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

Doctor of Philosophy (Molecular Microbiology) 

Characterisation of Rhizobia Associated with New Zealand Native Legumes (Fabaceae) and 

a Study of Nitrogen Assimilation in Sophora microphylla 

by 

Heng Wee Tan 

Many legume species have the capacity to fix atmospheric N2 via symbiotic bacteria 

(generally termed “rhizobia”) in root nodules and this can give them an advantage under 

low soil N conditions if other factors are favourable for growth. There are four genera of 

native legumes, on the main New Zealand (NZ) islands. These are the closely related 

Carmichaelia, Clianthus and Montigena in the Carmichaelinae clade, tribe Galegeae, and 

Sophora, within the tribe Sophoreae: all are capable of nodulation. Little work has been 

done on the genotypic characterisation and host-range specificity of the rhizobia associated 

with NZ native legumes. Moreover, the ability of native legumes to assimilate soil N in 

comparison with their N2 fixation has not been assessed. The primary objectives of this 

research were to 1) more fully characterise the rhizobia associated with the four genera of 

NZ native legumes, including their ability to cross nodulate different species and 2) assess 

the ability of Sophora microphylla to assimilate soil N in comparison with its N2 fixation. 

Gene sequencing results indicated that the bacterial strains isolated from NZ native legumes 

growing in natural ecosystems in the current and previous studies were of the genus 

Mesorhizobium. Generally, the Carmichaelinae and Sophora species were nodulated by two 

separate groups of Mesorhizobium strains. Ten strains isolated from the Carmichaelinae 

showed 16S rRNA and nifH similar to the M. huakuii type strain, but had variable recA and 

glnII genes, novel nodA and nodC genes and the seven strains tested could produce 

functional nodules over a range of Carmichaelinae species but did not nodulate Sophora 

species. Forty eight strains isolated from Sophora spp. showed 16S rRNA similar to the M. 

ciceri or M. amorphae type strains, variable recA, glnII and rpoB genes and novel and 

specific nifH, nodA and nodC genes which were different from those of the Carmichaelinae 

strains. Twenty one Sophora strains tested were able to produce functional nodules on a 
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range of Sophora spp. but none nodulated C. australis. However, eighteen of the twenty one 

strains produced functional nodules on Cl. puniceus. These results indicate that, in general, 

the ability of different rhizobial strains to produce functional nodules on NZ native legumes 

is likely to be dependent on specific symbiosis genes. Clianthus puniceus appears to be more 

promiscuous in rhizobial host than the other NZ native legumes species tested.  

Generally, strains isolated from NZ native Sophora spp. from the same field site grouped 

together in relation to their “housekeeping” gene sequences and ERIC-PRC fingerprinting 

banding patterns. Most strains were able to grow at pH 3 – pH 11 but only one showed 

phosphorus solubilisation ability and none showed siderophore production. The strains 

showed differences in their ability to promote the growth of S. microphylla under 

glasshouse conditions. DNA-DNA hybridisation tests indicated that strains isolated from 

New Zealand native Sophora spp. are of several new Mesorhizobium species. 

The ability of S. microphylla to utilise soil NO3- and NH4+ in comparison with its N2 fixation 

was assessed under glasshouse conditions. N2 fixing (nodulated) plants showed substantially 

greater growth and tissue N content than those relying solely on NH4NO3, NO3- or NH4+ up 

to the equivalent of 200 kg N ha-1 and N limitation is likely to have been the major cause of 

reduced growth of non-N2 fixing (non-nodulated) plants. NO3- levels were negligible in plant 

tissues regardless of NO3- supply, indicating that virtually all NO3- taken up was assimilated. 

Thus, there appears to be a limitation on the amount of NO3- that S. microphylla can take up. 

However, it is possible that S. microphylla could not access NO3- in the potting mix and 

further work is required using different substrate and more regular NO3- applications to 

confirm this. Plants showed NH4+ toxicity symptoms at 25 kg NH4+-N ha-1 and above. Nitrate 

reductase activity was not detected in roots or leaves of mature S. microphylla in the field: 

all plants were nodulated. 

Overall, the two major findings of this research are 1) NZ native legumes are nodulated by 

diverse and novel Mesorhizobium species and 2) S. microphylla seedlings have limited ability 

to utilise soil inorganic N. Important future work based on the results obtained in this 

research is discussed. 

Keywords: Montigena; Carmichaelia; Clianthus; Sophora; Mesorhizobium; nodulation; N2 fixation; Maximum 

Likelihood phylogenetic analyses; recA; glnII; rpoB; nifH; nodA; nodC; DNA-DNA hybridisation; nitrate. 
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Chapter 1 

General Introduction 

1.1 Legumes 

The Fabaceae (Leguminosae or the legume family) is the third largest family of flowering 

plants after the Orchidaceae (orchid family) and the Asteraceae (sunflower family). Legumes 

can occur as herbs, shrubs, woody climbers (lianas) or trees in mainly terrestrial but 

occasionally aquatic habitats and they are components of most of the world’s vegetation 

types (Wojciechowski, 2003; Lewis et al., 2005; Sprent, 2009).  

The legume family is divided into three subfamilies, the Caesalpinioideae, Mimosoideae 

and Papilionoideae, comprising 35 tribes, about 1,000 genera and more than 19,000 

species (Sprent, 2001, 2009; Lewis et al., 2005). The subfamily Caesalpinioideae consists of 

4 tribes, 171 genera and about 2,500 species (Sprent, 2009). The Caesalpinioideae is 

mainly moist tropical in distribution with some herbaceous species, some shrubs of various 

sizes and quite large trees (Lewis et al., 2005). The Mimosoideae is the smallest of the 

subfamilies in term of genera but has more species than the Caesalpinioideae, and it 

consists of 3 tribes, 78 genera and about 3,270 species (Sprent, 2009). The Mimosoideae 

is largely tropical but extends into cooler areas and often into dry areas, and usually can be 

phenotypically characterised by their small regular flowers aggregated into heads or spikes 

(Lewis et al., 2005). The Papilionoideae is the largest and the most complex subfamily 

which consists of 28 tribes with about 750 genera and more than 13,800 species (Sprent, 

2009). Among the three subfamilies of the Fabaceae, members of the Papilionoideae have 

the widest distribution, occurring from the tropics to the arctic and from dry to flooded 

terrestrial habitats, and they can generally be recognised by their pea shaped and 

zygomorphic flowers (Lewis et al., 2005). 
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1.2 Nitrogen Assimilation and Rhizobial Symbiosis in Legumes 

1.2.1 Nitrogen Assimilation 

Nitrogen (N) is an essential element for plant growth as it is a basic component of DNA, RNA, 

ATP, auxin, cytokinins and protein hence enzymes (Andrews et al., 2013). However, N is one 

of the most common soil obtained nutrients limiting plant growth (Andrews et al., 2004, 

2013). 

For most vascular plant species in a wide range of habitats, nitrate (NO3-) and ammonium 

(NH4+) are the most important forms of N taken up and assimilated (Andrews et al., 2013). 

Soil NO3- concentrations are usually considerably higher than NH4+ concentrations in 

cultivated/ fertilised soils (Crawford & Glass, 1998). However, NH4+ can be the main form of 

N available in acidic soils and some plant species “prefer” NH4+ to NO3- (Fang et al., 2007; 

Wyse, 2013). Many plant species are able to grow better on a NO3- and NH4+ mix in 

comparison with a similar supply of NO3- or NH4+ alone (Andrews et al., 2011, 2013). 

The NH4+ taken up by plant roots is assimilated into glutamine (Gln) by glutamine 

synthetase (GS) and then glutamate (Glu) by glutamate synthase (GOGAT) via the “GS-

GOGAT” cycle. The main site of primary NH4+ assimilation for most vascular plants is the 

root (Lea & Morot-Gaudry, 2001; Andrews et al., 2004, 2011, 2013). Nitrate taken up by the 

root is reduced to NH4+ in two steps, with nitrite (NO2-) as the intermediate product before 

assimilation can occur (Andrews et al., 2004). The enzyme that catalyses the first step where 

NO3- is reduced to NO2- is nitrate reductase (NR) while nitrite reductase (NiR) catalyses the 

conversion of NO2- to NH4+ (Campbell, 2002). The main site of NO3- assimilation can be the 

root or the shoot depending on plant genotype and environmental conditions, particularly 

soil NO3- concentration (Andrews, 1986; Andrews et al., 1992, 2004). At low to medium 

NO3- supply, all temperate legumes studied had the root as their main site of NO3-

 assimilation. 

1.2.2 Nitrogen Assimilation and Fixation in Legumes 

Many legumes are able to take up and assimilate both NO3- and NH4+ (Andrews et al. 2011, 

2013). In addition, most legumes can obtain a substantial amount of their N requirements 

from symbiotic microorganisms that are capable of fixing atmospheric N2 (Franche et al., 
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2009; Sprent, 2009; Andrews et al., 2011). These microorganisms are generally termed 

“rhizobia”. Rhizobia have the ability to form “nodules” on the root (and for a few species, 

stem) of their host. Inside the nodules, rhizobia can fix atmospheric N2 into NH4+ via the 

nitrogenase enzyme and this NH4+ is then utilised by the legumes to produce amino acids in 

the GS/ GOGAT pathway. In return, rhizobia are supplied with carbon compounds and 

protection (Sprent & Sprent, 1990; Andrews et al., 2009). 

N2 fixation is likely to be the major N input to many natural ecosystems and is one of the 

world’s most important biochemical reactions (Zaady et al., 1997; Fenn et al., 1998). The 

nitrogenase enzyme and the N2 fixing process in all diazotrophs (prokaryotes that can fix 

atmospheric N2) are generally the same. The overall equation of the nitrogenase reaction to 

fix N2 to NH3 (Andrews et al., 2009) is: 

  

 

A small proportion of N2 fixing legumes are important crop plants, and an alternative to 

inorganic N fertiliser of N input into agricultural system as, for example, seed and grain 

legume crops, green manures or as the main N input into a pasture by growing it in 

association with a grass (Andrews et al., 2007; Jackson et al., 2008). Many other legumes 

have potential for development as food (seed and vegetable crops), forage, green manures 

and timber (Sprent, 2009). 

1.2.3 Nodulation in Legumes 

Nitrogen fixing legumes differ in whether their nodules show determinate or 

indeterminate growth and their bacterial symbionts. Structures of determinate nodules 

are morphologically simpler compared to indeterminate nodules (Sprent, 2009). The 

primary difference between determinate and indeterminate nodules is in the activity 

of the nodule meristem (Kereszt et al., 2011). Determinate nodules have a short lived 

meristem and are generally spherical in shape. Indeterminate nodules have a tip-localised 

persistent meristem, resulting in a continuously growing nodule and are often cylindrical 

in shape with branches (Sprent, 2009). However, some legumes have unusual nodule 

                                          Nitrogenase 
N2 + 8H+ + 8e- + 16ATP                                    2NH3 + H2 + 16ADP + 16Pi 
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structure, for example, Lupinus spp. (lupin) often have nodules with two lateral meristems 

that grow round and encircle the root (Guinel, 2009; Sprent, 2009). 

Nodulation is not consistent across legume subfamilies. The Caesalpinioideae has very few 

nodulating members, whereas nodulation is relatively common in the Mimosoideae and 

Papilionoideae (Sprent, 2001, 2009). All nodules examined in the Caesalpinioideae were 

indeterminate, with the tips usually flattened and containing both infected and uninfected 

cells in the infected tissue with great variation in the shape and extent of branching and size 

(Sprent, 2001, 2009). 

Nodulation is common in the Mimosoideae: almost half of the genera in the tribe 

Mimoseae are able to nodulate while the rest appear unable to nodulate, either they have 

never nodulated or they have had this ability and then lost it (Sprent, 2001, 2009; Lewis et 

al., 2005). Nodules structures known in the Mimosoideae are all indeterminate and often 

branched with the central region containing both infected and uninfected cells and a 

cortex as protection against desiccation (Sprent, 2001, 2009). 

Nodulation is very common in the Papilionoideae, with only 3 out of 28 tribes containing 

genera that appear to be unable to nodulate. The nodules structure of Papilionoideae 

species are indeterminate or determinate depending on genus (Wojciechowski et al., 

2004; Sprent, 2009). The ability of many species in the Papilionoideae to fix atmospheric N2 

via rhizobia is particularly important as this subfamily contains many economically 

important tribes, such as the Trifolieae, Fabeae, Phaseoleae and part of the tribe 

Millettieae, as well as the largest of all legume genera, Astragalus (Sprent, 2009). Many 

important agricultural crops, for example, Glycine max (soya bean), Phaseolus vulgaris 

(common bean), Pisum sativum (pea), Arachis hypogaea (peanut), Trifolium repens (white 

clover) and Medicago sativa (lucerne) are members of the Papilionoideae (Lewis et al., 2005; 

Franche et al., 2009; Sprent, 2009). 
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1.3 Characterisation of Rhizobia 

The genotype is the set of genes that an organism carries and the phenotype is the 

observable expression of the genotype (Rossello-Mora & Amann, 2001). Traditionally, 

rhizobia were identified and classified on the basis of their phenotypic characteristics such 

as morphology, physiology, conditions in which they grew and which legumes they 

nodulated (Rossello-Mora & Amann, 2001; Willems, 2006). However, with the introduction 

and advancement of gene sequencing technologies, rhizobia can now be more precisely 

distinguished and characterised based on their DNA (genotypic characterisation) (Willems, 

2006). 

Genotypic characterisation of rhizobia or bacteria in general includes measurement of the 

DNA base ratio (mol % G+C, G+C content, G+C %), DNA-DNA similarity (DNA-DNA pairing, 

DNA-DNA homology, DNA-DNA relatedness), DNA-based typing methods (DNA 

fingerprinting) and ribosomal RNA (rRNA) analysis (Vandamme et al., 1996). Initially, overall 

base composition of DNA (mol % G+C values) was used to genotypically characterise 

rhizobia. Then the DNA-DNA hybridisation technique was developed and became a standard 

technique for the circumscription of rhizobial species, where it stated that two strains were 

the same species if their “relatedness” was more than 70 % over their whole genome (Jarvis 

et al., 1980; Stackebrandt & Goebel, 1994). DNA fingerprinting, such as restriction fragment 

length polymorphism (RFLP) allowed the detection of intra-specific diversity of rhizobia and 

was useful for screening and strain identification (Vandamme et al., 1996). 

Nowadays, gene amplification and DNA sequencing, in particular the rRNA gene sequences, 

using the polymerase chain reaction (PCR) method is the most commonly used genotypic 

technique to study rhizobial taxonomy and phylogeny (Case et al., 2007). According to the 

sedimentation rates during ultracentrifugation, the rRNAs can be classified as 5S, 16S and 

23S. Among the three rRNA molecules, the small subunit rRNA gene (16S rRNA or rrn) is the 

most widely studied rRNA (Fox et al., 1992; Stackebrandt & Goebel, 1994). In addition to the 

rRNA, other “housekeeping” genes present in rhizobia (or bacteria in general), in particular, 
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DNA recombinase A (recA), glutamine synthetase II (glnII), adenosine triphosphate synthase 

β-subunit (atpD) and RNA polymerase β-subunit (rpoB) are also commonly used to 

genotypically characterise rhizobia along with the rRNA gene sequences. These 

housekeeping genes have highly constrained functions and have changed little over time 

(Woese, 1992; Turner & Young, 2000; Gaunt et al., 2001; Vinuesa et al., 2005b; Janda & 

Abbott, 2007). 

A “polyphasic approach” that combines a range of genotypic and phenotypic 

characterisation techniques is used to allow a more accurate classification of rhizobia, 

especially the lower taxonomic ranks such as species (Vandamme et al., 1996). In particular, 

the phylogeny of 16S rRNA and other housekeeping genes are often used together with 

phenotypic characteristics, such as fatty acid composition, antibiotics sensitivity, 

carbohydrate utilisation and enzymatic activity (Turner & Young, 2000; Gaunt et al., 2001; 

Lindstrom et al., 2006).  

The rhizobial-legume symbiosis is achieved through chemical communication between the 

rhizobia and the host plant root. Generally, the flavonoids released by plant roots trigger the 

expression of nod (or nol) genes which synthesise “Nod factors” recognised by the host 

plant and this activates the symbiosis signalling pathway (Wang et al., 2012). This pathway 

then promotes root invasion by the rhizobia and the formation of nodules. After the nodules 

are established, the nif (or fix) genes of the rhizobia are responsible for their ability to fix 

atmospheric N2. Thus, in addition to the 16S rRNA and other “housekeeping” genes, the nod 

and nif genes are commonly used in the characterisation of rhizobia (Haukka et al., 1998; 

Laguerre et al., 2001). Currently, the most widely used nod genes to characterise rhizobia 

are nodA, nodC and nodD (Haukka et al., 1998; Laguerre et al., 2001). The nodD gene can be 

found in all rhizobia and a specific nodD gene responds to specific flavonoids released by the 

plant symbiont and this acts as a transcriptional activator of other nodulation genes, 

nodABC, which are common in all rhizobia. Nod factors from different rhizobia share a 

similar chitin-like N-acetylglucosimine oligosaccharide backbone (expressed by the nodABC 

genes) which plays a role in determining the host specificity. However, modifications on the 

length and internal structural (expressed by the other nod (or nol) genes) of the Nod factors 

can also play a role in the determination of host specificity (Perret et al., 2000; Oldroyd, 

2013). For nif genes, the most common gene used to characterise rhizobia is the 
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nitrogenase reductase gene nifH, which encodes the Fe protein subunit of the nitrogenase 

(Poly et al., 2001). 

The location of major symbiotic genes can be on Sym-plasmids or in chromosomes 

(chromosomal symbiosis islands) depending on rhizobia species. The plasmids or the 

symbiosis islands are transmissible genetic elements that allow horizontal gene transfer 

between bacterial species and genera. Thus, phylogenies inferred from these symbiosis 

genes may not correlate well with the comparatively conserved housekeeping genes and do 

not reflect the taxonomy of rhizobia (Vinuesa et al., 2005a, 2005b). Instead, these symbiosis 

genes usually reflect the host range nodulation phenotypes of rhizobia (Sullivan et al., 1996; 

Zhang et al., 2000; Donate-Correa et al., 2007). 

Overall, these housekeeping (16S rRNA, atpD, recA, gln and rpoB) and symbiosis (nif and nod) 

genes have large sequence databases which are publicly available for rhizobial taxonomy 

and phylogeny research. 

1.3.1 Taxonomy of Rhizobia 

The most up to date taxonomy information of rhizobia can be found in Weir (2014, available 

online at http://www.rhizobia.co.nz/taxonomy/rhizobia) and ICSP – Subcommittee on the 

taxonomy of Rhizobium and Agrobacterium (2014, available online at http://edzna.ccg. 

unam.mx/rhizobial-taxonomy). There are currently more than 100 species of rhizobia 

confirmed to nodulate legumes. These species are divided into two classes, the alpha-

proteobacteria (α-rhizobia) and beta-proteobacteria (β-rhizobia), containing 11 and 2 

genera, respectively. 

Based on the data obtained so far (September 2014), the 11 genera of α-rhizobia are 

Rhizobium, Mesorhizobium, Ensifer, Bradyrhizobium, Phyllobacterium, Microvirga, 

Azorhizobium Ochrobactrum, Methylobacterium, Devosia and Aminobacter. The 2 genera of 

β-rhizobia are Burkholderia and Cupriavidus. 

Pseudomonas spp. from the class of gamma-proteobacteria has been reported to form 

nodules on legumes (Shiraishi et al., 2010; Huang et al., 2012) but this ability has not been 

confirmed. 
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1.3.2 Specificity in Legume-Rhizobia Symbiosis 

Specificity in legume-rhizobia symbiosis varies to a great extent due to the complex 

chemical signalling pathways between the rhizobia and the host plant root as briefly 

mentioned in Section 1.3.1 (Angus & Hirsch, 2010). Some rhizobia strains appear to 

nodulate individual or a very limited number of legume species while some rhizobia are 

“promiscuous” and can form nodules with a range of hosts across subfamilies. For example, 

Rhizobium sullae appears to only form functional nodules with sulla (Hedysarum coronarium) 

(Liu et al., 2012) while Rhizobium tropici can form nodules with common bean and some 

Leucaena species, from the subfamilies Papilionoideae and Mimosoideae respectively 

(Martinez-Romero, 2004). Moreover, in the Pueppke & Broughton (1999) study, Rhizobium 

(now Ensifer) (Schuldes et al., 2012) strains USDA257 and NGR234, isolated from Glycine 

soja and Lablab purpureus respectively, have been shown to nodulate more than 350 

species of legumes across the three legume subfamilies. It has been suggested that the 

rhizobia of herbaceous host species can nodulate more host plant species than those of 

woody legumes (Perret et al., 2000). 

Similarly, some legume species are extremely restrictive accepting only a very narrow range 

of rhizobia whereas some others are “promiscuous” and can be nodulated by a wide range 

of rhizobia. For example, goat’s rue (Galega officinalis) appears to be nodulated by a very 

narrow range of rhizobia (Lindstrom, 1989; Franche et al., 2009) while others such as 

common bean are nodulated by rhizobial strains from different genera (Michiels et al., 1998; 

Shtark et al., 2011). It has been suggested that the tropical legumes species are more 

promiscuous than temperate legumes in their rhizobial symbionts (Gu et al., 2007). 

Although many of the rhizobia are likely to be beneficial to their plant hosts, not all nodules 

formed by rhizobia are “effective” (functional with respect to N2 fixation) (Denison & Kiers, 

2004). In some cases, nodules are “ineffective” (non-functional with respect to N2 fixation) 

and in this situation the rhizobia can be considered as parasitic because they do not provide 
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their hosts with N yet they are still supplied with carbon compounds by their host plants 

(Vance & Johnson, 1983; Denison, 2000; Kereszt et al., 2011). 

 

1.4 New Zealand Native Legumes 

New Zealand is a country comprising two main landmasses, the North Island and the South 

Island, and hundreds of smaller islands. The archipelago of New Zealand became 

geographically isolated about 80 million years ago (mya) as it began to split away from 

Gondwana, the main landmass, due to continental drift (Stevens et al., 1995). This 

separation has resulted in a diverse and largely endemic flora in New Zealand that is 

considered to have evolved during the late Cenozoic (Pole, 1994; Landis et al., 2008). 

Current classification has 34 species of New Zealand native legumes within four genera in 

the subfamily Papilionoideae on the main New Zealand islands, plus a strand species 

Canavalia rosea which occurs in the Kermadec Islands, 1000 km northeast from the North 

Island (Connor & Edgar, 1987). The four genera are the closely related Carmichaelia R.Br. 

(23 endemic species), Clianthus Sol. Ex Lindl. (2 endemic species) and Montigena (Hook.f.) 

Heenan (1 endemic species), in the tribe Galegeae, and Sophora L. (8 endemic species), 

within the tribe Sophoreae (Table 1.1) (Heenan, 1998a, 1998b, 2000; Wagstaff et al., 1999; 

Heenan et al., 2004).  

1.4.1 The Carmichaelinae 

Carmichaelia, Clianthus and Montigena, along with the Australian genus Swainsona form 

the subtribe Carmichaelinae (Wagstaff et al., 1999). Phylogeny studies based on ITS 

(Wagstaff et al., 1999; Lavin et al., 2004) and matK (Wojciechowski et al., 2004) sequences 

of New Zealand Carmichaelinae plant species suggested that they were derived from the 

Northern Hemisphere Astragalinae (e.g. Astragalus, Colutea and Sutherlandia) about 7.5 – 

10 mya. 
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Table 1.1 Taxonomic hierarchy of New Zealand native legumes 

Kingdom Plantae 
Division Magnoliophyta 
Class Magnoliopsida 
Order Fabales 
Family Fabaceae (Leguminosae) 
Sub family Papilionoideae (Faboideae) 
Tribe Galegeae Sophoreae 
Subtribe Carmichaelinae – 
Genus Carmichaelia Clianthus Montigena Sophora 
Species C. appressa Cl. puniceus M. novae-zelandiae S. chathamica 
 C. arborea Cl. maximus  S. fulvida 
 C. astonii   S. godleyi 
 C. australis   S. longicarinata 
 C. carmichaeliae   S. microphylla 
 C. compacta   S. molloyi 
 C. corrugata   S. prostrata 
 C. crassicaulis   S. tetraptera 
 C. curta    
 C. glabrescens    
 C. hollowayi    
 C. juncea    
 C. kirkii    
 C. monroi    
 C. muritai    
 C. nana    
 C. odorata    
 C. petriei    
 C. stevensonii    
 C. torulosa    
 C. uniflora    
 C. vexillata    
 C. williamsii    
 

Carmichaelia species (Figure 1.1), commonly known as “New Zealand brooms” are 

distributed throughout New Zealand (Heenan 1995a, 1995c, 1996). They are colonisers that 

invade disturbed habitats on a wide range of soil types and exhibit remarkable diversity; 

there are trees, shrubs, subshrubs, lianas and prostrate forms (Greenwood, 1978; Wagstaff 

et al., 1999; Lewis et al., 2005). Carmichaelia are restricted to the mainland of New Zealand 
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except for Carmichaelia exsul, which occurs more than 1500 km from New Zealand on Lord 

Howe Island, Australia (McDougall et al., 1981). 

 

Figure 1.1 Carmichaelia stevensonii, the “weeping broom”, growing at Lincoln University 
campus. 

 

Clianthus species (Figure 1.2) are commonly known as “kakabeak”, referring to their 

distinctive beak-shape flowers (Shaw & Burns, 1997). They are endemic to New Zealand and 

are typically colonisers of disturbed habitats such as landslips and river banks. Clianthus 

were also cultivated by Māori and it is likely some wild populations have persisted at sites 

where they were previously cultivated (Heenan, 1995b, 2000). Some legume species in the 

genera Swainsona and Sarcodum, from Australia and Asia respectively, were formerly 

known as Clianthus (Bisby et al., 2005). 
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Figure 1.2 Clianthus maximus, the “kakabeak” with red beak-shaped flowers, growing at 
Lincoln University campus. 

Montigena novae-zelandiae (Figure 1.3), or the “scree pea”, formerly Swainsona novae-

zelandiae (Hooker, 1864), was reclassified as a monotypic genus based on substantial 

differences in its growth habit and anatomy in comparison with Swainsona species (Heenan, 

1998b). The reclassification of Montigena novae-zelandiae (hereafter Montigena) as a New 

Zealand endemic genus restricts Swainsona to Australia (Heenan, 1998b). Montigena is a 

small, woody, rhizomatous sub-shrub found in the dry eastern mountains of the South 

Island growing on partially stable greywacke scree slopes; it is the only New Zealand legume 

that occurs on the specialised scree habitat (Heenan, 1998b).  

 

 

Figure 1.3 Montigena novae-zelandiae seedling growing at nursery glasshouse, Landcare 
Research, Lincoln. 

1.4.2 Sophora 

Sophora species (Figure 1.4) are woody shrubs and trees. There are more than 50 species 

distributed worldwide, including Asia, Australia, Europe, South America and some of the 

islands in the Pacific Ocean (Markham & Godley, 1972; Heenan, 2001; Heenan et al., 2004). 

Sophora distributed around the Southern Hemisphere are in the section Edwardsia, one of 

the largest groups in Sophora (Hurr et al., 1999). Most of the Sophora species in section 

Edwardsia have identical ITS sequences (Mitchell & Heenan, 2002). This section has 19 

species, in which 8 species are native to New Zealand (Table 1.1). 
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Figure 1.4 Sophora tetraptera, the “large-leaved kōwhai” with yellow bell-shaped flowers, 
growing at Lincoln University campus. 

 

The most recent taxonomic treatment placed Sophora in the tribe Sophoreae, distinct from 

other New Zealand native legume genera (Heenan et al., 2004; Wojciechowski et al., 2004). 

Sophora in New Zealand are commonly known as “kōwhai” (Māori word for “yellow”), and 

they can be phenotypically recognised by their yellow coloured flowers (Heenan, 2001; 

Heenan et al., 2001). New Zealand Sophora occur in a variety of habitats although some 

occur only under very specific conditions (Heenan et al., 2001). The origin of New Zealand 

Sophora is unclear but they are from a separate legume lineage and geographical origin than 

the Carmichaelinae, probably from a North American ancestor (Sykes & Godley, 1968; Pena 

et al., 2000) or a Eurasian ancestor (Hurr et al., 1999; Mitchell & Heenan, 2002; Heenan et 

al., 2004). 
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1.4.3 Conservation Status 

Most New Zealand native legumes are now of conservation concern with a rare or 

endangered conservation status, particularly as many natural habitats have been highly 

modified through extensive agricultural development, weed invasion, and other human 

activities (de Lange et al., 2012). Moreover, many of these native legumes are threatened by 

browsing animals. According to the New Zealand Plant Conservation Network (NZPCN, 2014, 

database available online at http://www.nzpcn.org.nz), the number of Montigena is 

declining and this species can be only found in the wild due to it being difficult to propagate 

under artificial conditions. In relation to the threat status of Carmichaelia species, only 8 out 

of 23 wild species are known to be “non-threatened”, these are C. arborea, C. australis, C. 

glabrescens, C. monroi, C. nana, C. odorata, C. petriei, and C. uniflora, while others are 

declining, nationally vulnerable, nationally endangered or range restricted. Both wild 

Clianthus species, Cl. maximus and Cl. puniceus, are at the very serious risk of extinction. 

Three out of 8 Sophora species are known to be “naturally uncommon”, these are S. fulvida, 

S. longicarinata and S. molloyi. 
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1.5 Rhizobial Symbionts of New Zealand Native Legumes 

All New Zealand native legume genera are capable of nodulation (Weir et al., 2004; Weir, 

2006; Tang et al., 2009) and they have indeterminate nodules (Sprent, 2009). The native 

legumes grow in a range of habitats and can be found in a wide range of soil types, although 

some individual species grow under very specific conditions. To date, very little work has 

been done on the genotypic characterisation and host-range specificity of the rhizobia 

associated with these native legumes. 

McCallum (1996) characterised eleven bacterial strains isolated from New Zealand native 

Carmichaelia and Sophora spp. via sequencing a small region of the 16S rRNA gene (about 

200 bp). The results indicated that all of the strains were Mesorhizobium spp. and they also 

exhibited diverse RFLP profiles. 

Weir et al. (2004) characterised twenty bacterial strains associated with the four New 

Zealand native legume genera via phylogenetic analyses based on their 16S rRNA gene 

sequences. Results from this work indicated that most of the strains isolated from the native 

legumes were of the genus Mesorhizobium. However, four strains were identified as 

Rhizobium leguminosarum species. 

