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ABSTRACT

Arbuscular mycorrhizal (AM) fungi are naturally occurring in roots of terrestrial plants. AM fungi
are capable of benefiting the host plant through various mechanisms such as enhanced nutrient
supply, alleviation of environmental stress and inhibition of plant fungal pathogens. AM fungal
spore-associated bacteria have been previously isolated and shown to have plant growth-
promoting (PGP) abilities by several authors. Some bacterial isolates are able to promote AM
fungal colonisation of host plants and are known to be mycorrhizal helper bacteria (MHB). This
study focused on the isolation of AM fungal spore-associated bacteria, characterization of the
isolates according to plant growth promoting abilities and evaluation of their potential to enhance

plant growth and mycorrhizal colonisation.

AM fungi were extracted from soils sampled from natural indigenous forest sources, raspberry
(Rubus idaeus cv. Heritage) and strawberry (Fragaria ananassa) farms in South Africa and from
a raspberry (Rubus idaeus cv. Autumn Bliss) plantation in Argentina. A total of 52 spore-
associated bacteria were isolated from the external and internal surfaces of AM fungal spore
morphotypes from the two countries. The bacterial isolates were evaluated for their PGP abilities
such as phosphate solubilisation, indole-3-acetic acid production, ammonia production and
inhibition of the fungal pathogens Fusarium oxysporum and Phythophthora nicotianae through
mechanisms such as siderophore and/ or hydrolytic enzyme production. A total of 23 bacterial
isolates from both South Africa and Argentina showing the most potential to be PGP, were
identified molecularly as belonging to the genera Acinetobacter, Alcaligenes, Bacillus,

Microbacterium, Micrococcus, Serratia and Staphylococcus.

The ability of ten selected bacterial isolates showing multiple PGP capacity were evaluated for
their plant growth promotion and mycorrhizal colonisation enhancement ability on raspberry
(Rubus idaeus cv. Meeker). Significant differences in increased shoot and root dry weights were
shown by the treatments compared to the uninoculated control. The highest increase in shoot and
root dry weights were shown by South African (Bacillus mycoides) and Argentinean (Alcaligenes
faecalis) isolates. AM fungal colonisation was significantly enhanced by the South African
(Bacillus mycoides) and Argentinean (Micrococcus luteus) isolates compared to the AM fungal

singly inoculated control.
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CHAPTER 1

GENERAL INTRODUCTION



Chapter 1

1 General Introduction’

1.1 Mycorrhizal fungi

Mycorrhiza, a term meaning “fungus root” (from the Greek words mykes = fungus and rhiza =
root) describes a mutualistic symbiotic relationship between a soil fungus and plant roots (Smith
and Read, 2008; Dighton, 2009). The mycorrhizal symbiosis is distinguished by the exchange of
nutrients between the plant and fungus (Smith and Read, 2008). Mycorrhizal fungi improve the
nutrient status of the host plant by providing soil derived inorganic nutrients (mainly phosphorus
and nitrogen), other complexed compounds and water to the plant. This is achieved through the
extensive network of their hyphae that forage for soil nutrients more effectively by increasing the
absorptive surface area and exploiting smaller micro-niches than the coarser plant roots and root
hairs alone could achieve (Finlay, 2004; Smith and Read, 2008). In return, the plants supply the
mycorrhizal fungi with photosynthetically derived carbohydrates that support fungal growth and
reproduction. The mycorrhizal fungi consume approximately 20% (5 billion tonnes of carbon per
year) of the carbohydrate products synthesized from plants. They therefore contribute
significantly to the global phosphate and carbon biogeochemical cycling, influencing primary

production in terrestrial ecosystems (Parinske, 2008).

Mycorrhizal fungi associate with host plants at varying levels resulting in obligately mycorrhizal
and facultatively mycorrhizal plants (Brundrett, 2004). Obligate mycorrhizal plants depend
entirely upon the mycorrhizal fungi for nutrients such as phosphorous. As a result, the plant and
fungus become more closely associated with each other. Facultative mycorrhizal plants can
derive their own nutrients from the soil in high soil phosphorous conditions hence depending
upon the mycorrhizal fungus only in poor soil conditions (Koide and Schreiner, 1992; Brundrett,
2004). Non-mycorrhizal plants are unable to support mycorrhizal colonisation and some belong
to the families Amaranthaceae, Brassicaceae, Caryophyllaceae and Proteacea (Tester et al.,
1987; Giovannetti and Sbrana, 1998; Quilambo, 2003; Smith and Smith, 2011). AM fungi do
however, sometimes colonise non-mycorrhizal plants to utilise carbon photoassimilates

(Matsumura et al., 2007).

1 Sections of this chapter have been published in a review article (Dames and Ridsdale, 2012. What we know about
arbuscular mycorrhizal fungi and associated soil bacteria. African Journal of Biotechnology, 11(73), pp. 13753-
13760).
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The non-mycorrhizal condition has been found to originate under extreme soil conditions such as
highly disturbed or waterlogged soils in some plants (Smith and Smith, 2011). The inability to
form mycorrhizal colonisation may be a result of accumulation of chemicals such alkaloids,
cyanogenic glucosinolates and antifungal compounds found in the root cortical cells or root
exudates that prevent hyphal branching (Giovannetti and Sbrana, 1998; Brundrett, 2002;
Brundrett, 2004). Also enhanced concentrations of salicylic acid produced by plants have been
found to inhibit mycorrhizal colonisation (Medina et al., 2003; Quilambo, 2003). It is suggested
that some of these plants function independently by changing the pH of the rhizosphere
enhancing soil nutrient availability (Brundrett 2002; Brundrett, 2004; Smith and Read, 2008).

Seven different types of mycorrhizal associations have been classified into ectomycorrhizal and
endomycorrhizal based upon their hyphal structures (Figure 1.1) (Brundrett, 2004; Smith and
Read, 2008; Bonfante and Anca, 2009, Bonfante and Genre, 2010). Forest species such as trees
and shrubs are colonised by ectomycorrhizal fungi. Their hyphae are extracellular comprising of
the sheath or mantle wrapped around the outside of the root and extraradical hyphae that extend
into the surrounding soil. Epidermal and sometimes the outer layer of cortical cells are
surrounded and separated by the development of intercellular labyrinth-like hyphae termed ‘the
Hartig net’ that enhances the contact area with root cells. These are characteristic for certain
ectomycorrhizas, namely ectendomycorrhiza, arbutoid and monotropoid mycorrhizas (Bonfante
and Anca, 2009, Dighton, 2009). Endomycorrhizas include arbuscular, ericoid and orchid
mycorrhizas where the hyphae penetrate the root cortical cells forming an intracellular
association with the host plant. In Ericoid mycorrhizas, the fungus develops within epidermal
cells forming coils that are independent infection units. Orchid mycorrhizas develop highly
coiled structures (peletons) within the cortical cells and upon death deposit cellulose and pectin
within the host plant. Orchid mycorrhizas differ from arbuscular mycorrhizas by having septate
hyphae that are limited to the plants epidermal cells (Bonfante and Anca, 2009, Dighton, 2009).

The arbuscular mycorrhizal association is the most complex.
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Figure 1.1 Root cross section illustrating different types of mycorrhizal relationships that exist
within plants (Prescott et al., 2005).
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1.2 Arbuscular Mycorrhizal fungi
1.2.1 Description

Arbuscular mycorrhizal (AM) fungi are obligate biotrophs, reproduce asexually, have large
multinucleate spores with layered walls and non-septate hyphae (Smith and Read, 2008). The
AM symbiosis is ancient and the fossil record from the Rhynie chert reveals AM structures
present in early land plants approximately 400 million years ago. The high level of organisation
and wide distribution of AM fungi in these plants suggest AM fungi were present in common
ancestral terrestrial plants and probably were pivotal in the initial colonisation of land (Parinske,
2008; Bonfante and Anca, 2009; Bonfante and Genre, 2010). AM fungi belong to the
monophyletic phylum Glomeromycota, comprising approximately 150 fungal species associating
with the roots of approximately 80% of the world’s terrestrial plant species. The AM fungi are
comprised of three major components: the root which provides carbon to the fungus in the form
of sugars, structures within the cortical cells of the plant root which provides the contact between
the fungus and the plant cytoplasm, the extraradical hyphae which help take up the necessary

nutrients such as nitrogen, phosphorous and water (Smith and Read, 2008).

The AM fungi are characterised by the finely branched tree-shaped hyphal structures termed
arbuscules that are formed within root cortical cells of plants during root colonisation by the
fungus. These arbuscules are thought to be the main site for nutrient exchange between fungus
and plant (Smith and Read, 2008). Due to root colonisation by the AM fungi, root hair
development by the plant is suppressed as the extraradical hyphae increase the absorptive area.
Other important structures include intraradical hyphae (IRH), vesicles, extraradical hyphae
(ERH) and extraradical auxillary cells. IRH allow the fungus to spread within short distances of
the root cortical cells to form colonising units such as arbuscules and vesicles. Vesicles are
storage compartments for carbon and are rich in lipids (Morton and Benny, 1990; Isaac, 1992;
Dodd et al., 2002) (Figure 1.2). Vesicles are found mainly in three genera of Glomeromycota:
Glomus, Acaulospora and Enthrophospora (Isaac, 1992). Their formation and development
depends upon various environmental conditions such as high or low phosphorous (P) levels

(Smith and Read, 2008).
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The ERH have been distinguished into three types, the “branching absorptive hyphae” which
colonise the rhizosphere in search of nutrients, the “infective hyphae” which search along the
surfaces of roots to establish new entry points into the plants and the “reproductive hyphae”
which produce the fertile spores after colonisation of the roots (Nagahashi, 2000) (Figure 1.2).
Extraradical auxillary vesicles are found mainly in Gigasporaceae and store lipids. They are also
involved in nuclei and nutrient (phosphorous or carbon) partionining before sporulation (Morton

and Benny, 1990; Isaac, 1992; Dodd et al., 2002).
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Figure 1.2 Diagrammatic representation of the structures characteristic of arbuscular

mycorrhizal fungi in a cortical cell of a plant root (Modified from Isaac, 1992).

1.2.2 Reproduction and Life Cycle

The reproduction of AM fungi is thought to be solely asexual as there has been no evidence to
suggest it reproduces sexually (Pawlowska and Taylor, 2004; Smith and Read, 2008). Under
favourable conditions, the spores of the AM fungi germinate and undergo a sequence of events
based on structural morphogenesis, which is still poorly understood (Barker, et al., 1988). These

events have been categorised into asymbiotic, presymbiotic and symbiotic stages (Giovannetti,
2000; Bago and Bécard, 2002).



Chapter 1

Figure 1.3 Diagrammatic representation of the life cycle of arbuscular mycorrhizal fungi

showing the stages of colonization (Modified from Giovannetti, 2000).
Asymbiotic Phase

After a symbiotic association has occurred with a host plant, AM fungal spores are produced and
released into the soil by the extraradical hyphae. This stage of the lifecycle can often be referred
to as the resting stage (Bago and Bécard, 2002 ; Nagahashi, 2000). These dormant spores can
remain alive in the soil for one or two years and the dormancy periods can differ greatly among

species and genera (Giovannetti, 2000).
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Various factors such as pH, temperature, moisture, CO, and organic nutrients are likely triggers
that break the dormancy of the spore. This stage is host independent as the AM fungal spores
contain energy reserves within stored lipids and carbohydrates used during initial spore
germination to sustain the growth of the germ tube. When the presence of a host is not available,
germination ceases before excess consumption of the energy supplies becomes depleted or the

cytoplasm is retracted within the spore (Giovannetti and Sbrana, 1998; Bago and Bécard, 2002).
Presymbiotic Phase

Germinated spores grow toward the host root by producing hyphal branches. Structures called
appressoria are formed which occur on the host root epidermal cell walls (Figure 1.3)
(Nagahashi, 2000). An appressorium is used to describe hyphal tip enlargement that attaches to
the root surface of the host. This stage is often considered as presymbiotic since no contact is
required to occur between the fungus and host plant for the stimulation of hyphal branches to
occur, instead branching is under the influence of root exudates such as organic acids, amino
acids, phenolics and other compounds (Giovannetti and Sbrana, 1998). Strigolactones have
recently been shown to stimulate AM fungal metabolism, branching and spore germination
(Hause and Fester, 2005; Parinske, 2008; Bonfante and Genre, 2010). Plant hormones such as
auxins have been thought to play a vital role in mycorrhizal colonisation of the host plant roots
because the auxins are found in high concentrations during the formation of appressoria

(Ludwig-Miiller, 2000).
Symbiotic Phase

This stage refers to the penetration and development of IRH and subsequent formation of
arbuscules in the cortex of roots. The ERH growth arises after arbuscule formation and is
characterised by the release of spores into the soil. Bidirectional exchange of carbon and
nutrients between the host plant and the AM fungi occurs only during the symbiotic phase
(Nagahashi, 2000; Hause and Fester, 2005; Parinske, 2008; Bonfante and Genre, 2010). Root

colonisation brings about the symbiotic interaction between the host plant and fungus.
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In AM fungi there are two types of colonization strategies, which are based on the structures of
the intraradical hyphae, and these are referred to as the Arum-type and Paris-type (Smith and
Read, 2008). In the Arum-type, the intercellular hyphae run along a longitudinal channel between
cortical cells in a linear form before entering the cortical cells to form arbuscules. These
arbuscules are the main site for nutrient exchange. In the Paris-type colonisation, intracellular
hyphae grow as coils within the cortical cells and in this type both the hyphal coils and
arbuscules are thought to be involved in nutrient release but this has not been fully ascertained
(Smith and Read, 2008). Although both of these colonisation strategies have similar percentage
root colonisation, they differ in their sites of metabolic activity. AM fungal species are generally
non-specific in their choice of host plants (Van Aarle et al., 2005). Specificity, the ability of the
fungus to colonize root cells; infectivity, the amount of colonization and effectivity and the
plant’s response to colonization are three major parameters that influence and determine root

colonization (Sylvia et al., 1998).

1.2.3 Benefits of AM fungi

AM fungi provide many benefits to their plant symbionts including enhanced nutrient uptake,
increased tolerance to plant pathogens, drought resistance, tolerance to heavy metals and

improved soil aggregation to name a few (Smith and Read, 2008).
Enhanced Nutrient Uptake

Plants require varying amounts of macro and micronutrients present in the soil. Soils generally
contain high levels of total phosphorous, however only a small percentage is available for plant
uptake. P is found in many soils as organic (phytic acid) and complex inorganic forms. Due to
the low solubility and mobility of P, plants cannot readily use these forms. Plants therefore
obtain P as orthophosphate anions (HPO4* and H,PO,") (Rodriguez and Fraga, 1999). The
concentration of orthophosphates in the soil are however low (1 to 5 uM). AM fungi contribute
to increased P uptake through solubilisation of phosphorous by the production of exudates by the
fungal hyphae. The extraradical mycelium of AM fungi secretes phosphatases that aid in the
uptake of phosphorous by hydrolysing and releasing phosphorous from organic phosphate
complexes (Schachtman et al., 1998).
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The increased efficiency of P uptake by mycorrhizal fungi is achieved by the extraradical
mycelium developing into the soil and allowing P to be absorbed by the mycorrhiza at distances
upto several cm away from the root and transferred to the plant (Bucher, 2007). High
mycorrhizal hyphal density provides a greater surface area for the absorption of orthophosphate
by plants. The smaller size of hyphae in comparison to the roots and root hairs allows for better

exploitation of soil pores and nutrient niches inaccessible to the plant roots.

This is beneficial when a depletion zone occurs around the plant root when freely available
nutrients have been utilised and the mycorrhizal hyphae can extend past the ‘depletion zone’,
providing nutrients to mycorrhizal plants, which would be inaccessible to non-mycorrhizal plants
(Bonfante and Genre, 2010). In AM fungi, phosphate acquisition is achieved through membrane
integral proteins, including PHT phosphate transporter and the P-type H" ATPase. Following the
uptake of P, transport within the fungal structures is mainly in the form of polyphosphates. These
polyphosphates may also be stored as nutrient reserves within polyphosphate granules in the
cortical cells. Plants also have mycorrhizal specific phosphate transporters that receive Pi from

the fungus and deliver it to the plant cells (Bonfante and Anca, 2009).

Host plants therefore have two mechanisms of P uptake, the ‘direct” pathway via the plant-soil
interface by the root hairs and the ‘mycorrhizal’ pathway via the fungal mycelium. Expression of
plant epidermal P transporters is reduced in roots colonised by AM fungi and P uptake occurs via
the fungal transporters and transferred to the plant. In some cases, AM colonisation results in a
complete shutdown of the ‘direct’ pathway, resulting in all P uptake provided by the mycorrhizal
pathway (Smith et al., 2003).

Although phosphorous is the main nutrient required by plants, nitrogen is also of great
importance for plant growth. Nitrogen is obtained by the extraradical hyphae of AM fungi in
many different forms, for example organic nitrogen forms such as amino acids, peptides, ions
(NO5", NH,"). Li et al., (1991) reported that different Glomus sp. can assimilate and metabolise
both organic and inorganic sources of nitrogen by glutamate synthetase activity produced by the
extraradical hyphae. The presence of a transporter for high-affinity uptake of NH; has been
identified in the extraradical mycelium of Glomus sp. (Lopez-Pedrosa et al., 2006).
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AM fungal colonisation can also induce plant nitrate transporters and a fungal (G.intraradices)
nitrate reductase may be involved in the transfer of nitrogen in a reduced form (Hause and Fetter,
2005). The concentrations of phosphorous and nitrogen in the soil can determine the rate of the
uptake of other micro (Fe, Cu, Mn, Zn) and macronutrients (K, Ca) by mycorrhizal plants. Liu et
al., (2000) confirmed this in their study that determined the role of AM fungi in the uptake of
Cu, Zn, Mn and Fe in maize, which showed the uptake of these nutrients was significantly

influenced by soil phosphorous nutrition.
Drought Resistance and Water Relations

Drought stress is a major factor affecting agricultural industries in arid and semi-arid regions.
Drought has a serious impact on nodule function, inhibits photosynthesis and disrupts oxygen
control mechanisms in nodules of legumes. Drought stress inhibits cell expansion and division,
resulting in reduced leaf area development. Nitrogen availability is also reduced resulting in
decreased N uptake by the plants and lowered N assimilation rates (Quilambo, 2003, Boomsa

and Vyn, 2008).

The AM fungal hyphae allows a greater access to water in the soil through mechanisms in the
plant such as stomatal conductivity and regulations, higher transpiration rates, increased root
hydraulic activity (enhanced stele tissue size), osmotic adjustments (which promotes turgor
pressure maintenance) and maintenance of cellular water pressure, cell elasticity changes and
increased photosynthetic activity (Davies et al., 1993, Amerian and Stewart, 2001, Auge, 2001).
These mechanisms may be a secondary consequence of enhanced plant P nutrition through
mycorrhizal colonisation. Mycorrhizal fungi also promote drought tolerance by enhancing
rooting depth and length by affecting the soil or plants cytokinin and indole-acetic acid
concentrations (Smith et al., 2010). Auge, (2001) discusses various experimental results
conducted by researchers on various crop species and drought tolerance/ resistance mechanisms

involved in his extensive review.

A study by Asrar and Elhindi (2011) on marigolds (Tagetes erecta) and an AM fungus (Glomus
contrictum) revealed that in the mycorrhizal plants had an increased shoot dry weight, higher
chlorophyll a and b concentrations in leaves and higher carotenoids in flowers compared to the

non-mycorrhizal plants under severe drought stressed conditions.

10
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The mycorrhizal colonisation improved drought resistance in marigold plants as a consequence
of enhanced P uptake and water through the AM fungus which according to Koide (2000)
increases stomatal conductance and transpiration rate. A similar study by Subramanian et al
(2005) also showed an increase in the yield of tomato (Lycopersicon esculentum) fruits by 24.7%
and higher ascorbic acid concentrations when grown inoculated with Glomus intraradices under

severe drought stressed conditions.

Wu and Xia (2006) investigated the effect of Glomus versiforme on the drought tolerance of
Tangerine (Citrus tangerine) and reported that the mycorrhizal plants had increases in leaf water
potential (21%), transpiration rates (27%), photosynthetic rates (50%), stomatal conductance
(29%), lowered leaf temperature (5%) and increased relative water content compared to the non-
mycorrhizal plants under severe drought conditions. The authors also found increased levels in
inorganic ions such as K, Ca®" and Mg”" in the leaves and roots of the tangerine plants. They
concluded that organic solutes and inorganic ions are accumulated under water stress conditions
to increase the osmotic adjustment of the plant. The AM fungal colonisation improved osmotic
adjustment and photosynthetic parameters through accumulation of more carbohydrates,
inorganic ions and water and increase plant biomass resulting in enhanced drought tolerance in

tangerines.
Increased Tolerance to Plant Pathogens

Colonisation of plant roots by AM fungi is suggested to increase the plant’s tolerance to
pathogens by acting as biological control agents. Biological control preserves the quality of the
environment by reducing the inputs of chemicals. The study of the AM symbiosis in plant
protection against pathogens began in 1970’s and a great deal of published information has been
released on the subject, however little is known about the underlying mechanisms. Many reviews
on the subject have focused on mechanisms of interaction such as enhanced nutritional status of
host plant, competition, morphological changes, induced plant defence mechanisms and reduced
infection sites (Hooker et al., 1994; Azcon-Aguilar and Barea, 1996; Harrier and Watson, 2004;
Akkopru and Demir, 2005; Wehner et al., 2010).

11
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Enhanced nutritional status of host plant

The ability of AM fungi to increase plant’s tolerance to pathogens may be due to the increased
nutrient uptake. The AM fungal interaction with soil root pathogens is brought about by the
enhanced uptake of nitrogen, phosphorous and other nutrients. AM fungal symbiosis results in
more vigorous plants so that the plant itself may be more resistant to or more tolerant of
pathogens and their effects (Azcon-Aguilar and Barea, 1996). Some studies have indicated that
phosphorous-induced changes in plant root exudation could potentially reduce spore germination
of some fungal pathogen. While other studies have shown that phosphorous nutrition is not

directly involved in reducing disease (Linderman, 2000).
Damage compensation

Arbuscular mycorrhizal fungi can increase the plants’ tolerance to pathogens by compensating
for the loss of root biomass or function caused by pathogens. This indirect mechanism
contributes to biological control by conserving the root-system function both by the growth of
fungal hyphae into the soil increasing the absorptive surface area of the roots and the

maintenance of root cell activity through arbuscule formation (Azcon-Aguilar and Barea, 1996).
Competition for nutrients and infection sites

AM fungi have direct access to the plant photosynthetic products whereas pathogens, which are
not obligate biotrophs can only access carbon from other organic sources. Therefore competition
for nutrients between the AM fungi and pathogens such as Fusarium and Phytophthora seems
unlikely or limited (Linderman, 2000). Fungal root pathogens and AM fungi, may both colonise
the same host tissue (particularly in the case of AM fungi and Phytophthora). These two
organisms may develop in different root cortical cells which indicate some likelihood of
competition for space (Azcon-Aguilar and Barea, 1996). A study by Ozgonen and Erkilic, (2007)
looked at growth enhancement by arbuscular mycorrhizal fungi in pepper and Phytophthora
blight (Phytophthora capsici Leonian) control. The plant heights of the pepper (Capsicum
annuum L.) plants was increased by the arbuscular mycorrhizal fungi (Glomus fasciculatum
(GF), Glomus etunicatum (GE), Gigaspora margarita (GiM) and Glomus mosseae (GM) by
31.7, 28.3, 25 and 23.4% respectively compared to the control. Fresh weights of shoots were
increased by GF (29%), GiM (26.6%) and GE (24.8%).

12
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The fresh weight of roots in the control treatment was 4.9g, whereas in GiM, GF and GE
treatments it was 8.1 (66.3%), 8.1 (66.3%) and 7.7 g (58.0%). In GM treatments it increased by
30.1%. Mycorrhizal plants showed a significantly higher dry weight of shoots and roots
compared to the control. GiM treatment had the greatest effect on shoot and root dry weight,
increasing them by 34.1 and 58.6% respectively. The AM fungi reduced the disease severity by
P.capsici in pepper plants in field conditions. GM and GE reduced disease severity by 45.7 and
57.2% respectively, followed by GiM (30.7) and GF (14.4%). The amount of capsidiol
accumulation in the pepper plants was measured with the control plants having 12.5 pg.g” fresh
weights, whereas among the AM fungi treatments, GM had the highest level of capsidiol
(40.3pg.g" fresh weight). Their results indicated that mycorrhizal inoculation stimulated growth
of pepper plants due to enhanced nutrition. Also, the AM fungi, especially G.mosseae can be
used against Phytophthora blight of pepper, due to capsidiol, a phytoalexin produced by the

fungus which is an antimicrobial compound.
Improved Soil Aggregation

AM fungi improve soil structure through the secretion of glomalin, a “glue-like” proteinaceous,
water-soluble and heat stable substance from their hyphae (Steinberg and Rillig, 2003). Glomalin
aids in the soil aggregation process by binding soil particles together influencing soil porosity,
which in turn promotes aeration and water movement required for good root growth,
development and microbial activity. Glomalin is therefore a good indicator for soil aggregation

and stability (Rillig, 2004).
Salinity Tolerance

Soil salinity is a major problem with saline soils occupying 7% of the world’s land surface. High
levels of salinity (> 0.1% soil content) in soil is caused by soluble salts present in irrigated water
and fertilisers, both used in agriculture (Evelin et al., 2009). Soil salinity significantly effects the
establishment, growth and development of plants, especially in arid and semi-arid environments.

These effects lead to huge losses in productivity.

13
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Direct effects of salt on the plant may be through (a) reduced osmotic potential of the soil
(limiting the amount of available water to the plant) and reduced photosynthetic ability of the
plant causing physiological drought; (b) toxicity of excessive Na" and Cl ions towards the cell
causing disruption in enzyme structure, damage to cell organelles and plasma membrane,
disruption of photosynthesis, respiration and protein synthesis; and (c) nutrient imbalance

leading to ion deficiencies (Evelin et al., 2009; Hajiboland et al., 2010).

AM fungi have been known to occur naturally in saline environments. The most predominant
species are Glomus intraradices, Glomus versiform and Glomus etunicatum. AM fungal spore
density is high in saline soils since sporulation is stimulated under salt stress which means AM
fungi may produce spores even at low-colonisation levels in severe saline conditions (Evelin et

al., 2009; Hajiboland et al., 2010).

AM fungi enhance the ability of plants to cope with salt stress by improving uptake of nutrients
other than P, improved ion balance, accumulation of osmoregulators, stimulation of protecting
enzymes, higher water uptake. Evelin et al., (2009) wrote an extensive review of the mechanisms
involved in these processes.A study by Hajiboland et al., (2010) looked at the role of Glomus
intraradices on salt tolerance in two strains of tomato (Solanum lycopersicum) plants, cv. Behta
(Salt-sensitive) and cv. Piazar (Salt-tolerant). The AM fungus stimulated growth greatest with
Piazar than with Behta under saline conditions. The study revealed that the mycorrhisation
alleviated salt-induced reduction of P, Ca, and K uptake. Growth improvement by G.intraradices
was independent from plant P nutrition under high salinity. The authors also found the
mycorrhisation improved net assimilation rates by elevating stomatal conductance and protecting
photochemical processes. They concluded that AM fungi may protect plants against salt stress by

alleviating salt-induced oxidative stress.

Porras-Soriano et al., (2009) showed that Glomus mosseae was the most effective AM fungus (in
a study with G. intraradices and claroideum) in increasing olive (Olea europaea) trees tolerance
to salt. G.mosseae increased the biomass of the olive trees from 163% (shoot) and 295% (root) in
non-saline conditions to 239% (shoot) and 468% (root) in saline conditions. G.mosseae also
increased the number of shoots by 294% and the stem diameter by 61% in saline conditions. The
authors also found an increase in K acquisition, which was enhanced under severe saline

conditions by 6.4-fold with G.mosseae.
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Potassium plays a major role in osmoregulation in plants. Therefore G.mosseae alleviated salt-
induced adverse effects by increasing the acquisition of K which improves the plant’s

osmoregulation processes.
Toxic metals

Metal compounds are present in the atmosphere and originate from nature (terrestrial, marine,
volcanic and biogenic) and anthropogenic (combustion, industrial) sources. Heavy metals in the
soil constitute 10% of the sources whereas 90% enters the soil by dry and wet atmospheric
deposition and agronomic practices (including fertiliser and sewage application). The toxicity of
the metals is related to the concentrations in which they occur in the soil. Exposure to toxic
levels of heavy metals reduces plant growth, causing leaf chlorosis and necrosis, turgor loss,
decreased seed germination rate and plant death (Gamalero et al., 2009). Heavy metals can
affect some developmental stages of the AM fungi or eliminate establishment. The level and
toxicity at which heavy metals affect both plants and mycorrhizal fungi is dependant and
influenced by many factors such as soil pH, temperature, redox potential, cation exchange

capacity and soil organic matter content (Gamalero et al., 2009).

AM fungi help to alleviate plant stunting caused by heavy metals through binding to these metals
in the extraradical hyphae in the root zone, or accumulated in the vacuoles, sequestered by
siderophores, deposited into plant root apoplasm or into the soil, altering the plant cells ability to
capture the metals (Upadhyaya et al., 2010). The polyphosphates produced by AM fungi are
proposed to be responsible for sequestering heavy metals (Haselwandter et al., 1994). Glomalin
produced by the AM fungi has been shown to sequester metals such as Cu, Cd and Zn.
According to Gonzales-Chavez et al., (2004) 1 g of glomalin could extract upto 4.3 mg Cu, 0.08
mg Cd and 1.12 mg of Pb from polluted soils. Therefore AM fungi can stabilise metals in the
soil, reduce their availability and decrease their toxicity to other soil microorganisms and plants

in the vicinity (Gamalero et al., 2009).
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A study by Audet and Chanest (2006) on Nicotiana rustica and Glomus intraradices revealed
that the concentration of Zn was significantly lower in roots of mycorrihzal plants (difference of
18.6 mg total root mass, 1.06 mg in dry mass) than non mycorrhizal plants at the highest Zn
concentrations in the soil. The fungus may have immobilised the Zn as a soil contaminant and
prevented it from being taken up by the host plant, especially under increased toxic soil Zn

concentrations.

Another study by Jianfeng et al., (2009) on Nicotiana tabacum and different AM species such as
Glomus spp. co-inoculated with Acaulospora spp., A.mellea, G.versiforme and G.caledonium.
The authors observed a decrease in soil pH in the rhizosphere of mycorrhizal plants and a
decrease in arsenic (As) concentrations compared to non-mycorrhizal plants. The lowered soil
pH caused a decline in the As availability as a consequence of the AM fungi modifying the

amount and composition of root exudates.

1.3 Soil microorganisms

1.3.1 Rhizosphere Micro-organisms

The soil i1s a complex environment comprising of a diverse range of microorganisms.
Mycorrhizal fungi are critical soil microorganisms providing a direct link between plant roots
and soil. AM fungal hyphae may directly interact with other soil microorganisms, providing a
means of transport in the soil, substrates required for growth as well as a suitable niche
environment. These interactions can affect root development and plant growth performance

being either positive, neutral or negative (Johansson et al., 2004).

Mycorrhizal formation can either directly or indirectly affect microbial communities through
induced changes of root exudates, transport of carbon compounds or fungal exudation of
stimulatory or inhibitory compounds (Gryndler, 2000). Mycorrhizal fungi interact with beneficial
soil organisms such as Mycorrhizal Helper Bacteria (MHB), Phosphate-solubilising Bacteria
(PSB) and Plant Growth Promoting Rhizobacteria (PGPR) to mention a few (Gryndler, 2000).
These groupings refer to functionality of the bacterial species involved and several of these

species may overlap between groups.
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1.3.2 Mycorrhizal Helper Bacteria

Mycorrhizal Helper Bacteria are organisms which specifically promote the formation of the
mycorrhizal symbiosis. Bowen and Theodore (1979) first showed that the presence of bacteria is
directly involved in the mycorrhiza formation. They showed both promoting and inhibiting
effects of the colonisation of Pinus radiata roots in a study with Rhizopogon luteolus. MHB are
found in a various habitats from the fruiting bodies of ectomycorrhizal fungi, AM fungal spores,
extraradical mycelium to other mycorrhizal structures (Gamalero et al., 2003, Barea et al., 2005).
Examples of MHB strains include Gram-negative Proteobacteria (Agrobacterium, Azospirillum,
and Pseudomonas), Gram-positive Firmicutes (Bacillus, Brevibacillus and Paenibacillus) and
Gram-positive Actinomycetes (Rhodococcus, Streptomyces, and Arthrobacter) (Frey-Klett et al.,
2007, Tarkka and Frey-Klett, 2008).

Meyer and Linderman (1986) showed enhancement of AM fungal infection and growth of
subterranean clover when co-inoculated with a rhizospheric Pseudomonas putida strain. A study
by Ames (1989) found that seven out of twelve Actinomycetes from AM fungal spores
stimulated AM establishment in onion seedlings. A different example of the helper effect is
shown by Rhizobia which produces 1-aminocyclopropane-1-carboxylate (ACC) deaminase
which modulates the ethylene levels in the plant, increasing the tolerance of the plant to
environmental stress and stimulating nodulation (Ma et al., 2002). This compound also produced
by Pseudomonas putida UW4 promotes mycorrhization with the AM fungus Gigaspora rosea

when inoculated into cucumber plants (Gamalero et al., 2008).
Mechanisms of MHB effect on Mycorrhizal fungi

The extent of the mycorrhizal colonisation depends on various factors, abiotic and biotic
environmental interactions, fungal physiology and susceptibility of the root to infection. MHB
are able to promote mycorrhizal infection rate at various stages of the tripartite interaction
(Tarkka and Frey-Klett, 2008). Five major hypotheses explaining the helper effect were reviewed
in Garbaye, 1994, Frey-Klett et al., 2007, Tarkka and Frey-Klett, 2008) (Figure 1.4).
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Figure 1.4. Five hypothesised mechanisms for the helper effect of MHB on mycorrhizas.
Adapted from Garbaye, (1994) in Tarkka and Frey-Klett, (2008).

MHB effect on fungal propagule germination

Bacteria in the soil can trigger or accelerate the germination process of spores or any other
dormant propagules (Figure 1.4-1). This is the first step in the formation of mycorrhizas. Mosse,
1962 found that some rhizosphere bacteria (for example Pseudomonas sp.) enhanced the
germination of chlamydospores of the AM fungus Glomus mosseae. MHB exudates often
stimulate fungal spore germination. Will and Sylvia (1990) showed that sea oats (Unicola
paniculata) roots inoculated with Klebsiella pneumoniae increased spore germination and hyphal

extension of Glomus deserticola.
MHB modification of the rhizospheric soil

The metabolic activity of the bacteria in the rhizosphere modifies the physiochemical properties
of the soil in a way that facilitate mycorrhizal infection (Figure 1.4-2). Since the rhizospheric soil
is the habitat for both the host plant and fungus, both can be affected by changes in pH or the
complexing of ions by siderophore producing fluorescent pseudomonads (Frey-Klett et al., 2007,
Tarkka and Frey-Klett, 2008). Environmental factors such as drought and pollution stress have a

strong influence on mycorrhizal symbiosis and on the extent of the mycorrhizal helper effect.
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Vivas et al., 2003a showed that a Bacillus sp. inoculation had a stronger positive effect on
colonization intensity and arbuscule density in mycorrhizal roots of lettuce subjected to drought
stress. Studies in the presence of Brevibacillus brevi using Cd- or Zn-contaminated substrates
showed an increase in Glomus mosseae colonization and development of extraradical hyphae
(Vivas et al., 2003b). These effects were explained by an increased carbohydrate transport from
host plant to the fungus. Bacterial inoculation reduced damage to G.mosseae hypahe but also
increased the hyphal growth from 195% (no Cd) to 254% (with Cd) and from 125% (no Zn) to
232% (with Zn) (Vivaz et al., 2005).

The potential role of siderophores is an important consideration as chelating ligands, especially
hydroxamate siderophores produced by ectomycorrhizal fungi contributes to mineral uptake by
the root (Garbaye, 1994). MHB also influence the concentrations of antagonistic substances
produced by mycorrhizal fungi and of toxic substances produced by soil microbes. Riedlinger et
al., 2006 showed that antibiotic production by a Streptomyces sp. was suppressed by acidic

substance production by Amanita muscaria.
Effect on fungal growth

Bacterial isolates may enhance fungal growth in the pre-symbiotic stage of its lifecycle (Figure
1.4-3). Duponnois (1992) compared bacterial isolates such as Bacillus subtilis, Bacillus sp.,
Pseudomonas fluorescens and Pseudomonas sp. which had the potential to be mycorrhization
inhibitors or helpers towards Laccaria laccata and Douglas Fir seedlings and discovered a
significant correlation between the various isolates in general to either reduce or promote the

mycelia growth of the fungus and their effect on mycorrhiza formation.

This study strongly suggested that the MHB act by mainly by enhancing mycelial growth and
colonization of the surface of the long roots and subsequently come into contact with the
infection-receptive short roots. As a result, the larger volume of soil occupied by the mycelium
increases the likelihood of the fungus encountering a root of the host plant. Garbaye and Bowen,
1989 investigated the symbiotic association between Pinus radiata and Rhizopogon luteolus and
revealed the ability of some bacterial isolates from R.luteolus to limit or enhance mycorrhiza

formation.
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This was found to be mainly a result of their negative or positive effect on the growth of the
fungus mycelium. Work by Bowen and Theodore, (1979) revealed an increase by up to 70% in
the growth of some ectomycorrhizal fungi with one pseudomonad and a significant decrease by
another pseudomonad. The study also showed that the one non-inhibitory pseudomonad could
reduce the effect of the negative pseudomonad. This was shown by measuring the mycelial
growth of ectomycorrhizal fungi along the roots of Pinus radiata in aseptic conditions and
introducing individual bacterial strains. All of the experiments indicate the presence of some sort
of trophic stimulative, perhaps involving nutritional relations, of the fungal growth by the

bacterial isolates. This could explain how some MHBs are fungus-specific.

These interactions then led to two mechanisms within this hypothesis. The first mechanism
discusses the involvement of the production of metabolites by the bacterium which is directly
utilized by the fungus as nutrients or to enhance anabolism (growth factor-type effect).
Experiments with MHB such as Bacillus subtilis, Bacillus sp., Pseudomonas fluorescens and
Pseudomonas sp. associated with Hebeloma crustilimforme, Paxillus involutus and Laccaria
laccata revealed that some organic acids (malic and citric acid) were excreted by the MHB.

These represented a carbon source as sufficient as glucose for fungal growth.

The same authors also discovered in an experiment that volatile compounds were also involved
in specificity. The second mechanism suggests the involvement of detoxification of the fungal
environment by the bacterial isolates. Like most organisms, mycorrhizal fungi excrete
metabolites into the soil that potentially inhibit hyphal growth. MHB could detoxify the fungal
habitat by either using or breaking down the fungal metabolites in the soil (Garbaye, 1994).

Duponnois and Garbaye (1990) showed that the ectomycorrhizal fungi Paxillus involutus and
Hebeloma crustulimforme produce toxic fungal metabolites such as dark polyphenols produced
by the former and unidentified colourless substances in the case of the latter. The bacterial
isolates such as Bacillus subtilis, Bacillus sp., Pseudomonas fluorescens and Pseudomonas sp.
displayed an MHB effect toward these fungi and also detoxified the media in which the fungi

WEere grown.
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Effect on root-fungus recognition

The bacteria in the soil are involved with the plant root-mycorrhizal fungus recognition
mechanisms which are the important first step in the symbiosis with the mycorrhizal fungi
(Figure 1.4-4). The recognition process incorporates the reception of plant signals by the fungal
hyphae, chemotrophic hyphal extension and growth to the potential site of infection, and changes
in hyphal morphology (Frey-Klett et al., 2007, Tarkka and Frey-Klett, 2008). Chemical elicitors
and mediators such as phenolic and volatile compounds, enzymes, glycoprotein fibrils (permits
surface attachment) and phytohormones produced either by the fungus or the plants involved in

the mutual recognition was reviewed by Anderson, 1988.

The bacteria are then involved in this mechanism by breaking down or transforming the chemical
substances or contributing to the production of some important compounds like auxins and
enzymes which promote fungal-root recognition. Xie et al., (1995) showed that MHB such as
Bradyrhizobium japonicum stimulated AM colonization and direct hyphal growth towards the
root by enhancing the production of stimulatory signals or by inducing changes in the host

plants’ flavonoid spectrum.

Bacteria can also modify the cell-wall properties or facilitate the establishment of the symbiosis
by attaching to either the root or fungus and thereby provides a mechanical link between them
(Anderson, 1988). Lateral root production can also be positively influenced by MHB is probably
due to the production of auxins or auxin-related substances by the bacteria. The formation of new
root tips may lead to the establishment of more mycorrhizas as the density of colonization sites

per soil volume increases (Garbaye, 1994, Poole et al., 2001).
Effect on root receptivity

Bacteria present in soil prior to mycorrhizal development may improve the roots’ receptivity to
the formation of mycorrhizae (Figure 1.4-5). A study performed with the Douglas Fir — Laccaria
lacata symbiosis by Duponnois, 1992 showed that MHB which associated with the symbiosis
produced Indole-3-Acetic Acid (IAA) and that exogenous IAA stimulated the initiation of short
roots on Douglas Fir seedlings. The more short roots the plant can produce leads to an increase in

the probability that the roots encounter mycorrhizal propagules in the same volume of soil.
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Duponnois (1992) also hypothesized that the MHB were able to soften the cell walls of the
middle lamella between the cortex cells by the production of specific cell wall-digesting
enzymes which makes penetration by the fungus easier. In pure cultures of MHB such as
Bacillus subtilis, Bacillus sp., Pseudomonas fluorescens and Pseudomonas sp. from the Douglas
Fir — L.lacata experiment, cell wall-degrading enzyme activities (endoglucanase, cellobiose
hydrolase, pectate lyase and xylanase) were detected in the system. Early work by Mosse, 1962
revealed that some microorganisms such as Pseudomonas sp which produce cell wall-degrading
enzymes did promote the establishment of AM fungi on clover roots. The suppression of the
plant defense response prior to fungal colonization could also potentially lead to enhanced

mycorrhization (Garbaye, 1994, Frey-Klett et al., 2007, Tarkka and Frey-Klett, 2008).

