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

Doctor of Philosophy 

Aspects of soil ecology of rhizobia affecting nodule occupancy on lucerne 

and white clover 

By Kathryn Wigley 

Abstract 

Successful establishment of white clover (Trifolium repens) and lucerne (Medicago sativa) in the 

field depends on the formation of effective symbioses with Rhizobium leguminosarum and 

Sinorhizobium meliloti, respectively. High numbers of naturalised rhizobia and the poor persistence 

of commercial inoculants has cast doubt on the need for commercial inoculation in New Zealand. 

This study investigated aspects of the soil ecology of R. leguminosarum and S. meliloti that affected 

the persistence and success of applied strains.  

 

In planta the commercial inoculant, strain S. meliloti strain RRI128, was present in 57-61% of 

lucerne nodules four years after sowing when applied as a peat slurry. In contrast, R. 

leguminosarum strain TA1 was only present in 8% of white clover nodules eight months after 

sowing. Naturalised strains of rhizobia were also present in the nodules of both species. The 

abundance of naturalised strains differed seasonally, from 5.2 x 104 cells g-1 soil in the winter to 200 

cells g-1 soil in the summer. This was explained by increasing numbers at low (<10°C) temperatures 

and high (>20%) soil moisture.  Additional bacteria, including a Pseudomonas sp. capable of forming 

nodules, were also isolated from both plant species. Illumina sequencing revealed that Rhizobium 

and Sinorhizobium were the dominant genera in the nodules of white clover and lucerne plants, 

respectively, regardless of inoculation treatment and made up 89-97% of all sequences. Sequencing 

confirmed the presence of other bacteria in the nodules of both host species with 408-879 genera 

identified, with each represented by <1% of the total sequences.  

 

The ecology of TA1 and other R. leguminosarum strains in their free living state in the soil was 

investigated using the γ-MicroResp™ assay. This was developed to measure carbon utilisation of 

individual rhizobia strains in a sterile soil environment. Using a panel of diverse strains, results 

demonstrated that strains of a R. leguminosarum utilised carbon compounds differently, with some 

strains (WU95, CC1047 and CC1049a) being high users of sugars while others (SU157 and TA24) 

used a wide of range of carbon sources. Some strains (CC275e, WSM1325 and SU157) retained 

their grouping when placed in a different soil background, whereas, others (WSM409 and TA1) 

altered their carbon utilisation patterns.  
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γ-MicroResp was then used to determine the relative carbon utilisation of New Zealand naturalised 

and commercial R. leguminosarum strains in a range of soils. The link between carbon utilisation 

and nodulation success was explored with paired strains with different carbon utilisation profiles. 

A naturalised strain from New Zealand, ADWC3a, was a high user (average absorbance: >1.5) of 

many carbon sources and was more competitive for nodule occupancy compared with TA1, which 

utilised fewer carbon sources at lower amounts (average absorbance: <1.5). White clover plants 

inoculated with ADWC3a and TA1 at a ratio of 1:4 had ADWC3a present in 75% of the nodules. This 

work confirmed γ-MicroResp as a useful tool to screen for strains with increased competitive ability 

in the soil.  

 

To determine whether there was potential to select S. meliloti strains to improve establishment of 

lucerne in the NZ high country, the Al3+ tolerance of the current commercial strain (RRI128) against 

acid tolerant strains from Australia (SRDI736 and SRDI672) was investigated. The acid tolerance of 

SRDI736 was confirmed in a hydroponic experiment with higher nodulation (>70% plants 

nodulated) at pH 5.1 compared with RRI128 (<50% plants nodulated). However, the number of 

nodules per plant decreased from 2-4 to 0.5-2.5 as Al3+ increased from 0 to 8 μM, suggesting it had 

limited Al3+ tolerance. The potential of the acid tolerant strains to increase lucerne production in 

high Al3+ and low pH environments was assessed in a pot experiment. SRDI736 and SRDI672 again 

showed acid tolerance with increased number of nodules per plant at pH 5.8 and Al3+ level of 1.4 

mg kg-1 soil compared with S. meliloti strain RRI128 (>100 vs. <50 nodules per plant). However, in 

both experiments increased nodulation under increased pH and Al3+ did not result in increased dry 

matter production.   

 

Overall, this research has highlighted differences in the success of the commercial inoculants R. 

leguminosarum and S. meliloti, as measured by nodule occupancy. For R. leguminosarum, strains 

better able to utilise common rhizosphere exudates were competitive for nodule occupancy. For S. 

meliloti, results showed that there was potential to select strains better able to drive nodulation of 

lucerne in the harsh New Zealand high country soils. Thus, the new tools and knowledge generated 

in this thesis have identified key traits for better selection of commercial inoculants. 

 

Keywords: aluminium, carbon utilisation, competition, Medicago sativa, naturalised strains, 

Rhizobium leguminosarum, rhizosphere competence, Sinorhizobium meliloti, Trifolium repens, 

γ-MicroResp™ 
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1.2.1 White clover breeding 

White clover is an allogamous (cross-pollinating) allotetraploid (2n = 4x = 32) member of the genus 

Trifolium (Voisey et al., 1994). The global annual production of white clover seed is estimated to be 

8500 metric tonnes. New Zealand produces approximately 45 to 50% of this (Mather et al., 1996). 

This makes plant breeding to improve white clover production an important focus in New Zealand. 

In Australia, white clover breeding is also important to ensure profitability and sustainability of 

Australian pastoral industries (Jahufer et al., 2012). Here the focus on white clover breeding is on 

extending the current white clover zone into environments that are considered marginal.  

 

White clover has been used and bred in New Zealand since the 1930’s. Between 1928 and 1930 a 

survey of New Zealand white clover populations was conducted (Williams, 1983). In 1930 ‘Type 1’ 

was certified and was made into a commercial product. A breeding program was started and the 

variety was progressively improved until 1957, when a final selection was completed. This was 

renamed ‘Grasslands Huia’ in 1964 (Caradus et al., 1989). Due to its adaptability, performance, 

availability and price competitiveness ‘Grasslands Huia’ has dominated world markets (35-40%). 

Since 1957, conventional breeding has led to improved white clover performance in New Zealand 

pastoral systems (Woodfield and Easton, 2004). The improvement of white clover performance  is 

between 6% to 15% per decade, although the extent of improvement varies among clover types 

(Woodfield and Caradus, 1994). Despite this increase in performance, predominant outbreeding 

and disomic inheritance means that white clover populations are composed of a heterogeneous 

mixture of highly heterozygous individuals. This results in high levels of genetic variation both 

within and between populations (Voisey et al., 1994). This variation makes white clover a 

particularly difficult species to research. 

 

1.2.2 Lucerne 

Lucerne is the most important forage legume in the world with approximately 32 million ha 

cultivated (Bouton, 2001). The majority of lucerne is grown in the USA, Argentina, central Asia and 

Ukraine, followed by France, Canada and China (Bouton, 2012b). Lucerne is becoming increasingly 

popular choice in dryland agricultural systems in New Zealand (Monk et al., 2016). The drought in 

1998-99, coupled with a downturn in sheep and beef commodity prices, has seen a successful push 

by scientists to increase the use of lucerne by dryland farmers (Avery et al., 2008). Lucerne is suited 

to dry conditions due to its large taproot. This allows it to extract more soil water and use it more 

efficiently (Moot et al., 2008), produce higher dry matter yields and survive longer periods of 

drought than ryegrass (White, 1967). Brown, Moot and Pollock (2005) ran an experiment over five 
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growing seasons (1997 to 2002) and measured the yield of a lucerne crop on a Wakanui silt loam 

soil in dryland Canterbury. In the first full year of production, the stand produced 21 t DM ha-1. This 

shows that, if established correctly lucerne has the potential to survive and be productive under 

dry conditions and to increase the potential productivity of dryland farms. Lucerne is reported to 

fix 37 – 128 kg N ha-1 year-1 (Peoples et al., 2001). Similar to white clover and other legumes lucerne 

fixes approximately 25 kg N t-1 DM (Peoples and Baldock, 2001).  

 

1.2.3 Lucerne breeding 

Lucerne is an autotetraploid (2n = 4x = 32) with tetrasomic inheritance which means genetic gains 

are slower compared with those made by breeding white clover (Woodfield and Caradus, 1994). In 

Australia, the focus on lucerne breeding has been improving persistence (Bouton, 2012a) and 

tolerance to different environmental conditions (Humphries and Auricht, 2001) such as salinity 

(Ashraf and Wu, 1994) and acidity (Charman et al., 2008; Hayes et al., 2011). In New Zealand, there 

are no cultivars that are bred for these environments. The use of tolerant cultivars bred overseas 

could expand the area that lucerne can be grown on in New Zealand.  

 

1.3 Legumes and rhizobia 

A distinctive characteristic of most legumes is their ability to form a nitrogen fixing symbiosis with 

a distinct group of soil bacteria, rhizobia (Bauer, 1981). The fixed N is exported from the nodules 

and taken up by the plant and used to synthesize proteins (van Rhijn and Vanderleyden, 1995; 

Sessitsch et al., 2002). In exchange for the fixed N, the plant offers the rhizobia access to carbon 

substrates, other macronutrients and provides shelter from desiccation and predation (Sprent, 

1994). 

 

Currently, rhizobia are found in seven bacterial families, divided into 15 genera which include 

Bradyrhizobium, Ochrobacterium, Azorhizobium, Devosia, Methylobacterium, Microviga, 

Phyllobacterium, Aminobactor, Mesorhizobium, Rhizobium, Neorhizobium, Sinorhizobium/Ensifer, 

Shinella, Burkholderia and Cupiavidus (Giller et al., 2016), containing more than 120 species (O'Hara 

et al., 2016). They are aerobic, gram negative, rod shaped bacteria with flagella that help propel 

them through the soil profile (Parle, 1967). Rhizobia were originally classified based on their ability 

to nodulate different legume hosts and if they were fast or slow growing (Willems, 2006). More 

recently they have been classified using a polyphasic approach which takes into account all 

available phenotypic and genotypic data (Vandamme et al., 1996). Generally, phenotypic data 

comes from 16S rRNA and other housekeeping genes (Gaunt et al., 2001).  The presence and type 
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of nodulation (nod) and nitrogen fixing (nif and fix) genes in rhizobia are also commonly used in the 

classification of rhizobia (Sprent, 2009). 

 

The process by which rhizobia reduce atmospheric nitrogen (N2) into ammonium (NH4
+) is termed 

biological nitrogen fixation (BNF). This process was discovered by Beijerinick in 1901 (Wagner, 

2012). Two German scientists, Hellriegel and Wilfarth, discovered in 1886 that the bacteria 

(rhizobia) were responsible for improved growth of leguminous plants (Burton, 1972). The process 

requires the bacterial enzyme nitrogenase (Rubio and Ludden, 2002; Prell and Poole, 2006) and can 

be simply described as (Vance, 2008):  

 

N2 + 16 ATP + 8e- + 10H+ → 2NH4+ + H2 + 16 ADP + 16Pi 

 

This process is affected by factors such as salt, osmotic stress, soil moisture stress, temperatures, 

soil acidity and alkalinity (Zahran, 1999). The use of N fertilisers can also decrease the rate of N 

fixation (Ball et al., 1978; Caradus et al., 1996). 

 

For BNF to occur the rhizobia must form a nodule. In white clover and lucerne nodules are 

indeterminate. These nodules are characterised by a persistent nodule meristem (Hirsch, 1992). 

Mature, effective nodules are pink in colour (Burton, 1972). The red colour is caused by 

leghaemoglobin, a heme protein. Haemoglobin is confined to those nodule cells that contain 

rhizobia and are fixing N. Ineffective nodules are small with white or pale green centres (Burton, 

1972). Both effective and ineffective nodules frequently occur on a single plant. 

 

Nodule formation appears to be elicited by at least two distinct signals: one from Rhizobium, a 

product of the nod genes (Nod factor), and a second signal, which is generated within plant tissues 

after treatment with Nod factor (Hirsch, 1992). Pre-infection flavonoids are released by the plant 

and serve as chemoattractants and also induce rhizobia nod genes (Young and Johnston, 1989). The 

rhizobia then attach to root hairs, mainly young growing root hairs (Bhuvaneswari et al., 1981). The 

root hair then coils 360° and forms a ‘shepherds crook’. This curling is dependent on the presence 

of functional nod genes (Hirsch, 1992). The characteristic set of nodulation genes within the 

bacterium that produce specific nod factors within the bacterium enable a strain to nodulate a 

specific plant host (Denarie et al., 1996). 

 

After inducing shepherds crock formation, the rhizobia penetrate the root hair with an infection 

thread. Burton (1972) described the infection process. The infection thread must then penetrate 
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the root cortex, locate tetraploid cells, stimulate rapid cell division and release the bacteria. 

Following release the rhizobia must multiply, infect other plant cells and change to bacteroids. The 

resulting bacteroid tissue could still fail to fix N or only function for a short time. This is caused by 

parasitic rhizobia that once inside plant cells, use plant resources for their own reproduction rather 

than for nitrogen fixation (Denison, 2000). 

 

Successful establishment of white clover and lucerne in the field is dependent on the formation of 

effective symbioses with rhizobia. The relationship between rhizobia and legumes is specific. 

Lucerne is nodulated by S. meliloti and white clover is nodulated by R. leguminosarum bv. trifolii 

(Frame, 2005). S. meliloti is also referred to as Ensifer meliloti. Although Ensifer is technically the 

correct name (Willems, 2006), Sinorhizobium is more commonly used in recent scientific 

publications. Therefore, Sinorhizobium was used in this thesis.  

 

1.3.1 Commercial inoculants 

For N2 fixation to take place it is important that legumes are nodulated by efficient strains of 

rhizobia. For many years the application of commercially formulated inoculant to the seed has been 

expected to facilitate successful invasion of the root hairs by an effective strain of rhizobia (Wynn-

Williams, 1982). A decade after rhizobia were discovered the first laboratory created rhizobia 

inoculant was produced (Burton, 1972). Since then, symbiosis between legumes and rhizobia has 

been used to improve agricultural productivity for most of the 20th century (Bashan, 1998; Thies et 

al., 2001). Legumes that are commonly inoculated include soybean (Glycine max), lima bean 

(Phaseolus lunatus), cowpea (Vigna unguiculata), bush bean (Phaseolus vulgaris), peanut (Arachis 

hypogaea), tinga pea (Lathyrus tingeatus), lucerne (Medicago sativa), clover (Trifolium repens), 

chickpea (Cicer arietinum) lentil (Lens culinaris) and faba bean (Vicia faba) (Thies et al., 1991; 

Herridge, 2008). 

 

Commercial inoculants have been selected for compatibility and efficacy with their plant host.  In 

Australia inoculants are grouped according to the legumes they are able to nodulate. Lucerne is 

inoculated with rhizobia from group AL. Currently the recommended inoculant strain for lucerne in 

New Zealand is S. meliloti strain RRI128. S. meliloti strain RRI128 was isolated in Victoria, Australia 

in 1995 from Medicago tuncatula and has also been used as a commercial inoculant there since 

2000. White clover is inoculated with rhizobia from inoculant group B. Currently the recommended 

inoculant strain used for white clover in New Zealand is R. leguminosarum strain TA1 (B. Lowther, 

personal communication, June 15, 2016).  R. leguminosarum strain TA1 was isolated in Tasmania, 
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Australia, in the 1950’s from Trifolium subterraneum and has been used as the commercial 

inoculant there since 1956 (Herridge, 2008). R. leguminosarum strain CC275e is another 

commercial strain that is available in New Zealand (Lowther and Kerr, 2011). It was the 

recommended strain for white clover inoculants due to its superiority over R. leguminosarum strain 

TA1 under oversowing conditions (Lowther and Johnstone, 1978) and it been shown to fix more 

nitrogen than TA1 (Brockwell and Gibson, 1968). However, it was replaced by R. leguminosarum 

strain TA1 as the recommended inoculant as oversowing declined because R. leguminosarum strain 

TA1 was more persistent in the soil (B. Lowther, personal communication, June 15, 2016). 

 

The use of commercial inoculants has been found to improve the yields of both white clover and 

lucerne, especially in areas with low numbers of naturalised rhizobia present in the soil (Bjalfve, 

1949; Lowther and McDonald, 1973; Young and Mytton, 1983; Black and Moot, 2013). Young and 

Mytton (1983) found that inoculation of white clover resulted in a five fold improvement in dry 

matter production in a pasture containing no naturalised R. leguminosarum bv. trifolii in Wales. 

Bjalfve (1949) compiled the results of 318 lucerne trials with and without inoculation worldwide. 

The average increase in dry matter due to inoculation averaged 90%. Historically there has been 

little debate on the need for inoculants on the majority of agricultural soils (Allen and Allen, 1958; 

Burton, 1972). The need to inoculate white clover in New Zealand originated in the 50’s when large 

areas of pastoral land were cleared out of scrub and bush (Lambert et al., 1961). The expectation 

was that virgin land would have little or no resident rhizobia capable of successful nodulation of 

the introduced legumes. Lowther and McDonald (1973) found that inoculating oversown white 

clover increased establishment in tussock grasslands of Otago. Black and Moot (2013) found that 

when lucerne was sown in soil that had not previously had lucerne growing in it, the application of 

an inoculant in the form of peat coated seed had a higher yield of 4140 kg DM ha-1 compared with 

the bare seed control which yielded just 2030 kg DM ha-1. These results show the importance of 

commercial inoculation, and the potential benefits if new inoculants are developed. 

 

1.3.1.1 Delivery methods 

There are many different delivery methods available to introduce rhizobia to the soil-plant system. 

The most common for white clover is a lime coated seed (Lowther and Kerr 2011). For lucerne, 

there are now four commercial products available, peat slurry, coated seed and ALOSCA® (ALOSCA® 

technologies Pty Ltd, Australia) and Nodulator™ (Becker Underwood Ltd, USA). 
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Coated seed 

Development of lime-based seed coating for white clover was carried out through the 1950s, 1960s 

and 1970s to improve the delivery of rhizobia, particularly for aerial oversowing (Lowther and Kerr 

2011). Lucerne coated seeds are available globally and contain the rhizobia strain and lime and also 

molybdenum and fungicide. These may help make the soil conditions around the seed favourable 

for survival of the rhizobia to ensure successful nodulation (Lowther and Kerr, 2011). Roughley et 

al. (1966) reported that locating the inoculum inside a pellet provided greater survival of rhizobia 

then slurry inoculation. Hartley et al. (2004) also found that lime pelleting yellow serradella with 

Bradyrhizobium sp (Lupinus) increased nodulation, and shoot dry matter of plants by 57% and 28%, 

respectively. A study by Horikawa and Ohtsuka (1996) also found that coated seed produced 80% 

more nodulated plants than other treatments from seedling stage and throughout the three years 

of the experiment. They suggested that this was because the seed coat meant that the rhizobia is 

in close proximity to the roots of the germinating seedling and can therefore rapidly produce 

effective nodules.  

 

Peat slurry 

Inoculant strains are added to the seed in a peat carrier. This is added to the seed with water to 

form a slurry. This is generally done on the day of sowing to ensure maximum survival of rhizobia 

in the slurry. A study by Gemell et al. (2005) found freshly inoculated/peat slurry seed had higher 

rhizobia numbers per seed compared with a preinoculated/coated seed (35000 vs. 8400 cells  

seed-1). Rice et al. (2000a) also found that powdered peat inoculants produced more nodules 

compared with granular inoculants because of higher numbers of rhizobia on the seed at sowing 

and a lower mortality rate once applied to the soil. Despite this, others have found that when 

inoculating seed with peat culture, most of the inoculant is removed when seed passes through 

machinery (Deaker et al., 2004).   

 

ALOSCA® and Nodulator™ 

ALOSCA® and Nodulator™ granule technology is based on bentonite clay that contain viable 

rhizobia. ALOSCA® Technologies (2014) claims that ALOSCA® has an advantage over peat in dryland 

conditions due to higher survival of rhizobia if soil is dry at sowing. However, Denton et al. (2009) 

found that overall nodulation was lower when plants were sown with bentonite clay granules 

containing rhizobia, the same technology used for ALOSCA® and Nodulator™, when compared with 

plants inoculated with peat inoculants. Bentonite clay granules have also been found to have 

generally lower numbers of rhizobia per gram compared with peat inoculation treatments (Denton 
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et al., 2009; Nangul et al., 2013). Placement of the granules in relation to the seed also could 

influence nodulation. Denton et al. (2009) found that regardless where the granule was placed in 

relation to the seed, nodulation was low. 

 

1.3.2 Ineffectiveness of TA1 

In the commercial pipeline for selection of strains as inoculants, there are four phases: phase 1 – 

rhizobial germplasm acquisition and maintenance as lyophilised cultures, phase 2 – glasshouse 

experiments to authenticate isolates as rhizobia and to screen for nodulation and N2 fixation with 

particular hosts; phase 3 – assessment of elite strains from phase 2 in the field over 2-3 years for 

nodulation and N2 fixation, and for ability to survive in and colonise soil in the absence of the host 

and phase 4 – final assessment of the most elite strains from phase 3, determined by independent 

researchers over a wide range of environments (Howieson et al., 2000). Despite the rigorous 

criteria for selecting commercial inoculants, R. leguminosarum strain TA1 is recognised as having 

poor persistence in soils that have high numbers of naturalised rhizobia already present. Brockwell 

et al. (1975) found that when seed inoculated with R. leguminosarum strain TA1 at a rate of 135 

rhizobia seed-1 was sown into a soil containing naturalised rhizobia at 40 gram-1 of soil, almost all 

nodules were occupied by R. leguminosarum strain TA1. However, on a soil with 10,000 naturalised 

rhizobia per gram, less than 10% of nodules were occupied by R. leguminosarum strain TA1. 

Australian studies’ by Dudman and Brockwell (1968) and Thies et al. (1991) found that inoculum 

established poorly in the presence of high numbers of naturally occurring R. leguminosarum bv. 

trifolii. Most New Zealand soils have high numbers (4000 - >100 000 clover rhizobia g-1 of soil) of 

naturalised rhizobia present in the soil. The high numbers of naturalised rhizobia capable of 

nodulating clover led Lowther and Kerr (2011)  to question the need for a commercial inoculant for 

legumes in New Zealand.  

 

Another issue surrounds the commercial inoculant that is currently available. R. leguminosarum 

strain TA1 originated from Australia (Herridge, 2008) and therefore may not be the best inoculant 

for white clover grown in New Zealand conditions. Research is required to determine if naturalised 

strains already present in New Zealand soils are more competitive and persistent than R. 

leguminosarum strain TA1. 

 

Despite the poor persistence of R. leguminosarum strain TA1 and the resulting recommendation 

by Lowther and Kerr (2011), it is important to note that the review was based on papers published 

over 20 years ago. There has been very little research on rhizobia in New Zealand in the last 20 
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years and molecular technology has significantly improved in this time (Section 1.3.5.1) and without 

the use of these modern molecular tools the ability of commercial inoculants to occupy nodules 

and the factors that affect that occupancy are poorly understood. Therefore, rather than ceasing 

the use of commercial inoculants for white clover, more current research, using up to date DNA 

technology is required in New Zealand to select a more persistent commercial inoculant and also 

to understand the dynamics of the naturalised rhizobia population in New Zealand soils. 

 

1.3.3 Lucerne inoculation 

The use of commercial inoculants on other legumes such as lucerne also needs to be investigated 

thoroughly before any conclusions are made about continuing or discontinuing their use. While R. 

leguminosarum can be found in most New Zealand soils and are able to survive in the absence of 

clover as long as soil conditions are suitable (Greenwood, 1965), the presence and survival of S. 

meliloti in New Zealand soils has not been extensively investigated. Recent research suggests that 

inoculation is necessary especially on sites that have not been previously sown it (Black and Moot, 

2013). 

  

Wigley (2011) found that lucerne plants grown from bare seed were successfully nodulated with 

naturalised species of rhizobia already present in the soil. There was no comparative increase in 

dry matter yield using a commercial inoculant, despite demonstrating that the commercial strain 

(RRI128) was resident in nodules.  These naturalised strains may have been the progeny of 

commercial strains as lucerne was grown on that site until 2006. Based on the results of this study 

it seems the use of inoculants containing S. meliloti may not always be necessary when establishing 

lucerne on sites that have a previous history of lucerne establishment.  

 

Mai (2013) took four dominant naturalised strains from two dryland Canterbury sites at Ashley 

Dene farm and Lincoln University and compared their growth with S. meliloti. It was found that the 

plants inoculated with the four naturalised Rhizobium sp. had less dry matter compared with plants 

inoculated with the commercial inoculant. These studies support the use of commercial inoculants. 

More research is required to determine the taxonomic placement of these Rhizobium sp. are and 

what their host range is. Research also needs to investigate what is driving their ability to nodulate 

lucerne in competition with the inoculant strains. It may be due to the high population density of 

these strains of Rhizobium sp. in the soil and/or they may be more competitive than the commercial 

strain at gaining nodule occupancy. 
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1.3.4 Naturalised strains  

One of the problems with discontinuing the use of commercial inoculants in New Zealand is that 

naturalised rhizobia strains vary in their ability to fix nitrogen. Naturalised strains are often less 

effective than the commercial inoculant strains. Lowther and Kerr (2011) summarised 10 studies 

conducted across New Zealand between 1980 and 1997. On average the effectiveness of the 

naturalised strain was between 69 – 85% of the commercial inoculant strain. Gibson et al. (1975) 

also found that naturalised rhizobia were between 62 and 93% as effective as the inoculant strain 

R. leguminosarum strain TA1 at fixing nitrogen in combination with Trifolium subterraneum. Ballard 

and Charman (2000) also tested the ability of 11 species of annual medics to nodulate and fix 

nitrogen with naturalised rhizobia from 28 South Australian soils. They found that all species were 

nodulated, but they differed in their ability to form an effective symbiosis. Symbiotic effectiveness 

ranged from 3 – 49%. This is a measure of how much growth the medic line achieved, when 

compared with an effective inoculation treatment. Even with a symbiotic effectiveness of 49% it 

was estimated that this would be insufficient to meet the nitrogen requirements of the pasture 

during early growth. Stajkovic-Srbinovic et al. (2012) evaluated the genetic diversity and phylogeny 

of lucerne rhizobia originating from different types of soils in Serbia and their ability to establish 

effective symbiosis. Symbiotic effectiveness was measured by comparison of shoot dry weight of 

the inoculated plants with control plants that had been fertilised with mineral N. About 50% of 

isolates showed values of symbiotic effectiveness above 50%, while 10% of strains were highly 

effective with symbiotic effectiveness above 70%. These studies showed that naturalised rhizobia 

nodulated white clover and lucerne but have a range of nodulation and N2 fixation efficacy. Further 

research is required to determine the effectiveness of naturalised strains. Not all naturalised 

rhizobia are effective, but there is potential that strains found in these populations could provide 

the key to improving commercial inoculants (Lindstrom et al., 2010).  

 

1.3.5 Genetic diversity of strains  

The difference in symbiotic capabilities among commercial inoculants and naturalised strains 

(Section 1.3) shows some of the diversity among rhizobia strains. It is likely that these strains not 

only have different symbiotic capabilities but also different phenotypic and genetic characteristics 

(Pinto et al., 1974). Yates (2008) summarised five sources of rhizobia diversity in agricultural soils, 

the naturalised population, aerial or seed-borne contaminants introduced accidentally, commercial 

inoculants, variants that arise from genetic transfer between inoculant strain or soil bacteria and 

mutations caused by genetic recombination within strains. Yates (2008) also stated that rhizobia 

diversity can be influenced by plant host with the diversity of a particular strain enhanced by the 

presence of the legume it can nodulate.   
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1.3.5.1 Measuring rhizobia diversity 

To determine relative nodulation capacity of inoculants and naturalised rhizobia it is necessary to 

be able to analyse the genotype of the rhizobial populations (Gandee et al., 1999). The 

development of molecular tools allowed identification of individual rhizobia strains isolated from 

field grown, inoculated plants (Hebb et al., 1998) and enables the commercial inoculants to be 

distinguished from naturalised strains (Thies et al., 2001). These techniques include the use of 

antibiotic resistance markers, protein profiles, multi locus enzyme electrophoresis profiles and 

polyclonal antibodies. Prior to the development of these tools methods were used to identify and 

classify rhizobia strains according to phenotypic or genotypic characteristics (Niemann et al., 1997). 

However, these methods were labour intensive and had low discriminatory power compared with 

new molecular techniques (Barnet et al., 1991; Streeter, 1994). 

 

Polymerase chain reaction (PCR) has revolutionised the study of Rhizobium ecology (Thies et al., 

2001; Graham, 2008). A significant advantage of PCR is that it enables individual rhizobia isolated 

from field grown, inoculated plants to be identified and classified (Hebb et al., 1998). PCR makes it 

possible to identify inoculant strains and confirm unknown rhizobia isolates as inoculant strains. It 

also makes it possible to study strain persistence from one year to the next, track distribution and 

spread of rhizobia strains, characterise site populations and assess outcomes of competition among 

strains (Thies et al., 2001; Sánchez-Cañizares and Palacios, 2013; Mauchline et al., 2014; Reeve et 

al., 2016). There are a number of different primers used for PCR and to discriminate among strains. 

These include 16s rRNA (Jensen et al., 1993), repetitive extragenic sequences (REP), enterobacterial 

repetitive intergenic consenus (ERIC) (Versalovic et al., 1991) and interspersed repetitive DNA 

(BOX) sequences (Versalovic et al., 1994). 

 

In recent year’s molecular technology has undergone a revolution with the development of new 

sequencing technologies, termed next generation sequencing or NGS, which has facilitated the 

analysis of microbial communities (Scholz et al., 2012; Mendoza et al., 2015). Next generation 

sequencing (NGS) technologies allow several hundred thousand to tens of millions of sequences to 

be read in parallel (Shokralla et al., 2012). One of the current platforms is the Illumina MiSeq 

(illumina inc, San Diego, CA, USA). This platform uses sequencing-by-synthesis approach in which 

all nucleotides are added simultaneously to flow cell channels along with DNA polymerase, for 

incorporation into the oligo-primed cluster fragments of different template molecules (Mardis, 

2008). This platform, with the ability to generate multimillions of partial 16s rRNA gene sequence 

reads, is useful as it enables deep understanding of microbial communities at a low cost (Wu et al., 

2010; Bartram et al., 2011).  
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Illumina MiSeq (illumina inc, San Diego, CA, USA) is being used for a broad range of applications 

which include the sequencing of whole genomes and the study of microbial diversity in humans or 

in the environment. Two large scale projects that use illumina sequencing are the Human 

Microbiome project (Methé et al., 2012) and the Earth Microbiome project (Caporaso et al., 2012; 

Gilbert et al., 2014). These projects both aim to produce resources describing the abundance and 

diversity of the human and earth microbiome respectively. Illumina sequencing has also been used 

for smaller scale microbial diversity projects. 

 

To study microbial diversity using the Illumina MiSeq platform DNA metabarcoding is used. DNA 

metabarcoding is the identification of multiple species from environmental samples, which often 

contain degraded DNA (soil, water, faeces etc.) (Taberlet et al., 2012). The 16S rRNA gene is 

commonly used for metabarcoding because this gene is present in most of the bacteria and 

sufficient for taxonomic assignment (Chakraborty et al., 2014).  Vasileiadis et al. (2012) investigated 

soil bacterial diversity using this technology to amplify four conserved regions (V3 – 6) of the 16S 

rRNA genes. They found that sequencing of the V3 and V4 regions gave similar results to the full-

length 16S rRNA gene sequence results. After sequencing, large databases such as SILVA, 

Greengenes and Ribosomal Data Project (Bacci et al., 2015) make it possible to assign bacterial 

taxonomy. Epp et al. (2012) developed metabarcodes for fungi, bryophytes, enchytraeids, beetles 

and birds and used these metabarcodes to amplify the target groups in DNA from surface soil 

samples from a site in Varanger and from permanently frozen sediment samples of the late 

Pleistocene age (~16000 – 50000 years) from two Siberian sites. They concluded that 

metabarcoding has considerable potential for biodiversity screening of modern samples and also 

as a palaeoecological tool.  A study by Edwards et al. (2015) used 16S rRNA metabarcoding with 

the Illumina MiSeq platform to study the root-associated microbe communities of rice (Oryza spp.). 

This technology could also be used to study microbial communities in the soil and in the nodules of 

legumes.  Currently, there is no published data on the lucerne and white clover nodule microbiome 

but this could provide important information on rhizobia ecology. 

 

PCR and NGS tools are vital for studying the survival and persistence of rhizobia strains. A large 

amount of research on field success of rhizobia was done in the 1970’s prior to the development 

of these modern molecular methods such as DNA fingerprinting (Ronson et al., 1996). This made 

research into the persistence of commercial inoculants at field sites challenging as it was difficult 

to identify which strains were present in nodules. Despite the development of these tools there is 
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currently little research on factors that affect the survival and persistence of rhizobia strains in the 

soil. This is required to improve the selection and deployment of strains in NZ.  

 

1.4 Potential to improve inoculation: Focus on persistence 

The selection of new commercial inoculants that are persistent in the soil could be used to establish 

rhizobia with higher N fixing ability. Lowther and Kerr (2011) suggest it is unlikely to be achieved in 

normal farm situations. This conclusion is again based on research over 20 years old. More recent 

work has shown some evidence that paddocks can become dominated by a few effective strains 

(Shah, 2003). With modern molecular tools to understand what drives strain abundance at a site it 

may be possible to shift the rhizobia profile from a diverse mixture of strains, with average 

effectiveness, to fewer strains with higher N-fixation efficiency.  

 

To improve the performance of the commercial inoculants, strains that are effective N fixers and 

are also persistent are required. In this thesis the persistence of a strain is measured by occupation 

of nodules which is a broad measure that encompasses rhizosphere competence (a strains ability 

to compete with other strains in the rhizosphere), nodulation efficacy (molecular signalling), 

compatibility with the host and soil population size. 

 

Yates (2008) stated that nodulation of clovers required the survival and growth of rhizobia in the 

soil in the absence of a legume host and colonisation of the legume rhizosphere, symbiotic 

communication and signal recognition. Soil survival and rhizosphere colonisation are two areas that 

have received little attention despite the advancement in molecular technology (Graham, 2008). 

This is probably due to the difficultly in discrimination of rhizobia from the millions of micro-

organisms inhabiting soil. The survival and growth of rhizobia in the soil are influenced by edaphic 

factors and also the ability of a strain to compete with other strains in the rhizosphere. 

Furthermore, Bohlool et al. (1984) stated that for an inoculant strain to be successful it must be 

able to withstand the abiotic stresses of the soil, survive and grow in the rhizosphere and compete 

successfully with well-adapted naturalised rhizobia for nodulation.  

 

Until now most rhizobia research has focused on the bacterium in its symbiotic state, the 

effectiveness of the symbiosis, and the molecular signals for nodulation. Little is known about 

rhizobia in their free living (soil saprophytic) state and the aspects of soil ecology that affect the 

persistence of strains. Currently, there are few studies in New Zealand on the diversity of rhizobia 

strains in planta and the factors that affect this. Nangul et al. (2013) report one of the few studies 
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in New Zealand that has looked at the persistence of clover inoculants. In their study the 

persistence of WSM1325 in annual clovers was explored. They found that six months after sowing, 

the nodules of annual clover plants inoculated with ALOSCA® containing the strain WSM1325 did 

not contain the applied inoculant. The lack of research in this area is probably because the 

identification of strains that occupy the nodule is a time consuming process. It involves the isolation 

of bacteria from hundreds of nodules from each site, DNA extraction, PCR amplification and 

electrophoresis. Despite this, persistence in the field is an important area of research to provide 

information to enhance the potential for success of commercial inoculants.  

 

1.4.1 Factors that affect the survival and persistence of rhizobia 

There are many factors that affect the persistence of rhizobia in the soil such as background 

populations, seed coating and strain used (Section 1.3). Soil factors that have been shown to affect 

the persistence of rhizobia strains in the soil include soil pH, soil moisture and soil temperature. 

Jensen (1941) found that viable effective S. meliloti can be found in the soil 40 years after 

inoculation provided temperature and pH are optimal.  

 

1.4.1.1 Edaphic factors 

Soil temperature 

The optimum temperature for most rhizobia is 25 – 30°C (Parle, 1967; Zhang et al., 1995; Zahran, 

1999), and many are unable to grow at 37°C (Graham, 1992). However, the ability of rhizobia to 

grow and survive in temperatures outside this range differs among strains (Zahran, 1999; Alexandre 

and Oliveira, 2013). Bowen and Kennedy (1959) also found that the maximum temperatures for 

growth of Sinorhizobium meliloti was between 36.5 and 42.5 °C depending on the strain.  

 

Soil moisture 

Soil moisture also needs to be adequate to ensure maximum survival of rhizobia. Postma et al. 

(1989) found that rhizobia survived longer in soils with low soil moisture (4%) compared with high 

soil moisture (34%). They suggest this is due to the cells being able to get into narrower pores and 

penetrate more aggregates in soils with a lower moisture content compared with a higher soil 

moisture content. Osa-Afiana and Alexander (1979) also found that R. leguminosarum bv. trifolii 

and R. japonicum survived in higher numbers at 10% soil moisture compared with 22, 35 and 45% 

soil moisture. They also found an increase in predatory protozoa with increased soil moisture which 

coincided with the decline of rhizobia. It was concluded that these protozoa were responsible for 

the decline. Van Ham et al. (2016)  found that strains of Rhizobium spp. differed in their desiccation 

tolerance and that this was correlated with soil moisture deficit of the site the strains came from. 
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Strains isolated from soils with a high soil moisture deficit were more tolerant of rapid drying under 

in vitro conditions. Rhizobia have also been found to increase the drought tolerance of plants, with 

some strains showing competitiveness and N-fixation even under drought conditions (Athar and 

Johnson, 1996). Recent work by Staudinger et al. (2016) also found that Medicago truncatula 

inoculated with Sinorhizobium spp. delayed leaf senescence compared with non nodulated plants 

under drought conditions.  

 

pH and aluminium 

Optimum pHH2O for rhizobia survival is between 6.5 and 8.0 (Bolton, 1962). However, this is variable 

with some strains being more tolerant to lower pH than others (Zahran, 1999). Acidic soils are often 

also high in Al3+. Low pH and high aluminium (Al3+) have been shown to negatively affect the growth 

and survival of rhizobia (Wood, 1995; Igual et al., 1997; Lima et al., 2009) and interfere with legume 

– rhizobium symbiosis by affecting rhizobia attachment to roots and the induction of nod gene 

expression (Alva et al., 1987; Alva et al., 1988). Studies have found that nodulation is reduced in 

acidic conditions. Cheng et al. (2002) found that inoculated lucerne produced fewer nodules when 

grown in acidic soils (pHH2O 4.9) compared to plants grown in soils of pHH2O 7.6. They suggest that 

this is because the acidity reduced the rhizobia population which lead to a delay and reduction in 

nodule development. 

 

Applying lime has been found to increase nodulation. Unkovich et al. (1996) also found that the 

addition of lime (1 and 5 t-1 ha) to pastures with a low soil pHH2O (4.2) increased nodulation of 

subterranean clover. Berenji (2015) found that nodulation increased from 0 when 0 t lime ha-1  was 

added to a soil with pHH2O of 5.2 and Al3+ of 15.1 mg kg-1 soil, 30 nodules per pot when 2 t lime ha-1  

was added (pHH2O 6). Munns (1965c) also found that liming soil to increase the pHH2O to 6.5 resulted 

in 100% of plants being nodulated. These studies show that a pHH2O > 6 and Al3+ level < 0.5 mg kg-1 

soil are required for optimum nodulation. 

 

This response is because the addition of lime increases the pH and decreases the Al3+ toxicity in the 

soil and made conditions more favorable for rhizobia and the plant. The mechanisms that react 

with the soil to reduce acidity are complex but simply put, lime (CaCO3) binds to H+ (and Al3+) ions 

and increases the amount of calcium in the soil (CaC03 + H20 → Ca2+ + HCO3
- + OH-) . As H+ and Al3+ 

ions are neutralized, there is a gradual increase in soil pH (McLaren and Cameron, 1996). It has also 

been suggested that neutral pH is required for stable binding between legumes and rhizobia, where 

calcium may act as a bridge between negatively charged groups on plants and bacterial surfaces 

and/or indirectly activate suitable adhesions in the bacterium (Soto et al., 2004)   
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 All pH values reported in this thesis are based on water (pHH20) 

 

1.4.2 Rhizosphere competence 

Rhizosphere competence has been an important consideration in the development of bio 

inoculants such as Trichoderma (Ahmad and Baker, 1987; Harman, 1992). However this is an area 

that has not received a lot of attention in the development of rhizobia inoculants. 

 

In the soil, rhizobia populations have been shown to be higher in the rhizosphere of clover roots 

compared with that in the surrounding soil (Pryor and Crush, 2006). The microbial composition of 

the rhizosphere is influenced by compounds such as flavonoids, phenolics, sugars and dicarboxylic 

acids and amino acids, which are exuded by plant roots (Brencic and Winans, 2005). It is highly 

likely that these compounds and/or the ability of strains to utilise these compounds could influence 

their rhizosphere competence. 

 

1.4.3 Carbon utilisation and Competition 

Utilisation of different C sources is a trait which may provide deeper understanding of competitive 

ability in the soil environment. Wielbo et al. (2007) investigated the carbon utilisation by strains 

within the species R. leguminosarum bv. trifolii, R. leguminosarum bv. viciae and Rhizobium etli 

(Wielbo et al., 2007). In those studies it was demonstrated (using Biolog GN2 Microplates), that 

strains competitive for nodule occupancy could utilise 40 – 71 different carbon sources, whereas, 

poorly competitive strains utilised fewer (26-56) carbon sources. Wielbo et al. (2012) also 

measured the correlation between the physiological traits of R. leguminosarum bv. viciae strains 

and their competitiveness in two types of host plants, peas and vetch. Of the 18 bacterial traits 

examined in that study, the metabolic potential (number of utilised carbon and energy sources) 

was one of the most important factors that affected the competitive ability of R. leguminosarum 

strains. These studies suggested that the carbon utilisation of a strain may be an indicator of its 

competitive ability when challenged by naturalised strains present in soil. A possible reason for this 

is that in the rhizosphere there are many different carbon sources in legume exudates (Brencic and 

Winans, 2005). These exudates differ among plants (cultivars) and are also influenced by plant age, 

temperature, light, plant nutrition, soil moisture  and root damage (Rovira, 1969). Rhizobia use 

these exudates to sustain metabolic processes to survive and persist in the soil (O'Hara, 2001; Poole 

et al., 2008). Therefore the ability to readily utilise a wide range could provide strains with a 

competitive advantage over others that can only utilise a few carbon sources or those that utilise 

many carbon sources but only in low amounts. Compant et al. (2005) stated that exudates depend 
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on the plant and the soil environment and therefore plant growth promoting bacteria competence 

depends on their ability to take advantage of a specific environment.  

 

1.4.4 Current methods for assessing the effect of edaphic properties on microbes 

Currently, most techniques used to assess the role of edaphic properties on microbes only resolve 

effects at a community level. These techniques include denaturing gradient gel electrophoresis 

(DGGE), phospholipid fatty acid analysis (PLFA) and terminal restriction fragment length 

polymorphism (T-RFLP). DGGE and T-RFLP provide information on the species composition in the 

rhizosphere and PLFA provides a broad scale diversity index – such as the number of bacterial 

families present in a sample (Kirk et al., 2004). These methods determine the community structure 

but they do not provide information on the interactions between microbes and the utilisation of C 

sources in the rhizosphere (Singh et al., 2004). 

 

1.4.5 Other methods for predicting C utilisation of strains 

Carbon utilisation of strains can be measured using molecular techniques. Leung et al. (1994)  

compared electrophoretic type (ET), grouped by multilocus enzyme electrophoresis, ERIC and 

repetitive sequence based PCR, with BIOLOG substrate utilisation. They found that isolates of an 

ET clustered together, however isolates of an ET were not identical and some genotype groups 

were more closely related than the isolates in other genotype groups. Other types of genotypic 

analysis, such as whole genome sequencing and genotyping by sequencing (GBS), may provide 

further useful information on potential C-utilisation and aid in development of DNA markers for 

different C-substrates.   

 

MicroResp™ and BioLog™ are two systems that are widely used and effectively constitute variation 

of ‘community-level multiple carbon source utilisation assays’ (Grayston et al., 1998; Wakelin et al., 

2013). The Biolog™ method involves incubating soil suspensions in Biolog™ microtitre plates 

containing tetrazolium salts to detect microbial growth with 95 different C substrates (Garland and 

Mills, 1991). The limitation with this method is that it is culture based and does not take into 

account the influence of the soil environment on the microorganisms. This also limits it to only 

identifying microorganisms that can be cultured and in the soil fewer than 1% of microorganisms 

can be cultured (Gray, 1990). The advantage of MicroResp™ is that it is a soil based method 

(Campbell et al., 2003). It provides a closer approximation of the response that micro-organisms 

will have in native soil. The limitation to this method is that it does not allow a single microorganism 

to be studied. There are few methods for studying the C utilisation of single strains of bacteria from 
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the rhizosphere.  Biolog™ plates can be used to measure carbon utilisation by single microbial 

strains (Wielbo et al., 2007; Wielbo et al., 2012). However, the response is largely constrained to 

defined culture conditions. There is a need for a soil based way to measure C utilisation of a single 

strain in the soil. 

 

1.5 Rhizobia in the New Zealand high country 

1.5.1 New Zealand high country 

The pastoral high country of New Zealand covers a total area of 6.6 million ha (Matthews et al., 

1999). Legumes, such as white clover and lucerne, are key for increasing the productivity in these 

areas. This is because biological N2 fixation is the most cost effective way to get N into the soil and 

increase production on this marginal land. In these areas inorganic N fertiliser is often uneconomic 

(Moot, 2012).  

 

1.5.2 Acidity and aluminium  

The limitation for legumes in these areas is that many farmed high country soils suffer from acidity 

(pH < 5.4) and toxic levels of soluble Al3+ along with low available phosphorus and sulphur (Moir 

and Moot, 2010). As soil pH decreases the availability of nutrients essential for plant growth are 

reduced as they are displaced by H+ and Al3+ ions and leached from the soil (McLaren and Cameron, 

1996). As a result plant growth is limited (Edmeades et al., 1991a; Berenji, 2015; Moir et al., 2016). 

 

Acid soils by definition are soils with a pH below 7.0 on a scale of 0 to 14 which is measured in terms 

of H+ and possible Al3+ ions in the soil solution. The relationship between Al3+ and soil pH has been 

reported in several studies (Edmeades et al., 1983; Moir and Moot, 2010; Berenji, 2015). At mildly 

acidic or neutral soil pH values, aluminium is primarily in the form of insoluble aluminosilicates or 

oxides. However, as soils become more acid (pH<5.5), phytotoxic forms of aluminium (Al3+) are 

released into the soil solution (Kochian, 1995). This increases soil acidity by releasing H+ ions from 

water (Al3+ + 3H2O → Al(OH)3 +3H+)(Sparks, 2003). The pH decrease depends on the Al3+ 

concentrations in the soil. pH and Al3+ have a curvilinear relationship. In New Zealand high country 

soils the pH at which Al3+ concentrations increases has been found to be between 6-5.5 and below 

(Moir and Moot 2010, Moir 2016, Serenji 2015). Aluminium (Al3+) toxicity in the soil affects root 

growth, specifically the inhibition of root elongation and as a result inhibition of mineral and water 

uptake (Kochian, 1995).  
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1.5.3 Potential to improve inoculation: Focus on tolerant strains and cultivars 

1.5.3.1 Tolerant strains for the New Zealand high country 

pH and high Al3+ levels affect the survival and nodulation ability of rhizobia (Section 1.4.1.1) 

Research into naturalised rhizobia populations in such difficult environments could lead to more 

efficient inoculants that could be used in these environments. An advantage to focusing on tolerant 

rhizobia selection is that the process is much faster than plant selection (Charman et al., 2008).   