Figure 1.5 shows the phylogenetic tree constructed based on the 16S rRNA sequences of 

bacterial strains isolated from New Zealand native legumes from the Weir et al. (2004) study 

and all of the Mesorhizobium type strains available as of September, 2014 and selected 

Rhizobium type strains. In summary, most of the strains isolated from New Zealand 

Carmichaelinae (five from Carmichaelia spp., one from Cl. puniceus and one from M. novae-

zelandiae) were most closely related to the M. huakuii type strain while two strains from Cl. 

puniceus were most closely related or identical to the M. amorphae type strain. Four strains 

from Sophora spp. and two strains from Carmichaelia spp. were most closely related to the 

M. loti and M. ciceri type strains (and the recently described M. sangaii type strain (Zhou et 

al., 2013)). Strain ICMP 12685 from M. novae-zelandiae aligned closest to the M. 

australicum and M. shangrilense type strains. However, re-sequencing of the 16S rRNA gene 

of this particular strain in the current study indicated that it was instead closely aligned to 

the M. huakuii type strain. This could be due to mis-sequencing in the original study or the 

wrong strain being stored/ sent from the collection. Hence, in order to avoid confusion, this 
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strain was omitted from further work in this thesis. In addition, four strains, two from C. 

australis, one from Cl. puniceus and one from S. chathamica aligned closest to R. 

leguminosarum. 

Weir et al. (2004) also sequenced the housekeeping (atpD, recA and glnII) genes of a few 

selected strains (8 to 9 Mesorhizobium strains and 1 R. leguminosarum strain) isolated from 

native legumes (data not shown). Phylogenetic analyses results based on these 

housekeeping genes indicated that the selected Mesorhizobium strains showed diverse 

housekeeping genes in which most of the strains were separated from all the 

Mesorhizobium type strains. In contrast, the selected R. leguminosarum strain aligned 

closely with the R. leguminosarum type strains in relation to its recA, glnII and atpD genes 

sequences. 

In addition to the strains isolated from the native legumes, Weir et al. (2004) also 

characterised sixteen strains isolated from Acacia spp., Cytisus scoparius and Ulex 

europaeus, which are introduced weed legumes in New Zealand. The gene sequencing 

results indicated that they were all of the genus Bradyrhizobium. This indicates that the New 

Zealand native legumes and the exotic legumes, Acacia spp., Cy. scoparius and U. europaeus 

are nodulated by different genera or groups of rhizobia. 

Tang et al. (2009) characterised two bacterial strains Ca004 and Cc3, isolated from C. 

australis and C. corrugata respectively, using 16S rRNA gene sequences and both strains 

were closely aligned with the M. huakuii type strain. This result, along with those of Weir et 

al. (2004) indicated that most of the strains isolated from New Zealand native 

Carmichaelinae have 16S rRNA similar to M. huakuii. The two “M. huakuii” strains Ca004 

and Cc3 were able to produce functional nodules on the species they were isolated from 

and on three other Carmichaelia species, C. appressa, C. kirkii and C. petriei. This showed 

that both strains isolated from Carmichaelia spp. are capable of producing functional 

nodules over a range of Carmichaelia species. 

Weir (2006), in his PhD study, partially sequenced (576 bp) the nodA gene of twenty strains 

isolated from New Zealand native legumes and carried out a host range nodulation test on 

ten strains from these native legumes. These results are considered in the relevant chapters. 
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Figure 1.5 Maximum likelihood tree based on 16S rRNA sequences of rhizobial strains isolated from 
New Zealand native legumes from Weir et al. (2004) study (in bold) and selected Mesorhizobium and 
Rhizobium type strains. Ca = Carmichaelia australis; Cn = Carmichaelia nana; Co = Carmichaelia 
odorata; Cp = Carmichaelia petriei; Clp = Clianthus puniceus; Mn = Montigena novae-zelandiae; Sc = 
Sophora chathamica; Sm = Sophora microphylla; St = Sophora tetraptera. The tree was constructed 
using Tamura 3-parameter model with 100 bootstrap replicates (shown only when values ≥ 50 %). 
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1.6 Objectives of Research 

Previous work on the genotypic characterisation of bacteria isolated from the nodules of 

New Zealand native legumes by McCallum (1996), Weir et al. (2004) and Tang et al. (2009) 

indicated that they are predominantly nodulated by different Mesorhizobium spp. with 

diverse housekeeping genes. However, no detailed study has been carried out on the nif and 

nod genes of these strains or the ability of the strains to cross nodulate the different New 

Zealand native legume species. Also, no report has been found on the ability of New Zealand 

native legume species to assimilate soil NH4+ or NO3- in comparison with N2 fixation.  

Thus, the primary objectives of this PhD research were to 1) more fully characterise the 

rhizobia associated with the four genera of New Zealand native legumes, including their 

ability to cross nodulate different species and 2) assess the ability of New Zealand native 

legumes to assimilate soil N in comparison with their N2 fixation – ultimately, focus here, 

was on Sophora microphylla. 
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Chapter 2 

Characterisation of Rhizobial Symbionts of New Zealand Native 

Carmichaelinae – “Mesorhizobium huakuii” Group 

2.1 Introduction 

New Zealand has four genera of native legumes, Carmichaelia, Clianthus and Montigena in 

the tribe Galegeae and Sophora under the tribe Sophoreae. Carmichaelia, Clianthus and 

Montigena are closely related and form a sub-tribe Carmichaelinae. A more detailed 

background to New Zealand native legumes is given in Chapter 1 (Section 1.4). All species in 

all four genera of New Zealand native legume are capable of nodulation, but genotypic data 

on the rhizobia which induce nodules on these plants are limited. 

Both Weir et al. (2004) and Tang et al. (2009) isolated rhizobial strains from Carmichaelinae 

species which aligned closest with the M. huakuii type strain on the basis of their 16S rRNA 

sequences. Strains isolated from Carmichaelia spp. were capable of cross-nodulating a range 

of other Carmichaelia species (Tang et al., 2009). Results obtained from these studies were 

summarised in Chapter 1 (Section 1.5). 

The main objectives of the work described in this chapter were to identify and characterise 

the bacterial strains associated with New Zealand native Carmichaelinae. Ten bacterial 

strains isolated from native Carmichaelinae growing in natural ecosystems in the current 

and previous studies which aligned closely with M. huakuii on the basis of their 16S rRNA 

sequences were studied. In addition to 16S rRNA, selected housekeeping (glnII and recA), N2 

fixation (nifH) and nodulation (nodA and nodC) genes were sequenced from the strains and 

the DNA-DNA hybridisation assay was carried out on selected strains and Mesorhizobium 

type strains. Lastly, their ability, and that of the M. huakuii type strain originally isolated 

from Astragalus sinicus (Chen et al., 1991; Jarvis et al., 1997), to nodulate species of the 

different New Zealand legume genera and A. sinicus is assessed.  
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2.2 Materials and Methods 

2.2.1 Bacterial Strains and Culture Media 

2.2.1.1 Collection 

Ten bacterial strains isolated from New Zealand Carmichaelinae growing in natural 

ecosystems in the current and previous studies (Weir et al., 2004; Tang et al., 2009) were 

examined (Table 2.1). All strains are deposited in the International Collection of 

Microorganisms from Plants (ICMP), Landcare Research, Auckland, New Zealand and further 

details of the strains are available online at http://scd.landcareresearch.co.nz/Search/ 

Search/ICMP. Strains ICMP 11541, ICMP 12690 and ICMP 13190 isolated previously from 

Clianthus puniceus, Montigena novae-zelandiae and C. australis respectively (Weir et al., 

2004) and the M. huakuii type strain (ICMP 11069) (Chen et al., 1991) were obtained from 

the ICMP collection directly. Strain ICMP 19418 (= strain Ca004) (Tang et al., 2009) was 

sourced from the University of York, rhizobium collection. Strains ICMP 18942, ICMP 18943 

and ICMP 19420 from Montigena novae-zelandiae and ICMP 19041, ICMP 19042 and ICMP 

19043 from C. australis, C. monroi and C. nana respectively were isolated in the current 

study from plants sampled at Dry Stream, Torlesse Range, Canterbury, New Zealand 

(43°16’S 171°43’E) in April 2011. These plant species were identified by Dr Peter Heenan 

(Landcare Research) before roots were extracted via digging. Roots containing nodules were 

sampled and sealed in individual labelled plastic bags and bacterial strains from the nodules 

were isolated on the same day at Lincoln University. 

2.2.1.2 Isolation 

For bacterial strains isolated in the current study, plants roots containing nodules were 

washed with tap water to remove adherent soil. For each plant, root nodules were 

randomly selected and dissected from the roots. The nodules were transferred to an 

ethanol and ultra-violet (UV) treated laminar flow cabinet and surface sterilised by 

immersion in 96 % ethanol for 5 seconds in a sterile Petri dish plate followed by immersion 

in 5 % commercial bleach solution (sodium hypochlorite) for 3 minutes then rinsed with 

sterile water. Surface sterilised nodules were squashed in sterile water then this suspension  
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Table 2.1 Details of bacterial strains isolated from New Zealand native Carmichaelinae and 
sources of gene sequences deposited in the GenBank database used in this chapter 

N = North Island; S = South Island; ✓= this study; * = Weir et al. (2004) 

was streaked onto a yeast mannitol agar (YMA) (Vincent, 1970) plate and incubated at 20 – 

25 °C in the dark for 2 – 10 days. 

2.2.1.3 Purification and Storage 

A purified culture or a single colony by subculture was obtained from each plate. To ensure 

a pure culture was obtained, single colonies were re-streaked onto YMA plates several times 

until the purity of bacterial strains was authenticated. Pure bacterial strains were stored in 

20 % glycerol at -80 °C for long term preservation. Bacterial strains were inoculated to a 

suspension of yeast mannitol broth (YMB) and used for preparation of subcultures for DNA 

extraction and inoculum preparation. Table 2.2 shows the composition of YMA and YMB 

used. 

Table 2.2 Contents of bacterial medium 

Medium Contents Weight (g/ L) 
YMB yeast extract 1.0 
 mannitol 10.0 
 dipotassium phosphate (K2HPO4) 0.5 
 magnesium sulphate (MgSO4) 0.2 
 sodium chloride (NaCl) 0.1 
YMA YMB as described 
 calcium carbonate (CaCO3) 1.0 
 agar 15.0 
 

Strain Host plant Locality Gene sequenced 
(ICMP)   16S  recA glnII nifH nodA nodC 
18942 M. novae-zelandiae Torlesse RangeS ✓ ✓ ✓ ✓ ✓ ✓ 
18943 M. novae-zelandiae Torlesse Range ✓ ✓ ✓ ✓ ✓ ✓ 
19420 M. novae-zelandiae Torlesse Range ✓ ✓ ✓ ✓ ✓ ✓ 
12690 M. novae-zelandiae Mt TerakoS ✓* ✓ ✓ ✓ ✓* ✓ 
19041 C. australis Torlesse Range ✓ ✓ ✓ ✓ ✓ ✓ 
19042 C. monroi Torlesse Range ✓ ✓ ✓ ✓ ✓ ✓ 
19043 C. nana Torlesse Range ✓ ✓ ✓ ✓ ✓ ✓ 
19418  C. australis Banks PeninsulaS ✓ ✓ ✓ ✓ ✓ ✓ 
13190 C. australis CanterburyS ✓* ✓* ✓* ✓ ✓* ✓ 
11541 Cl. puniceus Palmerston NorthN ✓* ✓* ✓* ✓ ✓* ✓ 
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2.2.2 Genotypic Characterisation 

2.2.2.1 DNA Extraction 

A single colony of each bacterial strain from the subculture on a YMB plate was transferred 

to a 1 mL suspension of YMB in a 1.7 mL eppendorf tube and incubated at 28 °C in a shaking 

incubator for 2 – 7 days (dependent on bacterial strain) at a speed of 100 – 250 revolutions 

per minutes (rpm). Then, 500 µL of this bacterial culture was stored at 4 °C for future 

subculture (or at -80 °C for long term preservation as described in Section 2.2.1.3) and DNA 

was extracted from the other 500 µL bacterial culture using the standard Qiagen-Gentra 

PUREGENE® DNA Purification Kit for Gram-negative bacteria. 

2.2.2.2 DNA Quality Measurement 

The quality of the extracted DNA was determined using a spectrophotometer (NanoDrop™) 

at wavelengths of 260 and 280 nm to determine the DNA concentration and the degree of 

protein or RNA contamination. An optical density 260/ 280 nm (OD260/ 280nm) ratio value 

close to 1.8 indicates that the extracted DNA is of good quality. An OD260/ 280nm ratio value 

close to 2.0 indicates RNA contamination while an OD260/ 280nm ratio value lower than 1.7 

usually indicates protein (or phenol or other contaminants that absorb strongly at or near 

280nm) contamination. The sample’s DNA was re-extracted if the quality of DNA was 

unsatisfactory. The sample was diluted to a concentration of 50 ng/ µL with GIBCO® 

UltraPure™ Distilled Water (DNAse and RNAse free). 

2.2.2.3 Primers for PCR Amplification 

The PCR was used to amplify gene fragments for DNA sequencing. Six genes were studied: 

16S rRNA, DNA recombinase A (recA), glutamine synthetase II (glnII), nitrogenase iron 

protein (nifH), N-acyltransferase nodulation protein A (nodA) and N-acetylglucosaminyl 

transferase nodulation protein C (nodC). Primers for PCR amplification with their sequences 

and sources are shown in Table 2.3. All primers were manufactured by Integrated DNA 

Technologies, Auckland, New Zealand. The desalted custom synthesised DNA 

oligonucleotide primers were shipped lyophilised and reconstituted to a stock concentration 

of 200 µM using DNAse and RNAse-free distilled water. All primers solutions were stored at 

-20 °C. 

Rhizobial Symbionts of NZ Carmichaelinae (Page 29) 
 



Table 2.3 Information on oligonucleotide primers used 

Gene Primer Sequence (5’-3’) Reference 
16S rRNA F27 AGA GTT TGA TCM TGG CTC AG (Weisburg et al., 1991) 

FGPS485F CAG CAG CCG CGG TAA (Young et al., 2004) 
R1494 CTA CGG YTA CCT TGT TAC GAC (Weisburg et al., 1991) 

recA 41F TTC GGC AAG GGM TCG RTS ATG (Vinuesa et al., 2005) 
640R ACA TSA CRC CGA TCT TCA TGC 

glnII GSll-1 AAC GCA GAT CAA GGA ATT CG (Turner & Young, 2000) 
GSll-2 ATG CCC GAG CCG TTC CAG TC 
GSll-3 AGR TYT TCG GCA AGG GYT C 
GSll-4 GCG AAC GAT CTG GTA GGG GT 

nifH PolF TGC GAY CCS AAR GCB GAC TC (Poly et al., 2001) 
PolR ATS GCC ATC ATY TCR CCG GA 

nodC α-nodCF AYG THG TYG AYG ACG GTT C (Laguerre et al., 2001) 
α-nodCR CGY GAC AGC CAN TCK CTA TTG 

nodA nodA1 TGC RGT GGA ARN TRN NCT GGG AAA (Haukka et al., 1998) 
nodA3 TCA TAG CTC YGR ACC GTT CCG (Zhang et al., 2000) 

A, C, G, T = standard nucleotides; M = C or A; Y = C or T; R = A or G; S = G or C; B = T or C or 
G; H = A or C or T; N = A or G or C or T; K = T or G 
 

2.2.2.4 PCR Conditions 

PCR amplifications were performed using the FastStartTM Taq DNA Polymerase kit (Roche 

Applied Science, Auckland). Each PCR reaction was set up according to Table 2.4. The PCR 

conditions were taken from published protocols for selected primer pairs and were 

optimised for annealing temperature and primer concentration, if required (Table 2.5).  

Table 2.4 Components of PCR master mix 

Master mix  µL/ tube 
PCR Buffer 10x with MgCl2 2.5 
2.5 mM dNTPs 2.0 
Forward Primer 1.0 
Reverse Primer 1.0 
FastStartTM Taq Polymerase 0.25 
50 ng genomic DNA 1.0 
DNAse and RNAse free distilled water 17.25 
Total 25 
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Table 2.5 Conditions of PCR 

PCR Temperature (°C) Duration Cycle 
16S rRNA 95 3 min 1x 
 95 30 sec  

35x  65 30 sec 
 72 30 sec 
 72 7 min 1x 
 4 ∞ 1x 
recA 95 3 min 30 sec 1x 
 94 1 min 10 sec  

35x  65 40 sec 
 72 1 min 
 72 7 min 1x 
 4 ∞ 1x 
glnII (gsII1-2) 95 2 min 1x 
 92 40 sec  

35x  61 40 sec 
 72 1 min 30 sec 
 72 10 min 1x 
 4 ∞ 1x 
glnII (gsII3-4) 95 3 min 1x 
 95 40 sec  

35x  49 40 sec 
 72 1 min 30 sec 
 72 10 min 1x 
 4 ∞ 1x 
nifH 95 3 min 1x 
 94 30 sec  

35x  62 30 sec 
 72 45 sec 
 72 7 min 1x 
 4 ∞ 1x 
nodA 95 3 min 1x 
 94 40 sec  

35x  49 40 sec 
 72 45 sec 
 72 7 min 1x 
 4 ∞ 1x 
nodC 95 3 min 1x 
 94 30 sec  

35x  55 30 sec 
 72 45 sec 
 72 7 min 1x 
 4 ∞ 1x 
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2.2.2.5 Gel Electrophoresis 

PCR products were analysed using a gel electrophoresis method. PCR products were 

resolved by 1 % agarose gel (1 g of agarose in 100 mL of 1x TAE buffer) followed by staining 

with 0.5 µg ml-1 ethidium bromide (EtBr) solution and viewing under UV light. 

2.2.2.6 DNA Sequencing 

PCR products of expected size were sequenced by the Bio-Protection Research Centre 

Sequencing Facility, Lincoln University (Canterbury, New Zealand) using Applied Biosystems 

ABI PRISM. DNA sequence data were obtained via Sequence Scanner v1.0 software 

(Applied Biosystems) and edited and assembled using DNAMAN (Lynnon Biosoft 

Corporation, Version 6.0). 

2.2.2.7 Phylogenetic Analyses 

DNA sequences were aligned and Maximum Likelihood (ML) trees constructed with 500 

bootstrap replications with partial deletion and an 80 % coverage cut off using Molecular 

Evolutionary Genetics Analysis (MEGA5) software (Tamura et al., 2007). The MEGA5 model 

test was performed to select a model of nucleotide substitution and the ‘best’ model 

(lowest Bayesian Information Criterion (BIC) score) used for each gene. The Kimura 2-

parameter (K2), gamma distribution (+G) with invariant sites (+I) model was used for 16S 

rRNA. The Tamura 3-parameter (T92) +G model was used for all other genes. The most 

closely related Mesorhizobium type strains and strains isolated from New Zealand native 

legumes which were closely related to M. huakuii on the basis of 16S rRNA and available on 

the Genbank sequence database (www.ncbi.nlm.nih.gov/genbank) from the National Centre 

for Biotechnology Information (NCBI) were used for the 16S rRNA, recA, glnII, nifH, nodA 

and nodC trees. For the nodA tree, the sequence from a strain (TM1) recently isolated from 

Thermopsis lupinoides and characterised as M. huakuii on the basis of its 16S rRNA sequence 

(Ampomah & Huss-Danell, 2011) was included. Only bootstrap probability values ≥ 50 % are 

shown. The sequences obtained here have been deposited in the GenBank sequence 

database and their accession numbers are shown in the figures. 
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2.2.2.8 DNA-DNA Hybridisation 

DNA-DNA hybridizations (DDH) were performed with photobiotin-labelled probes in 

microplate wells as described by Ezaki et al. (1989). The hybridization temperature was 50 

°C and the reaction was carried out in 50 % formamide. Six DDHs were performed using 

strain ICMP 18942 isolated from Montigena as a probe against strains ICMP 19042 and ICMP 

19043 isolated from C. monroi and C. nana respectively, and the M. huakuii, M. loti and M. 

ciceri type strains. Each hybridisation was repeated. The hybridisations were carried out by 

the Department of Seafood Science, National Kaohsiung Marine University, Taiwan. 

2.2.3 Host Range Specificity Experiments 

2.2.3.1 Seeds 

Seeds of Carmichaelia australis, C. kirkii and C. petriei were collected from the field site (Dry 

Stream, Torlesse Range, Canterbury, New Zealand); seeds of Sophora microphylla, S. 

tetraptera and Clianthus puniceus were purchased from New Zealand Tree Seeds, Rangiora, 

New Zealand and seeds of Astragalus sinicus obtained from the Margot Forde Germplasm 

Centre, Palmerston North, New Zealand. Seeds were treated with concentrated sulphuric 

acid for 30 to 90 minutes and rinsed several times with sterile water. Then, seeds were 

placed into a universal bottle containing hot water (about 60 °C) which was left to cool at 

room temperature overnight to allow the seeds to imbibe. Finally, seeds were transferred to 

a water agar plate and placed in the dark at room temperature for germination.  

2.2.3.2 Growth Conditions 

Host range experiments were carried out using polyethylene terephthalate plastic (PET) 

screw jars. These jars were sprayed with 96 % ethanol and air dried overnight in a laminar 

flow cabinet with UV light on for 1 hr at room temperature. Sterilised jars were filled with 

autoclaved fine grade vermiculite and a complete nutrient solution at pH 6 (Table 2.6) and 

germinated seedlings were transferred into the jars and sterilised plastic bags or cling film 

was used to cover the top of the jars. Plants were grown in a controlled environment 

cabinet and exposed to a 16 hr photoperiod (400 µmol photons m-2 s-1) at a constant 22 °C. 
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Table 2.6 Concentrations of macro- and micro-nutrient in the plant nutrient solution 

Nutrients Concentration 
Macro-nutrients  mM 
ammonium nitrate (NH4NO3) 0.1 
calcium chloride (CaCl2) 1.0 
potassium chloride (KCl) 1.0 
magnesium sulphate (MgSO4·7H2O) 1.0 
monosodium phosphate (NaH2PO4) 1.0 
disodium phosphate (Na2HPO4) 0.1 
Micro-nutrients µM 
iron chloride (FeCl2·4H20) 5.0 
cobalt chloride (CoCl2·6H2O) 0.02 
copper sulphate (CuSO4·5H2O) 0.1 
boric acid (H3BO3) 5.0 
sodium molybdate (Na2MoO4·2H2O) 0.5 
manganese chloride (MnCl2·2H2O) 1.0 
zinc sulphate (ZnSO4·7H2O) 0.1 
 

2.2.3.3 Inoculation 

Seven strains (ICMP 12690, ICMP 18942, ICMP 13190, ICMP 19041, ICMP 19042, ICMP 

19418 and ICMP 11541) and the M. huakuii type strain were selected for nodulation and N2 

fixation studies. At 5 – 15 days after sowing, seedlings were inoculated (5 mL per jar) with 

the appropriate rhizobial strain grown to log phase: uninoculated plants supplied YMB only 

were used as controls. There were at least 3 replicate jars per treatment. 

2.2.3.4 Assessment of Nodulation and N2 Fixation 

Plants were inspected at two weekly intervals for nodulation and at 30 – 50 days after 

inoculation were tested for nitrogenase activity using the acetylene reduction assay (ARA) 

(Cummings et al., 2009). Nodulation was assessed by uprooting the plant, washing away the 

adhering vermiculite with sterile water and observing the presence or absence of nodules. 

This was done aseptically in a laminar flow cabinet. For ARA, the whole plant root with 

nodules was transferred into an airtight 12 mL vial which was injected with 10 % (v/v, 1.2 mL) 

of acetylene gas. After 1 hour at room temperature, the ethylene gas produced was 

measured using gas chromatography (GC) by the National Centre for Nitrous Oxide 

Measurement at Lincoln University, New Zealand. Plant roots without nodules were used as 

controls. 
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2.3.3.5 Verification of Inoculated Strains 

Koch’s postulates were performed on the nodules that formed. Bacterial strains were 

isolated from the root nodules after ARA. The 16S rRNA of these strains was partially 

sequenced to check if the inoculated strains were present in the nodules of the inoculated 

plant species.  
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2.3 Results 

2.3.1 16S rRNA Phylogenetic Analyses 

All ten bacterial strains isolated from New Zealand native Carmichaelinae studied in this 

chapter clustered closely with the M. huakuii type strain and five other strains previously 

isolated from Carmichaelia or Clianthus species (ICMP 11708, ICMP 14319, ICMP 11722 and 

ICMP 12635 (Weir et al., 2004) and ICMP 12680 (Weir 2006)) on the basis of their 16S rRNA 

sequences (Figure 2.1). The ten strains showed > 99 % similarity (≈ 1,200 bp) to each other 

and the M. huakuii type strain. Eight out of the ten strains, ICMP 18942, ICMP 18943, ICMP 

19042, ICMP 19420, ICMP 12690, ICMP 19041 and ICMP 19418 in this study and ICMP 

11708 from Weir et al. (2004) were identical to each other. 

2.3.2 recA and glnII Phylogenetic Analyses 

The ten strains separated into four groups on the basis of their recA sequences with all four 

groups clearly separated from all Mesorhizobium type strains (Figure 2.2A). The four 

groupings on the basis of the recA sequences held in relation to glnII sequences (Figure 

2.2B). For glnII sequences, three groups (9 strains) were most closely related to, but clearly 

separated from, the Mesorhizobium loti type strain (89.28 – 95.25 % similarity, 820 bp) 

while strain ICMP 19418 was most closely related to M. huakuii (96.71 % similarity, 820 bp). 

Three other strains previously isolated from Carmichaelia species (ICMP 14319, ICMP 11722 

and ICMP 12635) also aligned closest to the M. loti type strain. 
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Figure 2.1 16S rRNA gene phylogenetic tree of bacterial strains isolated from New Zealand 
native Carmichaelinae and selected Mesorhizobium type strains. Superscript “T” indicates 
type strain. Ca = Carmichaelia australis; Cm = Carmichaelia monroi; Cn = Carmichaelia nana; 
Co = Carmichaelia odorata; Cp = Carmichaelia petriei; Clp = Clianthus puniceus; Mn = 
Montigena novae-zelandiae.  indicates strains focused on in current study. The tree was 
rooted with the Bradyrhizobium elkani type strain. 
 

 

 

 ICMP 11708 (Cn) (AY491073) 
 ICMP 19043 (Cn) (JQ963064) 

 ICMP 14319 (Co) (AY491074) 
 ICMP 18942 (Mn) (JQ963057) 
 ICMP 18943 (Mn) (JQ963058) 
 ICMP 19042 (Cm) (JQ963063) 
 ICMP 19420 (Mn) (JQ963059) 
 ICMP 12690 (Mn) (AY491076) 
 ICMP 19041 (Ca) (JQ963060) 
 ICMP 12680 (Clp) (DQ088160) 
 ICMP 19418 (Ca) (JQ963061) 

 ICMP 11722 (Cn) (AY491072) 
 ICMP 12635 (Cp) (AY491075) 

 ICMP 13190 (Ca) (AY491071) 
 ICMP 11541 (Clp) (AY491070) 

 M. huakuii IAM 14158 (D12797)T 
 M. plurifarium LMG 11892 (Y14158)T 

 M. septentrionale SDW 014 (AF508207)T 
 M. amorphae ACCC 19665 (AF041442)T 

 M. ciceri UPM-Ca7 (U07934)T 
 M. loti LMG 6125 (X67229)T 
 M. chacoense PR5 (AJ278249)T 

 M. albiziae CCBAU 61158 (NR043549)T 
 M. tianshanense USDA 3592 (AF041447)T 
 M. caraganae CCBAU 11299 (EF149003)T 

 M. mediterraneum UPM-Ca36 (L38825)T 
 M. temperatum SDW 018 (AF508208)T 

 B. elkanii USDA 76 (U35000)T 

99 

50 

84 

73 

0.01 

16S rRNA 
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Figure 2.2 (A) recA and (B) glnII gene phylogenetic trees of bacterial strains isolated from 
New Zealand native Carmichaelinae and selected Mesorhizobium type strains. Superscript “T” 
indicates type strain. Ca = Carmichaelia australis; Cm = Carmichaelia monroi; Cn = 
Carmichaelia nana; Co = Carmichaelia odorata; Cp = Carmichaelia petriei; Clp = Clianthus 
puniceus; Mn = Montigena novae-zelandiae.  indicates strains focused on in current study. 
The trees were rooted with the Bradyrhizobium elkani type strain. 

 ICMP 14319 (Co) (AY494812) 
 ICMP 18942 (Mn) (JQ963083) 
 ICMP 18943 (Mn) (JQ963084) 
 ICMP 19420 (Mn) (JQ963085) 
 ICMP 12690 (Mn) (JQ963086) 
 ICMP 19042 (Cm) (JQ963089) 

 M. loti LMG 6125 (AF169581)TT 
 ICMP 19041 (Ca) (JQ963087) 
 ICMP 19043 (Cn) (JQ963090) 

 ICMP 11722 (Cn) (AY494810) 
 ICMP 12635 (Cp) (AY494811) 

 ICMP 13190 (Ca) (AY494808) 
 ICMP 11541 (Clp) (AY494809) 

 M. septentrionale SWD014 (EU249387)TT 
 M. ciceri USDA 3383 (AF169580)TT 

 M. tianshanense USDA 3592 (AF169579)TT 
 M. mediterraneum USDA 3392 (AF169578)TT 

 M. plurifarium ICMP 13640 (AY494794)TT 
 M. amorphae ICMP 15022 (AY494807)TT 

 M. huakuii USDA 4779 (AF169588)TT 
 ICMP 11708 (Cn) (AY494792) 

 ICMP 19418 (Ca) (JQ963088) 
 B. elkanii ICMP 13638 (AY494804)TT 

92 

59 
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80 

52 

84 
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100 
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64 

52 
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 M. tianshanense USDA 3592 (AJ294368)TT 
 M. temperatum SDW018 (EF639844)TT 

 M. mediterraneum USDA 3392 (AJ294369)TT 
 M. ciceri USDA 3383 (AJ294367)TT 

 M. huakuii USDA 4779 (AJ294370)TT 
 M. plurifarium ICMP 13640 (AY494824)TT 

 M. chacoense ICMP 14587 (AY494825)TT 
 ICMP 11708 (Cn) (AY494818) 
 ICMP 14319 (Co) (AY494817) 

 ICMP 18942 (Mn) (JQ963101) 
 ICMP 18943 (Mn) (JQ963102) 
 ICMP 19420 (Mn) (JQ963103) 
 ICMP 12690 (Mn) (JQ963104) 
 ICMP 19042 (Cm) (JQ963107) 

 ICMP 13190 (Ca) (AY494822) 
 ICMP 11541 (Clp) (AY494821) 

 M. amorphae ICMP 15022 (AY494816)TT 
 M. loti USDA 3471 (AJ294371)TT 

 ICMP 12635 (Cp) (AY494815) 
 ICMP 11722 (Cn) (AY494814) 
 ICMP 19041 (Ca) (JQ963105) 
 ICMP 19043 (Cn) (JQ963108) 

 ICMP 19418 (Ca) (JQ963106) 
 M. septentrionale SDW014 (EF639843)TT 

 B. elkanii USDA76 (AY591568)TT 

99 
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(A) recA 

(B) glnII 
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2.3.3 nifH Phylogenetic Analyses 

There was little variation in the nifH gene sequences across the ten strains studied (Figure 

2.3). All strains were identical (300 bp) to the M. huakuii type strain, with the exception of 

strain ICMP 11541, which showed 99.33 % similarity (300 bp) to the M. huakuii type strain. 

