dunes/coastal_dunes.html).

Recreational and tourism activities, land reclamation, and excavation activities also

3
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result in sand dune degradation (Gomez-Pina et al., 2002). Protection of the vegetation

vital (https://www.ehp.qld.gov.au/coastal/ecology/beaches- 
dunes/coastal_dunes, html).

1.2: Arbuscular Mycorrhizal (AM) fungi

Ecosystems aie occupied by large numbers of diversified microorganisms that interact 

in intricate networks (Moenne-Loccoz et al., 2015). Soil formation is the result of such 

complex network processes, biological, physical and chemical. Soil microbes are of 

great significance, as they are responsible for most biological transformations including 

nutrient recycling thereby facilitating the subsequent establishment of plant 

communities (Schulz et al., 2013).

Arbuscular mycorrhizal (AM) fungi are ubiquitous soil fungi that form symbiotic 

association with plant roots (Smith and Read, 2008), belonging to phylum 

Glomeromycota. These fungi are a monophyletic lineage of obligate mycobionts 

(SchuBler et al., 2001). As the phylum is evolutionarily an ancient form of symbiosis in 

plants, about 90% of extant plant species are mycorrhizal (Moenne-Loccoz et al., 

2015). The fungus penetrates plant root cell walls and develops intra-radical structures 

(hyphae, arbuscules, vesicles) in the cortical cells of the host root and extra-radical 

structures (hyphae, spores) in soil. This mutualistic association is characterized by a 

bidirectional flux wherein the mycobiont helps the phytobiont in acquisition of soil 

nutrients (mainly P) while the phytobiont provides photo-assimilates (carbon sources) 

to the mycobiont (Buscot et al., 2000; Brundrett, 2009).

Plant-microbe interactions have a major impact on plant functioning and plant 

community ecology (Moenne-Loccoz et al., 2015). It is assumed that fungi are the most

4
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ective soil microorganisms involved in soil structure stabilization (McCalla 1946; 

Swaby 1949, Foster 1994), and AM fungi often comprise the major portion of the soil 

microbiome (Hayman, 1978). Mycorrhizae being vital components at the soil-root 

face, through their extra-radical hyphae together with plant root hairs increase soil- 

root contact area (Geelhoed et al., 1997b). Hence primarily improving plant nutrient 

uptake of immobile nutrient mainly phosphorus (P) (Bell et al., 1989; Jakobsen et al., 

2005, Bucher, 2007), also contributing in uptake of calcium (Ca) (Azcon and Barea, 

1992), iron (Fe) (Treeby, 1992), manganese (Mn) (Kothari et al., 1991), zinc (Zn) (Bell 

et al., 1989) and nitrogen (N) (Nasholm et al., 2009). AM fungi are most beneficial in 

improving plant nutrient acquisition in low-fertility soils (Brundrett, 2009). It is 

assumed that they can serve as a substitute for reduced fertilizer input (Galvez et al., 

2001), thereby leading to sustainable agriculture. Plant benefit other than nutritional 

attributed by AM fungi includes: 1. Enhanced plant tolerance to biotic stress 

(pathogenic infection, herbivory) and abiotic stress (drought, metal pollution, salinity) 

(Auge, 2004; Al-Karaki, 2006; Bennett and Bever, 2007); 2. Improved rooting of 

micro-propagated plantlets (Strullu, 1985) resulting in overall increase in plant growth 

and development; 3. Improved nutrient cycling, energy flow and plant establishment in 

disturbed ecosystems (Tiwari and Sati, 2008); 4. Enhanced diversity of plant 

community. AM fungi through their extensive mycelial network interconnect a number 

of unrelated individual plant species consequently impacting the function and 

biodiversity of entire ecosystem (Smith et al., 1997; Bonfante and Genre, 2010); 5. 

Besides the ramifying extra-radical mycelial network, secretion of hydrophobic ‘sticky’ 

proteinaceous substance known as ‘glomalin’ by the AM fungal hyphae in the soil also 

results in improved soil stability, binding, and water retention thereby reducing soil 

erosion (Rillig et al., 2002; Rillig and Mummey, 2006; Bedini et al., 2009); 6.
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nfluencing microbial and chemical environment of the mycorrhizosphere (plant root- 

d microbial communities especially mycorrhizae present in the rhizosphere) to 

contribute in plant nutrient acquisition (Azcon-Aguilar and Barea, 2015); more 

p cisely the hyphosphere, the zone surrounding individual hyphae (Johansson et al., 

2004), 7. Bioremediation of soil. AM fungi are mainly involved in phytoremediation, 

use of plants for uptake of pollutants. The fungi help in alleviating metal toxicity to 

plants by reducing metal translocation from root to shoot (Leyval et al., 1997). 

1 herefore they contribute in revegetation and restoration of disturbed or contaminated 

lands; and 8. AM fungi also provide protective nutrient components or antioxidants to 

human beings through agricultural products. AM symbiosis can stimulate synthesis of 

plant secondary metabolites, which are important for increased plant tolerance to 

environmental stresses or beneficial to human health through their antioxidant activity 

(Seeram, 2008). Thus AM fungi also contribute in the earth’s ecosystem services 

(Gianinazzi et ah, 2010).

1.3: Significance of AM fungi in coastal sand dune systems

Survival of plant communities under harsh conditions depends on interaction with 

different soil microbes viz., mycorrhizae, plant growth-promoting bacteria (PGPB) and 

endophytes. AM fungi are widespread in sand dunes throughout the world and are 

known to extensively contribute to the stabilization and development of plant 

community structure (Nicolson 1960; Koske and Poison, 1984; Puppi and Riess, 1987; 

Koske and Gemma, 1996). AM fungal interaction in the rhizosphere is known to 

facilitate establishment and sustenance of dune vegetation. The vegetation cover and 

soil microbes play an elemental role in sand binding and stabilization in dune 

ecosystems. Profuse AM fungal colonization has been reported in coastal dune plants
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(Giovannetti and Nicolson, 1983; Puppi et al., 1986). The AM fungal hyphae bind sand

^ san<i aggregates that resist strong winds and storms and stay intact

even after death of roots and hyphae (Sutton and Sheppard, 1976; Koske and Poison, 

1984).

Sand dune systems encourage the occurrence of abundant and diverse AM fungal 

communities (Nicolson and Johnston, 1979; Giovannetti and Nicolson, 1983; Koske, 

1987, Mohankumar et al., 1988; Dalpe, 1989; Blaszkowski 1993; Sturmer and Bellei, 

1994; Tadych and Blaszkowski, 2000a; Blaszkowski et al., 2002), mainly because of 

their low content o f soil minerals especially P (Nicolson and Johnston, 1979; Koske, 

1988). The adversity imposed on plants by low P levels is compounded by the low 

mobility of P in the soil. The absorption of readily available P by plant roots creates P 

depletion zones (where the total available P has been scavenged) around the roots 

(Marschner, 1995). Hence, the low availability of P affects its uptake by roots. The AM 

fungal extra-radical hyphae, which are thinner and more extensive rather than the root 

hairs themselves (Novero et al., 2008), are able to cross this zone and provide the plant 

with P (Koske and Poison, 1984).

Mycorrhizal plants are effective colonizers of disturbed habitats and absence of AM 

fungi exerts intense pressure on plant community species composition (Tommerup and 

Abbot, 1981). Close mutualistic plant microbe interactions facilitate existence of 

disturbed ecosystems. Physical destruction of hyphae in the web which forms close 

association between plants and AM has contributed to degradation of many ecosystems 

and restoring these relations is important to attain revegetation (Trappe, 1981). The 

increasing knowledge on importance of efficacy of AM association in ecosystem 

functioning and AM fungal diversity has encouraged attempts to identify native AM
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species that colonize plants in their natural habitats. It is well known that native AM 

species have adapted to natural soil conditions during the course of evolution 

( ,1 9 9 1 , Jaiswal and Rodrigues, 2001; Johnson, 2010), and that indigenous

species can enhance plant growth and development more than exotic species (Schultz et 

al., 2001; Klironomos, 2003; Pankova et ah, 2011; Pellegrino et ah, 2011; Johnson et 

ah, 2012; Estrada et ah, 2013).

The understanding o f AM symbiosis with dune plants and their distribution in soil is 

necessary for the sensible management of this fragile habitat (Jaiswal and Rodrigues, 

2001). The occurrence of AM fungal propagules in sand dunes results in mycorrhizal 

plants as effective pioneer dune colonizers contributing to stabilization (Koske, 1987). 

Stabilization of disturbed habitats like coastal dunes is dependent upon successful 

establishment o f an effective plant community. As mycorrhizal plants serve this 

purpose, there seems to be a great potential for restoration of degraded dune systems by 

encouraging AM symbiosis. It is evident however that the mycorrhizal status of early 

successional plants is governed by the AM fungal species available, by community 

composition and by inoculum potential (Koske and Gemma, 1997, Jaiswal and 

Rodrigues, 2001).

1.4: Significance of AM fungal diversity and dominance

Ecosystems and plant life are widely influenced by the functionally diverse nature of 

AM fungi, the symbiosis is considered as a tripartite relationship between plant, fungus 

and soil (Kemaghan, 2005), where the fungus creates an intimate link between the soil 

and the plant (Harrison, 1998). AM fungi co-exist as assemblages of mixed species in 

terrestrial ecosystems with certain species being dominant and a plant may be colonized 

by several AM species at one time. Most of the AM fungal species are widespread
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ccurnng in different terrestrial habitats and are considered ‘generalists’ (Opik et al., 

006) however some species appear to be restricted to particular ecosystem types and 

are considered specialists’ (Oehl and Sieverding, 2004; Castillo etal., 2006; Oehl 

, 2007). Different soil types showing variation in AM species can be characterized 

by AM fungal community structure (Oehl et ah, 2010). AM taxa differ significantly in 

their life histories and are believed to be nonspecific with regard to their capability to 

intect and colonize different plant species, although there may be exceptions (Helgason 

et al., 2002, Sanders, 2002; Vandenkoomhuyse et al., 2002a). There is also variation in 

response to soil structure, mineral acquisition, plant health, growth rate, biomass 

allocation and symbiotic effects (Abbott and Robson, 1985; Miller et al., 1995; 

Klironomos et al., 2000; Bever et al., 2001). AM species diversity is more distinct in 

undisturbed ecosystems compared to disturbed ecosystems as in undisturbed 

ecosystems there is greater degree of variability in terms of critical determinants. AM 

diversity and abundance can be affected by various factors/determinants such as habitat 

type, edaphic conditions, climatic or seasonal variations, host genotype and vegetation 

cover. AM dominance can also be affected by the severity and extent of disturbance in 

a habitat (Bhatia et al., 2013). Plant diversity and productivity are enhanced by AM 

symbiosis and AM species richness (van der Heijden et al., 1998; Moora et al., 2004). 

Increase in AM fungal diversity results in an increase in species richness and hence 

higher plant productivity. This suggests that changes in below ground AM fungal 

diversity can affect changes in above ground plant diversity and productivity (Finlay, 

2008). Assessment of AM fungal diversity is essential if the benefits associated with 

the symbiosis are to be exploited. Knowledge of AM species diversity in functioning 

ecosystems is crucial for the development of inocula for agricultural and horticultural 

crops and for revegetation of degraded ecosystems.
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1.5: AM fungal propagules and inoculum cultivation

AM fungi are present as chlamydospores or vegetative infective propagules colonizing 

plant roots in the rhizosphere. Upon germination, AM fungal hyphae penetrate the root 

cortical cells, bifurcating intra- and inter-cellularly from the point of entry. Within the 

cortical cells, the fungus forms tree-like branched structures called arbuscules that serve 

as the sites of metabolite exchange between fungus and host plant. Vesicles are lipid 

storage organs that also function as reproductive structures (chlamydospores).

Being obligate symbionts, the AM fungi can grow only in association with a living host 

plant root to complete its life cycle. Rhizosphere soil is used as a source of AM 

propagules that comprise of spores, sporocarps, hyphal fragments and dried colonized 

root fragments. For isolation of utmost quantity of AM fungal propagules from soil it is 

necessary to have knowledge about the diversity, abundance, viability, and colonization 

activity by the indigenous AM species in the selected soil sample. Since AM fungal 

spore propagules from natural soils can be non-viable, empty or parasitized, trap 

cultures can be set using a suitable host plant to increase the density of viable 

propagules. This enables identification of viable inoculum used in the generation of 

monospecific (single species) or pure cultures. The catch plant to be used as host 

should be adaptable to existing growing conditions, fast growing, readily colonized, 

producing a large quantity of roots in a relatively short period, and tolerant to pests and 

diseases. Some commonly used host plants include lea  mays L. (com), Allium cepa L. 

(onion), Arachis hypogaea L. (peanut), Stylosanthes Sw. spp., Paspalum notatum 

Fliigge (bahia grass) and Pueraria phaseoloides (Roxb.) Benth. (Kudzu) 

(http://invam.wvu.edu/methods/cultures/host-plant-choices). The host plant should also 

be fertilized bi-weekly with nutrient solution such as Hoagland’s solution (minus P) to 

maintain the nutrient status of the substrate. To ensure that the inoculum contains
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mature spores, it is necessary to grow the catch plant for 12-14 weeks after which it is 

dried slowly by reducing water. The propagules from the inoculum can then be 

extracted and multiplied.

Presently, AM inoculum production techniques depend on soil/substrate-based cultures, 

which may not be sterile and can be mixed cultures involving other AM species or 

contaminants such as endophytes (Gianninazzi and Bosatka, 2004). Non-soil based 

cultures include in vitro or monoxenic or Root Organ Culture (ROC) systems involving 

the use of Ri T-DNA transformed plant root organs (genetically modified with 

Agrobacterium rhizogenes) able to grow on media under sterile conditions. Utilization 

of Ri-plasmid transformed root organ cultures for growth of AM fungi was pioneered 

by Mugnier and Mosse (1987). The ubiquitous soil bacterium A. rhizogenes Conn. 

(Riker et al., 1930) produces hairy roots in plants by natural genetic transformation. 

This stable transformation (Tepfer, 1989) produces Ri T-DNA transformed plant 

tissues that are morphogenetically programmed to develop as roots. The modified 

hormonal balance of the transformed roots allows profuse and vigorous growth on 

synthetic medium (Tepfer, 1989). Daucus carota L. (carrot) and Convolvulus sepium 

L. (bindweed) were among the first species to be transformed using A. rhizogenes 

Conn. (Tepfer and Tempe, 1981). For in vitro culture of AM fungi, the AM fungal 

propagules (spores, vesicles and colonized root fragments) after disinfection with a 

suitable sterilizing agent are plated on to Modified Strullu Romand (MSR) media for 

germination. The germinated propagules are then associated with actively growing Ri 

T-DNA transformed roots for establishment of AM symbiosis (Becard and Fortin, 

1988). This technique produces contamination free inoculum (Declerck et al., 2005).
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1.6: Carrier based inoculum

AM fungal inoculum is available commercially in the form of carrier materials and 

potting media, with the former containing high concentrations of AM fungal propagules 

and the latter containing low concentrations of inoculum (Douds et al., 2010). 

Biofertilizers are usually prepared as carrier-based inoculants containing effective 

microorganisms (Accinelli et al., 2009). A carrier is a delivery vehicle which is used to 

transfer live microorganism from laboratory conditions to a rhizosphere 

(Brahmaprakash and Sahu, 2012). The carrier is the major portion (by volume or 

weight) of the inoculant that helps to deliver a suitable amount of plant growth 

promoting microorganisms (PGPM) in good physiological condition (Smith, 1992). 

The carrier formulation should also provide a suitable microenvironment for the 

PGPM, assure a sufficient shelf life of the inoculant (at least 2-3 months for 

commercial purposes, possibly at room temperature) and allow easy dispersion or 

dissolution in the volume of soil near the rhizosphere (Nehra and Choudhary, 2015). A 

suitable biofertilizer carrier should posses as much as the following features viz., it 

should be in powder or granular form; should support the growth and survival of the 

microorganism, and should be able to release the functional microorganism easily into 

the soil; should have high moisture absorption and retention capacity, good aeration 

characteristics and pH buffering capacity; should be non-toxic and environmentally 

friendly; should be easily sterilized (autoclaving and gamma-irradiation) and handled in 

the field; have good long term storage qualities; and should be inexpensive (Stephens 

and Rask, 2000; Rebah et al., 2002; Rivera-Cruz et al., 2008). Considering the above 

mentioned properties it is evident that not a single universal carrier is available which 

fulfills all the desirable characteristics, but good quality ones should have as many as 

possible (Brahmaprakash and Sahu, 2012).
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Organic, inorganic or synthetic substances can be used as carrier materials. Commonly 

used carriers include soils like peat, coal, pumice or clay, sand, and lignite; inert 

materials like perlite, vermiculite, soilrite, alginate beads, polyacrylamide gels and 

bentonite (Mallesha et al., 1992; Redecker et al., 1995; Bashan, 1998; Gaur and 

Adholeya, 2000; Herridge et al., 2008; Malusa et al., 2012). Organic wastes from 

animal production and agriculture, and byproducts of agricultural and food processing 

industries such as charcoal, composts, farmyard manure, cellulose, soybean meal, 

soybean and peanut oil, wheat bran, press mud, com cobs also meet the requirements of 

a carrier and thus could be good carrier materials (Herrmann and Lesueur, 2013; Wang 

et al., 2015). It is also possible to find carrier combinations comprising of a mixture of 

soil and compost; soil, peat, bark, and husks among others (Herridge et al., 2008). Peat 

is the most commonly used carrier material. However, it is a limited natural resource 

which is not readily available worldwide and its use has a negative impact on the 

environment from which it is extracted. This highlights the need for development of 

new carrier formulations using alternative resources to compete with the existing 

inoculants (John et al., 2011).

1.7: Shelf life of carrier based inoculum

Maintaining and maximizing the viability or shelf life of carrier based inocula is the 

foremost pre-requisite to enable and utilize the benefits provided by the microbial 

inoculant. A sufficiently long shelf life of the microbial inoculant (up to at least one 

season), maintaining its biological traits at an adequate level, is key for assuring the 

effectiveness of the biofertilizer, though being a major challenge for any kind of 

formulated product (Bashan et al., 2014). Therefore, the formulation of the inocula is a 

multi-step process which results in mixing one or more strains of microorganisms
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(inoculum) with a particular carrier, with or without additives such as sticking agents or 

other additives like strigolactones synthetic analogs, vitamins (Ruyter-Spira et al., 

2011; Palacios et al., 2014) to support the growth, plays a significant role in assuring 

the efficiency of the biofertilizer. It allows the protection of the microbial cells during 

storage and transport, possibly enhancing the persistence of the inocula in soil, in order 

to obtain the maximal benefits after inoculation (Manikandan et al., 2010; Schoebitz et 

al., 2012).

Different carrier materials can be used in the carrier formulation process, and each of 

them can comprise of specific positive traits and drawbacks, thus affecting the overall 

quality and efficacy of the biofertilizers (Herridge, 2008; Malusa et al., 2012; 

Herrmann and Lesueur, 2013; Bashan et al., 2014). Non-availability of good and 

suitable carrier materials can result in contamination problems and shorter shelf life of 

microbial inoculants. Drying process (Larena et al., 2003), moisture content (Roughley, 

1968; Date and Roughley, 1977; Kannaiyan, 2000), storage conditions (Connick et al., 

1996; Elzein et al., 2004b; Hong et al., 2005; Friesen et al., 2006) as well as storage 

temperature (Connick et al., 1996; Hong et al., 2005) are also important determinants of 

the shelf life of microbial inoculants or formulations and can affect their activity pre- or 

post-application. The effect of storage conditions on growth and survival of 

microorganisms is subjective to both the purity of the culture and the amount of 

moisture loss during storage (Roughley, 1968). Temperature optima and limits also 

vary with different microorganisms (Pindi and Satyanarayana, 2012).

The pH of a microbial formulation or product also plays an important role in 

determining its activity and stability. Field studies of AM fungal communities in a wide 

range of soil pH suggest that it is also the major driving factor for structuring these
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communities (Wang et al., 1993; Dumbrell et al., 2010), thus affecting the colonization 

potential and efficacy of all kinds of PGPM included in biofertilizers. Adaptations of 

AM fungi to abiotic factors such as soil temperature and nutrient availability can also 

strongly influence the effect of the AM symbiosis on plant growth (Treseder and Allen, 

2002 ; Antunes et al., 2011). Nevertheless, in terms of expected efficacy of AM fungi 

based biofertilizers, it is important to consider that the overall fertility of soil is 

supposed to regulate the kind of relation between the AM and the plant (Malusa et al., 

2016).

1.8: Potential of AM fungi from coastal sand dunes and in vitro culture technique

AM fungi play a very important role in growth of pioneer vegetation that brings about 

stability in the coastal habitats mainly with regard to primary and secondary succession 

of plant life. Coastal sand dune systems are prone to natural as well as human 

disturbances that affect the structure and stability of dune plant communities. AM fungi 

with their widespread underground mycelial web, link a number of different plant 

species thereby impacting the ecology of a habitat. Because of their numerous positive 

effects on terrestrial ecosystems, examining the AM associations in dune plant species 

and their distribution in the sandy soils is needed for the sustainable management of 

these habitats. AM fungal inoculum production via in vitro culture technique is 

preferred over the traditional soil based pot culture technique. It results in the 

production of a large number of pure, viable and contamination free spores in a single 

Petri plate. The sterile conditions exclude undesired microbes and regular monitoring of 

the cultures make the technique more suitable for the mass production of high quality 

inoculum. Since biofertilizers are normally developed as carrier based inoculants 

containing the efficient microbes, there is a need for the development of a suitable
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carrier formulation for mass multiplication of in vitro produced AM fungal propagules 

for its utilization as carrier based inoculum.

Recognizing the potential of AM spore production by in vitro culture technique, an 

effort was made to produce carrier based AM fungal bio-inocula. The work bridges the 

gap of developing a suitable carrier formulation to facilitate the transfer, multiplication 

and increase the efficacy of in vitro produced AM fungal propagules in the rhizosphere, 

and encourages the use of carrier based in vitro produced AM fungal bio-inocula for 

revegetation strategies of degraded sand dune ecosystems. The present work is 

undertaken with the following objectives:

To identify the dominant AM fungal species from the sand dune ecosystem.

X  2. To prepare pure culture inoculum using trap and pot cultures.

To prepare and standardize the protocol for in vitro culture technique for 

dominant AM fungal species.

To develop viable inoculum using suitable carrier for re-inoculation.

To maximize the shelf life of the in vitro prepared inoculum.

X  To study the effect of in vitro produced carrier based bio-inocula on selected 

plant species suitable for revegetation of the sand dunes.
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CHAPTER 2 

Review of Literature



2.1: History of discovery of the Arbuscular Mycorrhizal (AM) fungi

AM fungi are a group of ever-present obligate biotrophs having a pre-requisite to 

develop close mutualistic association with plant roots in order to grow and complete 

their life cycle (Pamiske, 2008). They are found in almost all ecosystems (Read, 1991; 

Brundrett, 2009). Frank (1885) coined the term “mycorhiza”, a peculiar relationship 

between tree roots and ecto-mycorrhizal fungi and was probably the first to identify the 

association between plant roots and mycorrhizal fungi (Frank and Trappe, 2005). The 

term “mycorrhiza” literally derives from the Greek words ‘mycos’ and ‘rhiza’, meaning 

fungus and root, respectively (Wang and Qiu, 2006). A detailed discussion of the 

derivation of the word “mycorrhiza”, including the incorporation of the second “r” is 

given by Kelley (1931, 1950). As early as 1842, Nageli described AM fungi. Trappe 

and Berch (1985) and Rayner (1926-1927) cite early observations of the AM 

symbiosis. Schlicht (1889), Dangeard (1896), Janse (1897), Petri (1903), Gallaud 

(1905), Peyronel (1924), Jones (1924) and Lohman (1927) conducted extensive surveys 

of host plants and gave anatomical descriptions of AM fungi. Phillips and Hayman 

(1970), Harley and Smith (1983) and Gardes and Bruns (1993) studied the partners and 

processes involved in this symbiosis.

The name for the arbuscular mycorrhizal fungal symbiosis has changed through the 

years. The symbiosis was once frequently called “phycomycetous endo-mycorrhiza” to 

distinguish it from the endo-mycorrhizal symbioses formed between members of the 

Ericaceae or Orchidaceae and higher fungi. The name “Phycomycete”, however, no 

longer carries any systematic significance (Koide and Mosse, 2004). Frank (1887) 

recognized the difference between ecto- and endo-mycorrhizas. The name “vesicular- 

arbuscular mycorrhiza” was established, as fungal structures i.e. vesicles and 

arbuscules were observed within the roots (Janse, 1897; Gallaud, 1905). But the
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detection of that ‘not all fungi formed vesicles’ led to the renaming of this symbiosis as 

“arbuscular mycorrhiza” which is now widely accepted (Koide and Mosse, 2004).

2.2: Diversification of AM fungal symbiosis

As AM fungi have widespread distribution, they have been reported to occur in the 

roots of most angiosperms and pteridophytes, along with some gymnosperms and the 

gametophytes of some lower plants like mosses and lycopods (Smith and Read, 1997). 

The earliest evidence for AM symbiosis in seed plants occurs in silicified roots of the 

Triassic cycad Antarcticycas schopfii (Stubblefield et al., 1987; Phipps and Taylor, 

1996). The earliest known fossil evidence for AM symbiosis is seen in stems of an 

early vascular land plant Aglaophyton major dating 400 million-years-ago from the 

Rhynie chert (Remy et al., 1994). It is reported that Aglaophyton major also contained 

well preserved Scutellospora- and Acaulospora-like spores (Dotzler et al., 2006, 2009). 

Wide phylogenetic distribution and the presence of 450 million-year-old fossils of 

mycorrhizal fungal-like structures in early land plants from the Rhynie chert in 

Scotland (Remy et al., 1994; Redecker et al., 2000a; Dotzler et al., 2006), suggest that 

the AM symbiosis is ancestral among land plants and it probably allowed their 

transition from water to land (Selosse and Le Tacon, 1998). Simon et al. (1993) using 

molecular clock analysis (estimation of approximate dates of evolution of particular 

lineages based on rates of DNA sequence changes in different organisms) of ribosomal 

DNA sequence data from present day Glomales, stated that AM symbiosis has a single 

phylogenetic origin and that AM fungi evolved 353-462 million years ago. It is possible 

that the AM symbiosis had developed with early freshwater-aquatic phototrophic 

gametophytes previously before the Ordovician colonization of dry land and the 

development of mycorrhizal rhizoidal bryophytes (Willis et al., 2013). This is proved
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from Wang et al. (2010) wherein the authors confirmed that the genes isolated from 

nearly all major plant lineages, required for formation of plant-AM symbiosis were 

present in the common ancestor of land plants and their functions were largely 

conserved during invasion of land by plants. Additionally only one living member of 

the ancient Geosiphonaceae, Geosiphon pyriformis forms a different type of AM 

symbiosis. It produces specialized bladders that harbor symbiotic cyanobacteria Nostoc 

punctiforme (SchuGler et al., 1994, 1996) giving a further indication of primitive 

ancestry. Nonetheless, molecular phylogenetic analysis has revealed that Geosiphon is 

a representative of the Glomeromycota (SchuGler et al., 2001). Molecular data also 

suggest that considerable phylogenetic radiation of Glomales taxa occurred parallel 

with the colonization of land (Redecker et al., 2000b). Molecular and fossil evidences 

suggest that the ancestors of all current land plants probably formed AM association 

and some plant taxa that do not form AM have lost the genetic ability to do so (Fitter 

and Moyersoen, 1996). The non-mycorrhizal plants and plant taxa forming other types 

of mycorrhiza must have evolved from an ancestral mycorrhizal condition (Pirozynski, 

1981; Fitter and Moyersoen, 1996) and has probably evolved numerous times (Smith 

and Read, 1997).

2.3: Phylogenetic relationships

AM fungi form a monophyletic group in the phylum Glomeromycota (SchuGler et al. 

2001). About 288 taxonomically described species are currently included in this group 

(Opik and Davison, 2016). The nuclear-encoded rDNA phylogenies have revealed a 

considerable polyphyly of some genera, which has been used to reassess taxonomic 

concepts (Redecker and Raab, 2006). rDNA phylogenies have revealed that the genus 

Glomus is several times polyphyletic (Redecker et al., 2000b; Schwarzott et al., 2001).
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AM species which form Glomus-like spores can be found in six different lineages 

within the Glomeromycota. Genus Paraglomus emerges to be the most primitive 

diverging glomeromycotan lineage as revealed in rDNA phylogenies. The separation of 

Pacispora and Diversispora clades from other ‘'Glomus lineages’ is well-supported by 

rDNA phylogenies (http://tolweb.org/Glomeromycota). Glomus groups A and B 

represented by the species Glomus mosseae and Glomus claroideum respectively, are 

genetically rather distant but still form a monophyletic group in rDNA phylogenies 

(Schwarzott et al., 2001). The formation of ‘sporiferous saccule’ was thought to be a 

characteristic feature solely of the Acaulosporaceae (Acaulospora and Entrophospora), 

but now it is known to occur in the Archaeospora. The Gigasporaceae (Scutellospora 

and Gigaspora) members are well distinguished by the formation of ‘bulbous 

suspensor’ which is exemplified by molecular data (http://tolweb.org/Glomeromycota). 

Gigasporaceae and Acaulosporaceae representatives form a clade in most rDNA 

phylogenies, which is in conflict with previous investigations based on cladistic 

analysis of morphological features that placed Glomus and Acaulosporaceae together 

(Morton and Benny, 1990).

2.4: Phylogenetic relationships of Glomeromycota to other fungi

The Glomeromycota is a monophyletic group which is supported by rDNA phylogenies 

(SchiiBler et al., 2001; Helgason et al., 2003; James et al., 2006). The ‘Glomales’ were 

previously placed in the Zygomycota. But their symbiotic nature, the absence of 

zygospores and the rDNA phylogenies indicated that they form a monophyletic group 

distinct from other Zygomycotan lineages (http://tolweb.org/Glomeromycota). Based 

on this data, SchiiBler et al. (2001) erected the phylum Glomeromycota. The authors 

also corrected the formerly used name ‘Glomales’ to ‘Glomerales’. Phylogenetic trees
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based on rDNA analyses place the Glomeromycota as the sister group of Asco- and 

Basidiomycota, although not strongly supported (http://tolweb.org/Glomeromycota).

2.5: Classification of AM fungi

The isolation of spores from soil is necessary for classification of AM fungi. Routine 

extraction from soil is made possible by Wet Sieving and Decanting technique, a 

method commonly used to extract nematodes from soil and adapted to AM fungi by 

Gerdemann (Gerdemann, 1955a; Gerdemann and Nicolson, 1963). Earlier many 

attempts of developing a classification system or method of recognition of all AM 

spore types have been carried out. Nicolson and Gerdemann, both plant pathologists, 

decided on the classical system with Latin names. Mosse (a plant anatomist) and 

Bowen (an ecologist) attempted a more descriptive system of classification based 

mainly on spore wall structure, colour and cytoplasmic characteristics (Mosse and 

Bowen, 1968). Nicolson and Gerdemann (1968) divided the fungi into two groups of 

genus Endogone, one forming extra-radical azygospores/zygospores arising from the 

tip of a swollen hyphal suspensor but producing no intra-radical vesicles, and the other 

forming extra-radical chlamydospores and intra-radical vesicles. SchiiBler et al. (2001) 

used molecular data to establish relationships among AM fungi and between AM fungi 

and other fungi. The group of AM fungi was elevated to the level of phylum 

Glomeromycota, which was shown to be distinct from other fungal groups.

The identification techniques employed by taxonomists have become increasingly 

sophisticated. Primarily, taxonomies were based upon morphological and anatomical 

characteristics of the fungi. Later on, methods based on serology (Aldwell and Hall, 

1987), isozyme variation through gel electrophoresis (Hepper, 1987) and fatty acid 

variation (Bentivenga and Morton, 1994) were introduced. Presently, systematists have
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come to rely increasingly on DNA-based methods (Cummings, 1990; Davidson and 

Geringer, 1990; Simon et al., 1990, 1992, 1993; Redecker, 2000) which are considered 

to be the best measure of genealogical relationships among organisms (Koide and 

Mosse, 2004). DNA target regions mostly used for AM fungal identification are located 

on the ribosomal genes (Small and Large ribosomal Subunits -  SSU and LSU and the 

Internal Transcribed Spacers -  ITS1 and ITS2) as they show variation that is sufficient 

to distinguish between AM species or isolates (KrUger et al., 2012). All this has led to 

the modem era of molecular identification of AM species (Redecker et al., 2013). Next- 

Generation Sequencing (NGS) tools represent a further step forward for biodiversity 

surveys of all organisms (Shokralla et al., 2012), including AM fungi. Over the last few 

years, the number of NGS based AM fungal biodiversity studies has increased, while 

the spectrum of the target environments has broadened (Opik et al., 2013). 

Furthermore, new sets of primer pair for the specific amplification of AM fungal DNA 

sequences, capable of providing higher accuracy and a broad coverage of the whole 

phylum Glomeromycota have been developed (Kruger et al., 2009). Nowadays, AM 

fungal assemblages are no longer studied only in plant roots, but also in the bulk 

rhizosphere soil (Lumini et al., 2010; Borriello et al., 2012; Davison et al., 2012). The 

main result obtained from the application of NGS to the study of AM biodiversity has 

been the discovery of an unpredictable diversity within the phylum Glomeromycota 

(Opik et al., 2013). However, this series of novel molecular tools has introduced a new 

issue i.e. the continuously increasing number of unidentified AM fungal DNA 

sequences from environmental samples with no correspondence whatsoever to 

sequences of known species (Opik et al., 2010). This has naturally made scientists 

aware of the fact that the number of AM species could be larger than expected. 

However, it is not reliable to have new species described on just the basis of short DNA
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sequences obtained by means of NGS tools. Instead, for each new suggested taxon, a 

series of steps needs to be followed to characterize the morphotype, the functional 

traits, and the ecological role offered when present in combination with other 

organisms in a given environment. Therefore, NGS tools cannot be considered as 

complete replacements of the traditional methods of identification and description of 

new species (Berruti et al., 2014). Routine identification of arbuscular mycorrhizal 

fungi will probably continue to be based primarily on morphological characters and 

thus an increased acceptance of the combined approach between anatomy and DNA 

will be important. The ability to properly name the fungi, avoid duplication of names 

and relate the species to one another also depends heavily on international culture 

collection centre’s such as the International Culture Collection of Arbuscular and 

Vesicular-arbuscular Mycorrhizal Fungi (INVAM), and the International Bank for the 

Glomeromycota (BEG/IBG) (Koide and Mosse, 2004).

The most recent classification of Glomeromycota (Table 2.1) is based on a consensus 

of regions spanning rRNA genes: 18S (SSU), ITS1-5.8S-ITS2 (ITS), and/or 28S 

(LSU). The phylogenetic reconstruction underlying this classification is discussed in 

Redecker et al. (2013).
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Table 2.1: Consensus classification of the Glomeromycota by Redecker et al. 
(2013).

Class Order Family Genus

Diversisporaceae

Tricispora* 
Otospora* 
Diversispora 
Corymbiglomus * 
Redeckera

Acaulosporaceae Acaulospora

Diversisporales Sacculosporaceae* Sacculospora*

Pacisporaceae Pacispora

Glomeromycetes

Gigasporaceae

Claroideoglomeraceae

Scutellospora
Gigaspora
Intraomatospora *
Paradentiscutata *
Dentiscutata
Cetraspora
Racocetra

Claroideoglomus

Glomerales

Glomeraceae

Glomus
Funneliformis
Septoglomus
Rhizophagus
Sclerocystis

Ambisporaceae Ambispora

Archaeosporales Geosiphonaceae Geosiphon

Archaeosporaceae Archaeospora

Paraglomerales Paraglomeraceae Paraglomus

(* indicate genera of uncertain position, insufficient evidence, but no formal action taken).



The AM fungal spores have unique morphological and biochemical characters. 

Regardless of the species, each spore forms one spore wall (Morton, 2002).

2.6.1: Spore wall

Its formation occurs through a sporogenous hypha. It either forms at the tip of the 

sporogenous hypha as seen in species belonging to Diversispora, Glomus, Gigaspora, 

Pacispora, Paraglomus, Racocetra, Scutellospora. The spore wall can also develop 

from inside the sporogenous hypha as seen in species belonging to Acaulospora, 

Entrophospora, Intraspora, some Glomus spp. The spore wall can also form from the 

side of the sporogenous hypha as seen in species belonging to Acaulospora, Ambispora, 

Archaeospora, Otospora. Changes in the spore wall occur as the spore size increases 

i.e. it grows, thickens and differentiates. Once the spore ceases to expand small changes 

in colour, thickness and rigidity appear in the spore wall. The spore wall layers can be 

either permanent or impermanent structures (Blaszkowski, 2012).

2.6.2: Inner walls

These are colourless, permanent structures present in AM fungi of the genera 

Acaulospora, Entrophospora, Intraspora, Ambispora, Archaeospora, Otospora, 

Pacispora, Racocetra, Scutellospora. The number of inner walls can range from 1-3, 

with the innermost wall being frequently called as a germinal wall. Inner wall 1 usually 

forms after spore wall formation is complete. The subsequent inner wall layers arise 

only after the surrounding inner wall has completed its differentiation (Blaszkowski, 

2012). Spore germination can occur upon full differentiation of the innermost wall 

(Morton, 2002). The germ tubes arise from the pre-germination structures associated 

with the innermost wall. The pre-germination structures are called germination orb

2.6: Morphological characters used for identification of AM fungi
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(seen in Acaulospora spp.), germination shield (seen in Scutellospora, Racocetra, 

Pacispora spp.) or germination structure (seen in Ambispora appendicula) 

(Blaszkowski, 2012).

2.6.3: Pre-germination structures 

2.6.3.1: Germination orb

It is formed by a centrifugally rolled hypha which is hyaline in colour. It is an 

impermanent structure that decomposes with time (Blaszkowski, 2012).

2.6.3.2: Germination shield

These are formed by a coiled hypha and are generally elliptical, irregular plate-like, 

more or less flexible. They may be divided into 1-30 compartments which contain germ 

tube initial (Blaszkowski, 2012).

2.6.3.3: Germinal layer

It is a semi-flexible layer from which the germ tube emerges (Blaszkowski, 2012).

2.6.4: Sporocarp

Spores are formed in a highly ordered or loose arrangement around a hyphal plexus 

(Gerdemann and Trappe, 1974). The sporocarps may be surrounded by a loose or 

compact interwoven hyphal network called peridium.

2.6.5: Subtending hpha

It is the point of attachment from which the spore arose. It can be simple, recurved, 

constricted or swollen. The shape and the width of the hypha can vary within different 

genera and AM species.

25



2.7: Development of AM fungi

There are three growth phases in the AM fungal life cycle: asymbiotic, pre-symbiotic 

and symbiotic.

2.7.1: The asymbiotic phase

Multiple, successive rounds of spore germination and retraction of nuclei and 

cytoplasm occur in this phase of AM development (Pamiske, 2008). Spores germinate 

and germ tube growth occurs for about 2-3 weeks without any association with roots or 

root exudates under appropriate water and temperature conditions. During this phase, 

the fungal growth is solely dependent on its triacylglyceride spore reserves (Garg and 

Chandel, 2010). The hyphal growth ceases after about 2-4 weeks and formation of 

septa takes place in the absence of a host root (Mosse, 1988).

2.7.2: The pre-symbiotic phase

The exploratory hyphal growth changes dramatically in the presence of signals derived 

from plant root exudates (strigolactones), inducing profuse hyphal branching, increased 

physiological activity and continued hyphal growth (Pamiske, 2008). It takes one to 

several weeks for the establishment of host root contact by the fungal hyphae (Declerck 

et al., 1998). Once the fungus-plant root contact is established, changes in the fungal 

morphology and metabolism occur radically, marking the initiation of symbiotic phase 

(Besserer et al., 2006).

2.7.3: The symbiotic phase

On penetrating the root surface, AM fungi produce mycorrhiza (Myc) factors that have 

the ability to induce calcium oscillations in root epidermal cells and activate plant AM 

symbiosis-related genes (Kosuta et al., 2003, 2008). AM fungi form unique type of
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appressoria called hyphopodia which develop from mature AM fungal hyphae 

(Bastmeyer et al., 2002). As a consequence of root contact, plant cells produce a pre

penetration apparatus (PPA). The PPA is a sub-cellular membrane structure across the 

vacuole of the host cell that determines the course of fungal growth through the plant 

cell. It is formed 4-5 hr after the formation of hyphopodia (Pamiske, 2008). Within the 

PPA, a ‘trans-cellular tunnel’ is formed by the cytoskeletal microtubules and 

microfilaments, and dense endoplasmic reticulum cistemae that connect the plant cell 

nucleus with the site of appressorial contact allowing the fungal hypha to penetrate the 

host cell (Genre et ah, 2005; Siciliano et ah, 2007). Endoplasmic reticulum membranes 

present within the tunnel are responsible for the synthesis of the peri-fungal membrane 

(Pamiske, 2008). However, the signals that stimulate the development of the PPA are 

still unknown (Genre et ah, 2005). The fungal hypha that extends from the 

hyphopodium enters the PPA and guides the fungal growth towards the root cortex. The 

fungal hypha leaves the plant cell and enters the apoplast, wherein branching and lateral 

growth of the hypha occurs along the root axis (Pamiske, 2008). Subsequently, these 

hyphae induce the development of PPA-like structures in inner root cortical cells 

(Genre et ah, 2005), and on entering these cells they branch to form arbuscules. 

Arbuscule formation precedes vesicle formation. Vesicles, which act as storage organs 

of the fungus by accumulating lipids, are also formed within the apoplast. Sporulation 

occurs at the leading tip of individual fungal hyphae outside of the plant root (Pamiske, 

2008).

2.8: Arbuscules

A synchronized sub-cellular development of the host plant cell and the AM fungus 

results in the formation of arbuscules. Repeated branching of the fungal hyphae forms
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the tree-shaped structure of arbuscules (Pamiske, 2008). However, the arbuscule 

structure can vary depending on the fungal and host genotype (Smith and Read, 2008). 

The plant-derived peri-arbuscular membrane (PAM) excludes the fungus from the host 

cytoplasm. Signals and nutrients are exchanged across the symbiotic interface between 

the fungus and the plant comprising of the PAM, the fungal plasma membrane and the 

peri-arbuscular space that exists between these two membranes (Harrison, 2005). The 

transporter PT4 mediating the metabolic exchange at the plant and fungus interface is 

specifically localized to the PAM (Harrison et al., 2002). Arbuscules have a shorter 

lifespan i.e. as short as 8.5 days (Alexander et al., 1989). They undergo a growth phase 

until a certain maximum size is reached, after which they degrade or senescence is 

stimulated and the arbuscular hyphae get separated from the cytoplasm by septa 

formation. Subsequently they collapse over time and eventually disappear. The lifespan 

of arbuscules is mainly influenced by their ability to deliver nutrients especially 

phosphate (Javot et al., 2007).

There are two morphologically distinct types of AM fungi, characterized by intra

radical hyphal modifications within the root. The Paris-type, where the hyphal 

development is extensively intra-cellular in the form of hyphal coils formed within host 

root cortical cells, and the Arum-type, where the intra-radical hyphae spread inter- 

cellularly between the root cortical cells, penetrating cells only to form tree-like 

structures (Smith and Smith, 1997). The Para-type AM colonization is a characteristic 

of plants growing in low-nutrient and high-stress environments, while the Arum-type 

colonization is associated with fast growing plant species (Brundrett and Kendrick, 

1990). However, the presence of both the types of colonization has also been noted in 

some plants (Kubota et al., 2005).
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2.9: Vesicles

They are terminal, globose to sub-globose structures which function as lipid storage 

bodies and fungal propagules/intra-radical spores (Dodd et al., 2000). They are formed 

by intercalary or terminal swellings of AM fungal hyphae in the inter- or intra-cellular 

areas of the root cortex (Javaid, 2009). The importance of vesicles as potential carbon 

sinks has been noted in many studies (Graham et ah, 1997; Rouhier and Read, 1998; 

Staddon, 1998). Representatives of Glomeraceae and Acaulosporaceae form vesicles 

where as those belonging to Gigasporaceae do not form vesicles but instead form 

auxiliary cells on the extra-radical mycelium (Oehl et al., 2011).

2.10: Auxiliary cells

They are clusters of thin-walled cells formed on the extra-radical hyphae. Auxiliary 

cells of G ig a sp o ra  species have spiny surface where as those formed by S c u te llo sp o ra  

species usually have knobby or smooth surface (Bentivenga and Morton, 1995; Morton, 

1995). The auxiliary cells allow partitioning of nutrients and nuclei prior to spore 

formation (Boddington and Dodd, 1999).

2.11: Spores

They are multinucleate single cells produced as terminal swellings on the tip of 

sporogenous hyphae continuous with extra-radical hyphae (Koske, 1985). Sometimes, 

they also arise inside sporogenous hyphae (intercalary spores), inside roots and 

rhizosphere soil (Sieverding, 1987; Berch and Fortin, 1983). The number of spores 

produced depends on the AM species, plant species, host phenology, soil fertility and 

competitiveness among AM fungal species (Hayman, 1970; Giovannetti, 1985; Hetrick 

and Bloom, 1986; Gemma etal., 1989; Blaszkowski, 1993a).
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2.12: AM fungal mycelium

The AM fungal mycelium is multinucleate and coenocytic (Dodd et al., 2000). The 

intra-radical mycelium undergoes constant development and re-organization within the 

root cells by forming arbuscules and vesicles (Dickson and Smith, 2001). The extra

radical mycelium spreads through the soil creating a network that subsequently 

associates with different plants (Puschel et al., 2007). The extra-radical mycelium 

connects the root systems of same or different plant species (Heap and Newman, 1980; 

Newman, 1988; Jasper et al., 1991). The extra-radical mycelium has a dynamic 

structure comprising of i) the runner hyphae which grow along the roots and are 

generally thick-walled and aseptate. Their primary function is nutrient acquisition and 

translocation (Harrison, 1999); ii) the thin-walled absorptive hyphae which branch 

dichotomously and colonize the rhizosphere; iii) the fertile hyphae which form new 

spores (Friese and Allen, 1991). The extra-radical mycelial network acts as an 

extension of the plant root system by improving nutrient uptake (Khan et al., 2000). It 

also improves soil structure and stability by secretion of glomalin (Miller and Jastrow, 

1992; Wright and Upadhyaya, 1996; van der Heijden et al., 2006). The development of 

the intra-radical- and the extra-radical-mycelium is most likely related to the unique life 

strategies of the AM species from the different genera (Gazey et al., 1993; Brundrett et 

al., 1996; Boddington and Dodd, 1999; INVAM, 1999) and the production of their 

propagules (Boddington and Dodd, 1998, 1999; INVAM, 1999).

2.13: Coastal sand dune systems

Coastlands are highly organized natural dynamic systems undergoing continuous 

change due to geomorphological processes and varying climatic conditions. Coastal 

land is characterized by a stressful environment with low fertility, high salinity,
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intermittent drought, variable temperatures, and an unstable sandy substrate (Yamato et 

ah, 2012, Cui et ah, 2016). Sand dunes are generally of two types viz., an extremely dry 

interior desert of continental land masses such as Sahara in Africa or Victoria desert in 

Australia, and the coastal sand dunes that occur along Atlantic and Pacific coast of 

North America, along the Australian coast. In Asia, the coastal sand dunes occur in 

Japan, India and several other countries. In coastal sand dimes, the sand is the 

byproduct of weathered rocks from inland region eroded by rain and wind. The wave 

action and sea currents are responsible for shifting sand between the sea floor, beach 

and the dunes. In the sand dune habitats, the sand is coarse with low levels of inorganic 

nutrients (Desai and Untawale, 2002).

2.14: Coastal sand dune vegetation

Plant species found in coastlands are specifically adapted to the persisting extreme 

environmental conditions. Characteristic vegetation has adapted to temperate and 

tropical sand dunes. Members of Poaceae are dominant plant species in temperate 

dunes, while plant members of Asteraceae, Convolvulaceae, Fabaceae and Poaceae are 

dominant in tropical dunes (Sridhar, 2009). Usually, a transition in the occurrence of 

coastal plant species is found in dune ecosystem corresponding to the environmental 

gradient with distance from the sea, the vegetation closest to the seaside experiencing 

the most stressful conditions (Yamato et al., 2012). Sand dune vegetation is usually 

arranged into three main zones that are roughly parallel to the coastline. 1. The pioneer 

zone which is closest to the sea and extends landward in the area of the fore dune. Only 

specific pioneer plants such as Spinifex littoreus L. (Poaceae), Ipomoea pes-caprae (L.) 

R. Br. (Convolvulaceae) and few other herbaceous species that can withstand the harsh 

conditions colonize this zone that is exposed to salt spray, sand blast, strong winds and
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flooding by the sea. These plants have specialized structures such as a waxy coating on 

stems and leaves, are prostrate, and have well developed and rapidly spreading root 

systems. The creeping stems or stolons can interconnect, so if one part is buried in 

shifting sand or is uprooted, another part continues to grow; and so serve to stabilize the 

sand, forming and building the dunes

(https://www.ehp.qld.gov.au/coastal/ecology/beaches-dunes/coastal_dunes.html). 2. 

Plant species on the fore dunes or frontal sand dunes are more complex than those in 

the pioneer zone. Scrub or woodland plants occupy the fore dunes as there are more 

nutrients that support the growth of such plants. Plant species in this zone are generally 

semi-permanent windswept and include Spermacoce stricta L. f. (Rubiaceae), Leucas 

aspera (Willd.) Link (Lamiaceae), Vitex negundo L. (Lamiaceae), Clerodendrum 

inerme (L.) Gaertn. (Lamiaceae), Casuarina equisetifolia L. (Casuarinaceae), besides 

vines and few herbs. 3. The hind dune is characterized by the presence of more 

complex and well developed vegetation such as stunted trees, low shrubs and forest 

plants. Protected by the strong winds and salt spray experienced closer to the beach, 

this area is more protected making it easier for less hardy and specialized trees to grow 

and survive. Plants in this zone include V. negundo L. (Lamiaceae), C. inerme (L.) 

Gaertn. (Lamiaceae), Anacardium occidentale L. (Anacardiaceae), Pandanus tectorius 

Parkinson (Pandanaceae), C. equisetifolia L. (Casuarinaceae), Cocos nucifera L. 

(Arecaceae). Occurrence of these plants in the hind dunes results in the production of 

more humus and organic matter thus providing sufficient nutrients for the growth of 

more plants species. Eventually plant communities are established in this region, 

further contributing to the nutrients of the area 

(http://www.beachapedia.Org/V egetation;http://www.ozcoasts.gov.au/indicators/beach_ 

dune.jsp; Desai, 1995).
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Sand dunes serve as natural buffers, protecting the landward side from storm tides, 

waves and wind action. Stabilization of large, mobile dunes by the vegetation cover has 

been recognized as an effective means to decelerate the inland movement of sand 

(Woodhouse, 1982). The dune vegetation traps and holds windblown sand grains on the 

fore dunes. It contains many native plant species and is valued as a habitat of its own 

natural biodiversity. Loss of dune vegetation can trigger dune erosion wherein the 

exposed, dry sand particles are flown by high-velocity winds resulting in shifting of 

large volumes of sand, sometimes resulting in formation of large depressions in the 

dunes. These shifting sand particles can smother the surrounding vegetation and areas. 

Erosion of beaches and fore dunes may be a natural process and is often balanced by 

the supply of sand from the near shore continental shelf to the beaches by currents and 

waves. In some cases, sand from adjacent dunes may replenish beach systems during 

erosion periods. However anthropogenic activities can also induce dune erosion. Some 

of the human activities which can lead to erosion include grazing, fires, tracks and foot 

traffic resulting in loss of dune vegetation; urban development on fore dunes; clearance 

of dunes for agriculture, etc. ultimately result in sand dune degradation 

(http://www.ozcoasts.gov.au/indicators/beach_dune.jsp).

2.16: AM fungi and its benefits to sand dune ecosystems

AM fungi are widespread in coastal sand dune systems (Sturmer and Bellei, 1994). 

Coastal sand dunes favour the occurrence of AM fungi mainly because of low P content 

(Ranwell, 1972). Mycorrhizal diversity in sand dunes results in an increase in longevity 

of feeder roots and improvement in soil texture through increased aggregation of soil 

particles (Nasim, 2005). The AM fungal colonization of plant roots greatly increases

2.15: Importance of coastal dune systems and its vegetation
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the uptake of phosphorous, nitrogen, calcium, potassium and zinc (Gupta et al., 2000). 

AM fungi provide plants with P that enables AM plants to grow better than non- 

mycorrhizal plants when P is limiting. An increase in yield or biomass of AM plants is 

often observed as compared to non-mycorrhizal plants (Mosse, 1972). Dune vegetation 

benefits greatly by AM association through improved establishment, greater biomass 

accumulation, faster colonization of bare areas, improved water relations, large increase 

in relative growth rate, leaf area, total biomass and increased seed output (Corkidi and 

Rincon, 1997b). Increased nutrient supply, salinity tolerance, reduced abiotic stresses 

and formation of wind-resistant soil aggregates are also some of the major benefits 

derived by the dune vegetation through AM fungal association (Gemma and Koske, 

1989). Read (1989) showed that plant communities in successional sand dune 

chronosequences are governed by an interaction between biotic and physico-chemical 

properties of the sand. Not only does the composition of plant species change with 

seasons and age of the dune systems but also the association with soil microorganisms 

changes with succession because of an increase in organic matter, improved substrate 

stability and nutrient enrichment (Koske and Gemma, 1997). Most important function 

of mycorrhizal fungi at the ecosystem scale is their contribution to soil structure. Soil 

aggregation is also important in non-agricultural ecosystems, such as in the context 

with restoration of disturbed lands, erosion control, global change, or soil carbon 

storage (Niklaus et al., 2003). Many physical, chemical and biological factors (and their 

interactions) contribute to soil aggregation, yet among the biological aspects, AM fungi 

are of special significance. They create conditions contributing to formation of micro 

aggregates, and they chemically enmesh and stabilize micro-aggregates and smaller 

macro-aggregates into macro aggregate structures. Localized drying of soil, in close 

proximity to roots, promotes binding between root exudates and clay particles, directly
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facilitating micro aggregate formation (Auge et al., 2004). Besides this, other functions 

of AM in sand dune ecosystems include increased resistance of plants to root pathogens 

and increased plant tolerance to salt and drought stress (Koske et al., 1975; Nelson, 

1987; Newsham et al., 1995; Koske et al., 2004).

2.17: AM fungi in sand dunes and their association with dune vegetation

Coastal plant communities are faced by poorly formed soils with shifting sands and 

nutrient deficit environment. Sand dune vegetation is essential for the formation and 

preservation of sand dunes and protection of coastline. Dune vegetation is highly 

adapted to salt laden winds of the coast, and maintains the fore dunes by holding the 

sand in the dunes, trapping sand particles blown up from the beach, and aid in repairing 

the degraded dunes (Desai and Untawale, 2002). Coastal sand dunes face harsh 

environments, where AM fungi play an important ecological role in promoting growth, 

establishment and survival of plant species that colonize dunes (Dalpe, 1989; Tadych 

and Blaszkowski, 2000a).

Extra-radical hyphal network of AM fungi is involved in the transfer of nutrients from 

the soil nutrient deficiency zones formed around the plant roots. They play a vital role 

in building and maintaining the structure of sand dunes and in stabilization of dime 

vegetation. Jehne and Thompson (1981) reported considerable amount of hyphal 

connections of fungal mycelium in the top 20 cm of mobile sand in Cooloola 

(Queensland), Australia. These fungi bind loose sand grains into larger aggregates 

through secretion of hydrophobic ‘sticky’ glycoproteinaceous substance known as 

‘glomalin’ which results in improved soil stability, binding, and water retention and 

hence limits sand dune loss or erosion (Bedini et al., 2009). Forster and Nicolson
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(1981) reported that 1.5 % of the aggregate sand grains reach a diameter of 2 mm in 

Scotland dunes.

AM fungal association is common in sand dune plants. Stahl (1900) and Asai (1934) 

initially reported the occurrence of AM associations with roots of sand dune plants. 

Since then, several surveys have been carried out in temperate and sub-tropical regions 

(Lee and Koske, 1994); a few from tropical coast of Hawaiian Islands (Koske, 1988; 

Koske and Gemma, 1996), India (Mohankumar et al., 1988; Kulkami et al., 1997; 

Visalakshi, 1997; Rodrigues and Jaiswal, 2001) and Singapore (Louis, 1990). AM 

fungi have also been reported from beaches in Australia (Koske, 1975; Jehne and 

Thompson, 1981; Brockhoff, 1985), as well as from maritime sand dunes of other 

countries (Nicolson and Johnston, 1979; Koske and Halvorson, 1981; Giovannetti and 

Nicolson, 1983; Bergen and Koske, 1984; Sylvia, 1986). About 65 AM fungal species 

have been reported from sand dune habitats around the globe, representing 28 % of the 

total AM species (Sturmer etal., 2010), including 32 new species (Blaszkowski and 

Czemiawska, 2011). Studies on AM fungal associations in sand dune plants in 

Australia, USA, India, and Europe indicate that dominant dune plants and pioneer 

grasses are normally associated with AM fungi. These fungi help in dune stabilization 

through successful establishment of plant communities by improving their nutrient 

status. Koske (1988) reported that among all other mycorrhizal types, the AM fungi 

lead in their benefit to plant species in sand dune ecosystems.

The most common AM fungal genera in coastal sand dune systems worldwide are 

Acaulospora, Gigaspora, Glomus and Scutellospora. Variations in AM fungal spore 

densities per unit volume of soil have been reported which depend upon different 

factors such as season, host genotype and phenology, and environment, ranging from 1
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to >300 100 g 1 soil (Maun, 2009). The greater the number of viable propagules, the 

more the chances of formation of symbiosis and utilization of its benefits by plants. 

S cu te llo sp o ra  e ry th ro p a  in Bahamas, A c a u lo sp o ra  sc ro b ic u la ta  and G ig a sp o ra  a lb id a  

in North America (Koske and Walker, 1984), G lom u s spp. in Japanese dunes (Abe et 

al., 1994) formed the most dominant AM fungal species in dune systems. Koske (1987) 

reported 14 AM fungal species from the sandy soils of Wisconsin, with 

C la ro id eo g lo m u s e tu n ica tu m  being the most frequently isolated species. Lee and Koske 

(1994a) reported G ig a s p o r a  as the dominant AM genus in sand dunes of Atlantic coast 

of U.S. Kulkami et al. (1997) recorded a total of 16 AM species in Mangalore coast of 

Karnataka with G ig a sp o ra  ra m isp o ro p h o ra , G lom u s a lb id u m , R h izo g lo m u s c la ru m  and 

R a co ce tra  g r e g a r ia  as dominant species. Rodrigues and Jaiswal (2001) recorded AM 

association in six plant species growing on sand dune vegetation of Goa and reported 

the presence of three AM fungal genera viz., A c a u lo sp o ra , G lo m u s and S c le ro c y s tis . 

Stutz et al. (2000) observed that the taxonomic range of AM fungi was mostly limited 

to Glomeraceae and Acaulosporaceae at El Socorro, near Ensenada, Baja California. 

Sadhana (2015) reported the presence of 36 AM species belonging to the genera 

A c a u lo sp o ra , D iv e r s is p o ra , E n tro p h o sp o ra , G ig a sp o ra , G lom u s, R h izo g lo m u s, 

S c lero cyc tis  and S ep ta g lo m u s  from sand dune vegetation of Tamil Nadu. The author 

recorded A c a u lo sp o ra  and G lom u s as the predominant genera in the study area. Jobim 

and Goto (2016) recorded AM association with 48 plants growing in maritime dunes 

from Brazil and reported that AM species belonging to the genera A c a u lo sp o ra  and 

G ig a sp o ra  as most frequently occurring species. Moradi et al. (2017) studied AM 

diversity from afforested dunes of Iran. They identified 16 AM species belonging to six 

genera, with F u n n elifo rm is  and G lo m u s as the most frequently occurring genera.
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The roots of dune plants are intimately associated with AM fungi (Koske and Gemma, 

1997). Most plant species that colonize sand dunes are known to have AM symbioses 

with variable degrees of root colonization (Druva-Lusite and Ievinsh, 2010). However, 

on heterogeneous and unpredictable coastal ecosystems, AM colonization might be 

expected to be greater in the more stable habitats (Ievinsh, 2006). Giovannetti and 

Nicolson (1983) reported presence of Funneliformis mosseae and Rhizoglomus 

fasiculatum in Italian sand dunes. They observed that plant species of cosmopolitan 

families were found to be heavily colonized by AM fungi. Mobile to stable sand dunes 

of the Gulf of Mexico revealed AM colonization in 97 % of plant species (Corkidi and 

Rincon, 1997). El-Giahmi et al. (1976) studied AM fungi from coastal sandy soils of 

Libya, wherein most of the host plant species recorded colonization levels between 40- 

60 %. Giovannetti (1985) reported higher AM fungal root colonization in plant species 

belonging to families Asteraceae, Papilionaceae and Poaceae on the Italian dunes.

Koske (1975) reported higher spore density in older, more stabilized dunes than in 

younger dunes in Australia. Koske and Halvorson (1981) reported greatest AM fungal 

spore density in the rhizosphere of Ammophila breviligulata dominating the dune 

vegetation in Rhode Island. Bergen and Koske (1984) investigated occurrence of AM 

fungi from sand dunes of Capecod-Massachusetts. They recorded five AM species 

belonging to the genus Gigaspora in association with roots of Ammophila 

breviligulata, and Gi. gigantea was reported to be the dominant species. Sylvia (1986) 

reported spatial and temporal distribution of AM fungi associated with Uniola 

paniculata in fore dunes of Florida. The study reported that the spore densities in non- 

vegetated areas adjacent to vegetated dunes averaged less than 6 % of the spore 

densities found in the rhizosphere of sea oats. Beena et al. (2001b) reported occurrence 

of 30 AM species from 28 sand dune plant species belonging to 14 families from the
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West Coast of India. Ipomoea pes-caprae and Launaea sarmentosa growing on sand 

dunes of West coast of Karnataka harboured 41 and 28 AM species respectively (Beena 

et al., 1997, 2000b). Ragupaty et al. (1998) reported occurrence of 14 AM species in 

rhizosphere of 31 plant species from sand dunes in Tamil Nadu. Khan (1971) studied 

and reported illustrations of 6 types of AM fungal spores from West Pakistan soils. 

Mohankumar et al. (1988) studied the distribution of AM fungi in the sandy beaches of 

Madras coast and reported the presence of Entrophospora and Glomus species. 

According to them, soil temperature and moisture status of the soil influenced the 

colonization of AM fungi in coastal soils.