 

Studies with other legumes, such as the common bean Phaseolus vulgaris, have found that some 

rhizobia strains are more suited to low pH and high Al3+ levels.  Avelar Ferreira et al. (2012) found 

efficient strains of rhizobia grew more in liquid media, according to the Scott-Knott Test at 5% 

significance, at pH 5.0 than at pH 6.0 or 6.9. They also tolerated up to 1 mmol l-1 of Al3+ and 

increased exopolysaccharide production which is hypothesized as the mechanism for tolerance 

(Cunningham and Munns, 1984). O’Hara (1989) suggested that a strains ability to regulate 

cytoplasmic pH is necessary for growth of S. meliloti in acid environments.  However, the basis for 

difference in acid tolerance between strains is still not clear (Zahran, 1999). The mechanism for Al3+ 

tolerance for Rhizobium is also unknown (Wood and Cooper, 1984; Shah et al., 2010). Research into 

this area could increase the chances of finding an Al3+ tolerant strain.  

 

In Australia, there has been some success in identification of acid tolerant strains for lucerne. 

Howieson and Ewing (1986) compared strains of S. meliloti that originated from acid soils, with two 

Australian commercial inoculant strains (U45 and CC169) and a group of strains that originated 

from alkaline soils. They found that two of the strains from the acid soils (WSM419 and WSM413) 

nodulated a higher proportion of the host plants tested in the second year between 11 and 20 cm 

from the point of introduction of rhizobia into the soil the previous year. These results suggested 

that these strains were more saprophytically competent in acid soils. Munns (1965c) also found 

variation in the ability of Rhizobium strains to nodulate lucerne plants in acidic soils (pH 5.5 – 5.2). 

Strain CC8 had a higher percentage of plants nodulated in three soils compared with three other 

strains (65% vs. 25%). More recently, a review by Howieson and Ballard (2004) highlighted the 50 

years of research that have led to the development of rhizobia inoculants for moderately acidic 

soils of wheat belt Australia and western New South Wales by selecting acid-adapted and 

saprophytically competent strains of rhizobia capable of surviving in acidic soils.  

 

Studies have also been conducted with subterranean clover. Watkin et al. (2000) tested the acid 

tolerance of six strains (WU95, NA3001, WSM409, TA1, NA3025 and NA3039) of R. leguminosarum 

bv. trifolii. Strains WSM409, NA3039 and WU95 were more acid tolerant than strains NA3025, TA1 
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and NA3001. They also found that some strains had increased persistence with strains WSM409 

and NA3039 colonising and persisting to a greater degree than strains TA1 and NA3001. It was 

concluded that strain WSM409 has potential for improving production of clovers on acid soils. 

 

A recent study by Mazur et al. (2013) looked at the genome organisation of 22 R. leguminosarum 

bv. trifolii. They found that strains with smaller amounts of extrachromosomal DNA had specific 

metabolic preferences, tolerance to unfavourable osmotic conditions and increased nodulation 

activity. They concluded that metabolic specialization may enable rhizobia to persist in variable 

environments and compete successfully with other bacteria.  

 

The majority of research has focused on finding acid tolerant strains rather than Al3+ tolerance. 

Aluminium (Al3+) toxicity is often coupled with low pH (Section 1.5.2) in the New Zealand high 

country. It is important for an inoculant in this environment to be acid tolerant and tolerant to high 

levels of Al3+. As acid tolerant strains are often selected from acidic soils (Zahran, 1999) it is highly 

likely that they also have adapted some level of Al3+ tolerance. Wood and Cooper (1988) 

investigated the Al3+ tolerance of an acid tolerant strain compared with an acid sensitive strain. 

They found that at a pH of 4.5 and 50 μM Al3+ the numbers of BEL1192 (an acid tolerant strain) 

decreased and at pH 5.5 and 50 μM Al3+ the numbers of HP3 (acid sensitive strain) decreased. 

Keyser and Munns (1979) also showed that for 60% of the 65 rhizobia strains they tested there was 

a correlation between acid and Al3+ tolerance. Further research is needed on lucerne and white 

clover in New Zealand to see if there are strains that are suitable as inoculants in the NZ hill and 

high country. 

 

1.5.3.2 Tolerant cultivars for the New Zealand high country 

There is also the potential of finding more acid/Al3+ tolerant cultivars to increase nodulation. As 

with rhizobia, much of the research has focused on finding an acid tolerant cultivar. A hydroponic 

experiment by Charman et al. (2008) found variation between lucerne genotypes for nodulation 

under acidity stress. The mean percentage of plants nodulated ranged from 46% (L97a) to 63% 

(CRCSA29). Howieson and Ewing (1989) examined 36 genotypes of 14 different Medicago species 

for their ability to nodulate in a soil of pH 5.9. Variation both within and between species was 

evident with nodulation percentages ranging from 16.4 – 89%. However, it is possible that these 

acid tolerant cultivars also have some level of Al3+ tolerance. 

 

 Hartel and Bouton (1991) conducted a two year field study to determine if the Acid – Tolerant 

lucerne germplasm could be combined with the relatively acid tolerant S. meliloti strains to help 
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establishment of lucerne in mildly acidic, Al3+ rich soils. In the first year they found inoculated acid 

tolerant germplasm had significantly greater nodule numbers, weight and acetylene reduction 

values than the uninoculated controls in acid soil (pH: 5.0; Al3+ > 0.25cmol(+) kg-1). However, no 

differences in plant shoot weights were observed. In the second year, relatively acid – tolerant R. 

meliloti strains had a high nodule occupancy on acid tolerant lucerne which produced higher plant 

shoot weights in the acid soil. Scott et al. (2008) also found that acid tolerant cultivars may have 

Al3+ tolerance. They screened 15 Medicago species and one Medicago sativa for Al3+ tolerance in 

solution culture. Aluminium (Al3+) concentrations tested were 0, 10, 20 and 30 μM l-1. The study 

identified that ranking for Al3+ tolerance from root growth in solution culture correlated well 

(r=0.80) with ranking for tolerance of the 16 genotypes grown in acidic soil (pH 5.1).  

 

Charman et al. (2008) and Scott et al. (2008) both acknowledged that progress in breeding legumes 

for improved growth on acidic/high Al3+ soils requires both tolerant plants and tolerant rhizobia.  

Currently, screening for strains and cultivars is often done separately in lab based assays (Wood 

and Cooper, 1984, 1988; Khu et al., 2012) or solution cultures (Charman et al., 2008; Scott et al., 

2008). Howieson et al. (1988) found that there is a low correlation between strains selected in the 

laboratory and their acidity tolerance in the field. However, Khu (2012) found similar results 

between their two rapid whole plant assays, one in culture media and one in soil. There is a need 

for experiments that look at the interactions between cultivars and genotypes together both in the 

solution culture and in the field. There is also a need to focus specifically on the Al3+ tolerance of 

strains and cultivars rather than solely acid tolerance. 
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1.6 Conclusions 

Based on the review of literature the following conclusions can be made: 

 

 The persistence of commercial and naturalised rhizobia in the field requires investigation 

to enhance the potential for success of commercial inoculants in the field.  

 

 There is a high diversity of rhizobia in NZ soils that vary widely in their N-fixation efficacy. 

Inoculation with a persistent, competitive and effective strain may have a long term effect 

of displacing poor performing naturalised strains. This could shift the profile of rhizobia in 

the soil towards a population with greater N fixation efficiency overall.  

 

 Currently, in New Zealand there has been little recent research on the persistence of 

rhizobia using modern molecular tools such as PCR and NGS. 

 

 A strains’ ability to utilise C is an indicator of its competitive ability. Currently, there are no 

tools that allow the C utilisation of a single strain in the soil environment to be measured. 

 

 To improve legume growth in harsh environments, such as the New Zealand high country, 

there is potential to find acid/Al3+ tolerant strains and/or cultivars. There is a need for 

experiments that look at the interactions between cultivars and strains together. Research 

into the persistence of naturalised rhizobia populations in the New Zealand high country 

could lead to more efficient inoculants that could be used in these environments. 
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1.7 Aims and Objectives 

To address these gaps in the knowledge the following four objectives were developed with the 

overall aim of increasing understanding of the soil ecology of commercial and naturalised rhizobia 

for lucerne and white clover in New Zealand and to use this knowledge to find solutions to increase 

the survival and persistence of rhizobia inoculant strains for lucerne and white clover. This is an 

area that needs to be thoroughly investigated before any conclusions can be drawn on ceasing the 

use of commercial inoculants. Each of these objectives will be addressed separately in Chapters 2 

(Objective 1), 3 (Objective 2), 4 (Objective 3) and 5 (Objective 4). Figure 1.1 is a flow diagram of the 

structure of the thesis. 

 

The objectives of this thesis are: 

 

Objective 1:  

Quantify the persistence of the currently available commercial inoculants for lucerne and 

white clover in planta over a five year period at three field sites. 

 

Objective 2:  

Develop a tool that is suitable for investigating the influence of physical soil factors on the 

ability of different rhizobia strains to utilise C commonly secreted into the rhizosphere.  

 

Objective 3:  

Use the tool developed to determine the relative carbon utilisation of New Zealand 

naturalised and commercial rhizobia strains in a range of soils and determine the link 

between carbon utilisation and nodulation success  

 

Objective 4:  

Part a) Quantify the Al3+ tolerance of the current commercial strain for lucerne (RRI128) 

against acid tolerant strains from Australia 

Part b) Determine the potential of these acid tolerant strains to increase lucerne 

production in high Al3+ and low pH environments. 
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Figure 1.1 Flow diagram of thesis structure 

Chapter 1: Literature Review 

Chapter 2: Survival (Persistence) of 

commercial inoculants in planta 

under field conditions 

 

White Clover Lucerne 

Chapter 3:  Development of 

MicroResp™ to measure carbon 

utilisation by Rhizobium spp in sterile soil 

 

 

Chapter 4: Comparative carbon 

utilisation by strains of Rhizobium sp as a 

predictor of nodulation success 

 

 

 

Chapter 5: Aluminium tolerance of 

Sinorhizobium meliloti strains for lucerne 

   

 

 

Chapter 6: Concluding discussion 





 
 

 
 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

Figure 2.1 Layout of Chapter 2: Survival (Persistence) of commercial inoculants in planta under field conditions

 

 

Part B: 

Experiment 5: Nodule microbiome project 

 

Null Hypothesis: Rhizobia are the only microorganisms present in nodules of white 

clover and lucerne plants. 

Part A: 

Experiment 1: Ability of the commercial inoculants Sinorhizobium meliloti RRI128 and 

Rhizobium leguminosarum TA1 to persist in planta over time 

 

Null Hypothesis: The commercial inoculants RRI128 and TA1 do not persist over time. 

Part A: 

Experiment 2: Most probable number 

(MPN) of rhizobia 

 

Null Hypothesis: The most probable number 

of S. meliloti and R. leguminosarum in the 

soil does not change between sites and over 

time. 

Part A: 

Experiment 3: Symbiotic potential 

 

Null Hypothesis: Different rhizobia and 

bacteria strains found in lucerne and white 

clover plants do not affect plant dry matter 

production. 

Part A: 

Experiment 4: Non rhizobia nodulators 

 

Null Hypothesis: Non rhizobia bacteria 

found in the nodules of lucerne plants are 

not capable of forming nodules on lucerne 

plants in a sterile system. 
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2.2 Materials and methods 

2.2.1 Part A – Experiment 2.1: Ability of the commercial inoculants Sinorhizobium 

meliloti RRI128 and Rhizobium leguminosarum TA1 to persist in planta over time 

2.2.1.1 Establishment of three experimental sites  

2.2.1.1.1 Glenmore  

‘Nomad’ white clover and ‘Force 4’ lucerne were grown at Glenmore station as part of an existing 

experiment (described in Berenji (2015)). The experiment was situated at Glenmore Station on the 

western side of Lake Tekapo, Mackenzie Basin (45° 54’ 7.86” S and 170° 28’ 19.52” E, 720 m a.s.l). 

The soil is an Orthic Brown in the current New Zealand Soil Classification (Hewitt, 1998) (Typic 

Dystrudept, USDA). The soil was of low fertility with high Al3+ content (Table 2.1). Prior to sowing 

this experiment the site had brown-top (Agrostis capillaris) and sweet vernal (Anthoxanthum 

odoratum) dominant vegetation growing on it, with no prior cultivation or removal of resident 

vegetation. In November 2011, the site was direct-drilled with lupin (Lupinus polyphyllus), lucerne 

and caucasian clover (Trifolium ambiguum). One day before sowing, seeds were inoculated with 

their specific commercial peat inoculant. For lupin the inoculant was Bradyrhizobium strain WU425, 

for lucerne the inoculant was S. meliloti strain RRI128 and for Caucasian clover the inoculant was 

R. leguminosarum strain ICC148. A peat slurry was prepared by mixing the peat inoculant with 

water as recommended by the manufacturer. In January 2012, herbicide was applied and the area 

was burnt-off for the current experiment.  

 

This experiment was sown on 11th December 2012. Six legume species were sown, with five rates 

of lime set out in a strip-plot design with three replicates (Appendix 8.1.1). Main plots were the six 

legume species (‘Force 4’ lucerne, caucasian clover, ‘Russell’ lupin, ‘Nomad’ white clover, ‘Bolta’ 

balansa (Trifolium michelianum), and ‘Trojan’ lotus (Lotus corniculatus)) and sub plots were five 

rates of lime (0, 0.5, 1, 2, and 4 t ha-1). Pelleted Aglime was applied at these rates on the 1st May 

2012. Legume species sowing rates were 10 kg ha-1 for lucerne, 8 kg ha-1 for Caucasian clover, 5 

kg ha-1 for balansa and lotus and 4 kg ha-1 for white clover. One day before sowing, seeds were 

inoculated with their specific commercial peat inoculant sourced from the Australian Inoculant 

Research Group (AIRG). For lucerne the inoculant was S. meliloti strain RRI128 and for white clover 

the strain was R. leguminosarum strain TA1. A peat slurry was prepared by mixing the peat 

inoculant with water as recommended by the manufacturer. Seeds were sown on 11th December 

2012 by a Flexi-seeder (Flexiseeder Ltd, New Zealand) drill designed to cope with uneven surface 

drilling. 
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For this thesis, on January 17th 2014, 10 – 20 vegetative lucerne and white clover plants were 

extracted in total across all reps from both the 0 t and 4 t lime plots that were sown on 11th 

December 2012. Plants were selected at random from each plot by selecting 4 – 5 healthy looking 

plants that were at least 1 m apart. Plants from the edge of the plots were avoided. If a plant did 

not have nodules it was discarded and another plant was selected. To extract the plants a spade 

was used to dig at least 10 cm down around the plants. Loose soil was shaken from the roots and 

the plants were stored in a chilly bin/fridge until nodule collection. 

 

Table 2.1 Soil test results for Glenmore Station at sampling on 17th January 2014. Soil tests done by 
Hill laboratories, Christchurch using their standard procedures. 

Lime 
rate 

pH Olsen 
P 

Mg/l 

Potassium 
me/100g 

Calcium 
me/100g 

Magnesium 
me/100g 

Sodium 
me/100g 

Aluminium 
mg/kg 

Available 
N 

Kg/ha  

0 t lime 5.2 13 0.49 4.9 0.83 <0.05 7.6 117 
4 t lime 5.3 17 0.46 6.5 0.71 0.07 4.9 142 

 

2.2.1.1.2 Lincoln University 

White clover 

White clover was grown as a pure sward in paddock I5 at the Lincoln University Field Research 

Centre (43°38’S and 172°28’E) as part of a field trial. The soil at this site is a mottled immature pallic 

soil (Hewitt, 1998) (Udic Ustochrept, USDA) of medium to low fertility (Table 2.2). Prior to this 

experiment the site was sown in perennial ryegrass pasture. This experiment was sown on the 4th 

November 2014. Treatments were ‘Tribute’ white clover and ‘Coolamon’ subterranean clover  

(Trifolium subterraneum) inocululated with one of three test strains (ADCL4d, ADSub1g, BPSub8d) 

sourced from the Lincoln University Collection or two commercial R. leguminosarum strains 

(WSM1325 and TA1) sourced from AIRG with an uninoculated control. Seeds were hand sown in a 

complete randomised block design with 10 replicates. Preparation of the inoculant and the seed 

coating process are described in Appendix 8.2. Seeds were coated on the day of sowing. Inoculants 

were diluted and plated to determine the number of cells in each inoculant. R. leguminosarum 

strain TA1 seeds were inoculated with 6 x 108 cells 20 g-1. White clover was sown at a rate of 4 kg ha 

-1 and sub clover was sown at a rate of 20 kg ha-1. Plots were 2 x 2.1 m with a 2.5 m gap between 

replicates and a 1 m gap between treatments within a replicate.  

 

Table 2.2 Soil test results for paddock I5 at Lincoln University, Canterbury prior to sowing.  

Sowing date pH Olsen P 
Mg/l 

Potassium 
me/100g 

Calcium 
me/100g 

Magnesium 
me/100g 

Sodium 
me/100g 

Available N 
Kg/ha  

Dec 2014 5.6 9 0.23 7.5 0.89 0.21 64 
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For this experiment the white clover plants were used. These were extracted eight weeks after 

sowing (2nd February 2015) and then again in April and August 2015. At each sampling, 6-7 plants 

were randomly selected (Section 2.2.1.1.1) (one plant per replicate, replicate selected at random 

at each sampling). Plants were extracted and stored as described in Section 2.2.1.1.1. 

 

Lucerne 

‘Stamina 5’ lucerne was grown as a pure swards in paddock Iversen 12 at the Lincoln University 

Field Research Centre (43°38’S and 172°28’E, 11 m a.s.l). The soil at this site is a mottled immature 

pallic soil (Hewitt, 1998) (Udic Ustochrept, USDA) of medium fertility (Table 2.3). Prior to the 

sowing, the Lincoln University site was in lucerne from 2004-2007, brassicas in 2008 and a short 

rotation ryegrass from 2009-2010. The experiment was a split-plot randomised complete block 

design. Sowing dates were the main plot factor. There were five sowing dates between October 

2010 and February 2011. Three inoculation treatments (peat, coated and ALOSCA®) plus the bare 

seed control were the subplots. There were four replicates giving a total of 80 plots.  

 

Table 2.3 Soil test results for paddock I12 at Lincoln University, Canterbury prior to sowing and the 
first sampling (Nov 2010) and the second and third samplings (Jan 2014 and Jan 2015).  

 pH Olsen P 
Mg/l 

Potassium 
me/100g 

Calcium 
me/100g 

Magnesium 
me/100g 

Sodium 
me/100g 

Available N 
Kg/ha  

Nov 2010 5.8 17 0.7     
Jan 2014 5.9 13 0.63 7.7 1.01 0.10 59 
Jan 2015 6.1 17 1.09 7.1 1.03 0.13 63 

 

Lucerne was used at a standard bare seed rate of 10.5 kg ha-1 which equated to 16 kg ha-1 of coated 

seed. The peat slurry treatment was prepared by mixing the peat inoculant with water as 

recommended by the manufacturer. The seed was then coated in the slurry mix immediately prior 

to each sowing. ALOSCA® granules were mixed with bare seed at the recommended rate of 10.5 kg 

ha-1 in the drill at sowing. The coated seed was commercially coated and contained the inoculant, 

a contact fungicide against Pythium spp., molybdenum and lime. All three inoculant treatments 

contained S. meliloti strain RRI128. An Øyjoord cone seeder was used to sow 14 row plots of 4.2 x 

7 m with 0.5 m gaps between plots. The drill hoppers were pressure cleaned with air after each 

seed treatment to maintain treatment integrity and sown in the order of bare seed followed by 

ALOSCA® mix, coated seed and peat slurry mix. 

 

For this chapter, plants were extracted from the Lincoln University plots sown on the 4th November 

2010 in January 2011 prior to the start of this PhD. This was done by Masters student Qakathekile 

Khumalo. Plants were then extracted by the candidate from the same plots in January 2014 and 
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February 2015. At each sampling, 10 - 20 plants were randomly selected (Section 2.2.1.1.1) from 

duplicate plots for each of the four inoculation treatments (ALOSCA®, peat, coated seed and bare 

seed). 

 

2.2.1.1.3 Ashley Dene  

‘Stamina 5’ lucerne was grown as a pure sward in paddock M20 at the Lincoln University dryland 

sheep research farm, Ashley Dene (45° 39' S and 172° 19' E, 38 m a.s.l). The soil is a Typic orthic 

gley soil (Hewitt, 1998) (Typic Dystrustept, USDA) with a low (130 mm) plant available water holding 

capacity (Sim, 2014) and medium fertility (Table 2.4). The experimental site at Ashley Dene has 

spent a majority of the last 30 years in lucerne, from 1982-1987, 1988-1998 and 1999 – 2006. 

Immediately prior to the sowing of this experiment the paddock was in turnips (Brassica rapa) and 

annual ryegrass ‘Moata’ (Lolium multiflorum) sown in Feb 2008. The turnips were used as winter 

feed and the annual ryegrass was grazed up until early October 2010. Inoculation treatments 

(ALOSCA®, peat, coated seed and bare seed), experimental design and sowing rate were the same 

as described for Lincoln University (Section 2.2.1.1.2) 

 

Table 2.4 Soil test results for paddock M20 at Ashley Dene, Canterbury, prior to sowing and the first 
sampling (21-Oct-10) and at the second and third samplings (Dec 2013 and Jan 2015). 

 pH Olsen P 
Mg/l 

Potassium 
me/100g 

Calcium 
me/100g 

Magnesium 
me/100g 

Sodium 
me/100g 

Available N 
Kg/ha  

21-Oct-10 6.0 14 0.24 9.3 0.54 0.16  
Dec 2013 6.8 20 0.33 11.9 0.57 0.14 163 
Jan 2015 6.7 15 0.44 11.8 0.69 0.18 112 

 

For this experiment, plants were initially excavated from plots sown on the 21st October 2010 in 

June 2011 (Wigley, 2011). Plants were then also extracted in November 2013 and January 2015. At 

each sampling, 10 - 20 plants were randomly selected (Section 2.2.1.1.1) from duplicate plots for 

each of the four inoculation treatments (ALOSCA®, peat, coated seed and bare seed). Plants were 

extracted and stored (Section 2.2.1.1.1). 

 

2.2.1.2 Nodule collection 

Once the roots had been extracted they were washed under running tap water to remove excess 

soil. From each plant, 1 – 10 pink nodules were selected. For both white clover and lucerne, nodules 

were either selected directly from or within 10 – 20 mm of the main tap root, and were 

preferentially selected from the upper 10 cm of the root system. When no nodules were present 

on or close to the tap root, they were taken from the peripheral roots or lower down the root. A 
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maximum of 10 nodules per plant were collected and a maximum of 70 nodules were plated per 

inoculation treatment. 

 

2.2.1.3 Recovery of rhizobia from nodules 

The nodules were surface sterilised by immersion in 96% v/v ethanol for 5-10 s, 10% v/v commercial 

bleach (0.25 g l-1 sodium hypochlorite) for 2 min, and then rinsed four times in sterile distilled water 

(SDW) for 20 s each. Each nodule was crushed in a sterile Petri dish, the rhizobia suspension plated 

onto yeast mannitol agar (YMA; Appendix 8.3) and incubated at 21°C for 48 hours in the dark. 

Colonies were subcultured from single colonies at least twice to ensure purity. From up to 70 

cultures, approximately 50, randomly selected plates per inoculation treatment that had colonies 

characteristic of rhizobia (white to pale yellow, viscous, fast growing; (Sneath, 1986)), were selected 

for DNA extraction. Plates that appeared to contain fungal/bacterial contaminants or multiple 

bacterial species were discarded. A single strain was recovered for each nodule. 

 

2.2.1.4 DNA extraction 

DNA was extracted from the bacteria isolated from the nodules of plants grown at Glenmore, 

Lincoln University and Ashley Dene. Each bacterial isolate was grown in 1 mL of yeast mannitol 

broth (YMB; Appendix 8.4) at 28°C for 24 hours at 220 rpm on a shaking incubator (LABNET 211 DS, 

Labnet International, USA). Control tubes of YMB, not inoculated with a bacterial isolate, were 

included in each batch as a check for contamination. DNA was extracted from the 1 mL bacterial 

culture using the PUREGENE™ (Gentra Systems, USA) DNA extraction kit according to the 

manufacturer’s instructions.  The DNA pellet was resuspended in 30 µL of sterile distilled water 

(SDW) and stored at 4°C. DNA was quantified by spectrophotometry using a NanoDrop™ 

spectrophotometer (NanoDrop Technologies Inc., Delaware, USA) and diluted with SDW to 

50 ng μl-1 for PCR. 

 

2.2.1.5 PCR amplification of bacterial DNA using ERIC primers 

DNA fingerprinting of the recovered bacterial colonies from white clover nodules from the 

Glenmore site and lucerne from all sites was performed by ERIC-PCR (Versalovic et al. 1991).  Each 

25 μL PCR contained 1 × buffer (FastStart, Roche, USA), 200 µM of each of the dNTPs, 1.25 U Taq 

DNA polymerase (FastStart, Roche, USA), 50 pmol of each of the primers (Invitrogen) ERIC 1R (5'-

ATGTAAGCTCCTGGGGATTCAC-3') and ERIC 2 (5'-AAGTAAGTGACTGGGGTGAGCG-3') (Versalovic et 

al., 1991)  and 50 ng of the extracted DNA. The tubes containing the reaction mix were placed in a 

thermal cycler (Veriti™, Applied Biosystems, California, USA) and amplified using the following 

protocol: 95°C for 3 minutes (denaturation), then 35 cycles of:  95°C for 60 seconds (denaturation), 
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52°C for 60 seconds (annealing) and 72°C for 60 seconds (extension), and a final cycle of 72°C for 

10 minutes. The PCR products (6 µL) were mixed with 2 µL of loading dye (0.025% v/v bromophenol 

blue, 0.025% v/v xylene cyanol, 40% w/v sucrose) and separated by electrophoresis on a 1.3% w/v 

agarose gel in 1× TAE buffer (40 mM Tris acetate, 2 mM Na2EDTA, pH 8.5) at 10 V/cm for 45 minutes. 

Gels were then stained with ethidium bromide (0.5 μg ml-1 1xTAE) for 15 minutes, rinsed in SDW 

and then photographed under UV light using the VersaDoc™ Imaging System (Model 3000, Bio-Rad, 

CA, USA). 

 

2.2.1.6 Rapid DNA extraction for genotyping – white clover 

A rapid DNA extraction process was developed to improve the speed of processing samples for 

genotyping. This methodology was applied to the identification of isolates recovered from white 

clover nodules at the Lincoln University site. Single colonies were picked from culture plates using 

a sterile toothpick and suspended in 500 µl of lysis buffer (10 mM Tris-HCl at pH 8, 1 mM EDTA, 1% 

v/v Triton X-100). Cells were lysed by heating in a heat block at 95°C for 30 minutes. Two µl of this 

lysate was used directly in ERIC PCR (Section 2.2.1.7). 

 

2.2.1.7 Analysis of resulting genotypes 

To identify the different endophytic bacteria/rhizobia genotypes, the gel images from each of the 

samples were visually assessed. The number of samples with identical banding patterns to the 

commercial inoculants (R. leguminosarum strain TA1/white clover and S. meliloti stain 

RRI128/lucerne) were counted. Samples that had different banding patterns were given a genotype 

code and samples with the same banding pattern were given the same code. For each treatment, 

the number of samples with each genotype was recorded. If an identical fingerprint was recorded 

in more than one treatment, it was given the same code in both treatments. An example of the 

banding patterns for different bacteria/rhizobia genotypes can be found in Appendix 8.5. 

 

2.2.1.8 Amplification of 16S ribosomal DNA for isolate identification 

The 16S rRNA gene of the dominant genotypes at each site were amplified for DNA sequencing, 

along with 2-3 strains that were only found once at each of the Ashley Dene and Lincoln University 

sites. Each 25 μL PCR contained 1 × buffer (FastStart, Roche, USA), 200 µM of each of the dNTPs, 

1.25 U Taq DNA polymerase (FastStart, Roche, USA), 10 pmole of each of the primers F27 (5’-

AGAGTTTGATC(A/C)TGGCTCAG-3’) and R1494 (5’ CTACGG(T/C)TACCT TGTTACGAC-3’) (Weisburg 

et al., 1991) and 20-25 ng of template DNA.  Amplification used the following protocol: 94°C for 3 

minutes, then 35 cycles of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 1 minute, followed 

by a final cycle of 72°C for 7 minutes.  The PCR products were sequenced at the Lincoln University 
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Sequencing Facility. The sequences obtained were viewed using Chromas Lite 2.1 (Technelysium 

Pty Ltd, Australia) and manually trimmed using DNAMAN 4.0 (Lynnon Biosoft, Canada) to remove 

ambiguous sequence. The sequences were then compared with those of known origin on the 

nucleotide database GenBank (www.ncbi.nlm.nih.gov/genbank/) using the Basic Local Alignment 

Search Tool (BLAST) (Altschul et al., 1990).  

 

2.2.1.9 Statistical analysis 

Variables were analysed using Pearson’s Chi-square test of independence at α = 0.05. This method 

determined if there was a significant difference between the frequencies of the most frequently 

occurring genotypes found in each seed treatment.  

 

2.2.2 Experiment 2.2: Most probable number (MPN) of rhizobia 

2.2.2.1 Sites and sampling dates 

The most probable number (MPN) of rhizobia colony forming units (CFU) over time was determined 

at Glenmore with soil from the 0 t and 4 t lime plots of white clover and lucerne collected on the 

15 January 2014. Changes in MPN over time were determined at the Ashley Dene and Lincoln 

University lucerne sites every three months for two years starting in December/January 2013/14.  

 

At each sampling, six soil cores to a depth of 10 cm were taken every 10-20 m across a transect of 

the paddock to be sampled. The soil from the six cores was then mixed and sieved through a 3.55 

mm sieve and air dried overnight. The soil moisture content of each soil was measured by drying 

approximately 10 – 20 g of soil at 95°C for 48 hours in the dry oven (Clayson, CTVision Systems Pte 

Ltd, Singapore). The weight of soil was recorded before and after drying and soil moisture 

calculated as: (wet weight – dry weight)/dry weight. 

 

Average daily soil temperature was also recorded on the day of sampling. Soil temperature data 

for Ashley Dene and Lincoln University was measured on site using a HOBO U12 4-Channel External 

Data Logger – U12-008 with TMCx-HD temperature sensors. Soil temperature was measured using 

three probes placed at 100 mm depth.  

 

2.2.2.2 Planting 

Tubes were prepared for MPN analyses. Due to the different sizes of the plants 50 ml tubes were 

used for lucerne and 15 ml tubes were used for white clover.   In the laminar flow, approximately 

30 g or 4.5 – 5.5 ml of firmly packed sterile vermiculite was placed into sterile 50 or 15 ml tubes, 
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respectively. Ten or 2.5 ml of N-free McKnight’s solution (Appendix 8.6) was added to each 50 or 

15 ml tube, respectively.  

 

‘Kaituna’ lucerne and ‘Tribute’ white clover seeds were sterilised in 70% v/v ethanol for 60 seconds, 

followed by immersion in 4% w/v NAHClO4 for 30 seconds and then washed four times in sterile 

distilled water each for one minute. The seeds were air dried for 2-3 hours in the laminar flow. 

Using sterile tweezers a single lucerne or clover seed was placed into each 50 ml or 15 ml sterile 

tube containing the sterile vermiculite and N – free McKnight’s solution, respectively. 

 

Once the seeds were planted the lids were returned to the tubes. Plants were grown in a growth 

chamber (Adaptis, Controlled Environments Ltd, Canada) with a 16 hours photoperiod (400 µmol 

photons m-2 s-1) at a constant 22C for five days to allow the seeds to germinate. 

 

2.2.2.3 Inoculating Seed 

After five days the germinated seeds were inoculated. Ten grams of soil (sieved to 3.5 mm) was 

added to 90 g of 0.85% w/v saline solution (NaCl) in a 200 ml Schott bottle. The bottle was then 

placed on the flask shaker (Stuart, Biddy Scientific Limited, Staffordshire, UK) for 15 minutes at 

maximum speed. The first soil suspension (considered 100) was serially diluted (10 fold) with 0.85% 

w/v saline to 10-7.  

 

Lucerne plants were inoculated with 1 ml and white clover plants with 100 µl of each dilution, 

respectively. Each dilution was replicated five times. Tubes were sealed with a plastic film with a 

small hole in the top and placed in a complete randomised block design. After four weeks plastic 

bags were placed over each tube to give the plant more space to grow. Plants were grown for six 

weeks (42 days) in a growth chamber (Adaptis, Controlled Environments Ltd, Canada) with a 16 

hours photoperiod (400 µmol photons m-2 s-1) at a constant 22C and then harvested. 

 

2.2.2.4 Harvest 

At harvest, lucerne and white clover plants were recovered from the tube and the vermiculite 

washed off under running tap water. The presence or absence of nodules was recorded for each 

plant. 

 

2.2.2.5 Statistical analysis 

The average number of nodulated plants for each dilution was entered into the MPN calculator and 

MPN was determined (Hurley and Roscoe, 1983). 
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Outliers (three data points) were removed and the relationship between MPN and soil moisture 

and soil temperature was investigated using a linear regression analysis with Genstat 16th edition 

(VSN International). 

 

2.2.3 Experiment 2.3: Symbiotic potential 

White clover 

The symbiotic potential of four naturalised strains from New Zealand and three commercial strains 

were compared (Table 2.5). Naturalised R. leguminosarum strains were sourced from the collection 

at Lincoln University, Christchurch, New Zealand. WSM1325, CC275e and TA1 have been used 

commercially as legume seed inoculants in Australia and New Zealand (Lowther and Kerr, 2011).   

 

Table 2.5 Rhizobium leguminosarum strains as inoculants in symbiotic potential experiment. 

Code Origin Host Notes 

ADWC3a Ashley Dene T. repens Lincoln University collection 
ADWC3b Ashley Dene T. repens Lincoln University collection 
ADSub1g Ashley Dene T. repens Lincoln University collection, P solubilizer 
ADSub1h Ashley Dene T. repens Lincoln University collection, P solubilizer 
TA1 Tasmania, 

Australia 
T. subterraneum Commercial Australian white clover 

inoculant strain since 1961.  Lacks acidity 
tolerance. Sequenced by JGI ¶. 

CC275e Tasmania, 
Australia 

T. repens Effective on T. repens.  Previously used as 
a commercial inoculant strain in NZ*. 
Sequenced in NZ in 2014***  

WSM1325 Greece Annual Trifolium 
spp. 

Effective for annual and perennial 
Trifolium of Mediterranean origin. 
Current Australian inoculant strain for 
annual clovers.  Sequenced by JGI**. 

*Brockwell et al. (1998) ¶Reeve et al. (2013b), **Reeve et al. (2010), *** Delestre et al. (2015) 
 

2.2.3.1 Amplification of 16S ribosomal DNA for isolate identification 

To confirm the identity of the strains, the 16s rRNA gene region was amplified for DNA sequencing 

(Section 2.2.1.8).  

 

2.2.3.2 Planting  

Pottles (80 x 70 mm) with six 3-5 mm holes in the lid were filled tightly with vermiculite. 143 ml of 

minimal N McKnights solution (Appendix 8.6) was added. Minimal N McKnights solution is a 

modification of the original McKnights solution, with the addition of minimal N in the form of 

ammonium nitrate (NH4NO3) at a concentration of 0.1 mM (Liu et al, 2012). The pottles were 

autoclaved for 15 minutes at 121°C and 15 psi.  
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‘Tribute’ white clover seeds were sterilised by immersing seeds in 4% w/v NaHClO4 for three 

minutes and then rinsed five times with sterile distilled water. Seeds were soaked in the final 

change of water for 15 minutes, then rinsed four more times and left soaking in the final change of 

water for two hours. Seeds were then rinsed a final four times and spread out onto water agar 

plates (1.5% (w/v), autoclaved 15 minutes at 121°C, 15 psi). Plates were inverted and 2 ml of sterile 

water was added to the base. Plates were then wrapped in aluminium foil and stored upside down 

in the fridge for a maximum of three days. The day prior to planting, plates were placed in the 

incubator overnight at 25°C. 

 

Using sterilised tweezers, six germinated seeds were placed into the vermiculite through the holes 

in the top of each pottle. Pottles were weighed and the weight recorded for watering. Plastic bags 

were placed over each pottle to prevent contamination and drying out. The pottles were placed in 

a growth room with a 12 hours photoperiod at a constant 22C.  

 

2.2.3.3 Inoculation of white clover plants 

Twenty four hours prior to inoculation, broth cultures of each of the strains (Table 2.5) were 

prepared. To make the broth culture, two loopfuls of each isolate that had been grown on YMA at 

28°C for two days, were placed in 900 μl of YMB in a 1.7 ml tube. The tubes were placed at 28°C for 

24 hours at 220 rpm on a shaking incubator (LABNET 211 DS, Labnet International, USA). Control 

tubes of YMB not inoculated with a bacterial isolate were included to check for contamination. 

 

Plants were inoculated seven days post planting. To make the inoculant, the optical density at 600 

nm of each culture was measured using a spectrophotometer (Jenway 6305, Biddy Scientific 

Limited, Staffordshire, UK). The number of cells in the culture was calculated using the formula: an 

optical density of 0.167 = 1 x 108 cells (Weir, 2006). 500 µl of each culture was centrifuged for five 

minutes at 12 000 g. The YMB was discarded and the cells were suspended in 0.85% w/v saline 

solution at a concentration of 1 x 108 cells ml-1 and optical density was recorded. The solution 

containing the isolates was diluted to 1 x 106 cells ml-1. 

 

On the day of inoculation, one seedling was removed from each pottle leaving a total of five 

seedlings per pottle. Each seedling was inoculated with 1 ml of bacterial suspension at 1 x 106 cells 

ml-1 and was delivered using a sterile pipette to the base of each seedling. To the 10 control pottles 

(5 +N control and 5 control), 1 ml of 0.85% w/v saline solution was applied. Each inoculant 

treatment was replicated five times. A 5 ml pipette tip was inserted into the sixth hole for watering. 

Holes were cut in the plastic bags to allow plants to obtain CO2 for growth. Pottles were randomised 
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using a random number generator (www.randomizer.org) and set out as a complete randomised 

block design. The plants were grown in the growth room with a 12 hours photoperiod at a 

constant 22C for 6 weeks. Pottles were watered with sterile water as required to bring them 

back up to their initial weight. 

 

2.2.3.4 Addition of +N 

Nitrogen was added to the base of plants in the +N control pottles five days after inoculation and 

then every seven days until harvest. The N was added as 100 μl of ammonium nitrate at a 

concentration of 1.5 x10-3 g NH4NO3 was added.  

 

lucerne 

The symbiotic potential for a selection of the naturalised bacterial strains recovered from lucerne 

plants grown in Lincoln University, Ashley Dene and Glenmore soils was investigated. These 

genotypes were chosen based on the frequency they were found in nodules and were not 

exclusively S. meliloti or Rhizobium sp.. Other bacterial genotypes were included to investigate if 

these commonly recovered genotypes provided any benefit to the plant compared with the rare 

genotypes and therefore were preferentially selected. The strains used are listed below in Table 

2.6.  

 

The commercial inoculant was included, along with the most common naturalised genotypes found 

in the 0 t and 4 t lime plots at Glenmore (genotypes GLU4 and GLU0), the most common naturalised 

genotype found in 2011 at both Ashely Dene and Lincoln University (genotype ADA), the most 

common naturalised genotype found at Lincoln University in 2014 (genotype 1M) and the most 

common naturalised genotype found at Ashley Dene in 2014 (genotype 1E). Two rare genotypes, 

found in less than two nodules, were also included (ADZ, from Ashley Dene in 2014 and LUW, from 

Lincoln University in 2014). 
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Table 2.6 Bacteria strains used as inoculants in lucerne symbiotic potential experiment. 

Strain code Species Location Description 

RRI128 Sinorhizobium meliloti  Commercial inoculant 
ADA Rhizobium sp. Ashley Dene Most common naturalised 

strain in 2014 
AD1E Pseudomonas sp. Ashley Dene and Lincoln 

University 
Most common naturalised 
strain in 2011  

LU1M Sinorhizobium sp. Lincoln University Most common naturalised 
strain in 2014 

ADZ Pseudomonas sp. Ashley Dene Rare naturalised strain in 
2011 

LU1W Lysobacter sp. Lincoln University Rare naturalised strain in 
2014 

GLU0 Serratia sp. Glenmore Most common naturalised 
strain in 0 t lime plots 

GLU4 Pseudomonas sp. Glenmore Most common naturalised 
strain in 4 t lime plots 

 

2.2.3.5 Planting  

Pottles (60 x 40 mm) with a 3-5 mm hole in the lid were filled with 10 g of firmly packed sterile 

vermiculite and autoclaved.  To each of the 40 pottles, 40 ml of sterile minimal N McKnights 

solution (Appendix 8.6) was added (10 ml per 2.5 grams vermiculite). To the remaining 20 pottles, 

40 ml of High N McKnights solution was added. High N McKnights solution is a modification of the 

original McKnights solution with the addition of ammonium nitrate at 780 mg l-1. These 20 pottles 

were used as the high N control. 

 

‘Kaituna’ lucerne seeds were sterilised by immersing them in 70% v/v ethanol for 60 seconds, 

followed by 2.5 - 4% w/v NaHClO4 for 30 seconds, and then rinsing six times in sterile Millipore 

water each for 60 seconds. 

 

Using sterilised tweezers, the seeds were placed in the vermiculite through the hole in the top of 

each pottle. White clover and lucerne were sown at a rate of 1 seed per pottle. Pottles were 

weighed and the weight recorded for later watering. Pottles were placed on trays and covered with 

paper towels moistened with sterile water and placed in plastic bags to minimise drying out. The 

trays were placed in a growth chamber (Adaptis, Controlled Environments Ltd, Canada) with a 16 

hours photoperiod (400 µmol photons m-2 s-1) at a constant 22C for seven days until the plants 

had germinated.  
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2.2.3.6 Inoculation of lucerne plants 

Twenty four hours prior to inoculation, broth cultures of each of the bacterial strains (Table 2.6) 

were prepared. To make the broth culture, two loopfuls of each isolate that had been grown on 

YMA at 28°C for two days, were placed in 7.5 ml of YMB in a 15 ml tube. The tubes were placed at 

28°C for 24 hours at 220 rpm on a shaking incubator (LABNET 211 DS, Labnet International, USA). 

Control tubes of YMB not inoculated with a bacterial isolate were included as a check for 

contamination. 

 

Plants were inoculated seven days post planting as described in Section 2.2.3.3. 

 

Each seedling was inoculated with 1 ml of bacterial suspension at 1 x 106 cells ml-1 and was delivered 

using a sterile pipette to the base of each seedling. To control plants, 1 ml of 0.85% w/v saline 

solution was applied. Each inoculant treatment was replicated 10 times. Pottles were randomised 

using a random number generator (www.randomizer.org/) and set out as a complete randomised 

block design on the trays. The plants were grown in a growth chamber (Adaptis, Controlled 

Environments Ltd, Canada) with a 16 hours photoperiod (400 µmol photons m-2 s-1) at a constant 

22C for 6 weeks. Pottles were weighed weekly and watered with sterile water as required to bring 

them back up to their initial weight. 

 

2.2.3.7 Harvest 

Seven weeks after inoculation both the lucerne and white clover plants were harvested. Shoots 

were cut just below the cotyledon and the roots were washed to remove vermiculite. The number 

of pink and white nodules on each plant were counted separately. Roots and shoots were placed 

in paper bags and dried at 65°C for 48 hours in the drying oven (Contherm Scientific LTD, NZ). Dry 

weights of the shoots and roots were recorded. 

 

2.2.3.8 Statistical analysis 

Prior to statistical analysis of lucerne data, dead plants and outliers were removed to give a total 

of six replicates for each inoculation treatment. For both white clover and lucerne, statistical 

analyses were performed using Genstat 16th edition (VSN International). A one way ANOVA was 

calculated. Fisher’s protected least significant difference (LSD) test was used to separate means for 

each factor when ANOVA gave a P value < 0.05. 
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2.2.4 Experiment 2.4: Non rhizobia nodulators 

Two strains originally from lucerne plants were identified as Pseudomonas sp. (Table 2.6) and 

formed nodules on the lucerne plants in the symbiotic potential experiment. These were strains 

ADZ and GLU4. The aim of this experiment was to confirm nodulation by these strains and to 

explore whether they contained nodulation genes. 

 

2.2.4.1 Planting and inoculation 

Fifty ml tubes were filled with 35 ml of sterile vermiculite and 20 ml minimal N Mcknights solution 

(Appendix 8.6). Seeds were sterilised (Section 2.2.2.2) and grown in a growth chamber (Adaptis, 

Controlled Environments Ltd, Canada) with a 16 hours photoperiod (400 µmol photons m-2 s-1) at a 

constant 22C for 8 days prior to inoculation. The inoculants were prepared and plants were 

inoculated with 1 x 106 cells plant-1 (Section 2.2.3.6). Ten plants were inoculated with each strain 

and five of these received 58 µl of 1 M ammonium nitrate nine days after inoculation. Five plants 

were inoculated with RRI128 as a positive control and 0.85% w/v saline was added to five plants as 

a negative control. In total there were six treatments (ADZ + and – N, GLU4 + and – N, RRI128 and 

negative control). Each treatment was repeated five times. Tubes were sealed with plastic wrap 

and a small hole was pierced in the top to allow for air flow and placed back in the growth chamber 

(Adaptis, Controlled Environments Ltd, Canada) with a 16 hours photoperiod (400 µmol photons 

m-2 s-1) at a constant 22C, in a randomised complete block design and grown for six weeks. 

 

Weight at planting was recorded and plants were watered as required to bring them back up to 

their initial weight. 

 

2.2.4.2 Harvest and analysis 

Six weeks after inoculation the plants were harvested and processed (Section 2.2.3.7). 

 

2.2.4.3 Amplification of 16S rRNA, NodC, NodA and nifH genes from non-rhizobia 

bacteria recovered from lucerne nodules 

Nodules were sterilised and DNA extracted (Section 2.2.1.4). ERIC PCR (Section 2.2.1.5) was used 

to confirm the genotype of the isolates in the nodules and 16S rRNA (Section 2.2.1.8) was used to 

confirm the isolates phylogenetic identification. N-acetylglucosaminyl transferase nodulation 

protein A (nodA), N-acetylglucosaminyl transferase nodulation protein C (nodC) and nitrogenase 

iron protein (nifH) genes were amplified and sequenced from GLU4, ADZ and RRI128. Primers for 

PCR amplification with their sequences and sources are shown in Table 2.7. Each 20 μL PCR 

contained 1 × buffer (FastStart, Roche, USA), 200 µM of each of the dNTPs, 1.25 U Taq DNA 
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polymerase (FastStart, Roche, USA), 10 pmole of respective primers and 20-25 ng of template DNA.  

