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Abstract 

Nitrogen is one of the most limiting factors for plant growth. The application of synthetic nitrogen fertilisers 

can alleviate this issue, but they are expensive and can leach into the surrounding environment. Legumes 

have developed a symbiotic relationship with soil bacteria known collectively as rhizobia, which fix 

atmospheric nitrogen into a form usable by the plant. During this symbiosis, legumes develop highly 

specialised organs on their roots, called nodules, which are infected by the rhizobia. Inside the infected 

nodule cells, the rhizobia differentiate into nitrogen fixing bacteroids that are excluded from the plant 

cytosol by a membrane of plant origin to form an organelle-like structure. This is the functioning unit of 

symbiotic nitrogen fixation and is referred to as the symbiosome. The Symbiosome Membrane (SM) 

regulates metabolite exchange between the symbionts via transport proteins synthesised by the plant. 

While the bacteroids are dependent on the plant for many nutrients, the principal exchange of nutrients 

across the SM is the uptake of reduced carbon to support nitrogen fixation in the bacteroids and the efflux 

of fixed nitrogen that is supplied to the plant. However, the identity of the transporters involved in this 

exchange remains elusive.  

Previous studies have implicated a non-selective cation channel in the efflux of fixed nitrogen from the 

symbiosome, which is inwardly rectified by cytosolic Mg2+ and has a preference for ammonium. The 

present work has shown that when the aquaporin Nodulin 26 (NOD26), an abundant protein on the 

soybean symbiosome membrane, is heterologously expressed in Xenopus laevis oocytes, monovalent 

cation induced currents are observed. These currents are selective for ammonium and inhibited by divalent 

cations. GmNOD26 is regulated by phosphorylation of a specific serine residue, S262. Using 

phosphomimetics I demonstrate a switch in the permeability of GmNOD26 to water and cations. Through 

expression in X. laevis oocytes and complementation of mutant Saccharomyces cerevisiae strains, ammonia 

and ammonium are confirmed as the only nitrogen species transported through GmNOD26. This study 

provides strong evidence that GmNOD26 is a multifunctional channel that facilitates both ammonia and 

ammonium efflux from nitrogen-fixing nodules and that this transport is regulated by phosphorylation of 

S262. 

Previous work has established that uptake of reduced carbon, in the form of organic acids like malate, by 

symbiosomes occurs through a dicarboxylate carrier energised by the electrochemical potential across the 

SM and inhibited by phthalonic acid. However, proteomic studies of isolated SM have failed to identify 

typical plant dicarboxylate transporters. Transcriptomic studies have shown that Aluminium activated 

Malate Transporters (ALMT) are highly expressed in nodules. I identified 13 ALMT genes in the Lotus 

japonicus genome, but only LjALMT1 was highly expressed in nodules, but it appears to localise to the root 

and nodule vascular tissues, rather than the infected region of nodules. I therefore turned to other possible 

candidates in the proteome of isolated soybean SM, in particular eight members of the Nitrate Peptide 
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transporter Family (NPF) of proteins. I analysed the dicarboxylate transport activity of these proteins in X. 

laevis oocytes and identified GmNPF1.2 as a dicarboxylate carrier. In GmNPF1.2-expressing X. laevis 

oocytes, ionic currents were activated by both malate and succinate. The transport of malate by GmNPF1.2 

was confirmed through [14C] measurements and shown to be inhibited by phthalonic acid.  

These data suggest that ammonium/malate exchange across the soybean SM is facilitated by GmNPF1.2, as 

the SM dicarboxylate carrier, and GmNOD26, as the SM non-selective monovalent cation channel. 

However, confirmation requires further experimentation with soybean, using mutagenesis techniques to 

investigate symbiotic phenotypes. 
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1 Introduction 

1.1 Agricultural nitrogen use 

Nitrogen is essential for plant growth, being required for the synthesis of amino acids in proteins and 

as a building block for chlorophyll (Varinderpal et al. 2012). It is usually obtained from the soil as 

nitrate or ammonium, but its supply can often be limiting to maximal plant growth, considered the 

second greatest restriction behind water deficiency (Lea and Morot-Gaudry 2000). The Green 

Revolution refers to a period of time in the 20th century were advancements in technologies 

accelerated global agricultural production and adverted the global food crisis (Ruttan and Conway 

1998). These technologies included breeding of high-yielding varieties, irrigation, pesticides and the 

production of synthetic nitrogen fertilisers, the latter of these technologies has been attributed to 

feeding ~48% of the global population (Stein and Klotz 2016). Although application of synthetic 

nitrogen fertilisers does improve growth and yield (Ingestad and Lund 1979; Walker et al. 2001), 

uptake efficiency of nitrogen does not necessarily increase with increasing availability (Ingestad and 

Lund 1979). As a result, nitrogen runoff is a major environmental concern, due to adverse effects on 

human and animal health, and its potential to cause eutrophication of waterways (Keeney 1982; 

Weil et al. 1990). Additionally, synthetic nitrogen fertilisers are expensive, making their use limited in 

many developing countries and unfavourable in sustainable agricultural models. 

1.2 Biological nitrogen fixation 

An alternative to synthetic nitrogen fertilisers is the employment of biofetilisers, which refers to the 

application of microorganisms that colonise the rhizosphere of a plant and increases the availability 

of particular nutrients (González-Andrés and James 2016). Biological Nitrogen Fixation (BNF) is a 

process by which nitrogen gas is fixed (converted) to a form readily accessible to the plant, such as 

ammonium (Postgate 1998). The earth’s atmosphere consists of ~78% nitrogen gas, however in this 

form nitrogen is inaccessible to the plant, making the ability to obtain nitrogen through BNF a great 

competitive advantage, particularly when gown under low soil nitrogen availability (Vessey 2003; 

Ferguson et al. 2010). However, BNF is limited to a group of prokaryotes containing the enzyme 

nitrogenase, these bacteria are known collectively as diazotrophs and it is thought that they supply 

up to 40% of available soil nitrogen (Postgate 1998). Associations between diazotrophs and plants in 

the rhizosphere are common (Postgate 1998; Vessey 2003), although the transfer efficiency of fixed 

nitrogen to the plant is often low (Vessey et al. 2005). In some cases, specialised organs called 

nodules form on the host plant, usually on the root (see Figure 1.1), and house the diazotrophic 

bacteria and provide optimal conditions for BNF (Soltis et al. 1995; Gordon et al. 2001). This 
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symbiotic interaction allows direct transfer of assimilated fixed nitrogen to the plant, but it is limited 

to a few plant groups. These include legumes, actinorhizal plants, Parasponia sp. and cycads (Vessey 

et al. 2005), although the symbiosis formed in legumes is of the most economical importance.  

 

 

 

 

 

 

 

 

 

 

 

 

1.3 Legumes in agriculture  

Legumes belong to the large Fabaceae family, with more than 750 genera and 19,000 species 

(Christenhusz and Byng 2016). With such a large family, legumes are usually divided into two groups 

according to their favourable growing season: cool season legumes, with crops including broad bean, 

lentil and chickpea; and tropical legumes, with crops including pigeon pea, soybean and alfalfa 

(Miller et al. 2002; Sprent et al. 2017). Legumes are an economically important crop, with their 

production only exceeded by that of cereals (Ahmad 2015). The nutritional content of legumes has 

made them favourable in the Mediterranean diet, a staple in many developing countries and 

important in agricultural feed (Nedumaran et al. 2015). This is largely due to the high protein, 

calcium, iron and phosphorus content of leguminous crops, and their affordability relative to cereals 

Figure 1.1 Mesorhizobium loti induced nodulation of Lotus japonicus root system. 
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(Armstrong et al. 1996; Latham 1997). Between 2008 and 2010 the production of major grain 

legumes exceeded 300 million tonnes, dominated by soybean, which accounts for ~240 million 

tonnes or 74% of production (Nedumaran et al. 2015). However, legumes are not only important 

directly as a cash crop but are also useful in reducing greenhouse gas emissions and improving soil 

quality, due to their BNF capacity.  

 

The ability to fix biological nitrogen allows legumes to be grown on marginally fertile lands, without 

the application of synthetic nitrogen fertilisers, as 70-80% of the plants total nitrogen content can be 

fixed through BNF (Peoples 1995). It has been reported that the BNF capacity of a majority of the 

important food legumes is in excess of 200 kilograms of nitrogen per hectare (Peoples 1995; Bruning 

and Rozema 2013), with 40-60% of fixed nitrogen remaining in the soil when grown as green manure 

(Sullivan 2003). However, since most food legumes are harvested, this net loss of nitrogen must be 

considered when calculating the input of nitrogen to the soil. Studies have reported a post-harvest 

soil nitrogen balances of 62 to 157 kilograms of nitrogen per hectare for lupin (Evans et al. 1989), 

and -134 to 69 kilograms of nitrogen per hectare for soybean (Bergersen et al. 1989; Hughes and 

Herridge 1989). This level of variation is common and highlights that in some circumstance’s 

legumes require an input of nitrogen, rather than acting to replenish its supply in the soil. This is 

largely dependent on the harvest index, removal of vegetative nitrogen and rates of BNF of the 

particular site (Peoples 1995; Blesh and Drinkwater 2013).  

 

According to Myers (1988), cereal crops require 20 to 40 kilograms of nitrogen per hectare over a 3 

to 5 month period to support the growth of one tonne of grain, within the post-harvest soil nitrogen 

balances of many legume crops. Additionally, since soil nitrogen availability is one of the major 

limitations to the rate of BNF, as nodule growth and nitrogenase activity is strongly inhibited by 

nitrate (Kennedy et al. 1975; Streeter 1985), it could be expected that when grown in crop rotation, 

legume crops would be sown in relatively nitrogen deficient soil, helping to maximise BNF rates. 

Increased BNF has been shown in pea and soybean when grown in rotation with cereal crops 

(Bergersen et al. 1989; Peoples 1995). Legume-based rotations have existed in agricultural systems 

long before the mechanisms by which it improved crop yields were understood. Numerous studies 

have shown that legume-based rotations contribute to increased biomass and help sustain soil 

nitrogen concentrations when compared with monoculture systems (Norden et al. 1977; Chalk 1997; 

Gregorich et al. 2001; Ryan et al. 2009; Blesh and Drinkwater 2013; Reckling et al. 2016; Nunes et al. 

2018). Through improving soil nitrogen reserves, legumes also contribute to the production of 

nitrogen-rich humus, a sink for atmospheric carbon (Christopher and Lal 2007). Humus is desirable in 
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agricultural systems, as it increases the field capacity of the soil, reducing the likelihood of drought 

(Olness 2005), and chelates cations, making them more readily accessible to the plant (Szalay 1964).   

The numerous economic and environmental benefits of leguminous crops in agricultural systems, 

with an emphasis on legume-based rotations, highlights their importance in developing a sustainable 

agricultural model that can feed the ever-growing human population.   

1.4 Nodule formation  

The ability of legumes to form nodules is critical to BNF, as nitrogen fixation can only occur when the 

plants are in the symbiotic state with rhizobia (Cooper 2004). Nodules are specialised organs, 

approximately 2-5 mm in diameter, that form on the root providing optimal conditions for BNF and 

supporting the growth of up to 109 rhizobia (Downie 2014). This process will be described briefly,  

but for a detailed review please see Downie (2010) or Ferguson et al. (2010). 

1.4.1 Signalling 

To initiate the symbiotic interaction that is nodulation, the host legume and infecting rhizobia must 

exchange signals (Garg and Geetanjali 2009). Under low nitrogen conditions the legume exudes 

flavonoids, isoflavonoids and related compounds into the rhizosphere, acting as chemoattractants to 

the rhizobia that then colonise this region (Djordjevic et al. 1987; Peters and Verma 1990; Phillips 

1992). These compounds bind the rhizobial transcriptional activator NodD and initiate transcription 

of nodulation genes (Cooper 2004). As a result, rhizobia produce highly decorated Nod factors that 

bind to the host specific receptors LysM receptor kinases LYK3/NFR1 and NFP/NFR5 in M. truncatula 

and L. japonicus, respectively (Downie 2014). Nod factor recognition leads to nodule organogenesis 

through Does not Make Infection 2 and 3-Hydroxy-3-Methylglutaryl CoA Reductase 1 interactions 

resulting in calcium spiking and ultimately activating the nuclear calcium and calmodulin-binding 

kinase that phosphorylates the transcriptional activator CYCLOPS (Oldroyd and Downie 2004; Moling 

and Bisseling 2015). 
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1.4.2 Nodule infection 

Following the induction of nodule organogenesis, root infection occurs to allow rhizobia access to 

the growing nodule. Rhizobia primarily target the tip of emerging root hairs, although they have also 

been shown to enter the plant through cracks in the root epidermal tissue (Oldroyd and Downie 

2008). Attachment of rhizobia to the root hair tip induces deformation and curling that encapsulates 

the dividing bacteria (Yao and Vincent 1969; Bauer 1981; Rolfe and Gresshoff 1988; Mathews et al. 

1989; Ferguson et al. 2010). This leads to formation of the plant cell wall-derived infection thread, 

providing a passage to the cortical cells of the plant. Here, cell division results in the development of 

the nodule primordium where in an exocytotic process droplets from the growing tip of the infection 

thread are released into the host cytoplasm (Ferguson et al. 2010). This ‘droplet’ functions as a 

transient organelle and is regarded as the symbiosome, previously termed peribacteroid unit (PBU) 

(Roth and Stacey 1989; Udvardi and Day 1997). Once encompassed by the plant derived 

Symbiosome Membrane (SM), transcriptional changes cause the free-living rhizobia to differentiate 

into N2 fixing bacteroids that are totally reliant on the host plant for their survival (Figure 1.2) (Roth 

and Stacey 1989). An infected cell formed in a typical soybean nodule may contain up to 1 x 104 

symbiosomes (Bergersen and Goodchild 1973), with the SM undergoing enormous proliferation to 

accommodate the dividing bacteroids (Roth and Stacey 1989). 

 

 

 

 

 

 

 

 

 

Figure 1.2 Symbiosome formation in determinate type nodules (Whitehead and Day 1997).  
Reprinted with permission from John Wiley and Sons. 
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1.4.3 Nodules provide a unique environment for nitrogenase activity 

Once in this symbiotic state, the plant must provide a niche that supports nitrogenase activity while 

ensuring survival of the bacteroid. Inside nitrogen fixing zones of the nodule, plants maintain an 

extremely low and buffered free oxygen concentration (Appleby 1984; Ott et al. 2005). Nitrogenase 

is a metalloenzyme composed of both an iron protein, containing a single iron-sulphate cluster and 

two magnesium-ATP binding sites, and an iron-molybdenum protein, containing two complex 

metalloclusters and the iron-molybdenum cofactor (Shah and Brill 1973; Hageman and Burris 1978; 

Rubio and Ludden 2005; Seefeldt et al. 2009). The metallocentres of the nitrogenase complex are 

extremely oxygen liable, but maintenance of this micro-anaerobic environment prevents their rapid 

oxidation (Shaw 1983; Fischer 1994; Guasch et al. 2001). While the nodule must provide a micro-

anaerobic environment to prevent oxidative damage to this enzyme, the reduction of nitrogen gas to 

ammonia is a highly energetic process requiring 16 ATP per molecule of N2 reduced (Day et al. 

2001a); see the following reaction:  

N2 + 8 H+ + 8 e− + 16 MgATP → 2 NH3 + H2 + 16 MgADP + 16 Pi 

To maintain high respiration rates in a micro-anaerobic environment the nodules express 

leghemoglobin to bind free oxygen (Bergersen 1980). These leghemoglobin proteins are extremely 

abundant in the nodule cytosol, occurring at concentrations of up to 5 mM, but it is estimated that 

only 20% of these proteins are oxygenated under physiological conditions (Lee et al. 1995; Sainz et 

al. 2015). Interestingly, oxygen concentrations in excess of 57 nM can reduce nitrogenase activity in 

soybean nodules (Kuzma et al. 1993), but calculations by Appleby (1984) and Bergersen et al. (1989) 

estimate that free oxygen at the bacteroid surface would be approximately 10 nM. Furthermore, the 

concentration of leghemoglobin-bound-oxygen would be 7 x 103 and 7.5 x 105 times greater in the 

symbiosome space and infected nodule cytoplasm, respectively. This leghemoglobin-bound-oxygen 

is essential in fuelling the highly energetic conversion of nitrogen gas into ammonia, as this bound 

oxygen can be ‘snatched’ by the bacteroid cytochrome oxidase, which has a high affinity for oxygen, 

during oxidative phosphorylation (Appleby 1984). 

1.4.4 Determinate and indeterminate nodules 

Legume nodules have evolved in two extremely specialised ways, and are usually regarded as 

determinate or indeterminate depending on whether a persistent meristem is formed (Figure 1.3) 

(Hirsch 1992). Determinate nodules lack a persistent meristem and the formation of the nodule 

primordium synchronises infected cell development to the nitrogen fixing zone. Indeterminant 

nodules contain a persistent meristem and clear developmental stages are present through the 
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nodule. These include the meristematic (zone I), the invasion zone (zone II), the interzone (zone II-

III), the nitrogen-fixing zone (zone III), and the senescence zone (zone IV) (Figure 1.3) (Kereszt et al. 

2011). In addition to the presence of a true meristem, determinate and indeterminate nodules differ 

in their bacteroid size and composition. Indeterminate nodules contain a singular enlarged bacteroid 

in each symbiosome due to coordinated SM and bacteroid division, whereas symbiosomes of 

determinate nodules contain multiple bacteroids as division is not so tightly regulated (Robertson 

and Lyttleton 1984). Soybean (Glycine max) and the model species Lotus japonicus are examples of 

legumes that form determinate nodules, while chickpea (cicer arietinum), pea (Pisum sativum) and 

the model species Medicago truncatula and Medicago sativa form indeterminate nodules. Due to 

these features, species forming determinate type nodules are generally regarded as simpler models 

for biochemical assessment, although the distinct developmental stages of indeterminate type 

nodules can provide an in-depth understanding of the system and are particularly valuable in 

transcriptomics studies. Interestingly, these bacteroids that infect indeterminant or determinant 

nodule types may differ significantly in their metabolism. Dicarboxylic acids provided to the 

bacteroids are metabolised via the tricarboxylic acid (TCA) cycle and used to drive nitrogen fixation 

(Lodwig and Poole 2003). But in slow growing determinant type nodules such as Bradyrhizobium 

japonicum infection of G. max, TCA mutants can still effectively fix nitrogen (Thöny-Meyer and 

Künzler 1996). However, in the faster-growing indeterminant type nodules, formed by Sinorhizobium 

meliloti or Rhizobium leguminosarum, which infect M. sativa and P. sativum, respectively, require a 

functional TCA cycle.  