Several edapho-climatic factors have been shown to affect spore germination, root 

colonization and efficiency of AM fungi. In the sand dunes, nutrient input is 

intermittent by salt spray or precipitation (Kellman and Roulet, 1990) and organic 

matter serves as a major energy resource (John et al., 1983). The main growth 

constraints faced by the dune vegetation are low availability of N, P, K, water and 

organic matter (Maun, 1994). According to van der Valk (1974b) calcium (Ca) and 

magnesium (Mg) are usually adequate for plant growth, while N, P and K are limiting 

in dune systems. AM fungal activity in dune systems mainly depends upon 

accessibility of organic matter. Preferential association of AM fungi is observed with 

decaying organic matter (John et al., 1983). High organic matter resulted in increased 

growth of AM fungi in soil (Joner and Jakobson, 1995; Sridhar, 2006). Significant 

difference was seen in the edaphic factors or determinants such as moisture, pH, P, Na, 

K and N between naturally vegetated and non-vegetated dunes of the West Coast of 

India (Beena et al., 1997; Kulkami et al., 1997; Beena et al., 2000b, 2000c). Organic 

matter supplies P for acid and alkaline phosphatases of AM fungi. It is observed that 

alkaline phosphatase activity of AM fungi decreases in soil devoid of organic matter
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(Sridhar, 2009). Uptake of Ca by AM fungi plays an important role in P and water 

uptake by plants (Pai et al., 1994). Enhancing P nutrition is believed to be the major 

benefit to the host plant in an AM fungal association. In coastal sand dunes, the level of 

available P to the plants is typically very low. The hardship imposed on plants by such 

low P levels is compounded by the low mobility of P in the soil. Available P is 

removed from near the absorbing surface of roots creating a narrow depletion zone. 

The AM fungal extra-radical hyphae are able to cross this zone and provide the plant 

with P (Koske, 1984). AM fungi also play a significant role in N acquisition by plants 

(Hodge et al., 2010; Smith et al., 2011). However, plant species differ in their 

mycorrhizal response in complex ways across gradients of N and P availability 

(Hoeksema et al., 2010). It is reported that AM abundance decreases with higher P 

(Richardson et al., 2011) and N concentration (Treseder, 2004) in soil, while soil pH 

affects mostly fungal community composition (Dumbrell et al., 2010). According to 

Sieverding (1991) one of the most critical soil physico-chemical factor appears to be 

pH, and many fungi show a wide tolerance to distinct pH ranges, which is reflected in 

the occurrence of species rather than genera (Koske, 1987). Whilst species from 

different genera can be found in soils covering a broad pH range, others like F. 

mosseae have only been reported from soils with pH value greater than 5.5 (Sieverding, 

1991). Temperature also appeared to be the main factor determining the structure and 

distribution of AM fungal communities along the latitudinal temperature gradient 

(Koske, 1987). Although variations in the behaviour of AM fungal species are known 

to exist with respect to other soil factors (heavy metals, texture, moisture, nutrient 

levels, salinity, etc.), the significance of these for AM diversity in native or natural 

habitats is still poorly understood. The distribution of AM fungal species appears to be 

more closely related to host plant, soil structure, and environmental conditions than to
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competition by other AM species (http://mycorrhizae.ifas.ufl.edu/Files/THESIS.pdf). 

However, during primary dune succession, changes in AM community composition are 

more related to soil factors rather than plant species (Sikes et al., 2012,2014).

Sturmer and Bellei (1994) studied composition and seasonal variation of AM spore 

populations in dune soils on the Island of Santa Catarina, Brazil. They observed that 

spore numbers o f F. constrictum, C. etunicatum and Acaulospora species were highest 

in winter, whereas that of Gi. albida peaked in spring season. Beena et al. (1997) 

reported that AM root colonization peaked during post monsoon, while AM fungal 

species richness and spore diversity were highest during monsoon. Ramos-Zapata et al. 

(2011) reported higher spore density during the rainy season when compared with dry 

season. A two year seasonal study by Beena et al. (2000b) on the coastal sand dunes o f  

West coast of India revealed that the percent AM root colonization was least during 

monsoon and highest during post-monsoon, but the mean spore density was least 

during post-monsoon and highest during summer season. Glomus was the most 

common genera with mean species richness being highest in I. pes-caprae (Beena et 

al., 2001).

Burrows and Pfleger (2002) reported that plant cover can be predictive of spore volume 

or number. Nicolson (1960) examined the level of AM colonization in dune grass in 

more complex dune system and found a dramatic increase in the AM activity from the 

fore dunes to the recently fixed dunes. According to Mayr (1965) disturbed habitats 

result in reduced number of AM fungal propagules because of the reduction in host 

plants. Disturbance of soil leads to elimination or reduction in number of viable 

propagules of AM fungi (Reeves et al., 1979). Sylvia and Will (1988) reported changes 

in AM populations and other soil microorganisms in replenished sand planted with
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Uniola paniculata and Panicum species. They observed a shift in dominant AM fungi 

found in the planted zone with respect to those in established dunes. Beena et al. 

(2000b) reported that the vegetation cover, AM fungal colonization, species richness 

and diversity were greater in moderately disturbed dunes than in severely disturbed 

dunes of West Coast of India. Cordoba et al. (2001) reported that the AM fungal 

community was dominated by distinct families along a gradient of dune stabilization. 

They observed that Gigasporaceae dominated in the embryonic dunes, while 

Acaulosporaceae and Glomeraceae dominated in the foredunes and fixed dunes, da 

Silva et al. (2015) studied the community composition of AM fungi on a vegetation 

gradient in coastal dune areas of northeastern Brazil. They reported that AM spore 

density was higher in the arboreal dimes as compared to the shrubby and herbaceous 

dunes, whereas the highest numbers of infective propagules were observed in the 

herbaceous dunes, followed by the shrubby and arboreal dunes. Their results indicated 

that the areas closest to the sea had greater AM diversity compared to the later 

successional dunes in farer distance from the sea. Generally, the AM fungal diversity 

appears to be greater in more stabilized dunes than in younger or disturbed dunes 

(Giovannetti and Nicolson, 1983). Currently high throughput sequencing technologies 

have enabled the survey and examination of AM fungal communities at different 

spatial scales (Lekberg et al., 2012; Opik et al., 2013; Wehner et al., 2014; Davison et 

al., 2015). These surveys also enable the examination of AM community existing in 

host plant roots (Hazard et al., 2013) which was previously problematic due to the 

difficulties in characterization of AM species through intra-radical structures produced 

in the roots only by microscopic examinations (Alkan et al., 2006).

AM associations can be potential determinants of plant diversity in ecosystems. Since 

plant species differ in their response to AM fungi in the soil, the presence or absence of
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AM has been linked to the composition of plant communities that grow in the dunes 

(Francis and Read, 1995). AM fungi can probably modify the structure and functioning 

of a plant community in a complex and unpredictable way (Read, 1990). Any shift in 

the AM fungal population can result in survival, competition and floristic diversity of 

plant community composition, causing changes in the ecology of natural habitats 

(Miller and Allen, 1992). Therefore, knowledge of the different factors influencing the 

population biology of AM fungi is essential for their utilization in conservation of the 

environment (Allen, 1991), biotechnology (Mulongoy et al., 1992) or in sustainable 

agriculture (Bethlenfalvay and Linderman, 1992).

2.18: In vitro culture of AM fungi

The conventional method used to study the life cycle of AM fungi in situ is to associate 

them with root organ culture (ROC) (Fortin et al., 2002). This technique has greatly 

influenced our understanding on various aspects of AM symbiosis by allowing non

destructive observations throughout the fungal life cycle. Although the host plant is 

replaced by Ri T-DNA transformed roots, the fungus is able to colonize and sporulate. 

The development of spores, morphologically and structurally similar to those produced 

in pot cultures, and the ability of the in vitro produced propagules to retain their 

viability to colonize and initiate new mycorrhizal symbiosis indicates that the fungus is 

able to complete its life cycle. ROC technique has proved to be successful for 

cultivation and mass inoculum production of AM fungi (Rodrigues and Rodrigues, 

2013).
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2.19: System description

Since Mosse and Hepper (1975) first established cultures of AM fungi using excised 

roots, tremendous improvements have been made in the use of Ri T-DNA transformed 

roots (Mugnier and Mosse, 1987), in the manipulation of the culture media to induce 

sporulation (Becard and Piche, 1992), and in the development of a bi-compartment 

system that allowed the production of root-free AM fungal mycelium and spores (St- 

Amaud et al., 1996). This improvement has enabled studies in sporulation dynamics 

(Declerck et ah, 2001), spore ontogeny (Pawlowska et ah, 1999), stimulation of 

germination and hyphal growth by C 02 (Becard and Piche, 1989a), regulation of 

hyphal growth and branching by root exudates (Nagahashi et ah, 1996b), reactions to 

compounds from the host and non-host roots (Schreiner and Koide, 1993), uptake, 

transfer and metabolic fate of 13C-labeled metabolites (Pfeffer and Shachar-Hill, 1996), 

response of AM fungi to cell wall-associated phenolics (Douds et ah, 1996) and 

flavonoids (Morandi et ah, 1992), lipid metabolism (Bago et ah, 2002), transport of 

mineral nutrients to roots (Dupre de Boulois et ah, 2005) and isolation of microbe free 

AM fungal mycelium and spores for molecular analysis (Pawlowska and Taylor, 2004).

Using the split-plate method, Douds (2002) demonstrated that AM fungi continue to 

sporulate after medium from the distal compartment has been partially replaced, and 

glucose provided to the proximal compartment, resulting in repeated harvests from the 

same Petri plate culture. Different production systems have been derived from the basic 

ROC in Petri plates. Tiwari and Adholeya (2003) and Adholeya et ah (2005) cultured 

root organs and AM fungi in small containers, by which large-scale production was 

obtained. Large-scale cultivation of AM fungi has also been performed in an airlift 

bioreactor (Jolicoeur et ah, 1999), in a mist bioreactor with perlite as the substrate 

(Jolicoeur, 1998), and in a bioreactor containing solid medium (Fortin et ah, 1996). In
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the patented container-based hydroponic culture system of Wang (2003), the root 

organs and AM fungus were periodically exposed to a liquid culture medium. Gadkar et 

al. (2006) further developed a container in which a Petri plate containing ROC was 

used to initiate fungal proliferation in a separate compartment filled with sterile 

expanded clay balls. In parallel to the systems based on excised roots, Yoets et al. 

(2005) and Dupre de Boulois et al. (2006) developed two in vitro culture systems based 

on autotrophic plants. In the system developed by Voets et al. (2005), the shoot 

developed outside the Petri plate while the roots and AM fungus were associated inside 

the Petri plates that were filled with a suitable gelled medium, resulting in more than 

12,000 spores per Petri plate after 22 weeks of culturing. In another system (Dupre de 

Boulois et al., 2006), the shoot developed in a sterile tube vertically connected to the 

top of a Petri plate in which the AM fungus and roots developed. The cultures were 

then placed in growth chambers to provide controlled environmental conditions 

adequate for plant growth and -1,600 spores were obtained in a period of 12 weeks in 

the root compartment of a bi-compartmental Petri plate. A derived plant production 

system has recently been detailed in a patent proposal (Declerck et al., 2009) where 

each pre-inoculated produced plant (Voets et al., 2009) is individually introduced into a 

sterile growth tube. A nutrient solution circulates in this closed system flowing onto the 

mycorrhizal roots. These studies have thus greatly improved our earlier understanding 

of AM fungi propagation processes and life cycles (Strullu et al., 1997). Other potential 

uses for this system are the production of pure, concentrated inoculum and sterile 

fungal tissue for genetic and physiological studies.

Advances in the development of in vitro systems have opened new prospects in the 

study of the AM symbiosis. Research areas such as fungal colony architecture, 

physiology, biochemistry, cytology and molecular biology, traditionally affected by the
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intrinsic problems presented by culturing AM in soil, have especially benefited from 

this revolution (Declerck et al., 2005).

2.20: AM fungal species cultivated on ROC

Up till now, several Glomeraceae and a few Gigasporaceae genera have been 

successfully cultivated in v itro  on ROC (Table 2.2) and are maintained in international 

culture collections (Declerck and Dalpe, 2001).

2.21: Culture media

Two media frequently used to culture AM fungi on ROC are the minimal (M) medium 

(Becard and Fortin, 1988) and the modified Strullu Romand (MSR) medium (Strullu 

and Romand, 1986, modified by Declerck et al., 1998). Both these media contain 

micro- and macro-nutrients as well as vitamins and sucrose (Cranenbrouck et al., 

2005). Both media are solidified with a gelling agent such as PhytaGel and GelGro. 

The successful development of fungal isolates into sustainable culture has been 

achieved using minimal M medium (Becard and Fortin, 1988). While this medium has 

been widely used for the study of AM fungi in v itro , it appears unsuitable for the 

culture of other AM fungal species (Douds, 1997). Manipulation of medium 

composition and pH to suit new fungal isolates could lead to a better understanding of 

factors affecting the complex biology underlying the symbiosis. MSR medium lacking 

sucrose promoted higher germination rates in R h izo g lo m u s irreg u la re  (D'Souza et al.,

2013). ROC systems in bioreactors (Jolicoeur et al., 1999) and containers (Gadkar et 

al., 2006) were performed with liquid M medium. In the compartmented culture system 

(Gadkar et al., 2006), glucose-soaked cotton rolls were supplied to the ROC and AM 

fungus, while the compartment containing expanded clay was filled with a layer of
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Table 2.2: Arbuscular mycorrhizal (AM) species cultivated on Root Organ 
Culture (ROC).

AM species

Acaulospora rehmii Sieverd. and Toro 

Gigaspora rosea Nicolson & Schenck 

Gi. margarita Becker & Hall

Gi. gigantea (Nicolson & Gerd.) Gerd. & 

Trappe

Gi. decipiens Hall & Abbott 

Claroideoglomus etunicatum (Becker & 

Gerd.) Walker & SchuBler 

Glomus versiforme (Karst.) Berch 

G. deserticola Trappe, Bloss & Menge 

G. fistulosum Skou & Jakobsen 

Rhizoglomus clarum (Nicolson & 

Schenck) Sieverd., Silva & Oehl 

R. intraradices (Schenck & Smith) 

Sieverd., Silva & Oehl 

R. fasciculatum (Thaxter) Sieverd., Silva 

& Oehl

R. proliferum (Dalpe & Declerck)

Sieverd., Silva & Oehl

Funneliformis caledonium (Nicolson &

Gerd.) Walker & SchuBler

F. geosporum (Nicolson & Gerd.) Walker

& SchuBler

F. mosseae (Nicolson & Gerd.) Walker & 

SchuBler

Sclerocystis sinuosa Gerd. & Bakshi

Reference
Dalpe and Declerck, 2002 

Bago et al., 1998b

Miller-Wideman and Watrud, 1984; Diop 

et al., 1992; Gadkar and Adholeya, 2000 

Gadkar et al., 1997

Fernandez Bidondo et al., 2012 

Schreiner and Koide, 1993

Diop et al., 1994a; Declerck et al., 1996a

Mathur and Vyas, 1995

Nuutila et al., 1995; Gryndler et al., 1998

de Souza and Berbara, 1999; Rodrigues

and Rodrigues, 2012

Chabot et al., 1992a; St-Amaud et al.,

1996

Declerck et al., 1998

Declerck et al., 2000

Hepper, 1981; Karandashov et al., 2000

Declerck et al., 1998

Douds, 1997

Bi et al., 2004



liquid M-medium without sugars and vitamins. Similar to the in vivo hydroponic 

culture systems, sufficient aeration of the liquid medium is needed in the in vitro 

solution culture techniques (Jolicoeur et al., 1999). Whole-plant in vitro culture systems 

were conducted on the MSR medium lacking sucrose and vitamins (Dupre de Boulois 

et al., 2006) that were similarly solidified with either Phytagel or GelGro. The addition 

of vitamins and sucrose is not required in whole-plant culture systems as the 

autotrophic plant provides sugars obtained by photosynthesis and metabolizes the 

vitamins required for plant growth.

2.22: AM host root

Ri T-DNA transformed roots have been used effectively in studying the interaction 

between various plant hosts and AM fungi. ROC was first developed by White and 

coworkers (White, 1943; Butcher, 1980) who used excised roots on synthetic media 

supplemented with vitamins and sucrose. However, extensive root growth on medium, 

characterized by the formation of numerous lower order branches, has been obtained in 

relatively few plant species. The formation of lower order roots is essential for increase 

in root biomass and the establishment of continuous cultures. ROC was first performed 

successfully by Mosse and Hepper (1975) using an in vitro system based on a dual 

culture of spores and excised roots qf Trifolium (clover) species. Mugnier and Mosse 

(1987) obtained similar results using Daucus carota L. (carrot) roots genetically 

transformed by Agrobacterium rhizogenes Conn. Later, Strullu and Romand (1986, 

1987) showed that it was also possible to re-establish mycorrhiza on excised roots of 

Fragaria x Ananassa Duchesne (strawberry), Allium cepa L. (onion), and Solanum 

lycopersicum L. (tomato), using the intra-radical phase (vesicles or entire mycorrhizal 

root pieces) of several Glomus species as inoculum. The in vitro large scale production
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of R, intraradices spores was initially attempted on ROC (Declerck et al., 2001) and 

later extended to plant systems (Voets et al., 2009). This system of dual culture allowed 

abundant production of spores of Gi. margarita (Diop et al., 1992). A natural genetic 

transformation of plants by the ubiquitous soil bacterium A. rhizogenes (Riker et al., 

1930) induces a condition known as 'hairy roots'. This stable transformation (Tepfer, 

1989) produces Ri T-DNA transformed plant tissues that are morphogenetically 

programmed to develop as roots. A modified hormonal balance encourages vigour and 

allows profuse growth on artificial media (Tepfer, 1989). Carrot and Convolvulus 

sepium L. (bindweed) were among the earliest species to be transformed using A. 

rhizogenes (Tepfer and Tempe, 1981). These Ri T-DNA transformed roots have since 

served in a wide range of fundamental and applied studies on AM symbiosis. ROC is 

commonly initiated on carrot root tissue and its use has permitted an increase in spore 

production of F. mosseae (Mugnier and Mosse, 1987). In recent years however, 

different excised roots, notably of Cichorium intybus L. (chicory) and Medicago 

truncatula Gaertn. (barrel medic), have been successfully used to culture AM fungi 

(Boisson-Demier et al., 2001; Fontaine et al., 2004). It has been revealed that a change 

of root clone impacts AM fungal spore production (Tiwari and Adholeya, 2003). Voets 

et al. (2005) used Solanum tuberosum L. (potato) and obtained production o f -12,000 

spores in 12 weeks of cultivation. Fernandez et al. (2009) carried out in vitro 

monoxenic symbiosis between R. intraradices and transformed Glycine max (L.) Merr. 

(soybean) roots (TSRs) and showed that TSR cultures were able to support the growth 

and characteristic development of the fungus. Pratap Chandran et al. (2011) co

cultivated transformed roots Canavalia species with G. microcarpum in Petri plate and 

observed 60 % AM colonization on the 20th day. Other hosts, such as tissue cultured
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banana (Musa acuminata Colla) were found suitable for association (Koffi et al., 2009) 

but were less effective for large scale production of spores.

2.23: AM Fungal Inocula

Many species and strains of AM fungi have been cultured in the ROC system. 

However, only a few species are fast growers and colonizers, able to produce thousands 

of in vitro propagules in a few months and thus have potential in large scale production. 

In most cases, two types of fungal inocula viz., extra-radical spores or propagules from 

the intra-radical phase (mycorrhizal root fragments and isolated vesicles) of the fungal 

ontogeny can be used to initiate monoxenic cultures. Cultures of AM fungal species 

that do not produce vesicles (Scutellospora and Gigaspora species) are systematically 

produced using spores, which are usually large and germinate vigorously. Recently, 

sporocarps of F. mosseae have also been used in an attempt to establish in vitro cultures 

(Budi et al., 1999). The intra-radical forms of AM fungi have been less commonly used 

as starter material despite being a potentially good source of inoculum. Strullu and 

Romand (1987) demonstrated that intra-radical vesicles and hyphae within root pieces 

or extracted from roots by enzymatic maceration were able to regenerate vegetative 

mycelium in Glomus species. When associated with tomato roots, the mycelium formed 

new and typical mycorrhizae. This system was successfully used by Diop et al. (1994a) 

for dual axenic culture of mycorrhizal root-segments containing G. versiforme or R. 

intraradices associated with non-transformed tomato roots. The cultivation system was 

further improved by using transformed carrot roots as host with several Glomus species 

(Diop, 1995). Diop et al. (1994a) obtained approximately 2000 spores per Petri dish 

over a period of three months using a dual culture of leek (Allium sp.) root-segments 

colonized by G. versiforme associated with tomato roots. They further demonstrated
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that the fungus both in tomato root segments and as spores, produced in sterile 

conditions, germinated well and was able to complete its life cycle in association with 

isolated tomato roots. Inoculation of Faidherbia albida (Delile) A. Chev. plantlets with 

the newly produced spores and mycorrhizal root-segments were also successfully 

demonstrated (Diop et al., 1994a). Species from R. intraradices clade/species complex 

are found among the most productive so far. This species sensu lato is the most 

frequently cultured AM fungus in vitro.

Strullu and Plenchette (1990a, b) demonstrated the ability of entrapped, disinfected 

mycorrhizal root fragments to form new mycorrhizae, even after storage for 1 month at 

4°C. Intra-radical vesicles separated from roots and encapsulated were also shown to 

retain their inoculum potential (Plenchette and Strullu, 2003) and hence represent 

another practical source of inoculum. In a study by Declerck et al. (1996a), in vitro 

produced spores of G. versiforme were entrapped in alginate beads and their inoculum 

potentials were evaluated by a biological assay. The results showed that the 

encapsulated spores were able to germinate and the regenerated mycelium retained its 

ability to colonize roots under controlled conditions. Declerck and Angelo-van 

Coppenolle (2000) developed a cryopreservation technique based on the entrapment of 

monoxenically produced spores of R. intraradices in alginate beads. These studies 

indicate the feasibility of encapsulation of in vitro produced spores and therefore 

represent a new kind of high quality inoculum, free of pathogens.

For all AM propagules, appropriate selection and efficiency of sterilization process are 

keys to the success of axenic or monoxenic AM fungal cultures. Isolated spores are 

often surface sterilized using the two-step procedure of Mertz et al. (1979) as modified 

by Becard and Fortin (1988). AM sheared inocula are surface sterilized according to
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Diop et al. (1994a, b) method. Vesicles are then easily isolated by enzymatic digestion 

of the heavily colonized roots. Surface sterilization involves baths in chloramine T (2 

%) solution with traces of a surfactant (Tween 20/80) and antibiotics, such as 

streptomycin or gentamycin. To maintain spore dormancy, all steps from spore 

isolation to rinsing should be done on ice. If spores are not to be used immediately, they 

should be stored at 4°C, either in distilled water, on water agar, or on 0.1 % 

MgS04'7H20 solidified with 0.4 % gellan gum. To limit the risk of contamination by 

bacteria or fungi that were not eliminated during the sterilization process, spore number 

should be limited in each Petri plate.

Generally AM fungal spores do not need specific conditions or the presence of a host 

root to germinate. However, root exudates and 2 % CO2 can stimulate germination 

and/or post germination hyphal growth (Buee, 2000). Recalcitrant spores can be placed 

alongside a growing root. If spores fail to germinate within 20 days, either the 

sterilization treatment is possibly strong or the spores are immature, dormant, or dead. 

It is well known that spores of some AM fungal species require cold stratification (4°C) 

prior to germination (Smith and Read, 2008). This requirement can vary within a genus. 

Gi. gigantea (Koske, 1981) and Gi. margarita require cold treatment, whereas Gi. 

rosea did not (Becard and Fortin, 1988). The cold treatment (14-21 days) is best 

applied prior to spore isolation, when the spores are still attached to the extra-radical

The first continuous culture was achieved by Strullu and Romand (1986) and is now 

commonly used for a wide range of Glomus species (Declerck et al., 1998). Continuous 

culture is obtained by transferring mycorrhizal roots to fresh medium either with or
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without spores (St-Amaud et al., 1996; Declerck et al., 1996a). Following this transfer, 

the pre-existing root-fungus association continues to proliferate. While using older 

mycorrhizal roots, it is preferable to transfer them to a Petri plate containing an actively 

growing root (Declerck et al., 1998). In the method by St-Amaud et al. (1996), apical 

segments of actively growing mycorrhizal roots with or without extra-radical mycelium 

that are supporting the spores are transferred to a fresh medium. The root and 

associated fungus continues to grow across successive transfers onto fresh medium. 

This procedure requires the use of young, actively growing cultures, to allow 

continuous growth of the host root. The method is effective for Glomus species having 

a well-developed intra-radical phase, such as R. intraradices. For AM fungal species 

that do not produce intra-radical vesicles (Gigaspora and Scutellospora species), direct 

sub-culturing is possible but it is more difficult to achieve (Fortin et al., 2002). 

Alternatively, with older cultures, in vitro produced spores can be used to inoculate 

new roots (Becard and Fortin, 1988).

Diop (1995) established a bank of germplasm of AM fungi monoxenically cultivated in 

association with isolated tomato or transformed carrot roots. The propagules produced 

(spores, hyphae, colonized roots) germinated and re-colonized new plants efficiently. 

Encapsulation stabilizes biological properties of mycorrhizal roots and the isolated 

vesicles or spores (Declerck et al., 1996b). This also preserves infectivity of AM 

propagules under in vitro or in vivo assays.

2.25: Fungal Morphological Features in Root Organ Culture System

The use of ROC of AM enables the aseptic production of spores of various AM fungal 

species. Germination of the AM fungal propagules usually proceeds from the pushing 

of the inner spore wall through the lumen of the subtending hyphae (de Souza and
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Berbara, 1999), directly through the spore wall (Tommerup and Kidby, 1980), or the 

subtending hyphal wall (Giovannetti et al., 1991). Spore germination gives rise either to 

straight, thick-walled hyphae (de Souza and Berbara, 1999) or to stunted hyphae, 

depending on the physiological status of spore (Juge et al., 2002). The germination of 

isolated intra-radical vesicles was clearly demonstrated by Diop et al. (1994a, b). 

Germination occurred through the lumen of the subtending hyphal attachment 

(Declerck et al. 1998), the germ tubes generating runner and ramified hyphae similar to 

those of AM fungi spores. To date, no systematic investigation has been conducted on 

factors influencing vesicle germination. Among other fungal structures capable of re

growth are hyphae from the peridium of F. mosseae sporocarps which have the 

capability to elongate and differentiate into vesicle-like structures (Budi et al., 1999). 

Furthermore, the “germination” of colonized root segments is currently used to 

replicate AM fungi monoxenic cultures (Strullu et al., 1991). The root vesicles and 

eventually intra-radical spores are certainly the fungal propagules involved in root 

segment “germination” as colonized root segments, where vesicles and spores were 

absent, remained unsuccessful in propagation. Germ tube growth is dependent on the 

availability of spore reserves (Sancholle et al., 2001), and the protoplasm contains all 

the organelles required to ensure development (Meier and Charvat, 1992). This consists 

of a straight-growing hypha (runner hyphae, RH) exploring the media by successive 

branching into thinner-diameter filaments (Declerck et al., 2000). In the case of no 

hyphal root contact or host signal detection, germ tube growth stops within a few days 

(Becard and Piche, 1989b). The protoplasm shrinks back from the hyphal apex, and is 

sequestered from the empty hyphae by repeated septation (Logi et al., 1998). These 

germination attempts resemble a well-orchestrated survival scenario, providing 

repeated chances for the fungus to establish symbiosis. Spore germination does not
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generally require the presence of a host root (the non-symbiotic stage). However, for 

further growth and development, the AM fungus becomes dependent upon the presence 

of, but not necessarily physical contact with an adequate host (Giovannetti et al., 1996). 

Using Gi. rosea, it was shown that this activated physiological stage (the pre-symbiotic 

stage) requires the simultaneous presence of root exudates and C 02 (Poulin et al., 

1993). Becard and Piche (1989a) suggested that Gi. rosea was capable of fixing C 02 

as a mineral source of carbon. In vitro labeling with 13C 02 and NMR spectroscopic 

analysis has confirmed that substantial dark fixation of C 02 occurs in R. intraradices 

during spore germination (Bago et al., 1999b).

In monoxenic cultures, root colonization levels vary according to the host plant species 

and fungal isolates (Elsen et al., 2003). Acidification of the media directly influences 

AM fungal development. The pH 5.5 value of standard monoxenic culture systems 

might limit the growth of some isolates, but an increase in pH of the nutritive media 

may alter the solubility and balance of the media components. Buffered media may 

counteract such imbalances. Most monoxenic culture plants support the Arum-type 

colonization (Glorian, 2002). A contrary situation occurs with carrot root culture, an 

Apiaceae (Umbelliferae) recognized as supporting both Paris- and Arum-type 

colonization (Smith and Smith, 1997), whereby Arum-type colonization is 

differentiated more. Only one F. caledonium isolate has differentiated Paris-type 

colonization with a carrot root culture (Karandashov et al., 2000), and one C. 

etunicatum isolate had mixed types, differentiating hyphal coils in the first layer of 

cortical cells (Pawlowska et al., 1999). Paris and Arum morphotypes were long 

considered to be determined by the plant genome (Smith and Smith, 1997), but the 

typical Paris anatomical type observed in carrot root culture colonized by F. 

caledonium emphasizes the impact of the fungal genome on the regulation of fungal
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morphology (Cavagnaro et al., 2001). Budi et al. (1999) reported that the hyphae from 

the peridium of F. mosseae sporocarps have the capability to elongate and differentiate 

into vesicle-like structures (VLS). When differentiated, VLS occurred within 2-8 days 

after root contact and their size ranged between 20 and 100 pm, depending on the 

species (Declerck et al., 2005). VLS are small, hyaline thin-walled swellings 

resembling miniature spores (Strullu and Romand, 1987). Hypotheses about their role 

range from a survival process during the pre-symbiotic stage to an aborted sporulation 

tentative (Declerck et al., 2005).

The basic structure of the mycelium is composed of large, straight growing relatively 

un-branched thick walled runner hyphae (RH) (Friese and Allen, 1991), small-diameter 

thin walled branched hyphae called arbuscule-like structures (ALS) (Bago et al., 1998a) 

or fine branching (FB) (Juge et al., 2009), and spores. Runner hyphae are similar to pre- 

symbiotic hyphae in their capacity to extend rapidly, to colonize the substrates, and to 

establish root contact. Microscopical cellular and sub-cellular observations allow 

detection of protoplasmic streaming, nuclei migration and organelle morphology (Bago 

et al., 2001). Hyphae are either single-walled, as with G. versiforme (Garriock et al., 

1989), or double-walled as found through ultra-structure work on R. fasciculatum 

(Bonfante-Fasolo and Grippiolo, 1982). The abundance of runner and branched hyphae 

determines the mycelium architecture. Oncp a successful symbiosis is established, 

numerous ALS are differentiated along hyphae (Bago et al., 1998a). Ultra-structural 

investigations revealed that ALS (renamed as branched absorbing structures or BAS; 

Bago et al., 1998d) are very similar to intra-radical arbuscules and, like arbuscules, they 

are sites of intense metabolic activity. Arbuscules and BAS are also similar in terms of 

their gross morphology (thinner diameter with increased dichotomous branching). The 

extent to which these structures are functionally comparable remains to be elucidated.
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However, prolific branching of the fungus to form BAS results into an important 

increase in surface area producing a structure better adapted for nutrient uptake. It has 

also been shown that increased acidification of the medium coincides with a higher 

production of spore-associated BAS. This change in pH could be a direct consequence 

of a greater phosphate uptake, to provide storage products for the spores (Bago et al., 

1998b, 1998c). It also appears that inorganic nitrogen and phosphate absorption by 

extra-radical mycelium is closely correlated with BAS development (Bago et al., 

1998d). BAS may adopt variable morphologies, the most striking being the large and 

stunted ramified structures of F. caledonium (Karandashov et al., 1999).

Spore differentiation occurs either apically or intercalary along lateral branches of RH, 

often in association with BAS (Bago et al., 1998d). The outer evanescent spore wall 

then originates from the hyphal wall. The spore apical hyphae, even though collapsed, 

remain attached to the spore during most of the maturation process. Intra-radical spores 

have sometimes been observed in monoxenic cultures (de Souza and Barbara, 1999). 

Spore production differs considerably between species and between isolates of a single 

species, and seems to be related to spore size. With the small to medium size spore 

species R. proliferum and R. intraradices, an average of 7,800 and 8,200 spores were 

differentiated in mono-compartment (Declerck et al., 2001) and bi-compartment growth 

systems (St-Amaud et al., 1996) respectively. Most Glomus species exhibit an 

asynchronous mode of sporulation, i.e. with a lag, log and plateau phase (Declerck et 

al., 1996a, 2001).

Research into major differences between AM fungal cultures has dealt primarily with 

mycelium architecture, hyphal network density, pattern of ramification, spore 

abundance, and positioning and clustering of spores. Large-spore species usually
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exhibit a less dense mycelium and fewer anastomoses. Stunted BAS, together with 

typical Bara-type root colonization, characterize F. caledonium isolates (Karandashov 

et al., 2000). Spore maturation of monoxenic cultured AM fungi follow similar 

ontogeny steps as those in pot-culture. Differences reside essentially in the clean, 

contaminant-free quality of monoxenic cultured spores, with abundant fungal material 

available at precise age and physiological stages. The comparison between 

monoxenically cultured species shows ready segregation between large- and small- 

spore species in terms of apical mode of development, single spore differentiation, and 

low sporulation levels. By contrast, smaller spore species present a variable growth 

pattern, mainly with intercalary sympodial spore growth, clustered spores, and high 

sporulation levels. Spore wall morphology of monoxenically differentiated spores does 

not differ fundamentally from field collected ones, apart from the lower mean spore 

diameter measured for some AM fungal isolates (Pawlowska et ah, 1999). With 

monoxenic cultures, all elements of spore wall architecture remain observable 

throughout maturation, including the evanescent outer wall, often absent in soil 

propagated AM fungal spores, due to abrasion and/or digestion by soil microorganisms.

2.26: Fundamental and Practical Studies

Although in vitro culture is an artificial system, it may be a valuable tool to study 

fundamental and practical aspects of AM symbiosis, complementing experimental 

approaches. The compartmentalized Petri dish system (St-Amaud et ah, 1996) is 

particularly suitable for the study of nutrient uptake and translocation in AM fungi 

under strictly controlled conditions. It also allows the differentiation between intra

radical and extra-radical fungal metabolism (Bago et ah, 2000). The compartmentalized 

system has been used for example, by Joner et ah (2000) to study P transport by the
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extra-radical hyphae of R. intraradices, and in N nutrition, the compartmentalized in 

vitro system was used to show that the extra-radical hyphae of R. intraradices facilitate 

nitrate (Bago et al., 1996) and ammonium absorption (Villegas, 2001).

The first report of interactions between soil microbes and AM fungi under aseptic in 

vitro conditions was by Mosse (1962), who observed that root colonization could not be 

established without adding either a suspension of Pseudomonas species or various 

types of bacterial filtrates. Following this pioneering work, a wide range of soil bacteria 

and fungi has been shown to enhance in vitro germination of spores and hyphal growth 

of F. mosseae without direct contact between the organisms. These results suggest 

involvement of volatile (e.g. CO2) or highly diffusible substances (Azcon, 1989). 

Simultaneously, spore-associated bacteria have been identified from the genera 

Pseudomonas and Corynebacterium (Mayo et al., 1986), and that cell-free fractions 

from rhizosphere bacteria cultures have the same stimulatory effect as complete 

bacterial cultures (Azcon, 1987). AM fungi can contribute to root disease suppression 

through mechanisms not well understood (Linderman, 1994) but the most obvious 

effect of AM fungi has been attributed to amelioration of nutrient uptake (P and others), 

resulting in more vigour in growing plants that are better able to ward off or tolerate 

root disease. St-Amaud et al. (1995a) proposed a compartmentalized in vitro system to 

elucidate interactions between R. intraradices and the root pathogen Fusarium 

oxysporum f. sp chrysanthemi. Significant negative correlations were found between 

conidia production and R. intraradices hyphae or spore concentrations. McAllister et al. 

(1994) found no in vitro interactions between spores of F. mosseae and Trichoderma 

koningii Oudem or Fusarium solani (Mart.) Sacc. Life cycles of R. intraradices and the 

burrowing nematode, Radopholus similis (Cobb) Thome, were achieved in monoxenic 

cultures (Elsen et al., 2001). The AM fungus reduced the nematode population by 50
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%. Also, AM root-organ cultures showed a synergistic interaction between the extra

radical mycelium of R. intraradices and soil bacteria in a study of rhizosphere 

nutritional dynamics (Villegas, 2001). In this study, species-specific interactions were 

obtained between R. intraradices and Pseudomonas aeruginosa (Schroter) Migula, P. 

putida Trevisan and Serratia plymutica Lehman and Neumann. Although the inherent 

ability of the fungus and the bacteria to solubilize a recalcitrant form of calcium 

phosphate was low, P. aeruginosa and P. putida interacting with the extra-radical 

mycelium markedly increased P availability in the growth medium. This increase was 

dependent on the N source, which allowed a reduction of the pH (Villegas and Fortin, 

2001). Associations found between some bacterial strains and AM fungal propagules 

may have a promotional effect on short-term pre-symbiotic mycelium development but 

little impact on AM propagule germination (Fernandez Bidondo et al., 2011).

2.27: Advantages and Disadvantages of the Root Organ Culture System

Although in vitro culture is an artificial system, it may be a valuable tool to study 

fundamental and practical aspects of AM symbiosis, complementing the experimental 

approaches. The most evident advantage shared by all in vitro cultivation systems is the 

absence of undesirable microorganisms due to controlled conditions, rendering greater 

suitability for large-scale production of high-quality inoculum. Contamination by other 

microorganisms may occur either at the establishment of the cultivation process or at 

later stages of culture. Therefore, it may be useful to control the cultures visually, by 

standard plate-counting techniques and by molecular techniques. The cultures may be 

placed in a growth chamber requiring minimal space for incubation with no light 

required in the case of ROCs. Following sporulation dynamics during cultivation also 

provides a means to control the level of spore production and to determine the optimal
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harvesting time. Factors that influence optimal production (e.g. nutrient availability, 

presence of contaminants) can be more easily detected and controlled in liquid cultures. 

As a drawback, the diversity in terms of genera of AM fungi that have been grown in 

vitro is lower than under pot cultivation systems. Once successfully initiated, the 

cultures may be maintained for periods exceeding 6 to 12 months without intervention. 

The harvesting method of solid in vitro cultures involves solubilization of the medium 

by citrate buffer i.e. the gelling agent may be removed from the culture medium so as to 

stimulate re-growth of the fungus (Doner and Becard, 1991). Monoxenic cultures 

provide access to abundant and high-quality fungal material suitable for taxonomic and 

evolutionary studies (Fortin et al., 2002). In terms of biodiversity, monoxenic cultures 

provide a tool for basic comparative analyses of root populations and strain potential, 

long-term propagation capabilities, and fungal adaptation to environment.
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CHAPTER 3

To identify the dominant AM fungal 
species from the sand dune ecosystem.

(Objective 1)



3.1: INTRODUCTION

Sand dunes are mounds of drifted sand formed by the accumulation of immense 

amount of shifting sand grains on the beach. The structure of the dunes and sandy 

beaches is subjected to constant change due to their dynamic nature 

(http://www.goaenvis.nic.in). The major pre-requisites for the formation and building 

of sand dunes are wind, sand and vegetation, three essential elements that have multi

faceted interactions (Carter, 1988).

Sand dune ecosystems perform numerous functions: the dunes are characteristic 

features of coastal stability; they act as nature’s line of protection, sources of beach 

sustenance, provide protection from coastal erosion, they replenish the loss of sand due 

to wave and current energies, act as sand banks to sustain the sedimentary and dynamic 

balance of the coastal ecosystem, they support a rich diversity of flora and fauna, serve 

as a perfect location for recreation, they protect the hinterlands from winds, and hence 

are of great ecological significance to coastal population. However, coastal sand dune 

ecosystems have been under constant threat due to population pressure, developmental 

activities, tourism and construction. Some of the factors responsible for dune 

degradation are construction activities, sand extraction, recreation activities, litter on 

beaches and salt water ingress. Natural disturbances like continuing abrasion, salt 

spray, erosion and accretion, and wave attack are some of the natural factors that affect 

the coastline frequently and have always been a usual part of beach and dune building 

processes. Sand dune systems are an indication of the ecological equilibrium between 

the prevailing physical forces of the ocean and thus act as nature’s shield to prevent 

monsoon storms, waves and cyclonic surges (http://www.goaenvis.nic.in).
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Dime vegetation which constitutes the inland flora that grows immediately behind the 

beaches also plays an essential part in dune formation since these plants act as wind 

breakers due to which wind is forced to transport sand along its course. Dune 

vegetation thus traps and stabilizes moving sand particles. These plants are adapted to a 

harsh environment characterized by a mobile substrate, saline atmosphere and a 

frequent bombardment of moving sand grains (Paskoff, 1989). Poaceae members are 

the main coastal sand dune stabilizing plants in temperate dunes (Read, 1989), while in 

tropics plant species belonging to Asteraceae, Convolvulaceae, Fabaceae and Poaceae 

contribute towards the stabilization of coastal sand dunes (Moreno-Casasola and 

Espejel, 1986; Koske and Gemma, 1990; Devall, 1992; Kulkami et al., 1997). West 

coast of India supports a wide variety of coastal sand dune vegetation (Rao and Meher- 

Homji, 1985).

Arbuscular mycorrhizal (AM) fungi are widespread in coastal sand dunes throughout

the world (Stunner and Bellei, 1994). The sand dune ecosystems exhibit favourable

environment for the association and development of AM fungi with dune plants,

because dunes are deficient in major nutrients especially phosphorus and the symbiosis

also improves stress tolerance (Ranwell, 1972; Koske and Halvorson, 1981; Koske and

Gemma 1995). AM fungi play an important role in growth and succession of pioneer

vegetation in coastal sand dunes (Nicolson, 1959). Colonization of dune plants for

better nutrient uptake and binding of sand grains into stable aggregates by AM fungi

significantly stabilizes the sand dunes (Sutton and Sheppard, 1976; Koske and Poison,

1984). Most of the plants on fore dunes and fixed dunes are associated with AM. The

most common AM fungal genera in sand dunes are A c a u lo sp o ra , G ig a sp o ra , G lom u s

and S cu te llo sp o ra . AM fungi produce asexual spores singly or aggregated (sporocarps).
♦

Species richness and spore density of AM fungi in sand dunes varies according to the
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host plants and geographical region (Maun, 2009). AM fungal root colonization is also 

highly influenced by the density of propagules (spores, extra-radical hyphae and 

colonized root fragments) in the rhizosphere, soil type, climatic conditions, host type 

and the fungal species (Smith and Read, 1997).

AM fungi are a taxonomically, physiologically and morphologically diverse group and 

can colonize a varied group of herbaceous and woody plants (Maun, 2009). Below 

ground diversity of AM fungi is one of the chief variable governing the plant diversity 

and functioning of dune habitat. Loss of AM fungi decreases plant equilibrium as well 

as productivity therefore resulting in dune instability (Sridhar, 2009).

The knowledge and understanding of AM association with dune vegetation and their 

distribution in the sandy soils is very important for achieving revegetation objectives by 

effectively using them in sand dime ecosystem conservation and management. 

Therefore, the present study is aimed at evaluating the AM fungal association and 

identifying the diversity of indigenous AM species associated with some dominant sand 

dune plants.

3.2: MATERIALS AND METHODS 

3.2.1: Study sites

Goa, the smallest state of India, covering an area of 3702 sq km is located on the west 

coast of the Indian Peninsula between the longitudes 74°20'13" to 73°40'33"E and 

latitudes 15°48'00" to 14°53'54"N. It is bounded by the Arabian Sea on the west and by 

the Western Ghats on the east. It is bordered by the state of Maharashtra to the north 

and by Karnataka to the south and east. The coastline of Goa consists of a combination 

of beaches, rocky shores and headlands protruding into the sea. Of the 105 km long
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shore, more than 70 km comprise of sandy beaches, all backed by a number of sand 

dunes (Mascarenhas, 1998).

Coastal sand dunes from 12 different locations of Goa viz., Betalbatim (SI) (Grid Ref. 

15°17'33.37"N, 73°54'28.34"E), Colva (S2) (Grid Ref. 15°16'34.62"N, 73°54'47.49"E), 

Benaulim (S3) (Grid Ref. 15°14'59.01"N, 73°55'15.97"E), Varca (S4) (Grid Ref. 

15°13'58.68"N, 73°55'31.95ME), Sinquerim (S5) (Grid Ref. 15°29'57.06"N,

73°46'1.74"E), Candolim (S6) (Grid Ref. 15°30'30.08"N, 73°45'55.50"E), Vagator (S7) 

(Grid Ref. 15°367.58"N, 73°44'0.45"E), Morjim (S8) (Grid Ref. 15°37'54.60"N, 

73°43'20.62"E), Mandrem (S9) (Grid Ref. 15°39'29.22"N, 73°42'46.98"E), Arambol 

(S10) (Grid Ref. 15°41'11.72"N, 73°42'10.19"E), Kerim (Sll) (Grid Ref. 

15°42'47.52"N, 73°4r29.16"E) and Siridao (S12) (Grid Ref. 15°26'39.92"N, 

73°51'20.35"E) were selected for the study (Fig. 3.1). From the study sites, the 

dominating plant species were selected correspondingly and rhizosphere soils and root 

samples were collected.

3.2.2: Sample collection

Continuous one time sampling of dominant plant species from chosen sand dune sites 

was carried out to assess their AM status. In all, roots and rhizosphere soil samples of 

18 plant species were collected from a depth of 0-25 cm, placed in zip-loc bags, labeled 

and then brought to the laboratory. Soil samples were extracted from all quarters of the 

plants so as to cover the entire rhizosphere, 3 samples from each of the dominant plant 

species. The sub-samples were mixed thoroughly to obtain a composite sample from 

each site. The roots were processed to determine root colonization whereas the soil 

samples were stored at 4°C until processed.
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Fig. 3.1: Map of Goa showing the study sites.



3.2.3: Soil chemical analysis

Composite soil samples from each of the study sites were air-dried and sieved to 2 mm 

to remove larger soil particles. The samples were then submitted to Government of Goa 

Agricultural Department, Soil Analysis Laboratory, Margao, Goa and Italab House, 

Margao, Goa for chemical analysis. Analyses followed procedures laid out by Singh, 

Chhonkar and Dwivedi (2005), soil pH by pH meter (Elico LI 120) in a 1:2 ratio soil 

water solution, Electrical Conductivity (E. C.) by conductivity meter (Elico CM 180) in 

a 1:5 ratio soil suspension, Organic Carbon (OC) by Walkley and Black (1934) titration 

method, available Phosphorus (P) by Bray and Kurtz (1945) method, and available 

potassium (K) by ammonium acetate method from Hanway and Heidal (1952) using 

flame photometer (Systronic 3292). Available micro-nutrients zinc (Zn), iron (Fe), 

manganese (Mn), copper (Cu) were assessed by DTPA-CaCL-TEA method from 

Lindsay and Norvell (1978) using atomic absorption spectrophotometer (AAS-EC 

Element AS AAS 4139), and boron (B) by hot water soluble method from Berger and 

Truog (1939).

3.2.4: Processing of root segments for AM fungal colonization

Assessment of mycorrhizal colonization in roots was carried out by using modified 

Trypan blue staining technique (Phillips and Hayman, 1970) wherein roots were gently 

washed with tap water to remove the attached soil or organic particles followed by 

cutting into 1 cm segments. The cleaned root bits were then cleared in 2 % KOH by 

heating at 90°C for 30-45 min in oven, thoroughly rinsed in water, acidified with 5N 

HC1 for 5 min and kept overnight in 0.05 % Trypan blue stain.

The stained root segments were examined using bright field Olympus BX 41 and Nikon 

Eclipse E200 research microscopes (40x, lOOx, 400x, lOOOx) for AM fungal structures.
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Micrographs were imaged by Olympus DP 12-2 and Nikon Digital Sight DS-U3 digital 

cameras, and were not digitally edited.

Presence or absence of AM intra-radical and extra-radical non-septate hyphae, 

arbuscules, vesicles, hyphal coils and auxiliary cells in the root segments was recorded.

3.2.5: Estimation of percent root colonization

Estimation of percent root colonization by AM fungi was carried out using Root Slide 

method (Read et al., 1976). The Trypan blue stained root fragments were mounted in 

polyvinyl-lacto-glycerol (PVLG) and the presence or absence of AM colonization was 

scored using the following formula:

Percent colonization = No. of root segments colonized Total no. of root segments 

scored x 100

3.2.6: Extraction o f AM fungal spores

Extraction of AM fungal spores was carried out by Wet Sieving and Decanting 

Technique (Gerdemann and Nicolson, 1963) wherein 100 g of rhizosphere soil sample 

(fresh or fridge-stored 4°C) was placed in a container and tap water added. The soil 

suspension was stirred using a glass rod and then allowing the sediment to settle for 10- 

15 seconds. The aliquot was decanted through sieves arranged in descending order 

(250-37 pm). The procedure was repeated a minimum of four times for each sample. 

The residues from each sieve were then washed into separate beakers. The aliquot was 

filtered separately through Whatman No. 1 filter paper. The filter paper was then placed 

in Petri plate and care was taken to ensure that it remained moist. The filter paper was 

examined for presence of spores and sporocarps under Olympus stereo microscope 

SZ2-ILST (10 x 4.5 zoom).
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3.2.7: Quantification of spore density o f AM fungi

Quantification of AM spore numbers was carried out by a modified method of Gaur 

and Adholeya (1994) wherein Whatman No. 1 filter paper was folded into two equal 

halves followed by a second fold resulting in four equal halves. The filter paper was 

opened and two lines were drawn denoting four equal quadrats. Vertical lines were 

drawn on one half of the filter paper, dividing it into ten columns with each column 

about 0.5 cm apart. Columns were numbered and the direction of counting was marked 

with arrows. The filter paper was then folded in such a way that the marked portion 

received the aliquot during filtration and the other portion remained free of spores. The 

filter paper was then placed in a Petri plate and observed under the stereo microscope. 

The spores occupying the space between the numbered columns were counted. Intact 

spores were picked up using a needle and mounted in PVLG for taxonomic 

identification. Spore density was expressed as total number of spores recorded per 100 

g of sample.

3.2.8: Taxonomic identification of spores

Clean, intact, un-parasitized spores mounted in PVLG were used for taxonomic 

identification. Initially spore identification was carried out as per traditional 

taxonomically general method of classification at ‘genus’ level, comprising of genera 

A c a u lo sp o ra , G ig a sp o ra , G lom us and S cu te llo sp o ra , which are most prevalent in the 

sand dunes (Maun, 2009). Several morphological characteristics play an informative 

role in spore identification at species level viz., colour, dimension, ornamentation 

pattern, number of wall layers, pore occlusion, pattern and shape of germination shield, 

and reaction to Melzer’s reagent. However with the development of molecular methods 

for elucidating the phylogenetic relationships among the AM genera and species, their
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classification has been in transition and is re-assessed constantly. For taxonomical 

identification of AM fungal spores by using morphological criteria, reference was made 

to original species protologues described by Morton and Benny (1990), Schenck and 

Perez (1990), Rodrigues and Muthukumar (2009), SchuBler and Walker (2010), 

Redecker et al. (2013), and online species descriptions provided by INVAM 

(International Culture Collection of Vesicular Arbuscular Mycorrhizal Fungi at the 

West Virginia University, USA (https://invam.wvu.edu/), arbuscular mycorrhizal fungi 

(Glomeromycota), E n dogon e  and C o m p lex ip es  species deposited in the Department of 

Plant Pathology, University of Agriculture in Szczecin, Poland 

(http://www.zor.zut.edu.pl/Glomeromycota/index.html), and amf-phylogeny.com.

3.2.9: AM species richness, Spore abundance and Relative abundance

Species richness, spore abundance and relative abundance (RA % ) of AM fungi were 

calculated using the following formulae (Beena et al., 2000c, 2001).

3.2.9.1: Species richness: Species number per 100 g soil sample or species number per 

study site.

3.2.9.2: Spore abundance: Number of spores of a particular species per 100 g of soil 

sample.

3.2.9.3: Relative abundance (RA %) = Number of spores of a particular species -*■ 

total number of spores x 100
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3.3: RESULTS

3.3.1: Soil chemical analysis

Results of physico-chemical properties of sand from 12 study sites revealed that pH 

was acidic to alkaline ranging from 6.3-8.6. Electrical Conductivity (E. C.) was in 

normal range <1 m.mhos/cm. Organic carbon percentage was low and it ranged from

0. 04-0.43 %. Available P content was low to high ranging from 16.4-60.1 Kg/Ha. 

Available K content was low to medium ranging from 50.4-347 Kg/Ha. Micro-nutrients

1. e. Zn (0.00-61.66 ppm), Fe (0.78-5.67 ppm), Mn (0.26-40.18 ppm), Cu (0.03-364.3 

ppm), and B (traces-4.40 ppm) were present in traces-high levels (Table 3.1).

3.3.2: Percent root colonization and spore density o f AM fungi

Arbuscular mycorrhizal fungal colonization was observed in roots of dune plant species 

sampled from all the 12 sites; however the extent of colonization varied in the sand 

dune vegetation sampled. Spore density in the rhizosphere soil samples also exhibited 

great variation.

At Betalbatim (SI), highest root colonization was observed in Spinifex littoreus (90.00 

%) and least root colonization was observed in Leucas aspera (15.66 %). Spore density 

was highest in Spinifex littoreus rhizosphere soils (388.00 spores 100 g'1) and least in 

Vitex trifolia (34.66 spores 100 g'1) (Table 3.2).

At Colva (S2), highest root colonization was observed in Ipomoea pes-caprae (72.00 

%) and least root colonization was observed in Cocos nucifera (14.66 %). Spore 

density was highest in Ipomoea pes-caprae rhizosphere soils (184.00 spores 100 g'1) 

and least in Lantana camara (32.66 spores 100 g'1) (Table 3.3).
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Table 3.1: Physico-chemical properties o f sand from selected study sites.

Sites *pH
i

*E. C. 
m.mhos/cm

*Macro-nutrients * Micro-nutrients (ppm)

O C
%

P
Kg/Ha

K
Kg/Ha

Zn Fe Mn Cu B

SI 8.60 <1 0.09 16.40 70.00 0.01 1.55 0.26 0.06 0.70
S2 7.90 <1 0.13 54.60 206.00 61.66 3.00 40.18 364.30 4.40
S3 7.70 <1 0.13 49.20 50.40 0.59 2.66 0.66 0.03 2.00
S4 8.50 <1 0.13 21.90 80.00 0.00 1.18 0.26 0.03 1.30
S5 8.50 <1 0.13 32.80 101.00 0.36 2.00 2.29 0.03 Traces

S6 8.10 <1 0.04 60.10 216.00 0.06 4.22 4.68 0.03 0.70
S7 7.50 <1 0.22 21.90 347.00 0.03 0.87 2.83 0.03 Traces
S8 8.00 <1 0.17 27.30 236.00 0.01 3.81 4.88 0.03 0.70
S9 7.80 <1 0.26 43.70 156.00 0.35 2.82 1.48 0.03 0.70

S10 7.00 <1 0.35 49.20 101.00 0.04 4.86 5.13 0.10 Traces
S l l 6.30 <1 0.43 21.90 196.00 0.19 5.67 17.52 0.03 Traces
S12 8.60 <1 0.22 27.30 101.00 0.02 0.78 1.73 0.03 Traces

Legend: *Values are derived from a composite sample; S = site; SI = Betalbatim, S2 = Colva, S3 = Benaulim, S4 = Varca, S5 = 

Sinquerim, S6 = Candolim, S7 = Vagator, S8 = Morjim, S9 = Mandrem, S10 = Arambol, SI 1 = Kerim, S12 = Siridao.



Table 3.2: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Beltalbatim (SI).

Sr. No. Plant species Type of 
colonization

“"Colonization
(%)

*Spore density/100 g soil Total spore 
density/700 g 

soil
H A V

1. Ipomoea pes-caprae (L.) 
R.Br.

(Convolvulaceae)

+ + + 70.00 ±2.00 197.33 ±4.50
A. sc, F. geo, Gi. al

1400.65

2. Spinifex littoreus (Burm. 
f.) Merr. 
(Poaceae)

+ + + 90.00 ±3.00 388.00 ±5.00 
A. sc, A. re, F. geo, Gi. al

3. Vitex trifolia L. 
(Lamiaceae)

+ + + 52.33 ±2.51 34.66 ± 8.02
A. re, A. sc, A. ele, F. geo, Gi. al

4. Ageratum conyzoides L. 
(Compositae)

+ “ + 77.00 ±4.00 214.00 ±4.00
A. re, A. sc, A. ele, R. man, Gi. al

5. Lantana camara L. 
(Verbenaceae)

+ - + 86.66 ± 1.15 218.33 ±9.50 
Gi. al, A. sc, A. re, A. de

6. Leucas aspera (Willd.) 
Link (Lamiaceae)

+ - + 15.66 ±2.08 40.00 ±13.00
A. sc, F. geo, Gi. al

7. Tridax procumbens L. 
(Compositae)

+ - + 28.00 ± 6.24 308.33 ±34.50
A. re, A. sc, F. geo, F. mos, Gi. al

Legend: * Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles; + = observed, - = not observed;
AM species: A. sc = Acaulospora scrobiculata, A. de = A. delicata, A. re = A. rehmii, A. ele = A. elegans, R. man = Rhizoglomus 
manihotis, F. geo = Funneliformis geosporum, F. mos = F. mosseae, Gi. al -  Gigaspora albida.



Table 3.3: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Colva (S2).

Sr. No. Plant species Type of 
colonization

*Colonization
(%)

*Spore density/100 g soil Total spore 
density/400 g

H A y soil

1. Ipomoea pes-caprae (L.) R.Br. 
(Convolvulaceae)

+ + + ' 72.00 ±3.00 184.00 ±6.00
A. sc, A. re, R. fas, Gi. al

312.66

3. Vitex trifolia L. 
(Lamiaceae)

+ + + 52.66 ± 6.02 61.00 ±6.00
A. sc, A. re, A. ele, F. geo, 

Gi. al

5. Lantana camara L. 
(Verbenaceae)

+

'

+ 68.00 ±3.00 32.66 ±2.08
A. sc, A. re, A. de, A. ele, 

F. geo, Gi. al

4. Cocos nucifera L. 
(Arecaceae)

+ - ± 14.66 ±2.08 35.00 ±3.00
A. sc, A. re

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles; + = observed, - = not 

observed; AM species: A. sc = Acaulospora scrobiculata, A. re = A. rehmii, A. ele = A. elegans, A. de = A. delicata, R. fas = 

Rhizoglomus fasciculatum, F. geo = Funneliformis geosporum, Gi. al = Gigaspora albida.



At Benaulim (S3), highest root colonization was observed in Ipomoea pes-caprae  

(83.00 %) and least root colonization was observed in Tridax procumbens (18.00 %). 

Spore density was highest in Spinifex littoreus rhizosphere soils (323.00 spores 100 g'1) 

and least in Ipomoea pes-caprae (38.66 spores 100 g'1) (Table 3.4).

At Varca (S4), highest root colonization was observed in Anacardium occidentale 

(88.33 %) and least root colonization was observed in Tridax procumbens (24.66 %). 

Spore density was highest in Spinifex littoreus rhizosphere soils (208.00 spores 100 g'1) 

and least in Leucas aspera (53.66 spores 100 g'1) (Table 3.5).

At Sinquerim (S5), highest root colonization was observed in Ipomoea pes-caprae 

(92.22 %) and least root colonization was observed in Portulaca oleracea (27.77 %). 

Spore density was highest in Dactyloctenium aegyptium rhizosphere soils (97.33 spores 

100 g'1) and least in Portulaca oleracea (14.66 spores 100 g"1) (Table 3.6).

At Candolim (S6), highest root colonization was observed in Alternanthera ficoidea  

(82.35 %) and least root colonization was observed in Launaea nudicaulis (22.22 %). 

Spore density was highest in Alternanthera ficoidea rhizosphere soils (60.66 spores 100 

g'1) and least in Launaea nudicaulis (16.00 spores 100 g'1) (Table 3.7).

At Vagator (S7), highest root colonization was observed in Zoysia matrella (55.55 %) 

and least root colonization was observed in Vitex trifolia (20.00 %). However, no 

colonization was observed in Launaea nudicaulis. Spore density was highest in 

Launaea nudicaulis rhizosphere soils (53.33 spores 100 g'1) and least in Zoysia 

matrella (16.00 spores 100 g'1) (Table 3.8).

At Morjim (S8), highest root colonization was observed in Anacardium occidentale 

(84.00 %) and least root colonization was observed in Ipomoea pes-caprae (21.62 %).
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Table 3.4: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Benaulim (S3).

Sr. No. Plant species Type of colonization *Colonization *Spore density/100 g soil Total spore

H A V (%) density/600 g 
soil

1. Ipomoea pes-caprae (L.) 
R.Br.

(Convolvulaceae)

"f* + + 83.00 ±4.00 38.66 ± 7.02
A. sc, A, re, R. fas, C. cl, Gi. al

666.98

2 . Spinifex littoreus (Burm. f.) 
Merr.

(Poaceae)

± + 77.00 ± 4.00 323.00 ± 32.00
A. sc, A. re, A. fov, A. ni, A. bi, F. 

geo, R. cl, Gi. gi, Ra. gr, S. pe, Gi. al

3. Vitex trifolia L. 
(Lamiaceae)

- 36.33 ±3.51 44.33 ± 5.50
A. sc, A. re, A. ele, F. geo, Gi. al

4. Lantana camara L. 
(Verbenaceae)

- + 60.33 ± 12.50 108.33 ±  8.50
A, sc, A. re, A. de, A. ele, Gi. al

5. Leucas aspera (Willd.) Link 
(Lamiaceae)

+ - + 23.66 ± 7.02 40.66 ±3.05
A. sc, A. re, F. geo, Gi. al

6. Tridax procumbens L. 
(Compositae)

+ - + 18.00 ±7.00 1 1 2 .0 0  ± 8 .0 0  
A. sc, A. re, F. geo, Gi. al

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles; + = observed, - = not observed;
AM species: A. sc = Acaulospora scrobiculata, A. re -  A. rehmii, A. fov  = A. foveata, A. ni = A. nicolsonii, A. bi = A. bireticulata, A. 
ele — A. elegans, A. de = A. delicata, R. fas = Rhizoglomus fasciculatum, R. cl = R. clarum, C. cl — Claroideoglomus claroideum, F. 
geo = Funneliformis geosporum, Gi. gi = Gigaspora gigantea, Gi. al -  Gi. albida, Ra. gr = Racocetra gregaria, S. pe = Scutellospora 
pellucida.



