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Abstract of a thesis submitted in partial fulfilment of the requirements for the Degree of 

Doctor of Philosophy 

Functional and community investigation of nodule endophytes for the 

selection of phosphate solubilizing rhizobial inoculants for clover  
by 

Kritarth Seth 

Nitrogen (N) and phosphorus (P) are limiting nutrients for plant growth and are the 

largest fertilizer inputs in agriculture. Phosphorus fertilizer has a low efficiency of use 

with only 5-30% utilized by the plant, the rest forming metal complexes and becoming 

unavailable to plants. In New Zealand, most pastures contain Trifolium repens (white 

clover) and T. subterraneum (subterranean clover) grown in mixture with forage grasses. 

Clovers are nodulated with Rhizobium spp. to fix nitrogen. These bacteria can also 

release organic acids, phytases and phosphatases to make P soluble and plant available. 

The goal of this thesis was to understand the potential of P solubilizing rhizobia (PSR) to 

perform dual functions of P solubilization (PS) and N fixation and determine the 

magnitude of growth benefit to white clover. To achieve this, the study was divided into 

four objectives: 1) to assess the populations of P solubilizing bacteria inhabiting clover 

nodule, 2) to profile the nodule bacterial community in different clover hosts and study 

how its affected by different soil P environments, 3) to increase the mechanistic 

understanding of PS and assess N fixation by PSR in vitro and 4) to assess growth 

promotion of clover by PSR. 

A total of 1,915 nodule inhabiting bacteria were collected from white and subterranean 

clovers, grown in soils with different P fertilization histories. A subset (1,260) of these 

bacteria were used to determine that hydroxyapatite (HA) was most suitable substrate 

for in vitro screening. Of the 79 nodule bacteria that could solubilize P, 32% were 

rhizobia, 29% Enterobacter spp. and 17% Pseudomonas spp.. More PSB were found in 

subterranean clover (58) nodules than the white clover (21) nodules. Subterranean 

clover nodules also had more non-rhizobial PSB (44) compared with white clover 

nodules (10), suggesting that there may be an active recruitment by subterranean 

clover. PSB had a higher frequency in soils with high levels and duration of P fertilization, 

suggesting that the soil bacteria that could solubilize more P may have been selected. 
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16S rRNA gene amplicons sequencing (Illumina HiSeq) was used to characterise the 

bacterial communities of nodules, roots and rhizosphere of white and subterranean 

clovers, grown in different P fertilization histories. Bacterial communities were different 

in the two clover hosts and in the three P treated soils with 15 - 20% of nodule reads 

being non- rhizobial. More gammaproteobacteria, especially Pseudomonas and 

Enterobacter spp. were found in subterranean clover nodules. Nodule and root 

communities of subterranean clover were more affected by P fertilization than white 

clover. Root and nodule communities were more similar to each other than rhizosphere 

communities, suggesting that non-rhizobia entered nodules through the roots. 

P solubilization was quantified in liquid media and a decrease in pH was the main 

mechanism behind PS. Enterobacter and Pseudomonas had higher PS activity than 

Rhizobium spp.. The PS activity was unaffected by the presence of soluble P, suggesting 

that this activity may be a by-product of some other metabolic activity. Glucose was 

essential for the PS activity and only a few Enterobacter spp. could solubilize 

hydroxyapatite utilizing mannitol, indicating that these strains may have additional or 

alternate mechanisms for PS. 

Only 11 PSR could nodulate white clover, therefore, these strains were selected for 

further experiments. Of these, six increased (p<0.05) clover growth compared with the 

current commercial inoculant (TA1) while performing dual functions. These six were 

further assessed in a glasshouse experiment in soils with a background rhizobial 

population of 104 CFU per g. When added along with hydroxyapatite (1 g/kg), three 

strains increased plant growth compared with TA1 by 21-35%. These three strains were 

recommended for field experiments and potential commercialization. 

Overall, this study successfully investigated clover nodule bacterial community that 

could solubilize P and studied the effect of P fertilization on this community. This study 

also increased the mechanistic understanding of PS activity. Finally, this study defined 

that dual function rhizobia could improve clover growth. 

Keywords: Phosphate solubilization, nitrogen fixation, white clover, subterranean 

clover, Rhizobium leguminosarum, Enterobacter, Pseudomonas, nodule microbiome, 

Illumina sequencing.  
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1 CHAPTER 1 

Literature review 
 

 General introduction 

Nitrogen (N) and phosphorus (P) are two of the most limiting nutrients for plant growth. 

A deficiency in either one of them results in stagnation of growth, and no amount of 

addition of other nutrients would be able to increase growth. This phenomenon is 

perhaps best explained by Liebig’s barrel analogy (Whitson and Walster, 1912), based 

upon Liebig's law of the minimum. This barrel explains that the height of the plank 

determines the amount of water that can be held in a barrel, thus explaining how the 

limiting nutrient (height of the plank) prevents the achievement of maximum potential 

growth (amount of water) (Cherif, 2012). Input of these two nutrients is thus, the key to 

increasing crop yields. For this reason, N and P are two of the biggest inputs as fertilizers 

in agriculture, globally (www.FAO.org, 2017).  

World food security is dependent upon N and P fertilizers. Economically, fertilizers are 

often the single largest cost of farming and cost fluctuations can result in long term 

negative effects (Khabarov and Obersteiner, 2017). Environmentally, these fertilizers are 

mined and manufactured and transported all over the world, leaving a huge carbon 

footprint; moreover, N and P leaching leads to water eutrophication, affecting water 

quality. N is industrially manufactured, but, P is derived from natural rocks, which are 

non- renewable and fast depleting. With the world population projected to reach 8.5 

billion by 2030 and 9.7 billion by 2050 (www.un.org, 2015), it would become 

exceedingly difficult to feed everyone without alternate strategies for P nutrition. 

The aim of this thesis is to identify rhizobia that can make both N and P available to 

clover by N fixation and P solubilization. Rhizobia can fix N, while living in the nodules of 

legumes. Rhizobia have also been shown to release organic acids and phosphatases to 
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solubilize P. By utilizing these dual activities of phosphate solubilizing rhizobia, this 

research aims to target two of the most limiting nutrients with a single bacterial 

inoculant, potentially providing a viable strategy for sustainable agriculture.  

 Phosphorus/ Phosphate 

Phosphorus (P) is one of the most important nutrients for all life (Neset et al., 2016). It 

makes up 9.42% of the DNA by weight, plays an important role in post translational 

modifications, regulates protein activity, imparts structural characters to phospholipids 

and forms the basis of adenosine tri phosphate (ATP) function, the energy currency of 

the cell. P is required in all life forms for DNA replication, protein synthesis and 

numerous other housekeeping and special functions. This versatility of P is because it 

has a valency of 3 and 5, making it highly reactive and irreplaceable in biological 

processes (Cordell et al., 2009). Because of this high reactivity, P is also never found in 

elemental form, making phosphorus cycle entirely sedimentary (Rodríguez and Fraga, 

1999; Mahdi et al., 2011).  

1.2.1 Phosphate reserves in the world 

Phosphate rocks are the primary source of all agricultural P in the world. Phosphate 

rocks are mainly a mineral of calcium phosphate named apatite, which represents ~95% 

of the world P reserves, locked in the earth’s crust (Jahnke, 2000). The current output of 

P is ~43 million tonnes (of P2O5 equivalents) (www.FAO.org, 2017), 82- 90% of which is 

required for agriculture (Smil, 2000; Neset et al., 2016). The demand is also expected to 

increase by 50-100% by 2050 which may result in reserve depletion in the next 50 to 100 

years (Cordell et al., 2009). Cordell et al. (2009) also predicted that ‘peak phosphorus’ or 

complete depletion of high quality and high accessibility reserves, would be reached as 

soon as 2030 and from then on, world P fertilizer output would only decrease. As the 

reserves deplete, the P fertilizer and food prices are bound to rise, thus affecting the 

entire word, poor countries the most. 

Phosphate is also an important geopolitical resource. The distribution of P reserves is 

not uniform and only a handful of countries (mainly Morocco and western Sahara and 

China) control the world P supply (Cordell et al., 2009). Because of this supply 
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monopoly, there can be serious implications for the rest of the world’s food supply. In 

2008, P demand in India doubled within a year, resulting in China withholding P fertilizer 

supply, causing an 800% spike in price of phosphates (Neset et al., 2016). This ‘the global 

food crisis of 2008’ lead to over 200 deaths (Khabarov and Obersteiner, 2017). In May, 

2017, rock phosphate shipment worth $5m bound to New Zealand was held by South 

Africa over political issues between United Nations (UN) and Morocco, leading to panic 

in the fertilizer industry of New Zealand (www.stuff.co.nz, 2017). Both India and New 

Zealand, along with most of the world do not hold any P rock reserves, therefore 

entirely rely on foreign supplies. Development of alternate strategies for P nutrition thus 

are very important for sustainable and uninterrupted global food supply.  

1.2.2 Phosphate in soil 

Phosphate is the most immobile nutrient in soil (Bianco and Defez, 2010). Phosphates in 

soil range from 400-1200 mg kg-1 (Rodríguez and Fraga, 1999) and while the P level in 

some soils is sufficient, most soils are highly P deficient for agricultural use. Most soil 

solutions from unfertilized soils in New Zealand, have less than 0.3 mg/l of P (McLaren 

and Cameron, 1996) and even the soils that have sufficient P may be unsustainable for 

the plants due to the insoluble, inaccessible form of phosphates. In typical soil, only a 

fraction (0.1 - 1%) of P is present in the soluble orthophosphate form (H2PO4
- and HPO4

2-

) while almost all other forms are insoluble. This fraction however, is highly dependent 

on the type of phosphates and the pH of the soil. 

Presence of phosphate is not the issue in most agricultural soils, P availability is. Of the P 

inputs as fertilizers, only about 5-30% is utilized by the plant, the rest, accumulates in 

soil as insoluble deposits, becoming unavailable to the plant (Gyaneshwar et al., 2002; 

Khan et al., 2009; Antoun, 2012; Mander et al., 2012). The P utilized by the plant is taken 

up in soluble orthophosphate forms (Smith et al., 2011; Watts-Williams et al., 2015) and 

the rest complexes with metal ions in the soil, which the plants cannot access efficiently. 

This loss of P due to precipitation is termed as ‘P retention’ or ‘P fixation’ (Antoun, 

2012). The P fixation can be very quick and levels of soluble P reverts to unfertilized 

levels only a few days or weeks after fertilizer application (Sharpley, 1985). A typical 

agricultural soil can fix 5-15 kg of P/ ha every year (McLaren and Cameron, 1996). This 
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accumulated P is built up to a level that Goldstein (2007) estimated that if utilized 

efficiently, the amount of P accumulated in most agricultural soils should be enough to 

sustain plant growth for over 100 years. Since this accumulated P can only be accessed 

by the plant in very small amounts (Lung and Lim, 2006; Carvalhais et al., 2011), the best 

possible strategy is to utilize the help of microorganisms for solubilization (Antoun, 

2012) and P uptake (Smith et al., 2011; Watts-Williams et al., 2015).  

Phosphates in soil come from either the parent material or fertilizer inputs. Both P forms 

initially start as inorganic P, mostly apatite (McLaren and Cameron, 1996). The parent 

apatite slowly changes to organic forms with the age of the soil due to weathering and 

microbial activity (Williams and Walker, 1969). The soluble P from the fertilizers form 

simple phosphate complexes with metal ions (McLaren and Cameron, 1996), which also 

slowly converts to organic forms (Figure 1.1). As a result of these processes, soil P exists 

in inorganic and organic forms. The organic and inorganic P in general, are present in 

approximately equal proportions (Richardson, 2001; Nash et al., 2014), but can vary 

highly based upon soil age, origin and land use. 

Economically, the more important form of P is inorganic P, as all the fertilizer inputs are 

derived from inorganic forms. They can range from 20 -70% of the total soil P and are 

usually in mineral forms. The biggest portion of inorganic phosphates in soil is 

phosphate rocks like apatite. These rocks are mainly composed of mixtures of different 

calcium phosphates (most commonly tricalcium phosphate (TCP) (McLaren and 

Cameron, 1996), Figure 1.2) with traces of complexed hydroxide (OH), fluorine (F) and 

chlorine (Cl). Other types of inorganic P can be phosphates complexed with magnesium 

(Mg), iron (Fe) and aluminium (Al) in various levels of ionisation, but these forms are far 

less common, compared to calcium (Ca) bound P (Haynes and Williams, 1992). Inorganic 

P is also sometimes found adsorbed on the surface of Fe, Al and manganese (Mn) 

mineral rocks (McLaren and Cameron, 1996). Both TCP and apatite are crystalline in 

structure (Figure 1.2) and insoluble in water, but can be made soluble by removing Ca 

ions. This form of P has been shown to be directly solubilized by bacteria and fungi on 

many occasions (Asea et al., 1988; Oliveira et al., 2009; Nassal et al., 2017). 
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Figure 1. 1 Transformation of phosphate fractions in soils: Redrawn and modified from 
Williams and Walker (1969). 

Organic P forms are commercially not as important as inorganic forms, but are equally 

important agriculturally. Composition of organic phosphates in soil can range between 

5-95% of total P, however they are generally ~ 50% (Rodríguez and Fraga, 1999; Nash et 

al., 2014). Organic P is formed when a major portion of inorganic P is utilized by soil 

biomass and then returned to soil as decaying material due to microbial activity (Figure 

1.1) (Harrison, 1987). The most common type of organic P is in the form of phytates or 

inositol phosphates (~80%), which are the principle P storage molecule in plant tissues 

(Nash et al., 2014). Other organic phosphates in soil can be phosphodiesters, P 

derivatives of lipids and nucleic acids (Rodríguez and Fraga, 1999). Phytates are metal 

ions attached to phytic acid, which has six orthophosphate molecules attached to an 

inositol ring (Figure 1.2) (PubChem, 2005b). The majority of phytates exist in myo- 

inositol conformation (Figure 1.2), which, because of its 3D conformation forms a ball-

like structure (~ 500 pm x 800 pm) enveloped by large metal ions such as six Ca2+ (van 

der Walls diameter= 462 pm each) or 12 Na+ (454 pm each). This metal encapsulation 

greatly reduces the solubility and blocks access of P lysing enzymes. These metal ions 

and free phosphates are readily released by rhizosphere bacteria in vitro, thereby 

solubilizing the molecule (Greaves and Webley, 1965; Bashan et al., 2013b). 
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Figure 1. 2 2D structure of tricalcium phosphate, hydroxyapatite, calcium phytate (syn. 
phytin/ Inositol hexakisphosphate hexacalcium salt) (PubChem, 2005a, 2005c, 2005b) 
and 3D structure of phytic acid in myo- inositol conformation. 
 

1.2.3 Overview of fertilizers and effects of overuse 

Nitrogen is the most limiting nutrient for plant growth and is the largest fertilizer 

requirement in the world (www.FAO.org, 2017). Nitrogen is a building block of almost all 

biological molecules and is essential for most biological processes. World demand for N 

currently stands at ~115 million tonnes (elemental N) and is expected to rise by 1.5% 

annually (www.FAO.org, 2017). Nitrogen fertilizers are renewable, as most of the 

fertilizers are manufactured by chemical fixation of atmospheric N from the air, which is 

~79% elemental N. The manufacturing process however, requires large amounts of 

natural gas, which is not renewable and have a negative environmental impact (Gellings 

and Parmenter, 2016). Nitrogen is mainly taken up by plants by absorption as nitrate 

(NO3
 -) and ammonia (NH4

+) from the soil (Andrews et al., 2013). Nitrogen is also 

Hydroxyapatite (HA) 

Tricalcium 

phosphate 

(TCP) 

Calcium phytate (PA) 

myo - inositol 

conformation 

of phytic acid 



7 

commonly fixed by rhizobia, while in symbiosis with legumes (family Fabaceae), 

therefore the N fertilizer requirement is legume systems is typically lower. 

Phosphate fertilizers are derived from phosphate rocks and N fertilizers are 

manufactured. The main kinds of phosphate fertilizers used are phosphate rock, reactive 

phosphate rock (RPR), single superphosphates (SSP) and triple superphosphates (TSP). 

Phosphate rock are natural rocks ground to a fine dust , with no enhancement of 

solubility, and thus, can serve for a long time, slowly releasing P. SSP and TSP are 

phosphate rocks treated with sulphuric acid and phosphoric acids, thereby, having an 

enhanced P solubility (McLaren and Cameron, 1996). Ammonium nitrate and urea are 

two of the most commonly used N fertilizers, both derived from ammonia produced by 

Haber’s process. Unlike P, N fertilizers are highly soluble in water and are not bound by 

soil, post application. Diammonium phosphate (DAP) is another major fertilizer which 

supplies both P and N, and is made by reacting phosphoric acid with ammonia. 

Agricultural systems are maintained in a way that the lost soil nutrition is restored in the 

form of fertilizers to maintain continued fertility and thus, production (Haygarth et al., 

2013). N is mostly lost through plant biomass and leaching, but P is mostly lost due to P-

retention rather than plant utilization. To maintain nutrient hungry, intense agricultural 

systems, large amounts of fertilizers are applied. However, due to many management 

and policy related reasons, over fertilization is a common problem with both N and P 

fertilizers. Since N can be manufactured and P is non-renewable and depleting, overuse 

is a more pressing problem with P fertilizer management. 

Overuse of fertilizers affects the environment and world economics and result in threat 

to food security and water quality. Manufacturing, mining, transportation and 

application of both N and P fertilizers is expensive and energy intensive (Gellings and 

Parmenter, 2016). Natural gas for industrial N fixation is depleting, and as peak 

phosphorus approaches, the cost of P would increase and the quality of fertilizers would 

decrease (Cordell et al., 2009). This would impact the fertilizer supply and, therefore, 

would directly increase fertilizer costs (Neset et al., 2016). Even though some estimates 

suggest that the P reserves may last for several hundred years (Reilly, 2007), it is still a 

significant risk for farming industries, which employ ~28% of the world population. 
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Nutrient leaching also increases with fertilizer overuse which leads to eutrophication of 

fresh water bodies (Leip et al., 2015; Dodds and Smith, 2016). Eutrophication is the 

imbalance in water nutrition in water bodies like lakes and ponds which results in over 

growth of phytoplankton and algae and reduced water dissolved oxygen, leading to loss 

of aquatic biodiversity (Schindler et al., 2016). Europhication also causes the release of 

certain neuro and hepatotoxins which can be a threat to humans and livestock (Martin 

and Cooke, 1994; Schindler et al., 2016). In 2014, water supply to 500,000 residents in 

Ohio, US was stopped due to toxins produced by overgrowth of algae in lake Erie (Luddy, 

2015). The Lake Erie case has impacted water supply for 11 million residents and has 

caused ~ US$11 B worth of damage to the tourism industry, because of which, a budget 

of ~ US$1.6 B/ year has been devoted to cleaning the lake (Mitsch, 2017). About 30-35% 

of New Zealand dairy farms receive their water from lakes and ponds, and 

eutrophication in those water bodies directly can affect livestock health and the health 

of human consumers through the food chain. Reduction of P usage is therefore very 

important for prolonging the life of P rocks (Neset et al., 2016) and restoring the water 

bodies (Schindler et al., 2016).  

 Pastoral agriculture in New Zealand 

Pastoral farming underpins the most profitable export commodities of New Zealand, 

accounting for NZ$19.8 B of the total export income of NZ$48.5B in 2016. Pastures 

support 6.6 million dairy cattle, 27.6 million sheep, 3.5 million beef cattle and 0.84 

million deer (www.stats.govt.nz, 2016). Most of the livestock is grass fed. As a result, in 

2007, the total New Zealand pastoral land area was 15 million hectares, more than half 

of the total land area of New Zealand, which is 27 million hectares. This has made New 

Zealand the eighth largest dairy exporter in the world and a notable exporter of high 

quality meat. Animal based food production is a booming industry, but is much more 

nutrient intensive. Therefore, a strategy to lower inputs and make the system more 

sustainable is highly desirable. 
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1.3.1 Pasture crops and farming practices 

Legumes are flowering plants under the family Fabaceae, which is the third largest 

family of flowering plants (Tan, 2014). Legumes contain lentils, beans and peas and are 

very important food crops because of the high protein food they provide. Most 

members of the legume family are able to form symbiotic relationships with soil bacteria 

known as rhizobia. Rhizobia are bacteria which fall within two classes of proteobacteria 

(Weir, 2016). These bacteria form nodules on the roots of legumes, which are 

specialised organs that provide a habitat for bacteria. In return, the bacteria fixes 

atmospheric N and provides nitrogen to the legume (Gage, 2004). 

New Zealand pastures are mainly composed of a mixture of legumes and other grasses.  

Legumes within tribe Trifolieae and genus Lupinus are used in New Zealand pastures, 

out of which, the most commonly grown legumes are white clover (Trifolium repens), 

subterranean clover (T. subterraneum), red clover (T. paratense) and lucerne (syn. 

alfalfa) (Medicago sativa). Grasses commonly used in mixtures with legumes are 

perennial ryegrass (Lolium perenne), cocksfoot (Dactylis glomerata) and tall fescue 

(Festuca arundinacea) (Charlton, 2008). Legume - grass mixtures are typically grown in a 

group of paddocks, that are rotationally grazed by the livestock so that while one 

paddock is being grazed, the others regrow (Studdert et al., 1997; 

www.beefandlambnz.com, 2017). Because this intense grazing- regrowth cycle is very 

different from the seasonal growth patterns of cash crops, pastures have a constant 

high demand for soil nutrients. 

White clover is the most commonly used clover in New Zealand pastures. It is a cool 

season perennial legume, mainly used in humid climates, flat ground and wet soils 

(Hannaway and Cool, 2004). It is most preferred in New Zealand because of its high 

palatability, vigorous spread through stolons and tolerance of New Zealand’s weather 

conditions (Charlton, 2008). For this reason white clover is extensively used to feed dairy 

and beef cattle in flatter, irrigated lands. Subterranean clover is an annual legume which 

requires low to no irrigation (Charlton, 2008; Teixeira et al., 2015). Upon sowing, it 

emerges rapidly in autumn-winter, grows through winter and early spring to provide 

quality forage for initiation. It then flowers and produces seed in early summer. The low 
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requirement of water and the ability to grow well in foot hills, non-irrigated pastures 

and sloped lands gives this clover an edge over white and red clover (Hannaway and 

Myers, 2004). For this reason subterranean clover is used to feed sheep on hill slopes 

and dry soils. In general, clovers show quick growth in the paddocks and within the first 

8-12 weeks, the maximum amount of mass is gained by the plants owing to rapid cell 

division. P and N fertilizer requirement at this stage is high as cell division is energy 

intensive and involves intense transcription, translation and DNA replication. Plants also 

have difficulty accessing P reserves in soil during early growth due to their small initial 

root systems. 

Due to the high importance of clovers in the pastoral systems of New Zealand, this 

thesis focusses on white and subterranean clover. Clearly, improving the P and N 

nutrition of clover will also have a large impact on New Zealand’s economy by reducing 

the fertilization application amount and frequency, increasing the pastoral output and 

improving the health of lakes and inland water bodies, by reducing eutrophication. 

 Plant growth promoting rhizobacteria (PGPR) 

Plant growth promoting rhizo-bacteria (PGPR) provide benefits to plant growth in 

exchange for carbon sources. PGPR can live in the plant tissue (endophytic) or in the 

rhizosphere soil, a thin (3-5 mm) zone next to the roots. Several benefits ranging from 

nutrition supply, plant protection, disease resistance, pest resistance and many more 

have been reported over time (Philippot et al., 2013). Nitrogen fixation, phosphate 

solubilization/ mineralization (Zaidi et al., 2017), plant hormone (e.g. Indole-3-acetic 

acid) production (Reetha et al., 2014), siderophore production and potassium 

solubilization (Masood and Bano, 2016) are among the most studied PGPR activities. 

This thesis focuses on P solubilization and N fixation. 

1.4.1 Nitrogen fixation by rhizobia 

Rhizobia are aerobic, gram negative, rod shaped soil bacteria. The classical definition of 

‘rhizobia’ is the bacteria which are able to nodulate legumes and fix nitrogen. Based 

upon this definition, rhizobia currently occupy 13 genera, which fall under alpha and 

beta proteobacteria. The genera are Rhizobium, Mesorhizobium, Bradyrhizobium, 
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Ensifer (syn. Sinorhizobium), Burkholderia, Phyllobacterium, Microvirga, Azorhizobium, 

Ochrobactrum, Methylobacterium, Cupriavidus, Devosia and Shinella spp. (Weir, 2016). 

Apart from these, only Pseudomonas spp. has been reported to nodulate legumes 

(Shiraishi et al., 2010; Huang et al., 2012; Wigley et al., 2017). The rhizobia- legume 

relationship is very specific and each legume has its own rhizobia partner, which the 

legume identifies with the help of very specific flavonoid based signalling (Maróti and 

Kondorosi, 2014). Clovers are very specifically nodulated by Rhizobium leguminosarum 

bv. trifolii. 

Rhizobial cells release nodulation factors which are produced by nod genes, legume 

roots then reciprocate with a set of signals, inviting the bacteria to form a nodule 

(Hirsch, 1992). A single rhizobial cell then attaches to the side of the root hair 

(Bhuvaneswari et al., 1981; Gage, 2004). The root hair then curls, covering the bacterial 

cell, eventually leading to the bacterium multiplying inside the tissue and forming an 

infection thread. The rapid bacterial cell proliferation, swells the tissues to form a 

nodule (Gage, 2004). Inside the nodules, rhizobia morphologically differentiate into 

bacteroids and begin fixing nitrogen. Biological nitrogen fixation (BNF) is a process 

through which, rhizobia in their bacteroid form, express nitrogenase (nif genes), the 

products of which reduce atmospheric N2 to ammonium NH4
+. The reaction can be 

summarised as in (Vance, 2008): 

N2 + 16 ATP + 8e− + 10 H+ → 2 NH4
+ + H2 + 16 ADP + 16 Pi (orthophosphate) 

Nitrogen fixation is an energy expensive process and requires 5-10% more energy than 

assimilating the same amount of N from the soil (Andrews et al., 2009), therefore, it is 

heavily limited by P availability. 

1.4.1.1 Nodule occupants 

The largest community inside the nodule might be rhizobia, but a considerable 

community may be non-rhizobial. Since a single cell forms a nodule, the consensus is 

that each nodule harbours a single strain of rhizobia (Denison, 2000). In reality, non-

rhizobial cells have been recovered and detected from within the nodules in both, 

culture based and sequencing based studies (Velázquez et al., 2013; De Meyer et al., 
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2015; Leite et al., 2017). Even more than one rhizobial inoculant has been found within a 

single nodule (Rolfe and Gresshoff, 1980; Wielbo et al., 2010). These non-rhizobial 

nodule occupants, along with non-effective rhizobia are generally referred to as 

‘cheater’ strains, as it is assumed that they do not perform any function in the nodule. 

Nodule occupancy is a privilege, because of the shelter and carbon sources, rhizobia 

pays for the privilege by fixing nitrogen, but, non N fixing strains compete for the nodule 

occupancy leading to a ‘tragedy of the commons’ (Denison, 2000). 

The isolated bacterial genera from the nodules have been shown to perform PGPR 

activities other than fixing nitrogen. Gammaproteobacteria (especially Pseudomonas 

spp. and Enterobacter spp.) and Bacillus spp. have been shown to possess siderophore 

production, auxin production and P solubilization activities (Alexander and Zuberer, 

1991; Yu et al., 2011; Wicaksono, 2016). Bacillus subtilis is even commercially marketed 

by BASF as a root surface fungicide (BASF, 2017). Since non- rhizobial bacteria are 

commonly found in the nodules, and known to possess PGPR activities, they might not 

be the cheaters they are believed to be, instead may be recruited by the plant for 

functions other than N fixation. If such is the case, responses of nodule community in 

different soil conditions may be able to shed light on such potential relationships. And if 

the relationships exist, endophytic and rhizosphere community profiling may help us 

understand the mode of entry of non- rhizobia in the nodules. Entry of non-rhizobia in 

the nodules has been shown before through the infection thread (Pandya et al., 2013) 

and hypothesised to be through root injuries and root-nodule junctions. However, such 

plant recruitment for P acquisition has never been shown before. This thesis explored 

this possible relationship by profiling these communities by sequencing of 16S rRNA 

gene amplicons through Illumina next generation sequencing technique. 

1.4.2 Phosphate solubilization 

Phosphate solubilization (PS) is a plant growth promotion activity in which the 

microorganism solubilizes insoluble phosphates by release of low molecular weight 

organic acid(s) and/ or enzymes. These bacteria while living in the rhizosphere, can 

release soluble P from soil and make it plant available. PS, unlike N fixation, can occur in 

many different and unrelated bacterial classes and can vary widely with different strains. 
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PS is a common trait among all life forms, but mostly to a very small extent. Even plant 

roots can produce both organic acids and phytases (Ryan et al., 2001; Lung and Lim, 

2006; Carvalhais et al., 2011), but the quantities of these organic acids and phytases are 

very low, and unlikely to solubilize substantial amounts of P in an agricultural setting. 

Similarly, most of the bacteria can also release P solubilizing compounds, but possibly 

only enough for their own survival. Therefore it is unclear if the bacteria solubilizes P for 

the plant or just for itself. So, theoretically, when screening for PS, we screen for strains 

that can solubilize surplus P for the plant uptake. This is the reason, this ‘surplus’ PS 

activity is rare (Rodríguez and Fraga, 1999). Rarity of the PS trait however is highly 

dependent upon the P substrate used and the source of the sample. It is also not known 

if the bacterial PS activity is an intrinsic activity (i.e. organic acids are secreted in 

response to P starvation) or a reaction by-product (i.e. a side effect of some other 

activity). A slight decrease in PS related gene products in response to high P availability 

has been reported before by An and Moe (2016) and Castagno et al. (2011).  

There are many reports in the literature describing the detection of phosphate 

solubilization by microorganisms. Most of these describe identification and 

characterisation of isolates in the laboratory, but some have also reported significant 

benefits to plant growth. Many genera of bacteria and fungi have shown in-vitro 

phosphate solubilization including Rhizobium, Pseudomonas, Bacillus, Burkholderia, 

Agrobacterium, Penicillium, Aspergillus spp. (Chabot et al., 1996; Rodríguez and Fraga, 

1999; Antoun, 2012). At different levels, many of them were able to solubilize 

phosphates in laboratory assays, with a higher percentage of P solubilizers recovered 

from the rhizosphere than the bulk soil (Raghu and MacRae, 1966; Rodríguez and Fraga, 

1999). In rhizobial bacteria, Rhizobium loti (Rodríguez and Fraga, 1999), R. meliloti and R. 

leguminosarum (Halder and Chakrabartty, 1993) (Ridgway H., Personal communication, 

June 30, 2015) have been shown to solubilize substantial amounts of insoluble P. 

Another study demonstrated that R. leguminosarum bv. phaseoli transformed with a 

bioluminescence gene (lux) could solubilize phosphates and colonise the roots of non-

legumes (Chabot et al., 1996; Chabot et al., 1998). 
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1.4.2.1 Screening for phosphate solubilizing bacteria (PSB) 

Screening for phosphate solubilizing bacteria (PSB) is done by growing bacteria in media 

that contains insoluble P as the sole source of P. Both media and broth can be used for 

the screening of bacteria. The most frequently used nutrient media for detection of 

phosphate solubilization is Pikovskaya’s (PKY) media (Pikovskaya, 1948) and National 

Botanical Research Institute’s phosphate growth media (NBRIP) (Nautiyal, 1999), this 

study however used the less complex and defined media formulation provided by Frey‐

Klett et al. (2005). The insoluble form of P used for screening in most cases is tri-calcium 

phosphate (TCP) (Bashan et al., 2013b). To screen, the bacterial colony is placed onto 

the media and allowed to grow. Due to the lack of soluble phosphates, PS negative 

bacteria show very little growth, but, the positive colonies grow and show a halo or a 

clear-zone around the colonies. The size of the halo is generally regarded as a semi 

quantitative measure of PS activity (Rodríguez and Fraga, 1999). For quantification, a 

similar test can be done using liquid media, but in that case, the amount of soluble P can 

be measured by either the Murphy and Riley (1962) method or the liberated P2O5 can be 

detected (Sridevi et al., 2007). 

The form of insoluble P used for the screening can have a significant effect on the 

number of PSB found. Most studies use tri-calcium phosphate (TCP) or di-calcium 

phosphate (DCP) as the insoluble P source for screening, as these are cheap, fairly 

insoluble and are of consistent quality. This convention has made TCP an unverified 

universal screening media for PS. As outlined by a review (Bashan et al., 2013b) TCP is 

unlikely to be suitable as a universal screening substrate because 1) TCP and DCP are 

easily solubilized by bacteria and screening may yield false positives (Bashan et al., 

2013b) 2) bacteria have different mechanisms to solubilize P and different bacteria may 

be more effective on different substrates (Antoun, 2012), thereby, phosphate 

solubilizing bacteria (PSB) may be missed during screening and 3) TCP and DCP do not 

represent a majority of P substrates present in soils, thereby the ability to solubilize 

them may not be beneficial in agricultural systems. A study with different P sources by 

Oliveira et al. (2009) also showed that TCP was solubilized the most easily of the four P 

sources. For these reasons, Bashan et al. (2013a) suggested the use of a range of 

different P substrates, such as metal-P complexes, phytates, phosphate rocks etc. for 
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screening. Calcium is one of the major binding metal ions for phosphates in both organic 

and inorganic forms. The parent material for P fertilizers can contain 40 ± 5% w/w 

calcium, which is enough to re-bind up to 90% of available orthophosphates. Lime 

(CaCO3) treatment in acidic soils also contribute to addition of calcium. Pastoral dry 

matter output contains only 0.6 to 1% of Ca (McLaren and Cameron, 1996), leaving the 

majority of this calcium unused and deposited in soil. Other common metal ions such as 

aluminium and iron also complex with soil P. This study used TCP, hydroxyapatite (HA) 

and calcium phytate (PA) to optimise the screening process. As discussed in Section 

1.2.2, these three P substrates represent the majority of organic and inorganic P in soil. 

The location and type of sample PSB are being collected from, also has an impact on the 

number of the PSB found. The majority of the studies attempt to collect PSB from the 

rhizosphere, which has a richer bacterial community than plant tissues. Sridevi et al. 

(2007) found only 11% of the collected nodule bacteria could solubilize P, while Farhat 

et al. (2009) found ~18%  rhizosphere bacteria could solubilize P. PSB frequency may 

also be influenced by the plant host as the rhizosphere community is believed to be 

controlled by the plant. The amount and duration of exposure of bacteria to soil P may 

also affect the frequency and efficiency of bacteria to solubilize P. With increase in soil 

P, Hu et al. (2009) and Mander et al. (2012) reported an increase in PSB frequency with 

a decrease in soil P. No such comparison for nodule bacteria was available but there 

may be a similar trend within the nodules and root tissue. The primary goal of this thesis 

is to find rhizobia that could fix N and solubilize P, therefore, the bacteria in this study 

were collected from the nodules. A relationship between the frequency of nodule 

inhabiting PSB with soil P and clover host may provide more understanding of plant – 

PSB relationship; and could help in localizing the search in such future screening studies. 

1.4.2.2 Mechanisms for phosphate solubilization 

PSB solubilize inorganic P by release of low molecular weight organic acids, and organic 

P by first mineralising it into inorganic P by release of phosphatases, and then 

solubilizing it (Rodríguez and Fraga, 1999). It has however been suggested before that 

presence of organic acids may also aid in solubilization of organic P (Tang et al., 2006; 
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Giles et al., 2014). Therefore, in this thesis, the two step ‘mineralisation and 

solubilization’ of organic P will simply be referred to as solubilization.  

The most accepted mechanism involved in solubilization of inorganic P by bacteria is the 

production of organic acids (Halder et al., 1990; Giles et al., 2014), which lowers the pH 

in the surrounding soils and releases the phosphates. The organic acid mostly found in 

relation with this is gluconic acid (Lin et al., 2006; Mehta et al., 2015), even though other 

acids like 2-ketogluconic acid, lactic, iso-butyric, glycolic, oxalic, succinic, ascorbic, 

pyruvic, shikimic, formic and acetic acids have also been implicated in PS activity, often 

as mixtures (Rodríguez and Fraga, 1999; Hinsinger, 2001; Ryan et al., 2001; Giles et al., 

2014). While a decrease in pH is sometimes correlated to P solubilization, there are 

instances where it has not been observed in bacteria that successfully solubilize P 

(Subba Rao, 1982). Halder and Chakrabartty (1993) demonstrated that the addition of 

NaOH to the media neutralized the organic acids and removed the solubilization activity. 

Kim et al. (1997), reported that hydrochloric acid at the same pH were less effective at 

solubilizing phosphates than organic acids, which suggests that there are additional 

underlying mechanisms related to the role of organic acids. 