1.5 The symbiosome  

Figure 1.3 Developmental stages of mature determinate and indeterminate nodules. Indeterminate type 

nodules contain a persistent meristem that determinate type nodules lack, this results in distinct 

developmental stages occurring during growth. Adapted from Ninjatacoshell under the Creative Commons 

Attribution-Share Alike 3.0 Unported license. 
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Inside the infected cells of the root nodules, symbiosomes are the functioning unit of BNF and are 

sometimes referred to as ammoniaplasts, as they act as moonlighting organelles that produce 

ammonia (Udvardi and Poole 2013). During symbiosome proliferation the entire infected cell 

differentiates, becoming abnormally large and altering in carbon and nitrogen metabolism (Streeter 

1995). The SM acts to exclude the bacteroids from the plant’s cytosol, creating a highly specialised 

symbiosome space, which exists between the SM and bacteroid (Figure 1.4). The SM is unique in 

both its protein and lipid content, resembling a mixture of the plasma membrane (PM) and 

tonoplast (Brewin 1991; Udvardi and Day 1997). The primary metabolic exchange across the SM is 

the import of carbon and the export of nitrogen, representing export from and import to the plant 

cell, respectively (Udvardi and Day 1997). It is important to understand that the transport activities 

of the SM and bacteroid are distinct (Mohd Noor et al. 2015). To aid with its function, the SM 

contains numerous proteins, encoded by plant genes that allow transport of metabolites between 

symbionts. 

  

Figure 1.4 Electron micrograph of soybean infected nodule cells containing numerous symbiosomes. 

Abbreviations: IC – infected cell; UC – uninfected cell; AS – air space. (Udvardi and Day 1997). 

Reprinted with permission from Annual Reviews. 
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1.6 Transport across the SM 

Reverse genetics have been at the forefront in identifying potential candidates for metabolite 

transport across the SM. Early work screened rhizobial mutants for nitrogen fixation phenotypes 

(Udvardi and Poole 2013), however recently mutant lines of the model plant species L. japonicus 

(Fukai et al. 2012) and M. truncatula (Tadege et al. 2008) have been utilised to elucidate the protein 

transporters. It has been well established that the principal exchange of nutrients across the SM is 

the uptake of reduced carbon and efflux of fixed nitrogen, but other transport process must also be 

present for successful symbiosis (Day et al. 1989; Udvardi and Day 1997; Clarke et al. 2014). These 

include the activity of ATPases, transport of metabolites required for bacteroid growth and 

nitrogenase activity, as well as less well understood secondary transport processes (summarised in 

Figure 1.5). 

 

 

 

 

 

 

 

 

  

 

  

Figure 1.5 Transport processes of the legume SM. Numerous transport processes have been characterised across 

the legume SM and are summarised in section 1.6, where identified the related protein transporter is indicated, if 

unknown it is represented by ?. Key: DMT1 – Divalent Metal Transporter 1; GS – Glutamine synthetase; N70 – 

Nodulin 70; NOD26 – Nodulin 26; SST1 – Symbiotic Sulphate Transporter 1; VTL1 – Vacuolar iron Transporter Like 1; 

ZIP1 – Zinc Transporter 1. 

VTL1 
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1.6.1 Reduced carbon 

Recently, malate transport and metabolism in nitrogen-fixing legume nodules has been reviewed as 

part of this thesis (Booth et al. 2021). Carbon is transported to the nodule cells primarily as sucrose, 

which is rapidly metabolised to glucose, fructose and a number of dicarboxylates (Stumpf and Burris 

1979; Streeter 1981; Udvardi et al. 1988). However, the SM is impermeable to most of these carbon 

sources except a few species of dicarboxylates, which bacteroids can completely oxidise via the 

tricarboxylic acid cycle. In the soybean nodule cytosol, the dicarboxylates; malonate, malate, 

fumarate and succinate are present at 5.40, 4.18, 1.27 and 0.72 μmol per gram fresh weight, 

respectively (Stumpf and Burris 1979). To determine which dicarboxylates are substrates in vivo, 

respiration studies using isolated symbiosomes were used to demonstrate permeability of the SM to 

malate, fumarate and succinate but not glutamate, malonate, oxoglutarate and pyruvate (Price et al. 

1987; Udvardi et al. 1988; Day et al. 1989). This uptake was catalysed by a dicarboxylate carrier (DC) 

and when malate or succinate were the substrates, uptake rates were sufficient to support 

estimated nitrogen fixation in vivo. Interestingly, however, this was not the case for fumarate (Price 

et al. 1987; Day et al. 1989).  

Udvardi et al. (1988) were first to directly measure dicarboxylate transport across the SM using the 

silicon oil centrifugation technique with [14C] labelled substrates. This group differentiated between 

transport activities of the symbiosome and bacteroid membranes through selective inhibition of the 

membranes with phthalonate and hydroxycyanocinnanic acid. They found these compounds, which 

are known inhibitors of mitochondrial organic acid transporters, to be potent inhibitors of the SM-

DC but not of the bacteroid dicarboxylate system. Additionally, they determined that the true 

substrate for the SM-DC is monovalent dicarboxylate anions (Udvardi et al. 1988). With this 

information, they calculated the Km for malate and succinate to be 2 and 15 μM respectively, 

suggesting that the SM-DC would be saturated at physiological levels, as malate and succinate 

concentrations within the nodule cytosol are estimated to be ~ 4.17 and 0.8 mM respectively 

(Stumpf and Burris 1979; Udvardi et al. 1988).  

The SM-DC remains unidentified, although it has been well characterised though biochemical 

studies. Work by Ou Yang et al. (1990) demonstrated that the rate of bacteroid respiration affected 

malate uptake, as inhibition with potassium cyanide, an inhibitor of the bacteroid electron transport 

chain, significantly decreased malate transport across the SM. Through ATP incubation and carbonyl 

cyanide m-chlorophenylhydrazone inhibition studies, it is thought that regulation of anion uptake by 

the symbiosome is also, at least partly, mediated by the energisation of the SM through its ATPase 

activity (Ou Yang et al. 1990; Udvardi et al. 1991). Additionally, the phosphorylation status of the 
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carrier is correlated with malate uptake across the SM (Ou Yang et al. 1991). Preincubation of 

isolated SMs with alkaline phosphatase inhibited malate transport across the SM, but this was 

completely restored through addition of ATP and CaCl2. This suggests phosphorylation of the SM-DC 

by a calcium dependent protein kinase is essential for malate uptake (Ou Yang et al. 1991). Finally, 

malate transport by the SM-DC is competitively inhibited by a range of other dicarboxylates, 

suggesting it also transports these substrates, but with an apparent preference for malate (Ou Yang 

et al. 1990). To summarise, the SM-DC is likely phosphorylated, requires energisation across the SM 

and has a preference for the monovalent form of malate (Figure 1.6).  

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 1.6 Transport of dicarboxylates across the SM. The monovalent form of malate is the 

primary dicarboxylate transported across the SM by an unidentified dicarboxylate carrier. This 

movement is energised by the H+-ATPase activity on the SM. Dicarboxylates in the symbiosome 

space are readily taken up by the bacteroid expressed dicarboxylates carrier. Key: P – 

phosphorylation; ? – unknown protein. 
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Mellor and Werner (1987) suggested that the symbiosome is comparable of the vacuole in normal 

root cells, making tonoplast dicarboxylate transporters excellent candidates for the SM-DC. Due to 

the energetics of the system, the SM-DC essentially acts as an efflux protein, transporting malate out 

of the plants cytosol. This has been one of the major limitations to identifying this carrier, as cDNA 

library screens are unlikely to rescue the growth of mae1 deficient yeast strains which require 

complementation with malate influx proteins. However, there are a number of tonoplastic 

dicarboxylate transporters referenced in the literature, including tonoplast Dicarboxylate 

Transporters (tDT) and Aluminium Activated Malate Transporters (ALMT), as well as more general 

anion transport families such as ATP-Binding Cassette (ABC) type transporters, Nitrate Peptide 

transporter Family (NPF), Slow Anion Channel (SLAC) and Voltage-Dependent Anion Channels (VDAC) 

providing a range of excellent candidates. Omic studies have aiding in narrowing down the search 

for the SM-DC. Roux et al. (2014) and Takanashi et al. (2012) have completed tissue–specific 

transcriptomic analyses of M. truncatula and L. japonicus, respectively, and recently an integrated 

single cell and spatial transcriptomics approach has been performed in soybean nodules (Liu et al. 

2023). These studies, along with a number of proteomic analyses on isolated SMs (Saalbach et al. 

2002; Wienkoop and Saalbach 2003; Clarke et al. 2015; Luo et al. 2023), have revealed a number of 

putative transporters on the SM, but no definitive candidates for the SM-DC have been identified.  

The Arabidopsis tDT was the first vacuolar malate carrier identified at the molecular level. It is able 

to facilitate dicarboxylate import to the vacuole (Emmerlich et al. 2003; Hurth et al. 2005). Through 

14C uptake studies into vacuoles isolated from wildtype and AttDT knockout plants, it was shown that 

this carrier can transport both malate and fumarate, observations similar to that of the SM-DC, but 

distinct as AttDT transport is inhibited by carbonyl cyanide m-chlorophenylhydrazone (Emmerlich et 

al. 2003; Hurth et al. 2005). ALMTs are another candidate for the SM-DC; this family was first 

implicated in aluminium tolerance as the wheat TaALMT1 was activated in the presence of high 

aluminium concentrations leading to an efflux of malate from the roots that chelates and detoxifies 

the aluminium cations (Sasaki et al. 2004). AtALMT1 was the first of 14 ALMT members to be 

characterised in Arabidopsis, with orthologs found in most plant species (Sharma et al. 2016). It is 

now accepted that the ALMT family mediates organic acid transport across members from a wide 

range of tissue types with physiological roles extending beyond aluminium tolerance (Pineros et al. 

2008; Meyer et al. 2010; De Angeli et al. 2013a).  

Kovermann et al. (2007) were first to demonstrate that AtALMT9 was a tonoplast malate 

transporter, through reduced malate currents in Atalmt9 lines, and by functional expression of the 

channel in Nicotiana benthamiana and Xenopus laevis oocytes. These channels have been reported 
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to transport a range of anions, display voltage-dependent gating and are regulated by 

phosphorylation (Kovermann et al. 2007; Ligaba et al. 2009; Meyer et al. 2010; Meyer et al. 2011; 

Imes et al. 2013). Takanashi et al. (2016) hypothesised that an ALMT may be the SM-DC and 

identified seven ALMT proteins in L. japonicus. They determined that three ALMTs were expressed in 

the nodule tissue, and that LjALMT4 had nodule specific expression. Further characterisation 

revealed that LjALMT4 mediated efflux of dicarboxylates in the nodule vascular bundle, rather than 

across the SM. The two remaining nodule-expressed ALMTs could not generate malate induced 

currents when expressed in X. laevis oocytes. Recent advances to the L. japonicus genome (Li et al. 

2020) have revealed additional candidates that are yet to be characterised (Booth et al. 2021). 

ABC transporters are found in all known organisms and have been shown to transport a range of 

substrates, although individual members are usually specific to a particular substrate (Gottesman 

and Ambudkar 2001; Do et al. 2018). ABC transporters are directly energised by ATP and are capable 

of transporting substrates including ions, sugars, amino acids, lipids and proteins against their 

concentration gradients (Do et al. 2018). In the plant pathogen defence system, the Arabidopsis 

PEN3 ABC transporter requires phosphorylation at multiple sites to contribute to its antimicrobial 

action (Underwood and Somerville 2017). The Arabidopsis ABCB14 protein has been implemented in 

malate import to the stomata, through expression in HeLa cells resulting in an 80% increase in [14C] 

malate transport and complementation of Escherichia coli dicarboxylate transport mutants (Lee et 

al. 2008). Takanashi and Yazaki (2014) analysed laser microdissection transcriptomics data of L. 

japonicus nodule tissue published by Takanashi et al. (2012) and found five ABC transcripts 

displaying infected zone specific expression. Additionally, proteomics by Clarke et al. (2015) 

identified five ABC transporters in soybean SM fractions.  

NPFs belong to the major facilitator superfamily, and most of the characterisation of this superfamily 

has been performed in Arabidopsis, where 53 members are found (Léran et al. 2014). The substrate 

preferences of NPFs are extremely broad, with anion, peptide, amino acid, plant hormone and 

glucosinolate transport characterised in various Arabidopsis family members (Corratgé-Faillie and 

Lacombe 2017). In the non-legume Alder (Alnus glutinosa) DCAT1, a member of the NPF family, is 

the dicarboxylate transporter localised to the symbiotic interface of infected nodule cells (Jeong et 

al. 2004). This symbiosis is distinct from that of legumes, as Alder forms an actinorhizal symbiosis 

with the filamentous soil bacterium Frankia, whereby the symbiotic interface is invaginated and the 

PM of the infected cell is not completely enclosed (Mylona et al. 1995). NPFs are generally regarded 

as proton symporters (Corratgé-Faillie and Lacombe 2017), and since the symbiosome has an acid 

interior (Bhandari and Nicholas 1985; Blumwald et al. 1985; Udvardi and Day 1989) the energetics 
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are seemingly not aligned with what is observed in legumes. However, not all NPFs act as 

symporters; a subfamily of NPFs, the so-called Nitrate excretion transporter (NAXT) proteins, are 

thought to facilitate the uniport of nitrate out of the plant cell’s cytosol, coupled to proton-pumping 

by the PM H+-ATPase and driven by the electrochemical gradient across the PM (Segonzac et al. 

2007). Biochemically, this is essentially the transport mechanism described for isolated soybean 

symbiosomes, making the NPF family excellent candidates for the SM dicarboxylate carrier (Booth et 

al. 2021). There have been eight NPF proteins identified in soybean SM proteomic studies, with in 

vivo localisation to the SM confirmed for a number of these candidates (Clarke et al. 2015; Luo et al. 

2023). 

SLAC and the homologous SLAH proteins were originally annotated as dicarboxylate carriers due to 

sequence similarities with MAE1, a dicarboxylate transporter found in yeast (Negi et al. 2008). Negi 

et al. (2008) first hypothesised that SLAH1 may be the dicarboxylate channel in guard cells due to the 

important regulatory role of malate in stomatal opening and observed abnormal levels of malate 

and fumarate accumulation in slac1 mutant phenotypes. SLAC1 complementation of the yeast mae1 

or E. coli malate up-take mutants could not rescue malate uptake (Negi et al. 2008; Vahisalu et al. 

2008), but this is not unexpected as the guard cell anion channel in vivo would energetically favour 

anion efflux and import is required for bacterial complementation. Expression of SLAC1, SLAH2, and 

SLAH3 in X. laevis oocytes only generated anion currents when phosphorylated, but these currents 

were selective with a preference for NO3
- and Cl- and low permeability to malate (Geiger et al. 2009; 

Scherzer et al. 2012; Maierhofer et al. 2014; Sun et al. 2016; Chen et al. 2019). There is no evidence 

in the literature that SLAC/SLAH channels are located on the SM, although there is enhanced nodular 

expression of at least one member of this gene family (Roux et al. 2014). 

VDACs are the most prevalent protein on the mitochondrial outer membrane, and facilitate 

metabolite flux between the cytoplasm and the mitochondrial intermembrane space (Hodge and 

Colombini 1997). In general, VDACs are gated at both positive (>+20) and negative (<-20) membrane 

potentials, but in the presence of a salt gradient a shift in gating occurs so that they are open at 

more negative membrane potentials (between -30 and +10), allowing anion flux (Zizi et al. 1998). In 

mammalian cells, VDAC proteins are phosphorylated, although the exact effect this has on the 

protein remains unknown, with some studies suggesting this prevents the apoptotic process, while 

others suggest it triggers it (Kerner et al. 2012). While no direct measurements of dicarboxylate 

transport through VDACs have been made, a porin isolated from spinach leaf peroxisomes contains a 

high affinity dicarboxylate binding site that is likely to increase the permeability of these metabolites 
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through the channel (Reumann et al. 1998). Wandrey et al. (2004) immunolocalised four VDACs in L. 

japonicus and soybean nodules but found no evidence for their presence on the SM.   

Studies with the tonoplast from non-legume cells have provided several candidates for the SM-DC, 

the ALMT and NPF families provide the strongest candidates, as they share a number of functional 

similarities with the SM-DC. ALMTs display voltage-dependent gating, regulation by phosphorylation 

and would likely transport malate out of the cytoplasm and into the symbiosome space. Although 

Takanashi et al. (2016) did not identify a symbiosome localised ALMT, the scope of the study may 

have been insufficient in identifying all ALMT sequences in L. japonicus. NPFs are an interesting 

candidate, typical energetics of this family would not fit with the characterised SM-DC, but 

exceptions within the family are found in the literature. Given that eight NPFs are found on the SM 

an investigation into their substrate specificity is warranted. SLAC and ABC families are reasonable 

candidates as they all share some functional characteristics with the SM-DC. It is unlikely that a 

member of the tDT or VDAC families are the SM-DC, as there is no evidence of either of these 

proteins on the SM. 

1.6.2 Fixed nitrogen 

Carbon transported to the bacteroid is used to energise the reaction catalysed by nitrogenase to fix 

nitrogen gas into ammonia. This results in an accumulation of ammonia within the bacteroid, 

favouring its diffusion into the symbiosome space (Dilworth and Glenn 1982; Dilworth and Glenn 

1984; Day et al. 2001a). This concentration gradient remains favourable for ammonia efflux from the 

alkaline bacteroid due to H+-ATPase activity on the SM, creating an acidic symbiosome space that 

rapidly protonates ammonia into ammonium (Udvardi et al. 1991; Fedorova et al. 1999). This is 

commonly referred to as the ‘acid trap’ and by using the Henderson-Hasselbach equation it can be 

estimated that the ammonium concentration would be 178 times greater than that of ammonia at 

pH 7.0, with the acidity of the symbiosome space only enhancing this (Brewin 1991; Day et al. 