Table 3.5: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Varca (S4).
Sr. No. Plant species Type of 

colonization
* Colonization 

(%)
*Spore density/100 g soil Total spore 

density/700 g

H A V soil

1. Ipomoea pes-caprae (L.) R.Br. 
(Convolvulaceae)

+ - + 87.33 ±4.50 111.66 ± 15.01
A. sc, A. re, R. fas, C. cl, Gi. al

778.98

2 . Spinifex littoreus (Burm. f.) Merr. 
(Poaceae)

+ + 80.00 ± 7.00 208.00 ± 8 .00
A. sc, A. re, A. fov, A. ni, A. bi, F. 
geo, Gi. gi, Ra. gr, S. pe, Gi. al

3. Vitex trifolia L. 
(Lamiaceae)

+ - + 45.00 ± 5.00 66.33 ±3.51
A. sc, A. re, A. ele, F. geo, Gi. al

4. Lantana camara L. 
(Verbenaceae)

+ - + 63.66 ± 6.02 97.00 ±9.00
A. sc, A. re, A. de, A. ele, Gi. al

5. Leucas aspera (Willd.) Link 
(Lamiaceae)

+ - + 32.00 ± 6.00 53.66 ±6.02 
A. sc, A. re, Gi. al

6 . Tridax procumbens L. 
(Compositae)

+ - + 24.66 ±3.05 80.33 ±3.51
A. sc, A. re, Gi. al

7. Anacardium occidentale L. 
(Anacardiaceae)

+ + + 88.33 ± 11.50 162.00 ±35.00
A. di, A. re, F. geo, R. fas, R. in, 

Gi. al, Gi. gi
Legend: *Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles; + = observed, - = not observed; AM 

species: A. sc = Acaulospora scrobiculata, A. re = A. rehmii, A. fov = A. foveata, A. ni = A. nicolsonii, A. bi = A. bireticulata, A. ele = A. 
elegans, A. de = A. delicata, A. di = A. dilatata, R. fas = Rhizoglomus fasciculatum, R. in = R. intraradices, C. cl = Claroideoglomus 
claroideum, F. geo = Funneliformis geosporum, Gi. al = Gigaspora albida, Gi. gi = Gi. gigantea, Ra. gr = Racocetra gregaria, S. pe = 
Scutellospora pellucida.



Table 3.6: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Sinquerim (S5).

Sr. No. Plant species Type of colonization 

H HC A V

*Colonization
(%)

* Spore density/100 g 
soil

Total spore 
density/500 g 

soil

1 . Digitaria ciliaris (Retz.) 
Koeler 

(Poaceae)

+ ** + + 68.25 ± 12.2 65.00 ±7.00 
A. sc

325.32

2 . Dactyloctenium aegyptium 
(L.) Willd. 
(Poaceae)

+ + + + 79.62 ±9.81 97.33 ±9.50 
A. de, A. sc

3. Ipomoea pes-caprae (L.) 
R.Br. (Convolvulaceae)

+ - - + 92.22 ± 11.12 63.00 ±5.00
A. sc, A. de

4. Boerhavia diffusa L. 
(Nyctaginaceae)

+ - - + 33.33 ±6.73 85.33 ± 10.50 
A. de

5. Portulaca oleracea L. 
(Portulacaceae)

+ - - - 27.77 ± 6.43 14.66 ±5.03
A. de, A. sc

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, HC = hyphal coils, A = arbuscules, V = vesicles; + = 
observed, - = not observed; AM species: A. sc =  Acaulospora scrobiculata, A. de = A. delicata.



Table 3.7: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Candolim (S6).

Sr. No. Plant species Type of 
colonization

*Colonization
(%)

*Spore density/100 g soil Total spore 
density/600 g

H A V soil

1. Ipomoea pes-caprae (L.) 
R.Br.

(Convolvulaceae)

+

'
+ 25.00 ±7.63 30.66 ± 6.02

R. fas, F. geo, Gi. al
218.65

2 . Alternanthera ficoidea (L.) 
Sm.

(Amaranthaceae)

+ + 82.35 ± 8.93 60.66 ±5.03
A. sc, A. de, A. re

3. Zoysia matrella (L.) Merr. 
(Poaceae)

+ - + 78.78 ±9.72 43.00 ± 8.00 
A. de, Gi. al

4. Acanthospermum hispidum 
DC.

(Compositae)

+ - 33.33 ±6.73 19.00 ±8.00 
A. de, Gi. al

5. Cyperus arenarius Retz. 
(Cyperaceae)

- - + 40.00 ± 10.14 49.33 ±2.51 
A. de, A. re, Gi. al

6 . Launaea nudicaulis (L.) 
Hook.f. 

(Compositae)

+ 22.22 ±6.14 16.00 ±4.00
A. de, A. sc

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles; + = observed, - -
not observed; AM species: A. sc = Acaulospora scrobiculata, A. re = A. rehmii, A. de = A. delicata, R. fas -  

Rhizoglomus fasciculatum, F. geo = Funneliformis geosporum, Gi. al = Gigaspora albida.



Table 3.8: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Vagator (S7).

Sr. No. Plant species Type of 
colonization

H A Y

* Colonization 
(%)

* Spore density/100 g soil Total spore 
density/500 g 

soil

1 . Ipomoea pes-caprae (L.) 
R.Br.

(Convolvulaceae)

+ + 25.00 ±7.63 20.00 ±5.00 
A. sc

148.33

2 . Zoysia matrella (L.) Merr. 
(Poaceae)

+ + 55.55 ±7.88 16.00 ±4.00
A. sc, Gi. al

3. Spinifex littoreus (Burm. 
f.) Merr. 
(Poaceae)

± + 52.94 ±6.78 28.00 ± 2 .0 0  
A. sc, Gi. al

4. Vitex trifolia L. 
(Lamiaceae)

+ + 20.00 ±5.77 31.00 ± 6 .0 0  
A. sc, Gi. al

5. Launaea nudicaulis (L.) 
Hook.f. 

(Compositae) ‘

53.33 ± 8.50 
Gi. al

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles; + = observed, - =
not observed; AM species: A. sc = Acaulospora scrobiculata, Gi al = Gigaspora albida.



Spore density was highest in Anacardium occidentale rhizosphere soils (143.00 spores 

100 g"1) and least in Ageratum conyzoides (18.00 spores 100 g'1) (Table 3.9).

At Mandrem (S9), highest root colonization was observed in Launaea nudicaulis 

(77.77 %) and least root colonization was observed in Vitex trifolia (28.57 %). Spore 

density was highest in Launaea nudicaulis rhizosphere soils (90.66 spores 100 g'1) and 

least in Ipomoeapes-caprae (21.6 6  spores 100 g'1) (Table 3.10).

At Arambol (S10), highest root colonization was observed in Launaea nudicaulis 

(60.00 %) and least root colonization was observed in Ipomoea pes-caprae (27.77 %). 

However, no colonization was observed in Ageratum conyzoides. Spore density was 

highest in Ipomoea pes-caprae rhizosphere soils (20.66 spores 100 g~') and least in 

Launaea nudicaulis (14.66 spores 100 g"1) (Table 3.11).

At Kerim (SI 1), highest root colonization was observed in Leucas aspera (60.00 %) 

and least root colonization was observed in Ipomoea pes-caprae and Zoysia matrella 

(20.00 %). Spore density was highest in Launaea nudicaulis rhizosphere soils (160.66 

spores 100 g’1) and least in Zoysia matrella (16.00 spores 100 g'1) (Table 3.12).

At Siridao (SI2), highest root colonization was observed in Zoysia matrella (74.07 %) 

and least root colonization was observed in Vitex trifolia (20.00 %). Spore density was 

highest in Launaea nudicaulis rhizosphere soils (26.00 spores 100 g'1) and least in 

Zoysia matrella (14.66 spores 100 g'1) (Table 3.13).
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Table 3.9: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Morjim (S8).

Sr. No. Plant species Type of colonization * Colonization *Spore density/100 g Total spore

H HC A V Aux (%) soil density/600 g soil

1. Ipomoea pes-caprae (L.) 
R.Br.

(Convolvulaceae)

+

' '

+ 21.62 ±6.29 56.00 ± 11.00
A. sc, Gi. al

411

2 . Zoysia matrella (L.) Merr. 
(Poaceae)

+ " + + + 61.11 ±8.24 59.00 ±3.00 
A. sc, Gi. al

3. Spinifex littoreus (Burm. f.) 
Merr.

(Poaceae)

+ + +

'

+ 42.85 ±5.06 65.00 ±7.00
A. de, A. sc

4. Launaea nudicaulis (L.) 
Hook.f. 

(Compositae)

+ + 58.33 ±9.17 70.00 ±8.00
A. sc, Gi. al

5. Ageratum conyzoides L. 
(Compositae)

+ - " + - 70.00 ± 7.63 18.00 ±4.00
A. de, Gi. al

6 . Anacardium occidentale L. 
(Anacardiaceae)

+ ± + + 84.00 ± 7.93 143.00 ±46.00
G. ma, Ra. gr, S. sc, Gi. 

al, Gi. gi, Gi. ra

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, HC = hyphal coils, A = arbuscules, V = vesicles, Aux -
auxiliary cells; + = observed, - = not observed; AM species: A. sc = Acaulospora scrobiculata, A. de = A. delicata, G. ma = Glomus 

macrocarpum, Ra. gr = Racocetra gregaria, S. sc = Scutellospora scutata, Gi. al = Gigaspora albida, Gi. gi = Gi. gigantea, Gi. ra = 

Gi. ramisporophora.



Table 3.10: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Mandrem (S9).

Sr. No. Plant species Type of 
colonization

* Colonization 
(%)

* Spore density/100 g soil Total spore 
density/600 g

H A y soil

1. Ipomoea pes-caprae (L.) 
R.Br.

(Convolvulaceae)

+ ” + 4 4 .4 4  ± 7 .3 9 21.66 ±7.02
A. de, A. sc, A. re, A. bi, Gi. al

343.31

2 . Zoysia matrella (L.) Merr. 
(Poaceae)

+ - + 33.33 ± 6.93 85.00 ±8.00 
A. sc, A. re, Gi. al

3. Vitex trifolia L. 
(Lamiaceae)

+ - + 28.57 ± 9.29 37.00 ±4.00
A. bi, A. re, Gi. al

4. Launaea nudicaulis (L.) 
Hook.f. 

(Compositae)

+ + 77.77 ± 6.43 90.66 ±9.01
A. bi, A. sc, Gi. al

5. Tridax procumbens L. 
(Compositae)

± - + 30.00 ±4.89 56.66 ±9.01
A. sc, A. bi, Gi. al

6 . Leucas aspera (Willd.) 
Link

(Lamiaceae)

+ “ + 33.33 ±6.93 52.33 ± 7.50 
A. de, A. sc, A. bi, Gi. al

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles; + = observed, - -
not observed; AM species: A. sc = Acaulospora scrobiculata, A. re = A. rehmii, A. de = A. delicata, A. bi -  A. 

bireticulata, Gi. al = Gigaspora albida.



Table 3.11: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Arambol (S10).

Sr. No. Plant species Type of colonization * Colonization * Spore density/100 g soil Total spore

H HC A V Aux (%) density/400 g 
soil

1. Ipomoea pes-caprae (L.) 
R.Br.

(Convolvulaceae)

+

'  '

+ 27.77 ±6.71 20.66 ±9.01
A. sc

70.32

2 . Zoysia matrella (L.) 
Merr. 

(Poaceae)

+ + + 40.00 ± 7.50 19.00 ±8.00
A. sc

3. Launaea nudicaulis (L.) 
Hook.f. 

(Compositae)

+ + + 60.00 ± 7.63 14.66 ± 4.04
A. de, A. sc

4. Ageratum conyzoides L. 
(Compositae)

- - - 16.00 ± 4.00
A. de, A. sc

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, HC = hyphal coils, A = arbuscules, V = vesicles, Aux
= auxiliary cells; + = observed, - = not observed; AM species: A. sc = Acaulospora scrobiculata, A. de = A. delicata.



Table 3.12: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Kerim (Sll).

Sr. No. Plant species Type of colonization 

H A V Aux

* Colonization
(%)

*Spore density/100 g soil Total spore 
density/400 g 

soil

1. Ipomoea pes-caprae 
(L.) R.Br. 

(Convolvulaceae)

+ +

'

20.00 ± 5.77 56.00 ± 4.00
A. sc

319.66

2 . Zoysia matrella (L.) 
Merr. 

(Poaceae)

+ + 20.00 ± 5.77 16.00 ±5.00
A. sc

3. Launaea nudicaulis (L.) 
Hook.f. 

(Compositae)

+ + + 50.00 ± 8.39 160.66 ± 6 .0 2  
A. sc, Gi. al

4. Leucas aspera (Willd.) 
Link

(Lamiaceae)

+ + + 60.00 ± 7.63 87.00 ± 10.00
A. sc

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, A = arbuscules, V = vesicles, Aux = auxiliary
cells; + = observed, - = not observed; AM species: A. sc = Acaulospora scrobiculata, Gi. al = Gigaspora albida.



Table 3.13: Arbuscular mycorrhizal (AM) fungal association in sand dune vegetation at Siridao (S12).

Sr. No. Plant species Type of colonization 

H HC A V

* Colonization 
(%)

*Spore density/100 g soil Total spore 
density/500 g 

soil

1. Ipomoea pes-caprae 
(L.) R. Br. 

(Convolvulaceae)

+ + 25.00 ±7.63 20.00 ±8.71 
A. sc

103.99

2 . Zoysia matrella (L.) 
Merr. 

(Poaceae)

+ + 74.07 ±5.21 14.66 ±3.05 
A. re, Gi. al

3. Spinifex littoreus (Burm. 
f.) Merr. 
(Poaceae)

+ + 33.33 ±6.93 25.00 ±7.00
A. de, A. sc

4. Vitex trifolia L. 
(Lamiaceae)

+ - + 20.00 ±5.77 18.33 ±6.50
A. de, A. sc

5. Launaea nudicaulis (L.) 
Hook.f. 

(Compositae)

± + + 37.50 ±6.29 26.00 ± 14.00
A. de, A. sc, F. geo

Legend: *Values are means of three replicates ± standard deviation; H = hyphae, HC = hyphal coils, A = arbuscules, V =
vesicles; + = observed, - = not observed; AM species: A. sc = Acaulospora scrobiculata, A. re = A. rehmii, A. de — A. 

delicata, F. geo = Funneliformis geosporum, Gi. al = Gigaspora albida.



In general, AM colonization was characterized by the presence of intra-radical and 

extra-radical non-septate hyphae, hyphal coils, arbuscules (Arum- and Paris- type), 

vesicles, intra-radical spores, extra-radical spores and auxiliary cells (knobby and 

spiny/papillate) (Plate 3.1 a-h, Plate 3.2 a-h). Overall maximum percent root 

colonization was observed in Ipomoea pes-caprae (92.22 %) at Sinquerim (S5) and 

minimum in Cocos nucifera (14.66 %) at Colva (S2). Maximum spore density was 

observed in Spinifex littoreus (388.00 spores 100 g"1 soil) at Betalbatim (SI) and 

minimum in Portulaca oleracea, Launaea nudicaulis, and Zoysia matrella (14.66 

spores 100 g' 1 soil) at Sinquerim (S5), Arambol (S10), and Siridao (S12) respectively. 

Site-wise, total spore density was highest at Betalbatim (SI) (1400.65 spores 100 g' 1 

soil) and least at Arambol (S10) (70.32 spores 100 g' 1 soil).

3.3.3: AM species communities

A total of 22 AM fungal species belonging to 8 genera were recorded from the selected 

twelve sites. Acaulospora (8 ) was the dominant genus followed by Rhizoglomus (4), 

Gigaspora (3), Scutellospora (2), Funneliformis (2), Claroideoglomus (1), Glomus (1), 

and Racocetra (1) (species numbers given in parenthesis) (Plate 3.3 a-h, Plate 3.4 a-f, 

Plate 3.5 a-f, Plate 3.6 a-f). Acaulospora scrobiculata was the most abundant AM 

species recorded from all the study sites.
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a) Intra-radical hyphal colonization in roots of Ipomoea pes-caprae (L.) R.Br.

b) Extra-radical hyphae in Anacardium occidentale L.

c) Hyphal coils in roots of Dactyloctenium aegyptium (L.) Willd.

d) Hyphal coils in roots of Ageratum conyzoides L.

e) Arum-type of arbuscular colonization in roots of Dactyloctenium aegyptium 

(L.) Willd. Arrows indicating arbuscules, inter-cellular longitudinal hyphae.

f) Enlarged view of Arum-type of arbuscular colonization in roots of 

Dactyloctenium aegyptium (L.) Willd. Arrows indicating presence of 

arbuscules intra-cellularly.

g) Para-type of arbuscular colonization in roots of Dactyloctenium aegyptium 

(L.) Willd. Arrows indicating arbusculate coils extended from cell to cell 

intra-cellularly.

h) Degenerating Arum-type arbuscules in roots of Zoysia matrella (L.) Merr. 

Arrows indicating degenerating arbuscules, intra-radical hypha.

Plate 3.1: Micrographs of intra- and extra-radical components of AM fungi in

roots of sand dune plant species.
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a) Globose vesicles in roots of Alternanthera ficoidea  (L.) Sm.

b) Sub-globose vesicle in roots of Zoysia matrella (L.) Merr.

c) Cluster of globose vesicles in roots of Ipomoea pes-caprae (L.) R.Br.

d) Cluster of elongated vesicles in roots of Ipomoea pes-caprae (L.) R.Br.

e) Formation of intra-radical spores in roots of Anacardium occidentale L. 

Arrows indicating intra-radical spores, intra-radical hyphae.

f) Extra-radical spores in roots of Anacardium occidentale L.

g) Knobby auxiliary cells in roots of Anacardium occidentale L. Arrows 

indicating extra-radical auxiliary cells, extra-radical hypha.

h) Spiny/papillate auxiliary cells in roots of Zoysia matrella (L.) Merr. Arrows 

indicating extra-radical auxiliary cells, extra-radical hypha, spiny structure.

Plate 3.2: Micrographs of intra- and extra-radical components of AM fungi in

roots of sand dune plant species.
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a) Broken spore of Acaulospora delicata Walker, Pfeiff & Bloss. Arrows 

indicating wall structure, spore content.

b) Broken spore of Acaulospora scrobiculata Trappe. Arrows indicating wall 

structure, ornamentation pattern, spore content.

c) Enlarged view of ornamentation pattern (pits of different shapes) of 

Acaulospora scrobiculata Trappe.

d) Broken spore of Acaulospora bireticulata Rothwell & Trappe. Arrows 

indicating wall structure, ornamentation pattern (polygonal reticulum), spore 

content.

e) Broken spore of Acaulospora rehmii Sieverding & Toro. Arrows indicating 

wall structure, spore content.

f) Enlarged view of ornamentation pattern (cerebriform folds) of Acaulospora 

rehmii Sieverding & Toro.

g) Broken spore of Acaulospora elegans Trappe & Gerdemann. Arrows 

indicating wall structure, ornamentation pattern (light brown spines 

developing an alveolate reticulum), spore content.

h) Broken spore of Acaulospora nicolsonii Walker, Reed & Sanders. Arrows 

indicating wall structure.

Plate 3.3: Micrographs of AM fungal species extracted from selected study sites

describing morphological features.
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a) Broken spore of Acaulospora foveata  Trappe & Janos. Arrows indicating 

wall structure, ornamentation pattern.

b) Enlarged view of ornamentation pattern (circular to ovoid concave 

depressions/pits) of Acaulospora foveata  Trappe & Janos.

c) Broken spore of Acaulospora dilatata Morton. Arrows indicating wall 

structure.

d) Broken spore of Rhizoglomus fasciculatum  (Thaxter) Sieverding, Silva & 

Oehl. Arrows indicating wall structure, subtending hypha.

e) Spore of Rhizoglomus intraradices (Schenck & Smith) Sieverding, Silva & 

Oehl. Arrows indicating wall structure, subtending hypha.

f) Broken spore of Rhizoglomus manihotis (Howeler, Sieverding & Schenck) 

Sieverding, Silva & Oehl. Arrows indicating wall structure, spore content.

Plate 3.4: Micrographs of AM fungal species extracted from selected study sites

describing morphological features.





a) Broken spore of Rhizoglomus clarum (Nicolson & Schenck) Sieverding, 

Silva & Oehl. Arrows indicating wall structure, spore content.

b) Spore of Funneliformis geosporum  (Nicolson & Gerdemann) Walker & 

Schuller. Arrows indicating wall structure, subtending hypha.

c) Enlarged view of subtending hypha of Funneliformis geosporum (Nicolson 

& Gerdemann) Walker & Schudler. Arrows indicating wall structure, 

septum, inner wall of subtending hypha, subtending hypha.

d) Spore of Funneliformis mosseae (Nicolson & Gerdemann) Walker & 

Schiiftler. Arrows indicating wall structure, funnel-shaped subtending 

hypha.

e) Broken spore of Claroideoglomus claroideum (Schenck & Smith) Walker & 

Schuller. Arrows indicating wall structure, subtending hypha.

f) Sporocarp of Glomus macrocarpum Tulasne & Tulasne. Arrows indicating 

wall structure, sporocarpic hyphae, subtending hyphal attachment.

Plate 3.5: Micrographs of AM fungal species extracted from selected study sites

describing morphological features.



Plate 3.5

Wall structure

Wall structureSpore content
Subtending hypha

Wall structure

Wall structure

Septum

Inner wall of 
subtending hypha

Subtending hypha ] ; Funnel-shaped 
l ! subtending hypha

Wall structure

'all structure
Jporocarpic 
lyphae i

Subtending hypha



a) Broken spore of Gigaspora albida Schenck & Smith. Arrows indicating 

wall structure, sporogenous cell.

b) Broken spore of Gigaspora gigantea (Nicolson & Gerdemann) Gerdemann 

& Trappe. Arrows indicating wall structure, sporogenous cell.

c) Broken spore of Gigaspora ramisporophora Spain, Sieverding & Schenck. 

Arrows indicating wall structure, sporogenous cell.

d) Broken spore of Racocetra gregaria (Schenck & Nicolson) Oehl, Souza & 

Sieverding. Arrows indicating wall structure, sporogenous cell, germination 

shield.

e) Broken spore of Scutellospora pellucida (Nicolson & Schenck) Walker, 

Sanders. Arrows indicating wall structure, germination shield, sporogenous 

cell.

f) Broken spore of Scutellospora scutata Walker & Diederichs. Arrows 

indicating wall structure, germination shield, sporogenous cell.

Plate 3.6: Micrographs of AM fungal species extracted from selected study sites

describing morphological features.
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3.3.4: AM species richness

AM species richness was highest at Varca (S4) (16 AM species site'1) and least at 

Sinquerim (S5), Vagator (S7), Arambol (S10) and Kerim (S11) (2 AM species site'1) 

each respectively (Fig. 3.2).

3.3.5: AM Spore abundance and relative abundance

Highest AM spore abundance was recorded for Acaulospora scrobiculata (314 spores 

100 g' 1 soil) at Kerim (S11) and least for Funneliformis geosporum (2 spores 100 g' 1 

soil) at Colva (S2) and Racocetra gregaria (2 spores 100 g' 1 soil) at Morjim (S8) 

(Table 3.14).

Highest relative abundance of AM species was recorded for Acaulospora scrobiculata 

(98.22 %) at Kerim (S11) and least for Claroideoglomus claroideum (0.38 %) at Varca 

(S4) (Table 3.15).

3.4: DISCUSSION

Edaphic factors play an essential role in establishment of AM symbiosis. The 

relationship between mycorrhizal colonization and physico-chemical parameters of soil 

varies distinctly (Smith and Read, 2008). AM root colonization levels can vary over a 

wide range of soil pH, phosphate, and salinity concentrations (Muthukumar and 

Udaiyan, 2002; Abdel Latef and Chaoxing, 2011; Chmura and Gucwa-Przepiora, 2012; 

Owens et al., 2012). In the present study, it was observed that the pH was acidic to 

alkaline ranging from 6 .3-8.6 . Soil pH is one of the important factors regulating spore 

germination and AM development (Maun, 2009). AM species have a variable pH 

optimum for spore germination, root colonization and growth (Hayman and Tavares,
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Table 3.14: Spore abundance of AM fungal species in the selected sites.

Sr. No. AM species SI S2 S3 S4 S5 S6 S7 • S8 S9 S10 S l l S12
1 . Acaulospora delicata 257 14 101 30 179 84 nd 44 13 10 nd 42
2 . Acaulospora scrobiculata 299 108 144 130 146 26 70 143 147 60 314 44
3. Acaulospora bireticulata nd nd 4 5 nd nd nd nd 40 nd nd nd
4. Acaulospora rehmii 285 96 111 1 1 2 nd 28 nd nd 38 nd nd 1 0

5. Acaulospora elegans 111 10 17 63 nd nd nd nd nd nd nd nd
6 . Acaulospora nicolsonii nd nd 10 33 nd nd nd nd nd nd nd nd
7. Acaulospora foveata nd nd 3 6 nd nd nd nd nd nd nd nd
8 . Acaulospora dilatata nd nd nd 2 1 nd nd nd nd nd nd nd nd
9. Rhizoglomus fasciculatum nd 5 7 6 nd 16 nd nd nd nd nd nd
1 0 . Rhizoglomus intraradices nd nd nd 56 nd nd nd nd nd nd nd nd
1 1 . Rhizoglomus manihotis 30 nd nd nd nd nd nd nd nd nd nd nd
1 2 . Rhizoglomus clarum nd nd 60 nd nd nd nd nd nd nd nd nd
13. Funneliformis geosporum 134 2 5 16 nd 8 nd nd nd nd nd 3
14. Funneliformis mosseae 32 nd nd nd nd nd nd nd nd nd nd nd
15. Claroideoglomus claroideum nd nd 4 3 nd nd nd nd nd nd nd nd
16. Glomus macrocarpum nd nd nd nd nd nd nd 3 nd nd nd nd
17. Gigaspora albida 252 77 62 149 nd 56 78 144 105 nd 5 4
18. Gigaspora gigantea nd nd 57 41 nd nd nd 64 nd nd nd nd
19. Gigaspora ramisporophora nd nd nd nd nd nd nd 7 nd nd nd nd
2 0 . Racocetra gregaria nd nd 54 77 nd nd nd 2 nd nd nd nd
2 1 . Scutellospora pellucida nd nd 27 30 nd nd nd nd nd nd nd nd
2 2 . Scutellospora scutata nd nd nd nd nd nd nd 4 nd nd nd nd

Legend: nd = AM species not detected in the sites; S = site; SI = Betalbatim, S2 = Colva, S3 = Benaulim, S4 = Varca, S5 -  Sinquerim,
S6  = Candolim, S7 = Vagator, S8 = Morjim, S9 = Mandrem, S10 = Arambol, SI 1 = Kerim, S12 -  Siridao.



Table 3.15: Relative abundance (%) of AM fungal species in the selected sites.

Sr. No. AM species SI S2 S3 S4 S5 S6 S7 S8 S9 S10 S l l S12
1 . Acaulospora delicata 18.34 4.47 15.14 3.85 55.02 38.41 nd 10.70 3.78 14.22 nd 40.38
2 . Acaulospora scrobiculata 21.34 34.54 21.58 16.68 44.87 11.89 47.19 34.79 42.81 85.32 98.22 42.31
3. Acaulospora bireticulata nd nd 0.59 0.64 nd nd nd nd 11.65 nd nd nd
4. Acaulospora rehmii 20.34 30.70 16.64 14.37 nd 12.80 nd nd 11.06 nd nd 9.61
5. Acaulospora elegans 7.92 3.19 2.54 8.08 nd nd nd nd nd nd nd nd
6 . Acaulospora nicolsonii nd nd 1.49 4.23 nd nd nd nd nd nd nd nd
7. Acaulospora foveata nd nd 0.44 0.77 nd nd nd nd nd nd nd nd
8 . Acaulospora dilatata nd nd nd 2.69 nd nd nd nd nd nd nd nd
9. Rhizoglomus fasciculatum nd 1.59 1.04 0.77 nd 7.31 nd nd nd nd nd nd

1 0 . Rhizoglomus intraradices nd nd nd 7.18 nd nd nd nd nd nd nd nd
1 1 . Rhizoglomus manihotis 2.14 nd nd nd nd nd nd nd nd nd nd nd
1 2 . Rhizoglomus clarum nd nd 8.99 nd nd nd nd nd nd nd nd nd
13. Funneliformis geosporum 9.56 0.63 0.74 2.05 nd 3.65 nd nd nd nd nd 2 .8 8

14. Funneliformis mosseae 2.28 nd nd nd nd nd nd nd nd nd nd nd
15. Claroideoglomus claroideum nd nd 0.59 0.38 nd nd nd nd nd nd nd nd
16. Glomus macrocarpum nd nd nd nd nd nd nd 0.72 nd nd nd nd
17. Gigaspora albida 17.99 24.62 9.29 19.12 nd 25.61 52.58 35.03 30.58 nd 1.56 3.84
18. Gigaspora gigantea nd nd 8.54 5.26 nd nd nd 15.57 nd nd nd nd
19. Gigaspora ramisporophora nd nd nd nd nd nd nd 1.70 nd nd nd nd
2 0 . Racocetra gregaria nd nd 8.09 9.88 nd nd nd 0.48 nd nd nd nd
2 1 . Scutellospora pellucida nd nd 4.04 3.85 nd nd nd nd nd nd nd nd
2 2 .* Scutellospora scutata nd nd nd nd nd nd nd 0.97 nd nd nd nd

Legend: nd = AM species not detected in the sites; S = site; SI = Betalbatim, S2 = Colva, S3 = Benaulim, S4 == Varca, S5 = Sinquerim, S6  =
Candolim, S7 = Vagator, S8 = Morjim, S9 = Mandrem, S10 = Arambol, SI 1 = Kerim, S12 = Siridao.



1985) and for most AM species it ranges between pH 5.0 and 8.0 (Maun, 2009). Most 

Gigasporaceae members occur in soils with pH 5.3 or lower, whilst most Glomeraceae 

and Acaulosporaceae members occur at pH 6.1 or higher (Tiwari et al., 2008). 

However, changes in soil pH can also result in changes in the soil chemical 

composition. Mycorrhizal association also depends upon soil type, available forms of 

nutrients especially P, plant species as well as AM species involved (Gaur and Kaushik, 

2011). In the present study, organic carbon percentage was low ranging from 0.04-0.43 

%. Organic matter content also affects AM spore number (Gaur and Kaushik, 2011). In 

the present study, available P content was low-high ranging from 16.4-60.1 Kg/Ha. 

Phosphorus is one of the chief plant macro-nutrients. The total spore density was 

highest in soil with P content around 16.4 Kg/Ha. Benefits of AM fungi increase 

especially in P deficient soils (Ruiz et al., 2011). In the present study, available K 

content was low-medium ranging from 50.4-347 Kg/Ha. Potassium is reported to have 

a stimulatory effect on AM fungi and soil K minimal level is often a pre-requisite for 

root colonization in some plant species (Ouimet et al., 1996; Gamage et al., 2004). In 

the present study, micro-nutrients i.e. Zn, Fe, Mn, Cu, and B were present in traces- 

high levels. AM fungi also have a positive influence on uptake of micro-nutrients that 

are vital for metabolic processes in plants (Marschner, 1995; Lehmann and Rillig, 

2015). Concentrations of micro-nutrients play significant roles in shaping AM fungal 

communities either by triggering or suppressing spore germination, root colonization 

and mycelial growth (Gildon and Tinker, 1981; Moreira and Siqueira, 2002; Luis et al., 

2006; Ortas and Akpinar, 2006; Motha et al., 2014; Alguacil et al., 2016).

In the present study, majority of the coastal plant species sampled showed characteristic 

AM fungal structures in the roots, signifying functionally active AM symbiosis. 

However, a variation was observed in the degree of root colonization of the plant
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species sampled from the different sites. Environmental conditions, habitat differences, 

soil disturbance, and form of interaction between host plant, symbiont and the 

environment can lead to variations in the root colonization levels (Brundrett, 1991; 

Boddington and Dodd, 2000; Hindumathi and Reddy, 2011). Mycorrhizal colonization 

was also observed in root fragments of A ltern a n th era  f ic o id e a  (Amaranthaceae). 

Amaranthaceae and other non-mycorrhizal families such as Cactaceae, 

Chenopodiaceae, Cyperaceae and Juncaceae have been reported to be mycorrhizal 

under natural stress conditions (Neeraj et al., 1991). Low levels of soil nutrients in 

coastal ecosystems can also lead to the dependency of dune vegetation on mutualistic 

associations such as by AM fungi. AM fungal colonization is also observed in these 

non-mycorrhizal families when they co-occur with mycorrhizal families/plants (Hirrel 

et al., 1978; Miller et al., 1983).

In the present study, variations were observed in the AM spore density of rhizosphere 

soils of all the plant species sampled. The levels of spore density also varied between 

the same plant species sampled at different sites. Total spore density also varied at 

different sites. AM fungal spore density in coastal sand dimes is generally low and 

varies in different geographic locations depending upon environmental stresses, 

climate, sand movement and plant communities (Maun, 2009). However, sub-tropical 

regions usually contain higher spore numbers g' 1 of soil than temperate regions (Sridhar 

and Beena, 2001). Physico-chemical characteristics of the respective dimes also 

contribute to the differences in spore density (Rose, 1988) and brisk changes in these 

characteristics can greatly affect AM spore numbers (Abbott and Robson, 1991). In 

general, the key factors involved in shaping natural AM fungal communities worldwide 

are macroclimatic changes followed by overall environmental variables such as vast 

differences in geology, soil type and soil pH, and the plant communities that arise under
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such edapho-climatic conditions (Kivlin et al., 2011; Opik et al., 2013). At local or 

regional levels, AM communities are more influenced by microclimatic changes 

followed by a sequence of soil properties such as pH, organic matter, texture and 

hydrology as well as shifts in natural plant communities (Ji et al., 2012; Silva et al., 

2014b; Njeru et al., 2015). Intricate and competitive interactions between plant species 

and AM fungi, even within AM species, can also affect AM fungal community 

structure both on macro- and micro-scales (Horn et al., 2014).

The present study recorded a rich diversity of AM species associated with dime 

vegetation. The study recorded Acaulospora as the dominant genus followed by 

Rhizoglomus, Gigaspora, Scutellospora, Funneliformis, Claroideoglomus, Glomus, and 

Racocetra. Acaulospora scrobiculata was the most abundant AM species recorded 

from all the study sites. Willis (2013) recovered four AM genera viz., Acaulospora, 

Gigaspora, Scutellospora and Glomus in dune vegetation from Moijim in north Goa, 

India. Members of AM fungal genera such as Acaulospora, Glomus, Gigaspora and 

Scutellospora are most prevalent in coastal areas worldwide (Maun, 2009). A study of 

the AM fungal status of plants from semi-arid and arid regions of India revealed 

association of the genera Glomus, Gigaspora and Acaulospora with most of the plants 

(Mukerji and Kapoor, 1986). Acaulosporaceae and Glomeraceae members usually 

produce more spore numbers as compared to Gigasporaceae members within the same 

environment (Bever et al., 1996; Suresh and Nagarajan, 2010). This may be due to the 

difference in their development, Acaulosporaceae and Glomeraceae members are 

thought to require less time for sporulation as compared to Gigasporaceae members 

which typically establish an extensive extra-radical mycelial network in the rhizosphere 

and hence produce less spore numbers (Hart and Reader, 2002; Piotrowski et al., 2004).
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Acaulospora scrobiculata has been reported as the most common AM species in coastal 

sand dunes around the world (Jobim and Goto, 2016).

In this study, AM species richness was highest at Yarca (S4) (16 AM species site'1). 

AM species richness is a measure of the number of species whose spores are extracted 

from rhizosphere soil samples (McGee, 1989; Abbott and Gazey, 1994). It has been 

reported that AM species richness is dependent on the sample size i.e. the greater the 

number of rhizosphere samples collected, the greater the number of AM species is 

likely to be extracted (Radhika and Rodrigues, 2010). The sampling depth can also 

influence the composition and richness of AM species (Tiwari et al., 2008). AM fungal 

species richness and composition also varies with habitat type, landscape, plant 

community, and climatic conditions (Helgason et al., 1998; Wubet et al., 2004; Maun, 

2009). It can also vary among the samples from a particular site and among different 

sites (Mueller, 2011) which can overall have an impact on the sporulation potential. 

However in general, relatively low AM species richness has been recorded in semiarid 

and arid regions (Tiwari et al., 2008).

In the present study, the dominant AM species was determined according to spore 

abundance and relative abundance. Acaulospora was recorded as the dominant genus 

with eight species viz., A. bireticulata, A. delicata, A. dilatata, A. elegans, A. foveata, A. 

nicolsonii, A. rehmii and A. scrobiculata. Spore abundance and relative abundance was 

highest in A. scrobiculata indicating its wide distribution at all study sites. Jaiswal 

(2002) reported Acaulospora spinosa, A. scrobiculata, Glomus macrocarpum, 

Gigaspora margarita and Scutellospora weresubiae as dominating AM species in terms 

of occurrence and abundance in coastal sand dune vegetation of Goa. Willis (2013) 

reported Acaulospora spinosa, A. scrobiculata, Gigaspora margarita and Scutellospora
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g re g a r ia  as dominating species in terms of spore abundance in dune vegetation from 

Morjim in north Goa, India. Spore population results from complex interactions 

between fungus, plant and habitat, and is governed by a number of factors viz., initial 

spore counts, physico-chemical properties of soil, host plant genotype and vegetation 

cover which greatly affect AM spore abundance (Tiwari et al., 2008; Wang et al., 

2013). The incidence of an AM species and its abundance are determined chiefly by the 

presence and abundance of compatible host plant species that allow the fungus to grow 

and sporulate (Mueller, 2011). AM fungal communities in arid sites are made up of 

small-spore species mostly belonging to the genera G lom us, A c a u lo sp o ra  and 

E n tro p h o sp o ra  (Stutz and Morton, 1996; Stutz et al., 2000). Fast growing and 

reproducing AM species with small spore size spread easily and have sporulation 

patterns adapted to fluctuating environmental conditions, thus having better chance of 

survival than large spore species (Dandan and Zhiwei, 2007; Yang et al., 2011). AM 

fungal species have a specific multi-dimensional niche that is modulated by the plant 

community present at a site and also by the physical and chemical composition of soil 

at that particular site, thus resulting in large variations in the composition and volume 

of AM fungal taxa between and within the site (Burrows and Pfleger, 2002; Ahulu et 

al., 2006).

3.5: CONCLUSION

Results obtained in the present study depicted good AM fungal association with sand 

dune vegetation. This indicates a dependency of dune vegetation on AM fungi for 

beneficial effects of the symbiosis, supporting adaptation to the dune ecosystem. The 

results of the present study also depicted that AM fungal root colonization, spore 

density, spore abundance and species richness varied among the selected study sites.
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The data suggest a variable influence of several ecological factors, each of which may 

play an influential role in shaping AM communities in sand dune systems.

Diversity of AM fungi is one of the key factors contributing to the sustainable 

maintenance of plant biodiversity and ecosystem functioning (Van der Heijden et al., 

1998; Bender et ah, 2016). Thus, signifying the need for inclusion of these beneficial 

soil fungi in environmental preservation policies implemented for conservation of dune 

habitats.

79



CHAPTER 4

To prepare pure culture inoculum using 
trap and pot cultures. 

(Objective 2)



4.1: INTRODUCTION

In addition to the numerous beneficial effects of AM fungal symbiosis on overall 

growth and development of plant communities, the importance of AM fungi for 

agriculture, horticulture, reforestation programs and for reclamation of degraded areas 

is well supported (Jarstfer and Sylvia, 1992; Caravaca et al., 2002; Johansson et al., 

2004; Douds Jr et al., 2007; Souza et al., 2010; Ijdo et al., 2011). As AM fungi are 

ubiquitous in nature their taxonomical, functional and genetic diversity is directly 

connected to plants and soils (Bever et al., 1996; Oehl et al., 2003), emphasizing the 

importance of assessment of diversity of AM communities (Lovelock and Ewel, 2005).

Diversity of AM communities is mainly described by extracting, counting and 

identifying the field collected propagules (spores). However, field collected spores can 

be problematic as they may be parasitized, not viable or present in low numbers under 

certain circumstances, they may lose or changes may occur in their appearance as the 

spore wall structure is prone to deterioration caused by various factors (root pigments, 

soil chemistry, temperature, moisture and microbial activity) in the rhizosphere 

(https://invam.wvu.edu/methods/cultures/trap-culture) thereby hindering a more 

accurate species identification. Sometimes the AM diversity recovered in the 

rhizosphere may represent only those AM species which are sporulating at the time of 

sampling (Brundrett et al., 1999). Therefore preparation and establishment of trap 

cultures of field collected rhizosphere soil samples represents an approach to increase 

spore number and to recover a large number of intact, viable, healthy spores which can 

be readily identified and used for initiation of monospecific or single species cultures as 

well as giving an idea of indigenous species diversity present in a habitat. Trap culture 

method, however, may not necessarily allow the identification of all the AM species
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present as sporulation might be affected by host plant chosen for trapping or in some 

cases it may promote sporulation of cryptic AM species which weren’t sporulating at 

the time of field sampling (Bever et al., 1996; Sturmer, 2004). Regardless, the trap 

culture method is still widely used to isolate local/native AM fungi, to establish 

monospecific cultures and develop inoculum for various research objectives, and to 

obtain knowledge of indigenous species diversity of an ecosystem all of which may 

provide an insight about AM fungal biology. Therefore, the present study is aimed at 

establishing and mass multiplying pure cultures of indigenous AM fungi isolated from 

rhizosphere soils of dune plants.

4.2: MATERIALS AND METHODS 

4.2.1: Preparation o f trap cultures

Propagation of AM fungi was carried out by a trap culture method modified from 

Morton et al. (1993) (Plate 4.1 a-b) wherein rhizosphere soil (along with roots) was 

mixed with sterilized sand in 1:1 ratio. The mixture was then transferred to 15 cm 

plastic pots which were pre-wiped with absolute alcohol. P lectra n th u s sc u te lla r io id es  

(L.) R.Br. (Coleus) (Lamiaceae) cuttings were used as the host plant. The pots were 

maintained for a period of 90 days in the greenhouse for establishment of AM 

symbiosis and continuance of AM life cycle (colonization and sporulation). After 90 

days, the pots were left to dry undisturbed (1 -2  weeks), following which the shoot 

portion was cut off at the soil interface. The pot contents were then transferred in zip- 

loc plastic bags, labelled and stored at 4°C to eliminate or reduce dormancy period for 

at least 30 days. The spores were then extracted for taxonomic identification and to set 

up monospecific cultures.
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a) Rhizosphere soil sample collected from study site.

b) Trap cultures established by using rhizosphere soil sample;

c) Mixed AM fungal spores extracted and isolated from trap cultures.

d) Monospecific (single species) cultures established by isolating and 

identifying spores extracted from trap cultures.

v) l  u n n clifon n is m o ssea e  spores extracted and isolated from monospecific 

cultures.

D R lu zog lom u s in irariu iices spores extracted and isolated from monospecific 

cultures.

g) Root fragments colonized by R h izog lom u s in tra ra d ice s  extracted and 

isolated from monospecific cultures.

h) Mass multiplication of AM fungal inocula using cuttings of P lec tra n th u s  

scu h -lla rio id es  (1..) R.Br. as the host plant.

Plate 4.1: Micrographs of preparation of pure culture inoculum using trap and

monospecific cultures.
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4.2.2: Preparation of monospecific (single species) cultures

Monospecific cultures of AM species isolated from trap cultures were prepared 

(Gilmore, 1968) (Plate 4.1 c-d) wherein spores were extracted from trap cultures by 

Wet Sieving and Decanting method (Gerdemann and Nicolson, 1963) as described in 

Chapter 3. After repeated washing, the spores of each single species were isolated and 

stored in a Petri-plate at 4°C. The isolated spores were examined daily by viewing 

under Olympus stereo microscope SZ2-ILST (10 x 4 .5  zoom) for any changes in 

morphology i.e. loss of spore contents, colour change, damage or parasitism and such 

spores were excluded. Before inoculation, any soil particles or hyphal fragments or 

atypical spores were removed and the spores were washed with autoclaved distilled 

water. Plastic pots (15 cm) were filled with sterilized 1:1 sand:soil mix, in which the 

isolated spores (single species) were placed along with the Whatman filter paper at a 

depth of 2-3 cm, covered with additional medium and planted with P. sc u te lla r io id e s  

cuttings in the pots. The pots were maintained in the glasshouse (27°C, 63 % relative 

humidity) and watered twice a week. Hoagland’s solution (Hoagland and Amon, 1950) 

minus P was applied after every 20 days. After 90 days of growth period, watering was 

ceased so as to allow the pot contents to dry. The pot contents were then harvested for 

analysis of spores and to develop mass inoculum (Plate 4.1 e-h).

Microscopic observations were carried out using bright field Olympus BX 41 and 

Nikon Eclipse E200 research microscopes (40x, lOOx, 400x, lOOOx). Micrographs were 

imaged by Olympus DP 12-2 and Nikon Digital Sight DS-U3 digital cameras, and were 

not digitally edited.
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4.3: RESULTS

4.3.1: Monospecific (single species) cultures

Eight out of 22 AM fungal species recovered from selected study sites were 

successfully mass multiplied as monospecific cultures using P. sc u te lla r io id e s  as the 

host plant. These included A c a u lo sp o ra  sc ro b ic u la ta , A. d e lic a ta , A . rehm ii, 

F u nneliform is g eo sp o ru m , F. m o ssea e , G ig a sp o ra  a lb id a , R a co ce tra  g r e g a r ia  and 

R h izog lom u s in tra ra d ices . These AM species were mass multiplied and maintained as a 

live culture in the glasshouse of Arbuscular Mycorrhizal Culture Collection unit at Goa 

University. The cultures were subsequently used for the further studies described in 

later chapters.

4.4: DISCUSSION

In the present study, 8 out of 22 AM species were mass multiplied as monospecific 

cultures prepared from trap cultures. It has been reported that frequent collection of 

rhizosphere soil samples or preparation of successive trap cultures can greatly assist in 

the assessment of AM species composition in natural habitats (Stutz et al., 2000). 

Freshly collected rhizosphere soil samples can be maintained in trap culture so as to 

minimize the loss or viability of spores (Brundrett et al., 1999). However many 

variables such as variations in host root type and morphology, carbon biomass, and 

nutrient levels can affect composition/richness of AM fungi isolated from trap cultures 

(Cuenca and Meneses, 1996; Stutz and Morton, 1996; Brundrett et al., 1999).

Preparation of trap cultures and monospecific cultures are the most widely adopted 

methods used to maintain AM spores or inocula because of relatively low technical 

support needed and inexpensive consumables. Although the culture obtained ffbrn these
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methods may not be highly pure i.e. no guarantee can be made of the absence of 

unwanted contaminants even if strict quality control measures are applied (Ijdo et al., 

2011). However these methods are the least artificial (live host plants are used) and 

help in understanding the biology of AM fungal lifecycle as well as in supporting 

production and storage of the inocula for a longer duration.
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CHAPTER 5

To prepare and standardize the protocol 

for in vitro culture technique for 

dominant AM fungal species. 

(Objective 3)



5.1: INTRODUCTION

The most common method used to propagate AM fungal propagules has been the pot 

culture technique. Though this technique is the least artificial, the culture obtained may 

not be high in purity i.e. there is no guarantee of contaminant-free inoculum even if 

strict quality control measures are applied (Ijdo et al., 2011). Further the technique is 

space and time consuming, and requires regular assessment of viability and 

monospecificity of inocula produced, all complicating the attainment of quality cultures 

(http://invam.wvu.edu).

The monoxenic culture or root organ culture (ROC) technique based on A g ro b a c ter iu m  

rh izo g en es Conn, transformed roots and untransformed roots allows the establishment 

of AM fungi under in v itro  conditions (Mosse and Flepper, 1975; Mugnier.and Mosse, 

1987; Becard and Fortin, 1988; Diop et al., 1992; Bago et al., 1996; Adholeya et al., 

2005; Ijdo et al., 2011). When grown on a synthetic growth medium in association with 

transformed roots, AM fungal cultures can be maintained pure and viable for long 

duration. Advantages of the ROC technique include reliability of cultures i.e. 

production of contaminant free cultures, monospecificity of inoculum, morphological 

observations of the fungal life cycle can be conducted without disturbing the system, 

lower space and time requirements as the cultures are maintained under controlled 

growth chamber conditions, easy fungal growth quantification and inoculum quality 

control. Despite being artificial in nature, the in v itro  technique is efficient for 

physiological, molecular and biochemical studies and mass inoculum production of 

AM fungi. There are however downsides to monoxenic culture system, such as the 

necessity of technical expertise, laboratory equipment, working under sterile conditions 

of laminar airflow, low sporulation levels for some species, number of strains cultivated
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in v itro , difficulty in continuous cultivation of some strains, and physiological and 

genetic changes overtime due to successive culturing (http://invam.wvu.edu).

Nonetheless, due to the production of high quality and contamination free inocula that 

is both effective and efficient for large scale inoculum production the monoxenic 

culture system is an appropriate practice in the study of AM fungi. To scale up AM 

fungal inoculum production, it is essential to identify and select the species with the 

maximum potential for spore production using this system (Declerck et al., 2001; Ijdo 

et al., 2011). Therefore, the present study is aimed at preparing and standardizing the 

protocol of in v itro  culture technique for dominant AM fungal species.

5.2: MATERIALS AND METHODS 

5.2.1: Extraction o f AM fungal propagules

Extraction of AM propagules (spores and colonized root fragments) from rhizosphere 

soil samples and monospecific cultures was carried out by Wet Sieving and Decanting 

technique (Gerdemann and Nicolson, 1963) as described in Chapter 3.

5.2.2: Monoxenic culture establishment:

5.2.2.1: AM  fungal propagule disinfection process

For monoxenic culture establishment, isolated propagules were first rinsed twice with 

sterilized distilled water after which they were disinfected. The disinfection process 

was modified from Mosse (1959), Mertz et al. (1979), Daniels and Menge (1981), and 

Becard and Fortin (1988) wherein five different combinations of sterilizing agents were 

tested i.e. i) 0.05 % Tween 20 + 2% chloramine T (10 min), ii) 0.5 % NaCIO (sodium 

hypochlorite) + 2 % chloramine T (3 min), iii) 2 % chloramine T + ethanol (95-98 %) +
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0.5 % NaCIO (5-10 min), iv) 0.1-0.5 % MgS04+ 0.5 % NaCIO (3-5 min), v) 250-400 

pi NaCIO (3-5 min). The concentrations and sterilization times varied from species to 

species (based on size of spores) and also depended upon the type of propagules used 

(spores or colonized root fragments). 250-400 pi NaCIO (3-5 min) was found to be 

effective for all. Following disinfection, the propagules were rinsed three times with 

sterilized distilled water and treated with antibiotic solution (Streptomycin 0.02 % + 

Gentamycin 0.01 %) for 10 min.

5.2.2.2: Germination of disinfected propagules

For germination of disinfected AM propagules of eight AM species, 50 disinfected 

propagules (5 spores or colonized roots/Petri plate x 10 Petri plates) of each species 

were plated in triplicate on a Modified Strullu-Romand (MSR) minus sucrose medium 

and incubated in the dark at 27°C; the plates were kept in an inverted position. The pH, 

sucrose, nutrient compositions were varied so as to obtain maximum germination 

percentage. Although the pH varied from 4.8-5.5, pH 5.5 was found to be suitable for 

all AM species tested. The sucrose content was reduced to half the strength of as 

described by Declerck et al. (1998) and was found to be suitable for all AM species 

tested.

5.2.2.3: Culture media for cultivation o f AM propagules and transformed roots

MSR medium (Declerck et al., 1998) was used as culture media for both cultivation of 

AM propagules and transformed roots.

5.2.2.4: Measurement of hyphal length of the germinated spores

Upon germination, hyphal length of the germinated spores was measured using ocular 

micrometer after every alternate day until the establishment of dual cultures.
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5.2.2.5: Establishment o f dual culture

For establishment of dual culture, clarigel plugs with germinated AM propagules were 

associated with actively growing Ri T-DNA transformed roots i.e. Chicory ( C ichoriu m  

in tybu s L.) and Linum {L inum  u sita tiss im u m  L.) roots (Plate 5.1 a-b). The Petri plates 

were incubated in the dark in an inverted position at 27°C. The transformed roots were 

procured from Prof. B. F. Rodrigues, Department of Botany, Goa University.

5.2.2.6: Establishment o f continuous culture

Continuous cultures were established by propagule re-association onto fresh MSR 

media (Chabot et al., 1992a), for which initially the monoxenically produced 

propagules were extracted from the gel (MSR media) using method by Cranenbrouck et 

al. (2005). The extracted monoxenic spores along with attached extra-radical mycelium 

were then associated with new actively growing transformed roots on fresh MSR 

media.

5.2.2.7: Extraction of monoxenically produced AM  propagules

The monoxenically produced propagules were extracted from the gel (MSR media) by 

using method of Cranenbrouck et al. (2005), wherein a small piece of gel containing 

sufficient monoxenically produced spores with extra-radical mycelia was extracted 

from the mother culture and transferred into an empty sterile Petri plate. 25 ml citrate 

buffer (0.01 M) was filtered through sterile 0.22 pm syringe-driven MF Millipore 

Membrane Filter Unit (Millex ®- GS) and added to the Petri plate. The Petri plate was 

then agitated slowly so as to enable the gelling agent to dissolve. The spores attached to 

extra-radical mycelium were then transferred to a new sterile Petri plate containing 

sterile distilled water using micropipette by viewing under Olympus stereo microscope 

SZ2-ILST ( 1 0  x 4 .5  zoom), the entire procedure carried out under laminar flow.
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Plate 5.1: Micrographs of Ri T-DNA transformed roots growing on MSR media.

a) Ri T-DNA transformed Chicory (Cichorium intybus L.) roots.

b) Ri T-DNA transformed Linum (Linum usitatissimum L.) roots.





The extracted monoxenic spores along with attached extra-radical mycelium were then 

associated with new actively growing transformed roots on fresh MSR media.

5.2.3: Processing of transformed root segments for AM fungal colonization

Assessment of AM fungal colonization in transformed roots was carried out by using 

Trypan blue staining technique (Phillips and Hayman, 1970) as described in Chapter 3.

Microscopic examinations were carried out using bright field Olympus BX 41 and 

Nikon Eclipse E200 research microscopes (40x, lOOx, 400x, lOOOx). Micrographs were 

imaged by Olympus DP 12-2 and Nikon Digital Sight DS-U3 digital cameras, and were 

not digitally edited.

5.3: RESULTS

5.3.1: In vitro germination

In v itro  germination was observed in 8 AM species viz., C la ro id eo g lo m u s claro ideum , 

R h izo g lo m u s m anih otis, R. clarum , R. in tra ra d ices , F u nneliform is m o ssea e , G ig a sp o ra  

a lb id a , R a c o c e tra  g r e g a r ia  and A c a u lo sp o ra  sc ro b ic u la ta  (Plate 5.2 a-g, Plate 5.3 a-f). 

The spore germination time was observed to vary from species to species (Table 5.1). 

The percent spore germination in v itro  was also found to vary from species to species, 

with maximum observed in R. in tra ra d ice s  and least in Gi. a lb id a  (Fig. 5.1).

5.3.2: Hyphai length of the germinated spores

The hyphai length of in v itro  germinated spores varied from species to species and it 

ranged from 72.90 pm to 656.10 pm. Average hyphai length was observed to be 

maximum in R. in tra ra d ice s  (573.07 ± 67.17 pm) and minimum in A. sc ro b ic u la ta  

(153.90 ± 52.49 pm) (n = 6 ) (Table 5.2).
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a) hi vitro spore germination o f Claroideoglomus claroideum. Arrows 

indicating germ tube emerging from spore wall, branching o f hypha from 

germ tube.

b) In  v itro  spore germination o f Rhizoglomus manihotis. Arrows indicating 

germ tube emerging from spore wall, branching o f  germ tube.

c) In  v itro  spore germination o f  Rhizoglomus manihotis. Arrows indicating two 

germ tubes emerging from spore wall.

d> h i v itro  germination of colonized root fragment o f Rhizoglomus clarum. 

Arrow s indicating multiple germination in the colonized root fragment.

c) h i v itro  spore germination o f Rhizoglomus clarum. Arrows indicating germ 

tube emerging from spore wall, branching o f germ tube.

D h i v itro  germination o f colonized root fragment o f Rhizoglomus 

m tro ra d u  t s . Arrows indicating multiple germination in the colonized root 

fragment.

R) In  v itro  spore germination o f  Rhizoglomus intraradices. Arrows indicating 

two germ tubes emerging from spore wall.

Plate 5.2: Micrographs of in vitro germination of AM fungal propagules (spores

and colonized root fragments) on MSR (-sucrose) media.
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a) In vitro spore germination of Funneliformis mosseae. Arrows indicating re

growth of germ tube from the end of subtending hypha, branching of germ 

tube.

b) In vitro spore germination of Funneliformis mosseae. Arrows indicating re

growth of germ tube from the end of subtending hypha, two germ tubes 

emerging from spore wall.

c) In vitro spore germination of Gigaspora albida. Arrows indicating germ 

tube emerging from spore wall.

d) In vitro spore germination of Racocetra gregaria. Arrows indicating germ 

tube emerging from spore wall and branching.

e) In vitro spore germination of Racocetra gregaria. Arrows indicating 

multiple germ tubes emerging from spore wall.

f) In vitro spore germination of Acaulospora scrobiculata. Arrows indicating 

multiple germ tubes emerging from spore wall.

Plate 5.3: Micrographs of in vitro germination of AM fungal propagules (spores

and colonized root fragments) on MSR (-sucrose) media.
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Table 5.1: Maximum spore germination time.

Sr. No. AM species Germination time 

(days after incubation)

1. C la ro id e o g lo m u s  c la ro ideu m 19

2. R h izo g lo m u s m anih otis 18

3. R h izo g lo m u s clarum 6-10

4. R h izo g lo m u s  in tra ra d ices 5-8

5. F u n n elifo rm is  m o ssea e 10-14

6. G ig a sp o ra  a lb id a 20

7. R a c o c e tr a  g re g a r ia 6

8. A c a u lo sp o ra  sc ro b ic u la ta 23

Legend: n = 50.
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Fig. 5.1: Percent spore germination in vitro.



Table 5.2: Hyphal length in spores of AM species grown in in vitro.

AM fungi Range of hyphal length 

(pm)

Average hyphal length 

(pm)

C la ro id eo g lo m u s c la ro id eu m 291 .60-413.10 352.35 ± 45.46

R h izo g lo m u s m an ih o tis 340.20-486.00 413.10 ±57.50

R h izog lom u s c laru m 388.80-607.50 497.91 ± 59.75

R h izo g lo m u s in tra ra d ice s 486 .00-656 .10 573.07 ±67.17

F u n n eliform is m o ssea e 194.40-388.80 291.6 ±70.42

G ig a sp o ra  a lb id a 145.80-243.00 200.47 ± 37.45

R a c o c e tra  g re g a r ia 170.10-340.20 281.46 ±59.72

A c a u lo sp o ra  sc ro b ic u la ta 72 .90-218 .70 153.90 ±52.49

Legend: n = 6.



5.3.3: Dual cultures

Upon establishment of dual cultures, sporulation was observed in 4 AM species viz., R. 

claru m  (Plate 5.4 a-h, Plate 5.5 a-g), R. in tra ra d ice s  (Plate 5.6 a-h, Plate 5.7 a-h), F. 

m o ssea e  (Plate 5.8 a-h, Plate 5.9 a-f) and A. sc ro b ic u la ta  (Plate 5.10 a-h). In case of 

A. sc ro b ic u la ta , adjacent attachment of the spore at the neck of a sporiferous saccule 

could not be observed. Table 5.3 depicts comparison of spomlation dynamics of the 

monoxenically cultured species. In case of Gi. a lb id a  and Ra. g re g a r ia  in v itro  growth 

was observed up to auxiliary cell formation in monoxenic culture (Plate 5.11 a-b, Plate 

5.12 a-h) and sporulation did not occur even after repeated establishments of dual 

cultures.

5.3.4: Continuous cultures

Continuous cultures of R. c la ru m , R. in tra ra d ice s  and F. m o ssea e  showing active re

growth of hyphae were obtained upon sub-culturing the colonized transformed root 

fragments and monoxenically produced spores along with extra-radical hyphae from 

the starter culture. In R. c la ru m  re-growth was observed in 20 days, in R. in tra ra d ices  

re-growth was observed in 3 days, and in F. m o sse a e  re-growth was observed in 12 

days. In A. s c ro b ic u la ta  no re-growth was observed.

It was found that in R. in tra ra d ice s  and F. m o ssea e , the percent spore germination, 

frequency of culturing (sporulation) and sub-culturing (re-growth) were consistently 

high. Hence, these two AM species were screened for further studies.
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a) Association o f germinated colonized root fragment o f Rhizoglomus clarum 

with transformed chicory root for establishment o f dual culture. Arrows 

indicating colonized root fragment, transformed root, multiple germination 

of colonized root fragment.

li) I nlarged view o f multiple germination o f colonized root fragment o f 

RluzugUnmis clarum in dual culture. Arrow indicating germ tube growth 

into runner hypha.

c) Initial contact between the hypha and the transformed root observed on 

tenth day alter initiation o f dual culture. Arrow indicating hyphal 

penetration into the root.

d) i icrin lube grow th as a straight growing runner hypha in the medium. Arrow 

indicating branching of runner hypha at right angles.

c) Well established extra-radical mycelium exploring the media. Arrow 

indicating extra-radical mycelium.

f) branched absorbing structures (BAS) formed by extra-radical hypha. 

Arrows indicating BAS with dichotomous branching pattern.

$0 Intercalary position of spore along lateral branches o f runner hypha. Arrows 

indicating intercalary spore, apical hypha.

h> I emnnal position of spore along lateral branches o f runner hypha. Arrow 

indicating terminal spore.

Plate 5.4: Micrographs of monoxenic culture of Rhizoglomus clarum  with Ri T-

DNA transformed Chicory (Cichorium intybus L.) roots on MSR media.





a) Cluster o f  extra-radical spores on ramifications o f runner hypha. Arrow 

indicating terminal spores.

b) Mass production of spores.

c) hi Mini produced terminal spores. Arrow indicating thick spore wall.

d) I r>pan blue stained transformed root showing intra-radical hyphal 

colom/ation. Arrow indicating intra-radical hyphae.

c) lr\pan blue stained transformed root showing intra-radical hyphal and 

\csicular coloni/alion. Arrows indicating mature vesicles, intra-radical 

livpha

0  11span blue stained transformed root showing extra-radical hyphal 

colom/ation. Arrow indicating extra-radical hypha.

g) I r>pan blue stained cluster o f  extra-radical spores. Arrows indicating 

terminal spores.

Plate 5.5: Micrographs of monoxenic culture of Rhizoglomus clarum  with Ri T-

DNA transformed Chicory (Cichorium intybus L.) roots on MSR media.





a) Association of germinated colonized root fragment o f  Rhizoglomus 

nururiniu cs with transformed chicory root for establishment o f dual culture. 

Arrows indicating colonized root fragment, transformed root, multiple 

germination o f colonized root fragment.

b) Initial contact between the hypha and the transformed root observed on third 

<-i*in alter initiation of dual culture. Arrow indicating hyphal penetration into 

the rth»1

c) ( lerm tube grow th as a straight growing runner hypha in the medium. Arrow 

indicating branching of runner hypha at right angles.

d) Ucll  established extra-radical mycelium exploring the media. Arrow 

indicating extra-radical mycelium.

c) Hunched absorbing structures (BAS) formed by extra-radical hypha. 