Amplification used the protocol: 95°C for 3 minutes, then 35 cycles of 94°C for 1 minute, 61°C for 

40 seconds and 72°C for 45 seconds, followed by a final cycle of 72°C for 7 minutes.  The PCR 

products were resolved via gel electrophoresis and stained with ethidium bromide for viewing 

under UV light (Section 2.2.1.5). 

 

Table 2.7 Primers used to amplify nodA, nodC and nifH gene fragments 

Target gene Primer Sequence (5’-3’) References 

nodA nodAR TCA YAR YTC NGR NCC RTT YC (Chen et al., 2003) 

 nodAF TGG ARV BTN YSY TGG GAA A  

nodC nodCfor540 TGA TYG AYA TGG ART AYT GGC T (Sarita et al., 2005)  

 nodCrev1160 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  

 

2.2.5 Part B – Experiment 2.5: Nodule microbiome project 

2.2.5.1 Plant collection 

Lucerne and white clover plants were collected from the Lincoln University sites (Section 2.2.1.1 

and 2.2.1.1.2). Three lucerne plants were chosen at random and extracted from bare, coated and 

peat treated seed plots in replicate 3 (9 plants in total) (See Appendix 8.1.2 for trial design). Three 

white clover plants were chosen at random and extracted from the plots in replicate 10 which had 

been planted with bare seed and seed in a peat slurry containing R. leguminosarum strain TA1 (six 

plants in total) (See Appendix 8.1.3 for trial design).  

 

2.2.5.2 DNA extraction 

The roots were washed under running tap water and 10 nodules were selected at random from 

each plant and sterilised (Section 2.2.1.2). The nodules were PMA™ (propidium monoazide; 

Biotium, USA) treated (Fittipaldi et al., 2012). This treatment has been shown to substantially 

reduce/eliminate amplification of bacterial DNA from the surface of sterilised plant tissues 

(Wicaksono et al., 2016). The sterilised nodules from each plant were placed into a sterile 1.7 ml 

tube (Axygen) with 500 µl of sterile water and 1.25 µl of PMA at 20 mM to give a final concentration 

of 50 µM. Tubes were incubated in the dark, at room temperature, for 5 minutes. Tubes were 

tapped to mix then placed on an ice block, wrapped in aluminium foil, on a rocking platform 

(Chiltern Scientific, New Zealand) 20 cm under a 500 watt halogen lamp for 15 minutes. The PMA 
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solution was removed and the nodules were rinsed once with sterile water. The nodules were 

placed into 2 ml tubes, from the PowerPlant®Pro DNA isolation Kit (MOBIO laboratories, USA) and 

crushed using a sterile flamed rod. DNA was extracted from the nodules using the PowerPlant®Pro 

DNA isolation Kit (MOBIO laboratories, USA) according to the manufacturer’s instructions.  The DNA 

was stored at -20°C. 

 

2.2.5.3 PCR amplification using barcoded primers 

Five nodules were selected at random using a random number generator (www.randomizer.org) 

from each white clover plant giving a total of 15 nodules per treatment. Three nodules from each 

lucerne plant were selected using the same method resulting in a total of nine nodules per plant. 

The V3-V4 region (expected size approximately 300 bp) of the bacterial occupants of each nodule 

was amplified (Vasileiadis et al., 2012), with primers F341 and R806, each containing a unique 

barcode (Wu et al., 2010). 

 

Barcoded primers for PCR amplification with their sequences and sources are shown in Table 2.8. 

Primer combinations used on the DNA from each nodule are listed in Appendix 8.8 (white clover) 

and Appendix 8.9 (lucerne). Each 20 μL PCR contained 10 µl 2x Kapa HiFi HotStart ReadyMix 

(Kapabiosystems, South Africa), 10 pmole of each of the primers and 20-25 ng of template DNA. A 

DNA-free control was included in every PCR to ensure there was no contamination.  Amplification 

was done using the following protocol: 95°C for 3 minutes, then 30 cycles of 98°C for 20 seconds, 

55°C for 15 seconds and 72°C for 45 seconds, followed by a final cycle of 72°C for 1 minute.  The 

PCR products (8 µl) were separated by electrophoresis on a 1% w/v agarose gel in 1 × TAE buffer 

(40 mM Tris acetate, 2 mM Na2EDTA, pH 8.5) at 10 V cm-1 for 45 minutes alongside a 1 kb+ DNA 

ladder (Invitrogen). Gels were then stained with ethidium bromide (0.5 μg per ml 1 x TAE) for 15 

minutes, rinsed in SDW and photographed under UV light using the VersaDoc™ Imaging System 

(Model 3000, Bio-Rad, CA, USA).  
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Table 2.8 Barcoded primers  

Primer Sequence (5’-3’) 

2+F341 CGA TGT GAC CTA YGG GRB GCA SCA G 

5+F341 ACA GTG GAC CTA YGG GRB GCA SCA G 

17+F341 GTA GAG GAC CTA YGG GRB GCA SCA G 

36+F341 CCA ACA GAC CTA YGG GRB GCA SCA G 

38+F341 CTA GCT GAC CTA YGG GRB GCA SCA G 

19+F341 GTG AAA GAC CTA YGG GRB GCA SCA G 

3+R806 TTA GGC GTG GAC TAC NNG GGT ATC TAA T 

14+R806 AGT TCC GTG GAC TAC NNG GGT ATC TAA T 

26+R806 ATG AGC GTG GAC TAC NNG GGT ATC TAA T 

37+R806 CGG AAT GTG GAC TAC NNG GGT ATC TAA T 

11+R806 GGC TAC GTG GAC TAC NNG GGT ATC TAA T 

First 6 bp = primer barcode  

 

2.2.5.4 Cleaning and pooling of PCR products 

PCR products were cleaned using the Ultraclean® PCR clean up kit (MOBIO laboratories, USA) 

according to the manufacturer’s instructions.  Cleaned PCR products were pooled separately for 

the white clover and lucerne samples. The pooled sample contained each PCR product at a 

concentration of 30 ng-1 µl. The pooled samples were concentrated using the Ultraclean PCR clean 

up kit (MOBIO laboratories, USA) according to the manufacturer’s instructions. Samples were sent 

to the Novogene, Beijing, China for next generation sequencing using the Illumina MiSeq platform. 

 

2.2.5.5 Analysis 

The raw sequencing data was analysed by Aurelie Laugraud (Bioinformatician, AgResearch). 

Unpaired sequences were discarded and paired-end reads were assembled using Flash v1.2.11 

(Magoč and Salzberg, 2011). The sequences were trimmed and separated according to their 

barcodes using Flexbar v2.4 (Dodt et al., 2012). Ribosomal database project (RDP; 

http://rdp.cme.msu.edu/) classifier v2.2 was used to assign taxonomic identity to the sequences 

and the number of each species present in each sample was counted. 

 

Counts of dominant genera for each treatment were analysed using Pearson’s Chi – square test of 

independence at α = 0.05. This method determined if there was a significant difference between 

the frequencies of dominant genus between inoculation treatments and plants within each 

inoculation treatment. 
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2.3 Results 

2.3.1 Part A – Experiment 2.1: Ability of the commercial inoculants Sinorhizobium 

meliloti RRI128 and Rhizobium leguminosarum TA1 to persist in planta over time 

2.3.1.1 Identifying the commercial inoculants 

The commercial strain of S. meliloti used at all locations (Glenmore, Ashley Dene and Lincoln 

University) for lucerne was stated by the manufacturers to be RRI128. Genotype B noted in Section 

2.3.1.3 was identical to the genotype of the commercial strain RRI128 obtained from the Australian 

Inoculant Research Group (AIRG). The commercial strain of R. leguminosarum used at all locations 

(Glenmore and Lincoln University) for white clover was stated by the manufacturers to be TA1. 

 

2.3.1.2 Rhizobium leguminosarum strain TA1 on white clover 

2.3.1.2.1 Glenmore Station 

From the Glenmore 0 t and 4 t lime white clover plots, a total of 123 bacterial isolates were 

recovered from the nodules of field grown plants with a colony morphology characteristic of 

rhizobia (thick, white, glossy) in January 2014, two years after the plants were sown. Of these 62 

and 61 were from the 0 t and 4 t lime plots, respectively (approximately 10 plants from each). The 

123 isolates produced 25 unique genotypes using ERIC-PCR. Genotype frequency was affected 

(P<0.001) by the lime treatment. In the nodules of the plants dug up from the 0 t plots, genotype 1 

was the most common (n=11; 18%). In contrast, genotype 13 was the most common genotype in 

the nodules of the plants from the 4 t plots (n=21; 34%). All other genotypes occurred in <10 

nodules from both the 0 t and 4 t lime treatments. A genotype matching that of the commercial 

inoculant R. leguminosarum strain TA1 was not found in any nodule. 

 

DNA sequencing of the 16S rRNA gene of genotypes 1 and 13 identified them as Serratia sp. 

(Genotype 1) and Microbacterium sp. (Genotype 13) (Table 2.9).  
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Table 2.9 Sequences (16S rRNA) from representatives of the two most common genotypes were 
compared with those of known origin using BLAST. DNA was isolated from isolates recovered from 
the nodules of white clover plants grown from 0 t and 4 t lime treatment plots at Glenmore station. 
Only the highest matches from GenBank are shown here. 

Genotype Name/genus/species Accession no. % Coverage % Identity Product size (bp) 

1 Serratia sp. AY859721.1  99 99 465 

13 Microbacterium sp. KJ513814.1 98 83 449 

 

2.3.1.2.2 Lincoln University 

The percentage of the commercial inoculant in the nodules of white clover plants was low. Two 

months after sowing genotypes matching R. leguminosarum strain TA1 were found in 8% (n=4) of 

the 52 nodules collected from seven plants. At four months after sowing R. leguminosarum strain 

TA1 was found in 24% (n=11) of the 46 nodules collected from six plants and eight months after 

sowing R. leguminosarum strain TA1 was found in 8% (n=4) of the 48 nodules collected from six 

plants.  

 

2.3.1.3 Sinorhizobium meliloti strain RRI128 on lucerne 

2.3.1.3.1 Glenmore Station 

From the Glenmore 0 and 4 t lime lucerne plots a total of 120 bacterial isolates were recovered 

from the nodules of field grown plants with a morphology characteristic of rhizobia (thick, white, 

glossy), in January, two years after the plants were sown. Of these 59 and 61 were from the 0 and 

4 t lime plots respectively. The 120 isolates produced 27 unique genotypes using ERIC-PCR.  

 

Genotype frequency was affected (P<0.05) by lime treatment. In the nodules of the plants 

excavated, genotype B was the most common (n=26; 44% and n=40; 65%) for nodules from 0 t and 

4 t lime, respectively). All other genotypes occurred in ≤6 nodules from both the 0 t and 4 t lime 

treatments. The second most common genotype found in the nodules of plants excavated from the 

0 t plots was genotype GLU0 (n=5; 8.5%) and GLU4 was the second most common genotype found 

in the nodules of plants excavated from the 4 t lime plots (n=6; 10%). DNA sequencing of the 16S 

rRNA gene of the Genotype B identified it as the commercial inoculant S. meliloti, genotype GLU0 

as Serratia sp. and genotype GLU4 as Pseudomonas sp. (Table 2.10). 
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Table 2.10 Sequences (16S rRNA) from representatives of the most common genotypes were 
compared with those of known origin using BLAST. DNA was isolated from isolates recovered from 
the nodules of lucerne plants grown from 0 t and 4 t lime treatment plots at Glenmore station. Only 
the highest matches from GenBank are shown here. 

Genotype Name/genus/species 
Accession 

no. 
% 

Coverage 
% 

Identity 
Product size 

(bp) 

B 
Sinorhizobium 

meliloti 
KX018356.1 100% 99% 528 

GLU0 Serratia sp KX390645.1 100% 99% 381 

GLU4 Pseudomonas sp. KX290191.1 100% 95% 370 

 

2.3.1.3.2 Ashley Dene 

2011 – 8 months after sowing 

From Ashley Dene a total of 193 bacterial isolates were recovered from the nodules of field grown 

lucerne with a morphology characteristic of rhizobia. Of these 51, 46, 51 and 45 were from the bare 

(n=13 plants), ALOSCA® (n=10 plants), lime coated (n=16 plants) and peat (n=18 plants) treated 

seed, respectively. The 193 isolates produced 32 unique genotypes using ERIC-PCR of which 

genotypes A (n=73; 38%) and B (n=46; 24%) were the most common. Genotypes C (n=7; 4%), D 

(n=6; 3%), E (n=6; 3%) and all others occurred in <10 nodules in total across all treatments.  

 

The genotype frequency was affected (P<0.001) by inoculation treatment (Table 2.11). Genotype A 

was the most common genotype recovered from plants grown from bare seed and ALOSCA®  

treatment plots at Ashley Dene with 57% (n=29) and 54% (n=25) of nodules containing genotype 

A, respectively. In contrast, genotype B was the most common genotype recovered from the 

nodules of plants grown from coated seed and peat seed treatments with 45% (n=23) and 42% 

(n=19) of nodules containing genotype B, respectively. Genotype B was found in 9% (n=4) of the 

nodules from the ALOSCA® treatment plots. 

 

2014 – 4 years after sowing 

A total of 165 strains of bacteria were recovered from the nodules of field grown lucerne plants. Of 

these 58, 58 and 49 were from the bare (n=9 plants), lime coated (n=8 plants) and peat (n=9 plants) 

treated seed, respectively. The 165 isolates produced 32 unique genotypes using ERIC-PCR. 

Genotypes B (n=21; 13%) and 1E (n= 41; 24%) were the most common. Genotypes A (n=16; 10%) 
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and C (n=12; 7%) were also commonly found. All other genotypes occurred in <10 nodules in total 

across all treatments.  

 

Seed treatment affected (P<0.001) nodule occupancy (Table 2.11). Genotype 1E, was the most 

common in coated and peat seed. Genotype B was present in 28% (n=16) of the nodules from 

coated seed plants but was only present in 10% (n=5) of nodules from peat seed plants. Genotype 

A was the most common genotype in the nodules from the bare seed plants at 36% (n=15). 

 

2015 – 5 years after sowing 

A total of 141 strains of bacteria were recovered from the nodules of field grown lucerne plants. Of 

these 42, 46 and 53 were from the bare (n=9 plants), lime coated (n=10 plants) and peat (n=12 

plants) treated seed, respectively. The 141 isolates produced 29 unique genotypes using ERIC-PCR. 

Genotypes B (n=40; 28%) and P15 (n= 36; 26%) were the most common. All other genotypes 

occurred in <10 nodules in total across all treatments.  

 

Seed treatment again affected (P<0.001) nodule occupancy (Table 2.11). Genotype B was the most 

common genotype in the peat seed nodules at 57% (n=30). Genotype B was found in 18% (n=9) of 

the nodules from the coated seed plants. Genotype P15 was the most common genotype in the 

coated seed nodules at 43% (n=20). Genotype P15 was also found in 21% (n=11) of the peat treated 

seed nodules and 12% (n=5) of the bare seed nodules. The most common genotype in the bare 

seed nodules was genotype T15 and 1G. Both of these genotypes were present in 14% (n=6) of the 

nodules.  

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

Table 2.11 Frequency of the most common genotypes observed in isolates recovered from the 
nodules of lucerne plants treated with ALOSCA®, lime coat, peat inoculant, or left as a bare seed 
control in soils from Ashley Dene in 2011, 2014 and 2015. 1 Significant at P ≤ 0.001 using Pearson 
Chi – square test. 

Bacterial Genotype 

Treatment1 

Total Bare Seed ALOSCA® Coated  Seed Peat Seed 

2011 

Plant No. 13 10 16 18  

A   29 25 11 8 73 

B 0 4 23 19 46 

C 2 1 3 1 7 

D. 0 3 1 2 6 

E  3 0 1 2 6 

2014 

Plant No. 9 0 8 9  

B  0  16 5 21 

1E  2  16 23 41 

A  15  1 0 16 

C  0  0 12 12 

2015      

Plant No. 9 0 10 12  

B  1  9 30 40 

P15  5  20 11 36 

T15 6  0 0 6 

1G 6  0 0 6 

 

DNA sequencing of the 16S rRNA gene of the most common genotypes at Ashley Dene between 

2011 and 2015 identified them as either S. meliloti or Rhizobium sp. (Table 2.12). Sequencing of the 

genotypes that occurred less frequently in 2011 identified Genotype C as Rhizobium sp. and 

genotypes D and E as Pseudomonas sp. (Table 2.12). Genotypes A, B and C were the only genotypes 

found at both the Ashley Dene and Lincoln University sites. 
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Table 2.12 Sequences (16S rRNA) from representatives of the most common genotypes were 
compared with those of known origin using BLAST. DNA was isolated from isolates recovered from 
the nodules of lucerne plants grown from a bare seed control, or seed treated with ALOSCA®, a 
lime coat or a peat inoculant in 2011, 2014 and 2015 at Ashley Dene and Lincoln University. Only 
the highest matches from GenBank are shown here. 

Genotype 
Location 

found 
Name/genus/species 

Accession 
no. 

% 
Coverage 

% 
Identity 

Product 
size (bp) 

A AD and LU Rhizobium sp. FR714442.1 100 100 822 

B AD and LU 
Sinorhizobium  

meliloti 
JN685309.1 100 100 857 

C AD and LU Rhizobium sp. FR714442.1 100 100 790 

D AD Pseudomonas sp. FJ890919.1 99 100 775 

E AD Pseudomonas sp. JN106438.1 100 99 797 

F LU Variovorax sp. KF681229.1 100 100 932 

G LU Rhizobium sp. FR714442.1 100 99 620 

1E AD Pseudomonas sp. HQ403140.1 100 99 420 

1M LU S. meliloti KU529776.1 100 100 399 

E15 LU Rhizobium sp. KM018180.1 100 99 861 

P15 LU S. meliloti KP128827.1 100 99 558 

T15 AD S. meliloti KP858909.1 100 100 379 

1G AD S. meliloti LN871514.1 100 95 494 

 

From 2011 to 2015 the dominant genotypes at Ashley Dene changed (Figure 2.2). Genotype B (the 

commercial inoculant) was present in the nodules of plants grown at the site in all three years. 

Genotypes A and C were present in 2011 and 2014. All other commonly recovered genotypes 

changed over time and were present in only one year. 
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A) B) C) 

   

Figure 2.2 Percentage of dominant genotypes found in the nodules of lucerne plants grown at 
Ashley Dene in a) 2011, b) 2014 and c) 2015. = A,   = B,  = C,  = D,  = E,  = 1E,  = P15, 
 = T15 and  = other. Descriptions of genotypes are given in Table 2.12. 
 

2.3.1.3.3 Lincoln University 

2011 – 2 months after sowing 

A total of 194 strains of bacteria were recovered from the nodules of field grown lucerne plants, 

approximately 50 nodules from 20 plants from each treatment. The 194 isolates produced 17 

unique genotypes using ERIC-PCR. Genotypes A (n=37; 19%) and B (n=47; 24%) were the most 

common. Genotypes F (n=23; 11%), G (n=20; 10%) and C (n=14; 7%) were also commonly found 

(Table 2.13). Seed treatment affected (P<0.001) nodule occupancy. Genotype A was the most 

common genotype found in nodules of lucerne grown from bare seed and peat seed plots with 28% 

(n=14) and 30% (n=15), respectively. Genotype B was the most common genotype recovered from 

the plants grown from coated seed with 47% (n=20) of nodules containing genotype B. Genotype 

B was also present in 22% (n=11) of the nodules from plants grown from the peat seed. Genotypes 

A and B were found in 16% (n=8) of the nodules from the ALOSCA® treatment plots.  

 

2014 – 4 years after sowing  

A total of 180 strains of bacteria were recovered from the nodules of field grown lucerne plants. Of 

these 61, 59 and 60 were from the bare, lime coated and peat treated seed, respectively. The 180 

isolates produced 35 unique genotypes using ERIC-PCR. Genotypes B (n=63; 35%) and 1M (n=14; 

8%) were the most common (Table 2.13). Genotype C (n=12; 7%) was also commonly found. All 

other genotypes occurred in < 10 nodules in total across all treatments. Seed treatment affected 

(P<0.001) nodule occupancy. At Lincoln University, genotype B was the most common genotype 

found in the nodules from peat and coated seed plants at 64% (n=34) and 48% (n=29). Genotype B 

occupancy of nodules had increased in both the peat (22%; n=11 vs. 64%; n=34) and coated (40%; 

n=20 vs. 33%; n=29) seed treatments from 2011 to 2014. Genotype 1M was the dominant genotype 
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in the nodules of the bare seed plants (18%; n=11). Genotype 1M was also found in nodules from 

coated seed plants (5%; n=3). 

 

2015 – 5 years after sowing 

A total of 137 strains of bacteria were recovered from the nodules of field grown lucerne plants. Of 

these 47, 39 and 51 were from the bare, lime coated and peat treated seed, respectively. The 137 

isolates produced 24 unique genotypes using ERIC-PCR. Genotypes B (n=37; 27%), E15 (n=23; 17%) 

and P15 (n=19; 14%) were the most common (Table 2.13). All other genotypes occurred in <10 

nodules in total across all treatments. Seed treatment affected (P<0.001) nodule occupancy. 

Genotype B was the dominant genotype in the peat seed nodules at 61% (n=31). Genotype B was 

present in 13% (n=5) of the nodules from the coated seed plants. Genotype E15 was the dominant 

genotype in the coated seed nodules at 46% (n=18). Genotype E15 was also found in 11% (n=5) of 

the nodules from plants grown from bare seed. The dominant genotype in the bare seed nodules 

was genotype P15 (40%; n=19). 

 

Table 2.13 Frequency of the most common genotypes observed in isolates recovered from the 
nodules of lucerne plants treated with ALOSCA®, lime coat, peat inoculant, or left as a bare seed 
control in soils from Lincoln University in 2011, 2014 and 2015. 1 Significant at P ≤ 0.001 using 
Pearson Chi – square test. 

Bacterial Genotype 

Treatment1 

Total Bare Seed ALOSCA® Coated  Seed Peat Seed 

2011 

Plant No. 20 20 20 20  

A   14 8 0 15 37 

B  8 8 20 11 47 

C  4 7 3 0 14 

F  5 7 3 8 23 

G  6 7 7 0 20 

2014 

Plant No. 7 0 6 6  

B  0  29 34 63 

1M  11  3 0 14 

C  9  0 3 12 

2015      

Plant No. 9 0 9 10  

B  1  5 31 37 

E15  5  18 0 23 

P15 19  0 0 19 
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DNA sequencing of the 16S rRNA gene of the most common genotypes at Lincoln University 

between 2011 and 2015 identified them as either S. meliloti or Rhizobium sp. (Table 2.12). 

Sequencing of the genotypes that occurred less frequently in 2011 identified Genotypes C and G as 

Rhizobium sp. and genotype F as Variovorax sp (Table 2.12).  

 

From 2011 to 2015 the dominant genotypes at Lincoln University changed (Figure 2.3). Genotype 

B (the commercial inoculant) was present in the nodules of plants grown at the site in all three 

years. Genotypes C was present in 2011 and 2014. All other dominant genotypes changed over 

time and were present in only one year. 

 

a) b) c) 

   

Figure 2.3 Percentage of dominant genotypes found in the nodules of lucerne plants grown at 
Lincoln University in a) 2011, b) 2014 and c) 2015. = A,   = B,  = C,  = E,  = G,  = 1M,  
= E15,  = P15 and  = other. Description of genotypes are given in Table 2.12. 
 

2.3.2 Experiment 2.2: Most probable number  

2.3.2.1 White Clover 

2.3.2.1.1 Glenmore station 

The most probable number (MPN) of bacteria capable of nodulating white clover present in the soil 

was highest in soil collected from the white clover plots that had 4 t of lime applied to them (9.2 x 

102 cells g-1 soil (95% confidence interval: 3.2 x 102 – 2.7 x 103 cells g-1 soil)). The soil from the white 

clover plots where no lime had been applied had an MPN of 3.3 x 102 cells g-1 soil (95% confidence 

interval: 1.2 x 102 – 9.1 x 102 cells g-1 soil). The soil moisture at the experimental site at Glenmore 

station at the time of sampling (15/01/2014) was 21%. 

 

2.3.2.2 Lucerne 

2.3.2.2.1 Glenmore station 

The MPN of bacteria capable of nodulating lucerne present in the soil was highest in soil collected 

from the lucerne plots that had 4 t of lime applied to them (1.2 x 103 cells g-1 soil (95% confidence 
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interval: 4.2 x 102 – 3.3 x 103).  MPN was not detectable in the soil from lucerne plots that had no 

lime applied.  

 

2.3.2.2.2 Ashley Dene 

The MPN of the soil collected from Ashley Dene showed that the number of bacteria capable of 

nodulating lucerne in the soil changed over time (Figure 2.4). The MPN for Ashley Dene soil was 1.7 

– 3.3 x 103 cells g-1 soil in summer 2013 (11/12), autumn 2014 (11/03) and winter 2014 (11/06). The 

MPN increased in spring 2014 (11/09) and autumn 2015 (12/03) samplings to 3.3 x 104 and 4.0 x 

104 cells g-1 soil, respectively.  

 

 

Figure 2.4 Log10 of most probable number (MPN) of rhizobia in the soil at Lincoln University (○) 
and Ashley Dene (●) from 11/12/2014 – 23/10/2015. Soil collected every three months. Error 
bars are lower and upper limits based on 95% confidence interval calculated by the MPN 
calculator. 

 

2.3.2.2.3 Lincoln University  

The MPN of the soil collected from Lincoln University showed that the number of nodulating 

bacteria in the soil changed over time (Figure 2.4). The MPN for soil collected from Lincoln 

University soil was 200 and 450 cells g-1 soil in summer (21/01) and autumn (21/03) 2014. The MPN 
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increased to 5.2 x 104 cells g-1 soil in winter (21/07) 2014. The MPN of the soil decreased to 4.9 x 

103 – 4.5 x 103 cells g-1 soil in spring 2014 (21/10) and summer 2015 (22/01). MPN increased again 

in the autumn (22/04) and winter (22/07) to 2.2 x104 and 4.9 x 104 cells g-1 soil, respectively. At the 

final sampling in spring (22/10) 2015 the MPN had decreased to 8000 cells g-1 soil.  

 

2.3.2.2.4 MPN vs. soil moisture and soil temperature 

Multiple regression analysis of MPN against soil moisture and temperature on MPN detected an 

interaction (R2=0.918) (Figure 2.5).  MPN increased (P<0.001) with increasing soil moisture, but it 

was also dependent on the soil temperature at any given soil moisture (P=0.010). Temperature 

alone did not affect MPN (P=0.880). In short, MPN was highest at low (<10%) temperatures, with 

high (>20%) soil moisture which occur in winter and early spring. 

 

 

Figure 2.5 Multiple regression of MPN (cells/g soil) at Lincoln University (○) and Ashley Dene (●) 
vs. soil moisture and soil temperature. MPN = 234504(soil moisture) – 12683(soil temp x soil 
moisture), R² = 0.918. Outliers have been removed for this analysis and are not shown on this 
graph. 
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2.3.3 Experiment 2.3: Symbiotic potential 

2.3.3.1 White clover 

All treatments excluding the controls had pink nodules. Shoot dry weight was affected (P<0.001, 

(Appendix 8.10)) by inoculant strain. Plants inoculated with R. leguminosarum strain strains 

ADWC3a, ADWC3b, ADsub1h, TA1 and CC275e all had higher shoot dry weights (>39.5 mg-1 plant) 

compared with the plants inoculated with ADSub1g and WSM1325 and the negative control (Table 

2.14). The + N control produced the highest average shoot dry matter of 67.4 mg-1 plant. Root dry 

weight was also affected by inoculant strain (P<0.001, Appendix 8.11). Strains ADWC3a produced 

a higher root dry weight (15.0 mg-1 plant) than all other strains. All strains were confirmed as R. 

leguminosarum based on sequence of the 16S rRNA (Appendix 8.7). 

 

Table 2.14 Shoot and root dry weights of the seven R. leguminosarum strains used to inoculate 
white clover plants for the symbiotic potential experiment. Standard error of mean (SEM) at α = 
0.05. 

Strain Shoot dry weight 
(mg/plant) 

Root dry weight 
(mg/plant) 

Control + N 67.4a 30.4a 

ADWC3a 51.6b 15.0b 

ADWC3b 50.6b 13.9bc 

ADSub1h 47.0b 14.5bc 

TA1 41.6b 13.7bc 

CC275e 39.5b 12.0bcd 

ADSub1g 26.3c 9.31cd 

WSM1325 19.1c 7.13de 

Control - N 3.16d 2.73e 

SEM 4.48 1.80 

Means with letter subscripts in common are not significantly different at α = 0.05. 

 

2.3.3.2 Lucerne 

Shoot and root dry weight was affected (P<0.001 (Appendix 8.12 and 8.13)) by inoculant strain. 

Plants inoculated with S. meliloti strain RRI128 (commercial inoculant) and Rhizobium sp. strain 

LU1M had higher shoot and root dry matter (RRI128: 44.7 mg-1 plant and LU1M: 36.6 mg-1 plant) 

than all other strains and the –N control (Table 2.15).  

 

The number of pink nodules per plant was affected by inoculant strain. Plants inoculated with 

Rhizobium sp. strain ADA had the most nodules (P<0.001, Appendix 8.14) with an average of 35 

pink nodules per plant. RRI128 (9 pink nodules), LU1M (8.5 pink nodules) and GLU4 (2.2 pink 

nodules) also had pink nodules while plants inoculated with the rest of the naturalised strains had 

no pink nodules. Inoculant strain had no effect (P=0.359, Appendix 8.15) on the number of white 

nodules found per plant. 
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Table 2.15 Shoot dry weight, root dry weight and number of pink and white nodules of the eight 
bacteria strains used to inoculate lucerne plants for the symbiotic potential experiment. Standard 
error of mean (SEM) at α = 0.05. 

Strain Shoot dry weight 
(mg/plant) 

Root dry weight 
(mg/plant) 

# pink 
nodules/plant 

# white 
nodules/plant 

Control + N 66.5a 40.0a 0c 0 
RRI128 44.7b 37.7a 9.0b 0.67 
LU1M 36.6b 29.9a 8.5b 0.17 
GLU4 13.5c 14.2b 2.2bc 0.83 
ADA 10.8c 10.4b 35a 0.83 
Control – N 5.9c 8.9b 0c 0 
LUW 5.1c 7.2b 0c 0 
ADZ 4.85c 7.05b 0.833c 0.17 
AD1E 4.85c 7.27b 0c 0 
GLU0 4.70c 7.60b 0c 0 
SEM 3.40 4.55 2.55 0.35 

Means with letter subscripts in common are not significantly different at α = 0.05. 

 

2.3.4 Experiment 2.4: Non Rhizobia nodulators 

2.3.4.1 Confirming genotypes ADZ and GLU4 form nodules 

GLU4 and ADZ formed nodules in the presence and absence of added nitrogen (Table 2.16) ADZ 

formed seven white nodules with no additional nitrogen and two nodules when nitrogen was 

added. GLU4 formed two nodules when no additional nitrogen was added and seven when nitrogen 

was added. Plants inoculated with RRI128 had 29 pink nodules and one white nodule. The control 

plants, which had not been inoculated had no nodules. 

 

Table 2.16 Number of nodules observed on lucerne plants inoculated with genotypes ADZ and GLU4 
and the commercial inoculant for lucerne RRI128, with and without additional nitrogen. 

Genotype N treatment # pink nodules # white nodules 

ADZ  0 7 
ADZ +N 0 2 
GLU4  0 2 
GLU4 +N 0 7 
RRI128  29 1 
Control  0 0 

 

Figures 2.6 and 2.7 show the small white nodules formed on lucerne plants inoculated with ADZ 

and GLU4, respectively. Figure 2.8 shows a healthy pink nodule formed on lucerne plants inoculated 

with RRI128. 
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Figure 2.6 Nodules formed on the roots of a lucerne plant inoculated with strain ADZ 

 
Figure 2.7 Nodules formed on the roots of a lucerne plant inoculated with strain GLU4 

 
Figure 2.8 Nodules formed on the roots of a lucerne plant inoculated with strain RRI128  
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2.3.4.2 Genotyping of bacteria found in nodules of plants inoculated with ADZ and 

GLU4 and RRI128 

Only bacteria from one of the nine white nodules from the ADZ and ADZ+N plants grew when 

plated. ERIC PCR showed that the bacteria from this nodule had the same genotype as the original 

ADZ isolate used to inoculate the plants. Bacteria from five out of the nine white nodules from the 

GLU4 and GLU4+N plants grew when plated. ERIC PCR showed that bacteria in four of these nodules 

had the same genotype as the original GLU4 used to inoculate the plants. ERIC PCR of the 27 

nodules from plants inoculated with RRI128 showed that 25 matched the genotype for RRI128. 

 

2.3.4.3 Sequencing of 16S rRNA, NodC, NodA and nifH genes in bacteria isolated from 

lucerne nodules 

Sequencing of the 16S ribosomal subunit confirmed that the bacteria in the nodules from plants 

inoculated with ADZ and GLU4 were Pseudomonas sp. and that the nodules from plants inoculated 

with RRI128 contained S. meliloti. 

 

Sequencing for nodC, nodA and nifh genes revealed that RRI128 had all three genes (Figure 2.9). 

GLU4 had nodC but not nodA or nifh. No amplimers were produced with these primers using DNA 

extracted from strains ADZ. 

 

 
Figure 2.9 Agarose gel showing presence/absence of nodA, nodC and nifH genes in RRI128, ADZ and 
GLU4. Lane 1 contains the 1Kb Plus DNA Ladder™ (Invitrogen). Lanes 4, 8 and 12 are non template 
controls for each gene.  
 

 

 

 

 

 

nodA nodC nifh 

GLU4   ADZ    RRI128 GLU4    ADZ    RRI128 GLU4   ADZ    RRI128 
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2.3.5 Part B - Experiment 2.5: Nodule microbiome 

2.3.5.1 White clover TA1 vs. Bare seed 

A total of 2,360,085 sequences were produced from the 30 nodules of the six white clover plants. 

Out of these sequences, approximately 3.6% (87,000) were discarded as unmatched pairs. 

Sequences were also discarded when the paired end reads were assembled (481,649). This was 

due to mismatches between the barcode and the sequences. Prior to statistical analysis plant 

sequences were also removed. These made up approximately 9.4% (181,965) of the sequences. 

 

After these sequences were removed, 1,609,471 sequences remained.  Of these, 803,205 (50%) 

sequences were from the 15 nodules collected from the three uninoculated plants (bare seed) (five 

nodules per plant) and 806,266 sequences were from the 15 nodules from the three white clover 

plants inoculated with R. leguminosarum strain TA1 (five nodules per plant). The number of 

sequences per plant and per nodule are presented in Table 2.17. There was large variation in the 

number of sequences obtained per nodule, ranging from 1,298 to 170,653, and per plant, ranging 

from 51,092 to 461,131. 

 

Table 2.17 Number of sequences per plant and per nodule from surface sterilised and propidium 
monoazide treated nodules from uninoculated (bare seed) and inoculated (R. leguminosarum 
strain TA1) white clover plants (three plants and 15 nodules from each treatment) grown at Lincoln 
University. 

Nodule 
Bare Seed TA1 

Plant 1 Plant 2 Plant 3 Plant 1 Plant 2 Plant 3 

1 9593 92191 145128 39213 120519 22502 

2 7840 1298 94178 30850 89857 13630 

3 7986 20278 53971 11678 25162 9449 

4 12497 152758 21063 81505 138368 13780 

5 13176 24457 146791 170653 18764 20336 

Total 51092 290982 461131 333899 392670 79697 

 

Inoculation treatment affected (P<0.001) the abundance of each genus in the nodules of white 

clover plants. Rhizobium sp. was the dominant genus found in the nodules of uninoculated (bare 

seed) (94%, 755,556/803,205 sequences) and R. leguminosarum strain TA1 inoculated (91%, 

736,136/806,266 sequences) white clover (Figure 2.10). All other genera comprised <1% of the 

total sequences from uninoculated and R. leguminosarum strain TA1 inoculated white clover 

plants. In total there were 762 genera identified in the nodules of uninoculated plants and 879 
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genera identified in the nodules of R. leguminosarum strain TA1 inoculated white clover. Identified 

genera with an abundance of <1% but >0.1% of the sequences are listed in Table 2.18.  

 

 
Figure 2.10 Percentage of Rhizobium and other genera identified in the sequences amplified from 
surface sterilised and propidium monoazide treated nodules from uninoculated (bare seed) and 
inoculated (R. leguminosarum strain TA1) white clover plants (three plants and 15 nodules from 
each treatment) grown at Lincoln University (  Rhizobium,  Other). 
 

Table 2.18 Taxonomic identity of sequences found in <1% but >0.1% of the total sequences 
obtained from 30 nodules collected from six white clover plants (five nodules per plant) grown from 
uninoculated (bare seed) and inoculated (R. leguminosarum strain TA1) seed at Lincoln University 
(three plants and 15 nodules per inoculation treatment).  

Genus 
% Sequences 

Bare seed TA1 

Sinorhizobium 0.84% 0.84% 

Streptacidiphilus 0.73% <0.01% 

Bacillus 0.70% 0.18% 

Propionibacterium 0.37% 0.32% 

Mycobacterium 0.34% 0.88% 

Novosphingobium 0.32% 0.02% 

Blastobacter 0.27% 0.32% 

Variovorax 0.27% 0.02% 

Pseudomonas 0.19% 0.18% 

Staphylococcus 0.14% 0.10% 

Daeguia 0.12% 0.10% 

Methanopyrus 0.11% 0.05% 

Miscellaneous genera <0.1% 2.9% 4.3% 
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2.3.5.2 Lucerne inoculation treatments 

A total of 1,670,797 sequences were produced from the 27 nodules of the nine lucerne plants. Out 

of these sequences, approximately 5.4% (91,000) were discarded as unmatched pairs. Sequences 

were also lost when the paired end reads were assembled (434,460). This was due to mismatches 

between the barcode and the sequences. Prior to statistical analysis plant sequences were also 

removed. These made up approximately 5.6% (9,624) of the sequences. 

 

After these sequences were removed 1,135,713 sequences remained. Of these, 418,101 (37%) of 

these sequences were from the nine nodules from the three uninoculated plants (bare seed) (3 

nodules per plant), 556,868 (49%) sequences were from the nine nodules from the three coated 

seed lucerne plants (3 nodules per plant) and 160,744 (14%) sequences were from the 15 nodules 

from the three peat seed lucerne plants (3 nodules per plant). The number of sequences per plant 

and per nodule are presented in Table 2.19. There was large variation in the number of sequences 

obtained per nodule, ranging from 2,158 to 151,948, and per plant, ranging from 30,407 to 310,765. 

 

Table 2.19 Number of sequences per plant and per nodule from surface sterilised and propidium 
monoazide treated nodules from uninoculated (bare seed) and inoculated (peat seed and coated 
seed) lucerne plants (3 plants and 9 nodules from each treatment) grown at Lincoln University 

Nodule 
Bare Seed Coated Seed Peat Seed 

Plant 1 Plant 2 Plant 3 Plant 1 Plant 2 Plant 3 Plant 1 Plant 2 Plant 3 

1 15920 35527 151948 31964 18099 47169 8078 2158 15747 

2 52648 40389 17261 142732 148544 20990 17010 9873 11239 

3 22377 5986 76045 136069 5360 5941 5319 86021 5299 

Total 90945 81902 245254 310765 172003 74100 30407 98052 32285 

 

Inoculation treatment affected (P<0.001) the abundance of each genus identified in the nodules of 

lucerne plants. Sinorhizobium sp. was the dominant genus found in the nodules of lucerne plants 

grown from S. meliloti RRI128 inoculated (Coated seed: 92%, 512,713/556,868 sequences and peat 

seed: 97%, 155152/160744 sequences) and uninoculated seeds (Bare seed: 89%, 371,558/418,101) 

(Figure 2.11). Rhizobium sp. was the second most common genus found in nodules from 

uninoculated (7.5%, 31,239 sequences) lucerne plants. All other genera comprised <1% of the 

sequences from the nodules of inoculated and uninoculated lucerne plants when all sequences 

were pooled together. In total there were 453, 695 and 408 genera found in the nodules of bare 

seed plants, plants grown from coated seed and plants inoculated with a peat slurry (peat seed), 

respectively. Genera that were found in <1% but >0.1% of the sequences are listed in Table 2.20.  
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Figure 2.11 Percentage of Sinorhizobium, Rhizobium and other genera identified in the sequences 
amplified from surface sterilised and propidium monoazide treated nodules of uninoculated (bare 
seed) and inoculated (coated and peat seed) lucerne plants grown (three plants and nine nodules 
per treatment) at Lincoln University (Sinorhizobium,  Rhizobium,  Other). 
 

Table 2.20 Taxonomic identity of sequences comprising <1% and >0.1% of the total sequences from 
the 27 nodules collected from nine lucerne plants (three nodules per plant) grown from 
uninoculated (bare seed) and inoculated (coated and peat seed) seed at Lincoln University (three 
plants and nine nodules per inoculation treatment).  

 % Sequences 

Genus Bare seed Coated seed Peat seed 

Rhizobium 7.47% 0.76% 0.12% 

Bacillus 0.95% 0.29% 0.05% 

Shinella 0.75% 0.05% 0.00% 

Hoeflea 0.65% 0.75% 0.66% 

Pseudomonas 0.04% 2.05% 0.01% 

Zeaxanthinibacter 0.02% 0.15% 0.02% 

Methanocella 0.01% 0.08% 0.11% 

Novosphingobium <0.01% 0.12% 0.03% 

Methylibium <0.01% 0.12% 0.00% 

Bradyrhizobium <0.01% 0.14% <0.01% 

Stygiolobus <0.01% 0.11% <0.01% 

Mycobacterium <0.01% 0.14% <0.01% 

Duganella <0.01% 0.01% 0.23% 

Miscellaneous genera <0.1% 1.2% 3.2% 2.2% 
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2.3.5.3 Comparison between plants and nodules– white clover  

2.3.5.3.1 Bare seed – per plant 

The abundance of each genus differed (P<0.001) between the three plants. Rhizobium sp. was 

always the predominant genus in the nodules for all plants (Figure 2.12). The abundance of 

sequences for Rhizobium sp. was similar between plants at 95% (48,431/51,092), 97% 

(280,926/290,982) and 92% (426,199/461,131) from the nodules of plants 1, 2 and 3. All other 

genera were ≤1.5% each of the sequences from all three plants with Sinorhizobium being the most 

common other genus in Plants 1 (1.13%) and 2 (0.63%) and Mycobacterium was the common other 

genus in Plant 3 (1.5%). 

 

 
Figure 2.12 Percentage of Rhizobium sp. and other genera of bacteria identified in the nodules 
from three uninoculated (bare seed) white clover plants grown at Lincoln University (  
Rhizobium,  Other). 

 

2.3.5.3.2 Bare seed - per nodule 

In all of the nodules Rhizobium sp. was the predominant genus. However, among nodules on a 

single plant there was variation, with different abundances of sequences for Rhizobium sp. and 

other genera (Table 2.21). The abundance of sequences for Rhizobium ranged from 91 – 97% in the 

nodules from Plant 1, 51 – 98% in the nodules from Plant 2 and 38 – 98% on the nodules from Plant 

3. In one of the nodules (Plant 2, Nodule 3) Rhizobium sp was identified in less than 50% of the 

sequences (38%) and in Plant 3, Nodule 4 Rhizobium sp. comprised only 51% of the sequences. 

Sinorhizobium was the second most common genus identified with 14% and 6% for Plant 2, Nodule 

3 and Plant 3, Nodule 4, respectively. Other genera made up the remaining sequences in these two 

nodules with <6% each. 
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Table 2.21 Percentage of the predominant genera in each nodule from uninoculated (bare seed) 
white clover plants (three plants and five nodules per plant) grown at Lincoln University. 

Plant Genera Nodule 1 Nodule 2 Nodule 3 Nodule 4 Nodule 5 

1 
Rhizobium 94% 91% 97% 94% 97% 

Other 6% 9% 3% 6% 3% 
       

2 
Rhizobium 98% 38% 98% 98% 81% 

Other 2% 62% 2% 2% 19% 
       

3 
Rhizobium 98% 98% 98% 51% 87% 

Other 2% 2% 2% 49% 13% 

 

2.3.5.3.3 R. leguminosarum strain TA1 – per plant 

The abundance of each genus differed (P<0.001) among the three plants. Rhizobium sp. was always 

the dominant genus identified in the nodules of all three white clover plants grown from seed 

inoculated with R. leguminosarum strain TA1 (Figure 2.13). The abundance of sequences of 

Rhizobium sp. was 93% (311,837/333,899), 92% (362,325/392,670) and 78% (61,974/79,697) from 

the nodules of plants 1, 2 and 3. All other genera were <3% each of the sequences from the nodules 

of each plant.  

 

 

 
Figure 2.13 Percentage of Rhizobium sp. and other genera of bacteria identified in the nodules 
from three white clover plants grown from seed inoculated with R. leguminosarum strain TA1 
and grown at Lincoln University ( Rhizobim,  Other). 

 

2.3.5.3.4 R. leguminosarum strain TA1 - per nodule 

In the majority of the nodules Rhizobium sp. was the dominant genus. However, among nodules 

on a single plant there was variation, with different abundances of sequences for Rhizobium sp. 
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and other genera (Table 2.22). The abundance of sequences Rhizobium sp. ranged from 37 – 98% 

in the nodules of Plant 1, 28 – 98% in the nodules from Plant 2 and 20 – 98% in the nodules from 

plant 3. In three of the nodules (Plant 1, Nodule 3, Plant 2, Nodule 5 and Plant 3, Nodule 5) 

Rhizobium sp was identified in less than 50% of the sequences from three of the nodules (Plant 1: 

37%, Plant 2: 28% and Plant 3: 20%). In Plant 1, Nodule 3, Bacillus comprised 20% of the sequences 

and Sinorhizobium sp. comprised 7%. All other genera occurred in <2% of sequences per genus and 

made up the other 36% of sequences. In Plant 2, Nodule 5, the abundance of Pseudomonas was 

4% and the abundance of Sinorhizobium and Bacillus was 3%. Other genera were identified as 

<1.5% of the sequences per genus and these genera made up 65% of the sequences found in this 

nodule. In plant 3, nodule 5, the second most common genera were Mycobacterium sp. (13%) and 

Novosphingobium sp. (12%). Other genera were identified as <4% each of the sequences per genus 

and these genera made up 56% of the sequences found in this nodule.  

 

Table 2.22 Percentage of the predominant genera in each nodule from white clover plants 
inoculated with R. leguminosarum strain TA1 (three plants and five nodules per plant) grown at 
Lincoln University. 