2001b). Reuptake of ammonium by bacteroids is prevented due to the repression of high affinity 

ammonium transporters during bacteroid differentiation from free living rhizobia (Howitt et al. 

1986), resulting in the accumulation of fixed nitrogen products in the symbiosome space that must 

be exported across the SM to the plant cytosol. There is evidence for efflux of both ammonia (NH3) 

and ammonium (NH4
+) from the symbiosome. A non-selective cation channel (NSCC) was identified 

on the SM and shown to facilitate the directional transport of NH4
+ from the symbiosome space to 

the cytosol (Tyerman et al. 1995; Roberts and Tyerman 2002), while NH3 has been shown to move 

through a Nodulin 26 (NOD26) diffusive pathway (Niemietz and Tyerman 2000) (Figure 1.7). This 

transport is likely to be passive due to the rapid assimilation of ammonium to glutamate by the 
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cytosolic glutamine synthetase (GS) bound to NOD26 (Robertson et al. 1975; Liaw et al. 1995; 

Masalkar et al. 2010). 

 

Figure 1.7 Transport of fixed nitrogen products to the plant cytosol. Nitrogen gas diffuses into the 

bacteroid where the activity of nitrogenase fixes it into ammonia, which diffuses into the 

symbiosome space. Activity of the SM H+ ATPase acidifies the symbiosome space and shifts the 

equilibrium of NH4
+ to NH3 ions in excess of 200 to 1. The relatively small amount of NH3 ions move 

through NOD26 into the cytosol, while NH4
+ is transported across the SM through a non-selective 

cation channel (NSCC). Cytosolic NH4
+ is rapidly converted to glutamate though the activity of the 

NOD26-bound GS. Key: GS – Glutamine Synthetase; NOD26 – Nodulin 26; P – phosphorylation; ? – 

unknown protein. 

Early work suggested that the diffusive pathway for NH3 was likely to be through NOD26 (Tyerman 

and Niemietz 2000), an aquaporin that constitutes ~10% of the SM total protein mass (Rivers et al. 

1997). Rivers et al. (1997) demonstrated that NOD26 was an aquaporin-like channel permeable to 

water, formamide and glycerol with mercury sensitivity. Building on this knowledge, Niemietz and 

Tyerman (2000) measured ammonia permeability of isolated soybean symbiosomes and found that 

it was inhibited by up to 42% by mercury, suggesting it may move through NOD26. It was later 
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established through expression of soybean NOD26 in X. laevis oocytes that NOD26 provides a low 

energy pathway for ammonia diffusion though the SM (Hwang et al. 2010).  

Ammonium transport through the NSCC was first elucidated through the patch-clamping of isolated 

SMs (Tyerman et al. 1995). Tyerman et al. (1995) demonstrated time and voltage dependent inward 

currents (in an orientation representing efflux from the symbiosome) in the presence of monovalent 

cations (NH4
+, K+, Na+), with NH4

+ generating the largest currents at physiological levels estimated by 

Streeter (1989). The channel displayed low conductance (SubpicoSiemen in amplitude) but appeared 

to be present at high density in the patched membrane. Gating of this channel was also observed by 

the divalent cations, Ca2+ and Mg2+, and it was found that this gating was bidirectional dependent on 

divalent cation concentration on either side of the membrane (Tyerman et al. 1995; Whitehead et al. 

1998; Roberts and Tyerman 2002; Obermeyer and Tyerman 2005). Physiological concentrations of 

Ca2+ are reported to be high inside symbiosomes (Udvardi and Day 1997), but it is believed that most 

of this Ca2+ is bound by Ca2+ binding proteins (Roberts and Tyerman 2002) or in the bacteroids 

(Vincent and Humphrey 1963). In vivo, free Ca2+ concentrations in the symbiosome space would be 

in a range that allows ammonium efflux to the cytosol (Tyerman et al. 1995). Additionally, cytosolic 

Mg2+ concentrations (~2 mM Mg2+) are sufficient to inwardly rectify ammonium currents and may be 

responsible for gating of the SM-NSCC in vivo (Tyerman 2002). 

In an attempt to identify the SM-NSCC, Kaiser et al. (1998) transformed the Saccharomyces 

cerevisiae ammonium transport double mutant 26972c (mep1-1, mep2-1, Mep3) with a cDNA library 

synthesised from soybean nodule tissue. They identified a cDNA, GmSAT1, that complemented the 

ammonium transport deficiency and localised this protein to fractions of the SM. In the S. cerevisiae 

double mutant (26972c) the activity of the third ammonium carrier Mep3 is inhibited by a mutation 

in mep1-1. Marini et al. (2000) demonstrated that GmSAT1 could not complement the ammonium 

transport triple mutant 31019b (mep1Δmep2Δmep3Δ), suggesting that GmSAT1 interfered with the 

inhibition of Mep3 rather than acting as a direct transporter of ammonium. This group also 

highlighted that GmSAT1 contains sequence homologous to a basic helix-loop-helix (bHLH) domain. 

Further characterisation by Chiasson et al. (2014) revealed that GmSAT1 encoded a bHLH 

transcription factor, renamed GmbHLHm1, important to nodule function, rather than encoding the 

SM-NSCC. Molecular characterisation of NSCCs is notoriously difficult, largely due to the low 

selectivity of the channels (Demidchik et al. 2002). It is not surprising that Kaiser et al. (1998) were 

unable to identify the cDNA encoding the SM-NSCC through screening in S. cerevisiae, as the 

SubpicoSiemen conductance of this channel may be insufficient to rescue the growth phenotype 

observed in this mutant. Additionally, Grenson’s minimal media was used as the primary testing 
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media for yeast growth, and this medium contains ~2.7 mM each, Ca2+ and Mg2+, which may have 

gated the channel to block cation influx to the S. cerevisiae cytosol, where free cytoplasmic Ca2+ and 

Mg2+ are estimated to be at ~0.5 μM and 1 mM, respectively (Beeler et al. 1997; Van Eunen et al. 

2010). 

The patch-clamp studies indicated that the channel responsible for NH4
+ flux is present at high 

density in the SM, suggesting it would make up a significant portion of the SM protein mass. 

However, no obvious NSCC candidates are apparent in the various proteomics studies with the SM. 

The most prominent protein detected on the SM is the aquaporin NOD26 (Rivers et al. 1997). 

Aquaporins are a diverse class of selective membrane channels well characterised to transport water 

and other neutral solutes and gases across biological membranes (Agre 2004). Yool et al. (1996) first 

demonstrated that human Aquaporin (AQP) 1 displayed non-selective cation conductance in X. laevis 

oocytes. This protein forms a homotetramer in cellular membranes, with each monomer containing 

a functional water pore, while the central tetrameric pore transports charged species (see Figure 

1.8) (Yu et al. 2006; Campbell et al. 2012). NSCC activity of plant aquaporins has also been reported 

recently (Jahn et al. 2004; Holm et al. 2005; Kaldenhoff and Fischer 2006; Byrt et al. 2017). This 

prompts the question: could the SM-NSCC be the aquaporin NOD26? Interestingly Weaver et al. 

(1994) reconstituted GmNOD26 into liposomes and demonstrated single channel conductance in the 

nanoSiemen range that was voltage-sensitive. They suggested that the currents were carried by 

anions although there is no precedent for this in the aquaporins studied to date. 

There are several shared characteristics between GmNOD26 and the NSCC found in the SM patches. 

Firstly, aquaporins are regulated by divalent cations, with time and voltage dependent rectification 

observed (Byrt et al. 2017; Kourghi et al. 2017). Gating by divalent cations was also reported for the 

SM-NSCC. Secondly, GmNOD26 accounts for ~10% of the SM total protein mass (Rivers et al. 1997), 

and the SM-NSCC appeared to be in a high density throughout the SM. Thirdly, phosphorylation of 

aquaporins can mediate a switch between water or ion conductivity states, and tyrosine 

dephosphorylation in the Drosophila aquaporin BIB has been shown to enhance ion channel 

conductance (Yanochko and Yool 2002). GmNOD26 phosphorylation at serine 262 leads to increased 

water permeability of the channel (Guenther et al. 2003) and results in voltage-dependent gating at 

lower sub conductance states (Lee et al. 1995). Finally, cytosolic GS interacts with the C-terminal 

domain of GmNOD26 (Masalkar et al. 2010), providing a high affinity ammonium binding site (Liaw 

et al. 1995) that may act to increase the sink strength of the plant cytosol to ammonium and could 

explain the ammonium preference of the SM-NSCC.  
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In addition to NH3 and NH4

+ transport, labelling experiments have indicated amino acid pools are 

synthesised under certain microaerobic conditions (Day et al. 2001a; Day et al. 2001b). In isolated 

pea bacteroids, alanine production was largely dependent on bacteroid density, with a high 

bacteroid density activating alanine biosynthesis, attributed to NH4
+ accumulation (Allaway et al. 

2000). Alanine produced by bacteroids is transported to the symbiosome space through general 

amino acid permeases of the ABC superfamily (Walshaw and Poole 1996; Hosie et al. 2002). 

However, the mechanism by which alanine crosses the SM is unknown. Swelling assays of isolated 

soybean symbiosomes revealed asymmetric alanine transport 100 times greater in the direction out 

of the symbiosome (Tyerman and Niemietz, unpublished data described in Day et al. (2001a)). This 

transport was strongly inhibited by mercury, and it was suggested that alanine may be transported 

through GmNOD26 (Day et al. 2001a). Given that water permeability of GmNOD26 is also inhibited 

by mercury (Rivers et al. 1997; Dean et al. 1999), this may have been an artifact induced by the 

swelling assay, but further investigation of alanine transport by GmNOD26 is warranted. 

C terminus 

N terminus 

Cytosolic oriented  

H2O 

Catio

ns 

Figure 1.8 Water and cation flux through the aquaporin 1 complex. Ribbon structure of the aquaporin 1 tetramer 

highlighting the four monomeric water pores, the central tetrameric cation pore and cytosolic exposed N and C 

terminals (PDB : 1FQY). It is believed that the aquaporin NOD26 shares a similar structure to aquaporin 1. 
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1.6.3 ATPase activity 

1.6.3.1 H+-ATPase activity  

The SM is energised by the activity of a H+-ATPase. ATPases, were among the first proteins to be 

characterised on the SM (Robertson et al. 1978; Verma et al. 1978). This is fundamental to the 

transport of a range of metabolites across the membrane, as discussed in 1.7.1 and 1.7.2, through 

acidification of the symbiosome space and subsequent generation of both chemical and electrical 

potentials across the SM (Udvardi and Day 1989; Udvardi et al. 1991; Udvardi and Day 1997). P-type 

H+-ATPases have been identified in fractions of soybean, L. japonicus and M. truncatula SM 

(Wienkoop and Saalbach 2003; Catalano et al. 2004; Clarke et al. 2015), and Fedorova et al. (1999) 

immunolocalised a P-type H+-ATPase to the soybean SM. 

1.6.3.2 Ca2+-ATPase activity 

Calcium is an important secondary messenger in plant cells regulating a range of physiological 

processes. In the symbiosome alone it has been shown to gate the NSCC that facilitates ammonium 

efflux and is required for calcium dependent protein kinases that stimulate malate uptake. As 

previously mentioned, the symbiosome may act as a calcium store (Udvardi and Day 1997; Andreev 

et al. 1999), but most of is bound by Ca2+ binding proteins (Roberts and Tyerman 2002) or is located 

in the bacteroids (Vincent and Humphrey 1963). There are reports of activity of Ca2
+-ATPases on the 

SM, hypothesised to actively pump calcium into the symbiosome space (Andreev et al. 1999; Krylova 

et al. 2013; Andreev et al. 2019), but these have not been substantiated. 

1.6.4 Bacteroid metabolites 

1.6.4.1 Branch chain amino acids 

During bacteroid differentiation repression of AMTB, a high affinity ammonium transporter 

expressed in free-living B. japonicum bacteria, is crucial in preventing re-uptake of fixed nitrogen by 

the bacteroid (Howitt et al. 1986; Tate et al. 1998; Lodwig et al. 2003). In pea bacteroids, this is 

accompanied by downregulation of branch chain amino acid biosynthetic enzymes, making 

bacteroids symbiotic auxotrophs, totally reliant on their plant host to supply branch chain amino 

acids for their growth (Prell et al. 2009). The identification of the transporter that imports branch 

chain amino acids into the symbiosome space remains elusive, but the soybean symbiosome 

proteome identified an amino acid permease and five ABC type transporters (Clarke et al. 2015), 

which have previously been implicated in amino acid transport (Davidson et al. 2008; Tegeder 2012; 

Durmort and Brown 2015).  
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1.6.4.2 Iron 

Iron is essential for a stable legume-rhizobia symbiosis, it is an important component of 

leghemoglobin in the nodule cells, and required for many nitrogen fixing proteins in bacteroids, 

including cytochromes in the bacteroid electron transport chain and in the metallocentres of 

nitrogenase (Appleby 1984; Kaiser et al. 2003; Brear et al. 2013). Iron deficiency in peanuts has been 

shown to lower leghemoglobin concentrations, delay nitrogen fixation and reduce bacteroids by 

approximately 215 times within the infected cells (O'Hara et al. 1988). Radiolabelled iron uptake 

measurements with isolated symbiosomes have revealed that both Fe2+ and Fe3+ are transported 

into the symbiosome, but bacteroids cannot readily uptake Fe3+ (LeVier et al. 1996; Moreau et al. 

2002). Fe3+ is highly insoluble in the plant cytosol and therefore is transported across the SM in 

organic acid complexes, where it accumulates in the symbiosome space bound by siderophore-like 

compounds released by the bacteroid, acting as a major store in the nodule (Wittenberg et al. 1996; 

Udvardi and Day 1997). LeVier et al. (1996) have reported Fe3+ chelate reductase activity on isolated 

SM and it is believed that this activity is used to reduce Fe3+ to Fe2+. This form of iron is much more 

accessible to bacteroids.  

 

There is also evidence for a Divalent Metal Transporter (DMT), a NRAMP homologue, on the SM 

from soybean. These transporters act as a H+-symporters, so GmDMT1 is likely to export stored iron 

from symbiosomes (Kaiser et al. 2003; Brear et al. 2013; González-Guerrero et al. 2014; González-

Guerrero et al. 2016). In soybean, Vacuolar iron Transporter Like (VTL) 1 a/b have been implicated in 

iron uptake by symbiosomes (Brear et al. 2020; Liu et al. 2020). Both proteins appear to localise to 

SM, but GmVTL1a is a more effective transporter when expressed in S. cerevisiae (Brear et al. 2020; 

Liu et al. 2020). It is thought that VTLs are the functional ortholog of L. japonicus SEN1, as both 

proteins share sequence homology and sen1/vtl1-1 mutants display iron deficient phenotypes which 

ultimately disrupts nitrogen fixation (Suganuma et al. 2003; Hakoyama et al. 2012; Brear et al. 2020; 

Liu et al. 2020). 

1.6.4.3 Sulphate and molybdenum  

Similar to iron, sulphate and molybdenum are essential cofactors in several bacteroid enzymes, 

including the Fe-S cluster and Fe-Mo cofactor of nitrogenase, respectively (Pau and Lawson 2002; 

Krusell et al. 2005; Rubio and Ludden 2005). Krusell et al. (2005) identified L. japonicus Symbiotic 

Sulphate Transporter (LjSST1) as a candidate for sulphate transport across the SM, with this protein 

complementing sulphate deficient yeast strains and demonstrating a symbiotic nitrogen fixing 

phenotype where functioning nodules could not be produced. Proteomics has identified SST1 in SM 
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fractions of L. japonicus and soybean (Wienkoop and Saalbach 2003; Clarke et al. 2015). Recently, 

Schneider et al. (2019) reported a 20-fold increase in sulphate accumulation in bacteroids relative to 

the nodule cytosol in Wt L. japonicus. This group also provided support for sulphate transport across 

the SM through SST1, as sulphate accumulation in the symbiosomes of sst1-1 mutants was 

significantly impeded when compared with Wt plants. Transport of molybdenum has not been 

directly measured across the SM, but its transport has been inferred through impaired BNF 

phenotypes in molybdenum deficient plants (Delgado et al. 2006). Some members of the SST family 

have been characterised to transport molybdenum and it is possible that molybdenum may move 

through SST1 in addition to sulphate (Tomatsu et al. 2007; Clarke et al. 2014). 

1.6.4.4 Homocitrate 

Many rhizobial species are unable to synthesise homocitrate, an essential component of the Fe-Mo 

cofactor of nitrogenase (Hoover et al. 1989; Zheng et al. 1997; Udvardi and Poole 2013). The 

literature does not describe homocitrate transport into the symbiosome in detail, but L. japonicus 

fen1 mutants, unable to synthesise homocitrate, display impaired BNF phenotypes implying the 

existence of an unidentified homocitrate transporter on the SM (Imaizumi-Anraku et al. 1997; 

Hakoyama et al. 2009). 

1.6.5 Secondary transport processes 

1.6.5.1 Nitrate 

Nitrate is one of the major regulators of BNF, shown to inhibit nodule growth and nitrogenase 

activity, and disperse the membrane potential across the SM (Kennedy et al. 1975; Streeter 1985; 

Udvardi et al. 1991). Szczyglowski et al. (1998) characterised L. japonicus Nodulin 70 (N70) from ESTs 

associated with late developmental events during nodule organogenesis, initially describing it as a 

nodule-specific metabolite transporter, proposed to translocate carbon substrates. Later work by 

Vincill et al. (2005) identified a cDNA from soybean nodules, GmN70, that localised to the SM and 

demonstrated outward anion currents when expressed in X. laevis oocytes with selectivity for nitrate 

> nitrite ≫ chloride. They also identified that the ortholog LjN70 carried similar currents. N70s were 

consequently characterised as inorganic anion transporters, with a preference for nitrate, which 

represents anion influx to the symbiosomes. Nitrate generally inhibits SNF through complex 

mechanisms, but one such effect could be an uncoupling of the symbiosome and consequent 

inhibition of metabolite exchange. 
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1.6.5.2 Zinc 

Zinc is an important micronutrient across all kingdoms of life and is an integral component of cellular 

processes including protein synthesis, carbohydrate and lipid metabolism, and in zinc finger 

transcription factors (Cakmak 2000; Lin et al. 2005; Palmer and Guerinot 2009). A soybean zinc 

transporter, GmZIP1, has been identified on the SM and functionally characterised to facilitate 

bidirectional zinc transport across this membrane (Moreau et al. 2002). 