Gluconic acid is produced by the activity of an enzyme called glucose dehydrogenase 

(GDH). The gene responsible for GDH production is widely found in many life forms, 

particularly in bacteria. GDH enzyme directly oxidises glucose to gluconic acid, resulting 

in PS activity, but a co-factor, pyrroloquinoline quinine (PQQ) is highly important for the 

functioning of GDH. Kim et al. (2003) demonstrated that transformation with 5 out of 6 

open reading frames (A-F) of pqq into, E.coli DH5α resulted in two-fold increase in 

gluconic acid production. Although important for P solubilization, the pqq gene is not 

found widely in bacteria (Antoun, 2012) which significantly reduces the number of 

bacteria which can solubilize phosphates. Many reports also suggest that the 

solubilization activity is often lost by repeated sub-culturing. Babana and Antoun (2005) 

reported only 6 out of 44 bacteria retained their P solubilizing activity after several 

rounds of sub-culturing. Kucey (1983) also found that bacteria often lose their P 

solubilizing activity, but this is usually not the case with fungi. This loss of activity 

suggests that pqq gene is activated only when the bacteria is P starved (Gyaneshwar et 

al., 2002). 
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Other suggested mechanisms for PS are proton extrusion and chelation of metal ions 

(Rodríguez and Fraga, 1999; Zaidi et al., 2017). In proton extrusion the bacterial cell 

pushes out H+ ions which ultimately cause an ionic imbalance across the cellular 

membrane, freeing the P ions from complexes near the bacterial membrane. The 

chelation mechanism suggests that the metal ions associated with the phosphate ions 

gets chelated by the organic acid thereby releasing the phosphate ions (Rodríguez and 

Fraga, 1999). The chelation mechanism has been demonstrated to work in vitro by 

addition of the chelating agent ethylene diamine tetra acetic acid (EDTA) to the medium, 

which produced the same amount of solubilization as P. bilaii (Kucey, 1988). 

Organic phosphate solubilization is a two-step process. First the phosphatases release 

orthophosphates from the organic P substrate, which get mineralized with metal ions, 

this is then solubilized by inorganic mechanisms. Substantial amount of phosphatase 

activity in the soil, particularly in the rhizosphere, has been reported on many occasions, 

with most of the activity of microbial origin (Rodríguez and Fraga, 1999). Phytases are 

phosphatases mostly associated with solubilization of phytates, these are produced due 

to the activity of phy gene family. Phytases of microbial origin (Richardson, 1994; 

Richardson, 2001) have been shown to mineralise phytates in vitro on many occasions 

(Hill et al., 2007a; Hill et al., 2007b; Mikulski and Kłosowski, 2017). Acid and basic 

phosphatases may also be responsible for solubilization of phytates and other organic P, 

these phosphatases are produced by a wide variety of gene families, but PS is mostly 

associated with the pho gene family. 

1.4.3 Relationship between P solubilization and N fixation 

P solubilization and N fixation are very intricately linked; N fixation is highly limited by P 

availability, and PS is affected by N form and availability (McDermott and Triplett, 2000; 

Gyaneshwar et al., 2002). Nitrogen is the most limiting nutrient for plant growth in 

agroecosystems. However, legumes differ from most plants as they can form a 

partnership with rhizobia to fix nitrogen and thus, P availability becomes more 

important. As a process, N fixation costs 5-7% more energy as compared with 

assimilation of the same amount of N molecules from the soil in the form of ammonium 

and nitrate ions. The cost is 9.7-9.9% higher when only ammonium ions are assimilated 
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(Andrews et al., 2009). This energy cost increases further when taking into consideration 

the resources spent in formation of a root nodule. Phosphates are an integral part of the 

energy currency of the cell, ATP, therefore P availability is often associated with energy 

availability. More P availability may thus boost N fixation. N fixation has been shown to 

increase with the use of P fertilizers (Woomer et al., 2014; Ronner et al., 2016). The use 

of PSB may have even greater effect on N fixation than just P fertilizers because, PSB can 

increase the P fertilizers’ use efficiency. Since both the nutrients are linked, the usage of 

inoculants with both N fixation and PS may have even greater effects than either of 

them alone. 

1.4.4 Biofertilizers and commercial inoculants 

Biofertilizers are PGPR that stimulate the plant growth through nutrient acquisition 

(Vessey, 2003). Based upon this definition, seed coatings are counted as biofertilizers 

while plant growth promotion through pathogen control are not, and are referred to as 

biocontrol agents. Therefore the exact definition used in this thesis is ‘Biofertilizers are a 

formulation of specific strain/s of bacteria or a fungus that are delivered to the field (as 

mixture with fertilizer, coated on the seed, sprayed, etc.) and provide growth benefit 

through nutrient acquisition’. The specific strain/s used in a biofertilizer is the 

‘commercial inoculant’. 

The majority of the commercial inoculants marketed to date are aimed at N fixation 

(Bashan et al., 2014) and countless examples can be found from all over the world. 

Nearly all commercially grown legumes have a range of specific rhizobial inoculants in 

different parts of the world. In New Zealand, the most commonly used strains for white 

clover are R. leguminosarum TA1 (Wigley et al., 2016) and CC275e and for lucerne is 

Ensifer meliloti strain RRI128 (Lowther and Kerr, 2011; Wigley, 2017). TA1 was isolated 

in Tasmania, Australia in 1950’s and was introduced in New Zealand as a commercial 

inoculant in the 1970’s, since then, it is the most recommended in New Zealand. CC275e 

is another commercial strain, but it is less commonly used than TA1. Both these strains 

can be used to inoculate both white and subterranean clovers, however, TA1 is more 

compatible with perennial clovers like white clover (Lowther and Kerr, 2011). Another 

important inoculant for annual clovers is strain WSM1325. This was isolated in Greece in 
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1993, and is widely used in many parts of the world, especially for its competitiveness in 

relatively infertile soils (Reeve et al., 2010; Nangul et al., 2013). Since TA1 is the 

preferred strain in New Zealand, any strain aimed at commercialization must be 

benchmarked against it. 

P solubilizing commercial inoculants are far less common than N fixing ones. There are 

some reports from Cuba, were a few strains of Rhizobium, Azospirillum and Burkholderia 

spp. are used (Rodríguez and Fraga, 1999). Arbuscular mycorrhizal fungi (AMF) are also 

sometimes used for P acquisition, but their role is mostly gathering and transporting P 

from bulk soil to the root (Smith et al., 2011; Watts-Williams et al., 2015) rather than P 

solubilization. Jumpstart® is the only large scale commercial inoculant for phosphate 

solubilization in the world. The inoculum used in Jumpstart® is a fungus known as 

Penicillium bilaii and is marketed by Novozyme (BioAg, Monsanto, Bayer). It has been 

shown to provide P to wheat and many other crops because of not only PS, but also due 

to increase in root hair density (by up to 22%) and root hair size (by up to 33%), thereby 

increasing the uptake of the already available P (Gulden and Vessey, 2000; Antoun, 

2012). Among bacteria, Pseudomonas, Enterobacter and Bacillus spp. have been 

reported the most to possess the PS phenotype, but none have been commercialised in 

a large scale for PS. To this date, there has not been any large scale commercial P 

solubilizing bacteria. 

P solubilization and N fixation together may provide growth benefit because both N and 

P are intricately related. Single strains have been shown to increase clover growth (by 

upto 2 fold) in an unpublished report (Ridgway H., Personal communication, June 30, 

2015), where R. leguminosarum strains could fix N and solubilize P. There are no single 

strain commercial inoculants aimed at both. TagTeam® (Monsanto and BioAg, 2016) is a 

mixture of P. bilaii and a strain of N fixing rhizobia (the strain changes with different 

legume crop) and is the only large scale inoculant aimed at both PS and N fixation. It is 

claimed to increase yield of multiple legumes by 4-8% (Monsanto and BioAg, 2016). 

These success stories prove that the strategy to combine PS and N fixation may be 

helpful in increasing growth yield and substantially decrease fertilizer use.  
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1.4.5 Formulation of biofertilizers 

This thesis does not aim to formulate the selected bacteria into a commercial inoculant, 

but does consider future formulation, because a majority of the potential inocula which 

produced promising plant growth promotion in the studies do not make it to the shelf 

because of the formulation and delivery system (Bashan et al., 2014). The formulation 

can also impact the functionality of the inocula in the field. The ideal inocula delivery 

system from a microbiological perspective should 1) deliver ample number of viable cells 

to the plant roots and 2) sustain the culture of only the intended microorganisms and 

avoid contamination (Bashan et al., 2014). Rhizobial inoculants are ideally delivered 

through seed coating, which commonly contains a C source (e.g. mannitol), a binding 

agent (e.g. gum arabica, glycerol) and a carrier (e.g. peat, sawdust). Compatibility and 

functionality of the inoculant while in association with these elements may therefore be 

of importance to inoculant success. 

Rhizobial inoculants are able to associate with the legume, provide N and escape the 

bacterial competition in soil (Fuentes-Ramirez and Caballero-Mellado, 2005), moreover, 

they are not known to be plant pathogens. As a result, rhizobial inoculants 1) are well-

researched, 2) formulation has been optimised, 3) large scale production set up is 

already in place, and 4) genetically sequenced and understood. A rhizobial inoculant 

therefore would require the least amount of time from laboratory to field application. 
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 Conclusions 

 Nitrogen and phosphorus are two of the most limiting nutrients for plant growth 

and increment in N and P nutrition together can increase the growth potential. 

 Phosphorus is a non-renewable and depleting resource, which is non- uniformly 

distributed. Peak P supply may be reached by 2030 and P rocks may be depleted 

in the next 50 to 100 years. 

 Nitrogen fertilizers can be manufactured, but manufacturing is limited by natural 

gas and has a negative impact on the atmosphere. 

 Intense agricultural systems regularly over-fertilize, which is not a viable strategy 

as it leads to serious threat to water bodies, increases farming cost and can 

negatively impact global food security. 

 New Zealand is a pasture based economy and thus is heavily reliant on grass-

legume mixtures to feed the livestock. The most used legumes are white and 

subterranean clovers. 

 Clovers form symbiotic relationships with rhizobia and fix atmospheric N. The 

fixed N can partially fulfil the requirement, thereby reducing the fertilizer use. 

 P is present in soils, but not available at concentrations suitable for plant uptake. 

The P solubility is very short lived in soil as the soluble P complexes with soil 

metal ions and deposits in plant unavailable forms. These deposits can sustain 

agriculture for years with a viable strategy to make them plant available. 

 Soil bacteria can solubilize soil P deposits and make them plant available. This 

would increase the fertilizer use efficiency and thereby reduce the fertilizer 

input.  

 Nitrogen and phosphorus are very intricately linked to each other. Thus, a single 

inoculant that can solubilize P and fix N for the legume may be very beneficial. 

An added benefit of P solubilization could potentially increase yield more than single 

function inoculants while requiring fewer fertilizer inputs and thereby reducing the 

environmental impact. This thesis thus aims at screening and selecting a single rhizobial 

inoculant that can fix N and solubilize P and thus improve clover yields more than the 

current commercial alternatives. 
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 Objectives 
 

1. Chapter 2: Incidence of phosphate solubilizing bacteria in clovers under different 

phosphate fertilization 

 To collect nodule inhabiting bacteria and screen for P solubilization. 

 To optimise the screening of PSB and to identify the ideal P substrate for 

screening. 

 To identify any relationships between incidence of PSB colonisation and 

soil P. 

 

2. Chapter 3: Frequency of P solubilizing bacteria in nodules of clover grown in soil 

receiving long term phosphate fertilization 

 To identify the collected and screened PSB from Chapter 2. 

 To profile the bacterial community in nodules, roots and rhizospheres 

and to assess the effect of clover host and P fertilization on the 

community. 

 

3. Chapter 4: In vitro P solubilization and N fixation by PSB 

 To increase the mechanistic understanding of PS activity by the PSB 

selected in Chapter 2 using in vitro experiments. The experiments assess 

the ability of PSB’s to solubilize P in presence of soluble P and mannitol. 

 To functionally (Plant growth) and genetically (PCR amplification) assess 

the nodule formation and nitrogen fixation by the PSB. 

 To select the most suitable PSB strains for plant growth experiments in 

Chapter 5. 

 

4. Chapter 5: Dual function rhizobia: Effect of P solubilization and nitrogen fixation 

on white clover growth 

 To assess the effect of dual function rhizobia on clover growth. 
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2 CHAPTER 2 

Incidence of phosphate solubilizing bacteria in clover 

nodules under different phosphate fertilization 

 Introduction 

Phosphate solubilization is a rare trait among soil bacteria (Rodríguez and Fraga, 1999), 

and can be even rarer to find in bacteria that colonise clover nodules. The frequency of 

finding phosphate solubilizing bacteria (PSB) can be influenced by host plant, soil 

conditions and land use (Mander et al., 2012). Information about the incidence of PSB 

and the conditions which influence them can aid their collection and screening studies. 

The aim of this chapter was collection and screening of bacterial isolates from the 

nodules of two clover species to find PSB, while also investigating variation in the 

incidence of PSBs in two different plant hosts under long term P fertilization practices. 

Phosphate fertilisers are commonly applied to New Zealand pastures to increase plant 

growth. However, its poor solubility means that farms tend to accumulate phosphates 

(P) at the rate of 5-15 kg ha-1 every year (McLaren and Cameron, 1996). The rate of 

accumulation is highly dependent on the type and characteristics of the soil as this P can 

exist in various organic and inorganic metal complexes. In agricultural settings, the P 

fertilizers used frequently contain Ca. Therefore, organic and inorganic calcium salts of 

phosphates are important substrates when screening for PS. The amount, form and 

duration of exposure of soil bacteria to this accumulated P affects soil bacteria (Hu et al., 

2009; Mander et al., 2012) and may result in more bacteria being able to efficiently 

solubilize P. 

White clover is more efficient in gathering soil P than subterranean clover. Moir et al. 

(2012) showed that for optimum growth, subterranean clover requires more P input 

than white clover. This difference was largely because of the adventitious rooting in 

white clover, which greatly increases the root surface area and reach. As a result, 

subterranean clover requires more P inputs for growth compared with white clover. This 
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difference may thus, result in more frequent associations between subterranean clover 

and phosphate solubilizing soil bacteria to supplement the acquisition of P. Existence of 

such a relationship could indicate active recruitment of bacteria for P acquisition.  

Most studies use tri-calcium phosphate (TCP) or di-calcium phosphate (DCP) as the 

insoluble P source for in vitro screening, as these are cheap, fairly insoluble and are of 

consistent quality. This convention made TCP an unverified universal screening media 

for PS (Bashan et al., 2013b). However, TCP is unlikely to be suitable as a universal 

screening substrate because 1) TCP and DCP are relatively easily solubilized by bacteria 

and screening may yield false positives (Bashan et al., 2013b, 2013a) 2) bacteria have 

multiple mechanisms to solubilize P and may be more effective on different substrates 

(Antoun, 2012), thereby, PSB may be missed during screening and 3) TCP and DCP do 

not represent a majority of P substrates present in soils, thereby the ability to solubilize 

these compounds may not be beneficial in agricultural systems (Bashan et al., 2013b). 

Aluminium (Al) is another major metal ion which binds with P in soil. Bashan et al. 

(2013a) suggested the use of Al-P compounds for screening bacteria for PS. However, 

Al3+ is toxic to clover roots and decreases rhizobia populations in soil (Munns and 

Keyser, 1981; Wood and Cooper, 1984). For this reason, release of Al3+ is likely to be 

counterproductive. Therefore, for a robust screening of isolates, an ideal insoluble 

source of P is one that has the following properties: 

1) Representative of the forms of P common in agricultural soils 

2) Difficult to solubilize to avoid detection of bacteria with weak PS activity 

3) Universal in being able to identify all possible mechanisms for PS 

The main aim of this chapter was to investigate the incidence of PSB recovered from the 

nodules of white and subterranean clovers grown in soils with different P fertilization 

histories. This was achieved in three objectives: 1) an optimised media formulation and 

protocol for screening PSB’s, was developed, 2) bacterial isolates from clover nodules 

were collected and screened in vitro, using the optimised media formulation and 3) 

incidence of screened PSB were analysed for their colonisation patterns in the clover 

hosts and the P treatments of the soils.  
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 Materials and methods 

2.2.1 Collection of soil samples 

Soil samples were collected from four sites that were selected based upon their P 

fertilization histories and natural P content (Figure 2.1). Winchmore, Whatawhata and 

Lincoln University paddocks were chosen because they had well-documented and long 

term P fertilization trial sites. The site at Banks Peninsula was chosen because of the 

basaltic soil which is naturally high in P.  

Figure 2. 1 Location of the four sites used for the study (picture: modified from 
Wikipedia image. Retrieved from https://upload.wikimedia.org/wikipedia/ 
commons/9/9e/New_Zealand_location_map_transparent.svg. 

 

2.2.1.1 Winchmore 

Established in 1952, Winchmore Research Station maintains the longest running grazed 

P fertilizer trial in the world (McDowell and Condron, 2012). The site is located 16 km 

north of Ashburton (43°47’S, 171°48’E) in mid Canterbury, New Zealand. The soil at the 

site is naturally of low fertility (Mander et al., 2012) and is classified as Orthic Brown 

Winchmore 
Banks Peninsula 

Lincoln University 

Whatawhata 

https://upload.wikimedia.org/wikipedia/
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(New Zealand soil classification) formed by moderate weathering of greywacke loess 

(McDowell, 2010). The region receives an annual rainfall of 740 mm. 

The trial has four P fertilizer treatments and a control to which no P fertilizer has been 

applied. All treatments have four replicated plots arranged in a randomised block 

pattern (Condron et al., 2012). Out of the five treatments, three were selected for the 

sampling; nil-P control, high superphosphate (High SP) and high rock phosphate (High 

RP). The samples were taken in March 2014. A detailed account of fertilization history is 

given in Table 2.1. 

Owing to such a long history and detailed documentation of the trial, this site was 

selected for optimising the screening for PS. 

Table 2. 1 Details of the P fertilization history at Winchmore research station since 1952. 

Treatment Fertilizer 
Amount 

(kg ha-1yr-1) 
Duration 

nil-P 

 
None --- 1952- present 

High rock phosphate 

(High RP) 

Sechura 

Reactive phosphate rock 

(RPR) 

 

175 1952-present 

High superphosphate 

(High SP) 

Single superphosphate 

(SSP) 

375 

0 

850 

375 

1952-1957 

1957-1979 

1980 

1981-present 

 

2.2.1.2 Whatawhata 

The AgResearch Ltd. Hill Country Research Station, Whatawhata, North Island, NZ is 

located 22 km west of Hamilton (37°48'S, 175°05'E) and has a long term P fertilization 

experiment established since 1980. The soil is classified as volcanic yellow-brown earth, 

with high allophanic content and low fertility (Schon et al., 2011; Mander et al., 2012) . 

The site is a low altitude low country with varied levels of slopes. The average annual 

rainfall is 1,630 mm (Schipper et al., 2011). 
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The site has a complex history of treatments from 1920 to 1980, but in 1980, a trial with 

four replicated paddocks of six treatments started with 0, 10, 20, 30, 50 and 100 kg of 

single superphosphate (SSP) per ha per year. In 1989, SSP was replaced by triple 

superphosphate (TSP) and the number of replicated plots were reduced to two. Samples 

were taken in November 2014, only from Nil-P (0 kg Ha-1yr-1) and high superphosphate 

(100 kg Ha-1yr-1) treatments. 

2.2.1.3 Lincoln University trial paddocks 

Lincoln University is located around 20 km south of Christchurch, South Island, 

Canterbury, NZ (43°39'S, 172°28'E). This soil type at this site is Templeton silt loam. The 

treatments were established between 1996 and 2001 with high P treatment (Olsen P 

between 18 to 22 mg/l) and low P treatment (Olsen P between 8 to 10 mg/l), with four 

replicated paddocks of each treatment. Trials were maintained by addition of sulphur 

superphosphate, as and when required to maintain the Olsen P range (Black et al., 

2000). Details of lime treatment and annual rainfall at the site can be found in Black et 

al. (2000) and Black et al. (2007). 

In December 1996, T. ambiguum (Caucasian clover) was sown at the site and inoculated 

with R. leguminosarum bv. trifolii strain ICC148 (Pryor et al., 1998). No further 

information on inoculation could be found after 1996. At the time of sampling in 

September, 2014, a trial with white clover and tall fescue was underway. 

2.2.1.4 Banks Peninsula 

This site was not a fertilization trial. The site is a private farm located 4 km north east of 

Little River (43⁰45’S, 172⁰46’E) on Banks Peninsula, just east of Christchurch, South 

Island, New Zealand. The peninsula was formed due to high activity of two overlapping 

volcanic cones 11 to 6 million years ago. The first legume -grass pastures were 

established on this land after clearing of forests sometime between 1852 to 1860 

(Evans, 2004); this is most likely the first time rhizobia were introduced to the site. The 

duration of high P levels in soil was therefore estimated at 159 years (1855 to 2014). The 

site is located at an elevation of 245 m and has a North facing medium to steep slope 

(25-35˚). The site is hilly and the bases of the hills are covered with silt from the 
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Canterbury Plains, however the tops of the hills have basalt of volcanic origin which is 

naturally high in phosphates. 

The slope on the mountain was modulating with white clover growing readily in the 

flatter parts. A mixture of unidentified clovers, native wild grasses and native shrubs 

were growing on the slopes. The samples were taken in December, 2014. As 

replications, samples were taken along two transects from top to bottom of the hill. A 

third sample was taken from the stock camp to examine natural variation in soil fertility 

and rhizobial populations due to dung and urine patches (Figure 2.2). 

Figure 2. 2 Location of the two transects and stock camp on the Banks Peninsula 
sampling site. 
 

2.2.1.5 Sampling process 

Soils at all sites were sampled with a 10 cm (10 cm depth x 2.5 cm thickness) soil corer 

along the centre of the paddock in a straight line. A core was taken every 1.5 to 2 m 

avoiding the stock’s faecal matter and collected in a plastic zip lock bag. Approximately 7 

kg of soil was collected from each replicated paddock. All the collected soil was stored 

with ice packs for transportation, and was sieved through a 2 mm sieve immediately 

Transect1 Transect 2 

Stock camp 
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upon arrival at the laboratory. A 0.5 kg sub sample from each soil was stored at -20°C 

until it was sent for soil tests (Section 2.2.2.2). The rest of the soil was used for recovery 

of rhizobia/ nodule inhabitants (Section 2.2.3.1). A list of all the soil samples and their 

identification codes is given in Table 2.2. 

Table 2. 2 Summary of all the soil samples collected from all the sites and codes for 
identification. 

Site Treatment Number of 

replicated paddocks 

Plot 

numbers 

Identification code 

Winchmore 

 

 

 

nil-P 4 3, 6, 11, 20 Wp3, Wp6, Wp11, Wp20 

High SP 4 2, 7, 14, 16 Wp2, Wp7, Wp14, Wp16 

High RP 4 1, 8, 13, 18 Wp1, Wp8, Wp13, Wp18 

Whatawhata 

 

 

nil-P 2 6, 18 Ww6, Ww18 

High SP 2 4, 13 Ww4, Ww13 

Lincoln 

University 

 

nil-P 3 5, 11, 20 L5, L11, L20 

High SP 3 3, 15, 24 L3, L15, L24 

Banks 

Peninsula 

Transect 2 1, 2 bt1, bt2 

Stock camp 1 - bs 

  Total number of soils: 25 

 

2.2.2 Soil characterization 

2.2.2.1 Most probable number (MPN) of rhizobia 

The most probable number (MPN) test was used to estimate the number of nodulating 

rhizobia per gram of soil on all 25 soil samples (Table 2.2). Fifteen ml tubes were filled 

with 5 ml sterilized vermiculite and 2.5 ml N free McKnight’s solution (McKnight, 1949; 

Unkovich et al., 2008) (Appendix 1). White clover cv. ‘Tribute’ commercial seeds were 

sterilized by dipping them in 96% ethanol (30 s); 1% NaHClO4 (150 s) followed by four 

rinses of autoclaved ultrapure water. One seed was placed on the vermiculite in each 

tube and allowed to germinate for 5-6 days in a plant growth chamber (Conviron A1000, 

Canada) (16 h/ 8 h light/dark, 22°C). 

Ten grams of each soil sample was weighed into clean 250 ml bottles, diluted to 100 ml 

with autoclaved normal saline (NS; 0.85% w/v NaCl in ultrapure water) and shaken in a 

wrist action shaker (SF1, Bibby Scientific Limited) for 15 min. This soil solution was 
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labelled 100 and was serially diluted to 10-1, 10-2, 10-3, 10-4, 10-5 and 10-6 with NS under 

aseptic conditions. One hundred µl of dilutions 10-1 to 10-6 were used to inoculate five 

replicates plants per dilution of the tubes containing the germinated white clover 

seedlings. The tubes were covered with clear film and small holes were made (with 

flame sterilised needle) for air circulation. The plants were allowed to grow for six weeks 

in the plant growth chamber, then the plants were extracted and the presence/absence 

of nodules on the root of each replicate was recorded. The MPN was determined as 

described by Hurley and Roscoe (1983). 

2.2.2.2 Soil tests 

All soil samples from Section 2.2.1 which had been stored at -20°C were sent to Hill 

Laboratories for basic soil tests and other parameters including, but not limited to, pH, 

Olsen P, Resin P, Total P and available nitrogen. The data from this section and for MPN 

(Section 2.2.2.1) were analysed with Pearson’s correlations using Minitab 17 (Minitab, 

Pennsylvania, U.S.). 

2.2.3 Collection of rhizobia and nodule inhabitants 

2.2.3.1 Baiting of rhizobia from the collected soils 

Subsamples of all soil samples from Section 2.2.1 were each placed into six, 12 cm pots. 

The pots had been sterilised by soaking in 0.5% NaOCl for 24 h and rinsed with sterile 

reverse osmosis (RO) water prior to filling with soil. Three of the six replicate pots were 

sown with surface sterilized seeds of white clover cv. ‘Tribute’ and the other three with 

subterranean clover cv. ‘Denmark’. Two to three seeds were sown per pot to account 

for an expected germination rate of 80%; after two weeks of growth, only one seedling 

was allowed to grow while the others were weeded out with a pair of forceps. The pots 

were then grown in the glass house for 10 to 12 weeks and watered lightly on alternate 

days. 

The baiting and collection was carried out in spring/ summer, 2014/ 2015. Soils from 

Winchmore were processed first and isolates recovered from these plants used to 

optimise of the screening process (Section 2.2.4.1). 
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2.2.3.2 Plating of nodules 

Bacteria were recovered from the nodules of plants grown as described in Section 

2.2.3.1. Soil was carefully washed off the roots and the top two lateral roots with four or 

more nodules were collected as a whole. Any other large and pink/red nodules were 

also collected together with the 0.5 cm root on either side. A total of 25-30 nodules 

(accounting for losses) from each plant growing on Winchmore soils was collected for 

surface sterilization. The incidence of nodules with multiple lobes was recorded. 

Collected nodules were surface sterilized by dipping them in 96% ethanol (30 s) then 1% 

NaOCl (2 min) and four rinses of autoclaved ultrapure water. Twenty µl of water from 

the 4th rinse was plated every 100-120 nodules onto yeast extract mannitol agar (YMA; 

Appendix 1) to validate the sterility. 

The surface sterilized nodules were carefully removed from the roots with a pair of 

forceps, avoiding any root. Nodules were placed in a drop of sterilized ultrapure water, 

crushed with a sterilized glass rod and the cloudy suspension was streaked onto YMA. 

Twenty nodules per plant were plated. The pattern of plating was: (Figure 2.3) 

Lateral root 1 (L1-1, L1-2…): All nodules from the first lateral root from the top were 

plated from top to bottom, numbered in ascending order. 

Lateral root 2 (L2-2, L2-1…): All nodules from the second lateral root from the top were 

plated from top to bottom, numbered in ascending order. 

Miscellaneous (M1, M2…): Big and pink/red nodules to complete 20 nodules in total per 

plant. 
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Figure 2. 3 A schematic diagram of clover root showing the pattern of nodule collection. 
The nodules were numbered in ascending order moving away from the tap root. 

In some cases, nodules could not be collected due to plant death or too few nodules 

present on the plant. The reason for the missing nodule was recorded for statistical 

analysis. 

The plates were incubated for three days at 25°C. Single colonies with rhizobium-like 

colony morphology were subcultured by streaking a single colony onto a new YMA 

plate. A typical rhizobial colony morphology was deemed circular, convex, shiny, 

opaque, slimy/ glistening and white/ eggshell/ light pink in colour. All isolates were 

subcultured from single colonies 2-4 times based upon the purity of the culture as 

judged visually. 

The same procedure was followed for collection of isolates from other sites. However, 

for the other sites, the number of isolates was reduced to 10 per plant with only one 

lateral root (L1) and miscellaneous (M) nodules. This sampling strategy was based on 

results presented in Section 2.3.3.1. 

2.2.3.3 Storage of bacterial cultures 

Single colonies from the plates from Section 2.2.3.2 (from all sites) were picked using a 

sterile inoculation loop and inoculated on to 1 ml yeast extract mannitol broth (YMB; 

Appendix 1) in 1.7 ml tubes; the same loop was used to streak a YMA plate to create a 

plate copy of the culture for duplicate storage. The plate was grown at 25°C for 48 h and 

stored at 4°C. The broth was allowed to grow at 28°C for 48 h with shaking at 220 rpm. 

Lateral root 1 

Miscellaneous 

nodules 

Lateral root 2 
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Four hundred µl each of grown cultures and autoclaved 80% glycerol were mixed in 

Thermo Scientific® Nunc® Cryobank® dense storage tubes mixed thoroughly and stored 

in a -80°C freezer (hereby referred to as -80°C culture stock). 

2.2.4 Screening of isolates for the ability to solubilize P 

2.2.4.1 Optimisation of screening media 

The stored isolates from Winchmore soils were used for this experiment. Three different 

insoluble phosphate sources; tri-calcium phosphate (TCP),  hydroxyapatite (HA), calcium 

phytate/ phytin (PA) were used to screen the isolates by modifying the media used by 

Frey‐Klett et al. (2005) (Appendix 1). The modification was done by replacing TCP with 

HA or PA, so that the medium contained the same gram equivalents of PO4
2- per litre. 

The -80°C culture stocks were thawed at room temperature for 15- 20 min and 

approximately 5 µl of culture stock was directly placed onto media containing insoluble 

P substrates as the sole P source. A multiple plate inoculator was used for the 

inoculation of seven isolates onto a single plate. The details of the inoculator and 

validation of sterility is given in Appendix 2.1. 

Each isolate was inoculated onto two replicate plates of each of the three media types 

(TCP, HA, PA) and one plate of YMA to visually inspect the viability and purity of stored 

cultures. All plates were incubated at 25°C. 

YMA plates were observed on day 3 for viability and sign of impure cultures and then 

discarded. Any impure cultures were subcultured to purify and screened again. Presence 

of a clear zone/ halo near the colony on TCP, HA and PA plates indicates P solubilization, 

therefore, these plates were observed for presence of a clear halo around the colonies 

on days 4, 8, 12 and 16. If present, the diameters of both, the colony and the halo were 

measured with a digital Vernier calliper (Figure 2.4). 

The direction of measurement on all days of measurement was consistent to avoid any 

changes due to non-circular growth of colonies. If the presence of a halo was observed 

but was too small to measure, a value of 0.5 mm was given. Ten random HA media 

plates, which did not contain any halo producing isolates at the end of day 16 were 

allowed to grow for another 26 days (total 42 days) and observed again. 
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Figure 2. 4 Measurement of halo and colony on a screening plate. Halo size was 
calculated by Halo size (mm) = Halo diameter (green) – Colony diameter (red). 

2.2.4.2 Screening of isolates for PS 

The stored isolates from Section 2.2.3.3 from sites Whatawhata, Lincoln University and 

Banks Peninsula were screened for PS as described in Section 2.2.4.1. These isolates 

were screened only with HA media and the halo size was measured only on days 8 and 

16. Also included in the screening were the two commercial strains R. leguminosarum 

bv. trifolii TA1 and WSM1325, and two phosphate solubilizing strains from the collection 

of Assoc. Prof. Hayley Ridgway, ADsub1G and ADsub1H. These strains were included for 

comparability in the experiments in later chapters. 

2.2.4.3 Solubilization of Aluminium phosphate  

Isolates that formed clear halos on HA from the previous section (referred to as PSB) were 

screened on the same media, except that the insoluble phosphate was replaced by gram 

equivalents of AlPO4. The presence of any halo was recorded on day 16. 

 

 

 

 



35 

2.2.4.4 Statistical analysis 

All statistical analyses in Sections 2.2.3 and 2.2.4 were done using statistical software 

GenStat 16 (VSN International) or Minitab 17 (Minitab, Pensylvania, U.S.). For categorical 

data (recovery of isolates/ presence absence of halo) Pearson’s Chi squared test was used, 

whereas for quantitative data, analysis of variance (ANOVA) and linear regression was 

used. Correlations were done by Pearson’s correlation. 
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 Results 

2.3.1 Characteristics of collected soil 

2.3.1.1 Background rhizobial populations 

The most probable number (MPN) of naturalised R. leguminosarum per gram of soil 

ranged from 102 to 105, however, a majority (92%) of soils ranged from 103 to 104 per 

gram. The MPNs (Table 2.3) were not affected by the major soil parameters of total P 

(p=0.97; r= 0.007), total N (p=0.31; r= -0.204), total C (p=0.31; r= -0.203), Olsen P 

(p=0.98; r= -0.005) or pH (p=0.65; r= 0.09). Where ‘r’ is Pearson’s correlation. 

2.3.1.2 Soil tests 

Some key soil test results are given in Table 2.3. The Olsen P levels differed among soils. 

The nil-P treatments at all sites typically had values < 12 mg/l while most high P 

treatments had values between 20 to 30 mg/l, which is considered an optimal range for 

pastures. Some of the high P treatments from Winchmore and Whatawhata had 

extremely high Olsen P levels ranging from 59 to 195 mg/l. Similar trends were observed 

in Total P. Total P, total C, total N and CEC values were positively correlated (p<0.001) 

with each other. 

Soil pH was similar among most soils, ranging from 5.5 to 5.8. However, Whatawhata 

soil was more acidic (pH= 4.9 to 5). 

The detailed soil test data and Pearson’s correlation analyses are available in 

Appendices 2.1 and 3.1. 
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Table 2. 3 Key soil test results and MPN data of all soils used for baiting. Detailed results available in Appendix 2.1.  P= phosphate, C= carbon, 
N=nitrogen, CEC= Cation exchange capacity. 

Site Treatment pH 
Olsen P 

(mg/l) 

Total P 

(mg/kg) 

Total C 

(%) 

Total N 

(%) 

CEC 

(me/100g) 
MPN 

Winchmore 

Nil P 5.7 - 5.8 5 - 6 405 - 482 3.4 - 3.9 0.29 - 0.35 15 - 18 4.8 x 103 - 9.3 x 103 

High RP 5.5 - 5.6 19 - 27 858 - 920 3.6 - 3.9 0.31 - 0.36 17 - 20 9.3 x 103 - 7.8 x 104 

High SP 5.5 - 5.6 59 - 75 1,013 - 1,164 3.5 - 3.9 0.33 - 0.36 19 - 20 1.1 x 104 -6.9 x 104 

Whatawhata 
Nil P 4.9 - 5 9 - 12 439 - 601 5.7 - 6.9 0.39 - 0.59 19 - 21 8.3 x 102-1.7 x 103 

High P 5 81 - 195 1,423 - 3,010 5.3 - 7.8 0.53 - 0.57 19 - 27 2.0 x 103 - 1.7 x 104 

Lincoln 

University 

Nil P 5.5 - 5.6 8 - 9 361 - 391 2.8 - 3 0.2 - 0.22 12 1.5 x 104 - 1.3 x 105 

High P 5.6 21 - 26 482 - 507 2.8 - 3.3 0.24 13 - 14 5.4 x 103 - 1.5 x 104 

Banks 

Peninsula 

 

High P 5.4 - 5.6 25 - 34 1,198 - 1,571 4.8 - 5.2 0.46 - 0.53 24 - 28 2.0 x 104 - 2.2 x 104 
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2.3.2 Bacteria recovered from nodules 

Out of the expected number of 2220 isolates, only 1915 were collected (Table 2.4). In 

some instances bacterial isolates could not be collected because the bait plant did not 

survive, despite sowing the seeds a second time. In other cases, the plants were too 

small to recover sufficient nodules. Fewer (Pearson’s Chi squared test, p<0.01) isolates 

were recovered from the nil-P treatments than other treatments due to slower plant 

growth and fewer nodules. While >88% of the target isolate numbers were recovered 

from plants grown in Winchmore, Lincoln University and Banks Peninsula soils, only 62% 

were recovered from Whatawhata soils. This was the result of low seedling survival and 

plant growth in the Whatawhata soil. 

The majority of the plated nodules showed bacterial growth of a single morphotype 

(Figure 2.5 a). Some plated nodules showed a mixture of few morphotypes (Figure 2.5 

b) and in those cases single colonies of each morphotype were subcultured from these 

plates. Some plates however, had a mixture of many morphotypes (Figure 2.5 c), making 

it difficult to obtain pure cultures. Ten stored isolates (nine from Winchmore; one from 

Whatawhata) were lost because they were not viable after storage at -80°C. 

Figure 2. 5 Different morphotypes observed from plated nodules. a) Single morphotype; 
b) few morphotypes; c) many mixed morphotypes. 

Out of the 1915 recovered isolates, 109 were from multilobed nodules, the majority 

(Pearson’s Chi squared test, p<0.05) (n=101) of which came from subterranean clover. 

Of the subterranean clover and white clover isolates 10.4% and 0.85% were from 

multilobed nodules, respectively (Table 2.4). 

a b c 
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Table 2. 4 Number of collected and lost bacterial isolates and number of multilobed 
nodules plated from all soils and hosts. Isolates from Winchmore (Shaded) were used in 
Section 2.3.3.1 for comparison of the screening media. 