Arrows indicating HAS with dichotomous branching pattern.

f) Jmenile spore formation. Arrow indicating juvenile spore.

g) terminal position o f spores on sporogenic hypha. Arrows indicating 

terminal spores.

h) Disrupted senescing spore with differentiation o f  thin walled hyphae from 

inside. Arrows indicating senescing spore, thin walled hyphae.

Plate 5.6: Micrographs of monoxenic culture of Rhizoglomus intraradices with Ri

T-D.NA transformed Chicory (Cichorium intybus L.) roots on MSR

media.





a) Intra-radical vesicular colonization observed within the medium. Arrows 

indicating vesicles.

Plate 5.7: Micrographs of monoxenic culture of Rhizoglomus intraradices with Ri

T-DNA transformed Chicory (Cichorium intybus L.) roots on MSR

media.

b) Intra-radical sporulation observed within the medium. Arrows indicating 

intra-radical spores.

c) I.\tra-radical sporulation observed within the medium. Arrows indicating 

extra-radical spores.

d) hi vitro produced terminal spores. Arrow indicating thin laminated spore 

wall

c) Irvpan blue stained transformed root showing intra-radical hyphal and 

vesicular colonization (scale 50 pm). Arrows indicating intra-radical 

livphae, vesicles.

f) Irvpan blue stained transformed root showing intra-radical sporulation 

(scale 50 pm). Arrows indicating intra-radical spores.

g) Irvpan blue stained cluster o f  extra-radical spores. Arrows indicating 

terminal spores.

h) Irvpan blue stained intercalary spore (scale 50 pm). Arrows indicating

intercalary spore, apical hypha.





a) Association o f germinated spore o f Funneliformis mosseae with transformed 

linum root for establishment o f  dual culture. Arrows indicating spore, germ 

tube, transformed root hair.

b) Initial contact between the hypha and the transformed root observed on third 

das alter initiation of dual culture. Arrow indicating hyphal penetration into 

the riHit.

c) ( term lube grow th as a straight growing runner hypha in the medium. Arrow 

indicating branching of runner hypha at right angles.

d) Well established extra-radical mycelium exploring the media. Arrow 

indicating extra-radical mycelium.

c) Hunched absorbing structures (BAS) formed by extra-radical hypha 

entering degeneration process by cytoplasm retraction and septa formation. 

Arrows indicating BAS with dichotomous branching pattern, septa.

0  I ruination of spore primordia on sporogenic hypha. Arrow indicating spore 

prunordia

K) I crininal ju\enile spores on sporogenic hypha. Arrows indicating juvenile

spores

h) 1 nlarger! view ot terminal juvenile spore on sporogenic hypha. Arrow 

indicating juvenile spore.

Plate 5.8: Micrographs of monoxenic culture of Funneliformis mosseae with Ri T-

DNA transformed Linum (Linum usitatissimum  L.) roots on MSR

media.
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a) Mature terminal spores on sporogenic hypha. Arrows indicating terminal 

spores.

h) In  Mini produced tenttinal spore. Arrows indicating thin laminated spore 

«all, tunnel shaped hypha! attachment.

c> Inteicalars spore. Arrows indicating intercalary spore, apical hypha.

d) Hi'tli patterns of spoliation on the same sporogenic hypha. Arrows 

indicating intercalary spore, terminal spore.

ct I in pan blue stained transformed root showing intra-radical hyphal 

voloni/ation Arrow indicating intra-radical hyphae.

0  I r> pan blue stained transfunned root showing hyphal coil. Arrow indicating

Plate 5.9: Micrographs of monoxenic culture of Funneliformis mosseae with Ri T-

DNA transformed Linum (Linum usitatissimum  L.) roots on MSR

media.

Inphal coil





Plate 5.10: Micrographs of monoxenic culture of Acaulospora scrobiculata with Ri

T-DNA transformed Linum (Linum usitatissimum  L.) roots on MSR

media.

a) Association of germinated spore o f Acaulospora scrobiculata with 

transformed linum root for establishment o f dual culture. Arrows indicating 

spore, germ tube, transformed root hair.

b) Initial contact between the hypha and the transformed root observed on 

tenth das alter initiation of dual culture (scale 60 pm). Arrow indicating 

h\ phal penetration into the root.

c) (icim tube growth as a straight growing runner hypha in the medium. 

Arrow indicating branching o f runner hypha.

cl) Well established extra-radical mycelium exploring the media (scale 60 

m m  Arrow indicating extra-radical mycelium.

r) Hr.niched absorbing structures (HAS) formed by extra-radical hypha (scale 

mi umi Arrow indicating HAS with dichotomous branching pattern.

f) hillation o f  sporogenous hyphal apex into a claviform shape to form the 

globose sporogenous structure or sporiferous saccule (scale 60 pm). Arrow 

indicating inflation of sporogenous hyphal apex.

g) I onnation o f  sporiferous saccule (scale 60 pm). Arrow indicating 

sporiferous saccule.

h) Mature terminal spore on sporogenic hypha. Arrow indicating spore.
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Table 5.3: Sporulation dynamics in the four AM species grown under in vitro conditions.

Sr.
No.

Monoxenic culture Extra-radical
mycelium

Spore position Spore
size

(pm)

Spore
colour

Number 
of spores/ 

Petri- 
plate

Sporulation
time

Percent
colonization

RH BH BAS Intercalary Terminal
/Apical

(days)

1. Rhizoglomus clarum +  
transformed Chicory roots

+ + + + + 72.90 Hyaline >1000 120 95.23

2 . Rhizoglomus intraradices 
+  transformed Chicory 

roots

+ + + + + 121.50 Hyaline-
reddish
brown

>525 16 92.30

3. Funneliformis mosseae +  
transformed Linum roots

+ + + + + 102.50 Hyaline-
reddish
brown

>300 15 85.00

4. Acaulospora scrobiculata 
+  transformed Linum roots

+ + + + 80.00 Sub
hyaline-
yellow

12 60 nd

Legend: RH = runner hyphae, BH = branched hyphae, BAS = branched absorbing structures; + = observed, - = not observed; nd -  not detected.



Plate 5.11: Micrographs of monoxenic culture of Gigaspora albida with Ri T-DNA  

transformed Chicory' (Cichoriunt intybus L.) roots on M SR  media.

a) Association o f  germinated spore o f G igaspora  a lb id a  with transformed 

chicory root lor establishment o f dual culture. Arrows indicating spore, 

genti tul>e. hyphal penetration into the root, transformed root.

b) Auxiliary cell formation by extra-radical hyphae. Arrow indicating 

papillate auxiliary cell.





a) Association of germinated spore o f Racocetra gregaria  with transformed 

hnum n*ot lor establishment o f  dual culture. Arrows indicating spore, germ 

tube, transformed root.

!») Initial contact between the hypha and the transformed root observed on 

tenth d.i> alter initiation o f dual culture. Arrow indicating hyphal 

penetration into the root.

cl Intection units showing appressorium formation on the root. Arrows 

unhealing infection units, hypha.

d) t icmi tube growth as a straight growing runner hypha in the medium. 

•Vnow indicating branching o f runner hypha.

c | Well established extra-radical mycelium exploring the media. Arrows 

unluating extra-radical mycelium.

f| Hrunchcd absorbing structures (BAS) formed by extra-radical hypha 

entering degeneration process by cytoplasm retraction and septa formation. 

Arrows indicating BAS with dichotomous branching pattern, septa.

gl Auxiliary cell lormation by extra-radical hyphae. Arrow indicating 

auxiliary cell

Plate 5.12: Micrographs of monoxenic culture of Racocetra gregaria with Ri T-

DNA transformed Linum (Linutn usitatissitnum  L.) roots on MSR

media.

h) In larged % icw o f auxiliary cell depicting knobby structure.





5.4: DISCUSSION

In vitro cultivation system is a very powerful tool for the experimental establishment 

and study of AM association and its life cycle. Small but growing research on 

monoxenic culture has reported the successful establishment of AM associations using 

a number of AM fungal species (Fortin et al., 2002). In our study we report for the first 

time in vitro germination of indigenous species of Claroideoglomus claroideum, 

Rhizoglomus manihotis, Gigaspora albida, Racocetra gregaria and Acaulospora 

scrobiculata. However sporulation was observed only in indigenous species of R. 

clarum, R. intraradices, F. mosseae and A. scrobiculata in ROC. The characteristics of 

R. clarum, R. intraradices and F. mosseae in relation to the emergence of the germ 

tube, hyphal growth and the process of spore formation in monoxenic culture were 

similar to those described in the previous studies (Mosse and Hepper, 1975; Strullu and 

Romand, 1987; Friese and Allen, 1991; Chabot et ah, 1992a; Douds Jr., 1997; Bago et 

ah, 1998a; de Souza and Berbara, 1999; Declerck et ah, 2001; Raman et ah, 2001; 

Eskandari and Danesh, 2010; Maia et ah, 2010).

In the present study, AM propagules viz., isolated spores and colonized root fragments 

were used to initiate and establish monoxenic cultures. It has been reported that spores 

are the most effective propagules for Gigasporaceae members, while Acaulosporaceae 

and Glomeraceae members have been demonstrated to induce new colonization using 

spores and colonized root fragments (Biermann and Linderman, 1983; Brundrett et ah, 

1999; Klironomos and Hart, 2002).

In the present study, in vitro spore germination occurred by two modes i.e. normal 

mode by re-growth of germ tube through the subtending hypha and emergence of germ 

tube directly through spore wall. Some of the spores produced more than one germ tube
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from spore wall, followed by growth and branching of the hyphae from the germ tubes. 

In F. mosseae, two percent of the spores showed both modes of germination. Different 

modes of germination have been reported in Glomeromycotan fungi depending on the 

type of genus. Spores of most Glomus species germinate by re-growth from the end of 

subtending hypha (Godfrey, 1957; Mosse, 1959) and although direct germination 

through spore wall has been reported in only a few Glomeraceae species viz., Glomus 

albidum, G. caledonium, G. monosporum and G. albidum (Tommerup and Kidby, 

1980; Walker and Rhodes, 1981; Meier and Charvat, 1992). Paraglomus species also 

form glomoid spores that germinate directly through the spore wall (Oehl et al., 2011). 

Contrastingly, the germ tubes of Gigaspora, Scutellospora and Acaulospora species 

emerge directly through the spore wall (Giovannetti et al., 2010). Many germ tubes can 

also emerge from the subtending hypha as in R. clarum or a single germ tube as in F. 

mosseae and G. caledonium (Giovannetti et al., 2010). In the case of colonized root 

fragments, multiple germination arises from the root extremities (Diop et al., 1994a; 

Declerck et al., 1996a) thereby increasing the infectivity potential. Multiple 

germination is the ability of fungal spores to germinate several times by producing 

successive germ tubes (Koske, 1981b). This capacity was described in spores of a 

Glomus species (Mosse, 1959) and later studied in Gi. gigantea (Koske, 1981b). 

Multiple germination is considered an additional survival strategy of the germinating 

spores to increase the probability of successful contact and colonization of a host root 

(Giovannetti et al., 2010; Maia et al., 2010; Costa et al., 2013).

In the present study, the spore germination time and percent spore germination in vitro 

were observed to vary from species to species. The minimum time required for spore 

germination was observed to be 5 days after incubation and maximum 23 days after 

incubation. Maximum percent spore germination occurred within 9 days for most of the
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indigenous AM species. Meier and Charvat (1992) reported 80 % germination in F. 

mosseae within 14 days wherein 1 % Hoagland’s agar without P was used for spore 

germination.

In our study, the hyphal length of in vitro germinated spores was observed to vary from 

species to species and it ranged from 72.90 pm to 656.10 pm. Hyphal lengths of over 

10 mm per germinated spore have been reported under the best experimental conditions 

(Azcon, 1987; Douds and Schenck, 1991).

In the present study, minus-sucrose media was used for spore germination, as it enables 

more rapid spore germination under in vitro conditions (D’Souza et al., 2013). Germ 

tube growth is usually dependent on the spore reserves (Becard and Fortin, 1988; 

Sancholle et al., 2001). The protoplasm contains all the organelles essential for 

ensuring the development of germ tube i.e. pre-symbiotic phase (Meier and Charvat, 

1992). The germ tube growth occurs as a straight growing hypha (runner hypha) 

exploring the media by successively branching into thinner-diameter filaments (Diop et 

al., 1994a; de Souza and Berbara, 1999; Declerck et al., 2000). Although AM spores 

are able to germinate in vitro in response to the different culture conditions, they are not 

capable of extensive independent hyphal growth and in the absence of a host root, no 

host signal detection occurs and the germinated spores or germlings cease growth 

within 8-20 days (Mosse, 1959; Daniels and Graham, 1976; Beilby and Kidby, 1980; 

Koske, 1981a; Hepper, 1984b; Becard and Piche, 1989a; Giovannetti et al., 1993b; 

Schreiner and Koide, 1993b; Logi et al., 1998).

In the present study, monoxenic cultures of R. clarum, R. intraradices, F. mosseae and 

A. scrobiculata shared common colony morphology. AM fungal isolates under 

monoxenic culture conditions share a common colony architecture i.e. general
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mycelium with runner hyphae (RH), branched hyphae (BH) and branched absorbing 

structures (BAS) or arbuscule like structures (ALS). All these elements are 

differentiated under a growth continuum with no ordered pattern. However, major 

differences between AM fungal cultures arise with density of hyphal network, pattern 

of ramification, spore abundance and positioning of spores (Declerck et al., 2005). In 

the present study, in monoxenic cultures of R. clarum, R. intraradices, F. mosseae and 

A. scrobiculata, spores were formed within several days and spores of various ages 

were observed simultaneously within a single colony. Both patterns of sporulation i.e. 

terminal and intercalary were observed separately on sporogenic hypha in R. clarum, R. 

intraradices and F. mosseae. In the case of F. mosseae both terminal and intercalary 

sporulation were also observed on a single sporogenic hypha. Terminal and intercalary 

spore formation have been reported for G. versiforme and R. irregularis in ROC 

(Chabot et al., 1992a; Bonfante and Bianciotto, 1995; Declerck et al., 1996a; Bago et 

al., 1998a, 1998b). Sporulation differs considerably between AM species and between 

isolates of a single species and is related to spore size (Declerck et al., 2005). However, 

in our study sporulation did not follow the classic three-phase (lag, exponential and 

plateau) spore development which has been previously reported in AM fungi (Declerck 

et al., 1996a; Bago et al., 1998a). This may be due to the observation time scales or it 

may be an innate character of the indigenous fungal isolates studied or due to the 

culture conditions. Our results are also in accordance to Chabot et al. (1992a) and 

Pawloska et al. (1999) who reported that spores formed under in vitro conditions 

displayed general morphological and anatomical likeness to soil-borne spores, but they 

were smaller and had either thick or thin laminated spore walls depending on the stage 

of development. In the present study, in case of A. scrobiculata, adjacent attachment of 

the spore at the neck of sporiferous saccule could not be observed. This may be due to
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the time scales of observation. In case of Gi. albida and Ra. gregaria in vitro growth 

was observed up to auxiliary cell formation in monoxenic culture system and 

sporulation did not occur upon repetitive establishment of dual cultures. This may be 

due to their adapting time to the in vitro culture conditions and long vegetative phase. 

Kandula et al. (2006) reported that Scutellospora species have a long vegetative phase 

of 2-3 months before sporulation and a lengthy process of spore development. Bidondo 

et al. (2012) reported that as AM strains are adapted to the host plant and the natural 

environmental conditions of the isolation site, it is difficult to obtain first generation 

sporulation under in vitro conditions, a phenomenon termed as ‘maternal effect’. It is 

also reported that Gigasporaceae members are more difficult to propagate and sub

culture under monoxenic conditions (Dalpe et al., 2005). Ijdo et al. (2011) suggested 

that Gigasporaceae members have different life strategies i.e. they invest their energy 

and resources to grow and survive (somatic growth) contrasting to Glomeraceae 

members which allocate their resources in reproduction which makes them more 

adapted to in vitro conditions. Gigasporaceae members do not form vesicles but form 

auxiliary cells on extra-radical hyphae (Dodd et al., 2000). The number of auxiliary 

cells observed in the present study was nine on average per plate for both Gi. albida 

and Ra. gregaria. It has been reported that over 600-700 auxiliary cells formation is 

necessary for substantial spore production, and they act as carbon storage structures 

spending their energy in sporulation (de Souza and Declerck, 2003). Declerck et al. 

(2004) estimated that to produce one spore, resources are needed from at least 19 

auxiliary cells. In our study, the stability of the morphological characters of R. clarum, 

R. intraradices, F. mosseae and A. scrobiculata spores displayed under monoxenic 

culture conditions remained constant throughout. These properties i.e. the identity and 

the stability of monoxenic cultures have been reported as desirable culture characters

95



(Declerck et al., 2005). In the present study, disrupted senescing spores of R. 

in tra ra d ice s  with differentiation of thin-walled hyphae from within were also observed 

infrequently. The presence of aborted or senescent spores has been intermittently 

observed in healthy monoxenic cultures of G lom u s  species (Pawlowska et al., 1999; 

Karandashov et al., 2000; Dalpe, 2004). Hypothetical explanations of this phenomenon 

suggest the effects of inadequate growth under in v itro  conditions, and self-strain 

protection against mutation (Marbach and Stahl, 1994; Pawloswka et al., 1999).

In the present study during the development of extra-radical hyphae, formation of so- 

called arbuscule-like structures (ALS) or branched absorbing structures (BAS) was 

observed. The structures were comprised of finely branching/branched hyphae 

resembling intracellular arbuscules. It has been reported that under sterile culture 

conditions, the growth of extra-radical hyphae is usually accompanied by the 

production of arbuscule-like structures or branched absorbing structures (Mosse and 

Hepper, 1975; Becard and Fortin, 1988; Bago et al., 1998a, 1998b; Chabot et al., 

1992a). Further, the appearance of these structures is in response to a more- or less- 

close interaction with the root (Becard and Fortin, 1988) or a localized response to an 

unknown stimulus within the growth medium (Mosse and Hepper, 1975). It has been 

also been reported that ALS/BAS play an important role as special sites for nutrient 

acquisition by the extra-radical mycelium and help in increasing nutrient supply to the 

developing spores (Bago et al., 1998a, 1998b). In the present study, degeneration 

process of BAS by cytoplasm retraction and septa formation was also observed. BAS 

are ephemeral structures of the extra-radical mycelium which, like arbuscules, also 

undergo degeneration (Bago et al., 1998b).
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In the present study, continuous cultures of R. clarum, R. intraradices and F. mosseae 

showing active re-growth of hyphae were obtained upon sub-culturing the colonized 

transformed root fragments and monoxenically produced spores along with extra

radical hyphae from the starter culture. Re-growth of hyphae from colonized 

mycorrhizal root segments (intra-radical structures) has been described in several 

studies (Strullu and Romand, 1986; Strullu et al., 1991; Diop et ah, 1994a). However, 

in case of A. scrobiculata, no re-growth was observed in our study. Similar 

unsuccessful continuous cultures over several generations have been reported with A. 

rehmii (Dalpe and Declerck, 2002) and mentioned only as “difficult to achieve” (Fortin 

et al., 2002). Production of first spore daughter generation does not mean that the 

fungus can be maintained continuously under monoxenic culture conditions, and 

numerous monoxenically cultured species have certainly failed to be sub-cultured under 

the same growth conditions (Declerck et al., 2005).

In the present study, it was found that in R. intraradices and F. mosseae the percent 

spore germination, frequency of culturing (sporulation) and sub-culturing (re-growth) 

was high. Hence, these two AM species were screened for further studies. Ijdo et al. 

(2011) suggested that Glomeraceae members invest their energy in reproduction which 

makes them more adapted to the in vitro culture systems. Declerck et al. (2005) has 

described two pre-requisites for including AM fungi in monoxenic culture collections: 

(i) the ability of the fungus to complete its life cycle with adequate sporulation and (ii) 

the capability of the fungus to be continuously cultured under the same in vitro 

conditions. Considering these two pre-requisites, the monoxenic cultures of the 

indigenous species of R. intraradices and F. mosseae in our study met both the criteria.
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5.5: CONCLUSION

Monoxenic cultivation of AM fimgi on root culture allows detailed observations and 

long-term experimentations on the life cycle of AM fungi as well as offers production 

of high quality and microbiologically clean inocula that is both effective and efficient 

for large scale inoculum production. Our results depict the successful establishment of 

dual cultures with maximum potential for spore production using monoxenic culture 

system. The stable and homogeneous monoxenic material obtained, especially with 

regard to indigenous species of R. in tra ra d ice s  and F. m o ssea e  could facilitate the mass 

production of pure and viable inocula.
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CHAPTER 6

To develop viable inoculum using 

suitable carrier for re-inoculation. 

(Objective 4)



6.1: INTRODUCTION

Arbuscular mycorrhizal (AM) fungi are obligate biotrophic symbionts that after root 

colonization exert widely accepted beneficial effects to a wide range of host plant 

species (Adholeya et al., 2005). They represent a key link between soil and plants, and 

have gained a growing attention as ecosystem engineers and bio-inoculants (Gianinazzi 

et al., 1990; Gianinazzi and Vosatka, 2004; Fitter et al., 2011). Currently, AM fungal 

bio-inoculants are being increasingly considered in agriculture, horticulture and 

forestry, as well as for environmental reclamation and remediation, to increase overall 

crop health and yield, and to limit the usage of agrochemicals (Gianinazzi et al., 2002; 

Johansson et al., 2004). Many field and greenhouse experiments have been limited to 

the single inoculation of one of the following three species viz., Rhizoglomus 

intraradices, R. irregulare and Funneliformis mosseae (Kruger et al., 2012; Pellegrino 

and Bedini, 2014; Berruti et al., 2015). These AM species are very generalist symbionts 

that colonize a diversity of host plants. They can be easily and massively propagated, 

survive long-term storage and have a wide geographical distribution all over the world 

(Opik et al., 2010). The abovementioned characteristics have made these AM fungal 

species suitable as premium inoculum components (Berruti et al., 2015). Several 

reports however, have highlighted that different isolates within the same species, rather 

than different species, can cause larger variations in host plant response (Munkvold et 

al., 2004; Gai et al., 2006; Angelard et al., 2010). This suggests that the widespread use 

of single AM fungal species, such as R. intraradices, R. irregulare, and F. mosseae, in 

inoculation experiments should not be considered as a flaw as these AM species can 

contain considerable functional heterogeneity (Berruti et al., 2015).
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Recently, interest in AM fungi has focused on finding a viable method to optimize the 

production of high quality AM fungal inoculum to use as a bio-inoculant in cropping 

systems (Gianinazzi and Vosatka, 2004; Ijdo et al., 2011). Monoxenic cultivation is 

now a reality offering several-fold increase in mass production of effective propagules 

over conventional bulking techniques. This system of AM inoculum production 

provides potentially high and economically attractive options to chemical fertilizations 

thus emphasizing its potential importance in sustainable agriculture. AM monoxenic 

cultivation systems are particularly relevant to the tropical conditions wherein AM 

fungal counts are poor (Adholeya et al., 2005).

The assessment of viability, germination potential and colonization potential of 

monoxenically produced spores is highly essential and desirable for its use as bio

inoculum. In addition to spore germination and colonization tests, the use of vital stains 

offers a substitute technique for assessing spore viability. Tetrazolium salts such as 

2,3,5-triphenyl tetrazolium chloride and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H- 

tetrazolium bromide (MTT) (Nelson and Olsen, 1967; Sutherland and Cohen, 1983; 

Jiang and Erwin, 1990) have been used to assess the viability of fungal spores. MTT 

has also been used to evaluate viability of AM fungal spores (An and Hendrix, 1988; 

Meier and Charvat, 1993). Tetrazolium salts act as electron acceptors for coenzyme- 

linked cellular dehydrogenases and upon reduction, form highly coloured insoluble 

compounds called formazans (Altman, 1976). The. formation of coloured formazan 

products by the reduction of tetrazolium salts has been recognized as an indicator of 

biological reducing systems (Kuhn and Jerchel, 1941).

Besides estimation of viability of monoxenically produced spores, the importance of 

selection of efficient organic carrier formulation is also of primary concern for
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development of a viable AM fungal bio-inoculant. AM fungal inoculum is 

commercially available in a variety of forms ranging from high concentrations of AM 

fungal propagules in carrier materials to potting media containing inoculum at low 

concentrations (Douds et al., 2010). Bio-inoculants are usually prepared as carrier- 

based inoculants containing effective microorganisms (Accinelli et al., 2009). A carrier 

is a delivery vehicle which is used to transfer live microorganism from an agar slant to 

the rhizosphere (Brahmaprakash and Sahu, 2012). A suitable biofertilizer carrier should 

comprise of certain characteristic features v iz ., it should be in powder or granular form; 

should support the growth and survival of the microorganism, and should be able to 

release the functional microorganism easily into the soil; should have high moisture 

absorption and retention capacity, good aeration characteristics and pH buffering 

capacity; should be non-toxic and environmentally friendly; should be easily sterilized 

and handled in the field; have good long term storage qualities; and should be 

inexpensive (Stephens and Rask, 2000; Rebah et al., 2002; Rivera-Cruz et al., 2008). 

Considering the above mentioned features it is apparent that no singular universal 

carrier is available which fulfills all the desirable characteristics, but good quality ones 

should retain as many as possible.

AM fungal inoculum comprises of spores, colonized root fragments and 

mycelium/hyphae. Isolated AM fungal spores and hyphae can then be mixed with the 

carrier material. The carrier materials can be organic, inorganic or synthetic. 

Commonly used carriers include soils like peat, coal, pumice or clay, sand, and lignite; 

inert materials like perlite, vermiculite, soilrite, alginate beads, polyacrylamide gels and 

bentonite (Mallesha et al., 1992; Redecker et al., 1995; Bashan, 1998; Gaur and 

Adholeya, 2000; Herridge et al., 2008; Malusa et al., 2012). Organic wastes from 

animal production and agriculture, and byproducts of agricultural and food processing
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industries such as charcoal, composts, farmyard manure, cellulose, soybean meal, 

soybean and peanut oil, wheat bran, press mud, com cobs also meet the requirements of 

a biofertilizer carrier and thus could be good carrier materials (Herrmann and Lesueur, 

2013; Wang et al., 2015). It is also possible to find carrier combinations comprising of 

a mixture of soil and compost; soil, peat, bark, and husks among others (Herridge et al., 

2008). Peat is the most commonly used carrier material. However, it is a limited natural 

resource which is not readily available worldwide and its use has a detrimental effect 

on the environment from which it is extracted. This highlights the need for 

development of new carrier formulations using alternative resources to compete with 

the existing inoculants (John et al., 2011).

This chapter is aimed at evaluating viability, germination and colonization potential of 

monoxenically produced spores, and selecting an efficient organic carrier formulation 

to sustain in vitro produced AM fungal propagules for its utilization as viable carrier 

based bio-inocula.

The chapter is divided into four parts viz., I) estimation of viability of in vitro produced 

spores, II) assessment of the germination potential of monoxenically (in vitro) produced 

spores, III) assessment of the colonization potential of monoxenically (in vitro) 

produced spores and IV) selection of efficient carrier formulation.

6.2: MATERIALS AND METHODS

6.2 .1 :1) Estimating the viability of in vitro produced spores:

Tetrazolium salt 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl-2H-tetrazolium chloride 

(TTC) was evaluated as a vital stain for estimating the viability of in vitro produced 

spores of two AM species viz., Funneliformis mosseae and Rhizoglomus intraradices.
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Extra-radical hyphae and spores of both AM species were extracted from an in v itro  

propagating dual culture and subjected to TTC test (An and Hendrix, 1988) to 

determine the viability.

6.2.1.1: Extraction of monoxenically produced AM propagules

Extraction of monoxenically produced AM fungal propagules from MSR media was 

carried out using method by Cranenbrouck et al. (2005) as described in Chapter 5. The 

extracted spores along with attached extra-radical mycelium were then subjected to 

TTC test.

6.2.1.2: TTC test

0.5 mg stock solution of TTC/ml was prepared with deionized water and stored at 4°C 

in dark. 1 ml of TTC stock + 1 ml aqueous suspension of spores along with attached 

extra-radical mycelia was mixed in a porcelain spot plate using micropipette and 

incubated at room temperature for a minimum of 40 hours. The spores along with 

attached extra-radical mycelia were then removed by viewing under Olympus stereo 

microscope SZ2-ILST (10 x 4.5 zoom) and placed on microscope glass slides with 

cover glass for observation. Viable spores stain bright red whereas non-viable spores 

remain unstained.

6.2.2: II) Assessment o f germination potential o f monoxenically produced spores:

Assessment of germination potential of monoxenically produced spores of R. 

in tra ra d ic e s  and F. m o sse a e  was carried out for its utilization as carrier based inocula.

The monoxenically produced spores of R. in tra ra d ic e s  and F. m o sse a e  in different 

stages of development were inoculated on fresh Modified Strullu-Romand (MSR) 

minus sucrose media to study their germination potential.
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6.2.2.1: Extraction of monoxenically produced AM propagules

Extraction of monoxenically produced AM fungal propagules from MSR media was 

carried out using method by Cranenbrouck et al. (2005) as described in Chapter 5. The 

extracted spores along with attached extra-radical mycelium were then inoculated on 

fresh MSR media to study their germination potential.

6.2.3: III) Assessment o f colonization potential o f monoxenically produced spores:

In vitro establishment of Plectranthus scutellarioides (L.) R.Br. (Coleus) (Lamiaceae) 

seedlings was carried out to test the colonization potential of the in vitro produced 

spores of R, intraradices and F. mosseae.

Seeds of P. scutellarioides were surface sterilized with sodium hypochlorite and 

inoculated on MSR media. Upon germination (7-14 days) the seedlings were 

transferred to conical flasks containing sterilized vermiculite and were associated with 

in vitro produced spores of both AM species separately (Plate 6.1 a-b). Hoagland’s 

solution (Hoagland and Amon, 1950) minus P was added after 20-day intervals. After 

90 days of growth, roots of P. scutellarioides were examined for AM colonization.

6.2.3.1: Extraction of monoxenically produced AM propagules

Extraction of monoxenically produced AM fungal propagules from MSR media was 

carried out using method by Cranenbrouck et al. (2005) as described in Chapter 5. The 

extracted spores along with attached extra-radical mycelium were then associated with 

seedlings of P. scutellarioides.
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Plate 6.1: In vitro establishment of Plectranthus scutellarioides (L.) R.Br. seedlings 
to test the colonization potential of the in vitro produced spores.

a) l ‘U\ tranthus scuh-Uurioiiies seedlings growing on MSR media.

I»l /'/«-< triinihus uh lliinuidi-s seedling transferred to conical flask containing 

sicnli/cd \cmiK iilite tor association with in vitro produced AM spores.





6.2.3.2: Processing of root segments for AM fungal colonization

Assessment of AM colonization in roots of P. sc u te lla r io id es  was carried out by using 

Trypan blue staining technique after 90 days of growth (Phillips and Hayman, 1970) as 

described in Chapter 3.

6.2.3.3: Estimation o f percent root colonization

Estimation of percent root colonization by AM fungi was carried out using Root Slide 

method (Read et al., 1976) as described in Chapter 3.

6.2.4: IV) Selection o f efficient carrier formulation:

Selection of efficient carrier formulation was carried out for the development of carrier 

based bio-inocula.

6.2.4.1: Carrier preparation

For formulation of the carrier, initially sterilized sand and vermiculite were used 

separately as base components to formulate the carrier supplemented with sterilized 

cow dung powder, wood powder and wood ash in different proportions (Table 6.1). It 

was observed that the treatments containing vermiculite as the base component showed 

maximum AM colonization as compared to sand (Fig. 6.1), thus vermiculite was 

selected and used as the base component for the carrier supplemented with sterilized 

cow dung powder, wood powder and wood ash in different proportions resulting in 19 

formulations/treatments in all, in order to review favourable or unfavourable effects of 

each material in the combination (Table 6.2). The plant source of wood powder and 

wood ash was M a n g ifera  in d ica  L. (Anacardiaceae). The carrier materials were 

sterilized by autoclaving for two consecutive days at 121°C for 2 h. The wood powder 

was washed 3-4 times with tap water followed by drying in the oven and then
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Table 6.1: Concentrations of carrier formulated in parts (ratios) and percentages with soil 

and vermiculite separately as base components.

Components Treatment

l a

Treatment

2b

Treatment

3a

Treatment

4b

Treatment

5a

Treatment

6b

Soil 20 — 20 — 20 --

(60.60 %) (62.50 %) (64.51 %)

Vermiculite — 20 — 20 — 20

(60.60 %) (62.50 %) (64.51 %)

Cow dung 8 8 8 8 8 8

powder (24.24 %) (24.24 %) (25.00 %) (25.00 %) (25.80 %) (25.80 %)

Wood 4 4 3 3 2 2

powder (12.12 %) (12.12%) (9.37 %) (9.37 %) (6.45 %) (6.45 %)

Ash 1 1 1 1 1 1

(3.03 %) (3.03 %) (3.12 %) (3.12 %) (3.22 %) (3.22 %)

Legend: -- = absent.

a Treatments 1 , 3 ,5  contain soil as the base component. 

b Treatments 2, 4, 6 contain vermiculite as the base component.
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Carrier treatments

■ Rhizoglomus 
intraradices

□ Funneliformis 
mosseae

Fig. 6.1: Percent colonization in roots o f Eleusine coracana Gaertn. plants inoculated with Rhizoglomus intraradices and Funneliformis

mosseae with soil and vermiculite separately as base components.

Legend: Treatments 1, 3, 5 = contain soil as the base component; treatments 2, 4, 6  = contain vermiculite as the base component.



Table 6.2: Carrier formulations in various ratios and percentages.

Treatments Vermiculite Cow dung 
powder

Wood powder Wood ash

1 20
(60.60 %)

8
(24.24 %)

3
(9.09 %)

2
(6.06 %)

2 20
(74.07 %)

4
(14.81 %)

2
(7.40 %)

1
(3.70 %)

3 20
(100.00 %)

— — —

4 20
(62.50 %)

8
(25.00 %)

2
(6.25 %)

2
(6.25 %)

5 20
(64.51 %)

8
(25.80%)

2
(6.45 %)

1
(3.22 %)

6 20
(62.50 %)

8
(25.00%)

3
(9.37 %)

1
(3.12%)

7 20
(68.96 %)

4
(13.79%)

3
(10.34 %)

2
(6.89 %)

8 20
(71.42%)

4
(14.28 %)

3
(10.71 %)

1
(3.57 %)

9 20
(71.42%)

4
(14.28 %)

2
(7.14%)

2
(7.14%)

10 20
(80.00 %)

— 3
(12.00 %)

2
(8.00 %)

11 20
(83.33 %)

— 3
(12.50 %)

1
(4.16 %)

12 20
(83.33 %)

— 2
(8.33 %)

2
(8.33 %)

13 20
(86.95 %)

— 2
(8.69 %)

1
(4.34 %)

14 20
(90.90 %)

— — 2
(9.09 %)

15 20
(95.23 %)

- — 1
(4.76 %)



16 20
(86.95 %)

3
(13.04 %)

17 20
(90.90 %)

— 2
(9.09 %)

18 20
(71.42%)

8
(28.57 %)

. .

19 20
(83.33 %)

4
(16.66% )

--

Legend: -  = absent.



autoclaving. For physico-chemical characterization of the carrier materials, samples 

were submitted to Government of Goa Agricultural Department, Soil Analysis 

Laboratory, Margao, Goa and Italab House, Margao, Goa. Analyses followed 

procedures laid out by Singh, Chhonkar and Dwivedi (2005), wherein pH and EC were 

measured in a 1:1 (v/v) water solution using pH meter (LI 120 Elico, India) and 

conductivity meter (CM-180 Elico, India). Organic carbon (OC) was analyzed by rapid 

titration method (Walkley and Black, 1934). Available phosphorus (P) was estimated 

using Bray and Kurtz (1945) method. Available potassium (K) was estimated by 

ammonium acetate method (Hanway and Heidel, 1952) using flame photometer 

(Systronic 3292). Available micronutrients viz., zinc (Zn), iron (Fe), manganese (Mn) 

and copper (Cu) were quantified by DTPA-CaCL-TEA method (Lindsay and Norvell, 

1978) using atomic absorption spectrophotometer (AAS-EC Element AS AAS 4139). 

Boron (B) was quantified by the hot water soluble method (Berger and Truog, 1939).

6.2.4.2: Experimental Setup

The experiment was set up using deep cell plug trays for a period of 3 months. Twenty 

in vitro produced spores of R. intraradices along with colonized transformed chicory 

(Cichorium intybus L.) roots and F. mosseae spores along with colonized transformed 

linum (Linum usitatissimum L.) roots were used as inocula in each deep cell plugs 

containing the carrier formulations and planted with pre-germinated seeds of Eleusine 

coracana Gaertn. (Poaceae) used as host plant (Plate 6.2 a-b). The plants were 

maintained in the phytotron (Daihan Labtech, LGC-6201G) at 260 lux (16 h 

photoperiod), 26°C, 41.1 % humidity and 100 ppm CO2 and Hoagland’s solution 

(Hoagland and Amon, 1950) minus phosphorus (P) was applied every 20 days. There 

were six replicates for each treatment. As the replicates were in a single tray, the trays 

were repositioned at the end of every week.
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Plate 6.2: Selection of efficient carrier formulation.

a) Experimental set up using deep cell plug trays, with in vitro produced spores 

of R intraradices and F mosseae used separately as inocula along with 

currier formulations and Eleusine coracana Gaertn. as host plant.

b) Deep cell plug content with attached intact plant.





6.2.4.3: Processing of root segments for AM fungal colonization

Assessment of AM colonization in roots of E. c o ra ca n a  was carried out by using 

Trypan blue staining technique after 3 months of growth (Phillips and Hayman, 1970) 

as described in Chapter 3.

6.2.4.5: Estimation of percent root colonization

Estimation of percent root colonization by AM fungi was carried out using Root Slide 

method (Read et al., 1976) as described in Chapter 3.

Average number of entry points in 1cm root segment, root length, total number of 

infective propagules were also calculated as per Fertilizer (Control) Order, 1985 

(Ministry of Agriculture, Government of India 2009).

Total number of infection points or infective propagules (IP) = average number of entry 

points formed in 1 cm root segment x total root length. Extrapolate the IP present as 

numbers per gram of substrate or inoculum.

6.2.4.6: Statistical Analysis

The experimental data was subjected to one-way analysis of variance (ANOYA) 

followed by Tukey post-Hoc pairwise comparison test. Parameters were correlated 

using Pearson’s correlation coefficient. Statistical Package for Social Sciences (SPSS) 

(ver. 22.0 Armonk, NY: IBM Corp.) was used for all statistical analyses.

All microscope observations were made using bright field Olympus BX 41 and Nikon 

Eclipse E200 research microscopes (40x, lOOx, 400x, lOOOx), and Olympus stereo 

microscope SZ2-ILST (10 x 4.5 zoom). Micrographs were imaged by Olympus DP 12- 

2 and Nikon Digital Sight DS-U3 digital cameras, and were not digitally edited.
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6.3: RESULTS

6 .3 .1 :1) Spore colour reaction in TTC

At 12-28 weeks, majority of spore primordia for both the AM species tested positive 

for viability with TTC by staining distinctly red. Maximum red colour reaction in R. 

in tra ra d ic e s  spores was achieved within 48 h whereas in spores of F. m osseae  

maximum colouration was seen after 72 h (Plate 6.3 a-d). Having achieved maximum 

colour reaction, colours remained relatively stable for spores of both AM species. 

Approximately 82 % of the F. m o ssea e  spores and 92 %  of the R. in tra ra d ice s  spores 

from 90 days old and 197 days old cultures were viable as assessed by vital dye 

staining. The level of viability remained unchanged throughout the spore maturation 

period (90-197 days old).

6.3.2: II) Germination potential o f monoxenically produced spores

The study revealed that in  v itro  produced spores of both the AM species retained 

maximum germination potential up to 28 weeks i.e. fully matured spores at 197 days 

old (Fig. 6.2), and therefore were selected for preparation of carrier based inocula.

6.3.3: III) Colonization potential of monoxenically produced spores

Presence of hyphae, arbuscules, vesicles and extra-radical spores indicated successful 

colonization of P. s c u te lla r io id e s  by the monoxenically produced spores. The study 

recorded 77.05 % colonization by R. in tra ra d ice s  and 63.66 % colonization by F. 

m o sse a e  in the roots of P. sc u te lla r io id e s  (Table 6.3, Plate 6.4 a-f).
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Plate 6.3: Micrographs o f spore colour reaction in TTC.

a), b) Terminal spores of R h izo g lo m u s in tra ra d ic e s  stained red by vital dye.

c) Terminal spore of F u n n eliform is m o sse a e  stained red by vital dye.

d) Extra-radical hypha of F u n n elifo rm is m o sse a e  stained red by vital d y & - 

Arrow indicating optically dense cytoplasmic particles.



P la te  6.3



-+ -F u n n eliform is mosseae

Weeks

Fig. 6.2: Germination potential of monoxenically produced spores of Rhizoglomus intraradices and Funneliformis mosseae.



Table 6.3: Root colonization in Plectranthus scutellarioides (L.) R.Br. inoculated 

with monoxenically produced spores of Rhizoglomus intraradices and 

Funneliformis mosseae.

Sr. No. AM species Type o f colonization Colonization

H A V
(%)

1. R. intraradices + + + 77.05 ± 4.59

2. F. mosseae + + + 63.66 ± 4.04

Legend: Values are means of 3 replicates ± standard deviation; H = hyphal 
colonization, A = arbuscules, V = vesicles, + present.



Plate 6.4: Micrographs o f root colonization in Plectranthus scutellarioides (L.)

R.Br. by monoxenically produced spores of Rhizoglomus intraradices 

and Funneliformis mosseae (assessment of the colonization potential).

a) Arbuscular colonization by R h izog lom u s in tra ra d ice s  (scale 50 pm). 

Arrows indicating arbuscules.

b) Vesicular colonization by R h izog lom u s in tra ra d ices  (scale 50 pm).

c) Extra-radical spores o f R h izo g lo m u s in tra ra d ice s  (scale 50 pm).

d) llyphal (intra-radical) colonization by F unneliform is m o sse a e  (scale 50

pm).

e) Extra-radical hyphal colonization by F u nneliform is m o sse a e  (scale 100 

pm).

0  Extra-radical spore o f F u nneliform is m o ssea e  (scale 100 pm).





6.3.4: IV) Selection of efficient carrier formulation:

6.3.4.1: Physico-chemical characterization of the materials used for carrier 

formulation

Physico-chemical properties of the carrier materials are depicted in Table 6.4. It was 

observed that the materials used for formulation of carrier had different characteristics 

viz., cow dung powder had higher amount of organic carbon (OC) and P, higher 

potassium (K) was found in wood ash, and the micro-nutrient contents were higher in 

cow dung powder except for copper (Cu) which was higher in wood ash.

6.3.4.2: Effect o f different carrier treatments on re-inoculation/colonization 

potential o f in vitro produced AM fungal inoculum

The in v itro  produced spores of R. in traradices and F. m o ssea e  along with the attached

extra-radical mycelia were used separately as inocula to colonize E. c o ra ca n a  plants.

The average root length of E. coracan a  plants in all the 19 carrier treatments for both

the AM species were in the range of 1.70-3.06 cm. For R. in tra ra d ice s , maximum

number of entry points (13) per root segment in E. co ra ca n a  was recorded in treatment

5 (vermiculite, cow dung powder, wood powder and wood ash in proportion of

20:8:2:1) while for F. m osseae , the maximum number of entry points (7.4) per root

segment in the same host plant was also recorded in the same treatment (Fig. 6.3).

Similarly, the total number of infective propagules was highest (148.2 infection points

g' 1 of inoculum used) for R. in tra ra d ice s  in treatment 5 while for F. m o sse a e , it was

highest (126.6 infection points g' 1 of inoculum used) in the same treatment (Fig. 6.4).

Percent colonization was highest (100 %) in treatment 5 for both the AM species (Fig.

6.5, Plate 6.5 a-h). Treatment 5 was optimal for both species.

As treatment 5 was observed to be the optimum for both AM species, the total 

propagules of treatment 5 were extracted by Wet Sieving and Decanting technique
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Table 6.4: Physico-chemical parameters of carrier materials.

Carrier material pH E.C.

m.mhos/

cm

Macro-nutrients Micro-nutrients (ppm)

Organic Carbon

%

Phosphorus

Kg/Ha
Potassium

Kg/Ha
Zinc Iron Manganese Copper Boron

Vermiculite 7.50 <1 0.78 10.90 170.80 0.54 1.13 17.27 0.26 1.30

Cow dung powder 6.60 2.80 4.07 1038.00 2952.00 4.41 14.44 25.54 1.25 50.60

Wood powder 5.80 <1 1.91 92.90 185.90 3.27 2.84 1.91 0.22 13.40

Wood ash 10.30 12.20 0.65 65.60 4435.20 4.10 10.85 7.23 25.00 25.30
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Fig. 6.3: Average number o f entry points formed in roots o f Eleusine coracana Gaertn. plants inoculated with in vitro produced 
propagules o f Rhizoglomus intraradices and Funneliformis mosseae in different carrier treatments.

Legend: Values are means of six replicates ± standard deviation. Bars not sharing the same letters are significantly different (P < 0.05).



Fig. 6.4: Total number o f infective propagules (IP) formed in roots of Eleusine coracana Gaertn. plants inoculated with in vitro produced 

propagules of Rhizoglomus intraradices and Funneliformis mosseae in different carrier treatments.

-Legend: Values are means of six replicates ± standard deviation. Bars not sharing the same letters are significantly different (P < 0.05).



Fig. 6.5: Percent colonization formed in roots o f Eleusine coracana Gaertn. plants inoculated with in vitro produced propagules of

Rhizoglomus intraradices and Funneliformis mosseae in different carrier treatments.

"Legend: Values are means of six replicates ± standard deviation. Bars not sharing the same letters are significantly different (P < 0.05).



Plate 6.5: Micrographs of root colonization in Eleusine coracana Gaertn. by 
monoxenically produced spores of Rhizoglomus intraradices and 
Funneliformis mosseae in optimum carrier formulation (treatment 5).

a) Arbuscular colonization by Rhizoglomus intraradices.

b) Intra-radical spores of Rhizoglomus intraradices.

c) Spore of Rhizoglomus intraradices isolated from optimum carrier 

formulation.

d) Arbuscular colonization by Funneliformis mosseae.

e) Hyphal coils formed by Funneliformis mosseae.

f) Vesicular colonization by Funneliformis mosseae.

g) Extra-radical spore of Funneliformis mosseae.

h) Spore of Funneliformis mosseae isolated from optimum carrier

formulation.





(Gerdemann and Nicolson, 1963) and estimated by a modified method of Gaur and 

Adholeya (1994) as described in Chapter 3. The total spores obtained per gram of 

inoculum of R. intraradices were 279 spores 100 g' 1 while for F. mosseae 300 spores 

100 g’1 were obtained. Moisture content of treatment 5 was also estimated as per 

Fertilizer (Control) Order, 1985 (Ministry of Agriculture, Government of India 2009) 

which revealed moisture content of 10.3 % by mass.

Physico-chemical parameters of treatment 5 were analyzed. Physico-chemical 

parameters of treatment 14 and 15, which showed the least AM fungal colonization 

overall were also analyzed (Table 6.5).

ANOVA was calculated to compare the effect of the carrier treatments on percent 

colonization by AM fungal species. ANOVA revealed that the effect of carrier 

treatment on percent colonization by both the AM species was significantly greater as 

compared to other treatments, F  (18, 95) = 106.01, P  <  0.05 for R. intraradices and F 

(18, 95) = 152.7, P  <  0.05 for F. mosseae (Table 6 .6 ).

A Pearson product-moment correlation coefficient was computed to assess the 

relationship between the infective propagules and percent colonization by both the AM 

species. There was a positive correlation between the two variables [r = 0.926, n = 19, 

P  < 0.01] for R. intraradices and [r = 0.978, n = 19, P  < 0.01] for F. mosseae. Overall, 

a strong positive correlation between the infective propagules and percent colonization 

was observed in both the AM species (Fig. 6 .6 , Fig. 6.7).

110



Table 6.5: Physico-chemical parameters of carrier formulations (treatments 5 ,1 4 ,15).

reatments pH E.C.

m.mhos/
Macro-nutrients Micro-nutrients (ppm)

cm o c
%

P

Kg/Ha
K

Kg/Ha
Zn Fe Mn Cu B

5 8 .2 0 1.70 2.55 371.70 2360.00 3.75 7.44 20.74 1.70 5.30

14 9.60 1 .2 0 0.30 229.90 3946.00 58.40 1.74 153.70 303.90 30.42

15 9.20 0.60 0.32 130.40 3472.00 8.17 3.00 101.60 15.62 8.79



Table 6.6: Analysis of variance for percent colonization of Eleusine coracana Gaertn. inoculated with 

in vitro produced AM fungal inocula under different carrier treatments.

Rhizoglomus intraradices Funneliformis mosseae

Source d f SS M S F  P SS M S F P

Between 18 59503.949 3305.775 106.090 < 0.05 59931.998 3329.555 152.678 <0.05

Within 95 2960.222 31.160 2071.726 21.808

Total 113 62464.171 62003.724

Legend: d f  degrees of freedom, SS sum of squares, MS mean square.
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6.4: DISCUSSION

In the present study, we observed that respiring monoxenically produced AM spores 

rapidly reduced TTC and accumulated highly coloured formazan in the cytoplasm 

visible as distinct red colouration. We also observed that older AM spores required 

higher concentrations of TTC and/or longer incubation periods to achieve maximum 

red colour reaction. Spore colour reaction by vital dye staining is dependent on 

incubation time, stain concentration, AM species and spore age (Walley and Germida, 

1995). In our study it was observed that the non-viable spores remained unstained and 

maximum red colour reaction was achieved within 48-72 h with relatively stable 

colouration. An and Hendrix (1988) reported that viable spores of F. m o sse a e  stained 

bright red in MTT whereas dead spores stained blue or remained unstained and 

maximum red colour reaction was achieved within 40-72 h. Walley and Germida 

(1995) suggested that obtaining maximum colour reaction is related to the ease with 

which the tetrazolium salt can reach the site of dehydrogenase activity. Spore wall 

thickness and related wall permeability for stain penetration and or delay in enzymatic 

reduction due to metabolic activity can also account for staining variation (Sutherland 

and Cohen, 1983; Walley and Germida, 1995). In our study approximately 82 % of F. 

m o ssea e  and 92 % of R. in tra ra d ic e s  spores were viable as assessed by vital dye 

staining. Vimard et al. (1999) reported 96.4 %  of in v itro  produced R. in tra ra d ice s  

spores displayed viability with MTT. The significance of the vital dye-staining 

technique is largely dependent on its capability to distinguish spores which possess the 

potential for germination and subsequent host plant colonization. Walley and Germida 

(1995) reported that spores in which metabolic activity has reduced, the germination 

and colonization are metabolically improbable and thus such spores are of little 

practical importance.
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In the present study, it was observed that in vitro produced spores of both the AM 

species retained maximum germination potential up to 28 weeks i.e. fully matured 

spores at 197 days old and therefore these spores had been selected for preparation of 

carrier based inocula. The test for germination potential of monoxenically produced 

spores by inoculation on fresh MSR media provides better accuracy into the viability of 

the spores in addition to vital dye staining.

Our study recorded the presence of hyphae, arbuscules, vesicles and extra-radical 

spores indicating successful colonization of P. scutellarioides by monoxenically 

produced spores of R. intraradices and F. mosseae grown in sterilized vermiculite. 

Vimard et al. (1999) reported colonization in Allium porrum  L. (leek) by 

monoxenically produced spores of R. intraradices grown in sterilized soil mix and 

calcined montmorillonite clay.

Several researchers have proposed different methods for production of AM fungal 

inocula in soil based cultures as well as carrier based inocula (Adholeya, 2003). Soil

less techniques, such as monoxenic culture have the advantage of being less bulky, less 

sensitive to contamination, more concentrated and more uniform than soil cultures, and 

the propagules can be easily harvested (Okon and Hadar, 1987; Malusa et al., 2012). 

More recently, methods based on transformed root organ cultures feasible for 

implementation on a commercial scale have been developed that allow production of 

large numbers of propagules in a limited space (St-Amaud et al., 1996; Dalpe and 

Monreal, 2004; Adholeya et al., 2005). Yet commercially, mycorrhizal inoculum is still 

produced mainly via the conventional method where host plants are grown under 

controlled conditions using sand/soil as the substrate for mass production of the 

inoculum in pots, bags, or beds for large-scale application.
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Present study represents the first attempt to develop a suitable carrier formulation 

comprising of vermiculite, cow dung powder, wood powder and wood ash for mass 

multiplication of in v itro  produced AM fungal inocula. Both the in v itro  produced AM 

fungal species (R. in tr a ra d ic e s  and F. m o ssea e ) responded more positively to treatment 

5 comprising of carrier formulation (vermiculite: cow dung powder: wood powder: 

wood ash) in the ratio of 20:8:2:1 through 100 % colonization highlighting the positive 

interaction between AM, carrier formulation and host plant. Organic amendments are 

rich in nutrients and their positive influence on AM fungal root colonization has been 

reported earlier (Gaur and Adholeya, 2002; Gryndler et al., 2005; Pemer et al., 2006; 

Douds et al., 2010; Saranya and Kumutha, 2011; Tanwar et al., 2013). Addition of 

organic residues to the substrate is known to increase AM fungal sporulation hence 

leading to increased inoculum production (Gaur and Adholeya, 2005; Silva et al., 2005; 

Douds et al., 2006; Coelho et al., 2014). Douds et al. (2010) successfully produced AM 

fungal inoculum in compost mixed with vermiculite, perlite, or horticultural potting 

media and observed that the propagule numbers were greatest in vermiculite based 

media. They suggested that the laminar sheets of vermiculite create favourable 

conditions for growth and persistence of AM fungal hyphae since similar spore 

populations and colonization of roots among the three media amendments were 

observed. The carrier formulation developed in our study offers several other benefits 

such as the carrier materials with the exception of vermiculite are organic in nature 

besides providing macro- and micro-nutrients, offer increased substrate permeability 

and improved water retention. In addition they help in maintaining the inoculum 

potential of in v itro  produced AM fungal propagules.

Physico-chemical characterization of treatment 5 revealed that although the treatment 

had high concentration of nutrients especially P, it did not affect AM colonization^
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Bolan and Robson (1984) reported significant effects of increased P supply resulting in 

increased formation of mycorrhizal structures. They also observed that addition of P 

increased both root growth and the percentage of root length colonized by AM fungi. If 

AM fungal isolates are produced in organic substrate with high P levels it is likely that 

the isolates will be more adapted to conditions of high P (Silva, 2006; Coelho et al.,

2014). However, the overall least AM fungal interaction was observed in treatments 14 

and 15. This may be attributed to the absence of cow dung and wood powder in the 

treatments. The physico-chemical characterization of treatments 14 and 15 revealed 

high levels of K, Zn, Mn, Cu and B as compared to the optimum carrier formulation 

(treatment 5). High concentrations of Zn, Mn, Cu, B and K have been shown to 

suppress spore germination, root colonization and mycelial growth of AM fungi 

(Gildon and Tinker, 1981; Moreira and Siqueira, 2002; Luis et al., 2006; Ortas and 

Akpinar, 2006; Motha et al., 2014).

In the present study, a strong positive correlation between the numbers of infective 

propagules and percent colonization was observed. The importance of entry points for 

the development of mycorrhizal structures within the roots and ensuing overall 

effectiveness of AM fungi is well known (Smith and Read, 2008). After spore 

germination, the AM fungal hyphae grows towards the host plant roots (Vierheilig et 

al., 1998a; Sbrana and Giovanetti, 2005), followed by penetration into the root cortical 

cells and leading to formation of intra-radical structures. Scervino et al. (2005b, 2007) 

reported a close relationship between the number of entry points and the degree of 

colonization. In our study as observed in treatment 5, if entry points within the roots are 

high, percent colonization will also be correspondingly high and therefore can strongly 

influence the beneficial effect of AM symbiosis on plant growth.

114



6.5: CONCLUSION

The value of an inoculum production method depends upon its ability to stimulate 

sporulation and maintain high inoculum infectivity and efficiency (Gianinazzi and 

Vosatka, 2004) when re-inoculated along with carrier formulation. Thus, from the 

tested in vitro produced isolates, both R. intraradices and F. mosseae presented such 

characteristics.

The present study showed that the monoxenically produced spores of R. intraradices 

and F. mosseae were highly viable and colonized the host plant successfully without 

any contamination and along with the carrier material the mycorrhizal association or 

the inoculum potential was enhanced. Considering the carrier formulation i.e. the type 

of carrier materials used, their physico-chemical attributes and the proportions 

incorporated, the organic carrier formulation prepared proved suitable for mass 

production of in vitro produced AM fungal inocula. This suggests that the carrier based 

in vitro produced AM fungal inocula developed may be suitable for large scale 

production of an effective bio-fertilizer. However, further research is needed to test the 

efficacy of the developed carrier formulation using other AM fungal species and plants.
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CHAPTER 7

To maximize the shelf life of the in vitro 

prepared inoculum. 

(Objective 5)



7.1: INTRODUCTION

The results of Chapter 6  imply that the developed carrier formulation was able to 

maintain high inoculum infectivity and efficiency of the in v itro  produced isolates 

ofR h izog lom u s in tra ra d ices  and F u nneliform is m o ssea e . Considering the carrier 

formulation (treatment 5 i.e. vermiculite: cow dung powder: wood powder: wood ash in 

the ratio of 2 0 :8 :2 :1), the type of carrier materials used, their physico-chemical 

properties and the proportions incorporated proved that the organic carrier formulation 

prepared was suitable for mass production of in v itro  produced AM fungal inocula.

However, for any bio-inoculant to be used within agronomical practices, the carrier 

formulation should primarily retain the viability of a large population of the 

incorporated inoculant microorganism during long-term storage period (Malusa and 

Vassilev, 2014). A good carrier should assure a sufficient shelf life of at least 2-3 

months at room temperature (Herrmann and Lesueur, 2013). Non-availability of good 

quality and appropriate carrier materials can affect shelf life of the beneficial microbial 

inoculants. Drying process, moisture content, storage conditions plus storage 

temperature are also important determinants of the shelf life of microbial inoculants or 

formulations and can affect their activity pre- or post-application (Connick et al., 1996; 

Kannaiyan, 2000; Larena et al., 2003; Hong et al., 2005; Friesen et al., 2006).

In general, fungi can be preserved and stored as per the following three procedures 

described by Smith and Onions (1994): 1) continuous growth method which reduces 

the need for sub-cultivation such as storage of the culture on growth media in the 

refrigerator, freezer, under oil or water, 2 ) drying by air or with silica gel and freeze

drying, and 3 ) reduction of available water in the cells by dehydration (freeze-drying)
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or freezing (cryopreservation) at low temperature or in liquid nitrogen, which results in 

suspension of metabolism.

Monoxenic cultivation of AM fungi is currently the most promising technique to 

produce pure contaminant-free inocula (Ijdo et al., 2011). However, in v itro  cultures are 

only successful for a limited number of AM species, and maintenance is done 

essentially via sub-cultivation (Plenchette et al., 1996; Strullu et al., 1997; Declerck et 

al., 1998). But, the risk of contaminations during sub-cultivation is not excluded as well 

as the loss of infectivity after several successive sub-cultures (Plenchette et al., 1996). 

Moreover, sub-cultivation is difficult or even unreported for some AM species, impact 

on genetic stability through successive generations is unknown (Declerck et al., 2005) 

and, genetic and physiological changes overtime cannot be prevented (Douds and 

Schenck, 1990; Plenchette et al., 1996; Declerck and Van Coppenolle, 2000). Thus, a 

method to maintain the viability, purity and stability of monoxenically produced AM 

fungal isolates over long-term storage periods is needed.

Therefore, this chapter is aimed at maximizing the shelf life of the in v itro  prepared 

inocula. Thus this chapter is divided into two parts viz., I) assessment of infectivity 

potential of in v itro  prepared inocula in carrier formulation during storage, II) re

germination potential of in v itro  produced spores from carrier based inocula to in v itro  

conditions.
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7.2: MATERIALS AND METHODS

7.2.1: I) Assessment o f infectivity potential o f in vitro prepared inocula in carrier 

formulation during storage:

Assessment of infectivity potential of stored in v itro  prepared AM fungal inocula in 

carrier formulation was carried out to observe the effects of carrier formulation on 

maximizing the shelf life of the in v itro  prepared inocula over different storage 

temperatures.

7.2.1.1: Extraction of monoxenically produced AM propagules

Extraction of monoxenically produced AM fungal propagules from MSR media was 

carried out using method by Cranenbrouck et al. (2005) as described in Chapter 5. The 

extracted spores along with attached extra-radical mycelium were then used for storage 

studies.

7.2.1.2: Storage o f inocula

The inocula of the AM species R h izo g lo m u s in tra ra d ice s  and F u n n eliform is m o ssea e  

containing colonized transformed root fragments with extra-radical hyphae and spores 

was mixed along with optimum carrier formulation (treatment 5) consisting of 

vermiculite, cow dung powder, wood powder and wood ash in proportion of 2 0 :8 :2 :1  

(64.51 % : 25.80 % : 6.45 % : 3.22 %) and stored at different temperatures v iz ., 4°C, 

25°C and room temperature (28-30°C) to assess the viability. Inocula of the two AM 

fungal species were stored separately in zip-loc polythene bags (Plate 7.1 a). Care was 

taken to ensure the absence of free moisture on the inside of the bags.
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Plate 7.1: Assessment o f  infectivity potential o f in vitro prepared inocula in c a rr ier  

formulation upon storage.

a) Storage of inocula in optimum carrier formulation (treatment 5).

b) Infectivity tests of the inocula using P lectra n th u s s c u te lla r io id e s  (L.) R.Br. 

as the host.





7.2.1.3: Infectivity tests

Infectivity tests of the inocula were carried out at the end of every 2nd month after 

storage for 2, 4, and 6  months, by incorporating 10 g of the carrier based inoculum 

containing approximately 1200 infective propagules into 500 g of sterilized sand in 15 

cm plastic pots and using cuttings of P lec tra n th u s sc u te lla r io id e s  (L.) R.Br. (Coleus) 

(Lamiaceae) as the host plant (Plate 7.1 b). Each treatment consisted of six replicates. 

The pots were maintained for a period of 3 months in the shade net of Department of 

Botany, Goa University, under natural conditions of light, temperature and humidity 

(4000-6000 lux light intensity, 32°C/25°C day/night, RH 80-90 %) for the 

establishment of AM symbiosis.

7.2.1.4: Processing o f root segments for AM fungal colonization

Assessment of AM colonization in roots of P. sc u te lla r io id e s  was carried out by using 

Trypan blue staining technique after 3 months of growth (Phillips and Hayman, 1970) 

as described in Chapter 3. The infectivity of the stored inocula was ascertained by the 

same procedure at every 2 nd month up to the 6 th month.