Plant Genera Nodule 1 Nodule 2 Nodule 3 Nodule 4 Nnodule 5 

1 
Rhizobium 96% 86% 37% 92% 98% 

Other 4% 14% 63% 8% 2% 
       

2 
Rhizobium 97% 97% 65% 98% 28% 

Other 3% 3% 35% 2% 72% 
       

3 
Rhizobium 97% 98% 97% 98% 20% 

Other 3% 2% 3% 2% 80% 

 

2.3.5.4 Comparison among plants and nodules - lucerne 

2.3.5.4.1 Bare seed – per plant 

The abundance of each genus differed (P<0.001) among the three plants (Figure 2.14). 

Sinorhizobium sp. was the dominant genus identified in the nodules of all three plants grown from 

uninoculated/bare seed. The abundance of sequences for Sinorhizobium sp. was 97% 

(88,040/90,945), 53% (43,179/81,902) and 98% (240,342/245,254) from the nodules of plants 1, 2 

and 3. Rhizobium sp. was the second most common genus found in the nodule from Plant 2 with 

37% of the sequences identified as Rhizobium sp. whereas, only 0.4% and 0.1% of the sequences 

from Plants 1 and 3, respectively were identified as Rhizobium sp.. All other genera were <4% each 

of the sequences from each plant. 
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Figure 2.14 Percentage of Sinorhizobium, Rhizobium and other genera of bacteria identified in 
sequences from the nodules from three lucerne plants grown from uninoculated bare seed at 
Lincoln University ( Sinorhizobium,  Rhizobim,  Other). 
 

2.3.5.4.2 Bare seed – per nodule 

In the eight of the nine nodules Sinorhizobium was the predominant genus. However, between 

nodules on a single plant there was variation, with different abundances of sequences for 

Sinorhizobium sp. and other genera (Table 2.23). The abundance of sequences for Sinorhizobium 

ranged from 96– 99% in the nodules from Plant 1, 3 – 98% in the nodules from Plant 2 and 97 – 

99% in the nodules from Plant 3. In two of the nodules (Plant 2, Nodule 1 and Plant 2, odule 3) 

Sinorhizobium sp. was identified as less than 50% of the sequences (Plant 2, nodule 1: 3% and Plant 

2, Nodule 3: 45%). In Plant 2, Nodule 1, Rhizobium comprised 86% of the sequences and Shinella 

comprised 9%. In Plant 2, Nodule 3, Bacillus comprised 38% of the sequences.  

 

Table 2.23 Percentage of the dominant genera in each nodule from uninoculated (Bare seed) 
lucerne (three plants and three nodules per plant) grown at Lincoln University. 

Plant Genera Nodule 1 Nodule 2 Nodule 3 

1 
Sinorhizobium 99% 96% 98% 

Other 1% 4% 2% 
     

2 

Sinorhizobium 3% 98% 45% 

Rhizobium 86% 0.2% 0.1% 

Bacillus 0.4% 0.4% 38% 

Shinella 9% 0% 0% 

Other 2% 2% 54% 
     

3 
Sinorhizobium 98% 97% 99% 

Other 2% 3% 1% 
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2.3.5.4.3 Coated seed – per plant 

The abundance of each genus differed (P<0.001) among the three plants (Figure 2.15). 

Sinorhizobium sp. was the dominant genus identified in the nodules of all three plants grown from 

coated seed. The abundance of sequences for Sinorhizobium sp. was 90% (280,949/310,765), 97% 

(166,281/172,003) and 88% (65,483/74,100) from the nodules of plants 1, 2 and 3. All other genera 

were <4% each of the sequences from each plant. 

 

 
Figure 2.15 Percentage of Sinorhizobium and other genera of bacteria identified in the nodules 
from three lucerne plants grown from coated seed at Lincoln University and the percentage of 
sequences each of these genus were found in ( Sinorhizobium,  Other). 

 

2.3.5.4.4 Coated seed – per nodule 

In the eight of the nine nodules Sinorhizobium was the predominant genus. However, between 

nodules on a single plant there was variation, with different abundances of sequences for 

Sinorhizobium sp. and other genera (Table 2.24). The abundance of Sinorhizobium ranged from 26 

– 98% in the nodules from Plant 1, 60 - 99% in the nodules from Plant 2 and 74 – 91% on the nodules 

from Plant 3. In one of the nodules (Plant 1, Nodule 1) Sinorhizobium sp. was not the dominant 

genus (26%). In Plant 1, Nodule 1, Pseudomonas comprised 33% of the sequences. Other genera 

were identified as <4% each of the sequences and combined made up 41% of the sequences found 

in this nodule. 
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Table 2.24 Percentage of the dominant genera in each nodule from lucerne grown from coated 
seed (three plants and three nodules per plant) at Lincoln University. 

Plant Genera Nodule 1 Nodule 2 Nodule 3 

1 
Sinorhizobium 26% 98% 98% 

Pseudomonas 33% 0% 0% 
 Other 41% 2% 2% 
     

2 
Sinorhizobium 92% 99% 60% 

Other 8% 1% 40% 
     

3 
Sinorhizobium 91% 87% 74% 

Other 9% 13% 26% 

 

2.3.5.4.5 Peat seed – per plant 

The abundance of each genus differed (P<0.001) among the three plants (Figure 2.16). 

Sinorhizobium sp. was the dominant genus identified in the nodules of all three plants grown from 

peat seed. The abundance of sequences for Sinorhizobium sp. was 94% (28,672/30,407), 97% 

(94,915/98,052) and 98% (31,565/32,285) of the sequences from the nodules of plants 1, 2 and 3. 

All other genus comprised <1% each of the sequences each plant. 

 

 
Figure 2.16 Percentage of Sinorhizobium and other genera of bacteria identified in sequences 
from the nodules from three lucerne plants grown from peat seed at Lincoln University and the 
percentage of sequences each of these genus were found in ( Sinorhizobium, Other). 
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In all nodules, Sinorhizobium was the predominant genus. However, among nodules on a single 

plant there was variation, with different abundances of sequences for Sinorhizobium sp. and other 

genera (Table 2.25). The percentage of Sinorhizobium ranged from 89 – 96% in the nodules from 
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Plant 1, 47 – 98% in the nodules from Plant 2 and was 98% for all three nodules from Plant 3. In 

one of the nodules (Plant 2, Nodule 1) Sinorhizobium sp. was identified in less than 50% of the 

sequences (47%). However, it was still the predominant genus and all other genera were each 

present as <10% of the sequences. 

 

Table 2.25 Percentage of the predominant genera in each nodule from lucerne grown from peat 
seed (three plants and three nodules per plant) at Lincoln University. 

Plant Genera Nodule 1 Nodule 2 Nodule 3 

1 
Sinorhizobium 89% 96% 96% 

Other 11% 4% 4% 
     

2 
Sinorhizobium 47% 95% 98% 

Other 53% 5% 2% 
     

3 
Sinorhizobium 98% 98% 98% 

Other 2% 2% 2% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

2.4 Discussion 
This discussion section compares and contrasts the persistence of the commercial inoculants for 

white clover and lucerne. The factors discussed include persistence over time, background rhizobia 

populations (MPN) and symbiotic potential of rhizobia strains. It also discusses other naturalised 

rhizobia and non-rhizobia bacteria found in the nodules of both lucerne and white clover. 

 

2.4.1 Part A – Experiment 2.1: Ability of the commercial inoculants Sinorhizobium 

meliloti RRI128 and Rhizobium leguminosarum TA1 to persist in planta over time 

2.4.1.1 Rhizobium leguminosarum strain TA1 on white clover 

R. leguminosarum strain TA1 had poor persistence, as demonstrated by low nodule occupancy at 

two diverse pastoral sites, Glenmore and Lincoln University (Section 2.3.1.2). This supports 

previous findings by Lowther and  Johnston (1979) who found that R. leguminosarum strain TA1 

occupied a smaller number of nodules when compared with three other R. leguminosarum strains 

(17% vs. 40-49%) in New Zealand soils. R. leguminosarum strain TAI was isolated in Tasmania (Reeve 

et al., 2013b) and therefore naturalised New Zealand strains may be adapted to the environment 

and consequently be more competitive than R. leguminosarum strain TA1. Not all naturalised 

rhizobia are effective, but there is potential  strains within these populations that could improve 

commercial inoculants (Lindstrom et al., 2010).  

 

Survival of the commercial inoculant in high Al3+ environment – Glenmore Station 

At the Glenmore site, R. leguminosarum strain TA1 did not persist. R. leguminosarum strain TA1 

was not found in any of the nodules of the white clover plants at the Glenmore site (Section 

2.3.1.2.1). The soil at the Glenmore site had high Al3+ levels (Table 2.1) and this is likely to have 

affected the ability of the inoculant strain to form nodules (Section 1.4.1.1). The dominant strains 

found in the nodules of white clover plants from the 0 t and 4 t lime plots were also not Rhizobium 

sp. (Section 2.3.1.2.1).  The high Al3+ levels at the Glenmore site appears to have prevented the 

survival and growth of the commercial and any naturalised Rhizobium sp. strains in the soil. This 

has occurred despite the introduction of the commercial inoculant and a history of white clover 

over-sowing at the site. Thus, finding rhizobia that can survive in high country soils may be difficult. 

 

The two most common genotypes occupying nodules of white clover plants at Glenmore were not 

Rhizobium sp. (Table 2.9). It is possible that these other bacteria were recovered through 

inadequate surface sterilisation. However, this is not likely because all precautions were taken to 

ensure nodules were properly sterilised. In addition, the presence of non-rhizobia bacteria in 

nodules has also been reported in the literature. Pseudomonas and Serratia species are commonly 
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found in plant roots, rhizosphere and soil (Bashan and de Bashan, 2005). Pseudomonas have also 

been found to invade nodules and survive endophytically (Sturz et al., 1997). Hoque et al. (2011) 

also found Variovorax sp. in the nodules of Acacia salicina and A. stenophylla. The mechanism by 

which these species enter the nodule is not fully understood. It is possible that they enter the 

nodule with rhizobia. In the current study, colonies with the general morphology of rhizobia (white 

to pale yellow, viscous, fast growing; (Sneath, 1986)) were selected and purified to a single colony. 

The non-rhizobia inhabitants had similar morphology. To confirm the additional presence of 

rhizobia more than one colony from each nodule would need to be identified and this was not done 

for the current study. Other studies have found that it is possible that bacteria can enter the nodule 

and coexist in the nodule with rhizobia. Deng et al. (2011) isolated symbiotic and non-symbiotic 

bacteria from the same nodule. Wang et al. (2006) also found that an Agrobacterium strain and a 

symbiotic strain of S. meliloti could co-inhabit the nodules of Melilotus dentatus. Moawad and 

Bohlool (1984) also found that 5% of all the nodules sampled contained more than one occupant. 

Although this area has not been extensively studied, it is apparent that non rhizobia bacteria that 

are not rhizobia are also capable of living inside nodules and this is not a result of unsuccessful 

sterilisation.  

 

Persistence of R. leguminosarum strain TA1 at the Lincoln University site 

R. leguminosarum strain TA1 did not persist at the Lincoln University site and this is likely due to 

the naturalised population already at the site outcompeting the commercial inoculant (Section 

1.3.2). At the Lincoln University site, R. leguminosarum strain TA1 was found in <10% of the nodules 

eight months after sowing (Section 2.3.1.2). Despite originating from Australia R. leguminosarum 

strain TA1 has also been found to have low persistence in their soils. Chatel et al. (1968)  showed 

that R. leguminosarum strain TA1 nodulation (12/53) was lower than strain WU95 (30/31) in 

Australian soils two years after inoculation. Similar results were found by Brockwell et al. (1975). 

They found that in soils with naturalised populations greater than 10000 cells g-1, R. leguminosarum 

strain TA1 occupied less than 10% of nodules. Thies et al. (1991) also found that the presence of 

naturalised populations greater than 1000 rhizobia g-1 of soil eliminated the inoculation response. 

Most recently, Nangul et al. (2013) found that six months after sowing, the nodules of annual clover 

plants inoculated with ALOSCA® containing the strain WSM1325 did not contain the applied 

inoculant. Further research is required into the ability of a strain to compete effectively in the soil 

environment to help improve the efficacy of commercial inoculants. 

 

Poor nodulation in planta may also be the result of insufficient delivery of rhizobia on seed. Failure 

of the inoculant to survive on the seed is another factor that could influence the persistence of R. 
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leguminosarum strain TA1. Gemell et al. (2005) found that preinoculated (96 days prior to cell 

counts) white clover seed had less than 100 cells per seed and freshly inoculated seed had 10 000 

cells per seed. In the current study, cell counts of the inoculant were done prior to sowing and 

confirmed that cell numbers were sufficient, so survival on the seed was not an issue. 

 

2.4.1.2 Sinorhizobium meliloti strain RRI128 on lucerne 

Survival of the commercial inoculant in high Al3+ environment – Glenmore Station 

At Glenmore station, S. meliloti (RRI128) was the most common strain in the nodules of plants from 

both the 0 t and 4 t lime plots two years after sowing (Section 2.3.1.3.1). This was similar to the 

percentage of the commercial inoculant found at Ashley Dene and Lincoln University (Section 

2.3.1.3.2 and 2.3.1.3.3). This is surprising as acidic soils and high Al3+ levels, such as those at 

Glenmore Station, have been shown to negatively affect the survival of rhizobia and interfere with 

legume – rhizobium symbiosis (Section 1.4.1.1). However, the site also had a very low/undetectable 

background population of rhizobia capable of nodulating lucerne (Section 2.3.2.2.1). This is most 

likely due to the high levels of Al3+ in the soil. However, the absence of a background rhizobia 

population capable of nodulating lucerne in the soil will have enabled the commercial inoculant to 

preferentially colonise the host and find refuge from soil toxicity, even if it was unable to persist in 

the soil. Nodulation by the commercial inoculant is also aided by the fact that when applied on seed 

it is in close proximity to a compatible host at a high cell density.  

   

Lime treatment affected the number of nodules containing the commercial inoculant. Plants grown 

with 4 t lime had more nodules that contained the commercial inoculant compared with plants 

grown with no lime (65% vs. 44%). At the same site, Berenji (2015) found that the percentage of 

lucerne plants nodulated was higher in the 4 t lime plots (~70%) compared with the 0 t lime plots 

(~40%). The addition of lime at the Glenmore site did not change pH (5.2 vs 5.3) but the 4 t lime 

plots had a lower Al3+ content than the 0 t lime plots (4.9 vs. 7.6 mg-1 kg).  The reduction in Al3+ 

content may be caused by the addition of lime increasing the Olsen P (13 vs. 17) and calcium (4.9 

vs. 6.5 me-1 100 g) in the 4 t plots. Increasing P and Ca levels have both been found to ameliorate 

Al3+ toxicity (Munns, 1965c). In their hydroponic experiment, they found that if phosphate was 

above 50 µM at a pH of 4 or above 10 µM at a pH of 4.5, Al3+ in the solution was precipitated and 

Al3+ toxicity was alleviated. It was also found that increasing Ca concentration from 1 to 5 mM 

alleviated the effects of Al3+. It seems likely that the lower Al3+ in the 4 t plots allowed greater 

survival of cells in the soil. Despite more plants from the 4 t plots being nodulated and having a 

higher number of the commercial inoculant present in the nodules, there was no difference (Pyear 

1=0.52 and Pyear 2=0.42) in plant yields (Berenji, 2015).  
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Persistence of S. meliloti strain RRI128 and effect of different carriers 

The commercial strain in the nodules was identified using ERIC-PCR. ERIC-PCR genotyping and 

sequencing of the 16S rRNA region confirmed that the inoculant strains from all three carriers 

(ALOSCA®, peat and coated seed) were a single strain of S. meliloti which was identified as RRI128 

by the manufacturers. Therefore, it is assumed that S. meliloti recovered from the nodules with the 

same ERIC-PCR genotype originated from the commercial inoculant. This method has been used 

previously by Nangul et al. (2013), Duodu et al. (2007) and Yates et al. (2005) to identify inoculants 

in nodules. At Ashley Dene, S. meliloti did not occur in the nodules of the bare seed plants, providing 

further evidence that the S. meliloti with the same genotype as the commercial inoculant was 

unlikely to be a naturalised species already present in the soil.  

 

The percentage of S. meliloti in the nodules of plants was affected by carrier. At both sites, peat 

and coated seed treatments were the most successful application method. This research confirmed 

previous work demonstrating that the carrier affects the inoculation outcome (Section 1.3.1.1). The 

coated seed treatment was the most successful inoculation method in 2011 at both Ashley Dene 

and Lincoln University and in 2014 at Ashley Dene. This could be due to the lime, molybdenum and 

fungicide that were added to the seed coat. These may have made the soil conditions around the 

seed favourable for survival of the rhizobia to ensure successful nodulation (Lowther and Kerr, 

2011). After four years the percentage of the commercial inoculants in the nodules of plants from 

the coated seed treatments dropped (Table 2.11 and 2.13). This study shows that the advantages 

of using a coated seed were limited to the first three years after sowing. This is the first study of its 

kind that compares the survival of the commercial inoculant with different inoculation treatments 

over several years. It remains to be confirmed if this result is repeatable for other environments. 

 

Peat seed treatment delivered variable results in the first year with a higher percentage of the 

nodules from the peat treatment containing the commercial inoculant at the Ashley Dene site 

compared with the Lincoln University site (Table 2.11 and 2.13). This could have been caused by 

differences in the number of cells in the peat inoculant at delivery, at each site. Studies have also 

found seeds inoculated with peat slurry contain a high number of cells on the seed at compared 

with other treatments (Section 1.3.1.1). Despite this, others have found that when inoculating seed 

with peat culture, most of the inoculant is removed when seed passes through machinery (Deaker 

et al., 2004).  Peat slurry is also applied to the seed at sowing by the farmer and this can cause 

variation in the quality of the inoculant. These latter reasons could be the reason for lower 

nodulation at the Lincoln University site. 
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The contrast between sites in 2014 was unexpected with the commercial inoculant being present 

in only 10% of the nodules from the peat seed plants at Ashley Dene and 64% of the nodules from 

the peat seed plants at Lincoln University. This was the opposite of the results in 2011 where Ashley 

Dene had a high percentage of nodules from the peat treatment containing the commercial 

inoculant compared with Lincoln University. It is unlikely this was caused by the quality of the 

inoculant at sowing. This may be the result of rhizobia populations that differ in their ability to 

compete for nodule occupancy at each site in 2014. Despite the contrast in numbers between sites, 

the final result that relative competition appears to be affected by delivery method is the same at 

both sites. The peat seed treatment was the most successful in 2015 at both sites. Feng et al. (2002) 

found that rhizobia in peat cultures underwent morphological changes such as cell wall thickening 

and this adaptation led to long term survival in peat and made the cells more resistant to other 

types of stress, such as that encountered on the seed surface. It is possible that this adaptation also 

increased the cells survival in the soil over a number of years. However more research is required 

to determine why one delivery method would affect the population years after inoculation  

 
ALOSCA® Technologies (2014) claims that ALOSCA® has an advantage over peat in dryland 

conditions due to higher survival of rhizobia if soil is dry at sowing. However, in this study ALOSCA® 

was consistently the least successful inoculation method and the results supported the work of 

Denton et al. (2009)(Section 1.3.1.1). It is probable that the lower number of nodules occupied by 

the commercial strain delivered by ALOSCA® granules was due to low initial numbers in the clay 

granules and the placement of the granules in relation to the seed (Section 1.3.1.1). Due to the low 

numbers of the commercial inoculant at both sites ALOSCA® was not sampled in 2014 and 2015.   

 

Naturalised Rhizobium sp. strains 

This work demonstrated that lucerne nodules were occupied by a wide range of genotypically 

distinct bacteria in these three New Zealand soils, even when inoculated with commercial 

preparations of S. meliloti RRI128. At two of the sites, Lincoln University and Ashley Dene, plants 

were colonised by a number of naturalised strains of Rhizobium spp. (genotypes A, C, 1E, E15 and 

G) and Sinorhizobium sp. (genotypes P15, T15 and 1G). Evidence of the widespread and abundant 

naturalised rhizobia capable of inoculating lucerne has received a lot of attention overseas 

(Bromfield et al., 1986; Gandee et al., 1999; Ballard et al., 2003; Talebi et al., 2008; Stajkovic-

Srbinovic et al., 2012). However, this is the first study of its kind in New Zealand that has identified 

naturalised rhizobia in the nodules of lucerne and monitored population changes over time.  
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The presence of naturalised strains of Rhizobium sp. in NZ soils capable of nodulating white clover 

has been widely demonstrated (Hale, 1981; Ronson et al., 1996; Lowther and Kerr, 2011). However 

there are few studies identifying naturalised populations of Rhizobium sp. and Sinorhizobium sp. 

capable of nodulating lucerne in New Zealand. This is due to the less frequent occurrence of the 

host plant. Naturalised strains formed the majority of bacteria in nodules irrespective of site or 

plant age at the Lincoln University and Ashley Dene sites. This was probably due to the high 

naturalised rhizobia populations already present at the site. For this study, background populations 

were >1 x 103 g-1 soil (Section 2.3.2.2). Thus, it was expected that there would be some naturalised 

strains to colonise plants at these experimental sites. Bromfield et al. (1986) found similar results 

demonstrating that naturalised populations of rhizobia can occupy nodules of lucerne. They also 

indicated that colonisation by ineffective naturalised strains can result in unacceptably low levels 

of establishment of the applied strains in the year of inoculation. 

 

The presence of a naturalised population capable of nodulating lucerne was further demonstrated 

by the nodulation of plants in the bare seed treatments. Gandee et al. (1999) found similar results 

to the current study in the UK. They successfully grew and nodulated lucerne planted from bare 

seed into soils that had no previous history of lucerne growth, due to the natural genetic diversity 

of rhizobia already present in the soils. This demonstrates that inoculation is not always necessary 

for nodulation if sufficient background rhizobia are present in the soil. Black and Moot (2013) also 

found that uninoculated lucerne was sufficiently nodulated at a site that had not been previously 

sown in lucerne. However, they found that inoculation of lucerne was necessary to increase plant 

yields. 

 

One of the naturalised strains recovered at the field site was shown to form effective nodules 

(Wigley et al., 2015). In that study the ability of genotypes A and B to fix N2 were compared using 

acetylene reduction assay (ARA) as an indirect assessment of N2 fixation. Plants inoculated with 

genotype A had significantly greater ethylene production compared with control plants (non-

inoculated lucerne plants with no nodules), as did those inoculated by the commercial strain 

(genotype B). A naturalised strain that persists in the field at a high population density and 

effectively fixes N would be an attractive candidate as a commercial inoculant, especially given the 

demonstration that it can outcompete the commercial strain for nodule occupancy. However, 

recent studies on the symbiotic performance of Mediterranean Trifolium spp. have found that 

annual clover species often form suboptimal symbiotic associations with naturalised soil rhizobia 

when compared with the commercial inoculant strain (Drew et al., 2011) and the same could be 
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true for lucerne. Studies on other legumes have also found that these plants can be nodulated by 

naturalised rhizobia and fix N2 with varying levels of effectiveness (Section 1.3.4). Thus, the 

effectiveness of naturalised strains compared with the commercial inoculant in New Zealand is an 

area which has potential. 

 

The frequency of naturalised strains differed between sites and years. This agreed with the findings 

of Talebi et al. (2008)  who also found that site of origin influenced the genetic diversity of 

Sinorhizobium strains nodulating Iranian lucerne genotypes. Bromfield (1986) found that S. meliloti 

genotypes differed between two sites and between two years at each site. The driver for the 

change in genotypes at each site between samplings is unknown but it could be due to host, change 

in land use or cultivation. Prior to sowing and the first sampling in 2011, both sites had been in 

brassicas in 2008 followed by short – rotation ryegrass from 2009 – 2010. Carelli et al. (2000) found 

in the first year the M. sativa cultivar and soil type significantly influenced the naturalised S. meliloti 

population in the soil. At the 2014 and 2015 sampling the lucerne had been established at the site 

for three years. This is likely to have influenced the naturalised rhizobia population. Carelli et al. 

(2000) also found that at the start of their experiment soil and cultivar influenced the genetic 

variability of S, meliloti. After three years, the rhizobium population was altered; its diversity was 

influenced among plants and the effects of soil and cultivar were no longer significant. They 

suggested that this was caused by differences in growth rate of the plants, particularly their root 

systems and that individual plants were capable of influencing their symbiotic population. Kiers et 

al. (2002) also found that crop rotation can act as a selective agent against domination symbiont 

genotypes. Duodu et al. (2007) suggested that the change in the genetic composition of an isolated 

population could be due to disturbances caused by cultivation. Wernegreen et al. (1997) suggests 

that the rate of plasmid transfer might be higher in cultivated soil. The change in population over 

time could also be caused by gene transfer. Duodu et al. (2007) found multiple nodEF types amoung 

R. leguminosarum isolates with the same chromosomal identity suggesting exchange or transfer of 

sym plasmid between strains with the same chromosomal identity. However, Wernegreen et al. 

(1997) found that there was a strict association between major sym plasmid and chromosomal 

genetic groups. This suggests a lack of successful sym plasmid transfer between major Rhizobium 

chromosomal types in uncultivated systems.  

 

Genotype richness did not appear to be affected by plant age or season. In 2011, lucerne plants 

from each site were different ages due to the different time of sampling. Plants were two months 

old at Lincoln University and collected in summer and 8 months at Ashley Dene and collected in 
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winter. Despite this, genotype richness at both sites in 2011 was similar to the genotype richness 

in 2014 and 2015 when plants were collected at the same age. Genotype richness was also similar 

between sites however, there were differences in the frequency of each genotype at each site. 

Duodu et al. (2007) also studied genotypes present in a naturalised population of rhizobia 

nodulating red clover at two sampling dates (autumn and summer). They found that the same pool 

of genotypes dominated the population over the two sampling dates suggesting a stable population 

within that year. They did find considerable variation within an isolated population of R. 

leguminosarum but this was influenced by geographical origin rather than sampling time. This 

suggested that the within a year nodule occupancy is likely to be stable and the different timing of 

nodule collection in the first year had little effect on the genotypes present in the nodules. This was 

only documented in the first year of sampling further work is required for confirmation. 

 

Naturalised strains that are not rhizobium sp. 

This study demonstrated that lucerne nodules can contain bacteria other than rhizobia. These 

included Pseudomonas sp., Serratia sp. and Variovorax sp. Non-rhizobia bacteria were also found 

in the nodules of white clover plants. The presence of non-rhizobia bacteria in nodules is not an 

uncommon phenomenon (Section 2.4.1.1). 

 

Lucerne vs. white Clover 

There was a notable difference in the ability of the commercial inoculants to persist in lucerne and 

white clover nodules over time. R. leguminosarum strain TA1 was outcompeted by naturalised 

strains and occupied <10% of nodules eight months after sowing. In contrast, the commercial 

inoculant for lucerne was still present in up to 61% of nodules four years after sowing. This 

difference could be the result of several factors either alone or in combination. The problem could 

start at inoculation. Gemell et al. (2005) found that lucerne inoculants were more persistent on the 

seed than white clover inoculants with an average rhizobial count of 8400 cells seed-1 for 

preinoculated lucerne and <100 cells for white clover. For freshly inoculated seeds the rhizobia 

numbers were higher but followed the same trend with lucerne seed having higher numbers of 

rhizobia (35 100 cells seed-1) compared with white clover (10 000 cells seed-1). Other factors could 

also include the high naturalised populations of rhizobia capable of nodulating white clover in most 

New Zealand soils (>100 00 g-1 soil (Lowther and Kerr, 2011)) compared with lucerne (>1 x 103 g-1 

soil (Section 2.3.2.2)). One factor that could limit R. leguminosarum strain TA1 is its competitive 

ability compared with other R. leguminosarum strains in the soil. This could be critical in 

understanding why R. leguminosarum strain TA1 did not persist and could identify more persistent 
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strains. There has been relatively few studies in this area and none focused in New Zealand. This is 

an area that will be investigated in Chapters 3 and 4. 

 

RRI128 was more persistent than R. leguminosarum strain TA1 but a major limitation for lucerne is 

its growth in areas with toxic levels of Al3+. The commercial inoculant was found in the nodules of 

plants grown at the Glenmore site. However, Berenji (2015) found that 86 days after sowing only 

49% of the lucerne plants had nodulated and yielded just 4 t DM-1 ha. In Australia there has been 

progress in developing acid tolerant strains of rhizobia (Howieson and Ballard, 2004; Charman et 

al., 2008). An acid/Al3+ tolerant strain could help increase the production of lucerne in adverse 

environments, such as Glenmore, and this is an area explored in Chapter 5 

 

2.4.2 Experiment 2.2: Most probable number 

2.4.2.1 White clover 

The lack of survival of the commercial inoculant at Glenmore is most likely to have been due to the 

high numbers of naturalised Rhizobium sp. already present in the soil out competing the 

commercial inoculant. The MPN from white clover with 0 t or 4 t lime was 3.3 x 102 and 9.2 x 102 

cells g-1 soil, respectively at Glenmore Station. Brockwell et al. (1975) found that when seed 

inoculated with R. leguminosarum strain TA1 at a rate of 135 rhizobia seed-1 was sown into a soil 

containing naturalised rhizobia at 40 gram-1 of soil, almost all nodules were occupied by R. 

leguminosarum strain TA1. However, on a soil with 10,000 naturalised rhizobia gram-1, less than 

10% of nodules were occupied by R. leguminosarum strain TA1. The high Al3+ levels at the Glenmore 

site could also have prevented the survival and growth of the commercial and any naturalised 

Rhizobium sp. strains in the soil (Section 2.4.1.1). 

 

2.4.2.2 Lucerne 

The low number of background rhizobia at Glenmore explains why, despite the adverse conditions, 

the commercial inoculant was present in a high percentage of the nodules from both the 0 t and 

4 t lime plots (Section 2.4.1.2). The MPN of rhizobia in the soil in the 4 t lime plots was 

1.2 x 103 cells g-1 soil but it was undetectable in the 0 t plots. Brockwell et al. (1991)  found that S. 

meliloti are particularly affected by acidity. At a pH >7 soil contained 89 000 cells g-1 soil and 37 cells 

g-1 soil at a pH <6. Ballard et al. (2003) also found that the MPN of rhizobia in the soil was correlated 

(r=0.64) with soil pH. All 13 soils with less than 1 x 102 rhizobia g-1  had a pH less than 6.7.  

 

The higher density of naturalised rhizobia compatible with lucerne at Ashley Dene and Lincoln 

University is most likely because of the frequent presence of the host. The soils in the current 
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experiment had both previously been sown in lucerne. There have been many studies that show 

very high (>100 000 g-1 soil) clover rhizobia populations in soils that were continuously growing 

pasture that contains white clover in New Zealand (Hale, 1980, 1981; Gaur and Lowther, 1982). 

Similar results have been shown for lucerne although the naturalised population was not as high. 

Ballard (2003) collected soils from 42 dryland lucerne pastures and eight irrigated multiple-use 

lucerne stands in the south-east of South Australia. The lucerne swards were on average 5.6 years 

old (range 1–28) and the MPN of lucerne rhizobia exceeded 1.0 × 103 g-1 in 23 of the soils. Even 

without the host rhizobia are able to survive in the soil for 40 years providing temperature and pH 

are optimal (Jensen, 1941) with temperatures below 42.5°C (Bowen and Kennedy, 1959) and a pH 

between 5.8 – 6 (Bolton, 1962). 

 

The current study is the first time MPN has been monitored over time in New Zealand and linked 

to soil temperature and soil moisture and showed the importance of both soil moisture and soil 

temperature for rhizobia survival in the soil. This is important for the survival of the commercial 

inoculant over time and because the size of the background populations of rhizobia already present 

in the soil influences the competitiveness of the commercial strains, particularly for white clover.  

 

The change in soil population observed in this experiment was due to a decline in numbers as the 

soil moisture decreased and temperature increased over the summer and an increase in numbers 

as the soil moisture increased and temperature declined in the winter Figure 2.4 and 2.5. The MPN 

experiment showed changes in soil rhizobia numbers between seasons with the lowest numbers 

of rhizobia (2.0 x 102 - 4.5 x 103 cells g-1 soil) recorded in summer and the highest numbers of 

rhizobia (4.9 - 5.2 x 104 cells g-1 soil) recorded in winter at each site. When repeated in the second 

year at the Lincoln University site the same trend was found. The regression analysis showed an 

interaction between soil moisture and soil temperature in relation to MPN. With an increase in soil 

moisture there was an increase in the number of rhizobia in the soil but this was also dependent 

on the soil temperature at any given soil moisture level, i.e at a high soil moisture, MPN decreased 

with increasing temperature. Brockwell (1963) found similar results over a two year period. They 

found that R. leguminosarum populations were highest in winter and spring, and lowest in summer 

and early autumn. Slattery and Coventry (1993) found that in unlimed soil, soil R. leguminosarum 

populations fluctuated with season and smallest numbers were found in the summer-autumn 

months and Chatel et al. (1968) also found differences in soil populations between growing 

seasons. They found that rhizobia populations in the soil were lowest in the autumn at 1 x 102 to < 
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10 g-1 soil.  Although these studies have looked at MPN over seasons, they have not linked soil 

moisture and soil temperature to rhizobia numbers or the interaction between these two factors.  

 

An interaction between soil moisture and soil temperature was observed. This is the first time both 

soil moisture and soil temperature have been linked to MPN. The current study found that rhizobia 

numbers were lower at higher temperatures but this was dependent on soil moisture and not 

influenced by soil temperature alone. For example, at low soil moisture decreasing the soil 

temperature will not increase MPN. Bowen and Kennedy (1959) suggest that rhizobia survival is 

affected by temperature and is lower at higher temperatures. However, their study did not include 

soil moisture as a factor. In the current study, soil moisture was also shown to have a significant 

effect on MPN. As soil moisture increased, MPN also increased. In contrast, rhizobia survival has 

been shown to be higher in soils with lower soil moisture (Section 1.4.1.1).  

 

2.4.3 Experiment 2.3: Symbiotic potential 

2.4.3.1 White clover 

Inoculant strains affected shoot and root dry weight. However, all strains, naturalised and 

commercial, produced more dry matter compared with the uninoculated control. These results 

show that these strains, including R. leguminosarum strain TA1, are not limited by their ability to 

support dry matter production. These strains also all had pink nodules suggesting that they all 

effectively fixed nitrogen. R. leguminosarum strain TA1 appears to be similar in terms of dry matter 

production and N fixation, but unable to compete for nodule occupancy (Section 2.4.1.1). This again 

shows the importance of understanding rhizobia in their free living state in the soil. This could be 

the key to understanding what determines a strains’ competitive ability and persistence and this 

could be a critical element required to improve inoculant success (Chapter 3).  

 

2.4.3.2 Lucerne 

It is possible that the host plants in these studies that distinguished between effective and 

ineffective strains and selected for effective ones. This is a process known as sanctioning (Kiers and 

Denison, 2008). Some genotypes found frequently in the nodules, such as S. meliloti strains RRI128 

and LU1M, were shown to support increased dry matter production compared with other 

genotypes. These genotypes could be more frequent because the plant placed a selection pressure 

on the symbiotic partner, preferentially partnering with S. meliloti and Rhizobium sp. genotypes 

that form effective nodules and benefit plant growth. Friesen (2012) also found a positive 

correlation (r=0.31) between rhizobium nodulation competiveness and plant performance across 

19 studies. Robinson (1969) also found that when T. subterraneum was inoculated with both 
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effective and ineffective strains of R. leguminosarum bv. trifolii the effective strain formed a much 

greater proportion of nodules. Yates et al. (2005) found that R. leguminosarum strain WSM1325 

was a superior inoculant and was highly persistent and competitive for the effective symbiosis with 

T. purpureum and T. repens even though the soil contained ineffective strains of R. leguminosarum.  

 

Although there appears to be evidence of sanctioning, this process appears to be strain dependent. 

In contrast to S. meliloti strains RRI128 and LU1M, plants inoculated with dominant Rhizobium sp., 

genotype ADA, did not produce more (P<0.001) shoot and root dry matter compared with the 

uninoculated control despite these plants having the highest number of pink nodules, with an 

average of 35 per plant. There are many other studies that show no evidence of sanctioning. In an 

experiment with an effective strain of S. meliloti and their ineffective mutants, Amarger (1981) also 

demonstrated that competitive success in forming nodules was not influenced by the level of 

effectiveness of the strain.  

 

2.4.4 Experiment 2.4: Non rhizobia nodulators and other non-rhizobia bacteria found 

in nodules 

Dominant non-rhizobia bacteria were not selected by the plant because of their effectiveness. 

Plants inoculated with dominant genotypes AD1E (Pseudomonas sp.), GLU4 (Pseudomonas sp.) and 

GLU0 (Serratia sp.) did not produce more shoot and root dry matter compared with plants 

inoculated with rare genotypes ADW (Lysobactor sp.) and ADZ (Pseudomonas sp.) and the 

uninoculated control. Li et al. (2008) found results similar to the current study. They found that 

when soybean plants (Glycine max) were inoculated with endophytic bacteria, including Serratia 

sp. no nodules were formed and dry matter production did not differ from the uninoculated 

control, indicating they were neither symbiotic nor pathogenic.   

 

Some of these bacteria are capable of forming nodules. Plants inoculated with GLU4 and ADZ had 

nodules despite being Pseudomonas sp. (Table 2.15). Experiment 2.4 with non-rhizobia nodulators 

confirmed that these strains form nodules on the plant (Table 2.16) and ERIC fingerprinting 

confirmed the bacteria in the nodules as ADZ and GLU4. This finding is supported by the findings of  

Shiraishi et al. (2010) and Huang et al. (2012) who also found Pseudomonas sp. that were capable 

of forming nodules. In both studies the nodulating Pseudomonas strains had nod and nif genes. It 

is possible that these genes were acquired via horizontal gene transfer from rhizobia in the soil. In 

the current study, sequencing revealed that GLU4 had nodC genes but did not have nodA or nifH 

and ADZ did not have nodC, nodA or nifH genes (Figure 2.9). Although these strains nodulated, the 
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nodules were white and ineffective and provided no growth benefit to the plant (Figure 2.6 and 

Figure 2.7).  

 

Results from this study suggest some non-rhizobia bacteria were contained within nodules but 

were unable to form nodules. For example, plants inoculated with non-rhizobia bacteria genotypes 

LUW (Lysobactor sp.), AD1E (Pseudomonas sp.) and GLU0 (Serrati sp.) all had no nodules (Table 

2.15) yet these strains had been recovered from sterilised nodules. LUW, AD1E and GLU0 also 

provided no disadvantage/advantage to plant growth compared with the control plants. Other 

studies have found that it is possible that bacteria can enter the nodule and coexist in the nodule 

with rhizobia (Section 2.4.1.2). These strains could also have entered using ‘crack entry’, where 

endophytes enter the plant between displaced epidermal cells on the root (Boogerd and van 

Rossum, 1997; Chi et al., 2005) and migrated to the nodule. It is not uncommon for endophytic 

bacteria to enter the plant at specific sites, such as while it is still a seed or the root cortex and 

spread through the plant (Lodewyckx et al., 2002; Bodenhausen et al., 2013). Chi et al. (2005) found 

that S. meliloti were able to colonize rice plants using ‘crack entry’ and then migrating into the stem 

base, leaf sheath and leaves.  

 

2.4.5 Part B – Experiment 2.5: Nodule microbiome project 

The results of the current study have highlighted a new complexity in the Rhizobium-legume 

symbiosis for white clover and lucerne. The sequencing results show that, in addition to rhizobia, 

nodules contain a diverse assemblage of bacterial species in some cases at a sequence frequency 

>50%. This was similar to the results found by Zgadzaj et al. (2016) where L. japonicus nodules were 

found to be primarily but not exclusively, colonized by Mesorhizobium.  

 

This is the first study where Illumina sequencing has been used to investigate the microbial 

community inside the nodules of lucerne and white clover plants. The use of Illumina sequencing 

has been discussed previously (Section 1.3.5.1) and recently, it has been used to study the microbial 

community in the nodules of Lotus japonicus (Zgadzaj et al., 2016). Similar to the current study, 

Zgadzaj et al. (2016) took 27 nodules and amplified the 16S rRNA gene with PCR primers. In contrast 

with the current study the plants used were 10 weeks old and were grown in pots rather than the 

field. Zgadzaj et al. (2016) also targeted the V5-V7 hypervariable regions rather than the V3-V4 

region that was used for the current study. Vasileiadis et al. (2012) found that the V3-V4 region 

generated more similar results to when the full 16s gene was amplified compared with V5 and V6 

regions.  
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Sinorhizobium and Rhizobium  

As expected, the sequencing confirmed that Rhizobium and Sinorhizobium were the predominant 

genera in the nodules of white clover and lucerne (Figure 2.10 and 2.11), per plant (Figure 2.12 - 

Figure 2.16). They were present in the majority of individual nodules (Table 2.21 - Table 2.25) 

regardless of whether the plant was grown from an inoculated or uninoculated seed. It is well 

documented that the two genera are capable of forming nodules on white clover and lucerne, 

respectively (Section 1.3).  

 

Regardless, of whether white clover and lucerne plants were inoculated or uninoculated Rhizobium 

and Sinorhizobium sp. were dominant in >89% of nodules. Commercial inoculants for white clover 

and lucerne contain strains of Rhizobium and Sinorhizobium (Section 1.3.1). Therefore, it is 

unsurprising that the nodules of both inoculated white clover and lucerne plants were dominated 

by Rhizobium and Sinorhizobium, respectively. The nodules of uninoculated white clover and 

lucerne plants were also dominant in Rhizobium and Sinorhizobium. Although, statistically 

differences were found between the inoculated and uninoculated treatments for lucerne and white 

clover the biological significance is unclear. Overall, the results were consistent across all 

treatments regardless of inoculation treatment. The ability of naturalised strains to occupy nodules 

of uninoculated plants has been previously documented (Section 1.3.4) and in Part A – Experiment 

2.1 of this chapter Sinorhizobium was found in the nodules of uninoculated lucerne plants. The 

presence of naturalised Sinorhizobium strains in the nodules of uninoculated lucerne plants has 

previously been discussed (Section 2.4.1). These results confirmed that if naturalised rhizobia are 

already present in the soil, inoculation is not needed for nodulation. However, this does not always 

result in increased dry matter (Black and Moot, 2013). The variability in effectiveness in naturalised 

strains has also been discussed (Section 1.3.4). Even though Rhizobium and Sinorhizobium were 

predominant in the nodules of the uninoculated white clover and lucerne plants it is unknown if 

these were as effective as the commercial inoculant. A limitation to this experiment is that the 

results only report what is in the nodules to a genera level it is unknown what proportion of the 

Rhizobium and Sinorhizobium found in the nodules of inoculated plants are the commercial 

inoculant and therefore, conclusions about the effectiveness of the commercial inoculants cannot 

be made.  

 

Other genera also present in the nodules 

The sequencing results also confirmed that Rhizobium and Sinorhizobium were not the only genera 

of bacteria present in the nodules of white clover and lucerne plants. It provided further evidence 
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that non-rhizobia bacteria were present in the nodule and these are not the result of contamination 

during the identification process (sterilisation, DNA extraction, PCR). The presence of bacterial 

endophytes in plants is well documented (Hardoim et al., 2008; Reinhold-Hurek and Hurek, 2011; 

Santoyo et al., 2016) and they are important components of the plant microbiome (Porras-Alfaro 

and Bayman, 2011).  The review by Dudeja et al. (2012) concluded that endophytes in the nodules 

of legumes are a promising and could increase crop yields, remove contaminants, inhibit 

pathogens, and produce fixed nitrogen or novel substances. Zgadzaj et al. (2016) also concluded 

that the ability of legumes to select a broad taxonomic range of root-associated bacteria along with 

rhizobia is likely to contribute to plant growth and ecological performance. 

 

The other bacteria found within the nodules of white clover (Table 2.18) and lucerne (Table 2.20) 

plants included other genera of rhizobia capable of forming nodules such as Sinorhizobium in the 

white clover nodules and Rhizobium and Bradyrhizobium in the nodules from lucerne plants. In Part 

A – Experiment 2.1 of this chapter, Rhizobium where also found in the nodules of lucerne plants 

and Rhizobium sp. have also been found in the nodules of lucerne in other studies (Gandee et al., 

1999; Talebi et al., 2008; Stajkovic-Srbinovic et al., 2012). The occurrence of naturalised Rhizobium 

sp. in the nodules of lucerne was discussed in Section 1.3.4 and 2.4.1. The other dominant (>0.1% 

of sequences for each inoculation treatment) genera did not appear to be influenced by inoculation 

treatment (Table 2.18 and Table 2.20). The exception was the high percentage (7%) of Rhizobium 

sp. found in the nodules of bare seed lucerne plants compared with coated (0.8%) and peat (0.12%) 

treatments. This could be due to inoculating the seed providing Sinorhizobium sp. with a 

competitive advantage and therefore in the inoculated plants less Rhizobium sp. were able to enter 

the nodules.  

 

In the current experiment, non-rhizobia bacteria was also found in the nodules of white clover and 

lucerne. These were present in <1% of the total sequences from all plants and nodules of each 

treatment for white clover and lucerne. These were soil bacteria and included Bacillus, 

Pseudomonas, Mycobacterium, Novosphingobium and Variovax. Muresu et al. (2008) also found 

rhizobia and non-rhizobia bacteria in the nodules of eight native Mediterranean native, 

uninoculated legumes.  Dudeja et al. (2012) summarized the bacterial endophytes occurring in 

legume nodules, these bacteria included Agrobacterium, Bacillus, Curtobacterium, Enterobacter, 

Erwinia, Mycobacterium, Paenibacillus, Pseudomonas, Phyllobacterium, Ochrobactrum, 

Sphingomonas, Burkholderia, Phyllobacterium and Devosia. Stajković et al. (2009) also identified 

Bacillus, Brevilbacillus and Microbacterium in the nodules from lucerne plants. A similar study on 
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the bacterial community in the nodules of Lotus japonicus have found that lotus nodules contain a 

distinctive bacteria community with Mesorhizobium as the dominant genus with a relative 

abundance of 88% (Zgadzaj et al., 2016). Zgadzaj et al. (2016) also found Burkholderiales, 

Flavobacteriales, Pseudomonadales and Actinobacteridae at abundances >1%.  The presence of 

non-rhizobia in nodules of lucerne and white clover has also been found in previous Part A – 

Experiment 2.3 and 2.4 in this chapter (Section 2.2.3 and 2.3.4) and their presence in the nodules 

has been discussed in Section 2.4.4.  

 

In a few cases non-rhizobia bacteria were dominant in the nodule (Table 2.21 - Table 2.25). This is 

the first time this has been shown and this finding provided more evidence that the non-rhizobia 

bacteria cultured from crushed, sterilised nodules are not contaminants but predominant bacteria 

living in the nodule. The reason for the low numbers of Rhizobium and Sinorhizobium in these 

nodules is unknown. It could be that the non-rhizobia bacteria outcompeted the rhizobia for nodule 

occupancy or a result of nod gene transfer (Section 2.4.4), parasitism or these bacteria could be all 

that remains inside old nodules. The age of the nodules at the time of sampling was unknown and 

therefore this is beyond the scope of the current study. 