1.3.3 Plant-growth promoting Rhizobacteria

A number of bacteria in the rhizosphere are known to stimulate plant growth. This is achieved
through direct or indirect interactions with the plant roots. These bacteria have been termed
Plant-Growth Promoting Rhizobacteria (PGPR) (Bloemberg and Lugtenberg, 2001). Interactions
between the fungi, bacteria and plants occur in the zone of soil surrounding the roots and hyphal
network known as the “mycorrhizosphere”. PGPR mainly belong to the genera Paenibacillus,
Burkholderia, Pseudomonas and Bacillus sp (Vessey, 2003; Martinez-Viveros et al., 2010). The
direct mechanisms of positive effect on plant growth is through the production of phytohormones
and plant growth auxins such as indole acetic acid (IAA), nitrogen fixation and the solubilisation

of phosphorous.

Indirect mechanisms include ability to decrease or prevent any deleterious effects of pathogenic
microorganisms which can be by the production of antibiotics or siderophores by the bacteria
(Singh and Kapoor, 1998).The beneficial effects of some PGPR may be due to their interactions
with AM fungi. PGPR have a strong stimulatory effect on the growth of AM fungi. Increased
mycelial growth from G.mosseae spores caused by an unidentified PGPR suggest that selected
PGPR and AM fungi could be co-inoculated to optimize the formation and functioning of the

AM fungi symbiosis (Gryndler, 2000).
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Phosphate-Solubilising Bacteria

Phosphorous is an essential macronutrient required for growth and development by plants. Many
soil bacteria are phosphate solubilising bacteria which are able to mobilize phosphate ions from
soluble organic and inorganic phosphorous sources such as tricalcium phosphate, hydroxyapatite
and rock phosphate (Gryndler, 2000; Vessey, 2003; Richardson et al., 2009; Martinez-Viveros et
al., 2010). Through this process, the bacteria help improve the supply of phosphorous to the
plants. It has been proposed that the phosphate solubilised by PSB could potentially be taken up
more efficiently by the plant through a mycorrhizal-mediated channel between the plant roots
and surrounding soil that allows better acquisition of phosphorous from the soil to the plants
(Rodriguez and Fraga, 1999). Strains from the genera Pseudomonas, Bacillus and Rhizobium are
among the most powerful phosphate solubilisers (Rodriguez and Fraga, 1999; Martinez-Viveros
et al., 2010; Suresh et al., 2010). Singh and Kapoor, (1998) showed PSB such as Bacillus
circulans together with the AM fungi increased plant yield and phosphorous uptake in wheat.

The major mechanism of mineral phosphate solubilisation occurs by the action of organic acids
which are synthesized by the soil bacteria. The production of these organic acids results in
acidification of the microbial cell and its environment. The production of these organic acids,
particularly gluconic acid and 2-ketogluconic acid by phosphate solubilising bacteria has been
well reported (Khan et al., 2009). Other mechanisms have also been considered such as the
production of chelating substances by the bacteria as well as the production of inorganic acids
such as sulphidric, nitric and carbonic acid (Rodriguez and Fraga, 1999, Vessey, 2003;
Richardson et al., 2009; Martinez-Viveros et al., 2010).

Organic phosphate sources are mineralised by the action of several phosphatase enzymes.
Phosphatase activity involves the hydrolysis of phosphor-ester or phosphor-anhydride bonds,
thereby catalysing the bound phosphorous into inorganic phosphorous (Rodriguez and Fraga,
1999; Richardson et al., 2009; Martinez-Viveros et al., 2010). Phytate (Myo-inositol hexakis-
phosphate) constitutes upto 80% of organic phosphorous in the soil making it one of the most
abundant sources of phosphorous for plants (Lim et al., 2007). There are some PGPR which are
able to produce phytase, an enzyme which degrades phytate to lower phosphate esters. Phytase
producing PGPR have been shown to belong to the genera Bacillus, Burkholderia,

Pseudomonas, Serratia and Staphylococcus (Hariprasad and Niranjana, 2009).
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A study by Hariprasad and Niranjana, (2009) revealed an Enterobacter sp. of PGPR which was
able to solubilise calcium phosphate and phytase to have the most significant increase in plant
growth of tomato (Lycopersicon esculentum Mill.) plants. It was found that the bacterium
increased shoot length by 1.55 fold; root length by 1.44 fold; fresh weight (g/ seedling) by 3.38
fold and dry weight (g/ seedling) by 2.68 fold compared to the control. In a broth assay
determined that this Enterobacter sp. produced gluconic acid which indicated the solubilisation

of CaP and decrease in pH was in relation to the production of the organic acid.

Fernandez et al., (2007) investigated the influence of phosphate-solubilising ability of bacterial
isolates on soybean (Glycine max L.) growth under greenhouse conditions. They found
inoculation with Bhurkolderia sp. had 40% greater aerial heights (cm) than the uninoculated
soil/seed control showing that phosphate-solubilisation by the bacteria had a significant effect on

plant growth.

A study by Akhtar and Siddiqui, (2009) examined the effects of phosphate solubilising bacteria
on the growth of chickpea (Cicer arietinum L.) under field conditions. They found that
Paenibacillus polymyxa, Pseudomonas putida, Pseudomonas alcaligenes and Pseudomonas
aeruginosa) significantly increased shoot dry weight, increased seed weight and yield over the

uninoculated control with P. polymyxa having the greatest effect among the isolates.

Canbolat et al., (2006) examined the effects of plant growth promoting bacteria on barley
(Hordeum vulgare) seedling growth. The bacterial isolates (Bacillus RC01, Bacillus RC02,
Bacillus RC03 and Bacillus M-13) were found to solubilise phosphate. Available phosphate in

the soil was significantly increased by seed inoculation with Bacillus RCO1 and Bacillus M-13.

Inoculations of barley with Bacillus RCO1, Bacillus RC02, Bacillus RC03 and Bacillus M-13
increased root dry weight by 16.7, 12.5, 8.9 and 12.5% respectively compared to uninoculated
control and shoot weight by 34.7, 34.7, 28.6 and 32.7% respectively. As a result of phosphate
solubilisation and other activities, these bacterial isolates have potential plant growth promotion

activity in barley.
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Nitrogen fixation

Nitrogen is an essential plant nutrient. There are two types of nitrogen fixation carried out by
PGPR: symbiotic and non-symbiotic. Non-symbiotic nitrogen fixation is carried out by free-
living diazotrophs and can stimulate non-legume plants growth. These bacteria belong to the
genera Azoarcus, Azospirillum, Burkholderia, Gluconacetobacter and Pseudomonas (Antoun
and Prevost, 2005; Richardson et al., 2009; Martinez-Viveros et al., 2010).

Symbiotic nitrogen fixers include Rhizobia, develop symbiotic relationships with host legume
plants and through atmospheric N2 fixation within nodules can provide upto 90% of the N
requirements of the plant. Endophytic diazotrophs appear to have an advantage over root-surface
organisms since they are capable of colonising the interior of roots and establish themselves
within niches that are more conducive to effective N, fixation, transferring the fixed N to the
host plants. In addition to their potential for supplying N through N, fixation to the host plants
they may also promote plant growth through various other mechanisms such as phytohormone

production (Richardson et al., 2009).

Phytohormone production

Some PGPR can have an influence on plant growth by the production of phytohormones such as
auxins, cytokinins and gibberellins. Auxins contribute to the endogenous pool of phytohormones
produced by the plant (Martinez-Viveros et al., 2010). The production of indole acetic acid has
been shown to be widespread among PGPR (Xie et al., 1996; Patten and Glick, 2002) and is
predominantly synthesized by an alternate tryptophan-dependant pathway which is carried out
through indole-pyruvic acid. The role of IAA produced by the PGPR in plant growth is however
still undetermined. IAA in plants is the main auxin which controls many important and beneficial
physiological processes including cell enlargement and division, tissue differentiation and
responses to light and gravity (Patten and Glick, 2002; Spaepen et al., 2007; Shahab et al., 2009;
Martinez-Viveros et al., 2010). Therefore PGPR which produce IAA and interact with plants
have the potential to interact with any of the fore-mentioned processes, resulting in a positive or
negative effect. IAA produced by PGPR can promote root growth (Spaepen et al., 2007), which

can subsequently enhance mycorrhizal contact (Garbaye, 1994).
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PGPR which produce TAA have been demonstrated as belonging to the following genera’s of
Aeromonas, Bacillus, Burkholderia, Enterobacter, Pseudomonas and Rhizobium (Martinez-
Viveros et al., 2010).Rapid establishment of roots can be achieved either by the elongation of
primary roots or by the proliferation of lateral and adventitious roots. This establishment is
advantageous for young seedlings as it increases their ability to anchor themselves in the soil.
This increases their chances of survival by obtaining water and nutrient from the soil (Patten and

Glick, 2002).

Dobbelaere et al., (1999) showed in an experiment with Azospirillum that increased rooting was
directly related to IAA synthesis. This increased rooting enhanced the plant mineral uptake and
root exudation which in turn stimulated bacterial colonisation which further enhances the

inoculation effect.

Patten and Glick, (2002) showed that low concentrations of IAA stimulated the elongation of the
primary root and demonstrated the direct influence of bacterial [AA in promotion of root
elongation when associated with the host plant. However, high concentrations of IAA stimulate
the formation of lateral and adventitious roots. IAA produced by PGPR can therefore have many
beneficial influences on plant growth by altering root elongation. A study by Shahab et al.,
(2009) revealed three bacterial isolates (two strains of Bacillus thuringensis and Pseudomonas
aeruginosa) which were able to produce IAA had an effect on mung beans (Vignia radiate) in

greenhouse experiments.

The P.aeruginosa isolate showed the most significant root and shoot elongation compared to the
other two isolates and the control. It is therefore discussed that plant growth substances produced
by these bacteria improve plant growth by directly having an effect on metabolic processes.
Since they induce lateral root and root hair proliferation, increasing the nutrient absorbent
surface areas leading to greater nutrient absorption rates and increases in shoot and root length of

the plants (Shahab et al., 2009).

Cytokinins are phytohormones which promote cell division and enlargement, tissue expansion
and promote root hair development. Cytokinin production has been shown in various PGPR
including Azospirillum, Pseudomonas fluorescens and Paenibacillus polymyxa (Madhaiyan et
al., 2010).
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Gibberellins enhance the development of plant tissues, particularly stem tissue and promote root
elongation and lateral root extension. Production of gibberellins has been reported in PGPR such
as Azospirillum, Bacillus punnilus, Bacillus licheniformis and Rhizobium (Vessey, 2003;
Martinez-Viveros et al., 2010).

Ethylene is a phytohormone which effects plant growth by inhibiting root elongation. Plants
produce ACC (1-aminocyclopropane-1-carboxylate) which is the precursor for ethylene. Some
ACC is released into the soil and reabsorbed by the roots, which leads to diminished root growth.
Some PGPR have the ability to synthesize ACC deaminase, an enzyme which cleaves ACC
which thereby decreases ethylene production, promoting root lengthening. ACC deaminase
activity has been reported in the genera Achromobacter, Azospirillum, Bacillus and

Pseudomonas (Vessey, 2003; Martinez-Viveros et al., 2010.

Madhaiyan et al., (2010) studied the effect of co-inoculations of Methylobacterium oryzae with
Azospirillum brasilense and Burkholderia pyrrocinia on the growth of tomato (Lycopersicon
esculentum Mill.), red pepper (Capsicum annum L.) and rice (Oryza sativa L.). Studies showed
that Methylobacterium through the production of phytohormones such as IAA and cytokinins
improved plant growth. Other mechanisms such ACC deaminase and the production of
siderophores have also been documented. Azospirillum is known as a nitrogen fixer and a
producer of IAA whereas Burkholderia has been shown to solubilise phosphate and have ACC
deaminase activity. Under greenhouse conditions, there was a significant increase in all plant
growth paramters by the bacterial isolates compared to the non-inoculated control plants. In
tomato, individual inoculation of M.oryzae or its co-inoculation with A. brasilense and B.
pyrrocinia produced significant increases in root length compared to control or individual
inoculations. In red peppers, inoculation with M.oryzae produced the greatest root and shoot
lengths while a greater root and shoot growth was found with the dual inoculation of M.oryzae
with B. pyrrocinia. In rice, no significant increases in root length were recorded. Cytokinins
produced by M.oryzae may enhance stomatal opening and promote cell division in the presence
of auxins resulting in an enahnced uptake of water and other nutrients from the soil. Thus
cytokinin and IAA production by M.oryzae may have a positive effect on the growth of plants
(Madhaiyan et al., 2010).
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Mena-Violante and Olalde-Portugal, (2007) investigated the effect of a PGPR (Bacillus subtilis
BEB-13bs) on tomato (Lycopersicon esculentum Mill.) growth parameters under greenhouse
conditions. B.subtilis was able to significantly increase the root dry weight and root length by 18-
26% and 13-15% respectively in the two experiments. The inoculation with B.subtilis also
increased the yield per plant (g), which was higher than the control by 21% and 25% in the two
experiments. Fruits in the B.subtilis treatments were significantly heavier and longer by 18%
than those in the control treatments. They attributed the effects of the Bacillus inoculation to the
production of hormones, which are believed to change assimilate partitioning patterns in plants,
altering growth in roots, fructification process and development of the fruit. They concluded that
tomato root inoculaiton with a PGPR Bacillus strain enhances fruit quality under greenhouse
conditions. They expressed however, field trials should be carried out to ensure those positive

effects are maintained.

Effects of floral and foliar application of plant growth promoting rhizobacteria on the growth of
sweet cherry was investigated by Esitken et al., (2006). The bacterial isolates used to investigate
the plant growth promoting effects on sweet cherry (Prunus avium L.) were Pseudomonas (BA-
8) and Bacillus (OSU-142). BA-8 has been found to produce transzeatin and OSU-142 to fix
nitrogen and produce IAA. The bacterial treatments BA-8, OSU-142 and BA-8 + OSU-142
affected yield per trunk cross-section area (TCSA), fruit weight and shoot length. The yield per
TCSA was significantly increased in the bacterial treamtents except for OSU-142 compared with
the control. Significant yield increase was obtained with Pseudomonas BA-8 (0.107 kg.cm™;
16.3%) and BA-8 + OSU-142 (0.112 kg.cm™; 21.7%) as compared with the control (0.0902
kg.cm™). Fruit weights was also significantly increased by the bacterial treatments with BA-8
(7.56g) and OSU-142 (7.65g) compared with the control (7.26g). In addition, the treatments
significantly increased the shoot lengths by BA-8 (16.36cm; 11.3%), OSU-142 (16.43cm;
11.8%) and BA-8 + OSU-142 (19.05cm; 29.6%) compared with the control (14.70cm).

The growth enhancements of the bacteria on sweet cherry could be explained by the nitrogen
fixation and IAA producing capacity (OSU-142) and trans-zeatin production (BA-8). They
concluded that Pseudomonas BA-8 and Bacillus OSU-142 alone or in combination have a great

potential to enhance sweet cherry growth parameters.
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A study by Orhan et al., (2006) looked at the effects of Bacillus OSU-142 (nitrogen fixing
bacterium) and Bacillus M3 (nitrogen fixing and phosphate solubilising bacterium) on the
growth parameters of raspberry. The results ahowed that M3 treatment stimulated plant growth
and resulted in significant yield increase. Significant yield increase was obtained with M3 and
OSU-142 + M3 by 33.9 and 74.9% respectively. M3 and OSU-142 + M3 treatments gave the
highest cane length of rapsberry with increases of 13.6 and 15.0% respectively over the control.
These two treatments also caused significant increases in the number of cluster per cane and the
number of berries per cluster as compared with the control. In the study, the authors also found
increases in N and P content of rapsberry leaves, and a decrease in pH of the soil, which
correlates to the evidence of the bacterial isolates fixing nitrogen and solubilising phosphate due
to the produciton of organic acids. Therefore these isolates, through their PGPR ability were able
to increase the growth parameters of rapsberry and can be utilised for organic agricultural

practices.

The plant growth promoting effects of Bacillus M3 (phosphate solubilisation), Bacillus OSU-142
(cytokinin and IAA production) and Microbacterium (N, fixing) were tested alone or in
combination on apple (Malus domestica L. cv. Granny Smith) in terms of yield, growth and
nutrient composition of leaves was investigated by Karlidag et al., (2007). They found
significant increases in yield was obtained with application of M3 + Microbacterium (12.71
kg/tree, 88%), OSU-142 + Microbacterium (10.96 kg/tree, 62.9%), OSU-142 (8.55 kg/tree,
26.5%) and M3 + Microbacterium (8.52 kg/tree, 26%) compared to the control (6.76 kg/tree).
Average fruit weight also significantly increased by M3 + Microbacterium (193.7 g), M3 +
OSU-142 (191.5 g), OSU-142 (186.9 g) and OSU-142 + Microbacterium (175.7 g) treatments
compared with control (154.3 g). Results showed that the most significant shoot length increase
was obtained with M3 + Microbacterium (73.25 cm) followed by M3 + OSU-142 (71.94 cm)
treatments compared to controls (56.54 cm). Shoot diameter also significantly increased by M3 +

OSU-142 (18.4%) and M3 + Microbacterium (15.9%) application compared to controls.

29



Chapter 1

Effects of root colonization by plant growth promoting rhizobacteria (PGPR) on biomass and
essential oils composition were determined in Origanum majorana L. by Banchio et al., (2008).
PGPR strains evaluated were Pseudomonas fluorescens, Bacillus subtilis, Sinorhizobium
meliloti, and Bradyrhizobium sp. Inoculation with P. fluorescens or Bradyrhizobium sp. induced
significant increases in number of leaf, shoot length, and number of nodes. Leaf number was
80% higher in P. fluorescens inoculated plants than in control, as reflected in a 3.2-fold increase
in shoot fresh weight. Root dry weight in plants inoculated with P. fluorescens or with
Bradyrhizobium was 6-fold higher than in control (non-inoculated) plants, and significantly
higher than in plants inoculated with other strains. Plants inoculated with P. fluorescens or
Bradyrhizobium showed significant increase in total essential oil yield 24- and 10-fold,
respectively. In P. fluorescens inoculated plants; essential oil yield (% V/W) increased 0.14%,

compared to 0.05% in non-inoculated plants.

Pathogen Inhibition

PGPR have been shown to mediate in the biological control of plant pathogens. The mechanisms
involved can be direct via the production of antibiotics, siderophores, hydrogen cyanide,
hydrolytic enzymes (chitinases, proteases and cellulases) or indirectly by competition with the
pathogen for ecological niche such as infection and nutrient sites (Linderman, 2000; Bloemberg

and Lugtenberg, 2001; Sharma and Johri, 2002).

PGPR have been to shown to produce various antibiotics effective against phytopathogens under
laboratory conditions. These antibiotics include butyrolactones, zwittermycin A, kanosamine and
2.4-diacteylphloroglucinol (2,4-DAPG). 2,4-DAPG is one of the most efficient antibiotics and is
produced by Pseudomonas strains. It has a wide spectrum including being an anti-fungal,

antibacterial and anti-helmintic (Whipps, 2001; Martinez-Viveros et al., 2010).

Some PGPR are capable of producing hydrogen cyanide (HCN), a volatile secondary metabolite
which suppresses the development of other microbes. Many different bacterial genera produce
HCN including Alcaligenes, Aeromonas, Bacillus, Pseudomonas and Rhizobium (Whipps, 2001;
Martinez-Viveros et al., 2010).
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Iron is an essential element required for growth in all organisms and bioavailable iron in the soil
is generally deficient. Therefore under iron-limiting environments, PGPR produce siderophores,
low molecular weight compounds which competitively sequesters ferric iron. The bacterium
which originally produces the siderophore, takes up the iron-siderophore complex through
receptors specific to the complex on the outer cell membrane. Once inside the bacterium, the iron
is released and available to support microbial growth (Siddiqui, 2005). The siderophores deprive
the pathogenic fungi of the available iron in the soil as the PGPR siderophores have a greater
affinity for the iron. Some PGPR can sequester iron from heterologous siderophores produced by
other soil microorganisms (Suresh and Bagyaraj, 2002). Siderophore producing bacteria have
been found to belong to Bradyrhizobium, Pseudomonas, Rhizobium, Serratia, and Streptomyces
(Martinez-Viveros et al., 2010).

The root surface and its surrounding rhizosphere are significant sources of carbon. Therefore
along the surfaces of the roots there are a variety of nutrient rich niches which attracts a wide
range of microorganisms, including phytopathogens. Competition for these nutrient niches is one
of the major mechanisms by which PGPR protect the plant from pathogens. PGPR have the
ability to reach the surfaces of the roots through active motility by their flagella and are guided
by chemotrophic responses. They are also carried by the mycorrhizal hyphal network (Compant

etal., 2005).

1.3.4 Endocellular bacteria of AM fungi

Endocellular bacteria are reported to be found only in a few fungi including some
Glomeromycota species (AM fungi). The cytoplasm of AM fungi contains many bacteria-like
organisms (BLO’s). Microscopy revealed these bacterial cells as Gram-negative and rod shaped,
occur singly or in groups, often inside fungal vacuoles in both spores and hyphae and were
described as being related to Burkholderia. They were placed in a new taxon related to
Burkholderia but named ‘Candidatus Glomeribacter gigasporarum’ because of their

unculturability (Bianciotto and Bonfante, 2002; Bonfante and Anca, 2009).
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Different mechanisms by which these endosymbionts can affect fungal performance including
the release of substances which affect fungal gene expression, introduction of chemical
compounds into the spores, attachment to fungal surface by producing lectins and degradation of
fungal cell wall which may aid in germination or colonisation (Artursson et al., 2006; Bonfante

and Anca, 2009; Miransari, 2011).

The functional significance of AM fungal endobacteria is not clear as these bacteria are
unculurable. The bacterial genes have been partially identified, some of which are involved in
nutrient uptake, such as a putative phosphate transporter operon, pst; and a gene involved in
colonisation events by bacterial cells, vac. A DNA region which contained putative nitrogenase

coding genes (nif operon) has also been found (Bianciotto and Bonfante, 2002).

1.4 Interactions with other soil microorganisms

The use of AM fungi to enhance plant growth and yield of various crops has been researched in
recent years due to their beneficial effects which have a large economic impact on agriculture
and horticulture. The interactions between AM fungi and other rhizosphere micro-organisms
therefore have the potential to increase plant growth and yield of plants more so than individual
inoculations. Many studies have been carried out to analyse the interactions between AM fungi

and rhizosphere micro-organisms.

1.4.1 AM fungal interactions with Mycorrhizal Helper Bacteria

There have been studies investigating the interactions between AM fungi and MHB on plant
growth. These interactions may be beneficial to the host plant as the MHB helps increase AM
fungal colonisation in the plant roots by mechanisms mentioned before. A study by Mamatha et
al., (2002) investigated the interactions between AM fungi and a mycorrhiza helper bacterium
(Bacillus coagulans) in field established mulberry and papaya plants. Mulberry plants inoculated
with Glomus fasciculatum showed a significant increase in plant height and number of leaves
and in papaya plants inoculated with Glomus mosseae and Glomus caledonium a significant
increase in plant height and and stem girth compared with the control given 100% recommended
P. There was no significant difference in plant growth parameters between treatments with the

AM fungi alone or the AM fungi with Bacillus coagulans.
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Mycorrhizal colonisation however, was highest in plants inoculated with the AM fungi and
B.coagulans. Increased AM fungal colonisation by the bacterium indicates that B.coagulans is a
mycorrhizal helper bacterium. It has been suggested that MHB produce hydrolytic enzymes
which cause the cortical cells to dilate, providing a larger intercellular surface area with which
the AM fungi can penetrate and colonise more easily, increasing the percentage of AM fungi

present in the plant, thereby providing more nutrients to the plant (Mamatha et al., 2002).

1.4.2 AM fungal interactions with Plant-growth promoting Rhizobacteria

The improvement of plant growth and nutrition through the synergistic interaction between AM
fungi and PGPR has been described in several studies. It has been mentioned that in P-deficient
soils, phosphate-solubilising micro-organisms interact with AM fungi by releasing phosphate
ions which are transferred by the AM fungi to the plant. There are different mechanisms by

which PGPR and AM fungi interact together to improve plant growth (Artursson et al., 20006).

A study by Khan and Zaidi, (2007) examined the co-inoculation of a nitrogen-fixing
(Azotobacter chroococcum), a phosphate-solubilisng bacterium (Bacillus sp.8), and an AM
fungus (Glomus fasciculatum) on the growth of wheat (Triticum aestivum L.). The dual
inoculations of A. chroococcum and Bacillus; A. chroococcum and G. fasciculatum; and Bacillus
and G. fasciculatum increased the dry matter significantly compared to the control. The co-
inoculation of Bacillus and G. fasciculatum enhanced the dry matter accumulation in roots,
shoots and whole plants by 1.7, 1.5 and 1.6-fold respectively compared with the control, and was

superior to other single or dual inoculation treatments.

The triple inoculation of A. chroococcum, Bacillus and G. fasciculatum had a two-fold increase
in total dry matter and doubled the grain yield of wheat relative to the control. The number of
AM spores and percentage root colonisation were signifcantly greater in the triple inoculation
(322.5 spores.g' soil and 90.2% respectively) compared with other treatments. The results were
attributed to the ability of the phosphate-solubilising organisms to solubilse inorganic phosphate
sources in the soil. A. chroococcum is a phyto-stimulator as well as nitrogen-fixer, therefore
provides considerable amounts of plant growth promoting substances such as hormones. The
AM fungi then provide these extra nutrient sources to the plant through their hyphal network
(Khan and Zaidi, 2007).
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A study by Bharadwaj et al., (2008) investigated AM fungal spore-associated bacteria and their
effects on potato (Solanum tuberosum L.) growth. They found an isolate, Pseudomonas putida
biotype A, which solubilises phosphate and produces IAA had the most significant effect on
potato growth by increasing the number of primary roots by 100%, the number of lateral roots by
65% and root length by 76%, shoot length by 73% and the number of leaves by 81% compared

with the control. This isolate also increased the root colonisation by G.mosseae.

Pivato et al., (2008) performed a study which revealed a bacterial isolate Pseduomonas
fluorescens which in combination with the AM fungi G. mosseae and G. rosea, increased shoot
and root growth and promoted the mycorrhization of tomato (Lycopersicon esculentum Mill.)
plants, however the combinations resulted in lower shoot and root growth than P. fluorescens

isolate singly inocluated.

A study by Gamalero et al., (2004) looked into the impact of two pseudomonads (Pseudomonas
fluorescens and Pseudomonas fluorescens P190r) and an AM fungus (G.mosseae) on tomato
(Lycopersicon esculentum Mill.) plant growth. They found that Pseudomonas fluorescens 92rk
increased mycorrhizal colonisation by 41%, whereas Pseudomonas fluorescens P190r did not.
Pseudomonas fluorescens 92rk and Pseudomonas fluorescens P190r significantly increased both
the shoot and root fresh weights whereas G.mosseae only increased the shoot fresh weights. Co-
inoculation of 92rk and BEGI2 induced significant increases in shoot fresh weight. Co-

inoculation of all three increased shoot and root fresh weights relative to all the other treatments.

Khan and Zaidi, (2006) investigated the inoculations of a phosphate-solubilisng bacterium
(Bacillus subtilis), a nitrogen-fixing bacterium (Bradyrhizobium sp.) and an AM fungus (G.
fasciculatum) on greengram (Vignia radiata L. wilczek). It was found, in general there was no
significant increase in plant length (root and shoots) among the individual treatments. The dual
inoculation of G. fasciculatum and B. subtilis significantly increased the root length at the
flowering stage only. Among all the treatments, the tripartite inoculation of Bradyrhizobium, G.
fasciculatum and B. subtilis enhanced the length of the root and shoots at flowering and harvest
relative to the control. Single inoculations of Bradyrhizobium sp significantly increased the the

total dry matter by 110 and 117% at flowering and harvest respectively.
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In comparison, the inoculation of Bradyrhizobium sp and G. fasciculatum increased the total dry
matter production by 117% at each of the stages compared to the control. Among all the
treatments, the most significant inoculation combination was that of Bradyrhizobium, G.
fasciculatum and B. subtilis which increased the dry matter production significantly by 200 and
183% at flowering and harvest stages respectively, compared to the control. They concluded the
application of a phosphate-solubilising bacteria and AM fungus assists the plant root to utilise

the sparingly available soluble P and making more P available to the crop.

The plant growth and yield of greengram plants was therefore increased. The study indicated a
strong interaction exists between Bradyrhizobium, G. fasciculatum and B. subtilis. The fact that
plant growth and nutrient uptake increased in the presence of AM fungi, it can be suggested that
a strong synergistic relationship occurs between root colonisation, P uptake and growth

promotion (Khan and Zaidi, 2006).

A study by Kohler et al., (2007) studied the interactions between a PGPR (B. subtilis) and an
AM fungus (G. intraradices) and their effects on lettuce plants (Latuca sativa). They found the
dual inoculations of B.subtilis and G. intraradices had the highest effect (77%) on shoot biomass
of the lettuce plants, They attributed the increase in plant growth by B. subtilis due to an
enhanced P and K supply to the crop. It has been shown that B. subtilis is a phosphate- and
potassium-solubilising rhizobacterium Kohler et al., (2007), which may enhance mineral uptake
by plants by solubilisng insoluble P and releasing K from silicate in the soil, which is then taken
up by the extra-radical AM hypahe and transferred to the crop plant (Rodriguez and Fraga,
1999).

Mar Vazquez et al., 2000 performed a study to investigate the influence of different microbial
inoculants on maize (Zea mays L.). The bacterial isolate Azospirillum brasilense is known to
produce IAA and was found to have a significant increase in shoot and root dry weight in the
dual inoculation with G. deserticola. They confirmed the ability of growth promoting substances
to stimulate plant susceptibility to mycorrhizal colonisation, spore germination, mycelial growth,
which in turn increases the chance of contact between fungal hyphae and plant roots. The
beneficial effects of Azospirillum on plant growth may not be related to only stimulation of

colonisation by G. deserticola but an increase in the development of the extra-radical mycelium
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could also be involved. Their results indicate, as previoulsy reported, a functional compatibility

between saprotrophic and symbiotic micro-organisms.

A study by Medina et al., (2003) looked at the interactions between AM fungi (G. mosseae, G.
intraradices and G. deserticola) and PGPR (Bacillus pumilus and Bacillus licheniformis) on
alfalfa plants (Medicago sativa). B. pumilus and B. licheniformis produce IAA and gibberellins
respectively. Single bacterium treatments did not have an effect on plant growth parameters.
Two of the Glomus spp. (G. intraradices and G. deserticola) caused increases in shoot weight.
The most efficient treatment in plant growth (shoot and root dry weight, root length and surface
area) was the dual (G. deserticola and B. pumilus) inoculation, which produced a 715% (shoot
weight) and 190% (root length) increase over the uninoculated control. The direct effect of B.
pumilus on root growth is a result of phytohormone production, since IAA production regulates
adventitious root formation, increasing nutrient uptake, further enhanced by the AM fungal

hyphal network.

Interactions between AM fungi and PGPR occurs naturally since they share common habitats
such as the root surface (Barea et al., 2004). The interaction increases plant growth through
mechanisms carried out by both the AM fungi (through increased nutrient uptake and an
enhanced surface area for absorption) and PGPR (phosphate-solubilisation, nitrogen fixation and
phytohormone production) (Antoun and Prevost, 2005; Miransari, 2011), which combined have a

benefecial effect on plant growth in various crops as investigated by the studies mentioned.

1.5 Ecological Significance of AM fungal interactions

1.5.1 AM fungi in management of disturbed environments

Landscape Development
AM fungi are able to accelerate the natural processes of plant community development. AM
fungi stimulate the growth of plant’s originally present in the area by increasing nutrient and

water uptake. This leads to successional processes as revegetation occurs through the primary

plants (Jeffries et al., 2003; Johansson et al., 2004).
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Horticulture and Agriculture

The use of AM fungi in agriculture could lead to decreased usage of chemicals, reducing
pollution caused by these chemicals in soil water. Successful inoculation is usually achieved
when AM fungi are introduced very early in the plant development process followed by the use
of low amount of P fertilisers and selective use of pesticides. Colonisation by AM fungi will
follow the development of the root of the seedlings/ cuttings, therefore the plants will be already
mycorrhizal when transplanted in the field. Inoculation with AM fungi can reduce plant losses
during the acclimatisation phase, stimulate plant development (including flowering) and increase
productivity after transplant into the field (Jeffries et al., 2003). Following field transplantation,
the rhizosphere of a micro-propagated plant is usually colonised with a variety of other soil

micro-organisms, some of them beneficial to the symbiosis.

Sustainable agricultural systems utilise natural processes to obtain acceptable levels of
productivity and food quality while minimising adverse environmental impacts (Harrier and
Watson, 2004). In low-input situations, the effective production requires the crop to have access
to nutrients, water, and be relatively free of pests and diseases but also require minimal
additional inputs such as chemicals and fertilisers. These can be influenced or be provided by
AM fungi (Atkinson et al., 2002). These low-input systems promote both mycorrhizal
colonization of crops and the maintenance of AM fungi spores in the soil in comparison with the
more intensive conventional or high-input systems. The low-input sustainable agriculture not
only increase sporulation but also influences the composition of the AM fungi communities by

increasing diversity and also changing the relative abundance of each species (Hamel, 1996).

AM fungi are important contributors to the maintenance of soil quality. Figure 1.4 shows the
features of conventional agriculture soils which include high disturbance, high tillage and
fertiliser input, high pesticide input compared to the sustainable agriculture soil which contains
low disturbance, low tillage practices and fertiliser input and contains high biological input and

also control of pathogens instead of chemicals (Johansson et al., 2004).
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Figure 1.4: Schematic view of the rhizopshere and mycorrhizosphere with respect to features of
conventionally managed agriculture soils versus sustainable agriculture soils (Johansson et al.,

2004).

Sustainable agricultural practices involves reduced soil tillage, increased crop diversity,
maintenance of vegetation cover and reduced chemical inputs compare to the conventional
counterparts. AM fungi have an influence on agriculture practices in both conventional and
sustainable systems but are more predominant in sustainable systems (Jeffries et al., 2003).
These influences account for the application of AM fungi as a biological input for sustainable
agriculture. The influences include crop nutrition, crop pests and diseases, the interactions with

other soil micro-organisms, the crop water relations and soil structure (Gosling et al., 2006).
Alleviating Desertification

Disturbance of natural plant communites is often accompanied by / or preceded by loss of
physico-chemical and biological soil properties such as soil structure, plant nutrient availability,
organic matter content and microbial activity (Jeffries et al., 2003). It is becoming more crucial

to recover not only the vegetation but also the soil properties.
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Inoculation with symbiotic organisms such as AM fungi are becoming an alternative method to
reduce the effects of desertification. The introduction of target indiginous plant species
associated with a managed community of microbial symbionts to become a successful

biotechnological tool to aid in the recovery of desertified ecosystems.
Bioremediationof polluted soils

Current remediation of pollutant from soil include physico-chemical extraction; this method is
however extremely expensive and destroys all organisms existing in the substrate.
Bioremediation is suggested as an alternative. Three important approaches have been proposed
to clean up polluted soils (Jeffries et al., 2003). Phytostabilisation- pollutants are immobilised by
plant activity, resulting in attenuation of the wind and soil erosion and run off processes into the
ground water or air; Phytoextraction- metal hyperaccumulation plants which can contain more
than 1% of metals in harvestable tissues; and Phytodegradation- whole range of metabolic
processes usually by plants and assisted by micro-organisms to degrade organic compounds such

as hydrocarbons, pesticides and explosives etc (Jeffries et al., 2003).

1.5.2 Influence of conventional farming practices on AM fungi

The management of crops utilises practices which can impact the AM fungi association both
directly by damaging or killing AM fungi and indirectly by creating conditions which are
unfavourable to AM fungi (Hamel, 1996). Agricultural practices in general have a negative
effect on AM fungi association and agricultural soils are AM fungi impoverished especially in
terms of the numbers of species. Different management strategies introduce different types of
disturbances which influence the AM fungi. These disturbances include fertilisers, biocides,

tillage and crop rotations (Gosling et al., 2006).

Fertilisers

There is a strong influence of the host phosphorous status on AM association. Therefore the use
of phosphate fertilisers has a significant impact on the relationship between the plant and fungus.
Phosphate fertilisers in agriculture are usually used in excess of the crop requirements which

results in a build up of total and easily available phosphorous in the soil (Gosling et al., 2006).
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This leads to the plants relying less on the AM association and results in a lower AM fungi
colonization and propagule density, which also results in the soil containing increased
phosphorous available. Fertilisation may also select for AM fungi species which are inferior in
terms of providing a benefit to the host (Gosling et al., 2006). The use of other readily soluble
fertilisers such as nitrogen fertilisers also has a negative effect on AM fungi colonization and/or
diversity. Organic sources of nutrients which include farmyard manure, compost and crop
residues and also slow releasing fertilisers like rock phosphate do not appear to suppress the AM
fungi and may also stimulate the colonization and development of AM fungi (Gosling et al.,
2006). However, the overuse of organic amendments, especially those which are high in
phosphorous (such as chicken manure) may have a negative influence on the AM fungi. Liming
acidic soil tends to increase the population density of the AM fungi and may also result in a

change of species dominance among the AM fungi (Gosling et al., 2006).

Biocides

The effect that biocide has on the AM fungi association is complex and not easily predictable.
Fungicides have been shown to reduce to AM fungi colonization and spore production. Some
fungicides have been shown to have deleterious effects on AM fungi and in others increase AM
fungi colonization and nutrient uptake (at reduced application rates) (Hamel, 1996). Other types
of biocides can have negative, neutral or positive effects on the AM fungi colonisation. At the
recommended application dosage of these biocides results in reduced colonization and spore
production but at half their application dosage they can increase colonization and spore
production. Non-fungicidal biocides are known to alter root exudates type and their quantity

which are important in plant growth promotion and also in AM colonization (Hamel, 1996).

Tillage

In natural ecosystems, seedlings are colonised by AM fungi through contact with the common
mycorrhizal network (CMN). Soil tillage has been shown to cause severe disruption to the CMN
which results in delayed or reduced root colonisation and also a reduction in the volume of soil
which is exploited by the AM fungi (Gosling et al., 2006). This leads to a reduced plant nutrient
uptake which affects crop growth and yield. The exact effect of tillage on AM fungi depends on
the type of soil. Deep inversion tillage is likely to bury AM fungal propagules below a depth

which early seedling root growth cannot reach and delays the colonisation of the root by the AM
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fungi (Gosling et al., 2006). Tillage has been shown to also cause a shift in community structure
of the AM fungi and may favour species that colonize mainly from spores instead of other
propagule sources such as root fragments and CMN. These species of AM fungi may not be the
most beneficial fungi to the host plant since they use a large portion of their resources to
producing spores instead of the uptake of nutrients (Gosling et al., 2006). Reducing tillage has
been shown to increase AM fungal colonization and nutrient uptake. In agro-ecosystems tillage
increases nitrogen mineralisation, increased soil temperature, reduced weed numbers and
improved soil physical properties all of which may impact on the association of the plant with

AM fungi (Gosling et al., 2006).

Crop rotations

Soils which are used in agricultural production have a low density of AM fungi compared to
natural ecosystems and are often dominated by Glomus species. One reason for this is a low host
diversity which mainly occurs in crop monoculture. Monoculture may select for AM fungi
species which provide limited benefits to the host plant. These AM fungi grow and sporulate
most rapidly and divert most of their resources to their own reproduction and growth (Hamel,
1996). In general, increasing crop diversity is beneficial to AM fungi whereas adding a non-
mycorrhizal host crop to the fields can have a negative effect on MA fungi colonization, nutrient
uptake and the yield of the crops (Johansson et al., 2004). Root and AM fungi hyphal fragments
(important for early colonization) only survives for around six months in the soil and when non-
mycorrhizal host crop plants occupy the soil, the propagule numbers decline and AM
colonization of the subsequent crop will be delayed and reduced in quantity. Cropping with a
non-mycorrhizal host plant can be more detrimental to a subsequent highly mycorrhizal
dependant crop than either tillage of phosphate fertiliser (Gosling et al., 2006; Johansson et al.,
2004). Bare fallow periods have a similar effect to non-mycorrhizal host crops and reduced
propagule numbers, colonization, nutrient uptake and in some cases the yield of subsequent
mycorrhizal crops (Johansson et al., 2004). Cultivating the bare fallow can further reduce hyphal
survival which can be detrimental. Area’s which contain soils with low phosphate availability, an
extended bare fallow results in a condition termed long fallow disorder in which the crops

experience phosphate and zinc deficiency (Johansson et al., 2004).
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1.6 Motivation for study

The influence of AM fungi and associated soil micro-organisms such as mycorrhizal helper
bacteria and plant-growth promoting rhizobacteria to enhance plant growth and mycorrhizal
development has been extensively studied (reviewed in Dames and Ridsdale, 2012). Through
these studies, the mechanisms underlying the benefits afforded by both AM fungi and associated
bacteria can be determined. The use of these mechanisms can then be applied to trials to further
understand the tripartite symbiosis which can then be enhanced and used in sustainable
agriculture practices. Through this, one can hopefully enhance plant productivity and food
quality and lessen the usage of chemical alternatives which are detrimental to the environment.
This is a collaborative study between South Africa and Argentina, examining multi-trophic

mycorrhizal complexes and raspberry is a focus host in both countries.

1.7 Hypothesis and Objectives

Hypothesis

Soil bacteria associated with arbuscular mycorrhizal fungi contribute to mycorrhizal

establishment and improve plant growth.
In order to investigate this, the following objectives were addressed:

1. Isolation of AM fungi from various soil sources (South Africa and Argentina) and subsequent

isolation of spore-associated bacterial isolates.
2. Characterisation of bacterial isolates according to selected PGPR characteristics.
3. Identification of selected spore-associated bacterial isolates.

4. Determine if spore-associated bacterial isolates contribute to mycorrhizal establishment and

enhance plant growth.
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2.1 Introduction

Arbuscular mycorrhizal fungi associate with various terrestrial plant species, some of which are
beneficial in the agriculture industry. Raspberry (Rubus idaeus) and strawberry (Fragaria
ananassa) have both been shown to be host to various arbuscular mycorrhizal fungi in the genus
Glomus, Gigaspora and Scutellospora. These AM fungi have been shown to promote and
depress the growth and yield of both berry types (Taylor and Harrier, 2000; Taylor and Harrier,
2001; Stewart et al., 2005; Douds, Jr et al., 2008).