Site Treatment Clover host 
Isolates 

expected 
Isolates 

lost 
Collected 

Multilobed 
nodules 

Winchmore Nil P White 240 110 130 0 
  Subterranean 240 15 225 13 
 High RP White 240 3 237 3 
  Subterranean 240 40 200 22 
 High SP White 240 2 238 2 
  Subterranean 240 10 230 32 

Whatawhata Nil P White 60 45 15 2 
  Subterranean 60 30 30 5 
 High P White 60 6 54 0 
  Subterranean 60 10 50 1 

Lincoln 
University 

Nil P White 90 0 90 1 
 Subterranean 90 30 60 3 

 High P White 90 4 86 0 
  Subterranean 90 0 90 23 

Banks 
Peninsula 

High P White 90 0 90 0 
 Subterranean 90 0 90 2 

   2220 305 1915 109 

 

2.3.3 Screening of isolates for phosphate solubilization (PS) 

2.3.3.1 Optimisation of screening media  

On the 16th day of observation, of the 1260 isolates screened for this experiment, 201 

(16.0%) produced a halo on PA media, 80 (6.03%) produced a halo on TCP media and 54 

(4.29%) produced a halo on HA media. The number of isolates with halos on different days 

of observation is shown in Figure 2.6. 

Figure 2. 6 Number of isolates producing halos on media containing phytin (PA), 
tricalcium phosphate (TCP) and hydroxyapatite (HA) on days 4, 8, 12 and 16. 
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Figure 2. 7 Halo size ranges produced by isolates on a) Calcium phytate (PA) b) 
Tricalcium phosphate (TCP) and c) hydroxyapatite (HA) media across days of 
observation. Darker shades represent bigger halos and height of shade represents the 
number of isolates producing halos within the size range. 
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The halo sizes on all three media types increased over time (Figure 2.7) with the biggest 

halos observed on PA medium (up to 21 mm), followed by TCP (up to 11 mm) and HA 

(up to 8 mm) medium. The majority of halo producing isolates produced minimum sized 

halos (assigned value of 0.5 mm) on all three media types. The plates which were kept 

for a longer incubation did not show any halos on day 42. 

Linear regression analysis for halo sizes of isolates on different media revealed a 

relationship between PA and TCP (p<0.001) and PA and HA (p<0.001) (Figure 2.8). 

Isolates that produced a halo on HA always produced a halo on TCP and isolates that 

produced a halo on TCP always produced a halo on PA. The 54 isolates that produced a 

halo on HA by day 16, were the only ones that produced a halo on all three media types. 

Some examples of this are shown in Figure 2.9. 

Isolates solubilizing HA ⊂ Isolates solubilizing TCP ⊂ Isolates solubilizing PA 

⊂ = proper subset/ strict subset 

Figure 2. 8 Linear regression of halo sizes on PA medium against halo sizes on TCP 
medium (+) and HA medium (X) on day 16. Pearson’s correlation (p<0.001). Cluster of 
points along the 0 mm mark on y axis are the isolates that showed the halo on PA media 
but not on TCP and HA media. 
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Figure 2. 9 PA, TCP and HA media plates showing relative halo sizes and examples of 
isolates showing no halo on all media types (Isolate 3) and no halo on HA, minimum halo 
on TCP and a big halo on PA (Isolate 1 and 7). Same isolates in corresponding places on 
different plates. 

When comparing the 54 isolates that produced halos on all three media on day 16, the 

halo sizes increased linearly and consistently overtime from 4 to 16 d (Figure 2.10). Halo 

sizes on HA were smaller than on TCP, but not significantly different from each other on 

any day of observation. Halo sizes on PA were bigger (p<0.001) than both HA and TCP. 

Figure 2. 10 Mean halo sizes on different days of observation on media containing PA, 
TCP or HA. Data only for 54 isolates that showed halos on all three media. Error bars 
show SEM at α=0.05. 
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The proportion of halo producing isolates was highest (p<0.001) in soil fertilized with 

high rates of superphosphates and lowest in soil not fertilized with phosphates. With 

Pearson’s Chi squared test, these differences were significant (p<0.001) in PA medium, 

trend on TCP medium (p= 0.06) and not significant on HA medium (p=0.25) (Figure 2.11). 

Figure 2. 11 Percentage of halo producing isolates originating from soils fertilized with 
no P fertilizer, high rock P and high superphosphate. Data from 201, 80 and 54 isolates 
that formed halos on PA, TCP and HA respectively. 

2.3.3.2 Screening for P solubilization 

Of the 1915 isolates that were screened, 79 (4.13%) formed halos on HA on day 16. 

These isolates are subsequently referred to as phosphate solubilizing bacteria (PSB). Of 

the 79 PSB, 60 showed halos on day 8, and the rest by day 16 (Figure 2.12 a, b). 

Of the 79 PSB, 22 (2.34%) were isolated from white clover nodules and 57 (5.85%) were 

isolated from subterranean clover nodules (Pearson’s Chi squared test, p<0.001) (Figure 

2.12 a, b). Isolates from subterranean clover nodules produced bigger halos on day 8 

(p<0.01) and day 16 (p<0.01) (Figure 2.12 and 2.13). 
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Figure 2. 12 Halo size ranges produced by PSB which were derived from nodules from a) 
subterranean clover and b) white clover. Darker shades represent bigger halos and 
height of shade represents the number of isolates producing halos within the size range. 

 

Figure 2. 13 Mean halo size ranges produced by PSB which were derived from nodules 

from subterranean clover ● and white clover ● on days 8 and 16. Error bars represent 

SEM at α=0.05. 
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Percentage of PSB found from the four sites showed a difference (p<0.05). Banks 

Peninsula showed the highest frequency of PSB (7.8%), followed by Winchmore (4.2%), 

Lincoln University (2.8%) and Whatawhata (2.0%) (Figure 2.14). Site did not have an 

effect (p=0.214) on the halo sizes. Whatawhata had a low percentage of PSB compared 

with other sites, however, a greater proportion (38%) of isolates were lost during 

collection.  

Figure 2. 14 Percentage of PSB from soils of all the sites calculated out of total isolates 
from corresponding site.  

Linear regression analysis showed that the likelihood of finding a PSB increased (p<0.05)  

with the number of years soil bacteria have been in contact with their respective soil P 

levels (Figure 2.15). ‘Total’ P content also positively affected (p<0.05) percentage of PSB 

found in soils (Figure 2.16). 
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Figure 2. 15 Linear regression showing the effect of the number of years the soil has 
been in P fertilized pasture on percentage of PSB found. Error bars represent SEM at 
α=0.05. Data does not include Whatawhata site. Number of years for Banks peninsula = 
159 yr (1855- 2014). 

 

Figure 2. 16 Linear regression showing the effect of the ‘total’ P content of the soils on 
the percentage of PSB found. Data does not include Whatawhata site. 
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2.3.3.3 Solubilization of AlPO4 

All the 79 PSB’s were able to form colonies on AlPO4 media, but none could form halos. 

The size of the colonies was very small compared with colonies on HA (visual 

comparison) even after 16 d incubation. 

Figure 2. 17 Phosphate solubilizing bacteria colonies (in box) grown on media amended 
with AlPO4 after 16 days. 
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 Discussion 

The screening of 1951 isolates from the nodules of white clover and subterranean clover 

yielded 79 phosphate solubilizing bacteria (PSB). Phosphate solubilization was found to 

be a rare trait, present in only 4.13% of isolates. This frequency varied based upon the 

insoluble P form used in the media, with hydroxyapatite (HA), shown to be the most 

stringent and preferred substrate of P for use in screening. Of the PSB, a higher 

incidence was associated with higher presence of P in the soil over a longer period of 

time, suggesting a selection of bacteria capable of solubilizing P. A higher association of 

PSB was also found with subterranean clover than with white clover, indicating that the 

host may play an important role in recruitment of PSB. 

2.4.1 Comparison of insoluble P substrates 

Of the isolates from Winchmore soils (n=1260) which were used to optimise the 

screening process, similar trends for halo production were observed for all three P 

forms. Halo production initiated from day 1 to day 16 and the halo diameter increased 

linearly over time. The halos on PA media were much bigger than the two inorganic 

forms (HA and TCP), which were comparable to each other. Both, number of halo 

producing isolates and halo sizes were larger using TCP compared with HA. This was 

most likely due to the similarity in structures of TCP and HA, with HA being more 

complex. PA was more easily and widely solubilized than the inorganic P forms. A similar 

observation was made by Jorquera et al. (2008) where bacterial isolates from the white 

clover rhizosphere showed 38% and 3% (out of 300) halo producing isolates on Na-

phytate and TCP respectively after just four days. That study used two different media 

compositions for Na-phytate (Kerovuo et al., 1998) and TCP (Nautiyal, 1999) screening, 

limiting the comparability of results. Oliveira et al. (2009) also studied P solubilization on 

different media, but did not screen cultured isolates, instead, plated serially diluted 

rhizosphere soil on NBRIP media (Nautiyal, 1999) and picked colonies based upon 

morphology, not halo production. Neither of the studies measured/recorded halo sizes. 

Lack of standard media, P source and methodology for screening make these studies 

quite difficult to compare, but, considering the differences in days of observation, there 

was a general trend to higher numbers of halo producing isolates on agar containing 
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metal-phytates. This indicated that phosphatase and phytase production is a more 

common trait among soil microorganisms than organic acid production. 

A high positive correlation (p<< 0.001) of halo sizes between different P forms was 

observed, meaning that if the isolate formed a halo on a more stringent (difficult to 

solubilize) P form (HA), it would also form a halo on a more lenient (easy to solubilize) P 

source (PA). It was never observed (n=1260) that an isolate formed a halo on HA, but 

not on TCP or PA. Organic P is mineralised into inorganic P by action of phytases and 

inorganic P is solubilized by release of organic acids. So, the high correlation could mean 

that the mechanisms for organic and inorganic P either 1) frequently coexist in nodule 

inhabitants or that, 2) release of bacterial organic acids enhances the solubility of 

phytates. Of these, the first does not seem likely, because a large and diverse group of 

nodule inhabiting isolates were collected and screened. The most likely scenario is that 

the released bacterial organic acids are facilitating the mineralization of organic P, most 

likely, by removing the bound metal ions from the phytic acid ring, thereby granting 

higher access to phytases for the lysis of PO4
2-. Low molecular weight organic acids in 

purified forms were shown to enhance solubilization of metal- phytates by Tang et al. 

(2006). Giles et al. (2014) showed that inoculation of phytase overexpressing lines of 

Nicotiana tabacum (tobacco) with organic acid producing Pseudomonas sp. increased 

the amount of P uptake, when grown on PA. The study suggested that an increase in 

uptake may be due to higher solubilization of PA due to organic acid production by 

Pseudomonas sp.. Bashan et al. (2013b, 2013a) suggested the use of more than one 

form of P for screening PSB, but the high correlation between different P forms allowed 

the use of only HA for further screening in this study. 

The comparison of substrates showed that HA was the most suitable form of insoluble P 

for screening PSB. An ideal insoluble form of P for screening PSB should be 1) 

representative of P forms found in the soil, 2) difficult to solubilize and 3) able to identify 

multiple PS mechanisms (universal). HA matched all three criteria, avoiding the selection 

of a large number of isolates with weak PS activity and avoiding the usage of more than 

one P source. TCP was similar to HA in the number of candidate isolates and halo sizes, 

but was more easily solubilized than HA, as advocated by Bashan et al. (2013b). Usage of 

TCP in screening media is a common practice and even though not very stringent, it is a 
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universal P source and is commonly found in soils, therefore it may be used for 

screening. Phytate was easily solubilized and led to a high number of candidate isolates. 

The relative ease with which phytate was solubilized was undesirable and therefore can, 

at best, be used as a P form to reduce the number of isolates in a primary screening 

experiments. 

The optimisation experiment also yielded some other information for efficient screening 

of further isolates. Some of the important points were 1) the location of the nodule on 

the root did not affect the incidence of PSB, 2) halo sizes increased linearly until day 16 

and 3) longer incubation periods did not induce halos, therefore, if the halo was not 

observed until day 16, it was unlikely that it would appear. This information increased 

the efficiency of the screening process for isolates from the other soils. Hydroxyapatite 

was used to screen all the isolates from sites Whatawhata, Lincoln University and Banks 

Peninsula and days of halo measurement were reduced to two time points (days 8 and 

16). While, these time points are suitable for nodule inhabiting bacteria, bacteria 

collected from other habitats (e.g. rhizosphere) may need different time points due to 

the differences in bacterial communities and their relative growth rates. Jorquera et al. 

(2008) and Oliveira et al. (2009) reported halo producing soil bacteria from rhizosphere 

on days 4 and 10, respectively. 

2.4.2 Selection of PSB 

Phosphate solubilization among nodule bacteria was a rare trait. After screening, 79 

(4.13%) isolates able to produce halos on HA media were identified. Other isolates from 

legume nodules have also been screened for PSB, but with variable results due to non- 

uniform methodology. Taurian et al. (2010) collected 129 isolates from peanut nodules, 

roots and stem and found 37 (28.7%) formed a halo on TCP medium. Another similar 

screening study by Sridevi et al. (2007), found 5 (11%) isolates which formed halos on 

TCP out of 46. However, these isolates came from the nodules of 21 different legumes. 

The closest comparison to HA containing media was reported by Farhat et al. (2009), 

who found 18.5% isolates forming halos. The isolates screened in this study were 

sourced from the rhizosphere, which due to its greater diversity, may be the reason for 

differences in the proportion of PSB. With 1,915 isolates, the current study is the largest 
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screening of P solubilizing nodule inhabitants globally, and the most intensive per host. 

The only other larger PSB screening study was reported by Mehta and Nautiyal (2001), 

which claimed to have screened 2015 isolates, however, no data about hosts, or 

screening methodology were published and only 10 PSB were tested further. 

2.4.3 Trends in incidence of PSB 

Differences in incidence of PSB between white and subterranean clovers were observed. 

The differences were both in the number of PSB and the halo sizes produced. 

Subterranean clover is a fast growing annual clover that requires a large P input for 

growth while white clover is a perennial clover which is more efficient in gathering P 

from soil. Moir et al. (2012) showed that subterranean clover required 336 mg P/ kg soil 

to reach 97% of maximum yield of 4.2 g dry matter per pot, while white clover required 

less P  input (202 mg P/ kg soil) to reach a higher (7.8 g dry matter/ pot) 97% maximum 

yield. Caradus (1980) also reported similar results where increasing P input from 300 to 

2000 ppm only doubled the dry matter of subterranean clover, while in white clover, the 

dry matter production quadrupled. This difference in efficiency might be because of 

adventitious roots of white clover, which increase the root surface area and spread the 

plant over a larger area. For this reason subterranean clover would benefit from more 

microbial assistance in gathering soil P. Further investigation of the microbial 

community in the nodules was thus necessary to understand the changes in relative 

abundance of specific bacterial groups in these two clovers (Chapter 3). 

The frequency of PSB was affected by the site, soils were collected from. With the 

exception of Whatawhata, both duration of exposure to P and the amount of P exposed 

to, had an effect on the frequency of PSB from nodules. Whatawhata was a very 

different soil type from the rest in origin, type and geographical location. It was also 

observed during baiting, that both clover species could not grow and nodulate well on 

this soil, which resulted in much lower collection of isolates than intended (38% fewer 

isolates). The nutrition levels, soil type and texture were the most likely reasons for 

isolate losses. The Olsen P and total P levels of nil-P treated Whatawhata soils were 

comparable with nil-P treated soils from other sites, high P treated soils however, were 

much higher than other soils and the recommended levels for pasture growth. Mander 
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et al. (2012) screened soil bacteria and found that Whatawhata soils had a higher 

incidence of PSB than in Winchmore. This was not the case for nodule inhabitants in this 

study. The low number of isolates and extremely high P levels made this site poorly 

comparable to the other three sites and therefore it was removed from comparative 

analysis. The PSB recovered from clovers grown in Whatawhata soils were, however, 

used for experiments in subsequent chapters. 

The P fertilized soils resulted in higher percentages of halo forming isolates, but the type 

of fertilizer used did not make a difference. Of the isolates from Winchmore, this 

difference was significant on PA medium, showed a trend on TCP medium, but was not 

significant on HA media. Despite this, Figure 2.11 showed a trend on all three media 

types that unfertilized soils yielded PSB less frequently (23-26%) than P fertilized soils. 

Phosphate rock (25-35%) and superphosphate (42-48%) fertilized soils showed higher 

incidence of PSB than nil-P soils, but were not different from each other. Winchmore 

was the only site with a differentiation of form of fertilizer used over a long term, 

making this comparison possible, but because of the rarity of this trait, significance 

levels were difficult to attain. Every other site used a different fertilizer type at different 

rates, therefore making ‘total’ P a more reliable parameter for comparison than fertilizer 

application rate, type and frequency. 

Exposure of soil bacteria to high levels of P for a longer period of time resulted in a 

higher frequency of PSB across all sites. Mander et al. (2012) and Hu et al. (2009) also 

observed changes in PSB populations in rhizosphere soils with soil P levels, but both 

studies reported that PSB populations increased with decrease in soil P, a trend opposite 

to what was observed in the nodules assessed in this thesis. The study by Hu et al. 

(2009) was conducted in China on highly alkaline (pH 8.6) loamy soils, and included 

treatments with and without organic manure. However, the study did not consider the 

higher overall microbial biomass which may have resulted due to higher organic matter 

in the manure treated soils. The study by Mander et al. (2012) is much more comparable 

as one of the sites used, Winchmore, is the same. The study found that an increase in 

‘total’ P decreased the frequency of PS phenotype in the rhizosphere and bulk soil and 

that these trends changed with different sites. The reasons for opposite trends in 

nodules and rhizosphere are unknown. A study by Kucey (1983) concluded that an 
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increase in PSB frequency is a result of an increase in bacterial populations and not P 

fertilization directly. This, however, is unlikely in this case because 1) background 

rhizobial populations were not significantly affected by total P and 2) isolates were 

collected from within the nodules. Previous studies, to some extent, have been able to 

link P fertilization to PSB frequencies, but no study could compare the result of duration 

of P exposure. These data indicated that both duration and amount of exposure of 

insoluble P has led to the selection of bacteria capable of solubilizing P. 

2.4.4 Non-solubilization of aluminium phosphate 

None of the PSB could form halos on media containing aluminium phosphate, but all the 

PSB were able to form colonies. This could be because 1) Al3+ being trivalent and smaller 

than Ca2+ forms stronger complexes with orthophosphates, making them harder to 

solubilize, 2) AlPO4 is solubilized by a different mechanism than organic acid production 

or 3) Al3+ toxicity prevented the bacteria from solubilizing this compound. Illmer et al. 

(1995) stated that AlPO4 is harder to solubilize and showed that organic acid production 

was not the only mechanism responsible for AlPO4 solubilization. For this reason, only 

four studies out of 50 summarised by Bashan et al. (2013b) used AlPO4 in the screening 

media. No literature could be found proving the negative effect of free aluminium on P 

solubilization, but Al3+ is detrimental to both, roots and rhizobial populations (Munns 

and Keyser, 1981; Wood and Cooper, 1984). Free Al3+ may induce the bacteria to stop 

solubilization to enhance their survival. Not being able to solubilize AlPO4 might be a 

desirable trait for survival in soil. Most soils in New Zealand are acidic, these soils mostly 

tend to have a high exchangeable Al (McLaren and Cameron, 1996) and thereby reduced 

P absorption (Haynes and Mokolobate, 2001). Phosphates bound with Al may be a big 

reserve in New Zealand soils, but due to Al toxicity, solubilization of these compounds 

may be counterproductive. 

2.4.5 Conclusion 

This chapter identified hydroxyapatite as a suitable insoluble P form for screening 

phosphate solubilizing bacteria. P solubilization was a rare trait among nodule 

inhabitants, therefore screening a large number of isolates was required to demonstrate 

trends in PSB incidence. Selection of soil bacteria that could solubilize P was clearly 
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observed in soils with history of higher and longer P availability. A higher PSB incidence 

in subterranean clover than in white clover indicated that this clover species may either 

actively or passively interact with soil PSB populations. This chapter also provided a suite 

of 79 PSB that were further studied in future chapters. The information about the 

incidence of PSB and the use of HA for screening would help in localisation of screening 

effort in such future studies and the possible recruitment of PSB by clover hosts may be 

helpful in designing inoculation strategies for PSB inoculants in the future.  
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3 CHAPTER 3 

Frequency of P solubilizing bacteria in nodules of 

clover grown in soil receiving long term phosphate 

fertilization 

 Introduction 

Agricultural soils are rich in microbial communities. For example, bacterial populations 

can vary from 102 to 1011 per gram of soil. Rhizosphere, a thin (3-5 mm) zone near the 

roots can be especially rich, with manifold abundance and diversity of microbial 

communities (Philippot et al., 2013). This microbial community in the rhizosphere is a 

key contributor to nutrient availability and acquisition by the plant. 

A nodule is formed by the interaction of a single rhizobial cell with a root hair and it has 

been long thought that each nodule harbours a single strain of rhizobia (Denison, 2000). 

Currently, with recent advances in high throughput sequencing techniques, many 

studies have found a significant proportion of non-rhizobial nodule inhabitants in the 

nodules of different legumes (Leite et al., 2017; Martínez-Hidalgo and Hirsch, 2017; 

Wigley et al., 2017). These bacteria are sometimes assumed to not be performing any 

function and therefore are considered to be parasitic. However, some evidence suggests 

that these non-rhizobia may have unknown functions (Velázquez et al., 2013; Leite et 

al., 2017). Martínez-Hidalgo and Hirsch (2017) suggested some of these bacteria may be 

fixing N themselves or aiding the rhizobia in nodule formation and/ or N fixation. Leite et 

al. (2017) speculated that in cowpea, Chryseobacterium spp. may help the plant cope 

with salt stress and also noted that soil type shaped the microbiome more than the 

cowpea genotype. A study of the nodule, root and rhizosphere microbiome with 

different hosts and under different P fertilization histories, may give insight into the role 

of this microbial community and their mode of entry into the nodule.  

The main aim of this chapter was to understand how the P solubilizing bacterial 

community in the nodule is affected by soil P and clover host. This was achieved in two 
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objectives; 1) identification of PSB, collected and screened in Chapter 2, by sequencing 

the 16S rRNA gene, and 2) Profiling of the bacterial community in and around (soil and 

root) the nodule to study the effect of clover species and P fertilization on this 

community. This was done by sequencing 16S rRNA gene amplicons using the Illumina 

sequencing technique. 
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 Materials and methods 

3.2.1 Identification of PSB by sequencing 16S rRNA gene 

3.2.1.1 Genomic DNA extraction of PSB 

PSB stock cultures (stored at -80°C in 40% glycerol; Section 2.2.3.3) and R. 

leguminosarum strains TA1 and WSM1325 were thawed for 15-20 min at 4°C. Ten µl of 

each stock culture was used to inoculate 1 ml of YMB in a sterile 1.5 ml tube. The culture 

was grown for 48 h at 25°C and 220 rpm in a shaker incubator (Labnet International Inc.) 

The cultures were centrifuged at 13,000 × g for 10 min, the supernatant discarded and 

genomic DNA extracted from the cell pellet using the Puregene® bacterial miniprep kit 

(Qiagen®) with the supplied protocol. The DNA was resuspended in 30 µl DNAse and 

RNAse free water (PCR grade water). The concentration and purity of extracted DNA 

was checked using NanoDrop® Lite spectrophotometer (Thermo Fisher scientific®). An 

aliquot of genomic DNA was diluted to between 5 and 20 ng/µl with ultrapure water. 

This aliquot was used for PCR and was stored at 4°C. The stock DNA extract was stored 

at -20°C. 

3.2.1.2 Amplification and sequencing of the 16S rRNA gene 

Each 25 µl PCR contained 1 U Taq DNA polymerase (Roche Faststart), 0.2 nmoles each of 

the forward and reverse primers (Invitrogen), 1 × PCR buffer with 1.5 mM MgCl2 

(Roche), a mixture of 200 µM each of dATP, dTTP, dGTP and dCTP (Roche) and 2.5 to 10 

ng of template DNA. The universal 16S rRNA primers used were F27 (5’ AGA GTT TGA 

TCM TGG CTC AG 3’) and R1494 (5’ CTA CGG YTA CCT TGT TAC GAC 3’) (Weisburg et al., 

1991). The cycles used for the amplification were: initial denaturation for 95°C for 3 min 

30 s; 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min and final extension at 72°C 

for 7 min. 

A 1% agarose gel in 1 × TAE (40 mM Tris, 20 mM acetic acid, 1 mM NaEDTA; pH 8.0) 

buffer was prepared. Three µl of PCR product was mixed with the same volume of 6 × 

loading dye (0.5% bromophenol blue, 0.5% xylene cyanol and 70% glycerol in ddH20) 

and loaded into an individual well on the gel. The first lane of the gel was loaded with 3 

µl 1 kb Plus DNA ladder (Invitrogen) instead of PCR product. The PCR products were 

separated by electrophoresis at 90 V for 50 min. After electrophoresis, the gel was 
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immersed in 0.5 mg/l ethidium bromide solution for 10 min and shaken on an orbital 

shaker (staining). Excess ethidium bromide was removed by rinsing in reverse osmosis 

(RO) purified water for 10 min (de-staining). 

After staining, the gel was photographed under UV light in a FireReader gel doc system 

(Uvitec Cambridge). 

The PCR products were sequenced in both directions using the same primers used for 

amplification. The samples were sequenced by the Bio-Protection Research Centre 

(BPRC), Lincoln University with 3130xl Genetic Analyzer (Applied Biosystems), with a 50 

cm array and POP-7TM polymer (Thermo Fisher Scientific). 

3.2.1.3 End joining the sequences and alignment with database 

The sequences received were 0.8 to 1.1 kb in length, these sequences were viewed with 

Sequence Scanner v1.0 (Applied Biosystems). The sequences were manually trimmed to 

650 to 750 bp of high quality sequence after first removing ~30 bp of ambiguous bases 

at the sequence beginning and copied into DNAMAN 5 (Lynnon Biosoft Corporation). 

The forward and reverse sequences were aligned and assembled to produce the 

complete 16S rRNA sequence for each PSB. These sequences were compared against the 

National Centre for Biotechnology Information (NCBI) database using the nucleotide 

basic local alignment search tool (BLASTn). The genus, and in some cases, the species of 

the PSB was recorded. The data with halo sizes produced by PSB (hydroxyapatite media 

plate; day 16) in the previous chapter (Section 2.2.4.2) were compared with different 

identified genera. 

3.2.1.4 Phyogenetic assessment 

The 16S rRNA gene sequences of complete 16S rRNA sequences were aligned with 

Molecular Evolutionary Genetics Analysis (MEGA6) (Tamura et al., 2013) with Clustal W 

algorithm. A maximum Likelihood (ML) tree was constructed after alignment with 500 

bootstrap replications with the Kimura 2- parameter model and Nearest Neighbour 

Interchange (NNI) as the heuristic method. Type strains from appropriate genera were 

also found using StrainInfo (www.straininfo.net) (Verslyppe et al., 2014) and their 16S 

rRNA sequences were downloaded from GenBank (Benson et al., 2013) database (NCBI). 
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3.2.2 Bacterial community in the nodules of white clover: Pilot study 

3.2.2.1 Collection of nodules 

White clover cv. ‘Tribute’ seeds were surface sterilized (96% ethanol (30 s); 1% NaHClO4 

(2 min); four rinses of autoclaved ultrapure water) and planted on a research farm 

(standard field rate), Iversen 5 (I5) located on the Lincoln University campus (43°39’ S 

172°28 E) in five replicated plots. These plants grew for about three months (December 

2014 to March 2015) under irrigation. The plants were not inoculated and relied on 

nodulation by naturalised strains. 

One mature white clover plant from each of the replicated plots was carefully dug out of 

the ground at random (March, 2015) in a manner that kept the root system intact. Eight 

red/pink and large (~1-3 mm in length) nodules from each of the plants were collected 

along with ~5 mm of intact root on either side. The nodules were surface sterilized 

(Section 2.2.3.2) and the nodule was carefully excised from the attached roots. The 

eight nodules were randomly divided into two groups of four. 

3.2.2.2 Treatment with propidium monoazide (PMA) 

One of the two groups of four nodules from each plant was treated with PMA to bind 

the surface DNA and render it unavailable for PCR amplification. For this treatment, 

these nodules were placed in a clear walled 0.5 ml tube. The tube was filled with 0.5 ml 

of PMA dye (25 µg ml-1 in ultrapure water; Biotium Inc., California, USA) and the 

treatment was carried out according to the manufacturer’s protocol modified by 

Wicaksono et al. (2016) for 15 min light exposure on the shaker. Post treatment, the 

nodules were rinsed once with ultrapure water. 

3.2.2.3 DNA extraction from the nodules 

Genomic DNA from each nodule was extracted with PowerPlant®Pro DNA Isolation Kit 

(Catalogue number: 13400-50; MO BIO Laboratories, Inc., USA) following the 

manufacturer’s protocol. The genomic DNA was dissolved in 50 µl of ultrapure water. 

The DNA concentration of each sample was measured by NanoDrop® Lite and aliquots 

of DNA were adjusted to concentrations between 2-50 ng/ µl.  
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3.2.2.4 Primer design for Illumina HiSeq  

The parameters followed for designing the primers were based upon the findings of 

Klindworth et al. (2012). The sequencing provider was NovoGene, China. This company 

has an Illumina HiSeq 2500 which produces 2 x 250 bp paired end reads (250 bp read 

lengths from both directions), allowing a total assembled read length of 440 – 480 bp. 

The region for amplification was the V3 and V4 of the 16S ribosomal RNA gene 

(Vasileiadis et al., 2012). Apart from general primer designing guidelines, other 

guidelines followed were: 

 Amplification of the complete V3 and V4 regions; 

 Complete annealing within the “proposed primer designing sites” by Wang and 

Qian (2009); 

 The 250 bp sequenced ends should not overlap within the “hypervariable region” 

(Baker et al., 2003), or the “proposed primer designing sites” (Wang and Qian, 

2009); 

 The target sequence should be a maximum of 480 bp including primer 

sequences, allowing an overlap of a minimum of 20 bp between paired end reads 

(Figure 3.1). 

Figure 3. 1 Placement of primer regions, barcodes and linker region with respect to 
hypervariable regions 3 and 4 of 16S ribosomal DNA. Sequenced ends and overlap 
denote the expected sequences from Illumina sequencing. Not to scale. 
 

For the identification of samples, a 6 bp barcode was added at the 5’ end of both the 

forward and reverse primers. A list of 48 random 6 bp sequences provided by 

NovoGene, out of which minimum 2 and maximum 4 GC (ideally 3) containing barcodes 

Length of PCR product 

Barcode-linker-primer 

        6bp-2bp-18-25 bp 

 
Sequenced 

reverse end 

Overlap 

V3 +V4 region (amplified from template) 



61 

were selected to avoid large differences in melting temperatures (Tm). Secondary 

structure formations and expected melting temperatures of primers were analysed in 

DNAMAN 5 software. Barcodes which had reverse complementarity to each other and 

to the primer regions were avoided. A 2 bp linker between the barcode the primer 

region was added to ensure that the barcode region did not anneal to the template (Wu 

et al., 2010) (Figure 3.1). 

The designed primers were ordered (Invitrogen, Thermo Fisher) with a high 

performance liquid chromatography (HPLC) purification step (Table 3.1). Five barcoded 

forward and four barcoded reverse primers were ordered as this combination gave 20 (5 

x 4) unique barcode combinations. 

Table 3. 1 List of HPLC purified primers used for the pilot study (Section 3.2.2). Expected 
PCR product between 440 to 480 bp. 

Primer name 

(barcode + 

Direction Position) 

Code Primers (5'-3') (Barcode  Linker  Primer) 

Tm 

(50 mM 

Na+) 

2 + F341 2F CGATGT  GA  CCTAYGGGRBGCASCAG 72°C 

5 + F341 5F ACAGTG  GA  CCTAYGGGRBGCASCAG 71°C 

17 + F341 17F GTAGAG  GA  CCTAYGGGRBGCASCAG 67°C 

36 + F341 36F CCAACA  GA  CCTAYGGGRBGCASCAG 71°C 

38 + F341 38F CTAGCT  GA  CCTAYGGGRBGCASCAG 68°C 
    

3 + R806 3R TTAGGC  GT  GGACTACNNGGGTATCTAAT 66°C 

14 + R806 14R AGTTCC  GT  GGACTACNNGGGTATCTAAT 65°C 

26 + R806 26R ATGAGC  GT  GGACTACNNGGGTATCTAAT 66°C 

37 + R806 37R CGGAAT  GT  GGACTACNNGGGTATCTAAT 66°C 

 

3.2.2.5 Optimisation of PCR 

Two sets of forward and reverse primers (Table 3.1) were randomly selected (2F- 37R 

and 5F -14R) with a roll of a dice and PCR was performed on a single randomly selected 

DNA sample. The PCR was prepared according to the guidelines supplied with KAPA HiFi 

HotStart ReadyMix (2x) (KAPA Biosystems, USA) (Table 3.2). Seven reactions of each 

primer pair were prepared with each at a different annealing temperature (45°C, 47°C, 

49°C, 51°C, 53°C, 55°C and 57°C). Amplicons were separated by electrophoresis on a 1% 

agarose gel (Section 3.2.1.2) to check amplicon concentration. 
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Table 3. 2 PCR recipe (a) and cycles (b) for optimising the PCR. Annealing temperature 
ranged from 45°C to 57°C with a difference of 2°C. 
a) 

Component Volume 

PCR grade water 8.3 µl 

KAPA HiFi readymix (2x) 10.0 µl 

Forward primer (10 µM) 0.6 µl 

Reverse primer (10 µM) 0.6 µl 

Template (10-100 ng/µl) 0.5 µl 

Total 20.0 µl 

b) 

Step Temperature Time Cycles 

Initial denaturation 95°C 3 min 1 

Denaturation 98°C 20 s 

30 Annealing 45°C to 57°C 15 s 

Extension 72°C 40 s 

Final extension 72°C 1 min 1 

Storage 4°C ∞   

 

3.2.2.6 PCR amplification of extracted nodule DNA 

Nodule DNA extracts prepared in Section 3.2.2.3 were paired with different barcode 

combinations to make two separate sets of samples (PMA treated and untreated) so 

that: 

 One set of samples contained all barcode combinations from Table 3.1 (20 

possible combinations); 

 One forward barcode represented one plant and all four reverse barcodes 

represented each of the four nodules from the same plant (Table 3.3) . 
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Table 3. 3 DNA extracted from individual nodules paired with barcode combinations for 
sequencing. 

Forward 
barcode  

Reverse 
barcode 

Plant 
Nodule 

PMA treated sample Untreated sample 

2F 

3R 

1 

1 5 

14R 2 6 

26R 3 7 

37R 4 8 

5F 

3R 

2 

1 5 

14R 2 6 

26R 3 7 

37R 4 8 

17F 

3R 

3 

1 5 

14R 2 6 

26R 3 7 

37R 4 8 

36F 

3R 

4 

1 5 

14R 2 6 

26R 3 7 

37R 4 8 

38F 

3R 

5 

1 5 

14R 2 6 

26R 3 7 

37R 4 8 

 

Based upon the results from Section 3.3.1.2 the recipe and cycles were set as shown in 

Table 3.4. The reaction volumes were scaled up to 50 µl to produce sufficient quantities 

of PCR products for further steps. A control in which water was substituted for DNA was 

included with every barcode combination to check for any contamination. 
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Table 3. 4 PCR recipe (a) and cycles (b) for amplification of hypervariable regions V3 + V4 
regions of 16S rRNA with barcoded primers. 
a) 

Component Volume 

PCR grade water 21.0 µl 

KAPA HiFi readymix (2x) 25.0 µl 

Forward primer (10 µM) 1.5 µl 

Reverse primer (10 µM) 1.5 µl 

Template (10-100 ng/µl) 1.0 µl 

Total 50.0 µl 

 

b) 

Step Temperature Time Cycles 

Initial denaturation 95°C 3 min 1 

Denaturation 98°C 20 s 

30 Annealing 55°C 15 s 

Extension 72°C 40 s 

Final extension 72°C 1 min 1 

Storage 4°C ∞   

 

The PCR amplicons were separated by electrophoresis on a 1% agarose gel (Section 

3.2.1.2) to confirm the presence of PCR products. If the band was present, but was not 

of sufficient concentration, another reaction of 50 µl was performed and the products of 

both reactions were combined. If a band was not observed, another reaction with an 

annealing temperature of 53°C was performed. 

3.2.2.7 Sequencing of the samples 

All PCR amplicons from Section 3.2.2.6 were purified with a QIAquick PCR purification 

kit (QIAGEN) using the manufacturer’s protocol, to remove primer dimers (<100 bp) and 

remaining genomic DNA (>10 kb). All PCR products were eluted in 30 µl ultrapure water, 

from which, 1-2 µl was used to assess DNA concentration using Qubit dsDNA HS Assay 

kit (Thermo Fisher Scientific) and Qubit 1 (Invitrogen) following the manufacturer’s 

protocol. 
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PMA treated and untreated samples were prepared by pooling 0.5 to 6.25 μl PCR 

products so that the total amount of DNA from each barcode combination was 15 ng. 

Any PCR products < 1 ng/µl were excluded. 