7.2.1.5: Estimation o f percent root colonization

Estimation of percent root colonization by AM fungi was carried out using Root Slide 

method (Read et al., 1976) as described in Chapter 3.

7.2.1.6: Statistical Analysis

The experimental data was subjected to one-way analysis of variance (ANOVA) 

followed by Tukey post-Hoc pairwise comparison test. Statistical Package for Social 

Sciences (SPSS) (ver. 22.0 Armonk, NY: IBM Corp.) was used for all statistical 

analyses.
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Assessment of re-germination potential of in v itro  produced spores of R. in tra ra d ice s  

and F. m o ssea e  from carrier based inocula to in v itro  conditions was carried out one 

time to observe the efficiency of carrier formulation in maintaining the vigour of in 

vitro  produced spores.

7.2.2.1: Extraction of AM fungal propagules

Extraction of AM propagules (spores and colonized root fragments) from the carrier 

formulation was carried out by Wet Sieving and Decanting technique (Gerdemann and 

Nicolson, 1963) as described in Chapter 3.

1.2.I.V. AM fungal propagule disinfection process

The disinfection process was modified from Mosse (1959), Mertz et al. (1979), Daniels 

and Menge (1981), and Becard and Fortin (1988). Isolated propagules were first rinsed 

twice with sterilized distilled water after which they were disinfected. The propagules 

were then disinfected with 250-400 pi sodium hypochlorite (NaCIO) for 3-5 min. After 

disinfection, the propagules were rinsed three times with sterilized distilled water and 

treated with antibiotic solution (Streptomycin 0.02 % + Gentamycin 0.01 %) for 10 

min.

7.2.2.3: Germination of disinfected propagules

Disinfected AM propagules were then inoculated on Modified Strallu-Romand (MSR) 

minus sucrose media and Petri plates were incubated in the dark at 27°C in an inverted 

position.

7.2.2: II) Re-germination potential of in vitro produced spores from carrier based

inocula to in vitro conditions:
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All microscope observations were made using bright field Olympus BX 41 and Nikon 

Eclipse E200 research microscopes (40x, lOOx, 400x, lOOOx), and Olympus stereo 

microscope SZ2-ILST (10 x 4.5 zoom). Micrographs were imaged by Nikon Digital 

Sight DS-U3 digital camera, and were not digitally edited.

7.3: RESULTS

7.3.1: I) Infectivity potential of in vitro prepared inocula in carrier formulation 

during storage

Upon storage the infectivity potential of in v itro  prepared inocula of both the AM 

fungal species viz., R. in tra ra d ice s  and F. m o ssea e  were observed to be optimum at 

25°C when compared to other storage temperatures (4°C and room temperature) used in 

the study. AM fungal colonization levels of 93.33-89.27 % for R. in tra ra d ice s  and 

89.32-85.58 % for F. m o ssea e  were observed at 25°C indicating that the inocula did not 

lose infectivity potential even after 6  months of storage. ANOVA comparing the effect 

of storage at the three different temperatures on percent colonization by in v itro  

prepared inocula in carrier formulation revealed that the percent colonization was 

significantly greater where propagules had been stored at 25°C (Fig. 7.1, Table 7.1).

7.3.2: Re-germination potential of in vitro produced spores from carrier based 

inocula to in vitro conditions

It was observed that spores off?, in tra ra d ice s  germinated 2-10 days after plating while 

spores of F. m o sse a e  germinated 10-15 days after plating (Plate 7.2 a-d), and 100 % 

germination was recorded indicating that spores of both the AM species were viable 

enough to re-germinate when cultured back to in v itro  conditions.
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Fig. 7.1: Percent root colonization in Plectranthus scutellarioides (L.) R.Br. by in vitro produced AM fungal inocula stored at different 
temperatures. Legend: Values are means of six replicates ± standard deviation. Bars not sharing the same letters are significantly different (P  <  

0.05). RT = Room Temperature (28-30°C).



Table 7.1: Analysis of variance for percent colonization of Plectranthus scutellarioides (L.) R.Br. inoculated with in 

vitro produced AM fungal inocula stored at different temperatures.

Temperature Rhizoglomus intraradices Funneliformis mosseae

Source d f SS M S F P SS M S F P

4°C Between 2 203.473 101.736 5.971 0 .02* 319.062 159.531 4.455 0.03*

Within 15 218.938 17.039 537.104 35.807

Total 17 422.411 856.167

25°C Between 2 49.681 24.840 18.849 0 .00** 43.942 21.971 16.118 0 .00**

Within 15 19.768 1.318 20.447 1.363

Total 17 69.449 64.388

RT Between 2 311.924 155.962 16.967 0 .00** 265.577 132.789 5.324 0 .01**

Within 15 137.881 9.192 374.130 24.942

Total 17 449.805 639.708

Legend: d f  degrees of freedom, SS sum of squares, MS mean square; **Significant at P  < 0.01 and P  < 0.05, *Significant at P  < 0.05; 

RT = Room Temperature (28-30°C).



a) In v itro  germination of colonized root fragment of R h izo g lo m u s  

in tra ra d ices .

b) Enlarged view of branching of hypha from germ tube emerging from 

colonized root fragment of R h izog lom u s in trarad ices .

c) In v itro  spore germination of F u nneliform is m osseae .

Plate 7.2: Re-germination potential of in vitro produced spores from carrier based

inocula to in vitro conditions.

d) Enlarged view of in v itro  spore germination of F u n n eliform is m osseae .
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7.4: DISCUSSION

In the present study, in v itro  prepared inocula in carrier formulation were tested for 

their infectivity potential during storage. Upon storage the infectivity potential of in 

v itr o  prepared inocula of both the AM fungal species viz., R. in tra ra d ice s  and F. 

m o sse a e  were observed to be optimum at 25°C when compared to other storage 

temperatures (4°C and room temperature) used in the study. AM fungal colonization 

levels of 93.33-89.27 % for R. in tra ra d ice s  and 89.32-85.58 % for F. m o sse a e  were 

observed at 25°C indicating that the inocula did not lose infectivity potential even after 

6  months of storage. Louis and Lim (1988) showed that the germination ability of a 

tropical isolate of R. c la ru m  was enhanced after 3-6 months of dry storage at 25-30°C. 

Kuszala and Gianinazzi-Pearson (2011) preserved propagules of AM fungal isolates 

belonging to G lom u s, A c a u lo sp o ra , G ig a sp o ra , S c u te llo sp o ra  extracted from 6-11 

months old pot cultures, in osmosed water at 4°C, at ambient temperature, at +27°C or 

at +37°C. AM fungal propagules are commonly stored at 4-5°C in dried pot culture soil 

(Siqueira et al., 1985). At the International Culture Collection of (Vesicular) Arbuscular 

Mycorrhizal Fungi (INVAM), most of the AM fungal propagules produced in pot 

cultures are stored in dried soil or substrate at 4°C for different time periods depending 

on the genus. A number of studies have demonstrated that the preservation of AM 

fungal propagules in soil, saturated salt solutions, alginate beads and osmosed water by 

drying or cold storage was optimum at 4°C (Ferguson and Woodhead, 1982; Mugnier 

and Mosse, 1987; Tommerup, 1988; Strullu and Plenchette, 1991; Kuszala et al., 2001; 

Wagner et al., 2001). This was, however, contrary to our findings. The longer viability 

at low temperature could be attributed to lower metabolic rate of the propagules. Our 

results however indicate that 25°C was optimum storage temperature for the carrier 

based AM fungal inocula which can be considered as a feasible option.
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It has been reported that the higher maintenance of viability of AM fungal inocula in 

substrates containing vermiculite than in substrate containing only sand could be due to 

better aeration and water retention capacity (Santana et al., 2014). The viability and 

efficiency of the inocula can be maintained for several months at 20-25°C, but the 

inocula should be kept in its packaging and must be partially dried (Berruti et al., 

2014). It is important to stress that the inocula must be dried before storage (Hung and 

Sylvia, 1988; Sylvia, 1994). If in a humid substrate the viability of inocula declines 

with storage (Sylvia and Jarstfer, 1992). It has been reported that the sources of 

inoculum based in colonized roots stored in water or moistened vermiculite retained its 

infective potential only for 2 months (Sieverding, 1991).

The AM species used in our study viz., R. in tra ra d ices  and F. m o ssea e  occur in a wide 

range of biomes and therefore it is possible that different isolates of these species from 

different geographical regions may exhibit different survival strategies adapted to that 

particular environment, and hence may exhibit viability in a range of temperatures.

In our study, it was further observed that spores of R. in tra ra d ice s  germinated 2-10 

days after plating and spores of F. m o sse a e  germinated 10-15 days after plating, and no 

spore dormancy was observed indicating that spores of both the AM species were 

viable, re-germinating when cultured back to in v itro  conditions.

7.5: CONCLUSION

Considerable progress has been made over the last few years in the preservation of AM 

fungi. Some of the methods developed with pot- and in vftro-cultured isolates are 

adequate for short-term storage using standard infrastructures and equipment (sub

cultivation, preservation in alginate beads or in dried soil), while others can be applied
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to long-term storage (cryopreservation or lyophilization) but require specific equipment 

and infrastructures (Lalaymia et al., 2014).

The results obtained in our study are very promising from the point of view of a 

possible commercial production of AM fungal inoculants. The in v itro  produced 

inocula stored at 25°C remained viable up to 6  months in the organic carrier 

formulation composed of vermiculite, cow dung powder, wood powder and wood ash, 

therefore being recommended for use as bio-inoculants. However, further experiments 

may be needed to test the suitability of the carrier formulation developed for long-term 

preservation and reproducibility in other AM fungal species.
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CHAPTER 8

To study the effect of in vitro produced 

carrier based bio-inocula on selected 

plant species suitable for revegetation of

the sand dunes.
(Objective 6)



8.1: INTRODUCTION

Coastal sand dune ecosystems are fragile and dynamic environments consisting 

predominantly of sandy soils with low nutrient and organic matter content, are exposed 

to salt-spray, sand movement intermittent with foliage burial, a wide range of humidity 

and temperature, and strong winds (Maim, 2004; Rippley and Pammenter, 2008; 

Yamato et al., 2012). Coastal sand dune systems are of utmost ecological importance 

providing a variety of ecosystem services such as coastal protection, erosion control, 

water capture and purification, sustaining flora and fauna in addition to being used for 

tourism, recreation and research (Barbier et al., 2011). In spite of their vast importance, 

these ecosystems are severely affected by anthropogenic actions like mining, pedestrian 

traffic, urbanization, port and tourist activities, and deforestation which compromise 

and affect the local ecological communities (Emery and Rudgers, 2010).

Arbuscular mycorrhizal (AM) fungi are an essential functional group of soil microbiota 

in coastal dune habitats around the world providing numerous benefits to plants (van 

der Heijden et al., 1998; Greipsson, 2002; Gianinazzi et al., 2010; Johansen et al.,

2015). However, their propagules may be rare or less in un-vegetated dune sites (Sylvia 

and Will, 1988). If the vegetation of an area is destroyed, the population of viable 

propagules of native AM fungi declines (Miller, 1979; Reeves et al., 1979). 

Stabilization or restoration of sand dunes by planting of vegetation has long been 

recognized as an effective means of slowing the inland movement of sand (Jagschitz 

and Bell, 1966; Hewett, 1970; Ranwell, 1972; Woodhouse, 1982). Studies have shown 

that the composition of AM fungal community affects the structure and functioning of 

plant communities, and plays a fundamental role in conservation and stabilization of 

sediments in ecosystems such as coastal sand dunes (de Assis et al., 2016).
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As AM fungi are ubiquitous soil inhabitants a key link between plants and soil 

minerals, enhancing plant access to unavailable nutrient sources, especially insoluble P. 

The fungi have gained a growing interest as natural fertilizers (Gianinazzi et al., 1990; 

Gianinazzi and Vosatka, 2004; Fitter et ah, 2011; Berruti et ah, 2015). Many research 

studies have depicted the importance of AM fungal bio-inoculants for agriculture as 

well as for reforestation programs of degraded areas (Jarstfer and Sylvia, 1992; 

Caravaca et ah, 2002; Douds et ah, 2007; Ijdo et ah, 2011; Souza et ah, 2010). AM 

fungal bio-inoculants are tailored formulations consisting of propagules of individual 

strains or consortia of strains mixed with an inert carrier (Gentili and Jumpponen, 

2006). A bio-inoculant product is best used when there is a reason to believe that 

indigenous AM fungal populations are low or native AM fungi are ineffective. It should 

be stressed that the mere presence of AM fungal isolate/isolates does not imply benefits 

to host plants (Adholeya et ah, 2005). Although the presence of AM fungi is 

widespread, field experiments have shown that a further addition of AM fungi by 

inoculation can positively affect host plant root colonization and increase plant growth 

and productivity (McGonigle, 1988; Lekberg and Koide, 2005; Lehmann et ah, 2012). 

The application of AM fungal bio-inoculants by seedling inoculation plays an 

important role in growth and establishment of the plants during field transplantation 

(Azcon-Aguilar and Barea, 1997). Transplantation of mycorrhizal nursery seedlings 

may prove advantageous on reclamation sites as it will facilitate better acquisition of 

limited soil nutrients (Jasper et ah, 1989; Sylvia, 1990). However, the infectivity and 

efficiency of AM fungal isolates is not always related to the degree of root colonization 

(Corkidi et ah, 2004) making it necessary to test the effectiveness of the bio-inocula for 

practicable relevance in agriculture, horticulture, forestry and environment-recovery 

programs.
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Therefore, this chapter is aimed at evaluating the effectiveness of in v itro  produced 

carrier based bio-inocula of two AM fungal species viz., R h izog lom u s in tra ra d ices  

(Schenck & Smith) Sieverding, Silva & Oehl, and F u n n eliform is m o ssea e  (Nicolson & 

Gerdemann) Walker & SchiiBler in stimulating growth and nutrient uptake of 

A n acard iu m  o c c id e n ta le  L. (Anacardiaceae). A. o c c id e n ta le  is a deep rooted woody 

perennial tree thriving well in semi-arid conditions with mild resistance to drought and 

salinity, and dominant in the backshores (hind shore dunes) on the Goa coast (Dessai, 

1995). The species was thus considered suitable for revegetation strategies of sand dune 

ecosystems and hence used in the present study.

8.2: MATERIALS AND METHODS 

8.2.1: Soil analysis

Analysis of physico-chemical properties of sand was carried out at the beginning of the 

experimental setup. Composite soil sample from study site Varca (S4) (Grid Ref. 

15°13'58.68"N, 73°55'31.95"E) was air-dried and sieved to 2 mm to remove larger soil 

particles. The sample was then submitted to Government of Goa Agricultural 

Department, Soil Analysis Laboratory, Margao, Goa for chemical analysis. Analyses 

followed procedures laid out by Singh, Chhonkar and Dwivedi (2005), pH was 

measured by pH meter (Elico LI 120) in a 1:2 ratio soil water solution, Electrical 

Conductivity was measured by conductivity meter (Elico CM 180) in a 1:5 ratio soil 

suspension. Organic Carbon (OC) was analyzed by Walkley and Black (1934) titration 

method. Available Phosphorus (P) was estimated by Bray and Kurtz (1945) method. 

Available potassium (K) was estimated by ammonium acetate method from Hanway 

and Heidal (1952) using flame photometer (Systronic 3292). Available micro-nutrients
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zinc (Zn), iron (Fe), manganese (Mn), copper (Cu) were quantified by DTPA-CaC^- 

TEA method from Lindsay and Norvell (1978) using atomic absorption 

spectrophotometer (AAS-EC Element AS AAS 4139), and boron (B) was assessed by 

hot water soluble method from Berger and Truog (1939).

8 .2 .2 : Experimental design

The experiment comprised of the following six treatments:

• Treatment 1 (Ti): Control sterilized sand

• Treatment 2 (T2): Control unsterilized sand

• Treatment 3 (T3): R. in tra ra d ice s  inoculum + sterilized sand

• Treatment 4 (T4): R. in tra ra d ice s  inoculum + unsterilized sand

• Treatment 5 (T5): F. m o sse a e  inoculum + sterilized sand

• Treatment 6  (Tg): F. m o sse a e  inoculum + unsterilized sand

The six treatments with eight replicates per treatment were arranged in a randomized 

block design.

Two kilograms of sand was dispensed in pots (21.5 cm diameter) for all treatments (Tl 

to T6 ). For treatments (Tl, T3, T5) containing sterilized sand, sand was sterilized in hot 

air oven at 180°C for 3 days. For AM treatments (T3, T4, T5, T6 ), 300 g of in v itro  

produced inoculum (600 spores g' 1 + extra-radical hyphae + colonized root fragments) 

mixed along with carrier formulation consisting of vermiculite, cow dung powder, 

wood powder and wood ash in proportion of 20:8:2:1 (64.51 % : 25.80 % : 6.45 % : 

3.22 %) was added. Seeds of A. o c c id e n ta l  (local variety) were soaked overnight in 

sterilized distilled water and then sown in all the pots (2-3 seeds per pot later retaining 

one seedling per pot). Pots were maintained for a period of six months (183 days after 

sowing) in the shade net of Department of Botany, Goa University, under natural
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conditions of light, temperature and humidity (4000-6000 lux light intensity, 

32°C/25°C day/night, RH 80-90 %). Hoagland’s solution (Hoagland and Amon, 1950) 

minus P was added after 20 days interval. Various fungal, plant growth and chemical 

parameters were recorded (Plate 8.1 a-e).

8.2.3: Processing o f root segments for AM fungal colonization

The root systems of A. o c c id e n ta le  from five randomly selected pots (per treatment) 

were assessed for AM fungal colonization at 45 and 183 days after sowing (DAS) by 

using Trypan blue staining technique (Phillips and Hayman, 1970) as described in 

Chapter 3.

8.2.4: Estimation o f percent root colonization

Estimation of percent root colonization by AM fungi was carried out using Root Slide 

method (Read et al., 1976) as described in Chapter 3.

8.2.5: Extraction o f AM fungal spores

Extraction of AM fungal spores was carried out by Wet Sieving and Decanting 

technique (Gerdemann and Nicolson, 1963) at 183 days after sowing (DAS) as 

described in Chapter 3.

8.2.6: Quantification of spore density o f AM fungi

Quantification of AM spore numbers was carried out by a modified method of Gaur 

and Adholeya (1994) as described in Chapter 3.

8.2.7: Plant vegetative growth parameters

Plant growth (height, basal stem diameter, number of branches, leaf number, leaf area, 

petiole length, intemode length, and root length) was recorded. Leaf area and petiole
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Plate 8.1: Pictorial representation of experimental design in Anacardiutn

occidentale L.
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length were recorded from the 3rd leaf from top. A meter ruler was used to measure the 

plant height from base (above ground) to the tip of the main shoot. Leaf area was 

recorded on a graph sheet and measured. All the parameters were recorded from three 

randomly selected replicates per treatment at 183 DAS.

8.2.8: Plant above- and below-ground biomass measurement

Fresh and dry weights of stem, leaf and root were recorded. Total plant dry biomass 

and root to shoot ratio were also measured on dry weight basis (oven dried at 70°C, 72 

h until reaching a constant weight). All the measurements were recorded from three 

randomly selected replicates per treatment at 183 DAS.

8.2.9: Plant aboveground (shoot) nutrient analyses

Macro- and micro-nutrients were analyzed from three replicates per treatment 

separately at 183 DAS, wherein stem and leaf samples were rinsed with distilled water 

and air dried. Air dried samples were then dried to constant weight in oven at 70°C for 

72 h. Samples were ground using mixer grinder to obtain fine powder which was then 

placed on butter paper and stored in dry condition in zip-loc bags until analyses. 

Nutrient analyses were carried out at Soil Sciences Laboratory, Natural Resource 

Management Section, ICAR-CCARI, Ela, Old Goa; Directorate of Agriculture, Soil 

Testing Laboratory, Ela, Old Goa; and Department of Chemistry, Goa University. 

Nutrient analyses [phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), 

sodium (Na), iron (Fe), zinc (Zn), manganese (Mn), copper (Cu) and boron (B)] 

followed procedures laid out by Singh, Chhonkar and Dwivedi (2005).
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8.2.9.1: Sample digestion

For the release of mineral elements from plant tissues, wet oxidation method was 

adopted wherein powdered shoot material was digested using di-acid mixture 

(concentrated nitric acid and 60 %  perchloric acid). The procedure for which is 

described as follows: 1 g of dry powdered shoot material was added to a 250 mL 

conical flask after which 10 mL of cone. HNO3 was added and a funnel was placed on 

the flask. The flask was kept overnight at a covered place or chamber for pre-digestion. 

After pre-digestion when the shoot material was no longer visible, 10 mL of cone. 

HNO3 and 3 mL of HCIO4 was added, and the flask was kept on a hot plate in acid- 

proof digestion chamber with a fume exhaust system. The hot plate was heated at 

100°C for first one hour and then the temperature was raised to 300°C. The acid 

contents were reduced to 2-3 mL by heating at the same temperature and without 

allowing the contents to dry up. The digestion was continued till the contents became 

colourless and only white dense fumes appeared. The flasks were then removed from 

the hot plate and allowed to cool. The contents from the flasks were filtered through 

Whatman No. 42 filter paper into a 100 mL volumetric flask and the total volume was 

made to 100 mL with distilled water. This aliquot was then used for determination of P, 

K, Ca, Mg, Na, Fe, Zn, Mn, Cu and B concentrations.

The concentration of P was determined from the aliquot by vanadomolybdophosphoric 

yellow colour method (Chapman and Pratt, 1982). K and Na were determined by Flame 

Photometry (Microcontroller Flame Photometer, Labtronics LT-671). Ca, Mg, Fe, Zn, 

Mn and Cu were quantified using Atomic Absorption Spectrophotometer (Analytikjena 

novAA 400 P). B was determined by azomethine-H method (Gupta, 1967; John et al., 

1975).
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Carbon (C), nitrogen (N) and sulphur (S) were measured from the dried powdered 

shoot material using CHN Elemental Analyzer (Elementar Variomicro Cube CHNS 

Analyser) with Sulfanilamide as the standard.

8.2.10: Mycorrhizal dependency

Mycorrhizal dependency is defined as the degree to which a plant is dependent on the 

mycorrhizal association to attain its maximum growth or yield at a given level of soil 

fertility (Gerdemann, 1975). It is based on determining the extent of growth increase 

attributed to mycorrhizal association in sterilized soil (Norris et al., 1992; Mukerji, 

1996). Mycorrhizal dependency of a given plant species can differ based on the AM 

species being studied, plant species involved and soil P availability (Schenck et al., 

1974; Plenchette et al., 1983).

Mycorrhizal dependency (MD) was calculated by the formula given by Menge et al. 

(1978).

MD % = shoot dry weight of mycorrhizal plant ■*- shoot dry weight of non-mycorrhizal 

plant x 1 0 0

8.2.11: Mycorrhizal efficiency index

It has been reported that the introduction of mycorrhizal fungi can improve plant 

growth in unsterilized soil containing native endophytes. Mycorrhizal efficiency index 

enables the assessment of growth improvement brought about by mycorrhizal 

inoculation in unsterile soil consisting of indigenous AM fungi (Norris et al., 1992). It 

is also useful in assessing the extent to which the introduced AM fungus competes with 

indigenous AM fungi to bring about plant growth response (Mehrotra, 2005).
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Mycorrhizal efficiency index (MEI) was calculated by the formula given by Bagyaraj et 

al. (1994).

MEI %  =  weight of inoculated plant -  weight of un-inoculated plant weight of 

inoculated plant x 1 0 0

8.2.12: Statistical analysis

The experimental data was subjected to one-way analysis of variance (ANOVA) 

followed by Tukey’s HSD test at P  <  0.05. Parameters were correlated using Pearson’s 

correlation coefficient at P  <  0.01 and P  < 0.05. Statistical Package for Social Sciences 

(SPSS) (ver. 22.0 Armonk, NY: IBM Corp.) was used for all statistical analyses.

All microscope observations were made using bright field Olympus BX 41 and Nikon 

Eclipse E200 research microscopes (40x, lOOx, 400x, lOOOx), and Olympus stereo 

microscope SZ2-ILST (10 x 4.5 zoom). Micrographs were imaged by Nikon Digital 

Sight DS-U3 digital camera, and were not digitally edited.

8.3: RESULTS 

8.3.1: Soil analysis

Results of physico-chemical properties of sand medium revealed that the pH was 

alkaline (Table 8.1). Electrical Conductivity (E. C.) was in normal range. Organic 

carbon percentage, available P concentrations and available K concentrations were low. 

Micro-nutrients i.e. Zn, Fe, Mn, Cu, and B were present in low-high levels (0.00-1.30 

ppm).
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Table 8.1: Physico-chemical properties o f sand at the beginning of the experiment.

pH E. C. Macro-nutrients Micro-nutrients (ppm)

cm
O C

%

P

Kg/Ha

K

Kg/Ha

Zn Fe Mn Cu B

8.5 <1 0.13 21.9 80 0.00 1.18 0.26 0.03 1.30

Legend: Values are derived from a composite sample.



Results of root colonization and spore density in A. o cc id en ta le  are shown in Table 8.2. 

Root colonization (hyphal, arbuscules, vesicles, intra- and extra-radical spores) was 

observed in all AM inoculated treatments (T3, T4, T5 and T6) except in the control 

treatments (T1 and T2) at 45 DAS (Plate 8.2 a-1). The magnitude of percent root 

colonization varied significantly among the AM treatments, and with the two studied 

AM species inocula. Root colonization was highest with R. in trarad ices when recorded 

at 45 DAS (89.0 %) and at 183 DAS (79.8 %) in treatment 3 (R. in tra ra d ice s  inoculum 

+ sterilized sand). The control treatments (un-inoculated plants) showed absence of, or 

little, root colonization. The study revealed that there was a reduction in percent root 

colonization at 183 DAS when compared to percent root colonization at 45 DAS in all 

AM treatments.

AM spore density was maximum in treatment 3 (206.6 100 g'1 soil) at 183 DAS. Least 

spore density was recorded in control with unsterilized sand i.e. treatment 2 (11.8 100 

g'1 soil).

8.3.3: Plant vegetative growth response

A statistically significant positive response of A. o c c id e n ta le  to AM treatments was 

observed in growth characteristics viz., plant height, stem diameter, number of 

branches, number of leaves, leaf area, petiole length, intemode length, and root length 

as compared to control treatments (Table 8.3, Plate 8.3 a). Among the AM treatments, 

treatment 3 (R. in tra ra d ice s  inoculum + sterilized sand) recorded a significant increase 

in all the growth characteristics of A. o cc id en ta le .

8.3.2: Root colonization and spore density
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Table 8.2: Effect of monoxenically produced carrier based bio-inocula of Rhizoglomus intraradices and Funneliformis 

mosseae on root colonization and spore density in Anacardium occidentale L.

Treatments Percent root colonization 

(at 45 DAS)

Percent root colonization 

(at 183 DAS)

Spore density 100 g'1 soil 

(at 183 DAS)

Ti 0.00e± 0.00 0.00c± 0.00 0.00c± 0.00

t 2 0.00e± 0.00 7.40c± 5.59 11.80c± 6.45

t 3 89.00a± 9.62 79.80a± 15.15 206.60a± 38.82

t 4 76.00b± 8.94 58.40b± 9.07 99.20b± 10.84

t 5 60.00c± 7.07 49.60b± 22.30 90.20b± 8.13

t 6 46.00d± 10.25 38.00b± 22.46 79.80b± 45.55

Legend: Ti: Control sterilized sand; T2: Control unsterilized sand; T3: Rhizoglomus intraradices + sterilized sand; T4: 

Rhizoglomus intraradices + unsterilized sand; T5: Funneliformis mosseae + sterilized sand; T6: Funneliformis 

mosseae + unsterilized sand.

Values are means of five replicates ± standard deviation. Values in the same column not sharing the same 

superscript are significantly different at P  < 0.05; DAS = Days after sowing.



Plate 8.2: Micrographs o f  root colonization in Anacardium occidentale L. b y  

monoxenicaily produced carrier based bio-inocula o f  Rhizoglom us 

intraradices and Funneliformis mosseae.

a) Arbuscular colonization in Anacardium occidentale at 45 DAS.

b) Vesicular colonization in Anacardium occidentale at 45 DAS.

c) Vesicular colonization in Anacardium occidentale by Rhizoglom us 

intraradices at 183 DAS.

d) Vesicular colonization in Anacardium occidentale by Funneliformis 

mosseae at 183 DAS.

e) Extra-radical spores o f Rhizoglomus intraradices at 183 DAS.

f) Extra-radical spore of Funneliformis mosseae at 183 DAS.





Table 8.3: Effect of monoxenically produced carrier based bio-inocula of Rhizoglomus intraradices and Funneliformis mosseae on 
vegetative growth response in Anacardium occidentale L. at 183 DAS (days after sowing).

Treatment Plant height 
(cm)

Stem
diameter

(cm)

Number of
branches

-1
plant

Number of
leaves

-1
plant

Leaf area
2

(cm )
Petiole
length
(cm)

Internode
length
(cm)

Root length 
(cm)

T! 27.3°± 4.88 1.33b±0.15 o . o o c ± o . o o 17.00C±2.64 31.00d±4.35 0.63b±0.23 0.66C±0.55 23.13b± 7.55

T 2 27.5° ± 8.23 1.72b±0.41 0.66°± 0.57 18.66C±3.78 31.00d±4.35 0.66b±0.20 0.66C±0.15 23.60b±3.96

T 3 58.27a±2.37 3.40a±0.28 4.66a± 1.52 46.00a± 10.81 113.33a± 13.20 1.36a±0.11 2.00a± 0.60 54.56a± 6.87

T 4 42.25b±9.69 2.95a±0.41 3.00b±0.00
ab

36.33 ±4.16
b e

68.00 ±4.00 i . i o a ± o . o o
ab

1.50 ±0.20 51.66a± 7.23

t 5 54.15a±5.91 2.88a±0.77 2.00b±0.00 33.33b±6.65 81.33b± 34.19 1.23a± 0.15 1.66a± 0.15 50.00a±2.50

T 6 38.68b±2.48 2.9ia±0.54 0.66° ±0.57
be

28.0 ±3.46 44.33Cd± 13.79 1.06a±0.35 1.06bC± 0.11 47.03a± 8.37

Legend: Ti: Control sterilized sand; T2: Control unsterilized sand; T3: Rhizoglomus intraradices + sterilized sand; T4: Rhizoglomus 

intraradices + unsterilized sand; T5: Funneliformis mosseae + sterilized sand; Tg: Funneliformis mosseae + unsterilized sand.

Leaf area, petiole length: mean of 3rd leaf from top. Values are means of three replicates ± standard deviation. Values in the same 

column not sharing the same superscript are significantly different at P  < 0.05.



Plate 8.3: Effect of monoxenically produced carrier based bio-inocula of 
Rhizoglomus intraradices and Funneliformis mosseae on vegetative 
growth response in Anacardium occidentale L. at 183 DAS (days after 
sowing).

a) A n a ca rd iu m  o cc id en ta le  L. plants with un-inoculated and AM inoculated 

treatments.

T i: Control sterilized sand 

T2: Control unsterilized sand

T3: R h izo g lo m u s in trarad ices inoculum + sterilized sand 

T4: R h izo g lo m u s in trarad ices inoculum + unsterilized sand 

T5: F u n n eliform is m osseae  inoculum + sterilized sand 

T6: F u n n eliform is m osseae  inoculum + unsterilized sand





P la te  8.3



8.3.4: Total plant above- and below-ground biomass

Shoot and root weights (fresh and dry weights) varied significantly between the 

treatments. Total plant dry biomass in all AM treatments was significantly greater than 

control treatments at 183 DAS, with maximum in treatment 3 (R. in tra ra d ice s  inoculum 

+ sterilized sand) (19.7 g) followed by treatment 5 (F. m o sse a e  inoculum + sterilized 

sand) (15.8 g) and least in treatment 1 (Control sterilized sand) (3.47 g). Root to shoot 

ratios were significantly greater in all AM treatments compared to control treatments 

(Table 8.4). Biomass partitioning between roots and shoots was significantly greater in 

all AM treatments as compared to control treatments, with greater shoot biomass than 

root (Fig. 8.1). The magnitude of growth response of A. o cc id en ta le  varied with the two 

AM species. The overall effect of AM treatments was observed as a significant increase 

of biomass towards above-ground (shoot) growth.

8.3.5: Plant aboveground (shoot) nutrient content

AM colonization facilitated greater uptake of macro- and micro-nutrients in AM 

treatments as compared to control treatments. Treatment 3 (R. in tra ra d ice s  inoculum + 

sterilized sand) had significantly greatest effect in enhancing growth and nutrient 

acquisition of A. o cc id en ta le  compared to other AM treatments and control treatments 

(Table 8.5, Table 8.6).

8.3.6: Mycorrhizal dependency and Mycorrhizal efficiency index

A significant variation was observed in mycorrhizal dependency and mycorrhizal 

efficiency index o f  A. o c c id e n ta le  in the different treatments. High MD and MEI values 

were recorded in treatment 3 (R. in tra ra d ice s  inoculum + sterilized sand) followed by 

treatment 5 (F. m o ssea e  inoculum + sterilized sand) (Fig. 8.2).
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Table 8.4: Effect of monoxenically produced carrier based bio-inocula of Rhizoglomus intraradices and Funneliformis mosseae on total 

above- and below-ground biomass of Anacardium occidentale L. at 183 DAS (days after sowing).

Treatment
Stem Leaf Root Total plant 

dry biomass 
(g)

Root to 
shoot ratio

(gg )
Fresh weight 

(g)
Dry weight 

(g)
Fresh weight 

(g)
Dry weight 

(g)
Fresh weight 

(g)
Dry weight 

(g)
c C C C C d C b

T! 6.16 ±1.45 1.36 ±0.45 7.73 ±3.27 1.70 ±0.15 4.40 ± 0.69 0.40 ±0.01 3.47 ±2.01 0.13 ±0.02
C C C C d C b

T2 6.23 ±2.53 2.40 ± 1.05 8.83 ± 1.16 1.86 ±0.23 4.60 ± 1.30 0.56 ±0.05 4.83 ±2.82 0.13 ±0.01
a a a a a a a

T3 14.56 ± 0.23 7.26 ± 0.87 26.43 ± 1.59 8.83 ± 0.40 10.63 ± 1.32 3.60 ±0.51 19.70 ±8.05 0.22 ± 0.04
a b b ab b ab a

T4 13.16 ±0.20 6.16 ±0.32 19.76 ±6.83 6.66 ± 0.65 9.36 ±1.98 2.80 ± 0.20 15.63 ±6.30 0.21 ± 0.00
a b ab b b ab a

T5 12.66 ± 1.02 6.13 ±0.37 20.36 ± 1.64 6.93 ±0.40 8.30 ± 0.30 2.73 ±0.11 15.80 ±6.69 0.20 ± 0.00
b b b b b C b a

T 6 8.86 ± 1.32 4.33 ±0.32 15.33 ± 1.98 6.43 ±2.73 7.16 ±0.90 2.16 ±0.32 12.93 ±6.40 0.21 ±0.07

Legend: Tj: Control sterilized sand; T2: Control unsterilized sand; T3: Rhizoglomus intraradices + sterilized sand; T4: Rhizoglomus 

intraradices + unsterilized sand; T5: Funneliformis mosseae + sterilized sand; T6: Funneliformis mosseae + unsterilized sand.

Values are means of three replicates ± standard deviation. Values in the same column not sharing the same superscript are significantly 

different at P  < 0.05.



Fis 81* Effect of monoxenically produced carrier based bio-inocula of Rhizoglomus intraradices and Funneliformis mosseae on above- 
g‘ ’ ’ an(j below-ground biomass partition of Anacardium occidentale L. at 183 DAS (days after sowing).

1 eeend- T • Control sterilized sand; T2: Control unsterilized sand; T3: R. intraradices + sterilized sand; T4: R. intraradices + unsterilized 
8 * sand- Ts: F. mosseae + sterilized sand; T6: F. mosseae + unsterilized sand. Values are means of three replicates. Different letters

between treatments are statistically significant at P  < 0.05.



Table 8.5: Effect of monoxenically produced carrier based bio-inocula of Rhizoglomus intraradices and 
Funneliformis mosseae on macro-nutrient content of Anacardium occidentale L. at 183 DAS 
(days after sowing).

Treatments
C

(%)

N

(%)

P

(%)

K

(%)

S

(%)

Ca

(%)

Mg

(%)

Ti 44.41 2.40 0 .1 2b± 0 .0 0 0.15b± 0 .0 0 0.15 0 .2 1 d± 0 .0 2 0 .11b±0.00

t2 44.73 2.59 0.66a± 0.49 0.17b± 0.06 0.15 0.24cd± 0.01 0 .1 1 b± 0 .0 0

t3 47.00 3.09 0.95a± 0.02 0.25a± 0.00 0.33 0.46a± 0.05 0.42a± 0.18

t4 45.12 3.05 0.83a± 0.02 Q.24a± 0.00 0.32 0.38b± 0.04 0 .1 2 b± 0 .0 1

Ts 45.25 2.98 0.87a± 0.06 0.23a± 0.00 0.26 0.37b± 0.03 0.33a± 0.19

t6 45.16 2.84 0.76a± 0.03 0.23a± 0.00 0.24 0.29c± 0.03 0 .1 2b± 0 .0 0

Legend: Ti: Control sterilized sand; T2: Control unsterilized sand; T3: Rhizoglomus intraradices + sterilized 
sand; T4: Rhizoglomus intraradices + unsterilized sand; Ts: Funneliformis mosseae + sterilized 
sand; Tg: Funneliformis mosseae + unsterilized sand.

Values are means of three replicates ± standard deviation. Values in the same column not sharing the 

same superscript are significantly different at P  <  0.05. C, N and S values are derived from a composite 
sample prepared from three sub-samples.



Table 8.6 : Effect of monoxenically produced carrier based bio-inocula of Rhizoglomus intraradices and Funneliformis 

mosseae on micro-nutrient content of Anacardium occidentale L. at 183 DAS (days after sowing).

Treatments
Na

(%)

Fe

(Vg g 1)

Zn

(MS g'1)

Mn

(Mg g'1)

Cu

(Mgg1)

B

(K g')

Ti 0.25e± 0.01 129.96c± 33.12 11.80c± 0.81 8.34b± 0.78 13.81°± 1.14 184.30° ±67.23

t2 0.27d± 0.01 137.74bc± 19.51 14.99c± 1.16 12.81b± 0.40 13.96c± 1.33 215.90b°± 57.21

t3 0.43a± 0.00 249.56a± 39.25 74.26a± 4.59 31.72a± 20.20 56.77a± 5.83 322.96a± 53.22

t4 0.36b± 0.18 204.89ab± 51.46 26.10b± 4.56 29.54a± 0.58 46.97ab± 9.93 247.83abc± 22.98

Ts 0.36b± 0.18 213.76a± 46.05 27.45b± 1.46 23.45ab± 1.17 40.29b± 6.04 302.56a± 31.67

t6 0.30c± 0.00 210.16a± 35.62 26.64b± 3.11 18.43ab± 1.94 37.80b± 7.59 284.16ab± 4.99

Legend: Ti: Control sterilized sand; T2: Control unsterilized sand; T3: Rhizoglomus intraradices + sterilized sand; T4: 

Rhizoglomus intraradices + unsterilized sand; T5: Funneliformis mosseae + sterilized sand; T6: Funneliformis 

mosseae + unsterilized sand.

Values are means of three replicates ± standard deviation. Values in the same column not sharing the same 
superscript are significantly different at P  < 0.05.
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Fig. 8.2: Mycorrhizal dependency (MD) and mycorrhizal efficiency index (MEI) of Anacardium occidentale L. in different treatments.

Legend: Tj: Control sterilized sand; T2: Control unsterilized sand; T3: Rhizoglomus intraradices + sterilized sand; T4: Rhizoglomus 
intraradices + unsterilized sand; T5: Funneliformis mosseae + sterilized sand; T6: Funneliformis mosseae + unsterilized sand.
Values are means of three replicates ± SE. Values above the bars not sharing the same superscript are significantly different at P  <  

0.05.



A strong positive correlation was observed between root colonization and mycorrhizal 

dependency, mycorrhizal efficiency index, spore density, shoot (N, P, K), root to shoot 

ratio, and total plant dry biomass (Table 8.7).

8.4: DISCUSSION

In the present study, physico-chemical analysis of the sand medium revealed that the 

pH was alkaline and macro- and micro-nutrient contents were low. Soil pH has 

immense significance for plant growth as it influences nutrient mobilization and 

accessibility (Marschner, 1995). AM colonization and extra-radical mycelial growth are 

known to be affected by soil pH (van Aarle et al., 2002). AM species have variable pH 

optima for spore germination and root colonization (Hayman and Tavares, 1985). For 

most AM species it ranges between pH 5.0 and 8.0 (Maun, 2009). The root colonization 

levels can increase with increasing soil pH. This can be attributed to differential 

response of different AM species or a greater ability of the species or strains present to 

colonize host plant roots (Robson and Abbott, 1989; Coughlan et ah, 2000). The 

variation in root colonization can also be attributed to the host-mediated changes in the 

pH of rhizosphere (Ananthakrishnan et ah, 2004). It has been reported that most 

G lom us and A c a u lo sp o ra  species occur at pH 6.1 or higher (Tiwari et ah, 2008). 

Medeiros et al. (1994) observed that as pH increased, root colonization also increased. 

They also reported that root colonization levels were low at pH 4.0 and high at pH 5.0, 

6.0 and 7.0. As observed in our study the alkaline soil pH (8.5) did not have any 

negative effect on AM colonization and percent root colonization was as high as 89 %.

We conducted the experiment to evaluate the effect of in v itro  produced carrier based 

bio-inocula of two AM fungal species viz., R. in tra ra d ice s  and F. m o sse a e  in
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Table 8.7: Correlation co-efficient (r) among important parameters as influenced by AM fungal inoculation in Anacardium occidentals 

L. at 183 DAS (days after sowing).

Parameters RC
(%)

MD
(%)

MEI
(%)

Spore density 
(100 g soil)

Shoot N
(%)

Shoot P 
(%)

Shoot K
(%)

Root to 
shoot ratio

(gg )

Total plant 
dry biomass 

(g)

RC
(%)

- 0.954** 0.935** 0.963** 0.967** 0.836* 0.955** 0.928** 0.988**

MD
(%) 0.954** - 0.950** 0.932** 0.935** 0.869* 0.914* 0.874* 0.968**

MEI
(%)

0.935** 0.950** - 0.850* 0.980** 0.938** 0.978** 0.939** 0.968**

Total plant dry biomass 
(g)

0.988** 0.968** 0.968** 0.933** 0.976** 0.853* 0.977** 0.959**

Legend: ** Significant at P< 0.01, * Significant a tP<  0.05.

RC = root colonization, MD = mycorrhizal dependency, MEI = mycorrhizal efficiency index.



stimulating growth and nutrient uptake of A. o cc id en ta le . It is known that cashew and 

many other tropical tree crops (e.g . coffee, cacao, citrus) are responsive to AM 

colonization (Janos, 1987; Alexander, 1988; Sieverding, 1991; Smits, 1992). All the 

AM treatments showed significant increase in root colonization and spore density 

compared to control treatments. Root colonization levels were high at 45 DAS in all 

AM treatments but a decrease in root colonization levels was observed at 183 DAS. At 

the beginning of AM fungal life cycle, germination of AM propagules and colonization 

of host plant roots occurs rapidly for providing water and mineral nutrients for plants. 

However, during completion of AM fungal life cycle, i.e. by sporulation occurring at 

the end of harvest, plants require less nutrients and low root colonization levels can be 

observed (Hindumati and Reddy, 2011). In our study, the control treatments showed 

least root colonization and spore density compared to AM treatments which may have 

been due to the presence of less infective AM population in the field sand.

In the present study, all vegetative growth parameters were significantly greater in AM 

treatments than in controls. Ananthakrishnan et al. (2004) reported significant increase 

in shoot length, intemode number, number of leaves, stem diameter, root length, and 

root number of cashew by R h izo g lo m u s fa sc ic u la tu m  compared to un-inoculated 

control. Lakshmipathy et al. (2000) reported significant increase in plant height, stem 

girth and total biomass of cashew rootstock when inoculated with A c a u lo sp o ra  la ev is  

and F. m o sse a e  compared to un-inoculated plants. Jaiswal (2002) reported a significant 

positive response of A. o c c id e n ta le  to AM inoculation i.e. with G lom us m a cro ca rp u m  

and R. in tra ra d ice s , observing a significant increase in stem girth, number of leaves and 

dry matter through AM inoculation. Gaonkar (2002) reported a significant increase in 

biomass of A. o c c id e n ta le  when inoculated with R. in tra ra d ice s . It has been reported 

that different species and strains of AM fungi show variation in their ability to enhance
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plant nutrient uptake and growth (McGraw and Schenck, 1980; Bagyaraj, 1992). 

However, these experiments were carried using pot cultured AM fungal inocula, 

whereas in our study, the experiment was carried out using in v itro  produced carrier 

based AM inocula. Declerck et al. (2002) reported the potential benefits of in v itro  

produced spores of R. in tra ra d ice s  in micro-propagated banana (M usa spp. c.v. Grand 

Naine) plantlets growing in a pasteurized (100°C) and non-pasteurized Vertisol, 

wherein they directly introduced the AM inoculum (400 spores per plant) in the 

planting hole prior to planting the plantlets in pots. They recorded that mycorrhizal 

plants had larger shoot and root dry weight, and P content than the non-mycorrhizal 

plants. In our study, a significant increase in root to shoot ratios (the shoot biomass 

increased over the root) was observed in all AM treatments compared to control 

treatments. It was observed that there was as a significant modification of biomass 

towards shoot growth in the AM treatments. A relatively lower root biomass in 

mycorrhizal plants compared to non-mycorrhizal plants indicates an efficient transport 

of soil minerals and water by AM fungi leading to better shoot growth (Kothari et al., 

1990).

In the present study, a significant increase in macro- and micro-nutrient content was 

observed in AM treatments compared to control treatments indicating that AM 

colonization improved nutrient acquisition and accumulation. Lakshmipathy et al. 

(2000) reported significant increase in P uptake of cashew rootstock inoculated with 

A c a u lo sp o ra  la ev is  and F. m o sse a e  compared to un-inoculated plants. Mycorrhizal 

fungi especially R. in tra ra d ice s  and F. m o ssea e  (both formerly G lom us species) are the 

most widely used AM species in agriculture (Kruger et al., 2012). Both of these AM 

species have been shown to increase P uptake in various crop plants (Barea et al., 1983; 

Douds et al., 2007; Antunes et al., 2009; Williams et al., 2012; Cozzolino et al., 2013).
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P concentration in plants is an important indicator of mycorrhizal activity and its 

concentration positively affects plant metabolic processes such as cell division, 

expansion, and formation and movement of carbohydrate (Marschner, 1995). Another 

important advantage of using G lom u s species as bio-inoculants is in their ability to 

survive and propagate well through root fragments colonized with intra-radical 

structures or vesicles formed earlier than the spores, which helps them in adapting to 

different soil conditions (de Souza et al., 2005).

In the present study, mycorrhizal dependency and mycorrhizal efficiency index of A. 

o c c id e n ta le  varied significantly among the different treatments. Treatment 3 (R. 

in tra ra d ice s  inoculum + sterilized sand) and treatment 5 (F. m o sse a e  inoculum + 

sterilized sand) showed highest MD and MEI values followed by treatment 4 (R . 

in tra ra d ice s  inoculum + unsterilized sand) and treatment 6  (F. m o sse a e  inoculum + 

unsterilized sand) whereas least MD and MEI values were recorded in control 

treatments. The high MD and MEI values along with increased plant tissue nutrient 

content indicates efficiency of the two studied AM species for enhancing growth of A. 

o c c id e n ta le  under sterilized and unsterilized sand conditions.

In the present study, a positive correlation between root colonization and mycorrhizal 

dependency, mycorrhizal efficiency index, spore density, shoot (N, P, K), root to shoot 

ratio, total plant dry biomass was observed indicating the effectiveness of the two AM 

species in enhancing growth, biomass and nutrient uptake of A. o cc id en ta le . These AM 

species are known to be beneficial to Z e a  m a ys  L., C ap sicu m  annuum  L ., P runus  

ce ra s ife ra  Ehrh., O lea  e u ro p a e a  L., and many other plant species, even under stressful 

conditions (Berta et al., 1995; Eom et al., 2000; Bi et al., 2003; Estaun et al., 2003; 

Douds and Reider, 2003; Wu et al., 2005).
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8.5: CONCLUSION

Our work demonstrates that the in v itro  produced carrier based bio-inoculum of two 

AM fungal species viz., R. in tra ra d ice s  and F. m o sse a e  was efficient in stimulating 

growth and nutrient uptake of A. o cc id en ta le  grown in sterilized and unsterilized sand. 

Pre-inoculation of A. o cc id en ta le  can result in better performance under field condition 

as the plant is already mycorrhizal when planted out. The present study affirms the 

expedience of two species of carrier based in v itro  produced bio-inocula in improving 

seedling growth, biomass and nutrient uptake of A. o cc id e n ta le . However, the survival 

and effectiveness of AM fungal inocula may vary depending upon the AM species 

involved in the study, the effectiveness of native AM fungal populations, the fertility or 

nutritional conditions of the soil, and agricultural practices involved. The AM species 

tested in our study are commonly recognized as ‘generalist’ species which are found in 

all ecosystems (Opik et al., 2 0 1 0 ) and have the ability to interact with many different 

plant species. Some plant-fungus combinations can perform better than others however. 

Thus, the efficacy or responsiveness of the in v itro  produced carrier based bio-inocula 

needs to be tested with other plants.

The in v itro  produced carrier based bio-inocula could be a valuable tool leading to 

strategic improvements in agriculture, horticulture, forestry and environmental 

recovering programs whilst being more ecologically sustainable. Further studies are 

needed to improve the knowledge of application and incorporation of these beneficial 

AM fungal symbionts into sustainable practices and understanding their effectiveness 

with different plants and soil conditions.
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CHAPTER 9 

Summary



Arbuscular mycorrhizal (AM) fungal communities positively affect the establishment 

and functioning of plant communities, and play a critical role in conservation and 

stabilization of coastal sand dune ecosystems. AM fungal bio-inoculants may be 

considered for the benefit of agriculture and environment recovery by revegetation.

As high amounts of AM fungi can be produced monoxenically, an attempt was made to 

produce a suitable organic carrier for in v itro  produced AM fungal bio-inocula that 

might be effectively applied in revegetation strategies of degraded sand dune 

ecosystems.

The present investigation was devised to evaluate and identify AM fungal diversity 

from sand dunes, mass multiply the isolated AM species as monospecific cultures, and 

develop an efficient protocol of in v itro  culture technique for dominant AM species 

from sand dime ecosystem. The development of a viable monoxenically produced 

inoculum using suitable carrier for re-inoculation was attempted. The shelf life of in 

v itro  prepared inoculum was studied. The efficacy of in v itro  produced carrier based 

bio-inocula in relation to plant growth has been investigated, and the application and 

integration of the in v itro  produced carrier based AM fungal bio-inocula for sustainable 

restoration of degraded sand dunes has been recommended.

The main findings of the present investigation are summarized below:

The AM fungal status of dominant plant species from 12 different coastal sand dune 

sites of Goa was evaluated. AM fungal association with sand dune plants was 

characterized by the presence of intra- and extra-radical aseptate hyphae, hyphal coils, 

A rum - and Pons-type arbuscules, vesicles, intra- and extra-radical spores, and auxiliary 

cells (knobby and spiny/papillate). This indicated a dependency of dune vegetation on
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beneficial effects of AM symbiosis. The taxonomy of the isolated AM species was 

studied. A total of 22 AM fungal species belonging to 8  genera were recorded. These 

included A c a u lo sp o ra  d e lica ta , A. scro b icu la ta , A . b ire tic u la ta , A. reh m ii, A . e leg a n s, 

A. n ic o lso n ii, A . fo v e a ta , A. d ila ta ta , R h izog lom u s fa sc ic u la tu m , R. in tra ra d ic e s , R. 

m a n ih o tis , R. c la ru m , F u nneliform is g eo sp o ru m , F. m o ssea e , C la ro id e o g lo m u s  

c la ro id e u m , G lom u s m acrocarpu m , G ig a sp o ra  a lb id a , Gi. g ig a n te a , Gi. 

ra m isp o ro p h o ra , R a c o c e tra  g re g a ria , S cu te llo sp o ra  p e llu c id a  and S. scu ta ta . 

A c a u lo sp o ra  sc ro b ic u la ta  was the most abundant AM species recorded from all 12 

sites. The study depicted a variation in AM fungal root colonization, spore density, 

spore abundance and species richness suggesting a variable influence of several 

ecological factors which may play a significant role in shaping AM populations.

Eight out of 22 AM fungal species were successfully multiplied as monospecific 

cultures using cuttings of P lectran th u s sc u te lla r io id e s  (L.) R.Br. as host. These 

included A. sc ro b ic u la ta , A. d e lica ta , A. rehm ii, F. g e o sp o ru m , F. m o sse a e , G i. a lb id a , 

Ra. g r e g a r ia  and R. in trarad ices.

Efficient protocol was developed of in v itro  culture technique for dominant AM species 

from sand dune ecosystem. In v itro  spore germination was recorded in eight AM 

species viz., C. c la ro id eu m , R. m an ih o tis , R. c la ru m , R. in tra ra d ice s , F. m o sse a e , Gi. 

a lb id a , Ra. g re g a r ia , and A. sc ro b icu la ta . Upon establishment of dual cultures, 

sporulation was observed in four AM species v iz ., R. c laru m , R. in tra ra d ice s , F. 

m o sse a e  and A. sc ro b ic u la ta . Continuous cultures of R. c la ru m , R. in tra ra d ice s  and F. 

m o sse a e  showing active growth of hyphae were obtained upon sub-culturing. The AM 

species with maximum potential for spore production using monoxenic culture system 

were identified and selected for mass production of pure and viable inocula. In the
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present study, it was found that the percent spore germination, frequency of culturing 

(sporulation) and sub-culturing (re-growth) was greatest in R. in tra ra d ice s  and F. 

m o ssea e . Thus, these two AM species were screened for further studies.

Viability, germination and colonization potential of in v itro  produced spores of R. 

in tra ra d ice s  and F. m o ssea e  were evaluated. It was recorded that the spores from 90- 

197 days old cultures of both AM species were viable as assessed by vital dye staining. 

The monoxenically produced spores retained maximum germination potential up to 28 

weeks and successfully colonized roots of in v itro  established P. s c u te lla r io id e s  in 

sterilized vermiculite. An efficient organic carrier to sustain in v itro  produced AM 

fungal propagules was formulated. Among the 19 treatments prepared, treatment 5 

(vermiculite, cow dung powder, wood powder and wood ash in proportion of 2 0 :8 :2 :1) 

was found to be optimal for both AM species. The in v itro  produced propagules of both 

AM species were highly infective and efficient when re-inoculated along with the 

carrier formulation.

Shelf life of in v itro  prepared inoculum was studied by assessing the infectivity 

potential of in v itro  prepared inocula in optimum carrier formulation (treatment 5) 

during storage. The re-germination potential of in v itro  produced spores from carrier 

based inocula to in v itro  conditions was also examined. The in v itro  produced inocula 

stored at 25°C remained viable up to 6  months in the organic carrier formulation. 100 % 

germination was recorded when the spores of both AM species were cultured back to in 

v itro  conditions indicating high viability, and efficiency of the carrier formulation in 

maintaining vigour of in v itro  produced propagules.

Study on the effect of in v itro  produced carrier based bio-inocula of the two AM fungal 

species in stimulating growth and nutrient uptake of A n acard iu m  o c c id e n ta le  L.
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revealed a significant increase in growth, biomass and nutrient uptake in all AM 

treatments compared to un-inoculated controls. Treatment 3 (R. in tra ra d ice s  inoculum 

+ sterilized sand) proved to be most effective in enhancing growth and nutrient 

acquisition of A. o cc id en ta le . A variation was observed in mycorrhizal dependency 

(MD) and mycorrhizal efficiency index (MEI) of A. o cc id en ta le  in the different 

treatments. High MD and MEI values were recorded in treatment 3 (R. in tra ra d ice s  

inoculum + sterilized sand) followed by treatment 5 (F. m o ssea e  inoculum + sterilized 

sand). For greater transplantation success of A. o c c id e n ta le  or any other plant species, 

pre-inoculation with AM fungal inoculum is highly recommended. Therefore it was 

concluded that the developed carrier based in v itro  produced AM fungal inocula may 

be suitable for large scale production of an effective bio-fertilizer.

The present study is relevant to agriculture, horticulture, forestry and environment- 

recovery programs. It promotes the use of an organic carrier formulation that facilitates 

the transfer to, multiplication of, and increase in efficacy of in v itro  produced AM 

fungal propagules in the rhizosphere soils. In particular, it demonstrates an effective 

protocol in carrier based in v itro  produced AM fungal bio-inocula for revegetation 

strategies of degraded sand dune ecosystems.

144



References



• Abbott L, Gazey C (1994) An ecological view of the formation of VA mycorrhizas. 

Plant Soil. 159: 69-78.

• Abbott LK, Robson AD (1985) Formation of external hyphae in soil by four species 

of vesicular-arbuscular mycorrhizal fungi. NewPhytol. 99: 245-255.

• Abbott LK, Robson AD (1991) Factors influencing the occurrence of vesicular- 

arbuscular mycorrhizas. Agric. Ecosyst. Environ. 35:121-150.

• Abdel Latef AAH, Chaoxing H (2011) Effect of arbuscular mycorrhizal fungi on 

growth, mineral nutrition, antioxidant enzymes activity and fruit yield of tomato 

grown under salinity stress. Sci. Hortic. 127(3): 228-233.

• Abe JI P, Masuhara G, Katsuya K (1994) Vesicular-arbuscular mycorrhizal fungi in 

coastal dime plant communities. I. Spore formation of G lom us spp. predominates 

under a patch of E lym u s m o llis . Mycoscience 35: 223-238.

• Accinelli C, Ludovica SM, Abbas HK, Zablotowicz RM, Wilkinson JR (2009) Use 

of a granular bioplastic formulation for carrying conidia of a non-aflatoxigenic 

strain of A sp e rg illu s  f la v u s . Bioresour. Technol. 100: 3997-4004.

• Adholeya A (2003) Commercial production of AMF through industrial mode and 

its large scale application. In: Proceeding of the 4th international conference 

Mycorrhizae (ICOM4), Montreal, Canada.

• Adholeya A, Tiwari P, Singh R (2005) Large-scale production of arbuscular 

mycorrhizal fungi on root organs and inoculation strategies. Declerck S, Strullu 

DG, Fortin JA (Eds.) In: In v itro  culture of mycorrhizas. pp: 315-338. Heidelberg: 

Springer.

• Ahulu EA, Gollotte A, Gianinazzi-Pearson V, Nonaka M (2006) Co-occurring 

plants forming distinct arbuscular mycorrhizal morphologies harbor similar AM 

fungal species. Mycorrhiza 17: 37-49.

145



• Aldwell FEB, Hall IR (1987) A review of serological techniques for the 

identification of mycorrhizal fungi. Sylvia DM, Hung LL, Graham JH (Eds.) In: 

Mycorrhizae in the next decade. Practical applications and research priorities, pp: 

305-307. Proceedings of the 7 North American Conference on Mycorrhizae, 

Institute of Food and Agricultural Sciences, University of Florida, Gainesville, Fla.

• Alexander IJ (1988) Mycorrhizas of indigenous tropical forest trees: some research 

priorities. Ngi FSP (Ed.) In: Proceedings of the Asian Seminar, pp: 79-89. Forest 

Research Institute, Kuala Lumpur, Malaysia.

• Alexander T, Toth R, Meier R, Weber HC (1989) Dynamics of arbuscule 

development and degeneration in onion, bean and tomato with reference to 

vesicular-arbuscular mycorrhizae in grasses. Can. J. Bot. 67: 2505-2513.

• Alguacil MDM, Torres MP, Montesinos-Navarro A, Roldan A (2016) Soil

characteristics driving arbuscular mycorrhizal fungal communities in semiarid 

Mediterranean soils. Appl. Environ. Microbiol. 82: 3348-3356.

doi:10.1128/AEM.03982-15.

• Alkan N, Gadkar V, Yarden O, Kapulnik Y (2006) Analysis of quantitative 

interactions between two species of arbuscular mycorrhizal fungi, G lo m u s m o ssea e  

and G. in tra ra d ice s , by real-time PCR. Appl. Environ. Microbiol. 72: 4192-4199.

• Al-Karaki GN (2006) Nursery inoculation of tomato with arbuscular mycorrhizal 

fungi and subsequent performance under irrigation with saline water. Sci. Hort. 

109: 1-7.

• Allen MF (1991) The Ecology of Mycorrhizae. Cambridge University Press, 

Cambridge, U.K.

• Altman FP (1976) Tetrazolium salts and formazans. Progr. Histochem. Cytochem. 

9: 1-56.

146



• amf-phylogeny.com

• An ZQ, Hendrix JW (1988) Determining viability of endogonaceous spores with a 

vital stain. Mycologia 80: 259-261.

• Ananthakrishnan G, Ravikumar R, Girija S, Ganapathi A (2004) Selection of 

efficient arbuscular mycorrhizal fungi in the rhizosphere of cashew and their 

application in the cashew nursery. Sci. Hort. 100 (1-4): 369-375.

• Angelard C, Colard A, Niculita-Hirzel H, Croll D, Sanders IR (2010) Segregation 

in a mycorrhizal fungus alters rice growth and symbiosis-specific gene 

transcription. Curr. Biol. 20: 1216-1221. 10.1016/j.cub.2010.05.031.

• Antunes P, Koch A, Dunfield K, Hart M, Downing A, Rillig M, Klironomos J 

(2009) Influence of commercial inoculation with G lom us in tra ra d ice s  on the 

structure and functioning of an AM fungal community from an agricultural site. 

Plant Soil. 317:257-266.

• Asai T (1934) Uber das Vorkommen und die Bedeutung der Wurzelpilze in den 

Landpflanzen. Jap. J. Bot. 7: 107.

• Auge RM (2004) Arbuscular mycorrhizae and soil/plant water relations. Can. J. 

Soil Sci. 84: 373-381.

• Auge RM, Moore JL, Sylvia DM, Cho K (2004) Mycorrhizal promotion of host 

stomatal conductance in relation to irradiance and temperature. Mycorrhiza 14: 85- 

92.

• Azcon R (1987) Germination and hyphal growth of G lom us m o sse a e  in v itro : 

effects of rhizosphere bacteria and cell-free culture media. Soil Biol. Biochem. 19: 

417-419.

• Azcon R (1989) Selective interaction between free-living rhizosphere bacteria and 

vesicular-arbuscular mycorrhizal fungi. Soil Biol. Biochem. 21: 639-644.

147



• Azcon R, Barea JM (1992) The effect of vesicular-arbuscular mycorrhizae in 

decreasing Ca acquisition by alfalfa plants in calcareous soils. Biol. Fert. Soils 13: 

155-159.

• Azcon-Aguilar C, Barea JM (1997) Applying mycorrhiza biotechnology to 

horticulture: significance and potentials. Sci. Hort. 6 8 : 1-24.