 

The role of these non-rhizobia bacteria in the nodule is unknown. The literature suggests that these 

bacteria are beneficial to the host plant. For example, Bacillus was one of the other genera present 

in >0.1% of total sequences obtained from white clover and lucerne plants. Bai et al. (2002) found 

that Bacillus in soybean nodules increased soybean (Glycine max.) weight when plants were co-

inoculated with Bradyrhizobium japonicum compared with plants inoculated with B. japonicum 

alone and Sturz et al. (1997) found the non-rhizobia strains such as Bacillus could increase 

nodulation and growth of red clover (Trifolium pretense) when co-inoculated with R. 

leguminosarum. Pseudomonas was also found in >0.1% of total sequences obtained from white 

clover and lucerne plants. Although, not in the nodule Pseudomonas have been found to be plant 

growth promoting bacteria (Oteino et al., 2015). It is possible that these bacteria are similar to 

mycorrhiza helper bacteria. Mycorrhiza helper bacteria have been found to interact with the 

mycorrhiza-plant symbiosis at physical, metabolic and functional levels and can have either a 

positive or negative effect on the symbiosis depending on the bacteria isolates (Frey‐Klett and 

Garbaye, 2005). Further research needs to focus not only on the Rhizobium and legume interaction 

but also take into consideration the effect of non-rhizobia bacteria communities inside the nodule. 

Understanding this complex interaction could enable these bacteria to be utilised to increase 

production of legume crops such as white clover and lucerne. 
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How these non-rhizobia entered the nodule is not fully understood but some possible mechanisms 

such as nod-gene transfer and ‘crack entry have been discussed (Section 2.4.4). Zgadzaj et al. (2015) 

also found that infection threads initiated by Mesorhizobium loti, the natural symbiont of lotus can 

selectively guide endophytic bacteria towards the nodule, where competent strains multiply and 

colonise the nodule together with the symbiotic partner. Zgadzaj et al. (2015) also found that plants 

selectively regulated access into the root nodule of both rhizobia and endophytes. This suggested 

that these non-rhizobia bacteria are not inside the nodule at random and that they are selected by 

the plant for a reason.  

 

2.4.6 Conclusions 

 R. leguminosarum strain TA1 was less persistent in white clover nodules than S. meliloti 

strain RRI128 is in lucerne nodules. This may be the result of: 

o Inability of R. leguminosarum strain TA1 to persist in soil 

o High numbers of naturalised strains in the soil 

 S. meliloti strain RRI128 was present in up to 61% of nodules four years after sowing when 

inoculated as a peat slurry which shows persistence in the field.  

 Both white clover and lucerne were also nodulated by naturalised rhizobia. 

 The number of naturalised rhizobia in the soil varied depending on host, site and abiotic 

factors predominantly soil moisture and temperature which affected seasonal numbers. 

 Nodule occupancy was not solely determined by effectiveness of a strain for N2 fixation. 

 Pseudomonas sp. and other bacteria were isolated from the nodules of both white clover 

and lucerne plants. 

 Pseudomonas sp. capable of forming nodules were found. 

 Nodules contained a diverse assemblage of bacterial species in some cases at a sequence 

frequency >50%. 

 

White Clover - Understanding the ecology of R. leguminosarum strain TA1 and other R. 

leguminosarum strains in their free living state in the soil is important and this will be further 

investigated in Chapter 3 and 4.  

 

Lucerne - Finding an Al3+ tolerant strain of S. meliloti could help increase plant growth in high Al3+ 

soils and this will be addressed in Chapter 5. 
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3.2 Materials and Methods 

3.2.1 Method development 

The novel assay was optimised for R. leguminosarum bv. trifolii.  The sterile MicroResp (termed γ-

MicroResp™) assay for R. leguminosarum bv. trifolii was developed in γ -irradiated soil from two 

pasture soils. The ability of the bacterium to survive in the γ -irradiated soil was confirmed and the 

system optimised for reducing the numbers of background micro-organisms in the soil, incubation 

time, bacterial growth phase and moisture level.  

 

3.2.1.1 Soil handling, sterilisation and validation 

Soil was collected from two sites in Canterbury, New Zealand (Ashley Dene: 43° 39' S and 172° 19' 

E; and Lincoln University: 43°38’S and 172°28’E). The sites were both planted in lucerne and were 

selected because they differed in soil classification and key soil characteristics (Table 3.1), which 

provided a range of soil properties for assay development. 

 

Table 3.1 Soil type and key soil test results pre and post gamma (γ) irradiation for soil collected 
from Lincoln University and Ashley Dene. 

Soil Soil Type* pH† Available 
N  

(kg/ha) 

Mineral 
N 

(mg/kg) 

Olsen 
P 

(mg/L) 

K 
(me/100g) 

Soil 
moisture‡ 

Lincoln University 

Natural  
Mottled 
Immature Pallic 
soil 

6.1 63 26 17 1.09  

γ irradiated  
Mottled 
Immature Pallic 
soil 

5.4 83 42 31 0.64 11 

Ashley Dene  

Natural 
Typic Orthic 
Gley soil 

6.7 112 25 15 0.44  

γ irradiated 
Typic Orthic 
Gley soil 

6.1 110 28 19 0.22 8 

*New Zealand soil classification system (Hewitt, 1998)  
†in water  
‡percentage of dry weight   
 

Approximately 40 kg of each soil was collected to a depth of 0.1 m, the ≤ 2 mm fraction was 

collected by sieving, and mixed by hand. The soil was packaged into 200 g packets in zip-lock plastic 

bags (Shardlow, Christchurch, New Zealand) and placed in 225 mm diameter x 195 mm high, 5.2 l 

polypropylene pails. The soils were sterilised by gamma (γ) irradiation with two consecutive 25 kGy 

doses at MSD Animal Health, Wellington, New Zealand. Post irradiation sterility was confirmed by 

plating serial dilutions of γ-irradiated soil from one bag per pail onto YMA (Appendix 8.3) and 
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inspection of the plates for any microbial growth after incubation in the dark at 25°C for 48 hours. 

Soils were analysed for pH, available N, mineral N, Olsen P, and potassium both pre and post 

irradiation at Hills Laboratories, Christchurch, New Zealand.  

 

3.2.1.2 γ-MicroResp assay method 

Using aseptic laboratory practice, the soils collected from Lincoln University and Ashley Dene (Table 

3.1) were loaded into deep (1.2 ml each well) 96 well plates (Greiner Bio-One) in a standard 8 x 12 

configuration. The loading device was made from a 300 µl well microtiter plate from which the 

bottom had been removed and replaced with a perspex sliding base. The weight of the soil 

delivered into the total assay system was recorded.  Per well, this was 0.414 g and 0.404 g for soil 

from Ashley Dene and Lincoln University, respectively.   

 

Inoculation broths of the bacteria strains to be tested were made. To do this a loopful of each 

bacterium was placed in two tubes containing 1 ml YMB (Appendix 8.4) and incubated at 28°C and 

shaken at 220 rpm in a shaking incubator (LABNET 211 DS, labnet International, USA) for 24 hours 

to create a starter culture. A sample of 1.25 ml of each strain was added to a separate 125 ml YMB 

in a 250 ml flask.  The flasks were sealed with a cotton bung and incubated at 28°C and shaken at 

220 rpm in a shaking incubator (LABNET 211 DS, labnet International, USA) for 36 hours. Optical 

density of each strain was then measured at 600 nm using a spectrophotometer (Jenway 6305, 

Biddy Scientific Limited, Staffordshire, UK). For each rhizobia strain, the relationship between cell 

number and optical density was determined as described by Weir (2006), (Appendix 9.3); the 

optical density was then used to estimate cell number in the culture. Sufficient culture was added 

to soil to reach a concentration of 3.5 x 108 – 5.5 x 108 colony forming units (CFU) g-1. This means, 

rhizobia strains were added in 40 and 41 μl of 0.85% w/v saline (soils from Lincoln University and 

Ashley Dene, respectively) to each well. The volumes were calculated (Appendix 9.4) to raise the 

soil moisture to approximately 20% of their respective maximum water holding capacity (MWHC; 

Jenkinson and Powlson, (1976)). An uninoculated control was also included on each plate. This was 

sterile water delivered at a sufficient rate to raise soil moisture to approximately 20% of their 

respective MWHC. The plates were placed in a plastic bag, sealed and incubated at 20°C for 24 

hours in the dark, to allow the moisture content of the soil to equilibrate. Following pre-incubation, 

carbon sources were added at 8 mg C g-1 dry soil. Additional water was added based on an 

empirically-measured optimal level for microbial respiration (Section 3.2.1.4). The plates were then 

sealed onto the gel-trap detection plate (Campbell et al., 2003) and incubated for 4 hours at 25°C 

in the dark. The absorbance of the colorimetric detection plate was read immediately before and 

after the incubation period using a microtitre plate (Greiner bio-one GmbH, Kremsmünster, 
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Austria) reader set at a wavelength of 590 nm. The absorbance before was taken away from the 

absorbance after of each well. The control wells ensured that the system was not contaminated 

and the absorbance of these wells containing each carbon source and no rhizobia was taken away 

from the absorbance of the wells containing each carbon source and rhizobia to give final 

absorbance reading for each strain with each carbon source. 

 

3.2.1.3 Confirming soil is fit for purpose 

The ability to maintain low background numbers of micro-organisms during the γ-MicroResp 

process was validated using soil from Lincoln University. The soil was loaded into the MicroResp 

system and moisture increased to 20% MWHC (Section 3.2.1.2). The plates were placed in a plastic 

bag, sealed and incubated at 20°C for either 1, 3, or 7 days in the dark.  The presence of any 

culturable micro-organisms at each time point was established by dilution plating. The soil from 

columns 1 - 4, 5 - 8 and 9 - 12 were bulked and added to three separate Schott bottles containing 

116 ml sterile 0.01% w/v agar and 0.01% v/v Triton-X in water. The bottles were shaken for 15 

minutes on a flask shaker (Stuart, Biddy Scientific Limited, Staffordshire, United Kingdom) at 

maximum speed. The soil solution in each bottle was serially diluted to 10-5 by taking 1 ml and 

adding it to 9 ml of 0.01% w/v Agar and 0.01% v/v Triton-X mixed with water.  For serial dilutions 

10-2 – 10-5, 100 µl aliquots were spread onto three replicate YMA (Appendix 8.3) plates that were 

incubated at 25°C in the dark for 48 hours before counting CFU’s. The absence of colonies 

demonstrated that the soil was fit for purpose with undetectable numbers of background micro-

organisms in the experimental system.  

 

The ability to prevent contamination between the wells on the plate was also validated. Gamma 

irradiated soil from Lincoln University was loaded into three MicroResp plates and soil moisture 

increased as previously described (Section 3.2.1.2). R. leguminosarum strain WSM1325 (sourced 

from South Australian Research and Development Institute (SARDI); Appendix 9.1) was added to 

the first six lanes (48 wells in total) of the microtitre plate to achieve a final concentration of 6 x 108 

CFU g-1 soil. The plates were placed in a plastic bag, sealed and incubated at 20°C for either 1, 3 or 

7 days in the dark. At each time point, one plate was removed from the incubator and 30 l of 6% 

w/v glucose added to give a final concentration of 1.9 mg C g-1 dry soil. Water was added to the soil 

from 0 through to 140 μl in 20 µl increments with each rate replicated 12 times across the plate for 

the plates with no rhizobia, six times for the plates that were half filled with rhizobia and nine times 

across the plate for the plates with rhizobia, with three control wells for each rate. The plates were 

sealed, incubated and the detection plate read (Section 3.2.1.2). 
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3.2.1.4 Ability to establish a viable population of R. leguminosarum in γ-irradiated soil 

The ability of R. leguminosarum bv. trifolii to survive in γ-irradiated soil was measured over time. 

To one gram of γ-irradiated soil from Lincoln University in a 1.7 ml tube, 100 μl of 0.85% w/v NaCl 

solution containing R. leguminosarum strain WSM1325 was added to achieve 6 x 108 cells g-1 of soil 

and 20% MWHC. The tubes were incubated in the dark at 20°C for one and three days. 

 At one and three days, from serial dilutions between 10-5 – 10-8 of the soil culture, 100 µl aliquots 

were spread onto three replicate YMA plates that were incubated at 25°C in the dark for 48 hours 

before counting CFU’s.  

 

3.2.1.5 Establishing optimal moisture/incubation period 

The optimal moisture and incubation period for R. leguminosarum bv. trifolii strain WSM1325 was 

established.  The bacterium was added to six microtitre plates containing either soil from Lincoln 

University (four plates) or Ashley Dene (two plates). To all the wells, the bacterium was added with 

water to achieve a final concentration 5 x 108 cells g-1 soil at 20% MWHC (Section 3.2.1.2). Bacteria 

were added across the plate with two rows of eight wells containing the bacteria and one row of 

eight wells containing the uninoculated controls to ensure any other micro-organisms in the soil 

were at low enough numbers not to effect the results. This was repeated four times across the 

plate. Assay plates were placed in sealed plastic bags and incubated at 20°C in the dark. The plates 

with soil from Ashley Dene were incubated for 1 or 3 days and the plates with soil from Lincoln 

University for 0, 1, 3, or 7 days. At each time point, one plate was removed from the incubator and 

30 l of 6% w/v glucose was added to give a final concentration of 1.9 mg C g-1 dry soil. Water was 

added to the soil from 0 through to 140 μl in 20 µl increments with each rate replicated 12 times 

across the plate for the plates with no rhizobia, six times for the plates that were half filled with 

rhizobia and nine times across the plate for the plates with rhizobia, with three control wells for 

each rate. The plates were sealed, incubated and the detection plate read as previously described 

(Section 3.2.1.2). 

 

3.2.1.6 Assessing the effect of growth stage of R. leguminosarum cells on the 

respiration response 

The growth profile over time was determined for R. leguminosarum strain WSM1325. A loopful of 

the bacterium was transferred into 1 ml of YMB (Appendix 8.4) and shaken at 28°C and 220 rpm in 

a shaking incubator (LABNET 211 DS, labnet International, USA) for 24 hours to create a starter 

culture. A sample of 100 µl of the starter culture was added to 10 ml of YMB in ten 15 ml tubes. 

One 15 ml tube containing just YMB was included as a control. These tubes were incubated at 28°C 

and shaken at 220 rpm. Optical density at 600 nm was measured from one of these tubes at 4, 8, 
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14, 23, 28, 32, 38, 42, 47 and 51 hours by a spectrophotometer (Jenway 6305, Biddy Scientific 

Limited, Staffordshire, UK). Samples were serially diluted at each incubation time by taking 100 μl 

from the tube after optical density was measured and adding it to 900 μl of sterile water containing 

0.01% w/v agar and 0.01% v/v triton. Then 100 l aliquots from the  10-4 – 10-7 serial dilutions were 

spread onto three replicate YMA plates that were incubated at 25°C in the dark for 48 hours before 

a count of CFU’s. This was repeated with R. leguminosarum strain TA1 (AIRG; Appendix 9.1), R. 

leguminosarum strain CC275e (AIRG; Appendix 9.1) and the S. meliloti strain RRI128 (AIRG; 

Appendix 9.1) to determine their growth patterns. Starter cultures were prepared and 1.25 ml of 

each strain was added to 125 ml YMB in a 250 ml flask (instead of a tube as the flask was able to 

hold a larger volume of YMB).  The flasks were sealed with a cotton bung and incubated and shaken 

at 28 °C and 220 rpm. Optical density was measured from 1 ml of sample taken from these flasks 

at 6.5, 10.5, 15, 19, 25, 30, 35 and 39 hours. At each sampling point, 1 ml of the broth was taken 

from each flask and optical density was measured. 

 

To assess the effect of the growth stage of R. leguminosarum cells on the respiration response in 

the γ-MicroResp, R. leguminosarum strain WSM1325 was grown in yeast mannitol broth (Appendix 

8.4) culture to optical densities at 600 nm of 0.64, 0.36, and 0.07, lag, exponential and stationary 

growth stages based on the growth profile of WSM1325 over time.  Cells from each growth stage 

were added to the γ-irradiated soil from Lincoln University to achieve a concentration of 4 x 108 

cells g-1. Soil moisture was raised to 20% as previously described (Section 3.2.1.2) with every fourth 

lane an uninoculated control. All of the plates were incubated at 20°C in the dark. After 24 hours 

glucose was added (1.9 mg C g-1 dry soil) in 30 μl volume. The optimal rate of 50 l of additional 

water was then added. γ-MicroResp assays were incubated at 25°C for 4 hours in the dark with the 

indicator plates and the absorbance at 590 nm measured (Section 3.2.1.2). 

 

3.2.2 Validation of optimised γ-MicroResp method 

Once the methodology had been optimised it was validated with two experiments designed to 

assess if the technique could discriminate differences in the carbon utilisation of different strains 

of rhizobia and whether the response was affected by soil type. 

 

3.2.2.1 Experiment 3.1: Validation of the assay to assess the C utilisation of Rhizobium 

leguminosarum in Lincoln University soil 

The aim of Experiment 3.1 was to test whether rhizobia strains from different geographic origins 

differed in their ability to utilise different C sources. A test panel of 19 rhizobia was assembled that 

included 18 strains of R. leguminosarum bv. trifolii and one strain of S. meliloti.  The strains and 
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their details are listed in Table 3.2 and the origin of strains in Appendix 9.1. They were selected to 

provide a mix of broad (global) and local (Australia) geographic origins, and different host 

compatibility.  Three of the strains (WSM1325, CC275e and TA1) have been extensively used 

commercially as legume seed inoculants in Australia and New Zealand (Lowther and Kerr, 2011).   
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Table 3.2 Rhizobia strains used to validate γ-MicroResp experiments and their origin, host, date of 
isolation and notes 

Code Geographic 
origin 

Host Isolation 
date 

Notes 

WU95 Western 
Australia 

T. subterraneum 1966  Commercial annual clover inoculant 
(1972-1999); shown to be persistent*. 

WSM409 Sardinia T. subterraneum  Commercial annual clover inoculant 
(2000-2003); tolerant of pH shock†.  

TA24, CC24 Unknown T. dubium 1969 Reported antibiotic producer*. 
SRDI943 Victoria, 

Australia 
T. michelianum 2000 25-50% effective with T. subterraneum. 

Sequenced by JGI‡. 
CC283b Majkop region, 

Russia 
T. ambiguum 1970 Caucasian clover inoculant since 1995*. 

RRI128 Victoria, 
Australia 

Medicago 
truncatula 

c. 1995 NZ inoculant for M. truncatula. 
Australian inoculant strain since 2001. 
Sequenced by JGI§. 

NA30 New South 
Wales, Australia 

Unknown  1953 Effective on T. subterraneum.  Inoculant 
strain 1956-1960*. 

SU157 New South 
Wales, Australia 

T. repens  1956 Effective on T. repens and former clover 
inoculant (1956)*. 

UNZ29 Uruguay T. subterraneum 1962 Effective on T. repens and former white 
clover inoculant*. 

CC275f Tasmania, 
Australia 

T. repens 1966 Cousin of NZ inoculant strain and noted 
as more effective*. 

CC1049a Alaska T. repens 1963 Effective on T. repens*. 
CC1047 New South 

Wales, Australia 
T. repens 1964 Effective on T. repens*. 

CC1320 Israel T. pauciflorum 1972 Effective on T. repens*. 
CC4334a South Australia T. versiculosum 1993 From very infertile soil; good 

persistence. Effective on T. 
vesiculosum*. 

SRDI166 Tasmania, 
Australia 

T. michelianum 2002 Effective on a broad host range. 

CC2483g Macedonia T. subterraneum 1965 Former Australian clover inoculant 
strain for Persian clover (1987-2003)*. 

TA1 Tasmania, 
Australia 

T. subterraneum 1950’s Commercial Australian white clover 
inoculant strain since 1961.  Lacks 
acidity tolerance. Sequenced by JGI ¶. 

CC275e Tasmania, 
Australia 

T. repens 1966 Effective on T. repens.  Previously used 
as a commercial inoculant strain in NZ*.  

WSM1325 Greece Annual Trifolium 
spp. 

 Effective for annual and perennial 
Trifolium of Mediterranean origin. 
Current Australian inoculant strain for 
annual clovers.  Sequenced by JGI**. 

*Brockwell et al. (1998), †O’Hara et al (2002), ‡Reeve et al. (2013a), §Reeve et al. (2014), ¶Reeve et 
al. (2013b), **Reeve et al. (2010) 
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3.2.2.2 16S rRNA gene sequencing 

To confirm the identity of the strains, the 16S rRNA gene region was amplified for DNA sequencing. 

DNA was extracted from the strains using the PureGene DNA extraction kit (Qiagen) according to 

the manufacturer’s instructions. The DNA was diluted to 20 ng per L and 1 L was used as the 

template for PCR. Each 25 μl PCR reaction also contained 2.5 μL of 10 x buffer (FastStart, Roche, 

USA), 200 μM of each dNTP, 1.25 U Taq DNA polymerase (FastStart, Roche, USA) and 10 pmole of 

each of the primers (Invitrogen) F27 (5’-AGAGTTTGATC(A/C)TGGCTCAG-3’) and R1494 (5’ 

CTACGG(T/C)TACCTTGTTACGAC-3’) (Weisburg et al., 1991). A negative control was included that 

contained all the reagents except the template DNA. The tubes containing the reaction mix were 

placed in a thermal cycler (Veriti™, Applied Biosystems, California, USA) and amplified using the 

following protocol: 90°C for 3 minutes (denaturation), then 35 cycles of: 94°C for 30 seconds 

(denaturation), 55°C for 30 seconds (annealing) and 72°C for 1 second (extension), and a final cycle 

of 72°C for 7 minutes. The PCR products (5 µL) were mixed with 3 µL of loading dye (0.025% v/v 

bromophenol blue, 0.025% v/v xylene cyanol, 40% w/v sucrose) and size separated using agarose 

gel electrophoresis in TE buffer.  Gels were then stained with ethidium bromide (0.5 μg mL-1 1 x 

TAE) for 15 minutes, rinsed in water and photographed under UV light using the VersaDoc™ Imaging 

System (Model 3000, Bio-Rad, California, USA).  This was used to ensure the PCR amplified the 

approximate size gene fragment and no contamination had occurred. 

 

Aliquots of purified PCR product were then sent for sequencing at the Lincoln University sequencing 

facility. The resultant sequences were manually inspected and trimmed. The DNA sequences were 

compared to strains on the NCBI genbank database using BLAST (Altschul et al., 1990) and the most 

similar matches were recorded. 

 

3.2.2.3 ERIC PCR fingerprinting 

ERIC PCR was used to identify and compare the DNA fingerprint for each of the strains. For ERIC 

fingerprinting, the DNA was diluted to 50 ng per L and 1 L was used as the template for PCR. 

Each 25 μl PCR reaction also contained 2.5 μL of 10 x buffer (FastStart, Roche, USA), 200 μM of each 

dNTP, 1.25 U Taq DNA polymerase (FastStart, Roche, USA) and 50 pmole of each of the primers 

(Invitrogen) ERIC 1R (5'-ATGTAAGCTCCTGGGGATTCAC-3') and ERIC 2 (5'-

AAGTAAGTGACTGGGGTGAGCG-3') (Versalovic et al., 1991).  The tubes containing the reaction mix 

were placed in a thermal cycler (Veriti™, Applied Biosystems, California, USA) and amplified using 

the following protocol: 95°C for 3 minutes (denaturation), then 40 cycles of: 95 °C for 1 minute 

(denaturation), 52 °C for 1 minute (annealing) and 72 °C for 1 minute (extension), followed by a 



96 
 

final cycle of 72 °C for 10 minutes. The resulting PCR products were loaded onto 1.3% w/v agarose 

gels and the DNA separated by agarose gel electrophoresis. 

 

The position and intensity of bands were determined using TotalLabTM software (Nonlinear 

Dynamics Ltd).  Genotypic variation among the isolates was compared with C-utilisation profiles. 

The aligned banding patterns were exported to PRIMER7 (Primer-E Ltd) to compare variation 

among ERIC profile groups (genotypes) and C-utilisation similarity profile (SIMPROF testing at 

α=0.05) phenotype groupings. 

 

3.2.2.4 Carbon utilisation 

The capacity of the rhizobia strains to utilise a range of 14 C sources was measured in the soil from 

Ashley Dene. Using the optimised process, the strains were each grown in YMB until the optical 

density (600 nm) of the cultures was in the range 0.4-0.7. For each strain, the relationship between 

the number of cells and optical density as determined by Weir (2006), was used to estimate the 

number of cells in the culture and sufficient culture was added to soil to reach a concentration of 

3.5 – 5.5 x 108 CFU g-1 at 20% MWHC. Two strains were loaded per plate (four columns of each), 

with four columns as uninoculated controls. The plates were then placed in a snap lock bag, sealed 

and incubated at 20°C overnight in the dark. 

 

Following overnight incubation of the soil, 14 different carbon sources, commonly found in the 

rhizosphere (Table 3.3), were individually added to the wells at 80 μl to achieve a final 

concentration of 8 mg C g-1 dry soil (Appendix 9.6) at a soil moisture of ~40-45% (Appendix 9.7). 

Water was also included alongside the carbon sources to measure background C utilisation of each 

strain in the soil. Sterile water was added to individual wells at 80 μl. Four carbon sources were 

tested per plate with eight replicates each. γ-MicroResp assays were incubated and indicator plates 

read (Section 3.2.1.2).  
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Table 3.3 Name, molecular weight, C percentage and C group of carbon sources added as pure 
compounds to validate γ-MicroResp for Experiments 3.1 and 3.2 

Carbon Source 

 
Molecular 
weight 

%C C Group 

Raffinose C18H32O16-5H2O 594.52 36.3 sugar 

Tyrosine C9H11NO3 181.19 59.6 amino acid 

D-(+)-glucosamine HCl C6H13NO5 · HCl 215.63 33.4 amino sugar 

Urea NH2CONH2 60.06 20.0 carbonyl compound 

Triton x-100 C14H22O(C2H4O)n (n = 9.5) 625 63.4 carbon 

L-proline C5H9NO2 115.13 52.1 amino acid 

L-alanine C3H7NO2 89.09 40.4 amino acid 

L-arabinose C5H10O5 150.13 40.0 carbohydrate 

D-fructose C6H12O6 180.16 40.0 sugar 
D-galactose C6H12O6 180.16 40.0 sugar 

a -D-glucose C6H12O6 180.16 40.0 sugar 

D- Xylose C6H12O7 180.16 40.0 sugar 

Maltose C12H22O11-H2O 360.32 40.0 sugar 

Mannitol C6H8(OH)6 182.172 39.5 sugar 

*all C sources were attained from Sigma-Aldrich (reagent grade), and made into 10 ml stock 
solutions 
 

3.2.2.5 Experiment 3.2: Validation of the assay to assess the carbon utilisation of 

Rhizobium sp. in two soils 

The aim of Experiment 3.2 was to define whether the carbon utilisation of strains was influenced 

by soil type. The ability of a subset of six strains of R. leguminosarum bv. trifolii to utilise different 

forms of C was measured using 14 different carbon sources  (Table 3.3) in the soil from Ashley Dene, 

using the optimised method and then these were compared with their carbon utilisation in the soil 

from Lincoln University. The six strains selected were WSM1325, CC275e, TA1, SRDI166, SU157 and 

WSM409. These strains were selected because they all grouped into different SIMPROF groupings 

based on their carbon utilisation in the soil from Lincoln University in Experiment 3.1.  WSM1325 

and CC275e were both from the same SIMPROF group. These two strains were included to compare 

how two strains with the same carbon utilisation profile would behave in a different soil. 

 

3.2.2.6 Statistical analysis 

For method development, analysis of variance (ANOVA) was used to test for i) effect of days of 

incubation of sterility, ii) effect of moisture content and incubation period on system sterility, iii) 

the effect of growth phase of R. leguminosarum bv. trifolii on absorbance and iv) the effect of time 

on the CFU counts for R. leguminosarum strain WSM1325. Fisher’s protected least significant 

difference (LSD) test was used to identify differences among treatments following ANOVA main 

test.  
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A logistic regression was fitted to the WSM1325 optical density over time (unreplicated data), 

WSM1325 cells ml-1 over time (treatment mean data) and four R. leguminosarum strains 

(WSM1325, CC275e, TA1 and RRI128) optical density over time (unreplicated data). 

 

 The logistic equation was: A + C/(1+e(-Bx(x-M))).  

 

All analyses were performed in Genstat edition 16 (VSN International Ltd).  

 

Data from Experiments 3.1 and 3.2 were analysed using a multivariate approach in the PRIMERv7 

software package (PRIMER-E Ltd, Plymouth, UK).  Responses of eight replicate assays (column of 

cells in 96 well plate) were averaged to reduce variation naturally expected in soil-based assay 

systems. Missing data (3 out of 283 values) were predicted based on responses of the samples 

across the wider dataset.  As the responses to the C sources were expected to differ among 

compounds, the data were normalized to place them within equivalent ranges (Wakelin et al., 

2008). Resemblance amongst samples (similarity in C source utilisation) was calculated using the 

Euclidean distance method. Euclidean distance is the natural distance between two points in space. 

In this context, the Euclidean distance between samples x and y can be defined algebraically as:  

 

𝑑𝑗𝑘 =  √∑ (𝑦𝑖𝑗 − 𝑦𝑖𝑘)
2
0

𝑝
𝑖=1    

 

Natural groupings of isolates based on similarity in C utilisation profiles were identified by cluster 

analysis SIMPROF (α=0.05) testing to identify groupings (Clarke et al., 2008).   

 

Using PRIMERv7, the intensity of the ERIC gel bands was log-transformed and similarity in banding 

patterns between isolates calculated using the Bray-Curtis method (Bray and Curtis, 1957). This 

method is used to quantify the dissimilarity between two samples and is defined as: 

 

𝑠𝑗𝑘 =100 {1 −
∑ |𝑦𝑖𝑗 − 𝑦𝑖𝑘|

𝑝
𝑖=1

∑ (𝑦𝑖𝑗 +  𝑦𝑖𝑘)
𝑝
𝑖=1

} 

 

The measure takes a value of zero when the two samples are identical and a maximum value of 

100 when two samples are completely dissimilar, irrespective of precise abundances (Clarke et al., 

2006). Association between the ERIC and γ-MicroResp derived resemblance matrices was 



99 
 

calculated using the RELATE routine; i.e. matrix correlation using the Spearman correlation 

coefficient method and permutation based significance testing (Clarke et al., 1993).   

 

SIMPROF groupings also compared with location, date of isolation or host to investigate if carbon 

utilisation of the 19 diverse strains correlated with these factors. This was done by grouping the 

strains based on each of these factors to see if these groups were identical to the SIMPROF groups 

generated in PRIMERv7. 
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3.3 Results 

3.3.1 Method Development 

3.3.1.1 Confirming soil is fit for purpose 

The results of the assay testing for background micro-organisms in the soil after 1, 3 and 7 days 

incubation, with increased soil moisture addition are provided in Figure 3.1.  An interaction 

(P=0.048, Appendix 9.9) between water added and day was observed. There was no difference 

between the absorbance readings on day 1 at all water levels, on day 3 at all water levels except 0 

and on day 7 when 20 μl was added. At all other water levels on day 7 absorbance was higher.  

 

On day 1, average absorbance was -0.007 and no colonies were evident on the dilution plates. On 

day 3 absorbance (0.01) was higher (P<0.001, Appendix 9.9) than day 1 and on day 7 absorbance 

(0.046) was higher (P<0.001, Appendix 9.9) than on both day 1 and day 3. On day 3 and day 7 a few 

colonies were also visible on plates. On day 3 plates had bacterial contaminants equal to 2.5 x 103 

CFU g-1 soil and on day 7 plates had bacterial contamination equal to 4.1 x 105 CFU g-1 soil (Appendix 

9.8).  

 

On day 1, no contamination between the wells of the 96 well plate was detected. The average 

absorbance of the wells that contained no rhizobia was 0 and the average absorbance of the wells 

with WSM1325 was 0.08. On days 3 and 7 the average absorbance of the control wells had 

increased to 0.02 and 0.11, respectively. Thus, low background numbers of micro-organisms in the 

soil were maintained for 1 day prior to running the assay, but could not be assured for longer 

incubation periods. The increase in background micro-organisms in the soil after day 1 could 

influence the results of γ-MicroResp and prevent the carbon utilisation of single strains being 

measured accurately. 

 



101 
 

 

Figure 3.1 Absorbance at 590 nm measured of wells containing γ irradiated soil from Lincoln 
University with increasing amounts of water added and no rhizobia after 1 (●), 3 (○) and 7 () days 
of incubation to test for sterility. Error bars are SEM of interaction (α=0.05). 
 

3.3.1.2 Ability to establish a viable population of rhizobia in  -irradiated soil 

On day 1 the rhizobia population was 4.8 x 106 g-1 of soil and by day 3 the population was 3.5 x 106 

g-1 of soil. There was no difference (P=0.193, Appendix 9.10) between the population of rhizobia on 

day 1 and day 3 which confirmed that the rhizobia population had survived in the soil.  The number 

of rhizobia added to soil was 2.4 x 105 times greater than the residual (background) microflora 

either surviving the γ-sterilisation or introduced as contaminates during the setup of the assays on 

day 3. 
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3.3.1.3 Optimal incubation length and soil moisture content 

In the soil from Lincoln University, there was an interaction (P=0.025, Appendix 9.11) between day 

and water added on the respiration of R. leguminosarum bv. trifolii. Respiration (measured by 

absorption) was highest (P=0.05) on day 0 when water was added at 40 – 120 μl and on day 1 when 

60 and 80 μl of water was added (Figure 3.2) with an average absorbance of 0.103. On day 1 when 

100 – 140 μl of water was added respiration decreased and was not different to respiration 

recorded on day 3 when 20 – 120 μl of water was added with an average absorbance of 0.060.  

 

Respiration was highest (P<0.001, Appendix 9.11) on day 0 with an average absorbance of 0.1 ± 

0.002. After one day of incubation rhizobia respiration was lower with an average absorbance of 

0.08 ± 0.002 and after three days average absorbance was lower again at 0.05 ± 0.002.  

 

For the soil from Ashley Dene, there was an interaction (P=0.05, Appendix 9.12) between day and 

water on respiration.  Respiration of the R. leguminosarum bv. trifolii was highest (P<0.001, 

Appendix 9.12) on day 1 when 20 - 60 L of water was added and on day 3 when 0 – 20 μl of water 

was added (Figure 3.3).  

 

Based on these results from both soils, adding 20 – 80 µl (average 50 µl) on day 1 was considered 

appropriate to maximize respiration.   
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Figure 3.2 Absorbance measured at 590 nm on plates containing soil from Lincoln University with 
Rhizobium leguminosarum strain WSM1325 and increasing amounts of water and incubated for 0 
(●), 1 (○) and 3 () days. Error bars are SEM of interaction (α=0.05).  
 

 

Figure 3.3 Absorbance measured at 590 nm on plates containing soil from Ashley Dene with 
Rhizobium leguminosarum strain WSM1325 and increasing amounts of water and incubated for 1 
(●) and 3 (○) days. Error bars are SEM of interaction (α=0.05). 
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3.3.1.4 Assessing the effect of growth stage of R. leguminosarum cells of the 

respiration response 

3.3.1.4.1 Optical density over time 

The time required to grow R. leguminosarum strain WSM1325 to different optical densities was 

determined (Figure 3.4). The logistic relationship, fitted to unreplicated data, explained 98% of the 

observed variation between optical density and time. It took approximately 35 hours for WSM1325 

to reach the stationary phase.  

 

 

 
Figure 3.4 Optical density at 600 nm over time for R. leguminosarm WSM1325 taken at over 42 
hours. Logistic equation: Y = 0.0311 + 0.6023/(1+e(-0.3435x(x-25.32))), R2 = 0.983 
 

The number of colony forming units increased (p < 0.01) over time. Counts of colony forming units 

were converted to number of cells per ml of broth (Appendix 9.8). The relationship, fitted to 

treatment mean data, explained 88% of the observed variation between cells ml-1 and time.  Counts 

of colony forming units at each sampling time confirmed that the number of cells in the broth 

stabilised around 32 to 38 hours (Figure 3.5).  
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Figure 3.5 Number of cells ml-1 over time for R. leguminosarm WSM1325 taken over 38 hours. 
Logistic equation: Y= -9342568 + 311397444/(1+e(-0.261x(X-21))), R2=0.879 
 

The relationship between optical density and time for R. leguminosarum strains WSM1325, 

CC275e, TA1 and S. meliloti strain RRI128 explained 99% of the observed variation of optical density 

over time (Figure 3.6). The weighted mean average growth rates were an increase in optical density 

of 0.034, 0.049, 0.022 and 0.026 per hour for WSM1325, CC275e, TA1 and RRI128, respectively. 

The time required to grow R. leguminosarum strains WSM1325, CC275e, TA1 and S. meliloti strain 

RRI128 to different optical densities was compared. It took 26 hours for all strains to reach an 

optical density between greater than 0.4.  
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Figure 3.6 Optical density at 600 nm of three strains of R. leguminosarum (WSM1325 ●, CC275e , 
TA1 ) and one strain of S. meliloti (RRI128 ○) over time. Logistic equations: CC275e y = -0.217 + 
3.40/(1+e(-0.0863x(X-35.57))), WSM1325 y = -0.134 + 1.697/(1+e(-0.1192x(X-26.06))), TA1 y = -
0.0484 + 1.146/(1+e(-0.1174x(X-29.58))), RRI128 y = -0.121 + 1.052/(1+e(-0.1488x(X-18.70))), R2 = 
0.993 
 

3.3.1.4.2 Effect of growth stage on respiration response 

The highest (P<0.001) absorbance at 590 nm in the γ-MicroResp was 0.23 when R. leguminosarum 

strain WSM1325 was grown to an optical density600 of 0.36 before being added into the soil. The 

lowest absorbance at 590 nm was 0.14 when R. leguminosarum strain WSM1325 was grown to an 

optical density600 of 0.07 before being added into the soil. 

 

3.3.1.5 Summary of optimised method 

Using aseptic laboratory practice, soil γ-irradiated with two doses of 25 kGy was loaded into deep 

(1.2 ml each well) 96 well plates (Greiner Bio-One) in a standard 8 x 12 configuration (Section 

3.2.1.2).  

 

Inoculation broths of the bacteria strains to be tested were made (Section 3.2.1.2) and grown to an 

optical density of approximately 0.4. Each inoculant was then made up to a concentration of 3.5 – 

5.5 x 108 CFU g-1 soil and delivered in sufficient water to raise soil moisture to approximately 20% 

of their respective maximum water holding capacity (MWHC; Jenkinson and Powlson, (1976)). An 

uninoculated control was also included on each plate. This was sterile water delivered at a sufficient 

rate to raise soil moisture to approximately 20% of their respective MWHC.  The plates were placed 

in a plastic bag, sealed and incubated at 20°C for 24 hours in the dark (Section 3.2.1.2). Following 
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pre-incubation, carbon sources were added at 8 mg C g-1 dry soil in 80 μl of water based on an 

empirically-measured optimal level for microbial respiration (Section 3.2.1.4). The plates were then 

sealed onto the gel-trap detection plate (Campbell et al., 2003) and incubated for 4 hours at 25°C 

in the dark and absorbance of the colorimetric detection plate was read (Section 3.2.1.2).  
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3.3.2 Validation of method 

3.3.2.1 Experiment 3.1. Validation of the assay to assess the C utilisation of Rhizobium 

sp. in Lincoln University soil 

All strains were confirmed as R. leguminosarum bv. trifolii, except RRI128 which was S. meliloti 

based on similarity of their respective 16S rRNA to those on NCBI GenBank database (Appendix 

9.2). The strains of rhizobia formed distinct phenotypic groups (P≤0.05) based on differences in C 

utilisation.  Figure 3.7 shows the C utilisation of each of the strains and the similarities among 

strains. Those with the same symbol utilised similar carbon sources to a similar extent. For example, 

R. leguminosarum strains SU157 and TA24 grouped together, with both strains able to utilise a wide 

range of C sources. R. leguminosarum strains WU95, CC1049a and CC1047 also formed a distinct 

group based on greater use of sugars compared with amino acids.  Overall, the strains were placed 

into nine metabolically distinct groups (α=0.05). The largest group contained four isolates and three 

isolates (WSM409, TA1 and UNZ29) were unique in their carbon utilisation profiles. 

 

 
Figure 3.7 Shade plot showing similarities between the strains and their ability to utilise the carbon 
sources. Strains with the same symbol (, , ,  ×, , ,  ●, , ) are not significantly different 
from each other based on SIMPROF testing at α=0.05. The colour gradient shows differences in 
absorbance (carbon utilisation) at 590 nm, warmer shades (yellow, orange, red, black; in ascending 
order from values of 2-4) denote higher use of the carbon source than lighter shades (green, blue 
white; in descending order from values of 2-0).  
 

Variation in carbon utilisation among the 19 diverse strains could not be attributed to origin 

(location), date of isolation, nor host symbiont.  However, a significant correlation between C 
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utilisation (phenotype) and ERIC banding patterns (genotype) (Appendix 9.13) was found 

(Spearman coefficient ρ=0.263; P=0.031).   

 

3.3.2.2 Experiment 3.2. Validation of the assay to assess the C utilisation of Rhizobium 

sp. in two soils 

Some strains differed in their response between the soils, while others retained similar metabolic 

profiles. R. leguminosarum strains WSM409, SRD166 and TA1 had different C utilisation profiles 

when placed in soil from Lincoln University and Ashley Dene.  However, the other three strains 

(CC275e, WSM1325 and SU157) had similar carbon utilisation profiles regardless of the soil 

background in which they were tested (Figure 3.8). For example, WSM409 only utilised urea in the 

soil from Lincoln University but in the Ashley Dene soil it used a range of amino acids. R. 

leguminosarum strain TA1 switched from utilizing amino acids in the Lincoln University soil to 

sugars in the soil from Ashley Dene soil. Other strains were less affected by soil type, for example, 

R. leguminosarum strains WSM1325 and CC275e both utilised a range of carbon sources in small 

amounts in both soils and R. leguminosarum strain SU157 used a wide range of carbons in both the 

soils from Lincoln University and Ashley Dene. 

 

 
Figure 3.8 Shade plot of six diverse strains showing similarities in their ability to utilise different 
carbon sources in soil from Ashley Dene (A) or Lincoln (L). Strains with the same symbol (, , , 
) are not significantly different from each other based on SIMPROF testing at α=0.05. The colour 
gradient shows differences in absorbance (carbon utilisation) at 590 nm, warmer shades (yellow, 
orange, red, black; in ascending order from values of 2-4) denote higher use of the carbon source 
than lighter shades (green, blue white; in descending order from values of 2-0).  
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3.4 Discussion 

3.4.1 Method development 

Sterilisation 

To monitor the fate of a single strain required the number of background micro-organisms to be 

sufficiently reduced in the soil prior to loading into the MicroResp system. The results show that 

acute gamma irradiation (50 kGy) sufficiently reduced the background micro-organisms in the soil 

and it background numbers remained low prior to running the assay (Figure 3.1). McNamara et al. 

(2003) also found that this rate was effective and preferable to other techniques, such as 

autoclaving, heat, or fumigation, as it has the least effect on soil physical properties. In a review by 

Trevors et al. (1996) it was reported that autoclaving broke down soil structure and released 

ammonium–N and amino acids. This review also attributed disadvantages to dry heat and 

fumigation as sterilisation methods as bacterial spores are resistant to dry heat and it is possible 

that chemical residues left in the soil after fumigation could affect bacteria reintroduced into the 

soil for γ-MicroResp. McNarmara (2003) found that although the majority of soil bacteria are 

eliminated at a lower rate of γ irradiation (20 kGy), higher rates were required for complete soil 

sterility. Buchan et al. (2012) reported that doses over 40 kGy reduced microbial biomass to below 

detection levels in most soil types.  

 

Soil chemistry -pH 

Soil test results post γ-irradiation showed changes in soil chemistry (Table 3.1). There was a drop 

in the pH of both the soils by approximately 0.5 of a pH unit. The effect of γ-irradiation on soil pH 

varies (McNamara et al., 2003). Similar to the current study, Gani et al. (2013) found that γ-

irradiation decreased the pH of starch extracted from lotus stem. They suggested this was caused 

by an increase in the carboxyl content, induced by free radicals breaking down starch molecules. It 

is possible that γ-irradiation could also cause an increase in the carboxyl content in the soil and 

therefore a decrease in pH.  In contrast, Lotrario et al. (1995) found that increasing soil moisture at 

the time of irradiation led to a greater increase in soil pH compared with soils with lower soil 

moisture. This shows that low soil moisture at the time of γ-irradiation is beneficial for reducing pH 

change.  Thompson  (1990) also found that pH values of soil treated with 20 kGy γ-irradiation 

increased. These were the treatments in which additional mineral N resulting from sterilisation did 

not nitrify to NO3  

 

Soil chemistry – available and mineral N 

The soil test results showed that in the soil from Lincoln University, available N and mineral N 

increased after γ irradiation from 63 to 83 kg ha-1 and 26 to 42 mg kg-1, respectively. The available 
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and mineral N remained constant in the soil from Ashley Dene. Olsen P also increased at both sites 

from 17 to 31 mg l-1 in the Lincoln University soil and from 15 – 19 mg l-1 in the Ashley Dene soil. 

This was consistent with prior research which has shown that γ-irradiation can cause significant 

increases in mineral N, exchangeable soil P, extractable S and a few other soil minerals due to death 

and lysis of cells, damage to soil organic matter and resilient enzymatic activity (McNamara et al., 

2003). This was mitigated by air drying the soil prior to irradiation as this has been demonstrated 

to improve chemical stability (McNamara et al., 2003). Regardless, the soil chemistry changes 

induced by γ-irradiation are still within ranges that would be experienced in pasture soils, so the 

process is considered appropriate of testing strains in the soil conditions they would be exposed to 

in the field. 

 

Soil moisture – Method to determine optimal rate 

For the γ-MicroResp system, the optimal moisture requirement for maximum carbon utilisation 

was determined by a simple and accurate method of added volumes of water into sterilised soil 

and measurement of the consequent respiration rate (Figure 3.2 and 3.3). Linn and Doran (1984) 

stated that maximum C mineralization occurs with around 60-70% of water filled pore space. 

However, this method is more difficult than the method used. To calculate 60-70% of water filled 

pore space, soil particle density needs to be measured as mass per unit of volume. To calculate this 

the soil is weighed to determine mass and the volume of the soil particles is determined using 

displacement of liquid by the soil particles. Based on this concept, the volume is calculated by the 

mass and density of water displaced by the particles (Flint and Flint, 2002).  

 

Soil moisture – Effect on respiration 

For γ-MicroResp, the optimal moisture was 50 µl and this was used in subsequent experiments. 

The results showed that respiration was maximised when 20 – 80 µl (average of 50 µl) of water was 

added to the γ-MicroResp system. Wakelin et al. (2013) also found a range of soil moisture contents 

resulted in optimal microbial respiration using the standard MicroResp™ method. Soil moisture has 

been shown to impact resource allocation pathways of soil microbiota, altering their respiration 

(Schimel et al., 2007). If soil bacteria are under stress, for example drought or flooding, resource 

allocation goes from growth to producing protective molecules. This reduces the respiration of the 

bacteria under these conditions. In this research, the soils used had an initial soil moisture of 20% 

after the addition of rhizobia. It is possible that this initial soil moisture was sufficient to allow 

respiration of the strains and soil moisture was not a limiting factor until higher amounts of water 

(> 80 μl) were added. Postma et al. (1989) also found that rhizobia survived longer in soils with low 
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soil moisture (4%) compared with high soil moisture (34%). They suggest this is due to the cells 

being able to get into narrower pores and penetrate more aggregates in soils with a lower moisture 

content compared with a higher soil moisture content.  