The pooled samples were despatched for sequencing at NovoGene. The steps employed 

by NovoGene for sequencing were: 

 Quality control: DNA was checked for sufficient quality and quantity 

 Library preparation: ligation of indexing regions and an internal set of barcodes 

(for the purposes of NovoGene) and a five step PCR to concentrate indexed 

samples 

 Checking of Library: an added step of quality control before sequencing 

 Sequencing using HiSeq 2500 (Illumina) 

 Raw data filtering: Filtered the data to identify our samples, removed adapters 

and reads with low quality (unknown bases >10%) 

3.2.2.8 Analysis of the sequencing data 

The sequencing data were analysed with advice from Dr Aurelie Laugraud 

(Bioinformatician, AgResearch Ltd, Lincoln, NZ). Paired end reads were assembled by 

overlapping segments using Fast Length Adjustment of SHort reads (FLASH) v1.2.11 

(Magoč and Salzberg, 2011). These paired sequences were sorted by barcodes using 

Flexbar v2.4 (Dodt et al., 2012). 

The sequences were then identified as different bacterial genera by comparing with the 

Ribosomal Database Project (RDP) database (Wang et al., 2007; Cole et al., 2014). Any 

sequences that did not overlap, did not have a barcode, or were identified as 

mitochondrial or chloroplast DNA were discarded. The script for the process is provided 

in Appendix 2.2. 
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3.2.3 Effect of long term P fertilization on bacterial communities in root, 

nodule and rhizosphere of clovers 

3.2.3.1 Collection of nodules, roots and rhizosphere soil samples 

From the Winchmore site (Section 2.2.1.1), one of the replicated plots of each of the 

three long term fertilizer treatments was selected randomly. The three P fertilizer 

treatments were: high super phosphate (High SP), high rock phosphate (High RP) and no 

added phosphate (nil-P). Four white clover and four subterranean clover plants were 

identified in each of the paddocks based upon distinct botanical features such as 

subterranean clover has hairy leaf texture, does not have a consistent watermark, does 

not have stolon roots etc. according to the guidelines in Macfarlane (2016). The 

collected plants were approximately the same size and spaced at least 2-3 m from each 

other. A soil core (10 cm diameter and 10 cm deep) around the main root of each 

selected plant was collected and transported to the laboratory (Figure 3.2 a).  

The roots of nearby grasses and bulk soil was carefully removed so that only the roots of 

the main clover plant remained. After the removal of bulk soil, the root was gently 

tapped once and any soil still adhering to the roots was then considered to be 

“rhizosphere soil” (Figure 3.3 b). The soil was collected and divided into three equal 

portions as replicates. The soil was stored in 1.5 ml tubes at -20°C until further 

processing. The roots were then washed under tap water and five nodules per plant 

were collected with intact ~0.5 mm root segment on either side of the nodule. Large 

pink/red nodules were selected for collection wherever possible. Fewer nodules were 

collected if there were insufficient number of nodules present on the roots. 
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Figure 3. 2 a) Intact white clover (left) and subterranean clover (right) soil cores 
collected from the site; b) Example of rhizosphere soil; c) A subterranean clover plant 
showing nodules and approximate length of root segment excised. 
 

c) b) 

a) 
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Figure 3. 3 Design of the experiment for Section 3.2.3. The structure is shown only for 
nil-P treatment and one white clover plant, the same structure of nodule, root and 
rhizosphere soil collection was followed for all treatments and all plants. Boxes in red 
signify same pattern. 

Root blank (RB): Ten white clover seeds were surface sterilized (Section 2.2.3.1) and 

allowed to germinate on water agar (15 g/l bacteriological agar in RO water; autoclaved 

at 121°C for 15 min; poured onto  Petri plates) for 7-8 days. The roots from all 10 plants 

were excised (Figure 3.4) and transferred into a 0.5 ml tube and treated the same as 

other root samples. 

Figure 3. 4 White clover seedling grown in water agar as root blank. 
 

Winchmore phosphate fertilization trial

nil-P
Plot: Wp3

White clover

4 replicates

Nodules
5 replicates/ 

plant

Roots
5 replicates/ 

plant

Rhizosphere soil
3 replicates/ plant

Subterranean clover

4 replicates

High RP
Plot: Wp1

High SP
Plot: Wp7
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3.2.3.2 Extraction of genomic DNA 

The intact nodule and root samples were surface sterilized (Section 2.2.3.2) and treated 

with PMA (Section 3.2.2.2). The nodules were then carefully excised from the root 

fragment and placed in separate tubes. Corresponding nodule - root pairs were labelled. 

Prior to DNA extraction, acid washed (3-5% HCl for 1 h; 10 rinses with millipore water) 

and flame sterilized glass rods were used to crush the root and nodule tissue 

completely. Genomic DNA was extracted from the samples using a PowerPlant®Pro DNA 

Isolation Kit (MO BIO Laboratories, Inc., USA) as described in Section 3.2.2.3. 

Genomic DNA from the rhizosphere soil samples stored in Section 3.2.3.1 were isolated 

with the PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc., USA) using the 

manufacturer’s protocol. The concentration of DNA was measured with NanoDrop® Lite 

and aliquots between 10-50 ng/µl were made with ultrapure water. All DNA samples 

were stored at 4°C until required. 

3.2.3.3 PCR amplification of extracted DNA 

The samples were grouped in sets of 30, so that nodule and root samples of the same 

plant remained in the same group and that all rhizosphere soil samples were in a 

different groups. All individual DNA samples within each group were assigned a unique 

forward and reverse barcode combination. The primers used were HPLC purified and are 

shown in Table 3.5. PCRs for all these samples were set up with recipe and cycles shown 

in Table 3.4 in the previous section. 
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Table 3. 5 List of primers used for Section 3.2.3. Expected PCR product: 440 to 480 bp. 
Primer 37R was used for standards.  

Primer name 
(barcode + 

Direction Position) 

Code 
Primers (5'-3') (Barcode  Linker  Primer) 

Tm  
(50mM Na+) 

2 + F341 2F CGATGT  GA  CCTAYGGGRBGCASCAG 72°C 

5 + F341 5F ACAGTG  GA  CCTAYGGGRBGCASCAG 71°C 

17 + F341 17F GTAGAG  GA  CCTAYGGGRBGCASCAG 67°C 

36 + F341 36F CCAACA  GA  CCTAYGGGRBGCASCAG 71°C 

38 + F341 38F CTAGCT  GA  CCTAYGGGRBGCASCAG 68°C 

44 + F341 44F TATAAT  GA  CCTAYGGGRBGCASCAG 65°C 

 
 

 
 

1 + R806 1R ATCACG  GT  GGACTACNNGGGTATCTAAT 66°C 

3 + R806 3R TTAGGC  GT  GGACTACNNGGGTATCTAAT 66°C 

11 + R806 11R GGCTAC  GT  GGACTACNNGGGTATCTAAT 66°C 

14 + R806 14R AGTTCC  GT  GGACTACNNGGGTATCTAAT 65°C 

26 + R806 26R ATGAGC  GT  GGACTACNNGGGTATCTAAT 66°C 

37 + R806 37R CGGAAT  GT  GGACTACNNGGGTATCTAAT 66°C 

 

Water blank (WB): During PCR amplification, one reaction from each barcode pair was 

run where template DNA was substituted with ultrapure water. This reaction was 

treated the same as all other samples and included when pooling the samples. 

Standard scale: R. leguminosarum bv. trifolii strain TA1, Ensifer (Sinorhizobium) meliloti 

strain RRI128 and two isolates from the PSB collection, 15HS and PSAB23, identified as 

Enterobacter cloacae and Pseudomonas sp. respectively in Section 3.2.1.3, were grown 

in 1 ml YMB overnight and their genomic DNA was extracted (Section 3.2.1.1). The 

concentration of genomic DNA yield was measured using NanoDrop® lite and the 

concentration of each of the four genomic DNA was adjusted to 20 ng/µl. This genomic 

DNA was then pooled into six standard scales in different ratios (Table 3.6) and 20 ng of 

the resulting DNA mixtures were used as template for PCR amplification with barcoded 

primers. The reverse barcode used was 37R (Table 3.5) with different forward barcodes. 
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Table 3. 6 Standard scale with genomic DNA of four bacterial species mixed in different 
ratios. Reverse barcode used for PCR amplification was 37R in combination with 
different forward barcodes. R. leguminosarum bv. trifolii TA1 and Ensifer meliloti RRI128 
are type strains while Enterobacter sp. and Pseudomonas sp. were from the PSB 
collection.  

Rhizobium 

strain TA1 

Ensifer 

meliloti 

strain RRI128 

Enterobacter 

sp. strain 

15HS 

Pseudomonas 

sp. strain 

PSAB23 

Forward 

primer 

Standard 1 100% 0% 0% 0% 2F 

Standard 2 85% 5% 5% 5% 5F 

Standard 3 70% 10% 10% 10% 17F 

Standard 4 55% 15% 15% 15% 36F 

Standard 5 40% 20% 20% 20% 38F 

Standard 6 25% 25% 25% 25% 44F 

 

3.2.3.4 Sequencing and analysis of the PCR products 

PCR products of samples, water blank, root blank and standards from above were 

cleaned as described in Section 3.2.2.7 and pooled into 11 samples of 27-31 barcode 

combinations each, as grouped in Section 3.2.3.3. PCR amplicons were pooled so that 

each barcode pair within one sample was in equal final concentration. This required an 

addition of 0.5 to 15 µl per PCR amplicon, while 2 µl water blank was added. Blanks and 

standards were placed in samples with <30 PCR products to maintain uniformity in the 

number of barcode combinations in samples. The sequencing was done as described in 

Sections 3.2.2.7. The data were analysed with advice from Mr Andreas Makiola (PhD 

candidate, Bio-Protection Research Centre, Lincoln University) and Dr Aurelie Laugraud. 

The sequences were overlapped/merged and de-multiplexed. Merged sequences were 

clustered into operational taxonomic units (OTUs) with 97% similarity. OTUs were 

identified by alignment with Greengenes reference database 13_5 and any sequences 

identified as plant DNA were discarded. The data were further cleaned of noise by 

discarding OTUs also found in the water blank.  

All analysis was done using open source computation software R using the vegan 

package (Oksanen et al., 2007; Oksanen et al., 2015). Community matrices were 

converted into Bray-Curtis distances matrices using function ‘vegdist’. The dissimilarities 

between samples were visualised as non-metric multidimensional scaling (nMDS) 
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(Clarke, 1993). The outermost points were connected with a polygon (ordihull) to 

visualize the group separation and overlapping treatments. Differences between overall 

communities were calculated with PERMANOVA (‘adonis’ function, 999 permutations). 

To account for different sequencing depths between the samples, reads were first 

rarefied to the minimum number of sequences per sample using function ‘rarefy’, then 

the difference of richness between treatments was tested using ANOVA. For beta 

diversity, the distances to the centroid were calculated using function ‘betadisper’ and 

the means of these distances were compared between treatments using the function 

‘permutest’ (Anderson et al., 2006). 
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 Results 

3.3.1 Identification of PSB 

Of all the 16S rRNA gene sequences, complete sequences (> 1300 bp) could only be 

obtained for 71 PSB and R. leguminosarum strains TA1 and WSM1325. For the remaining 

isolates only the reverse sequence (500 – 600 bp) could be obtained despite 3-4 

attempts. However, genus identification was still possible with partial sequences. 

3.3.1.1 PSB identification analysis 

The single largest genus of the 79 PSB was Rhizobium spp. (25 PSB), however, only 11 

were identified as R. leguminosarum. Enterobacter spp. was the second most common 

genus (23), with E. cloacae and E. ludwigii being the most common species. 

Pseudomonas spp. (13) and Variovorax spp. (9) were the third and fourth most common 

genera. Other genera included Bacillus spp. (3), Burkholderia spp. (2) and one each of 

Herbaspirillum sp., Leifsonia xyli, Novosphingobium sp. and Ralstonia pickettii (Figure 

3.5). 

Figure 3. 5 Percent composition of different genera found in the PSB collection of 79 
isolates. Based on full (>1,300 bp; 71 isolates) and partial (500 – 600 bp; 8 isolates) 
sequences of 16S rRNA gene. 
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White and subterranean clovers had different nodule PSB compositions. White clover 

PSB were mostly Rhizobium spp. (52.4%; 11 out of 21)). Subterranean clover PSB were 

mostly non-rhizobia, with Enterobacter spp. (36.2%; 21 out of 58) being the single 

largest and only 24.1% (14 out of 58) were Rhizobium spp. (Figure 3.6). 

 

Figure 3. 6 Number of PSB from white clover and subterranean clover nodules. Data 
includes identification from both complete and partial sequences. 

Halo sizes produced by different genera were different. Enterobacter spp. produced 

largest mean halos 4.58 mm (minimum = 1.86 mm; maximum = 6.64 mm), followed by 

Pseudomonas spp. (mean= 3.83 mm; minimum= 0.5 mm; maximum= 7.37 mm). 

Rhizobium spp. typically produced small halos (mean= 1.09 mm; minimum= 0.5 mm; 

maximum= 3.07 mm) (Figure 3.7). 

 
Figure 3. 7 Mean halo sizes of PSB from different genera. Error bars are Standard Error 
of Mean (SEM). Data includes identification from both complete and partial sequences. 
Genera with <3 PSB were not included in the analysis. 
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3.3.1.2 Phylogenetic analysis of 16S rRNA gene of PSB 

All PSB identified as Rhizobium spp. were 97.6% similar to each other while the ones 

identified as R. leguminosarum were 99.6% similar to each other and to commercial 

strains WSM1325 and TA1. All other genera clustered with each other and their type 

strains. 

Host based clustering within a genus was not observed in R. leguminosarum. PSB from 

subterranean clover were clustered with the Enterobacter spp., Pseudomonas spp. 

(Gammaproteobacteria) and other Rhizobium spp. (Figure 3.8). 
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Figure 3. 8 Maximum likelihood tree for 1,343 bp (of the longest sequence) of the 16S 
rRNA gene; PSB with partial sequences are not included. A list of all PSB with the 
GenBank accession numbers of closest matches is available in Appendix 2.2. R= 
Rhizobium spp.; P= Pseudomonas spp.; E= Enterobacter spp.; ● and ○ are PSB isolated 
from white clover and subterranean clover respectively; ‘T’ indicates type strains. 
Thermoproteus tenax type strain Kra1 was used to root the tree. 

 33HW L24wc2-10 E. ludwigii
 Enterobacter ludwigii strain EN-119T (AJ853891.1)T

 20HW L24wc2-2 E. cloacae
 16HS wp7sc3-14 E. cloacae
 15HS wp7sc1-6 E. cloacae
 10LS wp3sc1-4 E. cloacae
 6HS wp7sc2-16 E. ludwigii
 18HS wp7sc3-16 E. ludwigii
 4HS wp7sc1-12 E. ludwigii
 3HS wp14sc2-17 E. ludwigii
 7HS wp7sc1-14 E. ludwigii
 8HS wp13sc3-7 E. ludwigii
 12HS wp7sc1-17 E. ludwigii
 17LS wp20sc2-4 E. ludwigii
 19HS wp13sc3-8 E. cloacae
 21HS wp7sc3-13 E. cloacae
 37PSAB wp18sc2-20 E. cloacae

 Enterobacter cloacae strain ATCC 13047 (KC768786.1)T
 1LS wp3sc2-18 P. protegens

 Pseudomonas protegens strain CHA0T (AJ278812.1)T
 31HS bssc1-2 Pseudomonas sp.
 34PSAB bswc2-5 Pseudomonas sp.
 26LS L5sc2-7 Pseudomonas sp.
 5LS L20sc1-1 Pseudomonas sp.
 25LS L5sc2-9 Pseudomonas sp.

 23PSAB bt1wc2-10 Pseudomonas sp.
 41PSAB wp16sc3-1 Pseudomonas sp.
 30PSAB wp18sc2-16 Pseudomonas sp.
 71PSAB wp18sc1-1 Pseudomonas sp.
 2PSAB wp8sc3-6 Pseudomonas sp.
 11HS wp8sc3-18 Pseudomonas sp.
 62PSAB wp7wc1-15 Pseudomonas sp.

 38PSAB wp6sc2-7 Ralstonia pickettii
 Ralstonia pickettii strain CIP 7323 (EU024148.1)T

 39HS wp7sc2-14 Herbaspirillum sp.
 22PSAB wp14sc1-18 Burkholderia sp.

 Burkholderia phenazinium strain ATCC 33666 (AB021394.1)T
 44LS bt1sc3-8 V. paradoxus

 Variovorax paradoxus strain NBRC 15149 (AB680784.1)T
 36HS bssc1-4 Variovorax sp.
 69HS wp16sc1-15 Variovorax sp.
 70HS wp16sc1-16 Variovorax sp.
 57HW wp2wc3-12 Variovorax sp.
 58LW wp6wc1-3 Variovorax sp.
 65HS wp13sc2-4 Variovorax. sp.
 67HS wp16sc1-3 Variovorax sp.
 68HS wp16sc1-4 Variovorax sp.

 55PSAB wp7wc1-9 Novosphingobium sp.
 Sinorhizobium fredii strain NBRC 14780 (AB680661.1)T

 47HW BSwc1-8 R. taibaishanense
 50LS BSwc2-8 R. taibaishanense
 48HW BSwc1-10 R. taibaishanense

 64HS wp13sc2-1 R. nepotum
 74LS L5sc2-10 Rhizobium sp.

 Rhizobium gallicum (U86343.1)T
 72HW wp18wc2-1 Rhizobium sp.

 Rhizobium etli strain CFN 42 (U28916.1)T
 59HS wp7sc1-10 Rhizobium sp.
 79HS bt1sc2-1 R. lusitanum
 56HS wp1sc2-19 R. lusitanum
 49LS L5sc2-2 R. lucitanum
 40LS ww18sc1-3 Rhizobium sp.
 43LS ww18sc1-1 Rhizobium sp.
 35LW L5wc2-9 Rhizobium sp.
 32LS ww18sc1-5 R. tropici

 Rhizobium hainanense strain I66 (U71078.2)T
 Rhizobium leguminosarum bv. viciae (U89826.1)T

 R. leguminosarum bv. trifolii strain TA1
 Rhizobium leguminosarum strain LMG 8820 (X67227.1)T
 Rhizobium leguminosarum bv. trifoli WSM1325

 78HW bt2wc3-5 R. leguminosarum
 77HW BT2wc3-4 R. leguminosarum
 45HS wp7sc1-15 R. leguminosarum
 46HS wp8sc3-8 R. leguminosarum
 51HS wp8sc3-19 R. leguminosarum
 54LW wp11wc2-4 R. leguminosarum
 60HS wp7sc1-16 R. leguminosarum
 63HW wp7wc1-17 R. leguminosarum
 66HS wp14sc1-14 R. leguminosarum
 75HW BT1wc3-8 R. leguminosarum
 76HW BT2wc2-8 R. leguminosarum

 28HS wp14sc1-7 Leifsonia xyli
 61HS wp7sc3-3 Bacillus simplex

 Bacillus megaterium strain ATCC 14581 (GU252112.1)T
 52PSAB bt2wc2-5 Bacillus megaterium
 53HW L15wc1-4 Bacillus megaterium

 Thermoproteus tenax strain Kra1 (M35966.1)T
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3.3.2 Bacterial community in the nodules of white clover: Pilot study 

3.3.2.1 Optimisation of PCR conditions 

Barcoded PCR products of the V3 + V4 region of the 16S rRNA gene were amplified at all 

annealing temperatures. No unspecific amplification or secondary bands were visible. 

Brightness of the bands increased from annealing temperatures 45 to 55°C and 

decreased substantially at 57°C. The two brightest bands were observed at 53°C and 

55°C in both the primer combinations (2F- 37R and 5F -14R) (Figure 3.9) 

Figure 3. 9 Agarose gel picture showing bands of barcoded PCR products at different 
annealing temperatures. 1 kb= 1 kb DNA plus ladder; -ve = PCR reaction with no 
template DNA. 

3.3.2.2 Sequencing data analysis 

The concentration of barcoded PCR products before pooling ranged from 0.1 to 30 

ng/μl.  To meet the lowest concentration criteria of the sequencing provider, PCR 

products with concentration < 1 ng/μl were not pooled in the samples, making 13 PCR 

products in PMA treated samples and 19 in the untreated sample. 

The number of reads, after removal of low quality score reads (unknown/ unsure bases), 

was reduced by 2.5 to 3.1%. Another ~ 3.5% reads were removed because they were 

either too short for an overlap or had non-existent barcode combinations (e.g. same 

barcode in both directions), which may be jumped tags from other DNA strands (Schnell 

et al., 2015). 

After removal of mitochondrial (misidentified as Orientia spp.) and chloroplast (plant 

DNA) reads, the PMA treated sample lost another 7.45% of reads while the untreated 

sample lost 35.8% reads (Table 3.7).  

2F-37R        5F-14R  ~460 bp 

1 kb   -ve   45°C  47°C  49°C  51°C  53°C  55°C  57°C        1 kb   -ve    45°C  47°C   49°C  51°C 53°C  55°C  57°C 

1,000 bp 

500 bp 
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Table 3. 7 Number of reads from PMA treated and untreated samples before and after 
removal of reads due to low quality, non-overlap and plant originated DNA. The bold 
number on the right column was the number of valid reads.  

Raw reads After removal of 

low quality reads 

After removal of 

unpaired reads 

After removal 

of plant DNA 

PMA treated 4,459,572 4,324,039 3,837,023 3,551,127 

Untreated 4,838,818 4,720,004 4,227,072 2,714,661 

 

All the bacterial genera identified in the PSB collection (Section 3.3.1) except Leifsonia 

sp., were found in both PMA treated and untreated samples. The most common genera 

of these were Novosphingobium spp./ Sphingomonas spp., Bacillus spp., Pseudomonas 

spp. and Enterobacter spp., while Variovorax spp. Herbaspirillum spp. and Ralstonia spp. 

were far less common (Table 3.8). 

Table 3. 8 Percentage reads of bacterial genera, also identified in the PSB collection.  
Percentage calculated out of total number of valid reads for each treatment. 0.1% 
represent 3,361 and 2,810 reads in PMA treated and untreated nodules respectively. 

Genera PMA treated nodules Untreated nodules 

Sphingomonas spp. 0.49% 0.655% 

Novosphingobium spp. 0.002% 0.140% 

Bacillus spp. 0.238% 0.322% 

Pseudomonas spp. 0.103% 0.087% 

Enterobacter spp. 0.026% 0.103% 

Variovorax spp. 0.006% 0.021% 

Herbaspirillum spp. 0.015% <0.001% 

Ralstonia spp. <0.001% <0.001% 

 

Of all the reads in the PMA treated nodules, 3.25 million reads were Rhizobium spp. 

while another 11,459 reads were identified as 11 other ‘Rhizobia’ genera, which are 

known nodulating bacteria of other species of legumes. In untreated nodules 2.13 

million reads were Rhizobium spp. and 14,382 reads were other rhizobia. Of the other 

rhizobia, Ensifer spp. and Mesorhizobium spp. were the most abundant (Table 3.9). 

Higher abundance of Devosia spp. and Mesorhizobium spp. in the PMA untreated 

nodules suggests they were largely present on the nodule surface. 
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Table 3. 9 Number of reads of 11 other ‘rhizobia’ genera identified in PMA treated and 
untreated nodules. Numbers out of total number of valid reads for each treatment. 

Rhizobia genera PMA treated nodules Untreated nodules 

Ensifer spp. 6712 6007 

Mesorhizobium spp. 1982 3173 

Bradyrhizobium spp. 982 42 

Devosia spp. 48 3435 

Shinella spp. 813 574 

Methylobacterium spp. 398 817 

Cupriavidus spp. 238 165 

Microvirga spp. 127 63 

Ochrobactrum spp. 57 102 

Phyllobacterium spp. 98 --- 

Burkholderia spp. 4 4 

 

The other bacterial genera largely consisted of phylum proteobacteria in both 

treatments. Excluding the genera with abundance of <0.01%, PMA treated nodules 

contained 107 genera and untreated nodules contained 160 genera. The sequences 

recovered from the PMA untreated nodules were more diverse and had a greater 

abundance of non-rhizobial bacteria (Table 3.10). 

Table 3. 10 Percentage of reads identified as Rhizobium spp., other known rhizobia and 
all other bacteria in both, PMA treated and untreated nodules. Percentage out of total 
number of valid reads for each treatment.  

Number of 

nodules 

Rhizobium 

spp. 

Other 

‘Rhizobia’ 

All other 

bacteria 

PMA treated 13 91.4% 0.32% 8.28% 

Untreated 19 78.3% 0.53% 21.15% 

 

Rhizobium spp. reads were the most numerous in all nodules except one in each 

treatment. In these nodules Propionibacterineae spp. and Sandaracinobacter spp. were 

the most abundant genera in PMA treated and untreated nodules, respectively. 

Parvibaculum spp. was another common genus, abundant in untreated nodules, but less 

abundant in PMA treated nodules. 
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Percentage of reads that were Rhizobium spp. were highly variable from nodule to 

nodule, ranging from 15.6% to 97.6% in PMA treated nodules and 9.9% to 96.4% in 

untreated nodules. A high variability was also seen in nodules of different plants (Figure 

3.10). 

 

Figure 3. 10 Mean percentage of reads of Rhizobium spp. found in nodules of PMA 
treated and untreated nodules from the different plants. Error bars= Standard error of 
mean. No data for PMA treated nodules of plant E because PCR product had <1 ng/μl 
concentration. 

3.3.3 Effect of long term P fertilization on bacterial communities in root, 

nodule and rhizosphere of clovers 

Of all the samples, 20.1 million sequences (one end; maximum length= 250 bp) were 

obtained. After merging and barcode identification, 7.78 million high quality, OTU 

forming, paired sequences (mean length= 415 bp) remained. After further removal of 

plant DNA (mitochondria and chloroplast), water control and tag jumps, 4,308,177 

sequences remained, which were used for further analysis. These reads were referred to 

as usable reads. A breakdown of usable reads per sample type and number of OTUs is 

provided in Table 3.11. 

Table 3. 11 Number of usable reads and observed OTUs for different sample types. 

 Nodule Root Rhizosphere 
Plant 
blank 

Standard 
scale 

Total 

Usable 
reads 

2,047,953 1,482,040 703,812 58,675 15,697 4,308,177 

Number of 
OTUs 

1,971 1,989 4,773 1,101 12 5,294 
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In the standard scale, species richness in the template DNA sample was represented by 

the number of usable reads after PCR and sequencing. The percentage of genomic DNA 

of each of the genera in the template could linearly predict (R2= 0.914; usable reads = -

0.80 + 1.032 template) the percentage of usable reads (Figure 3.11) 

Figure 3. 11 Standard scale showing observed percentage of usable reads (bars) and the 
percentage composition of genomic DNA of the four genera mixed in different ratios 
(dotted lines; Table 3.6). Black dotted line represents Ensifer, Enterobacter and 
Pseudomonas spp.; blue dotted line represents Rhizobium sp.  

Before the removal of plant DNA in the root blank, >50% reads were identified as either 

mitochondria or chloroplast. All other OTUs were formed of very few usable reads, with 

the maximum being 1039 reads (total out of 3 replicated samples). OTUs which had 

>100 root blank usable reads (>0.2% of total; 142 OTUs), represented ~51% (30,002 

reads) of the data. Alphaproteobacteria (18.8%), betaproteobacteria (16%) and 

actinobacteria (17.3%) made up the majority of the OTUs, while gammaproteobacteria 

(2.39%; Pseudomonas and Enterobacter spp.) and acidobacteria (2.2%) and rhizobial 

species were less abundant. Figure 3.12 shows the percentage composition of most 

abundant bacterial communities in root blank.  

Figure 3. 12 Percentage compositions of bacterial communities found in root blank 
(Section 3.2.3.1). Data is for 142 OTUs with >100 reads. 1% = ~300 reads. Other 
rhizobia= known nodulating bacteria (Table 3.9). 
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In nodules, OTUs which had >400 usable reads (>0.02% of total; 117 OTUs), represented 

99.9% of data. In roots, OTUs which had >1,000 usable reads (>0.1% of total; 131 OTUs), 

represented 93.4% data. In the rhizosphere, OTUs which had >1,000 usable reads 

(>0.14% of total; 266 OTUs), represented 45% data. These OTUs were termed abundant 

OTUs. 

Reads of abundant OTUs from nodule, root and rhizosphere samples were composed of 

85.4%, 30% and 0.228% reads identified as Rhizobium spp., respectively. Excluding these 

Rhizobium spp. and comparing the relative composition of abundant OTUs, nodule and 

root were more similar to each other than to rhizosphere (Figure 3.13) (See Figure A2.5 

in Appendix 2 for detailed graph). Other rhizobia (Table 3.9), alpha and beta 

proteobacteria and actinobacteria made up the majority of the OTUs and showed only 

slight differences. Pseudomonas, Enterobacter and Paracoccus spp., other 

gammaproteobacteria, firmicutes and oxalobacteriacae were present in the root and 

nodule in large numbers but were rare in the rhizosphere. Agrobacterium spp. was 

found in the root but was not found in nodules. Rhodoplanes spp., acidobacteria and 

bacteroidetes were present in the rhizosphere but were not found in roots or nodules 

(Figure 3.13). Rhizosphere samples contained more OTUs with low read counts or that 

were unidentifiable as compared with nodule or root abundant OTUs. 

Comparing the usable reads, rhizosphere communities clustered separately from the 

nodule and root communities in nMDS plot (Figure 3.14) and were more species rich 

than root and nodule communities (Figure 3.15). The nMDS plot (Figure 3.14) showed 

high similarity among rhizosphere samples (smaller ordihull area) and greater diversity 

from sample to sample in root and nodule samples (larger ordihull area). Only slight 

differences between root and nodule community clusters (large overlaps of ordihull 

area, Figure 3.14) and species richness (Figure 3.15) were observed. 
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Figure 3. 13 Comparison of percentage composition of identities of abundant OTUs in 
nodule, root and rhizosphere samples. Data does not contain Rhizobium spp.. 1% = 
~3,000 reads for nodule and rhizosphere and ~10,000 reads for root samples. Other 
rhizobia= known nodulating bacteria (Table 3.9). 

Figure 3. 14 Non-metric multidimentional scaling (nMDS) plot showing differences in 
bacterial communities between nodule, root and rhizosphere of white clover and 
subterranean clover. Data includes all usable reads. Each plotted point signifies one 
sample, the polygon (ordihull) connects outermost points within a group. For 
differences in bacterial communities, see Table 3.12. 
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Figure 3. 15 Rarefaction curve demonstrating species richnesss (alpha diversity) 
between nodule root and rhizosphere of white clover and subterranean clover. Data 
includes all usable reads. 

Ignoring the P fertilizer treatments, the overall bacterial community between 

subterranean and white clovers was different (PERMANOVA) in nodules (p< 0.05), root 

(p< 0.001) and rhizosphere (p< 0.001). Nodule communities of both clovers were equally 

(p= 0.21) species rich (alpha diversity), but were different in beta diversity (p< 0.01). 

Root communities between clovers were different in both alpha (p< 0.001) and beta (p< 

0.001) diversity measures. However, rhizosphere alpha (p= 0.335) and beta (p= 0.281) 

diversities were not affected by clover species. Figure 3.16 shows differences in 

clustering patterns in nMDS plots between two clover species. The larger area within the 

polygons signify more diverse samples within a group and the overlap of polygons 

signify differences between groups. 
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Figure 3. 16 Non-metric multidimentional scaling (nMDS) plot showing differences in bacterial communities between nodule, root and 
rhizosphere of white clover and subterranean clover. Data includes all usable reads. Each plotted point signifies one sample, the polygon 
(ordihull) connects outermost points within a group. P- values signify differences in the overall communities between samples from white and 
subterranean clovers. For detailed differences in bacterial communities, see Table 3.12. 
 

 

 

 

 

                           Nodule (p<0.05)              Root (p<0.001)                                     Rhizosphere (p<0.001) 
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Phosphate fertilizer treatment had a larger effect on bacterial community than the 

clover host (Table 3.12) and the effect of P treatment was stronger in nodule and root 

communities of subterranean clover than white clover. Mean percentage of Rhizobium 

spp. in nodules was 85.7% (range: 57-97%) for white clover and 86.2% (range: 72-99%) 

for subterranean clover. Excluding the Rhizobium spp., subterranean clover nodules had 

more gammaproteobacteria (especially Pseudomonas and Enterobacter spp.) (36.4%) 

than white clover nodules (14.5%) (Figure 3.17) (See Figure A2.5 a) in Appendix 2 for a 

detailed graph). White clover nodules had more alphaproteobacteria and actinobacteria 

(21.2% and 40.8%, respectively) than subterranean clover nodules (16.7% and 22.3%, 

respectively). More gammaproteobacteria were found in nodules of the high SP (36.2%) 

treatment than in the high RP (17.6%) and nil-P (25.8%) treatments and root blank 

(2.4%). 

Figure 3. 17 Comparison of percentage composition of identities of abundant OTUs in 
nodules of white and subterranean clovers. Data does not contain Rhizobium spp.. Other 
rhizobia= known nodulating bacteria (Table 3.9). 

Nodule communities of both white (p< 0.001) and subterranean (p< 0.001) clovers were 

affected by P treatments. Alpha diversities in both white (p< 0.01) and subterranean (p< 

0.05) clovers were affected by P treatments, with high SP fertilization showing higher 

species diversity, especially in subterranean clover (larger ordihull area). Communities in 

white clover nodules from high RP and high SP did not show differences from each other 
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(large overlap) while showing some difference from the nil-P soils (nMDS, Figure 3.18). 

The beta diversity in nodules of subterranean clover was affected by P treatment (p< 

0.05), but only a similar trend (p= 0.068) was seen in the white clover nodules (Figure 

3.18 and Table 3.12).  

Figure 3. 18 Non-metric multidimentional scaling (nMDS) plots (top) and rarefaction 
curves (bottom) showing differences in bacterial communities and species richness 
between nodules of white clover (left) and subterranean clover (right). Data includes all 
usable reads. 

Root communities responded to P treatment in a similar way to nodule communities, 

with high SP and high RP treatments resulting in higher species richness. Root 

communities of both white (p< 0.001) and subterranean (p< 0.001) clovers were 

affected by P treatments. Alpha diversities in both white (p< 0.001) and subterranean 

(p< 0.001) clovers were also affected by P treatments, with high SP fertilization 

producing a higher species diversity, especially in subterranean clover. The beta 

diversity in roots of white (p= 0.392) and subterranean (p= 0.357) clover were not 

affected by P treatment (Figure 3.19 and Table 3.12). 

White clover nodule            Subterranean clover nodule 
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Figure 3. 19 Non-metric multidimentional scaling (nMDS) plots (top) and rarefaction 
curves (bottom) showing differences in bacterial communities and species richness 
between roots of white clover (left) and subterranean clover (right). Data includes all 
usable reads. 

Species richness of rhizosphere communities responded differently from root and 

nodule communities. Rhizosphere communities in nil-P treatment were more species 

rich in both clovers (Figure 3.19). Rhizosphere communities of both white (p< 0.001) and 

subterranean (p< 0.001) clovers were highly affected by P treatments. Neither alpha (p= 

0.514) nor beta (p= 0.148) diversity of the white clover rhizosphere were affected by P 

treatment. In subterranean clover, alpha diversity was affected (p< 0.001) by P 

treatment, but beta diversity was not (p= 0.542) (Figure 3.20 and Table 3.12). 

Overall, greater effect of the soil P was seen in subterranean clover communities than in 

white clover communities. The effect of soil P treatment was the greatest on the 

rhizosphere communities (least overlap in polygons in nMDS, Figures 3.18, 3.19 and 

3.20), compared with nodule and root communities. 

White clover roots           Subterranean clover roots 
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Figure 3. 20 Non-metric multidimentional scaling (nMDS) plots (top) and rarefaction 
curves (bottom) showing differences in bacterial communities and species richness 
between rhizosphere of white clover (left) and subterranean clover (right). Data includes 
all usable reads. 

Table 3. 12 Summary of the effects of clover host and P fertilization treatments on 
bacterial communities of nodules, roots and rhizosphere.  

Treatment 
Total community 

p value          R2 (%) 

Alpha diversity 

p value 

Beta diversity  

p value 

Nodule     

Wc vs Sc 0.025* 2.7 0.21 0.007** 

Wc x P treatment <0.001*** 14.4 1.9x10-3*** 0.068 

Sc x P treatment <0.001*** 13.4 0.03* 0.025* 

Root     

Wc vs Sc <0.001*** 7.4 2.5x10-8*** <0.001*** 

Wc x P treatment <0.001*** 11.6 2.1x10-4*** 0.39 

Sc x P treatment <0.001*** 10.0 3.6x10-5*** 0.36 

Rhizosphere     

Wc vs Sc <0.001*** 8.8 0.34 0.28 

Wc x P treatment <0.001*** 19.4 0.51 0.15 

Sc x P treatment <0.001*** 28.1 6.9x10-6*** 0.54 

Wc= white clover; Sc= subterranean clover. ‘*’, ‘**’, ‘***’= significantly different at (p< 

0.05), (p< 0.01) and (p< 0.001) based on PERMANOVA with 999 permutations. 
 

White clover rhizosphere          Subterranean clover rhizosphere 
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 Discussion 

In this chapter, the aim was to identify the PSB collected in Chapter 2 and assess the 

behaviour of bacterial populations in response to host and P fertilization. While the 

single largest genus was Rhizobium spp., less than half of PSB were identified as R. 

leguminosarum, the specific nodulating species for both white and subterranean clover. 