1.6.5.3 Auxin 

Auxin is an important plant hormone, it has long been proposed to play a role in nodule 

development, as nodule cells are known to contain higher levels of auxin than the surrounding root 

system (Thimann 1936). This hormone acts to control diverse aspects of cell proliferation and 

differentiation, essential to the formation of nodule cells. Transport of auxin into pea symbiosomes 

is mediated by an unidentified transporter that is inhibited by the known auxin-transport inhibitor, 

naphthylphthalamic acid (Rosendahl and Jochimsen 1995). The exact reason why auxin is imported 

into symbiosomes has not been reported, but perhaps acts to terminate nodule proliferation at 

maturity through exclusion from the nodule cytosol, or functions in bacteroid proliferation and 

differentiation.  

1.7 Aims 

The aims of this thesis are to (1) investigate whether GmNOD26 can transport cations, including 

NH4
+, across the SM, and (2) to identify the SM-DC. Firstly, GmNOD26 will be expressed in both X. 

laevis oocytes and in ammonium transport deficient S. cerevisiae strains. Two-Electrode Voltage 

Clamping (TEVC) of whole X. laevis oocytes expressing GmNOD26 will be used to elucidate any NSCC 

activity of this channel as has been demonstrated for both human and plant aquaporins (Yool et al. 

1996; Byrt et al. 2017). Experiments will be designed to replicate the conditions of early patch-clamp 

work by Tyerman et al. (1995) and build on the knowledge of the SM-NSCC. To ensure that the 

observations are caused by GmNOD26 and not activation of an endogenous X. laevis protein, site-

directed mutagenesis will be performed to create phosphomimic and non-functional protein 

phenotypes. GmNOD26 and mutant proteins will also be expressed in ammonium transport deficient 

S. cerevisiae strains to confirm ammonia/ammonium transport through the channel.  

To identify the SM-DC, candidates from the ALMT protein family will be identified through publicly 

available transcriptomic databases. The expression and localisation of these proteins will then be 

confirmed through a combination of molecular techniques including qRT-PCR, promoter driven GUS 
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expression and GFP fusion. It is hoped that one of the identified proteins will localise the L. japonicus 

SM. Dicarboxylate transport by these proteins, along with the soybean SM-localised NPF’s, will be 

investigated through expression in X. laevis oocytes. 

Identification of these proteins on the SM will advance the current understanding of carbon and 

nitrogen exchanged between symbionts, which could lead to enhanced transfer efficiency, in turn 

improving legume growth and improve the use of legumes in agricultural systems. There is demand 

for this improvement, highlighted by the highly variable post-harvest soil nitrogen balances, 

particularly in soybean, that can often see legumes requiring the application of synthetic nitrogen 

fertilisers, rather than acting to increase soil nitrogen reserves. This makes this research crucial for 

developing a sustainable agricultural system using legumes, and possibly extending the symbiosis to 

other crop species. 
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2 General methods 

2.1 Reagents 

All reagents were supplied by Sigma-Aldrich (USA) unless specified. For molecular techniques 

autoclaved MilliQ water was used unless otherwise stated.  

2.2 General lab methods  

2.2.1 Agarose gel electrophoresis  

Agarose gel electrophoresis was performed according to the methods described by Sambrook and 

Russell (2001). Typically, 1.0% (w/v) and 1.2% (w/v) agarose (Fisher Biotec, Australia) in 1.0 X TAE 

buffer containing GelRed (Biotium, USA) were used for DNA and RNA, respectively, submerged in 1.0 

X TAE buffer, and run at 100 volts for 60 minutes using the PowerPacTM Basic (BioRad, USA) prior to 

visualisation via the BioRad EZ Imager (BioRad, USA). For DNA products and extracted RNA, samples 

were mixed with 5 X Green Go Taq Flexi buffer (Promega, USA) and compared to 1 kB and 100 bp 

DNA ladders (Promega, USA). For cRNA products, 500 ng of cRNA or single strand RNA ladder (NEB, 

USA) was mixed with 2 X gel loading buffer (Invitrogen, USA), incubated at 65oC for five minutes and 

cooled on ice prior to electrophoresis. Horizontal Gel Tanks were treated with hot 0.1 M NaOH and 1 

mM EDTA for 30 minutes prior to running RNA samples in autoclaved 1.0 X TAE buffer.  

2.2.2 Plasmid purification  

Plasmid purification was performed using the Wizard Plus SV miniprep DNA purification system 

according to the manufacturers protocol (Promega, USA). Bacterial cultures were incubated 

overnight in 10 ml centrifuge tubes prior to at centrifugation using a Sigma 3-16PK centrifuge 

(Sigma-Aldrich, USA) at 3893 g for 10 minutes at room temperature. Plasmid DNA was eluted from 

the spin columns using 40 µl of sterile MilliQ water, quantified using a NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific, USA) and stored at -20°C until required. 

2.2.3 PCR clean-up  

PCR amplified products were purified using the Wizard® SV Gel and PCR Clean-Up System (Promega, 

USA). Equal volumes of Membrane Binding Solution (Promega, USA) and PCR amplified product were 

added to SV minicolumn in a collection tube. For agarose gel purified products, fragments were 

separated by electrophoresis (2.2.1), sectioned from the gel, and dissolved at 65oC with an equal 
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volume of Membrane Binding Solution (Promega, USA) prior to binding in an SV minicolumn. 

Products were purified following manufactures protocol (Promega, USA), eluted in 40 µl of sterile 

MilliQ water, quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, USA) 

and stored at -20°C until required. 

2.2.4 Restriction digestion 

Restriction digests were performed using NEB (USA) restriction digests following manufacturers 

protocol, and wherever possible high-fidelity enzymes were utilised. Briefly, 100 ng of DNA was 

incubated with 1.0 X rCutSmart™ Buffer with 1.0 unit of appropriate restriction enzyme overnight at 

room temperature. Products were visualised through agarose gel electrophoresis (2.2.1) prior to 

downstream application.  

2.2.5 Ammonium acetate precipitation 

Ammonium acetate was used to purify plasmid DNA from restriction digests. Briefly, the restriction 

digest was terminated through addition of 0.5% (v/v) SDS and 10 μg of proteinase K (NEB, USA) for 

60 minutes at 50oC. For in vitro transcription, the DNA was further purified though extraction in an 

equal volume of phenol/chloroform. The aqueous phase was combined with 1/10th volume 5.0 M 

ammonium acetate and 2 volumes of 100% (v/v) ethanol and incubated overnight at -20oC. Plasmid 

DNA was pelleted at max speed using an Eppendorf 5425 centrifuge (USA) for 20 minutes at 4oC. The 

pellet was air dried and resuspended in an appropriate volume of sterile MilliQ water, quantified 

using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, USA) and stored at -20°C until 

required. 

2.2.6 Genotyping PCR 

Genotyping of LORE1 lines was performed as described by Urbanski et al. (2012). Primer sequences 

were obtained from Lotus Base (Mun et al. 2016), with gene specific forward and reverse primer 

combinations used to detect Wt allele and the forward and P2 primer combinations for insertion 

detection. PCR amplification was performed using the Promega (USA) GoTaq® Flexi DNA polymerase 

kit. Each reaction contained 1.0 X GoTaq Flexi buffer, 2 mM MgCl2, 0.2mM dNTP’s, 0.4 μM forward 

and reverse primer, 1.25 units Taq polymerase and 2 μl of gDNA (2.4.1). Touchdown PCR was 

performed using the following cycling conditions: initial denaturation at 95°C for 3 minutes; 5 cycles 

of 95°C for 30 seconds, 72°C for 75 seconds; 10 cycles of 95°C for 30 seconds, 72°C to 68°C for 30 

seconds, extension at 72°C for 45 seconds; 20 cycles of 95°C for 30 seconds, 72°C for 45 seconds, 
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extension at 72°C for 45 seconds; and final extension at 72°C for 10 minutes. Products were 

visualised though agarose gel electrophoresis (2.2.1). 

2.2.7 Colony PCR 

Colony PCR amplification was performed using the Promega (USA) GoTaq® Flexi DNA polymerase kit. 

A pipette tip was used to pick and resuspend a single colony in 10 μl sterile MilliQ water. GoTaq® 

Flexi reaction was setup containing 1.0 X GoTaq Flexi buffer, 2 mM MgCl, 0.2mM dNTP’s, 0.4 μM 

forward and reverse primer, 1.25 units Taq polymerase and 1 μl of resuspended colony. Cycling 

conditions were initial denaturation at 95°C for 2 minutes; 25 cycles of 95°C for 30 seconds, 

annealing at primers specific Tm for 30 seconds, extension at 72°C for 60 seconds/kb; and final 

extension at 72°C for 5 minutes. Products were visualised though agarose gel electrophoresis (2.2.1). 
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2.3 Plant materials and growth conditions 

2.3.1 Growth conditions  

L. japonicus (MG20) plants were grown at 23°C in the Sanyo controlled environment cabinet and 

exposed to 16 hours light at ~120 μmol m-2 s-1 and 6 hours of dark. Initial germination was 

performed by scratching the seeds with 150 grit sandpaper, sterilising in 4% (v/v) bleach for two 

minutes, washing and incubating the seeds in sterile MilliQ water overnight at 4oC. Imbibed seeds 

were then place on damp filter paper until cotyledon leaf had emerged. Seedlings were transferred 

to 50% (v/v) vermiculite perlite containing B&D nutrient solution (Broughton and Dilworth 1971) 

without a nitrogen source. After seven days, L. japonicus plants were either inoculated with 

Mesorhizobium loti (2.3.2) or watered with B&D nutrient solution containing nitrogen. For growth 

studies B&D nutrient solution contained either limiting (10 µM KNO3) or sufficient nitrogen (2 mM 

NH4NO3). Plants were maintained in these conditions until maturity (~3 months) when watering was 

stopped to allow desiccation of seed pods. 

2.3.2 Inoculation with M. loti  

M. loti (NZP2235) cultures were recovered from glycerol stock on YMB media containing 0.04% (w/v) 

yeast extract, 2.5 mM mannitol, 4 mM K2HPO4, 1 mM MgSO4 and 2 mM NaCl. A single colony was 

used to inoculate 10 ml YMB which was grown shaking at 28°C overnight to OD600 of ~1.0. Cells 

were pelleted using a Sigma 3-16PK centrifuge (Sigma-Aldrich, USA) at 3893 g for 10 minutes at 

room temperature and resuspended in B&D nutrient solution without a nitrogen source to a final 

OD600 of 0.02. The solution containing M. loti was used to inoculate each L. japonicus plant through 

10 ml application to the hypocotyl region. 

2.3.3 LORE1 mutants 

The ALMT LORE1 mutant (30085822) was obtained from Lotus Base (Malolepszy et al. 2016; Mun et 

al. 2016) and contained 5 exonic, 4 intronic, 1 intergenic LORE1 mutations. LORE1 mutants were 

grown under conditions specified in 2.3.1 and gDNA was extracted (2.4.1) for genotyping (2.2.6) of 

null and mutant segregates.  
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2.4 Isolation of nucleic acids from L. japonicus  

2.4.1 gDNA extraction  

Genomic DNA was extracted from L. japonicus leaf tissue using a modified protocol with an 

additional RNase treatment included (Márquez et al. 2005). Approximately 100 mg of tissue was 

collected from three terminal young leaves snap frozen in liquid nitrogen. Tissue was ground in 

microfuge tubes continuously cooled in liquid nitrogen using ball bearings 5.0 mm in diameter. DNA 

extraction buffer (500 µl) (pH 8.0) containing 200 mM Tris-HCL, 400 mM LiCl, 25 mM EDTA, 1.0% 

(v/v) SDS and 10 µg/mL RNase A (Promega, USA) was added, vortexed and incubated at 65°C for five 

minutes in a Solid-State Dry Block Heater (Ratek Instruments, Australia). Following centrifugation at 

max speed for five minutes (Eppendorf 5425 centrifuge, Australia) an equal volume of supernatant 

and isopropanol was combined in a 1.5 mL Eppendorf tube. The solution was centrifugation at max 

speed for 10 minutes at 4oC, washed with 100% (v/v) ethanol and centrifuged again under the same 

conditions. The dried DNA pellet was resuspended in 50 µl of sterile MilliQ water and stored at - 

20°C until required. Concentration and purity of DNA was determined using the NanoDrop™1000 

Spectrophotometer (Thermo-Scientific, USA). 

2.4.2 RNA extraction  

Total RNA was extracted using the modified TRIzol-like reagent as specified by Shavrukov et al. 

(2013). Approximately 100 mg homogenised frozen tissue was mixed with 1 mL TRIzol-like reagent 

(38% (v/v) phenol, 1 M guanidine thiocyanate, 1.0 M ammonium thiocyanate, 0.1 M sodium acetate, 

5% (v/v) glycerol) and centrifuged using an Eppendorf 5425 centrifuge (Australia) at 12,000 g for 5 

minutes at 4oC. The supernatant was collected and combined with 200 µL chloroform prior to three-

minute incubation on ice. Following centrifugation at 12,000 g for 15 minutes at 4oC, the aqueous 

phase was collected, mixed with 500 µL 200-proof isopropanol and allowed to incubate for 10 

minutes at room temperature. The mixture was centrifuged at 12,000 g for 10 minutes at 4oC and 

the supernatant discarded prior to rinsing the pellet with 1 mL ethanol. The RNA pellet was dried in a 

laminar flow, resuspended in 30 µL sterile MilliQ water, quantified using a NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific, USA) and stored at -80°C until required.  
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2.5 Gene expression analysis 

2.5.1 cDNA synthesis  

Isolated total RNA (2.4.1) was treated with Zymo DNase 1 (1 U per 2 µg RNA) (Zymo research, CA) 

following the manufacturers protocol and inactivated at 65oC prior to cDNA synthesis. The 

ProtoScript II First Strand cDNA synthesis kit (NEB, USA) was used to transcribe the DNase treated 

RNA into cDNA. A reaction mix containing 2 µg RNA, 5 µM Oligo d(T)20, 0.5 mM dNTP, 1 X ProtoScript 

II Reaction Buffer, 10 mM DTT, 20 U Murine RNaseOut (Invitrogen, USA) and 100 U ProtoScript II 

Reverse Transcriptase was prepared. Using a BioRad MyCylcer (BioRad, USA) cDNA was synthesised 

at 42oC for 45 minutes followed by enzyme inactivation at 80oC for 5 minutes. The cDNA product was 

diluted 1:10 in sterile MilliQ water and stored at -80oC.  

2.5.2 Quantitative Reverse Transcriptase PCR (qRT-PCR)  

Gene expression was assessed using qRT-PCR. Each reaction contained 1 X KAPA SYBR (Thermo 

Fisher Scientific, USA), 0.1 µM forward/reverse primer and 4 µL cDNA (2.5.1). Thermal cycling 

conditions consisted of 3 minutes of 95oC, followed by 40 cycles of 95oC for 5 seconds and 60oC for 

15 seconds. Following amplification, a melt curve consisting of 5 second increments of 0.5oC from 

65oC to 95oC was performed to assess if any unintentional products had been produced. Ct values 

were compared against that of the standard curve (2.5.4) and normalised against two housekeeping 

genes (LjEiF1a and LjUBQ10) to determine the normalised concentration of cDNA.  

2.5.3 qRT-PCR primer design  

Primers were designed for qRT-PCR using NCBI Primer-BLAST (Ye et al. 2012) and ordered from 

Sigma-Aldrich (Australia). Due to the nature of reverse transcription, primers were designed near the 

3’ end of cDNA sequences. Additionally, it was preferable to design primers that spanned an exon 

junction and yielded a single 80-150 bp product. The melting temperature and GC content of the 

designed primers were assessed using NCBI Primer-BLAST, while NetPrimer 

(http://www.premierbiosoft.com/netprimer/) was used to calculate the probability of primer 

secondary structure formations. Under these parameters primers were designed for LjALMT1 

(Lj3g1v0182300.1) or LjNOD26, previously termed LIMP2, (Lj4g3v2618520.), the primer sequences 

for LjEF1a and LjUBQ10 were taken from Guether et al. (2009) and used as housekeeping genes 

(Table 2.1).  
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Table 2.1 qRT-PCR primers used in this thesis. Primers were synthesised by Sigma-Aldrich, Australia. 

 5’ primer sequence 

LjALMTqPCR-F GGGAACCTAACACGGTTGTG 
LjALMTqPCR-R CGAAGTTCATATGGGGTCTGGTC 

LjNOD26qPCR-F GGGTTGCCACTGATGATCG 
LjNOD26qPCR-R GGCCCTGCAAACAACAC 

LjUBQ10-F TTCACCTTGTGCTCCGTCTTC 
LjUBQ10-R AACAACAGCACACACAGACAATCC 

LjEF1a-F TGTGAAGGATCTCAAGCGTG 
LjEF1a-R GTATGGCAATCAAGGACTGG 

2.5.4 Preparation of qRT-PCR standards  

The qRT-PCR products of the selected primer sets, and for the reference genes, were purified (2.2.3) 

and the concentration of product was determined using a NanoDrop 1000 spectrophotometer 

Thermo Fisher Scientific, USA). The Promega (USA) BioMath calculator 

(http://www.promega.com/a/apps/biomath/?calc=tm) was used to convert the concentration of 

double stranded DNA from µg/µL to pmol/µL, to generate standards between 100 and 10-8 

femtomole/µL.  
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2.6 Gene cloning  

2.6.1 Gateway® vectors 

Gateway® vectors were propagated and maintained in ccdB Survival™ 2 E. coli strain (F-mcrA Δ(mrr-

hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 araΔ139 Δ(ara-leu)7697 galU galK rpsL 

(StrR) endA1 nupG fhuA::IS2) which is resistant to the effects of the ccdB gene found in Gateway® 

donor and destination vectors (Invitrogen, USA). Due to the linear nature of pENTR™/D-TOPO™ the 

plasmid was order directly from Invitrogen (USA) and was unable to be propagated in the ccdB 

Survival™ 2 E. coli strain. The Gateway® vectors used are listed in Table 2.2 and maintained in LB 

media (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, pH 7.0) containing appropriate 

selection.     