 

Bacteria number and growth stage 

Strains were added to γ-MicroResp in their exponential growth phase at a rate similar to those 

found in the field. Strains were present in the soil at 4.8 x 106 per gram of soil on day 1. This was 

similar to rhizobia populations in the field which have been reported to range between 4,000 – 

100,000 per gram of soil (Lowther and Kerr, 2011). The clearest difference between strains in 

respiration response was observed when R. leguminosarum bv. trifolii strains were added in the 

early exponential phase of their growth (approx. optical density600 of 0.4) (Figure 3.4 and 3.6). It is 

unlikely that all bacteria in soil are at a physiologically identical phase of growth. However, the 

addition of bacteria in a similar growth stage provided consistency in results. Cells in the 

exponential stage of growth are reproducing rapidly. This stage is known to occur in the soil for 

brief periods of time following the addition of a substrate (Maier, 2000). During the exponential 

phase there are no growth limiting factors and therefore differences in response recorded by γ-

MicroResp in this phase can be related back to the treatment added rather than factors that limit 

growth. It is also important to look at the carbon utilisation of strains in the exponential stage 

because it is during the saprophytic growth stage in the rhizosphere that competition occurs 

(Wielbo et al., 2012).  

 

Carbon sources used 

γ-MicroResp was validated using 14 carbon sources. These carbon sources came from a wide range 

of carbon groups found in the rhizosphere (Campbell et al., 1997) and root exudates (Lynch and 

Whipps, 1991; Lesuffleur and Cliquet, 2010), and included both amino acids and sugars. The γ-

MicroResp used less C sources than the Biolog™ but this group of 14 carbon sources is sufficient to 

provide an overall picture what carbon sources each strain is using in the rhizosphere. Campbell et 

al. (2003) measured the C utilisation of soil communities under different vegetation and soil treated 

with wastewater sludge using MicroResp™ with 15 C sources and Biolog™ with 15 and 125 C 

sources. Significant (P<0.05) differences between the treatments were found when C utilisation 

was measured using MicroResp™ and 15 C sources. The Biolog™ system found no significant 

differences between the treatments regardless of how many C sources were used. This shows that 

the 14 C sources used with γ-MicroResp sufficiently represent the responses to general C utilisation 

in general, but also that the test system is appropriate for assessing responses in soil. Indeed, 
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without using the whole-soil system inherent in MicroResp™, the differential responses to the C 

utilisation between soils would not have been detectable. 

 

Carbon utilisation of different strains 

γ-MicroResp was used to test the ability of 19 diverse strains of R. leguminosarum bv. trifolii (Table 

3.2) to utilise 14 carbon sources. These strains were shown to be phenotypically diverse, forming 

nine significantly different groups based on C cycling differences (Figure 3.7). This correlated with 

previous research on carbon utilisation by strains within the species R. leguminosarum bv. trifolii, 

R. leguminosarum bv. viciae and Rhizobium etli (Section 1.4.3). These studies also suggest that the 

carbon utilisation of a strain may be an indicator of its competitive ability when challenged by 

naturalised strains present in soil. In a similar manner the γ-MicroResp could be used as a tool to 

efficiently screen symbiotically effective isolates for competitiveness. Competitiveness of strains is 

commonly studied in plant growth experiments (Pinto et al., 1974; Denton et al., 2003; Duodu et 

al., 2009), or in the field (Brockwell et al., 1982). This application of this method could reduce the 

time spent conducting plant growth competition experiments as these are often laborious and time 

consuming. The relationship between C utilisation and competitiveness will be investigated in 

Chapter 4. 

 

The influence of origin, date of isolation and host type on Carbon utilisation 

The results showed that carbon utilisation of the 19 diverse strains was not associated by source 

origin, date of isolation or host type. There was a correlation between ERIC-PCR established 

genotype variation and carbon utilisation (phenotype). However, this correlation was weak 

(P=0.031). This indicated that genetic factors cannot be the only measure used to predict carbon 

utilisation phenotype. ERIC and other molecular methods have been used to try and relate 

genotype to carbon utilisation (Section 1.4.5). However, as we have shown here, actual phenotype 

information is readily, and cost effectively, obtainable using the γ-MicroResp system, and this has 

a great advantage when phenotypes are plastic to environmental variation.  

 

Advantages of γ-MicroResp 

The γ-MicroResp method has a number of advantages over other existing high-throughput 

methods for studying bacteria in the rhizosphere.  Currently, most techniques used to assess the 

role of edaphic properties on microbial activity only resolve effects at a community level or do not 

allow single strains to be measured in the soil environment (Section 1.4.4). The advantage of this 

new, γ-MicroResp method is that it allows the assessment of the impact of edaphic factors on the 
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C utilisation of single strains in the soil environment. Properties such as moisture, temperature, 

resources (primarily carbon availability and type) can be altered and the system is also time and 

cost efficient.   

 

3.4.2 Soil impacts on R. leguminosarum strains 

PRIMERv7 was used to analyse these data. The data generated from γ-MicroResp for Experiments 

3.1 and 3.2 is multivariate in nature. Multivariate data come from more than one variable and are 

often large and complex in nature and can be difficult to analyse (Somerfield and Clarke, 2013). 

PRIMERv7 was designed to enable ecologists to analyse ecological and environmental science 

multivariate data (Clarke and Warwick, 1994). The method used to analyse the data in Experiments 

3.1 and 3.2 was described by Field et al. (1982) and expanded on and clarified by Clarke (1993). This 

method allows patterns among samples and groups of samples and similarities to be identified. 

Somerfield and Clarke (2013) have also demonstrated how these approaches can be used to 

measure associations among species using a range of datasets. This method has also been used to 

analyse data produced by the original MicroResp™ system (Wakelin et al., 2008). 

 

Effect of soil type 

γ-MicroResp has given a unique insight into the how different microorganisms react in different 

soils and how changes to the soil environment can impact specific species and strains in the 

microbial community. Therefore, C utilisation was expected to be different under different soil 

conditions. Carbon utilisation differed among strains of the same species (and symbiovar), but 

some strains were more responsive to the soil environment than others (Figure 3.8). R. 

leguminosarum strains TA1, SRDI166 and WSM409 all had different C utilisation in soil from Ashley 

Dene and Lincoln University. R. leguminosarum strain TA1 utilised more glucosamine, proline and 

alanine in the soil from Lincoln University, while SRDI166 utilised more arabinose, fructose and 

maltose and WSM409 utilised more urea in the soil from Lincoln University. In the soil there are 

many basal nutrients and edaphic factors that may influence the ability of a bacterium to utilise C. 

For those strains that performed differently in heterologous soil backgrounds the changes could be 

mediated by factors such as pH which strongly influences the activities of microbial communities, 

and is a known regulator of gene expression (Nicol et al., 2008). Soil pH will affect the chemical 

form, concentration, and availability of substrates and influence cell growth and activity (Kemmitt 

et al., 2006). This suggested that some strains may be adapted to different sites and γ-MicroResp 

could be used to screen for strains that match adverse soil conditions, such as acidic or high Al3+ 

soils. R. leguminosarum strains WSM1325, CC275e and SU157 had the same carbon utilisation in 

both soils. R. leguminosarum strains WSM1325 and CC275e both utilised a range of carbon sources 
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in small amounts. R. leguminosarum strain SU157 used a wide range of carbons in soils from Lincoln 

University and Ashley Dene. For commercial inoculants, it may be useful to have a strain, such as 

R. leguminosarum strain SU157 that is a generalist and performs well in most soils. This may reduce 

the often observed variability in efficiency of microbial products (Herridge et al., 2002; Denton et 

al., 2003).  The effect of soil type on naturalised strains from New Zealand is investigated in Chapter 

4. 

 

3.4.3 Potential applications in microbial ecology 

The γ-MicroResp could be used for other applications. The specific conditions tested provide a 

general guide, but should be retested and optimised for other target bacterial taxa, to ensure that 

optimal C utilisation response is measured. For example, other potential uses of this method would 

be to screen for the soil and rhizosphere adaptation of P solubilizing bacteria. There is no 

appropriate test to identify the ability of P solubilizing bacteria to colonize the soil niche  (Glick, 

1995) and this is likely to have contributed to few P solubilizing bacteria reaching commercial 

endpoints. A system such as this could easily incorporate different P sources within the soil samples 

and provide a useful tool to assist the choice of strains for transition from laboratory to field.  

 

γ-MircoResp could also be used to screen strains for tolerance to adverse environments. The 

challenge for agriculture is to find effective bacterial strains adapted to prevailing environmental 

conditions with a strong competitive ability against naturalised and less effective strains (Lindstrom 

et al., 2010). Mazur (2013) tested 22 strains using BioLog™ for their metabolic capabilities. The 22 

strains tested showed some degree of versatility and significant similarity in metabolic profiles with 

respect to the number of utilised nutrition sources and tolerance to osmotic stresses and pH 

extremes. It was concluded that metabolic properties may contribute toward a particular niche 

adaptation.  

 

 γ-MicroResp could also be used to look at the effects of different bacteria on each other by 

measuring carbon utilisation of two strains added to the sterile soil together. The microbial 

composition of the rhizosphere is influenced by the compounds such as flavonoids, phenolics, 

sugars, dicarboxylic acids and amino acids, which are exuded by plant roots (Brencic and Winans, 

2005). Investigating how the C utilisation of multiple bacteria species in the rhizosphere changes 

under different conditions could help understand what drives the community structure of the 

rhizosphere. Studies on the interactions between these organisms are also important for 

understanding a range of processes such as nutrient cycling, ecosystem functioning and carbon 

sequestration (Singh et al., 2004). γ-MicroResp could help in the development of dual inoculants 
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where bacteria with different advantages (e.g. P solubilizing and N fixing) are mixed together. Dual 

inoculants are of great practical relevance as farmers are more likely to adopt technology that 

requires a single inoculation procedure (Rice et al., 2000b).  This method could also be applied to 

fungal taxa, such as those used in biocontrol of soil-borne pathogens or as growth promotants. For 

example, Trichoderma spp. which often exert biocontrol effects by competition within the 

rhizosphere (Verma et al., 2007).  

 

3.4.4 Conclusions 

 γ-MicroResp is a novel use of the MicroResp™ system, developed to investigate the C 

utilisation of single bacterial strains, specifically R. leguminosarum bv. trifolii,  within a 

physical soil environment.  

 γ-MicroResp allows the respiration of single bacterial strains in soil amended with common 

plant root exudates such as sugars, amino acids and organic acids to be measured.  

 This tool will enable the assessment of the ecology of micro-organisms within the complex 

soil environment. A challenging area of research with few robust research tools available. 

 Further research is required to confirm the relationship between C utilisation and the 

competitive ability of a strain so that the tool can be used to improve the selection and 

deployment of commercial microbial inoculants. This is investigated in Chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





118 
 

4.2 Materials and methods 

4.2.1 Experiment 4.1: Carbon utilisation of seven Rhizobium leguminosarum strains 

using γ-MicroResp 

The null hypothesis for experiment 4.1 was that four naturalised strains from New Zealand and 

three commercial strains, would have the same ability to utilise different carbon sources in soil 

from two different sites (Ashley Dene and Lincoln University). The strains and their details are listed 

in Table 2.5.  

 

The ability of these rhizobia strains to utilise a range of 14 carbon sources was measured in soils 

retrieved from Ashley Dene and Lincoln University, using the optimised γ-MicroResp process 

(Section 3.3.1.5). The carbon compounds (sugars, amino acids and carbohydrates) represented a 

range of common rhizosphere exudates (Lynch and Whipps, 1991; Lesuffleur and Cliquet, 2010). 

Water was also included alongside the 14 carbon sources to measure background C utilisation. 

 

The analysis preserved the inherent multivariate nature of the data, using the approach given in 

Section 3.2.2.6. 

 

4.2.2 Experiment 4.2: Competitive ability of three Rhizobium leguminosarum strains 

Experiment 4.2 tested the null hypothesis that strains which are abundant utilisers of a wide range 

of carbon compounds have the same competitive ability in the rhizosphere and occupy the same 

number of nodules as strains with low and/or poor utilisation. The R. leguminosarum strains chosen 

for this experiment were two naturalised strains from Ashley Dene, ADWC3a and ADWC3b and the 

current commercial inoculant, TA1 (Table 2.5). These strains were chosen because they all had 

different carbon utilisation profiles based on the results of Experiment 4.1. 

 

4.2.2.1 Experimental set up 

The soil used in this experiment was a Lismore pallic firm brown soil (Typic Dystrustept) collected 

from Winchmore. The MPN of R. leguminosarum in the soil was tested using the method described 

in Section 2.2.2 and was non-detectable. This soil was mixed with 10% pumice and 3 ml of sterile 

water for every 22.5 g soil. Fifty ml tubes were then filled with 25 g of the soil/pumice mixture. This 

soil was chosen because of its low (undetectable) background rhizobia levels. 
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Table 4.1 Soil test results from the Lismore soil retrieved from Winchmore research station and 
used in Experiment 4.2. 

Soil type pH Olsen 
P 

mg/l 

Potassium 
me/100g 

Calcium 
me/100g 

Magnesium 
me/100g 

Sodium 
me/100g 

Available N 
Kg/ha  

Soil 
moisture 

Lismore 
pallic firm 
brown soil 

5.2 12 0.58 3.2 1.39 0.10 131 22% 

 

4.2.2.2 Inoculation 

Broth cultures of each strain were prepared and inoculant was made as described in Section 2.2.3.3. 

The solutions that contained the isolates were diluted to 1 x 106 CFU ml-1 (equivalent to ~4 x 104 

CFU g-1 soil) prior to mixing the treatments. The tubes that contained soil were inoculated with the 

appropriate treatment two days prior to planting. 

 

There were 10 treatments in this experiment (Table 4.2). They include combinations of the strains 

at different ratios and a control. The prepared solutions contained each strain at 1 x 106 CFU ml-1 

(equivalent to ~4 x 104 CFU g-1 soil) mixed to the appropriate ratios for each treatment in a sterile 

50 ml tube. Each tube was inoculated with 2 ml of the previously mixed inoculant. This brought the 

total concentration of cells in each tube to 8 x 104 CFU g-1 soil. To inoculate the soil, 2 x 1 ml of the 

mixed inoculant was pipetted evenly over the soil. Each treatment was replicated five times. Five 

tubes had no rhizobia added as a control to check for contamination. To these tubes 2 ml of sterile 

water was added. 

 

Table 4.2 Strain and ratio treatments for Experiment 4.2 

Treatment Strain 1 Strain 2 Ratio 

1 TA1 ADWC3a 1:1 
2 TA1 ADWC3a 4:1 
3 TA1 ADWC3a 1:4 
4 TA1 ADWC3b 1:1 
5 TA1 ADWC3b 4:1 
6 TA1 ADWC3b 1:4 
7 ADWC3a ADWC3b 1:1 
8 ADWC3a ADWC3b 4:1 
9 ADWC3a ADWC3b 1:4 
10 Control            No rhizobia 

 

4.2.2.3 Confirmation of inoculant concentration 

Prepared cultures of each of the three strains were serially diluted to confirm the concentration. 

One ml of each inoculant at 1.2 x 107 cells ml-1 was mixed with 9 ml of sterile water containing 

0.01% w/v agar and 0.01% v/v Triton. Aliquots of 100 l from the 10-2 – 10-3 serial dilutions were 
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spread onto three replicate YMA plates and incubated at 25°C in the dark for 48 hours before 

counting CFU’s. The number of cells ml-1 in each inoculant was calculated (Appendix 10.1), as was 

number of cells g-1 of soil in each tube (Appendix 10.2). 

 

4.2.2.4 Planting 

‘Tribute’ white clover seeds were sterilised (Section 2.2.3.2) and then spread out on to water agar 

plates (1.5% (w/v), autoclaved 15 minutes at 121°C, 15 psi) and incubated in the dark at 20°C for 

three days to allow germination. 

 

Two days after soil inoculation, one germinated seed was placed into each prepared 50 ml tube. 

The tubes were sealed with transparent plastic wrap and a ~2 mm hole was pierced in the top using 

a sterile skewer. Tubes were weighed and the weight recorded for watering. The tubes were 

randomised using a random number generator (www.randomizer.org) and set out as a complete 

randomised block design in racks. The plants were grown in a growth room with a 12 hours 

photoperiod at a constant 22C for 10 weeks. Sterile water was added to the tubes as required to 

retain their initial weight. After four weeks, the transparent plastic wrap was removed and minigrip 

bags (75 x 130 mm) were placed over tubes to reduce opportunity for cross contamination. These 

were sealed around the tube with a small section left unsealed to allow for airflow.  

 

4.2.2.5 Harvest and bacterial isolation from nodules 

At 10 weeks post soil inoculation the plants were harvested. The roots were extracted from the soil 

and gently hand washed to remove excess soil. The nodules were removed, surface sterilised and 

plated onto YMA (Section 2.2.1.3).  

 

4.2.2.6 Genotyping 

Genotyping was used to identify isolates in each of the nodules (Section 2.2.1.6). DNA fingerprinting 

of the recovered bacterial colonies was performed by ERIC-PCR (Versalovic et al. 1991) (Section 

2.2.1.5). To identify the different rhizobia genotypes, the gel images from each of the samples were 

visually assessed. The ERIC banding patterns of the three R. leguminosarum strains, TA1, ADWC3a 

and ADWC3b were distinct. Therefore, the number of samples with identical banding patterns to 

the three inoculant strains could be counted. 

 

4.2.2.7 Statistical analysis 

When applied in pairs the probability that successful nodulation of a strain is 0.5 (it is random that 

strain A or B infect the nodule) and this was tested using an exact binomial test. The presence of 
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other strains was ignored in this analysis. Variables were also analysed using Pearson’s Chi-square 

test of independence at α = 0.05. This method determined if there was a significant difference 

between the observed frequencies of a strain and the expected frequencies, based on the ratio of 

rhizobia added.  

 

4.2.3 Experiment 4.3: Competitive ability of ADWC3a in non-sterile soil from Lincoln 

University 

This experiment tested the null hypothesis that R. leguminosarum strain ADWC3a was able to 

compete with naturalised rhizobia for nodule occupancy. The strain ADWC3a was used because it 

was the most competitive strain found in Experiment 4.2. 

 

4.2.3.1 Experimental set up 

The soil used for this experiment was a non-sterile soil collected from Lincoln University (Table 3.1). 

The MPN of R. leguminosarum in the soil was tested (Section 2.2.2) and was 110 cells g-1. This soil 

was mixed with 10% pumice and wetted with sterile water. Fifty ml tubes were filled with 25 g of 

the soil/pumice mixture.  

 

4.2.3.2 Inoculation 

Broth culture of ADWC3a was prepared (Section 2.2.3.3) and the original inoculant containing 

ADWC3a was made (Section 2.2.3.3). To make the four treatments for this experiment, the original 

inoculant containing ADWC3a was diluted down to concentrations of 1 x 106 cells ml-1, 1 x 105 cells 

ml-1, 1 x 104 cells ml-1, 1 x 103 cells ml-1 and 1 x 102 cells ml-1 prior to inoculation. The 50 ml tubes 

containing soil were inoculated two days prior to planting. Each tube was inoculated with 2 ml of 

the appropriate diluted inoculant. To inoculate the soil 2 x 1 ml of the inoculant was pipetted evenly 

over the soil. Each treatment was replicated five times. Five tubes had no rhizobia added as a 

control to check for rhizobia contamination. To these tubes 2 ml of sterile water was added. 

 

4.2.3.3 Confirmation of inoculant concentration 

The inoculant treatments were plated to confirm the concentration of each. Aliquots of 100 l from 

the 1 x 104 – 1 x 102 cells ml-1 inoculants were spread onto three replicate YMA plates (Appendix 

8.3) and incubated at 25°C in the dark for 48 hours before counting CFU’s. The number of cells ml-1 

in each inoculant was calculated (Appendix 10.1) as was number of cells g-1 of soil in each tube 

(Appendix 10.2). 
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4.2.3.4 Planting 

‘Tribute’ white clover seeds were sterilised (Section 2.2.3.2) and then spread out on to water agar 

plates (1.5% (w/v), autoclaved 15 minutes at 121°C, 15 Psi) and incubated in the dark at 20 °C for 

three days to allow germination. Two days after inoculation, seeds were planted and randomized 

and plants grown and watered as required (Section 4.2.2.4).  

 

4.2.3.5 Harvest and bacterial isolation from nodules 

Six weeks post soil inoculation plants were harvested and nodules were sterilised and plated 

(Section 4.2.2.5).  

 

4.2.3.6 PCR amplification of bacterial DNA using ERIC primers and genotyping 

Genotyping using a rapid DNA extraction process was used to identify isolates in each of the 

nodules (Section 4.2.2.6). The ERIC banding pattern for ADWC3a was distinct and was not found in 

the control plants and, therefore the samples with identical banding patterns to this inoculant 

strain (ADWC3a) were assumed to be from the applied inoculant and counted. 

 

4.2.3.7 Statistical analysis 

A logistic regression model was fitted to the data with proportion of ADWC3a in the nodules related 

to the log of ADWC3a inoculant rate to test for the significances of increasing inoculation rate on 

nodule occupancy of ADWC3a. Control observations were ignored in this analysis.  
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4.3 Results 

4.3.1 Experiment 4.1: Carbon utilisation of seven Rhizobium leguminosarum strains 

measured using γ-MicroResp 

In soil from Ashley Dene, the seven strains of rhizobia formed three metabolically distinct (P≤0.05) 

phenotypic groups based on their differences in C utilisation, which was measured by the 

respiration of the strains (Figure 4.1). R. leguminosarum strains WSM1325, ADWC3b, ADSub1h and 

ADSub1g grouped together, with all four strains able to utilise only a few C sources. R. 

leguminosarum strain ADWC3a and TA1 grouped together, with both strains able to utilise more 

amino acids than sugars. R. leguminosarum strain CC275e formed a distinct group based on greater 

use of a range of C sources.  

 

In the soil from Lincoln University, the seven strains of rhizobia formed three metabolically distinct 

(P≤0.05) phenotypic groups based on differences in C utilisation (Figure 4.2). R. leguminosarum 

strains WSM1325, CC275e, ADWC3b, ADSub1h and ADSub1g grouped together, with all five strains 

able to utilise a wide range of C sources, albeit at low amounts. R. leguminosarum strain ADWC3a 

formed a distinct group (singleton) based on its ability to utilise a wide range of carbon sources in 

high amounts. In contrast, R. leguminosarum strain TA1 formed a distinct group because of its low 

utilisation of all C sources. Out of the three distinct groups, the largest group contained five isolates 

while the other two isolates were unique in their carbon utilisation profiles. Between the two soils, 

R. leguminosarum strains TA1 and CC275e were the only two strains that differed in their C 

utilisation between the two soils with both utilizing more carbon sources in the Ashley Dene soil 

compared with the Lincoln University soil. Relative to other strains R. leguminosarum strain TA1 in 

the soil from Lincoln University used none of the applied carbon sources (Figure 4.2). This strain is 

using the carbon sources just not at significant rates compared to the rates the other strains are 

using the carbon sources.  
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Ashley Dene 

 
Figure 4.1 Shade plot showing similarities between the strains and their ability to utilise the carbon 
sources in soil from Ashley Dene. Strains with the same symbol (, , ) are not significantly 
different from each other based on SIMPROF testing at α=0.05. The colour gradient shows 
differences in absorbance (carbon utilisation) at 590 nm: warmer shades (yellow, orange, red, 
black; in ascending order from values of 1.5 - 3) denote higher use of the carbon source than lighter 
shades (green, blue white; in descending order from values of 1.5 - 0).  
 

Lincoln University 

  

Figure 4.2 Shade plot showing similarities between the strains and their ability to utilise the carbon 
sources in soil from Lincoln University. Strains with the same symbol (, , ) are not significantly 
different from each other based on SIMPROF testing at α=0.05. The colour gradient shows 
differences in absorbance (carbon utilisation) at 590 nm: warmer shades (yellow, orange, red, 
black; in ascending order from values of 1.5 - 3) denote higher use of the carbon source than lighter 
shades (green, blue white; in descending order from values of 1.5 - 0).  
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4.3.2 Experiment 4.2: Competitive ability of three Rhizobium leguminosarum strains 

4.3.2.1 Initial number of cells in the inoculant prior to being added to the soil 

The initial number of cells ml-1 of inoculant was the same (P=0.701) for all three strains at 1.8 x 106. 

The number of cells ml-1 was higher than the estimated concentration of 1 x 106 cells ml-1. The 

actual number of cells added to each tube was therefore 3.6 x 106 in 2 ml and was equal to 1.4 x 

105 g-1 soil. 

 

4.3.2.2 ADWC3a:ADWC3b 

ADWC3a was always more successful for nodule occupancy than ADWC3b (P<0.001) regardless of 

the ratio at which the two strains were initially added to the soil (Table 4.3). When ADWC3a and 

ADWC3b were added at a 1:1 ratio, 100% (n=15) of the nodules contained ADWC3a (P<0.001). 

When ADWC3a and ADWC3b were added at a 1:4 ratio, 89% (n=31) of the nodules contained 

ADWC3a (P<0.001). At a ratio of 4:1 ADWC3a was found in 94% (n=31) of the nodules (P<0.001). 

These results showed that at all ratios the two strains do not have a 50:50 chance of nodule 

occupancy. Nodule occupancy was driven by strain and not the ratio the strain was added in the 

soil. ADWC3a was predominant even when added 1:4 with ADWC3b, therefore it can be concluded 

that the strain influenced nodule occupancy. 

 

Analyses of the observed and expected ratios using Pearson’s Chi squared test of independence 

found that at ratios of ADWC3a:ADWC3b 4:1 the observed values were not different (P=0.311). 

However, at ratios of 1:1 and 1:4 the observed values were different values (P: 1:1=0.026 and 1:1 

< 0.001) from the expected. This confirmed that in this case strain was influencing nodule 

occupancy. 

 

4.3.2.3 TA1:ADWC3a 

R. leguminosarum strain ADWC3a was also always more successful (P<0.001; Table 4.3) at nodule 

occupancy than R. leguminosarum strain TA1. When both strains were added at a 1:1 ratio, 92% 

(n=12) of the nodules contained R. leguminosarum strain ADWC3a (P=0.003). When R. 

leguminosarum strains TA1 and ADWC3a were added at a ratio of 1:4, 77% (n=30) of the nodules 

contained ADWC3a (P<0.001). At the 4:1 ratio R. leguminosarum strain ADWC3a was found in 75% 

(n=40) of the nodules (P<0.001). These results showed that, at all ratios, these two strains did not 

have a 50:50 chance of nodule occupancy. Nodule occupancy was again driven by strain or ratio 

the strain was added in the soil. R. leguminosarum strain ADWC3a was predominant over R. 

leguminosarum strain TA1 even when added 1:4 with TA1. 
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Analyses of the observed and expected ratios using Pearson’s Chi-squared test of independence 

found that at ratios of R. leguminosarum strain ADWC3a:TA1 1:1 the observed values were not 

different (P=0.095). However, at ratios of 1:4 and 4:1 the observed values were different (P< 0.001) 

from the expected. This again confirmed that strain was influencing nodule occupancy. 

 

4.3.2.4 TA1:ADWC3b 

R. leguminosarum strain ADWC3b was not always more successful (P=0.200) at nodule occupancy 

than TA1 when both strains were added to the soil at different ratios (Table 4.3). At the 1:1 ratio, 

R. leguminosarum strain ADWC3b was more successful (P=0.020) than R. leguminosarum strain TA1 

with 76% (n=13) nodules occupancy. However, when R. leguminosarum strains ADWC3b and TA1 

were added at 1:4 (P=0.300) or 4:1 (P=0.400) there was no difference between the number of 

nodules containing R. leguminosarum strain ADWC3b and the number of nodules containing R. 

leguminosarum strain TA1. These results show that at ratios of 1:4 and 4:1 the two strains had 

50:50 chance of nodule occupancy. However, analyses of the observed and expected ratios using 

Pearson’s Chi-squared test of independence found that at all ratios the observed values were not 

different from the expected values (P: ADWC3a:TA1 1:1=0.63, 1:4 = 0.166 and 4:1 = 0.288) which 

suggested ratio and not strain influenced the proportion of each strain in the nodules. 

 

Table 4.3 Percentage of each genotype found in white clover plants inoculated with two strains of 
R. leguminosarum at different ratios  

ADWC3a ADWC3b TA1 Other 

ADWC3a:ADWC3b     

1:1 100% 0% - 0% 

1:4 89% 11% - 0% 

4:1 94% 0% - 6% 

ADWC3a:TA1     

1:1 92% - 8% 0% 

4:1 77% - 10% 13% 

1:4 75% - 11% 13% 

ADWC3b:TA1     

1:1 - 76% 18% 6% 

4:1 - 62% 33% 5% 

1:4 - 39% 61% 0% 
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4.3.3 Experiment 4.3: Competitive ability of ADWC3a in non-sterile soil from Lincoln 

University 

4.3.3.1 Initial number of cells in the inoculant prior to being added to the soil 

The initial number of cells ml-1 of the R. leguminosarum strain ADWC3a inoculant was 7.8 x 105. The 

number of cells ml-1 was lower than the estimated concentration of 1 x 106 cells ml-1. The actual 

number of cells added to each tube with the 1 x 106 inoculant rate was therefore 1.6 x 106 in 2 ml 

and was equal to 6.2 x 104 CFU g-1 soil. The actual number of cells g-1 soil for the other inoculation 

treatments are shown in Table 4.4. 

 

4.3.3.2 ADWC3a vs. naturalised strains 

Non sterile soil from Lincoln University soil had a background MPN of 110 cells g-1 soil. The 

percentage of R. leguminosarum strain ADWC3a in the nodules increased (P<0.001) with increased 

inoculation rates. At inoculation rates of 640 cells g-1 soil and below, R. leguminosarum strain 

ADWC3a was present in < 14% (less than three nodules) for each treatment (Table 4.4). The 

percentage of R. leguminosarum strain ADWC3a present in the nodules increased up to 42% (8/11) 

at an inoculation rate of 6400 cells g-1 soil and 55% (16/29) at an inoculation rate of 64000 cells g-1 

soil.  

 

Table 4.4 Percentage of each genotype found in plants inoculated with R. leguminosarum strain 
ADWC3a at different concentrations in non-sterile Lincoln University soil with a background MPN 
of 110 cells g-1 soil. 

Soil inoculation rate 
(cells/g soil) 

Nodule occupancy 

ADWC3a Other 

0 0% 100% 
6.4 14% 86% 
64 4% 96% 
640 9% 91% 
6400 42% 58% 
64000 55% 45% 
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4.4 Discussion 

4.4.1 Justification of R. leguminosarum isolates selected 

To minimize potential confounding influence from variation in plant and molecular signaling, the 

chosen naturalised strains were originally recovered from two nodules on the same plant on each 

of two different clover species: subterranean and white clover. The commercial R. leguminosarum  

strains WSM1325, CC275e and TA1 were included as they have all been used commercially as white 

or subterranean clover seed inoculants in Australia and New Zealand (Lowther and Kerr, 2011). 

Therefore, it was assumed that these strains all responded to the flavonoids produced by these 

clover species in a similar manner and had appropriate nod factors and thereby effects from 

variation in the interaction between these factors was minimised in the results of this chapter. 

 

4.4.2 Justification of using carbon utilisation to predict competitive ability of R. 

leguminosarum strains 

The carbon utilisation of the seven strains was not associated with source origin, host type or 

individual plants the nodules were isolated from. This was similar to the results found with the 

international collection of strains in Chapter 3 and further validated the need for tools such as γ-

MicroResp to enable quick screening of many isolates.  As in Chapter 3, some strains remained 

consistent in their group placement despite differences in soil background, whereas, others were 

variable. In both collections from Chapter 3 and Chapter 4, R. leguminosarum strains WSM1325 

and CC275e grouped together in the soil from Lincoln University. The consistency of the grouping 

of these isolates reinforced the robustness and consistency of the γ-MicroResp assay. 

 

The γ-MicroResp results identified that strains were variable in their usage of the C sources supplied 

(Figure 4.1 and 4.2). Some R. leguminosarum strains preferred sugars (eg. ADWC3b, ADSub1g and 

ADSub1h in soils from Lincoln University and CC275e in soils from Ashley Dene). Some utilised a 

high amount of a specific C source (eg. R. leguminosarum strain CC275e; mannitol and ADSub1h; 

xylose) and some were high users of many C sources (eg. R. leguminosarum strain ADWC3a) while 

others were low users of all carbon sources (eg. R. leguminosarum strain WSM1325). Reasons for 

changes in carbon utilisation across soils have been discussed in Section 3.4.2. The differences in C 

utilisation profiles between strains could be a useful predictor of which strains will be the most 

competitive in the rhizosphere. However, this required interpretation of which carbon utilisation 

pattern might be most beneficial to a bacterium attempting to colonise and reproduce in the 

rhizosphere.  
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The most logical assumption was that those strains with the ability to utilise a wide range of carbon 

sources in high amounts are most likely to survive and multiply in the rhizosphere. In turn, this 

would provide a competitive advantage during nodulation. Previous research has shown that 

carbon utilisation by strains is linked to competitive ability (Section 1.4.3). Thus, it was predicted 

that a strain such as R. leguminosarum strain ADWC3a, which utilised a wide range of C sources in 

both the Ashley Dene and Lincoln University soil, would be the most rhizosphere competitive. 

 

Other patterns of carbon utilisation were evident in the test panel of strains. A group of four strains 

in the Lincoln University soil showed a preference for using sugars in contrast to the supplied amino 

acids. These strains utilised 5-7 sugar sources with some of these sugars being utilised in higher 

amounts compared with the amount of amino acids utilised. The ability to utilise sugars, especially 

in the rhizosphere, could be beneficial as it could increase the growth and therefore the population 

size of these strains. Although not rhizobia, Omar et al. (2001)  found that the optimal growth of 

the bacteria Bacillus megaterium occurred with 5% w/v date syrup or beet molasses supplemented 

with NH4CI. A study by Wielbo (2010) found that a strain that commonly utilised sugars rather than 

amino acids was present in an intermediate number of nodules (13% or 17/129 nodules). They 

suggested that this strain had a competitive advantage over strains that used only amino acids as 

those strains were found in < 2% of nodules. In the same study, three strains that utilised both 

sugars and amino acids were found in > 25% of the nodules. This showed that the ability to utilise 

sugar could provide some competitive advantages but strains utilising both sugars and amino acids 

were more competitive. 

 

Some strains were very high users of specific compounds in the test panel. For example, R. 

leguminosarum strain ADSub1h in the soil from Lincoln University used high amounts of xylose 

compared with the other C sources (absorbance: >2 compared with < 1.5, Figure 4.2). Studies have 

also shown that the ability of strains to utilise C sources in the rhizosphere such as trehalose (Jensen 

et al., 2005; Ampomah et al., 2008), homoserine (Hynes and Oconnell, 1990), rhamnose (Oresnik 

et al., 1998; Richardson et al., 2004) and galactosides (Bringhurst et al., 2001) can also affect the 

competitiveness of rhizobial strains. These studies emphasized the role of different saccharides in 

the ecology of rhizobia and the possibility for targeted research in this area. 

 

The effects of these two carbon utilisation patterns (high sugar users or high users of specific 

compounds) on the competitiveness of strains was not further investigated in this chapter and is 

an area for future research. 
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4.4.3 Success of using γ-MicroResp to predict competitive ability 

This is the first time carbon utilisation and competitive ability of a strain has been linked in the soil 

environment. It confirmed that a strain that utilised a wide range of carbons sources in high 

amounts was more competitive in the rhizosphere and occupied more nodules. Wielbo (2007) also 

measured C utilisation and competitiveness of strains however this was under sterile conditions. R. 

leguminosarum strain ADWC3a (utilised a wide range of carbon sources at high amounts) 

outcompeted other R. leguminosarum strains (TA1 and ADWC3b, both utilised less carbon sources 

and at lower amounts) in sterile soil, even when added at a 1:4 concentration (Table 4.3). Moawad 

et al. (1984) found a similar result where the most competitive serogroup of R. japonicum was not 

the most dominant in the soybean rhizosphere. This showed that bacterial numbers in the soil did 

not necessarily equate to nodule dominance. The results from this chapter showed that C utilisation 

by a strain was an indicator of its competitive ability. γ-MicroResp was therefore successfully used 

to identify a competitive strain.  

 

The competitive ability of R. leguminosarum strain ADWC3a was also tested against a high 

background of naturalised rhizobia in non-sterile soil from Lincoln University. R. leguminosarum 

strain ADWC3a was competitive against a single strain that utilised less carbon, but it was not as 

competitive in soil with a diverse population of naturalised rhizobia unless added at a rate 60 times 

higher than the naturalised population of 110 cells g-1 soil (Table 4.4). ADWC3a may not be the 

most competitive strain in the Lincoln University soil. In Experiment 4.1 only seven strains were 

screened using γ-MicroResp. ADWC3a was found to be the most competitive compared with the 

strains tested in this collection (Section 4.3.2) but it may not be the most competitive strain in the 

soil from Lincoln University. γ-MicroResp should be used to screen a large number of naturalised 

strains from a site to understand the dynamics of the naturalised population that the inoculant is 

being added into and to increase the chances of finding a competitive strain capable of successfully 

outcompeting the naturalised rhizobia for nodule occupancy. 

 

The competitive advantage of ADWC3a over TA1 may be lost in a soil when ADWC3a is added into 

a soil with a high naturalised rhizobia population. Experiment 4.2 found TA1 was the least 

competitive of the three strains tested in sterile soil. However, the percentage of ADWC3a (14-9%) 

in the nodules when inoculated at rates < 6400 cells per g-1 soil  was similar to the percentage of 

TA1 (24-8%) found in the nodules of white clover plants from the Lincoln University site (Section 

2.3.1.2.2). To further validate the use of γ-MicroResp as a tool for predicting the competitive ability 

and the success of possible commercial inoculants, Experiment 4.3 should be repeated using 

ADWC3a and TA1. This would compare the competiveness of the two strains and confirm that a 
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non – competitive strain such as TA1 requires higher numbers to be applied to the soil to 

outcompete the naturalised soil populations than a competitive strain such as ADWC3a.  

 

The results showed that a competitive strain must also have sufficient numbers on the seed to 

outcompete other rhizobia in the rhizosphere. When applied at rates lower than 6400 cells g-1 soil 

(1.6 x 105 cells seed-1), ADWC3a was present in less than 14% of nodules. At higher rates (64000 

cells g-1 soil = 1.6 x 106 cells seed-1) ADWC3a was present in 55% of the nodules. This was much 

higher than the minimum number of cells accepted for a commercial inoculant (500 cells seed-1) 

(Deaker et al., 2004). Gaur and Lowther (1982) also found that increasing the inoculation level 10 

times above the normal (normal = 1.14 to 1.27 x 109 g-1 peat) increased the percentage of nodules 

formed by four of the five strains they tested. These results highlight the need to increase the 

numbers of cells being applied to the seed alongside selecting competitive strains to increase the 

nodule occupancy of commercial inoculants. 

 

4.4.4 Conclusions 

 A strains ability to utilise a wide range of carbon sources was linked to its ability to compete 

with other strains in the rhizosphere for nodule occupancy.  

 γ-MicroResp was a useful tool to screen for strains that had increased competition in the 

soil, relative to others. 
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5.1 Materials and methods 

5.1.1 Strains and Cultivars used in Experiments 5.1 and 5.2 

Three strains of S. meliloti were used in these experiments. Two acid tolerant strains discovered in 

Australia were selected and these were S. meliloti strains SRDI736 and SRDI672. S. meliloti strain 

SRDI736 was sourced from a soil with pH 6 and 0.7 mg kg-1 Al3+ and S. meliloti strain SRDI672 was 

sourced from a soil with pH 5.4 and 1.7 mg kg-1 Al3+ (R. Ballard, personal communication, December 

20, 2016). The current commercial inoculant used in New Zealand, S. meliloti strain RRI128, was 

also included.  

 

Two cultivars were used in these experiments, Stamina 5 and TA37. Stamina 5 is a cultivar sown in 

Australia and New Zealand. TA37 is a line bred in Australia with increased acid and Al3+ tolerance 

that results in improved root growth at pH 4.8 and Al3+ of 3 and 3.5 μM in CaCl2 solution (R. Ballard, 

personal communication, December 20, 2016).  

 

 All pH values reported in this thesis are based on water (pHH20) 

 

5.1.2 Experiment 5.1: Aluminium tolerance of two S. meliloti strains in solution 

culture 

Experiment 5.1 was conducted in March 2016. It tested the null hypothesis that a rhizobia strain 

selected for acid tolerance (S. meliloti strain SRDI736) would have no difference in the number of 

nodules or percentage of lucerne plants nodulated as the current commercial inoculant S. meliloti 

strain RRI128 when grown at different Al3+ concentrations and at a pH of 5.1. Performance on two 

lucerne cultivars, ‘Stamina 5’ and ‘ TA37’, were compared.  

 

5.1.2.1 Experimental set up 

The experiment was set up in a glasshouse at the Waite Campus, Adelaide, Australia. The 

glasshouse was cooled using evaporative cooling. During the day the temperature was kept at 25 

°C and at night the temperature was 15 °C.  

 

For this experiment there were eight treatment combinations (Table 5.1). Each bucket had both 

cultivars growing in it, with one strain of rhizobia and one Al3+ treatment level. Each combination 

was repeated three times. In each replicate a control bucket, not inoculated with rhizobia, was 

included to demonstrate freedom from transfer of rhizobia between treatments. This bucket also 

had both cultivars growing in it and was maintained at pH 5.1 but no rhizobia or Al3+ was added. 

Treatments were randomised by assigning each treatment combination a number and using a 
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random number generator (www.randomizer.org) to determine the final order for each rep 

(Experimental Design: Appendix 11.2).  

 

Table 5.1 Aluminium (Al3+)(0, 2, 4 and 8 μM) and S. meliloti inoculant (RRI128 and SRDI736) 
combinations for Experiment 5.1: Aluminium (Al3+) tolerance of two S. meliloti strains in solution 
culture 

Trt. # Al3+ 
(μM) 

S. meliloti  
strain 

1 0 RRI128 
2 2 RRI128 
3 4 RRI128 
4 8 RRI128 
5 0 SRDI736 
6 2 SRDI736 
7 4 SRDI736 
8 8 SRDI736 

 

Twenty seven autoclaved, 25 L, plastic buckets were used. The buckets were filled with 20 L of 

reverse osmosis water and 250 ml of concentrated McKnights nutrient solution (Appendix 11.1). 

An aquarium air pump (Atman, China) provided aeration and solution mixing to each individual 

bucket. Buckets were covered with aluminium foil and left overnight, to equilibrate, before Al3+ was 

added. 

 

5.1.2.2 Aluminium addition 

Twenty four hours after the water and nutrient solutions were added to the buckets the Al3+ 

treatments were imposed by adding 0.5, 1 or 2 ml of 100 mM AlCl3 stock solution to each bucket 

to produce a final Al3+ concentration of 0, 2, 4, 8 µM, respectively. Following the addition of Al3+, 

the pH of each bucket was measured with a handheld pH meter (Eutech brand, USA) and adjusted 

to 5.1 using 0.1M HCI or 0.1M NaOH. This was done daily for 5 days until the pH was stable. 

 

5.1.2.3 Seed preparation 

‘Stamina 5’ and ‘TA37’ lucerne seeds were surface sterilised by immersing them in 4% w/v 

hypochlorite for three minutes and then rinsing them five times using sterile distilled water. Seeds 

were left to soak in the final change of water for 15 minutes. They were then rinsed in sterile water 

four more times and left soaking in the final change of water for two hours. After a final four rinses 

they were spread out onto water agar plates (1.5% (w/v), autoclaved 15 minutes at 121°C, 15 psi). 

Plates were turned upside down and 2 ml of sterile water was added. Plates were wrapped in 

aluminium foil and stored upside down in the fridge overnight. The day prior to planting, plates 

were placed in an incubator (Crown Scientific inc., Canada) and germinated overnight at 28 °C. 
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5.1.2.4 Planting 

Once the pH was stable at 5.1,  germinated lucerne seedlings were planted into 1 mm holes in 

plastic rafts (Diameter: approximately 30 + cm) floating on the nutrient solution inside each bucket. 

Three 50 ml tubes that had been inserted into three holes in the rafts, provided the buoyancy for 

the raft (Figure 5.1a). Each raft had 100 holes. Fifty ‘Stamina 5’ and 50 ‘TA37’ seeds were planted 

into each lid (Figure 5.1b). Using sterile tweezers, the germinated seedlings were placed root down 

through each hole into the solution. Seedlings were moistened with solution from the bucket they 

were floating in and the buckets were tightly covered with aluminium foil to maintain a humid 

environment during the initial establishment of the seedlings (approximately two days). 

 

  

Figure 5.1 Photo of floating lid (a) and floating lid with freshly planted ‘TA37’ and ‘Stamina 5’ 

seedlings (b). 

 

5.1.2.5 Inoculation 

Rhizobia were added according to treatment, the day after the lucerne seedlings were planted. 

Cultures of the two S. meliloti strains (RRI128 and SRDI736) had been produced by sub-culturing 

from pure cultures on YMA (Appendix 8.3) plates onto 15-20 YMA slopes which were grown in an 

incubator (Crown Scientific inc., Canada) at 28°C for 48 h. 

 

On inoculation day, the strains were washed off the YMA slopes with reverse osmosis water and 

added to 500 ml sterile water. Optical density was measured at 600 nm using a spectrophotometer 

(Beckman Coulter, USA). Optical density of the cultures was adjusted to 0.3070 for S. meliloti strain 

RRI128 and 0.8003 for S. meliloti strain SRDI736 to provide an inoculation suspension that would 

result in approximately 10 000 cells ml-1 when added to 25 L of nutrient solution. Twenty five ml of 

the appropriate inoculant was added into each bucket and mixed by the air pump. 

 

a) b) 
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To confirm the number of cells added to each bucket, each inoculant was serially diluted and 10-6 

and 10-7 dilutions were plated on to YMA plates (Appendix 8.3) and placed in the incubator at 28 

°C for 48 hours. Once colonies had grown they were counted and cells per ml calculated. S. meliloti 

strain RRI128 inoculant had 1.51 x 109 cells-1 ml and S. meliloti strain SRDI736 inoculant had 6.6 x 

108 cells-1 ml. These rates were higher than the target rate of 10 000 cells ml-1. 

 

The day after inoculation the aluminium foil was removed from the buckets and plastic lids with a 

square hole cut out of the top were placed on top of each bucket to reduce the chance of 

contamination and to ensure plants obtained adequate air and light. Every day after inoculation pH 

was measured with a handheld pH meter (Eutech brand, USA) and adjusted to 5.1 using 0.1M HCI 

or 0.1M NaOH.  

 

5.1.2.6 Harvest 

Fifteen days after inoculation the plants were harvested. The number of nodules per plant was 

counted. Roots were cut just below the cotyledons and bulked for each cultivar within each bucket. 

Shoots from each cultivar within each bucket were also bulked. Shoots and roots were dried in the 

drying oven (Selby Scientific Ltd, Australia) at 50 °C for 2-3 days and weighed with a precision scale 

(Ohaus Pioneer, USA). 