Sixty seven percent of the PSB were identified as non-rhizobia. Moreover, most PSB 

were recovered from subterranean clover nodules and high P soils. This was an 

unexpected result because the isolates were collected from inside the nodule and 

isolated by streaking on rhizobia specific medium (YMA). These findings were confirmed 

by profiling the bacterial community with Illumina sequencing. 

3.4.1 Effect of soil P and host on PSB and microbiome 

The genus composition of PSB was representative of bacterial composition in the 

nodules. Rhizobium spp. was the single largest genus of PSB, followed by the 

gammaproteobacteria (Pseudomonas spp. and Enterobacter spp.) and a few less 

abundant genera. This trend was also seen in the bacterial profiles in both the 

sequencing experiments. The PSB collection however, was not entirely representative of 

the nodule microbiome as the selection was based upon the ability of P solubilization. 

Rhizobium spp. formed smaller halos and solubilized less P than gammaproteobacteria 

(Chapter 4), therefore, gammaproteobacteria were more likely to be selected by 

screening. Other reports (Nautiyal, 1999; Vazquez et al., 2000; Mander et al., 2012) have 

also claimed that Pseudomonas, Enterobacter and Bacillus spp. are common P 

solubilizing bacteria and show the strongest activity (Rodríguez and Fraga, 1999). All the 

less abundant bacterial genera identified in the PSB were shown to be present in small 

numbers in nodules in this chapter and previously by Leite et al. (2017). Herbaspirilium 

spp. (previously Pseudomonas spp.), which are known to fix nitrogen, have also been 

reported to be isolated from nodules of Phaseolus vulgaris by Valverde et al. (2003). De 

Meyer et al. (2015) were able to isolate all of the PSB genera from nodules of different 

legumes, but, not all those genera were found in clover nodules. This may be because 

the study included only 1-5 nodules each from 11 species of legumes (total 23 nodules). 
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Our study comprised of 1915 nodules, therefore the chances of finding more genera 

were exponential. 

Subterranean clover had more gammaproteobacteria PSB in the nodules than the white 

clover nodules, while having a comparable number of Rhizobium spp.. This trend was 

also seen in the sequencing data, which showed ~86% Rhizobium spp. reads in both 

clovers, but more gammaproteobacteria in subterranean clover than white clover 

nodules and roots. Both clovers had many fold more gammaproteobacteria than the 

root blank. The overall species richness of white and subterranean clovers were not 

different (ignoring the P treatment), but P treatment had a huge impact on species 

richness. This effect was small on the white clover nodule and root communities, but the 

effect was much greater on subterranean clover, where the greatest impact was from 

the application of superphosphates, followed by rock phosphates. P treatment also 

impacted the beta diversity in subterranean clover, but did not affect white clover. 

Caradus (1980) and Moir et al. (2012) have shown that subterranean clover is less 

efficient in gathering soil P on its own. The plant has a strong influence on the bacterial 

communities in and around its roots and can selectively promote some communities in 

the endosphere as compared with the surrounding soil (Peiffer et al., 2013; Edwards et 

al., 2015). Therefore, it is highly likely that subterranean clover makes associations and 

actively recruits non-rhizobia, especially gammaproteobacteria to aid in P acquisition. 

P fertilization treatment affected endophytic bacterial communities, and this impact was 

greater than the effect of clover host. A stronger effect of soil than plant genotype was 

also reported by Leite et al. (2017). Different effects of P treatments were seen in plant 

(nodule and root) and rhizosphere samples. For plant samples, greater species diversity 

was seen in high SP, followed by high RP and nil-P treatments, whereas, rhizosphere 

samples showed the opposite trend. In Chapter 2, PSB frequency was linked to soil P 

content, which suggested possible selection of bacteria that could solubilize more P. The 

sequencing data associated high P with more species diversity. Moreover, the fertilizer 

type used, strongly affected subterranean clover communities while having little effect 

on white clover communities. These observations together suggest that subterranean 

clover recruits more non- rhizobia as a result of P levels and type in soil, to both the 

nodule and root. In the rhizosphere, more diversity was found in nil-P treatments than 
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in fertilized treatments. Hu et al. (2009) found an increase in PSB incidence in 

rhizosphere with decrease in soil P, while Mander et al. (2012) found the opposite. The 

study by Mander et al. (2012) is more comparable to this experiment because the trial 

site was the same (Winchmore). Higher diversity however, may not mean a high number 

of bacteria capable of PS; and a comparison of rhizosphere diversity is not possible to 

the PSB collection in this research, as they were not collected from the rhizosphere soil, 

but from within the nodules. This was the first such study associating P fertilization 

history with the nodule, root and rhizosphere microbiota. Despite soil playing a bigger 

role, host recruitment effect on the microbiota was significant. The role of such active 

recruitment by the plant needs more research as a better understanding of this 

relationship can improve inoculation technologies in the future. 

3.4.2 Illumina sequencing protocol and analysis 

Illumina® sequencing is a powerful tool for microbial community analysis, but the data 

can be high in noise due to contamination, non-overlapping paired end reads, jumped 

tags (Schnell et al., 2015) and plant DNA related read losses. The single biggest reason 

for data loss was due to plant mitochondria and chloroplast amplification with universal 

16S rRNA primers. Learning from the pilot study, these data losses were 1) prevented to 

a large extent by the use of PMA before DNA extraction. The dye also helped in reducing 

the reads of bacteria only on the surface (Tantikachornkiat et al., 2016), and 2) 

removed/ identified by root blank and water blank. Another common defect with the 

technique is PCR bias towards some genera and towards more abundant sequences, 

which often gives an incorrect measure of relative abundance in the sample (Kanagawa, 

2003; Vestheim and Jarman, 2008; Kebschull and Zador, 2015). Since the PCR was run 

for 35 cycles, the standard scale was used as a measure to correct for such 

discrepancies. The sequences produced for the standard scale were proportional to the 

prepared bacterial composition, therefore indicating that the sequencing data were able 

to provide a realistic representation of relative abundances in the samples. A slight PCR 

bias towards Enterobacter spp. was observed, which resulted in a slight decrease in 

relative abundance of Ensifer and Pseudomonas spp. at lower concentrations. A 

combination of careful handling, learning from the pilot study and use of blanks and 
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standards helped in standardising the process to get a realistic representation of 

bacterial communities from the samples. 

The database for taxonomic identification was changed from RDP in the pilot 

experiment to Greengenes in the main sequencing experiment. This was because RDP 

could only differentiate to the genus level while Greengenes could provide species level 

identification, and in most cases, both databases provide a comparable identification 

(Schloss et al., 2016; Balvočiūtė and Huson, 2017). The sequencing data was analysed 

with standard functions commonly used in recent community studies due to various 

reasons. For the visualization of the data, nMDS plots were preferred over other 

ordination methods such as constrained ordination (cca) as nMDS is non- parametric 

(Clarke, 1993), therefore the algorithm does not assume any linear relationships and 

does not rely on normally distributed data (Oksanen, 2017). This was important as 

Illumina sequencing data for community analysis usually contain many ‘0’ values and 

rare OTU’s which may lead to non-accurate analysis. Ordihull (polygon connecting 

outermost points of a group) visual representation is commonly used in various 

community analysis studies (Goldmann et al., 2015; Wood et al., 2017). It was preferred 

over other representations as it is easier to visualise overlaps and separations of 

treatments. Alternatively, other methods such as ordiellipse, ordispider and ordicluster 

(Oksanen et al., 2007; Oksanen et al., 2015) may be used as well, as they aid in 

visualization of groups, but do not affect the statistical tests, which were performed 

with different functions. 

3.4.3 Non- rhizobial entry into the nodule 

The most likely mode of entry of non-rhizobial bacteria in the nodules was via the root. 

Excluding the Rhizobium spp., abundant OTUs composition of other rhizobia, 

actinobacteria, alpha and beta proteobacteria were similar across all sample types, even 

in the root blank (except betaproteobacteria). Except for these four groups, rhizosphere 

composition was different to that of root and nodule samples. Root samples had ~30% 

Rhizobium spp. which may be the leftover infection thread (Gage, 2004), as the root 

samples were collected from the base of the nodule. The root blank had higher than 

expected bacterial communities, but the total number of reads were far less than other 
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samples. However, the root blank composition may mean that some other rhizobia, 

actinobacteria and alphaproteobacteria may have come from the commercial seed. 

Rhizosphere was more species rich, with many unidentified OTUs. Soil contains many 

unculturable bacteria, which are not entered in curated databases such as Greengenes 

(DeSantis et al., 2006), but can be identified using GenBank. This could increase 

misidentification and chimera identification.  

Root and nodule showed similar patterns of species diversity with changes in clover host 

and P treatment. Nodule formation is initiated by a single (or very few) rhizobial cells 

and the process is very specific. Therefore, it is not likely that genera other than 

Rhizobium would be able to form a nodule on clovers. So the presence of non-rhizobial 

bacteria in the nodule is most likely due to active recruitment by the host to colonise the 

root (not nodule directly) and then either 1) formation of a nodule around it or, 2) entry 

into the nodule via the root. Some bacteria may also gain an entry into the nodule 

through the infection thread, as shown by Zgadzaj et al. (2015) in Lotus japonicum, 

where R. mesosinicum entered the nodule along the infection thread created by M. loti. 

Another similar report showed P. florescens and Klebsiella pneumoniae invading the 

nodule of Vigna radiata through the infection thread created by E. adhaerens  (Pandya 

et al., 2013). Other modes of entry can be root injuries and junctions between root and 

nodules, as speculated by Leite et al. (2017). The non-rhizobial bacteria, especially 

gammaproteobacteria thus, were possibly recruited by the plant to colonise the root, 

and then gain entry into the nodule. 

3.4.4 Conclusion 

This was the first such study associating soil P types and levels with root associated 

microbiome. This study also reported how different hosts may affect their microbiome 

in different ways based upon the soil P. This three way association is most likely due to 

the PS activity of some bacteria. Due to the analysis of nodule-neighbouring root 

segment along with the nodule, this study could shed light on the possible mode of 

entry in the nodule, and identify that the non-rhizobial nodule inhabitants are perhaps 

not specifically recruited only to the nodule, but the whole root. The non-rhizobial 

nodule inhabitants in the previous studies (Leite et al., 2017; Wigley et al., 2017) may 
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therefore as well be a reflection of the root community. Such similar studies may 

therefore be able to further our understanding of plant-microbe-soil interactions, which 

would be helpful in understanding more of the beneficial microbial functions. 

This chapter focussed on the bacteria communities of PSB from the nodule and the 

effect of clover host and soil P levels on the bacterial communities in the nodule, root 

and rhizosphere. PSB with a stronger PS activity (gammaproteobacteria) were more 

abundant in nodules of subterranean clover and in higher soil P environments. Both 

these observations were confirmed using the bacterial community profiling technique, 

Illumina sequencing. This strongly suggests that the plant may have a role in selectively 

recruiting soil bacteria for P solubilization. This technique also helped in understanding 

the possible mode of entry of bacteria in the nodules. 
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4 CHAPTER 4 

In vitro P solubilization and N fixation by PSB 

 Introduction 

Field and glasshouse experiments are the final phase to test new organisms for 

agricultural use. Inoculants in these experiments are exposed to environmental variables 

that are normally controlled under laboratory conditions. These tests are important to 

validate the laboratory results but can also be expensive and labour intensive, so large 

numbers of inoculants cannot be evaluated under these conditions. Selection of the 

most promising candidates must be achieved by other methods. Therefore, this chapter 

studied the in vitro PS and N fixation of the 79 PSB to select the most suitable strains for 

plant growth experiments, and in the process, increase the mechanistic understanding 

of PS and compare different PSB genera for their relative activity. 

Phosphate solubilization is a result of release of organic acids by the bacteria (Halder et 

al., 1990; Mander et al., 2012). This decreases pH, which is the most accepted reason 

behind the activity, however, since inorganic acids at the same pH have been shown to 

be ineffective at solubilizing P (Kim et al., 1997), other sub mechanism(s), such as proton 

extrusion and/ or metal ion chelation have also been associated with PS. Additionally, 

halo sizes are assumed to be semi quantitative (Rodríguez and Fraga, 1999), and may 

not be a strong indication of the quantity of P solubilization by the PSB strains. 

Therefore, measuring the amount of P solubilized by a strain is important to assess its 

potential impact (Nautiyal, 1999; Bashan et al., 2013b, 2013a). This chapter quantifies 

the amount of HA solubilized by each PSB and establishes its relationship with pH, halo 

size and PSB genus. 

It is unclear if secretion of organic acids by bacteria is to make P available for their own 

metabolism (i.e. organic acids are secreted in response to P starvation) or as a metabolic 

by-product (i.e. a side effect of some other activity) (Mander et al., 2012). If the activity 

is intrinsic, it is likely that presence of ample soluble P would reduce/ decrease the P 

solubilization. A small reduction in production of PS related enzymes has been reported 
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by Castagno et al. (2011) and An and Moe (2016) in presence of soluble P. Agricultural 

systems often have large P inputs in soluble superphosphate forms. If these inputs 

downregulate PS by bacteria, it will limit the utility of inoculant application. Therefore, 

this chapter tested the ability of PSB to solubilize HA in presence of soluble forms of P. 

Gluconic acid is the organic acid most commonly associated with PS (Lin et al., 2006; 

Mehta et al., 2015), which is produced by the direct oxidation of glucose by the PQQ-

GDH (pyrroloquinoline quinine- glucose dehydrogenase) (Kim et al., 2003; Oteino et al., 

2015). Thus, glucose is a substrate for PS activity and a decrease in PS in absence of 

glucose has been shown before (Castagno et al., 2011). PS activity utilizing other C 

sources may suggest alternate mechanisms by some PSB strains. Mannitol was selected 

as an alternate C source for the experiments as 1) rhizobia and certain soil bacteria 

readily utilize it and it is commonly used in rhizobia specific media such as YMA, 2) it is 

used in many commercial rhizobial formulations (Albareda et al., 2008; Bashan et al., 

2014), and 3) it induces PQQ-GDH synthesis (van Schie et al., 1985). This chapter 

therefore compared the PS activity of all PSB genera in presence of either glucose or 

mannitol as the sole C source.  

N fixation and P solubilization are intricately linked to each other; N fixation is limited by 

P availability, and PS is affected by N form and availability (Gyaneshwar et al., 2002). A 

single inoculant that can fix N and solubilize P may be beneficial for plant growth. 

Rhizobia fix nitrogen and were the most common (Chapter 3) PSB in nodules. Firmicutes 

and ɣ-proteobacteria have also been shown to fix nitrogen while living freely (Mirza and 

Rodrigues, 2012; Zhan and Sun, 2012) and in recent years, Pseudomonas spp. have also 

been shown to induce nodulation (Shiraishi et al., 2010; Huang et al., 2012; Wigley, 

2017). This chapter therefore identified those PSB that could nodulate and fix N, taking 

both, functional (inoculation of white clover) and genetic (amplification of nodulation 

and N fixation genes) approaches. 

 

 

 



98 

In this chapter the main goal was to select the most suitable candidate PSB strains for 

plant growth experiments. This goal was divided into two main objectives: 

i. In vitro assays were used to 1) quantify the amount of P solubilized and establish 

the relationship with pH and halo size, 2) assess PS activity in presence of soluble 

P and, 3) assess PS activity utilizing mannitol as the sole C source. 

ii. Functionally and genetically identify capacity for nodulation and N fixation by the 

PSB strains. 
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 Materials and methods 

4.2.1 Quantification of P solubilized by PSB 

Twenty l culture stocks of all 79 PSB (selected in Chapter 2) and R. leguminosarum bv. 

trifolii strains TA1, WSM1325, ADsub1G and ADsub1H were used to inoculate 5 ml YMB 

(Appendix 1) in a 15 ml sterile tube. This starter culture was grown for 36 to 48 h at 28°C 

and shaking at 220 rpm (ProBlot 12S, Labnet, USA). One ml of the culture was pipetted 

into a clean cuvette and the optical density at 600 nm (OD600) of each culture was 

measured with a spectrophotometer (6305, Jenway, United Kingdom). This value was 

used to calculate the number of colony forming units (cfu) /ml using the formula 

(cfu/ml= (OD600 × 108)/ dilution factor). The dilution factors used were 0.176 for 

Rhizobium and Burkholderia spp. and 0.49 for other genera. These were calculated from 

the data presented in Weir (2006) and Kim et al. (2012), respectively. The required 

volume of cultures were transferred to 1.5 ml tubes and centrifuged (mini spin plus, 

Eppendorf, Germany) at 10,000 g for 5 min and the supernatant was discarded. The 

pellet was re-suspended in normal saline (0.85% w/v NaCl in ultrapure water) to equal 

concentrations for each inoculum suspension.  

NBRIP broth (Nautiyal, 1999) was modified by replacing TCP with HA (equal gram 

equivalents of PO4
2-) (Appendix 1). Ten ml of this broth was placed in a 15 ml tube and 

each tube was inoculated with 1 × 107 cfu of each strain. There were three replicate 15 

ml tubes per strain.  A set of three 15 ml tubes was inoculated with sterilized 100 μl 

normal saline (0.85% w/v NaCl in ultrapure water) as a negative control / blank for the 

detection step. 

The cultures were grown in a shaker incubator at 28°C and 240 rpm. Care was taken to 

place the tubes horizontally to avoid settling of HA at the narrow bottom of the tubes. 

On days 4, 8, 12 and 16, the tubes were opened and 1 ml of each suspension was 

transferred to a separate 1.5 ml tube and these were centrifuged at 14,000 g for 15 min. 

The supernatant was transferred to a clean 1.5 ml tube carefully avoiding the pellet. 

Approximately 50 µl drop of this supernatant was used to measure the pH using a small 

volume pocket pH meter (model number S2K712, ISFETCOM, Japan). 
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The remaining supernatant was used to measure the amount of soluble P using a 

method modified from Murphy and Riley (1962). Molybdenum blue reagent was freshly 

prepared by combining 2.5 M H2SO4, 4% (w/v) ammonium molybdate, 0.274% (w/v) 

potassium antimonyl tartarate, 0.0176% (w/v) ascorbic acid in a ratio of 10: 3: 1: 6 

(detailed method in Appendix 1). Supernatants from each sample were diluted to 

1/100th or 1/200th concentrations to fit within the detection limit of the 

spectrophotometer, the readings were later adjusted by multiplying by the dilution 

factor. Twenty five µl of the molybdenum blue reagent was combined with 100 μl of 

supernatant in a 96 well microtiter plate and the colour was allowed to develop for 20- 

25 min. The microtitre plate was read with Multiskan GO microplate spectrophotometer 

(Thermo Fisher Scientific) at 880 nm in precision scan mode. Two sets of standards with 

known phosphorus concentrations of 0, 0.5, 1.0, 1.5, 2 and 2.5 ppm (KH2PO4 diluted 

with ultrapure water) were included in each microtiter plate to allow preparation of the 

standard curve. The absorbance values of standards were used to calculate phosphorus 

concentrations of supernatant with Excel® (Microsoft Corporation) using the function: 

=TREND([standard concentrations],[standard absorbances],[unknown absorbance]) 

Statistical analyses were done using GenStat 16 (VSN International) or Minitab 17 

(Minitab, Pensylvania, U.S.). Linear regression analysis was used to relate the amount of 

P solubilized to pH. Pearson’s correlation was used to compare halo sizes with amounts 

of P solubilized whereas ANOVA and Fisher’s protected least significant difference (LSD) 

was used to compare P solubilization by bacterial genera. 

4.2.2 Effect of P availability on halo sizes of PSB  

The standard HA medium recipe (Appendix 1) was amended in two ways. Firstly, by 

adding 0.5 g/l KH2PO4 and, secondly, by replacing the HA with 0.5 g/l KH2PO4, this made 

three variants, one with only insoluble P, one with only soluble P and one with both. A 

set of six Petri plates, with duplicates of each of the media variants, were inoculated 

with ~5 μl of thawed culture stocks (-80°C) for each of the 79 PSB. The plates were 

incubated at 25°C for 16 days in the dark. The colony and halo sizes on plates containing 

HA were measured on day 16 as described in Section 2.2.4.1 and colony sizes were 
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measured on plates containing KH2PO4 only. The differences in colony and halo sizes 

were evaluated with ANOVA using GenStat16 statistical software. 

4.2.3 Effect of replacement of glucose with mannitol on PS phenotype 

The standard HA medium (Appendix 1) was amended by replacing glucose with 10 g/l 

mannitol, so as to make two variants, one containing glucose and one containing 

mannitol as the sole carbon source. A set of four plates, containing duplicates of each of 

the variant C sources, were inoculated individually for each of the 79 PSB and were 

grown as described in Section 4.2.2. The halo sizes were measured on day 16 as 

described in Section 2.2.4.1. ANOVA was used to compare differences in halo sizes. 

4.2.4 Nodulation and nitrogen fixation abilities of PSB 

4.2.4.1 Amplification and sequencing of nodulation and nitrogen fixation genes of 

PSB 

The genomic DNA of all 79 PSB extracted in Section 3.2.1.1 was used to amplify N-

acetylglucosaminyl transferase nodulation protein C (nodC) and nitrogenase iron protein 

(nifH) gene fragments. R. leguminosarum strain TA1 genomic DNA was used as the 

positive control. PCRs were prepared as described in Section 3.2.1.2 using primers and 

reaction conditions shown in Tables 4.1 and 4.2. Electrophoresis was carried out as 

described in Section 3.2.1.2 and PCR amplicons were sequenced in one direction 

(Section 3.2.1.2) using the forward primers. If an unambiguous sequence read was not 

achieved, the reverse primer was used for sequencing and the sequences were reverse 

complemented before alignment. Any ambiguous bases from the ends of the sequences 

were removed using Sequence Scanner v1.0 (Applied Biosystems). The sequences were 

aligned for identification using BLASTn and phylogenetic assessment was carried out as 

described in Section 3.2.1.4. 
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Table 4. 1 Primer sequences used for amplification of nodC (~620 bp) and nifH (~320 bp) 
gene fragments. 

Gene  Primer Sequence (5'-3') References 

nodC  nodCF540 TGA TYG AYA TGG ART AYT GGC T (Sarita et al., 2005) 
  nodCR1160 CGY GAC ARC CAR TCG CTR TTG  

nifH  polF TGC GAY CCS AAR GCB GAC TC (Poly et al., 2001) 
  polR ATS GCC ATC ATY TCR CCG GA  

Table 4. 2 Reaction conditions used for amplification of nodC and nifH gene fragments. 

PCR Temperature Time Cycles 

nodC 95°C 3 min 1 

 94°C 30 sec 

x 35  55°C 30 sec 

 72°C 45 sec 

 72°C 7 min 1 
 4°C ∞  
nifH 95°C 3 min 1 

 94°C 30 sec 

x 35  61°C 30 sec 
 72°C 45 sec 

 72°C 7 min 1 
 4°C ∞  

 

4.2.4.2 Nodulation of white clover by non- rhizobial PSB 

All the PSB which were identified (Section 3.3.1) as being from genera not associated 

with nitrogen fixation (53 PSB; except Rhizobium spp. and Burkholderia sp.) were tested 

for their ability to nodulate white clover.  Rhizobium leguminosarum strain TA1 was 

used as positive control. Starter cultures of PSB and strain TA1 were grown, OD600 was 

measured and inocula were prepared (2 × 106 cfu/100 μl) as described in Section 4.2.1.  

Fifty ml tubes were filled with 35 ml medium grade vermiculite (Exfoliators Australia 

private limited, Australia). Twenty ml McKnights’ solution (McKnight, 1949; Unkovich et 

al., 2008) (Appendix 1) supplemented with 1 mM NH4NO3 was slowly poured along the 

sides of the tube. The tubes were lightly capped and placed in trays and autoclaved at 

121°C and 15 psi for 15 min.  
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White clover cv. ‘Tribute’ seeds were surface sterilized (Section 2.2.3.1) and air dried in 

a laminar flow hood. Using flame sterilized forceps, single seeds were placed in the 

centre of the vermiculite bed in each of the 50 ml tubes. The tubes were covered with 

sterile clear tape and allowed to germinate for 6-7 days in a growth cabinet (Conviron 

A1000, Canada) at 22°C - 24°C under 16 h light/ 8 h dark conditions. Figure 4.1 shows an 

example of the tube set up. 

Figure 4. 1  An example of the set up used to test the nodulation by non-rhizobial PSB. 
The germinated seedling of white clover is 7 days old and was inoculated at 
approximately this stage. 

One hundred μl of prepared inoculum was used to inoculate each tube carefully at the 

base of the seedling. Each PSB inoculum was inoculated into three replicated tubes and 

a set of three tubes was inoculated with 100 μl normal saline (0.85% w/v NaCl in 

ultrapure water) as a negative control. The 50 ml tubes were randomly arranged in trays 

in a randomised  block design (Researchrandomiser.org) (Urbaniak and Plous, 1997) and 

allowed to grow into the growth chamber for another five weeks. 

At the end of the growth period, the tubes were opened and plants were extracted 

carefully with a pair of forceps. The plants were examined using a magnifying glass and 

the presence of nodules, if any, was recorded. Shoots were excised and placed in 

individual paper bags and dried in a drying oven at 60°C for 24 h - 36 h. Once dry, the 

shoots were individually weighed using a fine weighing balance (Extend, Sartorius, 

Germany). Dry weights were compared by ANOVA and Fisher’s protected LSD using 

GenStat16 statistical software. 

Base of seedling (inoculation point) 

Vermiculite with nutrient solution 
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4.2.4.3 Symbiotic potential: Nitrogen fixation in white clover by PS rhizobia 

All the PSB which were identified (Section 3.3.1) as Rhizobium spp. (24) and 

Burkholderia sp. (1) were included in this section. R. leguminosarum strains TA1 and 

WSM1325 were used as commercial controls and strains ADsub1G and ADsub1H for 

comparison to known phosphate solubilizing rhizobia. Inocula were prepared to a 

concentration of 2 × 106 cfu/100 μl as described in Section 4.2.4.2.  

Medium grade vermiculite was tightly packed in 250 ml pottles and 143 ml of 

McKnight’s solution supplemented with 0.1 mM NH4NO3 (McKnight’s Min N) (Liu et al., 

2012) was added. The pottles (without lids) were autoclaved (121°C; 15 min). Six holes, 

each 3-5 mm in size, were made equidistant from each other on the lids of the pottles 

and the lids were separately sterilized by soaking in 0.5% NaOCl overnight and rinsing in 

sterilized reverse osmosis (RO) purified water just before use. For watering the pottles, 5 

ml pipette tips were cut at the dispensing end and then autoclaved (121°C; 15 min). 

The system was assembled in a laminar air flow by closing the lid of the pottle and 

inserting the 5 ml pipette tip through one of the holes in the lid. Surface sterilized white 

clover cv. ‘Tribute’ seeds were planted at a rate of 2-3 seeds per hole and allowed to 

germinate for 6-7 days in a growth room at 22°C - 24°C under 16 h light/ 8 h dark 

conditions. An example of the pottle assembly is given in Figure 4.2. 

Figure 4. 2 An example of the set up used to measure the nodulation and nitrogen 
fixation ability of PS rhizobia. 

5 ml pipette tip for watering 
 

 
 
 
Holes for seed planting 
 

 
Vermiculite with nutrient solution 
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After germination, any holes with > 1 seedling emerging were thinned to a single 

seedling, leaving only five seedlings per pottle (one per hole). Using a pipette, 100 μl of 

each inoculum was dispensed at the base of each seedling. Each strain was used to 

inoculate all plants in five replicated pottles, each of which contained five seedlings (5 

pseudo-replicates × 5 replicated pottles = 25 plants per inoculum). Five pottles were 

treated with 100 μl per plant of normal saline (0.85% w/v NaCl in ultrapure water) as an 

uninoculated control. Another set of five pottles recieved 230 μl per plant of autoclaved 

1 M NH4NO3 on day 7, to simulate high fertilization rates and this was used as a positive 

control. The pottles were covered with plastic bags, divided into replicates and arranged 

in randomised block design and allowed to grow for another six weeks. Weight loss from 

pottles was monitored every week and autoclaved ultrapure water equal to the amount 

of weight loss was added through the 5 ml pipette tip. 

After the growth period, plants were extracted from the pottles and their roots washed. 

The presence of nodules and, if present, their colour (pink/ red / white) was recorded. 

Shoots were excised from roots and placed in separate paper bags. The bags were dried 

and dry weights were recorded as described in Section 4.2.4.2. Dry weights per pottle 

were calculated using Excel® (Microsoft Corporation) and compared by ANOVA and 

Fisher’s unprotected LSD using Genstat 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 

 Results 

4.3.1 Quantity of P solubilized by PSB 

Of the 79 PSB, quantification of PS was possible for 72. The other seven, did not grow on 

NBRIP broth after two attempts, despite being viable. Of the seven PSB which could not 

be measured, two were Bacillus spp. and one each of Leifsonia, sp., Variovorax sp., 

Ralstonia sp., Herbaspirillum sp., and Novosphingobium sp. 

A decrease in pH was observed in all cultures, over all days of observation. This ranged 

from 6.2 to 4.1, decreasing from the initial media pH of 6.5 (NBRIP broth post 

autoclaving). The amount of solubilized P on day 16 ranged from 5.4 ppm to 222 ppm, 

increasing from the initial 2.36 ppm. Linear regression analysis between pH and amount 

of P solubilized revealed a relationship (R2= 0.714) over all days of observation. The 

amount of soluble P increased (p<0.001) with decrease in pH. A similar relationship was 

also observed on all individual days of observation (Day 4 R2= 0.836; day 8 R2= 0.904; 

day 12 R2= 0.863; day 16 R2= 0.756) (Figure 4.3). 

Figure 4. 3 Linear regression model predicting the amount of P solubilized with the 
change in pH over all days of observation. Initial pH= 6.5; Initial P concentration= 2.36. 
Trendline and equation is for all days of observation combined. 
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P solubilization increased rapidly from day 0 to day 4 and then showed a small but 

steady increase by days 8 and 16. The trend was similar for all genera except 

Enterobacter spp., where the peak of soluble P was observed on day 8 and then a steady 

decline was seen on days 12 and 16. The amount of P solubilized by each genus differed 

(p<0.001) (Figure 4.4 a). Rhizobium spp. solubilized the least amount of P and resulted in 

the least decrease in pH (Figures 4.4 a and b), ranging from 8.43 ppm to 123.1 ppm of 

soluble P (day 16). The most P was solubilized by Enterobacter spp. (day 8: 123.6 to 

158.3 ppm; day 16: 115.8 to 151.4 ppm) and Pseudomonas spp. (day 16: 154.1 to 214.5 

ppm), followed by Variovorax spp. (day 16: 88.8 to 222.4 ppm). The amount of P 

solubilized was not related to the clover host (p=0.108) or the soil site (p=0.874) that 

PSB were originally collected from. 

Figure 4. 4 Mean of (a) amount of soluble P and (b) pH measured on days 4, 8, 12 and 16 
(n= 72; Rhizobium spp. n= 24; Enterobacter spp. n= 23; Pseudomonas spp. n=13; 
Variovorax spp. n= 8). Negative control = inoculated with sterile saline water. Error bars 
are SEM at α= 0.05. 
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The decline of soluble P produced by Enterobacter spp. was accompanied by a rise in pH, 

but the pH rise was not accompanied by re-precipitation of as much P as was solubilized 

(Figure 4.5). 

Figure 4. 5 Scatterplot between pH and concentration of soluble P on days 8 and 16 
showing the difference in solubilization pattern of Enterobacter spp. and the other three 
major genera of PSB. 

The amount of P solubilized had a weak positive correlation with the halo sizes collected 

in Chapter 2, on all days of observation (p<0.001) (Day 4 r= 0.604; day 8 r= 0.682; day 12 

r= 0.595; day 16 r= 0.468), with the correlation strongest on day 8 and weakest on day 

16. Halo sizes and the amount of soluble P produced by commercial strains R. 

leguminosarum WSM1325 and TA1 and known, tested PSB, R. leguminosarum ADsub1G 

and ADsub1H are given in Table 4.3. The mean amount of soluble P and halo sizes of all 

the PSB is available in Appendix 2.2 (Table A2.2). 

Table 4. 3 Halo sizes, pH and amount of P solubilized by control strains, Rhizobium 
leguminosarum strains WSM1325, TA1, ADsub1G and ADsub1H.  

Inoculant 

 

Halo 

size 

(mm) 

Mean pH Mean amount of soluble P (ppm) 

Day 

4 

Day 

8 

Day 

12 

Day 

16 
Day 4 Day 8 Day 12 Day 16 

WSM1325 0.0 6 5.3 5 4.6 13.64 53.6 112.3 148.5 

TA1 0.5 4.7 4.8 4.8 4.9 86.45 154.2 148.07 139.67 

ADsub1G 3.04 4.8 4.8 5 5.5 76.35 140.9 136.25 120.18 

ADsub1H 4.46 5.1 5 4.9 4.7 35.62 120.1 129.77 146.27 
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4.3.2 Effect of P availability on halo sizes of PSB  

None of the 79 PSB lost their ability to form a halo on HA media when supplied with 

soluble P. Addition of soluble P (KH2PO4) to HA media did not affect the halo sizes 

(p=0.311) or colony sizes (p=0.779) of either of the PSB. 

4.3.3 Effect of replacement of glucose with mannitol on PS phenotype 

Of the 79 PSBs, 30 did not produce halos when they were supplied with mannitol 

instead of glucose as the sole C source. The PSB that could not form a halo in HA- 

mannitol media, were mostly from Rhizobium and Variovorax genera. 

Mean halo sizes produced by PSB decreased (p<0.001) from 2.91 mm on glucose-HA 

media to 1.33 mm on mannitol-HA media. A decrease in halo sizes was observed for 

each of the PSB genera (p<0.001). PSB of Enterobacter spp. showed a greater (p<0.001) 

mean halo size than all other genera in mannitol-HA media (Figure 4.6).  

Figure 4. 6 Mean sizes of halos produced by PSB from different genera on HA medium 
with glucose and mannitol. Error bars are SEM at α=0.05. Different letters represent 
significantly different means. Upper and lower case letters are different sets. 
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4.3.4 Nodulation and nitrogen fixation by phosphate solubilizing bacteria 

4.3.4.1 Amplification and sequencing of nodulation and nitrogen fixation genes of 

phosphate solubilizing bacteria 

Of the 24 PS rhizobia, only 11 produced bands for both nifH and nodC gene specific 

primers (Figure 4.7 b and c). Of the 55 non-rhizobial PSB isolates, none were amplified 

by either nifH or nodC gene primers (Figure 4.7 a). All the amplified nodC and nifH gene 

sequences were identified as belonging to R. leguminosarum bv. trifolii.  

Figure 4. 7 Agarose gels showing bands for PSB with primers nodC and nifH. a) non-
rhizobial PSB amplified with nodC; PS rhizobia amplified with b) nodC and c) nifH 
primers. λ= 1 kb DNA plus ladder; -ve = PCR with no template DNA; TA1= R. 
leguminsarum bv. trifoli strain TA1. Gels do not show all PSB isolates. 

All 11 sequences for both nodC and nifH genes showed high similarity and clustered 

together (Figure 4.8 a and b). The nodC sequences (459 bp) were >99% similar to each 

other, the commercial strain TA1 and the type strain ATCC14480. The nifH sequences 

(254 bp) were 98.65% similar to each other and to R. leguminosarum strains TA1 and 

WSM1689 (type strain). For both genes, PSB strain 51HS was identical to strain TA1, 

while strain 66HS diverged on a separate branch from other PSBs. More variation in 

sequences of both genes was seen in PSBs isolated from subterranean clover, than in 

PSB’s isolated from white clover. 

a) 

c) 

b) 

λ   -ve  TA1 <---------------------------non rhizobial PSB------------------------------------------> 

λ     <-----------------------------    PS rhizobia   ----------------------------------------->   -ve  TA1 

λ     <------------------------------  PS rhizobia    ---------------------------------------->   -ve  TA1 

500 bp 

500 bp 

500 bp 

~620 bp 

~320 bp 

~620 bp 
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Figure 4. 8 Phylogenetic trees for genes a) nodC (459 bp) which was rooted with type 
strains Rhizobium leguminosarum bv. viciae strain USDA2370 and Rhizobium pisi strain 
DSM30132; and b) nifH (254 bp) which was rooted with type strain Rhizobium etli strain 
CFN42. R= Rhizobium spp.; ● = isolated from white clover nodule; ○= isolated from 
subterranean clover nodule; □ = type strains. 

a) nodC 

b) nifH 
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4.3.4.2 Nodulation of white clover by non- rhizobial PSB 

None of the non- rhizobial PSB were able to nodulate white clover. No nodules were 

found in the roots of uninoculated plants, while pink nodules were found in plants 

inoculated with R. leguminosarum strain TA1. Mean dry matter (DM) produced by PSB 

inoculated plants ranged from 8.33 to 15.7 mg/ plant, neither of which was significantly 

different from uninoculated controls (mean dry matter= 8.97 mg/ plant). Commercial 

strain TA1 produced higher DM (17.7 mg/ plant; p<0.05) than all the other treatments. 

No differences were found in DM production among any PSB genera. No sign of disease 

was observed on any treatment. 