The use of microbial communities to alleviate the usage of chemicals and the industry looking to
become more organic is increasing in order to produce high yield crops. These organisms include
bacteria that are able to solubilise phosphate, fix nitrogen or inhibit pathogens, for example some
Bacillus species are used to improve plant growth, and studies into tripartite symbiosis with AM

fungi have been done (Vestberg et al., 2004; Orhan et al., 2006).

The berry industry is one of the smaller fruit markets in South Africa. Berries are high value
crops due to the many health benefits they offer and hence the demand for berries is increasing
(den Hartigh, 2011). There are approximately 40 berry growers across South Africa, of which a
few produce 98% of the fresh berries. South Africa’s biggest competition for blueberries is

Argentina and for raspberries are Spain, Portugal, Morroco and Mexico (den Hartigh, 2011).

In 2008 South Africa exported approximately 200 tonnes of berries, now, five years later the
industry is exporting “1000t of both blueberries and raspberries, and 50t of blackberries per
annum” (Erasmus, 2012). Approximately 80% of the berries exported by South Africa go to the
United Kingdom and continental Europe markets and exports are expected to reach R12.9 billion

this year (Erasmus 2012).

Strawberry production in South Africa has been occurring for the past 60 years. There is
approximately 300 hectares of strawberries grown in South Africa, 80% of which are planted to
locally bred cultivars. Yields before 1959 exceeded 6 t/ ha but now yields of 20 to 30 t/ha are
obtained. “The annual value of the crop is estimated to be worth about 25 million Rands”

(Human and Evans, 1989).
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The aims of the experiment were to isolate bacteria from AM fungal spores from the soils
associated with the roots of various natural indeginous forest sources, raspberry and strawberry
samples in South Africa and characterise them according to plant-growth promoting abilities and

then identify the isolates with the most beneficial characteristics.

2.2 Materials and Methods

2.2.1 Soil Samples

Ten replicate random soils samples were collected from the following sources: Natural
indigenous forest soil samples, of which the spores extracted from the soils were combined from
Forest Way, Stutterheim, Eastern Cape (32°34'S 27°25'E) and Mountain Drive, Grahamstown,
Eastern Cape (33°18'S 26°32'E), in February. Raspberry (Rubus idaeus Heritage sp.) soil samples
from Winterberg Berries, Nettle Grove Farm, Tarkastad, Eastern Cape, South Africa (32°01'S
26°16'E), in September. Strawberry (Fragaria ananassa) soil samples from de Kleine
Maasstroom, Bedford, Eastern Cape (32°41'S 26°05'E), in October.

2.2.2 Estimation of Root and Soil Bacterial Populations

Root Samples

Root samples (10 x 1 cm) of the ten replicate samples from the raspberry and strawberry sources
above were placed in sterile 0.2% saline in a 1:1 ratio and allowed to incubate at room
temperature for an hour in the solution and then underwent serial dilution (five x 5 fold dilution).
Aliquots (100 ul) from the dilutions 5 and 5 were spread onto Tryptone Soy Agar (TSA)
(Biolab Catalog no: HG0O00C17) for total bacterial counts. Each dilution was spread onto two
replicate plates. The number of colonies formed was counted after 24 hrs and 48 hrs incubation
at 28°C (+ 2°C). The Colony Forming Units per cm of root length (CFU.cm™) was calculated by
Eqn 1 (Johnson and Case, 2007) and averaged per source.
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Soil Samples

Soil samples (1 g) of the ten replicate samples from the raspberry and strawberry sources above
were placed in sterile 0.2% saline in a 1:1 ratio and allowed to incubate at room temperature for
an hour in the solution and then underwent serial dilution (five 5 fold dilution). Aliquots (100 ul)
from the 5 and 57 dilutions were spread on Tryptone Soy Agar (TSA) (Biolab Catalog no:
HGO000C17) for total bacterial count. Each dilution was spread onto two replicate plates. The
number of colonies formed was counted after 24 hrs and 48 hrs incubation at 28°C (& 2°C). The
Colony Forming Units per g of soil (CFU.g") was calculated by Eqn 1 (Johnson and Case, 2007)

and averaged per source.

Equation 1:

Standard Volume

CFU = number of colonies x dilution factor x —
Aliquot plated

2.2.3 AM Fungal Spore Extraction and Isolation
Spore Extraction

AM fungal spores were extracted from the various soil sources by the method described by
Smith and Dickson, 1997. This involved weighing out 100g of soil in a beaker, then a soil
solution was made with dH,O which was stirred and allowed to settle. The supernatant was
decanted through a nest of sieves (425 m, 250 m, 125 m, 45 m) and repeated three times.
The sieves were washed and the debris from the 425 m discarded. The debris in the remainder
of the sieves were washed into 50 ml centrifuge tubes and filled with sterile water (Smith and

Dickson, 1997).
Spore Purification

The spore suspensions were centrifuged (1900 g for 5 min) on a Heraues Megafuge 1.0R and the
supernatant discarded. The pellet was resuspended in 60% sucrose solution and centrifuged for a
further 5 min. The supernatant (containing the spores) was filtererd through a Buchner funnel
onto a filter paper disc (Whatman #1) and rinsed with distilled water. The filter paper was
transferred to the lid of a clean petri dish (Smith and Dickson, 1997).
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The spores were counted, microscopically examined using a Leica S4E dissecting microscope
and morphologically separated according to only colour, spores of different sizes of similar
colour were combined. Images were taken with a Fujifilm Finepix S2900 digital camera. The
spores were only used to isolate potential mycorrhizal helper and plant growth promoting

bacteria and not for identification or molecular purposes.
2.2.4 AM fungal colonisation

The colonisation of the plant roots was evaluated by using a method described by Koske and
Gemma, (1989) and Smith and Dickson, (1997). This method involved using 1-3 cm long
sections of the root and cleared with 5% KOH solution, which removes the cytoplasm and all
coloured material from the plant cells. The roots in the KOH were heated in a water bath at just
below boiling for 30 min. The KOH solution was discarded and the roots were rinsed with
distilled water. The roots were bleached in an alkaline H,O, solution for 10-30 min. When the
roots turned white, the bleach was poured off and the roots rinsed with water. The roots
underwent acidification to ensure the binding of trypan blue to the mycorrhizal structures by
using 0.1M HCI solution. The HCl was removed and the roots covered with lactoglycerol
solution containing 0.05% trypan blue and stained for 30 min at 80-90°C in a waterbath. The

stain was poured off and destained for 12-24 hrs.

Colonisation was characterised by the formation of intercellular hyphae and intracellular
arbuscules. The percentage root colonisation was determined using a modified Line Intersect
method (McGonigle et al ., 1990). Segments of the stained roots were placed on microscope
slides and covered with a cover slip after placing a drop or two of the destain. The roots are
squashed and examined with a Nixon YS100 compound microscope for their entire length, one
field of view at a time using 40 x magnifications was recorded with or without mycorrhizal
structures (arbuscules, vesicles or hyphae). The number of mycorrhizal structures present in a
100 fields of view was determined to be equal to the percentage colonisation by the AM fungi

present. Images were taken using an Olypmus DP72 camera on an Olympus SZX16 microscope.
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2.2.5 AM fungal Spore-associated Bacterial Isolation

External Surface of Spores

The spores of the AM fungi were placed in sterile 0.2% saline, vortexed (Labnet Int, Inc Vortex
mixer) for 30 min and allowed to soak. A sample (200 ul) from the solution was serially diluted
(five x 5 fold dilution) with sterile 0.2% saline solution and an aliquot (100 pl) from the 5 and
57 dilutions was spread onto TSA plates and incubated at 28°C to prevent overgrowth of fast
growing isolates. The number of CFU.ml™ per spore solution was determined for each plate after
24 and 48 hours. Colonies were streaked discontinuously to obtain pure bacterial colonies which
were cultured in Nutrient Broth (NB) (Biolab Catalog no: 1024537), at 150 rpm at 37°C for 48
hrs. Glycerol stocks of the isolates were made by combining 0.5 ml of the NB cultures with 0.5
ml of 50% glycerol solution (Merck, Catalog no: 1040211) and stored at -80°C for further

anaylsis.
Internal Surface of Spores

AM fungal spores were surface sterilised by soaking in a 2% chloramine T trihydrate (Merck
Catalog no: 1024260250) and Tween 20 solution for 30 min at constant vortexing (medium
speed) (Labnet Int, Inc Vortex mixer), after which the solution was centrifuged (Hangzhou
Allsheng Super mini centrifuge) at 10 000 g for 5 min, the supernatant was removed and 1 ml
sterile dH,O was added to wash the spores. The sample was vortexed for 5 mins continuously
and then centrifuged at 10 000 g for 5 min, the supernatant was removed and replaced with new
sterile H,O. This wash process was repeated three times. A sample (100 pl) from the solution
was spread onto TSA plates and incubated at 28°C to determine the efficiency of the sterilisation
step. There after 500 pl of each 10 mg.ml™" of ampicillin sodium salt (Sigma Catalog no: A9518-
5G), chlorampenicol (Sigma Catalog no: C0378-25G) and streptomycin sulphate Streptomyces
sp. (Calbiochem Catalog no: 5711) solution was added and soaked for 45 min with constant
vortexing. After which the spores are then washed three times with sterile dH,O as mentioned
above. A sample (100 pul) from the solution was spread onto TSA plates and incubated at 28°C to
determine the efficiency of the antibiotics. After the final wash, the water was replaced with 1 ml
0.2% sterile saline, centrifuged at 10 000 g for 5 min and the spores crushed using a sterile

micropestle to release the internal bacteria into the saline solution.
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This was serially diluted (five x 5 fold dilution) with distilled 0.2% saline solution and aliquot
(100 pl) from the 5 and 57 dilutions was spread onto TSA plates and incubated at 28°C. The
number of CFU.ml™" per spore solution was determined for each plate after 24 hrs. Colonies were
streaked discontinuously to obtain pure bacterial colonies which were cultured in NB, on a rotary
shaker at 150 rpm at 37°C for 48 hrs. Glycerol stocks of the isolates were made by combining
0.5 ml of the NB cultures with 0.5 ml of 50% glycerol solution, stored at -80°C for further

anaylsis.

2.2.6 Morphological Identification of Bacterial Isolates

A Gram stain was performed to ensure the purity and phenotypic characteristics of each bacterial
isolate. Samples were heat fixed, stained with crystal violet, crystal violet was fixed with an
iodine solution, excess stain was washed with 95% ethanol and counter-stained with safranine
solution respectively for 60 sec each with a 5 sec wash interval with water (Madigan and
Martinko, 2006). Samples were air dried and visualised under a compound microscope under
immersion oil (Nixon YS100). The ratios of Gram-positive and Gram-negative bacteria, rods and

cocci was determined for the spores.

2.2.7 Plant Growth Promoting Characterisation Tests

Preparation of Bacterial Isolates

The bacteria isolated from the spores were grown overnight at 37°C in 20 ml of NB in a 50 ml
centrifuge tube, on a rotary shaker at 150 rpm. A sample (1 ml) of each isolate was collected and
centrifuged at 10 000 g for 5 mins. The supernatant was removed and the cells resuspended in
sterile 0.2% saline. Their concentrations were measured on a (Shimadzu UV mini — 1240 Vis
Spectrophotometer) at an OD of 600 nm (Poole et al., 2001). Concentrations were adjusted to an
OD reading of 0.3 by dilution with sterile 0.2% saline (Sbrana et al., 2002). These preparations

were used in all subsequent testing.
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Phosphate-Solubilisation

The potential of the bacterial isolates to produce organic acids to solubilise inorganic sources of
phosphate such as calcium phosphate was tested using selective media. A modified phosphate
medium-NBRIP (National Botanical Research Institute’s Phosphate growth medium) with
bromophenol blue was used (Mehta and Nautiyal, 2001; Chibuogwu and Nmesoma, 2011)
(Appendix I A-1). Phosphate solubilisers produce clearing zones around the colonies in media
containing CaHPO; (Rodriguez and Fraga, 1999). The prepared bacterial isolates (100 ul) were
placed in wells in the media and incubated at 28°C for five days. Five replicate wells for each
bacteria isolated were perfomed. Controls were inoculated with sterile saline. Yellow halo
formation indicates the release of organic acids (Mehta and Nautiyal, 2001). The halo’s formed

were measured across two diameters per replicate well and averaged.
Phytase Production

Phytate is an organic phosphate source commonly found in the soil. The production of phytase,
an enzyme produced by PGPR to degrade phytate was tested by inoculating the prepared
bacterial isolates (100 pl) into five replicate wells on phytase screening medium containing
phytic acid (Appendix I A-2). Phytase activity was indicated by a clearing halo around the wells
containing the bacterial isolates (Hariprasad and Niranjana, 2009). No halo measurements were

taken, only positive or negative reactions were recorded.
Indole Acetic Acid Production

The bacterial isolates (1 ml) were grown in 10 ml of DEV Tryptophan Broth (Merck Catalog no:
1106940500) (Appendix I A-3) for 3 days at 37°C. This media contains L-tryptophan which is a
precursor for the formation of IAA. Cells were centrifuged (4500 rpm for 20 min) and the
supernatant collected. To the supernatant (300 pl), 600 ul Kovacs Reagent (Merck Catalog no:
1092930100) was added. A colour change to red is indicative of IAA production (Cappuccino
and Sherman, 2008). Three replicates for each bacteria isolate was performed. Un-inoculated

broth media was used as a control.
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Production of ammonia

The conversion of organic nitrogen sources to ammonia is an essential process providing
nitrogen to plants. The ability of bacterial isolates to produce ammonia was investigated.
Bacterial cultures (1 ml) were inoculated into 10 ml peptone water (Appendix I A-4) and
incubated at 28°C for 48 to 72 hrs. Control was un-inoculated peptone water. Nesslers reagent
(Merck, catalogue number SAAR4425000KF) (0.5 ml) was added. Development of a brown to

yellow colour was a positive test for ammonia production (Cappuccino and Sherman, 2008).
Fungal Pathogen Inhibition

This experiment was conducted to determine if any of the bacterial isolates had an inhibitory
effect on selected soil-borne fungal pathogens. Bacterial isolates (100 ul) were inoculated into
wells on Potato Dextrose agar (PDA) (Biolab Catalog no: HGO0C100) placed at the four points
along a perpendicular axis. The fungal isolates Fusarium oxysporum f sp lycopersici (Sacc.)
W.C. Snyder and H.N. Hans (PPRI number 5457) and Phythophthora nicotianae Breda de Haan
(PPRI number 10962) were obtained from the National Fungal Culture Collection, Pretoria.
These were inoculated centrally onto each plate and incubated at 28°C. The fungal growth (mm)
was measured along the two perpendicular axes for approximately 10 days. Three replicates of
each bacterial isolate was used as well as three control plates which contain sterile water. The
percentage fungal inhibition was determined for each bacterial isolate against both pathogens

(Prasanna Reddy et al., 2010).

Siderophore Production

Siderophores are low molecular weight compounds capable of sequestering iron from a medium.
Bacterial isolates were assayed for siderophore production on modified chrome azurole S agar
(CAS) (Appendix I A-5). Isolates (1 ml) were inoculated into two replicate wells on the plates
and incubated for 5 days at 30°C. Controls were inoculated with sterile 0.2% saline.
Development of yellow-orange halos around the isolates indicated siderophore production
(Schwyn and Nielands, 1987; Alexander and Zuberer, 1991; Milagres et al., 1998). No halo

measurements were taken, only positive or negative reactions were recorded.
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Protease Production

Protease is an important hydrolytic enzyme used to degrade protiens in the cell wall of fungi and
plants. Protease activity (casein degradation) was determined using skimmed milk agar
(Appendix I A-6). The prepared bacterial isolates (100 ul) were placed in wells in the media.
Five replicate wells for each bacteria isolate was perfomed. Controls were inoculated with sterile
0.2% saline. Plates were incubated at 30°C for 5 days. Development of halo zone around five
replicate wells was considered positive for protease production (Chaiharn et al., 2008). The

halo’s formed were measured across two diameters per replicate well and averaged.
Cellulase Production

Plant and fungi cell walls are composed of cellulose and the production of hydrolytic enzymes
such as cellulase by bacteria enable the breakdown of cellulose. Cellulase activity was
determined by using carboxymethylcellulose (CMC) agar (Appendix I A-7) (Kasana et al.,
2008). The prepared bacterial isolates (100 ul) were placed in wells in the media. Five replicate
wells for each bacteria isolate was perfomed. Controls were inoculated with sterile 0.2% saline.
Plates were incubated at 30°C for 5 days. Grams iodine (5 ml) was added to the CMC plates and
left for 5 min, as the iodine binds to undegraded cellulose. Development of halo zone around five
replicate wells was considered positive for cell wall degrading enzymes (Chaiharn et al., 2008).

The halo’s formed were measured across two diameters per replicate well and averaged.
Chitinase Production

Many fungal cell walls are comprised of chitin, and therefore the production of chitinases enable
bacteria to breakdown fungal cell walls. Chitinase production is tested by plating on chitin agar
(Appendix I A-8). The bacterial isolates were streaked onto the plate and incubated at 37°C for

48 hrs. Halo formation around the isolate was positive for chitinase production.
Catalase production

Catalase production was tested by streaking a single line of the prepared bacterial isolates onto

Nutrient Agar (NA) (Biolab Catalog no: HG0000C1) incubated at 37°C for 18-24 hrs.
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Control plates contained no bacterial isolates. Positive reaction for catalase was determined by

instant bubble (O;) formation upon the addition of 6% H,O; solution (Chaiharn et al., 2008).

2.2.8 Molecular Identification of Bacterial Isolates

DNA Extraction

Bacterial cultures were grown overnight in NB at 37°C, 150 rpm. The cultures were centrifuged
at 10 000 g for 5 min. The bacterial DNA of the selected isolates were extracted using the ZR
Fungal/Bacterial DNA miniprep kit (Zymo Research Catalog No: D6005) according to
manufacturer’s instructions. This involves adding 750 pl of the lysis buffer to the bacterial cells.
The mixture was transferred to a BashingBead™ lysis tube and vortexed for 10 mins at
maximum speed on a Labnet Int, Inc. vortex mixer. This process breaks down the bacterial cells,
releasing the DNA into the lysate. The tubes were centrifuged 10 000 g for one min.
Approximately 400 pl of the supernatant is then transferred to a Zymo—SpinTM IV Spin filter in a
collection tube and centrifuged at 7000 g for one min to filter the lysate and remove cell debris
and other cellular components which was trapped in the filter. The DNA was in the collection
tube, to which 1200 pul of Fungal/Bacterial DNA Binding Buffer is added. This helps bind the

DNA to the column while other debris is washed away.

The filtrate solution (800 pl) is added to a Zymo-Spin™ IIC Column in a collection tube and
centrifuged for one min at 10 000 g. The flow through is discarded and the process repeated.
DNA Pre-wash Buffer (200 pl) is added to the IIC column in a new collection tube and
centrifuged at 10 000 g for one min. Fungal/Bacterial DNA Wash Buffer (500 ul) was added to
the IIC column and centrifuged, thus washing any excess debris and compounds from the filter
while retaining the DNA. The IIC column was transferred to a sterile 1.5 ml microcentrifuge
tube and 100 pl of DNA Elution Buffer is added directly to the column and then centrifgued at
10 000 g for one min to elute the DNA. The DNA was visualised on a 0.8% Agarose gel, using
tracking dye for visualisation and viewed with a Uviprochem UV Transilluminator. The
concentration of the DNA was determined using a NanoDrop 2000 Spectrophotometer (Thermo

Scientific) to establish efficient quantity of DNA for PCR analysis.
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PCR amplification

Amplification of the 16S rDNA bacterial gene is carried out with the bacterial primers Fd1 and
rP2 (1500 bp product) (Weisburg et al., 1991); and GMSF and R907 (500 bp product) (Muyzer
et al., 1994) (Table 2.1) using a 2720 Thermal Cycler (Applied Biosystems). A reaction volume
of 50 ul with 5 pul template DNA was carried out. The reaction contained 25 pul KAPA Taq
Readymix DNA polymerase (Kapa Catalog no: KK1024), 2 ul of primers. A control contained
10 pl of distilled water instead of DNA. The PCR was performed using the conditions listed in
Table 2.2 and 2.3. PCR products were electrophoresed with a Lambda DNA/EcoRI + HindIII
molecular marker (Promega Catalog no: HG1731) on an ethidium bromide stained agarose gel
(0.8%) at 100V for 1 hr 15 mins. Gels were visualised using a Uviprochem UV transilluminator

and a digital image recorded.

Table 2.1: PCR primers used to amplify the 16s rRNA structure in the bacterial isolates

Primer Sequence Tm (°C)
Fdl__5- AGAGTTTGATCCTGGCTCAG -3’ 4
P2 5- ACGGCTACCTTGTTACGACTT -3’ 56.1

GMSF 5- CCTACGGGAGGCAGCAG - 3’ 58

5’CGCCCGCCGCGLCCeecaraeeeaETeceaeearecceceaececacece
R907 GTCAATTCCTTTGAGTTT-3’ 81.8

Table 2.2 PCR cycling conditions used for amplification of bacterial DNA from the isolates with
the primers Fd1 and rP2.

Conditions Temperature (°C) Time (seconds) Cycles
Initial Denaturation 95 90 1
Denaturation 95 45
Annealing 50 45 30
Extension 72 60
Final Extension 72 120 1

53




Chapter 2

Table 2.3 PCR cycling conditions used for amplification of bacterial DNA from the isolates with
the primers GmSF and R907.

Conditions Temperature (°C) Time (seconds) Cycles
Initial Denaturation 95 120 1
Denaturation 95 30
Annealing 53 30 30
Extension 72 60
Final Extension 72 120 1

Purification of DNA and Sequencing

The PCR product which was used for sequencing was purified using the Promega Wizard SV gel
and PCR Clean Up Kit (Promega Catalog no: A9281) according to the manufacturer’s
instructions. To 30 ul of the PCR products was 90 pl of Membrane Binding Solution™ was
added. The mixture was added to a column and collection tube, incubated at room temperature
for one min. The samples were centrifuged for 3 min at 12000 g. The flow through was
discarded and 700 ul of Membrane Wash Solution™ was added. The samples were centrifuged
and flow through discarded. After which 500 pl of Membrane Wash Solution™ was added and
centrifuged at 12000 g for five min, the flow through was discarded and the samples centrifuged
for one min. The column was transferred to a 1.5 ml microcentrifuge tube and 50 pl of nuclease-

free water was added and the samples centrifuged.

The samples were sent to Inqaba Biotechnical Industries (Pty) Ltd, Pretoria where they
underwent Sanger Sequencing which produces an ABI format chromatogram file, which is
analysed by FinchTV, version 1.4.0, Geospiza, Inc. The sequence was cleaned up by replacing
invalid base pairs using the software. Sequences were submitted and aligned for comparative
analysis to the National Centre for Biotechnology Information (NCBI) online standard Basic

Local Alignment Search Tool (BLAST) program (Wheeler et al., 20006).
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The significant level of similarities with 16S rRNA in the Genbank database was determined by
noting the percentage identity and the expectation value (E-value). The percentage identity is the
percentage of nucleotides which are identical between two aligned sequences. The E-value
shows the equivalent or similarity of a number of alignment score to the raw alignments score
that are expected to occur in a database; the lower the E-value the more significant the score
(Wheeler et al., 2006). The reliability of the percentage identity was related to the expectation
value (E-value). A significant similarity value of > 95% and > 98% was accepted in this study as

belonging to the same genus and species, respectively.

2.2.9 Statistical Analyses

To normalise data sets, data were log transformed if expressed in CFU. A t-test of independence
between groups was used to compare CFU values, root colonisation % and spore counts. A
repeated measure Analysis of Variance (ANOVA) with 2 way effects was used for the Fungal
Inhibition in vitro study data set, that were obtained for a treatment over a period of time (Zar,
1999). This type of analysis was utilised under the principle that the dependent variable (i.e.
treatment) was measured repeatedly (Statsoft, 2005; Lutgen et al., 2003). Significant difference
between group means was determined using test of significance. The level of significance for
ANOVA and Fischer LSD test was 5%. All analyses were carried out by means of StatSoft, Inc.
(2009) STATISTICA (data analysis software system) Version 7. www.statsoft.com.

2.3 Results

2.3.1 Estimation of Root and Soil Bacterial Populations

The total culturable numbers of bacteria present in the rhizospheric (root) and bulk soil from
raspberry and strawberry plantations was estimated. The log CFU.cm™ was higher in the root
samples (6.44 and 6.50) compared to the bulk soil samples (4.67 and 4.59) in both the raspberry
(t-value = 8.79, df = 18, p <0.001) and strawberry samples respectively (t-value = 4.93, df = 22,
p < 0.001) (Figure 2.1) with no significant difference in the root (t-value = -0.135, df = 20, p =
0.89) and soil (t-value = 0.54, df= 20, p = 0.59) total culturable numbers of bacteria between the

raspberry and strawberry samples (Figure 2.1).
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Figure 2.1 Total culturable bacterial counts of Raspberry (Rubus idaeus cv. Heritage) and Strawberry
(Fragaria ananassa) root and bulk soil samples. Log CFU values are means of ten replicates, bars represent +
standard deviation. Column labels with the same letter represent no significant differences.

2.3.2 AM Fungal Colonisation and Spore Counts

The AM fungal root colonisation percentage was determined for both the raspberry and
strawberry samples. The colonisation percentage was significantly higher in the strawberry

samples than in the raspberry samples (t-value= -6.022, df= 20, p < 0.001) (Table 2.4).

The spores were extracted from the soil and placed on filter paper in petri dishes, they were
microscopically counted and morphologically separated according to colour. The raspberry
sample had a significantly higher spore count compared to the strawberry samples (t-value=
2.66, df=64, p < 0.01). The raspberry samples were collected in September, when they were still
young plants whereas the strawberry samples were collected in October, and they were adult

plants at harvest stage.
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Table 2.4 Average Arbuscular Mycorrhizal fungal root colonisation percentage (%) and Arbuscular
Mycorrhizal fungal spore counts sampled from Raspberry (Rubus idaeus Heritage sp.) and Strawberry
(Fragaria ananassa).

Root Colonisation % Spore Count (100 g)
Raspberry 4.9 10.3
Strawberry 45 3.9

Three different AM fungal spore morphotypes were found in the natural indigenous forest
samples, raspberry and strawberry samples. The first was an orange-golden coloured spore, then
a dark brown coloured spore and a clear-grey coloured spore; all with variations in size and
colour intensity (Figure 2.2). The root stains of the raspberry (Figure 2.3) and strawberry (Figure
2.4) samples revealed AM fungal colonisation by the presence of arbuscules, hyphae, spores and
vesicles, these images however do not represent the entire root samples investigated for
colonisation, only a colonised segment of root. The presence of arbuscules was higher in the

strawberry samples as the cortical cells were colonised.

Figure 2.2 Arbuscular Mycorrhizal fungal spores morphotypes of Natural indigenous forest,
Raspberry (Rubus idaeus Heritage sp.) and Strawberry (Fragaria ananassa) samples. A- Orange-gold
coloured spore with dull surface, B- Dark brown coloured spore morphology will a glossy surface, C-
Clear-grey coloured spore with glossy surface, attached is part of the subtending hyphae.
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Figure 2.3 Arbuscular Mycorrhizal fungal spore colonisation of Raspberry (Rubus idaeus cv.
Heritage) root samples. A- Arbuscule in cortical cell of root, H- intra-radical hyphae, S- spore, V-
vesicle.

Figure 2.4 Arbuscular Mycorrhizal fungal spore colonisation of Strawberry (Fragaria ananassa) root
* samples. A- Arbuscule in cortical cell of root, H- intra-radical hyphae, S- spore, V- vesicle.
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2.3.3 AM fungal Spore-associated Bacterial Isolation

Bacteria were isolated from the external and probable internal surfaces of the three main AM
fungal spore morphotypes from natural indigenous forest, raspberry and strawberry samples. The
control plates after the sterilisation processes showed no bacterial growth. The CFU.spore” was
higher from the external surfaces of the spores when compared to internal surfaces in all three
samples. There was no difference in the total bacterial numbers between the three samples (Table
2.5). A total of 27 bacteria were isolated from the surfaces of the AM fungal spores, of which 24
were Gram-positive while only three were Gram-negative. There was no difference in the
number of Gram-positive bacteria between the three samples. Of the bacterial isolates, 23 were

rods while 4 were cocci (Table 2.5).

Table 2.5 Bacterial cultures from the external and probable internal Arbuscular Mycorrhizal
fungal surfaces sampled from Natural Indigenous Forest, Raspberry (Rubus idaeus cv.
Heritage) and Strawberry (Fragaria ananassa).

Total Gram Gram
SAMPLE CFU.spore’  Number . . Rods Cocci  Rods:Cocci
Positive  Negative
Isolated
NATURAL
EXTERNAL 3.73E+04 6 5 1 6 0 6:0
INTERNAL 1.26E+03 2 2 0 0 2 0:2
OTA 4.98E+04 8 7 1 6 2 3:1
RASPBERRY
EXTERNAL 2.55E+04 5 5 0 5 0 5:0
INTERNAL 3.24E+03 5 4 1 5 0 5:0
TOTAL 5.65E+04 10 9 1 10 0 10:0
STRAWBERRY
EXTERNAL 1.87E+04 4 4 0 4 0 4:0
INTERNAL 9.86E+03 5 5 0 3 2 3:2
ToTAL 2.86E+04 9 9 0 7 2 7:2
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2.3.4 Bacterial Isolate Coding

The bacteria were coded according to the isolation procedures, First letter with S represents
South African Isolate, E and I represent isolation from the external and internal surfaces of the
AM fungal spores respectively, N represents isolation from the combined Natural indigenous
forest sources, R and S followed were isolated from the raspberry and strawberry sources. A, B
and C represent the AM fungal spore morphotypes mentioned earlier (Figure 2.2) followed by
the isolate number. Bacterial morphology represented by S, M, L represent cell size small,
medium and large under immersion oil in relation to the field of view. “BM” represents cultures
showing rhizoid colony morphology which are characteristic of Bacillus mycoides growth.
ENDOS represents endospore formation by bacillus shaped bacteria, viewed under immersion

oil.

2.3.5 Plant Growth Promoting Characterisation Tests

The bacteria isolated from the external and internal surfaces of AM fungal spores sampled from
natural indeginous forest, raspberry (Rubus idaeus cv. Heritage) and strawberry (Fragaria
ananassa) soils were subjected to plant-growth promoting characterisation tests to evaluate their

ability to enhance plant growth and inhibit fungal pathogens by various mechanisms.
Phosphate Solubilisation and Phytase Production

Bacterial isolates were grown in media containing CaHPO3 as the only phosphate source to test
for phosphate solubilisation. The media also contained bromophenol blue which turns to yellow
upon a decrease in pH indicative of organic acid production. Phytase production was evaluated
using media containing phytic acid. Eight isolates (SEN2, SEN3, SEN4, SENS5, SEN9, SEN10,
SIN1 and SIN2) from the natural indigenous forest (Table 2.6), nine isolates (SERA1, SERA2,
SIRA1, SERB2, SERB3, SIRB1 and SIRB2, SIRC1 and SIRC2) from the raspberry samples
(Table 2.7) and nine isolates (SESA1, SISA1, SISA2, SESB1, SESB2, SEB3, SISB1, SISB2 and
SISC2) from the strawberry samples (Table 2.8) were shown to be phosphate solubilisers (Figure
2.5). The diameters of the halos produced were measured, and ranged from 13 to 25mm from the
natural indeginous forest samples, 18-25mm from the raspberry samples and 12-28mm from the
strawberry samples (Table 2.7, 2.8, 2.9). None of the bacterial isolates produced phytase (Table
Table 2.7, 2.8, 2.9).
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Figure 2.5 Phosphate solubilisation of CaHPO; by selected bacterial isolates from the surfaces of
Arbuscular Mycorrhizal fungal spores from raspberry (Rubus idaeus Heritage sp.)- SERB3, strawberry
(Fragaria ananassa) - SESB2 and natural indigenous forest sources- SEN9. Control- Inoculated with
0.2% sterile saline.

Indole Acetic Acid Production

Bacteria i1solates were grown in DEV Tryptophan Broth to which Kovacs Reagent was added to
the samples. All the isolates were negative for indole acetic acid production (Table 2.7, 2.8, 2.9)

as all produced a yellow colour whereas a red colour is indicative of a positive reaction.

Production of Ammonia

Development of brown to yellow colour is positive test for ammonia production (Figure 2.6).
One isolate (SEN9) from the natural indeginous forest samples (Table 2.7), three isolates
(SIRA1, SIRB2 and SIRC2) from the raspberry samples (Table 2.8) and two isolates (SESBI
and SISA1) from the strawberry samples (Table 2.9) produced ammonia.
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Figure 2.6 Production of ammonia by the selected bacterial isolates from the surfaces of Arbuscular
Mycorrhizal fungal spores from raspberry (Rubus idaeus Heritage sp.) - SIRA1, strawberry (Fragaria
ananassa) - SISA1 and natural indigenous forest sources - SEN9. Control - un-inoculated broth.

Fungal Pathogen Inhibition

This experiment was conducted to screen the bacterial isolates in their in vitro antagonstic effect
on the hyphal growth of Fusarium oxysporum and Phythophthora nicotineae. Bacterial isolates
were inoculated into wells on PDA placed at the four points along a perpendicular axis. The

fungal growth (mm) was measured along the two perpendicular axes for 10 days.
Dual culture with Fusarium oxysporum

Dual culture studies of the bacteria against F. oxysporum revealed significant antagonistic ability
by all the bacterial isolates (F(20,618= 4.4110, p < 0.001). The inhibition of growth was measured
as a reduction in the hyphal growth compared to the control, however a reduction in the
mycelium growth was observed, with the control showing more vigorous mycelium growth
(Figure 2.7). Among the isolates, SIN1, SERA2 and SISC2 were the most effective in inhibition
of F. oxysporum (Figure 2.8 A-C), which was confirmed by Fischer’s LSD test and the
percentage inhibition of the growth by the isolates ranged from 6-23% (Table 2.5).
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Figure 2.7 Fungal hyphal growth inhibition of Fusarium oxysporum by selected bacterial isolates
from the surfaces of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus idaeus Heritage
sp.)- SERA2, strawberry (Fragaria ananassa) - SISC2 and natural indigenous forest sources- SINT1.
Control- Inoculated with 0.2% sterile saline.
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Figure 2.8 A-C Dual cultures of bacterial isolates and F.oxysporum f sp lycopersici showing
bacterial effect on fungal growth (Mean = SD) growth rate (F15) = 4.110; p < 0.001). Inhibition
by selected bacterial isolates from the surfaces of AM fungal spores from A- natural indigenous
forest sources, B- raspberry (Rubus idaeus Heritage sp.) and C- strawberry (Fragaria ananassa).
Control- Inoculated with 0.2% sterile saline.
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Dual culture with Phythophthora nicotianae

Dual culture studies of the bacteria against P. nicotianae revealed significant antagonistic ability
by all the bacterial isolates (F0618= 16.713, p < 0.001). The inhibition of growth was measured
as a reduction in the hyphal growth compared to the control (Figure 2.9). Among the isolates,
SERB2, SISBI1 and SEN9 were the most effective in inhibition of P. nicotianae (Figure 2.10 A-
C), which was confirmed by Fischer’s LSD test and the percentage inhibition of the growth by
the isolates ranged from 33-49% (Table 2.5).

Figure 2.9 Fungal hyphal growth inhibition of Phythophthora nicotianae by selected bacterial
isolates from the surfaces of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus idaeus
Heritage sp.)- SERB2, strawberry (Fragaria ananassa) - SISB2 and natural indigenous forest
sources- SENO. Control- Inoculated with 0.2% sterile saline.
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Figure 2.10 A-C Dual cultures of bacterial isolates and Phythophthora nicotianae showing bacterial
effect on fungal growth (Mean = SD) growth rate (F0615) = 16.713; p < 0.001). Inhibition by
selected bacterial isolates from the surfaces of AM fungal spores from A- natural indigenous forest
sources, B- raspberry (Rubus idaeus Heritage sp.) and C- strawberry (Fragaria ananassa). Control-
Inoculated with 0.2% sterile saline.

Table 2.6 Fungal hyphal growth inhibition (%) of dual cultures of bacterial isolates against Fusarium
oxysporum and Phythophthora nicotianae

Isolate F.oxysporum P.nicotianae

SEN4 6 46
SEN9 16 49

SIN1 19 36
SERB2 11 48
SERA2 23 33
SIRB2 14 39
SIRC2 13 44
SISC2 19 a1
SESB1 11 38
SISB1 16 44

*  Bold indicates highest % inhibition shown against the pathogens
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Siderophore Production

Development of yellow-orange halos around the isolates indicated siderophore production
(Figure 2.11). Four isolates (SEN3, SEN4, SEN9 and SIN1) from the natural indeginous forest
samples (Table 2.7), four isolates (SERA2, SERB2, SIRB2 and SIRC2) from the raspberry
samples (Table 2.8) and two isolates (SISB1 and SISC2) from the strawberry samples (Table
2.9) produced siderophores.

Figure 2.11 Siderophore production by selected bacterial isolates from the surfaces of Arbuscular
Mycorrhizal fungal spores from raspberry (Rubus idaeus Heritage sp.)- SERA2, strawberry (Fragaria
ananassa) - SISB1 and natural indigenous forest sources- SEN4. Control- Inoculated with 0.2% sterile

Protease Production

Protease activity by the bacterial isolates was determined using skimmed milk agar.
Development of halo zone around five replicate wells was considered positive for protease

production (Figure 2.12). One isolate (SISB1) from the strawberry samples produced protease.

Figure 2.12 Protease production by selected bacterial isolates from the surfaces of Arbuscular
Mycorrhizal fungal spores from strawberry (Fragaria ananassa) - SISB2. Control- Inoculated with
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Cellulase Production

Cellulase activity was determined by using carboxymethylcellulose (CMC) agar. Grams lodine
was added to the CMC plates. Development of halo zone around five replicate wells was
considered positive for cellulase production (Figure 2.13). Four isolates (SEN3, SEN4, SEN10
and SIN2) from the natural indeginous forest samples, three isolates (SERB2, SERB3 and
SIRB1) from the raspberry samples and three isolates (SESB1 and SESB2) from the strawberry
samples produced cellulase (Table 2.7, 2.8, 2.9).

Figure 2.13 Cellulase production by selected bacterial isolates from the surfaces of Arbuscular
Mycorrhizal fungal spores from strawberry (Fragaria ananassa)- SESB2 and natural indigenous forest
sources- SEN10. Control- Inoculated with 0.2% sterile saline.

Chitinase Production

Chitinase was tested by plating on chitin agar. None of the isolates produced clearing zones
(Table 2.7, 2.8, 2.9).

Catalase Production

Catalase was tested by streaking diluted bacterial isolates on Nutrient agar. Positive reaction for
catalase was determined by instant bubble (O;) formation by the addition of 6% H,0O, solution.
Four isolates (SEN2, SEN3, SEN4, SEN9) from the natural indeginous forest samples, six
isolates (SERA1, SERB3, SIRA1, SIRB2, SIRC1 and SIRC2) from the raspberry samples and
eight isolates (SESA1, SESB1, SESB2, SESB3, SISA2, SISBI1, SISB2 and SISC2) from the
strawberry samples produced catalase (Table 2.7, 2.8, 2.9).
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Table 2.7 PGPR characterisation results of the bacterial populations of the external and internal AM fungal surfaces sampled from
Natural indigenous forest. P-solub- phosphate solubilisation, IAA- Indole Acetic Acid, NH3- Ammonia, CMC- cellulase, SMA-
Protease, Phyt- phytase, Sidph- Siderophore, Catalase and Chitin production.

Isolate Gram Morphology P-solub TAA NH; CMC SMA Phyt Sidph Catalase Chitin

SEN2 + Rods (L) +15mm' - - - - - - + R
SEN3 + Rods (S) +13mm - - +26mm - - + + -
*SEN4 - Rods (S) + 22mm - - + 27mm - - + + -
SENS - Rods (S) + 22mm - - - - - - - -
*SEN9 + Rods (L) + 24mm - + - - - + + -
SEN10 + Rods (S) + 18mm - - + 28.5mm - - - - -
*SIN1 + Cocci + 25mm - - - - - + - -
SIN2 + Cocci + 24mm - - + 23mm - - - - -

* Bacterial isolates selected for molecular analysis

1 Average diameter of zone of clearance

L  Large bacterial cell size (100x magnification)

S Small bacterial cell size (1000x magnification with immersion oil)
BM Bacillus mycoides — colony morphology
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Table 2.8 PGPR characterisation results of the bacterial populations of the external and internal AM fungal surfaces sampled from
Raspberry (Rubus idaeus cv. Heritage). P-solub- phosphate solubilisation, IAA- Indole Acetic Acid, NH3- Ammonia, CMC-
cellulase, SMA- Protease, Phytase, Sidph- Siderophore, Catalase and Chitin production.

Isolate Gram Morphology P-solub TAA NH; CMC SMA Phytase Sidph Catalase Chitin
SERAL1 + Rods (L) “BM” +23mm’ - - - - - - + -
*SERA2 + Rods (M) ENDOS  +25mm - - - - - + - -
*SERB2 + Rods (L) “BM” + 25mm - - + 35mm - - + - -
SERB3 + Rods (L) + 20mm - - + 24mm - - - + -
SERB4 + Rods (L) “BM” - - - - - - - - -
SIRA1 - Rods (M) + 20mm - + - - - - + -
SIRB1 + Rods (L) + 22mm - - + 17mm - - - - -
*SIRB2 + Rods (L) + 23mm - + - - - + + -
SIRC1 + Rods (S) + 18mm - - - - - - + -
*SIRC2 + Rods (S) + 22mm - + - - - + + -

* Bacterial isolates selected for molecular analysis
2 Average diameter of zone of clearance
L Large bacterial cell size (100x magnification)
M Medium bacterial cell size (400x magnification)
S Small bacterial cell size (1000x magnification with immersion oil)
BM Bacillus mycoides — colony morphology
ENDOS Endospore presence
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Table 2.9 PGPR characterisation results of the bacterial populations of the external and internal AM fungal surfaces sampled from
Strawberry (Fragaria ananassa). P-solub- phosphate solubilisation, IAA- Indole Acetic Acid, NH3- Ammonia, CMC- cellulase,
SMA- Protease, Phytase, Sidph- Siderophore, Catalase and Chitin production.