 

5.1.2.7 Statistical analysis 

Statistical analysis did not include data from the uninoculated control treatment. Nodulation 

percentage was calculated by dividing the number of plants nodulated by the total number of 

plants. The results for each cultivar were analysed separately. The rhizobia and Al3+ effect on each 

cultivar were analysed as a 2 x 4 factorial experiment using Genstat 16th edition (VSN International). 

A two way ANOVA, with Al3+ and rhizobia as factors, was calculated. Cultivar differences (TA37 – 

Stamina 5) within each bucket were analysed using a two way ANOVA.  Fisher’s protected least 

significant difference (LSD) test was used to separate means for each factor when the ANOVA gave 

a P value < 0.05.  

 

5.1.3 Experiment 5.2: Nodulation and dry matter production of three S. meliloti 

strains in a high country soil 

This pot experiment was conducted between February and April 2016. It tested the null hypothesis 

that lucerne inoculated with the Australian strains of S. meliloti strains with acidity tolerance 

(SRDI736 and SRDI672) would have the same nodulation and dry matter production as plants 

inoculated with the current commercial inoculant, S. meliloti strain RRI128, in low pH/high Al3+ 

environments.  



137 
 

5.1.3.1 Experimental design and treatments 

The experiment was set up in the Aluminex glasshouse at the Lincoln University Nursery. The 

temperature in the glasshouse was kept between 15 – 24°C with heaters and fans. A complete 

randomised block design was used. This pot experiment examined the nodulation and dry matter 

production of ‘Stamina 5’ lucerne inoculated with one of three S. meliloti strains at two phosphorus 

and four lime levels (Table 5.2). Uninoculated pots were included in each treatment as controls. 

Phosphorus was added to ensure it was not limiting, given the low Olsen P of the soil initially (Table 

5.3) and lime was added to produce a range of pH and Al3+ levels. Each treatment was replicated 

four times to give a total of 160 pots. Treatments were randomised by assigning each treatment 

combination a number and using a random number generator (wwwirandomizer.org) to determine 

the final order for each replicate.  

 

Table 5.2 Phosphorus and lime treatments for Experiment 5.2 and the corresponding pH and Al3+ 
levels in the soil (pH, Al3+ and Olsen P rates are based on soil tests done on soil collected when the 
experiment was harvested). 

Treatment # Phosphorus 
trt. 

Lime rate 
(t/ha) 

pH 
Al3+ 

mg/kg 
Olsen P 

mg/L 

1 Yes 0 5.6 3.1 41 
2 Yes 0.5 5.8 1.4 32 
3 Yes 1 6 0.7 27 
4 Yes 2 6.4 0.2 22 
5 Yes 4 6.9 <0.2 30 
6 No 0 5.9 4 11 
7 No 0.5 6.1 1.3 13 
8 No 1 6.3 0.4 12 
9 No 2 6.5 0.3 9 

10 No 4 7.2 < 0.2 12 

 

The phosphorus treatment pots received phosphorus at 100 mg kg-1 soil as pure (100%) laboratory 

grade calcium phosphate. This is equivalent to 75 kg P ha-1 or 833 kg ha-1 superphosphate fertilizers 

(9% P) when calculated as a surface applied rate down to 7.5 cm, which is the root zone. Sulphur 

was added at 60 kg ha-1 as calcium sulphate prior to lime being added. 

 

Soil collected from Winchmore was used for this experiment due to its low background population 

of rhizobia (non-detectable MPN, tested using the method described in Section 2.2.2) and its 

naturally high Al3+ content Table 5.3. Prior to filling the pots, phosphorus was added to half the soil 

required. This was done by adding the calcium phosphate and calcium sulphate to the soil and 

mixing it thoroughly with a spade.  
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Table 5.3 Initial soil test results for soil collected from Winchmore and used in Experiment 5.2 prior 
to adding phosphorus and lime treatments. 

pH Olsen P 
Mg/l 

Potassium 
me/100g 

Calcium 
me/100g 

Magnesium 
me/100g 

Sodium 
me/100g 

Al3+  

mg/kg 

Available N 
Kg/ha  

5.5 11 0.36 1.4 0.65 0.09 5.9 68 

 

Lime was added as pure (100%) laboratory grade calcium carbonate (CaCO3). For the addition of 

lime, the soil with added phosphorus and the soil with no added phosphorus were both divided in 

to five piles. To each of the piles the appropriate CaCO3 treatments were added and mixed 

thoroughly through the soil with a spade. 

 

Pots, 2 litres in volume (15.5 cm deep and 14 cm diameter) were then filled with 1.7 litres of soil, 

20 pots were filled with each phosphorus/lime treatment (Table 5.2). The pots were placed on 

saucers, to collect any leachate if drainage occurred so that no nutrients were lost from the 

soil/plant system. Five hundred ml of water was added to each pot to wet the soil and pots were 

left overnight before planting to allow soil mixture to equilibrate.  

 

5.1.3.2 Plant establishment 

‘Stamina 5’ lucerne seeds were surface sterilised as described in Section 2.2.3.2. Into each pot, 15 

seeds were sown, and thinned to five uniform plants per pot six days after sowing. The pots 

received a light watering and a thin layer of perlite was spread on the top of the soil to prevent 

contamination of the soil by rhizobia in the air and from other pots. 

 

5.1.3.3 Inoculation 

Plants were inoculated six days after sowing. Inoculant of the three S. meliloti strains, RRI128, 

SRDI736 and SRDI672 was made (Section 2.2.3.6) and added according to rhizobia treatment to 

one pot of each soil treatment in each replicate at a rate of 5 x 105 rhizobia cells plant-1. To apply 

the inoculant 1 ml was pipetted on to the base of each of the five seedlings in the pot. 

 

To confirm the number of cells added to each plant, each inoculant was serially diluted and 10-1 - 

10-3 dilutions were plated on to YMA plates (Appendix 8.3) and placed in the incubator at 28°C for 

48 hours. Once colonies had grown they were counted and the number of cells per ml was 

calculated. S. meliloti strain RRI128 inoculant had 1.49 x 106 cells-1 ml, S. meliloti strain SRDI736 

inoculant had 7.6 x 105 cells-1 ml and S. meliloti strain SRDI672 had 8.30 x 105 cells-1 ml (SE=3.77 x 

104) which is also the number of cells each plant received. 
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5.1.3.4 Watering and pot management 

The pots were watered regularly as required to ensure water was not limiting and weeded as 

required. Every two weeks pots were re-randomised within their replicates. The new order was 

determined using a random number generator (www.randomizer.org). 

 

5.1.3.5 Harvest 

Plants were harvested eight weeks after inoculation. To harvest, plants were completely removed 

from each pot. Roots were washed gently to prevent damage. The nodules on the roots of the 

individual plants in each pot were counted. The roots were separated from the shoots using scissors 

by cutting the plants just below the cotyledon. The shoots and roots from each pot were bulked 

and put into separate paper bags and dried at 65°C for 48 hours in the drying oven. Dry weights of 

the shoots and roots were recorded. Soil was collected from each pot and bulked by treatment. 

This soil was mixed and a sample sent away for soil analysis at Hills Laboratories, Christchurch, New 

Zealand.  

 

5.1.3.6 Statistical analysis 

Statistical analyses were performed using Genstat 16th edition (VSN International). A two way 

ANOVA was calculated. Fisher’s protected least significant difference (LSD) test was used to 

separate means for each factor when ANOVA gave a P value < 0.05. 
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5.2 Results 

5.2.1 Experiment 5.1: Aluminium tolerance of two S. meliloti strains in solution 

culture 

5.2.1.1 Number of nodules per plant 

 

5.2.1.1.1 Stamina 5 

An interaction (P<0.009, Appendix 11.3) between inoculation treatment and Al3+ rate occurred. 

‘Stamina 5’ plants inoculated with S. meliloti strain SRDI736 had more nodules per plant (Figure 

5.2) at 0 and 2 μM Al3+ than at 4 and 8 μM. In contrast, the number of nodules per plant on the 

plants inoculated with S. meliloti strain RRI128 was lower and not different across Al3+ rates.  

 

 

Figure 5.2 Number of nodules per plant of ‘Stamina 5’ lucerne inoculated with S. meliloti strains 
SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+, after growing for 15 days in solution culture 
maintained at pH 5.1. Error bars are Interaction SE=0.177 (α=0.05). 
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5.2.1.1.2 TA37 

There was a trend for an interaction (P=0.083, Appendix 11.4) between inoculation treatment and 

Al3+ level for the number of nodules per plant for ‘TA37’ (Figure 5.3). The number of nodules per 

plant on ‘TA37’ plants inoculated with S. meliloti strain SRDI736 was trending down with increasing 

Al3+ levels whereas ‘TA37’ plants inoculated with S. meliloti strain RRI128 were consistently low 

across Al3+ levels.  

 

The number of nodules per plant of ‘TA37’ lucerne was affected (P<0.001, Appendix 11.4) by 

inoculation treatment. Plants inoculated with S. meliloti strain SRDI736 had more nodules per plant 

at all Al3+ levels (Figure 5.3). The number of nodules per plant of ‘TA37’ lucerne was also affected 

by Al3+ level. When no Al3+ was added the average number of nodules per plant was 2.6 which 

decreased (P=0.034, Appendix 11.4) to 1.6 nodules per plant at an Al3+ rate of 8 μM.  

 

 

Figure 5.3 Number of nodules per plant of ‘TA37’ lucerne inoculated with S. meliloti strains 
SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+, after growing for 15 days in solution 
culture maintained at pH 5.1. Error bars are rhizobia SE=0.153 (α=0.05). 
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5.2.1.1.3 Stamina 5 vs. TA37 

When ‘Stamina 5’ was compared with ‘TA37’ there was an interaction (P=0.030, Appendix 11.5) 

between inoculation treatment and Al3+ level for the difference between the number of nodules 

per plant (Figure 5.4). The difference in number of nodules per plant between ‘Stamina 5’ and 

‘TA37’ was lowest when plants were inoculated with S. meliloti strain RRI128. This difference was 

not affected by increasing Al3+ levels. At 2 and 4 μM Al3+ the difference between ‘TA37’ and ‘Stamina 

5’ inoculated with S. meliloti strain SRDI736 was highest with ‘TA37’ having 2.4 - 2.8 more nodules 

per plant compared with ‘Stamina 5’ plants (Figure 5.4). 

 

 

Figure 5.4 Difference between the number of nodules per plant of ‘TA37’ minus ‘Stamina 5’ 
lucerne inoculated with S. meliloti strains SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+ 

after growing for 15 days in solution culture maintained at pH 5.1. Error bars are interaction 
SE=0.228 (α=0.05). 
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5.2.1.2 Nodulation percentage 

5.2.1.2.1 Stamina 5 

An interaction (P<0.001, Appendix 11.6) between inoculation treatment and Al3+ rate was detected, 

for the percentage of plants nodulated. ‘Stamina 5’ plants inoculated with SRDI736 had a higher 

nodulation percentage (Figure 5.5) at 0 and 2 μM Al3+ than at 4 and 8 μM (65 vs. 27%). The 

nodulation percentage of plants inoculated with S. meliloti strain RRI128 (10-16%) was always 

lower than S. meliloti strain SRDI736 at all Al3+ levels.  

 

 
Figure 5.5 Nodulation percentage of ‘Stamina 5’ lucerne inoculated with S. meliloti strains 
SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+ after growing for 15 days in solution culture 
maintained at pH 5.1. Error bars are Interaction SE=4.47 (α=0.05). 
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5.2.1.2.2 TA37 

There was no interaction (P=0.533, Appendix 11.7) between inoculation treatment and Al3+ level 

for nodulation percentage (Figure 5.6).  

 

The nodulation percentage of ‘TA37’ lucerne was affected by inoculation treatment. Inoculation 

with S. meliloti strain SRDI736 produced a nodulation percentage of >80% at all Al3+ levels (Figure 

5.6), compared with <50% (P<0.001, Appendix 11.7) for S. meliloti strain RRI128. Nodulation 

percentage was not affected (P=0.701, Appendix 11.7) by Al3+ level.  

 

 

Figure 5.6 Nodulation percentage of ‘TA37’ lucerne inoculated with S. meliloti strains SRDI736 
(●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+ after growing for 15 days in solution culture 
maintained at pH 5.1. Error bars are rhizobia SE= 2.88 (α=0.05). 
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5.2.1.2.3 Stamina 5 vs. TA37 

When ‘Stamina 5’ was compared with ‘TA37’ there was an interaction (P=0.004, Appendix 11.8) 

between inoculation treatment and Al3+ level for nodulation percentage (Figure 5.7). 

 

The difference between ‘TA37’ and ‘Stamina 5’ was not different at all Al3+ for plants inoculated 

with S. meliloti strain RRI128 and at 0 and 2 µM Al3+ for plants inoculated with S. meliloti strain 

SRDI736.  At 4 and 8 µM Al3+ plants inoculated with SRDI736 had the highest difference in 

nodulation percentage between the ‘TA37’ and ‘Stamina 5’ with ‘TA37’ having  59 - 65% more 

nodules than ‘Stamina 5’ plants inoculated S. meliloti strain SRDI736 (Figure 5.7).  

 

 

Figure 5.7 Difference in nodulation percentage of ‘TA37’ minus ‘Stamina 5’ lucerne inoculated 
with S. meliloti strains SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+ after growing for 15 
days in solution culture maintained at pH 5.1. Error bars are rhizobia SE= 5.46 (α=0.05). 

 

5.2.1.3 Shoot and root dry weight 

5.2.1.3.1 Stamina 5 

There was no interaction between inoculation treatment and Al3+ treatment on shoot (P=0.419, 

Appendix 11.9) or root (P=0.568, Appendix 11.10) dry weight. The main effect of inoculation also 

had no effect on shoot (P=0.233, Appendix 11.9) or root (P=0.732, Appendix 11.10) dry weight 

(Figure 5.8a and b). Aluminium (Al3+) level also had no effect on shoot (P=0.727, Appendix 11.9) dry 

weight but root dry weight decreased (P=0.044, Appendix 11.10) with increasing Al3+ levels (Figure 

5.8b). 
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a) 

 

b) 

 

Figure 5.8 a) Shoot and b) Root dry weight per plant of ‘Stamina 5’ lucerne inoculated with S. 
meliloti strains SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+ after growing for 15 days 
in solution culture maintained at pH 5.1. Error bars are interaction SE a)=0.315 and b)=0.113 
(α=0.05). 

 

5.2.1.3.2 TA37 

There was no interaction between inoculation treatment and Al3+ treatment for shoot (P=0.276, 

Appendix 11.11) or root (P=0.694, Appendix 11.12) dry weight (Figure 5.9a and b). Inoculation 

treatment also had no effect on shoot (P=0.429, Appendix 11.11) or root (P=0.110, Appendix 11.12) 
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dry weight. Aluminium (Al3+) level also had no effect on shoot (P=0.434, Appendix 11.11) or root 

(P=0.115, Appendix 11.12) dry weight. 

 

a) 

 

b) 

 

Figure 5.9 a) Shoot and b) Root dry weight per plant of ‘TA37’ lucerne inoculated with S. meliloti 
strains SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of Al3+ after growing for 15 days in solution 
culture maintained at pH 5.1. Error bars are interaction SE a)=0.2429 and b)=0.121 (α=0.05). 
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5.2.1.3.3 Stamina 5 vs. TA37 

When ‘Stamina 5’ was compared with ‘TA37’ there was no interaction (P=0.249, Appendix 11.13) 

between inoculation treatment and Al3+ level for the difference in shoot dry weight (Figure 5.10a). 

The difference in shoot dry weight between the two cultivars was also not affected by inoculation 

treatment (P=0.108, Appendix 11.13) or Al3+ level (P=0.769, Appendix 11.13).  

 

When ‘Stamina 5’ was compared with ‘TA37’ there was no interaction (P=0.145, Appendix 11.14) 

between inoculation treatment and Al3+ level for the difference in root dry weight (Figure 5.10b). 

Inoculation treatment did not affect (P=0.056, Appendix 11.14) the difference in root dry weight. 

However, there was a trend with plants inoculated with S. meliloti strain SRDI736 having a lower 

difference in root dry weight (0.168 mg plant-1) between the cultivars compared with plants 

inoculated with S. meliloti strain RRI128 (0.285 mg plant-1). Aluminium (Al3+) level affected 

(P=0.025, Appendix 11.14) the difference in root dry weight between cultivars. At 4 μM Al3+ the 

difference in root dry weight between cultivars was highest, with TA37 having the highest root dry 

matter (2.05 g plant-1). 
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a) 

 

b) 

 

Figure 5.10 Difference in a) shoot and b) root dry weight per plant between ‘TA37’ and ‘Stamina 
5’ lucerne inoculated with S. meliloti strains SRDI736 (●) and RRI128 (○) at 0, 2, 4 and 8 μM of 
Al3+ after growing for 15 days in solution culture maintained at pH 5.1. Error bars are a) 
interaction SE=0.345 and b) Al3+ SE=0.057 (α=0.05). 

 

 

 

 



150 
 

5.2.2 Experiment 5.2: Nodulation and dry matter production of three S. meliloti 

strains in a high country soil 

5.2.2.1 Phosphorus 

Phosphorus treatment affected shoot and root dry weight plant-1 and the number of nodules per 

plant. Shoot and root dry weight of the plants were higher (P<0.001, Appendices 11.16 and 11.17) 

when phosphorus was added to the soil (Table 5.4). The number of nodules plant-1 was also higher 

(P<0.001, Appendix 11.15) in the plants that had phosphorus added (Table 5.4). As the addition of 

Phosphorus had such an impact on plant growth and nodulation, the five treatments that did not 

receive phosphorus have not been included in further analysis.  

 

Table 5.4 Shoot and Root dry weight and number of nodules of lucerne plants grown in soil with 
and without phosphorus and inoculated with three strains of S.meliloti (RRI128, SRDI672 and 
SRDI736) and an uninoculated control, grown at 0, 0.5, 1, 2 or 4 t lime/ha in Experiment 5.2. 

Treatment 
Shoot dry weight 

(mg/plant) 

Root dry weight 

(mg/plant) 

Number of nodules 

per plant 

+ Phosphorus 0.32 0.28 27 

- Phosphorus 0.15 0.10 17 

Standard Error 0.0062 0.0058 1.1 
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5.2.2.2 Number of nodules per plant 

There was an interaction (P=0.002, Appendix 0) between lime and inoculant treatment on the 

number of nodules per plant. The number of nodules per plant increased with all three inoculation 

treatments and increasing lime rates (Figure 5.11). Uninoculated control plants at all lime rates and 

all inoculated plants at 0 and 0.5 t ha-1 had <50 nodules per plant. At 0.5 and 2 t lime ha-1 plants 

inoculated with S. meliloti strains SRDI672 and SRDI736 had higher number of nodules per plant 

compared with plants inoculated with S. meliloti strain RRI128. At 4 t ha-1 the number of nodules 

per plant was highest for all three inoculants but there was no difference between them. 

 

 

Figure 5.11 Number of nodules per plant (n) of ‘Stamina 5’ lucerne plants inoculated with 
inoculated with three strains of S. meliloti (○ RRI128,   SRDI672 and  SRDI736) and an ● 
uninoculated control, grown at 0, 0.5, 1, 2 or 4 t lime/ha in Experiment 5.2. Error bars are for the 
interaction SE=5.61. 
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5.2.2.3 Shoot dry weight 

There was an interaction (P=0.010, Appendix 11.19) between lime rate and inoculation treatment 

for shoot dry weight. Shoot dry weight was initially increased by all three inoculation treatments 

and increasing lime rates (Figure 5.12). However, plants inoculated with S. meliloti strains SRDI672 

and SRDI736 had their highest shoot dry weight when 2 t lime ha-1 was applied and plants 

inoculated with S. meliloti strain RRI128 had their highest shoot dry weight when 4 t lime ha-1 was 

applied. Uninoculated control plants at all lime levels and inoculated plants with 0 and 0.5 t lime 

ha-1 applied had the lower shoot dry weight compared to all other inoculant/lime combinations.  

 

 

Figure 5.12 Shoot dry weight of ‘Stamina 5’ lucerne plants inoculated with three strains of S. 
meliloti (○ RRI128,   SRDI672 and SRDI736) and an ● uninoculated control, grown at 0, 0.5, 
1, 2 or 4 t lime/ha in Experiment 5.2. Error bars are for the interaction SE=0.035. 
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5.2.2.4 Root dry weight 

There was no interaction (P=0.283, Appendix 11.20) between inoculation and lime treatment for 

root dry weight. However, root dry weight was affected by lime treatment and inoculant as main 

effects (Figure 5.13). The addition of lime resulted in higher (P<0.001) root dry matter production. 

When 1 and 2 t ha-1 of lime was added root dry matter was highest at 0.34 g plant-1 compared with 

0.18 g plant-1 when no lime was added. Root dry weight was higher (P<0.001) when plants were 

inoculated (0.20 g plant-1 vs. 0.30 g plant-1). However, there was no difference in root dry weight 

between strains.   

 
Figure 5.13 Root dry weight of ‘Stamina 5’ lucerne plants inoculated with three strains of S. 
meliloti (○ RRI128,   SRDI672 and SRDI736) and an ● uninoculated control, grown at 0, 0.5, 
1, 2 or 4 t lime/ha) in Experiment 5.2. Error bars are for lime SE=0.016. 
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5.2.2.5 Shoot:Root ratio 

There was an interaction (P=0.014, Appendix 11.21) between lime rate and inoculation treatment 

for shoot:root ratio. The shoot:root ratio was increased for all inoculation treatments (S. meliloti 

strains SRDI672, SRDI736 and RRI128) with increasing lime rate (Figure 5.14). At 4 t lime ha-1 S. 

meliloti strains SRDI672, SRDI736 and RRI128 had the highest shoot:root ratio. Control plants at all 

lime levels and inoculated plants with 0 and 0.5 t lime ha-1 applied had the lower shoot:root ratio 

compared to all other inoculant/lime combinations.  

 

 
Figure 5.14 Shoot:Root ratio of ‘Stamina 5’ lucerne plants inoculated with three strains of S. 
meliloti (○ RRI128,   SRDI672 and SRDI736) and an ● uninoculated control, grown at 0, 0.5, 
1, 2 or 4 t lime/ha) in Experiment 5.2. Error bars are for the interaction SE = 0.095. 
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5.3 Discussion 

5.3.1 Experiment 5.1: Aluminium tolerance of two S. meliloti strains in solution 

culture 

Experiment 5.1 confirmed S. meliloti strain SRDI736 as an acid tolerant strain, nodulating 

significantly more plants and forming more nodules per plant than RRI128 when Al3+ was absent. 

SRDI736 is an acid tolerant strain of S. meliloti sourced from a soil with pH 5.7 and 0.7 mg kg-1 Al3+ 

(R. Ballard, personal communication, December 20, 2016). This is the first experiment testing the 

ability of S. meliloti strain SRDI736 to nodulate and promote the growth of lucerne at an acidic pH 

and under variable Al3+ levels. Acidic soils often have high levels of Al3+ and low available 

phosphorus and this is typical of the NZ high country where a strain displaying such tolerance could 

facilitate the establishment of lucerne. Previous work has shown that acid tolerant rhizobia can 

also be tolerant of the high Al3+ levels found in acidic soils. Keyser and Munns (1979) showed that 

for 60% of the 65 rhizobia strains they tested there was a correlation between acid and Al3+ 

tolerance. 

 

There was an indication of Al3+ tolerance of S. meliloti strain SRDI736. However, it was difficult to 

separate Al3+ tolerance from acidity tolerance as both factors were present in the hydroponic 

solution. In the presence of low levels (2 M) of Al3+ the nodulation percentage (Figure 5.5) and 

number of nodules per plant (Figure 5.2) on ‘Stamina 5’ inoculated with S. meliloti strain SRDI736 

was higher than the ‘Stamina 5’ plants inoculated with S. meliloti strain RRI128. At all Al3+ levels 

‘TA37’ inoculated with S. meliloti strain SRDI736 had a higher number of nodules per plant (Figure 

5.3) and nodulation percentage (Figure 5.6) despite the Al3+ reaching 8 M. The current experiment 

was run at a pH of 5.1 to try and reduce the effect of pH while not increasing it to a point where 

Al3+ was no longer in an available form in the solution culture, however it was acknowledged that 

pH was still a limiting factor. Solution culture experiments testing Al3+ tolerance are commonly run 

at pH 4 - 4.5 (Munns, 1965a; Bouma et al., 1981; Franco and Munns, 1982; Edmeades et al., 1991a). 

This is because toxic levels of Al3+ are often linked with low pH and because as pH increases Al3+ 

precipitates out of the solution. Wood et al. (1984) found that at pH 5.5, Al3+ precipitated out of 

solution culture.  

 

The increased number of nodules per plant and nodulation of S. meliloti strain SRDI736 suggests 

this strain was able to multiply better in acidic environments even when Al3+ was present. Wood 

and Cooper (1984) found that strains of R. leguminosarum bv. trifolii varied their responses to 

concentrations of Al3+ < 50 μM. Multiplication of strain HR1 was inhibited by 2 μM Al3+ at pH 5.5 

whereas strains HP3 and HIDL were unaffected. However, S. meliloti strain SRDI736 was still 
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adversely affected at higher levels of Al3+ with both number of nodules per plant and nodulation 

percentage decreasing as Al3+ levels increased. Low pH and high Al3+ levels have been shown to 

affect the survival of rhizobia (Wood, 1995; Igual et al., 1997; Lima et al., 2009) and interfere with 

the steps leading to nodulation (Alva et al., 1987; Alva et al., 1988) and therefore nodulation in 

these conditions is normally reduced. Charman et al. (2008) also found that Sinorhizobium strain 

SRDI291 (a strain that has shown increased growth on acidified media) increased the percentage 

of plants nodulated when compared with the commercial inoculant strain RRI128 in two 

hydroponic experiments at pH of 5 (89% compared with 45% and 86% compared with 23%, 

respectively). The mean number of nodules per nodulated plant was also greatest in the SRDI291 

treatments (3.5 compared with 1.7 and 3.1 compared with 1.8). 

 

The current experiment and these other studies have shown there is potential to select strains to 

increase nodulation in acidic environments and to replace the current commercial S. meliloti strain 

RRI128. It is likely that the increased nodulation and number of nodules per plant of plants 

inoculated with S. meliloti strain SRDI736 is because this strain was more acid tolerant and, 

therefore, less affected by pH compared with S. meliloti strain RRI128.  

 

In contrast, S. meliloti strain RRI128 had fewer nodules than SRDI736 even with no Al3+ present and 

its performance was unaffected when the acid tolerant lucerne cultivar was used. This suggests 

that the low pH (5.1) was an over-riding negative factor for S. meliloti strain RRI128, which is not 

surprising as it was not selected for any acid tolerance. Ballard et al. (2005) found that in mildly 

acidic soils (pH 5.8 – 6.4) S. meliloti strain RRI128 was the most effective strain for lucerne in terms 

of symbiotic effectiveness and saprophytic competence. However, under more acidic conditions, 

like those of the current experiment, they also found that S. meliloti strain RRI128 produced fewer 

nodules when compared to more acid tolerant strains.  

 

Lucerne cultivar increased the number nodules per plant (Figure 5.4) and nodulation percentage 

(Figure 5.7). The difference between the two cultivars inoculated with S. meliloti strain RRI128 for 

the number of nodules per plant and nodulation percentage was unaffected by Al3+ level. The 

difference between cultivars inoculated with S. meliloti strain SRDI726 was affected by Al3+. ‘TA37’ 

plants inoculated with S. meliloti strain SRDI736 had the biggest difference in nodules per plant and 

nodulation percentage when compared with ‘Stamina 5’ plants inoculated with S. meliloti strain 

SRDI736 at Al3+ levels above 2 µM. This shows the advantages of using ‘TA37’ along with S. meliloti 

strain SRDI736 to increase nodulation, particularly as Al3+ levels increase. This agrees with other 
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research has shown that different genotypes of lucerne are able to increase nodulation in acidic 

conditions (Section 1.5.3.1).   

 

Despite S. meliloti strain SRDI736 increasing the number of nodules per plant and nodulation 

percentage, inoculation treatment had no effect on the shoot or root dry weight of both cultivars 

(Figure 5.8 and 5.9). For this experiment, plants were only grown for 15 days and this could be the 

reason that neither shoot nor root dry weight differences were not found. Bouton (1991) found no 

differences in plant shoot weights of field grown, acid tolerant plants inoculated with acid tolerant 

rhizobia until the second year of the experiment (Section 1.5.3.2).  

 

In following experiments, nodulation percentage alongside nodule weight and nodule size could 

provide a more complete assessment of a strains potential to increase growth. Other studies have 

shown that increased nodulation percentage and increased number of nodules per plant does not 

necessarily correlate to an increase in production. Crush and Caradus (1996) found that plant size 

was not different between plants (0.65 g) with high (71) and low (43) number of nodules per white 

clover plant. Evans et al. (2005) also found that lucerne production was not strongly related 

(r2=0.53) to nodule weight per plant. Embalomatis et al. (1994) also found a weak relationship 

between nodule mass and symbiotic effectiveness in lucerne. In contrast, a second experiment by 

Crush and Caradus (1996) found that when nodule numbers were the same but nodule weight per 

plant was different, an increase in nodule weight did result in more shoot dry matter per plant. 

Nutman (1967) suggested that larger nodules were more efficient because they have a greater ratio 

of bacteroid to non N fixing tissue. Nutman (1967) also concluded that T. subterraneum plants with 

few nodules are more efficient than those with a large number of nodules, because abundantly 

nodulated plants divert a disproportionate amount of resources into the meristems and cortical 

regions of their many nodules. These results suggest that the size of individual nodules is more 

important than nodule number for increasing the efficiency of N fixation and production of 

legumes.  

 

The difference in shoot dry weight between the two cultivars was unaffected by inoculation 

treatment or Al3+ level and the difference in root dry weight between the cultivars was also 

unaffected by inoculation treatment (Figure 5.10). This was probably due to the short duration if 

the experiment. This is the first study investigating the Al3+ tolerance of these lucerne cultivars and 

strains together. In fact, there are few studies on lucerne that investigate the Al3+ tolerance of both 

cultivar and inoculant simultaneously. Crush (1995) studied the growth of two ‘Al3+ tolerant’ white 

clover genotypes and two ‘Al3+ susceptible’ genotypes, inoculated with four different R. 
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leguminosarum strains (all isolated from New Zealand acid soils) in sterile sand cultures. Similar to 

the current study, it was found that there was no interaction between plant genotype and rhizobia 

strain. However, unlike the current experiment, this experiment was conducted at pH 6.8 with no 

added Al3+. This was done to determine if the white clover cultivars had diverged symbiotically 

during selection for Al3+ tolerance. Lucerne cultivar x strain interactions have been investigated at 

pH 5, by Charman et al. (2008), however Al3+ was not included in their experiment. Their hydroponic 

experiment found two of the five cultivars tested had greater mean shoot dry weights (3.6 and 3.4 

compared with 2.8 mg plant-1) regardless of whether they were inoculated with S. meliloti strains 

RRI128 and SRDI291 at pH 5, despite differences in nodulation by the two strains (RRI128: 30% and 

SRDI291: 85.5%). This showed that there have likely been some improvement through selection for 

acidity tolerance of these plant genotypes, independent of their nodulation capacity.  

 

The root dry weight of ‘Stamina 5’ decreased as Al3+ level increased. This was expected as  Al3+ 

inhibits root elongation and as a result mineral and water uptake is also inhibited (Kochian, 1995) 

and therefore, root growth is decreased. Munns (1968) also stated that below pH 5, soluble Al3+ 

present in many acidic soils causes root damage of lucerne. ‘TA37’ showed some Al3+ tolerance over 

‘Stamina 5’. At 2 μM Al3+ the root dry weight of ‘TA37’ plants was higher than ‘Stamina 5’ plants 

(Figure 5.10). However, this advantage disappeared at 8 μM Al3+.  When screening for Al3+ 

tolerance, success is measured by increased root length and dry weight in high Al3+ conditions 

(Campbell et al., 1988; Scott et al., 2008; Khu et al., 2012). The problem with this method is that 

the response of plants in short duration, culture screening experiments may not accurately reflect 

their response in acidic soils  (Campbell et al., 1988). Khu (2012) also found similar results between 

their two rapid whole plant assays, one in culture media and one in soil.  

 

A reason for the lack of differences between strains could be the Al3+ range used in this experiment. 

Al3+ levels ranged from 0 – 8 μM and the final concentration of soluble Al3+ in the solutions was not 

measured. Other studies have used a much higher range. Scott et al. (2008) tested Al3+ tolerance 

at 0, 10, 20 and 30 μM l-1, Khu (2012) tested Al3+ at 0 100 and 400 μM. Edmeades et al. (1991b) 

used similar Al3+ treatments to the current experiment of 0, 3, 6, 12 and 24 μM, however, lucerne 

was not one of the legumes tested in their experiment.  
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5.3.2 Experiment 5.2: Nodulation and dry matter production of three S. meliloti 

strains in a high country soil 

Phosphorus 

The addition of phosphorus increased the Olsen P of the soil from 9-13 mg l-1 into the optimum 

range, 22-41 mg l-1 (Table 5.2). However, within the treatments that had phosphorus added, 

increasing lime levels caused Olsen P to decrease. This was in contrast to the findings of Berenji 

(2015) when pH was increased with lime Olsen P increased from 36 mg l-1 at a pH 5.4 to 51 mg l-1 at 

a pH of 5.5. The reason for the decrease in the current study is because the addition of lime has 

caused some of phosphorus in the soil to become plant unavailable by precipitating out of the soil 

solution. Curtin and Syers (2001) also found a decrease in Olsen P in six New Zealand soils with the 

addition of lime.  In a review, Haynes (1982) stated that liming acid soils can result in an increase, 

a decrease or no change in Olsen P and that a decrease in the availability of applied phosphate is 

due to the precipitation of insoluble calcium phosphates. 

 

The addition of phosphorus resulted in increased shoot and root dry weight as well as an increased 

number of nodules per plant. This confirmed numerous other findings on the importance of 

phosphorus for its specific role in nodulation, growth and functioning (Israel, 1987) and also 

increasing nitrogen fixation (Robson et al., 1981) which leads to increased plant growth. Similar to 

the results of the current study, that the addition of phosphorus increased lucerne growth have 

been found by numerous others (Pang et al., 2010; Berenji, 2015; Moir et al., 2016). Phosphorus is 

required at high concentrations for legumes (Caradus, 1980) and adequate plant available soil 

phosphorus is critical for their production and persistence (Moir et al., 2016).    

 

The addition of phosphorus to the soil in the current study allowed the effects of pH and Al3+ on 

plant growth and nodulation to be isolated which is why only the treatments with added 

phosphorus were included in further analysis.  

 

Number of nodules per plant 

When 0 t lime ha-1 was added pH was 5.6 and Al3+ was 3.1 mg kg-1 soil. This suppressed nodulation 

in all inoculant treatments (Figure 5.11). Berenji (2015) also found that at a pH of 5.6 and Al3+ 

content above 2 mg kg-1 soil suppressed nodulation in lucerne. This was probably caused by two 

main factors 1) the direct effect of Al3+ on the growth and survival of rhizobia (Wood and Cooper, 

1984) and 2) S. meliloti are extremely sensitive to low pH (Graham and Vance, 2003). The effect of 

pH and Al3+ on the nodulation of rhizobia has been discussed previously (Section 5.3.1 and 1.4.1.1). 

It has also been suggested that there is pH sensitive step during the nodulation process which 
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causes a reduction in nodulation a low pH (Munns 1968; de Carvalho et al. 1982; Franco and Munns 

1982; Wood et al. 1984; Whelan and Alexander 1986).  

 

As pH increased with increasing levels of lime the number of nodules per plant increased (Figure 

5.11). The addition of lime raised the pH and reduced the level of Al3+ in the soil (Table 5.2). Other 

studies have also shown that the addition of lime to raise pH and reduce Al3+ in the soil increases 

nodulation (Section 1.4.1.1).  

 

 At 0.5 and 2 t lime ha-1 S. meliloti strains SRDI736 and SRDI672 had an increased number of nodules 

per plant compared with RRI128 (Figure 5.11). This could indicate increased tolerance of these two 

strains to low pH and high Al3+. Particularly for the 0.5 t lime ha-1 treatment which had a pH of 5.8 

and Al3+ level of 1.4 mg kg-1 soil. These results confirmed the findings of the hydroponic experiment 

where ‘Stamina 5’ plants inoculated with S. meliloti strain SRDI736 showed increased acid tolerance 

compared with ‘Stamina 5’ plants inoculated with S. meliloti strain RRI128. This strain showed acid 

tolerance in both solution culture and in the soil. Acid tolerance of different strains compared with 

S. meliloti strain RRI128 has been discussed previously (Section 5.3.1 and 1.5.3.1). However, the 

Al3+ tolerance of S. meliloti strains SRDI736 and SRDI672 has yet to be confirmed. 

 

However, at all other lime levels there was no difference between the number of nodules per plant 

of these three strains. At lime rates of 1 and 4 t ha-1, pH was > 6 and Al3+ was < 0.7 mg kg-1 soil. In 

these conditions the advantages of an acid and/or Al3+ tolerant strain are minimal. The nodulation 

of RRI128 in mildly acidic soils has been discussed previously (Section 5.3.1) and it has been shown 

to be a successful strain in these conditions. Munns (1965c) also found that strains of Rhizobium 

differed in their ability to nodulate lucerne plants, under conditions of soil acidity likely to be found 

in the field. However, these differences were not expressed if the soil was limed sufficiently. These 

results show that there is no advantage of using a tolerant strain over the current commercial 

inoculant (RRI128) for lucerne in soils with pH > 6 and Al3+ is < 0.7 mg kg-1 soil. 

 

Shoot and root dry weight 

The use of an inoculant increased shoot (Figure 5.12) and root (Figure 5.13) dry weight, regardless 

of inoculant used. The advantages of inoculating lucerne has been previously discussed in Section 

2.4.1.2.  

 

For this experiment shoot dry matter was the biological indicator for the effects of lime and 

inoculation treatments. For shoot dry weight, there was interaction between inoculation treatment 
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and lime rate. S. meliloti strains SRDI736 and SRDI672 had the highest shoot dry matter when 2 t 

ha-1 lime was added. This could be because of the increased nodulation of these strains (Figure 

5.11).  Munns (1965c) found that on moderately acidic soils pH 5.5 – 6.0, the addition of lime 

increased the number of plants nodulated and the yield of lucerne. They concluded that most of 

the lime response could be attributed to the improvement in nodulation.  

 

In contrast, at 0.5 t lime ha-1, increased nodulation by S. meliloti strains SRDI736 and SRDI672 did 

not increase shoot dry weight compared with S. meliloti strain RRI128 (Figure 5.12). There was 68 

mg kg-1 of available N in the soil. This could have reduced the benefit of increased nodulation. Allos 

and Bartholomew (1955) found that for lucerne and other legumes nitrogen fixation was reduced 

as amount of available nitrogen increased.  

 

Another explanation could be that at lower lime rates (0.5 t lime ha-1 vs. 2 t lime ha-1), where pH is 

lower (5.8 vs. 6.4) and Al3+ levels are higher (1.4 vs. 0.2 mg kg-1 soil), N fixation is reduced regardless 

of how many nodules a strain is able to produce whereas at higher lime rates the high pH and lower 

Al3+ levels allowed more N fixation by these acid tolerant strains. It is likely that this was mainly due 

to the level of Al3+ in the soil rather than pH. Franco and Munns (1982) found that in a solution 

culture, pH range of 4.5 to 5.5 did not affect nitrogenase activity. The effect of Al3+ on N fixation of 

S. Meliloti has not previously been researched. However, acetylene reduction activity has been 

identified as a process that is highly sensitive to toxic metals  (Skujins et al., 1986; McGrath et al., 

1988).  

 

S. meliloti strains SRDI736 and SRDI672 may not have been able to increase growth when 0.5 t lime 

ha-1 was added because nutrient deficiencies were limiting plant growth more than inoculation 

treatment. Under low pH (5.8) and high Al3+ (1.4 mg kg-1 soil) the plants ability to up take nutrients 

is also limited due to damage to the root hairs. Kochian (1995) stated that Al3+ toxicity in the soil 

effects root growth, specifically the inhibition of root elongation and as a result inhibition of mineral 

and water uptake. This has been shown to reduce plant growth (Berenji, 2015).  

 

When 4 t ha-1 lime was added, S. meliloti strain RRI128 had the highest shoot dry matter (Figure 

5.12) despite having the same number of nodules (Figure 5.11) as lucerne inoculated with S. meliloti 

strains SRDI736 and SRDI672. The pH and Al3+ levels in the soil with 4 t ha-1 lime added were 6.9 

and <0.2 mg kg-1, respectively. This showed that in optimum conditions S. meliloti strain RRI128 

was the most successful strain. Ballard et al. (2005) also found S. meliloti strain RRI128 to be one 
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of the most effective strains. Lucerne inoculated with RRI128 in mildly acidic soils (pH 5.8 – 6.4) 

produced yields >1000 mg cumulative shoot dry weight (>85% of the +N control). This is also further 

evidence that number of nodules is not the only factor driving increased growth. 

 

The addition of lime increased shoot dry weight (Figure 5.12). Berenji (2015) found that lucerne 

shoot dry weight increased from 37 g DM pot-1 when 0 t lime ha-1 was added to 91.9 g DM pot-1 

when 5 t lime ha-1 was added. Like the current experiment, dry weight increased rapidly as lime 

rates increased up to 2 t lime ha-1 and then plateaued at higher lime rates. Moir et al. (2016) found 

that lucerne yield increased from 0.2 g DM pot-1 when 0 t lime ha-1 to 7.9 g DM pot-1 when 3.8 t 

lime ha-1 was added. The increase in growth with increasing lime, observed in these experiments, 

is probably due to the decrease in Al3+ toxicities. The increase in shoot dry weight could be also 

caused by an increase in nodulation as lime rate increased (Figure 5.11). Horsnell (1985) also found 

that the addition of lime increased the mean dry matter yield of lucerne. It was concluded that the 

increase in dry matter with lime was due to increased nodulation and N fixation and reduction of 

Al3+ and manganese toxicities in the soil. Wheeler and O’Conner (1998) also found that dry matter 

production increased with the addition of lime due to the lime increasing nitrogen, phosphorus and 

molybdenum availability and ameliorating Al3+ toxicity allowing better access to soil moisture over 

summer. 

 

In this experiment the addition of lime increased pH from 5.6 at 0 t lime ha-1 to 6.9 when 4 t lime 

ha-1 was added. A simplified explanation of how lime reduces soil acidity have been described in 

Section 1.4.1.1. Munns (1965c; 1965a, 1965b) has shown that lime precipitates Al3+ in the soil and 

Moir et al. (2016) also found that the addition of lime resulted in an increase in pH and a decrease 

in soil Al3+. The amount of lime required to raise soil pH depends on the buffering capacity of the 

soil. The pH increased in the current experiment by 0.33 per t lime ha-1 applied. This is a lot higher 

than the increase found by Moir et al. (2016) of just 0.16 per t lime ha-1 applied and Morton and 

Roberts (1999) who found pH increased by 0.1 per t lime ha-1 applied on ash and pumice soils. 

However, they were using Aglime which is probably around 80% CaCO3, whereas the current 

experiment and Moir et al. (2016) both used 100% CaCO3. Moir et al. (2016) concluded that the 

higher increase per t lime ha-1 applied found in their experiment compared with that of Morton 

and Roberts (1999) was due to the lower organic matter and lower buffer capacity of the soil they 

used. The soils used in this experiment had a lower cation exchange capacity compared with the 

soils used by Moir et al. (2016) (15 vs. 11 me 100 g-1). This indicates that the soil used in the current 

experiment had lower organic matter and therefore a lower buffering capacity compared with the 
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soils used by Moir et al. (2016) and this has resulted in a bigger increase in pH with the addition of 

lime. 

 

For the current experiment, at 0 t lime ha-1 pH was 5.6 and Al3+ level was 3.1 mg kg-1 soil (Table 5.2). 

As lime rate increased up to 4 t lime ha-1 the level of available Al3+ in the soil decreased to < 0.2 mg 

kg-1 soil. Moir et al. (2016) found that the optimum pH range for maximum lucerne yield was 5.6 – 

7 and the threshold soil Al3+ concentration of 3 mg kg-1. Wheeler et al. (1992) found that levels of 3 

mg kg-1 soil or above are likely to decrease the dry matter production of several plant species 

including lucerne. As pH is within the optimum range for lucerne it is most likely that the Al3+ in the 

soil was the cause for the low yields at low lime rates in the current experiment.  

 

Root yields were lowest when 0 t lime ha-1 was added to the soil (Figure 5.13). This is because of 

the low pH (5.6) and more so the high Al3+ levels (3.1 mg kg-1 soil) in the soil. Aluminium (Al3+) and 

low pH have been found to negatively affect root growth (Section 5.3.1). Yokota and Ojima (1995) 

found that root elongation of lucerne was reduced after 20 hours treatment at pH 4.0 without Al3+ 

or 20 mmol Al3+ at pH 5. Brauer (1998) also found that relative root growth of white clover was 

reduced to 50% of the control with Al3+ of 200 μM and pH 5. 

 

Increasing pH and reducing Al3+ with lime increased root growth. In this experiment the highest 

yields occurred when 1 and 2 t lime ha-1 was added to the soil (Figure 5.13). Berenji (2015) found 

similar results with an increase in root dry matter from 0 g DM pot-1 due to no seedlings surviving 

at 0 t lime ha-1 to 12 g pot-1 at 4 t lime ha-1. At higher lime rates there was no increase in dry matter. 

This was in contrast to the current experiment where root dry weight decreased at 4 t lime ha-1.  

 

Shoot:Root ratio increased with lime rate regardless of inoculation treatment (Figure 5.14). 

Simpson et al. (1979) also found that shoot:root ratio of inoculated lucerne plants increased as pH 

increased from 5.9, 6 and 6.4 with the addition of subsoil lime at a rates of 200, 500 and 1250 ppm 

CaCO3, respectively. The reason for this increase could be due to the plant using its resources for 

shoot growth rather than root growth at higher pH values as the plant has access to sufficient 

nutrients. This could also be the reason for the decrease in root yield when 4 t lime ha-1 is added. 

The lower shoot:root ratio of uninoculated plants and inoculated plants at lower lime rates (0 and 

0.5 t lime ha-1)  is because of the reduced growth of both roots and shoots at these lime levels 

caused by the high Al3+ levels in the soil as discussed previously. 
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5.3.3 Conclusions 

 The addition of lime is important for nodulation in low pH, high Al3+ soils. 

 There is potential for finding a strain and cultivar to increase dry matter production in 

acidic soils with damaging levels of available Al3+, such as the soils in the New Zealand 

high country.  

 To find a cultivar and strain combination that is suitable for low pH and high Al3+ 

environments, potential strains and cultivars need to be tested together, at a wider range 

of Al3+ levels.  

 Future experiments need to take place in the lab, the glasshouse and most importantly in 

the field to fully determine the real benefit these cultivars and strains could have in soils 

with high levels of available Al3+.  
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significant issue, whereas, for lucerne, S. meliloti strain RRI128 occupied large numbers of nodules 

over time. However, adverse soil edaphic factors such as low pH and high Al3+, experienced in the 

NZ high country affected lucerne growth.  