4.3.4.3 Symbiotic potential: Nitrogen fixation in white clover by PS rhizobia 

Of the 25 PS rhizobia, only 11 were able to form nodules on white clover. The 11 which 

formed nodules were the same 11 isolates which showed bands for nodC and nifH gene 

primers in Section 4.3.4.1. No nodules were observed in the roots of uninoculated and 

positive control plants, while pink nodules were observed in plants inoculated with 

control strains TA1, WSM1325, ADsub1G and ADsub1H. The 14 PSB that did not 

nodulate, did not increase the shoot (DM) compared with the uninoculated controls 

(Figures 4.9 and 4.10). All the PSB that nodulated white clover showed pink/ red nodules 

(Figure 4.9 b) and produced an increase (p< 0.05) in shoot DM (Figure 4.10), compared 

with the uninoculated controls. 
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Figure 4. 9 a) Pottles showing white clover plants at the time of harvest; plants received 
the following treatments (left to right): uninoculated; strain 46HS (nodulating); strain 
47HW (non-nodulating) and positive control (with 10 mM N). b) An example of roots of 
white clover showing nodules. 

 

Figure 4. 10 Mean shoot dry matter produced by white clover plants inoculated with PS 
rhizobia (●); uninoculated (negative) control (●) and R. leguminosarum bv. trifolii 
commercial and known PSB strains (●). Positive control is not shown in the graph; 
Fisher’s protected LSD group= ‘a’; mean shoot dry matter = 63.5 ± 4 mg. Error bars are 
SEM. Means with letters in common are not significantly different at α=0.05. All non-
nodulating PSB are combined into a single mean. 

 

a) b) 

b

bc bc

c

bc

cd cd

cd

b

bc bc

e e

bc

de
de

b

0

5

10

15

20

M
ea

n
 d

ry
 m

at
te

r 
/ 

p
la

n
t 

(m
g)

Inoculant treatments



114 

 Discussion 

The main aim of this chapter was to select the most suitable candidate PSB strains for 

evaluation in plant growth experiments in Chapter 5 and to increase the understanding 

of the mechanisms behind PS. The amount of P solubilized by each of the PSB was 

measured and a strong positive correlation with decreasing pH was observed. Halo 

production was unaffected by the presence of soluble P, but decreased when glucose 

was replaced by mannitol as the sole C source. The experiments revealed 11 PSB that 

could nodulate white clover and fix N. These 11 strains were selected for plant growth 

experiments in Chapter 5 and were identified as R. leguminosarum bv. trifolii and are 

subsequently referred to as phosphate solubilizing rhizobia (PSR). 

4.4.1 Quantification of P solubilization 

Acidification of the media was the main mechanism for solubilization of HA. The amount 

of P solubilized and pH decrease differed among strains, but this decrease in pH was a 

strong predictor of the amount of P solubilized on all days of observation. The 

acidification of the media is likely the result of organic acids released by bacteria. 

Castagno et al. (2011) while studying 50 bacterial isolates also found a highly significant 

(r= -0.753) correlation between pH and soluble P. Sridevi et al. (2007) also found a weak 

negative correlation (r= -0.47) between pH and amount of P2O5 liberated. That study 

used only five Rhizobium spp. isolates that were highly variable from each other, and 

this may be the reason for not finding a stronger correlation. Previous studies show that 

P is solubilized with media acidification but the relationship provided is variable. The 

work presented here is substantial with 864 observation points demonstrating a strong 

relation between amount of soluble P and decrease in pH. 

Different bacterial genera solubilized different amounts of HA. Until day 8 all genera 

showed similar trends, after which, Enterobacter spp. showed a decline in soluble P and 

rise in pH. Sridevi et al. (2007) observed a similar trend in Rhizobium spp. isolates on day 

12, but on a different medium. This may be due to the faster growth cycle of 

Enterobacter spp. isolates compared with others. Rhizobium spp. in most cases formed 

small halos in Chapter 3 and solubilized smaller amounts of P in liquid media. This 
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indicates that Rhizobium spp. does not have a strong PS activity, but a few isolates were 

able to solubilize more than 100 ppm by day 16. Enterobacter spp. solubilized the most 

P, followed by Pseudomonas spp., Variovorax spp. and Rhizobium spp. on day 8. The 

same order of activity was also observed in the halo sizes (Chapter 3). This study is the 

first such comparison between PS activities of different genera. 

Halo sizes were semi quantitative for the amount of P solubilized and are therefore a 

reliable screening criteria. The strongest correlation of solubilization of HA was observed 

between halo size on day 16 and soluble P on day 8 (r= 0.682). The correlation 

weakened by day 16 (r= 0.468), most likely due to the re-precipitation of soluble P as the 

pH began to increase. A similar strong correlation was also found by Sridevi et al. (2007) 

(r= 0.84), while other studies found no correlation between the two (Ostwal and Bhide, 

1972; Gupta et al., 1994; Nautiyal, 1999). Those studies also found that in some cases, 

isolates that do not show a halo can still solubilize P in liquid culture. This was observed 

in R. leguminosarum WSM1325. The most likely reason for this is the differences in 

diffusion rates of different organic acids (Johnston, 1952), which does not affect the 

solubilization in liquid culture, because of the vigorous shaking. Previous studies 

(Nautiyal, 1999; Rodríguez and Fraga, 1999; Bashan et al., 2013b, 2013a) have suggested 

that halo sizes are not sufficiently reliable for quantitative assessment and must be 

accompanied by liquid culture assays. In contrast, plate assays, being stationary, may be 

more representative of soil dynamics than liquid culture assays. Therefore, halo sizes 

while roughly quantifying the PS, may also be able to provide information about the 

zone of influence in soil, therefore may be used as a reliable indicator for PS activity. 

Liquid culture assays may be used to complement the halo production data for further 

confirmation of the semi quantitative nature of the halo. 

4.4.2 Effect of soluble P and mannitol on P solubilization 

Phosphate solubilization may be a reaction by-product of some other metabolic activity 

and the bacteria may not release the organic acids specifically to mobilize P. Presence of 

soluble P in HA media did not increase the halo and colony sizes. This indicates that 

genes responsible for P solubilization were not downregulated by P availability. In 

contrast, studies by Castagno et al. (2011) and An and Moe (2016) showed a decrease in 
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production of PQQ-GDH related proteins and gluconic acid when soluble P was present. 

An and Moe (2016) showed a decrease in PQQ (~40%) and GDH (~24%) enzyme 

production by P. putida when soluble P increased from 1 to 50 mM. Castagno et al. 

(2011) showed a significant decrease in gluconic acid (~20%) production in Pantoea 

eucalypti when soluble P in growth medium was increased from 0 to 50 mM. Such large 

differences in soluble P are highly unlikely to occur in soils, where it typically ranges 

between 0.01 mM in unfertilized soils to 0.035 mM in heavily fertilised soils (McLaren 

and Cameron, 1996; Menzies and Lucia, 2009; Antoun, 2012). The two studies also only 

consider gluconic acid production through PQQ-GDH mechanism, which is the most 

common mechanism (Rodríguez and Fraga, 1999), but PS by other mechanisms, such as, 

production of other organic acids (Hsu et al., 2015) or other proteins (gabY) (Kim et al., 

2003) may not be affected. Non-suppression of PS activity can be an important 

consideration in choice of PSB for field applications as these PSB may be more likely to 

retain their PS activity despite superphosphate applications. 

Mannitol supported PSB growth, but not the PS activity by most PSB. Glucose was 

essential for PS activity by all PSB, while Enterobacter spp. could also solubilize P when 

using mannitol. Nautiyal (1999), Sridevi et al. (2007) and Castagno et al. (2011) also 

reported a decrease in PS activity when they replaced glucose with other C sources. 

Gluconic acid is the most common organic acid responsible for PS and is produced by 

direct oxidation of glucose by PQQ-GDH holoenzyme (Kim et al., 2003; Oteino et al., 

2015). While PQQ-GDH holoenzyme can be induced by mannitol (van Schie et al., 1985), 

glucose still serves as the substrate for conversion to gluconic acid. The ability of 

Enterobacter spp. to solubilize P using mannitol may be because of additional or 

alternate pathways. Further research into these pathways within Enterobacter spp. may 

be needed. The inability of most PSB to utilize mannitol for PS may thus affect the 

usability of mannitol for formulation, but since glucose is the most common C source in 

root exudates (Hütsch et al., 2002), it is likely that the PS activity would be functional 

upon field application. 
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4.4.3 Nodulation and nitrogen fixation by PSB 

Only 11 of the PSB identified as R. leguminosarum bv. trifolii (PSR) were able to nodulate 

and fix N in association with white clover. The dry weights increased between 6 to 11 

fold compared with uninoculated controls, which proves that almost all the N required 

for growth was fixed. Dry matter of plants inoculated with each of the PSRs was 

comparable to the most widely used commercial strain TA1 (Lowther and Kerr, 2011). 

This indicates that these strains were at par with the current commercial option for N 

fixation. The non-rhizobial PSB and non-nodulating PSRs did not produce more dry 

matter than uninoculated controls. This finding was supported by the absence of either 

nodC or nifH genes. Nitrogen and P nutrition are intricately linked to each other. P 

fertilization has been shown to increase N fixation, thereby improving plant growth 

(Woomer et al., 2014; Ronner et al., 2016). N fixation by these PSB may be able to 

provide both N and P nutrition to plants simultaneously, and thus increase plant growth. 

4.4.4 Conclusion 

In conclusion, this chapter identified 11 PS  R. leguminosarum strains that could 

solubilize P and fix N. The N fixation by these strains was at par with the most widely 

used commercial strain in New Zealand, TA1. These strains could solubilize P, and this 

activity was not downregulated in presence of soluble P.  Enterobacter spp. and 

Pseudomonas spp. solubilized higher amounts of P, but they could not nodulate white 

clover. Enterobacter spp. solubilized high amounts of P, even when utilizing mannitol as 

the sole C source and may possess additional mechanisms for PS. The 11 N fixing PSB 

were selected for further study and glasshouse experiments described in Chapter 5.  
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5 CHAPTER 5 

Dual function rhizobia: Effect of P solubilization and 

nitrogen fixation on white clover growth 

 Introduction 

In vitro analyses of the effect of bioinoculants on plant growth promotion are often not 

accurate indicators of the outcome in soil (Smyth et al., 2011). This is because soil is a 

more complex system than in vitro assays in physical, chemical and biological aspects. 

This affects the predictability of soil performance. Chemically, nutrients are scarce and 

less plant available in soil. Physically, the nutrients are heterogeneously spread in soil 

microenvironments and clumps which needs to be accessed by plant roots (McLaren 

and Cameron, 1996). Biologically, soil is rich in diverse microbial biomass which 

competes for the nutrients and rhizosphere niches (Philippot et al., 2013). Thus the 

ability to compete effectively in soil may be a key attribute for P solubilizing inoculants 

(Gyaneshwar et al., 2002). Any introduced inoculant must overcome competition and 

survive in the soil’s physical environment while performing its intended function of 

nutrient acquisition for the plant. 

In the previous chapters, 1,915 bacterial isolates from the nodules of clovers were 

screened in vitro for PS and N fixation, and 11 R. leguminosarum bv. trifolii strains were 

selected as candidates for plant growth experiments. The main aim of this chapter was 

to assess the plant growth promotion by combined effect of PS and N fixation ability of 

the 11 PSR strains. For this, these strains were evaluated in sterile vermiculite assay and 

a soil based glasshouse experiment. The sterile vermiculite assay (similar to Chapter 4) 

was designed to assess inoculant functionality and colonisation under scarce nutrient 

conditions without the microbial competition. A glasshouse experiment further 

evaluated six of the best performing strains for plant growth promotion in soil. 

 

 



119 

 Materials and methods 

5.2.1 Effect of PS and N fixation on white clover growth by PS rhizobia  

Eleven PS rhizobia strains from Section 4.3.3 (45HS, 46HS, 51HS, 54LW, 60HS, 63HW, 

66HS, 75HW, 76HW, 77HW and 78HW) were used in this experiment. Additionally, R. 

leguminosarum strains TA1 and WSM1325 were used as ‘commercial controls’ and 

known PS rhizobia strains ADsub1G and ADsub1H were used as ‘PSR controls’. Each of 

the strains were grown in 5 ml YMB from -80°C culture stocks for inoculant preparation 

for 48 h as described in Section 4.2.1. The inocula were prepared to a concentration of 2 

× 106 cfu/100 μl of normal saline (Section 4.2.1). The amount of culture required, was 

calculated by using a dilution factor 0.176 (Weir, 2006) in the formula cfu/ml= ((OD600 × 

108)/ dilution factor). 

Two variants of McKnight’s solution were prepared, so that one contained soluble P and 

the other contained HA as the sole P source, as described below: 

1) McKnight’s Min N: McKnight’s solution (McKnight, 1949; Unkovich et al., 2008) 

supplemented with 0.1 mM NH4NO3 (Liu et al., 2012) (Appendix 1). 

2) McKnight’s HA Min N: McKnight’s Min N solution with KH2PO4 replaced with HA 

containing gram equivalents of phosphorus (100 mg/l KH2PO4 replaced with 

123.1 mg/l HA; calculations in Appendix 1). 

Pottles (250 ml) were filled with vermiculite and McKnight’s solution variants, sterilized 

and assembled as described in Section 4.2.3.3 and shown in Figure 4.2. The white clover 

seedlings were inoculated with 100 μl (per seedling) of each of the prepared inocula 

using a pipette. Each strain was used to inoculate all five seedlings in five replicated 

pottles of both variants of McKnight’s solution (5 pseudo-replicates × 5 replicated 

pottles x 2 McKnight’s variant = 50 plant per inoculum). Five pottles per McKnight’s 

variant were treated with 100 μl per plant of normal saline (0.85% w/v NaCl in ultrapure 

water) as a ‘negative control’. Another set of five pottles per McKnight’s variant, were 

given 100 μl per plant of autoclaved 15 g/l NH4NO3 every week after inoculation (1.5 mg 

NH4NO3 /plant/week), to mimic high fertilization rates; this was used as ‘positive 

control’. A summary of treatments is given in Table 5.1. 
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Table 5. 1 Summary of treatments and nutrition levels used in the experiment. Min N= 
0.1 mM NH4NO3; High N= 0.1 mM NH4NO3 + 1.5 mg NH4NO3/ plant/week; Soluble P= 
0.735 mM KH2PO4 as sole P source; Insoluble P= equivalent to 0.735 mM hydroxyapatite 
as sole P source. Each treatment had five replicated pottles with five plants each. All 
inoculum were strains of Rhizobium leguminosarum bv. trifolii (Section 5.2.1). 

 
PS rhizobia 
(11 strains) 

Control inoculums  
(2 commercial controls 

and 2 PSR controls) 

Negative 
control 

Positive 
control 

Soluble P 
Min N 

Inoculated 
Min N 

Inoculated 
Min N 

No inoculum 
High N 

No inoculum 

Insoluble P 
Min N 

Inoculated 
Min N 

Inoculated 
Min N 

No inoculum 
High N 

No inoculum 

The pottles were placed in a randomised block design with replicates as blocks and 

allowed to grow for five weeks post inoculation. The experiment was maintained as 

described in Section 4.2.3.3. At harvest, plants were extracted from the pottles and 

roots were washed. The presence of nodules was recorded. Shoots were excised from 

roots and placed in separate paper bags. The bags were dried and dry weights were 

recorded as described in Section 4.2.3.2. Dry weights per plant were compared by 

ANOVA and Fisher’s protected LSD and Tukey’s Honestly significant difference (HSD) 

using Genstat 16. Percentage decrease in shoot DM was calculated with the formula: 

Percent decrease in DM from soluble P to insoluble P containing pottles= ((Shoot DM 

in soluble P - shoot DM in insoluble P) / shoot DM in soluble P) x100 

5.2.2 Effect of dual function rhizobia on growth of white clover: 

Glasshouse Experiment 

This glasshouse experiment was conducted from October to December, 2016. The 

highest DM yielding P solubilizing R. leguminosarum strains (n=6) from the results in 

Section 5.3.1 and commercial strain TA1 were compared against uninoculated controls 

in this experiment. Each of the inoculation treatments (n=8) was replicated eight times 

with three white clover plants per pot. Two soil types were used for the experiment 

which were collected from two experimental plots Iversen 5 (I5) and H18 (Mills et al., 

2009), located at Lincoln University campus (Canterbury, New Zealand; 43°39'S, 

172°28'E). Soil from I5 was amended by addition of HA, making a total of three soil 

variants. 
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5.2.2.1 Soil: collection, processing and testing 

Soils were collected from I5 and H18 plots and sieved through a 3 mm sieve to have 

~200 kg I5 and ~ 100 kg H18 soil after sieving. The I5 soil was divided into two equal 

halves, one half (~100 kg) was weighed and HA was added and thoroughly mixed 

through at 1 g HA/ kg (equivalent to low field rate; 40 kg of P/ Ha) of soil; this soil was 

labelled I5+HA. The three soils (I5+HA, I5 and H18) were separately filled (~1.3 kg per 

pot) into 14 cm diameter plastic pots (pre sterilized Section 2.2.3.1). The pots were 

placed in the Aluminex glass house at Lincoln University nursery for three weeks before 

sowing to allow any available P to bind to soil components. During this period the pots 

were watered lightly every alternate day. A ~0.5 kg sub sample from each soil was 

collected and sent to Hill Laboratories Limited for standard soils tests including, but not 

limited to, pH, Olsen P, Resin P, Total P and available nitrogen. Another sub sample (10 

g) from each soil was used to conduct MPN tests (Section 2.2.2.1). 

5.2.2.2 Plant establishment and inoculation 

Seeds of white clover cv. ‘Tribute’ were surface sterilized and dried as described in 

Section 2.2.3.1. Approximately 5-10 seeds were sown in each pot just under the soil 

surface and allowed to germinate for 6-7 days. Before inoculation, the seedlings were 

thinned to three per pot using forceps. 

The seven R. leguminosarum bv. trifolii strains, 45HS, 60HS, 63HW, 66HS, 75HW, 76HW, 

78HW and TA1, were grown for 48 h in 20 ml YMB in 50 ml sterile tubes (28°C, shaking 

at 220 rpm; Problot S12, Labnet, U.S.A.). The inocula were prepared by re suspending 

bacterial cells of the seven strains in normal saline (0.85% w/v NaCl in ultrapure water) 

to a concentration of 5 × 106 cfu/ml, as described in Section 5.2.1. For the negative 

control, 2 ml of sterile normal saline was pipetted at the base of the seedling. 

The seedlings were inoculated by pipetting 2 ml (1 × 107 cfu) of prepared inocula per 

seedling at the base of the emerging shoot. The pots were placed in a randomised block 

design with each block containing one replicate of each inoculation treatment (n=8) in 

each of the soils (n=3), giving eight blocks (replicates) of 24 pots each (192 pots in total). 
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5.2.2.3 Trial management and harvest 

The pots were grown for a total of six weeks in the Aluminex glass house. The 

temperature of the glass house was maintained between 15 - 24°C. During the growth 

period, pots were lightly watered every alternate day and any weeds were removed 

with forceps as, and when, necessary. Six sheets of fly paper (yellow, Baygon) were 

placed around the experiment to avoid any insect infestation. 

The plants were harvested after six weeks post inoculation by carefully extracting the 

plants from the soil and washing off any remaining soil with tap water. The roots were 

visually assessed for nodule colour and number and divided into three ‘colour’ scores 

and three ‘abundance’ scores and given numerical values (Table 5.2; see Figure 5.6). 

Shoots and roots were separated from each other with a scalpel and placed in paper 

bags individually and dried and weighed (Section 4.2.3.2). ‘Nodule score’ was calculated 

by multiplying colour score and abundance score. The data were analysed by ANOVA 

using Genstat 16. Fisher’s protected LSD and Tukey’s honestly significant difference 

(HSD) were used for posthoc analysis as main and comparative analysis, respectively. 

Table 5. 2 Colour and abundance score categories and scores and examples of 
calculations of nodule scores. 

Colour score Abundance score 

Meaning Category Score Meaning Category Score 

Pink nodules P 3 Many (>200*) nodules A 3 

Mixture of pink 

and white nodules 
P/W 2 

Moderate (50-200*) 

number of nodules 
B 2 

White nodules W 1 
Very few (<50*) 

nodules 
C 1 

Nodule score= colour score x abundance score 
Example 1: Many, pink nodules= 3 x 3 = 9 
Example 2: Very few, pink/ white nodules= 1 x 2 = 2 
‘*’ = Approximately 
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 Results 

5.3.1 Effect of PS and N fixation on white clover growth by PS rhizobia 

Pink/ red nodules were observed in all the treatments and replicated pottles inoculated 

with R. leguminosarum strains, while no nodules were observed in positive or negative 

controls (Figure 5.1). 

Figure 5. 1 Examples of white clover roots when treated with a) PS rhizobia; showing 
pink nodules, b) negative control; no nodules on small roots and c) positive control; no 
nodules on large roots.  

Inoculation of white clover with each of the PS rhizobia increased (p< 0.001) the shoot 

and root DM compared with uninoculated controls, in both P treated pottles (Figure 

5.2). Both PSR control strains, ADsub1G and ADsub1H, and commercial control strain 

TA1 could increase the DM produced, while commercial control strain WSM1325 did not 

increase DM compared with negative control (Figure 5.2). 

Plants grown in pottles containing soluble P had more (p< 0.01) shoot DM (mean= 37.32 

mg/ per plant) than plants grown with insoluble P (mean= 32.74 mg/ per plant) as the 

sole P source (Figure 5.2). P availability did not change root DM (p= 0.547). 

When comparing shoot DM in pottles with Fisher’s protected LSD, the positive control 

pottles, mean shoot DM per plant was 25% more (p< 0.05) in pottles with soluble P 

(57.71 mg) than in pottles with insoluble P (43.28 mg). Similarly, strains 46HS (p< 0.05) 

and 77HW (p< 0.05) also had >30% more shoot DM in pottles with soluble P than in 

pottles with insoluble P. For pottles treated with all other strains, no difference in shoot 

DM was observed between soluble P and insoluble P containing pottles (Figures 5.2, 5.3 

a) b) c) 
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and Tables 5.3 and 5.4). Neither of the above differences were observed when 

comparing shoot DM using Tukey’s honestly significant difference (HSD) post hoc 

analysis (Table 5.3). 

Table 5. 3 Mean shoot DM of white clover in pottles containing soluble and insoluble P 
(hydroxyapatite) and inoculated with PSB, control inoculants, positive and negative 
controls. And percentage decrease in mean shoot dry matter observed when soluble P 
was replaced with hydroxyapatite. Post hoc analysis comparison: Fisher’s protected LSD 
and Tukey’s HSD; each column is a different set of analysis. 

Inoculant 

treatment 

Pottles with soluble P Pottles with insoluble P Decrease in 
DM from 

soluble P to 
insoluble P 

(%) 

Mean 

shoot 

DM 

(mg) 

Fisher's Tukey's 

Mean 

shoot 

DM 

(mg) 

Fisher's Tukey's 

45HS 42.6 bcd abc 42.4 ab a 0.35 
46HS 51.4 ab ab 36.0 abcd ab 30.0* 
51HS 37.6 cde abc 34.9 abcd ab 7.15 
54LW 36.6 de abc 31.0 bcde abc 15.5 
60HS 45.4 abcd abc 43.4 a a 4.38 
63HW 44.5 abcd abc 43.5 a a 2.20 
66HS 32.2 def bcd 25.9 de abc 19.5 
75HW 45.7 abcd abc 43.6 a a 4.66 
76HW 50.3 abc ab 40.3 ab ab 19.8 
77HW 41.4 bcde abc 27.7 cde abc 33.3* 
78HW 45.0 abcd abc 47.0 a a -4.49 

ADsub1G 22.9 fg cde 19.6 ef bcd 14.6 
ADsub1H 41.5 bcde abc 38.8 abc ab 6.41 
WSM1325 9.5 gh de 10.8 fg cd 12.7 

TA1 28.3 ef bcd 27.1 cde abc 4.17 
negative 

control 
1.6 h e 1.3 g d 

21.5 
positive 

control 
57.7 a a 43.3 ab a 

25.0* 

Means within a column not sharing a letter are significantly different at 95% confidence 
interval. 
‘*’ = treatments with significantly less shoot DM produced when soluble P was replaced 
with hydroxyapatite 
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Figure 5. 2 Shoot dry matter of white clover when inoculated with (left to right) P solubilizing R. leguminosarum strains, PSR controls, 
commercial controls and positive and negative controls. The plants were grown in pottles with McKnight’s Min N solution with soluble and 
insoluble (hydroxyapatite) P and as sole P sources. Error bars are standard error of mean (α= 0.05). Means not sharing a letter are significantly 
different, lower and upper case letters are different sets of Fisher’s protected LSD analyses. Dotted horizontal line indicates= mean shoot DM 
of positive control with insoluble P, solid horizontal line= mean shoot DM of strain TA1 with insoluble P. 
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Figure 5. 3 Examples of white clover shoot growth for R. leguminosarum strains 60HS 
and 63HW when grown in pottles containing McKnight’s Min N with available P and 
hydroxyapatite. The growth is compared with positive control pottle containing 
hydroxyapatite. 

Of the 11 tested PS rhizobia strains, nine had comparable growth (not significantly 

different; p>0.05; Figure 5.2) to the positive control when supplied with HA as the sole P 

source (Table 5.4). Of these nine, six strains, 45HS, 60HS, 63HW, 75HW, 76HW and 

78HW, produced more (p< 0.05) shoot DM than the commercial strain TA1 (Figures 5.2, 

5.4 and Tables 5.3 and 5.4). 

Figure 5. 4 Examples of shoot growth for R. leguminosarum strains 66HS, 75HW and 
76HW compared to positive control and commercial strain TA1. Pottles contain 
McKnight’s Min N with hydroxyapatite as the sole P source. 

 

Strain 60HS 

    Soluble P      Insoluble P 

 

Strain 63HW 

   Soluble P        Insoluble P 

 

Positive control 

Insoluble P 
 

Strains:      TA1                    66HS                75HW                76HW              Positive control 

           <------------------  McKnight’s Min N with Hydroxyapatite  -------------------> 
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When comparing the percentage differences of mean shoot DM produced by plants 

grown in soluble to those grown in insoluble P (Table 5.3), a mean decrease of 12.1% 

was seen (including only the 11PSRs). For the six PSR strains selected from that 

experiment (Table 5.4), this decrease was 4.83% and not significant. For the five PSR 

strains that were not selected, this decrease was 22% and was comparable to the 

decrease seen in the positive controls (25%). 

Table 5. 4 Criteria for selection of PS rhizobia for glasshouse experiment (Section 5.2.2). 

✓ indicates that the strain has matched the criteria, ✓ (bold) indicates if a strain 
matches all the three criteria. Comparable= not significantly different. Positive control 
and TA1 treatments in pottles containing hydroxyapatite (insoluble P). Soluble P= 0.735 
mM KH2PO4 as sole P source; Insoluble P= equivalent to 0.735 mM hydroxyapatite as 
sole P source. Significant differences determined by Fisher’s protected LSD at 95% 
confidence interval (Figure 5.2).  

Criteria 
45 
HS  

46 
HS 

51 
HS 

54 
LW 

60 
HS 

63 
HW 

66 
HS 

75 
HW 

76 
HW 

77 
HW 

78 
HW 

Comparable shoot DM 
when grown in soluble P 

and insoluble P 
✓  ✓ ✓ ✓ ✓ ✓ ✓ ✓  ✓ 

Shoot DM comparable to 
positive control 

(Insoluble P) 
✓ ✓ ✓ ✓ ✓ ✓  ✓ ✓  ✓ 

More shoot DM than 
TA1 (Insoluble P) 

✓    ✓ ✓  ✓ ✓  ✓ 

Mean halo sizes of PS rhizobia measured in Chapter 2 were not correlated to mean 

shoot (p=0.836) or root (p= 0.901) DM produced in insoluble P containing pottles. Mean 

P solubilized by PS rhizobia (Chapter 4) was also not correlated to either shoot (p=0.294; 

Pearson’s correlation= 0.384) or root (p= 0.096; Pearson’s correlation= 0.527) DM 

produced. 
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5.3.2 Effect of dual function rhizobia on growth of white clover: 

Glasshouse Experiment 

Each of the three soil variants had low P levels with background rhizobial populations in 

the order of 104 (Table 5.5). I5+HA had more Olsen, resin and ‘total’ P because of the 

addition of HA.  

Table 5. 5 Summary of soil test results and background rhizobial populations (MPN) of 
the three soil variants used for the glasshouse experiment. 

Soil 
Olsen P 
(mg/l) 

Resin P 
(mg/kg) 

‘Total’ P 
(mg/kg) 

MPN 
(per gram) 

pH 
Aluminium 
(CaCl2 ext.) 

CEC 
(me/100 g) 

Total N 
(mg/kg) 

H18 11 23 387 2.5 x 104 6 0.7 11 0.22% 

I5 15 29 479 7.1 x 104 6 0.7 15 0.23% 

I5+HA 22 195 688 7.8 x 104 6.1 0.5 15 0.23% 

 

Soil treatments had an effect on shoot DM (p< 0.001) and root DM (p< 0.001), with 

I5+HA showing the most growth and H18 showing the least (Table 5.6 and Figure 5.5). 

Plants from most of the pots had pink nodules and no plants had solely white nodules. 

Nodule score was not affected (p= 0.145) by the inoculant treatment, but was affected 

(p<0.001) by the soil variant plants were grown in (Table 5.6 and Figure 5.6). 

Table 5. 6 Mean shoot and root DM and nodule score (Section 5.2.2.3) produced in 
different soil variants.  

Soil Shoot DM (mg) Root DM (mg) Nodule score 

I5+HA  488.4 a 183.1 a 7.594 a 
I5 399.6 b 153.5 b 5.969 b 

H18 83.3 c 34.3 c 5.406 c 

Means within a column not sharing a letter are significantly different at 95% confidence 
interval (Fisher’s protected LSD). 
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Figure 5. 5 White clover growth influenced by different inoculation treatments in three 
soil variants used in the glasshouse experiment. 

Figure 5. 6 Examples of roots with nodules of different ‘colour’ and ‘abundance’ 
categories. 

Of the six P solubilizing strains of R. leguminosarum, two increased the shoot DM 

compared with negative control, and four increased shoot DM compared with the 

commercial strain TA1, in the combined data of the three soil variants (Figure 5.7). 

Shoot and root DM produced in all pots of all treatments were highly correlated 

(Pearson’s correlation= 0.904), with shoots weighing 2.71 times more than roots. 

Therefore, only shoot DM were compared. 

I5+HA 

 

 

I5 

 

 

H18 

Negative        TA1               45       60               63             75              76        78  

Grade A; Pink Grade C; Pink/white Grade B; Pink 
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Figure 5. 7 Mean shoot dry matter of white clover inoculated with PS rhizobia, 
commercial strain TA1 and uninoculated (negative) control. The data is combined from 
all three soils. Error bars are SEM. Treatments with a letter in common are not 
significantly different at α=0.05 (Fisher’s protected LSD). 

Soil H18 had the least plant growth of the three soils. Of the six tested strains and strain 

TA1, only 78HW increased shoot DM compared with negative control pots (Figure 5.8).  

Figure 5. 8 Mean shoot DM of white clover inoculated with PS rhizobia, commercial 
strain TA1 and uninoculated (negative) control in H18 soil. Error bars are SEM. 
Treatments with a letter in common are not significantly different at α=0.05 (Fisher’s 
protected LSD). 

More (p< 0.001) shoot DM was produced by soil I5+HA than soil I5, but this difference 

was not observed (p= 0.67) for uninoculated pots. Between I5 and I5+HA, mean shoot 

DM increased in pots inoculated with strains 60HS (p< 0.001), 75HW (p< 0.05), 76HW 

(p< 0.001) and 78HW (p< 0.001). No increase in mean shoot DM was observed in pots 

inoculated with strains 45HS (p= 0.156), 63HW (p= 0.207) and TA1 (p= 0.054). Figure 5.9 

shows an example of white clover growth in soil I5+HA under different inoculation 
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treatments. Figure 5.10 and Table 5.7 compare mean shoot DM produced in pots with 

different inoculation treatments in soils I5 and I5+HA. 

Figure 5. 9 Example of white clover growth in soil I5+HA inoculated with (left to right) 
negative control, strain TA1 and PS rhizobia strains 75HW, 76HW and 78HW. 
 

Figure 5. 10 Mean shoot DM of white clover inoculated with PS rhizobia, commercial 
strain TA1 and uninoculated (negative) control in soils I5 (●) and I5+HA (●). Error bars 
are SEM. Lower and upper case letters are different sets of Fisher’s protected LSD 
analyses. Treatments with a letter in common are not significantly different at α=0.05. 
 

When comparing the percentage increase in shoot DM from soil I5 to I5+HA (Table 5.7), 

the three selected strains (Table 5.8) increased growth by 34.5 to 39.3%. Strain TA1 

increased growth by 23.8%, but this was not significant.  
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Table 5. 7 Comparison of mean shoot DM of white clover inoculated with PS rhizobia, 
TA1 and uninoculated control. Comparison of Fisher’s protected LSD and Tukey’s HSD 
posthoc analysis. Data for soils I5 and I5+HA only. Rows in grey show the percentage 
increment of shoot dry matter produced in soil I5+HA compared with soil I5; ‘ * ’ 
indicates significant increase at 95% confidence interval. Inoculants showing significant 
increase are highlighted (Fisher’s protected LSD). 

Inoculant Soil 
Mean shoot 

DM (mg) 
Fisher’s 

LSD 
Tukey’s 

HSD 

45HS 
I5 393.9 efg bcd 

I5+HA 452.8 cde abcd 
Growth Increment (%) 15.0   

60HS 
I5 433.3 ef abcd 

I5+HA 582.7 a a 
Growth Increment (%) 34.5*   

63HW 
I5 476.0 bcde abc 

I5+HA 528.4 abcd ab 
Growth Increment (%) 11.0   

75HW 
I5 306.9 g d 

I5+HA 398.2 ef bcd 
Growth Increment (%) 29.7*   

76HW 
I5 401.1 ef bcd 

I5+HA 542.9 ab ab 
Growth Increment (%) 35.4*   

78HW 
I5 386.8 efg bcd 

I5+HA 539.0 abc ab 
Growth Increment (%) 39.3*   

TA1 
I5 352.2 fg cd 

I5+HA 436.1 ef abcd 
Growth Increment (%) 23.8   

Negative control 
I5 444.7 de abcd 

I5+HA 427.0 ef abcd 
Growth Increment (%) -4.0   

Means within a column not sharing a letter are significantly different at α= 0.05. 

 

When analysing with Fisher’s protected LSD, of the six strains, only inoculation with 

strains 60HS, 76HW and 78HW produced more DM than both the negative control and 

strain TA1, while showing an increase in DM when HA was added in soil I5 (Table 5.8). 

These strains are therefore recommended for future inoculant development. 
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Table 5. 8 Summary of performance of PS rhizobia in the glasshouse experiment in 
comparison to commercial strain TA1 and negative (uninoculated) control. The criteria 
are for the selection of recommended strains for further development of a commercial 
inoculant. Data is only for soil I5 and I5+HA. Data based upon Fisher’s protected LSD 

(Figure 5.10). ✓ indicates that the strain has matched the criteria, ✓ (bold) indicates 
recommended strains. 

Criteria 
45 
HS 

60 
HS 

63 
HW 

75 
HW 

76 
HW 

78 
HW 

TA1 

Soil I5 
More DM than TA1  ✓ ✓    - 

More DM than negative control       X 

More DM in I5+HA than in I5  ✓  ✓ ✓ ✓ X 

Soil 
I5+HA 

More DM than TA1  ✓   ✓ ✓ - 

More DM than negative control  ✓ ✓  ✓ ✓ X 
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 Discussion 

The aim of this chapter was to assess the plant growth promotion of white clover by the 

11 PS rhizobia strains selected in Chapters 2 and 4. This chapter assessed these strains 

for their dual function of N fixation and P solubilization. In the first experiment of the 

chapter, a sterile pottle assay with HA as the sole source of P was used to identify the six 

highest DM producing strains. In the glasshouse experiment, the six selected strains 

were compared with the commercial strain TA1 and a negative (uninoculated) controls 

in three different soils from Canterbury, New Zealand. The glasshouse experiment 

identified three strains of R. leguminosarum bv. trifolii, 60HS, 76HW and 78HW, with 

potential for commercial inoculant development.  

5.4.1 White clover variance and statistical comparisons 

White clover demonstrates a high level of genetic heterogeneity because of its 

outbreeding/ outcrossing nature (Kölliker et al., 2001; George et al., 2006). This 

intraspecies heterogeneity can sometimes be as high as interspecies heterogeneity 

(Griffiths A., Personal communication, October 31, 2016). In this study, the coefficient of 

variance (CV) observed was 17.3% in the pottle assay, which is higher than usual 

compared with other crops, especially when grown in controlled environments. In 

several glasshouse and field experiments conducted with caucasian clover (T. 

ambiguuam) and Lucerne, a CV between 5.15 to 18.5% (mostly under 10%) was 

observed by Berenji (2015). Glasshouse and field experiments, in general show a higher 

variance. This can make it difficult to select effective inoculants, because high growth 

variance in experiments with white clover may result in not achieving statistical 

significance. Additionally, the added complexity from a sterile pottle assay to a 

glasshouse experiment, and from glasshouse experiment to a field experiment is high, 

thereby further increasing the unpredictability of inoculant performance. Due to this, 

selection of higher number of strains for evaluation in the next experiment was 

preferred. 