 

Figure 2.3 nifH gene phylogenetic tree of bacterial strains isolated from New Zealand native 
Carmichaelinae and selected Mesorhizobium type strains. Superscript “T” indicates type 
strain. Ca = Carmichaelia australis; Cm = Carmichaelia monroi; Cn = Carmichaelia nana; Co = 
Carmichaelia odorata; Cp = Carmichaelia petriei; Clp = Clianthus puniceus; Mn = Montigena 
novae-zelandiae.  indicates strains focused on in current study. The tree was rooted with 
the Azorhizobium caulinodans type strain. 

 

 

 

 ICMP 11541 (Clp) (JQ963081) 
 ICMP 18942 (Mn) (JQ963072) 
 ICMP 18943 (Mn) (JQ963073) 
 ICMP 19420 (Mn) (JQ963074) 
 ICMP 12690 (Mn) (JQ963075) 
 ICMP 19041 (Ca) (JQ963076) 
 ICMP 13190 (Ca) (JQ963077) 
 ICMP 19418 (Ca) (JQ963078) 
 ICMP 19042 (Cm) (JQ963079) 
 ICMP 19043 (Cn) (JQ963080) 

 M. huakuii ICMP 11069 (JQ963082)T 
 M. plurifarium LMG 11892 (EU267717)T 

 M. amorphae ACCC 19665 (EU267714)T 
 M. septentrionale SDW014 (EU130411)T 

 M. tianshanense A-1BS (DQ450934)T 
 M. temperatum SDW018 (EU130410)T 

 M. loti NZP 2213 (DQ450929)T 
 M. mediterraneum UPM-Ca36 (DQ450930)T 
 M. ciceri UPM-Ca7 (DQ450928)T 

 A. caulinodans ORS571 (AP009834)T 
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2.3.4 nodA and nodC Phylogenetic Analyses 

The ten strains separated into two groups on the basis of their nodA sequences (Figure 2.4A). 

The larger group (8 strains) clustered with three other strains (ICMP 11708, ICMP 11722 and 

ICMP 12680) previously isolated from Carmichaelia spp. or Clianthus puniceus (Weir, 2006), 

while the smaller group (2 strains) clustered with strain ICMP 14319 isolated from 

Carmichaelia odorata (Weir, 2006). The nodA sequences for the two groups showed only 

66.29 % similarity (530 bp) to each other but both clearly separated from all Mesorhizobium 

type strains and strain TM1 isolated from Thermopsis lupinoides. Strain TM1 was one of the 

“best matched” strains characterised as M. huakuii on the basis of its 16S rRNA sequence 

based on BLASTN results obtained (NCBI, Maryland, USA). 

All ten strains grouped closely together in relation to their nodC sequences (> 99.50 % 

similarity, 650 bp) and as for nodA sequences separated from all others on the GenBank 

database including those of strains characterised as M. huakuii on the basis of their 16S 

rRNA sequences (Figure 2.4B). 

2.3.5 DNA-DNA Hybridisation 

Strain ICMP 18942 isolated from Montigena was used as a probe. Strains ICMP 19042 and 

ICMP 19043 isolated from Carmichaelia monroi and C. nana respectively, showed 77.6 – 

81.55 % relatedness to strain ICMP 18942 whereas M. huakuii, M. loti and M. ciceri type 

strains showed only 54.65 – 68.65 % relatedness to strain ICMP 18942 (Table 2.7). 

Table 2.7 Results of DNA-DNA hybridisation 

Strain Experiment 1 (%) Experiment 2 (%) Average (%) 
ICMP 18942* 100 100 100 
ICMP 19042 77.3 77.9 77.6 
ICMP 19043 82.5 80.6 81.55 
M. huakuiiT 54.3 55.0 54.65 
M. lotiT 64.8 65.4 65.1 
M. ciceriT 67.4 69.9 68.65 
* = probe; T = type strain 
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Figure 2.4 (A) nodA and (B) nodC gene phylogenetic trees of bacterial strains isolated from 
New Zealand native Carmichaelinae, selected Mesorhizobium type strains and strains 
characterised as Mesorhizobium huakuii on the basis of their 16S rRNA sequences. 
Superscript “T” indicates type strain. Ca = Carmichaelia australis; Cm = Carmichaelia monroi; 
Cn = Carmichaelia nana; Co = Carmichaelia odorata; Cp = Carmichaelia petriei; Clp = 
Clianthus puniceus; Mn = Montigena novae-zelandiae.  indicates strains focused on in 
current study. The trees were rooted with the Azorhizobium caulinodans type strain.
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 M. temperatum SWD018 (GQ167238)TT 
 M. huakuii CCBAU 11270 (GQ167249) 

 M. plurifarium ORS 1032 (FJ745283)TT 
 M. huakuii CCBAU 25056 (EF153410) 
 M. huakuii W3 (JF730158) 
 M. amorphae ACCC19665 (AF217261)TT 
 M. huakuii CCBAU 15514 (EU707174) 

 M. loti NZP 2213 (DQ450939)TT 
 M. huakuii bv. loti MAFF303099 (BAB52500) 
 A. caulinodans ORS 571 (AP009384)TT 
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 ICMP 19041 (Ca) (JQ963068) 
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2.3.6 Host Range Specificity 

All seven Carmichaelinae strains tested and the M. huakuii type strain produced functional 

nodules on Carmichaelia australis, C. kirkii, C. petriei, Clianthus puniceus and Astragalus 

sinicus but did not nodulate either of the two Sophora species (Table 2.8). ARA values on 

these functional nodules were one to two orders of magnitude greater than the controls, 

ranging from 0.12 to 1.73 µL ethylene h-1 plant-1. In all cases, the 16S rRNA for the strain 

recovered from nodules after the acetylene reduction assay was identical to that of the 

strain used as inoculant. 
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Table 2.8 Host range specificity of rhizobial strains isolated from Carmichaelinae 

Strain Host plant Species tested 
  Carmichaelia Clianthus Sophora Astragalus 
  australis kirkii petriei puniceus microphylla tetraptera sinicus 
ICMP 18942  M. novae-zelandiae Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 
ICMP 12690 M. novae-zelandiae Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 
ICMP 19041 C. australis Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 
ICMP 19042 C. monroi Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 
ICMP 19418 C. australis Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 
ICMP 13190 C. australis Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 
ICMP 11541 Cl. puniceus Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 
M. huakuiiT A. sinicus Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- Nod- Nod+Fix+ 

T = type strain; Nod+ = all plants nodulated; Fix+ = nitrogen fixing nodules; Nod- = no plants nodulated
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2.4 Discussion 

Genotypic data on the rhizobia which induce nodules on New Zealand native legumes are 

limited but it seems likely that rhizobial symbionts co-evolved with New Zealand native 

legumes in isolation from the regions of major legume evolution and as a result, may have 

novel characteristics.  

This chapter focused on ten bacterial strains isolated from New Zealand native 

Carmichaelinae in the current and previous studies (Weir et al., 2004; Tang et al., 2009) 

which closely aligned with M. huakuii on the basis of their 16S rRNA sequences. It is shown 

that the ten strains also grouped closely to the M. huakuii type strain in relation to their nifH 

sequences. However, with the exception of glnII from strain ICMP 19418 from C. australis, 

all sequences for recA, glnII, nodA and nodC were substantially different for the ten strains 

and the M. huakuii type strain. The ten strains separated into the same four groups on the 

basis of their recA and glnII sequences. For recA, the four groups clearly separated from all 

Mesorhizobium type strains. For glnII, three groups (9 strains) aligned closest to but clearly 

separated from the M. loti type strain.  

It is possible (likely? See Chapter 4) that Mesorhizobium evolved in New Zealand with 

variable recA and glnII genes. However, many legume species have been introduced and 

have naturalised in New Zealand since colonisation by Europeans in the 19th Century. Also, 

in the case of crop legumes, rhizobial inoculant, was often applied, and in some cases still is 

(Andrews et al., 2011), and it has been shown that chromosomal symbiosis genes can 

transfer from a M. loti inoculant strain to indigenous M. huakuii strains in New Zealand soil 

(Sullivan et al., 1995). Thus, the possibility of genetic exchange of recA and glnII genes 

between recently introduced rhizobia and the indigenous Mesorhizobium should be 

considered. Certainly, there is strong evidence that in the past, horizontal transfer of the 

glnII gene has occurred between major rhizobial groups (Turner & Young, 2000; Turner et al., 

2002), but it would require substantial further work to determine if this has happened 

between rhizobia in New Zealand over the past 150 years. 

All the strains grouped closely together in relation to their nodulation genes: two groups in 

relation to the nodA gene and one group in relation to the nodC gene. These sequences 

separated from all others in the Genbank database including those of other strains 
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characterised as M. huakuii on the basis of their 16S rRNA sequences and all the 

Mesorhizobium type strains. Thus, although the nifH gene of the ten strains aligns closely 

with that of M. huakuii, their nodA and nodC genes are novel, and it seems likely that they 

evolved in rhizobia indigenous to New Zealand. 

All seven strains, selected produced functional nodules on the three Carmichaelia species 

and Clianthus puniceus tested. These seven strains were isolated from three separate 

genera, over three separate studies (Weir et al., 2004; Tang et al., 2009; this study) and 

included isolates from the North and South Islands of New Zealand. This indicates that this 

group of bacteria are common rhizobial symbionts of Carmichaelinae species in New 

Zealand. In addition, none of the strains produced nodules on Sophora species tested 

indicating that, within New Zealand native legumes, they are specific to Carmichaelinae 

species. 

All seven strains tested, produced functional nodules on Astragalus sinicus, and the M. 

huakuii type strain isolated from A. sinicus produced functional nodules on the Carmichaelia 

species and Clianthus puniceus. As the ten strains studied in this chapter formed nodules on 

A. sinicus, they do not meet the criteria required to be considered as a different M. huakuii 

symbiovar. However, based on the DNA-DNA hybridisation results obtained, three selected 

Carmichaelinae strains showed more than 70 % relatedness to each other but less than 70 % 

relatedness to selected Mesorhizobium type strains, including the M. huakuii type strain. 

Surprisingly, strain ICMP 18942 showed greater similarity to the M. ciceri type strain than 

the M. huakuii type strain in the DDH. Overall, the DDH results indicate that the “M. huakuii” 

strain isolated from the New Zealand native Carmichaelinae species could contain a new 

Mesorhizobium species, given that a 70 % overall chromosomal relatedness is 

recommended for species delineation (Wayne et al., 1987; Goris et al., 1998). Further work 

is required to determine if these “M. huakuii” strains isolated from New Zealand native 

Carmichaelinae are a new species of the genus Mesorhizobium. 
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It is concluded that, rhizobia closely related to M. huakuii on the basis of 16S rRNA and nifH 

gene sequences, but with variable recA and glnII genes and novel nodA and nodC genes, are 

common symbionts of New Zealand Carmichaelinae. 
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Chapter 3 

Rhizobial Symbionts of the New Zealand Alpine Endemic 

Montigena novae-zelandiae 

3.1 Introduction 

Montigena, Carmichaelia (23 species) and Clianthus (2 species), along with the Australian 

genus Swainsona (55 species) form the subtribe Carmichaelinae (Wagstaff et al., 1999). 

Montigena novae-zelandiae is the only species in its genus and it is more closely related to 

Swainsona (particularly Swainsona galegifolia) than Carmichaelia and Clianthus on the basis 

of their ribosomal internal transcribed spacer (ITS) sequences (Wagstaff et al., 1999; Lavin et 

al., 2004). A more detailed background to Montigena and other New Zealand native legume 

genera is given in Chapter 1 (Section 1.4).  

Previously in Chapter 2, it was established that the majority of strains isolated from New 

Zealand Carmichaelinae, including four strains (ICMP 12690, ICMP 18942, ICMP 18943, and 

ICMP 19420) from Montigena, showed 16S rRNA similar to that of the Mesorhizobium 

huakuii type strain. However, some other strains isolated from the Carmichaelinae were 

aligned closely with other Mesorhizobium type strains, such as M. amorphae and M. ciceri or 

Rhizobium leguminosarum (Weir et al., 2004). In Weir et al. (2004), four strains isolated 

from Sophora spp. showed 16S rRNA similar to M. ciceri. Nevertheless, strains with 16S 

rRNA similar to M. huakuii can occur in nodules of Sophora spp. and nodulate their host (this 

is shown in Chapter 4). 

In Chapter 2, the seven “M. huakuii” strains isolated from native Carmichaelinae, including 

two strains isolated from Montigena and the M. huakuii type strain (originally isolated from 

Astragalus sinicus; Chen et al., 1991) were shown to produce functional nodules on 

Carmichaelia species, Clianthus puniceus and A. sinicus but they did not nodulate the 

Sophora species tested. These results are in agreement with those of Tang et al. (2009) 

which suggested that rhizobial strains isolated from Carmichaelia species can produce 

functional nodules over a range of other Carmichaelia species. However, Tang et al. (2009) 

did not assess the ability of the strains to nodulate Montigena, and to date no other 
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nodulation research has been undertaken on this genus/ species. This is primarily due to 

difficulty in growing and maintaining plants in cultivation (New Zealand Plant Conservation 

Network, 2014, available online at http://www.nzpcn.org.nz/flora_details.aspx?ID=181).  

The main objective of this chapter was to assess the ability of different rhizobial strains 

isolated from the four genera of New Zealand native legume and Swainsona galegifolia in 

the current or previous studies, selected with different 16S rRNA sequences, to nodulate 

Montigena and Swainsona galegifolia. Sequences of the housekeeping (recA and glnII) and 

symbiosis (nifH, nodA and nodC) genes for these selected strains obtained in the current or 

previous studies were compared with their nodulation ability across species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Rhizobial Symbionts of Montigena (Page 50) 
 



3.2 Materials and Methods 

3.2.1 Bacterial Strains 

Thirteen bacterial strains isolated from New Zealand native legumes and Swainsona 

galegifolia in the current (Chapter 2) or previous (Weir et al., 2004) studies and the M. 

huakuii type strain were examined (Table 3.1). All strains are deposited in the ICMP. Strain 

ICMP 19419 from Carmichaelia australis, ICMP 19567 from Sophora longicarinata and ICMP 

19570 and ICMP 19672 from Sw. galegifolia were isolated in the current study from plants 

sampled at Dry Stream, Torlesse Range, Canterbury, New Zealand (43°16’S 171°43’E); the 

Waima/ Ure River, Marlborough, New Zealand (41°52’S 174°0’E) and Landcare Research, 

Lincoln, Canterbury, New Zealand (43°38’S 172°28’E), respectively. For strains isolated in 

this chapter, the bacterial isolation and purification were carried out as described in Chapter 

2 (Section 2.2.1). DNA extraction and gene sequencing for strains isolated in this chapter 

were performed as described in Section 2.2.2. 
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Table 3.1 Details of bacterial strains isolated from New Zealand native legumes and Swainsona galegifolia and sources of gene sequences 
deposited in the GenBank database used in this chapter 

Strain Host plant Locality Genomic group Gene sequenced/ obtained 
(ICMP)   (16S rRNA) 16S recA glnII nifH nodA nodC 
12690  M. novae-zelandiae Torlesse RangeS M. huakuii ✓*    ✓*  
18942 M. novae-zelandiae Torlesse Range M. huakuii       
19041 C. australis Torlesse Range M. huakuii       
19042 C. monroi Torlesse Range M. huakuii       
11541 Cl. puniceus Palmerston NorthN M. huakuii ✓* ✓* ✓*  ✓*  
11726 Cl. puniceus WaikaremoanaN M. amorphae ✓* ✓ ✓ ✓ ✓* ✓ 
19419 C. australis Torlesse RangeS M. ciceri ✓ ✓ ✓ ✓ ✓ ✓ 
11542 Cl. puniceus Waikaremoana R. leguminosarum ✓* ✓ ✓ ✓ ✓* ✓ 
11719 S. tetraptera Waikaremoana M. ciceri  ✓* ✓* ✓ ✓ ✓* ✓ 
14330 S. microphylla GlenstraeS M. ciceri  ✓* ✓* ✓ ✓ ✓* ✓ 
19567 S. longicarinata Waima/ Ure RiverS M. huakuii ✓ ✓ ✓ ✓ ✓ ✓ 
19570 Sw. galegifolia LincolnS M. shangrilense ✓ ✓ ✓ ✓ ✓ ✓ 
19572 Sw. galegifolia Lincoln M. shangrilense ✓ ✓ ✓ ✓ ✓ ✓ 
S = South Island; N = North Island; ✓= this chapter; * = Weir et al. (2004);  = Chapter 2 
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3.2.2 Phylogenetic Analyses  

DNA sequences for strains from the different studies were aligned and ML trees were 

constructed with 500 bootstrap replications with partial deletion and an 80 % coverage cut 

off using MEGA5 software (Tamura et al., 2011). The most closely related Mesorhizobium 

and Rhizobium type strains available on the GenBank sequence database were used for the 

16S rRNA, recA, glnII, nifH, nodA and nodC trees. The most closely related Rhizobium sp. 

strains were also included in the glnII, nifH and nodA trees. A MEGA5 model test was 

preformed to select a model of nucleotide substitution and the “best” model was used for 

each gene. The Tamaru 3-parameter (T92) model was used for 16S rRNA and the T92 with 

gamma distribution (+G) model was used for all other genes. Only bootstrap probability 

values ≥ 50 % are shown. Strains that nodulated Montigena are labelled with the “” 

symbols. All gene sequences used in this study are available on the GenBank sequence 

database. Their accession numbers are shown in the figures. 

3.2.3 Nodulation and N2 Fixation Studies 

Nodulation and N2 fixation studies were carried out as described in Chapter 2 (Section 2.2.3). 

Here, all eleven bacterial strains isolated from New Zealand native legumes were inoculated 

to their host species. These strains and the two strains isolated from Sw. galegifolia and the 

M. huakuii type strain were inoculated to Montigena and Sw. galegifolia. Montigena seeds 

were collected from the field site (Dry Stream, Torlesse Range, Canterbury, New Zealand) or 

obtained from the Margot Forde Germplasm Centre, Palmerston North, New Zealand. 

Swainsona galegifolia seeds were purchased and imported from Australian Seed, 

Rockingham, Western Australia, Australia. Montigena plants were sprayed with sterile water 

on a daily basis to avoid dehydration. Plants were inspected at three weekly intervals for 

nodulation and at 70 – 90 days after inoculation were tested for nitrogenase activity using 

the ARA (Cummings et al., 2009) as described in Chapter 2 (Section 2.2.3.4). All values taken 

as negative were similar to controls and in the range 0.02 – 0.04 µL ethylene h-1 plant-1. All 

values taken as positive were one to two orders of magnitude greater than this (ranging 

from 0.31 – 7.95 µL ethylene h-1 plant-1). After ARA, rhizobial strains were isolated from 3 – 

6 nodules per treatment and their 16S rRNA and nodC genes were sequenced. 
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3.3 Results 

3.3.1 16S rRNA Phylogenetic Analyses 

Eleven of the bacterial strains isolated from Carmichaelia, Clianthus, Montigena, Sophora 

and Swainsona were clustered into three groupings on the basis of their 16S rRNA 

sequences (Figure 3.1). First, six strains, two from Montigena (ICMP 12690 and ICMP 18942) 

and one each from Carmichaelia australis (ICMP 19041), Carmichaelia monroi (ICMP 19042), 

Clianthus puniceus (ICMP 11541) and Sophora longicarinata (ICMP 19567) were most closely 

aligned with the M. huakuii type strain (99.08 – 99.50 % similarity, 1200 bp). Second, three 

strains, one each from Sophora tetraptera (ICMP 11719), Sophora longicarinata (ICMP 

14330) and C. australis (ICMP 19419) were most closely related to the M. ciceri type strain 

(99.69 % similarity, 1300 bp). Third, two strains from Sw. galegifolia were identical (800 bp) 

to the M. shangrilense type strain. The remaining two strains, ICMP 11726 and ICMP 11542 

isolated from Clianthus puniceus were identical (1300 bp) to the M. amorphae and R. 

leguminosarum bv. trifolii type strains, respectively. 
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Figure 3.1 16S rRNA gene phylogenetic tree of bacterial strains isolated from New Zealand 
native legumes or Swainsona galegifolia and selected Mesorhizobium and Rhizobium type 
strains. Superscript “T” indicates type strain. The tree was rooted with the Bradyrhizobium 
elkanii type strain.  indicates strains that formed N2 fixing nodules on Montigena. The 
legume genus from which the strain was isolated is shown within bolded brackets. The 
accession number of the gene sequence in the GenBank database is shown within unbolded 
brackets. 
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3.3.2 Nodulation and N2 Fixation Studies 

All strains produced functional nodules on their original host on inoculation except strain 

ICMP 11542 which was isolated from Cl. puniceus but identical to Rhizobium leguminosarum 

bv. trifolii on 16S rRNA sequence (data not shown). Strain ICMP 11542 produced non-

functional nodules (ARA values = control) on its host Clianthus puniceus. 

Only the seven Mesorhizobium strains isolated from New Zealand Carmichaelinae and the M. 

huakuii type strain (ICMP 11069) produced functional nodules on Montigena (Table 3.2). 

These strains were two from Montigena (ICMP 12690, and ICMP 18942) and one each from 

C. australis (ICMP 19041), C. monroi (ICMP 19042) and Cl. puniceus (ICMP 11541) which 

aligned closely with the M. huakuii type strain; one strain from Cl. puniceus (ICMP 11726) 

which aligned with the M. amorphae type strain and one strain from C. australis (ICMP 

19419) which aligned with the M. ciceri type strain on the basis of their 16S rRNA sequences. 

Rhizobium leguminosarum strain ICMP 11542, which produced non-functional nodules on 

its host Cl. puniceus also produced non-functional nodules on Montigena. None of the 

strains isolated from S. tetraptera (ICMP 11719), S. microphylla (ICMP 14330), S. 

longicarinata (ICMP 19576) or Sw. galegifolia (ICMP 19570 and ICMP 19572) nodulated 

Montigena. Only the two strains (ICMP 19570 and ICMP 19572) isolated from Sw. galegifolia 

produced functional nodules on their original host, Sw. galegifolia (Table 3.2). In all cases, 

the 16S rRNA and nodC sequences for the strain recovered from the nodules after the ARA 

were identical to that of the strain used as inoculum. 
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Table 3.2 Nodulation of Montigena and Swainsona galegifolia by rhizobial strains used in 
this chapter 

Strain Host plant Genomic group Nodulation / ARA 
  (16S rRNA) Montigena S. galegifolia 
ICMP 11069 T Astragalus sinicus  M. huakuii  Nod+Fix+ Nod- 
ICMP 12690 Montigena novae-zelandiae M. huakuii Nod+Fix+ Nod- 
ICMP 18942 Montigena novae-zelandiae M. huakuii Nod+Fix+ Nod- 
ICMP 19041 Carmichaelia australis M. huakuii Nod+Fix+ Nod- 
ICMP 19042 Carmichaelia monroi M. huakuii Nod+Fix+ Nod- 
ICMP 11541 Clianthus puniceus M. huakuii Nod+Fix+ Nod- 
ICMP 11726 Clianthus puniceus M. amorphae Nod+Fix+ Nod- 
ICMP 19419 Carmichaelia australis M. ciceri Nod+Fix+ Nod- 
ICMP 11542 Clianthus puniceus R. leguminosarum Nod+Fix- Nod- 
ICMP 11719 Sophora tetraptera M. ciceri  Nod- Nod- 
ICMP 14330 Sophora microphylla M. ciceri  Nod- Nod- 
ICMP 19567 Sophora longicarinata M. huakuii Nod- Nod- 
ICMP 19570 Swainsona galegifolia M. shangrilense Nod- Nod+Fix+ 
ICMP 19572 Swainsona galegifolia M. shangrilense Nod- Nod+Fix+ 
T = type strain; Nod+ = all plants nodulated; Fix+ = nitrogen fixing nodules; Fix- = non-
functional nodules; Nod- = no plants nodulated 

 

 

  

Figure 3.2 Twelve months old Montigena inoculated with strains ICMP 18942 (left) and 
ICMP 19041 (right). 
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3.3.3 recA and glnII Phylogenetic Analyses 

The seven strains that produced functional nodules on Montigena separated into five 

groups or individuals on the basis of their recA and glnII sequences: each of these groups or 

individuals was clearly distinct from all Mesorhizobium type strains included in this study 

(Figure 3.3). 

For strains that did not nodulate Montigena, two strains, ICMP 11719 and ICMP 14330 from 

S. tetraptera and S. microphylla respectively, aligned closest to, but clearly separated from 

strain ICMP 19419 from C. australis. One strain (ICMP 19567) from S. longicarinata aligned 

closest to, but clearly separated from strain ICMP 11726 from Cl. puniceus on the basis of 

their recA and glnII gene sequences (Figure 3.3). The two strains from Sw. galegifolia (ICMP 

19570 and ICMP 19572) were identical to each other and aligned closest to, but separated 

from strain ICMP 19041 from C. australis on the basis of their recA and glnII gene sequences 

(Figure 3.3). 

Rhizobium leguminosarum strain ICMP 11542 from Cl. puniceus that produced non-

functional nodules on Montigena aligned closely with the R. leguminosarum bv. trifolii type 

strain on the basis of its recA sequences (Figure 3.3A) and with Rhizobium strain 2M164 

isolated from Trifolium sp. on the basis of its glnII sequences (Figure 3.3B). 
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Figure 3.3 (A) recA and (B) glnII gene phylogenetic trees of bacterial strains isolated from New 
Zealand native legumes or Swainsona galegifolia and selected Mesorhizobium and Rhizobium 
strains. Superscript “T” indicates type strain.  indicates strains that formed N2 fixing nodules 
on Montigena. The legume genus from which the strain was isolated is shown within bolded 
brackets. The accession number of the gene sequence in the GenBank database is shown within 
unbolded brackets. 
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3.3.4 Symbiosis Genes Phylogenetic Analyses 

All strains that produced functional nodules on Montigena were identical to the M. huakuii 

type strain on the basis of their nifH sequences (310 bp), except strain ICMP 11541 (99.04 % 

similarity, 310 bp) (Figure 3.4). These strains separated into two groups in relation to their 

nodA sequences (Figure 3.5A). The first group consists of five strains isolated from 

Montigena (ICMP 18942), C. australis (ICMP 19041 and ICMP 19419), C. monroi (ICMP 

19042) or Cl. puniceus (ICMP 11726) and the second group consists of two strains, one each 

from Montigena (ICMP 12690) and Cl. puniceus (ICMP 11541). The groups showed 66.16 – 

66.81 % similarity (460 bp) to each other. With little variation (99.11 – 99.64 % similarity, 

560 bp), the seven strains clustered closely together in relation to their nodC sequences 

(Figure 3.5B). The nodA and nodC sequences of these seven strains were clearly separated 

from all Mesorhizobium type strains.  

For strains that did not nodulate Montigena, three strains from Sophora spp. (ICMP 11719, 

ICMP 14330 and ICMP 19567) grouped closely together in relation to their nifH (100 % 

similarity, 280 bp) (Figure 3.4), nodA (97.67 – 100 % similarity, 560 bp) (Figure 3.5A) and 

nodC (98.95 – 100 % similarity, 520 bp) (Figure 3.5B) gene sequences and they were clearly 

separated from all Mesorhizobium type strains and strains isolated from New Zealand native 

Carmichaelinae and Sw. galegifolia. The two strains from Sw. galegifolia (ICMP 19570 and 

ICMP 19572) aligned closely with the all the Carmichaelinae strains in relation to their nifH 

gene sequences (99.58 – 99.63 % similarity, 240 bp) (Figure 3.4) and strains ICMP 12690 and 

ICMP 11541 isolated from Montigena and Cl. puniceus respectively, in relation to their nodA 

gene sequences (99.38 % similarity, 480 bp) (Figure 3.5A). They were clearly separated from 

all Mesorhizobium type strains and strains isolated from New Zealand native Carmichaelinae 

in relation to their nodC gene sequences (Figure 3.5B). 

Rhizobium leguminosarum strain ICMP 11542 that produced non-functional nodules on 

Montigena was most closely aligned with either the R. leguminosarum bv. trifolii type strain 

or strains characterised as R. leguminosarum bv. trifolii, in relation to its nifH (100 % 

similarity, 280 bp) (Figure 3.4), nodA (99.82 % similarity, 560 bp) (Figure 3.5A) and nodC 

(98.08 % similarity, 520 bp) (Figure 3.5B) gene sequences with excellent clade support. 
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Figure 3.4 nifH gene phylogenetic tree of bacterial strains isolated from New Zealand native 
legumes or Swainsona galegifolia and selected Mesorhizobium and Rhizobium strains. 
Superscript “T” indicates type strain.  indicates strains that formed N2 fixing nodules on 
Montigena. The legume genus from which the strain was isolated is shown within bolded 
brackets. The accession number of the gene sequence in the GenBank database is shown 
within unbolded brackets. 
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Figure 3.5 (A) nodA and (B) nodC gene phylogenetic trees of bacterial strains isolated from 
New Zealand native legumes or Swainsona galegifolia and selected Mesorhizobium and 
Rhizobium strains. Superscript “T” indicates type strain.  indicates strains that formed N2 
fixing nodules on Montigena. The legume genus from which the strain was isolated is shown 
within bolded brackets. The accession number of the gene sequence in the GenBank 
database is shown within unbolded brackets. 
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3.4 Discussion 

Montigena is the only New Zealand native legume that occurs on the specialised scree 

habitat: it is very difficult to grow and maintain in cultivation. In this chapter, thirteen 

rhizobial strains isolated from the four genera of New Zealand native legumes, including two 

strains isolated from Montigena, and two strains from the Australian Sw. galegifolia in the 

current or previous studies (Chapter 2; Weir et al., 2004) were tested for their ability to 

nodulate Montigena. This chapter provides the first description of rhizobia confirmed to 

nodulate Montigena. 

In Chapter 2, seven rhizobial strains isolated from New Zealand Carmichaelinae, including 

two strains (ICMP 12690 and ICMP 18942) from Montigena, with 16S rRNA similar to the M. 

huakuii type strain, and the M. huakuii type strain (isolated from A. sinicus) were shown to 

produce functional nodules on C. australis, C. kirkii, C. petriei, Cl. puniceus and A. sinicus but 

they did not nodulate S. microphylla and S. tetraptera. Here, it was shown that only the 

seven Mesorhizobium strains isolated from New Zealand Carmichaelinae and the M. huakuii 

type strain produced functional nodules on Montigena. These results indicated that 

although Montigena is confined to the specialised scree habitat, it does not have specific 

rhizobial bacteria but shares rhizobia with the closely related Carmichaelia and Clianthus.  