• Azcon-Aguilar C, Barea JM (2015) Nutrient cycling in the mycorrhizosphere. J. 

Soil Sci. Plant Nutr. 25(2): 372-396.

• Bago B, Zipfel W, Wiliams RM, Chamberland H, Lafontaine JG, Webb WW, Piche 

Y (1998d) In  v ivo  studies on the nuclear behavior of the arbuscular mycorrhizal 

fungus G ig a sp o ra  ro s e a  grown under axenic conditions. Protoplasma 203: 1-15.

• Bago B, Azcon-Aguilar C, Piche Y (1998a) Architecture and developmental 

dynamics of the external mycelium of the arbuscular mycorrhizal fungus G lom us  

in tra ra d ice s  grown under monoxenic culture conditions. Mycologia 90: 52-62.

• Bago B, Azcon-Aguillar C, Goulet A, Piche Y (1998b) Branched absorbing 

structures (BAS): a feature of the extraradical mycelium of symbiotic arbuscular 

mycorrhizal fungi. New Phytol. 139: 375-388.

• Bago B, Pfeffer PE, Douds DD, Jr Brouillette J, Becard G, Shachar-Hill Y (1999b) 

Carbon metabolism in spores of the arbuscular mycorrhizal fungus G lom us  

in tra ra d ice s  as revealed by nuclear magnetic resonance spectroscopy. Plant 

Physiol. 121:263-271.

• Bago B, Shachar-Hill Y, Pfeffer PE (2000) Dissecting carbon pathways in 

arbuscular mycorrhizas with NMR spectroscopy. Podila GK, Douds DD (Eds.) In: 

Current advances in mycorrhizae research, pp. 111-126. American 

Phytopathological Society, St. Paul, Minn.

148



• Bago B, Vierheilig H, Piche Y, Azcon-Aguilar C (1996) Nitrate depletion and pH 

changes induced by extraradical mycelium of the arbuscular mycorrhizal fungus 

G lom u s in tra ra d ice s  grown in monoxenic culture. New Phytol. 133: 273-280.

• Bago B, Zipfel W, Williams RC, Jim J, Arreola R, Pfeffer PE, Lammers PJ, 

Shachar-Hill Y (2002) Translocation and utilization of fungal storage lipid in the 

arbuscular mycorrhizal symbiosis. Plant Physiol. 128: 108-124.

• Bago B, Pfeffer PE, Shachar-Hill Y (2001) Could the urea cycle be tanslocating 

nitrogen in the arbuscular mycorrhizal symbiosis? New Phytol. 149: 4-8.

• Bago, B, Azcon-Aguilar C, Piche Y (1998c) Extraradical mycelium of arbuscular 

mycorrhizae: the concealed extension of roots. Flores HE, Lynch JP, Eissenstat D 

(Eds.) In: Radical biology: advance and perspectives on the function of plant roots. 

Current Topics in Plant Physiology. Md. Series 18: 502-505. ASPP, Rockville.

• Bagyaraj DJ (1992) Vesicular-arbuscular mycorrhizae application in agriculture. 

Norris JR, Read DJ, Verma AK (Eds.) In: Methods in Microbiology, pp: 359-374. 

Academic Press, London.

• Bagyaraj DJ (1994) Vesicular-arbuscular mycorrhiza: Application in Agriculture. 

Norris JR, Read DJ, Varma AK (Eds.) In: Techniques for the study of mycorrhiza. 

pp: 819-833. Academic Press, London.

• Barbier EB, Hacker SD, Kennedy C, Koch EW, Stier AC, Silliman BR (2011) The 

value of estuarine and coastal ecosystem services. Ecol. Monogr. 81(2): 169-193.

• Barea JM, Bonis AF, Olivares J (1983) Interactions between A zo sp ir illu m  and VA 

mycorrhiza and their effects on growth and nutrition of maize and ryegrass. Soil 

Biol. Biochem. 15: 705-709.

• Bashan Y (1998) Inoculants of plant growth-promoting bacteria for use in 

agriculture. Biotechnol. Adv. 16(4): 729-770.

149



• Bastmeyer M, Deising H, Bechinger C (2002) Force exertion in fungal infection. 

Annu. Rev. Biophys. Biomol. Struct. 31: 321-341.

• Becard G, Fortin JA (1988) Early events of vesicular-arbuscular mycorrhiza 

formation on Ri T-DNA transformed roots. New Phytol. 108: 211-218.

• Becard G, Piche Y (1989a) Fungal growth stimulation by CO2 and root exudates in 

vesicular-arbuscular mycorrhizal symbiosis. Appl. Environ. Microbiol. 55: 2320- 

2325.

• Becard G, Piche Y (1989b) New aspects of the acquisition of biotrophic status by a 

vesicular-arbuscular mycorrhizal fungus, G ig a s p o r a  m a rg a rita . New Phytol. 112: 

77-83.

• Becard G, Piche Y (1992) Status of nuclear division in arbuscular mycorrhizal 

fungi during in v itro  development. Protoplasma 174: 62-68.

• Bedini S, Pellegrino E, Avio L, Pellegrini S, Bazzoffi P, Argese E, Giovannetti M 

(2009) Changes in soil aggregation and glomalin related soil protein content as 

affected by the arbuscular mycorrhizal fungal species G lom us m o ssea e  and G lom us  

in tra ra d ic e s . Soil Biol. Biochem. 41(7): 1491-1496.

• Beena KR, Arun AB, Raviraja NS, Sridhar KR (2001) Arbuscular mycorrhizal 

status of P o ly c a r p a e a  c o ry m b o sa  (Carophyllaceae) on sand dunes of West coast of 

India. Ecol. Env. Cons. 7: 355-363.

• Beena KR, Arun AB, Raviraja NS, Sridhar KR (2001b) Association of arbuscular 

mycorrhizal fungi with plants of coastal sand dunes of West coast of India. Trop. 

Ecol. 42(2): 213-222.

• Beena KR, Raviraja NS, Arun AB, Sridhar KR (2000c) Diversity of arbuscular 

mycorrhizal fungi on the coastal sand dunes of West coast of India. Curr. Sci. 79: 

1459-1466.

150



• Beena KR, Raviraja NS, Sridhar KR (1997) Association of arbuscular mycorrhizal 

fungi with L a u n a ea  sa rm e n to sa  on maritime sand dunes of West coast of India. 

Kavaka 25: 53-60.

• Beena KR, Raviraja NS, Sridhar KR (2000b) Seasonal variation of arbuscular 

mycorrhizal fungal association with Ip o m o ea e  p e s -c a p r a e  of coastal sand dunes, 

Southern India. J. Env. Biol. 21(4): 341-347.

• Beilby JP, Kidby DK (1980) Biochemistry of ungerminated and germinated spores 

of the vesicular-arbuscular mycorrhizal fungus, G lom u s ca led o n iu m : changes in 

neutral and polar lipids. J. Lip. Res. 21: 739-750.

• Bell MJ, Middleton KJ, Thompson JP (1989) Effects of vesicular-arbuscular 

mycorrhizae on growth and phosphorus and zinc nutrition of peanut (A rachis  

h y p o g a e a  L.) in an Oxisol from subtropical Australia. Plant Soil. 117: 49-57.

• Bender SF, Wagg C, van der Heijden MGA (2016) An underground revolution: 

biodiversity and soil ecological engineering for agricultural sustainability. Trends 

Ecol.Evol. 31:440-452.

• Bennett AE, Bever JD (2007) Mycorrhizal species differentially alter plant growth 

and response to herbivory. Ecology 8 8 : 210-218.

• Bentivenga SP, Morton JB (1994) Stability and heritability of fatty acid methyl 

ester profiles of glomalean endomycorrhizal fungi. Mycol. Res. 98: 1419-1426.

• Bentivenga SP, Morton JB (1995) A monograph of the genus G ig a sp o ra , 

incorporating developmental patterns of morphological characters. Mycologia 87: 

720-732.

• Berch SM, Fortin JA (1983) Lectotypification of G lom us m a cro ca rp u m  and 

proposal of new combinations: G lom us a u stra le , G lom u s versifo rm e, and G lom us  

ten eb ro su m  (E n d o g o n a cea e). Can. J. Bot. 61: 2608-2617.

151



• Bergen M, Koske RE (1984) Vesicular-arbuscular mycorrhizal fungi from sand 

dunes of Cape Cod, Massachusetts. Trans. Br. Mycol. Soc. 83: 157-158.

• Berger KC, Truog E (1939) Boron determination in soils and plants. Ind. Eng. 

Chem. Anal. Ed. 11(10): 540-545. doi:10.1021/ac50138a007.

• Berruti A, Borriello R, Orgiazzi A, Barbera AC, Lumini E, Bianciotto V (2014) 

Arbuscular mycorrhizal fungi and their value for ecosystem management. O Grillo 

(Ed.) In: Biodiversity: the dynamic balance of the planet, pp: 159-191. InTech, 

Rijeta, Croacia.

• Berruti A, Lumini E, Balestrini R, Bianciotto V (2015) Arbuscular Mycorrhizal 

Fungi as Natural Biofertilizers: Let’s Benefit from Past Successes. Front. 

Microbiol. 6 : 1559. http://doi.org/10.3389/fmicb.2015.01559.

• Berta G, Gianinazzi-Pearson V, Gianinazzi S (1995) Arbuscular mycorrhizal 

induced changes to plant growth and root system morphology in P ru n u s cera sifera . 

Tree Physiol. 15: 281-293.

• Besserer A, Puech-Pages V, Kiefer P, Gomez-Roldan V, Jauneau A, Roy S, Portais 

J, Roux C, Becard G, Sejalon-Delmas N (2006) Strigolactones stimulate arbuscular 

mycorrhizal fungi by activating mitochondria. PLoS Biol. 4: 226.

• Bethlenfalvay GJ, Linderman RG (1992) Mycorrhizae in sustainable agriculture. 

ASA Special Publication Number 54: Madison, Wl, U.S.A.

• Bever JD, Morton JB, Antonovics J, Schultz PA (1996) Host-dependent sporulation 

and species diversity of arbuscular mycorrhizal fungi in a mown grassland. J. Ecol. 

84(1): 71-82.

• Bever JD, Schultz PA, Pringle A, Morton JB (2001) Arbuscular mycorrhizal fungi: 

more diverse than meets the eye, and the ecological tale of why. Bioscience 51(11): 

923-932.

152

http://doi.org/10.3389/fmicb.2015.01559


• Bhatia NP, Sundari K, Adholeya A (2013) Diversity and selective dominance of 

vesicular-arbuscular mycorrhizal fungi. Mukerji KG (Ed.) In: Concepts in 

mycorrhizal research, pp: 133-178. Springer science and business media.

• Bi Y, Li X, Wang H, Christie P (2004) Establishment of monoxenic culture 

between the arbuscular mycorrhizal fungus G lom us sinuosum  and Ri T-DNA- 

transformed carrot roots. Plant Soil. 261: 239-244.

• Bi YL, Li XL, Christie P, Hu ZQ, Wong MH (2003) Growth and nutrient uptake of 

arbuscular mycorrhizal maize in different depths of soil overlying coal fly ash. 

Chemosphere 50: 863-869.

• Bidondo LF, Pergola M, Silvani V, Colombo R, Bompadre J, Godeas A (2012) 

Continuous and long-term monoxenic culture of the arbuscular mycorrhizal fungus 

G ig a sp o ra  d e c ip ien s  in root organ culture. Fungal Biol. 116: 729-735.

• Biermann BJ, Linderman RG (1983) Use of vesicular-arbuscular mycorrhizal roots, 

intraradical vesicles and extraradical vesicles as inoculum. New Phytol. 95: 97-105.

• Blaszkowski J (1993) The occurrence of arbuscular fungi and mycorrhizae 

(Glomales) in plant communities of maritime dunes and shores of Poland. Bull. Pol. 

Ac. Sci. Biol. 41: 377-392.

• Blaszkowski J (1993a) Comparative studies of the occurrence of arbuscular fungi 

and mycorrhizae (Glomales) in cultivated and uncultivated soils of Poland. Acta 

mycol. 28: 93-140.

• Blaszkowski J (2012) Glomeromycota. W. Szafer Institute of Botany, Polish 

Academy of Sciences, Krakow.

• Blaszkowski J, Czemiawska B (2011) Arbuscular mycorrhizal fungi 

(Glomeromycota) associated with roots of A m m o p h ila  a re n a r ia  growing in 

maritime dunes of Bornholm (Denmark). Acta Soc. Bot. Pol. 80: 63-76.

153



• Blaszkowski J, Tadych M, Madej T (2002) Arbuscular mycorrhizal fungi 

(Glomales, Z y g o m yc o ta ) of the Bledowska Desert, Poland. Acta. Soc. Bot. Pol. 71: 

71-85.

• Boddington CL, Dodd JC (1998) A comparison of the development and metabolic 

activity of mycorrhizas formed by arbuscular mycorrhizal fungi from different 

genera on two tropical forage legumes. Mycorrhiza 8 : 149-157.

• Boddington CL, Dodd JC (1999) Evidence that differences in phosphate 

metabolism in mycorrhizas formed by species of G lom us and G ig a sp o ra  may be 

related to their life-cycle strategies. New Phytol. 142(3): 531-538.

• Boddington CL, Dodd JC (2000) The effect of agricultural practices on the 

development of indigenous arbuscular mycorrhizal fungi. II. Studies in 

experimental microcosms. Plant Soil. 218: 145-157.

• Boisson-Demier A, Chabaud M, Garcia F, Becard G, Rosenberg C, Barker DG 

(2001) A g ro b a c ter iu m  r/zfzogenes-transformed roots of M ed ica g o  tru n ca tu la  for 

studying nitrogen-fixing and endomycorrhizal symbiotic associations. Mol. Plant- 

Microbe Interact. 14: 693-700.

• Bolan NS, Robson AD (1984) Increasing phosphorus supply can increase the 

infection of plant roots by vesicular-arbuscular mycorrhizal fungi. Soil Biol. 

Biochem. 16: 419-420.

• Bonfante P, Bianciotto V (1995) Presymbiotic versus symbiotic phase in arbuscular 

endomycorrhizal fungi: morphology and cytology. Varma A, Hock B (Eds.) In: 

Mycorrhiza: structure, function, molecular biology and biotechnology, pp: 229-247. 

Berlin: Springer-Verlag.

• Bonfante P, Genre A (2010) Mechanisms underlying beneficial plant-fungus 

interactions in mycorrhizal symbiosis. Nat. Commun. 1: 48.

154



• Bonfante-Fasolo P, Grippiolo R (1982) Ultrastructural and cytochemical changes in 

the wall of a vesicular arbuscular mycorrhizal fungus during symbiosis. Can. J. Bot. 

60:2303-2312.

• Borriello R, Lumini E, Girlanda M, Bonfante P, Bianciotto V (2012) Effects of 

different management practices on arbuscular mycorrhizal fungal diversity in maize 

fields by a molecular approach. Biol. Fert. Soils 48: 911-922.

• Brahmaprakash GP, Sahu PK (2012) Biofertilizers for Sustainability. J. Indian Inst. 

Sci. 92: 37-62.

• Bray RH, Kurtz LT (1945) Determination of total, organic and available forms of 

phosphorus in soils. Soil Sci. 59(1): 39-46.

• Brockhoff JO (1985) The occurrence and extent of vesicular-arbuscular 

mycorrhizal infection at Bridge Hill Ridge (N.S.W.) in relation to its mining and 

revegetation history. B.Sc. Thesis, The University of Sydney.

• Brundrett M (1991) Mycorrhizas in natural ecosystems. Adv. Ecol. Res. 21: 171- 

313.

• Brundrett M, Bougher N, Dell B, Grove T, Malajczuk N (1996) Working with 

Mycorrhizas in Forestry and Agriculture. ACIAR Monograph 32. pp. 373.

• Brundrett MC (2009) Mycorrhizal associations and other means of nutrition of 

vascular plants: understanding the global diversity of host plants by resolving 

conflicting information and developing reliable means of diagnosis. Plant Soil. 320: 

37-77.

• Brundrett MC, Abbott LK, Jasper DA (1999) Glomalean mycorrhizal fungi from 

tropical Australia I: Comparison of the effectiveness and specificity of different 

isolation procedures. Mycorrhiza 8: 305-314.

155



• Brundrett MC, Jasper DA, Ashwath N (1999) Glomalean mycorrhizal fungi from 

tropical Australia. II. The effect of nutrient levels and host species on the isolation 

of fungi. Mycorrhiza 8: 315-321.

• Brundrett MC, Kendrick WB (1990) The roots and mycorrhizae of herbaceous 

woodland plants. II. Structural aspects of morphology. New Phytol. 114: 457-479.

• Bucher M (2007) Functional biology of plant phosphate uptake at root and 

mycorrhiza interfaces. New Phytol. 173: 11-26.

• Budi SW, Blal B, Gianinazzi S (1999) Surface-sterilization of G lom u s m o ssea e  

sporocarps for studying endomycorrhization in v itro . Mycorrhiza 9: 65-68.

• Buee M (2000) Mise en evidence d’un facteur racinaire implique dans la croissance 

des champignons mycorhiziens a arbuscules. Ph.D. thesis, Mycologie Vegetale, 

Universite Paul Sabatier, Toulouse, France.

• Burrows RL, Pfleger FL (2002) Arbuscular mycorrhizal fungi respond to increasing 

plant diversity. Can. J. Bot. 80(2): 120-130.

• Buscot F, Munch JC, Charcosset JY, Gardes M, Nehls U, Hampp R (2000) 

Recent advances in exploring physiology and biodiversity of ectomycorrhizas 

highlight the functioning of these symbioses in ecosystems. FEMS Microbiol. Rev. 

24: 601-14.

• Butcher DN (1980) The culture of isolated roots. Ingram DS, Helgelson JP (Eds.) 

In: Tissue culture methods for plant pathologists, pp: 13-17. Blackwell Scientific, 

Oxford.

• Caravaca F, Barea JM, Figueroa D, Roldan A (2002) Assessing the effectiveness of 

mycorrhizal inoculation and soil compost addition for enhancing reforestation with 

O le a  eu ro p a e a  subsp. S y lv e s tr is  through changes in soil biological and physical 

parameters. Appl. Soil Ecol. 20: 107-118.

156



• Carter RWG (1988) Coastal environments: an introduction to physical, ecological 

and cultural systems of coastlines, pp: 607. Academic Press, London.

• Castillo CG, Borie F, Godoy R, Rubio R, Sieverding E (2006) Diversity of 

mycorrhizal plant species and arbuscular mycorrhizal fungi in evergreen forest, 

deciduous forest and grassland ecosystems of Southern Chile. J. Appl. Bot. Food 

Qual. 80: 40-47.

• Cavagnaro TR, Smith FA, Lorimer MF, Haskard KA, Ayling SM, Smith SE (2001) 

Quantitative development of Para-type arbuscular mycorrhizas formed between 

A sp h o d e lu s  f is tu lo su s  and G lom u s coronatu m . New Phytol. 149: 105-113.

• Chabot S, Becard G, Piche Y (1992a) Life cycle of G lom us in tra ra d ix  in root organ 

culture. Mycologia 84: 315-321.

• Chapman HD, Pratt FP (1982) Determination of minerals by titration method: 

methods of analysis for soils, plants and water. 2nd edition. California University, 

Agriculture Division, USA.

• Chmura D, Gucwa-Przepiora E (2012) Interactions between arbuscular mycorrhiza 

and the growth of the invasive alien annual Im p a tien s  p a rv if lo ra  DC: A study of 

forest type and soil properties in nature reserves (S Poland). Appl. Soil Ecol. 62(1): 

71-80.

• Clowes A, Comfort P (1987) Process and landform-conceptual framework in 

geography. 2nd edition, pp: 335. Oliver and Boyd, Longman group ltd, Edinburgh.

• Coelho IR, Pedone-Bonfim MVL, Silva FSB, Maia LC (2014) Optimization of the 

production of mycorrhizal inoculum on substrate with organic fertilizer. Braz. J. 

Microbiol. 45: 1173-1178.

• Connick WJ, Daigle DJ, Boyette CD, Williams KS, Vinyard BT, Quimby PC Jr 

(1996) Water activity and other factors that affect the viability of C olleto trich u m

157



tru n ca tion  conidia in wheat flour-kaolin granules (‘Pesta’). Biocontrol Sci. Techn. 

6 : 277-284.

• Cordoba AS, Mendonya MM, Sturmer SL, Rygiewicz PT (2001) Diversity of 

arbuscular mycorrhizal fungi along a sand dune stabilization gradient: a case study 

at Praia da Joaquina, Ilha de Santa Catarina, South Brazil. Mycoscience 42: 379- 

387.

• Corkidi L, Allen EB, Merhaut D, Allen MF, Downer J, Bohn J, Evans M (2004) 

Assessing the infectivity of commercial mycorrhizal inoculants in plant nursery 

conditions. J. Environ. Hortic. 22: 149-154.

• Corkidi L, Rincon E (1997) Arbuscular mycorrhizae in a tropical sand dune 

ecosystem on the Gulf of Mexico I. Mycorrhizal status and inoculum potential 

along a successional gradient. Mycorrhiza 7(1): 9-15.

• Corkidi L, Rincon E (1997b) Arbuscular mycorrhizae in a tropical sand dune 

ecosystem on the Gulf of Mexico. II. Effects of arbuscular mycorrhizal fungi on the 

growth of species distributed in different early successional stages. Mycorrhiza 7: 

17-23.

• Costa FA, Haddad LSM, Kasuya MCM, Oton WC, Costa MD, Borges AC (2013) 

In v itro  culture of G ig a sp o ra  d ec ip ien s  and G lom u s clarum  in transformed roots of 

carrot: the influence of temperature and Ph. Acta Sci., Agron. 35: 315-323.

• Coughlan AP, Dalpe Y, Lapointe L, Piche Y (2000) Soil pH-induced changes in 

root colonization, diversity, and reproduction of symbiotic arbuscular mycorrhizal 

fungi from healthy and declining maple forests. Can. J. Forest Res. 30: 1543-1554.

• Cozzolino V, Di Meo V, Piccolo A (2013) Impact of arbuscular mycorrhizal fungi 

applications on maize production and soil phosphorus availability. J. Geochem. 

Explor. 129: 40-44.

158



• Cranenbrouck S, Voets L, Bivort C, Renard L, Strullu DG, Declerck S (2005) 

Methodologies for in v itro  cultivation of arbuscular mycorrhizal fungi with root- 

organs. Declerck S, Strullu DG, Fortin JA (Eds.) In: In v itro  culture of mycorrhizas. 

pp: 341-375. Springer-Verlag, Heidelberg.

• Cuenca G, Meneses E (1996) Diversity patterns of arbuscular mycorrhizal fungi 

associated with Cacao in Venezuela. Plant Soil. 183: 315-322.

• Cui X, Hu J, Wang J, Yang J, Lin X (2016) Reclamation negatively influences 

arbuscular mycorrhizal fungal community structure and diversity in coastal saline- 

alkaline land in Eastern China as revealed by Illumina sequencing. Appl. Soil Ecol. 

98: 140-149.

• Cummings BA (1990) Use of RFLPs as a means of examining genetic relatedness 

in VAM fungi. Allen MF, Williams SE (Eds.) In: Abstracts, 8th North American 

Conference on Mycorrhizae. pp: 63. University of Wyoming Agricultural 

Experiment Station, Laramie, Wyo.

• D’Souza J, Rodrigues KM, Rodrigues BF (2013) Modified Strullu and Romand 

(MSR) medium devoid of sucrose promotes higher in v itro  germination in 

R h izo p h a g u s irreg u la r is . J. Mycol. Plant Pathol. 43(2): 240-242.

• da Silva DKA, de Souza RG, de Alencar Velez BA, da Silva GA, Oehl F, Maia LC 

(2015) communities of arbuscular mycorrhizal fungi on a vegetation gradient in 

tropical coastal dunes. Appl. Soil Ecol. 96: 7-17.

• Dalpe Y (1989) Inventaire et repartition de la flore endomycorhizienne de dunes et 

de rivages maritimes du Quebec, du Nouveau-Brunswick et de la Nouvelle-Ecosse. 

Naturaliste Can (Rev. Ecol. Syst.) 116: 219-236.

• Dalpe Y (2004) The in v itr o  monoxenic culture of arbuscular mycorrhizal fungi: a • 

major tool for taxonomical studies. Fri’as Hernandez JT, Ferrera Cerrato R, Olalde

159



V Portugal (Eds.) In: Advances en conocimiento de la biologla de las Micorrizas. 

Universidad de Guanajuato, Mexico.

• Dalpe Y, de Souza FA, Declerck S (2005) The monoaxenic culture of arbuscular 

mycorrhizal fungi as a tool for systematics and biodiversity. Declerck S, Strullu 

DG, Fortin JA (Eds.) In: In  V itro Culture of Mycorrhizas. pp: 31-48. Springer, 

Berlin.

• Dalpe Y, Declerck S (2002) Development of A c a u lo sp o ra  rehm ii spore and hyphal 

swellings under root-organ culture. Mycologia 94: 850-855.

• Dalpe Y, Monreal M (2004) Arbuscular mycorrhiza inoculum to support 

sustainable cropping systems. Online Crop Manag. 3. doi:10.1094/CM-2004-0301- 

09-RV.

• Dandan Z, Zhiwei Z (2007) Biodiversity of arbuscular mycorrhizal fungi in the hot- 

dry valley of the Jinsha River, southwest China. Appl. Soil Ecol. 37: 118-128.

• Dangeard PA (1896) Une maladie du peuplier dans l’ouest de la France. Botaniste 

58: 38-43.

• Daniels BA, Graham SO (1976) Effects of nutrition and soil extracts on 

germination of G lom u s m o sse a e  spores. Mycologia 68: 108-116.

• Daniels BA, Menge JA (1981) Evaluation of the commercial potential of the 

vesicular-arbuscular mycorrhizal fungus G lo m u s e p ig a eu s . New Phytol. 87: 345- 

354.

• Date RA, Roughley RJ (1977) Legume inoculants production. Indian Natl. Sci. 

Acad Bull. 51:67-686.

• Davidson K, Geringer JE (1990) Genetic studies of vesicular-arbuscular 

mycorrhizal fungi. Allen MF, Williams SE (Eds.) In: Abstracts, 8th North American

160



Conference on Mycorrhizae. pp: 70. University of Wyoming Agricultural 

Experiment Station, Laramie, Wyo.

• Davison J, Moora M, Opik M, Adholeya A, Ainsaar L, Ba A et al. (2015) Global 

assessment of arbuscular mycorrhizal fungus diversity reveals very low endemism. 

Science 349: 970-973.

• Davison J, Opik M, Zobel M, Vasar M, Metsis M, Moora M (2012) Communities 

of arbuscular mycorrhizal fungi detected in forest soil are spatially heterogeneous 

but do not vary throughout the growing Season. PLoS ONE 7(8): e41938.

• de Assis DMA, Oehl F, Gon9 alves CM, et al. (2016) Community structure of 

arbuscular mycorrhizal fungi in fluvial and maritime dunes of Brazilian Northeast. 

Appl. Soil Ecol. 108: 136-146. doi:10.1016/j.apsoil.2016.07.018.

• de Souza FA, Berbara RLL (1999) Ontogeny of G lom us c laru m  in Ri T-DNA 

transformed roots. Mycologia 91: 343-350.

• de Souza FA, Dalpe Y, Declerck S, de la Providencia IE, Sejalon-Delmas N (2005) 

Life history strategies in Gigasporaceae: insight from monoxenic culture. Declerck 

S, Strullu DG, Fortin JA (Eds.) In: In v itro  culture of mycorrhizas. pp: 73-91. 

Springer-Verlag, Berlin, Heidelberg, Germany.

• de Souza FA, Declerck S (2003) Mycelium development and architecture, and 

spore production of S c u te llo sp o ra  re ticu la ta  in monoxenic culture with Ri T-DNA 

transformed carrot roots. Mycologia 95: 1004-1012.

• Declerck A, D’or D, Cranenbrouck S, Le Boulenge E (2001) Modelling the 

sporulation dynamics of arbuscular mycorrhizal fungi in monoxenic culture. 

Mycorrhiza 11: 225-230.

• Declerck S, Cranenbrouck S, Dalpe Y, Seguin S, Grandmougin-Ferjani A, Fontaine 

J, Sancholle M (2000) G lom u s p ro life ru m  sp. nov.: a description based on

161



morphological, biochemical, molecular and monoxenic cultivation data. Mycologia 

92: 1178-1187.

• Declerck S, D’Or D, Bivort C, de Souza FA (2004) Development of extraradical 

mycelium of S cu te llo sp o ra  re tic u la ta  under root-organ culture: spore production 

and function of auxiliary cells. Mycol. Res. 108: 84-92.

• Declerck S, Dalpe Y (2001) GINCO. Mycorrhiza 11: 263.

• Declerck S, Ijdo M, Fernandez K, Voets L, de la Providencia I (2009) Method and 

system for in v itro  mass production of arbuscular mycorrhizal fungi. 

WO/2009/090220.

• Declerck S, Risede JM, Delvaux B (2002) Greenhouse response of micro- 

propagated bananas inoculated with in v itro  monoxenically produced arbuscular 

mycorrhizal fungi. Sci. Hort. 93: 301-309.

• Declerck S, Strullu DG, Fortin JA (Eds.) (2005) In v itro  culture of Mycorrhizas. pp: 

388. New York, NY: Springer Verlag, Berlin, Heidelberg.

• Declerck S, Strullu DG, Plenchette C (1996a) In v itro  mass-production of the 

arbuscular mycorrhizal fungus G lom us ve rs ifo rm e , associated with Ri T-DNA 

transformed carrot roots. Mycol. Res. 100: 1237-1242.

• Declerck S, Strullu DG, Plenchette C (1998) Monoxenic culture of the intraradical 

forms of G lom u s sp. isolated from a tropical ecosystem: a proposed methodology 

for germplasm collection. Mycologia 90: 579-585.

• Declerck S, Strullu DG, Plenchette C, Guillemette T (1996b) Entrapment of in vitro  

produced spores of G lom u s versifo rm e  in alginate beads: in v itro  and in vivo  

inoculum potentials. J. Biotechnol. 48: 51-57.

162



• Declerck S, Van Coppenolle A (2000) Cryopreservation of entrapped 

monoxenically produced spores of an arbuscular mycorrhizal fungus. New Phytol. 

148: 169-176.

• Dessai KN (1995) The structure and function of the sand dune vegetation along the 

Goa coast. PhD thesis, Goa University, pp: 218.

• Dessai KN, Untawale AG (2002) Sand dune vegetation of Goa: Conservation and 

management, Botanical Society of Goa.

• Devall MS (1992) The biological flora of coastal dunes and wetlands. 2. Ipom oea  

p e s -c a p r a e  (L.) Roth. J. Coastal Res. 8: 442-456.

• Dickson S, Smith SE (2001) Cross walls in arbuscular trunk hyphae form after loss 

of metabolic activity. New Phytol. 151: 735-742.

• Diop TA (1995) Ecologie des champignons mycorhiziens a vesicules et a 

arbuscules associes a A c a c ia  a lb id a  (del) dans les zones saheliennes et soudano- 

guineennes du Senegal. These de docteur en Biologie et Physiologie vegetales, 

Angers, France.

• Diop TA, Becard G, Piche Y (1992) Long-term in v itro  culture of an 

endomycorrhizal fungus, G ig a sp o ra  m a rg a rita , on Ri T-DNA transformed root of 

carrot. Symbiosis 12: 249-259.

• Diop TA, Plenchette C, Strullu DG (1994a) Dual axenic culture of sheared-root 

inocula of vesicular-arbuscular mycorrhizal fungi associated with tomato roots. 

Mycorrhiza5: 17-22.

• Diop TA, Plenchette C, Strullu DG (1994b) In v itro  culture of sheared mycorrhizal 

roots. Symbiosis 17: 217-227.

163



• Dodd JC, Boddington CL, Rodriguez A, Gonzalez-Chavez C, Mansur I (2000) 

Mycelium of arbuscular mycorrhizal fungi (AMF) from different genera: form, 

function and detection. Plant Soil. 226: 131-151.

• Doner LW, Becard G (1991) Solubilization of gellan gels by chelation of cations. 

Biotechnol. Tech. 5: 25-28.

• Dotzler N, Krings M, Taylor TN, Agerer R (2006) Germination shields in 

S c u te llo sp o ra  (Glomeromycota: Diversisporales, Gigasporaceae) from the 400 

million-year-old Rhynie chert. Mycol. Prog. 5: 178-184.

• Dotzler N, Walker C, Krings M, Hass H, Kerp H, Taylor TN, Agerer R (2009) 

Acaulosporoid glomeromycotan spores with a germination shield from the 400- 

million-year-old Rhynie chert. Mycol. Prog. 8: 9-18.

• Douds DD Jr (1997) A procedure for the establishment of G lom us m o sse a e  in dual 

culture with Ri T-DNA-transformed carrot roots. Mycorrhiza 7: 57-61.

• Douds DD Jr (2002) Increased spore production by G lom us in tra ra d ic e s  in the 

split-plate monoxenic culture system by repeated harvest, gel replacement, and 

resupply of glucose to the mycorrhiza. Mycorrhiza 12: 163-167.

• Douds DD Jr, Nagahashi G, Abney GD (1996) The differential effects of cell wall- 

associated phenolics, cell walls and cytosolic phenolics of host and non-host roots 

on the growth of two species of AM fungi. New Phytol. 133: 289-294.

• Douds DD Jr, Nagahashi G, Hepperly PR (2010) On-farm production of inoculum 

of indigenous arbuscular mycorrhizal fungi and assessment of diluents of compost 

for inoculum production. Bioresour. Technol. 101: 2326-2330.

• Douds DD Jr, Nagahashi G, Pfeffer PE, Reider C, Kayser WM (2006) On-farm 

production of AM fungus inoculum in mixture of compost and vermiculite. 

Bioresour. Technol. 97: 809-818.

164



• Douds DD, Reider C (2003) Inoculation with mycorrhizal fungi increases the yield 

of green peppers in a high P soil. Biol. Agric. Hort. 21: 91-102.

• Douds DD, Schenck NC (1990) Cryopreservation of spores of vesicular-arbuscular 

mycorrhizal fungi. New Phytol. 115: 667-674.

• Douds DD, Schenck NC (1991) Germination and hyphal growth of VAM fungi 

during and after storage in soil at five matric potentials. Soil Biol. Biochem. 23: 

177-183.

• Douds DD Jr, Nagahashi G, Reider C, Hepperly PR (2007) Inoculation with 

arbuscular mycorrhizal fungi increases the yield of potatoes in a high P soil. Biol. 

Agric. Hortic. 25: 67-78.

• Druva-Lusite I, Ievinsh G (2010) Diversity of arbuscular mycorrhizal symbiosis in 

plants from coastal habitats. Environ. Exp. Biol. 8: 17-34.

• Dumbrell AJ, Nelson M, Helgason T, Dytham C, Fitter AH (2010) Relative roles of 

niche and neutral processes in structuring a soil microbial community. ISME J. 4: 

1078-1178.

• Dupre de Boulois H, Delvaux B, Declerck S (2005) Effects of arbuscular 

mycorrhizal fungi on the root uptake and translocation of radiocaesium. Environ. 

Pollut. 134: 515-524.

• Dupre de Boulois H, Voets L, Delvaux B, Jakobsen I, Declerck S (2006) Transport 

of radiocaesium by arbuscular mycorrhizal fungi to M ed ica g o  tru n ca tu la  under in 

v itro  conditions. Environ. Microbiol. 8: 1926-1934.

• El-Giahmi AA, Nicolson TH, Daft MJ (1976) Endomycorrhizal fungi from Libyan 

soils. Trans. Br. Mycol. Soc. 67 (1): 164-169.

165



• Elsen A, Declerck S, De Waele D (2001) Effects of G lom us in tra ra d ic e s  on the 

reproduction of the burrowing nematode (R a d o p h o lu s  sim ilis) in dixenic culture. 

Mycorrhiza 11: 49-51.

• Elsen A, Declerck S, DeWaele D (2003) Use of root organ cultures to investigate 

the interaction between G lom u s in tra ra d ice s  and P ra ty len ch u s co ffea e . Appl. 

Environ Microbiol. 69: 4308-4311.

• Elzein A, Kroschel J, Mtiller-Stover D (2004b) Effects of inoculum type and 

propagule concentration on shelf life of Pesta formulations containing F usarium  

o x ysp o ru m  Foxy 2, a potential mycoherbicide agent for S trig a  spp. Biol. Control 

30:203-211.

• Emery SM, Rudgers JA (2010) Ecological assessment of dune restorations in the 

Great Lakes region. Restor. Ecol. 18: 184-194.

• Eom AH, Hartnett DC, Wilson GWT (2000) Host plant species effects on 

arbuscular mycorrhizal fungal communities in tallgrass prairie. Oecologia 122: 435- 

444.

• Eskandari A, Danesh YR (2010) Study on life cycle of arbuscular mycorrhizal 

fungus G lom u s in tra ra d ice s  using in v itro  culturing technique. J. Phytol. 2(6): 69- 

75.

• Estaun V, Camprubi A, Calvet C, Pinochet J (2003) Nursery and Field Response of 

Olive Trees Inoculated with Two Arbuscular Mycorrhizal Fungi, G lom us  

in tra ra d ice s  and G lom us m o sse a e . J. Am. Soc. Hortic. Sci. 128: 767-775.

• Estrada B, Aroca R, Azcon-Aguilar C, Barea JM, Ruiz-Lozano JM(2013) 

Importance of native arbuscular mycorrhizal inoculation in the 

halophyte, A steriscu s m a ritim u s  for successful establishment and growth under 

saline conditions. Plant Soil. 370: 175-185.

166



• Ferguson JJ, Woodhead SH (1982) Production of endomycorrhizal inoculum. A. 

Increase and maintenance of vesicular-arbuscular mycorrhizal fungi. Schenck NC 

(Ed.) In: Methods and principles of mycorrhizal research, pp: 47-54. The American 

Phytopathological Society, St Paul, Minnesota.

• Fernandez Bidondo L, Pergola M, Silvani V, Colombo R, Bompadre J, Godeas A 

(2012) Continuous and long-term monoxenic culture of the arbuscular mycorrhizal 

fungus G ig a sp o ra  d e c ip ien s  in root organ culture. Fungal Biol. 116: 729-735.

• Fernandez Bidondo L, Silvani V, Colombo R, Pergola M, Bompadre J, Godeas A 

(2011) Pre-symbiotic and symbiotic interactions between G lom us in tra ra d ice s  and 

two P a e n ib a c illu s  species isolated from AM propagules. In v itro  and in v iv o  assays 

with soybean (AG043RG) as plant host. Soil Biol. Biochem. 43: 1866-1872.

• Fernandez L, Silvani V, Bompadre J, Pergola M, Godeas A (2009) Transformed 

soybean (G ly c in e  m ax) roots as a tool for the study of the arbuscular mycorrhizal 

symbiosis. World J. Microbiol. Biotechnol. 25: 1857-1863.

• Finlay RD (2008) Ecological aspects of mycorrhizal symbiosis: with special 

emphasis on the functional diversity of interactions involving the extraradical 

mycelium. J. Exp. Bot. 59(5): 1115-1126.

• Fitter AH, Helgason T, Hodge A (2011) Nutritional exchanges in the arbuscular 

mycorrhizal symbiosis: implications for sustainable agriculture. Fungal Biol. Rev. 

25: 68-72.

• Fitter AH, Moyersoen B (1996) Evolutionary trends in root-microbe symbioses. 

Philos. Trans. R. Soc. Lond. B 351: 1367-1375.

• Fontaine J, Grandmougin-Ferjani A, Glorian V, Durand R (2004) 24-Methyl: 

methylene sterols increase in monoxenic roots after colonization by arbuscular 

mycorrhizal fungi. New Phytol. 163: 159-167.

167



• Forster SM, Nicolson TH (1981) Aggregation of sand from a maritime embryo sand 

dune by microorganisms and higher plants. Soil Biol. Biochem. 13: 199-203.

• Fortin JA, Becard G, Declerck S, Dalpe Y, St-Amaud M, Coughan AP, Piche Y 

(2002) Arbuscular mycorrhiza on root-organ cultures. Can. J. Bot. 80: 1-20.

• Fortin JA, St-Amaud M, Hamel C, Chaverie C, Jolicoeur M (1996) Aseptic in v itro  

endomycorrhizal spore mass production. US Pat. No. 5554530.

• Foster RC (1994) Microorganisms and soil aggregates. Pankhurst CE, Doube BM, 

Gupta W SR , Grace PR (Eds.) In: Soil biota: management in sustainable farming 

systems, pp: 144-155. CSIRO, Victoria, Australia.

• Francis R, Read DJ (1995) Mutualism and antagonism in the mycorrhizal 

symbioses, with special reference to impacts on plant community structure. Can. J. 

Bot. 73 (Suppl.): S1301-S1309.

• Frank AB (1885) Ueber die auf Wurzelsymbiose bemhende Emahrung gewisser 

Baume durch unterirdische Pilze. Ber. Dtsch. Bot. Ges. 3: 128-145.

• Frank AB (1887) Ueber neue Mycorrhiza-formen. Ber. Dtsch. Bot. Ges. 5: 395- 

409.

• Frank AB, Trappe JM (2005) On the nutritional dependence of certain trees on root 

symbiosis with belowground fungi (an English translation of A.B. Frank’s classic 

paper of 1885). Mycorrhiza 15: 267-275.

• Friese CF, Allen MF (1991) The spread of VA mycorrhizal fungal hyphae in the 

soil: inoculum types and external hyphal architecture. Mycologia 83: 409-418.

• Friesen T, Holloway G, Hill G, Pugsley T (2006) Effect of conditions and 

protectants on the survival of P en ic illiu m  b ila ia e  during storage. Biocontrol Sci. 

Techn. 16: 89-98.

168



• Gadkar V, Adholeya A (2000) Intraradical sporulation of AM G ig a sp o ra  m a rg a r ita  

in long term axenic cultivation in Ri-T-DNA carrot root. Mycol. Res. 104: 716-721.

• Gadkar V, Adholeya A, Satyanarayana T (1997) Randomly amplified polymorphic 

DNA using the M l3 core sequence of the vesicular-arbuscular mycorrhizal fungi 

G ig a s p o r a  m a rg a r ita  and G ig a sp o ra  g ig a n tea . Can. J. Microbiol. 43: 795-798.

• Gadkar V, Driver JD, Rillig MC (2006) A novel in v itro  cultivation system to 

produce and isolate soluble factors released from hyphae of arbuscular mycorrhizal 

fungi. Biotechnol. Lett. 28: 1071-1076.

• Gai JP, Feng G, Christie P, Li XL (2006) Screening of arbuscular mycorrhizal fungi 

for symbiotic efficiency with sweet potato. J. Plant Nutr. 29: 1085-1094. 

10.1080/01904160600689225.

• Gallaud J (1905) Etude sur les mycorrhizes endotrophes. Rev. Gen. Bot. 17: 5-48, 

66-83, 123-136,223-249,313-325, 425-433, 479-500.

• Galvez L, Douds DD, Drinkwater LE, Wagoner P (2001) Effect of tillage and 

farming system upon VAM fungus populations and mycorrhizas and nutrient 

uptake of maize. Plant Soil. 228: 299-308.

• Gamage HK, Singhakumara BMP, Ashton M (2004) Effects of light and 

fertilization on arbuscular mycorrhizal colonization and growth of tropical rain

forest S yzyg iu m  tree seedlings. J. Tropical Ecol. 20: 525-534.

• Gardes M, Bruns TD (1993) ITS primers with enhanced specificity for 

Basidiomycetes -  application to the identification of mycorrhizae and rusts. Mol. 

Ecol. 2: 113-118.

• Garg N, Chandel S (2010) Arbuscular mycorrhizal networks: process and functions. 

A review. Agron. Sustain. Dev. 30: 581-599.

169



• Garriock ML, Peterson RL, Ackerley CA (1989) Early stages in colonization of 

A lliu m  p o rru m  (leek) roots by the vesicular-arbuscular mycorrhizal fungus G lom us  

v ers ifo rm e . New Phytol. 112: 85-92.

• Gaunker UC (2002) Studies in arbuscular mycorrhizal (AM) fungi associated with 

some tree species from Mollem and Dharbandoda forest areas of Goa. PhD Thesis, 

Goa University, pp: 258.

• Gaur A, Adholeya A (1994) Estimation of VAM spores in soil -  a modified 

method. Mycorrhiza News 6: 10-11.

• Gaur A, Adholeya A (2000) Effects of the particle of soil-less substrates upon AM 

fungus inoculum production. Mycorrhiza 10(1): 43-48.

• Gaur A, Adholeya A (2002) Arbuscular-mycorrhizal inoculation of five tropical 

fodder crops and inoculum production in marginal soil amended with organic 

matter. Biol. Fert. Soils 35: 214-218.

• Gaur A, Adholeya A (2005) Diverse response of five ornamental plant species to 

mixed indigenous and single isolate arbuscular mycorrhizal inocula in marginal soil 

amended with organic matter. J. Plant Nutr. 28: 707-723.

• Gaur S, Kaushik P (2011) Influence of Edaphic Factors on Distribution of 

Mycorrhiza Associated with Medicinal Plants in Indian Central Himalayas. Journal 

of Biological Sciences 11: 349-358.

• Gazey C, Abbott LK, Robson AD (1993) VA mycorrhizal spores from three species 

of A ca u lo sp o ra : germination, longevity and hyphal growth. Mycol. Res. 97: 785- 

790.

• Geelhoed JS, Mous SLJ, Findenegg GR (1997b) Modeling zero sink nutrient uptake 

by roots with root hairs from soil: comparison of two models. Soil Sci. 162: 544- 

553.

170



• Gemma JN, Koske RE (1989) Field inoculation of American beachgrass, 

(A m m o p h ila  b re v il ig u la ta ) with VA mycorrhizal fungi. J. Environ. Manage. 29: 

173-182.

• Gemma JN, Koske RE, Carreiro M (1989) Seasonal dynamics of selected species of 

VA mycorrhizal fungi in a sand dune. Mycol. Res. 92: 317-321.

• Genre A, Chabaud M, Timmers T, Bonfante P, Barker DG (2005) Arbuscular 

mycorrhizal fungi elicit a novel intracellular apparatus in M edicago  tru n ca tu la  root 

epidermal cells before infection. Plant Cell 17: 3489-3499.

• Gentili F, Jumpponen A (2006) Potential and possible uses of bacterial and fungal 

biofertilizers. Rai MK (Ed.) In: Handbook of Microbial Biofertilizers, pp: 1-28. 

International Book Distributing Co., Lucknow, India.

• Gerdemann JW (1955a) Relation of a large soil-bome spore to phycomycetous 

mycorrhizal infections. Mycologia 47: 619-632.

• Gerdemann JW (1975) Vesicular-arbuscular mycorrhizae. Torrey JG, Clarkson DT 

(Eds.) In: The development and function of root, pp: 575-591. Academic Press, 

New York.

• Gerdemann JW, Nicolson TH (1963) Spores of mycorrhizal E n d o g o n e  species 

extracted from soil by wet sieving and decanting. Trans. Br. Mycol. Soc. 46(2): 

235-244.

• Gerdemann JW, Trappe JM (1974) E n d o g o n a cea e  in the Pacific Northwest. Mycol. 

Mem. 5: 1-76.

• Gianinazzi S, Bosatka M (2004) Inoculum of arbuscular mycorrhizal fungi for 

production systems: science meets business. Can. J. Bot. 82: 1264-71.

171



• Gianinazzi S, Gollotte A, Binet MN, van Tuinen D, Redecker D, Wipf D (2010) 

Agroecology: the key role of arbuscular mycorrhizas in ecosystem services. 

Mycorrhiza 20: 519-530.

• Gianinazzi S, Schiiepp H, Barea JM, Haselwandter K (2002) Mycorrhizal 

technology in agriculture: from genes to bioproducts. Birkhauser, Basel, 

Switzerland.

• Gianinazzi S, Trouvelot A, Gianinazzi-Pearson V (1990) Role and use of 

mycorrhizas in horticultural crop production. Adv. Hortic. Sci. 4: 25-30.

• Gianinazzi S, Vosatka M (2004) Inoculum of arbuscular mycorrhizal fungi for 

production systems, science meets business. Can. J. Bot. 82: 1264-1271.

• Gildon A, Tinker PB(1981)A heavy-metal tolerant strain of a mycorrhizal fungus. 

Trans. Br. Mycol. Soc. 77: 648-649.

• Gilmore AE (1968) Phycomycetous mycorrhizal organisms collected by open pot 

cultures. Hilgardia 39: 87-107.

• Giovannetti M (1985) Seasonal variations of vesicular-arbuscular mycorrhizas and 

endogonaceous spores in a maritime sand dime. Trans. Br. Mycol. Soc. 84: 679- 

684.

• Giovannetti M, Avio L, Salutini L (1991) Morphological, cytochemical, and 

ontogenetic characteristics of a new species of vesicular-arbuscular mycorrhizal 

fungus. Can. J. Bot. 69: 161-167.

• Giovannetti M, Avio L, Sbrana C (2010) Fungal Spore Germination and Pre- 

symbiotic Mycelial Growth -  Physiological and Genetic Aspects. Koltai H, 

Kapulnik Y (Eds.) In: Arbuscular Mycorrhizas: Physiology and Function. Springer 

Science+Business Media B.V.

172



• Giovannetti M, Avio L, Sbrana C, Citemesi AS (1993b) Factors affecting 

appressorium development in the vesicular-arbuscular mycorrhizal fungus G lom us  

m o sse a e  (Nicol. & Gerd.) Gerd. & Trappe. New Phytol. 123: 115-122.

• Giovannetti M, Nicolson TH (1983) Vesicular-arbuscular mycorrhizas in Italian 

sand dunes. Trans. Br. Mycol. Soc. 80: 552-557.

• Giovannetti M, Sbrana C, Citemesi AS, Avio L (1996) Analysis of factors involved 

in fungal recognition responses to host-derived signals by arbuscular mycorrhizal 

fungi. New Phytol. 133: 65-71.

• Glorian V (2002) Recherche de polypeptides induits par des champignons 

endomycorhiziens dans des racines transformees de chicoree (C h icoriu m  in tybus  

L.) et de carotte (D a u cu s  c a ro ta  L.). PhD Thesis, Laboratoire de Mycologie / 

Phytopathologie / Environnement, Universite du Littoral Calais, France.

• Godfrey RM (1957) Studies on British species of E n dogon e. III. Germination of 

spores. Trans. Br. Mycol. Soc. 40: 203-210.

• Gomez-Pina G, Munoz-Perez JJ, Ramirez JL, Ley C (2002) Sand dune management 

problems and techniques, Spain. J. Coastal Res. Special Issue 36: 325-332.

• Graham JH, Duncan LW, Eissenstat DM (1997) Carbohydrate allocation patterns in 

Citrus genotypes as affected by phosphoms nutrition, mycorrhizal colonization and 

mycorrhizal dependency. New Phytol. 135: 335-343.

• Greipsson S (2002) Coastal dunes. Perow MW, Davy A (Eds.) In: Handbook of 

restoration ecology: restoration in practice, vol. 2. Cambridge University Press, 

Cambridge.

• Gryndler M, Hrselova H, Chvatalova I, Vosatka M (1998) In v itro  proliferation of 

G lom u s f is tu lo su m  intraradical hyphae from mycorrhizal root segments in maize. 

Mycol. Res. 102: 1067-1073.

173



• Gryndler M, Hrselova H, Sudova R, Gryndlerova H, Rezacova V, Merhautova V 

(2005) Hyphal growth and mycorrhiza formation by the arbuscular fungus G lom us  

c la ro id e u m  BEG23 is stimulated by humic substances. Mycorrhiza 15: 483-488.

• Gupta UC (1967) A simplified method for determining hot-water soluble boron in 

podzol soils. Soil Sci. 103: 424-428.

• Gupta V, Satyanarayana T, Garg S (2000) General aspects of mycorrhiza. Mukerji 

KG, Chamola BP, Singh J (Eds.) In: Mycorrhizal biology, pp: 27-39. 

Kluwer/Plenum, New York.

• Hanway JJ, Heidel H (1952) Soil analysis methods as used in Iowa State College 

Soil Testing Laboratory. Iowa Agric. 57: 1-31.

• Harley JL, Smith SE (1983) Mycorrhizal symbiosis. Academic Press, London.

• Harrison MJ (1998) Development of the arbuscular mycorrhizal symbiosis. Curr. 

Opin. Plant Biol. 1: 360-365.

• Harrison MJ (1999) Molecular and cellular aspects of the arbuscular mycorrhizal 

symbiosis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50: 361-389.

• Harrison MJ (2005) Signaling in the arbuscular mycorrhizal symbiosis. Annu. Rev. 

Microbiol. 59: 19-42.

• Harrison MJ, Dewbre GR, Liu JA (2002) Phosphate transporter from M ed ica g o  

tru n c a tu la  involved in the acquisition of phosphate released by arbuscular 

mycorrhizal fungi. Plant Cell 14: 2413-2429.

• Hart MM, Reader RJ (2002) Taxonomic basis for variation in the colonization 

strategy of arbuscular mycorrhizal fungi. New Phytol. 153(2): 335-344.

• Hayman DS (1970) E n d o g o n e  spore numbers in soil and vesicular-arbuscular 

mycorrhiza in wheat as influenced by season and soil treatment. Trans. Br. Mycol. 

Soc. 554: 53-63.

174



• Hayman DS (1978) Endomycorrhizas. Dommergues Y, Krupa SV (Eds.) In: 

Interactions between non-pathogenic micro-organisms and plants, pp: 401-442. 

Elsevier, Amsterdam, Netherlands.

• Hayman DS, Tavares M (1985) Plant growth responses to vesicular-arbuscular 

mycorrhiza. XV. Influence of soil pH on the symbiotic efficiency of different 

endophytes. NewPhytol. 100: 367-37.

• Hazard C, Gosling P, Van Der Gast CJ, Mitchell DT, Doohan FM, Bending GD 

(2013) The role of local environment and geographical distance in determining 

community composition of arbuscular mycorrhizal fungi at the landscape scale. 

ISME J. 7: 498-508.

• Healy TR, de Lange W (2014) Reliability of geomorphic indicators of littoral drift: 

examples from the bay of plenty, New Zealand. J. Coastal Res. 30(2): 301-318.

• Heap AJ, Newman El (1980) The influence of vesicular-arbuscular mycorrhizas on 

phosphorus transfer between plants. New Phytol. 85: 173-179.

• Helgason T, Daniell TJ, Husband R, Fitter AH, Young JPW (1998) Ploughing up 

the wood-wide web? Nature 394: 431.

• Helgason T, Merryweather JW, Denison J, Wilson P, Young JPW, Fitter AH (2002) 

Selectivity and functional diversity in arbuscular mycorrhizas of co-occurring fungi 

and plants from a temperate deciduous woodland. J. Ecol. 90: 371-384.

• Helgason T, Watson IJ, Young JPW (2003) Phylogeny of the Glomerales and 

Diversisporales, fungi: Glomeromycota from actin and elongation factor 1-alpha 

sequences. FEMS Microbiol. Lett. 229: 127-132.

• Hepper C (1981) Techniques for studying the infection of plants by vesicular- 

arbuscular mycorrhizal fungi under axenic conditions. New Phytol. 88: 641-647.

175



• Hepper CM (1984b) Regulation of spore germination of the vesicular-arbuscular 

mycorrhizal fungus A c a u lo sp o ra  la ev is by soil pH. Trans. Br. Mycol. Soc. 83: 154- 

156.

• Hepper CM (1987) Gel electrophoresis for identification of VAM fungi. Sylvia 

DM, Hung LL, Graham JH (Eds.) In: Mycorrhizae in the next decade. Practical 

applications and research priorities, pp: 308-310. Proceedings of the 7th North 

American Conference on Mycorrhizae. Institute of Food and Agricultural Sciences, 

University of Florida, Gainesville, Fla.

• Herridge DF, Peoples MB, Boddey RM (2008) Global inputs of biological nitrogen 

fixation in agricultural systems. Plant Soil. 311(1): 1-18.

• Herrmann L, Lesueur D (2013) Challenges of formulation and quality of 

biofertilizers for successful inoculation. Appl. Microbiol. Biotechnol. 97(20): 8859- 

8873.

• Hetrick BAD, Bloom J (1986) The influence of host plant on production and 

colonization ability of vesicular-arbuscular mycorrhizal spores. Mycologia 78: 32- 

36.

• Hewett DG (1970) The colonization of sand dunes after stabilization with grass 

(A m m o p h ila  a ren a ria ) . Ecol. 58: 653-668.

• Hindumati A, Reddy BN (2011) Occurrence and distribution of arbuscular 

mycorrhizal fungi and microbial flora in the rhizosphere soils of mungbean [V igna  

r a d ia ta  (L.) Wilczek] and soybean [G lyc in e  m ax  (L.) Merr.] from Adilabad, 

Nizamabad and Krimnagar districts of Andhra Pradesh state, India. Adv. Biosci. 

Biotechnol. 2: 275-286.

176



• Hirrel MC, Mehravaran H, Gerdemann JW (1978) Vesicular-arbuscular 

mycorrhizae in the Chenopodiaceae and Cruciferae: do they occur? Can. J. Bot. 56: 

2813-2817.

• Hoagland DR, Amon DI (1950) The water-culture method for growing plants 

without soil. Berkeley, Calif. : University of California, College of Agriculture, 

Agricultural Experiment Station, Circular 347.

• Hodge A, Helgason T, Fitter AH (2010) Nutritional ecology of arbuscular 

mycorrhizal fungi. Fungal Ecol. 3: 267-273.

• Hoeksema JD, Chaudhary VB, Gehring CA, Johnson NC, Karst J, Koide R, Pringle 

A, Zabinski C, Bever JD, Moore JN et al. (2010) A meta-analysis of context- 

dependency in plant response to inoculation with mycorrhizal fungi. Ecol. Lett. 13: 

394-407.

• Hong TD, Edgington S, Ellis RH, de Muro MA, Moore D (2005) Saturated salt 

solutions for humidity control and the survival of dry powder and oil formulations 

of B e a u v e r ia  b a s s ia n a  conidia. J. Invertebr. Pathol. 89: 136-143.

• Horn S, Caruso T, Verbruggen E, Rillig MC, Hempel S (2014) Arbuscular 

mycorrhizal fungal communities are phylogenetically clustered at small scales. 

ISME J 8: 2231-2242. doi:10.1038/ismej.2014.72.

• http://invam.wvu.edu

• http://invam.wvu.edu/methods/cultures/host-plant-choices

• http://mycorrhizae.ifas.ufl.edu/Files/THESIS .pdf

• http://tolweb.org/Glomeromycota

• http ://www.beachapedia. org/V egetation

• http://www.goaenvis.nic.in

• http://www.goaenvis.nic.in/sanddunes.htm

177

http://invam.wvu.edu
http://invam.wvu.edu/methods/cultures/host-plant-choices
http://mycorrhizae.ifas.ufl.edu/Files/THESIS
http://tolweb.org/Glomeromycota
http://www.beachapedia
http://www.goaenvis.nic.in
http://www.goaenvis.nic.in/sanddunes.htm


• http://www.ozcoasts.gov.au/indicators/beach_dune.jsp

• http://www.zor.zut.edu.pl/Glomeromycota/index.html

• https ://invam. wvu.edu/methods/cultures/trap-culture

• https://www.ehp.qld.gov.au/coastal/ecology/beaches-dunes/coastal_dunes.html

• Hung LL, Sylvia DM (1988) Production of vesicular-arbuscular mycorrhizal fungus 

inoculum in aeroponic culture. Appl. Environ. Microbiol. 54: 353-357.

• Ievinsh G (2006) Biological basis of biological diversity: physiological adaptations 

of plants to heterogeneous habitats along a sea coast. Acta Univ. Latv. 710: 53-79.

• Ijdo M, Cranenbrouck S, Declerck S (2011) Methods for large-scale production of 

AM fungi: past, present, and future. Mycorrhiza 21: 1-16.

• INVAM (1999) http://invam.caf.wvu.edu/

• Jagschitz JA, Bell RS (1966) American beach grass (establishment fertilization

seedling) Bulletin 383. Agricultural experiment station, University of Rhode Island, 

Kingston, Rhode Island.

• Jaiswal V (2002) Studies on arbuscular mycorrhizal fungi in coastal sand dune 

vegetation of Goa. PhD Thesis, Goa University, pp: 296.

• Jaiswal V, Rodrigues BF (2001) Occurrence and distribution of arbuscular 

mycorrhizal fungi in coastal sand dune vegetation of Goa. Curr. Sci. 80(7): 826- 

827.

• Jakobsen I, Chen BD, Munkvold L, Lundsgaard T, Zhu YG (2005) Contrasting 

phosphate acquisition of mycorrhizal fungi with that of root hairs using the root 

hairless barley mutant. Plant Cell Environ. 28: 928-938.

• James TY, Kauff F, Schoch C, Matheny PB, Hofstetter V, Cox C, Celio G, Gueidan 

C, Fraker E, Miadlikowska J et al. (2006) Reconstructing the early evolution of the 

fungi using six gene phylogeny. Nature 443: 818-822.

178

http://www.ozcoasts.gov.au/indicators/beach_dune.jsp
http://www.zor.zut.edu.pl/Glomeromycota/index.html
https://www.ehp.qld.gov.au/coastal/ecology/beaches-dunes/coastal_dunes.html
http://invam.caf.wvu.edu/


• Janos DP (1987) VA mycorrhizas in humid tropical ecosystems. Safir GR (Ed.) In: 

Ecophysiology of VA mycorrhizal plants, pp: 107-134. CRC Press, Boca Raton, 

Florida.

• Janse JM (1897) Les endophytes radicaux de quelques plantes Javanaises. Ann. 

Jardin. Bot. Buitenzorg 14: 53-201.

• Jarstfer AG, Sylvia DM (1992) Inoculum production and inoculation strategies for 

vesicular-arbuscular mycorrhizal fungi. Dekker MBM (Ed.) In: Soil Microbial 

Technologies: Applications in Agriculture, Forestry and Environmental 

Management, pp: 349-377. New York.

• Jasper DA, Abbott LK, Robson AD (1989) Acacias respond to additions of 

phosphorus and to inoculation with VA mycorrhizal fungi in soil stock piled during 

mineral land mining. Plant soil. 113: 99-108.

• Jasper DA, Abbott LK, Robson AD (1991) The effect of soil disturbance on 

vesicular-arbuscular mycorrhizal fungi in soil from different vegetation types. New 

Phytol. 118:471-476.

• Javaid A (2009) Arbuscular mycorrhizal mediated nutrition in plants. J. Plant Nutr. 

32(10): 1595-1618.

• Javot H, Penmetsa RV, Terzaghi N, Cook DR, Harrison MJ (2007) A M ed ica g o  

tru n c a tu la  phosphate transporter indispensable for the arbuscular mycorrhizal 

symbiosis. Proc. Natl Acad. Sci. USA 104: 1720-1725.

• Jehne W, Thompson CH (1981) Endomycorrhizae in plant colonization on coastal 

sand dunes at Cooloola, Queensland. Aust. J. Ecol. 6: 221-30.