Both Fisher’s protected LSD and Tukey’s HSD are commonly used post hoc comparison 

methods for such plant growth experiments (PSUOnlineLectures, 2017). Fisher’s 
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protected LSD is an F test, followed by pairwise comparison of means with ordinary t-

tests. This test compares means only if the ANOVA returns significantly different means, 

but is still prone to type I error (probability of finding false positives) when comparing 

large numbers of means. Tukey’s HSD is a Q-test which provides more protection against 

type I error (Thomas, 1974; Rodger and Roberts, 2013), but using this test can make it 

difficult to find significant differences between means. In the pottle assay, six strains 

could be selected based upon Fisher’s LSD, while none could be selected based upon 

Tukey’s HSD. In the glasshouse experiment, three could be selected based upon Fisher’s 

LSD, but only strain 60HS could be selected based upon Tukey’s HSD. Therefore, Tukey’s 

HSD failed to select strain 60 HS in the pottle assay, most likely due to the variance of 

white clover and unpredictability of inoculant survival and plant response between 

pottle assay and glasshouse experiments. For this dataset, Fisher’s protected LSD 

reduced the likelihood of non-selection of promising strains and was therefore preferred 

over Tukey’s HSD for comparison of means. 

5.4.2 Selection of inoculants for the glasshouse experiment 

The sterile pottle assay separated plant growth promotion by different strains in the 

absence of competition and helped assess the relative magnitude of growth promotions 

by PS and N fixation. The difference in DM between the negative and positive controls, 

in comparison with inoculated treatments, was designed to estimate the amount of N 

fixed by inoculants. The difference in DM between pottles containing soluble P (0.735 

mM KH2PO4) and HA was to assess the potential of inoculants to solubilize P in addition 

to N fixation. While negative control grew poorly (shoot DM between 1- 3 mg/plant) in 

both P forms, shoot DM production in the positive control pottles was 25% less in 

pottles with insoluble P. This suggests, small or no reduction of shoot DM between 

soluble and insoluble P containing pottles may be indicative of efficient P solubilization. 

Based on this, only strains that did not show a significant reduction in shoot DM were 

selected for the glasshouse experiment. Vermiculite is a relatively inert plant growth 

media but is rich in Al, Mg and Fe (Indrasumunar and Gresshoff, 2013). Therefore it is 

likely that a small amount of soluble P may have been fixed by the vermiculite. Despite 

limitations, this assay was a useful indicator for performance of strains without the 

competition of the soil. 
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Any potentially commercialisable strain used for PS and N fixation, must be able to 

produce more plant growth with low P inputs and must have a superior performance to 

TA1. Nine of the 11 PS rhizobia (Table 5.3) showed no shoot DM difference among 

treatments with soluble P and HA. This indicated that these strains were efficient at P 

solubilization in pottle assays. Among the pottles with HA, nine of the 11 PS rhizobia 

produced comparable shoot DM to the positive control, which shows their high 

inoculant potential. Six of these produced more shoot DM than the strain TA1. 

Benchmarking against TA1 was important because it is sold for N fixation only and has 

been the most widely used commercial inoculant for clover in New Zealand for >40 

years (Lowther and Kerr, 2011). This indicated that the selected PS rhizobia would most 

likely be able to produce more DM than TA1 even with lower P inputs. 

The dual function rhizobia were able to solubilize sufficient amounts of P to produce 

comparable growth to plants grown in soluble P. The six selected strains had only 4.83% 

less shoot DM in pottles with insoluble P, compared with 22% of the five unselected 

strains (Mean for all PSR- 12.05%). Based upon this, a growth benefit of roughly 12 to 

25% in addition to the benefit from N fixation alone may be expected from dual function 

rhizobia. These benefits may be additive or synergistic and further investigation of this 

effect should be conducted by using more such pottle assays and similar glasshouse 

experiments. 

5.4.3 Performance of PS rhizobia in soil 

Of the six P solubilizing strains tested across three soil variants, two increased shoot DM 

compared with the negative control and four increased shoot DM compared with TA1. 

The largest effect on white clover growth was the soil type used. Plants grown in soil 

from H18 produced only ~20% of shoot and root DM than those grown in soil I5, despite 

similar values for Olsen P, resin P, pH, total N and MPN. The soil from H18 site has 

historically had low nutrient levels and has had different varieties of clovers grown in it 

(Mills, 2007; Mills et al., 2009). However, comparative clover growth data between 

these two sites was not available. A response of inoculation in H18 soil could be seen, 

but the response was only significant with strain 78HW. Due to poor plant growth, and 
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very little inoculation response, the remainder of the analysis was focussed on the two 

variants of I5 soil. 

PS rhizobia mobilized more P than the existing soil microbiota. The addition of HA 

markedly increased Olsen P (from 15 to 22 mg/l), ‘Total’ P (from 479 to 688 mg/kg) and 

did not change the MPN. Since HA is completely insoluble at neutral pH, the increase in 

Olsen P may be the result of slightly acidic pH of the soil and small amount of PS by the 

existing microbiota. Some of this soluble P may also have bound to soil Al ions, hence 

marginally decreasing extractable Al and increasing the pH. Despite the improved 

nutrition levels and med/high background rhizobial populations, no increase in shoot 

DM was observed in negative controls. Whereas, inoculation with the PS rhizobia strains 

(60HS, 75HW, 76HW and 78HW) showed an increment in shoot DM from soil I5 to 

I5+HA. This increase was most likely because of higher P availability due to solubilization 

by inoculated PS rhizobia. Soil and rhizosphere microbiota solubilize small amounts of P 

naturally (Gyaneshwar et al., 2002; Philippot et al., 2013), but while these small 

amounts may be sufficient for non-agricultural systems, pastoral agriculture is very 

nutrient intensive. Larger amounts of P availability, therefore, would be beneficial and 

the benefit may be maximised if PS rhizobia are inoculated in the soil with a small 

amount of P fertilizer. 

The glasshouse experiment identified three strains of PS rhizobia (60HS, 76HW and 

78HW), which might show promise for further development for commercialization. 

Strain 60HS produced more shoot DM than TA1 in the soil I5. In the same soil but with 

HA (I5+HA), strains, 60HS, 76HW and 78HW produced more mean shoot DM than TA1 

(21-33%) and negative controls (26-36%). For these strains, there was also a substantial 

increase in growth (35-39%) between soil I5 and I5+HA. In comparison, Tandon (1987) 

showed an increase in plant growth by 10-15%, and (Monsanto and BioAg, 2016) claim a 

yield increase of 4-8% with PS alone. The larger growth increase shown in this study may 

be because of the combined effect of the dual function properties of the strains. Strain 

63HS, produced more shoot DM than TA1 in I5 soil, but was unaffected by the presence 

of HA. This may mean that this strain may be an efficient nitrogen fixer, but less efficient 

at P solubilization in soil. In contrast, strain 75HW did not produce more DM than TA1, 

but produced more (p<0.05) shoot DM in soil I5+HA than in soil I5, indicating that this 
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strain may be efficient at solubilizing P but was less effective than TA1 at N fixation while 

in soil. Strains 60HS, 76HW and 78HW showed effective dual function properties, and 

therefore are the recommended strains for further development as commercial 

inoculants. 

Dual function PS rhizobia could increase plant growth and compete against background 

rhizobial populations in soil. Most New Zealand soils have an MPN background of 

≤104/g, this range is considered receptive for commercial inoculation. In a survey of 99 

soils across New Zealand (Ridgway H., Personal communication, October 27, 2015), a 

majority (49%) were in the order of 103. In Chapter 2, 20 of the 22 soil samples had an 

MPN of either 103 or 104. The soils used in the glasshouse experiment had MPN 

backgrounds in the order of 104/g, which being higher than the average, represented a 

higher soil competition than average. Therefore, it is likely that the PS rhizobia tested in 

this experiment would be able to compete in majority of New Zealand soils. 

An increase in plant growth by P solubilizing microorganisms has been reported in many 

instances. (Tandon, 1987; Babana and Antoun, 2005; Mora et al., 2017) but  

Gyaneshwar et al. (2002) claimed that 70% of these studies failed to show any yield 

increase due to P solubilization. The most notable of example for a P solubilizing 

microorganism is Penicillium bilaii (syn. P. bilaiae), which was discovered by Kucey 

(1987) and Kucey (1988). This strain is the basis of the only two large scale commercial 

products for P solubilization in the world, JumpStart® and TagTeam® (BioAg, Bayer and 

Monsanto). JumpStart® is marketed only for P solubilization, while TagTeam® is more 

comparable to this work, as it is aimed at both N fixation and P solubilization. TagTeam® 

is not a dual function strain, but instead, is a mixture of P. bilaii and a strain of N fixing 

rhizobia (strain changes with different legume crop). TagTeam® claimed a yield increase 

in multiple legumes between 4 to 8% (Monsanto and BioAg, 2016), however, no 

scientific publication for the claim could be found. Another unpublished study from 

Lincoln University (Ridgway H, Personal communication, June 30, 2015), conducted a 

field trial with white clover seeds coated with two strains used in this chapter as ‘PSR 

controls’, ADsub1G and ADsub1H. Of these, ADsub1H doubled shoot DM production 

compared to TA1 and uninoculated controls. Ronner et al. (2016) and (Woomer et al., 

2014) showed that N fixation increased with optimum P fertilization in soils in Nigeria 
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and other African countries. Dual function PS rhizobia may thus be beneficial for 

pastoral agriculture in New Zealand as the strains from this study were effective in PS 

and N fixation in soils with substantial naturalized rhizobial populations. 

The comparable DM production between pottles containing soluble and insoluble P, and 

substantial increase in DM from soil I5 to I5+HA in the glasshouse experiment by the 

three recommended strains, indicate that the strains could solubilize P and fix nitrogen. 

In both the experiments, TA1, an N fixing strain, did not show these effects. In addition, 

the positive control in the pottle assay showed a ~25% decrease and the uninoculated 

control in the glasshouse experiment showed no change in the shoot DM production, 

further supporting the effect. However, shoot DM was not correlated with either halo 

sizes (Chapter 2) or the amounts of P solubilized in liquid media (Chapter 4) and these 

experiments could not assess the actual amount of P solubilized by the inocula when 

plant associated. This measurement is difficult to gather, as soil tests such as Olsen P 

require a larger sample size than what can be gathered from the rhizosphere and cannot 

provide information about actual plant uptake. A split root experiment with a set up 

similar to the one used by Watts-Williams et al. (2015), with radiolabelled insoluble P 

forms (e.g. TCP synthesised with P32 or P33) may be used to accurately assess the amount 

of P uptake by the plant due to solubilization. 

5.4.4 Conclusions 

This chapter assessed 11 PS rhizobia in a sterile pottle assay, designed to evaluate the 

contribution of P solubilization and N fixation to plant growth. The experiment identified 

six of the highest DM yielding strains with evidence of dual activities. The six strains 

were then tested in a glasshouse experiment with three variants of soil from 

Canterbury, New Zealand. The experiment highlighted three strains, 60HS, 76HW and 

78HW, which increased white clover yield between 21 to 35% compared with the most 

widely used commercial strain in New Zealand, TA1 (Lowther and Kerr, 2011). These 

strains could be developed further into commercial inoculants. The efficacy of the 

strains varied among soils, and this may be alleviated by application of strain mixtures. 

An addition of a small amount of insoluble P may increase the overall plant growth, this 

however, may need to be optimised with further experimentation. These three strains 
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should be tested further for their growth benefits in different soil types in field 

experiments containing mixtures of white clover and a forage grass (e.g. perennial 

ryegrass). Simultaneously, a study should be conducted to find the most effective mode 

of delivery of the inoculant onto the field. Based on the results provided in this study, it 

is likely that these strains would increase clover growth while reducing nitrogen and 

phosphate fertilization inputs. 
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6 Chapter 6 

Concluding discussion 

The overall aim of this thesis was to understand the potential of rhizobia to perform 

dual functions of phosphate solubilization and nitrogen fixation in symbiosis with clover 

and to determine the magnitude of any effects on plant growth. To achieve this, the 

initial objective screened the large assessment of nodule inhabitants for dual functions 

(P solubilization and N fixation) to date. For P solubilization alone, this study (1,915) is 

second only to that of Mehta and Nautiyal (2001), who assessed 2,015 bacteria sourced 

from the soil and plant rhizosphere. This was also the largest reported study to optimise 

a common P substrate for screening and comparing PS by different bacterial genera. The 

scale and depth of this work generated evidence for plant recruitment of PSB in 

response to soil P content and type, using soil from the longest running grazed P 

fertilization trial in the world (McDowell and Condron, 2012).  

Nitrogen and phosphorus are the most limiting nutrients for plant growth, and 

consequently are the largest fertilizer requirements (www.FAO.org, 2017). Therefore, 

this study targeted the microbial services for both N fixation and P solubilization. A total 

of 1,915 nodule inhabiting bacteria from white and subterranean clovers were collected 

for screening in Chapter 2. Most similar studies have collected and screened bacteria 

from the rhizosphere (Jorquera et al., 2008; Oliveira et al., 2009; Castagno et al., 2011), 

but few of these studies were aimed at rhizobia (Alikhani et al., 2007; Sridevi et al., 

2007; Bianco and Defez, 2010). Similar to this study, these three published studies were 

aimed at dual functions of PS and N fixation. 

 An improved method for selection of P-solubilizing bacteria 

The biggest problem identified in screening studies is the lack of an optimized insoluble 

P substrate. A wide variety of easily solubilized P substrates such as TCP, DCP and Na-

phytate have been used to screen bacteria for their ability to solubilize P, with TCP being 

the most commonly used. As a result, most studies have reported large numbers of PSB 
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based on in vitro agar assays which fail to increase plant growth when introduced into 

the rhizosphere (Bashan et al., 2013b). A lack of standardised P substrate also rendered 

different studies incomparable. To address this, this study compared the ability of 1,260 

nodule isolates to solubilize three P forms commonly found in the soil. HA was found to 

be ideal for screening PSB as it was stringent and universal, identifying isolates that 

would always solubilize both TCP and Ca- phytate as well. This may mean that when 

applied onto the field, strains selected based on their ability to solubilize HA would most 

likely be able to solubilize multiple forms of P. This also indicated that secretion of low 

molecular weight organic acids may be responsible for solubilization or organic P forms 

as well. Chapter 2 showed that these organic acids may also aid in solubilization of 

organic P such as phytates. This may be because the removal of metal ions make the 

inositol ring more phytase accessible (suggested reaction: Figure 7.1). Higher 

solubilization of organic P in the presence of low molecular weight organic acids has also 

been reported by Tang et al. (2006) and Giles et al. (2014), and could be further 

confirmed by recording the solubilization of phytates in presence of purified organic 

acids. 

Figure 6. 1 Suggested reaction of organic acids aiding in removal of metal ions from the 
periphery of inositol ring to make the ring more susceptible to phytases. 

Enterobacter and Pseudomonas spp. solubilized the most P in liquid assays (Chapter 4), 

followed by Variovorax and Rhizobium spp.. The same order of activity was also 

observed in the halo sizes in Chapters 2 and 3. This was the first such study to compare 

the PS activity of different genera. A positive correlation between halo sizes and amount 

of P solubilized in liquid media also meant that halo sizes were semi-quantitative. 

Rodríguez and Fraga (1999) speculated that this might be the case. A similar correlation 

was also reported by Sridevi et al. (2007), but most studies have not found such a 
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relationship. The current study was the most comprehensive to date, assessing the 

largest number of strains and comparing halo sizes to amounts of P solubilized in liquid 

media at different time points. Being only semi-quantitative, halo sizes are currently not 

regarded as a reliable indicator of PS activity and quantification in liquid medium is 

deemed necessary (Rodríguez and Fraga, 1999; Bashan et al., 2013b, 2013a). 

Measurements in liquid media, however, can be laborious, expensive and impractical for 

mass screening. Neither media plates nor liquid media quantification can represent PS in 

the rhizosphere. Media plates and rhizosphere however, are both stationary and rely on 

diffusion of organic acids through a porous matrix, unlike the liquid medium where 

vigorous shaking takes place. Understandably, the rates of diffusion through the agar gel 

and soil would be different, but the diffusion patterns would show some comparability. 

Halo sizes may also indicate the organic acid profile produced by specific strains as 

smaller organic acids would travel further than larger ones. Therefore, it can be 

hypothesised that despite being only semi-quantitative, halo sizes are useful for initial 

screening of PSB. Quantification of PS can be done at a later stage to accurately measure 

the PS capacity. 

 Effect of clover host and soil P on incidence of PSB 

Screening identified few (79; 4.1%) nodule bacteria that could solubilize P. Of these only 

24 were Rhizobium spp. (Chapter 3) and of these, only 11 could nodulate white clover 

(Chapter 4). Therefore, only 11/79 (14%) PSB recovered from the nodule may have 

formed the nodule they were isolated from. Isolates incapable of nodulating clover may 

have colonised the nodule as accidental or opportunistic inhabitants during nodulation 

or via migration as a root endophyte. It is possible that these bacteria can perform 

alternative functions within the nodule (Velázquez et al., 2013; Martínez-Hidalgo and 

Hirsch, 2017). More non-rhizobial PSB were sourced from subterranean clover nodules, 

the largest proportion of which were gammaproteobacteria, especially Enterobacter and 

Pseudomonas spp.. These two genera are widely known to solubilize P and this was 

demonstrated on agar (Chapter 2) and in liquid culture (Chapter 4). Therefore, it was 

hypothesised, that since subterranean clover is less efficient in gathering P from soil 

(Moir et al., 2012), it may recruit soil bacteria that are efficient in PS to augment the 
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plant’s ability to access soil P. Future work using a rhizobox experiment in which two 

strains of PSB, one effective at PS and one in which PS has been knocked out, could be 

fluorescently labelled (eg. using mCherry (red) and gfp (green)) and inoculated onto the 

roots of clovers (Benito et al., 2017). The visualisation of colonisation patterns in this 

experiment may be able to reveal a selective recruitment. This experiment could be 

conducted for both rhizobia and gammaproteobacteria. If selective recruitment was 

shown to occur this would assist with clover breeding programmes and be helpful in 

defining the optimal field inoculation strategy. 

Most PSB were recovered from soils with a history of high P fertilization. The likelihood 

of finding PSB also increased with soil ‘Total’ P and the number of years the soil was 

under pasture/ fertilizer trial. As nodule bacteria are recruited from the soil, this 

suggested a soil driven selection or possibly, adaptation of bacteria in high P 

environments to solubilize more P. This, in turn provided a population high in P 

solubilizers for incorporation into nodules. More research on this relationship may be 

needed because Mander et al. (2012) and Hu et al. (2009) reported contrasting findings 

to this trend in the rhizosphere. The reasons for this opposite trend in nodules and 

rhizosphere are unknown, and the possible reasons for this may be explored further by 

conducting more similar studies in which both, the rhizosphere and nodule PSB may be 

screened. To better understand the relationship between PSB occurrence and soil P 

fertilization, soils from a larger number of long term P fertilization experiments should 

be used for baiting and screening. Understanding of this relationship would help in 

localising the search for PSB in higher P containing soils. 

 Nodule bacterial community and its possible function(s) 

Chapter 3 identified the PSB selected in Chapter 2, confirmed the presence of all the 

PSB genera inside the nodule and explored the potential source and reasons for the 

presence of non-rhizobial nodule inhabitants found in the screening. The pilot NGS 

experiment optimised the protocol to minimise data loss in the main experiment. This 

experiment identified that for such future experiments, PMA treatment, usage of 

standards and controls and greater replication would reduce noise (surface bacteria, 

contamination, mitochondria and chloroplast reads) and provide data comparable 
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among different studies (metadata). The results showed that the percentage of 

Rhizobium spp. in clover nodules can be highly variable and ~14-20% are not rhizobia. 

Wigley et al. (2017) reported 90 - 99% rhizobia reads from lucerne nodules, but a much 

lower (~25%) proportion was reported by Leite et al. (2017) from cowpea (Vigna 

unguiculata) nodules using 454 sequencing of the 16S rDNA gene. These differences 

were most likely because plants used by Wigley et al. (2017) were inoculated, whereas, 

plants used by Leite et al. (2017) were grown in soils with no history of cowpea 

cultivation. The frequency of sequences suggests that these non-rhizobial nodule 

inhabitants play some role(s), but these are currently unknown. Martínez-Hidalgo and 

Hirsch (2017) suggested that they may assist in nodule formation and N fixation and 

Leite et al. (2017) suspected that Chryseobacterium may help the plant cope with salt 

stress. Other possible functions hypothesised by Velázquez et al. (2013) are P 

solubilization, siderophore production and plant hormone production. In the future, 

similar community profiling experiments under different field growth conditions (e.g. a 

range of salinity, pH, iron etc.) can be conducted to understand more about the role of 

these non-rhizobia. 

6.3.1 Difference in nodule bacterial communities of white and 

subterranean clovers 

The main NGS experiment confirmed that subterranean clover nodules contained more 

gammaproteobacteria than white clover, but the same proportion of Rhizobium spp.. 

This correlated with the trend observed in the cultured PSB collection. The nodule 

inhabitants of subterranean clover were more affected by P fertilization than those in 

white clover, in terms of species richness and composition. Although similar effects of P 

fertilization were seen in bacterial communities in roots and nodules of both clover 

types, the bacteria colonising subterranean clover nodules were affected more than 

white clover by the type of P fertilizer (rock P or superphosphate) used, further 

confirming the hypothesis of specific host recruitment of PSB to the root and nodules. 

This is the first study to establish the combined effect of P fertilization and plant species 

on nodule bacterial community. Edwards et al. (2015) and Leite et al. (2017) also noted 

that soil type and plant genotype affect root/nodule bacterial communities. This study 

showed that the duration of P fertilization within the same soil type and across different 
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clover species can impact the nodule bacterial composition. To expand on this work, 

similar experiments with 2-3 cultivars of both species, that have different growth 

response to P fertilization, could be performed to identify if the composition of the 

bacterial community is more affected by cultivar or host species. This information would 

confirm whether some hosts/ cultivars are more receptive to PSB inoculation than the 

others and could identify germplasm targets for plant breeding. 

6.3.2 Mode of entry of non-rhizobia in the nodules 

Excluding Rhizobium spp., a high similarity between the root and nodule microbiome 

was found, and these contrasted with that of the rhizosphere. This suggested that the 

non-rhizobial nodule inhabitants entered the nodules mainly through the root, further 

confirming one of the hypotheses from Chapter 2. All the major genera found in the 

roots in this study were also reported by Hartman et al. (2017) in the roots of red clover, 

by Donn et al. (2015) in wheat roots and by Edwards et al. (2015) in rice roots. The 

sequences obtained from the root grown in sterile media (root blank) indicated that a 

small proportion of the genera may have been endophytes of the seed. The rhizobox 

experiment using fluorescently labelled non-rhizobial PSB, as suggested earlier, may also 

help visualize the mode of root and nodule entry. High levels of rhizosphere colonisation 

by a PSB, and entry into the nodule/root, is likely to more beneficial to plant growth as 

this would provide a larger surface area than nodules alone, maximizing P solubilization 

and absorption.  

 Mechanistic understanding of P solubilization 

Chapter 4 functionally characterised the PSB to understand the mechanisms of the PS 

activity. This characterisation also identified the most promising strains for plant growth 

experiments. Acidification was the main mechanism for PS, which was most likely due to 

the release of organic acids. A positive correlation between decrease in pH and amount 

of P solubilized was also found by Sridevi et al. (2007) and Castagno et al. (2011), but the 

exact relationship could not be drawn, as the medium, P substrates and even methods 

of P measurement were different in the two studies. This study found the relationship to 

be true on more strains than in previous studies, on different days of observation and 
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across different genera. It is however likely that organic acids solubilize P, not only by 

acidification, but with additional mechanisms like proton extrusion and/ or metal ion 

chelation (Rodríguez and Fraga, 1999). Kim et al. (1997) showed that inorganic acids at 

the same pH as organic acids were less effective at PS than organic acids. These sub 

mechanisms, especially metal ion chelation (Ma et al., 2001), are likely to be affected by 

the structure of the organic acid (Negri et al., 2014), and thereby, the ‘denticity’ 

(number of donor groups attached to the central atom in a ligand (Book, 2014)) of the 

organic acid, thereby imparting different organic acids, different effectivity at the same 

pH. Evidence of this was observed when an increase in pH from day 12 to 16 in tubes 

with Enterobacter spp. did not result in re-precipitation of an equivalent amount of P. 

The ability of Enterobacter spp. to solubilize substantial amounts of P even while 

utilizing mannitol may indicate a difference in the organic acid profile between 

Enterobacter spp. and other PSB collected in this study. Solubilization of P (HA, TCP and 

PA) using purified forms of various organic acids may be used in different pH conditions 

to study these additional mechanisms. Comparison of halo sizes and PS quantification to 

organic acid profile using a method such as HPLC (Hsu et al., 2015) may identify specific 

organic acids, more efficient in solubilizing P. Identification of these organic acids may 

result in identification of the specific genes responsible for their release and may 

therefore aid in molecular techniques based screening methods for PSB.  

The presence of soluble P in the media did not decrease halo size of any PSB strains, 

suggesting that PS by release of organic acids was a by-product of other bacterial 

functions, and not directly intended to solubilize P. A slight decrease in PQQ and GDH 

enzyme production in the presence of soluble P has been reported previously (Castagno 

et al., 2011; An and Moe, 2016), but over a range (0-50 mM) which was unrealistic when 

compared with the soluble range in fertilized agricultural soils (0.01-0.035 mM) 

(McLaren and Cameron, 1996; Antoun, 2012). Therefore, a decrease in PS activity due to 

the presence of soluble P in soil may be negligible. This is desirable for a PSB inoculant 

as agricultural soils receive large superphosphate inputs, which should not result in loss 

of function of bio-inoculants. 

Glucose was essential for PS as the activity significantly reduced in most strains when 

glucose was replaced with mannitol. Mannitol is widely utilized by Rhizobium spp., but 
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not by most soil bacteria, and thus is very commonly used in biofertilizer formulations 

(Vessey, 2003; Fuentes-Ramirez and Caballero-Mellado, 2005), so, decreased PS in the 

presence of mannitol was undesirable. However, glucose is the most commonly found 

carbon source in the rhizosphere (Hütsch et al., 2002), so, functionality in the 

rhizosphere may be unaffected. The importance of glucose for PS also indicated that 

direct oxidation of glucose by PQQ-GDH holoenzyme (Kim et al., 2003; Oteino et al., 

2015) may be the most common mechanism. Interestingly, few strains of Enterobacter 

spp. could solubilize P while utilizing mannitol, suggesting that Enterobacter spp. PS is 

different from other genera, which may be due to additional or alternate pathways for 

organic acid production. This was the first study comparing the PS activity of different 

genera utilizing mannitol. To identify any such potential pathway/s in Enterobacter spp., 

an HPLC analysis to study the organic acid profile (Hsu et al., 2015) may be conducted. 

 Clover growth promotion by PSB 

Only 11 of the 79 PSB could nodulate and fix N for white clover. Enterobacter and 

Pseudomonas spp. were more effective at PS than Rhizobium. Some strains of 

Pseudomonas have been shown to nodulate legumes previously (Shiraishi et al., 2010; 

Huang et al., 2012; Wigley et al., 2017), but only the 11 nodulating strains were chosen 

for further experimentation as this would ensure plant colonisation and field survival. 

Rhizobia are also commonly applied as biofertilizers. The non- rhizobial PSB, especially 

Pseudomonas and Enterobacter spp. had high PS capability and were found more 

frequently associated with subterranean clover than with white clover nodules; these 

strains may therefore be highly beneficial when used only for PS in soil.  These strains 

could not be explored further in this study, but their effect on plant growth could be 

studied further in co-inoculation experiments where these strains are mixed with 

rhizobia. Additionally, they may be tested on non-legume crops or forage grasses. 

In Chapter 5, the 11 PS rhizobia were tested for their benefit to plant growth in 

comparison to current commercial inoculant, R. leguminosarum strain TA1. The pottle 

assay was used to study the interaction of PS rhizobia with clover without the soil 

competition and complexity. This experiment selected six strains which produced more 

DM than TA1, produced comparable DM to treatments simulating high fertilization 



149 

conditions and showed no difference among pots supplied with nutrient solutions 

containing readily available P or HA. Pottle assays, although not representative of the 

soil environment, is a standard methodology used for selection of isolates for more 

detailed glasshouse experiments in nodulation studies (Ballard R, Personal 

communication, October 31, 2016).  

PS rhizobia strains produced more shoot DM than TA1 (21-33%) and uninoculated 

controls (26-36%) in plants grown in soil I5+HA. A two fold increment in growth 

compared with TA1 and uninoculated controls due to dual function rhizobia was also 

found in an unpublished study (Ridgway H, Personal communication, June 30, 2015). 

This growth increment was much higher than usually reported with PS alone (e.g. 10-

15% (Tandon, 1987); 4-8% (Monsanto and BioAg, 2016)). The additional benefit may 

thus be the result of the dual functions of PS and N fixation. N fixation is limited by P 

availability (Cadisch et al., 1993; Vance et al., 2000), and the boost in growth may also 

have resulted from higher N fixation due to higher P availability. External application of 

P fertilizers increases N fixation (Woomer et al., 2014; Ronner et al., 2016). By the 

application of dual function rhizobia a growth increment of roughly 12-25% may be 

expected. For comparison of single vs dual function, the exact amount of P uptake due 

to PS should be measured. This analysis is currently challenging, but may be achieved by 

the use of insoluble P substrates, manufactured with radio isotopes of P. To avoid plant 

genotypic influence, a split root experiment, as conducted by Watts-Williams et al. 

(2015) may be employed. 

Chapter 5 was able to recommend three strains for further research and inoculant 

development. These strains could make small (0.5 mm) halos on HA medium, solubilized 

HA between 8.5 to 86 ppm (initial= 2.36 ppm), could not solubilize P utilizing mannitol 

and the presence of soluble P did not influence its halo production. Being rhizobia, the 

process of field inoculation is well developed in comparison with other bacteria. While 

the increases in plant growth were promising, glasshouse experiments do not always 

predict outcomes of field evaluations. Therefore, these strains should be tested further 

in field experiments, where white and subterranean clover monocultures and then 

mixed sward of clover and grass (e.g. white clover and ryegrass) could be studied. 

Experiments should also be conducted in a range of soils, differing in pH, background 
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MPN and total P. Additionally, different inoculation strategies such as seed coating, 

repeated inoculation with bacterial suspensions, and mixed into the fertilizer could also 

be tested. 

 Conclusion 

In summary, Chapter 2 functionally screened nodule bacteria for PS, established the 

protocol for such future screening exercises, found evidence of selection of bacteria that 

could solubilize P and found evidence of host recruitment of PSB. Chapter 3 identified 

the PSB, confirmed the findings of the screening and explored the reasons for entry of 

non-rhizobial bacteria into the nodule while attempting to assign function to some of 

the non-rhizobial inhabitants. Chapter 4 attempted to understand the PS activity more 

by characterisation of the PSB in vitro. This understanding would help in making decision 

for strain selection and formulating a product. Chapter 5 shortlisted the most suitable 

isolates for further testing and commercialization by comparing the functionality and 

growth potential to the current commercial alternatives. This thesis was thus able to 

collect, screen (n=1,915), characterise (n= 79) and identify three candidate strains of R. 

leguminosarum bv. trifolii for their dual functions and recommend them for potential 

future use to improve P and N availability for white and subterranean clovers. 
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Appendix 1: Media/ reagents and solutions 

Mc Knight’s solution (N-free) 

Stock solutions (McKnight, 1949; Unkovich et al., 2008) 

1 Calcium chloride (CaCl2) 20 g/l 

2 Magnesium sulfate (MgSO4.7H2O)  400 g/l 

3 Potassium dihydrogen orthophosphate (KH2PO4)  100 g/l  

4 Potassium chloride (KCl) 150 g/l  

5 Trace elements stock solution  

 boric acid (H3BO3)  2.86 g 
 manganese sulfate (MnSO4.4H2O)  2.03 g 
 zinc sulfate (ZnSO4.7H2O)  0.222 g 
 copper sulfate (CuSO4.5H2O)  0.079 g 
 molybdic acid (H2MoO4.H2O)  0.09 g 
 Added together and diluted to 1 l  

6 EDTA stock solution (stored in dark)  

 ethylene diamine tetra-acetic, sodium salt (EDTA)  2 g 
 60% wt/vol ferric chloride solution (FeCl3)  16.8 ml 
 Added together and diluted to 1 l  

7 Sodium hydroxide (NaOH) 40 g/l 

8 Ammonium nitrate (NH4NO3) (Liu et al., 2012) 8 g/l 

Each of the stock solutions were prepared by dissolving in distilled water and autoclaved 
at 121°C and 15 Psi for 15 min. 
 

 Mc Knight’s Min N (for 1 l working solution)  

1 Calcium chloride 0.25 ml 

2 Magnesium sulfate 0.25 ml 

3 Potassium dihydrogen orthophosphate 1 ml 

4 Potassium chloride 1 ml 

5 Trace elements stock solution 0.5 ml 

6 EDTA stock solution 0.75 ml 

7 Sodium hydroxide 0.25 ml 

8 Ammonium nitrate 1 ml 

Diluted to 1 l with distilled water, pH adjusted to 6.6. Autoclaved at 121°C and 15 Psi for 

15 min. 

Mc Knight’s HA Min N (for 1 l working solution) 

Same as Mc Knight’s Min N, but Potassium dihydrogen orthophosphate replaced with 

123.1 mg hydroxyapatite, before pH adjustment. 
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Yeast extract Mannitol Agar (YMA) 

Ingredient Amount 

Yeast extract 1 g 

Mannitol 4 g 

Dipotassium hydrogen orthophosphate 0.5 g 

Magnesium sulphate 0.2 g 

Sodium chloride 0.1 g 

Calcium carbonate 1 g 

Bacteriological agar 15 g 

Dissolved in 1 l distilled water and autoclaved at 121°C and 15 Psi for 15 min. Cooled to 
hand bearable temperature before pouring ~ 15 ml per petri dish. 
 

Yeast extract Mannitol Broth (YMB) 

Ingredient Amount 

Yeast extract 1 g 

Mannitol 4 g 

Dipotassium hydrogen orthophosphate 0.5 g 

Magnesium sulphate 0.2 g 

Sodium chloride 0.1 g 

Dissolved in 1 l distilled water and autoclaved at 121°C and 15 Psi for 15 min. 

Phosphate solubilizing media 

Tricalcium Phosphate media (TCP) (Frey‐Klett et al., 2005) 

Ingredient Amount 

Glucose 10 g 

Ammonium chloride 5 g 

Magnesium sulphate 1 g 

Sodium chloride 1 g 

Tricalcium phosphate (TCP) 4 g 

Bacteriological agar 20 g 

Mixed in 1 l distilled water, pH adjusted to 7.2. Autoclaved at 121°C and 15 Psi for 15 
min. Cooled to hand bearable temperature before pouring ~ 15 ml per petri dish. 
Hydroxyapatite media (HA): Replaced TCP with 4.32 g/l hydroxyapatite 

Phytic acid media (PA): Replaced TCP with 3.82 g/l phytic acid 

Aluminium phosphate media (AP): Replaced TCP with 3.15 g/l aluminium phosphate 
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National Botanical Research Institute‘s Phosphate growth broth (NBRIP) 

Modified from (Nautiyal, 1999) 

Ingredient Amount 

Glucose 10 g 

Magnesium chloride 5 g 

Magnesium sulphate 0.25 g 

Potassium chloride 0.2 g 

Hydroxyapatite 5.4 g 

Ammonium sulphate 0.1 g 

Mixed in 1 l distilled water, pH adjusted to 7.2. Autoclaved at 121°C and 15 Psi for 15 
min. 
 

Molybdenum blue reagent 

Modified from (Murphy and Riley, 1962) 
 Stock solutions  

1 Sulphuric acid  2.5 M  

2 Ammonium molybdate 40 g/l 

3 Potassium antimonyl tartarate  2.74 g/l 

4 Ascorbic acid (Freshly prepared)* 0.176  g/l  

*Ascorbic acid was dissolved in 2 drops of 1 M NaOH and diluted to required volume 

The reagents were combined in the ratio 10: 3: 1: 6 respectively. Reagent was used 
within 2 h of combining. 
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List of commonly used chemicals and consumables and respective 

manufacturers 

Consumables / chemicals Manufacturer 

Petri plates LabServ, Australia 

Sterile tubes (1.5, 15 and 50 ml) Axygen, Corning, USA 

PCR tubes (200 and 500 µl) Axygen, Corning, USA 

Pipette tips (10, 200 and 1000 µl) Axygen, Corning, USA 

Tricalcium phosphate (TCP) Sigma Aldrich, USA 

Hydroxyapatite (HA) Sigma Aldrich, USA 

Calcium phytate/ phytin (PA) Tokyo Chemical Industry, Japan 

Aluminium phosphate (AP) Sigma Aldrich, USA 

Bacteriological agar Difco, USA 

Glucose Scharlau, Spain 

Mannitol J.T. Baker, USA 

Calcium carbonate LabServ, Australia 

Di-potassium hydrogen orthophosphate LabServ, Australia 

Magnesium sulphate Scharlau, Spain 

Ammonium chloride LabServ, Australia 

Sodium chloride LabServ, Australia 

Agarose Bioline, England 
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Appendix 2: Additional analysis/ supplementary information 

A2.1 Chapter 2: supplementary data 
Detailed soil test results 

Table A2. 1 Detailed soil test results and MPN of soils used to grow white and subterranean clover for baiting in Chapter 2. 