Isolate Gram Morphology P-solub TAA NH; CMC SMA Phytase Sidph Catalase Chitin
SESA1 + Rods (L) “BM” +26mm’ - - - - - - + -
*SESB1 + Rods (L) “BM” +20mm - + +35mm - - - + -
SESB2 + Rods (L) “BM” + 22mm - - + 13.5mm - - - + -
SESB3 + Rods (L) + 26mm - - - - - - + -
SISA1 + Cocci +21mm - + - - - - - -
SISA2 + Cocci + 22mm - - - - - - + -
*SISB1 + Rods (L) “BM” + 12mm - - - + 7mm - + + -
*SISB2 + Rods (L) +22mm - - + 32mm - - - + -
*SISC2 + Rods (L)“BM” + 28mm - - - - - + + -

*  Bacterial isolates selected for molecular analysis

1 Average diameter of zone of clearance

L Large bacterial cell size (100x magnification)

S Small bacterial cell size (1000x magnification with immersion oil)
BM Bacillus mycoides — colony morphology
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2.3.6 Molecular Identification of Bacterial Isolates

Bacterial isolates were selected for molecular identification based on the best results of the plant-
growth promoting characterisation tests. These isolates are represented in Tables 2.6, 2.7 and 2.8
by the asterisks. The DNA was extracted and underwent PCR amplification which was
successful and efficient judging by the bands obtained (Figure 2.14). Amplification of the 16s
rRNA of the bacterial isolates resulted in bands approximately 1500bp for the primers FD1 and
rP2 and approximately 500 bp for the primers GmSF and R907 in size, which is visualised using
agarose gel electrophoresis (Figure 2.14). The sequences of the isolates were obtained (Appendix
II) and identified using BLAST on the National Centre for Biotechnology Information (NCBI)
website. Percentage Identity values greater than 95% were chosen as the cut off for significant
identification at the genus level and 98% at species level (Table 2.10). Control was negative (not

shown in selected gel).

Figure 2.14 Ethidium bromide stained agarose gel (0.8%) showing PCR amplification by the
primers FD1 and rP2, and primers Gm5F and R907 of the selected bacterial isolates from natural
indigenous forest, raspberry and strawberry samples. Lane 1- Lambda DNA/EcoRI + HindIII
molecular marker, Lane 2- isolate SERB2, Lane 3- isolate SESB1, Lane 4- isolate SISB1, Lane 5-
isolate SISB2, Lane 6- isolate SEN9, Lane 7- isolate SISC2, Lane 8- isolate SIN1, Lane 9- isolate
SEN4, Lane 10- isolate SERA2, Lane 11- isolate SIRB2, Lane 12- isolate SIRC2.
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Table 2.10 Identified bacterial isolates obtained from the analysis of partial 16s rRNA using
the National Centre for Biotechnology Information (NCBI) website.

. Most Significant Alignment % NCB.I
Bacterial Isolate . e-values Accession
(NCBI) Identity
Number
SEN4 Acinetobacter ursingii 99 0.0 AJ275039.1
SEN9 Bacillus thuringiensis 98 0.0 CP003687.1
SIN1 Unidentified - - -
SERB2 Bacillus mycoides 98 0.0 AB681413.1
SERA2 Bacillus cereus 99 0.0 HQ333012.1
SIRB2 Bacillus thuringiensis 99 0.0 HQ873480.1
SIRC2 Microbacterium nematophilum 99 0.0 AF19539.1
SESB1 Bacillus mycoides 98 0.0 AB679984.1
SISB1 Unidentified - - -
SISB2 Bacillus sp. 98 0.0 HM567041.1
SISC2 Bacillus mycoides 98 0.0 AB592538.1

From the sequences identified, it can be seen that the bacterial isolates from the natural
indigenous forest were from the genus Acinetobacter and Bacillus, with one isolate
unidentifiable. The raspberry sample contained bacterial isolates from the genus Bacillus and
Microbacterium. The bacterial isolates from the strawberry samples were identified in the genus
Bacillus, with one isolate unidentified. Three of the isolates were identified as Bacillus mycoides
(Table 2.10).
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2.4 Discussion

Estimation of Root and Soil Bacterial Populations

The total number of culturable bacteria present in the root and soil of raspberry and strawberry
samples were determined. Colony forming units (CFU) gives an indication of the number of
bacteria present whether beneficial or deleterious (Madigan and Martinko, 2006). The number of
bacteria present in the rhizospheric soil was significantly higher than the bulk soil in both the
raspberry and strawberry samples, however there was no significant differences in the numbers
between the raspberry and strawberry samples (Figure 2.1). This indicates the system for
increased bacterial numbers in the rhizospheric soil is consistent regardless of site. The increase
in the rhizospheric bacterial numbers could be due to a number of reasons, the first is that in the
root elongation process, the root passes through the bulk soil and as a result bacteria may be
become attached to surface of the root and are transported by the root as it progresses through the

soil (Burges, 1967).

The second reason is that the surface area of the rhizospheric soil is vastly different to the surface
area of bulk soil; hence the likelihood of culturing accurate numbers from the rhizospheric soil is
more efficient than the bulk soil since volume of bulk soil sampled may not fully represent the
true total volume of bulk soil bacterial populations (Madigan and Martinko, 2006). Thirdly the
location of sampling near the root surface limits the bulk soil to only the few top centimetres of
the soil and doesn’t represent the full bulk soil of the sample. This top soil is influenced by
water, pH, organic matter such as leaf litter, and cations such as Ca, Mg, K, and Na (Garbeva et
al., 2004). These influence bacterial communities and numbers. Cations stabilize cell membranes
and promote bacterial growth (Chiarini et al., 1998). The pH of the soil also influences the
availability of these cations. Therefore the distribution of microbes throughout the soil is not
even as the microbes tend to cluster around plant roots, which is known as the “rhizosphere
effect” (Heritage et al., 1999). To eliminate the effect of these biotic and abiotic factors on the
CFU values, one should sample deeper past the root to achieve true bulk soil populations and soil
nutrient analyses should be performed on the soil sampled from the different sites to compare the

numbers to these factors, which was not carried out in this study.
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Fourthly, the increase in rhizospheric numbers could be due to production of exudates by plant
roots and possibly by the hyphae of AM fungi associated with roots. These exudates contain
carbohydrates, hormones and other compounds which promote bacterial growth (Bianciotto and
Bonfante, 2002). The presence of other bacteria associated in the rhizospheric soil could provide
nutrients otherwise unavailable in the soil to the rhizospheric bacterial communities. These
microbes could be phosphate-solubilising, nitrogen fixing bacteria or belong to bacteria that
produce siderophores in iron limiting conditions that alter the pH of the soil (Gray and Williams,
1971). In addition, although not the scope of this study, the type of soil, irrigation, land use
history and management practices (for example, input of fertilizers and herbicides) may create
unique soil environments that may change the microbial community populations (Johansson et

al., 2004). Both the raspberry and strawberry fields are intensively cultivated.

Only a tiny fraction of the soil microbes can be cultivated upon artificial culture media and
appropriate conditions may not exist for the vast majority of microbes. Many microbes live in
complex communities which cannot be replicated once removed from the environment onto
culture media, thus resulting in an underestimation of the microbial activity in the soil (Heritage
et al.,, 1999). An estimate is further influenced by the fact that some bacteria are present as
dormant spores in the soil which may germinate when in contact with the rich media. In addition,
the numbers may not represent the unculturable bacteria which cannot grow on artificial media.
These bacteria can be investigated by other techniques such as polymerase chain reaction (PCR)
and denaturing gradient gel electrophoresis (DGGE) by exploiting the 16s rRNA structure which
is conserved within members of a species, whereas different species show divergent 16s rRNA
structures which can lead to taxonomic studies and give a more accurate representation of the

soil microbial communities (Heritage et al., 1999, Madigan and Martinko, 2006).
AM Fungal Colonisation and Spore Counts

AM fungi are a natural occurrence in most soils and the advantage is that they are non-host
specific. The presence of AM fungi in the soil are usually determined through the rate of
colonisation by structures such as spores, hyphae and other structures but spore density in a

given soil is usually the major determinant (Smith and Dickson, 1997).
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The roots of the raspberry and strawberry samples were separated from the soil and the spores
from the soil of the natural indigenous forest, raspberry and strawberry samples were extracted.
The spores were counted per 100 g of soil and morphologically separated according to colour.
The percentage root colonisation in the raspberry samples was significantly lower than the in the
strawberry samples (Table 2.4). This difference could be due to the difference in the growth

stages of the raspberry and strawberry plants.

The raspberry plants were already established and have young immature roots with less surface
area to colonise whereas the strawberry samples were at harvest stage and had mature roots with
a larger surface area to colonise. The raspberry samples were undergoing re-growth from the
winter dormancy. The spores produced by and possibly released by previous AM fungal
colonisation of the raspberry plant in the soil had become dormant (Bago and Bécard, 2002;
Nagahashi, 2000). These dormant spores can remain alive in the soil for one or two years and the
dormancy periods can differ greatly among species and genera (Giovannetti, 2000). Hence when
the raspberry were sown, the spores were released from dormancy by the presence of new host
roots, changes in pH, exudates secreted by the roots or by other signal molecules (Giovannetti
and Sbrana, 1998; Bago and Bécard, 2002). The spores would then germinate and begin the AM
fungal lifecycle with the raspberry plants. In the case of the strawberry plants which were at
harvest stage, the AM fungi have probably completed their lifecycle as the roots showed a high
number of arbuscules, spores and hyphae within the root cortex (Figure 2.4). The spore counts
also represent the differences between the two samples. The raspberry soils had a higher spore

count (10.3 / 100 g) compared to the strawberry samples (3.9 / 100 g).

The spores present in the raspberry soil were most likely the dormant remnants of previous
colonisation whereas in the strawberry soils, any spores initially in the soil had germinated and
colonised the strawberry roots. Since the strawberry plants showed full AM fungal colonisation,
the AM fungi were in the process of completing their lifecycle which is by the production of
spores, which is visible in the root stains. Sporulation by AM fungi may be season-dependant.
Therefore a species of AM fungi though not active at one seasonal period may become effective
depending on environmental conditions that aid colonisation and the subsequent release of spores

into the soil (Kabir et al., 1997; Anderson et al., 1983).
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Hence with the strawberry samples, although colonised by AM fungi, may not yet be releasing
spores into the soil due to environmental conditions. The samples of the strawberry were
collected in October, which is spring in South Africa, and may therefore only sporulate towards
November and December when summer arrives with the increase in temperature and moisture. It
is known that moisture affects spore germination phases including hydration, activation, germ
tube emergence and hyphal growth processes therefore increased rainfall during the summer
period may very well trigger sporulation (Sinegani et al., 2005). In contrast, a study by Lovelock
et al., (2003) in Costa Rica showed that more spores were present in the dry season than the wet
and that in particular Glomus and Entrophospora had higher spore numbers in the dry season
compared to the wet however the reverse was found for Acaulospora sp. They also mentioned
how predation of the spores is reduced in the drier periods. Therefore the low spore counts in this
study could be due to predation which occurred in the previous wet season and the AM fungi had
not yet released new viable spores due to lack of moisture not yet received. It is important to note
that season has two effects on AM fungi, one being the seasonal patterns in weather and the other
seasonal applied management practices (fertilisation, manuring and tillage), both of which could

affect sporulation and colonisation by the AM fungi.

There are limitations to the method of spore sieving, such as distinguishing between dead and
viable spores, loss of spores smaller than 45 pm, or spores adhering to particles which may be
discarded (Schenck, 1982). Spore production also varies with respect to AM fungal species
composition, dormancy and variability (Smith and Read, 2008). Therefore although reliable, may
give an underestimation of total AM fungal spore population. Therefore the differences in
percentage colonisation and spore counts may attribute to the stage in the AM fungal life cycle,
circumstances of the host plant and soil properties, land use history, time or seasonal and

agricultural practices.

The range in colour of spores is described by Morton (1988). Colour varies according to how the
light interacts with the specimen. The three spore colour morphotypes isolated from the natural
indigenous forest, raspberry and strawberry samples (Figure 2.2) could represent a number of
AM fungal species since colour morphotypes ranging from white (hyaline) to red-black is
present in the genera Glomus and Scutellospora, white (hyaline) to dark orange- brown in the

genera Acaulospora and Entrophospora, and ranging from white to yellow in Gigaspora.
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Therefore the AM fungal diversity is quite low, even from the natural indigenous soil, which is
considered undisturbed from agricultural practices compared to the raspberry and strawberry
samples which may affect AM fungal diversity. Since the spores of the colour types differed in
size as well it becomes more difficult to make comparisons between species since they have a
minimum and maximum size range, from 10 pm to 800 um, and a mean size is difficult to

obtain. Identification of the AM fungi was not the scope of this study.
AM Fungal Spore-associated Bacterial Isolation

Bacteria were extracted from the external and internal surfaces of the AM fungal spores from the
natural indigenous forest, raspberry and strawberry samples. The CFU.spore” was determined
for both spore surface types (Table 2.5), and the external surfaces amongst all three samples had
a higher count than the internal surface of the spores. There is a greater presence of bacteria in
the soil surrounding the spore as it is produced by the extraradical hyphae into the hyphosphere
compared to the amount of bacteria present in the hyphae and plant root. In addition, bacteria
have been known to attach to the external surface of the spores either through the production of
biofilms or through appendages such as pili, fimbriae and flagella (Bianciotto and Bonfante,
2002). The bacteria present on the internal surfaces are found only in the cytoplasm of spores

and hyphae.

The bacteria isolated from the surfaces of the spores were of both Gram-positive and Gram-
negative, and of rod and cocci morphology (Table 2.5), which is consistent with the presence of
these types of bacteria in the rhizosphere (Bharadwaj et al., 2008). The presence of Gram-
positive isolates was higher than the Gram-negative, particularly on the external surfaces
compared to the internal surfaces of the spores. The rod morphology of the bacteria was also
higher than the number of cocci isolates, been greatest on the external surfaces of the spores
(Table 2.5). This could be due to some Gram-positive bacteria being able to produce resistant
resting structures such as spores and are able to be cultured when inoculated on artificial media.
The sterilisation of the external surface of the spores was a success as no bacteria was found on
the control plates after the sterilisation step. Therefore the use of chloramine T and antibiotics
such as ampicillin, chloramphenicol and streptomycin were efficient in inhibiting the presence of

bacteria on the external surface of the spores.
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The internal isolates can then be determined to be internal, except for the Gram-positive rods,
which may be from the external surface and produce endospores which survive the sterilisation
process since the supernatant may contain residual antibiotics inhibiting the spore germination
and once cultured with the supernatant from the internal surface of the spores are able to

germinate on the solid media

A study by Xavier and Germida, (2003) isolated bacteria from the external and internal surfaces
of Glomus clarum spores and found a variety of genera present, with Gram-positive and Gram-
negative isolates such as Alcaligenes, Bacillus spp., Burkholderia, Flavobacterium and
Pseudomonas spp. The external surface showed an almost equal ratio of Gram-positive to Gram-
negative isolates, with the Gram-negative having a higher count (23:28) However the internal
surfaces had approximately 80% Gram-positive isolates of the genera Bacillus spp., and found

no Gram-negative isolates (Xavier and Germida, 2003).

Other studies have also revealed a variety of genera isolated from the external and internal spores
of AM fungi such as Glomus intraradices and Glomus mosseae, including Gram-positive and
Gram-negative bacteria such as Pseudomonas spp., Corynebacterium, Pseudomonas putida,
Paenibacillus, Bacillus spp., Stenotrophomonas spp. (Mayo et al., 1986; Walley and Germida,
1997; Budi et al., 1999; Bharadwaj et al., 2008).

Plant Growth Promoting Characterisation

A number of bacteria in the rhizosphere are known to stimulate plant growth. This is achieved
through direct or indirect interactions with the plant roots. These bacteria have been termed
Plant-Growth Promoting Rhizobacteria (PGPR) (Bloemberg and Lugtenberg, 2001). The direct
mechanisms are through the production of phytohormones and plant growth auxins such as
indole acetic acid (IAA), nitrogen fixation and the solubilisation of phosphorous. Indirect
mechanisms include ability to decrease or prevent any deleterious effects of pathogenic
microorganisms which can be by the production of antibiotics or siderophores by the bacteria

(Singh and Kapoor, 1998).
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Phosphate Solubilisation

Phosphorous is an essential macronutrient required for growth and development by plants. Many
soil bacteria are phosphate solubilising bacteria which are able to mobilize phosphate ions from
soluble organic and inorganic phosphate sources such as tricalcium phosphate, hydroxyapatite
and rock phosphate (Gryndler, 2000; Vessey, 2003; Richardson et al., 2009; Martinez-Viveros et
al., 2010). Through this process, the bacteria help improve the supply of phosphorous to the
plants. The bacteria isolated from the natural indigenous forest, raspberry and strawberry
samples were evaluated for their phosphate solubilising ability on media containing CaHPOs5,
The media also contained bromophenol blue which turns to yellow upon a decrease in pH. Of the
27 isolates screened, eight isolates from the natural indigenous forest, nine isolates from the
raspberry and nine isolates from the strawberry samples produced yellow halos on the media
(Figure 2.5). The decrease in pH causing the production of the yellow halos is due to the
production of organic acids (Harisprasad and Niranjana, 2009; Khan et al., 2009).

Organic acids such citrate, lactate and succinate are known to directly dissolve mineral
phosphate sources as a result of anion exchange or the organic acids can chelate to Fe and Al
ions associated with phosphorous. The insoluble form of P is then converted to soluble
monobasic H,PO, and dibasic HPO,” ions (Harisprasad and Niranjana, 2009; Khan et al., 2009).
Other mechanisms have also been considered such as the production of chelating substances by
the bacteria as well as the production of inorganic acids such as sulphidric, nitric and carbonic
acid (Rodriguez and Fraga, 1999, Vessey, 2003; Richardson et al., 2009; Martinez-Viveros et al.,
2010).

Organic phosphate sources are mineralised by the action of several phosphatase enzymes.
Phosphatase activity involves the hydrolysis of phosphor-ester or phosphor-anhydride bonds,
thereby catalysing the bound phosphorous into inorganic phosphorous (Rodriguez and Fraga,
1999; Richardson et al., 2009; Martinez-Viveros et al., 2010). Studies into these alternative
mechanisms have revealed the use of techniques such as thin-layer chromatography to determine
the organic acids involved and to quantify the production of these compounds and various others

involved (Harisprasad and Niranjana, 2009; Khan et al., 2009).

81



Chapter 2

These isolates can therefore be considered as PGPR as phosphate solubilisation has been shown
to enhance plant growth by releasing phosphorous from complexed inorganic sources (Artursson
et al., 2006). This process could be further facilitated by the use of AM fungi to translocate the

phosphorous source to the plants more efficiently through their extra radical hyphae.
Phytase production

Phytate (Myo-inositol hexakis-phosphate) constitutes upto 80% of organic phosphorous in the
soil making it one of the most abundant sources of phosphorous for plants (Lim et al., 2007).
Plants are known to produce phytase; however these are in low activity in the roots and other
plant organs, suggesting that plant roots may not possess the ability to acquire phosphorous
directly from the soil phytate sources. There are some PGPR which are able to produce phytase,
an enzyme which degrades phytate to lower phosphate esters. Phytase producing PGPR have
been shown to belong to the genera Bacillus, Burkholderia, Pseudomonas, Serratia and

Staphylococcus (Hariprasad and Niranjana, 2009).

The 27 isolates were screened for the production of phytase using phytic acid as the major
phosphate source. None of the isolates appeared to produce phytase as there was an absence of
halos on the media (Table 2.7, 2.8, 2.9). Factors in the test should be evaluated and improved
such as the length and temperature of incubation, which may influence secondary metabolite
production of the enzyme. Perhaps to further eliminate the absence of phytase production, a
colourmetric assay to quantify any phytase production by culturing the isolates in a liquid
medium and measuring the production spectrophotometrically at 700 nm could be performed

(Hariprasad and Niranjana, 2009).
Indole Acetic Acid Production

Some PGPR can have an influence on plant growth by the production of phytohormones such as
auxins. Auxins contribute to the endogenous pool of phytohormones produced by the plant
(Martinez-Viveros et al., 2010). The production of indole acetic acid has been shown to be
widespread among PGPR (Xie et al., 1996; Patten and Glick, 2002) and is predominantly
synthesized by an alternate tryptophan-dependant pathway which is carried out through indole-

pyruvic acid.
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IAA in plants is the main auxin which controls many important and beneficial physiological
processes including cell enlargement and division, tissue differentiation and responses to light
and gravity (Patten and Glick, 2002; Spaepen et al., 2007; Shahab et al., 2009; Martinez-Viveros
et al., 2010). Therefore PGPR which produce IAA and interact with plants have the potential to
interact with any of the fore-mentioned processes, resulting in a positive or negative effect. [AA
produced by PGPR can promote root growth (Spaepen et al., 2007), which can subsequently

enhance mycorrhizal contact (Garbaye, 1994).

None of the 27 isolates screened produced IAA (Table 2.7, 2.8, 2.9), which is usually indicated
by a colour change to red upon the addition of Kovak’s reagent to the supernatant after being
cultured in DEV tryptone media. This result is questionable since many genera such as
Aeromonas, Bacillus, Burkholderia, Enterobacter, Pseudomonas and Rhizobium have been
shown to produce IAA (Martinez-Viveros et al., 2010). An alternative method to further quantify
if IAA was produced or not could be to use Salkowski’s reagent which has been shown to be
effective in quantifying IAA production (Joseph et al., 2007; Chaiharn et al., 2008; Suresh et al.,
2010). Perhaps these isolates, although not showing IAA production may be capable of other
hormone production such as cytokinins and giberrellins, both important in root elongation

promotion, which was not examined in this study (Martinez-Viveros et al., 2010).
Ammonia production

Nitrogen is an essential plant nutrient. There are two types of nitrogen fixation carried out by
PGPR: symbiotic and non-symbiotic. Non-symbiotic nitrogen fixation is carried out by free-
living diazotrophs and can stimulate non-legume plants growth. These bacteria belong to the
genera Azoarcus, Azospirillum, Burkholderia, Gluconacetobacter and Pseudomonas (Antoun
and Prevost, 2005; Richardson et al., 2009; Martinez-Viveros et al., 2010). The conversion of
organic nitrogen to ammonia by bacteria in the soil through a process termed ammonification
may provide nitrogen to the soil which can be taken up by the plant roots (Madigan and

Martinko, 2006).
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Of the 27 isolates screened for ammonia production in peptone water, one isolate from the
natural indigenous forest, three isolates from the raspberry and two isolates from the strawberry
samples produced ammonia, indicated by the colour change of media to orange upon addition of
Nessler’s reagent (Figure 2.6). These isolates can therefore be possibly considered as PGPR as
the production of ammonia through the conversion of organic nitrogen has been shown to
enhance plant growth by improving the structure of the plant roots (Artursson et al., 2006).
Perhaps to evaluate the isolates ability to provide nitrogen from other forms, such as by
atmospheric nitrogen could be determined through the use of nitrogen-free media (Cappucino

and Sherman, 2008).
Siderophore Production

Iron is an essential element required for growth in all organisms and bioavailable iron in the soil
is generally deficient. Therefore under iron-limiting environments, PGPR produce siderophores,
low molecular weight compounds which competitively sequesters ferric iron. The selected

bacterial isolated were screened for their siderophore producing ability on CAS media.

Four isolates from the natural indigenous forest, four isolates from the raspberry and two isolates
from the strawberry samples produced siderophores, indicated by the orange halos around
inoculated wells (Figure 2.11). These isolates could therefore be considered to be potential

PGPR as siderophores have been shown to be important in plant growth promotion.

The bacterium which originally produces the siderophore, takes up the iron-siderophore complex
through receptors specific to the complex on the outer cell membrane. Once inside the bacterium,
the iron is released and available to support microbial growth (Siddiqui, 2005). The siderophores
deprive the pathogenic fungi of the available iron in the soil as the PGPR siderophores have a
greater affinity for the iron. Some PGPR can sequester iron from heterologous siderophores
produced by other soil microorganisms (Suresh and Bagyaraj, 2002). Siderophore producing
bacteria have been found to belong to Bradyrhizobium, Pseudomonas, Rhizobium, Serratia, and
Streptomyces (Martinez-Viveros et al., 2010). Different types of siderophores have been shown
to be produced by bacteria, such as catecholates (by E.coli and Bacillus spp.); hydroxamates (by
Streptomyces spp. and Burkholderia spp.) and carboxylates (Siddiqui, 2005).
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Cell wall degrading enzyme production

Biocontrol of fungal pathogens has been shown to be mediated by the production of extracellular
enzymes such as chitinase, cellulase and protease that are able to hydrolyse cell wall components
consisting of chitin, B- 1, 3- glucanase and proteins (Siddiqui, 2005). Protease activity was
evaluated as casein degradation of skim milk. One isolate (SISB1) from the strawberry samples
produced protease, as indicated by the formation of a halo on the skim milk agar (Figure 2.12).
Cellulase activity was determined by using carboxymethylcellulose (CMC) agar. Four isolates
from the natural indeginous forest samples, three isolates from the raspberry samples and three
isolates from the strawberry samples produced cellulase as indicated by the halos produced
(Figure 2.13). Chitinase was tested by plating on chitin agar. None of the isolates produced
clearing zones therefore it was assumed none produced chitinase (Table 2.7, 2.8, 2.9). Catalase
was tested by streaking diluted bacterial isolates on Nutrient agar. Positive reaction for catalase
was determined by instant bubble (O,) formation by the addition of 6% H,O, solution. Four
isolates from the natural indeginous forest samples, six isolates from the raspberry samples and
eight isolates from the strawberry samples produced catalase (Table 2.7, 2.8, 2.9). These isolates
could be considered as potential PGPR as through the production of these enzymes could
potentially inhibit fungal pathogens and thereby promote plant growth through indirect

mechanisms.
Fungal Pathogen Inhibition

PGPR have been shown to mediate in the biological control of plant pathogens. The mechanisms
involved can be direct via the production of antibiotics, siderophores, hydrogen cyanide,
hydrolytic enzymes (chitinases, proteases and cellulases) or indirectly by competition with the
pathogen for ecological niche such as infection and nutrient sites (Linderman, 2000; Bloemberg

and Lugtenberg, 2001; Sharma and Johri, 2002).

The selected bacterial isolates were grown in dual culture with Fusarium oxysporum and
Phythopthora nicotianae to establish the ability of the isolates to inhibit the growth of these
fungal pathogens. There was significant antagonistic ability resulting in decreased growth of

F.oxypsorum by the selected bacterial isolates (p < 0.001) (Figure 2.7).
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Among the isolates, SIN1, SERA1 and SISC2 showed to be most effective in the inhibition of
F.oxypsorum (Figure 2.8). The range of percentage inhibition was from 6 - 23 % (Table 2.6).
The dual culture studies with P. nicotianae revealed significant reduction in hyphal growth by
the selected bacterial isolates (p < 0.001) (Figure 2.9). Isolates SERB2, SISB1 and SEN9 were
the most effective isolates in the inhibition of P. nicotianae (Figure 2.10). The range of
percentage inhibition was from 33 — 49 % (Table 2.6). Therefore all isolates could be considered
as PGPR as they inhibit fungal pathogens which could indirectly promote future plant growth of
host plants.

It can be seen that all the bacterial isolates were most effective in inhibiting the hyphal growth of
P. nicotianae compared to F.oxypsorum (Table 2.6). There are many mechanisms involved in the
inhibition of fungal pathogens such as competition for nutrients, production of siderophores,
antibiotics hydrogen cyanide, antifungal compounds and hydrolytic enzymes. The bacterial
isolates used in the dual culture studies were evaluated for the production of siderophores and
hydrolytic enzymes as previously discussed. The isolates which showed the most inhibition of
F.oxypsorum were shown to only produce siderophores; therefore their mechanism of action was
competing for iron in the media, which is known to be present in potatoes. Siderophore

production by a Pseudomonas sp. has been shown to control Fusarium sp (Siddiqui, 2005).

The inhibition of F.oxypsorum began to occur after day 6, indicating secondary metabolite
production by the isolates, possibly siderophores (Figure 2.8). F.oxypsorum belongs to the
fungal division Ascomycota. Their cell walls are mostly comprised of chitin and B- glucans and
have septate hyphae which provide the fungus with stability and rigidity (Madigan and Martinko,
2006). All of the isolates showed no production of chitinase and therefore would not be able to
degrade the hyphae of F.oxypsorum which could account for the lower percentage inhibition
compared to P. nicotianae. The bacterial isolates had higher percentage inhibition of P.
nicotianae compared to F.oxypsorum. The inhibition of P. nicotianae began after day 3 of

inoculation indicating the production of primary metabolites (Figure 2.10).
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The isolates with the most inhibition were shown to produce protease, cellulase and
siderophores. P. nicotianae belongs to the fungal division Oomycota. Their cell walls are
composed mainly of cellulose rather than chitin. In addition, their hyphae are aseptate, and are
therefore easier to degrade (Madigan and Martinko, 2006). Therefore the mechanisms of action
by these isolates were to degrade the cellulose and protein components of the fungal cell wall
and compete for iron. There may be however other mechanisms by which the isolates may have
inhibited the two fungal pathogens which were not identified in this study but should be
considered in future studies such as the production of hydrogen cyanide, antibiotics and

antifungal compounds (Akhtar and Siddiqui, 2010).

In summary the plant growth promoting characterisation tests revealed a number of bacterial
isolates (27) were able to solubilise phosphate (96%), produce ammonia (22%), and produce
cellulase (37%), protease (3%), sideropohore (37%) and catalase (66%). Many of these isolates
were able to show multiple characterisation ability. These isolates represent a range of bacteria,
including Gram-positive and negative, rods and cocci which show potential to be PGPR,
although their efficiency would need to be further tested. A number of authors have investigated
potential rhizobacteria as possible PGPR from various host sources, also finding a variety of
bacterial isolates showing PGPR abilities similar to this study. Most of the isolates were from the
genera Bacillus, Azotobacter, Pseudomonas, Serratia, Streptomyces, Rhizobium (Joseph et al.,
2007; Ahmad et al., 2008; Chaiharn et al., 2008; Hariprasad and Niranjana, 2009; Yasmin et al.,
2009; Franco-Correa et al., 2010; Martinez-Viveros et al., 2010; Suresh et al., 2010).

Molecular Identification of Bacterial Isolates

Isolate SEN4 was identified as Acinetobacter ursingii by 16s rRNA anaylsis. Acinetobacter is a
genus of Gram-negative bacteria belonging to the Gammproteobacteria, often displaying
coccobacillary morphology (Madigan and Martinko, 2006). The isolate in this study showed
PGPR characteristics such as phosphate-solubilisation, cellulase and siderophore production but
was negative for IAA and ammonia production. Studies by other authors researching various

strains of Acinetobacter sp. have concluded that Acinetobacter sp. to be a PGPR.
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This was revealed through characterisation tests such as the ones performed in this study
(Huddedar et al., 2002; Indiragandhi et al., 2008; Kang et al., 2012). Most of the studies found
different species of Acinetobacter to solubilise inorganic phosphate sources such as CaHPO; and
to produce siderophores. However differences in IAA production has been reported, with some
species and/ or strains capable of producing IAA while others not. The same findings exist for
nitrogen fixation. One study by Gopalakrishnan et al., (2010) revealed Acinetobacter tandoii,
which is closely related to the isolate in this study, was positive for phosphate-solubilisation and
siderophore production and negative for IAA production and nitrogen reduction, which
correlates with the results in this study. A study by Prashant et al., (2009) found a different
species of Acinetobacter to be antagonistic towards Fusarium oxysporum through the production
of catechol type siderophores. The isolate in this study had an inhibitory effect on Fusarium
oxysporum, and therefore correlates with the results by Prashant et al., (2009). Therefore isolate
SEN4 can be said to be a species of Acinetobacter with possible multiple PGPR characteristics;

which should be further investigated for efficiency.

Through 16s rRNA analysis, isolates SEN9 and SIRB2 were identified as Bacillus thuringiensis.
Bacillus thuringiensis is a Gram-positive soil dwelling, rod shaped bacterium capable of
producing endospores (Madigan and Martinko, 2006). These isolates showed phosphate
solubilisation, ammonia production and siderophore producing capabilities but were indole
negative in this study. Although widely known as a successive biocontrol agent, other studies on
Bacillus thuringiensis have revealed PGPR characteristics such as phosphate solubilisation,
phytase production, IAA production, nitrogen fixation and siderophore production (Raddadi et
al., 2008 and Vassilev et al., 2007). Therefore the isolates in this study correspond to the results
shown by those authors and can be concluded to be Bacillus thuringiensis, although the TAA
results don’t correspond, which could be due to error in the media used in this study or this
isolate could be a different strain to the one in those studies. Therefore these two isolates have

capabilities to be PGPR through the characteristics they possess.
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Isolates SERB2, SESB1 and SISBI1 were identified as Bacillus mycoides. Bacillus mycoides are
known to be Gram-positive rods capable of producing endospores. They are easily identifiabel
through their characteristic rhizoid growth pattern upon incubation on suitable agar medium after
48 hrs (Paul et al., 1995). Isolate SISC2 also displayed this characteristic growth form and had
similar PGPR characterisation results, however was unidentifiable as the BLAST results showed
the isolate to be of Serratia sp., however this is inaccurate since the Gram-stain revealed large
Gram-positive rods, whereas Serratia sp. are small Gram-negative rods. The isolates also
showed rhizoid growth on solid media which is characteristic of B. mycoides (Paul et al., 1995).
The Serratia was thought to be an introduced contaminant. Different species of B. mycoides
have been shown to accelerate early AM fungi formation of Glomus etunicatum, Glomus
mosseae and Glomus intraradices and hence suggested to be potential MHB (von Alten et al.,
1993). Other studies have focused mainly on the biocontrol potential of B. mycoides. Antagonstic
ability by B. mycoides has been shown against Beauveria bassiana, Botrytis cinereae, Pythium
mamillatum and Fusarium oxysporum (Paul et al., 1995; Hammad and EI-Mohandes, 1999;
Guetsky et al., 2002; Toledo et al., 2011). The isolates in this study have shown antagonistic
ability against Fusarium oxysporum and Phythophthora nicotianae. Few studies have been
revealed on the plant growth promoting abilities of B. mycoides. In this study however, the
isolates showed multiple PGPR characteristics such as phosphate solubilisation, cellulase,
protease and siderophore production. Therefore further investigation into their potential PGPR

abilities should be performed.

Isolate SERA2 was identified as Bacillus cereus. B.cereus belongs to a Gram-positve group of
bacteria of rod morphology and capable of producing endospores (Idris et al., 2009). The isolate
in this study showed only phosphate solubilisation and siderophore production capabilities. The
isolate also had the highest antagonistic ability against Fusarium oxysporum. Other studies have
shown various PGPR characteristics for different strains of B.cereus, all with differing results,
possibly due to different strains used. For instance a study by Kumar et al., (2011) revealed four
B.cereus isolates, all were negative for siderophore production and positve for IAA production,
however only one isolate was positive for phosphate solubilisation. The study by Idris et al.,
(2009) showed seven isolates of B.cereus, with only one isolate having produced siderophore

and all isolates except one solubilised phosphate and produced IAA.
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Therefore different strains of B.cereus are capable of different multiple PGPR characteristics.
Therefore isolate SERA2 is considered to be B.cereus and a PGPR since it is able to solubilise
phosphate and supply phosphorous to the plant. In addition through the produciton of organic
acids, which results in a lowering of the soil pH makes other soil ions such iron become more
readily available for uptake through the bacterial siderophores or directly by the plant roots (Idris
etal., 2009).

Isolate SIRC2 was indentified as Microbacterium nematophilum. Microbacterium belong to
aerobic Gram-positive bacilli. The isolate in this study was shown to be able to solubilise
phosphate, produce ammonia and siderophores. Other studies on Microbacterium spp. have
revealed similar PGPR characteristics. A study by Karlidag et al., (2007) showed a species of
Microbacterium was able to fix nitrogen, wereas studies by Tsavkelova et al., (2007) and
Choudhary et al., (2011) revealed the ability to produce IAA. Phosphate solubilisation ability
was shown by a strain of Microbacterium in a study by Malboobi, et al., (2009). Research by
John et al., (2001) showed a strain of Microbacterium flavescens was able to produce
siderophores. Therefore the characteristation results of the isolate in this study correspond to the
abilities presented by these other authors. It is interesting to note that the nematophilum species
of Microbacterium has been shown to be isolated from the rectum of nematodes, in particular
Caenorhabditis elegans (Hodgkin et al., 2000). M. nematophilum has been shown to have an
ability to be pathogenic towards C. elegans. Since it is located in the rectum of the nematode, it
is likely to be excreted into the surrounding soil by the nematode and may come into contact
with AM fungal structures such as spores and hyphae. In this study it showed antagonstic ability
towards the fungal pathogens F.oxysporum and P.nicotianae and therefore could be used for its
biocontrol ability against antagonistic fungi and nematodes in agriculture. Therefore it can be
said that SIRC2 is indeed a species of Microbacterium with multiple plant growth promoting

characteristics and therefore has potential to be a PGPR.

Isolate SISB2 was identified by 16s rRNA analysis as a Bacillus sp. Bacillus sp. are known to be
Gram-positive rods, some able to produce endospores (Madigan and Martinko, 2006). Several
studies investigating potential PGPR charactersitics of various Bacillus spp. Joseph et al., (2007)

showed Bacillus spp. able to produce IAA, ammonia and few showed siderophore production.
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A study by Orhan et al., (2006) and Karlidag et al., (2007) revealed Bacillus spp. with phosphate
solubilising, nitrogen fixing and IAA producing capabilities. Calvo et al., (2010) characterised
Bacillus isolates and found 81% produced IAA and 58% solubilised phosphate. A study by
Hariprasad and Niranjana (2009) investigated five different species consisting of Bacillus
subtilis, Bacillus amyloliquefaciens and Bacillus megaterium. Characterisation tests revealed all
solubilised phosphate, produced IAA, produced phytase. None produced siderophores and only

one isolate of B.megaterium produced cellulase.

Two isolates (one B. subtilis and one Bacillus megaterium) showed antagonistic ability towards
Fusarium oxysporum. The isolate in this study showed PGPR characteristics such as phosphate
solubilisation and cellulase production, but did not produce IAA or siderophores. These results
correspond to those found by the authors mentioned and therefore the isolate SISB2 can

potentially be a PGPR.

2.5 Conclusion and Summary

Bacterial isolates were extracted from the external and internal surfaces of AM fungal spores
from various samples such as natural indigenous forest, raspberry and strawberry samples. They
were characterised according to plant growth promoting abilities such as phosphate
solubilisation, IAA production, ammonia production, siderophore and hydrolytic enzyme
production. These characteristics are important for promoting plant growth through providing
nutrients and other resources necessary for growth and establishment and for controlling plant
pathogens which may inhibit plant growth. A total of 27 bacterial isolates were characterised,
some with multiple abilities, of those 11 were identified by 16s rRNA molecular analysis. The
identitities correlated with other studies published by numerous authors, all reporting similar
PGPR characterisation results to the different genera of bacteria isolated in this study. These
isolates can then be said to be plant growth promoting rhizobacteria. A similar study to this one
was performed in Argentina but due to differences in methods, soil characteristics,
environmental factors and plant stages, the two studies could not be compared. The methods and

results of the study carried out in Argentina is presented in the next chapter.

91



CHAPTER 3

CHARACTERISATION OF AM FUNGAL
SPORE-ASSOCIATED BACTERIA:
ARGENTINA



Chapter 3

3.1 Introduction

Arbuscular mycorrhizal fungi associate with approximately 80% of terrestrial plant species,
some of which are beneficial in the agriculture industry. Raspberry (Rubus idaeus) is known to
be host to various arbuscular mycorrhizal fungi in the genus Glomus, Gigaspora and
Scutellospora. It has been shown that the AM fungi both promote and depress the growth and
yield of raspberry (Taylor and Harrier, 2000). The industry is looking to increase more organic

production in order to produce high yield crops (Made-in Argentina, 2010).

Total value of Argentine organic production is estimated at US$20 million (1999), of which 85
percent is exported and the remaining 15 percent sold in the domestic market (Made-in
Argentina, 2010). The use of microbial communities to alleviate the usage of chemicals has been
looked into as an alternative management strategy. These organisms include a variety of bacteria
that are able to solubilise phosphate, fix nitrogen or inhibit pathogens, for example some Bacillus
species are used to improve plant growth (Orhan et al., 2006), and studies into tripartite

symbiosis with AM fungi have been conducted.

Argentina produces and export raspberries, both fresh and frozen. Fresh raspberry production is
approximately 580 tons/ year whereas frozen raspberries are 110 tons/year. Majority of the fresh
raspberries are exported to Germany, France, Italy and the UK, where they go for U.S § 4/
pound. The main areas of raspberry production in Argentina include Comarca Andina el Paralelo

42°, Upper Black River Valley, Neuquen and Buenos Aires (Made-in Argentina, 2010).

The Andean region contributes approximately 45% of the natural production, including El
Bolson, El Hoyo, Lago Epuyen and Puelo. They yield approximately 4.5 to 15 tons/ ha. The
frozen raspberries are exported for around U.S $ 2100/ ton, with 25% going to the US, 15% to
Germany and 9% to Canada. Approximately 90% of the sales occur between February and May

(Made-in Argentina, 2010).

The aims of the experiment were to isolate bacteria from AM fungal spores from the soils
associated with the roots of raspberry samples in Argentina and characterise them according to
plant-growth promoting abilities and then identify the isolates with the most beneficial

characteristics.
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3.2 Materials and Methods

3.2.1 Soil Samples

Ten replicate random soils samples (approximately 300 g) were collected from Raspberry (Rubus
idaeus cv. Autumn Bliss) soil from Chacra El Monje, El hoyo, Rio Negro, Argentina (41° 58'S,
71° 32'W) (Figure 3.1). The raspberry samples were at full growth and harvest stage, ranging
from 1.6 m in height.

A B

Figure 3.1 A- Fruit of raspberry (Rubus idaeus cv. Autumn Bliss) and B- the raspberry
plantation in Rio Negro, Argentina.