The seven Mesorhizobium strains shown to nodulate Montigena, were five strains aligned 

closely with the M. huakuii type strain, one strain aligned with the M. amorphae type strain 

and one strain aligned with the M. ciceri type strain on the basis of their 16S rRNA 

sequences (Table 3.2). These findings show that although Mesorhizobium strains which 

nodulate species of New Zealand Carmichaelinae commonly have 16S rRNA similar or 

identical to M. huakuii, some strains with 16S rRNA sequences similar to M. amorphae and 

M. ciceri type strains can also produce functional nodules on these species. 

None of the strains isolated from Sophora or Sw. galegifolia nodulated Montigena. Only the 

two strains (ICMP 19570 and ICMP 19572) isolated from Sw. galegifolia produced functional 

nodules on their original host, Sw. galegifolia (Table 3.2). These reciprocal inoculation 

experiments for Montigena and Sw. galegifolia indicate that their rhizobial symbionts do 

not cross-nodulate. This result is especially significant since Montigena and Sw. galegifolia 

are native to New Zealand and Australia, respectively, but have a close phylogenetic 
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relationship, with these two species being each other’s closest relative based on their 

ribosomal ITS sequences (Wagstaff et al. 1999). These symbiotic relationships are, however, 

consistent with their morphological and anatomical differences (Heenan, 1998), and will 

likely reflect local differences in evolutionary processes and bacterial community 

assemblages. 

Rhizobium leguminosarum strain ICMP 11542 that produced non-functional nodules on 

Montigena aligned closely with the R. leguminosarum bv. trifolii type strain on the basis of 

its 16S rRNA and recA sequences and with Rhizobium sp. isolated from Trifolium sp. on the 

basis of its glnII sequence. Similarly, it was most closely aligned with either the R. 

leguminosarum bv. trifolii type strain or strains characterised as R. leguminosarum bv. trifolii 

in relation to its nifH, nodA and nodC gene sequences. Trifolium spp. and their rhizobial 

symbionts are not native to New Zealand. However, rhizobial inoculum has been used 

extensively on Trifolium spp., particularly Trifolium repens (white clover), in New Zealand 

(Andrews et al., 2011) and it is likely that strain ICMP 11542 was derived from such 

inoculum. In addition, it was shown that R. leguminosarum strain ICMP 11542 was able to 

form functional nodules on Trifolium pratense (red clover) (data not shown). 

The seven strains that produced functional nodules on Montigena showed diverse recA and 

glnII genes and these results along with the 16S rRNA sequences indicate that there can be 

considerable variation in the housekeeping genes of Mesorhizobium strains capable of 

nodulating Montigena. However, six of the seven strains were identical to each other on the 

basis of their nifH sequences. Also, the seven strains clustered together in relation to their 

nodC sequences and their nodA and nodC sequences were clearly separated from all those 

of Mesorhizobium type strains. As discussed in previous Chapter 2, it seems likely that these 

Mesorhizobium strains evolved in New Zealand with variable housekeeping but specific 

symbiosis genes. 

Thus, overall, results obtained in this chapter indicate that Montigena shares rhizobia with 

its closely related Carmichaelia and Clianthus but not Sophora spp. or Sw. galegifolia and 

that the ability of the different rhizobial strains to produce functional nodules on Montigena 

and New Zealand Carmichaelinae in general, is likely to be dependent on specific N2-fixation 

(nifH) and nodulation (nodC) genes. 
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Chapter 4 

Rhizobial Symbionts of New Zealand native Sophora 

4.1 Introduction 

Genotypic data on the rhizobia which induce nodules on the New Zealand native Sophora 

species are limited. Weir et al. (2004) isolated five bacterial strains from native Sophora spp. 

growing in natural ecosystems and sequenced their 16S rRNA and housekeeping genes. Four 

strains, three from Sophora microphylla (ICMP 11736, ICMP 12637 and ICMP 14330) and 

one from S. tetraptera (ICMP 11719) were most closely grouped to the Mesorhizobium ciceri 

and M. loti type strains while the fifth strain from S. chathamica aligned closely with 

Rhizobium leguminosarum (ICMP 14642). This study did not assess the ability of the isolated 

strains to nodulate New Zealand native legumes or sequence any of their nif or nod genes 

but subsequent work showed that although the R. leguminosarum strain (ICMP 14642) 

produced nodules on S. microphylla, these nodules did not fix N2 (Weir, 2006; 

https://scd.landcareresearch.co.nz). Rhizobium leguminosarum strains are known to be able 

to nodulate a range of legume hosts, such as Trifolium spp., Phaseolus spp., Vicia spp., 

Pisum spp., Lens spp. and Lathyrus spp. Many of these legume species, such as Trifolium 

spp., are important crop legumes and rhizobial inoculum has been used extensively on them 

in New Zealand (Andrews et al., 2011). Thus, it is likely that R. leguminosarum strain ICMP 

14642 isolated from S. chathamica in Weir et al. (2004) derived from such inoculum. 

Chapter 2 examined ten bacterial strains isolated from New Zealand Carmichaelinae 

growing in natural ecosystems which grouped close to the M. huakuii type strain in relation 

to their 16S rRNA and nifH gene sequences. These strains showed novel recA, glnll, nodA 

and nodC gene sequences. Seven of these “M. huakuii” strains selected produced functional 

nodules on Carmichaelia australis, C. kirkii, C. petriei and Clianthus puniceus but they did not 

nodulate S. microphylla and S. tetraptera, indicating that within New Zealand native 

legumes, at least some bacterial strains are specific to Carmichaelinae species. 

Chapter 3 tested the ability of ten Mesorhizobium strains, two each from Montigena and Cl. 

puniceus and three each from Carmichaelia spp. and Sophora spp., and one R. 

Rhizobial Symbionts of NZ Sophora (Page 66) 
 



leguminosarum strain (ICMP 11542) from Cl. puniceus to nodulate Montigena. Two Sophora 

strains (ICMP 11719 and ICMP 14330) were taken from the Weir et al. (2004) study and 

showed 16SrRNA similar to the M. loti/ M. ciceri type strains but the third (ICMP 19567) had 

a 16S rRNA sequence similar to the M. huakuii type strain. All three strains from Sophora 

spp. were shown to nodulate their original host. Only Mesorhizobium strains from 

Montigena, Carmichaelia spp. and Clianthus puniceus produced functional nodules on 

Montigena. Rhizobium leguminosarum strain ICMP 11542 produced non-functional nodules 

on Montigena, further indicating that Rhizobium strains are not the “real” symbionts of New 

Zealand native legume species. Mesorhizobium strains that nodulated Montigena, 

Carmichaelia spp. and Clianthus puniceus had variable 16S rRNA, recA and glnll gene 

sequences, but specific nifH, nodA and nodC gene sequences different from those of the 

Sophora strains. These results indicate that Montigena, Carmichaelia spp. and Clianthus spp. 

share at least some rhizobia with each other but not with Sophora spp. and that the ability 

of different rhizobial strains to produce functional nodules on the different New Zealand 

native legume genera is associated with specific symbiosis genes. 

This chapter focused on rhizobial strains isolated from New Zealand native Sophora spp. 

growing in natural ecosystems and characterised them with respect to their 16S rRNA, 

housekeeping (recA, glnll and rpoB), N2 fixation (nifH) and nodulation (nodA and nodC) gene 

sequences; their ability to nodulate a range of legume species and DNA-DNA hybridisation 

tests with their most closely related rhizobial type strains on the basis of gene sequence 

similarity. 
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4.2 Materials and Methods 

4.2.1 Bacterial Strains and DNA Sequencing 

Forty five bacterial strains from Sophora microphylla, S. prostrata and S. longicarinata 

sampled in April 2011 or April 2012 under natural conditions in the current study plus the 

three Sophora strains previously shown to nodulate their host (see Chapter 3) were studied. 

Here, bacteria were isolated from plants sampled at six sites in the South Island: alluvial 

limestone river terrace, Waima/ Ure River, Marlborough (41° 52´S 174° 0´E, 147m; Field site 

1); alluvial outwash river fan, Pororari River, Westland (42° 6S´ 171° 20´E, 1m; Field site 2) 

(Figure 4.1A); margin of estuary, Saltwater Creek, Greymouth, Westland (42° 30S´ 171° 9´E, 

2m; Field site 3); margin of Greywacke rock outcrop, Kowai River, Springfield, Canterbury 

(43° 19´S 171° 46´E, 612m; Field site 4); alluvial Greywacke river terrace, upper Rakaia River, 

Canterbury (43° 26´S 171° 34´E, 357m; Field Site 5) (Figure 4.1B) and among Haast Schist 

rock outcrop, Waitaki River, Otago (44° 53´S 170° 48´E, 126m; Field site 6).  

 

  

Figure 4.1 Field sites of the sampling of bacterial strains from Sophora spp. used in this study. 
(A) Field site 2, alluvial outwash river fan, Pororari River, Westland; (B) Field site 5, alluvial 
Greywacke river terrace, upper Rakaia River, Canterbury. 

 

The field sites were selected to represent low rainfall in the eastern South Island (< 1000 

mm per year; sites 1, 4–6) and high rainfall in the western South Island (> 2500 mm per year; 

sites 2, 3) (Leathwick et al. 2002). All strains are deposited in the International Collection of 

Microorganisms from Plants (ICMP), Landcare Research, Auckland, New Zealand. The ICMP 

number, Sophora species host and field site sampled are given for the strains on the 

A B 
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phylogenetic trees. The type strains of M. amorphae (ICMP 15022), M. ciceri (ICMP 13641), 

M. huakuii (ICMP 11069) and M. loti were obtained from the ICMP collection directly. 

For bacteria isolated in this study, root nodules were surface sterilised, crushed in sterile 

water and the bacterial suspension was streaked onto a YMA plate and incubated at 25 °C in 

the dark for 5 days as described in Chapter 2 (Section 2.2.1). A purified culture was obtained 

by sub-culture from each plate. Each culture was inoculated into a suspension of YMB and 

used for preparation of subcultures for DNA extraction or inoculum.  

Table 4.1 Details of bacterial strains isolated from New Zealand native Sophora species and 
sources of gene sequences deposited in the GenBank database used in this chapter 

Strain Host plant Locality Gene sequenced/ obtained 
(ICMP)   16S recA glnII rpoB nifH nodA nodC 
11719 S. tetraptera WaikaremoanN ✓* ✓* ✓* ✓  ✓*  
14330 S. microphylla GlenstraeS ✓* ✓* ✓* ✓  ✓*  
19512 S. microphylla FS 5N ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19513 S. microphylla FS 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19514 S. microphylla FS 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19515 S. microphylla FS 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19516 S. microphylla FS 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19517 S. microphylla FS 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19551 S. microphylla FS 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19518 S. microphylla FS 5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19519 S. microphylla FS 4N ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19520 S. microphylla FS 4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19521 S. microphylla FS 4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19522 S. microphylla FS 4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19560 S. longicarinata FS 1N ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19561 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19562 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19563 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19545 S. prostrata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19546 S. prostrata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19547 S. prostrata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19523 S. microphylla FS 6N ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19524 S. microphylla FS 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19525 S. microphylla FS 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19526 S. microphylla FS 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19527 S. microphylla FS 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19528 S. microphylla FS 3N ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19529 S. microphylla FS 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19530 S. microphylla FS 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
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Table 4.1 Continue (2 of 2) 

N = North Island; S = South Island; ✓= This chapter; * = Weir et al. (2004);  = Chapter 3; FS 
1 = Waima/ Ure River; FS 2 = Pororari River; FS 3 = Greymouth; FS 4 = Kowai River; FS 5 = 
upper Rakaia River; FS 6 = Waitaki River 

 

4.2.2 DNA Sequencing 

DNA was extracted from the bacterial cultures grown in YMB using the standard Qiagen-

Gentra PUREGENE DNA Purification Kit for gram-negative bacteria. The 16S rRNA, recA, glnll, 

nifH, nodA and nodC were amplified with appropriate primer sets and PCR conditions as 

described in Chapter 2 (Section 2.2.2) except that for most strains, the nodC primers 

NodCfor540 (TGA TYG AYA TGG ART AYT GGC T) and NodCrev1160 (CGY GAC ARC CAR TCG 

CTR TTG) (Sarita et al. 2005) were used. The rpoB83F (CCT SAT CGA GGT TCA CAG AAG GC) 

and rpoB1061R (AGC GTG TTG CGG ATA TAG GCG) primers (Martens et al., 2008) were used 

for rpoB amplification. The PCR products were separated via electrophoresis in 1 % agarose 

gels, stained with ethidium bromide (0.5 µg ml-1) and viewed under UV light. PCR products 

of the expected size were sequenced by the Bio-Protection Research Centre Sequencing 

Facility, Lincoln University. DNA sequence data were viewed via Sequence Scanner v1.0 

19531 S. microphylla FS 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19532 S. microphylla FS 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19533 S. microphylla FS 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19535 S. microphylla FS 2N ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19536 S. microphylla FS 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19537 S. microphylla FS 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19538 S. microphylla FS 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19539 S. microphylla FS 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19540 S. microphylla FS 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19557 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19558 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19564 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19565 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19566 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19568 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19569 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19559 S. longicarinata FS 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
19567 S. longicarinata FS 1    ✓    
19550 S. microphylla FS 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
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software (©Applied Biosystems) and edited and assembled using DNAMAN Version 6 

(©Lynnon Biosoft Corporation).  

4.2.3 Phylogenetic Analyses 

DNA sequences of the individual genes and concatenated recA, glnII and rpoB for the 

Sophora strains were aligned and Maximum Likelihood (ML) phylogenetic trees constructed 

with 500 bootstrap replications with partial deletion and an 80 % coverage cut off using 

MEGA5 software (Tamura et al., 2011). The most closely related Mesorhizobium type strains 

on the Genbank sequence database (www.ncbi.nlm.nih.gov/genbank) were used for all 

trees. In addition, sequences of closely related non-type strains were included in the nifH 

and nodC trees and those of strains shown to produce N2 fixing nodules on New Zealand 

Carmichaelinae spp. (from Chapter 2) in the nodA and nodC trees. Only bootstrap values ≥ 

50 % are shown for each tree. MEGA5 model test was performed to select a model of 

nucleotide substitution and the ‘best’ model (lowest Bayesian Information Criterion (BIC) 

score) used for each gene. The Kimura 2-parameter (K2) + Gamma distribution (G) model 

and General Time Reversible + G + Invariant sites (I) model were used for the 16S rRNA gene 

and glnll gene respectively. The Tamura 3-parameter (T92) + G model was used for the recA 

and nifH genes and the T92 + G + I model for the nodA and nodC genes. The Tamura-Nei 

(T93) + G + I model was used for the rpoB gene and the T93 + G model was used for the 

concatenated recA, glnII and rpoB tree. All gene sequences used in this study are available 

on the GenBank sequence database and their accession numbers are shown in the figures. 

4.2.4 Nodulation and N2 Fixation Studies 

All bacterial strains isolated in the current study were inoculated onto their host legume 

species. In addition, twenty one of the strains of variable 16S rRNA, recA, glnll and rpoB 

gene sequences, but which all nodulated their host Sophora species were inoculated onto S. 

microphylla, S. prostrata, S. longicarinata, C. australis and Cl. puniceus. The M. amorphae, M. 

ciceri, M. huakuii and M. loti type strains were inoculated onto the three Sophora spp. and 

the Sophora strains were inoculated onto Amorpha fruticosa, Cicer arietinum, Astragalus 

sinicus and Lotus corniculatus the legume species from which respectively, the M. amorphae, 

M. ciceri, M. huakuii and M. loti type strains were originally isolated. The type strains were 

inoculated onto their original host as a positive control. Seeds were obtained from different 
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sources: Carmichaelia australis from Proseed, North Canterbury, New Zealand; Clianthus 

puniceus and all Sophora spp. from New Zealand Tree Seeds, Rangiora, New Zealand; 

Amorpha fruticosa from the Agroforestry Research Trust, Devon, United Kingdom; 

Astragalus sinicus and Lotus corniculatus from the Margot Forde Germplasm Centre, 

Palmerston North, New Zealand and Cicer arietinum from the Binn Inn, Christchurch, New 

Zealand.  

All plant procedures were carried out under sterile conditions as described in Chapter 2 

(Section 2.2.3). All seeds, except those of Cicer arietinum were, in sequence, soaked in 

concentrated sulphuric acid for 30 – 60 minutes, rinsed with sterile water, soaked in hot 

(about 60 °C) sterile water which was left at room temperature overnight then transferred 

to 1.5 % water agar plates and kept in the dark to germinate. After germination, each 

seedling was transferred to a polyethylene terephthalate jar containing vermiculite and 

supplied with a complete nutrient solution as described in Chapter 2 (Section 2.2.3). Plants 

were grown in a chamber with a 16 hours photoperiod (400 µmol photons m-2 s-1) at a 

constant 22 °C. Seeds of Cicer arietinum were soaked in 20 % commercial bleach (sodium 

hypochlorite) for 20 min, rinsed with 96 % ethanol, air dried then left in hot sterile water 

overnight. Cicer arietinum was germinated and grown in 0.75 L pots (four seedlings per pot) 

containing autoclaved N-free potting mix under natural daylight in a glasshouse. The potting 

mix base was 80 % composted bark and 20 % pumice (1 – 4 mm) to which was added 1 g L-1 

agricultural lime (primarily calcium carbonate), 0.3 g L-1 superphosphate (9P-11S-20Ca; 

Ravensdown, New Zealand), and 0.3 g L-1 Osmocote (6 months, ON-OP-37K), 0.3 g L-1 

Micromax trace elements and 1 g L-1 Hydraflo, all three obtained from Everris International, 

Geldermalsen, The Netherlands. The pH of the medium was 5.8. 

At 5 – 10 days after sowing, seedlings were inoculated with 10 ml of the appropriate 

bacterial strain grown to log phase. Uninoculated plants supplied with YMB only were used 

as controls. There were three replicates per treatment. All plants were supplied with sterile 

water as required. Plants were inspected at three weekly intervals for nodulation and at 70 

– 90 days after inoculation were tested for nitrogenase activity using the ARA (Cummings et 

al., 2009). All values taken as negative were similar to controls and in the range 2.1 to 4.5 µL 

ethylene L-1. All values taken as positive were one to two orders of magnitude greater than 

this (ranging from 198.9 to 2107.3 µL ethylene L-1). After the ARA, rhizobial strains were 
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isolated from three to six nodules per treatment and their 16S rRNA and nodC genes 

sequenced. In all cases, the 16S rRNA and nodC sequence for the strain recovered from 

nodules after the acetylene reduction assay was identical to that of the strain used as 

inoculant. 

4.2.5 DNA-DNA Hybridisation 

For DNA-DNA hybridisation, high-molecular weight DNA was prepared (Pitcher et al. 1989). 

DNA-DNA hybridisations were performed using a microplate method and biotinylated probe 

DNA (Ezaki et al., 1989). The hybridisation temperature was 48 °C ± 1 °C. Reciprocal 

reactions (A × B and B × A) were performed in quadruplicate for each DNA pair and their 

variation was within the limits of this method (Goris et al., 1998). The hybridisations were 

carried out by the Laboratory of Microbiology, Ghent University, Belgium. 
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4.3 Results 

4.3.1 16S rRNA Phylogenetic Analyses 

Forty eight of the bacterial strains isolated from New Zealand native Sophora separated into 

three major groupings on the basis of their 16S rRNA sequences (Figure 4.2). The first group 

consists of thirty eight strains taken from four different Sophora spp. (S. microphylla, S. 

prostrata, S. longicarinata and S. tetraptera) across eight different field sites which 

separated into five sub-groups with high similarity (99.60 – 100 % similarity, 1260 bp) to the 

M. ciceri type strain. The second group consists of seven strains (ICMP 19557, ICMP 19558, 

ICMP 19564 – ICMP 19566, ICMP 19568 and ICMP 19569), all from S. longicarinata at Field 

site 1, which had 16S rRNA sequences (1260 bp) identical to that of the M. amorphae type 

strain. The third group consists of three strains (ICMP 19550, ICMP 19559 and ICMP 19567) 

which aligned closely (98.02 % similarity, 1260 bp) with the M. huakuii type strain. 
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Figure 4.2 16S rRNA gene phylogenetic tree of bacterial strains isolated from New Zealand native 
Sophora spp. and selected Mesorhizobium type strains (superscript “T”). Sl = S. longicarinata; Sm = S. 
microphylla; Sp = S. prostrata; St = S. tetraptera. The tree was rooted with the Bradyrhizobium elkani 
type strain. * = isolated and described in previous study (Weir et al., 2004). FS = field site. 

 ICMP 19526 (Sm) (KC237416) FS6 
 ICMP 19540 (Sm) (KC237429) FS2 
 ICMP 19539 (Sm) (KC237428) FS2 
 ICMP 19538 (Sm) (KC237427) FS2 
 ICMP 19537 (Sm) (KC237426) FS2 
 ICMP 19536 (Sm) (KC237425) FS2 
 ICMP 19535 (Sm) (KC237424) FS2 
 ICMP 19532 (Sm) (KC237422) FS3 
 ICMP 19531 (Sm) (KC237421) FS3 
 ICMP 19530 (Sm) (KC237420) FS3 
 ICMP 19529 (Sm) (KC237419) FS3 
 ICMP 19528 (Sm) (KC237418) FS3 
 ICMP 19527 (Sm) (KC237417) FS6 
 ICMP 19525 (Sm) (KC237415) FS6 
 ICMP 19524 (Sm) (KC237414) FS6 
 ICMP 19523 (Sm) (KC237413) FS6 
 ICMP 19521 (Sm) (KC237404) FS4 
 ICMP 19520 (Sm) (KC237403) FS4 
 ICMP 14330 (Sm) (AY491067)* 
 ICMP 11719 (St) (AY491065)* 
 ICMP 19533 (Sm) (KC237423) FS3 
 ICMP 19522 (Sm) (KC237405) FS4 

 ICMP 19560 (Sl) (KC237406) FS1 
 ICMP 19561 (Sl) (KC237407) FS1 
 ICMP 19562 (Sl) (KC237408) FS1 
 ICMP 19563 (Sl) (KC237409) FS1 

 ICMP 19513 (Sm) (KC237395) FS5 
 ICMP 19519 (Sm) (KC237402) FS4 
 ICMP 19512 (Sm) (KC237394) FS5 

 ICMP 19545 (Sp) (KC237410) FS1 
 ICMP 19546 (Sp) (KC237411) FS1 
 ICMP 19547 (Sp) (KC237412) FS1 

 M. ciceri UPM-Ca7 (U07934)T T 
 ICMP 19518 (Sm) (KC237401) FS5 
 ICMP 19551 (Sm) (KC237400) FS5 
 ICMP 19517 (Sm) (KC237399) FS5 
 ICMP 19516 (Sm) (KC237398) FS5 
 ICMP 19515 (Sm) (KC237397) FS5 
 ICMP 19514 (Sm) (KC237396) FS5 

 M. shangrilense CCBAU 65327 (EU074203)T T 
 M. australicum WSM2073 (NR102452)T T 
 M. qingshengii CCBAU 33460 (NR109565)T T 
 M. loti LMG 6125 (X67229)T 

 M. albiziae CCBAU 61158 (NR043549)T T 
 ICMP 19567 (Sl) (KC237385) FS1 
 ICMP 19550 (Sm) (KC237386) FS3 
 ICMP 19559 (Sl) (KC237384) FS1 

 M. huakuii IAM 14158 (D12797)T T 
 ICMP 19557 (Sl) (KC237387) FS1 
 ICMP 19564 (Sl) (KC237389) FS1 
 ICMP 19565 (Sl) (KC237390) FS1 
 ICMP 19566 (Sl) (KC237391) FS1 
 ICMP 19568 (Sl) (KC237392) FS1 
 ICMP 19558 (Sl) (KC237388) FS1 
 M. amorphae ACCC 19665 (AF041442)T T 
 ICMP 19569 (Sl) (KC237393) FS1 

 M. septentrionale SDW 014 (AF508207)T T 
 B. elkanii USDA 76 (U35000)T T 
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4.3.2 recA, glnII and rpoB Phylogenetic Analyses 

The forty eight Mesorhizobium strains separated into eight groups and an individual strain 

(ICMP 11719) on the basis of their recA sequences separate from all Mesorhizobium type 

strains (Figure 4.3A). Generally, strains from the same field site grouped together. Seven of 

the groups and ICMP 11719 (40 strains) aligned closest to but separate from the M. ciceri 

type strain (94.61 – 96.83 % similarity, 320 bp) while one group of eight strains all from S. 

longicarinata sampled at field site 1 was closest to the M. septentrionale type strain (96.50 % 

similarity, 320 bp). This last group contained all seven strains with a 16S rRNA sequence 

similar to the M. amorphae type strain plus strain ICMP 19567 which had a 16S rRNA 

sequence closest to the M. huakuii type strain. Most groupings on the basis of the recA 

sequences held in relation to glnll and rpoB sequences and therefore strains from the same 

field site grouped together again. 

For glnII gene sequences (Figure 4.3B), thirty nine strains aligned closest to but separate 

from the M. ciceri type strain (93.22 – 97.22 % similarity, 680 bp) and the eight strains 

closest to M. septentrionale on recA sequences also aligned closest to the M. septentrionale 

type strain (96.07 % similarity, 680 bp). The final strain, ICMP 19550, which had a 16S rRNA 

sequence closest to the M. huakuii type strain aligned closest to the M. loti (93.10 % 

similarity, 680 bp) and M. opportunistum (94.19 % similarity, 550 bp) type strains.  

For rpoB gene sequences (Figure 4.3C), the thirty nine strains which aligned closest to the M. 

ciceri type strain on recA sequences clustered around the M. ciceri (95.49 – 97.32 % 

similarity, 800 bp) and M. loti (95.01 – 96.71 % similarity, 800 bp) type strains. Eight strains 

all from S. longicarinata sampled at field site 1 which aligned closest to M. septentrionale on 

recA sequences also aligned closest to the M. septentrionale type strain (97.56 % similarity, 

680 bp) on rpoB gene sequences. The final strain, ICMP 19550, which had a 16S rRNA 

sequence closest to the M. huakuii type strain aligned closest to the M. huakuii type strain 

(97.85 % similarity, 650 bp) on its rpoB sequence. 
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Figure 4.3 (A) recA, (B) glnII and (C) rpoB gene phylogenetic trees of bacterial strains isolated from 
New Zealand native Sophora spp. and selected Mesorhizobium type strains (superscript “T”). Sl = S. 
longicarinata; Sm = S. microphylla; Sp = S. prostrata; St = S. tetraptera. The trees were rooted with 
the Bradyrhizobium elkani type strain. * = isolated and described in previous study (Weir et al., 2004). 
FS = field site. 