Table 2.2 List of Gateway® vectors used. Plasmid maps can be found in Appendix 1. 

Vector Recombination site Selection Source 

pDONR™221 AttP Kanamycin Invitrogen, USA 
pENTR™/D-TOPO™ AttL Kanamycin 

pGEMHE-DEST AttR Ampicillin Sunita Ramesh, 
Adelaide University, 

Australia 
pGEMHE-DEST-cYFP AttR Ampicillin 

pYES-DEST52 AttR Ampicillin 
V33 AttR Spectinomycin Penelope Smith, La 

Trobe University, 
Australia 

V45 AttR Spectinomycin 
V48 AttR Spectinomycin 

2.6.2 Preparation of TSS competent DH5a E. coli 

Overnight culture of DH5a grown in LB media was used to inoculate 50 mL LB at a dilution of 1:100. 

This culture was growth shaking at 200 RPM at 37oC until at OD600 of ~0.4. Cells were incubated on 

ice for 10 minutes and harvested using a Sigma 3-16PK centrifuge (Sigma-Aldrich, USA) at 1000 g for 

10 minutes at 4oC. The supernatant was discarded, and cells were resuspended TSS buffer (modified 

LB broth also containing 3 mM PEG 3350, 30 mM MgCl2 and 5% (v/v) DMSO) at a volume 10% (v/v) 

of the initial culture. Aliquots of TSS competent DH5a were snap frozen in liquid nitrogen and stored 

at -80oC until required.  

2.6.3 Heat-shock transformation of chemically competent cells 

Transformation of TSS DH5a or One Shot™ ccdB Survival™ 2 T1R Competent Cells (Invitrogen, USA) 

was performed according to Sambrook and Russell (2001) with a few modifications. An appropriate 

volume of reaction mixture or plasmid DNA was added to 50 µl of cells completely thawed on ice 

and allowed to equilibrate for 30 minutes. Heat shock was performed at 42°C for 30 seconds and 
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immediately cooled on ice for 2 minutes. Following incubation, 450 µl of S.O.C (2% (w/v) peptone, 

0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) 

was added and cells were grown for 1 hour at 37°C with shaking at 200 RPM. 50-100 µl of the 

transformed culture was spread onto a selection plate containing appropriate antibiotic and 

incubated overnight at 37°C.     

2.6.4 Gene synthesis  

The full length GmNOD26 (Glyma.08G120100.1) coding sequence (cds) was synthesised into 

gateway-enabled pUC57 containing Kanamycin resistance (Synbio Technologies, USA). 

Phosphomimetic mutations were induced to the coding sequence through mutation of serine 262 to 

alanine (S262A) or aspartic acid (S262D) (Synbio Technologies, USA). 

2.6.5 Production of attB products 

For recombination of PCR products into pDONR™221, the products must contain attB sites for 

appropriate activity of BP clonase™ (Invitrogen, USA). For amplification of the 2kb 5’ regulatory 

element (RE) of LjALMT1 (Lj3g1v0182300.1) or LjNOD26 (Lj4g3v2618520) gDNA (2.4.2) was used as 

the template, while for cds amplification cDNA (2.5.1) was used. Initially, the 2kb 5’ RE or cds was 

amplified using region specific primers specified in Table 2.3. For addition of attB sites, the forward 

primer was designed to have four guanine (G) residues at the 5’ end followed by the 25 bp attB1 site 

and ~25 bp of region-specific sequence. For coding region primer design two nucleotides, GC, were 

added to allow the coding region to remain in frame of a N-terminal reporter protein. The reverse 

primer was designed to contain four guanine residues at the 5’ end followed by the 25 bp attB2 site 

and ~25 bp of region-specific sequence. Region-specific primers were designed using SnapGene (GSL 

Biotech LLC, USA) at 18-28 bp with an optimal Tm of 60oC and GC content of 50%. NEB (USA) Q5® 

High-Fidelity DNA Polymerase was used during amplification to minimise miscellaneous mutations. 

Each reaction contained 1.0 X Q5® Reaction Buffer, 200 µM dNTP’s, 0.5 µM forward and reverse 

primer, 0.5 units of Q5® High-Fidelity DNA Polymerase and 1 µl of template. Thermal cycling 

conditions consisted of initial denaturation at 98°C for 30 seconds; 35 cycles of denaturation at 98°C 

for 10 seconds, annealing at primers specific Tm for 30 seconds, extension at 72°C for 90 seconds; 

and final extension at 72°C for 5 minutes.   
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Table 2.3 Primers used in the generation of attB products. Primers were synthesised by Sigma-

Aldrich, Australia. Key: Regulatory element (RE); Coding sequence (cds); Forward (F); Reverse (R). 

Target amplification  5’ primer sequence 

LjALMT1 2kb RE 
F CTTTAATTTGATTGCTCTCTTTGTGGG 

R CTGCTACCTATTGCTCCATAGC 

LjALMT1 2kb RE attb 
F GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCTTTAATTTGATTGCTCTCTTTGTGGG 
R GGGGACCACTTTGTACAAGAAAGCTGGGTGCTGCTACCTATTGCTCCATAGC 

LjALMT1 cds 
F ATGGCCTCACCAATTGCTGAC 
R TCACTCGTTAACTGTGATAAC 

LjALMT1 cds attb 
F GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGGCCTCACCAATTGCTGAC 
R GGGGACCACTTTGTACAAGAAAGCTGGGTGTCACTCGTTAACTGTGATAAC 

LjNOD26 2kb RE 
F CACTCACTAGCTAAAACAAGG 

R TTCCAAATGCTTACCCAAGTGC 

LjNOD26 2kb RE attb 
F GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACTCACTAGCTAAAACAAGG 
R GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCCAAATGCTTACCCAAGTGC 

LjNOD26 cds 
F ATGGGTGAGAGTTCCGCAC 

R TCATATTCCTTTGAGAAAAGAG 

LjNOD26 cds attb 
F GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGGGTGAGAGTTCCGCAC 
R GGGGACCACTTTGTACAAGAAAGCTGGGTGTCATATTCCTTTGAGAAAAGAG 

2.6.6 Generating entry clones using Gateway™ BP Clonase™ 

AttB PCR products were recombined with attP- containing pDONR™221 using BP clonase™ 

(Invitrogen, USA). The quantity of attB PCR product required was calculated by the size of PCR 

product (bp) * 0.0165. This quantity was combined with 75 ng of pDONR™221 and 0.5 µL of BP 

clonase™ in a reaction volume of 4.5 µL containing TE buffer (pH 8.0).  The reaction was incubated at 

25oC overnight and terminated by the addition of 2 µg Proteinase K for 10 min at 37oC. The reaction 

was transformed into TSS DH5a (2.6.2) using the heat shock protocol (2.6.3) and single colonies 

containing the PCR product identified through colony PCR (2.2.7) were grown overnight in LB broth 

containing 50 µg/mL kanamycin. Plasmid DNA was isolated (2.2.3) and sequenced by AGRF 

(Australia) to confirm no unanticipated mutations had been induced through PCR amplification 

(Appendix 2). Alignment with the publicly available sequences revealed two Single Nucleotide 

Polymorphisms (SNPs) in the LjALMT1 RE, while no SNPs were found in the LjALMT1 cds, LjNOD26 

RE, or LjNOD26 cds (Appendix 2). Due to the limited coverage of the LjALMT1 genomic sequence, 

these SNPs (A1138G and A1659C) were preserved in the 2-kb 5’ RE of LjALMT1 and used to drive the 

expression of the GUS reporter and transiently expressed in L. japonicus via hairy root 

transformation (2.9.2/3).  
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2.6.7 Overlapping PCR for pENTR™/D-TOPO™ cloning 

To fuse the 2kb RE with the cds of LjALMT1 and LjNOD26, overlapping PCR primers were developed 

that incorporated a CACC overhang for the pENTR™/D-TOPO™ cloning system (Invitrogen, USA). 

RETOPO-F and REcds-R primers were used to clone the 2kb RE and introduce CACC and coding 

region overhand using V48-promoter as a template (Table 2.4). REcds-F and cdsns-R primers were 

used to clone the cds while removing the stop codon and introducing 2kb regulatory element 

overhang (Table 2.4). These products were amplified using Phusion High‐Fidelity DNA Polymerase 

(NEB, USA) and gel purified using the Wizard® SV Gel and PCR Clean-Up System (Promega, USA) 

(2.2.3). Both purified products were then used as template for a reaction containing RETOPO-F and 

cdsns-R primer combination and amplified using Phusion High‐Fidelity DNA Polymerase (NEB, USA). 

The resulting LjALMT1-REcds, 3285 bp, and LjNOD26-REcds, 2815 bp, PCR products were gel purified 

using the Wizard® SV Gel and PCR Clean-Up System (Promega, USA) (2.2.3) and used as template for 

pENTR™/D-TOPO™ reaction. The reaction contained 30 ng PCR product, 20 ng of pENTR™ TOPO® 

vector and 20% (w/v) salt solution (1.2 M NaCl and 0.06 M MgCl2) in a total reaction volume of 5.0 

µL. Following overnight incubation, the reaction was transformed into TSS DH5a (2.6.2) using the 

heat shock protocol (2.6.3) and single colonies were grown overnight in LB broth containing 50 

µg/mL kanamycin. Plasmid DNA was isolated (2.2.3), directionally of incorporation confirmed 

through restriction digest (2.2.4) and sequenced by AGRF (Australia) to confirm no unanticipated 

mutations had been induced through PCR amplification. 

Table 2.4 Overlapping PCR primers used in the generation of TOPO cloning. Overhanging primer 

sequences have been underlined. Primers were synthesised by Sigma-Aldrich, Australia. Key: 

Regulatory element (RE); Coding sequence (cds); Forward (F); Reverse (R) Non-stop (ns). 

 

 

 

 

  

 5’ primer sequence 

LjNOD26 RETOPO-F CACCTTCCAAATGCTTACCC 

LjNOD26 REcds-F CTAGTGAGTGATGGGTGAGAGTTC 

LjNOD26 REcds-R GAACTCTCACCCATCACTCACTAG 

LjNOD26 cdsns-R TCCTATTCCTTTGAGAAAAGAGAC 

LjALMT1 RETOPO-F CACCCTGCTACCTATTGCTCCATAGC 

LjALMT1 REcds-F GCAATCAAATTAAAGATGGCCTCACC 

LjALMT1 REcds-R GGTGAGGCCATCTTTAATTTGATTGC 

LjALMT1 cdsns-R TCCCTCGTTAACTGTGATAACATGAG 
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2.6.8 Generating expression clones using Gateway™ LR Clonase™ II 

In this thesis, the eight nodule-expressed soybean NPF’s were provided by Penelope Smith (La Trobe 

University, Melbourne) in pDONR™221, GmNOD26 was synthesised into gateway-enabled pUC57 by 

Synbio Technologies (USA), while LjNOD26 and LjALMT1 sequences were cloned from gDNA or cDNA 

(2.6.5) into pDONR™221 (2.6.6) or pENTR™/D-TOPO™ (2.6.7). AttL containing entry vectors were 

recombined with attR-containing destination vectors using LR clonase™ II (Invitrogen, USA). 

Approximately 5 fmol of both entry and destination vector were combined with 0.5 µL of LR 

clonase™ II in a reaction volume of 2.5 µL containing TE buffer (pH 8.0). For large destination vectors 

>10kb, the plasmid was first linearised between the attR sites using BbvCI (NEB, USA) and purified 

through ammonium acetate precipitation (2.2.5). The reaction was incubated at 25oC overnight and 

terminated by the addition of 1 µg Proteinase K for 10 min at 37oC. The reaction was transformed 

into TSS DH5a (2.6.2) using the heat shock protocol (2.6.3) and single colonies were grown overnight 

in LB broth containing appropriate antibiotic (Table 2.2). Plasmid DNA was isolated (2.2.3) and 

confirmed through restriction digest (2.2.4). 

2.6.9 Site-directed mutagenesis 

 Primers designed to generate E43N, D177N, R179N, V197H and A206C GmNOD26 mutants can be 

found in Table 2.5. The molecular weight of each primer was used to calculate the required 125 ng 

used in each 50 µL reaction. Site-directed mutagenesis was performed using Phusion High‐Fidelity 

DNA Polymerase (NEB, USA) with ~75 ng of plasmid DNA template under thermocycling conditions 

of 98 °C for 30 s; 18 cycles of 98 °C for 30 s, 55 °C for 60 s, 72 °C for 7 mins; final extension 72 °C for 

10 min and followed by Dpn1 digestion. Following transformation into TSS DH5a (2.6.2) using the 

heat shock protocol (2.6.3) single colonies were grown overnight in LB broth containing appropriate 

antibiotic. Plasmid DNA was isolated (2.2.3) and sequenced by AGRF (Australia) to confirm mutations 

had been correctly integrated. 
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Table 2.5 Primers used in the generation of site-directed mutants. Primers were synthesised by 

Sigma-Aldrich, Australia. 

   

 5’ primer sequence 

GmNOD26D192N-F GGTTGCCACCAATAACAGAGCGGTTGGTGAGTTCG 

GmNOD26D192N-R CGAACTCACCAACCGCTCTGTTATTGGTGGCAACC 

GmNOD26R194N-F GGTTGCCACCGATAACAATGCGGTTGGTGAGTTCG 

GmNOD26R194N-R CGAACTCACCAACCGCATTGTTATCGGTGGCAACC 

GmNOD26E43N-F CTTGCAGAAGTTGGTAGCTAACGCGGTGGGAACATATTTCC 

GmNOD26E43N-R GGAAATATGTTCCCACCGCGTTAGCTACCAACTTCTGCAAG 

GmNOD26V197H-F GGTCGACATTACTGCTGAATCACATTATTGGAGGGCCAGTG 

GmNOD26V197H-R CACTGGCCCTCCAATAATGTGATTCAGCAGTAATGTCGACC 

GmNOD26A206C-F GAGGGCCAGTGACAGGATGTTCAATGAACCCAGCTAGAAGC 

GmNOD26A206C-R GCTTCTAGCTGGGTTCATTGAACATCCTGTCACTGGCCCTC 
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2.7 Expression in X. laevis oocytes 

2.7.1 Preparation of X. laevis oocytes 

Unfertilized X. laevis oocytes were harvested according to Byrt et al. (2017) under ethics approval S-

2019-024. Oocytes were injected with 46 nL of either nuclease-free water or cRNA using a micro‐

injector (Nanoinject II, automatic nanolitre injector, Drummond Scientific) and incubated in Ringer's 

solution (96 mM NaCl, 2 mM KCl, 5 mM MgCl2, 0.6 mM CaCl2, 5 mM HEPES, 5% (v/v) horse serum 

and antibiotics (0.05 mg/mL tetracycline, 100 units/mL penicillin, 0.1 mg/mL streptomycin) pH 7.6 at 

18oC. The quantity of cRNA injected varied dependent on the gene, for: LjALMT1 16 ng; GmNOD26 

23 ng; GmNPFs 46 ng. Ringer's solution was replaced daily and for experiments involving sodium 

testing solutions the oocytes were stored in low sodium Ringer's solution (62 mM NaCl, 36 mM KCl, 

5 mM MgCl2, 0.6 mM CaCl2, 5 mM HEPES, 5% (v/v) horse serum and antibiotics (0.05 mg/mL 

tetracycline, 100 units/mL penicillin, 0.1 mg/mL streptomycin) one day prior to experiments.  

2.7.2 cRNA synthesis  

For heterologous expression in X. laevis oocytes, pGEMHE‐DEST or pGEMHE‐DEST-cYFP plasmids, 

containing 5’ and 3’ X. laevis β-globin untranslated regions (Shelden et al. 2009), were linearized 

(2.2.4) downstream of the 3’ X. laevis β-globin untranslated regions using appropriate restriction 

enzyme (Appendix 1). The linearised vector was cleared of any of contaminating proteins and RNA 

through ammonium acetate precipitation (2.2.5) prior to cRNA synthesis using the mMESSAGE 

mMACHINE® T7 Transcription kit (Thermo Fisher Scientific, Australia). Following cRNA synthesis for 2 

hours at 37oC and plasmid degradation using TURBO DNase (Thermo Fisher Scientific, Australia), 

cRNA was purified by phenol/chloroform extraction and isopropanol precipitation. Briefly, 115 µL 

nuclease-free water and 15 µL ammonium acetate stop solution was combined with each 20 µL 

cRNA reaction and extracted with an equal volume of phenol/chloroform by centrifugation 

(Eppendorf 5425 centrifuge, Australia) at max speed. The aqueous phase was then combined with an 

equal volume of chloroform and extracted once again by centrifugation at max speed. The cRNA was 

precipitated by the addition of 1 volume of isopropanol, chilled overnight at –20°C prior to 

centrifugation at max speed for 15 minutes at 4°C. The pellet was air dried and resuspended in 10 µL 

nuclease-free water, quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher 

Scientific, USA), integrity checked via agarose gel electrophoresis (2.2.1) and stored at -80°C until 

required. 
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2.7.3 Oocyte water permeability 

Oocytes incubated for 1 hour in an iso‐osmotic solution of 50 mM NaCl, 2 mM KCl, 2 mM MgSO4, 1.8 

mM CaSO4, 5 mM HEPES, pH 7.5 with TRIS base and osmolality adjusted to 220 mosmol kg−1 with D‐

mannitol. Oocytes were transferred to a hypo‐osmotic version of this solution (1 in 5 dilution, 44 

mosmol kg−1), viewed with a Nikon SMZ800 light microscope (Nikon, Japan) and changes in volume 

captured every second for 60 seconds following Byrt et al. (2017). Image J software (National 

Institute of Health, USA) was used to calculate the relative change in volume of the oocytes. Osmotic 

permeability (Pos) was calculated from the increase in volume from 2 to 60 seconds using the 

equation specified by Byrt et al. (2017). 