3.2.2 Estimation of Root and Soil Bacterial Populations

Root Samples

Root samples (10 x 1 cm) of the ten replicate samples from the three sources above were placed
in sterile 0.2% saline in a 1:1 ratio and allowed to mix for an hour in the solution and serially
diluted (five x 5 fold dilution). Aliquots (100 pl) from the dilutions 5 and 57 were spread onto
Tryptone Soy Agar (TSA) (Britania, Catalog no: B0210206-436) for total bacterial counts. Each
dilution was spread onto two replicate plates. The number of colonies formed was counted after
24 hrs and 48 hrs incubation at 28°C (£ 2°C). The Colony Forming Units per cm of root length
(CFU.cm™) was calculated by Eqn 1 (Johnson and Case, 2007) and averaged per source.
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Soil Samples

Soil samples (1 g) of the ten replicate samples from the four sources above were placed in sterile
0.2% saline in a 1:1 ratio and allowed to mix for an hour in the solution and serially diluted (six
x 5 fold dilution). Aliquots (100 ul) from the 57 and 57 dilutions were spread onto Tryptone Soy
Agar (TSA) for total bacterial count. Each dilution was spread onto two replicate plates. The
number of colonies formed was counted after 24 hrs and 48 hrs incubation at 28°C (& 2°C). The
Colony Forming Units per g of soil (CFU.g™") was calculated by Eqn 1 (Johnson and Case, 2007)

and averaged per source.

Equation 1:

. . Standard Volume
CFU = number of colonies x dilution factor x ———m8M888 ™ —
Aliquot plated

3.2.3 AM Fungal Spore Extraction and Isolation
Spore Extraction

AM fungal spores were extracted from the various soil sources by the method described by
Smith and Dickson, 1997. This involves weighing out 200 g of soil in a beaker, making a soil
solution with sterile tap water which was stirred and allowed to settle. The supernatant was
decanted through a nest of sieves (500 m, 250 m, 53 m, 35 m) which was pre-washed with
sterile tap water and repeated three times. The sieves were washed and the debris from the
500 m discarded. The debris in the remainder of the sieves were washed into 50 ml centrifuge

tubes and filled with water (Smith and Dickson, 1997).
Spore Purification

The spore suspensions were centrifuged (1900 g for 5 min) and the supernatant discarded. The
pellet was resuspended in 60% sucrose solution (made in sterile 1 L beakers) and centrifuged
(Sigma Sigmo Centrifuge) for a further 5 min. The supernatant was filtererd through a Buchner
funnel onto a filter paper disc (Schleicher and Schiill 589' Shwarzband) and rinsed with sterile
distilled water. The filter paper was transferred to the lid of a sterile petri dish.
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The spores were counted, microscopically examined (Smith and Dickson, 1997) with an
Olympus SZX9 dissecting microscope, morphologically separated according to only colour
morphology spores of different sizes of similar colour were combined. Images were taken with
an Olympus Evolt E-410 digital camera. The spores were only used to isolate potential
mycorrhizal helper and plant growth promoting bacteria and not for identification or molecular

purposes.
3.2.4 AM fungal colonisation

AM fungal colonisation was assessed as described in section 2.2.4. The roots were examined
with an Olympus BX40 compound microscope Pictures of the colonization were taken using an

Olympus Evolt E-140 digital camera.

3.2.5 AM fungal Spore-associated Bacterial Isolation

External Surface of Spores

The spores of the AM fungi were placed in sterile 0.2% saline/Tween 80 solution, vortexed for
one hour and allowed to soak. A sample (200 pl) from the solution was serially diluted (five x 5
fold dilution) with sterile 0.2% saline solution and an aliquot (100 ul) from the 5* and 57
dilutions was spread onto TSA plates and incubated at 28°C. The number of CFU.ml" per spore
solution was determined for each plate after 24 hours. Colonies were streaked discontinuously to
obtain pure bacterial colonies which were cultured in 400 ul Nutrient Broth (NB) (Biolab
Catalog no: 1024537) in Cryotubes containing sterile glass beads at 30°C for 48 hrs. Glycerol
stocks of the isolates were made by combining 0.1 ml of 60% glycerol solution to the Cryotubes,
vortexed to homogenise the glycerol and cultures. The isolates were frozen in steps: 4°C for 2

hrs, shaken, -20°C for 2 hrs and then stored at -80°C for further anaylsis.
Internal Surface of Spores

AM fungal spores were surface sterilised by soaking in a 2% chloramine T (Squibb Industria
Farmacettica, S.A, Catalog no: 731810 E.F.P) and Tween 20 solution for one hour at constant
vortexing (medium speed), after which the solution was centrifuged at 10 000 g for 5 mins, the

supernatant removed and 1 ml sterile H,O was added to wash the spores.
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The sample was vortexed for 5 mins continuously and centrifuged at 10 000 g for 5 mins, the
supernatant was removed and replaced with new sterile H,O and repeated three times. A sample
(100 pl) from the solution was spread onto TSA plates and incubated at 28°C to determine the
efficiency of the sterilisation step. Thereafter 500 ul of each 10 mg.ml" of ampicillin (Amp,
Sigma®), chloramphenicol (Clo, Anedra®) and streptomycin sulphate (Str, Richet®) solution
was added and soaked for 1 hr 30 mins with constant vortexing. After which the spores are
washed three times with sterile H;O. A sample (100 pl) from the solution was spread onto TSA
plates and incubated at 28°C to determine the efficiency of the antibiotics. After the final wash,
the water was replaced with 1 ml 0.2% sterile saline soaked for 1 hr 30 mins, centrifuged at 10
000 g for Smins and the spores crushed using a sterile micropestle to release the internal bacteria
into the saline solution, which was serially diluted (three x 5 fold dilution) with distilled 0.2%
saline solution and an aliquot (100pl) from the 57, 5% and 5 dilutions was spread onto TSA
plates and incubated at 28°C. The number of CFU.ml™ per spore solution was determined for
each plate after 24 hours. Colonies were streaked discontinuously to obtain pure bacterial
colonies which were cultured in 400 pl (NB) in Cryotubes containing sterile glass beads at 37°C
for 48 hrs. Glycerol stocks of the isolates were made by combining 0.1 ml of 60% glycerol
solution to the Cryotubes, vortexed to homogenise the glycerol and cultures. The isolates were
frozen in steps: 4°C for 2 hrs, shaken, -20°C for 2 hrs and then stored at -80°C for further

anaylsis.
3.2.6 Morphological Identification of Bacterial Isolates

The bacterial isolates were morphologically identified by Gram staining as described in section
2.2.6. Samples were air dried and visualised under a compound microscope under oil immersion

(Olympus BX40).
3.2.7 Transportation of Isolates to South Africa

The prepared isolates were streaked onto slant nutrient agar in 1.5 ml microcentrifuge tubes,
sealed with parafilm and incubated at 30°C for 48 hrs. The samples were transported to the
Mycorrhizal Research Laboratory, Department of Biochemistry, Microbiology and
Biotechnology, Rhodes University, South Africa (Permit number: P0049730).
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The isolates were transferred to NB, incubated at 37°C, on a rotary shaker at 150 rpm for 48 hrs.
Glycerol stocks of the isolates were made by combining 0.5 ml of the NB cultures with 0.5 ml of

50% glycerol solution and stored at -80°C for further anaylsis.
3.2.8 Plant-Growth Promoting Characterisation Tests

The bacterial isolates were prepared for and underwent Plant Growth Promoting characterisation
tests as described in section 2.2.7.

3.2.9 Molecular Identification of Bacterial Isolates

Molecular identification of the bacterial isolates was carried out by DNA extraction and PCR

protocols as described in section 2.2.8.

3.2.10 Statistical Analyses

Statistical analysis on the results was carried out using the same software and procedures as

outlined in section 2.2.9.

3.3 Results

3.3.1 Estimation of Root and Soil Bacterial Populations

Ten replicate soil samples were taken from raspberry and the bacterial community cultured from
the root surfaces and bulk soil. The bacteria were grown on TSA and the CFU.cm™ root and
CFU.g" soil was determined. There was a significant difference (t-value = -7.36, df = 47, p <
0.001) in the total number of culturable bacteria between the root and soil samples, the numbers

being slightly higher in the soil samples (Figure 3.2).
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Figure 3.2 Total culturable bacterial counts of Raspberry (Rubus idaeus cv. Autumn Bliss) root
and soil samples. Log CFU values are means of ten replicates, bars represent + standard
deviation. Column labels with same letter represent no significant differences.

3.3.2 AM Fungal Colonisation and Spore Counts

The roots isolated from the ten samples were stained with trypan blue and the percentage root
colonisation of the raspberry plants was determined. The AM fungal spores were extracted from
the soil and counted per 100 g. The root colonisation of the raspberry plants was higher than the
number of spores present in the bulk spore of the raspberry plants (Table 3.1).

Table 3.1 Average Arbuscular Mycorrhizal fungal root colonisation percentage (%) and AM fungal spore
counts sampled from Raspberry (Rubus idaeus cv. Autumn Bliss).

Root Colonisation % Spore Count (100 g)
Raspberry 75 8.25
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Three different spore morphotypes were found in the bulk soil of the raspberry samples and were
separated according to differences in colour. The first was an orange-golden coloured spore, then
a dark brown to black coloured spore and then a cream, clear-grey coloured spore, all with
variations in size and intensity of colour (Figure 3.3). The raspberry samples were colonised by
the AM fungi through structures including arbuscules (which had a low presence), spores,

vesicles and intra-radical hyphae (Figure 3.4).

Figure 3.3 Different Arbuscular Mycorrhizal fungal spores of Raspberry (Rubus idaeus cv. Autumn
Bliss) samples. A- Orange-gold coloured spore with dull surface, B- Dark brown coloured spore
morphology with a glossy surface, C- Clear-grey coloured spore with glossy surface, attached is part of
the subtending hyphae.

Figure 3.4 Arbuscular Mycorrhizal fungal spore colonisation of Raspberry (Rubus idaeus cv.
Autumn Bliss) root cortical cells. H- intra-radical hyphae, S- spore, V- vesicle.
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3.3.3 Bacterial Isolate Coding

The bacteria were coded according to the isolation procedures, First letter with A represents
Argentinean Isolate, E and I represent isolation from the external and internal surfaces of the AM
fungal spores respectively, R were isolated from the raspberry sources. A, B and C represent the
AM fungal spore morphotypes mentioned earlier (Figure 3.3) followed by the isolate number.
Bacterial morphology represented by S, M, L represent cell size small, medium and large under
immersion oil in relation to the field of view. “BM” represents cultures showing rhizoid colony
morphology which are characteristic of Bacillus mycoides growth. ENDOS represents endospore

formation by bacillus shaped bacteria, viewed under immersion oil.
3.3.4 AM fungal Spore-associated Bacterial Isolation

Bacteria were isolated from the external and internal surfaces of the AM fungal spores and there
was no bacterial growth on the control plates after the sterilisation steps. The total numbers of
culturable bacteria per spore (CFU.spore™) was determined by culturing on TSA and counting
the colonies after 24 hrs. The numbers were significantly higher in the external surface of the
spores compared to the internal (Table 3.2). A total of 25 bacteria were isolated from the AM
fungal spores, a gram stain was performed on these samples, with all 25 being Gram-positive and
none Gram-negative. Of these Gram-positive bacteria, 13 were rods of various sizes and 12

isolates were cocci whereas the gram negative showed only rod morphology (Table 3.2).

Table 3.2 Bacterial cultures of the external and internal Arbuscular Mycorrhizal fungal surfaces
sampled from Raspberry (Rubus idaeus cv. Autumn Bliss) samples.

Total Gram Gram
Spore surface CFU.spore’  Number . . Rods Cocci  Rods:Cocci
Positive = Negative
Isolated
230 9 9 0 7 2 7:2
EXTERNAL
INTERNAL 26 16 16 0 6 10 3:5

TOTAL 256 25 25 0 13 12 10:7
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3.3.5 Plant Growth Promoting Characterisation Tests

Bacteria isolated from the external and internal surfaces of AM fungal spores sampled from the
Raspberry (Rubus idaeus cv. Autumn Bliss) soils were subjected to plant-growth promoting
characterisation tests to evaluate their ability to enhance plant growth and inhibit fungal

pathogens by various mechanisms.
Phosphate-Solubilisation

The selected bacterial isolates were grown in media containing CaHPOj3 as the only phosphate
source to test for phosphate solubilisation. The media also contained bromophenol blue which
turns to yellow indicaticive of organic acid poroduction (Figure 3.5). Seventeen bacterial isolates
were shown to be phosphate solubilisers. The diameter of the halos’ produced were measured for

the five replicate wells and averaged which ranged from 17-28mm (Table 3.4, 3.5).

Figure 3.5 Phosphate solubilisation of CaHPO; by selected bacterial isolates from the external (AERA6)
and internal (ATIRC4) surfaces of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus idaeus cv.
Autumn Bliss). Control- Inoculated with 0.2% sterile saline.

Phytase production

Phytase production was evaluated usng media containing phytic acid. Isolates were incubated

for 5 days. None of the bacterial isolates produced phytase (Table 3.4, 3.5).
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Indole Acetic Acid Production

Bacteria isolated were grown in DEV Tryptophan Broth and then Kovacs Reagent was added to
the samples. All the bacterial isolates were negative for indole acetic acid production (Table 3.4,

3.5) as all produced a yellow colour whereas a red colour is indicative of a positive reaction.

Production of Ammonia

Bacterial isolates were tested for ammonia production in peptone water and Nesslers reagent was
added. Development of brown to yellow colour is positive test for ammonia production (Figure

3.3). Two bacterial isolates (AIRC2 and AIRC9) produced ammonia (Table 3.4, 3.5).

Figure 3.6 Production of ammonia by the bacterial isolates from the internal (AIRC2 and AIRC9) surface
of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus idaeus cv. Autumn Bliss). Control- un-
inoculated broth.

Fungal Pathogen Inhibition

This experiment was conducted to determine if any of the bacterial isolates have an inhibitory
effect on Fusarium oxysporum and Phythopthora nicotianae. Bacterial isolates were inoculated
into wells on PDA placed at the four points along a perpendicular axis. The fungal growth (mm)

was measured along the two perpendicular axes for approximately 20 days.
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Dual culture with Fusarium oxysporum

Antagonistic ability of the bacteria against F. oxysporum revealed significant inhibition by all the
bacterial isolates in the dual culture studies (Fpo613= 10.572, p < 0.001). Reduction in the
hyphal growth compared to the control was indicative of inhibition (Figure 3.7). Among the
isolates, AERA4.1 and AIRC4 were shown to be the most effective in inhibition of F. oxysporum
(Figure 3.8 A-B), which was confirmed by Fischer’s LSD test and the percentage inhibition of
the growth by the isolates ranged from 6-25% (Table 3.3).

Figure 3.7 Fungal hyphal growth inhibition of Fusarium oxysporum by selected bacterial isolates from the
surfaces of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus idaeus cv. Autumn Bliss)-
AERAA4.1 and AIRC4. Control- Inoculated with 0.2% sterile saline.
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Figure 3.8 A and B Dual cultures of bacterial isolates from raspberry (Rubus idaeus cv. Autumn Bliss)
and F.oxysporum f sp lycopersici showing bacterial effect on fungal growth (Mean = SD) growth rate
(Fao618) = 10.572; p < 0.001). A- Bacteria isolated from external surface of spores; B- Bacteria isolated
from internal surface of spores. Control- Inoculated with 0.2% sterile saline.
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Dual culture with Phythophthora nicotianae

Antagonistic ability of the bacteria against P. nicotianae revealed significant inhibition by all the
bacterial isolates in the dual culture studies (Fpo613= 17.720, p < 0.001). Reduction in the
hyphal growth compared to the control was indicative of inhibition (Figure 3.9). Among the
isolates, AERB2 and AIRA4B were shown to be the most effective in inhibition of P. nicotianae
(Figure 3.10 A-B), which was confirmed by Fischer’s LSD test and the percentage inhibition of
the growth by the isolates ranged from 36 - 55% (Table 3.3).

Figure 3.9 Fungal hyphal growth inhibition of Phythophthora nicotianae by selected bacterial isolates
from the surfaces of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus idaeus cv. Autumn
Bliss) - AERB2 and AIRA4B. Control- Inoculated with 0.2% sterile saline.
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Figure 3.10 A and B Dual cultures of bacterial isolates from raspberry (Rubus idaeus cv. Autumn Bliss)
and Phythophthora nicotianae showing bacterial effect on fungal growth (Mean + SD) growth rate
(Fo618 = 17.720; p < 0.001). A- Bacteria isolated from external surface of spores; B- Bacteria isolated

from internal surface of spores. Control- Inoculated with 0.2% sterile saline.
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Table 3.3 Fungal hyphal growth inhibition (%) of dual cultures of bacterial isolates against Fusarium
oxysporum and Phythophthora nicotianae

Isolates F. oxysporum P. nicotianae
AERA4.1 19 39
AERB2 13 48
AERAS 6 42
AIRA4B 19 55
AIRA2 16 42
AIRAS 11 39
AIRB3 15 36
AIRC1 10 37
AIRC4 25 40
AIRC9 10 48

*  Bold indicates highest % inhibition shown against the pathogens
Siderophore production

Development of yellow-orange halos around the isolates indicated siderophore production
(Figure 3.11). Two bacterial isolates (AERA4.1 and AERAS) from the external surface and nine
bacterial isolates (AIRA2, AIRA4A, AIRA4B, AIRA4C, AIRAS, AIRB2, AIRB3, AIRC1 and
AIRC9) from the internal surface of AM fungal spores were shown to produce siderophores

(Table 3.4, 3.5). The halo’s produced were less than Smm in diameter.

Figure 3.11 Siderophore production by the selected bacterial isolates from the external (AERAS)
and internal (AIRA4B and AIRCS) surfaces of Arbuscular Mycorrhizal fungal spores from
raspberry (Rubus idaeus cv. Autumn Bliss). Control- Inoculated with 0.2% sterile saline.
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Protease Production

Protease activity (casein degradation) by the bacterial isolates was determined using skimmed
milk agar. Development of halo zone around five replicate wells was considered positive for
protease production (Figure 3.12). Two isolates (AERB2 and AERA4.1) from the external
surface of AM fungal spores produced protease. The halo’s produced were measured for the five

replicate wells and averaged, which were 13mm and 22mm (Table 3.4, 3.5).

Figure 3.12 Protease production by the selected bacterial isolates from the external (AERB2
and AERA4.1) surfaces of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus
idaeus cv. Autumn Bliss). Control- Inoculated with 0.2% sterile saline.

Cellulase Production

Cellulase activity was determined by using carboxymethylcellulose (CMC) agar. Grams lodine
was added to the CMC plates. Development of halo zone around five replicate wells was
considered positive for cellulase production (Figure 3.13). One isolate (AERA1) from the
external surface and ten isolates (AIRA2, AIRA4A, AIRA4B, AIRA4C, AIRAS5, AIRB2,
AIRB3, AIRC4, AIRCS, and AIRC7) from the internal surface of AM fungal spores produced
cellulase (Table 3.4, 3.5). The halo’s produced were measured along their diameter for the five

replicate wells and averaged, the range was 21 to 33 mm.
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Figure 3.13 Cellulase production by the selected bacterial isolates from the external (AERA1)
and internal (AIRC4) surfaces of Arbuscular Mycorrhizal fungal spores from raspberry (Rubus
idaeus cv. Autumn Bliss). Control- Inoculated with 0.2% sterile saline.

Chitinase Production

Chitinase was tested by plating on chitin agar. There was no halo formation amongst all the

isolates (Table 3.4, 3.5).

Catalase Production

Catalase was tested by streaking diluted bacterial isolates on Nutrient agar. Positive reaction for
catalase was determined by instant bubble (O;) formation by the addition of 6% H,0O, solution.
Two isolates (AERA1 and AERAS) from the external surface and twelve isolates (AERC3,
AIRA4A, AIRA4B, AIRA4C, AIRB2, AIRB3, AIRCI1, AIRC2, AIRC4, AIRCS5, AIRC7
AIRCS) from the internal surface of AM fungal spores produced catalase (Table 3.4, 3.5).
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Table 3.4 PGPR characterisation results of the bacterial populations of the external AM fungal surfaces sampled from Raspberry
(Rubus idaeus cv. Autumn Bliss). P-solub- phosphate solubilisation, IAA- Indole Acetic Acid, NH3- Ammonia, CMC- cellulase, SMA-
Protease, PhyM- phytase, SidPh- Siderophore, Catalase and Chitin production.

Isolate Gram Morphology P-solub TAA NH; CMC SMA  Phytase Sidph Catalase Chitin
*AERA1 - Rods (S) +20mm’ - - +33mm - - - + -
AERA2 + Rods (L) + 17mm - - - - - - - -

*AERA4.1 + Rods (M) ENDOS - - - - + 22mm - + - -
*AERAS + Rods (M) ENDOS  +27mm - - - - - + + -
AERAG6 + Cocci +22mm - - - - - - - -
AERBI1 + Rods (S) + 22mm - - - - - - - -
*AERB2 - Cocco-bacilli + 19mm - - - + 13mm - - - -
AERC2 + Rods (S) - - - - - - - + -
AERC3 + Rods - - - - - - - + -

*  Bacterial isolates selected for molecular identification

1 Average diameter of zone of clearance

L Large bacterial cell size (100x magnification)
M Medium bacterial cell size (400x magnification)
S Small bacterial cell size (1000x magnification with immersion oil)
ENDOS Endospore presence
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Table 3.8 PGPR characterisation results of the bacterial populations of the internal AM fungal surfaces sampled from Raspberry (Rubus
idaeus cv. Autumn Bliss). P-solub - phosphate solubilisation, IAA- Indole Acetic Acid, NH3;- Ammonia, CMC- cellulase, SMA-

Protease, Phytase, Sidph- Siderophore, Catalase and Chitin production.

Isolate Gram Morphology P-solub TIAA NH; CMC SMA Phytase Sidph Catalase Chitin
*AIRA2 + Rods (M) +21mm’ - - +20mm - - + -
AIRA3 + Rods (L) + 17mm - - - - - - - -
*AIRA4B + Cocci + 24mm - - +26mm - - + + -
*AIRAS + Rods (M) + 28mm - - + 20mm - - + - -
*AIRB3 + Cocci + 26mm - - +21mm - - + + -
*AIRC1 + Rods (L)“BM” + 20mm - - - - - + + -
AIRC2 + Rods (S) + 25mm - + - - - - + -
*AIRC4 + Cocci + 21mm - - +28mm - - - + -
*AIRCS + Cocci +20mm - - + 30mm - - - + -
AIRCS + Rods (L)“BM” + 21mm - - - - - - + -
*AIRC9 + Cocci + 28mm - + - - - + - -

* Bacterial i1solates selected for molecular identification

1  Average diameter of zone of clearance

L Large bacterial cell size (100x magnification)
M Medium bacterial cell size (400x magnification)

S Small bacterial cell size (1000x magnification with immersion oil)

BM Bacillus mycoides colony morphology on solid media

ENDOS Endospore presence
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3.3.6 Molecular Identification of Bacterial Isolates

Based on the best results of the plant-growth promoting characterisation tests, bacterial isolates
were selected for molecular identification. These isolates are represented in Tables 3.6 and 3.7
by the asterisks. The DNA was extracted and underwent PCR amplification which was
successful and efficient judging by the bands obtained (Figure 3.14). The 16s rRNA of the
bacterial isolates was amplified and resulted in bands of approximately 1500bp for the primers
FD1 and rp2 and approximately 500bp for the primers GmSF and R907 in size, visualised using

agarose gel electrophoresis (Figure 3.14).

Figure 3.14 Ethidium bromide stained agarose gel (0.8%) showing PCR amplification by the primers
FD1 and rP2, and primers GmSF and R907 of the selected bacterial isolates from raspberry samples.
Lane 1- Lambda DNA/EcoRI + HindIIl molecular marker, Lane 2- isolate AERAI1, Lane 3- isolate
AERB2, Lane 4- isolate AIRA4B, Lane 5- isolate AIRCS5, Lane 6- isolate AERA4.1, Lane 7- isolate
AIRA2, Lane 8- isolate AIRAS, Lane 9- isolate AIRB3, Lane 10- isolate AIRC1, Lane 11- isolate
AERAS, Lane 12- isolate AIRC9, Lane 13- isolate AIRC4.
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The sequences of the isolates were obtained (Appendix II) and identified using BLAST on the
National Centre for Biotechnology Information (NCBI) website. Percentage Identity values
greater than 95% were chosen as the cut off for significant identification at the genus level and

98% at species level (Table 3.9).

Table 3.6 Identified bacterial isolates obtained from the analysis of partial 16s rRNA using the
National Centre for Biotechnology Information (NCBI) website.

. Most Significant Alignment % NCB.I
Bacterial Isolate . e-values Accession
(NCBI) Identity
Number
AERA1 Alcaligenes faecalis 99 0.0 KC172062.1
AERAA4.1 Bacillus pumilus 98 0.0 JX847610.1
AERB2 Serratia marcescens 99 0.0 GU294130.1
AERAS5 Bacillus pumilus 99 0.0 KC113516.1
AIRA4B Micrococcus luteus 99 0.0 FJ229461.1
AIRCS Staphylococcus sp. 100 0.0 KC121048.1
AIRA2 Bacillus sp. 97 0.0 I1X402437.1
AIRAS Unidentified - - -
AIRB3 Unidentified - - -
AIRC1 Unidentified - - -
AIRC9 Staphylococcus pasteuri 99 0.0 JX994109.1
AIRC4 Bacillus sp. 96 0.0 JF723202.1

The bacterial isolates from the raspberry samples were identified as belonging to the genera
Alcaligenes, Bacillus, Serratia, Micrococcus and Staphylococcus with three isolates unidentified
(Table 3.9).
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3.4 Discussion

Estimation of Root and Soil Bacterial Populations

Soil samples were taken from raspberry plants and the bacterial community cultured from the
root surfaces and bulk soil to determine the colony forming units. Colony forming units (CFU) is
an indication of the number of bacteria present (Madigan and Martinko, 2006). The CFU.cm’'
root and CFU.g" soil was determined. There was a significant difference (p < 0.0001) in the total
number of culturable bacteria between the root and soil samples, the numbers being slightly
higher in the soil samples (Figure 3.2). Microbes generally gather around plant roots. This is
known as the “rhizosphere effect”. The dispersal of microbes throughout the soil is therefore not
uniform (Heritage et al., 1999). However in the study, the bacterial numbers were higher in the
bulk soil. A study by Baudoin et al., (2003) examined the bacterial community of bulk and
rhizospheric soils from maize (Zea mays). They found the bacterial counts in the bulk soil to be

slightly lower than the rhizospheric soil.

Soil is a complex environment which is influenced by factors such as pH, organic matter content
(such as leaf litter or added compost), and cations (Ca, Mg, K, and Na) (Garbeva et al., 2004).
The nature of soil, irrigation, land use history and management practices (for example, input of
fertilizers and herbicides) may also create unique soil environments. Nutrients such as
phosphorous and nitrogen is introduced by these practices and input systems. These nutrients are
important for biochemical processes in the cell and hence bacterial growth (Madigan and
Martinko, 2006). Cell membranes are stabilised and bacterial growth is promoted by cations. The
pH of the soil influences the availability of these cations (Chiarini et al., 1998). Microbial
community populations in the bulk soil may be changed by these factors (Johansson et al., 2004).
Soil analysis, although not performed in this study should be considered to determine the effect

of environmental parameters on soil bacterial communities.

Although lower than the bulk soil, bacterial communities are still present in the rhizospheric soil.
The rhizospheric soil numbers could be due to secretion of exudates by plant roots and by AM
fungal hyphae associated with roots. These exudates contain carbohydrates, hormones and other

compounds which promote bacterial growth (Bianciotto and Bonfante, 2002).
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Baudoin et al., (2003) showed the addition of artificial root exudates (such as sugars, amino
acids and organic acids) increased the CFU.g" of both the bulk and rhizospheric soil, with
similar counts of bacteria. Some compounds released by the plant root could also be deleterious
to the rhizospheric microbial community. Some microbes associated in the rhizospheric soil
could provide nutrients otherwise unavailable in the soil to the rhizospheric bacterial
communities. These microbes could be phosphate-solubilising, nitrogen fixing bacteria or belong
to bacteria that produce siderophores in iron limiting conditions that alter the pH of the soil
(Gray and Williams, 1971). However some microbes in the soil are able to compete with other
soil microbes or produce inhibitory compounds such as antibiotics and siderophores which could
affect the natural rhizospheric communities (Campbell, 1979). In addition, no investigation into
the dominant bacterial species present in the soil was performed in this study and the results only

indicate easily culturable isolates.

Soil and rhizospheric microbes can be cultured on artificial media. However a small proportion
of microbes may be unculturable due to the absence of suitable conditions. An underestimation
of the microbial activity in the soil may occur. Microbes tend to live in complex communities
and once removed from the environment onto culture media, these conditions may not be able to
be replicated (Heritage et al., 1999). In addition accurate estimates are further affected since
some bacteria in the soil are present as dormant spores. When in contact with the suitable culture
media these spores may germinate. Techniques utilising the 16s rRNA structure such as
polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) may aid in
determining unculturable microbial communities. Taxonomic studies can be performed since
members within a species have conserved 16s rRNA structures. Different species show divergent
16s rRNA structures. A more accurate representation of the soil microbial communities can then

be determined (Heritage et al., 1999, Madigan and Martinko, 2006).
AM Fungal Colonisation and Spore Counts

AM fungi are non host specific and found naturally occurring in most soils. The presence of AM
fungi in the soil can be ascertained through the rate of colonisation by AM fungal structures such
as spores, hyphae and other fragments. This is usually mainly determined by spore density in a

given soil (Smith and Dickson, 1997).
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The percentage colonisation of the raspberry roots was high however the spore density in the soil
was lower, this could be due to AM fungi lifecycle, environmental factors or seasonality. The
colonisation percentage of the host root by AM fungi may relate to the lifecycle of the AM fungi.
Since the raspberry plants were at fruiting stage implies the AM fungi has adequately penetrated
the extensive root system and completed the colonisation of the roots, since the lifecycle is
initiated with spore germination upon the recognition of a host root and rapidly establishes in the

root cortical cells.

There are many limitations to spore sieving which may give an underestimation of total AM
fungal spore population in the soil. Distinguishing between dead and viable spores, spores
smaller than 45 pm may be lost, or spores adhering to particles which may be discarded are a
few examples (Schenck, 1982). AM fungal species composition, dormancy and variability may
also determine spore production (Smith and Read, 2008). The distribution of AM fungi in the
soil is related to soil pH, phosphorous levels, salinity, soil disturbances and hydrologic
conditions of the soil (Escudero and Mendoza, 2005). An increase in soil pH, P or salinity may

result in a decreased AM root colonisation percentage or spore density.

Spore counts in the soil and root colonisation percentage are not necessarily correlated with each
other. The rate of extension by mycorrhiza formation is not always related to spore density
(Ingham and Wilson, 1999; Mendoza et al., 2002). The pattern observed in spore density does
not reflect the activity of the AM fungi within the roots but instead their capacity to sporulate
along a hydrologic gradient (Escudero and Mendoza, 2005). Sporulation by AM fungi may be
dependent upon time of year. Although not functioning at one seasonal period, a species of AM
fungi may become operational depending on environmental conditions. These conditions may
assist colonisation and release of spores into the soil (Kabir et al., 1997; Anderson et al., 1983).
Spore germination phases such as hydration, activation, germ tube emergence and hyphal growth
processes may be affected by moisture. Sporulation could be triggered by increased rainfall after
the winter rainfall or during the summer period (Sinegani et al., 2005). Lugo and Cabello (2002)
studied the effect of seasonality on various AM fungal sporulation and spore density in a

temperate climate of mountain grassland in Cordoba Argentina.
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Their results revealed that spore density of Acaulospora and Scuttellospora was highest in spring
and of Glomus in autumn, when the weather becomes cooler and drier and decreased in the wet
summer periods, which they found was coincidental with the lack of flowering and fruiting in the
autumn season. In contrast, root colonisation percentage of the grasses was found to be highest
in summer period, followed by autumn (Lugo et al., 2003). The samples in this study were
collected in late autumn in El hoyo, Argentina, which is located further south and receives more
rainfall during the autumn and winter period compared to the study by Lugo and Cabello (2002).
Therefore the release of spores may be dormant until increased winter rains have surpassed,
resulting in the decreased spore density in this time period. The results from this study correlate
with those from the study by Escudero and Mendoza, (2005) on seasonality on AM fungi from
the Buenos Aires province. Their results revealed a decrease in AM fungal (Glomus and
Acaulospora) spore density from the wetter autumn period (April to July) with increases in the
drier summer (October to January). Therefore soil analyses should be performed and a second
sampling should occur in summer to take in account these soil properties and seasonal affects on

spore density, which was however limited by time constraints of the project.

Three spore colour morphotypes isolated from raspberry samples which could represent a
number of AM fungal species. Spore colour changes according to how the light interacts with the
specimen Morton (1988). AM fungal spore colour morphotypes range from white (hyaline) to
red-black in Glomus and Scutellospora, white (hyaline) to dark orange- brown in Acaulospora
and Entrophospora, and ranging from white to yellow in Gigaspora. Schalamuk et al., (2006)
isolated various AM fungi belonging to the genera Acaulospora, Entrophospora, Gigaspora,
Glomus and Scuttellospora from the soils associated with spring wheat in the Pampa region
(central) of Argentina. This shows a wide variety of AM fungal diversity is present in the soils of
Argentina, which could relate to the AM fungi collected from the raspberry soils in this study,
although identification of the AM fungi was not the scope of this study, and colour morphology
only gives a tentative identification of the AM fungal diversity in a given soil, and other
characteristics would have to be taken into account for accurate identification of AM fungi from

their spores.
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AM Fungal spore-associated Bacterial Isolation

AM fungal spores were collected from the raspberry samples and bacteria were extracted from
the external and internal surfaces of the spores and the number of culturable bacteria was
determined for both spore surface types. Since no bacteria were found on the control plates after
the sterilisation step, the use of chloramine T and antibiotics such as ampicillin, chloramphenicol
and streptomycin were efficient in inhibiting the presence of bacteria on the external surface of
the spores. The internal isolates can then be confirmed to be internal, except for the Gram-
positive rods, which may be from the external surface and produce endospores which survive the

sterilisation process and are able to germinate on the artificial media

The external surfaces had a higher count than the internal surface of the spores. Since spores are
produced and released by the extraradical hyphae in the soil, they come into contact with
rhizospheric microbial communities. Through the production of biofilms or through appendages
such as pili, fimbriae and flagella, bacteria are able to attach to the external surface of the spores
(Bianciotto and Bonfante, 2002). Endophytic bacteria are found only in the cytoplasm of spores
and hyphae and are taken up through the cytoplasm of the root. Both Gram-positive and Gram-
negative bacteria were isolated from the surfaces of the spores. The quantity of Gram-positive
isolates were higher and were of rod and cocci morphology, whereas Gram-negative were
consisted only of rods. This is consistent with the presence of these types of bacteria in the

rhizosphere (Bharadwaj et al., 2008).

Some Gram-positive bacteria are able to produce resistant resting structures such as spores and
are able to be cultured when inoculated on artificial media. For example bacteria isolated from
the external and internal surfaces of Glomus clarum spores revealed a variety of genera present,
including Alcaligenes, Bacillus spp., Burkholderia, Flavobacterium and Pseudomonas spp. They
also found that the internal surfaces had approximately 80% Gram-positive and no Gram-
negative isolates (Xavier and Germida, 2003). Genera including Pseudomonas spp.,
Corynebacterium, Pseudomonas putida, Paenibacillus, Bacillus spp., Stenotrophomonas spp.
were isolated from the spores of AM fungi such as Glomus intraradices and Glomus mosseae,
(Mayo et al., 1986; Walley and Germida, 1997; Budi et al., 1999; Bharadwaj et al., 2008).
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Plant Growth Promoting Characterisation

Rhizospheric bacteria have been termed Plant-Growth Promoting Rhizobacteria (PGPR) are
known to stimulate plant growth (Bloemberg and Lugtenberg, 2001). Direct mechanisms of
growth promotion include the production of phytohormones and plant growth auxins such as
indole acetic acid (IAA), nitrogen fixation and the solubilisation of phosphorous. Indirect
mechanisms involve the ability to decrease or prevent any deleterious effects of pathogenic
microorganisms. This can be achieved through the production of antibiotics, siderophores or

other anti-microbial compounds by the bacteria (Singh and Kapoor, 1998).
Phosphate Solubilisation

A key macronutrient required for growth and development of plants is phosphorous. Within the
soil many bacteria are phosphate solubilising bacteria which are able to mobilize phosphate ions
from organic and inorganic phosphorous sources such as tricalcium phosphate, hydroxyapatite
and rock phosphate (Gryndler, 2000; Vessey, 2003; Richardson et al., 2009; Martinez-Viveros et
al., 2010). The bacteria isolated from the raspberry samples were evaluated for their phosphate
solubilising ability on media containing CaHPO3, The media contained bromophenol blue which
turns to yellow upon a decrease in pH. Seventeen bacterial isolates were shown to be phosphate
solubilisers. The halos’ produced were measured which ranged from 17-28 mm indicating

varying levels of phosphate solubilisation.

A decrease in pH is due to the production of organic acids (citrate, lactate and succinate etc)
which are known to directly dissolve mineral phosphate sources through anion exchange
(Harisprasad and Niranjana, 2009; Khan et al., 2009). The Fe and Al ions associated with
phosphorous can be chelated by the organic acids. The insoluble form of P is then converted to
soluble monobasic H,PO4 and dibasic HPO42' ions (Harisprasad and Niranjana, 2009; Khan et
al., 2009). Alternative techniques such as thin-layer chromatography can be utilised to determine
the organic acids involved and to quantify the production of these compounds (Harisprasad and

Niranjana, 2009; Khan et al., 2009).
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Phytase production

Upto 80% of organic phosphorous in the soil constitutes phytate (Myo-inositol hexakis-
phosphate); making it one of the most abundant sources of phosphorous for plants (Lim et al.,
2007). Some PGPR have the ability to produce phytase which is able to degrade phytate to lower
phosphate esters. The plant roots may not possess the ability to acquire phosphorous directly

from the soil phytate sources.

Phytase producing PGPR have been shown to belong to the Genera Bacillus, Burkholderia,
Pseudomonas, Serratia and Staphylococcus (Hariprasad and Niranjana, 2009). None of the
isolates appeared to produce phytase as there was an absence of halos on the media. Perhaps to
improve the study, one could increase the length of incubation time and temperature since
phytase is a secondary metabolite. To further quantify any phytase production that was unable to
occur in solid media, one could culture the isolates in a liquid medium and measuring the

production spectrophotometrically at 700 nm (Hariprasad and Niranjana, 2009).
Indole Acetic Acid Production

Production of phytohormones such as auxins can have an influence on plant growth. Many
PGPR are capable of producing indole acetic acid. It is primarily produced using an alternate
tryptophan-dependant pathway which is carried out through indole-pyruvic acid (Xie et al.,
1996; Patten and Glick, 2002). Many important and beneficial physiological processes including
cell enlargement and division, tissue differentiation and responses to light and gravity are
controlled by IAA (Patten and Glick, 2002; Spaepen et al., 2007; Shahab et al., 2009; Martinez-
Viveros et al., 2010). PGPR can therefore promote root growth through the production of IAA
(Spaepen et al., 2007).

None of the bacterial isolates screened produced IAA, which upon addition of Kovak’s reagent
to the supernatant should change to red upon IAA production (Cappucino and Sherman, 2008).
This was surprising as many bacteria from the genera such as Aeromonas, Bacillus,
Burkholderia, Enterobacter, Pseudomonas and Rhizobium have been shown to produce IAA
(Martinez-Viveros et al., 2010).
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The use of Salkowski’s reagent has been shown to be effective in quantifying IAA production in
other studies (Joseph et al., 2007; Chaiharn et al., 2008; Suresh et al., 2010). Therefore an
aletranative method to quanitfy IAA production by the isolates in this study would be to use
Salkowski’s reagent. The isolates in this study could be capable of other hormone produciton
that was not accounted for in this study such as cytokinins and giberrellins. These hormones are
known to be important in plant growth through the promotion of root processes such as
elongation of primary root tip, and extrapolation of adventitous roots (Martinez-Viveros et al.,

2010).
Ammonia production

Another key plant nutrient required for growth is nitrogen. Symbiotic and non-symbiotic are two
types of nitrogen fixation carried out by PGPR. Free-living diazotrophs are capable of non-
symbiotic nitrogen fixation and stimulate non-legume plant growth. Genera such as Azoarcus,
Azospirillum, Burkholderia, Gluconacetobacter and Pseudomonas have been shown to fix
nitrogen non-symbiotically (Antoun and Prevost, 2005; Richardson et al., 2009; Martinez-
Viveros et al., 2010). Ammonification by bacteria in the soil is important in the conversion of
organic nitrogen to ammonia (Madigan and Martinko, 2006), which would enhance the soil

nitrogen content which could be taken up by the plant roots.

Only two isolates were capable of ammonia production. The production of ammonia by
converting organic nitrogen has been shown to improve the structure of plant roots and hence
enhancing plant growth (Artursson et al., 2006). Other sources of nitrogen utilisation that convert
to ammonia should also be considered, such as atmospheric nitrogen fixation which can be
performed using nitrogen free media. These isolates can therefore be possibly considered as

PGPR.
Siderophore Production

An important element necessary for growth in all organisms is iron which is generally deficient
in the soil in an utilisable form. Under iron-limiting environments PGPR are capable of
producing siderophores. Siderophores are low molecular weight compounds which competitively

sequesters ferric iron.
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Through receptors specific to the complex on the outer cell membrane the iron-siderophore
complex is taken up by the bacterium which originally produces the siderophore. The iron is
released once inside the bacterium, and available to support microbial growth (Siddiqui, 2005).
Genera such as Bradyrhizobium, Pseudomonas, Rhizobium, Serratia, and Streptomyces have
been found to produce siderophores (Martinez-Viveros et al., 2010). Bacteria are known to
produce different types of siderophores. These types include catecholates (for example by E.coli
and Bacillus spp.); hydroxamates (by Streptomyces spp. and Burkholderia spp.) and carboxylates
(Siddiqui, 2005). Two bacterial isolates from the external surface and nine bacterial isolates

from the internal surface of AM fungal spores were shown to produce siderophores.