 ICMP 19532 (Sm) (KC237702) FS3 
 ICMP 19533 (Sm) (KC237703) FS3 
 ICMP 19531 (Sm) (KC237701) FS3 
 ICMP 19530 (Sm) (KC237700) FS3 
 ICMP 19529 (Sm) (KC237699) FS3 
 ICMP 19550 (Sm) (KC237661) FS3 
 ICMP 19528 (Sm) (KC237698) FS3 

 ICMP 11719 (St) (AY494819)* 
 ICMP 19535 (Sm) (KC237704) FS2 
 ICMP 19537 (Sm) (KC237706) FS2 
 ICMP 19538 (Sm) (KC237707) FS2 
 ICMP 19539 (Sm) (KC237708) FS2 
 ICMP 19536 (Sm) (KC237705) FS2 
 ICMP 19540 (Sm) (KC237709) FS2 

 ICMP 19559 (Sl) (KC237659) FS1 
 ICMP 19560 (Sl) (KC237686) FS1 
 ICMP 19561 (Sl) (KC237687) FS1 
 ICMP 19562 (Sl) (KC237688) FS1 
 ICMP 19563 (Sl) (KC237689) FS1 

 ICMP 19523 (Sm) (KC237693) FS6 
 ICMP 14330 (Sm) (AY494820)* 
 ICMP 19524 (Sm) (KC237694) FS6 
 ICMP 19525 (Sm) (KC237695) FS6 
 ICMP 19526 (Sm) (KC237696) FS6 
 ICMP 19527 (Sm) (KC237697) FS6 

 M. ciceri USDA 3383 (AJ294367)TT 
 ICMP 19516 (Sm) (KC237678) FS5 
 ICMP 19514 (Sm) (KC237676) FS5 
 ICMP 19515 (Sm) (KC237677) FS5 
 ICMP 19517 (Sm) (KC237679) FS5 
 ICMP 19551 (Sm) (KC237680) FS5 
 ICMP 19518 (Sm) (KC237681) FS5 

 ICMP 19546 (Sp) (KC237691) FS1 
 ICMP 19545 (Sp) (KC237690) FS1 
 ICMP 19547 (Sp) (KC237692) FS1 

 M. sangaii SCAU7 (JN129442)TT 
 ICMP 19512 (Sm) (KC237674) FS5 
 ICMP 19513 (Sm) (KC237675) FS5 
 ICMP 19519 (Sm) (KC237682) FS4 
 ICMP 19520 (Sm) (KC237683) FS4 
 ICMP 19521 (Sm) (KC237684) FS4 
 ICMP 19522 (Sm) (KC237685) FS4 

 M. chacoense ICMP 14587 (AY494825)TT 
 M. plurifarium ICMP 13640 (AY494824)TT 

 M. loti USDA 3471 (AJ294371)TT 
 M. caraganae CCBAU 11299 (EU249394)TT 

 M. metallidurans STM 2683T (AM930382)TT 
 M. septentrionale SDW014 (EF639843)TT 

 ICMP 19567 (Sl) (KC237660) FS1 
 ICMP 19557 (Sl) (KC237667) FS1 
 ICMP 19558 (Sl) (KC237668) FS1 
 ICMP 19564 (Sl) (KC237669) FS1 
 ICMP 19565 (Sl) (KC237670) FS1 
 ICMP 19568 (Sl) (KC237672) FS1 
 ICMP 19566 (Sl) (KC237671) FS1 
 ICMP 19569 (Sl) (KC237673) FS1 
 M. robiniae CCNWYC 115 (GQ856501)TT 

 M. mediterraneum USDA 3392 (AJ294369)TT 
 M. temperatum SDW018 (EF639844)TT 

 M. tianshanense USDA 3592 (AJ294368)TT 
 M. tarimense CCBAU 83306 (EF549482)TT 

 M. gobiense CCBAU 83330 (EF549481)TT 
 M. huakuii USDA 4779 (AJ294370)TT 

 M. qingshengii CCBAU 33460 (JQ339757)TT 
 M. amorphae ICMP 15022 (AY494816)TT 

 M. albiziae CCBAU 61158 (EU249396)TT 
 M. camelthorni CCNWXJ40-4 (GU220798)TT 

 M. alhagi CCNWXJ12-2 (FJ481878)TT 
 B. elkanii USDA76 (AY591568)TT 
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Figure 4.3 Continue (2 of 3) 

 ICMP 19538 (Sm) (KC237654) FS2 
 ICMP 19539 (Sm) (KC237655) FS2 
 ICMP 19537 (Sm) (KC237653) FS2 
 ICMP 19536 (Sm) (KC237652) FS2 
 ICMP 19535 (Sm) (KC237651) FS2 
 ICMP 19533 (Sm) (KC237650) FS3 
 ICMP 19532 (Sm) (KC237649) FS3 
 ICMP 19531 (Sm) (KC237648) FS3 
 ICMP 19530 (Sm) (KC237647) FS3 
 ICMP 19529 (Sm) (KC237646) FS3 
 ICMP 19528 (Sm) (KC237645) FS3 
 ICMP 19540 (Sm) (KC237656) FS2 
 ICMP 11719 (St) (AY494805)* 

 ICMP 14330 (Sm) (AY494806)* 
 ICMP 19523 (Sm) (KC237640) FS6 
 ICMP 19524 (Sm) (KC237641) FS6 
 ICMP 19525 (Sm) (KC237642) FS6 
 ICMP 19526 (Sm) (KC237643) FS6 
 ICMP 19527 (Sm) (KC237644) FS6 

 ICMP 19521 (Sm) (KC237631) FS4 
 ICMP 19522 (Sm) (KC237632) FS4 
 ICMP 19520 (Sm) (KC237630) FS4 
 ICMP 19519 (Sm) (KC237629) FS4 
 ICMP 19512 (Sm) (KC237621) FS5 

 ICMP 19546 (Sp) (KC237638) FS1 
 ICMP 19547 (Sp) (KC237639) FS1 
 ICMP 19545 (Sp) (KC237637) FS1 

 M. ciceri USDA 3383 (AF169580)TT 
 ICMP 19515 (Sm) (KC237624) FS5 
 ICMP 19517 (Sm) (KC237626) FS5 
 ICMP 19516 (Sm) (KC237625) FS5 
 ICMP 19514 (Sm) (KC237623) FS5 
 ICMP 19551 (Sm) (KC237627) FS5 
 ICMP 19518 (Sm) (KC237628) FS5 

 ICMP 19559 (Sl) (KC237604) FS1 
 ICMP 19560 (Sl) (KC237633) FS1 
 ICMP 19561 (Sl) (KC237634) FS1 
 ICMP 19562 (Sl) (KC237635) FS1 
 ICMP 19563 (Sl) (KC237636) FS1 

 ICMP 19513 (Sm) (KC237622) FS5 
 M. australicum WSM2073 (DQ485752)TT 

 M. caraganae CCBAU 11299 (EU249384)TT 
 M. septentrionale SDW014 (EU249387)TT 

 ICMP 19567 (Sl) (KC237605) FS1 
 ICMP 19557 (Sl) (KC237613) FS1 
 ICMP 19558 (Sl) (KC237614) FS1 
 ICMP 19564 (Sl) (KC237615) FS1 
 ICMP 19565 (Sl) (KC237616) FS1 
 ICMP 19566 (Sl) (KC237617) FS1 
 ICMP 19568 (Sl) (KC237618) FS1 
 ICMP 19569 (Sl) (KC237619) FS1 

 M. tianshanense USDA 3592 (AF169579)TT 
 M. tarimense CCBAU 83306 (EF549452)TT 
 M. gobiense CCBAU 83330 (EF549451)TT 

 M. mediterraneum USDA 3392 (AF169578)TT 
 M. robiniae CCNWYC115 (JN202309)TT 
 M. sangaii SCAU7 (EU514538)TT 

 M. camelthorni CCNWXJ40-4 (JN202308)TT 
 M. albiziae CCBAU 61158 (DQ311091)TT 

 ICMP 19550 (Sm) (KC237606) FS3 
 M. opportunistum WSM2075 (DQ485754)TT 

 M. loti LMG 6125 (AF169581)TT 
 M. huakuii USDA 4779 (AF169588)TT 

 M. amorphae ICMP 15022 (AY494807)TT 
 M. shangrilense CCBAU:65327 (EU672486)TT 

 M. plurifarium ICMP 13640 (AY494794)TT 
 B. elkanii ICMP 13638 (AY494804)TT 
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Figure 4.3 Continue (3 of 3) 

 ICMP 19521 (Sm) (KJ450975) FS4 
 ICMP 19522 (Sm) (KJ450976) FS4 
 ICMP 19520 (Sm) (KJ450974) FS4 
 ICMP 19519 (Sm) (KJ450973) FS4 
 ICMP 19512 (Sm) (KJ450972) FS5 
 ICMP 11719 (St) (KJ450937)* 

 ICMP 14330 (Sm) (KJ450951)* 
 ICMP 19523 (Sm) (KJ450952) FS6 
 ICMP 19524 (Sm) (KJ450953) FS6 
 ICMP 19525 (Sm) (KJ450954) FS6 
 ICMP 19526 (Sm) (KJ450955) FS6 
 ICMP 19527 (Sm) (KJ450956) FS6 

 ICMP 19528 (Sm) (KJ450957) FS3 
 ICMP 19533 (Sm) (KJ450962) FS3 
 ICMP 19532 (Sm) (KJ450961) FS3 
 ICMP 19531 (Sm) (KJ450960) FS3 
 ICMP 19530 (Sm) (KJ450959) FS3 
 ICMP 19529 (Sm) (KJ450958) FS3 
 ICMP 19535 (Sm) (KJ450963) FS2 
 ICMP 19536 (Sm) (KJ450964) FS2 
 ICMP 19537 (Sm) (KJ450965) FS2 
 ICMP 19538 (Sm) (KJ450966) FS2 
 ICMP 19539 (Sm) (KJ450967) FS2 
 ICMP 19540 (Sm) (KJ450968) FS2 

 ICMP 19513 (Sm) (KJ450938) FS5 
 ICMP 19545 (Sp) (KJ450969) FS1 
 ICMP 19546 (Sp) (KJ450970) FS1 
 ICMP 19547 (Sp) (KJ450971) FS1 

 ICMP 19559 (Sl) (KJ450946) FS1 
 ICMP 19560 (Sl) (KJ450947) FS1 
 ICMP 19561 (Sl) (KJ450948) FS1 
 ICMP 19562 (Sl) (KJ450949) FS1 
 ICMP 19563 (Sl) (KJ450950) FS1 

 M. loti NZP 2213 (FJ393277)TT 
 M. ciceri USDA 3378 (FJ393282)TT 

 ICMP 19514 (Sm) (KJ450940) FS5 
 ICMP 19515 (Sm) (KJ450941) FS5 
 ICMP 19516 (Sm) (KJ450942) FS5 
 ICMP 19517 (Sm) (KJ450943) FS5 
 ICMP 19518 (Sm) (KJ450944) FS5 
 ICMP 19551 (Sm) (KJ450945) FS5 

 M. gobiense CCBAU 83330 (FJ393289)TT 
 M. tarimense CCBAU 83306 (FJ393288)TT 

 M. mediterraneum LMG 17148 (AM295350)TT 
 M. temperatum SDW 018 (FJ393281)TT 

 ICMP 19550 (Sm) (KJ450939) FS3 
 M. huakuii CCBAU 2609 (FJ393283)TT 

 M. caraganae CCBAU 11299 (FJ393287)TT 
 M. amorphae ACCC 19665 (FJ393285)TT 
 M. septentrionale SDW 014 (FJ393280)TT 

 ICMP 19557 (Sl) (KJ450929) FS1 
 ICMP 19558 (Sl) (KJ450930) FS1 
 ICMP 19564 (Sl) (KJ450931) FS1 
 ICMP 19565 (Sl) (KJ450932) FS1 
 ICMP 19566 (Sl) (KJ450933) FS1 
 ICMP 19567 (Sl) (KJ450934) FS1 
 ICMP 19568 (Sl) (KJ450935) FS1 
 ICMP 19569 (Sl) (KJ450936) FS1 

 M. shonense AC39a (GQ847877)TT 
 M. silamurunense CCBAU 01550 (FJ393290)TT 
 M. abyssinicae AC98c (GQ847866)TT 

 M. hawassense AC99b (GQ847869)TT 
 M. plurifarium LMG 11892 (FJ393278)TT 

 M. albiziae CCBAU 61158 (FJ393286)TT 
 B. elkanii USDA 76 (EF190188)TT 
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4.3.3 Concatenated recA, glnII and rpoB Phylogenetic Analyses 

The forty eight Mesorhizobium strains separated into eight groups and three individual 

strains (ICMP 11719, ICMP 19513 and ICMP 19550) on the basis of their concatenated recA, 

glnll and rpoB sequences separate from all Mesorhizobium type strains (Figure 4.4). Similar 

to that of recA, glnll and rpoB sequences, strains isolated from the same field site were 

generally grouped together in their concatenated sequences. Seven of the groups and the 

three individual strains (40 strains) clustered around the M. ciceri type strain (84.5 – 86.5 % 

similarity, 1800 bp), while one group of eight strains, all from Sophora longicarinata 

sampled at field site 1, was closest to the M. septentrionale type strain (87.9% similarity, 

1800 bp). This second group contained all seven strains with a 16S rRNA sequence identical 

to the M. amorphae type strain plus ICMP 19567 which had a 16S rRNA sequence closest to 

the M. huakuii type strain.  
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Figure 4.4 Concatenated recA, glnII and rpoB gene phylogenetic tree of bacterial strains isolated 
from New Zealand native Sophora spp. and selected Mesorhizobium type strains (superscript “T”). Sl 
= S. longicarinata; Sm = S. microphylla; Sp = S. prostrata; St = S. tetraptera. The tree was rooted with 
the Bradyrhizobium elkani type strain. * = isolated and described in previous study (Weir et al., 2004). 
FS = field site. 

 ICMP 19531 (Sm) FS3 
 ICMP 19532 (Sm) FS3 
 ICMP 19530 (Sm) FS3 
 ICMP 19529 (Sm) FS3 
 ICMP 19528 (Sm) FS3 
 ICMP 19533 (Sm) FS3 
 ICMP 19535 (Sm) FS2 
 ICMP 19536 (Sm) FS2 
 ICMP 19537 (Sm) FS2 
 ICMP 19538 (Sm) FS2 
 ICMP 19539 (Sm) FS2 
 ICMP 19540 (Sm) FS2 

 ICMP 11719 (St)* 
 ICMP 14330 (Sm)* 
 ICMP 19524 (Sm) FS6 
 ICMP 19526 (Sm) FS6 
 ICMP 19523 (Sm) FS6 
 ICMP 19525 (Sm) FS6 
 ICMP 19527 (Sm) FS6 

 ICMP 19512 (Sm) FS5 
 ICMP 19519 (Sm) FS4 
 ICMP 19520 (Sm) FS4 
 ICMP 19521 (Sm) FS4 
 ICMP 19522 (Sm) FS4 
 ICMP 19559 (Sl) FS1 
 ICMP 19563 (Sl) FS1 
 ICMP 19560 (Sl) FS1 
 ICMP 19561 (Sl) FS1 
 ICMP 19562 (Sl) FS1 
 ICMP 19513 (Sm) FS5 
 ICMP 19546 (Sp) FS1 
 ICMP 19547 (Sp) FS1 
 ICMP 19545 (Sp) FS1 

 M. ciceri TT 
 ICMP 19516 (Sm) FS5 
 ICMP 19515 (Sm) FS5 
 ICMP 19517 (Sm) FS5 
 ICMP 19514 (Sm) FS5 
 ICMP 19551 (Sm) FS5 
 ICMP 19518 (Sm) FS5 

 ICMP 19550 (Sm) FS3 
 M. plurifariumTT 

 M. huakuiiTT 
 M. loti TT 

 M. amorphaeTT 
 M. caraganaeTT 

 M. septentrionaleTT 
 ICMP 19567 (Sl) FS1 
 ICMP 19557 (Sl) FS1 
 ICMP 19558 (Sl) FS1 
 ICMP 19564 (Sl) FS1 
 ICMP 19565 (Sl) FS1 
 ICMP 19568 (Sl) FS1 
 ICMP 19566 (Sl) FS1 
 ICMP 19569 (Sl) FS1 

 M. mediterraneumTT 
 M. gobienseTT 

 M. tianshanenseTT 
 M. tarimenseTT 

 M. albiziaeTT 
 B. elkanii TT 
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4.3.4 nifH Phylogenetic Analyses 

The nifH sequences of all forty eight strains clustered together (97.4 – 100 % similarity, 280 

bp) closest to but separate from (92.5 – 95.6 % similarity, 280 bp) the M. alhagi type strain 

and Mesorhizobium strain CCNWSX672, which was identical to the M. alhagi type strain on 

16S rRNA, nifH and nodA gene sequences (Yang et al., 2013) (Figure 4.5). These sequences 

differed (92.5 – 94.7 % similarity, 280 bp) from the nifH sequences of the seven strains 

previously shown to induce N2 fixing nodules on Carmichaelinae but not Sophora species 

which were identical (six strains) or very similar to that of the M. huakuii type strain 

(Chapters 2 and 3).  

4.3.5 nodA and nodC Phylogenetic Analyses 

The nodA sequences for the Sophora strains showed 97.39 – 100 % similarity to each other 

(420 bp) and clearly separated from those of all Mesorhizobium type strains and rhizobial 

symbionts of New Zealand Carmichaelinae (Figure 4.6A). The strains aligned closest to the M. 

albiziae type strain (86.46 – 88.36 % similarity, 420 bp). The nodC sequences for the Sophora 

strains showed 98.9 – 100% similarity to each other (650 bp) and as for nodA sequences 

were clearly separated from all Mesorhizobium type strains and rhizobial symbionts of New 

Zealand Carmichaelinae species (Figure 4.6B). Here, the strains aligned closest to (93.5 – 

94.2% similarity, 650 bp) Mesorhizobium strain CBAU03074 which had a 16S rRNA sequence 

identical to M. septentrionale (Zhao et al., 2008) and the M. albizeae type strain (91.5 – 

91.7 % similarity, 650 bp). 
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Figure 4.5 nifH gene phylogenetic tree of bacterial strains isolated from New Zealand native Sophora 
spp. and selected Mesorhizobium type strains (superscript “T”). Sl = S. longicarinata; Sm = S. 
microphylla; Sp = S. prostrata; St = S. tetraptera. The tree was rooted with the Azorhizobium 
caulinodans type strain. * = isolated and described in previous study (Weir et al., 2004). FS = field 
site. 

 ICMP 19531 (Sm) (KC237485) FS3 
 ICMP 19532 (Sm) (KC237486) FS3 
 ICMP 19530 (Sm) (KC237484) FS3 
 ICMP 19529 (Sm) (KC237483) FS3 
 ICMP 19528 (Sm) (KC237482) FS3 
 ICMP 19563 (Sl) (KC237473) FS1 
 ICMP 19562 (Sl) (KC237472) FS1 
 ICMP 19561 (Sl) (KC237471) FS1 
 ICMP 19560 (Sl) (KC237470) FS1 
 ICMP 19518 (Sm) (KC237465) FS5 
 ICMP 19551 (Sm) (KC237464) FS5 
 ICMP 19517 (Sm) (KC237463) FS5 
 ICMP 19516 (Sm) (KC237462) FS5 
 ICMP 19515 (Sm) (KC237461) FS5 
 ICMP 19514 (Sm) (KC237460) FS5 
 ICMP 19566 (Sl) (KC237452) FS1 
 ICMP 19565 (Sl) (KC237451) FS1 
 ICMP 19564 (Sl) (KC237450) FS1 
 ICMP 19550 (Sm) (KC237438) FS3 

 ICMP 19559 (Sl) (KC237436) FS1 
 ICMP 19558 (Sl) (KC237449) FS1 

 ICMP 19524 (Sm) (KC237478) FS6 
 ICMP 19525 (Sm) (KC237479) FS6 
 ICMP 19523 (Sm) (KC237477) FS6 
 ICMP 19526 (Sm) (KC237480) FS6 
 ICMP 19527 (Sm) (KC237481) FS6 

 ICMP 19535 (Sm) (KC237488) FS2 
 ICMP 19536 (Sm) (KC237489) FS2 
 ICMP 19537 (Sm) (KC237490) FS2 
 ICMP 19538 (Sm) (KC237491) FS2 
 ICMP 19539 (Sm) (KC237492) FS2 
 ICMP 19540 (Sm) (KC237493) FS2 

 ICMP 19545 (Sp) (KC237474) FS1 
 ICMP 19546 (Sp) (KC237475) FS1 
 ICMP 19547 (Sp) (KC237476) FS1 

 ICMP 19533 (Sm) (KC237487) FS3 
 ICMP 14330 (Sm) (KC237456)*  
 ICMP 19568 (Sl) (KC237453) FS1 
 ICMP 19567 (Sl) (KC237437) FS1 
 ICMP 19569 (Sl) (KC237454) FS1 
 ICMP 11719 (St) (KC237455)*  
 ICMP 19512 (Sm) (KC237458) FS5 
 ICMP 19513 (Sm) (KC237459) FS5 
 ICMP 19519 (Sm) (KC237466) FS4 
 ICMP 19520 (Sm) (KC237467) FS4 
 ICMP 19521 (Sm) (KC237468) FS4 
 ICMP 19522 (Sm) (KC237469) FS4 

 ICMP 19557 (Sl) (KC237448) FS1 
 M. amorphae ACCC 19665 (EU267714)TT 

 M. huakuii ICMP 11069 (JQ963082)TT 
 M. plurifarium LMG 11892 (EU267717)TT 

 M. robiniae CCNWYC 115 (EU849570)TT 
 M. albiziae CCBAU 61158 (DQ311093)TT 

 M. septentrionale SDW014 (EU130411)TT 
 M. ciceri UPM-Ca7 (DQ450928)TT 
 M. mediterraneum UPM-Ca36 (DQ450930)TT 

 M. shangrilense CCBAU 65327 (EU877532)TT 
 M. sangaii SCAU7 (EU514544)TT 

 M. qingshengii CCBAU 33460 (JQ339911)TT 
 M. tianshanense A-1BS (DQ450934)TT 

 M. temperatum SDW018 (EU130410)TT 
 M. gobiense CCBAU 83330 (EU252606)TT 
 M. caraganae CCBAU 11299 (EU130422)TT 

 Mesorhizobium sp. CCNWSX672 (JF273843) 
 M. camelthorni CCNWXJ40-4 (GU220806)TT 

 M. alhagi CCNWXJ12-2 (FJ481884)TT 
 M. loti NZP 2213 (DQ450929)TT 

 M. tarimense CCBAU 83306 (EU252607)TT 
 A. caulinodans ORS571 (AP009384)TT 
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Figure 4.6 (A) nodA and (B) nodC gene phylogenetic trees of bacterial strains isolated from New 
Zealand native Sophora spp. and selected Mesorhizobium type (superscript “T”) and non-type strains 
and strains shown to produce functional nodules on New Zealand native Carmichaelinae species. Sl = 
S. longicarinata; Sm = S. microphylla; Sp = S. prostrata; St = S. tetraptera; Ca = C. australis; Cm = C. 
monroi; Clp = Cl. puniceus; Mn = M. novae-zelandiae. The trees were rooted with the Azorhizobium 
caulinodans type strain. * = isolated and described in previous study (Weir et al., 2004). FS = field 
site. 

 ICMP 19538 (Sm) (KC237540) FS2 
 ICMP 19539 (Sm) (KC237541) FS2 
 ICMP 19537 (Sm) (KC237539) FS2 
 ICMP 19536 (Sm) (KC237538) FS2 
 ICMP 19535 (Sm) (KC237537) FS2 
 ICMP 19527 (Sm) (KC237530) FS6 
 ICMP 19526 (Sm) (KC237529) FS6 
 ICMP 19525 (Sm) (KC237528) FS6 
 ICMP 19524 (Sm) (KC237527) FS6 
 ICMP 19523 (Sm) (KC237526) FS6 
 ICMP 19547 (Sp) (KC237525) FS1 
 ICMP 19546 (Sp) (KC237524) FS1 
 ICMP 19545 (Sp) (KC237523) FS1 
 ICMP 19522 (Sm) (KC237518) FS4 
 ICMP 19521 (Sm) (KC237517) FS4 
 ICMP 19520 (Sm) (KC237516) FS4 
 ICMP 19519 (Sm) (KC237515) FS4 
 ICMP 19512 (Sm) (KC237507) FS5 
 ICMP 11719 (St) (DQ100400)* 
 ICMP 14330 (Sm) (DQ100401)* 
 ICMP 19540 (Sm) (KC237542) FS2 
 ICMP 19559 (Sl) (KC237496) FS1 
 ICMP 19562 (Sl) (KC237521) FS1 
 ICMP 19563 (Sl) (KC237522) FS1 
 ICMP 19560 (Sl) (KC237519) FS1 
 ICMP 19561 (Sl) (KC237520) FS1 
 ICMP 19513 (Sm) (KC237508) FS5 
 ICMP 19550 (Sm) (KC237498) FS3 
 ICMP 19514 (Sm) (KC237509) FS5 
 ICMP 19515 (Sm) (KC237510) FS5 
 ICMP 19516 (Sm) (KC237511) FS5 
 ICMP 19517 (Sm) (KC237512) FS5 
 ICMP 19551 (Sm) (KC237513) FS5 
 ICMP 19518 (Sm) (KC237514) FS5 
 ICMP 19528 (Sm) (KC237531) FS3 
 ICMP 19529 (Sm) (KC237532) FS3 
 ICMP 19530 (Sm) (KC237533) FS3 
 ICMP 19531 (Sm) (KC237534) FS3 
 ICMP 19532 (Sm) (KC237535) FS3 
 ICMP 19533 (Sm) (KC237536) FS3 

 ICMP 19568 (Sl) (KC237505) FS1 
 ICMP 19569 (Sl) (KC237506) FS1 
 ICMP 19567 (Sl) (KC237497) FS1 
 ICMP 19557 (Sl) (KC237500) FS1 
 ICMP 19558 (Sl) (KC237501) FS1 
 ICMP 19564 (Sl) (KC237502) FS1 
 ICMP 19565 (Sl) (KC237503) FS1 
 ICMP 19566 (Sl) (KC237504) FS1 

 M. albiziae CCBAU 61158 (GQ167236)TT 

 
 M. loti NZD 2213 (L06241)TT 

 
 M. australicum WSM2073 (AY601528)TT 

 
 M. opportunistum WSM2075 (AY601530)TT 

 
 M. ciceri UPM-Ca7 (AJ300247)TT 

 
 M. mediterraneum UPM-Ca36 (AJ300248)TT 

 
 ICMP 12690 (Mn) (DQ100404) 
 ICMP 11541 (Clp) (DQ100406) 

 M. huakuii CCBAU 2609 (GQ167249)TT 

 
 M. caraganae CCBAU 11299 (GQ167250)TT 

 
 M. tianshanense USDA3592 (AJ250142)TT 

 
 M. temperatum SDW018 (AJ579887)TT 

 M. camelthorni CCNWXJ40-4 (EU722478)TT 

 
 M. alhagi CCNWXJ12-2 (EU722474)TT 

 
 M. amorphae ICMP15022 (GQ375855)TT 

 
 M. robiniae CCNWYC 115 (EU849558)TT 

 
 M. plurifarium ICMP 13640 (DQ100407)TT 

 
 M. septentrionale SDW014 (AJ579893)TT 

 
 ICMP 18942 (Mn) (JQ963065) 
 ICMP 19041 (Ca) (JQ963068) 
 ICMP 13190 (Ca) (DQ100386) 
 ICMP 19418 (Ca) (JQ963069) 
 ICMP 19042 (Cm) (JQ963070) 
 A. caulinodans ORS571 (S70039)TT 
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Figure 4.6 Continue (2 of 2) 

 ICMP 19530 (Sm) (KC237592) FS3 
 ICMP 19531 (Sm) (KC237593) FS3 
 ICMP 19529 (Sm) (KC237591) FS3 
 ICMP 19528 (Sm) (KC237590) FS3 
 ICMP 19527 (Sm) (KC237589) FS6 
 ICMP 19526 (Sm) (KC237588) FS6 
 ICMP 19525 (Sm) (KC237587) FS6 
 ICMP 19524 (Sm) (KC237586) FS6 
 ICMP 19523 (Sm) (KC237585) FS6 
 ICMP 19547 (Sp) (KC237584) FS1 
 ICMP 19546 (Sp) (KC237583) FS1 
 ICMP 19545 (Sp) (KC237582) FS1 
 ICMP 19563 (Sl) (KC237581) FS1 
 ICMP 19562 (Sl) (KC237580) FS1 
 ICMP 19561 (Sl) (KC237579) FS1 
 ICMP 19560 (Sl) (KC237578) FS1 
 ICMP 19522 (Sm) (KC237577) FS4 
 ICMP 19521 (Sm) (KC237576) FS4 
 ICMP 19520 (Sm) (KC237575) FS4 
 ICMP 19519 (Sm) (KC237574) FS4 
 ICMP 19512 (Sm) (KC237566) FS5 
 ICMP 14330 (Sm) (KC237564)* 
 ICMP 11719 (St) (KC237563)* 
 ICMP 19532 (Sm) (KC237594) FS3 
 ICMP 19535 (Sm) (KC237596) FS2 
 ICMP 19536 (Sm) (KC237597) FS2 
 ICMP 19537 (Sm) (KC237598) FS2 
 ICMP 19538 (Sm) (KC237599) FS2 
 ICMP 19539 (Sm) (KC237600) FS2 
 ICMP 19559 (Sl) (KC237544) FS1 
 ICMP 19540 (Sm) (KC237601) FS2 
 ICMP 19533 (Sm) (KC237595) FS3 
 ICMP 19550 (Sm) (KC237546) FS3 
 ICMP 19513 (Sm) (KC237567) FS5 
 ICMP 19515 (Sm) (KC237569) FS5 
 ICMP 19516 (Sm) (KC237570) FS5 
 ICMP 19517 (Sm) (KC237571) FS5 
 ICMP 19514 (Sm) (KC237568) FS5 
 ICMP 19518 (Sm) (KC237573) FS5 
 ICMP 19551 (Sm) (KC237572) FS5 
 ICMP 19567 (Sl) (KC237545) FS1 
 ICMP 19557 (Sl) (KC237556) FS1 
 ICMP 19558 (Sl) (KC237557) FS1 
 ICMP 19564 (Sl) (KC237558) FS1 
 ICMP 19565 (Sl) (KC237559) FS1 
 ICMP 19566 (Sl) (KC237560) FS1 
 ICMP 19568 (Sl) (KC237561) FS1 
 ICMP 19569 (Sl) (KC237562) FS1 

 Mesorhizobium CCBAU:03074 (EU753421) 
 M. albiziae CCBAU 61158 (DQ311092)TT 

 
 M. camelthorni CCNWXJ40-4 (EU722491)TT 

 
 M. alhagi CCNWXJ12-2 (EU722486)TT 

 
 M. caraganae CCBAU 11299 (EU130405)TT 

 
 M. sangaii SCAU7 (JN129438)TT 

 
 M. septentrionale SDW014 (GQ167237)TT 

 
 M. temperatum SWD018 (GQ167238)TT 

 
 M. gobiense CCBAU 83330 (EF050784)TT 

 
 M. tianshanense USDA 3592 (DQ407291)TT 

 
 M. plurifarium ORS 1032 (FJ745283)TT 

 
 M. robiniae CCNWYC 115 (EU849563)TT 

 
 M. amorphae ACCC19665 (AF217261)TT 

 
 ICMP 11541 (Clp) (JQ963100) 
 ICMP 18942 (Mn) (JQ963091) 
 ICMP 12690 (Mn) (JQ963094) 
 ICMP 19041 (Ca) (JQ963095) 
 ICMP 13190 (Ca) (JQ963096) 
 ICMP 19418 (Ca) (JQ963097) 
 ICMP 19042 (Cm) (JQ963098) 

 M. qingshengii CCBAU 33460 (JQ339881)TT 

 
 M. mediterraneum UPM-Ca36 (DQ407293)TT 

 
 M. ciceri UPM-Ca7 (DQ407292)TT 

 
 M. huakuii ICMP 11069 (KC854806)TT 

 
 M. tarimense CCBAU 83306 (EF050786)TT 

 
 M. loti NZP 2213 (DQ450939)TT 

 
 A. caulinodans ORS 571 (AP009384)TT 
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4.3.6 Nodulation and N2 Fixation Studies 

Twenty one Sophora strains from the different 16S rRNA and housekeeping gene groupings 

were inoculated onto S. microphylla, S. prostrata, S. longicarinata, Cl. puniceus and C. 

australis (Table 4.2). All the Sophora strains tested regardless of their 16S rRNA or 

housekeeping gene groupings produced N2 fixing nodules on the three Sophora species but 

none induced N2 fixing nodules on Carmichaelia australis. However, eighteen of the twenty 

one strains produced N2 fixing nodules on Clianthus puniceus. 

The type strains (M. ciceri, M. amorphae or M. huakuii) closest to the Sophora strains on 16S 

rRNA sequences and the M. loti type strain, from nodules of Lotus corniculatus in New 

Zealand (Jarvis et al., 1982) were inoculated onto S. microphylla, S. prostrata and S. 

longicarinata and the twenty one Sophora strains were inoculated onto the original hosts of 

the type strains. None of the type strains produced nodules on the three Sophora spp. 

tested (Table 4.2) but they all induced N2 fixing nodules on their original host (data not 

shown). Also, none of the twenty one Sophora strains nodulated any of the type strain hosts 

(data not shown). 
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Table 4.2 Host range specificity of rhizobial strains isolated from native Sophora species 

16S rRNA Strain Host Species tested 
   Sophora Clianthus  Carmichaelia  
   microphylla prostrata longicarinata puniceus australis 

M. ciceri ICMP 11719 S. tetraptera Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix- 
M. ciceri ICMP 14330 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix- 
M. ciceri ICMP 19513 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix- 
M. ciceri ICMP 19514 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19515 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19519 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19520 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix- 
M. ciceri ICMP 19560 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19561 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19545 S. prostrate Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19546 S. prostrate Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19523 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19528 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. ciceri ICMP 19535 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. amorphae ICMP 19557 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. amorphae ICMP 19558 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. amorphae ICMP 19568 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. amorphae ICMP 19569 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod- 
M. huakuii ICMP 19559 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix- Nod+Fix- 
M. huakuii ICMP 19567 S. longicarinata Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix- Nod+Fix- 
M. huakuii ICMP 19550 S. microphylla Nod+Fix+ Nod+Fix+ Nod+Fix+ Nod+Fix- Nod+Fix- 
M. lotiT ICMP 4682 Lotus corniculatus Nod- Nod- Nod- ND ND 
M. ciceriT ICMP 13641 Cicer arietinum Nod- Nod- Nod- ND ND 
M. amorphaeT ICMP 15022 Amorpha fruticosa Nod- Nod- Nod- ND ND 
M. huakuiiT ICMP 11069 Astragalus sinicus Nod- Nod- Nod- ND ND 
T = type strain; Nod+ = all plants nodulated; Fix+ = nitrogen fixing nodules; Nod- = no plants nodulated; Fix- = non-functional nodule; ND = not determined
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4.3.7 DNA-DNA Hybridisation 

DNA-DNA hybridisation values ranged from 30.1 – 52.1 % for comparisons between five 

Sophora strains selected from the different groups which showed greatest similarity to the 

M. ciceri type strain with respect to their 16S rRNA and housekeeping gene sequences 

(Table 4.3). These strains showed only 26.1 – 36.3 % similarity to the M. ciceri type strain. 