2.7.4 Voltage-clamp electrophysiology 

For Two-Electrode Voltage Clamp (TEVC) recordings, Borosilicate glass pipettes (Harvard Apparatus: 

GC150F‐10, USA) filled with 3 M KCl (0.3-1 MΩ resistance) were used to pierce the oocyte 

membrane as current and voltage electrodes. The testing solution was continuously perfused during 

experimentation and a bath clamp system minimized the effect of series resistance. The voltage 

clamp protocol consisted of a -40 mV holding potential, with the membrane potential decreased 

from 40 to -120 mV in increments of 20 mV for 0.5 or 1.5 s, followed by -40 mV for 0.5 s. TEVC was 

performed using the CLAMPEX 9.0 software (Molecular Devices, USA) and recordings analysed using 

Clampfit 10.2 (Molecular Devices, USA). Conductance was calculated using the slope of the linear 

portion of the current-voltage curve, from -60 to +20 mV. 

2.7.4.1 Cationic testing solutions 

Cationic solutions contained 10-, 50- or 100-mM monovalent cations applied as a chloride salt in a 

base testing solutions of 2 mM KCl, 5 mM HEPES, pH 7.5 with TRIS base and osmolality adjusted to 

220 mosmol kg−1 with D‐mannitol. The base solution either contained a standard (1 mM MgSO4 and 

1.8 mM CaSO4) or low (50 µM CaSO4) concentration of divalent cations.  

2.7.4.2 Anionic testing solutions 

Anionic solutions contained either: a basal solution of 0.5 mM CaCl2, buffered to pH 5.5 or 7.5 with 

Bis-tris propane (BTP) and containing 10 mM malic, succinic, α-ketoglutaric, sulphuric, nitric, or 

hydrochloric acid; or ND88 containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 6.2 mM Ca(NO3)2, 

8.5 mM CaCl2, 0.82 mM MgCl2 and buffered to pH 4.5 with HCl. For all solutions osmolality was 

adjusted to 220 mosmol kg−1 with D-mannitol. In some circumstances the testing solution contain 

100 µM aluminium chloride, 100 µM GABA or 5 mM phthalonic acid.  
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2.7.5 Radiotracer experiments 

Experiments were adapted from Gruber et al. (2010). For uptake experiments control, GmNPF1.2 

and LjALMT1-expressing oocytes were incubated in basal testing solution (pH 5.5) containing 0.5% 

(v/v) L-1,4 (2,3) [14C] malic acid (Amersham, USA) at a final malate concentration of 2 mM. Oocytes 

were then bathed in 100 µL of uptake buffer ± 5 mM phthalonic acid for 15 minutes and washed 

twice in a solution of equivalent malate concentration without the radiotracer. Following washing, 

oocytes were digested with 0.1 N HNO3 and placed in scintillation vials containing Ultima Gold liquid 

scintillation cocktail (PerkinElmer, USA) for counting in a Tri-Carb 2100 TR Liquid Scintillation 

Analyser (Packard, USA). For efflux experiments control, GmNPF1.2 and LjALMT1-expressing oocytes 

were injected with 46 nL of L-1,4 (2,3) [14C] malic acid (Amersham, USA) and placed in 500 µL basal 

testing solution (pH 5.5). After two and five minutes the efflux buffer was sampled and placed in 

scintillation vials. Following the efflux experiment the oocytes were digested with 0.1 N HNO3 and 

placed in scintillation vials containing Ultima Gold liquid scintillation cocktail (PerkinElmer, USA), all 

samples were then counted using a Tri-Carb 2100 TR Liquid Scintillation Analyser (Packard, USA).    

2.7.6 Confocal microscopy 

Oocytes expressing GmNOD26-cYFP fusion were mounted in 100 µl sodium testing solution 

containing a standard divalent cation concentration and imaged using Nikon A1R Laser Scanning 

Confocal Microscope (Nikon Instruments, USA). YFP was excited using a 514 nm argon laser and 

emission recorded from 528 to 603 nm, to minimise variation in signal between samples the gain 

was kept constant at 28. For contrast the transmitted light channel was also used. Following image 

capture oocytes were transferred to 30 µl homogenisation buffer for western blot analysis (2.7.8). 

All images were processed using NIS Elements software (Nikon Instruments, USA). 

2.7.7 Oocyte homogenisation 

X. laevis oocyte lysates were prepared by homogenising a single oocyte in 30 μL of oocyte 

homogenization buffer (20 mM Tris-HCl pH 7.4, 5 mM MgCl2, 5 mM NaH2PO4, 80 mM sucrose, 1 mM 

EDTA, 1 mM dithiothreitol, 1 X Protease Inhibitor Cocktail) in a 1.5 ml tube with a Teflon pestle. The 

samples were centrifuged (Eppendorf 5425 centrifuge, Australia) at 250 g for 10 minutes to remove 

yolk protein, and the lysate was stored at -80oC. 
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2.7.8  Protein techniques 

2.7.8.1 Estimation of protein concentration  

The initial protein concentration of the homogenised oocyte lysate (2.7.7) was estimated using 

Pierce BCA protein assay kit (Thermo Fisher Scientific). Homogenised oocyte lysate was diluted 10-

fold and 10 μL assayed in 200 μL of working reagent containing 20 parts BCA Reagent A and 1 part 

BCA Reagent B. The absorbance was measured at 562 nm using a CLARIOstar Plate Reader (BMG 

LABTECH, Australia) and compared to BSA standards. 

2.7.8.2 SDS-PAGE  

An equal volume of homogenised oocyte lysate (2.7.7) and denaturing sample buffer (125 mM Tris-

HCl pH 6.8, 2% (w/v) SDS, 40% (w/v) Glycerol, 0.006% (w/v) Bromophenol Blue, 6 M Urea) were 

combined and loaded onto a 12.5% (v/v) polyacrylamide resolving and 4% (v/v) stacking SDS-PAGE 

gel. The gel was run in SDS-PAGE running buffer (192 mM Glycine, 25 mM Trizma-Base, 0.01% (v/v) 

SDS) for 60 minutes at 170 V using the PowerPac™ Basic Power Supply and Mini-PROTEAN Tetra 

Vertical Electrophoresis Cell (BioRad). Each gel contained a Precision Plus Protein™ 

Kaleidoscope™ Prestained Protein Standards (BioRad, USA) and 2 μg of SM.  

2.7.8.3 Immunoblotting 

Protein was transferred to Amersham™ nitrocellulose membrane (Cytiva, USA) in a typical 

western blot transfer stack submerged in transfer buffer (152 mM Glycine, 25 mM Trizma-base) 

using the Mini Trans-Blot® Cell (BioRad, USA) at 60 V at 4°C for 2 hours. Nitrocellulose 

membranes were then blocked overnight at 4oC on a gyrating platform in blocking buffer (5% 

(w/v) skim milk powder, 20 mM Trizma-base pH 7.4, 0.1% (v/v) Tween-20, 150 mM NaCl). 

Following blocking, the membranes were incubated in blocking buffer containing the primary 

GmNOD26 antibody, kindly provided by Daniel Roberts, at a concentration of 1:7,500 (see 2.7.8.4) 

for one hour at room temperature prior to three sequential washing steps in blocking buffer for a 

minimum of 10 minutes. The secondary antibody (anti rabbit-goat) was then applied in blocking 

buffer (1:10,000) for one hour at room temperature before three sequential washing steps in TBST 

(25 mM Trizma-base, 0.1% (v/v) Tween-20, 150 mM NaCl) for a minimum of 10 minutes. Protein 

was then visualised using the Clarity Western ECL Substrate (Bio-Rad, USA) and imaged using the 

ChemiDoc XRS+ imaging system (Bio-Rad, USA).  

 



 

42 

2.7.8.4 GmNOD26 antibody optimisation 

The GmNOD26 antibody was kindly provided by Dan Roberts (University of Tennessee, USA) and 

the concentration was first optimised through dot blot. Briefly 10 µg SM was pipetted onto 

nitrocellulose membrane and incubated in blocking buffer overnight at 4oC. Following blocking, the 

membranes were incubated in blocking buffer containing various dilutions of GmNOD26 antibody 

for one hour at room temperature prior to secondary antibody application and visualisation as 

specified in 2.7.8.3. A dilution of 1:7,500 was sufficient for appropriate quantification of GmNOD26 

(Figure 2.1).  

 

 

 

 

 

 

  
Figure 2.1 GmNOD26 antibody dilutions. Various dilutions of GmNOD26 antibody were 

incubated with 10 µg SM blotted on nitrocellulose membrane as specified 2.7.8.4. 
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2.8 Expression in S. cerevisiae  

2.8.1 S. cerevisiae strains 

Ammonium transport deficient 26972c (mep1-1, mep2∆, Mep3, ura-) or 31019b (∆mep1-3, ura-) S. 

cerevisiae strains were kindly provided by Apriadi Situmorang (Adelaide University, Australia). The 

amino acid transport deficient 22Δ10AA (MATα gap1-1 put4-1 uga4-1 can1::HisG lyp1- alp1::HisG 

hip1::HisG dip5::HisG gnp1Δ agp1Δ ura-) and parental 23344c (MATα ura-) S. cerevisiae strains were 

kindly provided by Guillaume Pilot (Virginia Tech, USA). All strains were maintained in YPD media 

containing 2% (w/v) D‐glucose, 2% (w/v) peptone and 1% (w/v) yeast extract. 

2.8.2 S. cerevisiae transformation 

S. cerevisiae strains were transformed by lithium acetate (LiAc) method (Gietz and Woods 2002) with 

pYES‐DEST52 plasmids for auxotrophic complementation of ura3. Overnight culture of S. cerevisiae 

grown in YPD media was used to inoculate 50 mL YPD at a dilution of 1:50. This culture was growth 

shaking at 200 RPM at 28oC until at OD600 of ~0.5. Cells were harvested using a Sigma 3-16PK 

centrifuge (Sigma-Aldrich, USA) at 3000 g for 5 minutes and resuspended 1.0 ml of 100 mM LiAc. 

Cells were transferred to a 1.5 ml tube, centrifuged at 8000 rpm using an Eppendorf 5425 centrifuge 

(Australia) for 15 seconds and resuspended in 100 mM LiAc at a volume 1.0% (v/v) of the initial 

culture. Transformation mix was assembled containing 50 μL culture, 240 μL PEG 3750 (50% w/v), 36 

μL 1.0 M LiAc, 25 μL salmon sperm DNA (2mg/ml) and 1 μg plasmid DNA in a final reaction volume of 

400 μL. The transformation mix was incubated at 30oC for 30 minutes, heat shocked at 42oC for 25 

minutes and pelted at 8000 rpm. Cells were resuspended in sterile MilliQ water and grown overnight 

on 1.7% (w/v) Yeast Nitrogen Base (YNB) without ammonium sulphate containing 2% (w/v) D‐

glucose and 0.192% (w/v) Yeast Synthetic Drop-out Medium Supplements without Uracil at 28oC.  

2.8.3 Growth of ammonium transport deficient S. cerevisiae 

Yeast starter cultures were grown overnight at 28oC with shaking at 180 RPM in Medium M (Ramos 

and Wiame 1979) containing 0.1% (w/v) proline and 2% (w/v) D‐glucose. Cells were pelleted at 

3000g using a Sigma 3-16PK centrifuge (Sigma-Aldrich, USA) washed twice with sterile MilliQ water 

and diluted to an OD600 of 1.0 in Medium M without primary carbon or nitrogen sources. For 

growth on solid medium, cultures were serially diluted 10-fold with 5 μL spotted onto solid Medium 

M containing 2% (w/v) agar and grown at 28oC for 5 days. Liquid cultures were grown from an initial 

OD600 of 0.1 in 200 µL aliquots at 180 RPM for 48 to 72 hours with OD600 recorded every 15 

minutes using a CLARIOstar Plate Reader (BMG LABTECH, Australia). Testing media contained 2% 
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(w/v) D‐glucose or 2% (w/v) D-(+)‐galactose with either: 0.1% (w/v) proline, 0.1% (w/v) proline and 

methylamine hydrochloride; or ammonium sulphate.  

2.8.4 Growth of amino acid transport deficient S. cerevisiae 

Overnight cultures were grown at 28oC with shaking (180 RPM) in YNB media containing 5 mM 

ammonium and 2% (w/v) D‐glucose. Cells were pelleted at 3000g using a Sigma 3-16PK centrifuge 

(Sigma-Aldrich, USA) washed twice with sterile MilliQ water and diluted to an OD600 of 1.0 in YNB 

without primary carbon or nitrogen sources. Cultures were serially diluted 10-fold with 5 μL grown 

at 28oC for 5 days on solid YNB without ammonium sulphate and containing either 2% (w/v) D‐

glucose or 2% (w/v) D-(+)‐galactose with 3 mM ammonium or amino acid as the sole nitrogen 

source. 
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2.9 Characterisation of transgenic L. japonicus 

2.9.1 Preparation of electrocompetent A. rhizogenes 

An overnight culture A. rhizogenes (A10) was used to inoculate 250 ml LB liquid medium (1:50 

dilution) and incubated at 28°C shaking at 200 RPM until OD600 reached 0.5. Cells were incubated 

on ice for 30 minutes and harvested using a Sigma 3-16PK centrifuge (Sigma-Aldrich, USA) at 3000 g 

for 10 minutes at 4oC. The supernatant was discarded, and cells were resuspended in 50 ml of sterile 

ice-cold MilliQ water. The cells were harvest again and resuspended in 25 ml of sterile ice-cold MilliQ 

water. Harvesting was again repeated but instead the cells were washed with 10 ml of sterile ice-

cold 10% (v/v) glycerol before a final harvest and resuspension in 1.0 ml sterile ice-cold 10% (v/v) 

glycerol. Aliquots of 50 μL were snap frozen in liquid nitrogen and stored at -80 °C until 

transformation. Electroporation was performed using 1.0 μg of plasmid DNA and 50 μL of competent 

cells according to Nagel et al. (1990); a 2 second 2.5 Kv charge dissipation with the capacitor at 25 μF 

and the resistor at 200 ohms (Gene Pulser® II, Pulse controller plus and Capacitance extender 

plus BioRad, USA). Following electroporation, the cells were combined with 250 μl LB broth and 

incubated at 28oC for 1 hour with shaking at 200 RPM shaking. Transformants were selected for on 

LB agar containing 150 μg/ml spectinomycin and 30 μg/ml rifampicin.  

2.9.2 Hairy root transformation 

Hairy roots were induced following a modified method from Díaz et al. (2005) and Okamoto et al. 

(2013). L. japonicus seeds were scratched with sandpaper, sterilised in 4% (v/v) bleach, imbibed in 

sterile MilliQ water, and plated on 0.9% (w/v) agar. After seven days seedlings were sectioned 

through the middle of the hypocotyl, infected with A. rhizogenes containing appropriate vector and 

placed on co-cultivation media for 24 hours of dark incubation in a growth cabinet at 23°C. Plants 

were exposed to light (16 hours light/ 8 hours dark) for five days and transferred to root elongation 

media for 14 days of hairy root induction. Transgenic roots were screened for DsRED expression 

using ChemiDoc XRS+ imaging system (Bio-Rad, USA) using the 605/50 filter with Green Epi 

illumination (Appendix 3). Selected plants were transferred to 50% (v/v) vermiculite-perlite and 

grown as specified in 2.2.3.  
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2.9.3 GUS staining 

Transgenic roots were excised 21 DAI plants and fixed in ice-cold fixative solution containing 3.8% 

(v/v) formaldehyde. Roots were washed in several changes of ice-cold 0.1 M phosphate buffer (pH 

7.4), submerged in X-Gluc substrate solution, containing: 1 μg X-Gluc; 2 mM potassium ferricyanide; 

2 mM potassium ferrocyanide; and 0.1% (v/v) Triton-X, and vacuum infiltrated for 30 minutes (Vitha 

2007). After one-hour dark incubation distinct blue stain appeared and tissue was fixed in modified 

tellesnitskill fixative for two hours containing: 70% (v/v) isopropanol; 2% (v/v) formaldehyde; and 5% 

(v/v) glacial acetic acid. Tissue was stored in 70% (v/v) ethanol and placed in histology cassettes prior 

to paraffin embedding using the Leica ‘HistoPearl’ Automated Paraffin Embedding System. 

Embedded samples were sectioned 10 μm, placed on a microscope slide and cleared using xylene 

prior to imaging using an Olympus BX53 upright microscope (Oympus LS, Japan). 

2.9.4 Fluorescent microscopy 

Transgenic nodules were washed in 0.1 M phosphate buffer (pH 7.4), hand sectioned and placed into 

an ice-cold solution of FM4-64 (30 μg/mL) in 0.1 M phosphate buffer containing 25 mg/mL sucrose 

(pH 7.4). Following FM4-64 for 60 minutes, sections were mounted on a microscope slide in in 0.1 M 

sodium phosphate buffer containing 25 mg/mL sucrose (pH 7.4) and imaged using ZEISS LSM 880 

Confocal Laser Scanning Microscope (Carl Zeiss, Germany). GFP was excited using a 488 nm argon 

laser and emission recorded 530 nm. FM4-64 was excited using a 510 nm diode pumped solid state 

laser and emission recorded at 750 nm. Images were processed using ZEN (black edition) (Carl Zeiss, 

Germany). Alternatively, the EVOS® FL Auto Imaging System (Thermo Fisher Scientific, USA) was 

used in the validation of the ChemiDoc XRS+ imaging system (Bio-Rad, USA) for screening successful 

hairy root transformants (Appendix 3) or to excite GFP (482/25 nm Excitation; 524/24 nm Emission).  
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2.10 Bioinformatic and statistical analysis 

2.10.1 Genome-wide identification of ALMT and tDT-like proteins 

Arabidopsis ALMT or tDT protein sequences were obtained from Dreyer et al. (2012) or Emmerlich et 

al. (2003). These sequences were used as BLAST queries to identify M. truncatula proteins using 

NCBI (https://blast.ncbi.nlm.nih.gov/), and L. japonicus proteins using Lotus Base (Mun et al. 2016). 

ALMT protein sequences were filtered for the presence of Hidden Markov models (Dreyer et al. 

2012) using HMMER (http://hmmer.org/). Nomenclature was assigned according to Arabidopsis 

percentage identity which was calculated GenomeNet (https://www.genome.jp/). 

2.10.2 Analysis of publicly available transcriptomics data 

To determine the tissue specific expression profile of the identified ALMT and tDT transcripts in L. 

japonicus and M. truncatula, RNA-seq data was extracted from Lotus Base (Mun et al. 2016) and 

Genevestigator (Hruz et al. 2008), respectively. In silico, ALMT and tDT expression was analysed in 

five different tissues (nodule, root, stem, leaf and inflorescence) under symbiotic growth conditions 

and normalised against the total expression of the transcript. The transcript expression across the M. 

truncatula nodule was also analysed through Symbimics (Roux et al. 2014).  