Since the availability of iron in the soil is improved through the reduction of the soil pH due to
the release of organic acids by bacteria to solubilise phosphate and iron can be provided by the
bacteria through the use of siderophores has been shown to enhance plant growth, these isolates

could therefore be considered to be potential PGPR.
Cell wall degrading enzyme production

The production of extracellular enzymes such as chitinase, cellulase and protease are able to
hydrolyse cell wall components consisting of chitin, B- 1, 3- glucanase and proteins; have been
shown to mediate in the biocontrol of fungal pathogens (Siddiqui, 2005). Two isolates from the
external surface of AM fungal spores produced protease. The halo’s produced was measured
and averaged, which were 13 mm and 22 mm, indicating a difference in protease production.
One isolate from the external surface and ten isolates from the internal surface of AM fungal
spores produced cellulase. The halo’s produced ranged was 21 to 33 mm, indicating a difference

in the ability to produce cellulases.

None of the isolates produced clearing zones on chitin agar therefore it was assumed none
produced chitinase. Two isolates from the external surface and twelve isolates from the internal
surface of AM fungal spores produced catalase. The production of these enzymes are known to
inhibit fungal pathogens and thereby promote plant growth. These isolates could then be
considered as potential PGPR.
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Fungal Pathogen Inhibition

Biological control of plant pathogens has been shown to be facilitated by PGPR. This achieved
through the production of antibiotics, siderophores, hydrogen cyanide and hydrolytic enzymes
(chitinases, proteases and cellulases). Indirect inhibition may occur through competition with the
pathogen for ecological niches such as infection and nutrient sites (Linderman, 2000; Bloemberg

and Lugtenberg, 2001; Sharma and Johri, 2002).

There was significant antagonistic ability resulting in decreased growth of F.oxypsorum by the
selected bacterial isolates. Among the isolates, AERA4.1 and AIRC4 showed to be most
effective in the inhibition of F.oxypsorum. The range of percentage inhibition was from 6-25%.
Significant reduction in hyphal growth by the selected bacterial isolates was revealed in dual
culture studies with P. nicotianae. Isolates AERB2 and AIRA4B were the most effective isolates
in the inhibition of P. nicotianae. The range of percentage inhibition was from 36 - 55%. All the
bacterial isolates were most effective in inhibiting the hyphal growth of P. nicotianae compared
to F.oxypsorum (Table 3.6). Many mechanisms are known to be involved in the inhibition of
fungal pathogens such as competition for nutrients, production of siderophores, antibiotics
hydrogen cyanide, antifungal compounds and hydrolytic enzymes. The bacterial isolates used in
the dual culture studies were evaluated for the production of siderophores and hydrolytic
enzymes as previously discussed. Isolate AERA4.1 was shown to be able to produce protease,
and therefore could degrade the proteins present in the fungi cell wall, accounting for its ability
to inhibit F.oxypsorum. Isolate AIRC4, showed the greatest percentage inhibition of 25%, and
however was shown to not be able to produce siderophores, only cellulases. The isolates with the
most inhibition against P. nicotianae were shown to produce protease, cellulase and
siderophores. Therefore the mechanisms of action by these isolates were to degrade the cellulose

and protein components of the fungal cell wall and compete for iron.

The inhibition of P. nicotianae began after day 3 of inoculation indicating the production of
primary metabolites. The inhibition of F.oxypsorum began to occur after day 6, indicating
secondary metabolite production by the isolates. F.oxypsorum belongs to the fungal division
Ascomycota. Their cell walls are mostly comprised of chitin and B- glucans and have septate

hyphae which provide the fungus with stability and rigidity (Madigan and Martinko, 2006).
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All of the isolates showed no production of chitinase and therefore would not be able to degrade
the hyphae of F.oxypsorum which could account for the lower percentage inhibition compared to
P. nicotianae. P. nicotianae belongs to the fungal division Oomycota. Their cell walls are
composed mainly of cellulose rather than chitin. In addition, their hyphae are aseptate, and are
therefore easier to degrade (Madigan and Martinko, 2006). Other mechanisms by which the
isolates may have inhibited the two fungal pathogens may be involved which were not identified
in this study but should be considered in future studies such as the production of hydrogen

cyanide, antibiotics and antifungal compounds (Akhtar and Siddiqui, 2010).

Perhaps combinations of bacterial isolates may improve the inhibition of the fungal pathogens,
especially looking at those with different abilities and enzyme productions, can aid in the
inhibition process. All isolates used in the inhibition study could be considered as PGPR as they
inhibit fungal pathogens which could indirectly promote future plant growth of host plants.

In summary, the plant growth promoting characterisation tests revealed a number of bacterial
isolates were able to solubilise phosphate (68%), produce ammonia (8%), and produce cellulase
(28%), protease (8%), sideropohore (32%) and catalase (44%). Multiple characterisation ability
was shown by many of these isolates. A range of bacteria are represented by these isolates,
including Gram-positive and negative, rods and cocci which show potential to be PGPR,
although their efficiency would need to be further tested. The research in this study is consistent
with a number of authors which have investigated from wvarious host sources potential
rhizobacteria as possible PGPR. Isolates from the genera Bacillus, Azotobacter, Pseudomonas,
Serratia, Streptomyces, Rhizobium were found to have PGPR abilities through characterisation
(Joseph et al., 2007; Ahmad et al., 2008; Chaiharn et al., 2008; Hariprasad and Niranjana, 2009;
Yasmin et al., 2009; Franco-Correa et al., 2010; Martinez-Viveros et al., 2010; Suresh et al.,
2010).
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Molecular Identification of Bacterial Isolates

Isolate AERA1 was identified by 16s rRNA analysis to be Alcaligenes faecalis. Members of
Alcaligenes are Gram-negative rods, which corresponds to the morphology of isolate AERAI.
This isolate showed PGPR characteristics such as phosphate solubilisation and cellulase
production. This isolate showed negative results for IAA, ammonia and siderophore production.
Studies by authors on the PGPR characteristics of Alcaligenes spp. have found species to
produce TAA, ammonia and siderophore, however these species were negative for phosphate
solubilisation and cellulase (Sayyed et al., 2010; Kumar et al., 2011; Manjunath et al., 2011).
Therefore the results by the isolate differ from those species of Alcaligenes, this could be due to
differences in media used to evaluate PGPR ability or different strains are capable of different
activities. It has however been shown that species of Alcaligenes are potential PGPR (Rodriguez
and Fraga, 1999; Orhan et al., 2006, Karlidag et al., 2007). Therefore it can be said that isolate

AERAL is a Alcaligenes sp. and has potential to be a plant growth promoting rhizobacteria.

Isolates AERA4.1 and AERAS were identified as Bacillus pumilus. Bacillus pumilus are known
Gram-positive rods capable of producing endospores. The morphology of both isolates indicated
Gram-positive rods with endospore formation. These isolates, although both B.pumilus have
shown different PGPR characteristics in this study. Isolate AERA4.1 showed protease and
siderophore production but did not solubilise phosphate, produce IAA, ammonia or catalase,
whereas 1solate AERAS solubilised phosphate, produced siderophores and catalase but also did
not produce IAA or ammonia. Therefore these isolates are possibly different strains of B.pumilus
capabale of different PGPR abilities. Studies by other authors have also shown differences in
PGPR abilities among different strains of B.pumilus. For example a study by Kumar et al.,
(2011) investigated PGPR abilities of four different strains of B.pumilus. Two isolates were
capable of solubilising phosphate, one isolate produced siderophores and all produced IAA.
Whereas a study by Hernandes et al., 2009 revealed nitrogen fixing abilities of a strain of
B.pumilus. Therefore different strains of B.pumilus are capable of different PGPR characteristics.
Isolates AERA4.1 and AERAS although similar, are capable of different PGPR abilities which
should be further investigated for their efficacy as possible PGPR.
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Isolate AERB2 was identified as Serratia marscecens, which is a Gram-negative, rod shaped
bacterium. The isolate in this study showed an ability to solubilise phosphate and produce
siderophores and protease. Studies by other authors have presented a wide range of PGPR
abilities, some varying with species or strains of Serratia. A study by Hariprasad and Niranjana
(2009) revealed a species of Serratia was able to solubilise phosphate, produce phytase but was
negative for IAA, siderphore, chitinase and glucanase ability. Idris et al., (2009) found Serratia
able to produce siderophores but was negative for phosphate solubilsation and IAA, however
Yasmin et al., (2009) showed IAA production, Phosphate solubilisation, nitrogen reduction and
siderophore production by an isolate of Serratia. Hayat et al., (2012) showed isolates of Serratia
sp. to produce ammonia, IAA and solubilise phosphate. Results by El-Azeem et al., (2007)
showed differences in phosphate solubilisation and siderophore production by Serratia sp.
Therefore different species and/ or strains of Serratia were capable of different PGPR abilities,
some which correspond and differ to the results found in this study. This could be due to
differences or inaccuracies in characterisation media used or may be different strains to the one
in this study. Serratia sp. have however been known to be PGPR and therefore this isolate has

potential to be PGPR, however its efficiency as a PGPR should be further tested.

Isolate AIRA4B was identified as Micrococcus luteus. This bacterium is a Gram-positive coccus
commonly found in the soil environment. This isolate showed PGPR characteristics such
phosphate solubilisation, cellulase and siderophore production but was negative for [AA,
ammonia and phytase ability. Studies by other authors revealed differences in PGPR abilities
between species and strains of Micrococcus. Ali et al., (2010) showed a species of Micrococcus
had the ability to produce IAA and siderophores but was negative for phosphate solubilisation.
This differs from the results of Rodriguez and Fraga (1999) who have shown Micrococcus to be
a genera able to solubilise phosphate, which was also shown in a study by Chibuogwu and

Nmesoma (2011).
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The study by El-Azeem et al., (2007) studied ten different isolates of Micrococcus from three
different species. All the isolates were able to produce IAA and siderophores, however only four
isolates were able to solubilise phosphate. Therefore most Micrococcus spp. are able to produce
IAA and siderophores and some may posses the ability to solubilise phopsphate. The PGPR
characterstics of the isolate in this study corresponds to results shown by the authors mentioned.
Therefore isolate AIRA4B can be considered to be PGPR with multiple abilities which should be
investigated further.

Isolate AIRC5 was identified as a Staphylococcus sp. and isolate AIRC9 was identified as
Staphylococcus pasteuri. Staphylococci belong to a genus of Gram-positive cocci bacteria.
Isolate AIRCS showed PGPR characterisation abilities such phosphate solubilisation, cellulase
and catalase production but was negative for IJAA, ammonia and siderophore production. Isolate
AIRC9 showed an ability to solubilise phosphate, produce ammonia and siderophores and was
negative for IAA and catalase. Therefore it can be said from the characterisation tests that these
two isolates are indeed different species or strains of Staphylococcus. Species of Staphylococcus
are characterised by the production of catalase, however only two species, Staphylococcus
saccharolyticus and Staphylococcus aureus subsp. anaerobius, are not able to produce catalase
(Dezfulian et al., 2010). A study has shown another catalase negative strain of Staphylococcus
different to the other two, which was identified as S. aureus subsp. aureus (Dezfulian et al.,
2010). PGPR characterisation tests by other authors have revealed similar results. A study by Ali
et al., (2010) showed characterisation ability such as IAA and siderophore production but was
negative for phosphate solubilisation. Other studies on Staphylococcus spp. have revealed
positive results for IAA and siderophore production and an ability to solubilise phosphate
(Barriuso et al., 2005; Kumar et al., 2011; Hayat et al., 2012). Therefore these two isolates have
an ability to be PGPR since it is known that acquisition of phosphate, production of indole acetic

acid and sequestering iron are able to enhance plant growth.
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Analysis of 16s rRNA structures identified Isolate AIRA2 and AIRC4 as a Bacillus sp. Bacillus
sp. are a genus comprised of Gram-positive, rod shaped bacteria, capable of endospore
production (Madigan and Martinko, 2006). Potential PGPR charactersitics of various Bacillus
spp. have been investigated by many studies. A Bacillus spp. able to produce IAA, ammonia and
showed few siderophore production was revealed by Joseph et al., (2007). Orhan et al., (2006)
and Karlidag et al., (2007) showed different Bacillus spp. able to solubilise phosphate, fix
nitrogen and produce IAA. Bacillus isolates were characterised by Calvo et al., (2010) and
revealed 81% produced TAA and 58% solubilised phosphate. Five different species consisting of
Bacillus subtilis, Bacillus amyloliquefaciens and Bacillus megaterium were investigated for
PGPR abilities by Hariprasad and Niranjana (2009). Characterisation tests revealed phosphate
solubilisation, IAA and phytase production by all the isolates. None of the isolates produced
siderophores and cellulase was produced by only one isolate of B.megaterium. Antagonistic
ability towards Fusarium oxysporum was shown by an isolate of B. subtilis and Bacillus
megaterium. Isolate AIRA2 in this study showed PGPR characteristics such as phosphate
solubilisation, cellulase and siderophore production, but did not produce IAA. Isolate AIRC4
solubilised phosphate, prodcued cellulase but was negative for IAA and siderophore production.
These results correspond to those found by the authors mentioned and therefore isolates AIRA2
and AIRC4 can potentially be PGPR, however further investigations into their efficiency should

be carried out.

Isolates AIRAS, AIRB3 and AIRC1 were unidentified by 16s rRNA analysis. The sequencing
results revealed the three isolates to be Serratia spp. however this was thought to be incorrect
since Serratia sp. are Gram negative rods. AIRAS and AIRC1 were identified morphologically
as medium to large Gram-positive rods, with isolate AIRC1 forming rhizoid colony morphology
on agar characteristic of Bacillus mycoides growth (Paul et al., 1995). Isolate AIRB3 was
determined morphologically to be Gram positive cocci. Therefore these isolates are suspected to

be of Bacillus or Staphylococcus genera which does not support the identification of Serratia sp.
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3.5 Conclusion and Summary

Bacterial isolates were extracted from the external and internal surfaces of AM fungal spores
from raspberry samples. They were characterised according to plant growth promoting abilities
such as phosphate solubilisation, IAA production, ammonia production, siderophore and
hydrolytic enzyme production. These characteristics are important for promoting plant growth
through providing nutrients and other resources necessary for growth and establishment and for
controlling plant pathogens which may inhibit plant growth. A total of 25 bacterial isolates were
characterised, some with multiple abilities, of those 12 were identified by 16s rRNA molecular
analysis. The identitities correlated with other studies published by numerous authors, all
reporting similar PGPR characterisation results to the different genera of bacteria isolated in this

study. These isolates can then be said to be plant growth promoting rhizobacteria.
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4.1 Introduction

Raspberries comprise a variety of some 500 species in the genus Rubus, members of the
Rosaceae family. Raspberries are closely related to strawberries in the subfamily Rosoideae.
Raspberries are often termed under “Bramble” fruits, which are aggregate fruits which are
formed by the aggregation of several smaller fruits called drupelets (Graham and Woodhead,
2009). Rubus species are prostrate to erect, generally with fine thorns on the shrubs. They
produce renewal shoots from the ground called canes. They are perennials only because each
bush consists of biennial canes. Two major types of raspberries exist, flurocane and primocane.
Flurocane varieties fruit on the second years of growth, for example the Meeker cultivar,
whereas primocane varieties fruit on the first years growth such as the Heritage and Autumn

Bliss cultivars (Graham and Woodhead, 2009).

Rubus species are an important horticultural source of income and labour. In most countries fruit
from Rubus species is produced for the fresh market. Rapsberries are gaining popularity because
of their increasing all year round availability, been marketed as fresh dessert fruits, and
processed from frozen berries into conserves, purees and juices (Graham and Woodhead, 2009).
Raspberries are a major source of antioxidants and compounds which have been shown to be
used against cardiovascular and epithelial cancers and other diseases. As a result of the
increasing health benefits of raspberry the consumption and production is also increasing

(Graham and Woodhead, 2009).

Agricultural practices that avoid the use of chemicals and fertilizers which could be detrimental
to the human health are been replaced with more organic or biological processes. These organic
systems rely on biofertilisation, crop rotations, animal manure, legumes and biological pest
control to maintain soil productivity (Orhan et al., 2006). However an important problem in
organic systems is a reduction in the yield of crops (Lind et al., 2003). Therefore the use of the
microorganisms in the biofertilisation process is used to improve plant growth by supplying the
plant with nutrients and may aid in sustaining environmental health and soil productivity.
Bramble fruits are relatively easy to produce using organic systems provided an adequate supply
of nutrients is available due to the application of biofertiliser into the soil (Kuepper et al., 2003,
Orhan et al., 2006).
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Micropropagation is a current method of producing large quantities of uniform high-value
horticultural crops such as fruits, vegetables, plantation and spices in a short period of time.
Microplants are initially grown in vitro under aseptic conditions, devoid of microorganisms
(Taylor and Harrier, 2001; Vestberg et al., 2004). In nature, beneficial rhizosphere
microorganisms are essential for plant growth and development, especially in microbe-rich and
nutrient-poor environments (Cordier et al., 2000). Hence, by creating a beneficial rhizopshere in
microplants at an early stage could better protect the plants against biotic and abiotic stresses that
occur in the greenhouse or field. The beneficial rhizosphere could be created with various
microorganisms such as arbuscular mycorrhizal fungi, plant growth-promoting rhizobacteria and

biocontrol fungi and bacteria (Taylor and Harrier, 2001; Vestberg et al., 2004).

The aim of the current experiment is to evaluate the ability of AM fungi and AM fungal spore-
associated bacteria isolated from natural indigenous forest, raspberry and strawberry sources in
South Africa and from raspberry in Argentina, inoculated singly or in combination to enhance

AM fungal colonisation and plant growth parameters of Raspberry (Rubus idaeus cv. Meeker).

4.2 Materials and Methods

4.2.1 Bacterial Isolates

Five South African (SEN4, SERB2, SESB1, SISB1 and SISB2) and five Argentinean (AERAI,
AERAA4.1, AERB2, AIRA4B and AIRCS5) bacterial isolates were selected upon their plant
growth promoting abilities according to the characterisation tests (Table 4.1). Isolates were
grown in NB, on a rotary shaker at 120 rpm at 37°C for 72 hrs. A sample (1 ml) of each isolate
was collected and centrifuged at 10 000 rpm for 5 mins. The supernatant was removed and the
cells resuspended in NB. Their concentrations were measured at an OD of 600 nm and adjusted

to an OD reading of 1.5 by dilution with sterile NB.
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Table 4.1 Summary of PGPR characteristics and identity of isolates inoculated in the study.

Isolate Coding* P-solub NH; Sidph  Cellulase Identity (NCBI)
SEN4 1 + - + + Acinetobacter ursingii
SERB2 2 + - + + Bacillus mycoides
SESB1 3 + + - + Bacillus mycoides
SISB1 4 + - + - Unidentified
SISB2 5 + - - + Bacillus sp.
AERAL1 6 + - - + Alcaligenes faecalis
AERAA4.1 7 - - + - B.pumilus
AERB2 8 + - - - Serratia marscecens
AIRA4B 9 + - + + Micrococcus luteus
AIRCS5 10 + - - + Staphylococcus sp.

* Coding used in trial, represented in Appendix IV

4.2.2 Pot Trial Set Up

Raspberry (Rubus idaeus Meeker sp.) was used as the host plant to evaluate plant growth
promotion and mycorrhizal colonisation enhancement. The Raspberry seedlings were recieved
from (Microprop CC). The AM fungal incolulum used was from Mycoroot (Pty) Ltd. Mycoroot
products contain a combination of naturally occurring Southern African arbuscular mycorrhizal
isolates which include Glomus clarum, Gigaspora gigantea, Glomus mosseae, Glomus
etunicatum and Paraglomus occulum (molecular determination). The experiment involved four
treatments; a control without the bacteria or AM fungal inoculum (Control); treatment with just
AM fungal inoculum (AM); treatments with only the selected bacteria (selected bacterial isolate)
and treatments with both the bacteria and AM fungal inoculum (AM with selected bacterial
isolates). Each treatment was replicated five times (110 pots). The raspberry seedlings were
planted into 250ml pots set up with stones (bleached) at the bottom and a mix of pasteurised
sand, autoclaved compost and vermiculite in a ratio of 10:5:1. AM fungal inoculum (5ml) was
added to the pots before the raspberry seedlings were planted. The bacterial isolates in Nutrient
Broth (5ml) were added to the surface of the soil around the raspberry seedlings. To the control

and AM fungal pots, 5 ml of sterile uninoculated Nutrient Broth was added.
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The experiments were undertaken in a Mycorrhizal Tunnel where it was watered daily with UV
sterilised water and received a low phosphorous Long Ashton solution weekly (Smith et al.,
1983). The initial plant height of the raspberry seedlings and any secondary shoots was measured

upon planting. Plants were grown for 12 weeks.
4.2.3 Harvest and Analysis

Shoot height, Shoot weight, Root weight

At harvest the plants were removed and the roots separated from the shoots. Roots were fresh
weighed and a subsample of the fresh root material was removed for AM fungal colonisation
assessment. Shoots and roots were dried at 65°C in an oven for three days and weighed. The root

dry weights were corrected for the subsample removed after moisture determinations.
AM fungi colonisation

Colonisation of the plant roots was evaluated by using a method described by Koske and
Gemma, (1989) and Smith and Dickson, (1997). Sections of roots were cleared with 5% KOH
solution at 70°C, 10 minutes. The roots were bleached in an alkaline H,O, solution for 15 mins
until the roots turned white. The roots underwent acidification using 0.1M HCI solution and
stained with lactoglycerol solution containing 0.05% tryptan blue, stained for 30 mins at 80-90°C
in a waterbath. The roots were destained for 12-24 hrs. Colonisation is characterised by the
formation of intercellular hyphae and intracellular arbuscules. The percentage root colonisation
was determined microscopically using a modified gridline intersect method (McGonigle et al.,

1990).
4.2.4 Statistics

Shoot and root dry weights and percentage AM fungal colonisation was analysed by grouping all
the data, including South African and Argintinean bacterial isolates for comparison between the
countries using a one-way ANOVA. Significant difference between group means was
determined using test of significance. The level of significance for ANOVA and Fischer LSD
test was 5%. All analyses were carried out by means of StatSoft, Inc. (2009) STATISTICA (data

analysis software system) Version 7. www.statsoft.com.
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4.3 Results

4.3.1 Shoot weight

Shoot wet and dry weights were measured of the raspberry (Rubus idaeus cv. Meeker) inoculated
singly with AM fungi or bacteria or dual inoculated. There was a significant difference in the dry
shoot weight amongst treatments (Fz; g5 = 2.212, p < 0.005). Treatments SISB1, AERAI,
AM+SESB1 and AM+SISB1 were significantly different to the uninoculated control. The most
significant increase in shoot weight was with isolate AERAT1 singly inoculated, confirmed by
Fischer’s LSD (p < 0.002) however there was no significant difference between these inoculated
treatments (Figure 4.1). Treatments SISB1, AERA1 and AM+SESBI1 were significantly different
to the AM fungal treatment singly inoculated. Treatment SERB2 had a significantly decreased
shoot dry weight in comparison with SISB1, AERA1, AM+SESB1 and AM+SISB1 whereas
treatment AM+SERB2 was lower than all the treatments but had a significantly decreased shoot
weight in comparison with SISB1, AERA1, AM+SEN4, AM+SESB1, AM+SISB1, AM+SISB2,
AM+AERA2 and AM+AIRA4B. Treatment SISB2 was only significantly lower than AERALI.
Treatment AERA4.1 had a significantly lower shoot dry weight than treatments SESB1, SISB1,
AERAI1, AM+SEN4, AM+SESB1, AM+SISB1, AM+SERB2, AM+SISB2, AM+AERAI,
AM+AERB2 and AM+AIRA4B. There were no other significant differences between the
increased dry weight treatments (Table 4.2, Appendix IV). There was a difference in shoot
height as seen in Figure 4.2, where some of the treatments such as the controls had reduced and
withered shoots compared to others hence measuring shoot height was difficult in some

treatments and a comparison could not be adequately performed.
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Figure 4.1 A and B. Average shoot dry weight of raspberry (Rubus idaeus cv. Meeker) (Mean + SE),
inoculated with AM fungi, selected bacterial isolates and dual inoculation. A — inoculated with South
African bacterial isolates and B- inoculated with Argentinean bacterial isolates, (F»;gs=2.212, p < 0.005).

135



Chapter 4

Table 4.2 Significant differences in shoot dry weight by the treatments as compared by Fischers LSD.

[T eatment Control [AMfungi SEN4 SFRB? FESE] SISBL SISB] WERALWFRA4 1 AFRB: ATRA4B IAM+SENS AM+SERB2 AM+SESEL AM+SISBLIAM+SISB2 AM+AFRATAM+AFRA4 HAM+AFRB2 AM+ATRAIBIATRCS AM+AIRCS|
(Control ¥ il ¥ *
AN fungi ¥ £ ¥
K E N4 ® ® % kw% * ® %% *® ® *® *
ERB3 * *% %% *
ESB1 %
ISBL *® * % ® &% * ok
BISB2 ¥
AERAL %% * & k]| %% * k% * %% LR 4 * %
AERA4L & ek dek * 4 * * & * *
AFRB2 #
ATRA4B we
AM+SEN4 % % ¥
AM+SERB? * % *k%k * %%k * * * *
AM+SESEL k& * k¥ k% k& k% *
AM+SISBL i s il s %
AM+SISEY A £ *
AM+AERAL % :
AM+AERA4 1 ny X
AM+AFRB2 X x %
AM+AIRA4E % * *
ATRCS
AM+AIRCS

Significant differences indicated by: * (p <0.05), ** (p< 0.001), *** (p<0.0001)
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4.3.2 Root weight

Root wet and dry weights were measured from the raspberry plants. There was a significant
difference among treatments on root dry weight (F»; gs= 1.897, p = 0.021). The most significant
increase in root dry weight compared to the control was isolate AERA1 singly inoculated,
confirmed by Fisher’s LSD (p <0.009) (Figure 4.2). Isolate SEN4 had a significantly reduced
root dry weight than all treatments except SERB2, SISB2, AIRA4B, AIRC5, AM+AERALI,
AM+AERA4.1 and AM+AIRCS. Isolate AERA1 was significantly higher than treatments SEN4,
SERB2, SISB2, AERA4.1, AIRA4B, AIRC5 and AM+AIRCS. Isolate AERA4.1 had a
significantly reduced root dry weight compared to SESB1, AERA1l, AERB2, all the dual
inoculations with AM fungi and South African isolates. There were no other significant

differences amongst treatments (Table 4.3, Appendix IV).
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Figure 4.2 A and B. Average root dry weight of raspberry (Rubus idaeus cv. Meeker) (Mean + SE),
inoculated with Arbuscular Mycorrhizal fungi, selected bacterial isolates and dual inoculation. A —
inoculated with South African bacterial isolates and B- inoculated with Argentinean bacterial isolates, (F,;, ss

\
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S

Figure 4.3 A and B. A- Final wet shoot and root of raspberry (Rubus idaeus cv. Meeker) of treatment
AERAI1 at 12 weeks. B- Enhanced image of root section showing the new root formation.
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Table 4.3 Significant differences in root dry weight by the treatments as compared by Fischers LSD (p < 0.05).

AM
[[reatment  {Control | fungi SEN4 SERBI SESBL SISBI SISB? AFRAL AFRA4.1AFRBI AIRA4B AM+SEN4 AM+SFRB2 LI»I+SESBI IWM+SISBL AM+SISBI AM+AFRALAM+AFRA4 1 AM+AERB2 L\M+AIRA~IB AIRCS AM+AIRCS
b3
IControl
IAM fungi *
® * * ekt * *% & &k & LK * t3
BEN4
yERB2 e *
® W
SESBL
ISBL *
ISB2 i
%% hkk| k% %% kkd ®% % * %
AFRAL
ERAL * hhw * ® H] wk wk ek *
* *
IAER.B2
E3 ] * * *
AIRA4B
*% % *
AM+SEN4
AM+SERB2 * * * *
k% * wk *
JAM+SESBL
*% %
JAM+SISBL
*k £
AM+SISB2
AM+AERAL
JAM+AERA4 L %
E]
JAM+AERB2
AM+AIRA4B * *
*
JAIRCS
w % ®
M+AIRCS

Significant differences indicated by:* (p <0.05), ** (p< 0.001), *** (p<0.0001).
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4.3.3 AM Fungal Colonisation Percentage

Roots of the raspberry plants were stained with trypan blue and the roots examined for AM
fungal colonisation. The percentage colonisation was determined and there was no colonisation
present in the uninoculated control and single inoculations of bacterial isolates. There was a
significant difference among treatments (F»; g3 = 19.703, p <0.001). The treatments significantly
different (increased AM fungal colonisation %) to the AM fungal inoculation was AM+SEN4,
AM+SERB2, AM+AERA4.1, AM+AIRA4B and AM+AIRCS. The most significant increase in
AM fungal colonisation percentage was the dual inoculation with SERB2, confirmed by
Fischer’s LSD compared to the AM fungi singly inoculated (p < 0.001) (Figure 4.4). Treatment
AM+SEN4 had a significantly higher AM fungal colonisation percentage than AM+SESBI1 and
AM+SISB2 whereas AM+SERB?2 had a significantly higher AM fungal colonisation percentage
compared to all treatments except AM+SEN4, AM+AIRA4B and AM+AIRCS (Table 4.4). The
raspberry roots showed colonisation structures by AM fungi such as arbuscules, spores, intra-
radical hyphae and vesicles. Interesting to note, isolate SERB2 had the lowest shoot dry weight,
but a higher root dry weight, almost double the dry weight compared to the shoot and also had
the highest percentage root colonisation of AM fungi, therefore even though a low root dry

weight, most of the root was colonised.
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Figure 4.4 A and B. Average AM fungal colonisation percentage of raspberry (Rubus idaeus cv. Meeker)
roots (Mean + SE), inoculated with Arbuscular Mycorrhizal fungi, selected bacterial isolates and dual
inoculation. A — inoculated with South African bacterial isolates and B- inoculated with Argentinean
bacterial isolates, (F,; 3= 19.703, p <0.00).
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Table 4.4 Significant differences in % root colonisation by the treatments as compared by Fischers LSD

[Creatment  {Control AMfungi SEN4 SERB2 KESBL SISB1 BISB? AFRAL AFRA4.1AFRB2 AIRA4B AM+SEN4 AM+SERB2 AM+SESBL AM+SISBL AM+SISB2 AM+AFRAL AM+AFRA4 L AM+AERBI AM+AIRAB AIRCS AM+AIRCS
i wkk k%% %% % ®eR% Wk L] fek% fek% ®k® L2 3 k%%
i ontrol
X KR % Rk ko [ vk |tk |k ek | k% [ hdw | kRw k¥ wR* %® weRk R%® ®%
IAM fungi
EN4 KRR Rhw wRw KRR wRw wR% wR% wR% KRR wRR ReRw
CFRED 3 k% kR% kR% 23 wR% k% E2 1 KR® wkk kR*
CESEL k% kk® kRk k%% kkk k%% k%% k% k%® k% k%®
1
ISEL k% k%% k%% k%% kk% kk% k%% k% k¥ kkk k%%
B2 dkk kR ks kkk R dkk 34 EX kk %k dkk kR
dkk 4 kddk kkdk ] kkd E3 kkk t4 4 kkk bS]
AERAL
dkk kk%k kkk kkk kkk kkk ES 44 kkk t 3 & kkk kRk
AERA4.1
*: 5 % L g * * ® *
\FRE? kR s E 4 fk ® & Tk - kkk ek ] &k
AIRA4E kRE ®RE ®RR t 3 4 wwE t 3 ®RE ®Ek ES ®R® 3 4
s M+ SENA %%k ek [Rekdk| ek [k |k |k | ks | ks [hkk | kh% * * %% % %%
* * % % | % * % * * ®
AMASERED k% wkdk [Rwk kk kkk (%% wk | kwk ®k [ hEw ® % fkk ® % wk % *% w% kW
* * * L3
M+ SESEL k% Reded| hoko [ ks |k |k Rk | Rk [ Rk | RR% ®R% % wkk %% * %
* Feded| hokok | kv |k [ehk | Whk | hR% wk | wR% %% % kkw
M+ SISBI wR% ® %® ® ® ® ® ® ® *®
k%% Rhdk|hhk [dhdsk |hdkk |k hkk | khh [ hhk | kkk k% k%% * k% kk® k%
JAM+SI1SB2
kkk kdek| hkd | hkk bk [hdkd | Rk | kk% | kdkd | k% kkk * kkk
JAM+AERAL
d % el hhdk | bk | dekok [k | Rk | Rewd | Rdd | Rww * * * 3 4
JAM+AERA4 1
%k fhk| khdk |hbd bRk hkk | khk | k% | hkd | k% kR%k %* kkk
JAM+AERB2
fk gk [hddk|kkdk [k |khdk | kdk | Rhk | kdkE [k | kRk kR kkk kk® * % * %%k
JAM+AIRA4B
] L 4 RRR ] £ Sk kkk kR%k kR 4
JAIRCS
k%% Kk Rk kkdk | kkd [Kkk (kkd | khd | hhkd | kkd | kRd k% *% k%%
AM+AIRCS

Significant differences indicated by:* (p <0.05),
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4.4 Discussion

Through their natural ability to provide nutrients otherwise inaccessible to plants, PGPR play an
important role in maintaining the soil environment. Nitrogen and phosphorous are key
macronutrients required by the plants and which are supplied by the PGPR. The inoculation
effects of PGPR such as phosphate solubilisers, nitrogen fixers and siderophore producers, as
well as AM fungi have been investigated in this study for their potential to promote plant growth
and improve mycorrhizal colonisation. The synergistic effect of phosphate solubilisers, nitrogen
fixers and AM fungi has been studied extensively for their plant growth promoting abilities with
various crop hosts such as sweet cherry, raspberry, apple, wheat, wheat and oat, chickpea, tomato
and sorghum (Esitken et al., 2006; Orhan et al., 2006; Karlidag et al., 2007; Khan and Zaidi,
2007; Yao et al., 2008; Akhtar and Siddiqui, 2009; Hariprasad and Niranjana, 2009; Idris et al.,
2009).

The shoot dry weight of raspberry (R.idaeus cv.Meeker) was significantly increased compared to
uninoculated control. The highest increase in weight was by single inoculations with isolates
SISB1, AERA1 and dual inoculations with AM fungi and isolates SESB1 and SISBI. Isolate
SISB1 was shown to solubilise phosphate and produced siderophores, isolate AERA1, which
showed the highest increase in shoot dry weight from the Argentinean samples only solubilised
phosphate, and the highest increase in shoot weight from the South African samples was SESB1
which showed phosphate solubilisation and ammonia production. The enhancement of shoot dry
weight by these bacteria could be explained with the phosphate solubilising, production of

ammonia and iron provided by the bacteria through their siderophore producing capacity.

Phosphate solubilising bacteria (PSB) have been shown to solubilise and mineralise phosphorous
from inorganic and organic sources of total soil P, thereby increasing availability of the P to the
plants, which may promote plant growth (Rodriguez and Fraga, 1999; Khan et al., 2009). The
phosphate solubilising ability has been attributed to the ability of the bacteria to lower the pH of
the surrounding soil environment by releasing either organic acids or protons. Organic acids such
as gluconic acid, citrate and lactate for example have been known to be secreted by PSB into the

rhizosphere.
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These secreted organic acids can dissolve mineral phosphates through anion exchange or by
chelating Fe and Al ions associated with phosphorous. The insoluble form of P is solubilised and
converted to soluble monobasic and dibasic ions (H,PO, and HPO42'). This leads to increased
availability of P to plants and hence uptake of P, which can promote the growth of the plant
(Rodriguez and Fraga, 1999; Khan et al., 2009; Martinez-Viveros et al., 2010; Suresh et al.,
2010). A study by Hariprasad and Niranjana (2009) showed an isolate of Enterobacter sp. had
the highest significant increase in dry weight of tomato by 168%, which was attributed to its
phosphate solubilising activity as it increased the phosphate accumulation in the plant. Akhtar
and Siddiqui (2009) showed phosphate solubilising organisms such as Pseudomonas putida,
Pseudomonas alcaligenes and Pseudomonas aeruginosa significantly increased shoot dry weight

of chickpea compared to the controls by 13 %, 8.8% and 9.96% respectively.

Nitrogen is an essential plant nutrient. There are two types of nitrogen fixation carried out by
PGPR: symbiotic and non-symbiotic. Non-symbiotic nitrogen fixation is carried out by free-
living diazotrophs and can stimulate non-legume plants growth. Endophytic diazotrophs appear
to have an advantage over root-surface organisms since they are capable of colonising the
interior of roots and establish themselves within niches that are more conducive to effective N,
fixation, transferring the fixed N to the host plants. The production of ammonia through the
conversion of molecular nitrogen by nitrogenase has been shown to enhance plant growth by
improving the structure of the plant roots (Artursson et al., 2006). A study by Khan and Zaidi
(2007) showed an isolate of Azotobacter, a nitrogen fixing bacterium significantly improved the
shoot dry weight of wheat by 52% through its ability to fix nitrogen and supply it to the plant
which was evident in the increased N concentrations of the plant. A study on the effects of PGPR
on raspberry by Orhan et al., (2006) showed an isolate of Microbacterium capable of nitrogen
fixation significantly increased the yield by 33.9%. Mycorrhizal formation may be affected by
nitrogen fixation via the formation of ammonia. Arbuscular mycorrhizal fungi may be associated
with nitrogen fixation through spore-associated bacteria. A study by Cruz and Ishii (2012)
revealed an isolate of Bacillus thuringiensis isolated from the internal surface of Gigaspora
margarita was able to produce nitrogenase through an acetylene reduction assay and therefore is

capable of fixing atmospheric nitrogen.
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Bacterial siderophore production has been shown to enhance iron nutrition in the soil which can
be utilised by plants for growth. Iron in the soil is deficient in neutral or alkaline pH due to low
solubility (Sharma and Johri, 2003). Solubilisation of phosphate by the bacteria decreases the pH

of the soil, which increases the availability of Fe for uptake.

Iron is essential for cellular growth and metabolism and therefore its availability for plant growth
is essential. A study by Idris et al., 2009 revealed isolates of Serratia marscecens and Bacillus
cereus significantly improved plant growth of sorghum by increasing shoot dry weights and
showed the isolate capable of producing siderophores. They concluded the isolates may have

improved plant growth by the action of siderophores.

At harvest, there was a difference in shoot heights observed, with some of the shoots showing
necrosis, yellowing of the leaves or complete withering of the shoots (Figure 4.2). This could be
due to the raspberry plantlets arising from bare cane rooted tissue cultured plants and showed
some poor root development when transplanting. Micropropagation present disadvantages in the
technique. Micropropagation has been widely used in the production many agricultural crops. It
is used as it provides a source of pathogen free material and a large number of plantlets in a short
period of time. The hardening and transfer stage of micropropagation involves transferring of the

in vitro plants to the soil after acclimatisation (Jha and Ghosh, 2005).

Significant loss of plants after transplant, rapid development of shoot and leaf chlorosis and
difficulty in shoots efficiently elongating are major problems encountered with micropropagated
plants. These problems can be overcome if acclimatisation is carried out carefully in order for the
micropropagated plants to survive transfer to the soil (Jha and Ghosh, 2005). The plants must be
gradually hardened to withstand exposure to the stress of lower humidity (20-60%), higher light
intensity and exposure to pathogens. Plants should be maintained under high humidity for 2- 3
weeks just after transfer to a greenhouse. Light intensity should be gradually increased during the
hardening stage (Jha and Ghosh, 2005). Stomatal morphology of micropropagated plants prior to
hardening have revealed inconsistencies in stomatal functioning, with the stomata either
remaining open or closing too slowly, hence plants must be protected until the stomata respond

more appropriately (Jha and Ghosh, 2005).
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A study by Wu et al.,, (2009) on micropropagated Rubus plants revealed the addition of
compounds such as 6-benzyladenine, indole-3-butyrc acid and activated charcoal and reduced

light intensity improved performance of the plantlets, which originally had an explants survival

of 35%.

Taylor and Harrier (2000) studied micropropagated raspberry, they acclimatised the plantlets
first with elevated humidity of (80 + 2%) before transfer to pots. The plants were grown with 18
hr day length, at a temperature of 16-22 °C and natural light supplemented with 400 W high
pressure sodium lamps. The plants were watered daily and received Long Ashton nutrient
solution weekly after six weeks. Future use of micropropagated plants for the study of PGPR
effects should first be hardened efficiently with high humidity and low light intensity, perhaps
supplemented with compounds or AM fungi, which have been shown to improve survival of
plants during the weaning stage before inoculation with the bacterial isolates to reduce loss of

plants to chlorosis as was observed in this study.

The root dry weight of the raspberry plants were significantly increased by treatments with the
highest increase by AERA1 compared to the control. This isolate as mentioned before showed an
ability to only solubilise phosphate. Although the isolate showed no IAA production in this
study, the results may be inconclusive as the isolate showed significant increase in root
formation (Figure 4.). Some PGPR can have an influence on plant growth by the production of
phytohormones such as auxins, cytokinins and gibberellins. IAA in plants is the main auxin
which controls many important and beneficial physiological processes including cell
enlargement and division, tissue differentiation and responses to light and gravity (Patten and
Glick, 2002; Spaepen et al., 2007; Shahab et al., 2009; Martinez-Viveros et al., 2010). TAA
produced by PGPR can promote root growth (Spaepen et al., 2007). Rapid establishment of roots
can be achieved either by the elongation of primary roots or by the proliferation of lateral and
adventitious roots. This establishment is advantageous for young seedlings as it increases their
ability to anchor themselves in the soil. This increases their chances of survival by obtaining

water and nutrient from the soil (Patten and Glick, 2002).
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Dobbelaere et al., (1999) showed in an experiment with Azospirillum that increased rooting was
directly related to IAA synthesis. This increased rooting enhanced the plant mineral uptake and
root exudation which in turn stimulated bacterial colonisation which further enhances the

inoculation effect.

Patten and Glick, (2002) showed that low concentrations of IAA stimulated the elongation of the
primary root and demonstrated the direct influence of bacterial IAA in promotion of root
elongation when associated with the host plant. However, high concentrations of IAA stimulate
the formation of lateral and adventitious roots. IAA produced by PGPR can therefore have many
beneficial influences on plant growth by altering root elongation. A study by Shahab et al.,
(2009) revealed two strains of Bacillus thuringensis and Pseudomonas aeruginosa which were
able to produce IAA had an effect on mung beans (Vignia radiate) in greenhouse experiments.
The P.aeruginosa isolate showed the most significant root and shoot elongation compared to the
other two isolates and the control. It is therefore discussed that plant growth substances produced
by these bacteria improve plant growth by directly having an effect on metabolic processes.
Since they induce lateral root and root hair proliferation, increasing the nutrient absorbent
surface areas leading to greater nutrient absorption rates and increases in shoot and root length of

the plants (Shahab et al., 2009).