Also, strain ICMP 19515 which was identical to the M. ciceri type strain on 16S rRNA 

sequence and housekeeping gene sequences showed only 28.9 % similarity to the M. ciceri 

type strain. Similarly, strain ICMP 19557 which had a 16S rRNA sequence identical to the M. 

amorphae type strain and showed greatest similarity to the M. septentrionale type strain on 

housekeeping gene sequences showed 28.8 % similarity to the M. septentrionale type strain 

and 32.3 % similarity to ICMP 19515.  
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Table 4.3 DNA-DNA hybridisation of Sophora strains and their closest Mesorhizobium type strains 

Strains ICMP  
19512 

ICMP  
19535 

ICMP  
19523 

ICMP  
19545 

ICMP  
19560 

M. ciceri  
LMG14989T 

ICMP 
19515 

ICMP 
19557 

M. septentrionale 
LMG 23930T 

ICMP 19512 100         
ICMP 19535 43.6 100        
ICMP 19523 52.1 38.2 100       
ICMP 19545 41.1 32.4 32.8 100      
ICMP 19560 36.1 30.1 36.6 38.4 100     
M. ciceri LMG14989T 29.2 31.1 27.0 26.1 36.3 100 28.9 29.2 ND 
ICMP 19515 ND ND ND ND ND ND 100 ND ND 
ICMP 19557 ND ND ND ND ND ND 31.8 100 ND 
M. septentrionale LMG 23930T ND ND ND ND ND ND 32.3 28.8 100 
 T = type strain; ND = not determined 
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4.4 Discussion 

Previously, 16S rRNA sequences for six bacterial strains from New Zealand Sophora spp. 

placed four of the strains close to the M. ciceri/ M. loti type strains, one close to the M. 

huakuii type strain and one close to the R. leguminosarum type strain (Weir et al., 2004; 

Chapter 3). Two ‘M. loti/ M. ciceri’ strains and the ‘M. huakuii’ strain were shown to 

produce N2 fixing nodules on their host Sophora species but although the R. leguminosarum 

strain nodulated Sophora microphylla, these nodules did not fix N2 (Weir, 2006). 

In this chapter, forty eight bacterial strains from Sophora spp. were shown to produce N2 

fixing nodules on their host species. These strains separated into three major groupings on 

the basis of their 16S rRNA sequences and, depending on strain, aligned closely with the M. 

ciceri, M. huakuii or M. amorphae type strains. These type strains have diverse and 

widespread geographic origins. The M. ciceri type strain was isolated from Cicer arietinum in 

Spain (Nour et al., 1994); the M. huakuii type strain was isolated from Astragalus sinicus 

nodules sampled in Nanjing province, China (Chen et al., 1991) and the M. amorphae type 

strain was isolated from Amorpha fruticosa growing in Beijing, China, although there is 

evidence that its origin was the native range of Amorpha fruticosa which is South Eastern 

and Mid-Western USA (Wang et al., 1999, 2002). Thus, Sophora spp. as for species of 

Carmichaelia and Montigena in New Zealand (Chapters 2 and 3) can be nodulated by 

Mesorhizobium spp. with diverse 16S rRNA gene sequences.  

The forty eight Mesorhizobium strains showed diverse housekeeping (recA, glnII and rpoB) 

genes. The major proportion of the strains clustered with the M. ciceri type strain on the 

basis of their 16S rRNA gene sequences and showed greatest similarity to the M. ciceri type 

strain with respect to their recA and glnll gene sequences and M. ciceri and M. loti (isolated 

from Lotus corniculatus sampled in Wanganui, New Zealand) (Jarvis et al., 1982) type strains 

with respect to their rpoB gene sequences. The rest of the strains aligned closest to a range 

of Mesorhizobium type strains on the basis of their recA, glnll and rpoB gene sequences: M. 

loti, M. huakuii, M. septentrionale isolated from Astragalus adsurgens growing in Northern 

China (Gao et al. 2004) and M. opportunistum isolated from Biserrula pelecinus in Northam 

in, Western Australia (Nandasena et al., 2009). Generally strains from the same field site 

grouped together and most groupings on the basis of the recA sequences held in relation to 
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glnll and rpoB. Hence, the concatenated recA, glnII and rpoB gene sequences from the same 

field site also grouped together. The apparent link between recA, glnll and rpoB sequences 

and field site may be at least in part, due to adaptation of the bacteria to local conditions 

outside the host plant and this warrants further study. For example, the “M. ciceri” and the 

“M. amorphae” strains, which were very different in their gene sequences, were isolated 

from sites with different environmental characteristics, such as the soil pH: all the “M. 

amorphae” strains were isolated from a site with higher soil pH than the other sites (Heenan, 

1996). 

The forty eight Mesorhizobium strains clustered closely together in relation to their 

symbiosis (nifH, nodA and nodC) gene sequences. The nifH sequences of all forty eight 

strains clustered together closest to but separate from the M. alhagi type strain isolated 

from Alhagi sparsifolia in Xinjiang province, China (Chen et al., 2010) and Mesorhizobium 

strain CCNWSX672 isolated from Coronilla varia in Shaanxi province, China, which was 

identical to the M. alhagi type strain on 16S rRNA, nifH and nodA gene sequences (Yang et 

al., 2013). These sequences differed from the nifH sequences of the seven strains previously 

shown to induce N2 fixing nodules on Carmichaelinae but not Sophora species which were 

identical or very similar to that of the M. huakuii type strain (Chapter 2). 

The nodA sequences for the Sophora strains aligned closest to the M. albiziae type strain 

isolated from Albizia kalkora in Suchian province, Southern China (Wang et al., 2006, 2007) 

and the nodC sequences for the Sophora strains aligned closest to the M. albizeae type 

strain and Mesorhizobium strain CBAU03074 isolated from Astragalus scaberrimus in 

temperate China which had a 16S rRNA sequence identical to M. septentrionale (Zhao et al., 

2008). In all cases, the nodA and nodC sequences appear to be novel and separated from 

those of all Mesorhizobium type strains and rhizobial symbionts of New Zealand native 

Carmichaelinae. Considering work on Sophora outside New Zealand, 16S rRNA and recA 

gene sequences of seventy five rhizobial isolates indicated that Mesorhizobium sp., 

Agrobacterium sp., Ensifer sp., Phyllobacterium sp. and Rhizobium sp. could effectively 

nodulate Sophora alopecuroides grown in different regions of the Loess Plateau in China 

(Zhao et al., 2010). These isolates had diverse nifH and nodA genes similar to those of 

rhizobial isolates from a range of legume genera in the same region indicating that these 

legumes may be able to share these rhizobia. However, as for rhizobia from New Zealand 
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Sophora, there was a correlation between genotype and geographical origin for rhizobia 

isolated from Sophora alopecuroides. 

Overall, data obtained in this chapter and in the study of Weir et al. (2004) for 16S rRNA, 

recA, glnll, rpoB, nifH, nodA and nodC gene sequences provide strong evidence that 

Mesorhizobium are the major if not exclusive rhizobial partners of Sophora spp. in New 

Zealand. These Mesorhizobium had variable 16S rRNA, recA, glnII and rpoB but specific nifH, 

nodA and nodC gene sequences. A similar generalisation was made for rhizobia that 

nodulate New Zealand Carmichaelinae species (Chapter 2) but the symbiosis genes of the 

two groups are very different but in both cases the gene sequences are novel. 

In Chapter 2, it was shown that Mesorhizobium strains which were able to produce N2 fixing 

nodules on Carmichaelinae species did not nodulate New Zealand Sophora species. In this 

chapter, twenty one Sophora strains from the different 16S rRNA groupings were inoculated 

onto S. microphylla, S. prostrata, S. longicarinata, Cl. puniceus and C. australis. These twenty 

one strains include fourteen strains from the “M. loti/ M. ciceri” group, four from the “M. 

amorphae” group and three from the “M. huakuii” group (based on their 16S rRNA 

sequences). All Sophora rhizobial strains tested regardless of their 16S rRNA grouping 

produced N2 fixing nodules on the three Sophora species but none induced N2 fixing 

nodules on C. australis. However, eighteen of the twenty one strains produced N2 fixing 

nodules on Cl. puniceus. Clianthus puniceus, therefore, can share some rhizobia with 

Sophora spp. and others with Carmichaelia spp. and Montigena. Host range in rhizobia is at 

least in part determined by the structure of the lipo-chitin oligosaccharide ‘nod factors’ 

synthesised by the products of the nodulation genes such as nodA and nodC (Kobayashi & 

Broughton, 2008; Cummings et al., 2009). Therefore, the substantial differences in the nodA 

and nodC gene sequences between strains that produce N2 fixing nodules on New Zealand 

Sophora spp. or Carmichaelia spp. and Montigena are likely to be important in determining 

the specificity of the different groups of strains. It is, however, unexpected that strains that 

induced N2 fixing nodules on Sophora spp. or Carmichaelia spp. and Montigena also 

nodulated Cl. puniceus. This indicates that Cl. puniceus is more promiscuous in rhizobial host 

than Carmichaelia spp., Montigena or Sophora species. In Chapter 2, the M. huakuii type 

strain was shown to nodulate Carmichaelia spp. and Cl. puniceus. Here, none of the type 

strains closest to the Sophora strains on 16S rRNA sequences (M. ciceri, M. amorphae or M. 
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huakuii depending on strain) nor the M. loti type strain isolated in New Zealand, produced 

nodules on S. microphylla, S. prostrata or S. longicarinata but they all induced N2 fixing 

nodules on their original host. Also, none of the twenty one Sophora isolates nodulated any 

of the type strain hosts (data not shown). 

Symbiovars are bacterial strains distinguishable from other strains of the same species on 

the basis of their distinct ability to produce N2 fixing nodules on specific legume species 

(Rogel et al., 2011; Gubry-Rangin et al., 2013). This difference between strains of the same 

rhizobial species is usually associated with differences in symbiosis gene sequences. The 

strains shown here to produce N2 fixing nodules on New Zealand Sophora spp. had 16S 

rRNA gene sequences similar and in some cases identical to named Mesorhizobium spp. 

type strains but had novel nifH, nodA and nodC gene sequences and could be symbiovars of 

named Mesorhizobium spp. This possibility was tested and it was shown that none of the 

type strains closest to the Sophora strains on 16S rRNA sequences (M. ciceri, M. amorphae 

or M. huakuii depending on strain) nor the M. loti type strain isolated in New Zealand, 

produced nodules on S. microphylla, S. prostrata or S. longicarinata but they all induced N2 

fixing nodules on their original host. Also, none of the twenty one Sophora strains nodulated 

any of the type strain hosts (data not shown) indicating that they are specific to Sophora 

species. Thus, these Sophora strains are possibly new Mesorhizobium symbiovar(s). 

However, it is also possible that the Sophora strains described here are of new 

Mesorhizobium spp. and this was tested by carrying out DNA-DNA hybridisations between 

pairs of Sophora strains and between Sophora strains and their most closely related 

Mesorhizobium type strain. 

It is generally accepted that strains within a species should exhibit more than 70 % DNA-

DNA hybridisation (Wayne et al., 1987; Stackebrandt & Goebel, 1994; Goris et al. 2007). 

Here, DNA-DNA hybridisation values ranged from 30.1 – 52.1 % for comparisons between 

five Sophora strains selected from the different groups which showed greatest similarity to 

the M. ciceri type strain with respect to their 16S rRNA and concatenated recA, glnll and 

rpoB sequences. These strains showed only 26.1 – 36.3 % similarity to the M. ciceri type 

strain. Also, strain ICMP 19515 which was identical to the M. ciceri type strain on 16S rRNA 

sequence and closest to M. ciceri on concatenated housekeeping gene sequences showed 

only 28.9 % similarity to the M. ciceri type strain. Similarly, strain ICMP 19557 which had a 
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16S rRNA sequence identical to the M. amorphae type strain and showed greatest similarity 

to the M. septentrionale type strain on concatenated recA, glnll and rpoB gene sequences 

showed 28.8 % similarity to the M. septentrionale type strain and 32.3 % similarity to ICMP 

19515. These DNA-DNA hybridisation results show that the Sophora strains tested are of 

new Mesorhizobium species. 

Overall, it is concluded that New Zealand native Sophora spp. are primarily nodulated by 

Mesorhizobium strains with 16S rRNA, recA, glnII and rpoB gene sequences closely aligned 

with the M. ciceri type strain. However, seven strains, all isolated from S. longicarinata from 

the same field site, had 16S rRNA sequences identical to the M. amorphae type strain but 

showed greatest similarity to the M. septentrionale type strain on their recA, glnII and rpoB 

gene sequences. All strains isolated from Sophora spp. grouped closely together in relation 

to their nifH, nodA and nodC gene sequences clearly separate from all Mesorhizobium type 

strains or other rhizobial strains including strains from Carmichaelinae species on the 

Genbank database. Twenty one Sophora strains tested nodulated S. microphylla, S. 

prostrata and S. longicarinata but none nodulated C. australis. However, eighteen of the 

twenty one strains produced nodules on Cl. puniceus, indicating that Cl. puniceus is more 

promiscuous in rhizobial host than Carmichaelia spp., Montigena or Sophora spp. DNA-DNA 

hybridisations indicated that there were multiple novel Mesorhizobium spp. within the 

Mesorhizobium strains isolated from Sophora spp. The drivers for the diversity of novel 

Mesorhizobium spp. associated with New Zealand native Sophora species are unknown and 

require further study. Abiotic characteristics of the study sites may be one of the important 

factors as the field sites represent a variety of South Island habitats, including parent rock 

type (e.g. schist, greywacke and limestone), substrate (alluvium and rock outcrop), and 

rainfall (> 2500 mm in western South Island and < 1000 mm in eastern South Island). 
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Chapter 5 

Further Characterisation of Mesorhizobium Strains Associated with 

New Zealand Native Sophora Species 

5.1 Introduction 

In Chapter 4, forty eight rhizobial strains isolated from New Zealand native Sophora spp. 

growing in natural ecosystems were genotypically characterised as Mesorhizobium spp. 

These strains, which were isolated from six field sites in the current study and two field sites 

in a previous study (Weir et al., 2004), showed variable 16S rRNA, recA, glnII and rpoB but 

specific nifH, nodA and nodC gene sequences. The majority of these strains separated into 

two main groupings on the basis of their 16S rRNA and “housekeeping” (recA, glnII and rpoB) 

gene sequences. The first group consisted of thirty eight strains isolated from S. chathamica, 

S. longicarinata, S. microphylla or S. prostrata across all of the eight field sites which showed 

greatest similarity to the M. ciceri type strain on the basis of their 16S rRNA, recA, glnII and 

rpoB gene sequences. The second group consisted of seven strains which were all isolated 

from S. longicarinata at the same field site (field site 1) and had 16S rRNA sequences 

identical to the M. amorphae type strain but showed greatest similarity to the M. 

septentrionale type strain on their housekeeping gene sequences. Strains from the first and 

second groups are hereafter termed as “M. ciceri” and “M. amorphae” strains, respectively. 

Generally, strains isolated from Sophora plants at the same field site had identical or very 

similar housekeeping gene sequences (Chapter 4). This suggests the homogeneity of 

Mesorhizobium strains within each field site. Therefore, each group of strains may consist of 

clones. DNA fingerprinting of the Mesorhizobium strains using Enterobacterial Repetitive 

Intergenic Consensus (ERIC)-PCR (Versalovic et al., 1991) could be carried out to help test 

this possibility. The apparent link between the housekeeping gene sequences and the field 

site may be at least in part, due to adaptation of the Mesorhizobium to local conditions 

outside the host plant. New Zealand has extremely variable landforms and altitudes, and 

therefore, the abiotic characteristics of different field sites, such as soil pH (or soil types and 

annual rainfall as mentioned in Chapter 4), may be important drivers of the diversity of 

these Mesorhizobium strains. For instance, all the seven “M. amorphae” strains from the 
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second grouping mentioned above were isolated from S. longicarinata growing in alluvial 

limestone river terrace in Marlborough, a site which has higher soil pH than the other sites 

(Heenan, 1996). In addition, studies have shown that rhizobia may promote plant growth 

through mechanisms other than N2 fixation. For example, some rhizobia can facilitate the 

acquisition of phosphorus via phosphate solubilisation and iron via siderophore production 

(Biswas et al., 2000; Chaintreuil et al., 2000; Glick, 2012; Oldroyd, 2013). Therefore, as New 

Zealand soils are generally low in natural nutrients especially phosphorus (Gillingham, 2012, 

available online at http://www.teara.govt.nz/en/soils-and-regional-land-use/page-1), the 

ability of native Mesorhizobium strains to solubilise phosphate could be important in 

assisting their own growth as well as that of their host plants in the field.  

All Mesorhizobium strains isolated from the native Sophora spp. grouped closely together in 

relation to their nifH, nodA and nodC gene sequences, clearly separate from all other 

rhizobia on the Genbank database (Chapter 4). Twenty one of these Sophora-

Mesorhizobium strains, which were selected based on their 16S rRNA and different 

housekeeping gene groupings, were tested for their ability to effectively nodulate a range of 

New Zealand native legumes. All of the Sophora strains tested regardless of their 16S rRNA 

or housekeeping gene groupings produced N2 fixing nodules on S. microphylla, S. prostrata 

and S. longicarinata. However, the effectiveness of rhizobia of a particular legume species or 

genus to fix N2 in functional nodules and subsequently promote their host plant growth may 

vary from strain to strain depending on the host species and environmental conditions 

(Charlton et al., 1981; Gonzalez et al., 2008; Ogutcu et al., 2008). Therefore, although all 

Mesorhizobium strains isolated from Sophora spp. were able to produce N2 fixing nodules 

on a range of Sophora spp. tested, certain strains may demonstrate better performance in 

relation to the plant growth of a particular Sophora species under specific conditions.  
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The main objectives of the work described in this chapter were to 1) further characterise the 

Mesorhizobium strains previously isolated from New Zealand native Sophora spp. using the 

ERIC-PCR fingerprinting method in order to better assess if clones are common at particular 

field sites 2) determine the ability of selected “M. ciceri” and “M. amorphae” strains (based 

on their 16S rRNA gene sequences) from Sophora spp. to tolerate different levels of pH, 

solubilise phosphate and produce siderophores and 3) assess the relative effectiveness of 

these selected Mesorhizobium strains to promote growth of S. microphylla under controlled 

environmental conditions. 
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5.2 Materials and Methods 

5.2.1 Genomic Fingerprinting using ERIC-PCR 

DNA fingerprinting of forty eight Mesorhizobium strains isolated from Sophora spp. 

described in Chapter 4 was carried out using the ERIC-PCR method. The ERIC-1R (ATG-TAA-

GCT-CCT-GGG-GAT-TCA-C) and ERIC-2 (AAG-TAA-GTG-ACT-GGG-GTG-AGC-G) primers were 

used (Versalovic et al., 1991). Each PCR reaction was set up as described in Chapter 2 

(Section 2.2.2.4) and the PCR product was amplified under appropriate PCR conditions as 

described in Versalovic et al. (1991). The PCR products were separated via electrophoresis in 

1.5 % agarose gels, stained with ethidium bromide (0.5 µg ml-1) and viewed under UV light. 

The ERIC-PCR banding patterns of the strains were then compared between the strains and 

within the groupings of the concatenated recA, glnII and rpoB gene sequences obtained 

from Chapter 4. 

5.2.2 pH Tolerance, Phosphate Solubilisation and Siderophore Production 

The ability of fifteen Mesorhizobium strains (twelve “M. ciceri” and three “M. amorphae” 

strains on the basis of their 16S rRNA), which were selected based on their groupings of 

concatenated recA, glnII and rpoB gene sequences (Chapter 4) and ERIC-PCR banding 

patterns (results obtained from Sections 5.2.1 and 5.3.1), to grow over a range of pH, 

solubilise phosphate and produce siderophores was assessed. The twelve “M. ciceri” strains 

were ICMP 19513, ICMP 19514, ICMP 19519, ICMP 19520, ICMP 19560, ICMP 19545, ICMP 

19523, ICMP 19528, ICMP 19535, ICMP 19515, ICMP 19561 and ICMP 19546, while the 

three “M. amorphae” strains were ICMP 19566, ICMP 19557 and ICMP 19568.  

The ability of these Mesorhizobium strains to grow over a range of pH was tested by 

inoculating 2.5 µL of the appropriate Mesorhizobium strain grown in YMB onto YMA plates 

adjusted to five different pH levels (3, 5, 7, 9 and 11) using HCl or NaOH as required. The 

composition of the YMA was as previously described in Chapter 2 (Table 2.2). There were 

three replicates for each treatment. All YMA plates were incubated at 25 °C and absence or 

presence of bacterial growth (formation of bacterial colony) was determined visually at 3, 6 

and 9 days after inoculation. 
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The ability of the selected Mesorhizobium strains to solubilise inorganic phosphate was 

assessed using the tricalcium orthophosphate (TCP) agar method as described in Frey-Klett 

et al. (2005). The TCP agar contained 4 g Ca(PO4)2, 10 g glucose, 5 g NH4Cl, 1 g NaCl, 1 g 

MgSO4 and 20 g agar in 1 L of deionised water (pH = 7.2) and was autoclaved. For each 

strain, 2.5 µL of culture grown in YMB to log phase was dropped in the centre of the TCP 

agar plate which was incubated at 25 °C. There were three replicates for each treatment. 

The formation of a discoloured halo indicated positive phosphate solubilisation and this was 

determined visually at 3, 6 and 9 days after inoculation. The Burkholderia tuberum type 

strain, strain STM678, obtained from the ICMP, was used as a positive control (Angus et al., 

2013). 

The ability of the Mesorhizobium strains to produce siderophores was assessed using the 

Chrome Azurol S (CAS) agar method as described in Alexander and Zuberer (1991). The CAS 

agar was prepared from four solutions which were sterilised separately before mixing. 

Solution 1 (Fe-CAS indicator solution) was prepared by mixing 10 mL of 1 mM FeCl3·6H2O in 

10 mM HCl with 50 mL of an aqueous CAS solution (1.21 mg mL-1). The resulting dark purple 

mixture was added gradually, with constant stirring, to 40 mL of an aqueous hexadecyl-

trimethylammonium (HDTMA) solution (1.82 mg mL-1) and a dark blue solution was 

produced. Solution 2 (buffer solution) was prepared by dissolving 30.24 g of Piperazine-1,4-

bis(2-ethanesulfonic acid) (PIPES) in 750 mL of a salt solution containing 0.3 g KH2PO4, 0.5 g 

NaCl and 1.0 g NH4Cl. The pH of this solution was adjusted to 6.8 with 50 % (w/ v) KOH, then 

15 g of agar and deionised water added to bring the volume to 800 mL. Solution 3 contained 

2 g glucose, 2 g mannitol, 0.493 g MgSO4·7H2O, 11 mg CaCl2, 1.17 mg MnSO4·H2O, 1.4 mg 

H3BO3, 0.04 mg CuSO4·5H2O, 1.2 mg ZnSO4·7H2O and 1.0 mg Na2MoO4·2H2O in 70 mL of 

deionised water. Solution 4 contained 10 % (w/ v) casamino acid. Solutions 1 – 3 were 

autoclaved separately and allowed to cool to 50 °C and solution 4 was filter-sterilised before 

mixing. For preparation of the final CAS solution, solution 3 was added to solution 2 along 

with 30 mL of solution 4 and mixed thoroughly. Then solution 1 was added with sufficient 

stirring to mix the ingredients without forming bubbles. For each strain, 2.5 µL of culture 

grown in YMB to log phase was dropped into the centre of a CAS agar plate which was 

incubated at 25 °C. There were three replicates for each treatment. The formation of an 

orange halo with mean diameter > 10 mm indicated positive siderophore production and 
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this was determined visually at 3, 6 and 9 days after inoculation. The Burkholderia tuberum 

type strain, strain STM678 was used as a positive control (Angus et al., 2013). 

5.2.3 Effectiveness of Selected Mesorhizobium Strains on Promoting Growth of Sophora 

microphylla 

Two glasshouse experiments were performed to assess the effectiveness of Mesorhizobium 

strains from Sophora spp. characterised in the current and previous chapters on promoting 

growth of Sophora microphylla. The twelve “M. ciceri” and three “M. amorphae” strains 

(based on their 16S rRNA) used in Section 5.2.2 were used in Experiment 1. Experiment 2 

was a small “repeat” of Experiment 1. Three strains from the “M. ciceri” group (ICMP 19520, 

ICMP 19546 and ICMP 19535) and two strains from the “M. amorphae” group (ICMP 19557 

and ICMP 19568) which in Experiment 1 gave good growth of S. microphylla relative to the 

other strains within their group were used. 

Experiment 1 was carried out between 19th November 2012 and 15th March 2013 and 

Experiment 2 was carried out between 23rd November 2013 and 17th February 2014. Both 

experiments were carried out in a completely randomised design at the Nursery Glasshouse 

Centre, Lincoln University, Canterbury, New Zealand. Plants were grown under glasshouse 

conditions with day length extended to 16 h with high pressure sodium lamps, if required. 

The average glasshouse daily temperature ranged from 13.2 – 23.9 °C. Seeds of S. 

microphylla were soaked in concentrated sulphuric acid for 30 – 60 minutes, rinsed with 

sterile water, soaked in hot (about 60 °C) sterile water which was left at room temperature 

overnight then transferred to 1.5 L pots (four seeds per pot) containing 600 g of N-free 

potting mix watered to field capacity. The contents of the potting mix used are described in 

Chapter 4, Section 4.2.4. Plants were thinned out to two per pot, two weeks after sowing 

and pots were watered by weight to field capacity every three days. There were six 

replicates for each of the bacterial strain and control treatments. Twenty kg N ha-1 as 

NH4NO3 were supplied to the control treatment. For treatments with bacterial inoculum, 20 

ml of the appropriate Mesorhizobium strain grown in YMB were inoculated onto each pot 

once a week in the first three weeks of growth. For control plants, 20 ml of autoclaved YMB 

were supplied onto each pot once a week in the first three weeks of growth. 
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At harvest, all plants were visually examined for nodulation, dried at 70 °C for five days and 

then weighed for total plant dry weight (DW) determination. An Analysis of Variance 

(ANOVA) was carried out on the log-transformed dry weight data using Minitab® 16 (LEAD 

Technologies, Inc.) with different rhizobial strains and groupings (M. ciceri vs M. amorphae 

vs control) as fixed factors. A probability value less than or equal to 0.05 (P ≤ 0.05) was 

considered as significant and a post hoc Tukey’s test was carried out to separate means. 
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5.3 Results 

5.3.1 Genomic Fingerprinting using ERIC-PCR 

Eleven distinct ERIC-PCR banding patterns (A – K, Figure 5.1), different from those of the M. 

ciceri, M. amorphae and M. loti type strains, were observed for the forty eight 

Mesorhizobium isolates from New Zealand native Sophora spp. sampled at eight different 

field sites. For the six field sites in the current study, two to eight isolates showed the same 

banding patterns and identical concatenated recA, glnII and rpoB gene sequences (Table 

5.1). However, more than one banding pattern was observed for isolates within most of the 

field sites, with the exception of field site 6. In addition, the same banding pattern was 

observed for isolates from different field sites. Specifically, banding pattern “C” was 

observed for isolates from field sites 4 and 5 and banding pattern “G” was observed for 

isolates from field sites 1, 6 and 8.  

Isolates with the same banding pattern can have different concatenated recA, glnII and rpoB 

gene sequences. For example, all isolates with the banding pattern “G” from the field sites 6 

and 8 had identical concatenated recA, glnII and rpoB gene sequences but these sequences 

were different from those isolates with banding pattern “G” from field site 1. Conversely, 

isolates with different banding patterns, isolated from different field sites, can have 

identical concatenated recA, glnII and rpoB gene sequences. For example, isolates with the 

banding patterns “C” (with the exception of ICMP 19513) and “D” from field sites 4 or 5, 

showed identical concatenated recA, glnII and rpoB gene sequences. 
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Figure 5.1 ERIC-PCR fingerprinting patterns of Mesorhizobium strains isolated from New 
Zealand native Sophora species. 1 – 48 = Mesorhizobium strains used in this study (see Table 
5.1 for details); A – K = fingerprinting patterns; Ma = Mesorhizobium amorphae type strain; 
Ml = Mesorhizobium loti type strain; Mc = Mesorhizobium ciceri type strain. 
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Table 5.1 ERIC-PCR and concatenated recA, glnII and rpoB gene groupings of the 
Mesorhizobium strains isolated from New Zealand native Sophora species. ERIC-PCR 
groupings A – K are as described in Figure 5.1. Genomic groupings of the concatenated 
recA+glnII+rpoB sequences were obtained from Chapter 4, Figure 4.3 

No.  
(according 
to Figure 

5.1) 

Strain 
(ICMP) 

Field 
site 
(FS) 

Grouping No.  
(according 
to Figure 

5.1) 

Strain 
(ICMP) 

Field 
site 
(FS) 

Grouping 
ERIC- 
PCR 

recA+ 
glnII+ 
rpoB 

ERIC- 
PCR 

recA+ 
glnII+ 
rpoB 

1 11719 7# A separate 28 19528* 3 H 6 
2 19550* 3 B separate 29 19529 3 H 6 

3 19512 5 C 1 30 19530 3 H 6 
4 19513* 5 C separate 31 19531 3 H 6 
5 19519* 4 C 1 32 19532 3 H 6 
6 19520* 4 C 1 33 19533 3 H 6 

7 19521 4 D 1 34 19559* 1 F 3 
8 19522 4 D 1 35 19535* 2 I 7 
9 19514* 5 E 2 36 19536 2 I 7 

10 19515* 5 E 2 37 19537 2 J 7 

11 19516 5 E 2 38 19538 2 I 7 
12 19517 5 E 2 39 19539 2 I 7 
13 19551 5 E 2 40 19540 2 I 7 
14 19518 5 E 2 41 19557* 1 K 8 

15 19560* 1 F 3 42 19558 1 K 8 
16 19561* 1 F 3 43 19564 1 K 8 
17 19562 1 F 3 44 19565 1 K 8 
18 19563 1 F 3 45 19566* 1 K 8 

19 19545* 1 G 4 46 19568* 1 K 8 
20 19546* 1 G 4 47 19569 1 K 8 
21 19547 1 G 4 48 19567* 1 K 8 
22 14330 8# G 5      

23 19523* 6 G 5      
24 19524 6 G 5      
25 19525 6 G 5      
26 19526 6 G 5      

27 19527 6 G 5      
* = selected for phenotypic characterisation and glasshouse studies in Sections 5.3.2 and 5.3.3, 
respectively; FS = field site as described in Chapter 4 (see section 4.2.1 for details); # = isolated in 
previous study (Weir et al., 2004) 
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5.3.2 pH Tolerance, Phosphate Solubilisation and Siderophore Production 

All “M. ciceri” strains, with the exception of strain ICMP 19519 from S. microphylla, were 

able to grow at pH ranging from 3 – 11 (Table 5.2). Strain ICMP 19519 was able to grow at 

pH 3 – 9 but did not grow at pH 11. All three “M. amorphae” strains from S. longicarinata 

(ICMP 19557, ICMP 19566 and ICMP 19568) did not grow at pH 9 or above (Table 5.2). Strain 

ICMP 19557 was able to grow at pH 3 – 7 whereas the two other strains, ICMP 19566 and 

ICMP 19568 were only able to grow at pH 5 and 7 but not at pH 3. 