2.10.3 Statistical analysis 

Statistical analysis was conducted using SPSS V.25 (IBM Corp. 2017). T-Tests and Duncan’s Post Hocs 

were employed to assess differences between control and treated parameters. Figures were created 

using MATLAB (2022a) or Microsoft excel. 
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3 GmNOD26 is a non-selective monovalent cation channel 

3.1 Introduction 

3.1.1 Nitrogen-fixation in symbiosomes 

The primary metabolic exchange across the SM is the provision of reduced carbon to the bacteroids 

and the efflux of fixed nitrogen to the plant (see Udvardi and Poole (2013); Clarke et al. (2014) for 

reviews). Knowledge of the transporters involved in this exchange, and their regulation, is critical for 

our understanding of symbiotic nitrogen fixation. Carbon from the plant is provided primarily as 

malate and a SM-specific malate transporter has been described in symbiosomes from soybean 

(Udvardi et al. 1988). N2 is converted to ammonia within the bacteroid and is made available to the 

plant because the ammonia assimilating enzymes of the rhizobia are down regulated in the 

symbiotic state (Dilworth and Glenn 1984). Fixed nitrogen may be exported to the plant cytosol as 

ammonia, ammonium or, under certain conditions, amino acids, principally alanine (Allaway et al. 

2000; Day et al. 2001b).  

3.1.2 Nitrogen transport across the SM 

NH3 formed in the bacteroid diffuses into the acidic symbiosome space where it is largely protonated 

to NH4
+, requiring a channel on the SM for export to the plant cytosol. Patch clamping of soybean SM 

identified a NSCC of SubpicoSiemen conductance that has a preference for NH4
+ (Tyerman et al. 

1995), but the molecular nature of the channel has not been identified. The described channel was 

gated by divalent cations and rectified by cytosolic Mg2+ (Tyerman et al. 1995; Whitehead et al. 

1998; Tyerman 2002; Obermeyer and Tyerman 2005) and was present at high density in the SM 

patches. However, despite extensive transcriptomic and proteomic studies of nodule tissue and 

isolated SM from various legumes, including soybean, no candidates have been assigned as NSCCs 

(Saalbach et al. 2002; Wienkoop and Saalbach 2003; Takanashi et al. 2012; Roux et al. 2014; Clarke 

et al. 2015; Luo et al. 2023). In the plant cytosol, fixed nitrogen is rapidly assimilated to glutamate via 

GS, thus maintaining a favourable concentration gradient for NH4
+ efflux from symbiosomes 

(Dilworth and Glenn 1984; Day et al. 2001a; Day et al. 2001b). 

3.1.3 GmNOD26 is a multifunctional plant aquaporin 

The aquaporin NOD26 is a major component of the soybean SM (Fortin et al. 1987), accounting for 

~10% of the total protein mass (Rivers et al. 1997). It is a member of the NOD26-like intrinsic 

proteins subfamily that is permeable to water, formamide, glycerol and ammonia (Rivers et al. 1997; 
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Dean et al. 1999; Hwang et al. 2010). It is also possible that alanine is transported from symbiosomes 

through GmNOD26, as mercury has been reported to inhibit alanine movement across vesicles 

derived from the SM (Day et al. 2001b). When reconstituted into lipid bilayers, GmNOD26 displayed 

characteristics of an ion channel with an apparent preference for anions (Weaver et al. 1994; Lee et 

al. 1995). The functional relevance of this ion channel activity remains unclear, although under more 

physiological conditions its phenotype is likely to be different, particularly in vivo where GS is bound 

to the plant cytosolic side of GmNOD26 (Masalkar et al. 2010) and contains a high affinity binding 

site for NH4
+ (Liaw et al. 1995).  

3.1.4 Plant aquaporins can function as NSCC 

A number of publications have described NSCC activity of aquaporins, with HsAQP1 found to be a 

cyclic GMP-gated NSCC permeable to a range of monovalent cations when expressed in X. laevis 

oocytes (Yool et al. 1996; Anthony et al. 2000). Similar observations were found for the Drosophila 

Big Brain aquaporin (Yanochko and Yool 2002; Yanochko and Yool 2004), which was also found to be 

gated by divalent cations, but it was not until more recently that NSCC activity of plant aquaporins 

was reported (Byrt et al. 2017). In Arabidopsis, AtPIP2;1 is a divalent cation, pH gated NSCC that 

when phosphorylated at the C-terminus increases cation conductance and decreases water 

permeability (Byrt et al. 2017; Qiu et al. 2020). Divalent cation gating of barley HvPIP2;8 has also 

been reported (Tran et al. 2020).  

In view of these reports, we speculated that the aquaporin GmNOD26 may be responsible for the 

NSCC activity characterised in patches of soybean SM. Here, NSCC activity of GmNOD26 is 

characterised in X. laevis oocytes.  
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3.2 Results 

3.2.1 GmNOD26 displays characteristics of a monovalent cation channel gated by divalent cations 

To determine if GmNOD26 displayed ion conductivity, TEVC was performed on GmNOD26-

expressing X. laevis oocytes. Control (water injected) and GmNOD26-expressing oocytes were 

initially bathed in ND50 solution containing a low concentration of divalent cations (50 μM Ca2+), 

based on the patch-clamp experiments of the SM showing NSCC activity gated by divalent cations 

(Tyerman et al. 1995; Whitehead et al. 1998), and similar results with other plant aquaporins (Byrt et 

al. 2017). Oocytes expressing GmNOD26 showed time dependent, Na+ induced inward currents that 

were not observed in control oocytes (Figure 3.1a-b). However, in the presence of high 

concentrations of divalent cations, GmNOD26-oocyte ionic currents were not significantly different 

from water injected control oocytes (Figure 3.1c: GmNOD26 IM at -120 mV = -547 ± 124, Control IM at 

-120 mV = -515 ± 100; p = 0.857). When divalent cation concentrations were lowered, currents were 

significantly larger in GmNOD26-expressing oocytes (mean conductance of 29.6 µS) compared to 

control oocytes (14.3 µS), and this difference became more pronounced as the membrane was 

hyperpolarised (Figure 3.1d: GmNOD26 IM at -120 mV = -1789 ± 409; Control IM at -120 mV = -783 ± 

98; p = 0.014). GmNOD26-expressing oocytes could not be clamped at membrane potentials more 

negative than -140 mV, as the membrane integrity would be lost due to large inward rectification of 

the channel (DNS). The reversal potential shifted more positive in GmNOD26-expressing oocytes 

relative to the control (-28 and -38, respectively), indicating an increased net flow of ions as 

GmNOD26-expressing oocytes inwardly rectified. The divalent cation gating of monovalent cation 

currents in GmNOD26-expressing oocytes was dose dependent (Figure 3.1e/f), with conductance of 

51.4 µS in divalent cation free testing solution sequentially decreasing to 32.4, 16.3, 8.9, 8.2 and 7.9 

µS at magnesium concentrations of 10, 100, 500, 1000 and 2000 µM, respectively. The conductance 

of control oocyte was substantially less, 20.3, 18.8, 8.5, 5.2, 4.9 and 5.3 µS in 0, 10, 100, 500, 1000 

and 2000 µM free magnesium.   
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Figure 3.1 NaCl-induced ion currents in GmNOD26-expressing oocytes are gated by magnesium. Current-time 

traces for control (A) and GmNOD26-expressing oocytes (B), bathed in 50 mM NaCl containing low concentrations 

of divalent cations (50 μM Ca2+); (C) current-voltage curves of control and GmNOD26-expressing oocytes bathed in 

50 mM NaCl solution containing standard concentrations of divalent cations (1 mM Mg2+ and 1.8 mM Ca2+); (D) 

current-voltage curves of control and GmNOD26-expressing oocytes in ND50 solution containing low 

concentrations of divalent cations (50 μM Ca2+). Magnesium dose response in (E) control oocytes, and (F) 

GmNOD26 expressing oocytes, or (F) a representative trace of gap-free current recordings at -60 mV. Testing 

solution contained 50 mM NaCl with osmolarity adjusted to 220 mosmol kg−1 with d-mannitol, buffered with 

HEPES and pH to 7.5 with TRIS base (n=12 for c/d, n=6 for e/f-). 
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GmNOD26-expresseing oocytes displayed large ion conductivity when bathed in 10 mM NH4
+ (37.6 

µS compared to 7.0 µS in control oocytes) which was inhibited by high divalent cations (14.7 µS for 

GmNOD26, 8.4 µS for control) (Figure 3.2a/b). GmNOD26 expressing oocytes were permeable to a 

range of monovalent cations, but the ungated (external divalent cation concentration of 50 µM) 

inward currents displayed a preference for NH4
+ and its analogue methylammonium (MeA+), when 

applied as 10 mM chloride salts. The relative permeabilities were NH4
+>MeA+=K+>Na+=choline at -

120 mV (Figure 3.2c: GmNOD26 minus control IC at -120 mV: NH4
+ = -706; MeA+ = -425; K+ = 418; Na+ 

= -177; choline = -26). For all investigated monovalent cations, IC was partially blocked by divalent 

cations (Figure 3.2). When the large monovalent cation Choline was applied as a chloride salt, no 

significant change in IC occurred, suggesting that the currents were not carried by the monovalent 

anion (Cl-). Indeed, GmNOD26 expressed in oocytes was not permeable to any anion tested (Cl-, NO3
-

, SO4
- or malate), nor were any significant currents elicited in basal testing solution (Figure c: 

GmNOD26 - control IC at -120 mV: malate 46; basal -61, DNS for Cl-, NO3
-, SO4

-).  

 
 

 

 

 

 

 

 

 

  

  

Figure 3.2 GmNOD26 is permeable to a range of monovalent cations when expressed in X. laevis oocytes. 

Current-voltage curves of control and GmNOD26 expressing oocytes bathed in 10 mM NH4Cl testing 

solutions containing: (A) standard concentrations of divalent cations (1 mM Mg2+ and 1.8 mM Ca2+); or (B) 

low concentration of divalent cations (50 μM Ca2+). (C) monovalent cation induced clamp currents at -120 

mV in GmNOD26 expressing oocytes with control oocyte currents subtracted under high and low 

concentrations of divalent cations. For all solutions, monovalent cations were applied as 10 mM chloride 

salts with osmolarity adjusted to 220 mosmol kg−1 with d-mannitol, buffered with HEPES and pH to 7.5 with 

TRIS base (n=22 for NH4
+; n=8 for MeA+ and K+; n=12 Na+ and choline, n=3 for Basal and Malate-). Subscripts 

represent significance according to Duncan’s Post Hoc. 
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Oocytes bathed in the presence of 10 mM NH4Cl at low divalent cation concentrations displayed 

large outward currents at membrane potentials >40 mV (Figure 3.3a). These currents appear to be 

independent of GmNOD26 expression and may be carried by an endogenous channel that was 

activated by injection. However, the magnitude of the inward current was increased by expression 

of GmNOD26 (Figure 3.3a). Inward currents are representative of external ions moving into the 

oocyte, and consequently this observation is indicative of GmNOD26 enhancing the membrane 

permeability to NH4
+. Conductance for GmNOD26-expressing oocytes was 34.3 µS, while control 

oocytes had a conductance of 25.4 µS (Figure 3.3a). In the presence of high divalent cations, both 

GmNOD26-expressing and control oocytes had a similar, lower conductance of 13.5 and 12.4 µS, 

respectively. Similar observations were made for MeA+ with a slight increase in ungated conductivity 

of GmNOD26-expressing oocytes (15.2 µS, compared to the control, 11.6 µS: Figure 3. 3b). The same 

was true for K+ (14.5 and 12.0 µS for GmNOD26-expressing and control oocytes, respectively). No 

significant shift in conductivity was detected in sodium or choline testing solutions when applied as 

10 mM chloride salts, nor with malate, but in low divalent cation solutions there was a positive shift 

in the reversal potential of GmNOD26-expressing oocytes for all ions tested (Figure 3.3). 

When bathed in 100 mM chloride salts, GmNOD26-expressing oocytes displayed greater ion 

conductivity compared to controls (Figure 3.4), but this depended on the divalent cation 

concentration. The ungated conductance in presence of external potassium was greatest, 124.4 µS 

compared to 90.2 µS in controls (Figure 3.4a). Similar observations were made for sodium, 75.1 µS in 

GmNOD26-expressing and 51.6 µS in controls (Figure 3.4b). The ungated conductivity of control 

oocytes in potassium and sodium testing solutions is large, indicative of endogenous channel 

activation. Conductivity in choline testing solution was less, 34.1 compared to 22.2 µS, suggesting 

that it is the monovalent cation inducing the ionic response rather than chloride (Figure 3.4c). These 

trends are clearer when the Ic at -120 mV of GmNOD26-expressing oocytes is subtracted from the 

control (Figure 3.4d).  
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Figure 3.3 Ion-conductance of GmNOD26-expressing oocytes in the presence of 10 mM 

monovalent ions. Current-voltage curves of control and GmNOD26 expressing oocytes bathed in: (A) 

NH4Cl; (B) MeACl; (C) KCl; (D) NaCl; (E) choline chloride; or (F) malic acid (malate). Testing solutions 

contained either 1.8 mM or 50 μM Ca2+. For all solutions monovalent cations were applied as 10 mM 

chloride salts with osmolarity adjusted to 220 mosmol kg−1 with d-mannitol, buffered with HEPES 

and pH to 7.5 with TRIS base. Malate was applied as an acid buffered to pH 7.5 with BTP (n=22 for 

NH4
+; n=8 for MeA+ and K+; n=12 Na+ and choline, n=3 for malate). 
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Figure 3.4 Ion-conductance of GmNOD26-expressing oocytes in the presence of 100 mM 

monovalent cations. Current-voltage curves of control and GmNOD26 expressing oocytes bathed in: 

(A) KCl; (B) NaCl; (C) choline chloride. Testing solutions contained either 1.8 mM or 50 μM Ca2+. (D) 

monovalent cation induced clamp currents at -120 mV in GmNOD26-expressing oocytes with control 

oocyte currents subtracted. For all solutions monovalent cations were applied as 100 mM chloride 

salts with osmolarity adjusted to 220 mosmol kg−1 with d-mannitol, buffered with HEPES and pH to 

7.5 with TRIS base (n=8). 
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3.2.2 GmNOD26 displays pH-sensitive NSCC activity 

Under voltage clamp conditions with oocytes, NH4
+ induced inward currents may be the result of 

direct transport of NH4
+ across the oocyte membrane through the heterologously expressed protein, 

or by NH3 movement across the membrane stimulating endogenous channel activities (Holm et al. 

2005). This must be considered when interpreting NH4
+ induced currents through GmNOD26, as it 

has previously been suggested to transport NH3 (Tyerman and Niemietz 2000; Hwang et al. 2010). In 

aqueous solutions, the NH4
+/NH3 equilibrium is largely dependent on pH and temperature; under 

our experimental conditions this was calculated to be 9.89 mM NH4
+ and 0.11 mM NH3 at pH 7.5. 

The NH3 concentration was further reduced to 0.0342 mM and 0.0108 mM by decreasing pH of the 

testing solution to 7.0 and 6.5, respectively.  

X. laevis oocytes display significant endogenous NH4
+ currents when exposed to concentrations 

higher than 1 mM, largely carried by an endogenous NSCC (Burckhardt and Frömter 1992; 

Burckhardt and Burckhardt 1997; Boldt et al. 2003). Since NH4
+ induced clamp currents in control 

oocytes decreased as pH, and [NH3], decreased (Figure 3.5a: IC at -120 mV = -1531, -1033, -401 for 

pH 7.5, 7.0, 6.5), it is likely that NH3 diffusion was also activating endogenous channels. Alternatively, 

or in addition, the endogenous NSCC may be gated directly by pH, as is the case for other NSCC’s 

(Demidchik et al. 2002; Yu et al. 2001). Similar observations were made with oocytes expressing 

GmNOD26 (Figure 3.5b: IC at -120 mV = -2230, -1731, -805 for pH 7.5, 7.0, 6.5). At pH 7.5 and 7.0, the 

magnitude of GmNOD26 relative to control NH4
+ induced clamp currents was similar, but decreased 

at pH 6.5 when [NH3] declined further (Figure 3.5c).  

Expression of GmNOD26 in 26972c yeast cultures led to an increase in growth relative to the empty 

vector controls when grown under limiting nitrogen at low pH (3.5d, see chapter 4). This difference 

was most pronounced at the lowest pH when NH4
+ was predominant. To distinguish between NH3 

transport or pH gating in the oocytes, NH4
+ was replaced by Na+. The conductance of control oocytes 

was rather insensitive to pH, decreasing slightly from 19.6 µS at pH 7.5, to 14.3 and 12.9 µS at pH 7.0 

and 6.5, respectively (Figure 3.5e). In contrast, the Na+ conductance of GmNOD26-expressing 

oocytes was strongly inhibited by low pH, with conductance’s of 47.4, 38.2 and 26.2 µS at pH 7.5, 7.0 

and 6.5, respectively (Figure 3.5f). This suggests that GmNOD26 cation conductance is gated by pH. 
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Figure 3.5 External pH gates steady state currents in GmNOD26-expressing X. laevis oocytes. (A) 

Currents in control oocytes. (B) Currents in GmNOD26 expressing oocytes. (C) NH4
+ induced currents in 

native and GmNOD26 expressing oocytes clamped at -120 mV plotted as a function of NH3 calculated 

from pH. For A-C, the testing solution contained 10 mM NH4
+ as a chloride salt containing 50 μM Ca2+ 

buffered with HEPES and pH adjusted with TRIS base (pH 6.5 n=8, pH 7.0 n=12, pH 7.5 n=12). (D) 

Growth of GmNOD26 expressing 26972c yeast on Medium M containing 2% (v/v) galactose and 1 mM 

NH4
+ at various pH relative to control (n=4, see chapter 4). (E) Na+-induced currents in control oocytes. 