If the isolate did not produce IAA, then there may be other auxins produced by the isolate that
promoted root growth which were not tested in this study such as cytokinins and gibberellins.
Cytokinins are phytohormones which promote cell division and enlargement, tissue expansion
and promote root hair development (Madhaiyan et al., 2010). Gibberellins enhance the
development of plant tissues, particularly stem tissue and promote root elongation and lateral
root extension. Production of gibberellins has been reported in PGPR (Vessey, 2003; Martinez-
Viveros et al., 2010).

SEN4, SERB2 and AERAA4.1 had the lowest shoot and root dry weight increase compared to the
other isolates. This probably indicates that the ability of these bacterial isolates to display PGPR
characteristics may not necessarily mean that the bacteria are PGPR (Vessey, 2003). Isolate
SERB2 was shown to solubilise phosphate but was negative for siderophore production and

isolate AERA4.1 showed no phosphate solubilisation ability but produced siderophores.
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Both of these isolates showed cellulase production. Idris et al., (2009) showed two isolates of S.
marscecens were capable of solubilising phosphate, producing IAA and siderophores, yet only

one was able to significantly promote the growth of sorghum while the other did not.

The strain which did not promote plant growth was shown to be effective in the suppression of
fungal pathogens. Isolate SERB2 was shown to effective in inhibition of Phythophthora
nicotianae in the characterisation process (Section 2.3.5) and isolate AERA4.1 showed inhibition
of Fusarium oxysporum and Phythophthora nicotianae (Section 3.3.5). Although they may not
be PGPR through direct mechanisms of biofertilisation, they may possess an ability to be
antagonistic to fungal pathogens, which indirectly may promote plant growth. Further
investigations into this ability should be studied in vivo with a host plant, to determine if the
isolates are capable of reducing the effects of the fungal isolates and hence promote plant
growth. There was no significant difference amongst the other treatments, although there was
evidence in increased shoot dry weights. The variations in success of the microbial inoculations
in this study could be due to the differences in their functionality, survivability and colonisation
efficiency of the microbial strains (Khan and Zaidi, 2007). The plants also release beneficial or
detrimental compounds such as signal compounds or exudates such as amino acids,
carbohydrates that influence the bacterial isolates in the soil which could affect their colonisation

ability and survivability (Khan and Zaidi, 2007).

Isolate SESB1 only improved shoot dry weight significantly when in co-inoculation with AM
fungi. Dual inoculations with the bacterial isolates and AM fungi except treatments AM+
SERB2, AM+ SISB1 and AM+ AERAI1 increased the shoot dry weight, although not significant,
compared to the single inoculations. AM fungi also increased root dry weights of dual inoculated
treatments AM+ AERAI, AM+ AERB2 and AM+ AIRCS. Isolate SESBI1, a strain of B.
mycoides was shown to solubilise phosphate and produce ammonia. Therefore the supply and
uptake of P and N provided by this isolate was enhanced by the AM fungus. It has been
mentioned that in P-deficient soils, phosphate-solubilising micro-organisms interact with AM
fungi by releasing phosphate ions which are transferred by the AM fungi to the plant. There are
different mechanisms by which PGPR and AM fungi interact together to improve plant growth
(Artursson et al., 2006).
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Through their extraradical hyphae, AM fungi are able to supply these nutrients to plant which
enhances plant growth (Rodriguez and Fraga, 1999). Gamalero et al., (2004) studied the impact
of Pseudomonas fluorescens and Pseudomonas fluorescens P190r and G.mosseae on tomato

(Lycopersicon esculentum Mill.) plant growth.

Significant increases in both the shoot and root fresh weights were shown by Pseudomonas
fluorescens 92rk and Pseudomonas fluorescens P190r. Co-inoculation of 92rk and BEGI12
induced significant increases in shoot fresh weight. Co-inoculation of all three increased shoot
and root fresh weights relative to all the other treatments. Kohler et al., (2007) studied the
interactions between B. subtilis and G. intraradices and their effects on lettuce plants (Latuca
sativa). Dual inoculations of B.subtilis and G. intraradices had the highest effect (77%) on shoot
biomass of the lettuce plants. The increase in plant growth by B. subtilis was due to an enhanced
P supply to the crop. B. subtilis is a phosphate-solubilising rhizobacterium, which may enhance
mineral uptake by plants by solubilisng insoluble P in the soil. The P is then taken up by the
extra-radical AM hyphae and transferred to the crop plant (Rodriguez and Fraga, 1999). Mar
Vazquez et al., 2000 investigated the influence of different microbial inoculants on maize (Zea
mays L.). The bacterial isolate Azospirillum brasilense was found to have a significant increase
in shoot and root dry weight in the dual inoculation with G. deserticola. A study by Medina et
al., (2003) studied the interactions between G. mosseae, G. intraradices and G. deserticola and
Bacillus pumilus and Bacillus licheniformis on alfalfa plants (Medicago sativa). Single bacterium

treatments did not have an effect on plant growth parameters.

The most efficient treatment in plant growth (shoot and root dry weight, root length and surface
area) was the dual (G. deserticola and B. pumilus) inoculation, which produced a 715% (shoot
weight) and 190% (root length) increase over the uninoculated control. Interactions between AM
fungi and PGPR occurs naturally since they share common habitats such as the root surface
(Barea et al., 2004). The interaction increases plant growth through mechanisms carried out by
both the AM fungi (through increased nutrient uptake and an enhanced surface area for
absorption) and PGPR (phosphate-solubilisation, nitrogen fixation and phytohormone
production) (Antoun and Prevost, 2005; Miransari, 2011), which combined have a benefecial

effect on plant growth in various crops as investigated by the studies mentioned.
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It is interesting to note that some treatments had higher root dry weights compared to shoot dry
weights, in particular treatment with AM fungi and isolate SERB2 had almost double the root
dry weight, and this isolate also showed the highest percentage root colonisation by the AM
fungus. Therefore when in combination with AM fungi, SERB2 and the AM fungi put more
energy into root production compared to the shoot, which is evident since most of the root
surface was colonised by AM fungi. So the nutrients acquired by the bacteria and AM fungi was
tranlocated to root development by the plant. Also there was large deviations in the standard
error in treatments, this could be due to variability in the plants response to the environment and
treatment. These deviations could be reduced by increasing the number of replicates, perhaps
from five to ten which would eliminate outlying results. In addition, root and shoot samples
should be harvested over time to determine the effects of environment and ensure accurate

colonisation of the roots by both the AM fungi and bacterial isolates

The AM fungal colonisation percentage of the raspberry roots had a significant increase
compared to the control and AM fungal inoculated treatments. The treatments which
significantly increased AM fungal colonisation % compared to the AM fungal inoculation was
AM+ SEN4, AM+ SERB2, AM+ AERA4.1, AM+ AIRA4B and AM+ AIRCS5. The most
significant increase in AM fungal colonisation percentage was the dual inoculation with SERB2.
These isolates could then be considered to be potential mycorrhizal helper bacteria. Isolates
SERB2 and AERAA4.1, both identified as Bacillus spp. showed little increase in shoot or root dry
weights in this study, however were shown to be potential biocontrol isolates of Fusarium
oxysporum and Phythophthora nicotianae (Sections 2.3.5 and 3.3.5). It has been said that
although MHB may have the potential to be PGPR and PGPR may have the potential to be
MHB, the two are not mutually exclusive (Garbaye, 1994). The extent of the mycorrhizal
colonisation depends on various factors, abiotic and biotic environmental interactions, fungal
physiology and susceptibility of the root to infection. MHB are able to promote mycorrhizal

infection rate at various stages of the tripartite interaction (Tarkka and Frey-Klett, 2008).
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It has been suggested that MHB promote mycorrhizal colonisation through five mechanisms:
Bacteria in the soil can trigger or accelerate the germination process of spores or any other
dormant propagules; the metabolic activity of the bacteria in the rhizosphere modifies the
physiochemical properties of the soil in a way that facilitate mycorrhizal infection; enhancing
mycelial growth and colonization of the surface of the long roots and subsequently come into
contact with the infection-receptive short roots. The bacteria in the soil are involved with the
plant root-mycorrhizal fungus recognition mechanisms and bacteria present in soil prior to
mycorrhizal development may improve the roots’ receptivity to the formation of mycorrhizae

(Garbaye, 1994, Frey-Klett et al., 2007, Tarkka and Frey-Klett, 2008).

Isolate SERB2 was identified as a strain of Bacillus mycoides. A study by von Alten et al.,
(1993) showed significant increase in AM fungal colonisation percentage of a variety of host
plants by strains of B. mycoides, showing non host specificity by the AM fungi. Xie et al., (1995)
showed that MHB such as Bradyrhizobium japonicum stimulated AM colonization and direct
hyphal growth towards the root by enhancing the production of stimulatory signals or by
inducing changes in the host plants’ flavonoid spectrum. Increased AM fungal (Glomus
fasciculatum, Glomus mosseae, and Glomus caledonium) colonisation by B.coagulans indicates
the bacterium that is a mycorrhizal helper bacterium. It has been suggested that MHB produce
hydrolytic enzymes which cause the cortical cells to dilate, providing a larger intercellular
surface area with which the AM fungi can penetrate and colonise more easily, increasing the
percentage of AM fungi present in the plant, thereby providing more nutrients to the plant

(Mamatha et al., 2002).

A study by Gamalero et al., (2004) found that Pseudomonas fluorescens 92rk increased
G.mosseae mycorrhizal colonisation by 41% on tomato (Lycopersicon esculentum Mill.). AM
fungal (G.mosseae) colonisation was increased by 7-fold by a Pseudomonas isolate and 6-7 fold
by Stenotrophomonas and Arthrobacter isolates in potatoes (Solanum tuberosim) (Bharadwaj et
al., 2008). A study by Budi et al., (1999) showed a species of Paenibacillus was able to promote

G.mosseae colonisation of Sorghum.
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Pivato et al., (2008) showed a Pseudomonas isolate promoted mycorrhization by G.mosseae in
barrel medic and tomato plants. Pseudomonas monteilli significantly improved mycorrhizal
colonisation of G.intraradices by 79% in Acacia plants (Duponnois and Plendette, 2003).
Another study by Toro et al., (1997) showed increased colonisation of G.intraradices by Bacillus

subtilis.

4.5 Conclusion and Summary
Bacterial isolates from South African and Argentinean origin were evaluated for their plant

growth promoting and AM fungal colonisation enhancement abilities of raspberry (Rubus idaeus
cv. Meeker). Significant increases in shoot and root dry weight was found in the treatments, with
an isolate from both South Africa and Argentina having the highest increase in biomass.
Variations among the other isolates were found, some with lower increases, which however
showed potential to promote growth through indirect mechanisms such as fungal pathogen
inhibition. The root colonisation percentage by the AM fungi was significantly increased by the
bacterial isolates, with one isolate of Bacillus mycoides having the highest percentage. The
isolates in this study can then either be considered to be plant growth promoting rhizobacteria or

mycorrhizal helper bacteria, capable of promoting plant growth and colonisation of raspberry.
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5.1 General Discussion

5.1.1 Estimation of Root and Soil Bacterial Populations

Bacteria are not uniformly distributed in the soil and are generally known to surround the roots
of plants. The numbers and diversity of bacteria isolated from the rhizospheric soil is therefore
generally higher compared to the bulk soil (Heritage et al., 1999). This is due to the production
of beneficial compounds such as amino acids and carbohydrates and other exudates secreted by
plant roots which promote and maintain bacterial growth (Bianciotto and Bonfante, 2002).
Different environmental conditions such as pH, organic matter such as leaf litter, and cations
such as Ca, Mg, K, and Na may influence the soil environment (Garbeva et al., 2004). The type
of soil, irrigation, land use history and management practices (for example, input of fertilizers
and herbicides) may create unique environments that may change the soil microbial community
populations (Johansson et al., 2004). The presence of other microbes associated in the
rhizospheric soil could provide otherwise unavailable nutrients in the soil to the rhizospheric
bacterial communities. These microbes could be mycorrhizal fungi or bacteria capable of
solubilising phosphate, providing nitrogen or producing. Some microbes may produce
antagonistic substances which may inhibit growth of certain bacteria. These factors can all

influence the soil properties and bacterial communities (Gray and Williams, 1971).

The total number of culturable bacteria determined from the rhizospheric soil and bulk soil may
vary depending upon the effect these biotic and abiotic factors impose upon the soil and root
environments, which was shown in this study. CFU may not be a reliable estimation of the total
culturable bacteria in the soil as it only provides a temporary glimpse in time of the bacteria
present in the soil at a given time under certain conditions. The CFU was greater in the
rhizospheric soil of the South African samples whereas the CFU was greater in the bulk soil of
the Argentinean samples. This can be accounted for by the differences between the two
countries, such as soil practices utilised by the farmers, seasonal, environmental factors and host
plant species may all influence the bacterial communities present at the time of sampling.
However these numbers only represent bacterial communities which are able to be cultured on
artificial media and does not take into account the bacteria which are unculturable due to the

specific environments they occupy not been replicable on artificial media.
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These communities would therefore need to be studied through techniques such as PCR and
DGGE which utilise the 16s rRNA structures to determine different species composition of the
rhizospheric and bulk soil (Heritage et al., 1999, Madigan and Martinko, 2006). To give an
accurate estimation of bacterial communities present in the rhizospheric and bulk soil, one would
need to incorporate both culturable and unculturable estimation techniques, and perform soil
nutrient and environmental analysis over time to determine the factors influencing the bacterial

communities in the soil.
5.1.2. AM Fungal Colonisation and Spore Counts

AM fungi occur naturally in the soil of approximately 80% of terrestrial plant species (Smith and
Read, 2008). Their presence and quantity is usually determined through techniques such as spore
density counts, percentage colonisation studies which evaluate the presence of propagules such
as arbuscules, vesicles, hyphae and spores in the cortical cells of plant roots colonised by the AM
fungi (Smith and Dickson, 1997). In order for successful colonisation of a host plant the AM
fungal spores present in the soil are released from dormancy due to environmental conditions
such as pH, temperature, moisture, CO, and organic nutrients. The spores germinate and hyphal
branches produced recognise the plant root surface by the secretion of exudates such as organic
acids, amino acids, carbohydrate monomers, phenolics, or volatiles by the plant root. This
recognition of a host plant root triggers hyphal elongation, penetration and subsequent
colonisation of the plant root which results in the production and release of spores (Jones et al.,
2004; Smith and Read, 2008). The percentage colonisation of a certain host plant depends on the
specificity of the AM fungal species and also on environmental conditions such as climate. AM
fungal spore production and release is seasonly dependant (Kabir et al., 1997; Anderson et al.,
1983). The roots were stained with trypan blue and the percentage colonisation determined by
the presence of structures such as spores, vesicles, and arbuscules. The size of the spores present
in the cortical cells of the roots was similar in size to the vesicles, however factors such as the
spherical morphology of the spores and presence of subtending hyphae made the spore
distinguishable from the vesicles as vesicles are more flat and rectangular in shape terminating
from the intraradical hyphae with the presence of lipid droplets internally (Smith and Read,
2008).
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The AM fungal colonisation percentage and spore density of the South African and Argentinean
samples were different when comparing isolation from raspberry samples. This was due to the
different growth stages of the host plant, which in turn affects AM fungal colonisation, as
different growth stages of plants are dependent upon different conditions and compounds for

efficient growth which affect AM fungi.

In addition, microbial communities present in the soil during AM fungal colonisation affect AM
fungi either positively or negatively. For example some bacteria are termed mycorrhizal helper
bacteria which secrete compounds such as auxins which promote either the plant root growth or
compounds which aid in the recognition of the AM fungi by the root. Other microbes might
secrete antagonistic substances in the soil which inhibit AM fungal germination. Season affect
the colonisation percentage of the AM fungi and spore production since moisture affects spore
germination phases including hydration, activation, germ tube emergence and hyphal growth
processes therefore increased rainfall during the summer period trigger sporulation (Sinegani et

al., 2005).

Spore sieving although reliable, gives an underestimation of total AM fungal spore population.
Factors such as distinguishing between dead and viable spores, loss of spores smaller than 45
um, or spores adhering to particles which may be discarded all affect spore density counts
(Schenck, 1982). Spore production also varies with respect to AM fungal species composition,
dormancy and variability (Smith and Read, 2008). Both countries showed similar AM fungal
spore colour morphotypes which was from clear or hyaline to dark brown. These are known to
represent a wide range of AM fungal species such as Glomus, Scutellospora, Acaulospora,
Entrophospora and Gigaspora. However identification of AM fungi cannot be accurately

determined based only on colour morphology of the spores.
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5.1.3 AM Fungal Spore-associated Bacterial Isolation

AM fungal spores when produced and released from the extraradical hyphae into the soil come
into contact with bacteria present in the root surfaces and rhizospheric bacteria. These bacteria
are able to attach to the surfaces of the spores either by producing substances like carbohydrates

or biofilms or through structures such as pili, fimbriae and flagella (Bianciotto and Bonfante,

2002).

Bacteria isolated from the surfaces of spores have been shown to include a variety of Gram
positive and negative, rod and cocci isolates, which is consistent with the presence of these types
of bacteria in the rhizosphere (Bharadwaj et al., 2008). The South African and Argentinean
samples both contained Gram positive and negative isolates, with the presence of Gram-positive
bacteria been higher. This is probably due to the fact that most Gram-positive bacteria are
capable of producing endospores, which are resistant structures and can withstand harsh

environmental or culturing conditions (Madigan and Martinko, 2006).

The viability of the spores may also determine the presence and type of bacteria isolated. If
spores are dead, the bacteria could be decomposers utilising the organic source of nutrients,
whereas if the spores are viable, the bacteria could utilise the spores for nutrients, transport, and
in turn may be utilised by the AM fungi for benefits the bacteria may possess such as enzymes
which my aid the AM fungi (Artursson et al., 2006). In this study, care was given to isolate only
viable spores, which is identifiable through their translucent appearance and presence of lipid
droplets which can be seen under a dissecting microscope, to eliminate the possibility of

saprophytic bacteria.

The bacteria isolated from the surfaces of AM fungal spores in this study do not represent the
bacterial communities which are unculturable on artificial media. The cytoplasm of AM fungi
contains many endocellular bacteria. Some of these bacterial cells have been revealed though
microscopy to be Gram-negative and rod shaped. They tend to occur singly or in groups, often

located inside fungal vacuoles in both spores and hyphae.
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The bacteria were described as being related to Burkholderia and are known of their
unculturability (Bianciotto and Bonfante, 2002; Bonfante and Anca, 2009). However studies
have shown their importance through molecular identification by DGGE or through gene
analysis to determine the presence of beneficial genes such as phosphate transporter genes

important for nutrient uptake and transfer of phosphorous (Bianciotto and Bonfante, 2002).
5.1.4 Plant Growth Promoting Characterisation

Bacterial isolates from both the South African and Argentinean samples showed an ability to
solubilise phosphate, produce ammonia, siderophores and hydrolytic enzymes such as cellulase
and protease. Some isolates showed antagonistic ability towards Fusarium oxysporum and
Phythophthora nicotianae. Through these abilities, the bacteria are able to promote plant growth
by supplying enhanced nutrients otherwise in a form inaccessible to plants such as P, N and iron;

and reduce the effects of pathogenic fungi.
5.1.5 Molecular Identification of Bacterial Isolates

The bacterial isolates which showed the greatest plant growth promoting abilities were selected
and identified by 16s rRNA. Molecular identification of the bacterial isolates was performed
using two different sets of primers. This was necessary as the first set of primers (Fd1 and rP2)
was unable to amplify the 16s rRNA of some of the isolates and a second set of universal
bacterial primers (GmSF and R907) (Muyzer et al., 1994) was used which showed success in the
amplification of the 16s rRNA, utilising the same reagents and similar cycling conditions. This
error could occur as different bacteria have different specificity towards primers depending on
the region being amplified by the primer. For instance Weisburg et al., (1991) showed that a
different primer to rP2, rD1 was preferred for amplification since it is closer to the 3’ end of the

sequence.

Many studies on PGPR have revealed bacteria from various genera having the ability to
demonstrate plant growth promoting abilities such as the ones in this study (Rodriguez and
Fraga, 1999; Siddiqui, 2005; Orhan et al., 2006; Karlidag et al., 2007; Hariprasad and Niranjana,
2009; Madhaiyan et al., 2010; Martinez-Viveros et al., 2010). This study identified bacteria
predominantly belonging to the Genera Acinetobacter, Alcaligenes, Bacillus, Microbacterium,
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Micrococcus, Serratia and Staphylococcus. These isolates showed PGPR abilities such as
phosphate solubilisation, ammonia production, siderophore production and hydrolytic enzymes

(cellulase and protease).

5.1.6 Plant Growth Promotion and AM fungal colonisation enhancement of

raspberry

PGPR play an important role in maintaining the soil environment through their natural ability to
provide nutrients otherwise inaccessible to plants. PGPR are able to supply the key
macronutrients required by the plants such as nitrogen and phosphorous (Singh and Kapoor,
1998; Bloemberg and Lugtenberg, 2001). The inoculation effects of PGPR such as phosphate
solubilisers, nitrogen fixers and siderophore producers, as well as AM fungi have been
investigated in this study for their potential to promote plant growth and improve mycorrhizal
colonisation.

Bacterial isolates from both South Africa and Argentina were able to enhance the dry shoot
weight of raspberry probably as a result of their ability to solubilise phosphate, convert organic
nitrogen sources and produce siderophores. Phosphate solubilising bacteria (PSB) are able to
solubilise inorganic phosphorous sources of total soil P, thereby increasing availability of the P
to the plants, which promote plant growth. Through this action, the soil pH is reduced due to the
production of organic acids. This reduction in pH makes other ions like iron become more
available for utilisation (Rodriguez and Fraga, 1999). Bacteria capable of producing siderophores
are then able to sequester the iron and make it more accessible to plants, thereby promoting their

growth since iron is essential for cellular growth and metabolism (Suresh and Bagyaraj, 2002).

The root dry weight of the raspberry plants were significantly increased by treatments with the
highest increase by an Argentinean bacterial isolate (AERA1). IAA in plants is the main auxin
which controls many important and beneficial physiological processes (Patten and Glick, 2002;
Spaepen et al., 2007; Shahab et al., 2009; Martinez-Viveros et al., 2010). IAA produced by
PGPR can promote root growth (Spaepen et al., 2007). Other auxins produced by AERA1 could
have promoted root growth which was not tested in this study such as cytokinins and
gibberellins. Cytokinins are phytohormones which promote cell division and enlargement, tissue

expansion and promote root hair development (Madhaiyan et al., 2010).
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Gibberellins enhance the development of plant tissues, particularly stem tissue and promote root
elongation and lateral root extension. Production of gibberellins has been reported in PGPR

(Vessey, 2003; Martinez-Viveros et al., 2010).

The AM fungal colonisation percentage of the raspberry roots was significantly increased
compared to the AM fungal control. Both South African and Argentinean bacterial isolates
increased AM fungal colonisation. These isolates could then be considered to be potential
mycorrhizal helper bacteria. The extent of the mycorrhizal colonisation depends on various
factors, abiotic and biotic environmental interactions, fungal physiology and susceptibility of the
root to infection (Garbaye, 1994). MHB are able to promote mycorrhizal infection rate at various
stages of the tripartite interaction (Tarkka and Frey-Klett, 2008). Several different mechanisms
have been suggested by Garbaye (1994) to which MHB can promote mycorrhizal establishment

and colonisation.

Garcia-Garrido et al., (1992) showed that spore extracts from Glomus mosseae contain
cellulolytic enzymes which are involved in the establishment of the fungus by degrading the host
cell wall thus allowing penetration by the fungus. It was difficult for them to confirm the
production of cellulases by the AM fungi at the time due to the unculturability of AM fungi
axenically outside a host plant. They therefore attributed the cellulase activities detected in the
colonised roots of lettuce and onion to the fungus since the activity present inside spores and
extraradical hyphae showed the same electrostatic mobility to the activity inside the mycorrhizal
root extracts. However, recently Martin (2013) showed research on the genome diversity of
mycorrhizal fungi on the functionality of the symbiosis and discovered that the genera Glomus
had a lack of cellulase production. It is interesting to note that in this study, a number of bacteria
isolated from in particular the internal surfaces of AM fungal spores from both South Africa and
Argentina were capable of producing cellulases. Therefore the cellulases produced by these
endobacteria could be utilised by the AM fungi to penetrate the cell wall of the host cell and aid
in establishment. The production of cellulases by endobacteria could have accounted for the
cellulase production detected in the spore extracts discovered by Garcia-Garrido et al., (1992)

and not by the AM fungi.
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In this study, it was shown that the internal bacteria were capable of enhancing the AM fungal
colonisation of raspberry roots, in particular the Argentinean internal isolate (AIRA4B —
Micrococcus luteus) had the highest colonisation percentage by the internal isolates and showed
a cellulase production of 26 mm in solid media (Section 3.3.5) and showed a similar colonisation
percentage to isolate SERB2 (Bacillus mycoides), a South African isolate from the external
surface of AM fungal spores which showed the highest overall colonisation percentage and
showed a cellulase production of 35 mm. Therefore these PGPR both external and in particular
internal play a vital role in the AM fungal establishment and symbiosis and should perhaps be

examined in more depth.
5.2 Summary and Conclusion

This study successfully isolated bacteria from the external and internal surfaces of AM fungal
spores from various samples such as natural indigenous forest, raspberry and strawberry from
South Africa and raspberry from Argentina. The bacterial isolates were successfully
characterised according to plant growth promoting abilities such as phosphate solubilisation,
ammonia production, siderophore and hydrolytic enzyme (cellulase and protease) production.
The isolates also showed an ability to inhibit fungal pathogens such as Fusarium oxysporum and
Phythophthora nicotianae. These characteristics are important for promoting plant growth
through providing nutrients and other resources necessary for growth and establishment and for
controlling plant pathogens which inhibit plant growth. A total of 27 South African and 25
Argentinean bacterial isolates were characterised, some with multiple abilities. Through 16s
rRNA molecular analysis 18 of the isolates were identified. The identitities correlated with other
studies published by numerous authors, all reporting similar PGPR characterisation results to the
different genera of bacteria isolated in this study such as Acinetobacter, Alcaligenes, Bacillus,
Microbacterium, Micrococcus, Serratia and Staphylococcus. These isolates can then be said to

be plant growth promoting rhizobacteria.
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Bacterial isolates from South African and Argentinean origin were evaluated for their plant
growth promoting and AM fungal colonisation enhancement abilities of raspberry (Rubus idaeus
cv. Meeker). Significant increases in shoot and root dry weight was found in the treatments, with
an isolate from both South Africa and Argentina having the highest increase in biomass.
Variations among the other isolates were found, some with less of an effect, these isolates
showed capable of other PGPR abilities such as fungal pathogen inhibition. The root colonisation
percentage by the AM fungi was significantly increased by the bacterial isolates, with one isolate
of Bacillus mycoides having the highest percentage. The isolates in this study can then either be
considered to be plant growth promoting rhizobacteria or mycorrhizal helper bacteria, capable of

promoting plant growth and colonisation of raspberry.

This study therefore met its objectives in isolating AM fungi from various soil sources from two
different countries, extracting AM fungal spore-associated bacteria, characterisation of the
bacterial isolates according to plant growth promoting abilities, identification of the bacterial
isolates and studying in vivo their ability to promote plant growth and enhance mycorrhizal

colonisation of raspberry.
5.3 Recommendations and Future Work

This study successfully isolated plant-growth promoting rhizobacteria from the surfaces of AM
fungal spores and was shown to enhance shoot and root dry weights of raspberry and enhanced
AM fungal colonisation. However, some difficulties were encountered in the study with regards
to isolation, characterisation, and pot trial analysis. In the isolation and analysis of root and soil
culturable bacterial communities should include soil nutrient analysis such as phosphorous and
nitrogen; and environmental analysis such as temperature, pH, salinity, moisture. This would
give a better indication as to the effect these factors would have on the bacterial communities.
The extraction of AM fungal spores and root colonisation should be performed at different times
of the year to evaluate the effect of seasonality on AM fungi and their lifecycle. In addition the
effect of biotic and abiotic factors on native AM fungal species could be determined through soil

nutrient and environmental analysis; and the effect of associated bacteria.
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The characterisation of bacterial isolates for plant growth promoting abilities could be enhanced.
For instance the use of Salkowski’s Reagent instead of Kovak’s for the determination of IAA has
been shown to be successful by many authors and perhaps both should be tried to determine the
efficiency of each. To quantify IAA production, once red colour develops, the absorbance can be
measured at 535nm and IAA produced calculated using a standard curve produced with known

concentrations of pure IAA (Suresh et al., 2010).

This is important since IAA is essential for root elongation processes; therefore if IAA
production is accurately determined by the bacterial isolates, they could be potentially applied

for further plant growth promoting studies, both in future pot and field trials.

The phytase production test could be enhanced by perhaps increasing the incubation temperature
and length, or utilising liquid media to determine production instead of solid media, and pre-
incubating the isolates in a solution containing calcium phytate and then measuring the
production spectrophotometrically at 700 nm could be performed (Hariprasad and Niranjana,
2009). If phytase production was accurately determined, then this would give an indication of the
use of organic phosphorous sources by the isolates. This could be included in future studies in
cases where isolates are unable to solubilise inorganic phosphate sources, therefore could
potentially still be able to supply phosphorous to the plant through the application of organic P
sources. Chitinase production was also inconclusive and could be improved by making a powder
form out of chitin flakes, or by using a liquid media, since growth occurred on plates with yeast
extract but did not grow without the yeast extract but neither produced any clearing halos which
would have indicated chitinase production. Chitinase production is an important enzyme utilised
in the inhibition of fungal pathogens, such as those belonging to the Ascomyocta family; whose
cell walls are primarily composed of chitin. These isolates which if shown to produce chitinase
could then be potentially applied in industry as biocontrol agents against pathogens such as

Fusarium spp. for example.

The pot trial analysis although successful in showing growth enhancement of raspberry by the
PGPR and mycorrhizal colonisation enhancement by MHB encountered problems with some of
the replicate plants experiencing leaf chlorosis and reduced shoot elongation as a result of
utilising micropropagated plantlets. In future studies, the micropropagated plantlets should be

correctly hardened before transplant to the pots for the trials.
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This can be achieved by incubating the plantlets at high humidity for two to three weeks and
slowly exposing them to increased light intensity (Jha and Ghosh, 2005). Those that survive the
hardening process can then be utilised in the pot trials as this process should eliminate the leaf
chlorosis process which was shown to be successful in increasing the survival percentage of

explants in the Rubus genus (Wu et al., 2009).

In addition, the variability shown by the isolates in the plant growth parameters should be further
investigated. This could be determined by estimating the CFU of the root, rhizospheric and bulk
soil after inoculation of the plants and at harvest. This could aid in establishing the efficiency in
survival and colonisation ability of the isolates utilised. The growing media could be improved
from the compost/vermiculite mix used in this study. The pH of the growing mix should also be
measured to determine if the soil was too acidic or basic to sustain the growth of the isolates or
to determine if the isolates produced compounds such as organic acids which lead to the
solubilisation of phosphate and promote the availability of other essential nutrients such as iron,

which could then be taken up by the bacteria and utilised by the plant for growth.

The bacterial isolates which showed the most plant growth promotion and have been identified
could be utilised to study mycorrhizal niches which harbour the bacterial isolates. This can be
carried out by first transforming the bacterial isolates with a plasmid containing the gene which
codes for the green fluorescent protein. Once the bacterial cells are competent, their suspensions
can be used to inoculate a suitable host plants’ seeds, and together grown in seedling trays. After
3-4 weeks, the plants should be removed and the roots cut into small sections, and placed on
microscope slides and the bacterial colonisation of the mycorrhizal niches observed under
confocal microscopy (Hassen and Labushachagne, 2010). Unculturable bacterial isolates
associated with AM fungal spores could be identified by performing the DNA extraction and
PCR amplification procedures as for the culturable bacteria in this study. The PCR product
would then undergo pyrosequencing (Qiagen, 2010) and the sequences identified by BLAST and
Genbank.

All these improvements would give more of an indication as to the mechanisms occurring at the
soil, root, bacterial and mycorrhizal interfaces in order to improve plant growth of various crop

plants, which have benefits in the agricultural industry.
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APPENDIX I: MEDIA AND REAGENTS

A Selective Media

A-1 National Botanical Research Institute’s Phosphate growth medium
(NBRIP) (Mehta and Nautiyal, 2001).

Component Gram / Litre
Glucose 10.0
Caz(PO4)2 5.0

MgClz. 6H20 5.0
MgS0O4.7TH20  0.25

KCl 0.2
(NH4)2S804 0.1
Agar 15.0
Bromophenol 0.025
Blue

Autoclave at 121°C for 15 mins and allow to cool before dispensing into Petri dishes.

A-2 Phytase Media (Hariprasad and Niranjana, 2009)

Component Gram / Litre
Phytic Acid 5.0
Glucose 10.0
(NH4),SO4 0.3
MgSO4 0.5

CaCl, 0.1
MnSOq 0.01
FeSOy4 0.01

Agar 17.0

Autoclave at 121°C for 15 min and allow to cool before dispensing into Petri dishes.

A-3 Indole acetic acid media (Cappucino and Sherman, 2008)

16 g DEV Tryptophan Broth in 1 L, Autoclave at 121°C for 15 min and allow to cool before
dispensing into Petri dishes.

XVi



Appendices

A-4 Ammonia Production Media (Cappucino and Sherman, 2008; Chaiharn
et al., 2008)

Component Gram / Litre
Peptone 1.0
NacCl 5.0

Autoclave at 121°C for 15 min and allow to cool before dispensing into Petri dishes. pH 7.2.

A-5 Siderophore Producing media (Milagres et al., 1999)
Step 1: mix 60.5 mg of Chrome Azurol S (CAS) in 50 ml ddH,0

Step 2: make 10 ml Fe*" solution (1 mM FeCl;.6H,0, 10 mM HCI)
1 mM FeCl;.6H,0: 0.003 g FeCl;.6H,0 in 10 ml dd H,0
10 mM HCI: 10 pl of 32% HCI

Step 3: Under stirring, slowly add reagents from step 1 and 2 to 72.9 HDTMA dissolved in 40
ml ddH»0

Autoclave at 121°C for 15 min and allow to cool
Step 4: Mix 750 ml ddH0, 15 g agar, 30.24 g PIPES, and slowly add approximately 12 ml 50%
NaOH, pH to 6.8, and prepare an additional 160 ml ddH,0 separately to bring total volume to 1

L. Autoclave at 121 °C for 15 min and allow to cool

Final step: Add mixture of reagents from step 3 to step 4 along glass slide and dispense into
Petri dishes

XVii



Appendices

A-6 Skim Milk Agar

Component Gram / Litre
Yeast Extract powder 1.0
Skim Milk Powder 1.0
Glucose Monohydrate 1.0
Casein enzymic 5.0
hydrolysate

Agar 15.0

Autoclave at 121°C for 15 min and allow to cool before dispensing into Petri dishes.

A-7 Carboxymethylcellulose media (Kasana et al., 2008)

Component Gram / Litre
NaNO; 2.0
K,HPO, 1.0
MgSO4 0.5

KCl 0.5

CMC Na Salt 2.0
Peptone 0.2

Agar 17.0

Autoclave at 121°C for 15 min and allow to cool before dispensing into Petri dishes.

A-8 Chitin Media (Parani and Saha, 2009)

Component Gram / Litre
Chitin from 0.2

shrimp shell

Yeast extract 5.0

MgSO4 0.5
Sodium nitrate 2
KCl 0.5
FeSOq4 Pinch
K,HPO, 1
Agar 20

pH 6.0; Autoclave at 121°C for 15 min and allow to cool before dispensing into Petri dishes.
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B Root clearing and staining solutions (Smith and Dickson, 1997).

50% ethanol
1000 ml ethanol
1000 ml distilled water

5% KOH
100 g KOH
2 L distilled water

Alkaline Peroxide H202
3 ml NH4OH(Ammonia)
30 ml 10% H,0;

567 ml distilled water

0.1M HCI1 (32% MW36.46)
22.79 ml HCl
2 L Distilled water

Lactoglycerol trypan blue stain
Lactic acid: Glycerol: Water (13:12:16)
520 ml lactic acid

480 ml Glycerol

640 ml distilled water

0.82 g Trypan blue

Lactoglycerol Destain

Lactic acid: Glycerol: Water (13:12:16)
520 ml lactic acid

480 ml Glycerol

640 ml distilled water
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Appendix II: Nucleotide Sequences of Bacterial Isolates

> Acinetobacter ursingii (SEN4)

TGGGGCACGAGATCCAGCCATGCCGCGTGTGTGAAGAAGGCCTTATGGTTGTAAAGCACTTTAAGCGAGGAGGAGGGTRCTG
GTATTAATACTACCAGGTACTGGACGTTACTCGCAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGG
GTGCGAGCGTTAATCGGATTTACTGGGCGTAAAGCGTGCGTAGGCGGCTAATTGAGTCGGATGTGAAATCCCCGAGCTTAACT
TGGGAATTGCATTCGATACTGGTTAGCTAGAGTGTGGGAGAGGATGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGA
TCTGGAGGAATACCGATGGCGAAGGCAGCCATCTGGCCTAACACTGACGCTGAGGTACGAAAGCATGGGGAGCAAACAGGA
TTAGATACCCTGGTAGTCCATGCCGTAAACGATGTCTACTAGCCGTTGGTCTCTTTGAGGGATTAGTGGCGCAGCTAACGCGAT
AAGTAGACCGCCTGGGGAGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGCGGGCGGGGGCGGCGGGACGGGLGL
GGGGCSGGGGCGGGCGAA

> Bacillus thuringiensis (SEN9)

TCATGCAAGTCGTaTCGAGGTAtCCGATaaCTTGcTCTCAaGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGeC
CATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGAACtGCATGGWTCGAAATTGAAAGGCGGC
TTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGITGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCg
ACCTGAGAGGGTGATCGGCCACaCTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAA
TGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAG
TGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGT
AGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTC
AaCCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAgAEGAAAGTGGAATTCCATGTGTAEGcGGTGAAATGCGTAg
AGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGEGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCCGTAAACEATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAATTAACGC
ATTAAtCACTCCGCCTGGCGAGTACtGCCGCaaGGCTGAAACTCAAAGGAATTGACGGGGaGCCCGCgCAAGCGGTGGAGCAT
GtGGTTTAATTCGAAGCAACGCaaAcAACCTTACAtGTCTTGACATCCTCTGAAAAGCaTAGAaATAGEGtTTcCTCTTTcGaAcCa
aAGTGACAGGTGGTTGCATGGtTGCGTCAECTTCGTEGTCGGEAGATGTGGGTTTAActCCCCgCACCACCCcCCACCCCT

> Bacillus mycoides (SERB2)

GGGSCKWCWWTAWAMATGCAAGTCGWRACRARTGTGAKYMRRARCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGT
AASACGTGGGTAACCTACCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATATTTTGAACTGCATAGT
TCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAA
GGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGC
AGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCT
GTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCC
AGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTG
ATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCAT
GTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGC
GAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCG
CCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGG
GGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGAAAACT
CTAGAGATAGAGCTTCTCCTTCGRGARCARAGTGACRGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGTGAARATGTGGGTTA
AGTCCCGCAACGAAGCGCAAYCCTTGAATCTAGCTGCCMATCATTAAGGTTCGGTCACTCTAAGGTGAMCTGCCGCTGAMM
CAAACCCGAAGAAGKTGGGGAAWTKRAMCGAYCATAT
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> Bacillus thuringiensis (SIRB2)

GMGAAGTCTGACGGAGCACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCT
AGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGG
TGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACC
GTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAG
ATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGG
ATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGC
ATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGCGGGCGGGGGCGGCGGGACGGG
CGCGGGGCGCGGGCGGGCGA

> Microbacterium nematophilum (SIRC2)

GGGCTGAGCCTGATGCAGCACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTTAGCAGGGAAGAAGCGTGAG
TGACGGTACCTGCAGAAAAAGCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGCGCAAGCGTTATCCGGAAT
TATTGGGCGTAAAGAGCTCGTAGGCGGTCTGTCGCGTCTGCTGTGAAATCCCGAGGCTCAACCTCGGGCCTGCAGTGGGTAC
GGGCAGACTAGAGTGCGGTAGGGGAGATTGGAATTCCTGGTGTAGCGGTGGAATGCGCAGATATCAGGAGGAACACCGATG
GCGAAGGCAGATCTCTGGGCCGTAACTGACGCTGAGGAGCGAAAGGGTGGGGAGCAAACAGGCTTAGATACCCTGGTAGTC
CACCCCGTAAACGTTGGGAACTAGTTGTGGGGTCCTTTCCACGGATTCCGTGACGCAGCTAACGCATTAAGTTCCCCGCCTGG
GGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGCGGGCGGGGGLCGGLCGGGACGGGCGCGGGGLCSSSGGLSGGG
MGA

> Bacillus mycoides (SESB1)

GTCGCATATCATGCAGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGT
AACCTACCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATATTTTGAACTGCATAGTTCGAAATTGAA
AGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGACGATG
CGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAAT
CTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGG
AAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGC
GGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAG
CCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGG
TGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTG
GGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTG
CTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACA
AGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGAAAACTCTAGAGATAGA
GCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGATTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAA
CGAGCGCAACCATGATCTAGTGCCCATCATTAAGTTGGCACTCTAGTGACTKGCGGTGAMCAACGGAGAAGGKGGGGGAAT
GAACGATCCTGAT
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> Bacillus cereus (SERA2)

GCGTAGTCTGACGGAGCACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTA
GTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGT
GGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCG
TGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGA
TATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGA
TTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCAT
TAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGCGGGCGGGGGCGGCGGGACGGGLG
CGGGGCCGGGCGGGGCGA

> Bacillus sp. (SISB2)

AGCCGCYATATACATGCAGTCGAGCGARTGGATYMRKAGCTTGCTCTTATGAAGTTAGCGGCGGACGGSTGAGTAACACGTG
GGTAACCTACCYATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATATTTTGAACTGCATAGTTCGAAATT
GAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGACG
ATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGG
AATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAG
GGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCC
GCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAA
AGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGC
GGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGC
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTA
GTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGC
ACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGAAAACTCTAGAGAT
AGAGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCC
GCAACGAGCGCAACCCATGATCTAGCTGCATCATTAAGTTGGTCACTCTAGGTGACTKGCGATGACAGCTGAGAAGGGTGGG
GAAWKKAACSTYCAAAC