Only a single “M. ciceri” strain (ICMP 19560) isolated from S. microphylla from field site 1 

(alluvial limestone river terrace, Waima/ Ure River, Marlborough) showed the ability to 

solubilise tricalcium phosphate (Table 5.2) (Figure 5.2). 

None of the “M. ciceri” or “M. amorphae” strains tested produced siderophores (Table 5.2). 

 

Table 5.2 pH tolerance, phosphate solubilisation and siderophore production of 
Mesorhizobium strains from Sophora species 

Strain 
(ICMP) 

Host Field 
site 
(FS) 

Grouping pH Phosphate Siderophores 
ERIC- 
PCR 

16S recA+ 
glnII+ 
rpoB 

3 5 7 9 11 Solubilisation  

19513 Smi 5 C Mci separate + + + + + - - 
19519 Smi 4 C Mci 1 + + + + - - - 
19520 Smi 4 C Mci 1 + + + + + - - 
19514 Smi 5 E Mci 2 + + + + + - - 
19515 Smi 5 E Mci 2 + + + + + - - 
19560 Slo 1 F Mci 3 + + + + + + - 
19561 Slo 1 F Mci 3 + + + + + - - 
19545 Spr 1 G Mci 4 + + + + + - - 
19546 Spr 1 G Mci 4 + + + + + - - 
19523 Smi 6 G Mci 5 + + + + + - - 
19528 Smi 3 H Mci 6 + + + + + - - 
19535 Smi 2 I Mci 3 + + + + + - - 
19557 Slo 1 K Mam 8 + + + - - - - 
19566 Slo 1 K Mam 8 - + + - - - - 
19568 Slo 1 K Mam 8 - + + - - - - 

Smi = Sophora microphylla; Slo = Sophora longicarinata; Spr = Sophora prostrata; Mci = 
Mesorhizobium ciceri; Mam = Mesorhizobium amorphae; “+” = present of bacterial colony; “-“ = 
absent of bacterial colony 
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Figure 5.2 Phosphate solubilisation; (A) strain ICMP 19515 without the ability to solubilise 
phosphate and (B) formation of a clear halo surrounding the strain ICMP 19560 culture on 

TCP agar indicating positive phosphate solubilisation. 

 

5.3.3 Effectiveness of Selected Mesorhizobium Strains on Promoting Growth of Sophora 

microphylla 

In both Experiments 1 and 2, all S. microphylla plants which were inoculated with 

Mesorhizobium strains were nodulated while no nodules or a few small nodules were found 

on the control plants. Overall, the nodulated plants were visually bigger, greener and 

showed increased vigour in comparison with the uninoculated plants (control) (Figure 5.3). 

In Experiment 1, values for total DW (g) of plants inoculated with rhizobial strains were 

significantly greater than that of the control (0.15 ± 0.058 – 0.37 ± 0.042 vs 0.06 ± 0.006) 

(Figure 5.4). However, in general, values for total DW of plants inoculated with strains from 

the “M. ciceri” group (0.19 ± 0.031 – 0.37 ± 0.042) were greater than those of plants 

inoculated with strains from the “M. amorphae” group (0.15 ± 0.058 – 0.18 ± 0.039) (Figure 

5.4). 

Similar results were observed in Experiment 2 (Table 5.3). The total DW of plants inoculated 

with the three selected “M. ciceri” strains (ICMP 19520, ICMP 19546 and ICMP 19535) and 

the two “M. amorphae” strains (ICMP 19557 and ICMP 19568) were significantly greater 

than the control (0.17 ± 0.027 – 0.277 ± 0.047 vs 0.088 ± 0.006). However, values for the 

total DW of plants inoculated with the “M. ciceri” strains (0.247 ± 0.018 – 0.277 ± 0.047) 

A B 
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were generally but not significantly greater (P = 0.058) than those for plants inoculated with 

the “M. amorphae” strains (0.17 ± 0.027 – 0.178 ± 0.029). 

 

 

Figure 5.3 Fourteen weeks old Sophora microphylla; (A) inoculated with different 
“Mesorhizobium ciceri” strains; (B) control. 

 

 

 

Figure 5.4 Effects of different Mesorhizobium strains on total plant dry weight (TDW) of 
Sophora microphylla (Experiment 1); FS = field site as described in Chapter 4 (see section 

4.2.1 for details) Variability shown is standard error of mean, n = 6. Columns with different 
letters are statistically different at a probability P ≤ 0.05 (Tukey’s Test). 
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Table 5.3 Effects of different Mesorhizobium strains on total plant dry weight (TDW) of 
Sophora microphylla (Experiment 2). Variability shown is standard error of mean, n = 6 

Strain Grouping  TDW (g) 

 
(16S rRNA) 

 
ICMP 19520 M. ciceri 0.247 ± 0.018A 
ICMP 19546 M. ciceri 0.277 ± 0.047A 
ICMP 19535 M. ciceri 0.258 ± 0.020A 
ICMP 19557 M. amorphae 0.178 ± 0.029A 
ICMP 19568 M. amorphae 0.170 ± 0.027A 

Control  0.088 ± 0.006B 
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5.4 Discussion 

Generally, strains isolated from Sophora plants at the same field site had identical or very 

similar housekeeping gene sequences (Chapter 4). In this chapter, it was shown that these 

Mesorhizobium isolates were separated into eleven distinct ERIC-PCR fingerprinting banding 

patterns. For each of the six field sites, at least two (up to eight in field site 1) isolates 

showed the same ERIC-PCR banding patterns and identical concatenated recA, glnII and 

rpoB gene sequences. Thus, it seems likely that these Mesorhizobium isolates from the same 

field site are clones (Versalovic et al., 1991). However, the ERIC-PCR and concatenated recA, 

glnII and rpoB gene sequences indicated that there were different strains at five of the six 

field sites. In addition, isolates with the same banding pattern were found in different field 

sites and they can have different concatenated recA, glnII and rpoB gene sequences. This 

indicates that isolates with the same banding patterns, may not necessarily be clones. Also, 

isolates from different field sites could have different ERIC-PCR banding patterns but 

identical concatenated recA, glnII and rpoB gene sequences. This emphasises that the 

housekeeping genes sequenced are only a small proportion of the rhizobial genome. 

Additional DNA fingerprinting methods such as Repetitive Sequence-Based (REP)-PCR, 

coupled with other DNA characterisation methods (e.g. more gene sequencing and DNA-

DNA hybridisation) are required to fully assess the occurrence of clones at each field site. 

The connection between the housekeeping gene grouping/ ERIC-PCR banding pattern and 

the field site may be due to adaptation of the Mesorhizobium strains to local conditions 

outside the host plant. Environmental factors, such as soil type, annual rainfall and/ or pH of 

each field site, may be the driver(s) of the diversity of these Mesorhizobium strains. The 

ability of fifteen Mesorhizobium strains (twelve “M. ciceri” and three “M. amorphae” strains 

on the basis of their 16S rRNA sequences), which were selected based on the groupings of 

their recA, glnII and rpoB gene sequences and ERIC-PCR banding patterns, to grow at 

different pH (3 – 11), solubilise phosphate and produce siderophores was assessed. The “M. 

ciceri” and “M. amorphae” strains were different in the range of pH they could tolerate. 

Almost all of the “M. ciceri” strains were able to grow at pH 3 to 11 whereas the “M. 

amorphae” strains only grew from pH 3 or 5 to 9. The three “M. amorphae” strains (ICMP 

19557, ICMP 19566 and ICMP 19568) were all isolated from S. longicarinata growing in 

alluvial limestone river terrace in Marlborough (field site 1), a site which has higher soil pH 
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(≈ pH 8) than other sites (≈ pH 6 – 7) (Heenan, 1996). Thus, it was unexpected that these 

three strains did not grow at pH 9 and 11 when strains from the other field sites did. 

However, not all strains isolated from S. longicarinata from field site 1 showed the same pH 

tolerance patterns. Two “M. ciceri” strains, ICMP 19560 and ICMP 19561, also isolated from 

S. longicarinata at field site 1 as the “M. amorphae” strains, were able to grow at pH ranging 

from pH 3 to 11. The three “M. amorphae” strains and the two “M. ciceri” strains from S. 

longicarinata from the same field site showed different DNA banding patterns (“K” and “F” 

respectively) and concatenated recA, glnII and rpoB gene sequences (Table 5.1). Thus, 

Mesorhizobium strains isolated from S. longicarinata from the same field site can have 

different genotypic and phenotypic characteristics. However, it is possible that the growth 

of the strains at the extreme pH ranges may be due to localised pH changes because the 

YMA plates of varying pH were not buffered and further work is required to test this. 

New Zealand soils are generally low in plant nutrients especially phosphorus (Gillingham, 

2012). The ability of native Mesorhizobium strains to solubilise phosphate could be an 

important advantage in assisting their own growth as well as that of their host plants in the 

field. Here, only one (ICMP 19560) out of fifteen Mesorhizobium strains tested showed the 

ability to solubilise tricalcium phosphate, indicating that the ability to solubilise phosphorus 

is a rare characteristic of New Zealand native Mesorhizobium strains. In addition, none of 

the “M. ciceri” or “M. amorphae” strains tested produced siderophores. Carlton et al. (2007) 

reported that about half of the Mesorhizobium isolated from the soil of central Otago had 

the genes required for siderophore production but none of the Mesorhizobium isolated 

from outside central Otago had these genes. These results, together with those in Chapter 5, 

indicate that the ability of native Mesorhizobium to produce siderophores is rare or if not, it 

is confined only to a certain region, which may link to localised environmental conditions 

such as the iron availability in the soil. 

The effectiveness of rhizobia of a particular legume species or genus to fix N2 in functional 

nodules and subsequently promote their host plant growth may vary from strain to strain 

depending on the host species and environmental conditions (Charlton et al., 1981; 

Gonzalez et al., 2008; Ogutcu et al., 2008). Here, the effectiveness of the selected fifteen 

Mesorhizobium strains from S. microphylla, S. prostrata and S. longicarinata to promote 

growth of S. microphylla under glasshouse conditions was assessed. Overall, although the 

Rhizobial Symbionts of NZ Sophora II (Page 113) 
 



values for total DW of all nodulated S. microphylla plants were significantly greater than the 

uninoculated S. microphylla plants, it was shown that in general, the “M. ciceri” strains were 

better in promoting growth of S. microphylla than the “M. amorphae” strains. However, 

these glasshouse studies only tested the selected strains on one Sophora species under one 

set of environmental conditions. The three “M. amorphae” strains were all isolated from S. 

longicarinata growing in alkaline soil (field site 1, Chapter 4) and may be better in promoting 

growth of S. longicarinata than the “M. ciceri” strains, and this may be dependent on 

environmental conditions such as soil pH. Also, “M. ciceri” strain ICMP 19560 which showed 

the ability to solubilise phosphate may be able to give greater growth of S. microphylla or 

other Sophora spp. in comparison with the other Mesorhizobium strains under phosphorus 

depleted conditions. Thus, further work is required to test the ability of these 

Mesorhizobium strains, with different genotypic and phenotypic characteristics, to promote 

growth of different Sophora spp. under different environmental conditions. 

Overall, this chapter has shown that 1) Mesorhizobium strains previously isolated from New 

Zealand native Sophora species from the same field site may be clones but different 

rhizobial strains occur at most sites; 2) the Mesorhizobium strains show differences in the 

range of pH they can tolerate and their ability to solubilise tricalcium phosphate and 3) they 

show differences in their ability to promote growth of S. microphylla under glasshouse 

conditions which are likely to be non-stressful. 
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Chapter 6 

Nitrogen Assimilation in Sophora microphylla 

6.1 Introduction 

Nitrate (NO3-) and ammonium (NH4+) are important forms of nitrogen (N) taken up and 

assimilated by most plant species in a wide range of habitats (Andrews et al., 2013). Both 

NH4+ and NO3- are taken up from the soil by high affinity transport systems (HATS) and low 

affinity transport systems (LATS) in the roots (Xu et al., 2012). Ammonium taken up by roots 

is assimilated into amino acids via the glutamine synthetase (GS)/ glutamate synthase 

(GOGAT) pathway (Lea & Miflin, 2011). Nitrate assimilation in plants involves a two step 

reduction to NH4+ followed by assimilation via the GS/ GOGAT pathway as for NH4+ taken up 

from the soil (Andrews et al., 2013). Firstly, NO3- is reduced to nitrite (NO2-) via the enzyme 

nitrate reductase (NR) then NO2- to NH4+ by nitrite reductase (NiR). Generally, NR is a 

substrate (NO3-) induced enzyme (Andrews et al., 2013). 

Most legumes can obtain a substantial amount of their N requirement from symbiotic 

bacteria (rhizobia) that fix atmospheric N2 in root nodules (Sprent, 2009). This ability to 

access atmospheric N2 can give plants an advantage under low soil N conditions, if other 

factors are favourable for growth (Andrews et al., 2009; Raven & Andrews, 2010). Generally, 

legumes capable of N2 fixation can also take up and assimilate NH4+ and NO3- from the soil 

(Andrews et al., 2011, 2013). The available data indicate that the mechanisms of NH4+ and 

NO3- uptake from the soil by roots and their pathways of assimilation are the same for N2 

fixing and non-fixing plants (Lea & Miflin, 2011). 

New Zealand has four genera of native legumes: Carmichaelia (23 spp.), Clianthus (2 spp.), 

Montigena (1 sp.) and Sophora (8 spp.). Background to these genera is given in previous 

Chapter 1 (Section 1.4). All four genera are capable of nodulation and the genotypic and 

host range specificity data on the rhizobia which induce nodules on these legumes are given 

in the previous chapters (Chapters 2 – 5). However, little is known of their ability to use soil 

NO3- and NH4+. Thus, the primary objective of this chapter was to assess the ability of 

Sophora microphylla to utilise soil NO3- and NH4+ in comparison with its N2 fixation. 
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6.2 Materials and Methods 

6.2.1 Source of Seeds and General Plant Growth Conditions 

Seeds of S. microphylla were obtained from New Zealand Tree Seeds, Rangiora, New 

Zealand. Firstly, seeds were in sequence soaked in concentrated sulphuric acid for 60 

minutes, rinsed with sterile water and soaked in hot (about 60 °C) sterile water which was 

left at room temperature overnight. They were then transferred to 1.5 L pots (four seeds 

per pot) containing 600 g of N-free potting mix watered to field capacity. The contents of 

potting mix used were described in previous Chapter 4, Section 4.2.4. Plants were thinned 

out to two per pot, two weeks after sowing and pots were watered by weight to field 

capacity every three days. All experiments were carried out under glasshouse conditions 

with day length extended to 16 h with high pressure sodium lamps, if required. 

6.2.2 Glasshouse Experiment 1 

Experiment 1 was carried out between 26th May 2013 and 25th October 2013 (average 

glasshouse daily temperature 15.9 – 21.2 °C) and examined the effects of nine different 

rates of N (0, 0.5, 1.0, 2.5, 5.0, 7.5, 10, 15 and 20 g N m-2 ≡ 0 – 200 kg N ha-1) supplied as 

NH4NO3 on growth of S. microphylla with and without rhizobial inoculant. For the rhizobial 

inoculant treatments, 20 ml of strain ICMP 19535 grown in YMB (Vincent, 1970) was added 

to each pot once a week for three weeks after planting. Strain ICMP 19535 has previously 

shown to be able to form functional nodules on native Sophora spp., including S. 

microphylla tested (Chapter 4, Section 4.3.5) and is one of the most effective strains on S. 

microphylla (Chapter 5, Section 5.3.3). Autoclaved YMB, instead of the rhizobial inoculant, 

was added to the non-inoculated pots. Initially, there were nine replicates (one replicate = 

one pot containing two plants) of all treatments. 

At harvest, all plants were examined for nodulation. Plants from three replicates of all 

treatments were divided into leaves, stem and roots, dried at 60 °C for four days and 

weighed for total plant dry weight (DW) and leaf weight ratio (LWR, Leaf DW/ total plant 

DW) determination. Dried material from the 0, 0.5 and 1.0 g N m-2 treatments was pooled 

replicate by replicate to give three replicates each of leaf, stem and root material from both 

inoculated and uninoculated plants supplied 0 – 1.0 g N m-2. Similarly, material from the 2.5, 
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5.0 and 7.5 g N m-2 treatments was pooled to give three replicates each of leaf, stem and 

root material from inoculated and uninoculated plants supplied 2.5 – 7.5 g N m-2 and 

material from the 10, 15 and 20 g N m-2 was pooled to give three replicates of each tissue 

from plants supplied 10 – 20 g N m-2. Leaf, stem and root tissue from the pooled material 

was then ground and total N content of 0.2 g samples was determined using a CN elemental 

analyser (Elementar VarioMax CN Elemental Analyser, GmbH, Hanau, Germany). Also, NO3- 

content of 0.2 g samples was extracted into 25 ml distilled water and measured 

colorimetrically (Mackereth et al., 1978). 

In vivo nitrate reductase activity (NRA) was determined in fresh leaf, stem and root tissue of 

three replicates of plants supplied 0, 5, 10 and 20 g N m-2 as described in Bungard et al. 

(1999). Activity is presented on a fresh weight (FW) basis. The remaining three replicates of 

all inoculated plants, and non-inoculated plants supplied 0, 10 and 20 g N m-2 were tested 

for nitrogenase activity using the acetylene reduction assay (ARA) (Cummings et al., 2009). 

Here, because of heavy nodulation on all inoculated plants, regardless of N supply, only part 

of the root was used in the assay. 

6.2.3 Glasshouse Experiments 2 and 3  

Experiments 2 and 3 were carried out between 23rd November 2013 and 16th March 2014: 

the average glasshouse daily temperature ranged from 13.5 – 24.5 °C. Experiment 2 had 

four treatments, 0 and 5 g N m-2 supplied as NH4NO3 with and without rhizobial inoculant as 

in Experiment 1. There were four replicates per treatment. All plants were examined for 

nodulation and total plant DW and LWR were determined at harvest as for Experiment 1. 

Experiment 3 examined the effects of 6 different rates of N (0, 2.5, 5.0, 10, 15 and 20 g N m-

2) supplied as either NO3- (KNO3) or NH4+ (NH4Cl), with and without rhizobial inoculant 

(applied as in Experiment 1), on growth of S. microphylla. The KNO3 was ‘labelled’ at 10 

atm% 15N. Potassium chloride was added as required such that all treatments received the 

same amount of additional K as the 20 g N m-2 KNO3 treatment. There were six replicates 

per treatment. At harvest, three replicates were used for determination of total plant DW 

and LWR and three replicates were used for determination of NRA in leaf, stem and root 

tissue as in Experiment 1. All plants were examined for nodulation. Nitrogenase activity 

(ARA) was not tested in Experiment 3. Instead, the proportions of total plant N derived from 
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atmospheric N2 fixation and uptake of N from the substrate were determined for the NO3- 

fed plants via the 15N isotope dilution method (Unkovich et al., 2008). This analysis also gave 

the N content of the different tissues. Here dried material from the 0, 2.5 and 5.0 kg N ha-1 

NO3- treatments of inoculated plants was pooled replicate by replicate to give 3 replicates of 

total plant (leaf + stem + root) material of plants supplied 0 – 5 g N m-2. Similarly, leaf, stem 

and root material from inoculated plants supplied 10, 15 and 20 g N m-2 as NO3- was pooled 

to give 3 replicates of total plant material of plants supplied 10 – 20 g N m-2. This material 

was ground and analysed for 14N/ 15N with a Sercon (Crewe, UK) GSL (gas, solid, liquid) 

elemental analyser. The NO3- content of this material was also determined as in Experiment 

1.  

6.2.4 Field Study 

Nitrate reductase activity of leaf and root samples of twelve mature S. microphylla trees 

cultivated at Landcare Research experimental gardens (Lincoln) was tested. These trees 

were grown from seed originally collected from throughout the South Island: Nelson 

(Murchison (3 samples), Maruia River Valley); Marlborough (Woodside Creek, Kaikoura); 

Canterbury (Banks Peninsula, Pareora River Gorge); Otago (Dunedin (2 samples), Wanaka); 

and Southland (Te Anau). 

6.2.5 Experimental Design and Data Analysis 

All experiments were of completely randomised design. An analysis of variance was carried 

out on all data (IBM SPSS Statistics 20) with N rate and plus and minus rhizobial inoculum as 

fixed factors. All effects discussed have an F ratio with a probability P ≤ 0.01. In Experiments 

1 and 3, models were fitted to the means of total plant DW at the different N rates. Linear 

and quadratic models were tested and model choice was based on the value of R2. 

Variability quoted in the text is the standard error of mean. 
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6.3 Results 

In Experiments 1 – 3, regardless of N supply, all inoculated plants were nodulated while all 

uninoculated plants were not.  

6.3.1 Glasshouse Experiment 1 

In Experiment 1, total plant DW for inoculated plants increased with increased applied N as 

NH4NO3 to 2.5 – 5.0 g N m-2 then decreased steadily with increased N application thereafter 

(Figure 6.1) (Table 6.1). For uninoculated plants, total plant DW increased with increased 

applied N to 20 g N m-2. Regardless of N supply, total plant DW was greater for inoculated 

than uninoculated plants (Figure 6.1) (Table 6.1). Maximum total plant DW achieved was 

approximately 3 times greater for inoculated than uninoculated plants. Leaf weight ratio for 

inoculated plants was not affected by N supply and ranged from 0.27 ± 0.012 to 0.32 ± 0.013 

(Table 6.1). For uninoculated plants, LWR increased fairly steadily from a low of 0.19 ± 0.026 

at 0 N to a maximum of 0.34 ± 0.019 at 20 g N m-2 (Table 6.1). 
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Table 6.1 Total dry weight (TDW) and leaf weight ratio (LWR) of Sophora microphylla 
supplied different rates of applied N (NH4NO3). Variability shown is standard error of mean, 
n = 3 

g NH4NO3 m-2 TDW (g) LWR TDW (g) LWR 
Inoculated Uninoculated

0 0.668 ± 0.180 0.272 ± 0.012 0.161 ± 0.005 0.192 ± 0.026 
0.5 0.729 ± 0.062 0.298 ± 0.019 0.166 ± 0.006 0.244 ± 0.008 
1 0.678 ± 0.104 0.308 ± 0.011 0.179 ± 0.018 0.205 ± 0.010 

2.5 0.909 ± 0.063 0.295 ± 0.014 0.204 ± 0.012 0.305 ± 0.020 
5 0.761 ± 0.059 0.301 ± 0.011 0.175 ± 0.014 0.297 ± 0.024 

7.5 0.690 ± 0.031 0.323 ± 0.013 0.183 ± 0.014 0.266 ± 0.023 
10 0.638 ± 0.067 0.307 ± 0.009 0.171 ± 0.005 0.308 ± 0.032 
15 0.532 ± 0.142 0.242 ± 0.040 0.215 ± 0.008 0.281 ± 0.013 
20 0.370 ± 0.046 0.304 ± 0.029 0.255 ± 0.034 0.344 ± 0.019 

 

Figure 6.1 Effects of different rates of applied N (NH4NO3) on dry weight (DW) of Sophora 
microphylla with ( ) and without ( ) rhizobial inoculant. Variability shown is standard error 
of mean, n = 3. 
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For both inoculated and uninoculated plants, regardless of N supply, N concentration 

decreased with plant part in the order leaf > root > stem (Table 6.2). For comparable tissues, 

N concentration was approximately twice as great for inoculated plants then for 

uninoculated plants. The NO3--N content of all tissues for all treatments was < 25 µg NO3--N 

g-1 DW, 3 orders of magnitude lower than the values for total N content of the tissues. For 

both inoculated and uninoculated plants, NRA was not detected (< 0.01 µmol NO2- g-1 FW h-

1) in leaf, stem or root tissue of plants supplied 0, 5 or 10 g N m-2 and only was detected in 

roots of plants supplied 20 g N m-2. Root activity was 0.03 ± 0.017 and 0.12 ± 0.016 µmol 

NO2- g-1 FW h-1 for inoculated and uninoculated plants respectively. For the 3 replicates 

tested, average values of ARA for the root samples were in the range 11 – 45 µL ethylene h-1 

for inoculated plants regardless of N application but < 0.06 µL ethylene h-1 for uninoculated 

plants supplied 0, 10 or 20 g N m-2. 

 

Table 6.2 Nitrogen content of leaf, stem and root of Sophora microphylla plants supplied 
different rates of N as NH4NO3 with or without rhizobial inoculant. Variability shown is 
standard error of mean, n = 3 

N supply (g N m-2) N content (mg g-1 DW) 
 Leaf Stem Root 
 Inoculated 

0 – 1 34.8 ± 0.76 13.0 ± 0.81 15.4 ± 1.25 
2.5 – 7.5 39.4 ± 0.28 13.3 ± 0.22 17.2 ± 3.23 
10 – 20 38.3 ± 0.68 13.9 ± 0.44 17.2 ± 0.86 

 Uninoculated 
0 – 1 17.8 ± 1.10 6.7 ± 0.23 8.9 ± 0.65 

2.5 – 7.5 18.3 ± 1.21 6.8 ± 0.36 10.4 ± 0.57 
10 – 20 19.0 ± 2.00 7.0 ± 0.13 9.4 ± 0.26 
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6.3.2 Glasshouse Experiment 2 

In Experiment 2, plants were supplied 0 or 5 g N m-2 as NH4NO3 with or without rhizobial 

inoculant. Here, total plant DW for inoculated plants was 0.45 ± 0.038 g and 0.56 ± 0.042 g 

at 0 and 5 g N m-2 respectively. Comparable values for uninoculated plants were 0.19 ± 

0.015 g and 0.28 ± 0.02 g respectively. Leaf weight ratio for inoculated plants was similar at 

0 (0.22 ± 0.008) and 5 g N m-2 as NO3- (0.24 ± 0.011) but increased from 0.12 ± 0.022 to 0.24 

± 0.012 with additional N for uninoculated plants. 

6.3.3 Glasshouse Experiment 3 

In Experiment 3, total plant DW for inoculated plants increased with increased applied NO3- 

from 0 to around 10 g N m-2 then changed little with increased NO3- supply thereafter 

(Figure 6.2) (Table 6.3). For uninoculated plants, total plant DW increased with increased 

NO3- supply to 20 g N m-2 (Figure 6.2) (Table 6.3). Regardless of NO3- supply, total plant DW 

was 2 to 3 times greater for inoculated plants than for uninoculated plants (Figure 6.2) 

(Figure 6.3) (Table 6.3). Here, LWR was not affected by N application but values for 

inoculated plants (0.34 ± 0.017 – 0.35 ± 0.010) were greater than those for uninoculated 

plants (0.22 ± 0.032 – 0.28 ± 0.065) (Table 7.3). For plants supplied NH4+, only inoculated 

plants at rates of 2.5 – 5.0 g N m-2 grew and survived. Total plant DW was 0.34 ± 0.086 and 

0.19 ± 0.050 g at 2.5 and 5.0 g N m-2 as NH4+ respectively (Table 6.3). These values are lower 

than those of inoculated plants supplied NO3- at comparable N application rates (Figure 6.2). 

They are also lower than that of inoculated plants supplied zero N (Figure 6.2). Thus, NH4+ at 

rates of 2.5 – 5.0 g N ha-1 inhibited growth and plants supplied NH4+ were not studied 

further. 
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Table 6.3 Total dry weight (TDW) and leaf weight ratio (LWR) of Sophora microphylla 
supplied different rates of applied N (NO3- and NH4+). Variability shown is standard error of 
mean, n = 3 

g N m-2 TDW (g) LWR TDW (g) LWR 
Inoculated Uninoculated

 NO3- 
0 0.447 ± 0.009 0.351 ± 0. 010 0.113 ± 0.007 0.267 ± 0.051 

2.5 0.483 ± 0.002 0.338 ± 0. 004 0.110 ± 0.012 0.284 ± 0.065 
5 0.520 ± 0.004 0.335 ± 0. 017 0.123 ± 0.003 0.218 ± 0.032 

10 0.558 ± 0.039 0.342 ± 0. 016 0.092 ± 0.007 0.198 ± 0.044 
15 0.523 ± 0.007 0.338 ± 0. 009 0.160 ± 0.026 0.250 ± 0.037 
20 0.553 ± 0.029 0.344 ± 0. 013 0.135 ± 0.014 0.218 ± 0.020 

 NH4+ 
0 0.503 ± 0.058 0.030 ± 0.024 0.121 ± 0.015 0.135 ± 0.024 

2.5 0.343 ± 0.087 0.029 ± 0.023 x x 
5 0.190 ± 0.050 0.054 ± 0.042 x x 

10 x x x x 
15 x x x x 
20 x x x x 

x = plant did not grow or survive 

 

 

Figure 6.2 Effects of different rates of applied N (NO3-) on dry weight (DW) of Sophora 
microphylla with ( ) and without ( ) rhizobial inoculant. Variability shown is standard error 
of mean, n = 3. 
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Figure 6.3 Effects of different rates of applied N (NO3-), 0 (A), 100 (B) and 200 (C) kg N ha-1 on growth of Sophora microphylla with (top) and 

without (bottom) rhizobial inoculant. 
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Total plant N content for inoculated plants supplied NO3- was slightly greater at 10 – 20 g N 

m-2 (25.2 ± 0.26 mg g-1 DW) than at 0 – 5 g N m-2 (21.9 ± 1.07 mg g-1 DW). These values were 

twice as great as that for uninoculated plants supplied 10 – 20 g N m-2 (13.9 ± 0.85 mg g-1 

DW). As in Experiment 1, the NO3--N content of all tissues of all treatments was < 25 µg 

NO3--N g-1 DW, NRA was not detected in leaf, stem or root tissue of plants supplied 0 or 10 g 

N m-2 and was only detected in roots of plants supplied 20 g N m-2. Root activity was 0.08 ± 

0.023 and 0.09 ± 0.033 µmol NO2- g-1 FW h-1 for inoculated and uninoculated plants 

respectively. The 15N/ 14N analysis indicated that inoculated plants supplied 0 – 5 g N m-2 as 

NO3- obtained 99.7 ± 0.066 % of their total N from N2 fixation while those supplied 10 – 20 g 

N m-2 obtained 86.4 ± 2.06 % of their N from N2 fixation. 