 

This work confirmed previous New Zealand research showing that naturalised rhizobia occupy the 

nodules of white clover and lucerne plants and is one of the few to demonstrate strain diversity 

using genotyping. A large amount of research on field success of rhizobia was done in the 1970’s 

prior to the development of modern molecular methods such as DNA fingerprinting (Ronson et al., 

1996). The abundance of naturalised strains in the soil varied from season to season and ranged 

from 5.2 x 104 cells g-1 soil in the winter to 200 cells g-1 soil in the summer. This agreed with the 

findings of Brockwell (1963) and Slattery and Coventry (1993). The number of naturalised strains in 

the soil was affected by soil moisture and temperature. This is the first study where the effect of 

both soil moisture and temperature on MPN has been investigated. Evidence of naturalised 

rhizobia capable of nodulating lucerne has received a lot of attention overseas (Bromfield et al., 

1986; Gandee et al., 1999; Ballard et al., 2003; Talebi et al., 2008), however, this is the first study 

of its kind in New Zealand to discriminate strains of bacteria in the nodules of lucerne and monitor 

how these populations change over time. It showed the predominant strain changed over time 

suggesting a dynamic and variable population against which the applied commercial inoculant must 

compete. Further research could focus on more frequent monitoring of the most probable number 

of both rhizobia capable of nodulating lucerne and white clover throughout the year, along with 

monitoring soil moisture and soil temperature. Most probable number of rhizobia in the 

rhizosphere compared with the bulk soil could also be investigated. This would provide more 

knowledge of the factors affecting rhizobia numbers in the soil. 

 

This work is the first study of lucerne and white clover in NZ to show that, along with rhizobia, 

Pseudomonas sp. and other bacteria were present in the nodules of both white clover and lucerne 

plants. In this work strains of Pseudomonas sp. capable of forming small white nodules on lucerne 

were recovered. This is not the first time Pseudomonas sp. that can form nodules have been 

isolated (Shiraishi et al., 2010; Huang et al., 2012) but it is the first time this has been found in New 

Zealand. One of the strains (GLU4) was found to have nodC. However, it did not have nodA or nifH. 

The other strain found (ADZ) was not found to have nodC, nodA or nifH genes with the primer sets 

used. The significance of these bacteria is unknown but Shiraishi et al. (2010) and Huang et al. 

(2012)  suggested that these bacteria gain nod and nif genes through gene transfer. More research 
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is required into the genes of these bacteria to help determine how the bacteria enter the nodule 

and their role in the nodule. 

 

Illumina sequencing revealed that Rhizobium and Sinorhizobium were the dominant genera in the 

nodules of white clover and lucerne plants, respectively, regardless of inoculation treatment and 

made up 89-97% of all sequences from each inoculation treatment from white clover and lucerne. 

However, a diverse population of other bacteria were also found in the nodules from white clover 

and lucerne plants. In total, 408-879 genera of bacteria were identified from each inoculation 

treatment. These non-rhizobia bacteria were each identified in <1% of all sequences from each 

inoculation treatment. Illumina sequencing has been used previously to study the microbial 

population inside nodules of lotus (Zgadzaj et al., 2016). The study in this thesis is the first study on 

lucerne and white clover nodules using Illumina sequencing to investigate the microbial community 

inside the nodule. It confirmed that the periodic recovery of other bacteria from plated nodules 

was not a result of contamination during the sterilisation, DNA extraction and PCR process. The 

sequencing showed that in some cases Rhizobium/Sinorhizobium was <50% of the nodule contents 

providing an explanation as to why other genera were sometimes the most abundant bacteria 

recovered on plates. How these non-rhizobia bacteria strains enter the nodules and why they are 

there is yet to be understood and this should be a focus of future research. Zgadzaj et al. (2015) 

focused on the early stages of nodule infection of lotus nodules with Mesorhizobium loti in order 

to identify molecular signals and genetic components that allow endophyte accommodation and 

multiple species to co-exist inside nodules. Similar studies could be done using lucerne and white 

clover. Understanding how these non-rhizobia bacteria enter the nodule and what role they play 

once they are inside the nodule could enable these bacteria to be utilised to increase production 

of legume crops such as white clover and lucerne. It is possible that these bacteria are similar to 

helper bacteria found in the mycorrhizal symbiosis (Frey‐Klett and Garbaye, 2005) and that they 

help promote plant growth alongside rhizobia. These results highlight the importance of not only 

focusing on the Rhizobium-legume symbiosis but also factoring in the effect of the whole bacterial 

community inside the nodule on plant growth. 

 

In Chapter 2, the soil ecology of R. leguminosarum TA1 and other R. leguminosarum strains in their 

free living state was identified as an area that warranted further investigation to improve 

knowledge about the dynamics of strains in soil and how this affects nodulation success in white 

clover. The study of micro-organisms within the complex soil environment is challenging and there 

were few robust research tools available to do this. Thus, the focus of Chapter 3 was to develop a 
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new tool to measure the activity of rhizobia in soil.  The γ-MicroResp was developed so that carbon 

utilisation of individual rhizobia strains could be measured in a sterile soil environment. 

γ-MicroResp allowed the growth of strains in response to common rhizosphere exudates to be 

measure against a soil background, providing a bridge between simple laboratory assays and the 

more complex soil matrix experienced in the field. This research showed that strains behave 

differently, some strains utilise similar carbons in different soils, whereas, others change their 

carbon utilisation in different soils (Section 3.3.2.1, Section 3.3.2.2 and Section 4.2.1). Using γ-

MicroResp, it was found that a strains’ ability to utilise a wide range of carbon sources was linked 

to its nodulation success which is a measure of a strains persistence. Researchers have noted that 

a successful strain must also be a strong saprophyte in the soil (Yates, 2008). Although not tested 

here, γ-MicroResp could also give an indication of a strains saprophytic ability. The link between C 

utilisation and a strains ability to survive in the soil, its saprophytic ability, is an area for future 

research. Other potential uses for γ-MicroResp have been discussed in Section 3.4.3. This novel tool 

will be useful in soil microbial research, enabling the assessment of the ecology of micro-organisms 

within the complex soil environment.  

 

In Chapter 4, γ-MicroResp was used as a predictive tool to determine the likelihood of competitive 

success of different strains of rhizobia within the rhizosphere. The main focus was on characterizing 

the response of rhizobia to different carbon compounds commonly exuded in the rhizosphere of 

plants. The link between carbon utilisation and nodulation success was explored by pairing strains 

with different carbon utilisation profiles and monitoring their ability to compete for nodule 

occupancy. Previous studies have linked carbon utilisation with the competitive ability of different 

rhizobia strains (Wielbo et al., 2007; Wielbo et al., 2012). However, these studies were done using 

Biolog™. The experiment in this thesis is the first study that compares the carbon utilisation of 

commercial and naturalised strains in different soil conditions and investigates the link between 

carbon utilisation in the soil and competitive ability. γ-MicroResp identified a naturalised strain 

from New Zealand, ADWC3a, that was able to utilise a wide range of carbon sources and was also 

more competitive for nodule occupancy compared with TA1, which utilised fewer carbon sources. 

This work confirmed that γ-MicroResp is a useful tool to screen for strains that are better able to 

compete in the soil. 

 

γ-MicroResp also identified that strains were variable in their usage of the C sources supplied. Some 

strains preferred sugars, some utilised a high amount of a specific C source and some were high 

users of many C sources while others were low users of all carbon sources.  The advantages of a 
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strain that has a preference for utilising sugars has been discussed in Section 4.4.2. Future work 

should focus on ways this knowledge could help increase the competitive ability of these strains. It 

is possible that the competitive advantage of strains that utilise sugars could be increased by 

incorporating sugars into the seed pellet to ‘feed’ soil microbes. This advantage may not be limited 

to sugars, if strains utilised a high number of amino acids, amino acids could be added to the seed 

pellet in a similar way. Welbaum et al. (2004) reviewed the use of amino acid supplements, sugars 

and humic acids to stimulate and benefit microbial populations and concluded that ‘feeding’ soil 

microbes with sugars or other C sources could reduce crop damage by nematodes and parasites 

and increase crop yields. Molasses has been used as a carbon source for microbes in 

bioremediation of soil contaminants (Park et al., 2002). Grayston (1998) also found that different 

carbon sources stimulated specific soil microbes. This knowledge may allow for seed pellets to be 

customized to benefit particular strains of rhizobia and enhance their establishment in the field.  

 

The advantages of a strain that utilises a single carbon source has been discussed in Section 4.4.2. 

It is also possible that a strain that is only able to utilise a single carbon source would be unable to 

compete in soils where that C source was present a low amount or not present at all. However, 

knowledge that a strain utilises a specific C could also be used to develop inoculant formulations 

and this is an area for future research. For example, if a strain is a high user of xylose (ADSub1h) or 

mannitol (CC275e), a formulation that included these compounds could improve the strains 

competitive ability and/or survival in the rhizosphere. A review on inoculant formulations for plant 

growth promoting bacteria  by Bashan et al. (2014) stated that a common additive to rhizobia 

inoculants is sucrose to improve the survival of the bacteria. Jjemba and Alexander (1999) found 

that when C sources where added directly to the soil it did not greatly affect microbial colonization 

of the rhizosphere by Bradyrhizobium japonicum. However, the C sources used were mannitol and 

starch and it is possible that B. japonicum utilises other C sources to a greater degree. Singleton et 

al. (2002) found that the addition of glycerol increased the growth rate of B. japonicum in YMB and, 

therefore, the use of glycerol could have increased microbial colonization specifically for this strain. 

 

The ability to utilise specific C sources could also be linked to the expression of genes required for 

symbiotic effectiveness, competitiveness and tolerance to the environment. There is little known 

about these genes and limited research has been done linking gene expression with C utilisation. 

Black et al. (2012) completed a comparative genomic analysis of 14 sequenced rhizobial genomes. 

They found a large number of nitrogen, methane, sulphur, amino acids, vitamins and cofactors 

metabolism orthologs. It is possible that these different genes result in strains with different N 
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fixation, competitive and adaptation abilities and also different C utilisation profiles. In future 

research, γ-MicroResp could be used to find strains that utilise specific carbons and link this back 

to the expression of genes and, therefore, increase the understanding of genotype/phenotype 

relationships in different strains. 

 

A relationship was found between the competitive ability of a strain and its ability to utilise a wide 

range of carbon source. Following on from this, future research should also focus on the specific 

exudate composition that R. leguminosarum strains are attracted to as this is currently unknown. 

There have been a few studies investigating the exudates that R. leguminosarum are attracted to. 

Bowra and Dilworth (1981) found that R. leguminosarum WU163 showed chemotaxis to arabinose, 

ribose, xylose, glucose, fructose, mannitol, sorbitol, lactose and cellobiose. However, this study did 

not test any amino acids. Other studies have reported that rhizobia such as S. meliloti are 

preferentially attracted to amino acids (Burg et al., 1982; Götz et al., 1982). It is possible that if a 

strain is able to utilise a wide range of carbons it will also show chemotaxis to a wider range of root 

exudates including both sugars and amino acids. For example, a strain such as ADWC3a, which can 

utilise a wide range of carbons, may show strong chemotaxis towards clover roots exudates if there 

was a high concentration of exudates that the strain could utilise. This would give the strain a 

competitive advantage over strains that showed weaker chemotaxis to the root exudates. Plant 

exudates are known to affect the bacterial composition of the rhizosphere (el Zahar Haichar et al., 

2008; Shi et al., 2011) and the exudates from legumes attract rhizobia (Currier and Strobel, 1976; 

Gaworzewska and Carlile, 1982). Dowling and Broughton (1986) suggested that chemotaxis is a 

possible factor in competition as it draws specific rhizobia to the root surface and could increase 

the chances of those strains nodulating.  

 

One of the disadvantages of γ-MicroResp is that it is limited to sterile soil. Although, the 

competition experiment in Chapter 4 began to look into the link between competitive ability in a 

sterile environment compared with in the soil more research is required in this area. The next step 

would be to compare the competitive ability of a low carbon user, such as TA1 with ADWC3a in 

native soil. This would confirm that a strain that is a low carbon user such as TA1 requires higher 

numbers to be applied to the soil to outcompete the naturalised soil populations than a high carbon 

user such as ADWC3a. 

 

S. meliloti strain RRI128 was more persistent than TA1 but a major limitation for lucerne is its 

growth in areas with toxic levels of Al3+ (Section 2.4.1.2) and the need for an Al3+ tolerant strain of 
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S. meliloti to help increase lucerne plant growth in high Al3+ soils such as those found in the New 

Zealand high country was identified. In Chapter 5, the Al3+ tolerance of the current commercial 

strain for lucerne (RRI128) against acid tolerant strains from Australia was investigated along with 

the potential of these acid tolerant strains to increase lucerne production in high Al3+ and low pH 

environments. A hydroponic experiment and a pot trial investigated the Al3+ tolerance of acid 

tolerant strains SRDI672 and SRDI736 from Australia. These are the first experiments using these 

strains and testing their nodulation and dry matter production for Al3+ tolerance or in New Zealand 

high country soil. SRDI736 showed increased nodulation under low pH and high Al3+ in both the 

hydroponic experiment and pot trial. However this did not transfer into increased dry matter 

production. In the hydroponic experiment, an Al3+ cultivar TA37 was also included to investigate if 

the combination of cultivar and strain increased growth as Al3+ levels increased. However, cultivar 

did not to affect nodulation or growth of lucerne. The reasons for this have been discussed in 

Section 5.3.1 and further research needs to be done on the Al3+ tolerance of ‘TA37‘ and SRDI736 at 

higher Al3+ levels to determine if at higher Al3+ levels they perform better than ‘Stamina 5’ and 

RRI128.  

 

These two experiments highlight the amount of work that still needs to be done to find a cultivar 

and strain to increase lucerne production in high Al3+ and low pH environments such as the high 

country in New Zealand. To find a cultivar and strain combination that is suitable for low pH and 

high Al3+ environments, potential strains and cultivars need to be tested together, at a wider range 

of Al3+ levels to see if there are benefits from using tolerant strains and cultivars at higher Al3+ levels. 

This could include more hydroponic experiments were both strain and cultivar are tested together 

or a media based method similar to the one developed by Khu et al. (2012), where lucerne plants 

were grown in CaCl2 media with different Al3+ levels and their tolerance measured by the root 

growth of the plants after two weeks. This method could be adapted and the plants inoculated to 

provide a screening method for both cultivar and strain. Further testing should ultimately also 

include field trials to determine the real benefit these cultivars and strains could have in soils with 

high levels of available Al3+. A field experiment was not done in this thesis as time was a limitation.  

 

Overall, this research has contributed new information on the dynamics of rhizobia in the soil. It 

has identified different challenges for the commercial inoculants of R. leguminosarum and S. 

meliloti in New Zealand. For S. meliloti, the main factors that affected its survival and persistence 

where inoculation treatment and soil conditions such as low pH and high Al3+. This could be 

improved by selecting for tolerant strains. For R. leguminosarum the main factors affecting its 
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survival and persistence was competition from the high background populations of rhizobia in the 

soil. This affect can be reduced by identifying strains that are competitive in the rhizosphere. This 

research provided an extensive and up to date investigation into the survival and persistence of R. 

leguminosarum and S. meliloti  in the field using molecular techniques. The findings of this thesis 

and the tool developed, γ-MicroResp, will be useful to help develop and select more competitive 

commercial inoculants for both white clover and lucerne.  

6.1 Conclusions and Recommendations: 
 RRI128 was persistent. When sowing lucerne, inoculant should be applied as a peat slurry 

to ensure optimal persistence. 

 Non rhizobia bacteria were present in the nodules. How they enter the nodule and their 

role there is an area for further research. 

 TA1 was not persistent, however there is potential for more persistent naturalised strains 

to be identified and developed into a more successful commercial inoculant. 

 Naturalised strains should be screened using γ-MicroResp as a tool to determine their 

ability to utilise carbon compounds. 

 Future research should focus on the competitive ability of strains identified by γ-MicroResp 

to compete with background rhizobia populations. 

 The addition of lime is important for nodulation in low pH, high Al3+ soils. 

 To increase lucerne yields in high Al3+ and low pH environments such as the New Zealand 

high country research should focus on finding a cultivar and S. meliloti strain that together 

are able to increase production.  
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8.1.2 Lincoln University I12 and Ashley Dene M20– Lucerne trials 

 
SD= Sowing date 
Inoculation treatments: CS – coated seed, PS – peat seed, AS – ALOSCA and BS – Bare seed 
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8.1.3 Lincoln University I5 – white clover trial 

 
 

Control, I1 = ADCL4d, I2 = ADSub1g, I3 = BPSub8d, I4 = WSM1325, I5 = TAI  
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8.2 Preparation of inoculant and coating of seed for the Ballance 

Agri-Nutrients white clover field trial 

Seeds were sterilised in 70% v/v ethanol for 60 s, followed by immersion in 4% w/v NAHClO4 for 30 

s and then washed four times in sterile distilled water each for 1 min. The seeds were air dried for 

2-3 hours in the laminar flow and inoculated prior to sowing with a lime coat following a scaled 

down protocol of the commercial process. To prepare the inoculant the five strains of rhizobia were 

grown in yeast mannitol broth (YMB) to an optical density of approximately 1.0 at 600nm. 33 mL 

of each strain was injected aseptically into separate 50 g bags of peat. The bags were mixed and 

incubated at 28°C for 14 days. Seeds were surface sterilised by immersion in 70% v/v ethanol for 

30 seconds and air dried in the laminar flow cabinet. A slurry was made by adding 6 g of inoculated 

peat to 20 mL 1.5% w/v methyl cellulose. For white clover, 2.9 g of slurry and 10 g of lime (calcium 

carbonate) was mixed with 20 g of seed. For subterranean clover, 6.5 g of slurry and 25 g of lime 

was added to 42 g of seed.  

 

8.3 Yeast Mannitol Agar 

1 g yeast extract 
4 g mannitol  
0.5 g dipotassium phosphate 
0.2 g magnesium sulphate 
0.1 g sodium chloride 
15 g agar 
1 l water 
 

Autoclave for 15 minutes at 121°C and 15 Psi) 

 

8.4 Yeast Mannitol Broth 
1 g yeast extract 
4 g mannitol  
0.5 g dipotassium phosphate 
0.2 g magnesium sulphate 
0.1 g sodium chloride 
1 l water 
 

Autoclave for 15 minutes at 121°C and 15 Psi) 
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8.5 Example of banding patterns identifying different bacteria/rhizobia 

genotypes 

 
The Agarose gel shows representatives of the 14 unique ERIC-PCR fingerprints obtained using DNA 
extracted from the bacteria recovered from the nodules of lucerne plants grown from seed treated 
with a peat inoculant. Lucerne plants were sown on the 21st October 2010 and harvested for nodule 
collection in June 2011 at Ashley Dene, Canterbury. Lane 1 contains the 1Kb Plus DNA Ladder™ 
(Invitrogen) and Lane 15 is the non template control (Wigley, 2011). 
 

8.6  McKnights nutrient solution 

Chemical Amount 

Calcium chloride 0.25 ml 
Magnesium sulphate 0.25 ml 
Potassium dihydrogen orthophosphate 1 ml 
Potassium chloride 1 ml 
Trace elements stock solution 0.5 ml 
EDTA – FeCl3 0.75 ml 
Sodium hydroxide 0.25 ml 
Millipore water 1000 ml 
Modifications  
Minimal N: 100 mM ammonium nitrate 1 ml/l 
High N: ammonium nitrate 0.78 g-1l 

 

 

 

 

 

 

 

 

 

   A        B      AAA       AAD     W        C         H              I        K        L          N        Q       E       
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8.7 16s sequences for R. leguminosarum strains used in symbiotic 

potential experiment 
ADWC3a 
ACATGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGAC
TACGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAG
GATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCT
GAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAAT
ATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCT
CTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGG
TAATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCA
GGGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGA
GTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCAC
TGGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCG
CCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCAT
GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAA
GGTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT
AAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCG
GTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACG
TGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTT
CGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGT
GAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCG
CTAACCGCAAGGAGGCAGCTAACCACGG 
 
ADWC3b 
TGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTAC
GGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGAT
GAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAG
AGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATT
GGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTT
TCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAA
TACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGG
GGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGT
GGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTG
GTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGG
TTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGT
GATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTG
CTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCG
GATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGATAGGTAGTGCGC
TAACCGCAAGGAGGCAGCTA 
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ADSub1g 

CATGCAGTCGAGCGCCCCGCAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTA
CGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGA
TGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGA
GAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATAT
TGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCT
TTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTA
ATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAG
GGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAG
TGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACT
GGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGC
CGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGC
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATG
TGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAG
GTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTA
AGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCG
GTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACG
TGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTT
CGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGT
GAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTG 
 

ADSub1h 

ACATGCAGTCGAGCGCCCCGCAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACT
ACGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGG
ATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTG
AGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATA
TTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTC
TTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGT
AATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCA
GGGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGA
GTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCAC
TGGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCG
CCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCAT
GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAA
GGTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT
AAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCG
GTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACG
TGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTT
CGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGT
GAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCG
CTAACCGCAAGGAGGCAGCTAACCACGG 
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CC275e 

TACACATGCAGTCGAGCGCCCCGCAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTG
ACTACGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAA
GGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTC
TGAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAA
TATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGC
TCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCG
GTAATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGT
CAGGGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGT
GAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTC
ACTGGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCA
CGCCGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTC
CGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGC
ATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGC
AAGGTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGG
TTAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGC
CGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACA
CGTGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAG
TTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCG
GTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTG
CGCTAACCGCAAGGAGGCAGCTAACCAC 
 

TA1 

ATGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTA
CGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGA
TGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGA
GAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATAT
TGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCT
TTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTA
ATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAG
GGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAG
TGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACT
GGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCAC
GCCGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCC
GCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCA
TGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCA
AGGTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGT
TAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCC
GGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACAC
GTGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGT
TCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGG
TGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGC
GCTAACCGCAAGGAGGCAGCTA 
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WSM1325 

ACACATGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTG
ACTACGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAA
GGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTC
TGAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAA
TATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGC
TCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGC
GGTAATACGAAGGGGGGCTAGCGTTGTTCGGAATTACTGGGGCGTAAAGCGCACGTAGGCGGATCGATC
AGTCAGGGGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAG
AGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCG
GCTCACTGGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAG
TCCACGCCGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAAC
ATTCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG
GAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAG
ATGCAAGGTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGT
TGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGA
CTGCCGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTA
CACACGTGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATC
TCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCC
GCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTA
GTGCGCTAACCGCAAGGAGGCAGCTA 
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8.8  List of white clover nodules and barcoded primers used 

Sample # Treatment Plant # Nodule # Forward Primer Reverse Primer 

1 bare seed P1 8 2 + F341 3 + R806 

2 bare seed P1 4 5 + F341 3 + R806 

3 bare seed P1 3 17 + F341 3 + R806 

4 bare seed P1 9 36 + F341 3 + R806 

5 bare seed P1 2 38 + F341 3 + R806 

6 bare seed P 2 3 19 + F341 3 + R806 

7 bare seed P 2 9 2 + F341 14 + R806 

8 bare seed P 2 4 5 + F341 14 + R806 

9 bare seed P 2 2 17 + F341 14 + R806 

10 bare seed P 2 10 36 + F341 14 + R806 

11 bare seed P 3 1 38 + F341 14 + R806 

12 bare seed P 3 10 19 + F341 14 + R806 

13 bare seed P 3 10 2 + F341 26 + R806 

14 bare seed P 3 3 5 + F341 26 + R806 

15 bare seed P 3 6 17 + F341 26 + R806 

16 TA1 P 1 9 36 + F341 26 + R806 

17 TA1 P 1 6 38 + F341 26 + R806 

18 TA1 P 1 7 19 + F341 26 + R806 

19 TA1 P 1 2 2 + F341 37 + R806 

20 TA1 P 1 8 5 + F341 37 + R806 

21 TA1 P 2 3 17 + F341 37 + R806 

22 TA1 P 2 6 36 + F341 37 + R806 

23 TA1 P 2 8 38 + F341 37 + R806 

24 TA1 P 2 9 19 + F341 37 + R806 

25 TA1 P 2 1 2 + F341 11 + R806 

26 TA1 P 3 1 5 + F341 11 + R806 

27 TA1 P 3 5 17 + F341 11 + R806 

28 TA1 P 3 3 36 + F341 11 + R806 

29 TA1 P 3 7 38 + F341 11 + R806 

30 TA1 P 3 8 19 + F341 11 + R806 
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8.9 List of lucerne clover nodules and barcoded primers used 

Sample # Treatment Plant # Nodule # Forward Primer Reverse Primer 

31 bare seed P1 3 2 + F341 3 + R806 

32 bare seed P1 10 5 + F341 3 + R806 

33 bare seed P1 1 17 + F341 3 + R806 

34 bare seed P2  5 36 + F341 3 + R806 

35 bare seed P2  2 38 + F341 3 + R806 

36 bare seed P2  9 19 + F341 3 + R806 

37 bare seed P 3 3 2 + F341 14 + R806 

38 bare seed P 3 5 5 + F341 14 + R806 

39 bare seed P 3 4 17 + F341 14 + R806 

40 coated seed P1 10 36 + F341 14 + R806 

41 coated seed P1 4 38 + F341 14 + R806 

42 coated seed P1 2 19 + F341 14 + R806 

43 coated seed P2  3 2 + F341 26 + R806 

44 coated seed P2  2 5 + F341 26 + R806 

45 coated seed P2  5 17 + F341 26 + R806 

46 coated seed P 3 2 36 + F341 26 + R806 

47 coated seed P 3 5 38 + F341 26 + R806 

48 coated seed P 3 10 19 + F341 26 + R806 

49 peat seed P1 2 2 + F341 37 + R806 

50 peat seed P1 1 5 + F341 37 + R806 

51 peat seed P1 6 17 + F341 37 + R806 

52 peat seed P2  7 36 + F341 37 + R806 

53 peat seed P2  10 38 + F341 37 + R806 

54 peat seed P2  6 19 + F341 37 + R806 

55 peat seed P 3 2 2 + F341 11 + R806 

56 peat seed P 3 4 5 + F341 11 + R806 

57 peat seed P 3 8 17 + F341 11 + R806 

 

8.10 Symbiotic potential shoot dry weight – white clover ANOVA 

Source DF SS MS F P 

Rhizobia 8 15024 1878    18.73 <0.001 

Residual 36 3609  100 
  

Total 44 18634 
   

 

8.11 Symbiotic potential root dry weight – white clover ANOVA 

Source DF SS MS F P 

Rhizobia 8 2316 289  17.90 <0.001 

Residual 36 582  16 
  

Total 44 2892 
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8.12 Symbiotic potential shoot dry weight – lucerne ANOVA 

Source DF SS MS F P 

Rhizobia 9 0.026 0.0029    41.14 <0.001 

Residual 50 0.0035 0.000069 
  

Total 59 0.029 
   

 

8.13 Symbiotic potential root dry weight – lucerne ANOVA 

Source DF SS MS F P 

Rhizobia 9 0.0097 0.0011    8.68 <0.001 

Residual 50 0.0062 0.00012 
  

Total 59 0.016 
   

 

8.14 Symbiotic potential number of pink nodules – lucerne ANOVA 

Source DF SS MS F P 

Rhizobia 9 6572 730    18.76 <0.001 

Residual 50 1947 38 
  

Total 59 8519 
   

 

8.15 Symbiotic potential number of white nodules – lucerne ANOVA 

Source DF SS MS F P 

Rhizobia 9 7.33 0.815  1.13 0.359 

Residual 50 36 0.720 
  

Total 59 43.3 
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WSM409 
CATGCAGTCGAGCGCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTA
CGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGA
TGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGA
GAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATAT
TGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCT
TTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTA
ATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAG
GGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAG
TGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACT
GGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGC
CGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGC
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATG
TGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAG
GTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTA
AGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCG
GTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACG
TGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTT
CGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGT
GAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCG
CTAACCGCAAGGAGGCAGCTA 
 
TA24 
TGCAAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTA
CGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGA
TGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGA
GAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATAT
TGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCT
TTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTA
ATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAG
GGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAG
TGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACT
GGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGC
CGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGC
CTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATG
TGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAG
GTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTA
AGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCG
GTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACG
TGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTT
CGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGT
GAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCG
CTAACCGCAAGGAGGCAGCTA 
 
 
 
 
 
 
 



205 
 

SRDI943    
GCATGCAGTCGAGCGCCCGCAGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTAC
GGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGAT
GAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAG
AGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATT
GGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTT
TCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAA
TACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGG
GGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGT
GGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTG
GTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGG
TTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGT
GATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTG
CTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCG
GATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCT
AACCGCAAGGAGGCAGCTA 
 
CC283b 
CATGCAGTCGAGCGCCCGCAGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTACG
GAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGATG
AGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAGA
GGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTG
GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTT
CACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAAT
ACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGG
GTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGTG
GAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGG
TCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCCT
GGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTG
GTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGGT
TCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAG
TCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGTG
ATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCT
ACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGA
TTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCTAA
CCGCAAGGAGGCAGCT 
 
 
 
 
 
 
 
 



206 
 

RRI128 
TGCAGTCGAGCGCCCCGCAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTTTCTACG
GAATAACGCAGGGAAACTTGTGCTAATACCGTATGAGCCCTTCGGGGGAAAGATTTATCGGGAAAGGATG
AGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAGA
GGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTG
GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTT
CACCGGTGAAGATAATGACGGTAACCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAAT
ACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATTGTTAAGTGAGGG
GTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTCATACTGGCAATCTAGAGTCCAGAAGAGGTGAGTG
GAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGG
TCTGGAACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTTTACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGATCGCGGATACGAGAGATCGTA
TCCTTCAGTTCGGCTGGATCGGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGG
TTAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGC
CGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACA
CGTGCTACAATGGTGGTGACAGTGGGCAGCGAGACCGCGAGGTCGAGCTAATCTCCAAAAGCCATCTCAG
TTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCAGCATGCTGCGG
TGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTCTACCCGAAGGTAGTGC
GCTAACCGCAAGGAGGCAGCTA 
 
NA30 
TGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTAC
GGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGAT
GAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAG
AGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCATACGGGAGGCAGCAGTGGGGAATATT
GGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTT
TCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAA
TACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGG
GGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGT
GGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTG
GTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGG
TTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGT
GATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTG
CTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCG
GATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCT
AACCGCAAGGAGGCAGCTA 
 
 
 
 
 
 
 
 



207 
 

SU157 
TGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTAC
GGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGAT
GAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAG
AGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATT
GGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTT
TCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAA
TACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGG
GGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGT
GGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTG
GTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGG
TTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGT
GATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTG
CTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCG
GATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCT
AACCGCAAGGAGGCAGC 
 
UNZ29 
TGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTAC
GGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGAT
GAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAG
AGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCATACGGGAGGCAGCAGTGGGGAATATT
GGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTT
TCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAA
TACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGG
GGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGT
GGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTG
GTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGG
TTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGT
GATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTG
CTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCG
GATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCT
AACCGCAAGGAGGCAGCTA 
 
 
 
 
 
 
 
 



208 
 

CC275f 
TGCAGTCGAGCGCCCGCAAGTGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTACG
GAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGATG
AGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAGA
GGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATTG
GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTT
CACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAAT
ACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGG
GTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGTG
GAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGG
TCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCCT
GGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTG
GTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGGT
TCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAG
TCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGTG
ATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCT
ACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGA
TTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGA 
 
CC1049a 
TGCAGTCGAGCGCCCGCAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTACGG
AATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGATGA
GCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAGAG
GATGATCAGCCACATTGGGACTGAGACACGACCCAAACTCATACGGGAGGCAGCAGTGGGGAATATTGG
ACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTTC
ACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAAT
ACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGG
GTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGTG
GAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGG
TCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCCT
GGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTG
GTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGGT
TCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAG
TCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGTG
ATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCT
ACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGA
TTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCTAA
CCGCAAGGAGGCAGCTA 
 
 
 
 
 
 
 
 
 



209 
 

CC1047 
TGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTAC
GGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGAT
GAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAG
AGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCATACGGGAGGCAGCAGTGGGGAATATT
GGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTT
TCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAA
TACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGG
GGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGT
GGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTG
GTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGG
TTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGT
GATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTG
CTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCG
GATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCT
AACCGCAAGGAGGCAGCTA 
 
CC4334a 
TGCAGTCGAGCGCCCCGCAAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTAC
GGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGAT
GAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAG
AGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATATT
GGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTT
TCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAA
TACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGG
GGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGT
GGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTG
GTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCC
GTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCC
TGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGT
GGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGG
TTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAA
GTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGT
GATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTG
CTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCG
GATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCT
AACCGCAAGGAGGCAGCTA 
 
 
 
 
 
 
 
 



210 
 

SRDI166 
TACACATGCAGTCGAGCGCCCCGCAGGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTG
ACTACGGAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAA
GGATGAGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTC
TGAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAA
TATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGC
TCTTTCACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCG
GTAATACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGT
CAGGGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGT
GAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTC
ACTGGTCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCA
CGCCGTAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTC
CGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGC
ATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGC
AAGGTTCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGG
TTAAGTCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGC
CGGTGATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACA
CGTGCTACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAG
TTCGGATTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCG
GTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTG
CGCTAACCGCAAGGAGGCAGCTAACCACGG 
 
CC2483g 
TGCAGTCGAGCGCCCCGCATGGGAGCGGCAGACGGGTGAGTAACGCGTGGGAATCTACCCTTGACTACG
GAATAACGCAGGGAAACTTGTGCTAATACCGTATGTGTCCTTCGGGAGAAAGATTTATCGGTCAAGGATG
AGCCCGCGTTGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCATAGCTGGTCTGAGA
GGATGATCAGCCACATTGGGACTGAGACACGACCCAAACTCATACGGGAGGCAGCAGTGGGGAATATTG
GACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGCCCTAGGGTTGTAAAGCTCTTT
CACCGGAGAAGATAATGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAAT
ACGAAGGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGATCGATCAGTCAGGG
GTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTGATACTGTCGATCTGGAGTATGGAAGAGGTGAGTG
GAATTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGG
TCCATTACTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACGATGAATGTTAGCCGTCGGGCAGTATACTGTTCGGTGGCGCAGCTAACGCATTAAACATTCCGCCT
GGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTG
GTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCCTTGACATGCCCGGCTACTTGCAGAGATGCAAGGT
TCCCTTCGGGGACCGGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAG
TCCCGCAACGAGCGCAACCCTCGCCCTTAGTTGCCAGCATTCAGTTGGGCACTCTAAGGGGACTGCCGGTG
ATAAGCCGAGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGGGCTGGGCTACACACGTGCT
ACAATGGTGGTGACAGTGGGCAGCGAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCATCTCAGTTCGGA
TTGCACTCTGCAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAAT
ACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGTTTTACCCGAAGGTAGTGCGCTAA
CCGCAAGGAGGCAGCT 
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9.3 Relationship between optical density and cells per ml 

OD at 600nm of 0.167 = 1 x 108 cells per ml (Weir, 2006) 

 

9.4 Calculation: Amount of water required to get gamma irradiated soil to 

approximately 20% moisture 

Amount of water to add to increase soil moisture to X% =  

((Desired soil moisture% * dry weight of soil) + Dry weight of soil)-original weight of wet soil 

 

AD GI soil: 0.41 g/well at 8% soil moisture 

Dry weight of soil per well: 0.384 g 

If you add 0.0414 ml of water to each well final soil moisture equals 18.6% 

 

LU GI soil: 0.404g/well at 11% soil moisture 

Dry weight soil per well: 0.365 g 

If you add 0.0404 ml of water to each well final soil moisture equals 21.7% 

9.5 Calculation: How much glucose to add to γ-MicroResp in optimisation 

process 

Glucose added at 20 mg per g dry soil 

Glucose per well (a) = 20 mg glucose x dry weight of soil per well (g) 

 

Glucose was delivered in x μL of water per well (where x the optimum moisture to be added). The 

solution needs to be made up with a concentration of glucose where x µL of solution delivers (a) 

mg of glucose. 

 

 To make a 10 ml solution: mg of glucose for 10mL = (a/x)x10000 

 

9.6 Calculation: Carbon Sources for γ-MicroResp™ 

Carbon sources added at the same rate of mg C per g of dry soil. 

Equivalent to 8 mg C per g of dry soil. 

Calculated based on a rate of 20 mg glucose per g dry soil. 

 

Glucose is 40% wt/v carbon 

mg C/well(glucose) = mg glucose/well * 40% 

 

mg C source per well = mg C/well (glucose)/ % C in each carbon source 
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9.7 Soil moisture for γ-MicroResp 

Soil moisture = ((weight of moist soil + optimal moisture added) – weight of dry soil)/weight of 

dry soil 

 

LU Soil 

Weight of moist soil: 0.404 g per well 

Weight of dry soil: 0.365 g per well 

Weight of soil + water added with rhizobia (40 μl) + optimal moisture (80 μl): 0.524 g per well 

Soil moisture: 44% 

 

AD Soil 

Weight of moist soil: 0.414 g per well 

Weight of dry soil: 0.384 g per well 

Weight of soil + water added with rhizobia (40 μl) + optimal moisture (80 μl): 0.535 g per well 

Soil moisture: 40% 

 

9.8 Colony forming units calculations 

Confirming soil sterility 

Day 1 dilutions (plate counts from 10-2 dilution) 

CFU per g soil = colony forming units on plate * 10 * 10 * 116/13 

 

Day 7 dilutions (plate counts from 10-3 dilution) 

CFU per g soil = colony forming units on plate * 10 * 10 * 10 * 116/13 

 

Colony forming units over time for R. leguminosarm WSM1325 

Cells units per ml = colony forming units * 10x 

Where x = dilution counts were taken from 

 

9.9 Confirming soil sterility ANOVA 

Source DF SS MS F P 

Day 2 0.1386 0.0693  38.32 <0.001 

Water 7 0.0304 0.0043 2.40 0.021 

Day*Water 14 0.0440 0.0031 1.74 0.048 

Residual 264 0.4775 0.0018 
  

Total 287 0.6906 
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9.10 Ability to establish a viable population of rhizobia in γ irradiated soil 

ANOVA 

Source DF SS MS F P 

Day 1 2.2 x 1012 2.3 x 1012 2.44 0.193 

Residual 4 3.7 x 1012 9.3 x 1011 
  

Total 5 6.0 x 1012 
   

 

9.11 Optimal incubation length and soil moisture content for soil from 

Lincoln University ANOVA 

Source DF SS MS F P 

Day 3 0.0874 0.0291  83.94 <0.001 

Water 7 0.0154 0.0022 6.35 <0.001 

Day*Water 21 0.0128 0.0006 1.75 0.025 

Residual 224 0.0778 0.0003 
  

Total 255 0.1934 
   

 

9.12 Optimal incubation length and soil moisture content for soil from 

Ashley Dene ANOVA 

Source DF SS MS F P 

Day 1 0.0126 0.0260  17.42 <0.001 

Water 7 0.4660 0.0666 92.10 <0.001 

Day*Water 7 0.0154 0.0022 3.05 0.005 

Residual 128 0.0925 0.0007 
  

Total 143 0.5866 
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11.4 Experiment 5.1 – Number of nodules per plant: TA37 ANOVA 

Source DF SS MS F P 

Rhizobia 1 31.2 31.2 111 <0.001 

Aluminium 3 3.12 1.04 3.69 0.034 

Rhizobia*Aluminium 3 2.26 0.75 2.67 0.083 

Residual 16 4.51 0.28 
  

Total 23 41.0 
   

 

11.5 Experiment 5.1 – Number of nodules per plant: TA37 vs. Stamina 5 

ANOVA 

Source DF SS MS F P 

Rhizobia 1 12.7 12.7 81.7 <0.001 

Aluminium 3 0.63 0.21 1.34 0.296 

Rhizobia*Aluminium 3 1.79 0.60 3.83 0.030 

Residual 16 2.49 0.16 
  

Total 23 17.6 
   

 

11.6 Experiment 5.1 – Nodulation percentage: Stamina 5 ANOVA 

Source DF SS MS F P 

Rhizobia 1 6860 6860 114 <0.001 

Aluminium 3 2800 933 15.6 <0.001 

Rhizobia*Aluminium 3 1750 584 9.73 <0.001 

Residual 16 959 60 
  

Total 23 12400 
   

 

11.7 Experiment 5.1 – Nodulation percentage: TA37 ANOVA 

Source DF SS MS F P 

Rhizobia 1 14900 14900 150 <0.001 

Aluminium 3 143 47.6 0.48 0.701 

Rhizobia*Aluminium 3 226 75.5 0.76 0.533 

Residual 16 1590 99.3 
  

Total 23 16800 
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11.8 Experiment 5.1 – Nodulation percentage: TA37 vs. Stamina 5 ANOVA 

Source DF SS MS F P 

Rhizobia 1 1537 1537 17.2 <.001 

Aluminium 3 1771 590 6.61 0.004 

Rhizobia*Aluminium 3 1793 598 6.69 0.004 

Residual 16 1430 89.4 
  

Total 23 6531 
   

 

11.9 Experiment 5.1 – Shoot dry weight: Stamina 5 ANOVA 

Source DF SS MS F P 

Rhizobia 1 0.457 0.457 1.54 0.233 

Aluminium 3 0.393 0.131 0.44 0.727 

Rhizobia*Aluminium 3 0.890 0.297 1.00 0.419 

Residual 16 4.75 0.297 
  

Total 23 6.50 
   

 

11.10 Experiment 5.1 – Root dry weight: Stamina 5 ANOVA 

Source DF SS MS F P 

Rhizobia 1 0.00468 0.005 0.12 0.732 

Aluminium 3 0.391 0.130 3.38 0.044 

Rhizobia*Aluminium 3 0.0805 0.027 0.70 0.568 

Residual 16 0.627 0.039 
  

Total 23 1.09 
   

 

11.11 Experiment 5.1 – Shoot dry weight: TA37 ANOVA 

Source DF SS MS F P 

Rhizobia 1 0.116 0.116 0.66 0.429 

Aluminium 3 0.511 0.171 0.96 0.434 

Rhizobia*Aluminium 3 0.750 0.250 1.41 0.276 

Residual 16 2.83 0.177 
  

Total 23 4.21 
   

 

 

 

 

 

 

 

 



218 
 

11.12 Experiment 5.1 – Root dry weight: TA37 ANOVA 

Source DF SS MS F P 

Rhizobia 1 0.126 0.126 2.86 0.110 

Aluminium 3 0.306 0.102 2.31 0.115 

Rhizobia*Aluminium 3 0.0648 0.0216 0.49 0.694 

Residual 16 0.705 0.0441 
  

Total 23 1.20 
   

 

11.13 Experiment 5.1 – Shoot dry weight: TA37 vs. Stamina 5 ANOVA 

Source DF SS MS F P 

Rhizobia 1 1.03 1.03 2.89 0.108 

Aluminium 3 0.408 0.136 0.38 0.769 

Rhizobia*Aluminium 3 1.63 0.542 1.52 0.249 

Residual 16 5.72 0.358 
  

Total 23 8.79 
   

 

11.14 Experiment 5.1 – Root dry weight: TA37 vs. Stamina 5 ANOVA 

Source DF SS MS F P 

Rhizobia 1 0.126 0.126 2.86 0.110 

Aluminium 3 0.306 0.102 2.31 0.145 

Rhizobia*Aluminium 3 0.0648 0.0216 0.49 0.694 

Residual 16 0.705 0.0441 
  

Total 23 1.20 
   

 

11.15 Experiment 5.2 – Number of nodules per plant at two phosphorus 

levels ANOVA 

Source DF SS MS F P 

Blocks 3 979 326 3.46  

P treatment 1 4170 4170 44.2 <0.001 

lime 4 20200 5050 53.5 <0.001 

Rhizobia 3 25600 8520 90.3 <0.001 

P trt*lime 4 807 201 2.14 0.080 

P trt*rhizobia 3 901 300 3.18 0.027 

Lime*rhizobia 12 7800 650 6.89 <0.001 

P trt*lime*rhizobia 12 924 77.0 0.82 0.633 

Residual 117 11000 94.4 
  

Total 159 72400 
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11.16 Experiment 5.2 – Shoot dry weight at two phosphorus levels ANOVA 

Source DF SS MS F P 

Blocks 3 0.0699 0.0233 7.60  

P treatment 1 1.130 1.13 369 <0.001 

lime 4 0.950 0.237 77.5 <0.001 

Rhizobia 3 0.469 0.156 51.0 <0.001 

P trt*lime 4 0.101 0.0253 8.26 <0.001 

P trt*rhizobia 3 0.0622 0.0207 6.76 <0.001 

Lime*rhizobia 12 0.188 0.0157 5.11 <0.001 

P trt*lime*rhizobia 12 0.0399 0.00332 1.08 0.380 

Residual 117 0.359 0.00306 
  

Total 159 3.37 
   

 

11.17 Experiment 5.2 – Root dry weight at two phosphorus levels ANOVA 

Source DF SS MS F P 

Blocks 3 0.0515 0.0172 6.45  

P treatment 1 1.241 1.24 466 <0.001 

lime 4 0.296 0.0741 27.9 <0.001 

Rhizobia 3 0.142 0.0474 17.8 <0.001 

P trt*lime 4 0.103 0.0257 9.65 <0.001 

P trt*rhizobia 3 0.0569 0.0190 7.13 <0.001 

Lime*rhizobia 12 0.0521 0.00434 1.63 0.092 

P trt*lime*rhizobia 12 0.0303 0.00252 0.95 0.502 

Residual 117 0.311 0.00266 
  

Total 159 2.28 
   

 

11.18 Experiment 5.2 – Plus phosphorus, number of nodules per plant 

ANOVA 

Source DF SS MS F P 

Blocks 3 640 214 1.70  
lime 4 11200 2800 22.3 <0.001 

Rhizobia 3 17800 5950 47.2 <0.001 

Lime*rhizobia 12 4680 390 3.10 0.002 

Residual 57 7180 126 
  

Total 79 41600 
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11.19 Experiment 5.2 – Plus phosphorus, shoot dry weight ANOVA 

Source DF SS MS F P 

Blocks 3 0.0834 0.0278 5.70  
lime 4 0.655 0.164 33.6 <0.001 

Rhizobia 3 0.429 0.143 29.3 <0.001 

Lime*rhizobia 12 0.147 0.0123 2.51 0.010 

Residual 57 0.278 0.00488 
  

Total 79 1.59 
   

 

11.20 Experiment 5.2 – Plus phosphorus, root dry weight ANOVA 

Source DF SS MS F P 

Blocks 3 0.0631 0.0210 5.11  
lime 4 0.296 0.0739 17.9 <0.001 

Rhizobia 3 0.189 0.0631 15.3 <0.001 

Lime*rhizobia 12 0.0610 0.00509 1.24 0.283 

Residual 57 0.235 0.00412 
  

Total 79 0.844 
   

 

11.21 Experiment 5.2 – Plus phosphorus, shoot:root ratio ANOVA 

Source DF SS MS F P 

Blocks 3 0.206 0.0685 1.89  
lime 4 3.00 0.0750 20.64 <0.001 

Rhizobia 3 0.637 0.212 5.85 0.001 

Lime*rhizobia 12 1.04 0.0864 2.38 0.014 

Residual 57 2.07 0.0363 
  

Total 79 6.95 
   

 