> Bacillus mycoides (SISC2)

GGGGWGCGCTCTMATGCAGTCGAGCgAtGGATtaRgAGCTTGCTCTTATGAAGTTAGCGGCGGACGGETGAGTAACACGTGG
GTAACCTACCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATATTTTGAACTGCATAGTTCGAAATTG
AAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGACGA
TGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGA
ATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGG
GAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCG
CGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAA
GCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCG
GTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGT
GGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGT
GCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGGCCCGC
ACAAGCGGTGGAGCATGTGGTTTAATTTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTTCTGAAACTCTAGAGA
TAGAGCTTTCTCCTTCGGGAGCAGAGTGACAGGTGTTGCATGGTTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCC
CGCAACGAGCGCACCCTTTGATLTTAGTTGCCCATCATTAGTTGGTACTCTAGCTGACTGCCCGAKGAMCAACCGGAAGGAAG
GgGGGGGAATGTGAAMST
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> Alcaligenes faecalis (AERA1)

ATATMCATGCAGTCGAACGGCAGCGCGAGARAGCTTGCTCTCTTGGCGGCGAGTGGCGGACSGGTGAGTAATATATCGGAAC
GTGCCCAGTAGCGGGGGATAACTACTCGAAAGAGTGGCTAATACCGCATACGCCCTACGGGGGAAAGGGGGGGATCGCAAG
ACCTCTCACTATTGGAGCGGCCGATATCGGATTAGCTAGTTGGTGGGGTAAAGGCTCACCAAGGCAACGATCCGTAGCTGGTT
TGAGAGGACGACCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGACAATG
GGGGAAACCCTGATCCAGCCATCCCGCGTGTATGATGAAGGCCTTCGGGTTGTAAAGTACTTTTGGCAGARAAGAAAAGGTAT
CCCCTAATACGGGATACTGCTGACGGTATCTGCAGAATAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGG
GTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGTGTAGGCGGTTCGGAAAGAAAGATGTGAAATCCCAGGGCTCAAC
CTTGGAACTGCATTTTTAACTGCCGAGCTAGAGTATGTCAGAGGGGGGTAGAATTCCACGTGTAGCAGTGAAATGCGTAGATA
TGTGGAGGAATACCGATGGCGAAGGCAGCCCCCTGGGATAATACTGACGCTCAGACACGAAAGCGTGGGGAGCAAACAGGA
TTAGATACCCTGGTAGTCCACGCCCTAAACGATGTCAACTAGCTGTTGGGGCCGTTAGGCCTTAGTAGCGCAGCTAACGCGTG
AAGTTGACCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGATGATGT
GGATTAATTCGATGCAACGCGAAAAACCTTACCTACCCTTGACATGTCTGGAAAGCCGAAGAGATTTGGCCGTGCTCGCAAGA
GAACCRGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCGCACGAGCGCAACYCTTGT
CATTAGTTGCTACGCAGAGCACTCTAATGAGACTGCCAGTGACAATCGAGGATGGTGGGATGACGTCAGTCCTCATGGCCCTT
TATKGGGATG

> Bacillus pumilus (AERA4.1)

GGCGCTAATMATGCAGTCGAGCGGASAGAAGGGTGCTTGCTCCCKGATGTTAGCGGCGGACGGGTGAKTAACACGTGGGTA
ACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGAGCTAATACCGGATAGTTCCTTGAACCGCATGGTTCAAGGATGAAA
GACGGTTTCGGCTGTCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGGGGTAATGGCTCACCAAGGCGACGATGC
GTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATC
TTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGA
AGAACAAGTGCGAGAGTAACTGCTCGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG
TAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCC
CCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGAAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGA
AATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGAGCGAAAGCGTGGG
GAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCYCTTAGTGCT
GCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAG
CGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAAYCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGC
TTTCYCTTCGGGGACAGAGTGACAGGTGGTGCATGGYTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAGTCCCCGCAACG
AGCGCACCCTTGATCTTAGTGGCAGCATTCAGTGGGCACCTCTAGGTGACTGGCGATGACAAGCCGGAGGAAGTGAGATGAA
CGTCAAATTCATCAKGCCCCCATATG

> Serratia marcescens (AERB2)

GGCGCAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCGAGGAGGAAGGTGGT
GARCTTAATACGYTCATCAATTGACGTTACTCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGG
GTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAAC
CTGGGAACTGCATTTGAAACTGGCAAGCTAGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGA
GATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACGAAGACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGGTTGTGCCCTTGAGGCGTGGCTTCCGGAGCTAACG
CGTTAAATCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAAGGAATTGACGGCGGGCGGGGGCGGCGGGACGG
GCGCGGGGCSSGGGGCSGGGCGA
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> Bacillus pumilus (AERAS)

GGCcGAGTCTGACGGAGCACGCCGCGTGAGTGATGAAGGTLTTCGGATCGTAAAECTCTGTTETTAGGGAAGAACAAETGCGag

AGTAACTGctCgCacCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCA
AGCGTTgTCCGGAATTATTGGGCGTAAAGEGCtCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCcCGGCTCAACCGEGGAG
GGTCATTGGAAACTGGEAAACTTGAGTGCAGAAGAGGAEAGTGGAATTCCACGTGTAGCGGTGAAATGCGtAGAGATETGGA

GGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAtGaGCGAAAGCGTGGGGAECEAACAGGATTAGATA

CCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCA
CTCCGCCTGGGGAGTACGgtCGCAAGacTGAAACTCAAAGGAATTGACGGCGGGCGGGGGCGGCGGGACGGGLCGCGGGGC e
gGGGcgGGGCAaA

> Micrococcus luteus (AIRA4B)

TGCGCAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTAGGGAAGAAGCGAAAG
TGACGGTACCTGCAGAAGAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCGAGCGTTATCCGGAAT
TATTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGTCGTGAAAGTCCGGGGCTTAACCCCGGATCTGCGGTGGGTAC
GGGCAGACTAGAGTGCAGTAGGGGAGACTGGAATTCCTGGTGTAGCGGTGGAATGCGCAGATATCAGGAGGAACACCGATG
GCGAAGGCAGGTCTCTGGGCTGTAACTGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTC
CATGCCGTAAACGTTGGGCACTAGGTGTGGGGACCATTCCACGGTTTCCGCGCCGCAGCTAACGCATTAAGTGCCCCGCCTGG
GGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGCGGGLCGGGGGCGGCGGGACGGGCGCGGGGLCSSGGSCGGGG
MGA

> Staphylococcus sp. (AIRCS)

GGSGGAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGATCGTAAAACTCTGTTATYMGGGAAGAACAAAT
GTGTAAGTAACTATGCACGTCTTGACGGTACCTAATCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAG
GTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGTAGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAAC
CGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGA
GATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAG
GATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACG
CATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGCGGGCGGGGGCGGCGGGACGG
GCGCGGGGCGCGGCGGGCGA

> Staphylococcus pasteuri (AIRC9)

GGGCGAAGCCTGACGGAGCACGCCGCGTGAGTGATGAAGGTCTTCGGATCGTAAAACTCTGTTATCAGGGAAGAACAAATGT
GTAAGTAACTGTGCACATCTTGACGGTACCTGATCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGT
GGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCRCGTAGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCG
TGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGA
TATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGAT
TAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCAT
TAAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGCGGGCGGGGGLCGGCGGGACGGGLG
CGGGGGGGGGCSSGGGSRAA
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> Bacillus sp. (AIRA2)

GATACAGGCKGCGMSSATCATGCGAGTCGTRTMGAGTGCTAGASCGTGCTTGCTCCCAAAGATTAGCGGCGGACGGGTGARA
AASACGTGGGTAACCTGCCTGTAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAACATATGAGAYCACATGGT
CTTATATTAAAAGATGGCTTTTAGCTATCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAA
GGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGC
AGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGCGAAGAAGGTCTTCGGATCGTAAAGCTCT
GTTGTTAGGGAAGAACAAGTRYCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCC
AGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTCCTTTAAGTCTG
ATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGGGACTTGAGTGCAGAAGAGGAGAGCGGAATTCCAC
GTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTCTCTGGTCTGTAACTGACGCTGAGGCG
CGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCC
GCCCTTTAGTGCTGCAGCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGACGG
GGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACACTC
CTAGAGATAGGAATTTCCCCTTCGGGRGACAGAGTGACAGGTGGTTGCATGGATTGTCGTCAGCTCGTGTCGTGAGATGTTGG
GGTTTAAGTCCCGCAACGAGCGCAACCCTGATCTTTAGTTGCCAGCATTCARGTGGGGCACTCKAAAGGGTGACTGCGTGACG
ACCGGGAGAAGGGTGGGGGAATKGAACSGTCA

> Bacillus sp. (AIRC4)

TGaGaAGTCTgACAtgCAGCAcCgCCGCGTGagTGATGAAGGCCTTCGGALCTGTAAAGCaCTtTTGgcAGaGAAGAACAAGTGeg
AgAgTAACTGCTCgCACCTTGACGGTACCTAacCAaAAAGCCaCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGEGG
CAAGCGTTGtCCGGAATTACTGGGCGTAAAGGGITCGtAGGCGGTTTCTTAAGTCaGATGTGAAAgCCCCCGGCTCAACCEEGG
AgGGtCATTGEAAACTGEgaAACTTGAGTGCagAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGG
AGGAACACCagTGGCGAAGGCgACTCTCTGGTcTGtaACTGACGCTgAGGAGCGAAAGCGTGGGGAGCEAACAGGATTAGATA
CCCTGGTAGTCCACGCCgTAAACGATGAETGCTAAETGTTaGGGGGTTTCCGCCCCTTAGTGCTGCatCTAACGCaTTAatCACTC
CgCCTGGaGAGTACEGTCgCAAgACTGAAACTCAAAEGAATTGACEGCGGGLCGGGGGLGGCGEEACGGGCGLCGGGLGECCGCg
GGGCGATT
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Appendix III: Culture Morphology of Bacterial Isolates Identified

A- South African Isolates

SESB1

SERB2

SEN4

SISB2

XXVi
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SIRC2

SIRB2

XXVii
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B- Argentinean Isolates

AIRA4B

AERA4.1

AIRC4

AERA1

AIRC9
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AIRB3

AIRCS

AERA5

AIRA2
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Appendix IV: Fischer’s LSD of Significance- Pot Trial Results

Shoot Dry Weight:

LSD test; variable shoot weight (Spreadsheetl)

Probabilities for Post Hoc Tests

Error: Between MS = .20079, df = 88.000

treatment | {1} ‘ {2 {3} ‘ {4} ‘ {5} ‘ {6} ‘ 7} ‘ {8} ‘ {9} ‘ {10} ‘ {11} ‘ {12} ‘ {13} ‘ {14} ‘ {15} ‘ {16} ‘ {17} ‘ {18} ‘ {19} ‘ {20} ‘ {21} ‘ {22}
Cell No. .16960 .28300 | 0.0000 .17980 .62460 .85120 .40520 1.0672 .02680 .50240 .36120 .65740 .06900 .92380 .76180 .73220 .61660 .28820 .69080 .68440 .54320 .52080
1 0 0.690026 0.551084 0.971371 0.111970 0.018265 0.408041 0.002116 0.615609 0.243444 0.500771 0.088725 0.723461 0.009254 0.039540 0.050241 0.118325 0.676613 0.069277 0.072700 0.190837 0.218558
2 1{{ 0.690026 0.320738 0.716623 0.231300 0.048046 0.667387 0.006894 0.368458 0.440911 0.783248 0.189898 0.452201 0.026219 0.094671 0.116549 0.242322 0.985402 0.153716 0.160202 0.361063 0.403695
3 21{(0.551084 0.320738 0.527446 0.030140 0.003475 0.156326 0.000299 0.924876 0.079733 0.205839 0.022674 0.808209 0.001587 0.008595 0.011427 0.032258 0.311977 0.016801 0.017808 0.058521 0.069487
4 22|(0.971371 0.716623 0.527446 0.120122 0.020021 0.428561 0.002363 0.590653 0.258083 0.523786 0.095488 0.696771 0.010210 0.042982 0.054461 0.126841 0.703018 0.074798 0.078446 0.203116 0.232114
5 23|10.111970 0.231300 0.030140 0.120122 0.426115 0.440911 0.121941 0.037754 0.667387 0.355216 0.908126 0.053106 0.293978 0.629507 0.705105 0.977544 0.238422 0.815847 0.833370 0.774617 0.715049
6 24/ 0.018265 0.048046 0.003475 0.020021 0.426115 0.119139 0.448000 0.004591 0.221695 0.087319 0.495879 0.007032 0.798416 0.753166 0.675585 0.410026 0.050082 0.572850 0.557664 0.280098 0.246834
7 25|( 0.408041 0.667387 0.156326 0.428561 0.440911 0.119139 0.021770 0.185255 0.732436 0.876975 0.375948 0.238699 0.070651 0.211620 0.251694 0.457696 0.680729 0.316338 0.327243 0.627513 0.684339
8 26(( 0.002116 0.006894 0.000299 0.002363 0.121941 0.448000 0.021770 0.000414  0.049369 0.014609 0.151731 0.000681 0.614128 0.284151 0.240367 0.115431 0.007259 0.187566 0.180247 0.067822 0.057081
9 27|/ 0.615609 0.368458 0.924876 0.590653 0.037754 0.004591 0.185255 0.000414 0.096862 0.241203 0.028632 0.881970 0.002130 0.011127 0.014691 0.040328 0.358863 0.021387 0.022634 0.071831 0.084810
10 28| 0.243444 0.440911 0.079733  0.258083 0.667387 0.221695 0.732436 0.049369 0.096862 0.619566 0.585816 0.129785 0.140609 0.362534 0.419635 0.687956 0.451780 0.507932 0.522417 0.885858 0.948381
11 29| 0.500771 0.783248 0.205839 0.523786 0.355216 0.087319 0.876975 0.014609 0.241203 0.619566 0.298815 0.305348 0.050241 0.161027 0.193913 0.369948 0.797330 0.247971 0.257205 0.522417 0.574762
12 31/ 0.088725 0.189898 0.022674 0.095488 0.908126 0.495879 0.375948 0.151731 0.028632 0.585816 0.298815 0.040794 0.349790 0.713475 0.792448 0.885858 0.196064 0.906453 0.924317 0.687956 0.631004
13 32|[0.723461 0.452201 0.808209 0.696771 0.053106 0.007032| 0.238699 0.000681 0.881970 0.129785 0.305348 0.040794 0.003346 0.016496 0.021540 0.056549 0.441326 0.030867 0.032587 0.097833 0.114479
14 33[0.009254 0.026219 0.001587 0.010210 0.293978 0.798416 0.070651 0.614128 0.002130 0.140609 0.050241 0.349790 0.003346 0.569035 0.500771 0.281341 0.027426 0.413214 0.400552 0.182738 0.158561
15 34/ 0.039540 0.094671 0.008595 0.042982  0.629507 0.753166 0.211620 0.284151 0.011127 0.362534 0.161027 0.713475 0.016496 0.569035 0.917054  0.609694 0.098252 0.802765 0.785410 0.442573 0.397423
16 35(( 0.050241 0.116549 0.011427 0.054461 0.705105 0.675585 0.251694 0.240367 0.014691 0.419635 0.193913 0.792448 0.021540 0.500771 0.917054 0.684339 0.120781 0.884191 0.866448 0.506585 0.457696
17 36/ 0.118325 0.242322 0.032258 0.126841 0.977544 0.410026 0.457696 0.115431 0.040328 0.687956 0.369948 0.885858 0.056549 0.281341 0.609694 0.684339 0.249684 0.794074 0.811480 0.796244 0.736143
18 37|/ 0.676613 0.985402 0.311977 0.703018 0.238422 0.050082 0.680729 0.007259 0.358863 0.451780 0.797330 0.196064 0.441326 0.027426 0.098252 0.120781 0.249684 0.158970 0.165625 0.370695 0.414014
19 38|/ 0.069277 0.153716 0.016801 0.074798 0.815847 0.572850 0.316338 0.187566 0.021387 0.507932 0.247971 0.906453 0.030867 0.413214 0.802765 0.884191 0.794074 0.158970 0.982034 0.603806 0.550147
20 39|(0.072700 0.160202 0.017808 0.078446 0.833370 0.557664 0.327243 0.180247 0.022634 0.522417 0.257205 0.924317 0.032587 0.400552 0.785410 0.866448 0.811480 0.165625 0.982034 0.619566 0.565232
21 210|( 0.190837 0.361063 0.058521 0.203116 0.774617 0.280098 0.627513 0.067822 0.071831 0.885858 0.522417 0.687956 0.097833 0.182738 0.442573 0.506585 0.796244 0.370695 0.603806 0.619566 0.937181
22 310| 0.218558 0.403695 0.069487 0.232114 0.715049 0.246834 0.684339 0.057081 0.084810 0.948381 0.574762 0.631004 0.114479 0.158561 0.397423 0.457696 0.736143 0.414014 0.550147 0.565232 0.937181

Treatments:

0: un inoculated control

1: treatment with just AM fungal inoculum

2: treatments with only the selected bacteria (with representive bacterial coding — Section 4.2.1)

3: treatments with both the bacteria and AM fungal inoculum (3; with representive bacterial coding- Section 4.2.1)
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Root Dry Weight:

LSD test; variable shoot weight (Spreadsheet1)
Probabilities for Post Hoc Tests
Error: Between MS = .05282, df = 88.000

treatment | {1} 2 {3} {4 o {6} {n {8} ) o | 4 | @ @3 {4 {8 | e | {4 ) {18 | {19 | 20 | 21 | 22

Cell No. .26400 | .38901 | .09240 | .23900 | .43160 | .38480 | .26720 | .65100 | .10280 | .44740 | .19660 | .47479 | .42707 | .54075 | .50075 | .51693 | .37220 | .30486 | .38184 | .45920 | .29120 | .24958
1 0 0.392134  0.240973 0.863842  0.252030 0.408197 0.982486 0.009224 0.270461 0.210390 0.644022 0.150577 0.264995 0.060189 0.106947 0.085348 0.458649 0.779302 0.419729 0.182760 0.851995 0.921210
2 1]10.392134 0.044297 0.304912 0.770196  0.976978 0.404317 0.074908 0.052104 0.688866 0.189043 0.556607 0.794070 0.299378 0.444108 0.381227| 0.908204 0.564138 0.960798 0.630361 0.502798 0.340097
3 21{ 0.240973 0.044297 0.315962 0.021900 0.047325 0.232380 0.000229 0.943125 0.016597 0.475368 0.010060 0.023676 0.002725 0.006118 0.004438 0.057476 0.147409 0.049559 0.013418 0.174905 0.282504
4 22| 0.863842 0.304912  0.315962 0.188603 0.318595 0.846621 0.005694 0.351328 0.155204 0.771209 0.108356 0.199121 0.040821 0.075174 0.059126 0.361995 0.651609 0.328458 0.133386 0.720373 0.942135
5 23|0.252030| 0.770196  0.021900 0.188603 0.748246 0.261131 0.134788  0.026162 0.913691 0.109526 0.767073) 0.975183 0.454712  0.635455 0.558685 0.683784 0.385626 0.732931 0.849836 0.336749 0.213815
6 2410.408197 0.976978  0.047325 0.318595 0.748246 0.420679  0.070436 0.055579  0.667770 0.198802 0.537460 0.771916 0.286263 0.427205 0.365836 0.931110 0.583742 0.983809 0.610040 0.521300 0.354792
7 25(0.982486| 0.404317 0.232380 0.846621 0.261131 0.420679 0.009798  0.261131 0.218386  0.628391 0.156798 0.274421 0.063155 0.111701 0.089309 0.472004 0.796183 0.432419 0.189967 0.869237 0.903803
8 26( 0.009224 0.074908  0.000229 0.005694 0.134788 0.070436 0.009798 0.000294 0.164829 0.002401  0.228664 0.127011 0.450203 0.304132 0.358877 0.058351 0.019409 0.067426 0.190431 0.015230 0.007002
9 27(0.270461| 0.052104  0.943125 0.351328 0.026162 0.055579 0.261131 0.000294 0.019939' 0.520413 0.012202  0.028238 0.003379  0.007486 0.005460 0.067187 0.168015 0.058139 0.016187 0.198330 0.315367
10 28(0.210390 0.688866  0.016597 0.155204 0.913691 0.667770 0.218386 0.164829 0.019939 0.087969 0.850976 0.889063 0.522406 0.714485 0.633597 0.606207 0.329471 0.653092| 0.935476 0.285500 0.177022
11 29] 0644022 0.189043  0.475368 0.771209 0.109526 0.198802 0.628391 0.002401 0.520413 0.087969 0.058895 0.116443 0.020096 0.039282  0.030155/ 0.230273 0.458396 0.205886 0.074247 0.516870 0.716370
12 31)10.150577 0.556607 0.010060 0.108356 0.767073 0.537460 0.156798 0.228664 0.012202 0.850976 0.058895 0.743449 0.651101 0.858668 0.772567 0.482189 0.245544 0.524200 0.914845 0.209923 0.124893
13 32(0.264995| 0.794070  0.023676 0.199121 0.975183 0.771916 0.274421 0.127011 0.028238 0.889063 0.116443 0.743449 0.436252  0.613483 0.538020  0.706740 0.402783 0.756449 0.825540 0.352508 0.225346
14 33| 0.060189 0.299378  0.002725 0.040821 0.454712 0.286263 0.063155 0.450203 0.003379 0.522406 0.020096 0.651101 0.436252 0.783814 0.870206 0.249362 0.108204 0.277281 0.576208 0.089535 0.048243
15 3410.106947 0.444108 0.006118 0.075174 0.635455 0.427205 0.111701 0.304132 0.007486 0.714485 0.039282 0.858668 0.613483 0.783814 0.911618 0.378904 0.181236 0.415550 0.775680 0.152965 0.087511
16 35(0.085348 0.381227 0.004438 0.059126 0.558685 0.365836 0.089309 0.358877 0.005460 0.633597 0.030155 0.772567 0.538020 0.870206 0.911618 0.322130 0.148139 0.355252  0.692220 0.124032 0.069253
17 36( 0.458649 0.908204  0.057476 0.361995 0.683784 0.931110 0.472004 0.058351 0.067187 0.606207 0.230273 0.482189 0.706740 0.249362 0.378904 0.322130 0.644322 0.947254 0.551015 0.578788 0.401212
18 37|10.779302| 0.564138  0.147409 0.651609 0.385626 0.583742 0.796183 0.019409 0.168015 0.329471 0.458396 0.245544 0.402783 0.108204 0.181236 0.148139 0.644322 0.597720 0.291230 0.925350  0.704652
19 38 0.419729 0.960798 0.049559 0.328458 0.732931 0.983809 0.432419 0.067426 0.058139 0.653092 0.205886 0.524200 0.756449 0.277281 0.415550 0.355252 0.947254 0.597720 0.595929 0.534523 0.365368
20 39| 0.182760 0.630361 0.013418 0.133386 0.849836 0.610040 0.189967 0.190431 0.016187  0.935476 0.074247 0.914845 0.825540 0.576208 0.775680 0.692220 0.551015 0.291230 0.595929 0.250904 0.152828
21 210]0.851995  0.502798 0.174905 0.720373 0.336749 0.521300 0.869237 0.015230 0.198330 0.285500 0.516870 0.209923 0.352508 0.089535 0.152965 0.124032 0.578788 0.925350 0.534523 0.250904 0.775309
22 310]0.921210 0.340097 0.282504 0.942135 0.213815 0.354792 0.903803 0.007002 0.315367 0.177022 0.716370 0.124893 0.225346 0.048243 0.087511 0.069253 0.401212 0.704652 0.365368 0.152828 0.775309

Treatments:
0: un inoculated control

1: treatment with just AM fungal inoculum
2: treatments with only the selected bacteria (with representive bacterial coding — Section 4.2.1)
3: treatments with both the bacteria and AM fungal inoculum (3; with representive bacterial coding- Section 4.2.1)
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AM Fungal Root Colonisation Percentage:

LSD test; variable shoot weight (Spreadsheet1)
Probabilities for Post Hoc Tests
Error: Between MS = 190.25, df = 88.000

treatment | {1} 2 {3 {4 {5} {6} {n {8 {9} {10} {11} {12} {13} {14} {15} {16} {17} {18} {19} {20} {21} {22}

Cell No 0.0000 | 35.000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 58.000 | 74.800 | 35.600 | 48.000 | 34.000 | 45.000 | 54.000 | 45.000 | 66.000 | 0.0000 | 59.000
1 0 0.000126  1.000000 1.000000/ 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 0.000000 0.000000 0.000098 0.000000/ 0.000189 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
2 1] 0.000126 0.000126/ 0.000126/ 0.000126' 0.000126  0.000126/ 0.000126/ 0.000126/ 0.000126  0.000126  0.009900| 0.000016 0.945321  0.139741| 0.908998| 0.254768 0.032079 0.254768 0.000614  0.000126/ 0.007209
g 21]11.000000  0.000126 1.000000 1.000000 1.000000/ 1.000000 1.000000 1.000000 1.000000 1.000000 0.000000 0.000000 0.000098 0.000000 0.000189 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
4 22|11.000000  0.000126/ 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 0.000000 0.000000 0.000098 0.000000  0.000189 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
5 23)11.000000 0.000126 1.000000  1.000000 1.000000' 1.000000 1.000000  1.000000 1.000000 1.000000/ 0.000000 0.000000 0.000098 0.000000 0.000189 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
6 24]11.000000 0.000126 1.000000 1.000000  1.000000 1.000000 1.000000 1.000000/ 1.000000 1.000000 0.000000 0.000000' 0.000098 0.000000 0.000189 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
7 25| 1.000000  0.000126/ 1.000000  1.000000 1.000000 1.000000 1.000000  1.000000 1.000000 1.000000 0.000000 0.000000 0.000098 0.000000 0.000189 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
8 26| 1.000000  0.000126/ 1.000000  1.000000 1.000000 1.000000 1.000000 1.000000' 1.000000 1.000000  0.000000 0.000000  0.000098 0.000000  0.000189 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
9 27| 1.000000 0.000126/ 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000' 0.000000 0.000000 0.000098 0.000000 0.000189/ 0.000002 0.000000 0.000002 0.000000 1.000000 0.000000
10 28] 1.000000  0.000126 1.000000  1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000/ 0.000000/ 0.000000, 0.000098 0.000000, 0.000189, 0.000002  0.000000 0.000002  0.000000/ 1.000000 0.000000
11 29]1.000000  0.000126 1.000000' 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 0.000000 0.000000/ 0.000098 0.000000/ 0.000189 0.000002| 0.000000 0.000002| 0.000000 1.000000/ 0.000000
12 31} 0.000000, 0.009900/ 0.000000 0.000000; 0.000000, 0.000000/ 0.000000, 0.000000 0.000000/ 0.000000, 0.000000 0.057355 0.011923 0.254768 0.007209 0.139741 0.647702 0.139741 0.361618 0.000000 0.908998
13 32|10.000000| 0.000016/ 0.000000/ 0.000000 0.000000/ 0.000000/ 0.000000/ 0.000000 0.000000, 0.000000/ 0.000000| 0.057355 0.000021, 0.002828 0.000010 0.000963 0.019257 0.000963 0.315853 0.000000  0.073523
14 33 0.000098| 0.945321  0.000098  0.000098 0.000098 0.000098  0.000098 0.000098 0.000098| 0.000098 0.000098 0.011923 0.000021 0.158722 0.854897 0.284182/ 0.037765 0.284182  0.000770 0.000098 0.008730
15 34]10.000000/ 0.139741 0.000000/ 0.000000/ 0.000000; 0.000000| 0.000000, 0.000000 0.000000  0.000000 0.000000 0.254768 0.002828 0.158722 0.112109 0.731744/0.493391 0.731744 0.042022 0.000000 0.210657
16 35/ 0.000189| 0.908998| 0.000189| 0.000189 0.000189  0.000189 0.000189 0.000189 0.000189  0.000189 0.000189  0.007209 0.000010  0.854897 0.112109 0.210657  0.024253 0.210657 0.000418 0.000189 0.005202
17 36/ 0.000002 0.254768 0.000002  0.000002 0.000002| 0.000002  0.000002 0.000002 0.000002 0.000002/ 0.000002 0.139741 0.000963 0.284182 0.731744 0.210657 0.305043' 1.000000 0.018161/ 0.000002  0.112109
18 37| 0.000000, 0.032079, 0.000000| 0.000000/ 0.000000, 0.000000| 0.000000, 0.000000 0.000000/ 0.000000 0.000000/ 0.647702| 0.019257 0.037765  0.493391  0.024253 0.305043 0.305043  0.172440 0.000000 0.567997
19 38]0.000002| 0.254768 0.000002  0.000002/ 0.000002  0.000002| 0.000002  0.000002  0.000002  0.000002  0.000002 0.139741| 0.000963 0.284182 0.731744 0.210657  1.000000 0.305043 0.018161 0.000002 0.112109
20 39} 0.000000, 0.000614/ 0.000000/ 0.000000 0.000000/ 0.000000] 0.000000 0.000000/ 0.000000/ 0.000000/ 0.000000 0.361618  0.315853| 0.000770  0.042022 0.000418 0.018161  0.172440 0.018161 0.000000 0.424468
21 210] 1.000000 0.000126 1.000000  1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000 0.000000 0.000000 0.000098 0.000000 0.000189 0.000002 0.000000 0.000002 0.000000 0.000000
22 310] 0.000000  0.007209 0.000000  0.000000 0.000000' 0.000000 0.000000: 0.000000/ 0.000000 0.000000 0.000000 0.908998 0.073523 0.008730 0.210657 0.005202 0.112109 0.567997 0.112109 0.424468 0.000000

Treatments:

0: un inoculated control

1: treatment with just AM fungal inoculum

2: treatments with only the selected bacteria (with representive bacterial coding — Section 4.2.1)

3: treatments with both the bacteria and AM fungal inoculum (3; with representive bacterial coding- Section 4.2.1)
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Appendix V: Published Literature
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fhaanmegpsicas Wl Frpwcloinnnays semicnnnssg easilsiel
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shood and root g rowth (Shahab ot al, 20000,

Crpeeivives arer plglaeoemenes whicd preounde edl
asion Grd enlarDe ment. lsede expanzion and msol har
Sevepment. Cyokinin procuchon has ceen shown m
vanowe (LU molieng  AZosprduam.  Heelgemonas
fuorcsocns and Ceombacilos pofymyra iMadhavan ot
al A Uil slires moleace e devslonsn. of phanl
Issss,  penhcwdaily  slem b vl pooanols ol
shongation and  lateral mot emtersion ®roducton  of
zizberslline has been mesorted n Azospinliom Bacilus
Py, Euohes Doheanfunms and Rbveobinn Possoy,
2003, Martne2-Viverus lal, 20100

lbrylkree wllecls phanl groadle by inbntaling nesl ok
sation Flamlz producs A-am ity lopropanc-1-carbs-
gydabe (ACT) which is T prodursor for othylons, Somes
G0 e rodesmiond il Hee sl ] aesfesmbead Ty s
s which ks o liministed wee gresihe Sooee:
=Ll have Tre aliey Bn Syiineeize A0 daaminanas, o9
onoyme whien cloaves ACC which therchy deocroases
zihylens production, promaing moot lengthoning. ACS
dearnriss aclraly toes been repeelsd om0 Hie gemsra
dtirrenabveder, Ascegarenfurn, Moo and Feieckoremwes
mWesey A Martinez wraenos el 3l 20010
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Puvrsibermas ] i wilideres ppenewnd e e goawib ol
el ) pripersin pstaealmn el pEpE
{Cansiconn annwn) are nce (O satval Sesults
showed §hat M4 opzae through the preduction of
plylotionmnomzs sueh g 184wl cyiokining ropweisd
rdant grewth (1tes mechansme sueh ALC deamnass
and the prodncken of Zderaphenes wave Ben Deen
ArrimentRl AF0RRNKGT 5 A Knowin NIMNgen Teer and
a produccr of 188 whorsas Bunihotdcns has been
shwwwarn i shdodees phuasploale weal Tomee SO chasanniaze
wiliwiiy  Umb=s opeentasess covliices (e ords o
siqniic.ant merease 10 3l Clant growth parameisrs by the
pacterial molatcs comparcd 2 the moo-noculated coantrel
clznts. Insemato, ndividual incculation of M.onese or its
co-inzculation with A, brosilense ¢ B pyrocinia procuced
sugriluzsnl ncreiases ool el compiaresd Booenedoal o
iediwidual inoculations. In red peppers, noculaten with
forpzae produced the grestest soat and choot lengthe
il 2 ggreder roul and shocd gt seas Found Wi e
aual irwsulaieng of 84 arrsas wilh B peerasrai s, me
agndicAnt nerrses noomnt length were  reenonerd
kI praciiced oy 14 angFes may preanrs slamaal
sponing and promats ool enision in the proscnce of
it pesullion; in wn sslirmeed aphake ol wstle el
sl ndvicls Foen I el Thiss isylokinig o BaA
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windichoinn B M ounesae reiy b e peeil res osllecl o
plard growth (Madhaivan et al. 2010

Peera- St wd Qlalbie-Ponugal 237) shueed noa
e il Uil noculetion ul ersaiy wilh Sl
SN S cantly intreaEssd ool Aty wemht atn mat
erdlh By It A and 1040 1%, respechealy moan
cEscriments. Yo ld por plart was norcased by 21 10 20%
and i wogtt and feagth was significacty  greator
Tt sicpriificamd e lTece o wiliibualieed tn e puostnaliom
of hormones, which are belsszd b chance azzimiate
sarieoning patems n plans, atenng growth it reads,
fructfcation process and develocmant of Fruit.

Eficcts of floral ard foliar moculaton of Paoadomonss
atnntd Lamdins heeksacks g on e guos b ol sweel iy
Hrimees peadre L) weas nweslpaded] By sikRn Bl oA
120080, Paeunomonas prodocss transzeatic and Saeiils
fade Wi abilivy W e ororogen wed produce 1848, The
pacteral resatents gone sid o canzimalion sigwil-
rattly Aftecisn i warang Seqrers Nsd pe” MRy oInes
seclin s en, el weerdil aeal shiool lergph s mdnsales
that tuese PGPR arc not mestricesd o the sal snvron-
ik, appication 1o showe plant pars bas groat ooicntial
ke agudicions

& dirrvikar shurlly by Oefan o
afferda a1 Awn Dasifiva EeAres, Bl ol wnssh [an
lirogen fiKing ocroporics and  one with  phosphatc
soubilizing capabifics on the growih of rasphermy. A
skl essel O mrrease o vkt wens sdaeee Wl on-
ricnzutliahon ool [fie e cpcollal s | hes sl s alser pepemianl
ncreased N and & conlenl ol mapsherny leaves. and 3
dogiae i pH ol W sl due e pwoducier ol
e acids. Sieclae shgeifoaan weld inecasss Dy
dlep ey el e omprple dldmbis chermesace 103 o
virdrmy cirwlhe owhien oo aenzalaled walb e aml
Uicrabsedenum (Kariidag =t al., 2007,

Barchio et al (3002) Zemonstrated improves plan
duewt and  cssemial G composiin B CYsGInm
majorate Lo by e SGPR Slrane Pecudunnss
Meveaness, A ke, Buanumnnin mekinh and
liranpmennem an  Inoesdanicn with F fareasens or
Eradprvzonivm  sp. induccd  signifizant nomcascs in
iber ol eavess sl engll e monter ol reales

el nrer s v B0% highien in P emeses o nscalaien]
Maris resulbng @ 332 tald mchease In shogt fresh
wepght.  1'Ene nocdiated wwk A florescens  or
Eradprivzopwm  showed sigrfficant irercesc in todal
sopgerins laan Wil A oarwd TH-lehd, ssspealivady

Al (MO0E) canimed b

Pathegen nhibldon

FEFR havs Do shiown o omodiale in D Biohegess|]
ronbrel ot lant pathegens | he macransms munlsed san
o cinect wia the production of anfibizdics, sideropkarcs,
wearogon  Cyaoide,  hydrobtic cnopmez  (chitinescs
nleises s ielobesesy o melirectby by conepsdilion wait
e pazlbweegesnn fon el ik s es fwledieon



izt sites  lindcrman,  2000;  Blocmoorg  and
Pk, FHIT Bhonr cmd b, SOEE

SiEPE hawe boon shown to producs varkus snt Fotcs
whirdive  sgjaines ) perwlomslluemeees ooder by
conditions. Thess amdbicdcs e bubwolacionss,
willcrmycin &, kaoozaminc  and 2 4-diacioviphlc-
rglemal (2, 1 1A & A TR G i oane o e mast
Shcent amipadice and & produces by HEeIgcmonas
sicims. B0 s e owide spesciiom inchebag baing an
artbfurgal, antibacterial ans artihelminge (Whipps, 2001,
Madince-viveros of al. 20100, Seme PGPS such as
Alvawgoney,  Acwnenrs Bavitues, Pocwdomonzs  and
RRZaki are capable ol praducig hedrogen cyands
GRS 0 unilalide seixaday rmelaludie webich sippmesses
b sleeeopmmenl al seher mmaole (A Eps MR
karinez-Yveras ofal, 207 0)

Irom 12 an eszental elemend resurad tor growt ol
wganiems and biavalable s o me =0l B dehicent.
el Ecwr-limi g e correnis, POCTE prociine sideo-
e dewve ke ke wieighl conmgroam s webacd coen e
fitiecty eguesters formic iron. The Sacterium: tascs us the
tun-sidenySoee e Hreoough spoecific oeogiloms
tp=cihc on the owter cell membrans. Cnce ncde e
bacterium, the iron s welessed and availazc o suppor
wmaaleer gl gHehiloge . Ay The salessdicnes
deprive psthogenic fungi of the availabis iron in the sl
#x b PGEE sitkaoptnmss Feaue aogresiles allinily e e
mon. =oms FiZHs can seguester iron om RetsnolcgoLs
sidemphorss procuced by cther =0l mcroomganiams.
Sideiapere poogduiarmg heselsns baes sl s
pelong lo JmadywhiZebim, Yosypdomonas, Plogohim,
s el Mimomgers (RLiines S iwennas axoal 20100

The root surface and ite surrounding rhizosphere are
siomficant sounces of carbon Thercfore, aong e
starle=s ol e roisls lheere mie a0 wanely ol palnenl nes
niches whlch ofracts 3 wide rangs o MicroonJanizms,
nckeadingg pbrgcgeadboenne Cormgrestilinm Tor (baese rndriznl
nichez iz one of the major mechanizms by which FGPR
probcct tho plars fom pachooons. PSFR haes the shdiny
10 reRch The sumaces or e mnle hmuoh ackee meting
¢ ther Hagella and zre gueed by chemotoghic
e s TRy dne dlxa sanisd By oot sl beegesal

s
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ENDOSYMEIOTIC BACTERLA BF AN FLUNGI

| nichai=libe bardscs soe resurlssd o b lenanid vy m @
Towe fungi including &M fungi. The cytoplasm of &M furgi
mmthies iy leecloiiaslibey oagpmisnes Moy
rew=iled these baoenal csis as amam negatve and ngd
sheoed, cocurring singy or mgroups, officn imside fungal
wiciiskes i talle speaes el Ingpbess el bive e
Jaconbed as being related 0 dorkfholdend and wers
aicasd i o ke Ll Gaxon vereeel  Caowdiifaiers
Ghcimerhacter Sipasporansdlanciota and  Boolants,
2002; Bondansz aret Anca, 2009)
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Tre Bnctional sionificance of thezse endosymbionts is
mdein bl sy oare Hesighl we aallecd &8 ol
serfarmance through the release of substancss which
A Dengal ageeses ewprecsssicnn, indoadoeion of ctasmidl
corpoinds inta ibe spores  climulating  germination,
nereasng fungal atachment by producing l=chas and
drgraaaren af mngal cgl walls (Adureson sF gl ik
dortante and Anca L0UW; Mransan, 2071

Cietersymibintie: bsncsrnd pras foave |esn paniis by
derdified, some of which are involved in nutrient aptake,
such as o putatve shosphate transpcdcr oporon, 2ai a
qgene Imnlved m colntEson events by haclans oslls
Fes and abrelenase coding genes, e BancoTa and
Hurlarile, 2007

INTERALCTIONSE EBETWEEH &M
EHIZOSFHERE MICRD-0ORGANISMS

®UNGI  AKD

[ v ool AR D B sneinee: ol cpasal s yahl ol
YATOUS CFORE i3 anng mpetancc. The nboracdons
e AR fngi el otlex  abieoshens minno-
argarisms Beretore mave the polential 1o symergist iy
cnhance crop preduction. Several studics hawe Doon
camre ] i leranalsse Thes nlssachone, bebeeeen SR L
and rhizasphore mere-organizms.

imeractlons berween A8 fungl and MHE

Stidics investigsdng the iorectiors botwoon AM fungi
arnd FABE i prleanl agressiby liere swmeer Bl BE=R s
AM fungal colonization in the plant roots. Mamates 2t al
(20028 imostipated the infcradtions botwoon &M faragi
At i cosepavney mn ekl eslalii=bed noebicony ol
papay: plenizs. MulDemy olante inoculaied wath Glomos
Gamiedvn ke sl s s Ticand fesizasin gkl gl
and number of leaves and in pasava plants inoculated
wih Glasws mosssse and  Glomus  coledasiom A
sEmnibeark acreaca in paant Reght ardt ans slem aeih
comparsd wwh e comrdl green 102 recommended H
Therr wnes e siquifizanl diffeence o phanl ool
savarial=ie Deaieet kel wnh s 53 L akons
or the AM fungl with Sociu: cooquisns. Kycorhizal
CHONEATGA ROMEVET. wWas igr=sT i pkanta inecikited
wiin the Ak ungl and E.coagquilaneg, a pozcinle meiha
tisen b ey G bl ST pexho e hedrobdic groegimes
winch cangie heoaarhead cels lechbdde, oo o lirgen
intereclular surzec arca wih whek the S¥ furg can
el aed axmbonee meee csesily, iresesiong e
percentage rool CoMESE0IN, Tereby providmg more
aulhcnts to the flant (Marratha o1 al. 2002).

Imteractions batween &% funpgi and PGRR

The improwcmonl of cant grows and ~asrdion throwch
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