 

 
Figure 6.4 Root of Sophora microphylla inoculated with strain ICMP 19535 

 

6.3.4 Field Study 

Nitrate reductase activity was not detected in roots or leaves of the 12 mature S. 

microphylla sampled in the field: all trees were nodulated. 
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6.4 Discussion 

The primary objective of this study was to assess the ability of S. microphylla to utilise soil 

NO3- and NH4+ in comparison with its N2 fixation. Across Experiments 1 to 3, regardless of N 

supply, N2 fixing plants showed greater growth than those relying solely on NH4NO3, NO3- 

or NH4+. Also, generally, LWR was greater for inoculated plants than for uninoculated plants. 

For plants supplied NH4NO3 in Experiment 1 and NO3- in Experiment 3, plant N content was 

shown to be substantially lower for uninoculated plants and N limitation is likely to have 

been the major cause of reduced growth with these non-fixing plants. Reduced LWR of 

uninoculated plants is also likely to be related to reduced tissue N content as often under N 

limitation, plants allocate a greater proportion of their total plant DM towards the root at 

the expense of leaves (Andrews et al., 2013). 

Both N2 fixing and non-N2 fixing plants responded to additional soil N. However, across 

Experiments 1 – 3, values for total plant DW for N2 fixing plants were only around 20 % 

greater at ‘optimal’ N application. Also, in Experiment 1, ARA was high regardless of N 

supply indicating that rates of N2 fixation were high throughout and 15N data in Experiment 

3 indicated that plants supplied 10 – 20 g N m-2 obtained around 86 % of their N from N2 

fixation. Non-fixing plants responded to increased NH4NO3 and NO3- supply up to 20 g N m-2 

which is equivalent to 200 kg N ha-1. Such levels of N are only likely to occur in heavily 

fertilised soils (Andrews et al., 2013). Increased growth with increased NH4NO3 or NO3- 

supply was associated with the induction of NRA at the highest application rate. Values for 

NRA were low in comparison with those in the literature measured using a similar assay 

(Andrews et al., 1992; Bungard et al., 1999; Wyse, 2014). For example, they are similar to 

the lowest values recently reported for leaves and roots of eight species of varying spatial 

association with Agathis australis in lowland subtropical rainforests of northern New 

Zealand (Wyse, 2014). Nevertheless, NO3- was negligible in all tissues regardless of N supply 

indicating that virtually all NO3- taken up was assimilated. Thus, there appears to be a 

limitation in the amount of NO3- able to be taken up. A possible reason for low NO3- uptake 

is low levels of NO3- transporters in roots. Nitrate reductase activity was not detected in 

roots or leaves of mature S. microphylla sampled in the field. This finding is consistent with 

those in the glasshouse which indicate that NO3- will not be an important form of N utilised 

by S microphylla under field conditions. Nevertheless, it is possible that S. microphylla could 
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not access NO3- in the potting mix and further work is required using different substrate and 

more regular NO3- applications to confirm that S. microphylla has limited ability to utilise 

soil NO3-. 

For plants supplied NH4+ alone in Experiment 3, only inoculated plants at rates of 2.5 – 7.5 g 

N m-2 grew and survived but their total plant DW was substantially lower than that of 

inoculated plants with NO3- at comparable application rates or zero N. Also, in Experiment 1, 

high rates of NH4NO3 depressed growth while in Experiment 3, high rates of NO3- alone did 

not. This is evidence that NH4+ inhibited growth. Ammonium toxicity has been reported for 

many plants with NH4+ as the sole N source and a range of possible mechanisms have been 

proposed for this response (Andrews et al., 2013). These include disorders in pH regulation, 

uncoupling of photophosphorylation, futile and energetically intensive transmembrane 

cycling of the NH4+ ion, impairments in the N-glycoxylation of proteins and inhibition of K+ 

uptake (Andrews et al., 2013). 

N2 fixation is only likely to be an advantage to legumes under low soil N conditions, as the 

photon and water costs per unit N assimilated are likely to be greater for N2 fixation than 

for a combination of NH4+ and NO3- assimilation as occurs with many plants (Andrews et al., 

2009). In accordance with this assessment, many legumes show a reduced reliance on N2 

fixation and increased reliance on soil N as soil N availability increases (Andrews et al., 2011). 

However, some legumes as for S. microphylla appear to have little ability to utilise soil NO3- 

and NH4+ and have been termed ‘obligate’ N2 fixers (Menge et al., 2009). It is not known if 

other New Zealand Sophora species or native legumes in general show similar 

characteristics to S. microphylla. However, interestingly, N2 fixation data obtained using ARA 

on the New Zealand native actinorhizal plant Coriaria arborea (N2 fixing symbiont Frankia) 

in the Franz Josef soil chronosequence in South Westland, indicated that this plant 

maintained high rates of N2 fixation independent of soil N availability until it was excluded 

from the community after a single generation (Menge & Hedin, 2009). Menge and Hedin 

(2009) concluded that C. arborea is an “obligate” N2 fixer that may contribute to its own 

exclusion, since N2 fixation is energetically costly, and by adding N to the system it creates 

N-rich conditions that could facilitate its competitors. 
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If it is confirmed that S. microphylla seedlings have limited ability to use NO3- and NH4+ then 

this has relevance to the horticultural industry. It has been reported that New Zealand 

Sophora species can be difficult to grow in nurseries and establish in gardens, although the 

cause of these problems was not identified (Edwards, 2003). It has, however, been 

previously suggested that rhizobia inoculants be added to potting mixes to facilitate 

nodulation, N2 fixation and the growth of healthy plants (Thomas & Spurway, 2001). 

Findings obtained from this chapter support this approach and recommend adding inoculant 

to nursery raised Sophora plants, such as by adding crushed root nodules to the potting mix. 
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Chapter 7 

Final Discussion 

The primary objectives of this research were to 1) more fully characterise the rhizobia 

associated with the four genera of New Zealand native legumes, including their ability to 

cross nodulate different species and 2) assess the ability of Sophora microphylla to 

assimilate soil N in comparison with its N2 fixation. Both of these objectives were met. In 

relation to objective 1, gene sequencing results indicated that rhizobia of New Zealand 

native legumes are primarily, perhaps exclusively, of the genus Mesorhizobium and although 

strains of Rhizobium leguminosarum could nodulate Carmichaelia, Clianthus and Montigena, 

these nodules were not functional. Similarly, R. leguminosarum strain ICMP 14642 produced 

nodules on Sophora microphylla but these nodules did not fix N2 (Weir, 2006; 

https://scd.landcareresearch.co.nz). Housekeeping and symbioses gene sequences and 

nodulation studies indicated that the source of these R. leguminosarum strains is likely to 

have been crop inoculum, in particular, that used on Trifolium spp. which are the most 

common pasture legumes sown in New Zealand (Andrews et al., 2011a; Lowther & Kerr, 

2011; Nangul et al., 2013). Studies outside New Zealand have shown that introduced 

rhizobia can colonise native legumes and disrupt the native rhizobia-legume mutualisms and 

reduce native legume fitness (Rodriguez-Echeverria, 2010; Rodriguez-Echeverria et al., 

2012). For New Zealand native legumes in agricultural areas, where soil populations of R. 

leguminosarum are likely to be high, nodulation by “ineffective” R. leguminosarum strains 

could possibly reduce the level of nodulation by effective Mesorhizobium strains and thus 

reduce the level of N2 fixation and hence growth of the plants.  

Generally, the Carmichaelinae and Sophora species were nodulated by two separate groups 

of Mesorhizobium strains. Specifically, most strains isolated from the Carmichaelinae 

showed 16S rRNA and nifH similar to the M. huakuii type strain, but had variable recA and 

glnII genes, novel nodA and nodC genes and they could produce functional nodules over a 

range of Carmichaelinae species but did not nodulate Sophora species. Most strains isolated 

from Sophora spp. showed 16S rRNA similar to the M. ciceri or M. amorphae type strains, 

variable recA, glnII and rpoB genes and novel and specific nifH, nodA and nodC genes which 
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were different from those of the Carmichaelinae strains. These Sophora strains were able to 

produce functional nodules on a range of Sophora spp. and Clianthus puniceus but not 

Carmichaelia australis. These results indicate that, in general, the ability of different 

rhizobial strains to produce functional nodules on New Zealand native legumes is likely to be 

dependent on specific symbiosis genes and that Clianthus puniceus is more promiscuous in 

rhizobial host than the other New Zealand native legumes species tested.  

Isolates from Carmichaelinae were obtained from seven different species (Carmichaelia 

australis, Carmichaelia monroi, Carmichaelia nana, Carmichaelia odorata, Carmichaelia 

petriei, Clianthus puniceus and Montigena) from three separate genera across three 

separate studies (Weir et al. 2004; Tang et al. 2009; Chapter 2) and included isolates from 

the North and South Islands of New Zealand. Nevertheless, only ten of a group of fifteen 

isolates were studied in detail and a more systematic sampling and isolation of rhizobia 

from Carmichaelinae species in the North and South Islands of New Zealand would be 

worthwhile to better assess the variability in rhizobial symbionts of this group of plants. 

Rhizobia were not isolated from Clianthus in this study (the two Clianthus isolates studied 

here were from Weir et al. (2004) and Weir (2006) and it would be particularly interesting to 

determine their rhizobial symbionts under field conditions since they appear to be more 

promiscuous in rhizobial host than the Carmichaelia or Sophora spp. The two wild Clianthus 

species (Clianthus puniceus and Clianthus maximus) are at the “very serious risk of 

extinction” classification. In a 2013 survey, only 110 Clianthus maximus plants were known 

to exist in the wild (Trilepidea Newsletter, July 2013, available online at http:// 

www.nzpcn.org.nz/newsletter_search.aspx?scfSubmit=1). It would also be interesting to 

characterise rhizobia from Carmichaelia exsul which is not found on the New Zealand 

mainland but occurs 1500 km from New Zealand on Lord Howe Island (McDougall et al. 

1981). 

The Carmichaelinae strains produced functional nodules on Astragalus sinicus and the M. 

huakuii type strain isolated from A. sinicus (Chen et al., 1991) produced functional nodules 

on Carmichaelia spp. and Clianthus puniceus. However, the effectiveness of the different 

strains was not tested and the Carmichaelinae isolates and the M. huakuii type strain may 

give different growth of Carmichaelia, Clianthus, Montigena and A. sinicus: this needs 

testing. Similarly, it would be useful to compare growth of Clianthus on isolates from 
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Carmichaelia/ Montigena/ Clianthus and Sophora given the difference in their nod gene 

sequences. The DNA-DNA hybridisation (DDH) results indicate that the “M. huakuii” strains 

isolated from the New Zealand native Carmichaelinae species could contain a new 

Mesorhizobium species and further work is required to determine if this is the case. This 

would involve further genotypic (DDH, DNA fingerprinting) and phenotypic characterisation 

including antibiotic, pH, NaCl, temperature and carbon utilisation tests and Fatty Acid/ Fatty 

Acid Methyl Esters (FAME) analysis (Chen et al., 2010; De Meyer et al., 2013a, 2013b; 

Degefu et al., 2013; Zheng et al., 2013;  Zhou et al., 2013). 

Forty eight isolates from Sophora species growing in natural ecosystems were characterised. 

Thirty eight of these isolates across five groups showed greatest similarity to the 

Mesorhizobium ciceri type strain with respect to their 16S rRNA and concatenated recA, glnll 

and rpoB gene sequences. Seven of the isolates had a 16S rRNA sequence identical to the M. 

amorphae type strain but showed greatest similarity to the M. septentrionale type strain on 

their concatenated recA, glnll and rpoB sequences. However, DDH indicated that these 

isolates belong to at least seven novel Mesorhizobium spp. and as for isolates from 

Carmichaelinae species, further work is required to determine if this is the case. Here, 

because detailed ERIC-PCR and DDH have already been carried out, focus would be on 

phenotypic characteristics, antibiotic, pH, NaCl, temperature and carbon utilisation tests 

and FAME analysis. It would also be useful to carry out full genome sequences of at least 

one strain able to nodulate Carmichaelinae spp. and one strain able to nodulate Sophora 

spp. as representative of New Zealand native rhizobial strains. There are currently 

five Mesorhizobium full genomes: M. loti strain MAFF303099 (the first rhizobial genome 

fully sequenced) (Kaneko et al., 2000), M. opportunistum type strain WSM2075T (Reeve et 

al., 2013a), M. australicum type strain WSM2073T (Reeve et al., 2013b), M. ciceri bv. 

biserrulae type strain WSM1271T (Nandasena et al., 2014) and M. huakuii strain 7653R 

(Wang et al., 2014). These genome sequences can be obtained from the Joint Genome 

Institute (JGI) or NCBI databases and are publicly available for rhizobial research. 

Generally, strains isolated from New Zealand native Sophora spp. from the same field site 

grouped together in relation to their “housekeeping” gene sequences. These housekeeping 

gene sequences, along with ERIC-PRC fingerprinting banding patterns, indicated that 2 – 8 

isolates from each of the field sites sampled in the current study were clones, but also that 
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different rhizobial strains occurred at all sites. This apparent link between the housekeeping 

gene sequences and ERIC PCR fingerprinting banding patterns and field site could be due to 

adaptation of the rhizobia to local conditions outside the plant (NB the symbiosis genes nifH, 

nodA and nodC sequences showed little variability across sites). Other studies have shown 

that rhizobia with diverse “housekeeping” genes were not only specific to the host plant 

species but also to their geographic origin (Gu et al., 2007; Wang et al., 2009). For example, 

a recent study of rhizobial symbionts of Acacia in Senegal revealed new species of 

Mesorhizobium with a putative geographical pattern (Diouf et al., 2015). In relation to 

Sophora species outside New Zealand, there was a correlation between genotype and 

geographical origin for rhizobia isolated from Sophora alopecuroides grown in different 

regions of the Loess Plateau in China (Zhao et al. 2010). The drivers for the diversity of novel 

Mesorhizobium spp. associated with New Zealand native Sophora species are unknown. 

Abiotic characteristics of the study sites may be important factors as the field sites 

represent a variety of South Island habitats, including parent rock type (e.g. schist, 

greywacke and limestone), substrate (alluvium and rock outcrop), and rainfall (> 2500 mm in 

western South Island and < 1000 mm in eastern South Island) and linked to this, bacteria 

and plant nutrient availability, water availability and soil pH are likely to change. 

New Zealand soils are generally acidic but some areas are alkaline (Carran, 1992; Gillingham, 

2012). All seven “M. amorphae” strains from the second grouping mentioned above were 

isolated from S. longicarinata growing in alluvial limestone river terrace in Marlborough, a 

site which has higher pH than the others (Heenan, 1996). The soil pH was not measured at 

the field sites here but is likely to be around pH 8 at Marlborough and range from pH 6 – pH 

7 at the other sites (Heenan, 1996). The ability of selected M. ciceri and M. amorphae 

strains to tolerate different pH was tested. Surprisingly, the M. ciceri strains grew at pH 9 – 

11 but the M. amorphae strains did not, although two M. ciceri strains isolated from S. 

longicarinata at Marlborough were able to grow at pH 9 – 11. However, it is possible that 

the growth of the strains at the extreme pH ranges may be due to localised pH changes 

because the YMA plates of varying pH were not buffered and further work is required to test 

this. 

The effectiveness of the M. ciceri and M. amorphae strains was tested on S. microphylla 

supplied with low nitrogen but otherwise complete nutrient solution of pH 6.0 under 
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glasshouse conditions. All strains tested gave greater growth of S. microphylla, but, in 

general, across two experiments total dry weight was greater for plants inoculated with M. 

ciceri strains than for those inoculated with M. amorphae strains. However, the 

effectiveness of rhizobial strains of a particular legume species/ genus to fix N2 in 

association with the plant and hence promote plant growth may vary with environmental 

conditions (Charlton et al., 1981; Gonzalez et al., 2008; Ogutcu et al., 2008). The glasshouse 

experiment only tested the effectiveness of strains on one Sophora species (S. microphylla) 

under one pH (pH 6.0) and under conditions that were unlikely to be stressful. The M. 

amorphae strains were all isolated from S. longicarinata growing in alkaline soil and may be 

better than the M. ciceri strains at promoting growth of S. longicarinata and this may be 

dependent on soil pH and needs testing. 

New Zealand soils are also generally low in plant nutrients especially phosphorus 

(Gillingham, 2012). Some rhizobia can facilitate the acquisition of phosphorus via phosphate 

solubilisation and this could be important in assisting their own growth as well as that of 

their host plants in the field (Biswas et al. 2000; Chaintreuil et al. 2000; Glick, 2012; Oldroyd, 

2013). The ability of the M. ciceri and M. amorphae strains to solubilise phosphate was 

assessed. Across both groups of Mesorhizobium, only one “M. ciceri” strain (ICMP 19560) 

showed the ability to solubilise tricalcium phosphate and thus the ability to solubilise 

phosphorus appears to be a rare characteristic of New Zealand Mesorhizobium strains. It 

would be interesting to compare strain ICMP 19560 with other strains without phosphate 

solubilisation ability in relation to their effects on growth of Sophora under low phosphorus 

conditions and then assess the magnitude of any potential benefit the ability of rhizobia to 

solubilise phosphorus has on growth of Sophora. None of the strains showed siderophore 

production, a characteristic which can be important in increasing the availability of iron. 

Carlton et al. (2007) reported that about half of the Mesorhizobium isolated from the soil of 

central Otago had the genes required for siderophore production but none of the 

Mesorhizobium isolated from outside central Otago had these genes. These results, 

together with those in Chapter 5, indicate that the ability of native Mesorhizobium to 

produce siderophores is rare or if not, it is confined only to a certain region, which may link 

to localised environmental conditions such as the iron availability in the soil. 
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In relation to objective 2, the ability of S. microphylla to utilise soil NO3- and NH4+ in 

comparison with its N2 fixation was assessed under glasshouse conditions. N2 fixing 

(nodulated) plants showed substantially greater growth and tissue N content than those 

relying solely on NH4NO3, NO3- or NH4+ up to the equivalent of 200 kg N ha-1 and N 

limitation is likely to have been the major cause of reduced growth of non-N2 fixing (non-

nodulated) plants. Nitrate levels were negligible in plant tissues regardless of NO3- supply, 

indicating that virtually all NO3- taken up was assimilated. Thus, there appears to be a 

limitation on the amount of NO3- that S. microphylla can take up. A possible reason for low 

NO3- uptake is low levels of NO3- transporters in roots and this needs further study 

(Andrews et al., 2013). Plants showed NH4+ toxicity symptoms at 25 kg NH4+-N ha-1 and 

above. Nitrate reductase activity was not detected in roots or leaves of mature S. 

microphylla in the field: all plants were nodulated. This finding is consistent with those in 

the glasshouse which indicate that NO3- will not be an important form of N utilised by S. 

microphylla under field conditions. It appears for S. microphylla that N2 fixation is important 

for the wellbeing of the plant. An “obligate” requirement for N2 fixation in legumes is not 

common as most legumes capable of N2 fixation can also take up and assimilate NH4+ and 

NO3- from the soil and there are many reports for legumes of increased reliance on soil N in 

comparison with N2 fixation as soil N levels increase (Andrews et al., 2011b; Barron et al., 

2011). Further work is required to assess the ability of other Sophora spp. and Carmichaelia 

spp., Clianthus spp. and Montigena to utilise soil NO3- and NH4+. This work should include 

assessment of the importance of N2 fixation to the total plant N nutrition of New Zealand 

native legumes under natural conditions. Measurement of 15N natural abundance in native 

legumes and associated plants in the field could be a useful first level study in this work 

(Andrews et al. 2011b). 

Overall, the important areas for further work emerging from the study are: 

1) More fully characterise the rhizobial symbionts of Clianthus spp. and Carmichaelinae 

in general growing in natural ecosystems. 

2) Compare the growth of Clianthus spp. on different Mesorhizobium strains isolated 

from the four genera of New Zealand native legume. 
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3) Test the effectiveness of Mesorhizobium strains isolated from the Carmichaelinae 

and the M. huakuii type strain on growth of the Carmichaelinae species and A. 

sinicus. 

4) Isolate and characterise the rhizobial symbionts of C. exsul. 

5) Test the effectiveness of the diverse novel Mesorhizobium strains isolated from 

Sophora spp. to promote the growth of different Sophora spp. under different 

environmental conditions. 

6) Assess the causes/ drivers of the diverse novel Mesorhizobium spp. associated with 

native Sophora spp. 

7) Further genotypic and phenotypic characterisation on the native Mesorhizobium 

strains in order to describe new species. 

8) Carry out full genome sequences of at least one strain each from the Carmichaelinae 

and Sophora species as representative of New Zealand native rhizobial strains. 

9) Assess the effects of exotic rhizobia (e.g. R. leguminosarum strains) on the native 

Mesorhizobium-legume mutualisms and native legume fitness. 

10) Fully assess the ability of New Zealand native legumes, growing in a range of habitats, 

to utilise soil NO3- and NH4+ and/ or other N forms such as urea and amino acids in 

comparison with their N2 fixation. 

11) Assess the importance of N2 fixation in the field and the possible effects of the soil N 

on N2 fixation of New Zealand native legumes. 
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Appendix B: GenBank Accession Numbers 

Table A.1 Bacterial strains isolated from New Zealand native legumes and their GenBank accession numbers 

Strain Host Gene 

  
16S recA glnII nifH nodA nodC rpoB 

ICMP 18942 Montigena novae-zelandiae JQ963057 JQ963101 JQ963083 JQ963072 JQ963065 JQ963091 - 
ICMP 18943 Montigena novae-zelandiae JQ963058 JQ963102 JQ963084 JQ963073 JQ963066 JQ963092 - 
ICMP 19420 Montigena novae-zelandiae JQ963059 JQ963103 JQ963085 JQ963074 JQ963067 JQ963093 - 
ICMP 12690 Montigena novae-zelandiae AY491076 JQ963104 JQ963086 JQ963075 DQ100404 JQ963094 - 
ICMP 19041 Carmichaelia australis JQ963060 JQ963105 JQ963087 JQ963076 JQ963068 JQ963095 - 
ICMP 19418 Carmichaelia australis JQ963061 JQ963106 JQ963088 JQ963078 JQ963069 JQ963097 - 
ICMP 13190 Carmichaelia australis AY491071 AY494822 AY494808 JQ963077 DQ100386 JQ963096 - 
ICMP 19042 Carmichaelia monroi JQ963063 JQ963107 JQ963089 JQ963079 JQ963070 JQ963098 - 
ICMP 19043 Carmichaelia nana JQ963064 JQ963108 JQ963090 JQ963080 JQ963071 JQ963099 - 
ICMP 11708 Carmichaelia nana AY491073 AY494818 AY494792 KC237441 DQ100389 KC237549 - 
ICMP 11722 Carmichaelia nana AY491072 AY494814 AY494810 KC237442 DQ100394 KC237550 - 
ICMP 14319 Carmichaelia odorata AY491074 AY494817 AY494812 KC237443 DQ100405 KC237551 - 
ICMP 12635 Carmichaelia petriei AY491075 AY494815 AY494811 KC237444 - KC237552 - 
ICMP 11541 Clianthus puniceus AY491070 AY494821 AY494809 JQ963081 DQ100406 JQ963100 - 
ICMP 11719 Sophora tetraptera AY491065 AY494819 AY494805 KC237455 DQ100400 KC237563 KJ450937 
ICMP 14330 Sophora microphylla AY491067 AY494820 AY494806 KC237456 DQ100401 KC237564 KJ450951 
ICMP 11736 Sophora microphylla AY491063 DQ088158 KC237620 KC237457 DQ100402 KC237565 - 
ICMP 19512 Sophora microphylla KC237394 KC237674 KC237621 KC237458 KC237507 KC237566 KJ450972 
ICMP 19513 Sophora microphylla KC237395 KC237675 KC237622 KC237459 KC237508 KC237567 KJ450938 
ICMP 19514 Sophora microphylla KC237396 KC237676 KC237623 KC237460 KC237509 KC237568 KJ450940 
ICMP 19515 Sophora microphylla KC237397 KC237677 KC237624 KC237461 KC237510 KC237569 KJ450941 
ICMP 19516 Sophora microphylla KC237398 KC237678 KC237625 KC237462 KC237511 KC237570 KJ450942 
ICMP 19517 Sophora microphylla KC237399 KC237679 KC237626 KC237463 KC237512 KC237571 KJ450943 
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Table A.1 Continue (2 of 3) 

ICMP 19551 Sophora microphylla KC237400 KC237680 KC237627 KC237464 KC237513 KC237572 KJ450945 
ICMP 19518 Sophora microphylla KC237401 KC237681 KC237628 KC237465 KC237514 KC237573 KJ450944 
ICMP 19519 Sophora microphylla KC237402 KC237682 KC237629 KC237466 KC237515 KC237574 KJ450973 
ICMP 19520 Sophora microphylla KC237403 KC237683 KC237630 KC237467 KC237516 KC237575 KJ450974 
ICMP 19521 Sophora microphylla KC237404 KC237684 KC237631 KC237468 KC237517 KC237576 KJ450975 
ICMP 19522 Sophora microphylla KC237405 KC237685 KC237632 KC237469 KC237518 KC237577 KJ450976 
ICMP 19560 Sophora longicarinata KC237406 KC237686 KC237633 KC237470 KC237519 KC237578 KJ450947 
ICMP 19561 Sophora longicarinata KC237407 KC237687 KC237634 KC237471 KC237520 KC237579 KJ450948 
ICMP 19562 Sophora longicarinata KC237408 KC237688 KC237635 KC237472 KC237521 KC237580 KJ450949 
ICMP 19563 Sophora longicarinata KC237409 KC237689 KC237636 KC237473 KC237522 KC237581 KJ450950 
ICMP 19545 Sophora prostrata KC237410 KC237690 KC237637 KC237474 KC237523 KC237582 KJ450969 
ICMP 19546 Sophora prostrata KC237411 KC237691 KC237638 KC237475 KC237524 KC237583 KJ450970 
ICMP 19547 Sophora prostrata KC237412 KC237692 KC237639 KC237476 KC237525 KC237584 KJ450971 
ICMP 19523 Sophora microphylla KC237413 KC237693 KC237640 KC237477 KC237526 KC237585 KJ450952 
ICMP 19524 Sophora microphylla KC237414 KC237694 KC237641 KC237478 KC237527 KC237586 KJ450953 
ICMP 19525 Sophora microphylla KC237415 KC237695 KC237642 KC237479 KC237528 KC237587 KJ450954 
ICMP 19526 Sophora microphylla KC237416 KC237696 KC237643 KC237480 KC237529 KC237588 KJ450955 
ICMP 19527 Sophora microphylla KC237417 KC237697 KC237644 KC237481 KC237530 KC237589 KJ450956 
ICMP 19528 Sophora microphylla KC237418 KC237698 KC237645 KC237482 KC237531 KC237590 KJ450957 
ICMP 19529 Sophora microphylla KC237419 KC237699 KC237646 KC237483 KC237532 KC237591 KJ450958 
ICMP 19530 Sophora microphylla KC237420 KC237700 KC237647 KC237484 KC237533 KC237592 KJ450959 
ICMP 19531 Sophora microphylla KC237421 KC237701 KC237648 KC237485 KC237534 KC237593 KJ450960 
ICMP 19532 Sophora microphylla KC237422 KC237702 KC237649 KC237486 KC237535 KC237594 KJ450961 
ICMP 19533 Sophora microphylla KC237423 KC237703 KC237650 KC237487 KC237536 KC237595 KJ450962 
ICMP 19535 Sophora microphylla KC237424 KC237704 KC237651 KC237488 KC237537 KC237596 KJ450963 
ICMP 19536 Sophora microphylla KC237425 KC237705 KC237652 KC237489 KC237538 KC237597 KJ450964 
ICMP 19537 Sophora microphylla KC237426 KC237706 KC237653 KC237490 KC237539 KC237598 KJ450965 
ICMP 19538 Sophora microphylla KC237427 KC237707 KC237654 KC237491 KC237540 KC237599 KJ450966 

Appendices (Page 146) 
 



Table A.1 Continue (3 of 3) 

ICMP 19539 Sophora microphylla KC237428 KC237708 KC237655 KC237492 KC237541 KC237600 KJ450967 
ICMP 19540 Sophora microphylla KC237429 KC237709 KC237656 KC237493 KC237542 KC237601 KJ450968 
ICMP 11720 Clianthus puniceus DQ088159 KC237664 KC237610 KC237445 DQ100393 KC237553 - 
ICMP 11721 Clianthus puniceus AY491077 KC237665 KC237611 KC237446 DQ100392 KC237554 - 
ICMP 11726 Clianthus puniceus AY491078 KC237666 KC237612 KC237447 DQ100391 KC237555 - 
ICMP 19557 Sophora longicarinata KC237387 KC237667 KC237613 KC237448 KC237500 KC237556 KJ450929 
ICMP 19558 Sophora longicarinata KC237388 KC237668 KC237614 KC237449 KC237501 KC237557 KJ450930 
ICMP 19564 Sophora longicarinata KC237389 KC237669 KC237615 KC237450 KC237502 KC237558 KJ450931 
ICMP 19565 Sophora longicarinata KC237390 KC237670 KC237616 KC237451 KC237503 KC237559 KJ450932 
ICMP 19566 Sophora longicarinata KC237391 KC237671 KC237617 KC237452 KC237504 KC237560 KJ450933 
ICMP 19568 Sophora longicarinata KC237392 KC237672 KC237618 KC237453 KC237505 KC237561 KJ450935 
ICMP 19569 Sophora longicarinata KC237393 KC237673 KC237619 KC237454 KC237506 KC237562 KJ450936 
ICMP 19559 Sophora longicarinata KC237384 KC237659 KC237604 KC237436 KC237496 KC237544 KJ450946 
ICMP 19567 Sophora longicarinata KC237385 KC237660 KC237605 KC237437 KC237497 KC237545 KJ450934 
ICMP 19550 Sophora microphylla KC237386 KC237661 KC237606 KC237438 KC237498 KC237546 KJ450939 
ICMP 19419 Carmichaelia australis JQ963062 KC237662 KC237607 KC237439 KC237499 KC237547 - 
ICMP 15054 Carmichaelia australis AY491068 DQ088157 KC237608 - DQ100395 - - 
ICMP 12649 Carmichaelia petriei AY491064 KC237663 KC237609 KC237440 DQ100388 KC237548 - 
ICMP 11727 Carmichaelia australis AY491060 - - - DQ100413 - - 
ICMP 11542 Clianthus puniceus AY491059 KC237710 KC237657 KC237494 DQ100410 KC237602 - 
ICMP 14642 Sophora chathamica AY491062 AY494813 AY494795 - DQ100409 - - 
ICMP 19542 Sophora prostrata KC237430 - - - - - - 
ICMP 19543 Sophora prostrata KC237431 - - - - - - 
ICMP 19544 Sophora prostrata KC237432 - - - - - - 
ICMP 19541 Sophora microphylla KC237433 KC237711 KC237658 KC237495 KC237543 KC237603 - 
ICMP 19570 Swainsona galegifolia KC237434 KC854796 KC854798 KC854800 KC854802 KC854804 - 
ICMP 19572 Swainsona galegifolia KC237435 KC854797 KC854799 KC854801 KC854803 KC854805 - 
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