• Ji B, Bentivenga SP, Casper BB (2012) Comparisons of AM fungal spore 

communities with the same hosts but different soil chemistries over local and 

geographic scales. Oecologia 168: 187-197.

179



• Jiang J, Erwin DC (1990) Morphology, plasmolysis, and tetrazolium bromide stain 

as criteria for determining viability of P h y to p h th o ra  oospores. Mycologia 82: 107- 

113.

• Jobim K, Goto BT (2016) Diversity of arbuscular mycorrhizal fungi 

(Glomeromycota) in maritime sand dunes of Brazilian northeast. Studies in Fungi 

1(1): 43-55. doi:10.5943/sif/l/l/4.

• Johansen RB, Vestberg M, Bums BR, Park D, Hooker JE, Johnston PR (2015) A 

coastal sand dime in New Zealand reveals high arbuscular mycorrhizal fugal 

diversity. Symbiosis 66: 111-121.

• Johansson JF, Paul LR, Finlay RD (2004) Microbial interactions in the 

mycorrhizosphere and their significance for sustainable agriculture. FEMS 

Microbiol. Ecol. 48: 1-13. doi: 10.1016/j.femsec.2003.11.012.

• John MK, Chuah HH, Ndufeld JH (1975) Application of improved azomethine-H 

method for the determination of boron in soils and plants. Anal. Lett. 8: 559-568.

• John RP, Tyagi RD, Brar SK, Surampalli RY, Prevost D (2011) Bio-encapsulation 

of microbial cells for targeted agricultural delivery. Crit. Rev. Biotechnol. 31(3): 

211-226.

• John TVS, Coleman DC, Reid CPP (1983) Association of vesicular-arbuscular 

mycorrhizal hyphae with soil organic particles. Ecology 64: 957-959.

• Johnson DJ, Beaulieu WT, Bever JD, Clay K (2012) Conspecific negative density 

dependence and forest diversity. Science 336: 904-907.

• Johnson NC (2010) Resource stoichiometry elucidates the structure and function of 

arbuscular mycorrhizas across scales. New Phytol. 185: 631-647.

• Jolicoeur M (1998) Optimisation d’un precede de production de champignons 

endomycorhiziens en bioreacteur. Dissertation, Ecole Polytechnique de Montreal.

180



• Jolicoeur M, Williams RD, Chavarie C, Fortin JA, Archambault J (1999) 

Production of G lom us in tra ra d ice s  propagules, an arbuscular mycorrhizal fungus, 

in an airlift bioreactor. Biotechnol. Bioeng. 63: 224-232.

• Joner EJ, Jakobson I (1995) Uptake of 32P from labeled organic matter by 

mycorrhizal and non-mycorrhizal subterranean clover (Trifolium  su b terran eu m  L.) 

Plant Soil. 172: 221-227.

• Joner EJ, Ravnskov S, Jakobsen I (2000) Arbuscular mycorrhizal phosphate 

transport under monoxenic conditions using radio-labelled inorganic and organic 

phosphate. Biotechnol. Lett. 22: 1705-1708.

• Jones FR (1924) A mycorrhizal fungus in the roots of legumes and some other 

plants. J. Agric. Res. 29: 459-470.

• Juge C, Samson J, Bastien C, Vierheilig H, Coughlan A, Piche Y (2002) Breaking 

dormancy in spores of the arbuscular mycorrhizal fungus G lom u s in tra ra d ic e s : a 

critical cold-storage period. Mycorrhiza 12: 37-42.

• Kandula J, Stewart A, Ridgway HJ (2006) Monoxenic culture of the arbuscular 

mycorrhizal fungus S c u te llo sp o ra  c a lo sp o ra  and Ri T-DNA transformed carrot 

roots. N. Z. Plant Prot. 59: 97-102.

• Kannaiyan S (2000) Biofertilizer technology and quality control. Publication 

directorate, TNAU, Coimbatore, India, pp: 256.

• Karandashov VE, Kuzourina IN, Hawkins HJ, George E (2000) Growth and 

sporulation of the arbuscular mycorrhizal fungus G lom us ca led o n iu m  in dual 

culture with transformed carrot roots. Mycorrhiza 10: 23-28.

• Karandashov YE, Kuzovkina IN, George E, Marschner H (1999) Monoxenic 

culture of arbuscular mycorrhizal fungi and plant hairy roots. Russian J. Plant 

Physiol. 46: 87-92.

181



• Kelley AP (1931) The concept of mycorrhiza. Mycologia 23:147-151.

• Kelley AP (1950) Mycotrophy in plants. Chronica Botanica, Waltham, Mass.

• Kellman M, Roulet N (1990) Nutrient flux and retention in a tropical sand dune 

succession. Jour. Ecol. 78: 664-676.

• Kemaghan G (2005) Mycorrhizal diversity: cause and effect? Pedobiologia 49: 

511-520.

• Khan AG (1971) Occurrence of E n dogon e  spores in West Pakistan soils. Trans. Br. 

Mycol. Soc. 56: 217-224.

• Khan AG, Kuek C, Chaudhry TM, Khoo CS, Hayes WJ (2000) Plants, mycorrhizae 

and phytochelators in heavy metal contaminated land remediation. Chemosphere 

41: 197-207.

• Kivlin SN, Hawkes CV, Treseder KK (2011) Global diversity and 

distribution of arbuscular mycorrhizal fungi. Soil Biol. Biochem. 43: 2294-2303. 

doi:http://dx.doi.org/10.1016/j.soilbio.2011.07.012.

• Klironomos JN (2003) Variation in plant response to native and exotic arbuscular 

mycorrhizal fungi. Ecology 84: 2292-2301.

• Klironomos JN, Hart MM (2002) Colonization of roots by arbuscular mycorrhizal 

fungi using different sources of inoculum. Mycorrhiza 12: 181-184.

• Klironomos JN, McCune J, Hart M, Neville J (2000) The influence of arbuscular 

mycorrhizae on the relationship between plant diversity and productivity. Ecol. 

Lett. 3: 137-141.

• Koffi MC, de la Providencia IE, Elsen A, Declerck S (2009) Development of an in 

v itro  culture system adapted to banana mycorrhization. Aff. J. Biotechnol. 8: 2750- 

2756.

182

http://dx.doi.org/10.1016/j.soilbio.2011.07.012


• Koide RT, Mosse B (2004) A history of research on arbuscular mycorrhiza. 

Mycorrhiza 14: 145-163.

• Koske RE (1975) E n d o g o n e  spores in Australian sand dunes. Can. J. Bot. 53: 668- 

672.

• Koske RE (1981a) G ig a sp o ra  g igan tea: observations on spore germination of a 

VA-mycorrhizal fungus. Mycologia 73: 288-300.

• Koske RE (1981b) Multiple germination by spores of G igaspora  g ig a n tea . Trans. 

Br. Mycol. Soc. 76: 328-330.

• Koske RE (1984) Spores of VAM fungi inside spores of VAM fungi. Mycologia 

76: 853-862.

• Koske RE (1985) G lo m u s aggregatum  emended: a distinct taxon in the G lom us  

fa s c ic u la tu m  complex. Mycologia 77: 619-630.

• Koske RE (1987) Distribution of VA-mycorrhizal fungi along a latitudinal 

temperature gradient. Mycologia 79: 55-68.

• Koske RE (1988) Vesicular-arbuscular mycorrhiza of some Hawaiian dune plants. 

Pac. Sci. 42: 217-229.

• Koske RE, Gemma JN (1990) VA mycorrhizae in vegetation of Hawaiian coastal 

strand: evidence for codispersal of fungi and plants. Am. J. Bot. 77: 466-474.

• Koske RE, Gemma JN (1995) VA mycorrhizal inoculation of Hawaiian plants: a 

conservation technique for endangered tropical species. Pac. Sci. 49: 181-191.

• Koske RE, Gemma JN (1997) Mycorrhizae and succession in plantings of 

beachgrass in sand dimes. Am. J. Bot. 84(1): 118-130.

• Koske RE, Gemma JN (1996) Arbuscular mycorrhizal fungi in Hawaiian sand 

dimes: Island of Kaua’i. Pac. Sci. 50: 36-45.

183



• Koske RE, Gemma JN, Corkidi L, Siguenza C, Rinkon E (2004) Arbuscular 

mycorrhizas in coastal dimes. Martinez MI, Psuty NP (Eds.) In: Coastal dunes, 

ecology and conservation. Ecol. Stud. 171: 173-187.

• Koske RE, Halvorson WL (1981) Ecological studies of vesicular-arbuscular 

mycorrhizae in a barrier sand dune. Can. J. Bot. 59: 1413-1422.

• Koske RE, Poison WR (1984) Are VA mycorrhizae required for sand dune 

stabilization? BioScience 34(7): 420-424.

• Koske RE, Sutton JC, Sheppard BR (1975) Ecology of E ndogone in Lake Huron 

sand dunes. Can. J. Bot. 53: 87-93.

• Koske RE, Walker C (1984) G igaspora  eryth ropa , a new species forming 

arbuscular mycorrhizae. Mycologia 76: 250-255.

• Kosuta S, Chabaud M, Lougnon G, Gough C, Denarie J, Barker DG, Becard G 

(2003) A diffusible factor from arbuscular mycorrhizal fungi induces symbiosis- 

specific MtENODll expression in roots of M edicago  truncatu la . Plant Physiol. 

131: 952-962.

• Kosuta S, Hazeldine S, Sun J, Miwa H, Morris RJ, Downie JA, Oldroyd GE (2008) 

Differential and chaotic calcium signatures in the symbiosis signaling pathway of 

legumes. Proc. Natl Acad. Sci. USA 105(28): 9823-9828.

• Kothari SK, Marschner H, George E (1990) Effect of VA mycorrhizal fungi and 

rhizosphere microorganisms on root and shoot morphology, growth and water 

relations in maize. New Phytol. 116: 303-311.

• Kothari SK, Marschner H, Romheld V (1991) Effect of vesicular-arbuscular 

mycorrhizal fungus and rhizosphere micro-organisms on manganese reduction in 

the rhizosphere and manganese concentration in maize (Z ea  m a ys  L.). New Phytol. 

117: 649-655.

184



• KrUger M, Kriiger C, Walker C, Stockinger H, SchuBler A (2012) Phylogenetic 

reference data for systematics and phylotaxonomy of arbuscular mycorrhizal fungi 

from phylum to species level. New Phytol. 193: 970-984.

• Kruger M, Stockinger H, Kruger C, Schiissler A (2009) DNA-based species level 

detection of Glomeromycota: one PCR primer set for all arbuscular mycorrhizal 

fungi. New Phytol. 183: 212-223.

• Krumbein WC, Slack HA (1956) The relative efficiency of beach sampling 

methods. Tech. Memo. Beach. Eros. Bd. U.S. 90: 1-34.

• Kubota M, McGonigle TP, Hyakumachi M (2005) Co-occurrence of Arum- and 

Paris-type morphologies of arbuscular mycorrhizae in cucumber and tomato. 

Mycorrhiza 15: 73-77.

• Kuhn R, Jerchel D (1941) Uber Invertseifen. VIII Mitteil.: Reduktion von 

Tetrazoliumsalzen durch Bacterien, gahrende Hefe und keimende Samen. Berichte 

Deutsche Chemische Gesellschaft 74: 949-952.

• Kulkami SS, Raviraja NS, Sridhar KR (1997) Arbuscular mycorrhizal fungi of 

tropical sand dunes of West coast of India J. Coastal Res.13: 931-936.

• Kuszala C, Gianinazzi S, Gianinazzi-Pearson V (2001) Storage conditions for the 

long-term survival of AM fungal propagules in wet sieved soil fractions. Symbiosis 

30: 287-299.

• Kuszala C, Gianinazzi-Pearson V (2011) Methodes de conservation hors sol des 

champignons mycorhizogenes a arbuscules et effets de la dessiccation et de la 

temperature sur leur survie. Cah. Tech. Inra. 73: 5-23.

• Labuz TA (2005) Present-day dime environment dynamics on the coast of the 

Swina Gate Sandbar (Polish West coast). Estuar. Coast. Shelf S. 62(3): 507-520.

185



• Lakshmipathy R, Balakrishna AN, Bagyaraj DJ, Sumana DA, Kumar DP (2004) 

Evaluation, grafting success and field establishment of cashew rootstock as 

influenced by VAM fungi. Indian J Exp. Biol. 42: 1132-1135.

• Lalaymia I, Cranenbrouck S, Declerck S (2014) Maintenance and preservation of 

ectomycorrhizal and arbuscular mycorrhizal fungi. Mycorrhiza 24: 323-337.

• Larena I, De Cal A, Linan M, Melgarejo P (2003) Drying of E picoccu m  nigrum  

conidia for obtaining a shelf-stable biological product against brown rot disease. J. 

Appl. Microbiol. 94: 508-514.

• Lee PJ, Koske RE (1994) G ig a sp o ra  g ig a n te a : parasitism of spores by fungi and 

actinomycetes. Mycol. Res. 98: 458-466.

• Lee PJ, Koske RE (1994a) G ig a sp o ra  g ig a n te a : seasonal abundance and ageing of 

spores in a sand dune. Mycol. Res. 98: 453-457.

• Lehmann A, Barto EK, Powell JR, Rillig MC (2012) Mycorrhizal responsiveness 

trends in annual crop plants and their wild relatives-a meta-analysis on studies from 

1981 to 2010. Plant Soil. 355: 231-250.

• Lehmann A, Rillig MC (2015) Arbuscular mycorrhizal contribution to copper, 

manganese and iron nutrient concentrations in crops—A meta-analysis. Soil Biol. 

Biochem. 81: 147-158. doi: 10.1016/j .soilbio.2014.11.013.

• Lekberg Y, Koide RT (2005) Is plant performance limited by abundance of 

arbuscular mycorrhizal fungi? A meta-analysis of studies published between 1988 

and 2003. New Phytol. 168: 189-204.

• Lekberg Y, Schnoor T, Kjoiler R, Gibbons SM, Hansen LH, Al-Soud WA, 

Sorensen SJ, Rosendahl S (2012) 454-sequencing reveals stochastic local 

reassembly and high disturbance tolerance within arbuscular mycorrhizal fungal 

communities. J. Ecol. 100: 151-160.

186



• Leyval C, Tumau K, Haselwandter K (1997). Effect of heavy metal pollution on 

mycorrhizal colonization and function: physiological, ecological and applied 

aspects. Mycorrhiza 7: 139-153.

• Linderman RG (1994) Role of YAM fungi in biocontrol. Pfleger FL, Linderman 

RG (Eds.) In: Mycorrhiza and plant health, pp: 1-25. APS Press, St Paul, Minn.

• Lindsay WL, Norvell WA (1978) Development of DTP A soil test for zinc, iron, 

manganese and copper. Soil Sci. Soc. Am. J. 42(3): 421-428.

• Logi C, Sbrana C, Giovannetti M (1998) Cellular events involved in survival of 

individual arbuscular mycorrhizal symbionts growing in the absence of the host. 

Appl. Environ. Microbiol. 64: 3473-3479.

• Lohman ML (1927) Occurrence of mycorrhiza in Iowa forest plants. Univ. Iowa 

Stud. Nat. Hist. 11: 33-58.

• Louis I (1990) A Mycorrhizal survey of plant species colonizing coastal reclaimed 

land in Singapore. Mycologia 82 (6 ): 772-778.

• Louis I, Lim G (1988) Effect of storage of inoculum on spore germination of a 

tropical isolate of G lom u s clarum . Mycologia 80: 157-161.

• Lovelock CE, Ewel JJ (2005) Links between tree species, symbiotic fungal 

diversity and ecosystem functioning in simplified tropical ecosystems. New Phytol. 

167: 219-228.

• Luis M, Carvalho I, Cacador M, Martins-Loucao A (2006) Arbuscular mycorrhizal 

fungi enhance root cadmium and copper accumulation in the roots of the salt marsh 

plant A s te r  tripo liu m  L. Plant Soil. 285(1): 161-169. doi:10.1007/sl 1104-006-9001-

y-

187



• Lumini E, Orgiazzi A, Borriello R, Bonfante P, Bianciotto V (2010) Disclosing 

arbuscular mycorrhizal fungal biodiversity in soil through a land-use gradient using 

a pyrosequencing approach. Environ. Microbiol. 12: 2165-2179.

• Maia LC, Silva BS, Goto BT (2010) Estrutura, ultraestrutura e germinafao de 

glomerosporos. Siqueira OJ, Souza FA, Cardoso EJBN, Tsai SM (Eds.) In: 

Micorrizas 30 anos de pesquisas no Brasil, pp: 75-116. Lavras: Editora UFLA.

• Mallesha BC, Bagyaraj DJ, Pai G (1992) Perlite-soilrite mix as a carrier for 

mycorrhiza and rhizobia to inoculate L eu caen a  leucocephala. Leucaena Res. Rep. 

13: 32-33.

• Malusa E, Pinzari F, Canfora L (2016) Efficacy of biofertilizers: challenges to 

improve crop production. Singh DP, Singh HB, Prabha R (Eds.) In: Microbial 

inoculants in sustainable agricultural productivity, functional applications Vol 2. 

pp: 17-40. Springer, India.

• Malusa E, Sas-Paszt L, Ciesielska J (2012) Technologies for beneficial 

microorganisms inocula used as biofertilizers. Sci. World J. 2012:491206.

• Malusa E, Vassilev N (2014) A contribution to set a legal framework for 

biofertilisers. Appl. Microbiol. Biotechnol. 98(15): 6599-6607.

• Marbach K, Stahl U (1994) Senescence of mycelia. Wessels JGH, Meinhardt F 

(Eds.) In: Growth, differentiation and sexuality. The Mycota. pp: 195-210. 

Springer, Berlin Heidelberg, New York.

• Marschner H (1995) Mineral nutrition of higher plants, pp: 889. 2nd edition, 

Academic Press, San Diego.

• Mascarenhas A (1998) Coastal sand dune ecosystems of Goa: significance, uses and 

anthropogenic impacts, pp: 43. Submitted to Department of Ocean Development, 

New Delhi.

188



• Mathur N, Vyas A (1995) In v itro  production of G lom us d eser tico la  in association 

with Z iz ip h u s  n u m m u la ria . Plant Cell Rep. 14: 735-737.

• Maun MA (1994) Adaptations enhancing survival and establishment of seedling on 

coastal dune systems. Vegetatio 111: 59-70.

• Maun MA (2004) Burial of plants as a selective force in sand dimes. Martinez ML, 

Psuty N (Eds.) In: Coastal dunes (vol. 171). pp: 119-135. Springer, Berlin, 

Heidelberg.

• Maun MA (2009) The Biology of Coastal Sand Dunes. Oxford University Press, 

United States of America.

• Mayr E (1965) Summary. Baker HG, Stebbins GL (Eds.) In: The genetics of 

colonizing species, pp: 553-562. Academic Press, New York.

• McAllister CB, Garcia Romera I, Godeas A, Ocampa JA (1994) In v itro  

interactions between T rich oderm a  koningii, F usarium  so lan i and G lom u s m osseae . 

Soil. Biol. Biochem. 26: 1369-1374.

• McCalla TM (1946) Influence of some microbial groups on stabilizing soil 

structure against falling water drops. Soil Sci. Soc. Am. Proc. 11: 260-263.

• McGee PA (1989) Variation in propagule numbers of vesicular-arbuscular 

mycorrhizal in a semi-arid soil. Mycol. Res. 92: 28-33.

• McGonigle TP (1988) A numerical analysis of published field trials with vesicular- 

arbuscular mycorrhizal fungi. Funct. Ecol. 2: 473-478.

• McGraw AC, Schenck NC (1980) Growth stimulation of citrus, ornamental and 

vegetable crops by select mycorrhizal fungi. Proceedings of Florida Horticultural 

Society 93: 201-205.

• McHarg I (1972) Best shore protection: nature’s own dunes. Civil Engg. 42: 66-71.

189



• Medeiros CAB, Clark RB, Ellis JR (1994) Growth and nutrient uptake of sorghum 

cultivated with vesicular-arbuscular mycorrhiza isolates at varying pH. Mycorrhiza 

4(5): 185-191.

• Mehrotra VS (2005) Mycorrhiza: role and applications. Allied Publishers.

• Meier R, Charvat I (1992) Germination of G lom us m osseae  spores: procedure and 

ultrastructural analysis. Int. J. Plant Sci. 153: 541-549.

• Meier R, Charvat I (1993) Reassessment of tetrazolium bromide as a viability stain 

for spores of vesicular-arbuscular mycorrhizal fungi. Amer. J. Bot. 80: 1007-1015.

• Menge JA, Johnson ELV, Platt RG (1978) Mycorrhizal dependency of several 

citrus cultivars under three nutrient regimes. New Phytol. 81: 553-559.

• Mertz SM, Heithaus III JJ, Bush RL (1979) Mass production of axenic spores of the 

endomycorrhizal fungus G ig a sp o ra  m argarita . Trans. Br. Mycol. Soc. 72: 167-169.

• Miller RM (1979) Some occurrences of vesicular arbuscular mycorrhiza in natural 

and disturbed ecosystems of the Red Desert. Can. J. Bot. 57: 619-623.

• Miller RM, Jastrow JD (1992) The role of mycorrhizal fungi in soil conservation. 

Bethlenfalvay GJ, Linderman RG (Eds.) In: Proceedings of a symposium on 

mycorrhizae in sustainable agriculture, pp: 54: 29-44. ASA special publication 

Madison, Wisconsin USA.

• Miller RM, Moorman TB, Schmidt SK (1983) Interspecific plant association effects 

on vesicular-arbuscular mycorrhizal occurrence in A trip lex  co n fertifo lia . New 

Phytol. 95: 241-246.

• Miller RM, Reinhardt DR, Jastrow JD (1995) External hyphal production of 

vesicular-arbuscular mycorrhizal fungi in pasture and tall grass prairie 

communities. Oecologia 103: 17-23.

190



• Miller SL, Allen EB (1992) Mycorrhizae, nutrient translocation, and interactions 

between plants. Allen MF (Ed.) In: Mycorrhizal functioning, pp: 301-332. 

Chapman and Hall: New York, U.S.A.

• Miller-Wideman MA, Watrud L (1984) Sporulation of G igaspora  m a rg a rita  in root 

culture of tomato. Can. J. Microbiol. 30: 642-646.

• Ministry of Agriculture, Government of India (2009) Biofertilizers and organic 

fertilizers covered in fertilizer (Control) Order, 1985 (as amended, March 2006 and 

November 2009). Official Gazette 3 November, 2009.

• Moenne-Loccoz Y, Mavingui P, Combes C, Normand P, Steinberg C (2015) 

Microorganisms and biotic interactions. Bertrand JC et al. (Eds.) In: Environmental 

microbiology: fundamentals and applications: microbial ecology, pp: 395-444. 

Springer Science+Business Media Dordrecht.

• Mohankumar V, Ragupathy S, Nirmala CB, Mohadevan A (1988) Distribution of 

vesicular-arbuscular mycorrhizae (VAM) in the sandy beach soils of Madras coast. 

Curr. Sci. 57: 367-368.

• Moora M, Opik M, Sen R, Zobel M (2004) Native arbuscular mycorrhizal fungal 

communities differentially influence the seedling performance of rare and common 

P u ls a ti l la  species. Funct. Ecol. 18: 554-562.

• Moradi M, Naji HR, Imani F, Behbahani SM, Ahmadi MT (2017) Arbuscular 

mycorrhizal fungi changes by afforestation in sand dunes. J. Arid Environ. 140:14- 

19.

• Morandi D, Branzanti B, Gianinazzi-Pearson V (1992) Effect of some plant 

flavonoids on in v itro  behaviour of an arbuscular mycorrhizal fungus. Agronomie 

12:811-816.

191



• Moreira FMS, Siqueira JO (2002) Micorrizas. Moreira FMS, Siqueira JO (Eds.) In: 

Microbiologia e Bioquimica do Solo, pp: 473-539. UFLA, Lavras.

• Moreno-Casasola P, Espejel I (1986) Classification and ordination of coastal sand 

dune vegetation along the Gulf and Caribbean Sea of Mexico. Vegetatio 6 6 : 147- 

182.

• Morton JB (1995) Taxonomy and phylogenetic divergence among five 

S c u te llo s p o r a  spp. based on comparative developmental sequences. Mycologia 87: 

122-137.

• Morton JB (2002) International Culture Collection of Arbuscular and Vesicular- 

Arbuscular Mycorrhizal Fungi. West Virginia University. 

http://www.invam.caf.wvu.edu/.

• Morton JB, Benny GL (1990) Revised classification of arbuscular mycorrhizal 

fungi (Zygomycetes): A new order, Glomales, two new suborders, Glomineae and 

Gigasporineae, and two new families, Acaulosporaceae and Gigasporaceae, with an 

emendation of Glomaceae. Mycotaxon 37: 471-491.

• Morton JB, Bentivenga SP, Wheeler WW (1993) Germplasm in the international 

collection of vesicular-arbuscular mycorrhizal fungi (INVAM) and procedures for 

culture development, documentation and storage. Mycotaxon 48: 491-528.

• Mosse B (1959) The regular germination of resting spores and some observations 

on the growth requirements of an E n d o g o n e  sp. causing vesicular-arbuscular 

mycorrhiza. Trans. Br. Mycol. Soc. 42: 273-286.

• Mosse B (1962) The establishment of vesicular-arbuscular mycorrhiza under 

aseptic conditions. J. Gen. Microbiol. 27: 509-520.

• Mosse B (1972) The influence of soil type and E n d o g o n e  strain on the growth of 

mycorrhizal plants in phosphate-deficient soils. Rev. Ecol. Biol. Sol. 9: 529.

192

http://www.invam.caf.wvu.edu/


• Mosse B (1988) Some studies relating to “independent” growth of vesicular- 

arbuscular endophytes. Can. J. Bot. 6 6 : 2533-2540.

• Mosse B, Bowen GD (1968) A key to the recognition of some E n dogon e  spore 

types. Trans. Br. Mycol. Soc. 51: 469-483.

• Mosse B, Hepper CM (1975) Vesicular-arbuscular mycorrhizal infections in root 

organ cultures. Physiol. Plant Pathol. 5: 215-223.

• Motha SV, Amballa H, Bhumi NR (2014) Arbuscular mycorrhizal fungi associated 

with rhizosphere soils of brinjal cultivated in Andhra Pradesh, India. Int. J. Curr. 

Microbiol. App. Sci. 3(5): 519-529.

• Mueller GM (2011) Biodiversity of fungi: inventory and monitoring methods, pp: 

777. Academic Press.

• Mugnier J, Mosse B (1987) Spore germination and viability of a vesicular 

arbuscular mycorrhizal fungus, G lom us m osseae. Trans. Br. Mycol. Soc. 8 8 : 411- 

413.

• Mugnier J, Mosse B (1987) Vesicular-arbuscular infections in Ri T-DNA 

transformed roots grown axenically. Phytopathology 77: 1045-1050.

• Mukeiji KG (1996) Concepts in mycorrhizal research. Springer Science and 

Business Media.

• Mukerji KG, Kapoor A (1986) Occurrence and importance of vesicular-arbuscular 

mycorrhizal fungi in semi-arid regions of India. For. Ecol. Manag. 16: 117-132.

• Mulongoy K, Gianinazzi S, Roger PA, Dommergues Y (1992) Biofertilizers: 

agronomic and environmental impacts and economics, da Silva EJ, Rutledge C, 

Sasson A (Eds.) In: Biotechnology economic and social aspects: issues for 

developing countries, pp: 55-69. UNESCO, Cambridge University Press: 

Cambridge, U.K.

193



• Munkvold L, Kjoller R, Vestberg M, Rosendahl S, Jakobsen I (2004) High 

functional diversity within species of arbuscular mycorrhizal fungi. New Phytol. 

164: 357-364. 10.1111/j.l469-8137.2004.01169.x.

• Muthukumar T, Udaiyan K (2002) Seasonality of vesicular-arbuscular mycorrhizae 

in sedges in a semi-arid tropical grassland. Acta Oecol. 23: 337-347.

• Nagahashi G, Douds DD Jr, Abney GD (1996b) Phosphorus amendment inhibits 

hyphal branching of the VAM fungus G ig a sp o ra  m argarita  directly and indirectly 

through its effect on root exudation. Mycorrhiza 6 : 403-408.

• Nageli C (1842) Pilze im Innem von Zellen. Linnaea 16: 278-285.

• Nasholm T, Kielland K, Ganeteg U (2009) Uptake of organic nitrogen by plants. 

New Phytol. 182: 31-48.

• Nasim G (2005) Role of symbiotic soil fungi in controlling road side erosion and in 

the establishment of plant communities. Cademo de Pesquisa Ser. Bio., Santa Cruz 

do Sul. 17(1): 119-136.

• Neeraj, Shankar A, Mathew J, Varma AK (1991) Occurrence of VA mycorrhizae 

with Amaranthaceae in soils of the Indian semi-arid region. Biol. Fert. Soils 11: 

140-144.

• Nelson CE (1987) The water relations of vesicular-arbuscular mycorrhizal systems. 

Safir GR (Ed.) In: Ecophysiology of mycorrhizal plants, pp: 71-91. Boca Raton. 

CRC Press.

• Nelson GA, Olsen OA (1967) Staining reactions of resting sporagia of Synchytrium  

en d o b io ticu m  with a tetrazolium compound. Phytopathology 57: 965-968.

• Newman El (1988) Mycorrhizal links between plants: their functioning and 

ecological significance. Adv. Ecol. Res. 18: 243-270.

194



• Newsham KK, Fitter AH, Watkinson AR (1995) Arbuscular mycorrhiza protect an 

annual grass from root pathogenic fungi in the field. J. Ecol. 83: 991-1000.

• Nicolson TH (1959) Mycorrhiza in the Gramineae. I. Vesicular arbuscular 

endophytes with special reference to the external phase. Trans. Br. Mycol. Soc. 42: 

132-145.

• Nicolson TH (1960) Mycorrhizae in the Gramineae. II. Development in different 

habitats, particularly sand dunes. Trans. Br. Mycol. Soc. 43: 132-145.

• Nicolson TH, Gerdemann JW (1968) Mycorrhizal E ndogone species. Mycologia 

60: 313-325.

• Nicolson TH, Johnston C (1979) Mycorrhiza in G ram in eae. III. G lom us  

fa sc ic u la tu m  as the endophyte of pioneer grasses in maritime sand dunes. Trans. Br. 

Mycol. Soc. 72: 261-268.

• Niklaus PA, Alphei J, Ebersberger D, Kampichler C, Kandeler E, Tscherko D 

(2003) Six years of in situ CO2 enrichment evoke changes in soil structure and biota 

of nutrient poor grassland. Global Change Biol. 9: 585-600.

• Njeru EM, Avio L, Bocci G, Sbrana C, Turrini A, Barberi P, Giovannetti M, Oehl F 

(2015) Contrasting effects of cover crops on ‘hot spot’ arbuscular mycorrhizal 

fungal communities in organic tomato. Biol. Fert. Soils 51: 151-166.

• Norris JR, Read DJ, Varma AK (1992) Techniques for the study of mycorrhiza, part

2. Academic Press.

• Novero M, Genre A, Szczyglowski K, Bonfante P (2008) Root hair colonization by 

mycorrhizal fungi. In: Plant cell monographs, pp: 1-24. Springer, Berlin, 

Heidelberg.

195



• Nuutila AM, Vestberg M, Kauppinen V (1995) Infection of hairy roots of 

strawberry (F ra g a r ia ^ A n a n a ssa  Duch.) with arbuscular mycorrhizal fungus. Plant 

Cell Rep. 14: 505-509.

• Oehl F, Sieverding E (2004) P a c isp o ra , a new vesicular arbuscular mycorrhizal 

fungal genus in the Glomeromycetes. J. Appl. Bot. Food Qual. 78: 72-82.

• Oehl F, Sieverding E, Ineichen K, Mader P, Boiler T, Wiemken A (2003) Impact of 

land use intensity on the species diversity of arbuscular mycorrhizal fungi in 

agroecosystem of Central Europe. Appl. Environ. Microbiol. 69: 2816-2824.

• Oehl F, Sieverding E, Palenzuela J, Ineichen K, Silva GA (2011) Advances in 

Glomeromycota taxonomy and classification. International Mycological 

Association Fungus 2 (2 ): 191-199.

• Oehl F, Sieverding E, Wiemken A (2007) History and biogeography of arbuscular 

mycorrhizal fungi -  a global view. In: Micologia -  avan9 0 s no conhecimento. pp: 

256-258. 5 °Congresso Brasileiro de Micologia, Recife, Brazil.

• Oehl F, Silva GA, Goto BT, Sieverding E (2011) Glomeromycetes: three new 

genera and glomoid species reorganized. Mycotaxon 116: 75-120.

• Okon Y, Hadar H (1987) Microbial inoculants as crop-yield enhancers. Crit. Rev. 

Biotechnol. 6(1): 61-85.

• Opik M, Davidson J, Moora M, Zobel M (2013) DNA-based detection and 

identification of Glomeromycota: the virtual taxonomy of environmental sequences. 

Botany 92: 135-147.

• Opik M, Davison J (2016) Uniting species- and community-oriented approaches to 

understand arbuscular mycorrhizal fungal diversity. Fungal Ecol. 24: 106-113.

196



• Opik M, Moora M, Liira J, Zobel M (2006) Composition of root-colonizing 

arbuscular mycorrhizal fungal communities in different ecosystems around the 

globe. J. Ecol. 94: 778-790.

• Opik M, Vanatoa A, Vanatoa E, Moora M, Davison J, Kalwij JM, et al. (2010) The 

online database MaatjAM reveals global and ecosystemic distribution patterns in 

arbuscular mycorrhizal fungi (G lo m ero m yco ta). New Phytol. 188: 223-241. 

10.1 lll/j,1469-8137.2010.03334.x.

• Opik M, Zobel M, Cantero JJ, Davison J, Facelli JM, Hiiesalu 1 et al. (2013) Global 

sampling of plant roots expands the described molecular diversity of arbuscular 

mycorrhizal fungi. Mycorrhiza 23: 411-430.

• Ortas I, Akpinar C (2006) Response of kidney bean to arbuscular mycorrhizal 

inoculation and mycorrhizal dependency in P and Zn deficient soils. Acta Agric. 

Scand., Sect. B. Plant Soil Science 56: 101-109.

• Ouimet R, Camire C, Furlan V (1996) Effect of soil K, Ca and Mg saturation and 

endomycorrhization on growth and nutrient uptake of sugar maple seedlings. Plant 

Soil. 179: 207-216.

• Owens H, LaFantasie J, Adler P (2012) Mycorrhization rates of two grasses 

following alterations in moisture inputs in a southern mixed grass prairie. Appl. Soil 

Ecol. 60(1): 56-60.

• Pai G, Bagyaraj DJ, Ravindra TP, Prasad TG (1994) Calcium uptake by cowpea as 

influenced by mycorrhizal colonization and water stress. Curr. Sci. 6 6 : 444-445.

• Pankova H, Miinzbergova Z, Rydlova J, Vosatka M (2011) The response of A ster  

a m ellu s (Asteraceae) to mycorrhiza depends on the origins of both the soil and the 

fungi. Amer. J. Bot. 98: 850-858.

197



• Pamiske M (2008) Arbuscular mycorrhiza: the mother of plant root endosymbioses. 

Nature Rev. Microbiol. 6 : 763-775.

• Paskoff R (1989) Les dunes du littoral. La Recherche 20: 888-895.

• Pawlowska TE, Douds DD, Charvat I (1999) In v itro  propagation and life cycle of 

the arbuscular mycorrhizal fungus G lom us etunicatum . Mycol. Res. 103: 1549- 

1556.

• Pawlowska TE, Taylor JW (2004) Organization of genetic variation in individuals 

of arbuscular mycorrhizal fungi. Nature 427: 733-737.

• Pellegrino E, Bedini S (2014) Enhancing ecosystem services in sustainable 

agriculture: Biofertilization and biofortification of chickpea (C ic e r  a r ie tin u m  L.) by 

arbuscular mycorrhizal fungi. Soil Biol. Biochem. 6 8 : 429-439.

• Pellegrino E, Bedini S, Avio L, Bonari E, Giovannetti M (2011) Field inoculation 

effectiveness of native and exotic arbuscular mycorrhizal fungi in a Mediterranean 

agricultural soil. Soil Biol. Biochem. 43: 367-376.

• Pemer H, Schwarz D, George E (2006) Effects of mycorrhizal inoculation and 

compost supply on growth and nutrient uptake of young leek plants grown in peat- 

based substrates. Hortscience 41: 628-632.

• Petri L (1903) Ricerche sul signifacto morfologica del prosporoidi (sporangioli di 

Janse) nelle micorrize endotrofiche. Nuovo G. Bot. Ital. 10: 541.

• Peyronel B (1924) Specie di “E n dogon e” produttrici di micorize endotrofiche. Boll. 

Stn. Patol. Veg. Roma. 5: 73-75.

• Pfeffer PE, Shachar-Hill Y (1996) Plant/microbe symbioses. Shachar-Hill Y, 

Pfeffer PE (Eds.) In: Nuclear magnetic resonance in plant biology, pp: 1-32. ASPP, 

Rockville, MD.

198



• Phillips JM, Hayman DS (1970) Improved procedures for clearing roots and 

staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment 

of infection. Trans. Br. Mycol. Soc. 55(1): 158-161.

• Phipps CJ, Taylor TN (1996) Mixed arbuscular mycorrhizae from the Triassic of 

Antarctica. Mycologia 8 8 : 707-714.

• Piotrowski JS, Denich T, Klironomos JN, Graham JM, Rillig MC (2004) The 

effects of arbuscular mycorrhizas on soil aggregation depend on the interaction 

between plant and fungal species. New Phytol. 164(2): 365-373.

• Pirozynski KA (1981) Interactions between fungi and plants through the ages. Can.

J. Bot. 59: 1824-1827.

• Plenchette C, Declerck S, Diop TA, Strullu DG (1996) Infectivity of monoxenic 

subcultures of the arbuscular mycorrhizal fungus G lom us v e rs ifo rm e  associated 

with Ri T-DNA transformed carrot root. Appl. Microbiol. Biotechnol. 46: 545-548.

• Plenchette C, Fortin JA, Furlan V (1983) Growth responses of several plant species 

to mycorrhizae in a soil of moderate P-fertility. I. Mycorrhizal dependency under 

field conditions. Plant Soil. 70: 199-209.

• Plenchette C, Strullu DG (2003) Long-term viability and infectivity of intra-radical 

form of G lom us in tra ra d ice s  vesicles encapsulated in alginate beads. Mycol. Res. 

107: 614-616.

• Poulin MJ, Bel-Rhlid R, Piche Y Chenevert R (1993) Flavonoids released by carrot 

(D au cu s c a ro ta ) seedlings stimulate hyphal development of vesicular-arbuscular 

fungi in the presence of optimal CO2 enrichment. J. Chem. Ecol. 19: 2317-2327.

• Pratap Chandran R, Potty VP (2011) Initiation of hairy roots from C a n a va lia  sp. 

using A g ro b a c ter iu m  rh izo g en es  15834 for the co-cultivation of Arbuscular 

mycorrhizal fungi, G lo m u s m icrocarpu m . IJAT 7(2): 235-245.

199



• Puppi G, Riess S (1987) Role and ecology of VA mycorrhizae in sand dimes. 

Angew. Bot. 61: 115-126.

• Puppi G, Tabacchini P, Riess S, Sanvito A (1986) Seasonal patterns in mycorrhizal 

associations in a maritime sand dune system (Castelporziano, Italy). Gianinazzi- 

Pearson V, Gianinazzi S (Eds.) In: Physiological and genetical aspects of 

mycorrhizae. pp: 245-249. Proceeding of the 1st European symposium on 

mycorrhizae. INRA, Paris.

• Puschel D, Rydlova J, Vosatka M (2007) Mycorrhiza influences plant community 

structure in succession on spoil banks. Basic Appl. Ecol. 8 : 510-520.

• Radhika KP, Rodrigues BF (2010) Arbuscular mycorrhizal fungal diversity in some 

commonly occurring medicinal plants of Western Ghats, Goa region. J. For. Res. 

21:45-52.

• Ragupaty S, Nagarajan G, Mahadevan A (1998) Mycorrhizae in coastal sand dunes 

of Tuticorin, Tamil Nadu. Jour. Environ. Biol. 19: 281-284.

• Raman N, Sahadevan C, Srinivaan V (2001) Growth of AM fungi on in v itro  root 

organ culture of Sorghum  vu lg a re  and S a cch a ru m  officinarum . Indian J. Exp. Biol. 

39: 1293-1298.

• Ramos-Zapata JA, Zapata-Trujillo R, Ortiz-Diaz JJ, Guadarrama P (2011) 

Arbuscular mycorrhizas in a tropical coastal dune system in Yucatan, Mexico. 

Fungal Ecol. 4: 256-261.

• Ranwell DS (1972) The Ecology of Salt Marshes and Sand Dunes. Chapman and 

Hall, London.

• Rao TA, Meher-Homji VM (1985) Strand plant communities of the Indian 

subcontinent. Proceedings of the Indian Academy of Science (Plant Science) 94: 

505-523.

200



• Rayner MC (1926-1927) Mycorrhiza. New Phytol. 25: 1-50, 65-108, 171-190, 248- 

263, 338-372, 26: 22-45, 85-114.

• Read DJ (1989) Mycorrhizas and nutrient cycling in sand dune ecosystem. 

Proceedings of the Royal Society of Edinburgh 96: 89-100.

• Read DJ (1990) Mycorrhizas in ecosystems- Nature’s response to the “Law of the 

minimum” Hawksworth DL (Ed.) In: Frontiers in mycology, pp: 101-130. CAB 

International: Wallingford, U.K.

• Read DJ (1991) Mycorrhizas in ecosystems. Experientia 47: 376-391.

• Read DJ, Koucheki HK, Hodgson J (1976) Vesicular-arbuscular mycorrhiza in 

natural vegetation systems. I. The occurrence of infection. New Phytol. 77(3): 641- 

653.

• Rebah FB, Tyagi RD, Prevost D (2002) Wastewater sludge as a substrate for 

growth and carrier for rhizobia: the effect of storage conditions on survival of 

Sinorh izobium  m elilo ti. Bioresour. Technol. 83(2): 145-151.

• Redecker D (2000) Specific PCR primers to identify arbuscular mycorrhiza fungi 

within colonized roots. Mycorrhiza 10: 73-80.

• Redecker D, Kodner R, Graham LE (2000a) Glomalean fungi from the Ordovician. 

Science 289: 1920-1921.

• Redecker D, Morton JB, Bruns TD (2000b) Ancestral lineages of arbuscular 

mycorrhizal fungi (Glomales). Mol. Phylogenet. Evol.14: 276-284.

• Redecker D, Morton JB, Bruns TD (2000b) Molecular phylogeny of the arbuscular 

mycorrhizal fungi G lom u s sin uosum  and S c le ro c y s tis  co rem io id es . Mycologia 92: 

282-285.

201



• Redecker D, Raab P (2006) Phylogeny of the Glomeromycota (arbusculax 

mycorrhizal fungi): recent developments and new gene markers. Mycologia 98: 

885-895.

• Redecker D, SchiiBler A, Stockinger H, Sturmer SL, Morton JB, Walker C (2013) 

An evidence-based consensus for the classification of arbuscular mycorrhizal fungi 

(Glomeromycota). Mycorrhiza 23: 515-531.

• Redecker D, Thierfelder H, Werner D (1995) A new cultivation, system for 

arbuscular mycorrhizal fungi on glass beads. Angew. Bot. 69: 189-191.

• Reeves FB, Wagner D, Moorman T, Kiel J (1979) The role of endomycorrhizae in 

revegetation practices in semiarid west .1. A comparison of incidence of 

mycorrhizae in severely disturbed v/s natural environments. Am. J. Bot. 6 6 : 6-13.

• Remy W, Taylor TN, Hass H, Kerp H (1994) Four hundred-million-year-old 

vesicular arbuscular mycorrhizae. Proc. Natl. Acad. Sci. USA. 91: 11841-11843.

• Richardson AE, Lynch JP, Ryan PR, Delhaize E, Smith FA, Smith SA, Harvey PR, 

Veneklaas EJ, Lambers H, Oberson A, Culvenor RA, Simpson RJ (2011) Plant and 

microbial strategies to improve the phosphorus efficiency of agriculture. Plant Soil 

349: 121-156.

• Riker AJ, Banfield WM, Wright WH, Keitt GW, Sagen HE (1930) Studies on 

infectious hairy root of nursery apple trees. J. Agric. Res. 41: 507-540.

• Rillig MC, Murnmey D (2006) Mycorrhizas and soil structure. New Phytol. 171: 

41-53.

• Rillig MC, Wright SF, Nichols KA, Schmid WF, Tom MS (2002) The role of 

arbuscular mycorrhizal fungi and glomalin in soil aggregation: Comparing effects 

of five plant species. Plant Soil. 238: 325-333.

202



• Rippley BS, Pammenter NW (2008) Physiological characteristics of coastal dune 

pioneer species from Eastern Cape, South Africa in relation to stress and 

disturbance. Martinez ML, Psuty NP (Eds.) In: Costal Dimes: Ecology and 

Conservation, pp: 137-154. Springer, Berlin.

• Rivera-Cruz MC, Narcia AT, Ballona GC, Kohler J, Caravaca F, Roldan A (2008) 

Poultry manure and banana waste are effective biofertilizer carriers for promoting 

plant growth and soil sustainability in banana crops. Soil Biol. Biochem. 40(12): 

3092-3095.

• Robson AD, Abbott LK (1989) The effect of soil acidity on microbial activity in 

soils. Robson AD (Ed.) In: Soil acidity and plant growth, pp: 139-165. Academic 

Press, Sydney.

• Rodrigues BF, Jaiswal V (2001) Arbuscular mycorrhizal (AM) fungi from coastal 

sand dune vegetation of Goa. Indian Jour Forestry 24: 18-20.

• Rodrigues BF, Muthukumar T (2009) Arbuscular mycorrhizae of Goa -  a manual 

of identification protocols, pp: 109-135. Goa University, Goa.

• Rodrigues KM, Rodrigues BF (2012) Monoxenic culture of AM fungus G lom us  

clarum  using Ri T-DNA transformed roots. In: Recent innovative trends in plant 

sciences, pp: 165-170. Mahatma Phule A. S. C. College, Panvel, MS.

• Rodrigues KM, Rodrigues BF (2013) Cultivation of arbuscular mycorrhizal (AM) 

fungi. J. Mycol. PI. Pathol. 43(2): 155-168.

• Rose SL (1988) Above and below ground community development in a maritime 

sand dune ecosystem. Plant Soil. 109: 215-226.

• Roughley RJ (1968) Some factors influencing the growth and survival of root 

nodule bacteria in peat culture. J. Appl. Bacteriol. 31: 259-265.

203



• Rouhier H, Read DJ (1998) The role of mycorrhiza in determining the response of 

P la n ta g o  la n ceo la ta  to CO2 enrichment. New Phytol. 139: 367-373.

• Ruiz PO, Rojas KC, Sieverding E (2011) La distribution geografica de los hongos 

de micorriza arbuscular: una prioridad de investigation en la amazonia peruana. 

Espac. y Desarro. 23: 47-63.

• Sadhana B (2015) Arbuscular mycorrhizal fungal diversity in coastal region of 

Manapaadu near Tiruchendur, Tamil Nadu. Int. J. Pure App. Biosci. 3(6): 226-236.

• Sancholle M, Dalpe Y, Grandmougin-Ferjani A (2001) Lipids of mycorrhizae. 

Esser K, Hock B (Eds.) In: The Mycota. IX Fungal association, pp: 63-93. Springer, 

Berlin Heidelberg, New York.

• Sanders IR (2002) Specificity in the arbuscular mycorrhizal symbiosis, van der 

Heijden MGA, Sanders IR (Eds.) In: Mycorrhizal ecology, pp: 415-437. Springer 

Verlag, Berlin.

• Santana de AS, Cavalcante UMT, Sampaio Barreto de Sa EV, Maia LC (2014) 

Production, storage and costs of inoculum of arbuscular mycorrhizal fungi (AMF). 

Braz. J. Bot. 37(2): 159-165.

• Saranya K, Kumutha K (2011) Standardization of the substrate material for large 

scale production of arbuscular mycorrhizal inoculum. Int. J. Agric. Sci. 3: 71-77.

• Sbrana C, Giovanetti M (2005) Chemotropism in the arbuscular mycorrhizal fungus 

G lom us m osseae . Mycorrhiza 15(7): 539-545.

• Scervino JM, Ponce MA, Erra-Bassells R, Bompadre J, Vierheilig H, Ocampo JA, 

Godeas A (2007) The effect of flavones and flavonols on colonization of tomato 

plants by arbuscular mycorrhizal fungi of the genera G ig a sp o ra  and G lom us. Can.

J. Microbiol. 53: 702-709.

204



• Scervino JM, Ponce MA, Erra-Bassells R, Vierheilig H, Ocampo JA, Godeas A 

(2005b) Flavonoids exhibit fungal species and genus specific effects on the 

presymbiotic growth of G ig a sp o ra  and G lom u s. Mycol. Res. 109(7): 789-794.

• Schenck NC, Kinloch RA, Dickson DW (1974) Interaction of endomycorrhizal 

fungi and root-knot nematode on soyabean. Sanders FE, Mosse B, Tinker PB (Eds.) 

In: Endomycorrhizas. pp: 607-617. Academic Press, London.

• Schenck NC, Perez Y (1990) Manual for the Identification of VA Mycorrhizal 

Fungi. 3rd edition. Florida: Synergistic Publications.

• Schlicht A (1889) Beitrag zur Kenntniss der Verbreitung und Bedeutung der 

Mycorhizen. Landwirtschaftliche Jahrbucher 18: 478-506.

• Schreiner RP, Koide RT (1993) Stimulation of vesicular-arbuscular fungi by 

mycotrophic and non- mycotrophic plant root systems. Appl. Environ. Microbiol. 

59: 2750-2752.

• Schreiner RP, Koide RT (1993b) Mustards, mustard oils and mycorrhizas. New 

Phytol. 123: 107-113.

• Schultz PA, Miller RM, Jastrow JD, Rivetta CV, Bever JD (2001) Evidence of a 

mycorrhizal mechanism for the adaptation of A n d ro p o g o n  g e r a r d i i  (Poaceae) to 

high- and low-nutrient prairies. Amer. J. Bot. 8 8 : 1650-1656.

• Schulz S, Brankatschk R, Diimig A, Kogel-Knabner I, Schloter M, Zeyer J (2013) 

The role of microorganisms at different stages of ecosystem development for soil 

formation. Biogeosciences 10: 3983-3996.

• Schiifiler A, Bonfante P, Schnepf E, Mollenhauer D, Kluge M (1996) 

Characterization of the G eo sip h o n  p y r ifo r m e  symbiosome by affinity techniques: 

confocal laser scanning microscopy (CLSM) and electron microscopy. Protoplasma 

190:53-67.

205



• SchuBler A, Mollenhauer D, Schnepf E, Kluge M (1994) G eo sip h o n  p y r ifo rm e , an 

endosymbiotic association of fungus and cyanobacteria - The spore structure 

resembles that of arbuscular mycorrhizal (AM) fungi. Botanica Acta 107: 36-45.

• SchuBler A, Schwarzott D, Walker C (2001) A new fungal phylum, the 

Glomeromycota: phylogeny and evolution. Mycol. Res. 105: 1413-1421.

• SchuBler A, Walker C (2010) The Glomeromycota: a species list with new families 

and genera. SchuBler A, Walker C (Eds.) In: Libraries at The Royal Botanic Garden 

Edinburgh, The Royal Botanic Garden Kew, Botanische Staatssammlung Munich, 

and Oregon State University.

• Schwarzott D, Walker C, SchuBler A (2001) G lom u s, the largest genus of the 

arbuscular mycorrhizal fungi (Glomales), is non-monophyletic. Mol. Phylogenet. 

Evol. 21: 190-197.

• Seeram NP (2008) Berry fruits: compositional elements, biochemical activities, and 

the impact of their intake on human health, performance, and disease. J. Agric. 

Food Chem. 56: 627-629.

• Selosse MA, Le Tacon F (1998) The land flora: a phototroph-fungus partnership? 

Trends Ecol. Evolut. 13: 15-20.

• Shokralla S, Spall JL, Gibson JF, Hajibabaei M (2012) Next-generation sequencing 

technologies for environmental DNA research. Mol. Ecol. 21: 1794-805.

• Siciliano V, Genre A, Balestrini R, Cappellazzo G, deWit PJGM, Bonfante P 

(2007) Transcriptome analysis of arbuscular mycorrhizal roots during development 

of the prepenetration apparatus. Plant Physiol. 144: 1455-1466.

• Sieverding E (1987) A VA-mycorrhizal fungus, G lom us g lo m eru la tu m  sp. Nov., 

with two hyphal attachments and spores formed only in sporocarps. Mycotaxon 29: 

73-79.

206



• Sieverding E (1991) Vesicular-arbuscular mycorrhiza management in tropical 

agrosystems. Technical Cooperation, Federal Republic of Germany Eschbom. 

ISBN 3-88085-462.

• Sikes BA, Maherali H, Klironomos JN (2012) Arbuscular mycorrhizal fungal 

communities change among three stages of primary sand dune succession but do 

not alter plant growth. Oikos 121: 1791-1800.

• Sikes BA, Maherali H, Klironomos JN (2014) Mycorrhizal fungal growth responds 

to soil characteristics, but not host plant identity, during a primary lacustrine dune 

succession. Mycorrhiza 24: 219-226.

• Silva FSB (2006) Fase assimbiotica, produfao, infectividade e efetividade de 

fungos micorrizicos em substratos com adubos organicos [PhD Thesis], Centro de 

Ciencias Biologicas, Recife; pp: 297.

• Silva FSB, Yano-Melo AM, Brandao JAC, Maia LC (2005) Sporulation of 

arbuscular mycorrhizal fungi using Tris-HCl buffer in addition to nutrient solutions. 

Braz. J. Microbiol. 36: 327-332.

• Silva IR, da Mello CMA, de Ferreira Neto RA, Silva DKA, da Melo AL, de Oehl F,

Maia LC (2014) Diversity of arbuscular mycorrhizal fungi along an environmental 

gradient in the Brazilian semiarid. Appl. Soil Ecol. 84: 166-175.

doi:http://dx.doi.org/10.1016/j.apsoil.2014.07.008.

• Simon L, Lalonde M, Bruns T (1990) Amplification and direct sequencing of 

ribosomal genes form VAM fungi. Allen MF, Williams SE (Eds.) In: Abstracts, 8 th 

North American Conference on Mycorrhizae. pp: 265. University of Wyoming 

Agricultural Experiment Station, Laramie, Wyo.

207

http://dx.doi.org/10.1016/j.apsoil.2014.07.008


• Simon L, Lalonde M, Bruns TD (1992) Specific amplification of 18S fungal 

ribosomal genes from vesicular-arbuscular endomycorrhizal fungi colonizing roots. 

Appl. Environ. Microbiol. 58: 291-295.

• Simon L, Levesque RC, Lalonde M (1993) Identification of endomycorrhizal fungi 

colonizing roots by fluorescent single-strand conformation polymorphism- 

polymerase chain reaction. Appl. Environ. Microbiol. 59: 4211-4215.

• Singh D, Chhonkar PK, Dwivedi BS (2005) Manual on soil, plant and water 

analysis. New Delhi: Westville Publishing House.

• Siqueira JD, Sylvia DM, Gibson J, Hubell DH (1985) Spores, germination, and 

germ tubes of vesicular-arbuscular mycorrhizal fungi. Can. J. Microbiol. 31: 965- 

972.

• Smith D, Onions AHS (1994) IMI Technical Handbooks 2: the preservation and 

maintenance of living fungi, 2nd edition. CAB International, Wallingford.

• Smith FA, Smith SE (1997) Structural diversity in (vesicular)-arbuscular 

mycorrhizal symbioses. NewPhytol. 137: 373-388.

• Smith SE, Jakobsen I, Gronlund M, Smith FA (2011) Roles of arbuscular 

mycorrhizas in plant phosphorus nutrition: Interactions between pathways of 

phosphorus uptake in arbuscular mycorrhizal roots have important implications for 

understanding and manipulating plant phosphorus acquisition. Plant Physiol. 156: 

1050-1057.

• Smith SE, Read DJ (1997) Mycorrhizal Symbiosis. 2nd edition, pp: 605. Academic 

Press, San Diego.

• Smith SE, Read DJ (2008) Mycorrhizal symbiosis. 3rd edition. New York, London, 

Burlington, San Diego: Academic Press.

208



• Smith SE, Read DJ, Harley JL (1997) Mycorrhizal symbiosis, pp: 605. San Diego 

(California): Academic Press.

• Smits WTM (1992) Mycorrhizal studies in Dipterocarp forests in Indonesia. In: 

Mycorrhizas in ecosystems. Read DJ, Lewis DH, Fitter AH, Alexander IJ (Eds.) pp: 

283-292. CAB International. Wallingford, UK.

• Souza RG, Goto BT, Silva DKA, Silva FSB, Sampaio EVSB, Maia LC (2010) The 

role of arbuscular mycorrhizal fungi and cattle manure in the establishment of 

T ocoyen a se llo a n a  Schum. in mined dune areas. Eur. J. Soil Biol. 46: 237-242.

• Sridhar KR (2006) Arbuscular mycorrhizal fungi of coastal sand dunes. Bukhari 

MJ, Rodrigues BF (Eds.) In: Techniques in mycorrhizae. Department of Botany, 

Government College of Arts, Science and Commerce, Quepem, Goa.

• Sridhar KR (2009) Bioresources of coastal sand dunes - are they neglected? 

Jayappa KS, Narayana AC (Eds.) In: Coastal environments: problems and 

perspectives, pp: 53-76. IK International Publishing House, New Delhi.

• Sridhar KR, Beena KR (2001) Arbuscular mycorrhizal research in coastal sand 

dunes: a review. Proceedings of the National Academy of Sciences India 71: 179- 

205.

• Staddon PL (1998) Insights into mycorrhizal colonisation at elevated CO2: a simple 

carbon partitioning model. Plant Soil. 205: 171-180.

• Stahl E (1900) Der Sinn der mycorrhizenbildung Jahrbucher fur wissenschaftliche. 

Botanik 34: 539-668.

• St-Amaud M, Hamel C, Caron M, Fortin JA (1995a) Endomycorhizes VA et 

sensibilite des plantes aux maladies: synthese de la litterature et mecanismes d' 

interaction potentiels. Fortin JA, Charest C, Piche Y (Eds.) In: La symbiose

209



mycorhizienne - etat des connaissances. pp: 51-87. Frelighsburg, Canada : Orbis 

Publishing.

• St-Amaud M, Hamel C, Vimard B, Caron M, Fortin JA (1996) Enhanced hyphal 

growth and spore production of the arbuscular mycorrhizal fungus G lom us  

in tra ra d ice s  in an in v itro  system in the absence of host roots. Mycol. Res. 100: 

328-332.

• Stephens JHG, Rask HM (2000) Inoculant production and formulation. Field Crop. 

Res. 65: 249-258.

• Strullu DC, Romand C (1986) Methode d’ obtention d’ endomycorhizes a vesicules 

et arbuscules en conditions axeniques. C. R. Acad. Sci. Paris 305: 15-19.

• Strullu DG (1985) Les mycorhizes. Handbuch der Pflanzen-anatomie. Bomtraeger, 

Berlin, Stuttgart.

• Strullu DG, Diop TA, Plenchette C (1997) Realisation de collections in vitro de 

G lom us in trarad ices (Schenck et Smith) et de G lom u s v e rs ifo rm e  (Karsten et 

Berch) et proposition d'un cycle de developpement. C. R. Acad. Sci. 320: 41-47.

• Strullu DG, Plenchette C (1990a) Encapsulation de la forme intraracinaire de 

G lom u s dans l’alginate et utilisation des capsules comme inoculum. C. R. Acad. 

Sci. Paris Ser. Ill: Sci. Vie. 310: 447-452.

• Strullu DG, Plenchette C (1990b) Developpement de nouveaux inoculums de 

champignons mycorhiziens obtenus par encapsulation. C. R. Acad. Sean Agric. Fr. 

76 (8 ): 25-30.

• Strullu DG, Plenchette C (1991) The entrapment of G lom us sp. In alginate beads 

and their use as root inoculum. Mycol. Res. 95: 1194-1196.

210



• Strullu DG, Romand C (1986) Methode d’obtention d’endomycorhizes a vesicules 

et arbuscules en conditions axeniques. C. R. Acad. Sci. Ser. Ill: Sci. Vie. 303: 245- 

250.

• Strullu DG, Romand C (1987) Culture axenique de vesicules isolees a partir 

d’endomycorhizes et re-association in v itro  a des racines de tomate. C. R. Acad. 

Sci. Paris Ser. Ill: 305: 15-19.

• Strullu DG, Romand C, Plenchette C (1991) Axenic culture and encapsulation of 

the intraradical forms of G lom us spp. World J. Microbiol. Biotechnol. 7: 292-297.

• Stubblefield SP, Taylor TN, Trappe JM (1987) Fossil mycorrhizae: a case for 

symbiosis. Science 237: 59-60.

• Sturmer SL (2004) Effect of different fungal isolates from the same mycorrhizal 

community on plant growth and phosphorus uptake in soybean and red clover. Rev. 

Bras. Cienc. Solo 28: 611-622.

• Sturmer SL, Bellei MM (1994) Composition and seasonal variation of spore 

populations of arbuscular mycorrhizal fungi in dune soils on the island of Santa 

Catarina, Brazil. Can. J. Bot. 72: 359-363.

• Sturmer SL, Melloni R, Caproni AL (2010) Micorrizas arbusculares em dunas 

maritimas e emaeas de minera^ao. Siqueira JO, de Souza FA, Cardoso EJBN, Tsai 

SM (Eds.) In: Micorrizas: 30 anos de pesquisas no Brasil, pp: 341-360. Editora 

UFLA, Lavras.

• Stutz JC, Copeman R, Martin CA, Morton JB (2000) Patterns of species 

composition and distribution of arbuscular mycorrhizal fungi in arid regions of 

southwestern North America and Namibia, Africa. Can. J. Bot. 78(2): 237-245.

211



• Stutz JC, Morton JB (1996) Successive pot cultures reveal high species richness of 

vesicular-arbuscular mycorrhizal fungi across a soil moisture-nutrient gradient. 

Oecologia64: 111-117.

• Stutz JC, Morton JB (1996) Sucessive pot cultures reveal high species richness of 

arbuscular endomycorrhizal fungi in arid ecosystems. Can. J. Bot. 74: 1883-1889.

• Suresh SN, Nagarajan N (2010) Biodiversity of arbuscular mycorrhizal fungi in 

evergreen vegetation of Western Ghats. J. Pure Appl. Microbio. 4(1): 415-419.

• Sutherland ED, Cohen SD (1983) Evaluation of tetrazolium bromide as a vital stain 

for fungal oospores. Phytopathology 73: 1532-1535.

• Sutton JC, Sheppard BR (1976) Aggregation of sand dune soil by endomycorrhizal 

fungi. Can. J. Bot. 54: 326-333.