Site 
Treatment Plot no pH 

Olsen P 
(mg/l) 

Total P 
(mg/kg) 

Total C 
(%) 

Available N 
(kg/Ha) 

Total 
N (%) 

CEC 
(me/100g) 

Calcium 
(me/100g) MPN/ g 

Winchmore 

Nil P Wp 3 5.8 5 405 3.6 145 0.34 17 6.9 4.9 x 103 

 Wp 6 5.8 5 482 3.6 143 0.35 17 7.1 9.3 x103 

 Wp 11 5.7 5 448 3.9 153 0.33 18 7.3 6.9 x 103 

 Wp 20 5.8 6 460 3.4 142 0.29 15 6.1 4.8 x 103 

High RP Wp 1 5.5 19 903 3.8 146 0.35 20 8.1 7.8 x 104 

 Wp 8 5.5 27 858 3.6 135 0.31 18 7.1 4.5 x 104 

 Wp 13 5.6 20 920 3.8 164 0.32 17 7.4 9.3 x 103 

 Wp 18 5.6 21 875 3.9 147 0.36 20 8.3 3.3 x 104 

High SP Wp 2 5.5 64 1,013 3.5 130 0.34 19 8.7 2.1 x 104 

 Wp 7 5.6 75 1,164 3.8 178 0.33 19 8.7 6.9 x 104 

 Wp 14 5.5 59 1,094 3.9 136 0.36 20 9.1 1.1 x 104 

 Wp 16 5.5 63 1,090 3.7 131 0.34 19 8.4 2.7 x 104 

Whatawhata 

Nil P Ww6 4.9 9 439 5.7 285 0.39 19 2.8 8.3 x 102 

 Ww18 5 12 601 6.9 326 0.59 21 3.5 1.7 x 103 

High P Ww4 5 81 1,423 5.3 327 0.53 19 3.8 2.0 x 103 

 Ww13 5 195 3,010 7.8 303 0.57 27 5.9 1.7 x 104 

Lincoln 
University 

Nil P Lp5 5.5 8 361 3 115 0.22 12 4.9 1.3 x 105 

 Lp11 5.5 8 361 3 115 0.22 12 4.9 1.5 x 104 

 Lp20 5.6 9 391 2.8 149 0.2 12 4.9 2.2 x 104 

High P Lp3 5.6 21 482 3.3 146 0.24 13 5.2 5.4 x 103 

 Lp15 5.6 21 482 3.3 146 0.24 13 5.2 1.5 x 104 

 Lp24 5.6 26 507 2.8 97 0.24 14 5.5 4.8 x 103 

Banks 
Peninsula 

 Bt1 5.5 29 1571 4.8 177 0.46 27 9.3 2.2 x 104 

 Bt2 5.6 25 1449 5.2 215 0.53 28 9.9 2.0 x 104 

 Bs 5.4 34 1198 5.1 153 0.48 24 7.7 2.1 x 104 
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Multiple plate inoculator 

Seven standard 6 cm stainless steel screws were fixed in the slots of a standard stainless 

steel potato masher with the help of nuts and washers (Figure A2.1). The distance 

between was adjusted according to the tray holding the tubes. The tips of the screws 

were filed to a diameter of ~3 mm. 

Figure A2. 1 Construction of multiple plate inoculator. 

Validation of sterility 

The multiple plate inoculator was sterilized by dipping in 96% ethanol and then flamed 

(screws only). One ml of YMB was pipetted into nine 1.5 ml tubes. The screws were then 

dipped in a set of seven 1.5 ml tubes. One tube was kept uninoculated while one tube 

was inoculated with 20 µl culture stock of R. leguminosarum strain TA1 (positive 

control). The tubes were then incubated at 25°C shaking at 220 rpm for 3 d. The tubes 

were visually compared for growth. No bacterial growth was observed in either of the 

tubes, the screws were dipped in (Figure A2.2). This validated that the multiple plate 

inoculator achieved sterilization with flaming. 
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Figure A2. 2 Bacterial growth in positive control (TA1; left) and no growth in 
uninoculated tube and the tubes, screws were dipped in. 

Examples of colony morphologies on HA medium 
a) PSB identified as Rhizobium spp. 

 
b) PSB identified as Enterobacter spp. 

 
c) PSB identified as Pseudomonas spp. 

 
d) PSB identified as Variovorax spp. 

Figure A2. 3 Examples of different colony morphologies of PSB observed on 
hydroxyapatite media plates on day 16. Halo sizes measured in Chapter 2, strains 
identified in Chapter 3. 

TA1              <-------------------------- sterility validation --------------------------------->    uninoculated 
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Range of halo sizes 

Figure A2. 4 Range of halo sizes observed on a) Phytin (PA); b) Tricalcium phosphate 
(TCP); c) Hydroxyapatite (HA) media on different days of observation. 
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A2.2 Chapter 3: supplementary data 

PSB identification  

Sequences are available on request. 

Table A2. 2 List of PSB collected and screened in Chapter 2 and identified in Chapter 3. 
Host: strain collected from subterranean clover (sub) nodules or white clover (white) 
nodules. Site: origin of the soil bait plants were grown in (Uni= University). Halo size: 
mean size of halo on HA medium on day 16 (Chapter 2). P solubilized: amount of P 
solubilized on day 16 (Chapter 4) (NA= not available). Identity: identity based upon the 
closest match of 16S rDNA sequence on GenBank database. GenBank ID: of the closest 
match. List does not contain strains whose partial sequence was available and PSAB 
strains. R= Rhizobium spp., E= Enterobacter spp., P= Pseudomonas spp. and V= 
Variovorax spp.. 

Strain Host Site 
Halo size 

(mm) 

P solubilized 

(ppm) 
Identity GenBank ID 

1LS sub Winchmore 7.37 181.3 P.protegens NR_074599.1  

3HS sub Winchmore 6.64 132.4 E. ludwigii KR054972.1  

4HS sub Winchmore 6.31 122.4 E. ludwigii JN700134.1  

5LS sub Lincoln Uni 5.97 214.5 Pseudomonas sp. FJ786065.1  

6HS sub Winchmore 5.57 134.3 E. ludwigii KR054973.1  

7HS sub Winchmore 5.56 144.9 E. ludwigii KR054972.1  

8HS sub Winchmore 5.51 129.9 E. ludwigii KR054972.1  

10LS sub Winchmore 5.42 118.7 E. cloacae CP011798.1  

11HS sub Winchmore 5.38 194.5 Pseudomonas sp. KP718759.1  

12HS sub Winchmore 5.03 141.7 E. ludwigii KR054972.1  

15HS sub Winchmore 4.7 126.7 E. cloacae CP011798.1  

16HS sub Winchmore 4.6 123.0 E. cloacae CP011798.1  

17LS sub Winchmore 4.49 129.2 E. ludwigii KR054972.1  

18HS sub Winchmore 4.47 126.2 E. ludwigii JN700134.1  

19HS sub Winchmore 4.45 136.1 E. cloacae CP011798.1  

20HW white Lincoln Uni 4.45 136.3 E. cloacae CP011798.1  

21HS sub Winchmore 4.34 132.7 E. cloacae KR061390.1  

25LS sub Lincoln Uni 3.95 184.1 Pseudomonas sp. JX266335.1  

26LS sub Lincoln Uni 3.76 192.7 Pseudomonas sp. JX266335.1  

28HS sub Winchmore 3.68 NA Leifsonia xyli HQ530518.1  

31HS sub Banks Peninsula 3.15 203.6 Pseudomonas sp. FJ786065.1  

32LS sub Whatawhata 3.07 123.1 R. tropici GQ181036.1  

33HW white Lincoln Uni 2.9 141.8 E. ludwigii KR054973.1  

35LW white Lincoln Uni 2.59 56.3 Rhizobium sp. AY490104.1  

36HS sub Banks Peninsula 2.54 NA Variovorax sp. KC166765.1  

39HS sub Winchmore 2.18 NA Herbaspirillum sp. EU549839.1  

http://www.ncbi.nlm.nih.gov/nucleotide/444304175?report=genbank&log$=nucltop&blast_rank=15&RID=YWB9END801R
http://www.ncbi.nlm.nih.gov/nucleotide/887497209?report=genbank&log$=nucltop&blast_rank=1&RID=YTWC3GPP01R
http://www.ncbi.nlm.nih.gov/nucleotide/375004750?report=genbank&log$=nucltop&blast_rank=2&RID=YTWCSEJK01R
http://www.ncbi.nlm.nih.gov/nucleotide/225200311?report=genbank&log$=nucltop&blast_rank=6&RID=YJ9GS7YZ014
http://www.ncbi.nlm.nih.gov/nucleotide/887497210?report=genbank&log$=nucltop&blast_rank=1&RID=YWBA6KA101R
http://www.ncbi.nlm.nih.gov/nucleotide/887497209?report=genbank&log$=nucltop&blast_rank=1&RID=YTX1RF1901R
http://www.ncbi.nlm.nih.gov/nucleotide/887497209?report=genbank&log$=nucltop&blast_rank=1&RID=YTX2CWK301R
http://www.ncbi.nlm.nih.gov/nucleotide/837355017?report=genbank&log$=nucltop&blast_rank=1&RID=YWBB2MH801R
http://www.ncbi.nlm.nih.gov/nucleotide/758898569?report=genbank&log$=nucltop&blast_rank=1&RID=YTXR3MHE015
http://www.ncbi.nlm.nih.gov/nucleotide/887497209?report=genbank&log$=nucltop&blast_rank=1&RID=YWBNHA37015
http://www.ncbi.nlm.nih.gov/nucleotide/837355017?report=genbank&log$=nucltop&blast_rank=2&RID=YTY16AZ9015
http://www.ncbi.nlm.nih.gov/nucleotide/837355017?report=genbank&log$=nucltop&blast_rank=2&RID=YTY16AZ9015
http://www.ncbi.nlm.nih.gov/nucleotide/887497209?report=genbank&log$=nucltop&blast_rank=1&RID=YWBNHA37015
http://www.ncbi.nlm.nih.gov/nucleotide/375004750?report=genbank&log$=nucltop&blast_rank=4&RID=YWBUHPKM014
http://www.ncbi.nlm.nih.gov/nucleotide/837355017?report=genbank&log$=nucltop&blast_rank=2&RID=YTY16AZ9015
http://www.ncbi.nlm.nih.gov/nucleotide/837355017?report=genbank&log$=nucltop&blast_rank=1&RID=YTYCCTWU01R
http://www.ncbi.nlm.nih.gov/nucleotide/822598996?report=genbank&log$=nucltop&blast_rank=1&RID=YJCY5MHF01R
http://www.ncbi.nlm.nih.gov/nucleotide/402549810?report=genbank&log$=nucltop&blast_rank=6&RID=YTZ5EMTY01R
http://www.ncbi.nlm.nih.gov/nucleotide/402549810?report=genbank&log$=nucltop&blast_rank=6&RID=YTZ5EMTY01R
http://www.ncbi.nlm.nih.gov/nucleotide/313770962?report=genbank&log$=nucltop&blast_rank=1&RID=YRK037GT014
http://www.ncbi.nlm.nih.gov/nucleotide/225200311?report=genbank&log$=nucltop&blast_rank=6&RID=YRRVEEC4015
http://www.ncbi.nlm.nih.gov/nucleotide/254838487?report=genbank&log$=nucltop&blast_rank=2&RID=YU0B0VAB014
http://www.ncbi.nlm.nih.gov/nucleotide/887497210?report=genbank&log$=nucltop&blast_rank=1&RID=YU0BPA97014
http://www.ncbi.nlm.nih.gov/nucleotide/45686222?report=genbank&log$=nucltop&blast_rank=2&RID=YU0M0SVG015
http://www.ncbi.nlm.nih.gov/nucleotide/523453880?report=genbank&log$=nucltop&blast_rank=4&RID=YRRW0Z51014
http://www.ncbi.nlm.nih.gov/nucleotide/189170095?report=genbank&log$=nucltop&blast_rank=3&RID=YU108T3701R
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Table A2.2 Continued from previous page 

Strain Host Site 
Halo size 

(mm) 

P solubilized 

(ppm) 
Identity GenBank ID 

40LS sub Whatawhata 2.0 101.9 Rhizobium sp. JX855179.1  

43LS sub Whatawhata 1.81 80.7 Rhizobium sp. JX855179.1  

44LS sub Banks Peninsula 1.76 215.6 V. paradoxus LC015538.1  

45HS sub Winchmore 1.64 58.1 R. leguminosarum KP219138.1  

46HS sub Winchmore 1.64 23.2 R. leguminosarum KJ634549.1  

47HW white Banks Peninsula 1.59 67.2 R. taibaishanense HM776996.1  

48HW white Banks Peninsula 1.54 75.7 R. taibaishanense HM776996.1  

49LS sub Lincoln Uni 1.33 75.2 R. lucitanum JX855178.1  

50LS white Banks Peninsula 1.29 75.0 R. taibaishanense HM776996.1  

51HS sub Winchmore 1.27 42.7 R. leguminosarum LC042452.1  

53HW white Lincoln Uni 1.01 NA 
Bacillus 

megaterium 
KJ451626.1  

54LW white Winchmore 1.01 39.34 R. leguminosarum LC042453.1  

56HS sub Winchmore 0.5 115.2 R. lusitanum JX855178.1  

57HW white Winchmore 0.5 222.4 Variovorax sp. KM411504.1  

58LW white Winchmore 0.5 92.7 Variovorax sp. KM411504.1  

59HS sub Winchmore 0.5 76.2 Rhizobium sp. JX855178.1  

60HS sub Winchmore 0.5 8.43 R. leguminosarum KJ634549.1  

61HS sub Winchmore 0.5 NA Bacillus simplex KJ721216.1  

63HW white Winchmore 0.5 96.5 R. leguminosarum KP219138.1  

64HS sub Winchmore 0.5 32.7 R. nepotum KP762553.1  

65HS sub Winchmore 0.5 209.1 Variovorax sp. KM411504.1  

66HS sub Winchmore 0.5 27.1 R. leguminosarum LC042451.1  

67HS sub Winchmore 0.5 109.1 Variovorax sp. KM411504.1  

68HS sub Winchmore 0.5 165.4 Variovorax sp. KM411504.1  

69HS sub Winchmore 0.5 88.8 Variovorax sp. KM411504.1  

70HS sub Winchmore 0.5 143.9 Variovorax sp. KM411504.1  

72HW white Winchmore 0.5 25.4 Rhizobium sp. JF327659.1  

74LS sub Lincoln Uni 0.5 31.4 Rhizobium sp. AB552864.1  

75HW white Banks Peninsula 0.5 84.7 R. leguminosarum KM253159.1  

76HW white Banks Peninsula 0.5 85.8 R. leguminosarum LC042453.1  

77HW white Banks Peninsula 0.5 9.85 R. leguminosarum KP219138.1  

78HW white Banks Peninsula 0.5 9.75 R. leguminosarum KF111868.2  

79HS sub Banks Peninsula 0.5 100.2 R. lusitanum JX855178.1  

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/nucleotide/472440656?report=genbank&log$=nucltop&blast_rank=1&RID=YU30JHAF014
http://www.ncbi.nlm.nih.gov/nucleotide/472440656?report=genbank&log$=nucltop&blast_rank=1&RID=YU30ZU5C015
http://www.ncbi.nlm.nih.gov/nucleotide/751367982?report=genbank&log$=nucltop&blast_rank=2&RID=YU3FTFKT01R
http://www.ncbi.nlm.nih.gov/nucleotide/808698037?report=genbank&log$=nucltop&blast_rank=1&RID=YU3GAK4P01R
http://www.ncbi.nlm.nih.gov/nucleotide/645905391?report=genbank&log$=nucltop&blast_rank=97&RID=YU3PY7GW01R
http://www.ncbi.nlm.nih.gov/nucleotide/307563564?report=genbank&log$=nucltop&blast_rank=1&RID=YTNDCEZ5015
http://www.ncbi.nlm.nih.gov/nucleotide/307563564?report=genbank&log$=nucltop&blast_rank=1&RID=YU3REWJ001R
http://www.ncbi.nlm.nih.gov/nucleotide/472440655?report=genbank&log$=nucltop&blast_rank=1&RID=YU3SHXK601R
http://www.ncbi.nlm.nih.gov/nucleotide/307563564?report=genbank&log$=nucltop&blast_rank=1&RID=YU67VKDC01R
http://www.ncbi.nlm.nih.gov/nucleotide/806638481?report=genbank&log$=nucltop&blast_rank=4&RID=YRJSNNGT015
http://www.ncbi.nlm.nih.gov/nucleotide/619330713?report=genbank&log$=nucltop&blast_rank=4&RID=YU696P5M01R
http://www.ncbi.nlm.nih.gov/nucleotide/806638482?report=genbank&log$=nucltop&blast_rank=3&RID=YRJTGVA8015
http://www.ncbi.nlm.nih.gov/nucleotide/472440655?report=genbank&log$=nucltop&blast_rank=1&RID=YTTA696D014
http://www.ncbi.nlm.nih.gov/nucleotide/697057239?report=genbank&log$=nucltop&blast_rank=1&RID=YU69KH3X01R
http://www.ncbi.nlm.nih.gov/nucleotide/697057239?report=genbank&log$=nucltop&blast_rank=1&RID=YTTPRT03014
http://www.ncbi.nlm.nih.gov/nucleotide/472440655?report=genbank&log$=nucltop&blast_rank=1&RID=YJBT7CKN015
http://www.ncbi.nlm.nih.gov/nucleotide/645905391?report=genbank&log$=nucltop&blast_rank=96&RID=YU7YJNRE014
http://www.ncbi.nlm.nih.gov/nucleotide/745286342?report=genbank&log$=nucltop&blast_rank=1&RID=YU7Z9HZ2015
http://www.ncbi.nlm.nih.gov/nucleotide/808698037?report=genbank&log$=nucltop&blast_rank=1&RID=YJEAGCJK015
http://www.ncbi.nlm.nih.gov/nucleotide/848630992?report=genbank&log$=nucltop&blast_rank=2&RID=YU7ZXG66015
http://www.ncbi.nlm.nih.gov/nucleotide/697057239?report=genbank&log$=nucltop&blast_rank=1&RID=YU80J4K5015
http://www.ncbi.nlm.nih.gov/nucleotide/806638480?report=genbank&log$=nucltop&blast_rank=5&RID=YRK0JN6G014
http://www.ncbi.nlm.nih.gov/nucleotide/697057239?report=genbank&log$=nucltop&blast_rank=1&RID=YU8CRGUC015
http://www.ncbi.nlm.nih.gov/nucleotide/697057239?report=genbank&log$=nucltop&blast_rank=1&RID=YU8CRGUC015
http://www.ncbi.nlm.nih.gov/nucleotide/697057239?report=genbank&log$=nucltop&blast_rank=1&RID=YU8CRGUC015
http://www.ncbi.nlm.nih.gov/nucleotide/697057239?report=genbank&log$=nucltop&blast_rank=1&RID=YUCB8HRP014
http://www.ncbi.nlm.nih.gov/nucleotide/326654395?report=genbank&log$=nucltop&blast_rank=1&RID=YRM4MN0D015
http://www.ncbi.nlm.nih.gov/nucleotide/300068698?report=genbank&log$=nucltop&blast_rank=1&RID=YJ9HDKRF014
http://www.ncbi.nlm.nih.gov/nucleotide/725096883?report=genbank&log$=nucltop&blast_rank=1&RID=YJ5J0CR401R
http://www.ncbi.nlm.nih.gov/nucleotide/806638482?report=genbank&log$=nucltop&blast_rank=3&RID=YJ9J4TU3015
http://www.ncbi.nlm.nih.gov/nucleotide/808698037?report=genbank&log$=nucltop&blast_rank=1&RID=YJAM1FR7014
http://www.ncbi.nlm.nih.gov/nucleotide/812433557?report=genbank&log$=nucltop&blast_rank=2&RID=YJAMM0RZ015
http://www.ncbi.nlm.nih.gov/nucleotide/472440655?report=genbank&log$=nucltop&blast_rank=1&RID=YUCBUZUR015
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Data analysis of Illumina sequencing 

Script for Illumina sequencing (NGS) pilot experiment analysis 

#!/bin/sh 

FLASH-1.2.11/./flash -o L1.flash data_release/clean_data/NoBi-pil-

OTP_HM5MYBCXX_L1_1.clean.fq.gz data_release/clean_data/NoBi-pil-

OTP_HM5MYBCXX_L1_2.clean.fq.gz 2>&1 >flash.log 

flexbar -b barcodeF.nobi.txt -r L1.flash.extendedFrags.fastq -bo 6 -bu -be 

LEFT_TAIL -t L1.left --threads 20 -o > L1.F.sept.flexbarout 

for i in WC.F*.fasta 

do 

flexbar -b barcode.Rev.nobi.txt -r $i -bo 6 -bu -be RIGHT_TAIL -t $i --threads 10 -o 

> WC.$i.flexbarout 

done 

for i in $(ls WC.*.fasta); 

do 

assign_taxonomy.py -i $i -r gg_13_8_otus/rep_set/99_otus.fasta  -t 

gg_13_8_otus/taxonomy/99_otu_taxonomy.txt -o WC.assign 

done 

for i in $(ls *.rdpout); 

do 

awk '$i | sort | uniq -c > $i.count 

done 

 

Script for the main experiment with Illuminia sequencing (NGS): Available on request  
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Sequencing report: An example (Report for each sample is available on 

request) 
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Figure A2. 5 Breakdown of percentage composition of identities of abundant OTU’s in 
the (left to right) nodules (N), roots (R) and rhizospheres (Rh) samples from a) white 
clover (white) and subterranean clover (sub.) plants grown in b) soils with different P 
fertilization treatments. Data excludes Rhizobium spp.. Other rhizobia= known 
nodulating bacteria (Table 3.9). 
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Appendix 3: Statistical analysis 

A3.1 Chapter 2 
Table A3. 1 Pearson correlations among soil test results and soil MPN. 

  MPN per 
gram 

Total P 
Total 

N 
Total C 

Olsen 
P 

Total P Pearson’s correlation 0.007     
 P value 0.973     

Total N Pearson’s correlation -0.204 0.698    
 P value 0.307 0.000    

Total C Pearson’s correlation -0.203 0.695 0.918   
 P value 0.31 0.000 0.000   

Olsen P Pearson’s correlation -0.005 0.886 0.482 0.562  
 P value 0.981 0.000 0.011 0.002  

pH Pearson’s correlation 0.093 -0.444 -0.617 -0.775 -0.477 
 P value 0.646 0.02 0.001 0.000 0.012 

 

Table A3. 2 Linear regression among media with different P substrates. PA halo = halo 
size on day 16 on PA medium; continuous predictor. TCP and HA halo= halo sizes on day 
16 on TCP and HA media; response. 

Source DF Adjusted SS Adjusted MS F-value p-value 

PA halo vs TCP halo 1 1558.66 1558.66 934.79 <<0.001 

PA halo vs HA halo 1 745.51 745.51 728.91 <<0.001 

 
Table A3. 3 Analysis of variance (ANOVA) on halo sizes comparing mean halo sizes on 
day 16 in PA, TCP and HA media; mean halo sizes of PSB from white and subterranean 
clovers on days 8 and 16.  

Analysis DF SS MS VR 
p- 

value 

Mean halo sizes on three 

media types on day 16 
 2 2764.93 1382.47 112.88 <0.001 

White and subterranean 

clover mean halo size 

Day 16 1 37.876 37.876 10.18 0.002 

Day 8 1 19.149 19.149 8.47 0.005 
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Table A3. 4 Pearson’s chi-squared tests comparing presence/ absence of halo by isolates 
collected from different hosts (white and subterranean clovers) and different sites 
(Winchmore, Whatawhata, Lincoln University and Banks Peninsula) on HA media on day 
16.  

Presence/absence of halo DF p-value 

Isolates from different hosts 1 0.00004 

Isolates from different sites 3 0.0329 

 

Table A3. 5 Linear regression analysis showing the effect of duration and amount of 
exposure of soil P levels on incidence of phosphate solubilizing bacteria.  

Incidence of PSB affected by DF SS MS f-value p-value 

Number of years in pasture 1 10398.7 10398.7 1039.09 0.02 

Soil ‘total P 1 58.275 58.275 7.47 0.013 

 

A3.2 Chapter 3 

Table A3. 6 Permutational analysis of variance (PERMANOVA) analysis for differences in 
total bacterial communities in the nodules, roots and rhizosphere of white and 
subterranean (sub) clovers. Data based upon 999 permutations. 

Total community DF SS MS f-value R2 p-value 

Nodule (white vs sub) 1 0.6646 0.66461 2.7491 0.02676 0.025 

Root (white vs sub) 1 2.85 2.8499 8.5296 0.07448 <0.001 

Rhizosphere (white vs sub) 1 0.9968 0.99676 8.5293 0.08836 <0.001 

 

Table A3. 7 Differences in alpha diversity (species richness) of bacterial communities in 
the nodules, roots and rhizosphere of white and subterranean (sub) clovers. 

Alpha diversity DF SS MS f-value p-value 

Nodule (white vs sub) 1 1380 1380.1 1.595 0.21 

Root (white vs sub) 1 4260 4260 36.28 2.5 x 10-8 

Rhizosphere (white vs sub) 1 18686 18686 0.941 0.335 

 

Table A3. 8 Differences in beta diversity of bacterial communities in the nodules, roots 
and rhizosphere of white and subterranean (sub) clovers. Data based upon 999 
permutations. 

Beta diversity DF SS MS f-value  p-value 

Nodule (white vs sub) 1 0.4398 0.43976 7.2809  0.007 

Root (white vs sub) 1 0.29105 0.291052 23.466  <0.001 

Rhizosphere (white vs sub) 1 0.01296 0.012961 1.3969  0.281 
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Table A3. 9 Permutational analysis of variance (PERMANOVA) analysis for differences in 
total bacterial communities in the nodules, roots and rhizosphere of white and 
subterranean (sub) clovers, grown in different P fertilization soils. The P fertilization 
treatments were High SP, High RP and nil-P. Data based upon 999 permutations. 

Total community   DF SS MS f-value R2 p-value 

Nodule 
white 2 1.9326 0.96629 3.7831 0.14394 <0.001 

sub 2 1.4364 0.71818 3.9331 0.13363 <0.001 

Root 
white 2 2.3066 1.1533 3.2079 0.11578 <0.001 

sub 2 1.5506 0.7753 2.947 0.10008 <0.001 

Rhizosphere 
white 2 1.1075 0.55374 5.0659 0.19435 <0.001 

sub 2 1.2869 0.64347 8.1929 0.28065 <0.001 

 

Table A3. 10 Differences in alpha diversity (species richness) of bacterial communities in 
the nodules, roots and rhizosphere of white and subterranean (sub) clovers, grown in 
different P fertilization soils. The P fertilization treatments were High SP, High RP and nil-
P. 

Alpha diversity  DF f-value p-value 

Nodule 
white 2 7.253 0.00186 

sub 2 3.814 0.02861 

Root 
white 2 10.13 0.000208 

sub 2 12.47 3.6 x 10-5 

Rhizosphere 
white 2 0.676 0.5141 

sub 2 15.99 6.9 x 10-6 

 

Table A3. 11 Differences in beta diversity of bacterial communities in the nodules, roots 
and rhizosphere of white and subterranean (sub) clovers, grown in different P 
fertilization soils. The P fertilization treatments were High SP, High RP and nil-P. Data 
based upon 999 permutations. 

Beta diversity  DF SS MS f-value p-value 

Nodule 
white 2 0.19634 0.098168 2.9166 0.068 
sub 2 0.589 0.294482 4.4094 0.025 

Root 
white 2 0.02528 0.012642 0.9835 0.392 
sub 2 0.04133 0.020665 1.0762 0.357 

Rhizosphere 
white 2 0.05393 0.026965 1.985 0.148 
sub 2 0.004383 0.002191 0.6373 0.542 
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A3.3 Chapter 4 

Table A3. 12 Linear regression analysis showing the effect of decrease in pH on the 
amount of P solubilized.  

Effect of pH on 

amount of soluble P 
DF SS MS f-value p-value 

Overall 1 584390 584390 684.85 <0.001 

Day 4 1 31707.7 31707.7 386.69 <0.001 

Day 8 1 152210 152210 815.52 <0.001 

Day 12 1 170045 170045 406.07 <0.001 

Day 16 1 171697 171697 225.3 <0.001 

 

Table A3. 13 Analysis of variance (ANOVA) on amount of P solubilized as affected by 
bacterial genera, clover host and soil the strain was isolated from. 

 DF SS MS VR p-value 

P solubilized  vs bacterial genus 6 168841.1 28140.2 32.55 <0.001 

P solubilized  vs host clover 1 8228 8228 2.66 0.108 

P solubilized  vs soil isolated from 3 2282 761 0.23 0.874 

 

Table A3. 14 Analysis of variance (ANOVA) on the halo and colony sizes produced by PSB 
in HA media with and without soluble P (Ps). Measurements on day 16. 

 DF SS MS VR p-value 

HA+Ps vs HA on halo size 1 13.87 13.87 1.03 0.311 

HA +Ps vs HA on colony size 1 3.59 3.59 0.08 0.779 

 

Table A3. 15 Analysis of variance (ANOVA) on the halo sizes produced by PSB in HA 
media with glucose and mannitol as the sole source of C; Comparing halo sizes in 
different media and halo sizes in mannitol media by different genera. Measurements on 
day 16. 

 DF SS MS VR p-value 

Halo size on glucose vs mannitol 

containing HA medium 
1 196.1 196.143 39.14 <0.001 

halo size by different genera in 

mannitol containing HA medium 
4 429.1 107.283 103.43 <0.001 

 

Table A3. 16 Analysis of variance (ANOVA) on the shoot DM of white clover affected by 
inoculation with non-rhizobial and rhizobial PSB.  

 DF SS MS VR p-value 

Non-rhizobial PSB (Section 4.3.4.2) 46 0.000584 0.000013 1.87 0.006 

Rhizobial PSB (Section 4.3.4.3) 31 22573 728.16 33 <0.001 
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A3.4 Chapter 5 

Table A3. 17 Two way Analysis of variance (ANOVA) on the shoot DM of white clover 
inoculated with PS rhizobia, control inoculants, and positive and negative controls. Data 
for pottles containing soluble and insoluble P combined.  

Source of variation DF SS MS VR p-value 

Rep stratum 4 16024.9 4006.2 38.38  

Inoculation 16 29190 1824.4 17.48 <.001 
P form 1 889.8 889.8 8.52 0.004 

Inoculation.P form 16 1158.3 72.4 0.69 0.796 
Residual 132 13778.4 104.4   

Total 169 61041.4    

 

Table A3. 18 Two way Analysis of variance (ANOVA) on the root DM of white clover 
inoculated with PS rhizobia, control inoculants, and positive and negative controls. Data 
for pottles containing soluble and insoluble P combined.  

Source of variation DF SS MS VR p-value 

Rep stratum 4 5955.95 1488.99 38.89  

P form 1 13.94 13.94 0.36 0.547 

Inoculation 16 7076.57 442.29 11.55 <.001 

P form.Inoculation 16 549.27 34.33 0.9 0.574 

Residual 132 5053.45 38.28   

Total 169 18649.17    

 

Table A3. 19 Analysis of variance (ANOVA) on the shoot DM of white clover inoculated 
with PS rhizobia and grown in pottles containing soluble P. 

Source of variation DF SS MS VR p-value 

Rep stratum 4 9175.5 2293.9 19.93  

Inoculation 16 17253.2 1078.3 9.37 <.001 

Residual 64 7365.4 115.1   

Total 84 33794.1    

 

 

Table A3. 20 Analysis of variance (ANOVA) on the root DM of white clover inoculated 
with PS rhizobia and grown in pottles containing insoluble P. 

Source of variation DF SS MS VR p-value 

Rep stratum 4 7046.69 1761.67 18.14  

Pot 16 13095.11 818.44 8.43 <.001 

Residual 64 6215.74 97.12   

Total 84 26357.54    
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Table A3. 21 Pearson correlations among halo sizes and amount of P solubilized with 
shoot and root dry matter of white clover plants grown in pottles containing soluble and 
insoluble P. 

   Halo size 
P solubilized 

(ppm) 

P treatment Dry matter  Day 16 Day 8 Day 16 

Insoluble P 

containing 

pottles 

Shoot DM 
Pearson’s correlation -0.071 0.273 0.348 

P value 0.836 0.417 0.294 

Root DM 
Pearson’s correlation 0.043 0.381 0.527 

P value 0.901 0.248 0.096 

Soluble P 

containing 

pottles 

Shoot DM 
Pearson’s correlation 0.066 0.241 0.229 

P value 0.848 0.474 0.499 

Root DM 
Pearson’s correlation 0.411 -0.376 -0.399 

P value 0.21 0.254 0.224 

 

Table A3. 22 Analysis of variance (ANOVA) on the effect of soil type on shoot and root 
dry matter in the glasshouse experiment. ANOVA on the effect of soil type and 
inoculation treatment on nodule score. 

Source of variation DF SS MS VR p-value 

Effect of soil on shoot DM 2 5799540 2899770 344.37 <.001 

Effect of soil on root DM 2 793573 396787 160.23 <.001 

Effect of soil on nodule score 2 21.7917 10.8958 56.79 <.001 

Effect of inoculant treatment on 

nodule score 
7 3.3281 0.4754 1.58 0.145 

 

 

Table A3. 23 Two way analysis of variance (ANOVA) on the effect Inoculant treatment 
and soil type on shoot dry matter in the glasshouse experiment. Data combined for all 
soils. 

Source of variation DF SS MS VR p-value 

Replication stratum 7 436624 62375 9.14  

Inoculant 7 206215 29459 4.32 <.001 

Soil 2 5799540 2899770 424.89 <.001 

Inoculant.Soil 14 227516 16251 2.38 0.005 

Residual 161 1098785 6825   

Total 191 7768680    
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Table A3. 24 Mean shoot DM of white clover inoculated with PS rhizobia, TA1 and 
uninoculated control and grown in a glasshouse. Comparison of Fisher’s protected LSD 
and Tukey’s HSD posthoc analysis. Data for all three soils combined. 

 Mean shoot 
DM (mg) 

Fisher's 
protected LSD 

Tukey's 
HSD 

45HS 313 bcd abc 
60HS 365.8 a a 
63HW 357.8 ab ab 
75HW 266.5 d c 
76HW 344 abc ab 
78HW 345.1 abc ab 

TA1 290.1 d bc 
Negative control 307.2 cd abc 

Means within a column not sharing a letter are significantly different at 95% confidence 
interval. 
 

Table A3. 25 Analysis of variance (ANOVA) on the effect Inoculant treatment on shoot 
dry matter in the glasshouse experiment. Data for soils H18, I5 and I5+HA, respectively. 

Source of variation DF SS MS VR p-value 

Soil H18 only      

Replication stratum 7 29697 4242 1.61  

Inoculant 7 17876 2554 0.97 0.464 

Residual 49 129150 2636   

Total 63 176722    

Soil I5 only      

Replication stratum 7 362392 51770 8.44  

Inoculant 7 160401 22914 3.74 0.003 

Residual 49 300602 6135   

Total 63 823396    

Soil I5+HA only      

Replication stratum 7 239197 34171 3.53  

Inoculant 7 255454 36493 3.77 0.002 

Residual 49 474371 9681   

Total 63 969022    
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Appendix 4 

Journal publications 

Wigley, K., Moot, D., Wakelin, S. A., Laugraud, A., Blond, C., Seth, K. and Ridgway, H. 

2017. Diverse bacterial taxa inhabit root nodules of lucerne (Medicago sativa L.) in New 

Zealand pastoral soils. Plant and Soil, 1-10. 

Conference presentations and posters 

Seth, K., Moot, D., O’Callaghan, M. and Ridgway, H. (2015). Phosphate solubilizing 

nodule inhabitants of clover. Oral presentation at New Zealand Microbiology Society 

Annual Conference, Rotorua, New Zealand. 

Seth, K., Moot, D., O’Callaghan, M. and Ridgway, H. (2015). Relative phosphate 

solubilizing ability of bacteria inhabiting legume nodules. Poster presentation at New 

Zealand Microbiology Society Annual Conference, Rotorua, New Zealand. 

Seth, K., Moot, D., O’Callaghan, M. and Ridgway, H. (2016). Effect of phosphate 

solubilization on nitrogen fixation in clover. Oral presentation and poster presentation at 

European Nitrogen Fixation Conference, Budapest, Hungary. 

 Award: Best student presentation. 

Seth, K., Moot, D., O’Callaghan, M. and Ridgway, H. (2016). Phosphate solubilizing 

bacteria: Utilizing soil organic and inorganic phosphate resource for sustainable 

agriculture. Oral presentation at Organic Phosphorus Workshop, Lake district, England. 

Seth, K., Moot, D., O’Callaghan, M. and Ridgway, H. (2016). Phosphate solubilizing 

bacteria: A key to efficient phosphorus utilization. Oral presentation and poster 

presentation at International Phosphorus Workshop, Rostock, Germany. 

 Awards: Best student presentation 

  Best poster 

Seth, K., Moot, D., O’Callaghan, M. and Ridgway, H. (2016). Phosphate solubilizing 

rhizobia and their effect on clover dry matter production. Oral presentation at New 

Zealand Microbiology Society Annual Conference, Christchurch, New Zealand. 

 Finalist: Student oral competition. 

 