• Swaby RJ (1949) The relationship between micro-organisms and soil aggregation. 

J. Gen. Microbiol. 3: 236-254.

• Sylvia DM (1986) Spatial and temporal distribution of vesicular-arbuscular 

mycorrhizal fungi associated with U n io la  p a n ic u la ta  in Florida foredunes. 

Mycologia 78: 728-734.

• Sylvia DM (1990) Inoculation of native woody plants with vesicular-arbuscular 

mycorrhizal fungi for phosphate mine land reclamation. Agri. Ecosys. Environ. 31: 

253-261.

• Sylvia DM (1994) Vesicular-arbuscular mycorrhizal fungi. Mickelson SH, Bigham 

JM (Eds.) In: Methods of soil analysis, part 2. Microbiological and biochemical 

properties, pp: 351-378. SSA Book Series 5.

• Sylvia DM, Jarstfer AG (1992) Sheared-root inocula of vesicular-arbuscular 

mycorrhizal fungi. Appl. Environ. Microbiol. 58: 229-232.

212



• Sylvia DM, Will ME (1988) Establishment of vesicular arbuscular mycorrhizal 

fungi and other microorganisms on a beach replenishment site in Florida. Appl. 

Environ. Microbiol. 54: 348-352.

• Tadych M, Blaszkowski J (2000a) Arbuscular fungi and mycorrhizae (Glomales) of 

the Sfowiriski National Park, Poland. Mycotaxon 74: 463-483.

• Tanwar A, Aggarwal A, Yadav A, Parkash V (2013) Screening and selection of 

efficient host and sugarcane bagasse as substrate for mass multiplication of 

F unneliform is m o ssea e . Biol. Agric. Hortic. 29: 107-117.

• Tepfer D (1989) Ri T-DNA from A g ro b a c ter iu m  rh izogen es: a source of genes 

having applications in rhizosphere biology and plant development, ecology and 

evolution. Kosuge T, Nester EW (Eds.) Plant-microbe interactions. Vol. 3. pp: 294- 

342. McGraw-Hill Publishing, New York.

• Tepfer DA, Tempe J (1981) Production d’agropine par des raciness formees sous 

V action d 'A grobacteriu m  rh izogen es, souche A4. C. R. Acad. Sci. Paris 292: 153- 

156.

• Tisdall JM, Oades JM (1982) Organic matter and water stable aggregates in soils. J. 

Soil Sci. 33: 141-163.

• Tiwari M, Sati SC (2008) The mycorrhizae: diversity, ecology and applications, pp: 

359. Daya publishing house, New Delhi, India.

• Tiwari P, Adholeya A (2003) Host dependent differential spread of G lom us  

in tra ra d ices on various Ri T-DNA transformed root in v itro . Mycol. Prog. 2: 171- 

177.

• Tommerup I, Kidby DK (1980) Production of aseptic spores of vesicular-arbuscular 

endophytes and their viability after chemical and physical stress. Appl. Environ. 

Microbiol. 39: 1111-1119.

213



• Tommerup IC (1988) Long-term preservation by L-drying and storage of vesicular- 

arbuscular mycorrhizal fungi. Trans. Br. Mycol. Soc. 90: 585-591.

• Tommerup IC, Abbot LK (1981) Prolonged survival and viability of VA 

mycorrhizal hyphae after root death. Soil Biol. Biochem. 13: 141-164.

• Trappe JM (1981) Mycorrhizae and productivity in arid and semiarid rangelands. 

Menassah JT, Briskey EJ (Eds.) In: Advances in food producing systems for arid 

and semiarid lands, pp: 581-599. Academic Press, NY.

• Trappe JM, Berch SM (1985) The prehistory of mycorrhizae: A.B. Frank’s 

predecessors, pp: 2-11. Proceedings of the 6 th North American conference on 

mycorrhizae. Forest Research Laboratory, Oregon State University, Corvallis, Ore.

• Treeby MT (1992) The role of mycorrhizal fungi and non-mycorrhizal micro

organisms in iron nutrition of citrus. Soil Biol. Biochem. 24: 857-864.

• Treseder KK (2004) A meta-analysis of mycorrhizal responses to nitrogen, 

phosphorus, and atmospheric CO2 in field studies. New Phytol. 164: 347-355.

• van Aarle IM, Olsson PA, Sdderstrom B (2002) Arbuscular mycorrhizal fungi 

respond to the substrate pH of their extraradical mycelium by altered growth and 

root colonization. New Phytol. 155: 173-182.

• Van der Heijden M, Bakker R, Verwaal J, Scheublin TR, Rutten M, Van Logtestijn 

R, Staehelin C (2006) Symbiotic bacteria as a determinant of plant community 

structure and plant productivity in dune grassland. FEMS Microbiol. Ecol. 56: 178- 

187.

• Van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel R, 

Boiler T, Wiemken A, Sanders IR (1998) Mycorrhizal fungal diversity determines 

plant biodiversity, ecosystem variability and productivity. Nature 396: 69-72.

214



• van der Valk AG (1974b) Mineral cycling in coastal foredune plant communities in 

Cape Hatteras National Seashore. Ecology 55: 1349-1358.

• Vandenkoomhuyse P, Husband R, Daniell TJ, Watson IJ, Duck MJ, Fitter AH, 

Young JPW (2002a) Arbuscular mycorrhizal community composition associated 

with two plant species in a grassland ecosystem. Mol. Ecol. 11: 1555-1564.

• Vierheilig H, Bago B, Albrecht C, Poulin MJ, Piche Y (1998a) Flavonoids and 

arbuscular mycorrhizal fungi. Manthey JA, Buslig BS (Eds.) In: Flavonoids in the 

living system, pp: 9-33. Plenum Press, New York, USA.

• Villegas J (2001) Comportement nutritionnel du mycelium exteme du G lom us  

in tra ra d ices en presence d’azote nitrique et ammoniacal. Ph.D. thesis, Institut de 

Recherche en Biologie Vegetale, Universite de Montreal, Montreal.

• Villegas J, Fortin JA (2001) Phosphorus solubilization and pH changes as a result 

of the interactions between soil bacteria and arbuscular mycorrhizal fungi on a 

medium containing NH4+ as nitrogen source. Can. J. Bot. 79: 865-870.

• Vimard B, St-Amaud M, Fortin JA, Furlan V (1999) Colonization potential of in 

vz/ro-produced arbuscular mycorrhizal fungus spores compared with a root-segment 

inoculum from open pot culture. Mycorrhiza 8: 335-338.

• Visalakshi N (1997) Dynamics of Vesicular-arbuscular mycorrhizae in two tropical 

dry evergreen forests, South India. International Journal of Ecology & 

Environmental Sciences 23: 25-36.

• Voets L, de la Providencia IE, Fernandez K, Ijdo M, Cranenbrouck S, Declerck S 

(2009) Extraradical mycelium network of arbuscular mycorrhizal fungi allows fast 

colonization of seedlings under in v itro  conditions. Mycorrhiza 19: 347-356.

215



• Voets L, Dupre de Boulois H, Renard L, Strullu DG, Declerck S (2005) 

Development of an autotrophic culture system for the in v itro  mycorrhization of 

potato plantlets. FEMS Microbiol. Lett. 248: 111-118.

• Wagner SC, Skipper HD, Walley F, Bridges WB Jr (2001) Long-term survival of 

G lom us c la ro ideu m  propagules from soil pot cultures under simulated conditions. 

Mycologia 93(5): 815-820.

• Walker C, Rhodes LH (1981) G lom us a lb id u s : a new species in the E n d o g o n a cea e . 

Mycotaxon 12: 509-514.

• Walkley A, Black JA (1934) An examination of the Degtjareff method for 

determining soil organic matter and a proposed modification of the chromic 

titration method. Soil Sci. 37(1): 29-38.

• Walley FL, Germida JJ (1995) Estimating the viability of vesicular-arbuscular 

mycorrhizae fungal spores using tetrazolium salts as vital stains. Mycologia 87(2): 

273-279.

• Wang P, Shu B, Wang Y, Zhang DJ, Liu JF, Xia RX (2013) Diversity of 

arbuscular mycorrhizal fungi in red tangerine (C itru s  r e tic u la ta  Blanco) rootstock 

rhizospheric soils from hillside citrus orchards. Pedobiologia (Jena) 56: 161-167. 

doi:http://dx.doi.org/10.1016/j .pedobi.2013.03.006.

• Wang B, Qiu YL (2006) Phylogenetic distribution and evolution of mycorrhizas in 

land plants. Mycorrhiza 16: 299-363.

• Wang B, Yeun LH, Xue JY, Liu Y, Ane JM, Qiu YL (2010) Presence of three 

mycorrhizal genes in the common ancestor of land plants suggests a key role of 

mycorrhizas in the colonization of land by plants. New Phytol. 186: 514-525.

216

http://dx.doi.org/10.1016/j


• Wang H, Shen L, Zhai L, Zhang J, Ren T, Fan B, Liu H (2015) Preparation and 

utilization of phosphate biofertilizers using agricultural waste. J. Integr. Agr. 14(1): 

158-167.

• Wang WK (2003) Method of facilitating mass production and sporulation of 

arbuscular mycorrhizal fungi aseptic. US Pat. No. 6759232.

• Wehner J, Powell JR, Muller LAH, Caruso T, Veresoglou SD, Hempel S, Rillig 

MC (2014) Determinants of root-associated fungal communities within Asteraceae 

in a semi-arid grassland. J. Ecol. 102: 425-436.

• White PR (1943) A handbook of plant tissue culture. J. Cattel, Lancaster, Pa.

• Williams A, Ridgway H, Norton D (2012) Different arbuscular mycorrhizae and 

competition with an exotic grass affect the growth of P o d o c a r p u s  cu n n in gh am ii 

Colenso cuttings. New For. 44: 183-195.

• Willis A, Rodrigues BF, Harris PJC (2013) The ecology of arbuscular mycorrhizal 

fungi. Crit. Rev. Plant Sci. 32(1): 1-20.

• Willis AE (2013) Aspects of arbuscular mycorrhizal (AM) fungal ecology: AM 

fungal nutrient-function efficiency in a primary sand-dune ecosystem on the west 

coast of India. PhD Thesis. Coventry: Coventry University and Goa University, 

India.

• Woodhouse WW (1982) Coastal sand dunes of the U.S. Lewis RR (Ed.) In: 

Creation and restoration of coastal plant communities, pp: 1-44. CRC Press. Inc. 

Boca Raton, Fla.

• Wright SF, Upadhyaya A (1996) Extraction of an abundant and unusual protein 

from soil and comparison with hyphal protein of arbuscular mycorrhizal fungi. Soil 

Sci. 161: 575-586.

217



• Wu SC, Cao ZH, Li ZG, Cheung KC, Wong MH (2005) Effects of biofertilizer 

containing N-fixer, P and K solubilizers and AM fungi on maize growth: A 

greenhouse trial. Geoderma 125: 155-166.

• Wubet T, Weiss M, Kottke I, Teketay D, Oberwinkler F (2004) Molecular diversity 

of arbuscular mycorrhizal fungi in P ru n u s A frican a , an endangered medicinal tree 

species in dry afromontane forests of Ethiopia. New Phytol. 161: 517-528.

• Yamato M, Yagame T, Yoshimura Y, Iwase K (2012) Effect of environmental 

gradient in coastal vegetation on communities of arbuscular mycorrhizal fungi 

associated with Ix eris  rep en s  (Asteraceae). Mycorrhiza 22: 622-630.

• Yang AN, Lu L, Wu CX, Xia MM (2011) Arbuscular mycorrhizal fungi associated 

with Huangshan Magnolia (M agn o lia  c y lin d r ica ). J. Med. Plants Res. 5(18): 4542- 

4548.

218



Synopsis



Research Goal and Significance:

Arbuscular mycorrhizal (AM) fungi are ubiquitous soil mutualists, forming obligate 

symbiosis with 90% of terrestrial vascular plant roots (Smith and Read, 2008; Young, 

2015). These fungi have been included in the Phylum Glomeromycota and are 

considered as ancient eukaryotes originating >400 million years ago. Structures 

resembling spores and arbuscules of extant AM fungi have been found in fossil plants 

from the Rhynie chert formation (Remy etal., 1994). Currently, AM fungi are 

distributed in 11-14 families and 18-29 genera depending on the system of 

classification followed (Sturmer et al., 2013) with 270 described species 

(www.mycobank.org). As they are widespread in nature and occur at soil-plant 

interface, AM fungi are considered as a prime functional group of the soil microbiome 

due to the nutritional and non-nutritional benefits they offer to plant communities 

(Gianinazzi et al., 2010).

Coastal sand dunes are naturally fragile habitats due to the particular environmental 

characteristics they possess such as low levels of nutrients and organic matter, salt- 

spray, strong winds, sand movement, wide range of temperatures and humidity 

(Rippley and Pammenter, 2008; Yamato et al., 2012). These ecosystems are of great 

ecological significance as they provide a variety of ecosystem services such as coastal 

defense, erosion control, water capture and purification, supporting flora and fauna, 

carbon sequestration, besides being used for tourism, recreation and research purpose 

(Barbier et al., 2011). Although these habitats are of immense ecological importance, 

they are subjected to natural and anthropogenic (mining, pedestrian traffic, 

urbanization, port/tourist activities and deforestation) disturbances, which affect the
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local ecology, and structure and stability of various above and below ground 

communities (Emery and Rudgers, 2010).

Sand dune ecosystems have been surveyed extensively for occurrence of AM fungi 

throughout the world: USA (Koske, 1987), Canada (Dalpe, 1989), Hawaii (Koske and 

Gemma, 1996), Australia (Peterson et al., 1985), Denmark (Blaszkowski and 

Czemiawska, 2011), Poland (Blaszkowski, 1994), Brazil (Stunner and Bellei, 1994), 

Chile (Godoy and Gonzalez, 1994), Mexico (Corkidi and Rincon, 1997a), Italy 

(Giovannetti and Nicolson, 1983), India (Kulkami et al., 1997) and Japan (Abe et al., 

1994). About 65 AM fungal species have been reported from sand dune ecosystems 

worldwide, representing 28% of the total AM species (Stunner et al., 2010). Most of 

the dune vegetation distributed in embryonic dunes, mid shore dunes and hind shore 

dunes is heavily colonized by AM fungi.

AM fungi are essential for the colonization and proliferation of pioneer plant species of 

sand dunes (Koske and Poison, 1984). Dune vegetation benefits greatly from AM fungi 

by improved plant establishment, greater increase in total biomass and relative growth 

rate, faster colonization of bare patches, improved water relations and increased seed 

output (Corkidi and Rincon, 1997b). Major benefits of AM fungi to the host plants are 

more effective exploitation of soil minerals, better acquisition and transfer of organic 

soil nutrients, especially phosphorus, soil aggregation by extra-radical hyphae through 

glomalin production, protection from pathogenic organisms, enhanced tolerance to 

salinity, salt spray and water stress (Maun, 2009). Primary and secondary succession of 

plant species in coastal sand dunes is a process of change over time in plant community 

composition that is mediated by a change in structure and stability of substrate, organic 

matter, nutrient status, and microorganism complement of the soil. AM fungi play a key
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role in facilitating the establishment, growth and reproduction of plant communities 

(Maim, 2009). Thus AM fungi are vital for sustainable management of these low 

nutrient ecosystems.

AM fungal inoculum production using in v itro  culture technique outperforms the 

traditional soil based pot culture technique as it results in production of a large number 

of pure, viable and contamination-free propagules in a single Petri plate. Thus, the in  

v itro  culture technique is more suitable for the mass production of high quality AM 

fungal inocula. Biofertilizers are normally developed as carrier based inoculants 

containing the effective microorganism; there is a necessity for development of a 

suitable carrier formulation for mass multiplication of in v itro  produced AM fungal 

propagules to facilitate its use as carrier based bio-inocula.

The current study focuses on the potential of AM fungal inoculum production using in 

v itro  culture technique to produce organic carrier based bio-inocula, and promote the 

use of carrier based in v itro  produced AM fungal bio-inocula for re-vegetation 

strategies of degraded sand dunes. The thesis comprises of nine chapters that are listed 

below.

Chapter 1: Introduction

This chapter introduces the research objectives and highlights the potential of AM fungi 

from coastal sand dune systems and in v itro  culture technique for development of 

carrier based inocula for sustainable restoration of degraded sand dunes. Details of 

coastal sand dunes of Goa along with the dominant plant species are briefly described. 

The significance and beneficial aspects of AM fungal diversity in coastal sand dunes is 

explained. Various methods employed for cultivation of AM fungal inocula are
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described and the need for development of carrier based AM fungal inocula is 

emphasized.

Chapter 2: Review of Literature

In this chapter an update of research pertaining to the research objectives is highlighted. 

Previous studies on AM fungi pertaining to their occurrence, distribution and influence 

in coastal sand dune vegetation have been described. Finally, the research work on in  

v itro  culture of AM fungi is reviewed.

Chapter 3: To identify the dominant AM fungal species from the sand dune 
ecosystem (Objective 1).

This chapter deals with the study of AM association and its diversity in sand dune 

vegetation of Goa. Continuous one time sampling of dominant plant species from dunes 

was carried out to assess colonization and species richness of AM fungi.

Methodology

• Rhizosphere soil and root samples of dominant plant species were collected from sand 

dimes of 12 different beaches of Goa.

• Extraction of AM fungal spores was carried out by Wet Sieving and Decanting 

Technique (Gerdemann and Nicolson, 1963).

• Assessment of mycorrhizal colonization in roots was carried out by using Trypan blue 

staining technique (Phillips and Hayman, 1970).

• Estimation of percent root colonization by AM fungi was carried out using Root slide 

method (Read et al., 1976).
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• Taxonomic identification of AM fungal spores by using the morphological and 

taxonomic criteria described in available literature was carried out (Schenck and Perez, 

1990; Rodrigues and Muthukumar, 2009) and INVAM (invam.wvu.edu).

• AM species richness, Spore abundance and Relative abundance (RA % ) of AM fungi 

(Beena et al., 2000) were determined.

Key findings

A variation in the distribution of AM species, spore density and extent of colonization 

in the rhizosphere soil samples from the study sites and plant species was observed. 

AM colonization was characterized by the presence of hyphae, hyphal coils, arbuscules, 

vesicles and auxiliary cells. A total of 22 AM fungal species belonging to 8 genera 

were recorded from the selected 12 study sites. The genus A c a u lo sp o ra  (8 ) was found 

to be dominant followed by the genus R h izo g lo m u s  (4), G ig a sp o ra  (3), S c u te llo sp o ra  

(2), F unneliform is (2), C laro ideog lom u s  (1), G lom u s  (1), and R a c o c e tr a  (1).

Chapter 4: To prepare pure culture inoculum using trap and pot cultures 
(Objective 2).

This chapter deals with preparation of pure cultures of isolated AM fungi.

Methodology

• Propagation of AM fungi by Trap culture method (Morton et al., 1993).

• Establishment of Monospecific (single species) cultures (Gilmore, 1968).

Key findings

Monospecific cultures of isolated AM species were prepared and mass multiplied using 

P lec tra n th u s sc u te lla r io id e s  (L.) R.Br. (Coleus) (Lamiaceae) as the host plant.
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Chapter 5: To prepare and standardize the protocol for in vitro culture technique 
for dominant AM fungal species (Objective 3).

This chapter deals with standardizing an efficient protocol for in v itro  culture of 

dominant AM species.

Methodology

• Extraction of AM spores (monospecific cultures) by Wet Sieving and Decanting 

Technique (Gerdemann andNicolson, 1963).

• Monoxenic culture establishment:

a) Disinfection of AM propagules (spores and colonized root fragments): Method 

modified from Becard and Fortin, 1988; Mosse, 1959. 250-400pl sodium hypochlorite 

was used as the sterilizing agent for 3-5 minutes; concentration and sterilization time 

was found to vary from species to species.

b) Germination of disinfected AM propagules: 50 disinfected propagules (5 spores/Petri 

plate x 10 Petri plates) plated in triplicate were incubated in the dark at 27°C, the plates 

kept in inverted position.

c) Culture media for cultivation of AM propagules and transformed roots used was 

Modified Strullu-Romand (MSR) medium (Declerck et al., 1998).

d) Establishment of dual culture: Clarigel plugs with germinated AM propagules were 

associated with transformed Chicory ( C ich o riu m  in tybu s L.) and Linum (L inum  

u sita tissim u m  L.) roots.

e) Continuous culture: Propagule re-association onto fresh MSR media.

• Assessment of AM fungal colonization in roots (Phillips and Hayman, 1970).

• Measurement of hyphal length of germinated spores using ocular micrometer was 

carried out after every alternate day.
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Key findings

Spore germination was observed in 8 AM species viz., C la ro id e o g lo m u s  c laro ideu m , 

R h izog lom u s m anihotis, R. clarus, R. in tra ra d ice s , F u n n eliform is m o ssea e , G ig a sp o ra  

a lb ida , R a co ce tra  g reg a ria , and A ca u lo sp o ra  sc ro b ic u la ta . Upon establishment of dual 

cultures, sporulation was observed in 4 AM species viz., R. c la ru s, R . in tra ra d ices , F. 

m o ssea e  and A. scro b icu la ta . Continuous cultures of R. clarus, R . in tra ra d ice s , and F. 

m o ssea e  showing active growth of hyphae were obtained upon sub-culturing. It was 

found that in R. in tra ra d ices and F. m osseae , the percent spore germination, frequency 

of culturing (sporulation) and sub-culturing (re-growth) were high. Hence, these two 

AM species were screened for further studies.

Chapter 6: To develop viable inoculum using suitable carrier for re-inoculation 
(Objective 4).

This chapter is divided into four parts viz., estimation of viability of in v itro  produced 

spores, study of the germination potential of monoxenically produced spores, 

colonization potential of in v itro  produced spores and selection of efficient carrier 

formulation.

The first part comprises of estimating the viability of in  v itro  produced spores of two

AM species viz., F. m o sse a e  and R. in tra ra d ic e s  using Tetrazolium salt 2-(p- 

iodophenyl)-3-(p-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (TTC) as a vital stain.

Methodology

• Extra-radical hyphae and spores of both AM species were extracted from an in v itro  

propagating dual culture and were subjected to TTC test (An and Hendrix, 1988) to 

determine the viability.
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• For isolation of monoxenically cultured AM propagules - a small piece of gel 

containing sufficient spores with extra-radical mycelia was dissolved in 25ml citrate 

buffer (0.01 M) under sterile conditions (Cranenbrouck et al., 2005) and subjected to 

TTC test.

Key findings

At 90 days old, the majority of spore primordia for both the AM species tested positive 

for viability with TTC and the level of viability remained unchanged throughout the 

spore maturation period (90-197 days old).

The second part comprises of assessment of germination potential of monoxenically 

produced spores of R. in tra ra d ice s  and F. m o sse a e  for inoculum preparation using 

carrier material.

Methodology

• The monoxenically produced spores of R. in tra ra d ice s  and F. m o sse a e  in different 

stages of development were inoculated on fresh MSR media to study their germination 

potential.

Key findings

The study revealed that in v itro  produced spores of both the AM species retained 

maximum germination potential up to 28 weeks i.e. fully matured spores at 197 days 

old, and therefore were selected for inoculum preparation using carrier material.

The third part comprises of in v itro  establishment of P lec tra n th u s sc u te lla r io id e s  (L.) 

R.Br. (Coleus) (Lamiaceae) seedlings to test the colonization potential of in  v itro  

produced spores.
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Methodology

• Seeds of P. scu te lla r io id es  were surface sterilized with sodium hypochlorite and 

inoculated on MSR media. Upon germination the seedlings were transferred to conical 

flasks containing sterilized vermiculite and were associated with in v itro  produced 

spores of both AM species separately.

• For isolation of monoxenically cultured spores - a small piece of gel containing 

sufficient spores with extra-radical mycelia was dissolved in 25ml citrate buffer (0.01 

M) under sterile conditions (Cranenbrouck et al., 2005).

• Assessment of root for AM colonization was carried out (Phillips and Hayman, 1970).

• Estimation of percent root colonization by AM fungi was carried out using Root slide 

method (Read et al., 1976).

Key findings

Presence of hyphae, arbuscules, vesicles and extra-radical spores indicated successful 

colonization of P. sc u te lla r io id e s  by monoxenically produced spores of R. in tra ra d ice s  

and F. m osseae.

The fourth part comprises of selection of efficient carrier for formulation of carrier 

based inocula.

Methodology

• For carrier preparation, initially sterilized soil and vermiculite were used separately as 

base components supplemented with sterilized cow dung powder, wood powder and 

wood ash in different proportions. Treatments containing vermiculite as the base 

component showed maximum AM colonization compared to soil. Hence vermiculite 

was selected and used as base component for the carrier supplemented with sterilized
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cow dung powder, wood powder and wood ash in different proportions resulting in 19 

formulations/treatments in all.

•  Carrier materials were sterilized by autoclaving for two consecutive days at 121°C for 2 

h.

• Physico-chemical characterization of the carrier materials was carried out - pH, EC, OC 

(Walkley and Black, 1934), P (Bray and Kurtz, 1945), K (Hanway and Heidel, 1952). 

Available micronutrients viz., Zn, Fe, Mn and Cu (Lindsay and Norvell, 1978), B 

(Berger and Truog, 1939).

• In v itro  produced spores of R. in tra ra d ice s  along with colonized transformed chicory 

roots, and F. m o ssea e  spores along with colonized transformed linum roots were used 

as inocula along with the carrier formulations and pre-germinated seeds of E leu sin e  

co ra ca n a  Gaertn. (Poaceae) being used as host.

• Assessment of colonization was carried out (Phillips and Hayman, 1970).

• Various parameters viz., average number of entry points in 1cm root segment, root 

length, total number of infective propagules as per Fertilizer (Control) Order, 1985 

(Ministry of Agriculture, Government of India 2009) and percent root colonization 

(Read et al., 1976) were determined.

Key findings

Among the various carrier formulations used, treatment 5 (containing vermiculite, cow 

dung powder, wood powder and wood ash in proportion of 2 0 :8 :2 :1) was optimum and 

found suitable for mass production of AM fungal inocula. The monoxenically produced 

spores of R. in tra ra d ice s  and F. m o ssea e  were viable and colonized the host plant 

successfully without any contamination. Along with carrier material, the inocula of 

both AM species exhibited enhanced inoculum potential with respect to percent root 

colonization, average number of entry points and total number of infective propagules.
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Chapter 7: To maximize the shelf life of the in  v itro  prepared inoculum (Objective 
5).

This chapter is divided into two parts viz., assessment of infectivity potential of in v itro  

prepared inocula in carrier formulation upon storage and re-germination potential of in 

v itro  produced spores from carrier based inocula to in v itro  conditions.

The first part comprises of assessment of infectivity potential of stored in  v itro  

prepared AM fungal inocula in carrier formulation to observe the effects of carrier 

formulation on maximizing the shelf life of the in v itro  prepared inocula.

Methodology

• The inocula of both the AM species viz., R. in tra ra d ic e s  and F. m o ss e a e  were stored for 

6  months in optimum carrier formulation (treatment 5) at different temperatures viz., 

4°C, 25°C and room temperature 28-30°C.

• Infectivity tests were carried out bi-monthly after storage, by incorporating the inocula 

in sterilized sand and using P lec tra n th u s  sc u te lla r io id e s  (L.) R.Br. (Coleus) 

(Lamiaceae) as the host plant.

• Percent root colonization was determined (Read et al., 1976).

Key findings

The infectivity potential of inocula upon storage of both the AM fungal species v iz ., R. 

in tra ra d ice s  and F. m o sse a e  was observed to be optimum at 25°C. High AM fungal 

colonization levels were observed at 25°C in both the AM species indicating that the 

inocula did not lose its viability even after 6  months in storage. This indicated that the 

inoculum carrier was suitable in maintaining the viability or infectivity of the in v itro  

produced AM fungal propagules under storage with no dormancy.
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The second part comprises of assessment of re-germination potential of in  v itro  

produced spores of R h izog lom u s in tra ra d ice s  and F u n n elifo rm is  m o ssea e  from 

carrier based inocula to  in  v itro  conditions to observe the efficiency of carrier in 

maintaining vigour of in v itro  produced spores.

Methodology

• Extraction of spores from the carrier formulation by Wet Sieving and Decanting 

Technique (Gerdemann and Nicolson, 1963).

• Disinfection of spores with 250-400pl sodium hypochlorite for 3-5 minutes (method 

modified from Becard and Fortin, 1988; Mosse, 1959).

• Disinfected spores were inoculated on MSR media and Petri plates were incubated in 

the dark at 27°C in an inverted position.

Key findings

Spores of both the AM species were viable enough to re-germinate when cultured back 

to in v itro  conditions indicating that the carrier formulation was efficient in maintaining 

vigour of in v itro  produced spores.

Chapter 8: To study the effect on selected plant species suitable for re-vegetation 
of the sand dunes (Objective 6).

A pot experiment was conducted to evaluate the effectiveness of in v itro  produced 

carrier based bio-inocula of two AM fungal species viz., R h izo g lo m u s in tra ra d ices  

(Schenck and Smith) Sieverding, Silva and Oehl, and F u n n eliform is m o ssea e  (Nicolson 

and Gerdemann) Walker and SchuBler in stimulating growth and nutrient uptake of 

A n a ca rd iu m  o c c id e n ta le  L. (Anacardiaceae) in sand dune soil. A n a ca rd iu m  o c c id e n ta l  

is a woody perennial tree thriving well in semi-arid conditions with mild resistance to 

drought and salinity, and dominant in the backshores (hind shore dunes) of Goa coast
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(Dessai, 1995). The species was considered suitable for re-vegetation strategies of sand 

dune ecosystems and therefore used in the present study.

Methodology

The experiment comprised of following six treatments:

• Treatment 1 (Ti): Control sterilized sand

• Treatment 2 (T2): Control unsterilized sand

• Treatment 3 (T3): R. in tra ra d ices + sterilized sand

• Treatment 4 (T4): R. in tra ra d ices  +  unsterilized sand

• Treatment 5 (T5): F. m o ssea e  + sterilized sand

• Treatment 6  (T$): F. m o ssea e  + unsterilized sand

• Six treatments with eight replicates per treatment were arranged in a randomized block 

design.

• Analysis of physico-chemical properties of sand was carried out - pH, EC, OC 

(Walkley and Black, 1934), P (Bray and Kurtz, 1945), K (Hanway and Heidel, 1952), 

micronutrients viz., Zn, Fe, Mn, Cu (Lindsay and Norvell, 1978) and B (Berger and 

Truog, 1939).

• Pots were maintained for a period of 6  months in the shade net of Department of 

Botany, Goa University. Plant growth (height, stem diameter, number of branches, leaf 

number, leaf area, petiole length, intemode length, root length and total biomass) was 

recorded and Plant shoot nutrient content was analyzed.

• Percent root colonization (Read et al., 1976) and spore density (Gerdemann and 

Nicolson, 1963) were determined.

• Mycorrhizal dependency (MD) (Menge et al., 1978) and mycorrhizal efficiency index 

(MEI) (Bagyaraj et al., 1994) were calculated.
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• The experimental data was analyzed with one-way analysis of variance (ANOVA) 

followed by Tukey’s HSD test at P<0.05 for separation of means. Parameters were 

correlated using Pearson’s correlation at P<0.01 and P<0.05. Statistical Package for 

Social Sciences (SPSS) (ver. 22.0 Armonk, NY: IBM Corp.) was used for all statistical 

analyses.

Key findings

Root colonization and AM spore density was maximum in treatment 3 (R. in tra ra d ice s  

+  sterilized sand) when recorded at 45 DAS and at 183 DAS (days after sowing). A 

significant positive response of A. o c c id e n ta l  to AM treatments was observed in its 

growth characteristics as compared to control treatments. Among the AM treatments, 

treatment 3 (R. in tra ra d ice s  +  sterilized sand) recorded a significant increase in all the 

growth characteristics of A. o c c id e n ta l . Total plant dry biomass in all AM treatments 

was significantly greater than control treatments at 183 DAS, with maximum in 

treatment 3 (R. in tra ra d ice s  +  sterilized sand) followed by treatment 5 (F. m o ssea e  + 

sterilized sand) and least in treatment 1 (Control sterilized sand). Biomass partitioning 

between roots and shoots was significantly greater in all AM treatments as compared to 

control treatments. AM colonization facilitated greater uptake of nutrients in AM 

treatments as compared to control treatments. Treatment 3 (R . in tra ra d ic e s  + sterilized 

sand) proved to be most effective in enhancing growth and nutrient acquisition of A. 

o cc id en ta le . High MD and MEI values were recorded in treatment 3 (R. in tra ra d ice s  + 

sterilized sand) followed by treatment 5 (F. m o sse a e  +  sterilized sand).

Chapter 9: Summary

In the current investigation in v itro  culture of AM species from a sand dune ecosystem 

was attempted for the development of carrier based inocula for sustainable restoration
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of degraded sand dunes. An efficient protocol for in v itro  culture of dominant AM 

species was standardized. Viability, germination potential, and colonization potential of 

in v itro  produced spores was studied. A suitable and efficient organic carrier for in v itro  

produced spores of AM fungi has been formulated. The infectivity potential of in v itro  

prepared inocula in carrier formulation upon storage and re-germination potential of in  

v itro  produced spores from carrier based inocula to in v itro  conditions were assessed. 

Plant growth response to in v itro  produced carrier based bio-inocula was evaluated.

The main findings of the entire work are summarized as follows:

In the present study, with regard to R. in tra ra d ice s  and F. m o ssea e , the in v itro  percent 

spore germination rate, frequency of culturing (sporulation) and sub-culturing (re

growth) was high. The inocula could survive long-term storage in the carrier, indicating 

that the carrier formulation was efficient in maintaining vigour of in v itro  produced 

spores, indicating suitability for mass production of AM fungal inocula.

The in v itro  produced carrier based bio-inocula of two AM fungal species v iz ., R. 

in tra ra d ices and F. m o sse a e  was also effective in stimulating growth and nutrient 

uptake of A. o cc id en ta le  in sand dune soil. This makes the two AM species used as best 

inoculum components.
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D evelopm ent o f Carrier Based in Vitro Produced Arbuscular 
M ycorrhizal (AM ) Fungal Inocula for Organic Agriculture
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Email: botany.kim@unigoa.ac.in

A b s trac t. Studies on the advantageous effects of arbuscular mycorrhizal (AM) fungi are providing 
new possible ways to exploit them as biofertilizers in sustainable agriculture. Many studies have 
described the potential of root organ culture (ROC) system for production of AM fungal inocula. 
However there is a need for development of a suitable carrier formulation to support in vitro 
produced AM fungal inocula when mixed with substrate, so as to enable the delivery of inocula in the 
rhizosphere. The aim of this study was to assess the performance of the organic carrier formulation 
consisting of vermiculite as the main component along with cattle manure, wood powder and wood 
ash in different proportions; and its ability to retain inoculum potential of the in vitro produced AM 
fungal propagules of Rhizoglomus intraradices and Funnelijormis mosseae. Treatment 5 comprising 
of carrier formulation (vermiculite: cow dung powder: wood powder: wood ash) in the ratio of 
20:8:2:1 was observed to be as the best carrier treatment for both the in vitro produced AM species. 
The in vitro produced propagules of both AM species were viable and effectively colonized the roots 
of Eleusine coracana Gaertn. The method established shows the efficiency of the carrier formulation 
in sustaining the inoculum potential of in vitro produced AM propagules for mass multiplication and 
possibility in application.

K eyw ords: In vitro, AM fungal propagules, carrier formulation, inoculum.

1 Introduction
Arbuscular mycorrhizal (AM) fungi are ubiquitous soil fungi forming mutualistic symbiosis with plant 
roots. AM fungal extra-radical hyphal network spreading extensively in the soil and acting as an 
extension to the host’s root system in nutrient depletion zones has significant effects on overall host 
plant growth and development. Efficient exchange of nutrients is mediated via specialized structures 
within the root cortical cells (arbuscules). The basis of this symbiosis is the ability of AM fungi to form 
fine extra-radical hyphae in order to increase root-soil contact area as well as secrete enzymes/organic 
acids for improved nutrient acquisition [1], In addition to improved uptake of soil minerals, other 
benefits ascribed to the host plant are improved water relations and disease resistance [2]. The beneficial 
effects of AM fungi on plant growth and nutrition have led to an increased use of AM fungal inoculum 
as biofertilizer [3]. Large scale AM fungal inoculum production is precluded due to their obligate 
biotrophic nature i.e. they must grow in symbiosis with living host plant roots in order to complete 
their life cycle and to produce infective propagules. AM fungal inoculum is presently produced in a 
variety of ways utilizing in vitro, greenhouse, or field-based methods [4-6]. The in vitro method 
comprises of monoxenic culture of sterilized AM fungal spores with Ri T-DNA transformed carrot roots 
[7]. The root organ culture (in vitro) system is preferred over the classical (pot/trap culture) method, 
permitting production of pure, viable, contamination free propagules in a smaller space.

AM fungal inoculum is commercially available in a variety of forms ranging from high concentrations 
of AM fungal propagules in carrier materials to potting media containing inoculum at low 
concentrations [8]. Biofertilizers are usually prepared as carrier-based inoculants containing effective 
microorganisms [9]. A carrier is a delivery vehicle which is used to transfer live microorganism from an 
agar slant to the rhizosphere [10]. A suitable biofertilizer carrier should comprise of certain characteristic 
features viz., it should be in powder or granular form, should support the growth and survival of the 
microorganism, should be able to release the functional microorganism easily into the soil, should have 
high moisture absorption and retention capacity, should have good aeration characteristics and pH
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Endomycorrhizal association of Funneliformis mosseae with transformed roots of Linum 
usitatissimum: germination, colonization, and sporulation studies
Kim Maria Rodrigues* and Bernard Felinov Rodrigues
D epartm en t o f  Botany, Goa University, Goa, India  

(R eceived  2  Septem ber 2014; accep ted  2 4  February 2015)

S p o r e s  o f  a rb u scu la r  m y c o r r h iz a l (A M ) fu n g u s  Funneliformis m osseae  (N ic o ls o n  &  G e r d e m a n n ) W a lk er  &  S c h u e s s le r  w e r e  
c u ltu r e d  in  a s s o c ia t io n  w ith  tra n sfo rm ed  r o o ts  o f  Linum usitatissim um  L . (L in a c e a e ) fo r  th e  fir s t  t im e  o n  m o d ifie d  S t r u llu -  
R o m a n d  m e d iu m  (p H  5 .5 )  in  m o n o x e n ic  cu ltu re . G erm  tu b e s  e m e r g e d  th rou gh  th e  sp o r e  w a l l  in  8 8 %  o f  sp o res  a fter  5  d a y s . 
H y p h a l c o n ta c t  w ith  tr a n s fo r m e d  lin u m  ro o ts  w a s  o b s e r v e d  5  d a y s  a fter  c o -c u lt iv a tio n . P a r a - t y p e  arb u scu le s  a n d  h y p h a l  
c o i l s  w e r e  s e e n .  E x tr a -r a d ic a l b r a n c h e d  a b so rb in g  stru ctu res w e r e  c o m m o n . T erm inal a n d  in terca la ry  sec o n d a ry  sp o r e s  w e r e  
a ls o  fo r m e d . S p o r e  v ia b i l i ty  w h e n  a s s e s s e d  u s in g  v ita l d y e  s ta in in g  (M T T  te s t) w a s  8 3 % . S e c o n d a r y  sp o res  th at p r o v e d  
v ia b le  w e r e  s u b s e q u e n t ly  tran sferred  fro m  in vitro to in vivo  c u ltu r e  w h e r e  Arum-ty p e  a r b u s c u le s , in tra-rad ica l in terce llu la r  
h y p h a e , a n d  ex tra -ra d ica l sp o r e s  w e r e  o b serv ed . T h e  p r o c e d u r e  e sta b lish e d  s h o w s  p o te n t ia l in  A M  in o c u lu m  m a s s  
p r o d u c t io n  a n d  p o s s ib i l i t y  in  a p p lic a tio n .

K e y w o r d s :  Funneliformis m osseae ; m o n o x e n ic  cu ltu re; tr a n s fo r m e d  lin u m  roots; M S R ; in vivo

Introduction
The arbuscular mycorrhizal (AM) association is a symbio
tic union between the fungi of phylum Glomeromycota 
and plant roots. The phylum forms a monophyletic group 
of obligate mycobionts (Schussler et al. 2001). In order to 
overcome the obligate biotrophic nature, AM fungal pro- 
pagules are cultured in association with Ri T-DNA trans
formed hairy roots (Root Organ Culture technique). An 
advantage of using root organ culture as a system is that 
both symbionts (AM and host root) are grown and easily 
maintained on a defined medium, allowing nondestructive 
in vivo observations over long periods of time (de Souza 
and Berbara 1999). The system has afforded studies on 
organization and development of mycelium (Bago et al. 
1998a), sporulation dynamics (Declerck et al. 2001, 2004; 
Voets et al. 2009; Ijdo et al. 2011), and spore ontogeny (de 
Souza et al. 2005). Further potential uses of the system are 
the production of pure and concentrated inoculum, and 
contaminant-free fungal tissues for genetic and physiolo
gical studies. Utilizing excised roots of a number of host 
species and various media formulations, the system has 
been developed to culture glomalean fungi monoxenically 
(Mosse and Hepper 1975; Miller-Wideman and Watrud 
1984; Mugnier and Mosse 1987a, 1987b; Becard and 
Fortin 1988). A large number of AM fungal species and 
isolates have been successfully maintained and sporulated

in association with Ri T-DNA transformed roots of carrot 
(Daucus carota L.) (Fortin et al. 2002).

Funneliformis mosseae has been reported colonizing 
excised roots of tomato (Solanum lycopersicum L.) and 
clover (Trifolium pratense L.) (Mosse and Hepper 1975) 
and Ri T-DNA transformed roots of bindweed (Calystegia 
sepium (L.) R.Br.) and carrot (Mugnier and Mosse 1987b; 
Douds 1997). Mugnier and Mosse (1987a) reported suc
cessful establishment of F. mosseae on Ri T-DNA trans
formed roots of C. sepium in a two-compartment system. 
Roots were grown in nutrient medium in one compart
ment, crossing into a water agar and peat medium in the 
second compartment where they were inoculated with pre
germinated fungal spores. These authors further reported 
mycorrhizal dependence on the nitrogen (N) concentration 
of the nutrient medium in the root compartment for myce
lium development. Douds (1997) manipulated buffer, pH 
and P levels to increase successful formation of mycor- 
rhizae between carrot and F mosseae in vitro. He reported 
that the cultures grew for 17-24 weeks before termination 
of the experiments, and new spores were not produced 
though the hyphae had spread throughout the Petri plates. 
Pawlowska et al. (1999) also reported absence of sporula
tion in F. mosseae while in dual culture. In our study, we 
report the successful establishment of endomycorrhizal 
association of F. mosseae with transformed roots of
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Abstract
Arbuscular mycorrhizal (AM) fungal association is essential for most of the vascular plants for their growth and 
survival. The obligate biotrophic nature of AM fungi makes this association intricate. Several attempts have been 
made for cultivation and mass inoculum production of this plant beneficial symbiosis. The use of root organ culture 
(ROC) technique has proved to be particularly successful. This technique has greatly influenced our understanding on 
various aspects of AM symbiosis. This article provides an update on the developments made in the in vitro AM fungal 
inoculum production and the range of AM fungal species being cultivated using ROC. The method by which ROC of 
AM fungi have been cultivated is described along with the culture media used, choice of transformed host root to 
study the interaction, selection and sterilization of different AM fungal propagules and the use of continuous cultures 
to preserve the colonizing potential of the in vitro produced AM fungal inoculum. The morphological features of AM 
fungal cultures developed under in vitro conditions and how these have improved our understanding on this symbiosis 
are also discussed. Some of the potential uses and limitations of this system are also highlighted.
Key words: arbuscular mycorrhizal fungi, root organ cultures, AM fungal propagules, extra-radical mycelium

Citation: Rodrigues KM and Rodrigues BF. 2013. In vitro cultivation of arbuscular mycorrhizal (AM) fungi. JMycol 
PI Pathol 43(2): 155-168.

Introduction
Arbuscular mycorrhizal (AM) fungi are soil organisms 
with a worldwide distribution that form root symbiosis 
with most plant families. Their functional importance in 
natural and semi-natural ecosystems is commonly 
accepted with regard to enhanced plant productivity and 
diversity as well as increased plant resistance to biotic 
and abiotic stresses (Smith and Read 2008). Nowadays, 
these fungi are receiving attention because of their 
increasing range of application in agriculture, 
horticulture and forestry, as well as in environmental 
reclamation, increasing crop yield and health, and 
limiting the use of agrochemicals (Johansson et al 2004).

Arbuscular mycorrhizal fungal propagules exist 
as spores, living hyphae, isolated vesicles, mycorrhizal 
root segments or colonized soil (Diop et al 1994a). Root 
segments and spores isolated from open-pot culture 
(Gilmore 1968) of AM-inoculated plants have been the 
usual source of AM inoculum for research purposes 
(Ferguson and Woodhead 1982). However, this type of 
inoculum occupies a large space in production and is 
prone to contamination even with good phytosanitary 
care (Ames and Linderman 1978). Production of 
propagules under aseptic conditions remains one of the 
most promising methods of obtaining high quality 
pathogen-free inoculum that is required for research 
purposes.

The conventional method used to study the life 
cycle of AM fungi in situ is to associate them with root 
organ culture (ROC) (Fortin et al 2002). The

establishment of in vitro ROC has greatly increased our 
understanding of various aspects of the AM symbiosis by 
allowing non destructive in vivo observations throughout 
the fungal life cycle and its potential for research and 
inoculum production is gaining importance. The 
cultivation of AM fungi in association with the Ri T- 
DNA transformed roots has enabled new possibilities in 
the study of the extra-radical mycelium of AM (Fortin et 
al 2002). In this mini review, an effort has been made to 
highlight various in vitro cultivation systems of AM 
fungi along with different hosts, culture media and types 
of AM fungal propagules used to initiate monoxenic 
cultures. The use of mycorrhizal ROC has allowed the 
elucidation of many aspects of this intimate symbiotic 
plant-fungal association. Although the host plant is 
replaced by Ri T-DNA transformed roots, the fungus is 
able to colonize and sporulate. The development of 
spores, morphologically and structurally similar to those 
produced in pot cultures, and the ability of the in vitro 
produced propagules to retain their viability to colonize 
and initiate new mycorrhizal symbiosis indicates that the 
fungus is able to complete its life cycle. Thus the success 
achieved by in vitro culture of AM species using Ri T- 
DNA transformed roots indicates that this technique can 
be exploited for large scale inoculum production.

System Description
Since Mosse and Hepper (1975) first established cultures 
of AM fungi using excised roots, tremendous 
improvements have been made in the use of Ri T-DNA 
transformed roots (Mugnier and Mosse 1987), in the 
manipulation of the culture media to induce sporulation
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Modified Strullu and Romand (MSR) Medium Devoid of Sucrose Promotes 
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Arbuscular mycorrhizal fungi (AMF) are obligate 
symbionts belonging to the phylum Glomeromycota 
(Schiipler et al 2001), that cannot complete their life 
cycles without establishing a functional symbiosis with a 
host plant. Spore germination ability has considerable 
impact on different host plant species (Pawlowska et al 
1999) and capacity of the fungi to complete its life cycle 
relies on the production of adequate spores. Though the 
potential of AMF's plant growth promotion and 
biocontrol efficacy is well recognized, culturing and 
mass multiplication still remain a constraint in their 
popularization. A primary pre-requisite for germination 
of AM propagules (spores and root fragments) is hydro
metabolism activation (Dalpe et al 2005). The time 
required for spore germination of different genera may 
range from 2 to 90 d. Attempts to determine 
requirements for spore germination and germ tube 
growth on artificial media have met with variable 
success, probably due to variation in methodology, 
fungal species and the culture conditions employed.

In pre-symbiotic phase AM spores germinate 
and develop germtubes which grow using the reserve 
materials from propagules. Some components of the 
medium may interfere with attempts at synthesizing 
symbioses, either by directly inhibiting the fungus or by 
rendering the root less capable of supporting mycorrhiza 
formation. Many factors such as pH, temperature, 
moisture, mineral and organic nutrients (Clark 1997), 
substrate (Maia and Yano-Melo 2001) and flavanols 
(Becard and Piche 1992) have been identified as playing 
important roles in initiating germination and germtube 
growth. However, systematic information about effects 
of sucrose concentration in the substrate on AMF spore 
germination is limited (Carr et al 1985; Dalpe et al 
2005). The presence of various carbohydrates in the 
medium may resu l t  in the b locking of  
receptor/recognition sites on hyphae or host cell walls, 
which could prevent germ tubes and hyphae from 
locating host roots (Allen 1992). Anatomical changes in 
excised Solanum lycopersicum L. (tomato) root, in 
relation to the sucrose concentration in the culture 
medium, were also observed by Street and McGregor 
(1952). The purpose of this study was to evaluate the

effect of sucrose on spore germination and germ- tube 
growth in Rhizophagus irregularis (Blaszk., Wubet, 
Renker & Buscot) Walker & Schuessler.

Rhizophagus irregularis was originally isolated 
from rhizosphere of mangrove plant Rhizophora 
apiculata Blume from Sal estuary (Goa, India) and 
propagated using sieving in pot cultures with sterile sand 
as substrate and Solenostemon scutellarioid.es (L.) Codd 
(Coleus) as host. Subsequently, pure culture of R. 
irregularis was raised and maintained in a polyhouse 
using the same host. Identification was done based on 
spore morphological characteristics and the relevant 
literature (Blaszkowski et al 2008; Stockinger et al 
2009).

Spores of R. irregularis were isolated from pure 
culture by wet sieving and decanting method 
(Gerdemann and Nicolson 1963) and selected spores 
were stored at 5C before sterilization. After surface 
sterilization, using micropipette, they were transferred to 
Petri plates containing a solution of 2% (w/v) 
streptomycin sulphate and stored overnight. Modified 
Strullu and Romand (MSR) medium (Declerck et al 
1998) solidified with 5% clarigel, with and without 
sucrose was used as substrate.

An experimental design with 30 replicates was 
employed for two treatments. A single spore was 
inoculated in each Petri plate and incubated in an 
inverted position in dark at 26C. Germination was 
assessed every 4d up to 26d. Spores were considered to 
have germinated if a germtube was visible. Observation 
on hyphal growth was carried out after every 12 h. 
Pearson's correlation coefficient analysis was performed 
using WASP (Web Based Agricultural package) 2.0 (P 
<  0.05).

The present study is the first report on an 
inhibitory effect of sucrose on germtube growth of R. 
irregularis using MSR medium. Germinating spores 
produced germtubes that grew through the subtending 
hyphae. In the present study, in vitro germination in 
MSR medium without sucrose was observed 38h after 
inoculation and recorded 90% germination whereas in
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Introduction

Arbuscular mycorrhizal (AM) fungi from the phylum 
Glomeromycota are ubiquitous soil borne microbial 
symbionts forming mutualistic associations with a majority 
of terrestrial plants. They facilitate uptake of nutrients 
i mostly immobile P) through their extra-radical mycelial 
network, and provide other benefits to their host plants. 
These benefits can be physiological, nutritional and 
ecological and therefore exploiting and managing AM fungi 
has important consequences for both agricultural and natural 
ecosystems. Nowadays, they are increasingly considered 
•n agriculture, horticulture, and forestry programs, as well 
as for environmental reclamation, to increase crop yield and 
health and to limit the application of agrochemicals 
'Gianinazzi et al., 2002; Johansson era/., 2004). However, 
the obligate biotrophic nature of Ax\l fungi has complicated 
the development of cost-efficient large-scale production 
methods to obtain high-quality AM fungal inoculum. This 
is one of the reasons why their commercial exploitation is 
''till in its infancy (ijdo eta!.. 2011}.

The inoculum production systems for AM fungi are 
classified into vie,, the classical sand/soil or more advanced 
substrate-based production systems and the in  v i t r o  

cultivation systems, which are based either on excised roots 
i.e. root organ cultures (ROC) or on whole autotrophic plants 
'< ijdo et a/.. 2011).

Am Fungal Inoculum Production and Multiplication:

3.1: Inoculum Production

AM fungal inoculum has been utilized in agriculture, 
horticulture, landscape restoration, and site remediation for 
almost two decades (Hamel. 1996). In the early 1990s. 
researchers described multiple ways in which AM species 
nunagement would be useful for sustainable systems. 
IL'ltiding agro-systems and restoration (Bethlenfalvay and 
inderman, 1992; Pfleger and Linderman. 1994). In a long- 
rm study comparing organic and conventional agriculture, 
iaeder et al. (2002) found that AM were stimulated in 
'ganic treatments, which was correlated to enhanced 
stem health (faunal diversity, soil stability, and microbial 
tivity) and to increased crop efficiency.

2.2: Sources of AM inoculum

AM fungi are obligate symbionts, growing only in 
association with a host plant. Current production systems 
therefore rely on soil-based systems (plots or pots), which 
are not sterile and are often contaminated with other AM 
species, and other microbes, including pathogens 
(Gianninazzi and Bosatka, 2004). Non-soil based approaches 
include in vitro systems involving the use of Ri T-DNA 
transformed plant root organs (genetically modified with 
Agrobactchum rhizogens) to grow on media under sterile 
conditions. These are much cleaner, but have a limited 
production capacity (Declerk e? al., 2005).

2.2.1: Soil based systems or pot cultures

Soil from the root zone of a plant hosting AM can be 
used as inoculum. Such inoculum is composed of dried root 
fragments or colonized root fragments. AM spores, 
sporoearps, and fragments of hyphae. Soil may not be a 
reliable inoculum unless one has some idea of the abundance, 
diversity, and activity of the indigenous AM species. Spores 
can be extracted from the soil and used as in-oculum but 
such spores tend to have very' low viability or may be dead 
or parasitized. In such a case, soil sample can be taken to 
set up a 'trap culture" using a suitable host plant to boost 
the number of viable spore propagules for isolation, further 
multiplication and also to produce pure or monospecific 
cultures.

Pure cultures or monospecific cultures are obtained 
after a known isolate of AM and a suitable host are grown 
together in a me-dium (sterilized soil/sand) optimized for 
development of AM association and spore for-mation. It 
consists of spores, colonized root fragments, and AM 
hyphae.

2.2.2: Host plant species

The plant grown to host AM fungi in the inocu-lum 
production medium should be carefully selected. It should 
grow fast, be adapted to the prevailing grow-ing conditions, 
be readily colonized by AM. and pro-duce a large quantity 
of roots within a relatively short time (45-60 days). It should 
be resistant to any pests and diseases common in the inoeula 
production environment.
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Abstract

Arbuscular mycorrhizal (AM) fungi are ubiquitous in nature and represent the oldest and most widespread 

symbiosis with land plants thereby constituting a vital component of terrestrial ecosystems including 

horticulture and agro based ecosystems. AM fungi prominently facilitate in uptake of nutrients especially 

phosphorus (P) uptake in plants by the extra-radical mycorrhizal hyphae leading to better plant growth 

and development, but they can also perform several other functions that are equally beneficial. AM fungi 

improve nutrient cycling and soil quality by formation of soil aggregates thus controlling soil erosion by a 

better plant rooting capacity, influence plant biodiversity, help protect against pests and diseases, increase 

plant establishment and survival at seeding or transplanting, enhance flowering and fruiting, increase crop 

yield and quality, improve tolerance to drought and soil salinity, and improve the growth of plants in 

nutrient deficient soils or polluted environments. This study discusses AM fungal inoculum production 

and multiplication, role and applications of AM fungi in growth of agro-economically important plants 

including vegetable crops, fruit crop plants and ornamental plants.

Keywords

Mycorrhiza, inoculum, Phosphorus, agro-ecosystem, horticulture.

Introduction

Arbuscular mycorrhizal (AM) fungi (Phylum Glomeromycota) are one of the beneficial soil borne 

microbial symbionts found in almost all habitats. They associate mutually with plant species by 

colonizing their roots and developing mycelial network in the rhizosphere to facilitate uptake of nutrients 

(mostly immobile P) and to provide other benefits to their host plants. As obligate symbionts, the 

arbuscular mycorrhizal association began more than 400 million years ago with the first land plants and 

both the partners have coevolved since then by obtaining sustainable net benefits. These benefits can be 

physiological, nutritional and ecological and therefore exploiting and managing AM fungi has important 

and sustainable consequences for both agricultural and natural ecosystems.
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Introduction
The term ‘Mycorrhiza’ was first introduced by Frank in 1885 and comprises of all symbiotic 
associations of soil-borne fungi with roots or rhizoids of higher plants. Allen (1991) described 
the fungal-plant interaction from a more neutral or microbially oriented aspect stating that 
‘Mycorrhiza is a mutualistic symbiosis between plant and fungus localized in a root or root-like 
structure in which energy moves primarily from plant to fungus and inorganic resources move 
from fungus to plant’. The group of fungi and plants, which are involved in the interaction, 
determines the type of mycorrhiza they form (Molina e t al. 1992).

Soil microorganisms have significant impact on soil fertility and plant health. Microbial 
symbionts including arbuscular mycorrhizal (AM) fungi form an essential component of the soil 
microbial community playing a key role in overall plant growth and development. In addition to 
increasing the absorptive surface area of their host plant root systems, the extra-radical hyphae of 
AM fungi provide an increased area for interactions with other microorganisms, and an 
important pathway for the translocation of energy-rich plant assimilates to the soil.

AM symbiosis is the oldest (>460 million years) and most widespread type of 
mycorrhizal association. It is estimated that 2,50,000 species of plants worldwide are 
mycorrhizal. The host plants include angiosperms, gymnosperms and pteridophytes (Read e t  al. 

2000). Approximately 160 fungal taxa of the order Glomales (Glomeromycota) have been 
described on the basis of their spore morphology (Schussler e t  al. 2001), although recent 
molecular analyses indicate that the actual number of AM taxa may be much higher 
(Vandenkoomhuyse e t  al. 2002; Daniell e t  al. 2001).

During AM symbiosis, the fungal hyphae penetrate the root cortical cell walls by 
formation of appresoria leading to the development of intra-radical hyphal colonization and 
formation of arbuscules or coils that interface with the host cytoplasm (Smith and Read 1997). 
The highly branched arbuscules aid in metabolic exchanges between the plant and the fungus.
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Soil microorganisms play an important role in major processes such as soil formation 
and nutrient cycling of the agro-ecosystem. They form an essential link between soil 
nutrient availability and plant productivity as they are directly involved in the cycling 
of nutrients through the transformation of organic and inorganic forms of nutrients. 
Arbuscular mycorrhizal (AM) fungi are ubiquitous soilbome mycobionts interacting 
physically with plants in the rhizosphere through the formation of intra-radical 
(hyphae, arbuscules, vesicles) and extra-radical (hyphae, spores) structures in the host 
root and having a positive influence on the host plant growth and development. They 
are one of the beneficial soilbome microbial symbionts and associate mutually with 
plant species by colonizing their roots and developing mycelial network in the 
rhizosphere to facilitate uptake of nutrients and to provide other benefits to their host 
plants thereby constituting a vital component of terrestrial ecosystems including 
horticulture and agro-based ecosystems. The benefits obtained through AM symbiosis 
can be physiological, nutritional, and ecological and therefore, exploiting and 
managing AM fungi has important and sustainable consequences for both agricultural 
and natural ecosystems. AM fungal inoculum has been utilized in agriculture, 
horticulture, landscape restoration, and site remediation for almost two decades.

AM fungi are capable of significantly improving plant phosphate, nitrogen, and sulfur 
acquisition and in turn receive plant carbon leading to completion of its life cycle. In 
addition, they provide numerous other benefits to their host plants including improved 
soil quality by formation o f soil aggregates thus controlling soil erosion by a better 
plant rooting capacity, influence plant biodiversity, help protect against insect pests 
and diseases, increase plant establishment and survival at seeding or transplanting, 
enhance flowering and fruiting, increase crop yield and quality, and improve tolerance 
to drought and soil salinity.

Various abiotic and biotic factors influence the distribution, growth, and functioning 
of AM fungi. These include soil chemistry, e.g., pH, nutrient availability, and 
pesticides, climatic variables, e.g., temperature, light, and precipitation, and soil 
structure and stability. Biotic factors are primarily linked to the composition of the 
plant community, which strongly influences the diversity and assembly o f AM fungal 
communities. Other biotic factors that have been shown to influence AM fungi are root 
predators, plant parasites, and herbivores. Many of these abiotic and biotic factors are
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Abstract:

In the present study indigenous isolate of G lom u s c la ru m  was successfully 
grown in monoxenic culture system using Ri T-DNA transformed chicory roots 
(■Cichorium  in tybus L.). Surface-sterilized spores isolated from pure culture were used 
as a source of fungal inoculum for monoxenic culture. Spore germination was carried 
out on MSR medium. Various developmental features such as spore germination, 
development of extra-radical mycelium and sporulation in G. clarum  as observed 
under in v itro  conditions were recorded.

Introduction:

Arbuscular mycorrhizae (AM) are obligate symbionts and around 80% of 
plants are colonized by these fungi which belong to the phylum G lo m erom yco ta . The 
co-existence of various AM fungal isolates in the soil results in healthy plant growth 
and helps in seedling establishment; nutrient cycling; conservation of soil structure; 
resistance to drought, temperature and salinity; and control of plant pathogens. Since 
AM fungi are obligate biotrophs, they are unable to complete their life cycle in the 
absence of a host plant (Azcon-Aguilar e t  a l., 1998). After contact with a suitable 

host, inter- and/or intracellular colonization of the root cortex occurs (Bonfante- 
Fasolo, 1984 and 1987; Smith and Smith, 1997) allowing the completion of the AM 
fungal life cycle. Due to their obligate biotrophic nature, the in v itro  culture and large- 
scale production of these fungi has been limited there by reducing their potential for 
use as inoculum in agricultural and horticultural practices (Plenchette e t a l., 1996). 
With the advancement in research on AM fungi, novel tools have been developed for 

growing these fungi under in v itro  conditions one of them being root organ culture.
In v itro  culture of AM fungi was achieved for the first time in the early 1960s
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Diversity of Arbuscular 
Mycorrhizal Fungi in Fruit 

Cropping System
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* Address for the correspondence: felinov@gmail.com

ABSTRACT

Arbuscular mycorrhizal fungi (AMF) form symbiotic relationship with 
more than 80% of terrestrial plants. AMF are reported to occur in almost 
all habitats. The diversity of AMF has significant ecological consequences 
because individual species or isolates vary in their potential to promote 
plant growth and adaptation to biotic and abiotic factors. AMFpopulation 
in a given agro-ecosystem plays a crucial role in the structure of plant 
community and maintenance of ecosystem stability and development 
of sustainable agriculture. It is well known that many fruit crops 
are mycorrhizal. The species richness and diversity of AMF have 
been shown to be influenced by several soil factors and environmental 
adaptations indicating that the physiology and genetics of AMF along 
with their responses to the host and edaphic conditions regulates their 
diversity. This review summarizes the rich diversity of AMF associated 
with different fruit crops and indicates the need to identify indigenous 
AMF populations for their distinct roles in association with fruit crops 
so as to achieve maximum benefits of the mutualistic association.
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