(F) Na+-induced currents in GmNOD26 expressing oocytes. For E and F, the testing solution contained 

50 mM Na+ as a chloride salt containing 50 μM Ca2+ buffered with HEPES and pH adjusted with TRIS 

base (pH 6.5 n=8, pH 7.0 n=8, pH 7.5 n=12). 
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3.2.3 Phosphomimetics of S262 alters GmNOD26 cation and water permeability 

GmNOD26 is phosphorylated in vivo at serine 262 by a calcium-dependent protein kinase (Weaver 

and Roberts 1992) and this has been shown to enhance water permeability when expressed in X. 

laevis oocytes (Guenther et al. 2003). Expression of a GmNOD26 S262D mutant, which mimics S262 

phosphorylation, increased water permeability relative to a phosphor-null S262A mutant expressed 

in X. laevis oocytes (Figure 3.6a). Osmotic water permeabilities were calculated to be 0.0126, 0.0109 

and 0.0138 cm/s for Wt, S262D and S262D respectively, while control oocytes exhibit low basal 

osmotic water permeability, 0.0022 cm/s, several fold lower than the permeability of GmNOD26-

expressing oocytes (Figure 3.6b). C-terminal fusion of Wt, S262A and S262D mutants to YFP was 

used to assess the localisation of the proteins to the oocyte membrane. All constructs localised to 

the membrane with comparable levels of fluorescence (Figure 3.6c). Control, Wt, S262A and S262D 

mutants were also probed with the GmNOD26 antibody, a distinct 29 KD protein was successfully 

identified in Wt and mutant GmNOD26-expressing oocytes (Figure 3.7). This protein was of equal 

size to that identified in the SM positive control, but this lane also contained a smear of probed 

protein from 100 to 37 KD. For all homogenised oocyte lysate samples, a cross-reactive band was 

identified at ~90 KD (Figure 3.7). Although only lysate from a single oocyte was loaded in each gel, 

variations in the total protein loaded were detected (Appendix 4) and is highlighted by variations in 

the cross-reactive band (Figure 3.7).  

Under voltage clamp conditions, oocytes expressing the phosphor-mimic S262D of GmNOD26 

showed smaller sodium-induced inward currents compared to Wt and phosphor-null GmNOD26 

proteins (Figure 3.6d; Appendix 5). There was little change in the reversal potential between Wt and 

mutant proteins expressed in X. laevis oocytes, but the phosphor-null mimic shifted to be slightly 

depolarised: -25.6 mV compared to -27.5 and -27.4 mV in Wt and S262D, respectively. The 

conductance of the channel was altered: S262A displayed the largest conductivity of 66.9 µS, 

compared to 47.8 and 52.9 µS for Wt and S262D, respectively. The effect of phosphorylation on the 

cation permeability of GmNOD26 at more acidic pH was further investigated. Interestingly, the 

phosphor-null mutant had greater sodium induced inward currents at low pH compared with both 

the Wt and phosphomimic mutant (Figure 3.6e; Appendix 6).  
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Figure 3.6 Phosphomimetics alter water and cation permeability of GmNOD26. (A) Relative change in volume 

over 60 seconds in a hypo-osmotic Na+ testing solution (44 mosmol kg−1). (B) Calculated water permeability. (C) 

Confocal images of C-terminal YFP fusion to phosphorylation mutant or Wt GmNOD26 expressing oocytes. (D) 

Relative current-voltage curves in 50 mM NaCl testing solution containing 50 μM Ca2+ buffered with HEPES and 

adjusted to pH 7.5 with TRIS base. (E) Relative Na+ induced clamp currents at -120 mV in GmNOD26 Wt and 

phosphorylation mutant expressing oocytes with control oocyte currents subtracted (n = 8). 
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SM      S262D       S262A       Wt       Control 

Figure 3.7 GmNOD26 western blot of phosphomimetic-expressing X. laveis oocytes. Homogenised 

oocyte lysate or 10 µg SM was separated on a 12.5% (v/v) SDS PAGE, transferred to nitrocellulose 

membrane and blotted for the 29 KD GmNOD26 protein and compared against Precision Plus Protein 

Dual Color Standards (BioRad, USA). 
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3.2.4 Loop D regulates cation conductance of GmNOD26 

Loop D is a highly conserved aquaporin structure which acts as a gating domain regulating water and 

ion conductivity of aquaporins. Crystal structures of SoPIP2;1 reveal that, depending on the 

phosphorylation status of the protein, Loop D prevents the central pore from accessing the cytosol 

(Törnroth-Horsefield et al. 2006). Proline mutagenesis of the Loop D region of HsAQP1 revealed that 

alterations of three amino acid residues, T157P, D158P and R160P, significantly impaired activation 

of the channel’s cation conductivity, while the alteration G166P increased the conductivity (Yu et al. 

2006; Kourghi et al. 2018a). Alignment of the GmNOD26 sequence with other aquaporins reveals 

that residues corresponding to T176, D177, R179 and G182 are conserved in GmNOD26. 

Consequently, D177 and R179 were mutated to asparagine (Appendix 7), to remove the charge 

while retaining polarity. 

To determine if Loop D gates ion conductance of GmNOD26, the analogous mutations (Appendix 7) 

D177N and R179N mutants were expressed in X. laevis oocytes. Expression of Wt and mutated forms 

of GmNOD26 increased the water permeability of oocytes (Figure 3.8a), suggesting that GmNOD26 

Loop D mutants were expressed and localised to the oocyte PM; this was confirmed through 

confocal imaging of YFP-fusion constructs (Figure 3.8c). Interestingly, compared to Wt GmNOD26, 

water permeation was inhibited by >50% by D177N, but not significantly affected by R179N (Figure 

3.7a). This corresponded to water permeabilities of 0.0022, 0.0126, 0.0046 and 0.0093 cm/s for 

control, Wt, D177N and R179N oocytes, respectively (Figure 3.8b). Site-directed mutagenesis of 

D192N and R194N in Loop D of GmNOD26 restricted ion conductance when the protein was 

expressed in oocytes, particularly at more hyperpolarised membrane potentials (Figure 3.8d). The 

reversal potential shifted from -25 mV in Wt, to -35 mV for mutant GmNOD26, towards the control 

oocyte reversal potential of -45 mV. A similar shift in conductance was also observed, with oocytes 

expressing Wt GmNOD26 displaying the largest ion conductance of 47.4 µS, while the conductance 

of both D177N, 31.0 µS, and R179N, 27.4 µS, shifted towards to control conductance of 20.4 µS 

(Appendix 5). Western blotting of various GmNOD26 point mutation X. laveis oocytes revealed that 

the Wt, D177N and R179N proteins were expressing well (Figure 3.10). However, there was a low 

level of V197H; A206C-GmNOD26 protein expressed, emphasised by comparing the cross-reactive 

band to 29 KD GmNOD26 protein, while there was no expression of the E43N mutant (Figure 3.10). 

For this reason, the E43N- and V197H; A206C-GmNOD26 mutants were disregarded from 

electrophysiological reading. 
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Figure 3.8 Loop D regulates cation conductance of GmNOD26. (A) Relative change in volume over 60 seconds 

in a hypo-osmotic Na+ testing solution (44 mosmol kg−1). (B) Calculated water permeability. (C) Confocal 

images of C-terminal YFP fusion to Loop D mutant or Wt GmNOD26 expressing oocytes. (D) Relative current-

voltage curves in 50 mM NaCl testing solution containing 50 μM Ca2+ buffered with HEPES and adjusted to pH 

7.5 with TRIS base (n = 6). 
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Figure 3.9 Western blot of various GmNOD26 point mutation-expressing X. laveis oocytes. 

Homogenised oocyte lysate or 5 µg SM was separated on a 12.5% (v/v) SDS PAGE, transferred to 

nitrocellulose membrane and blotted for the 29 KD GmNOD26 protein and compared against 

Precision Plus Protein Dual Color Standards (BioRad, USA). 
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3.2.5 Aquaporin inhibitor effect on ion conductance 

Various inhibitors of aquaporin cation conductance, and the GmNOD26 antibody, were tested on 

GmNOD26-expressing X. laevis oocytes. When applied to control oocytes there was some variability 

in the conductance, ranging from 6.6 µS when preincubated with a 1:500 dilution of GmNOD26 

antibody, to 18.4 µS when incubated with AqB011 (Figure 3.10). However, these conductance’s were 

less than the ungated sodium induced cation conductance of 31.0 µS observed in GmNOD26-

expressing oocytes (Figure 3.10). Neither DMSO nor AqB011 affected the observed monovalent 

cation conductance of GmNOD26-expressing oocytes (Figure 3.10), and in general the current-

voltage curves followed a similar trend. Preincubation with furfural and a 1:500 dilution of 

GmNOD26 antibody, did decrease the conductivity of the channel, but not to the same extent as 

application of divalent cations or spermine (Figure 3.10). For furfural, this difference was significantly 

different to the ungated sodium induced cation conductance, but not for the GmNOD26 antibody, 

which displayed extremely variable data (Figure 3.10). 
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Figure 3.10 Inhibition of monovalent cation induced conductance in GmNOD26. The testing 

solution consisted of 50 mM Na+ as a chloride salt containing 50 μM Ca2+ buffered with HEPES 

and pH adjusted with TRIS base in the presence or absence of aquaporin inhibitors. Subscripts 

represent significance according to Duncan’s Post Hoc (n=4). 
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3.3 Discussion 

3.3.1 GmNOD26 resembles the SM-NSCC 

A NSCC was previously detected on the soybean SM through patch clamping of isolated 

symbiosomes (Tyerman et al. 1995; Whitehead et al. 1998; Obermeyer and Tyerman 2005). The 

channel displayed voltage dependent, SubpicoSeimen conductance and was most permeable to NH4
+ 

at physiological concentrations, with time dependent inward currents gated, and rectified, by 

divalent cations. These properties are distinct from the high affinity ammonium and potassium 

transport families that are selective for, and function at micromolar concentrations of, specific 

cations (Schachtman and Schroeder 1994; Howitt and Udvardi 2000). It should also be noted that 

these channels have not been detected in symbiosome proteomic studies (Saalbach et al. 2002; 

Wienkoop and Saalbach 2003; Clarke et al. 2015; Luo et al. 2023). I investigated the 

electrophysiological characteristics of GmNOD26, an aquaporin which constitutes ~10% of the total 

protein mass (Rivers et al. 1997), by expressing it in X. laevis oocytes. GmNOD26 is an excellent 

candidate for the SM-NSCC due to its high density within the SM, a characteristic shared by the SM-

NSCC channel (Tyerman et al. 1995). When expressed in X. laevis oocytes, GmNOD26 displays 

characteristics of an ion channel gated by divalent cations (Figure 3.1), observations similar to those 

of Tyerman et al. (1995) in symbiosome-attached patches and aligned with the ionic conductance of 

purified GmNOD26 expressed in lipid bilayers (Weaver et al. 1994). The ionic currents observed in 

GmNOD26-expressing X. laevis oocytes display time and voltage dependency, and are gated by 

divalent cations in a dose dependent manner (Figure 3.1), characteristics shared by the NSCC 

characterised in SM patches (Whitehead et al. 1998).  

The ion currents in GmNOD26-expressing X. laevis oocytes were carried by the monovalent cation, 

rather than the anion, in solution. When the chloride concentration was maintained at 10 mM and 

the monovalent cation in solution altered, GmNOD26 displayed a permeability profile of 

NH4
+>MeA+=K+>Na+>Choline (Figure 3.2/4). Tyerman et al. (1995) showed that the patch-clamped 

SM-NSCC was non-selective for cations at high concentrations (150 mM), but selective for NH4
+ over 

K+, at physiological concentrations. A similar permeability profile was established in patches of 

isolated L. japonicus symbiosomes under low divalent cation concentrations, although this channel 

also appeared to be permeable to calcium (Roberts and Tyerman 2002). Calcium permeability 

observed in symbiosome patches of L. japonicus is unique and not observed in the homologous 

channel on the soybean SM.  



 

66 

Patches of isolated soybean symbiosomes did not elicit any notable inward currents when the large 

monovalent cation choline was in solution (Tyerman et al. 1995), similar to my observations with 

GmNOD26-expressing X. laevis oocytes (Figure 3.2-4). This provides further evidence that the ion 

currents elicited were carried by the monovalent cation and not chloride. Indeed, no monovalent 

anion induced currents were observed in GmNOD26-expressing X. laevis oocytes (Figure 3.2/3). 

Previously, a correlation between phosphorylation of GmNOD26 and malate uptake by symbiosomes 

lead to the suggestion that GmNOD26 may be the SM dicarboxylate carrier (Ou Yang et al. 1991). 

When GmNOD26 was expressed in lipid bilayers, a slight anion:cation preference was observed in 

the presence of 1.0 M KCl, and there was no significant change in channel activity when KCl was 

replaced with potassium malate, suggesting that malate and chloride may be transported by the 

channel (Weaver et al. 1994). However, GmNOD26 expressed in X. laevis oocytes has a clear 

preference for cations over anions, and malate did not stimulate ion currents in these oocytes 

(Figure 3.2/3). These results, together with other functional characterisation of GmNOD26 have 

failed to note anion transport (Rivers et al. 1997; Dean et al. 1999; Tyerman and Niemietz 2000; 

Hwang et al. 2010), providing overwhelming evidence that GmNOD26 does not transport 

dicarboxylates or other anions.  

Polyamines provide a negative feedback loop to regulate nitrogen fixation. In nodules, free 

polyamine concentrations are comparatively high (Ozawa and Tsuji 1993; Fujihara et al. 1994), likely 

due to the enhanced production of glutamate during the nitrogen assimilation pathway, which is a 

precursor for both ureide and polyamine synthesis (Whitehead et al. 2001). In isolated soybean 

symbiosomes, polyamines stimulate malate uptake in the micromolar range, but inhibit both inward 

and outward currents observed under patch clamp conditions (Whitehead et al. 2001). This 

inhibitory effect of spermine on the soybean SM-NSCC was investigated in GmNOD26-expressing X. 

laevis oocytes and similar observations were noted. At concentrations of 1 mM, both inward and 

outward currents of GmNOD26-expressing oocytes were inhibited to a level similar to high divalent 

cations, and comparable to control oocytes (Figure 3.8). This inhibition of voltage-dependent cation 

channels is common among rectifying channels, as the positively charged particles block the ion 

conducting pore (Armstrong 1969; Nichols and Lopatin 1997). 

Whilst controversial, NSCC activity of aquaporins has been reported several times previously, with 

the human aquaporin 1 (AQP1) found to be a cyclic GMP-gated NSCC permeable to a range of 

monovalent cations when expressed in X. laevis oocytes (Yool et al. 1996; Anthony et al. 2000). 

Similar observations were made with the Drosophila Big Brain aquaporin (Yanochko and Yool 2004), 

which was also found to be gated by divalent cations, but it was not until more recently that NSCC 
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activity of plant aquaporins was reported (Byrt et al. 2017). In Arabidopsis, AtPIP2;1 is a divalent 

cation and pH gated NSCC, that when phosphorylated at the C-terminus increases cation 

conductance and decreases water permeability (Byrt et al. 2017; Qiu et al. 2020). Divalent cation 

gating of barley PIP2;8 has also been reported, but phosphorylation at the C-terminus increased 

both cation conductance and water permeability (Tran et al. 2020). Immunogold labelling of PIP1, 

PIP2 and γ-TIP aquaporin subtypes in soybean nodule sections suggests that these proteins localise 

to the inner cortical, endodermal and pericycle, but not infected cells (Fleurat-Lessard et al. 2005). 

This is supported by soybean symbiosome proteomics in which GmNOD26 was the only aquaporin 

detected in SM fractions (Clarke et al. 2015). Given that no other aquaporins are known to localise to 

the SM, it is likely that the characterised NSCC activity on the soybean SM is carried by GmNOD26, as 

shown in this chapter.  

3.3.2 GmNOD26 is permeable to NH4
+ but gated by external pH 

The ionic currents elicited in GmNOD26-expressing oocytes appear to decrease with pH (Figure 3.5). 

Previous characterisation of the SM-NSCC in patch-clamp experiments was performed at pH 7.0 

(Tyerman et al. 1995) and the effect of changing pH on the channel was not investigated. This 

feature makes interpreting NH3 and NH4
+ transport in X. laevis oocytes difficult, as the NH4

+ induced 

currents observed in GmNOD26-expressing oocytes may be the result of an activated endogenous 

channel following NH3 transport through GmNOD26. However, given that both Na+ and NH4
+ induced 

currents were reduced by external pH in a similar manner it is likely that the channel itself is gated 

by protons. When GmNOD26 was expressed in the ammonium transport deficient 26972c strain 

complementation was observed at low pH (Figure 3.5d, see Chapter 4), suggesting that GmNOD26 

can facilitate NH4
+ transport when required. Gating of other NSCCs by protons (pH) has previously 

been described (Demidchik et al. 2002; Yu et al. 2001), along with aquaporin transport of water 

(Tournaire-Roux et al. 2003; Sutka et al. 2005; Verdoucq et al. 2008), glycerol (Mósca et al. 2018) and 

cation conductivity (Byrt et al. 2017). Proton gating of GmNOD26 is an interesting observation given 

that the symbiosome space is estimated to be acidic (Udvardi and Day 1989; Pierre et al. 2013). But 

explains why NH4
+ induced currents decreased as [NH3] decreased, as pH was used to manipulate 

NH3 concentration. In planta, the C-terminal domain of GmNOD26 interacts with cytosolic GS1β and 

GS1γ, the principal ammonium assimilating enzyme in the nodule infected cell cytosol (Masalkar et 

al. 2010). GS constitutes ~2% of the nodule cytosolic protein (McParland et al. 1976), and crystal 

structures reveal an NH4
+ binding site (Liaw et al. 1995), which when docked to GmNOD26 may alter 

the enzyme’s affinity for NH4
+.   
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3.3.3 Ion conductance of GmNOD26 is gated when phosphorylated at serine-262  

Mutation of serine 262 to aspartate (S262D), which mimics serine phosphorylation, enhanced water 

permeability of GmNOD26 when expressed in X. laevis oocytes, while mutation of serine 262 to 

alanine (S262A), which mimics serine in its unphosphorylated state, restricted water permeability 

(Figure 3.6; (Guenther et al. 2003)). The phosphor-null mutant, S262A, increased the ion conductivity 

of the channel when expressed in X. laevis oocytes compared to Wt and phosphor mutant, S262D 

(Figure 3.6d). This is in agreement with observations by Lee et al. (1995) who found phosphorylation 

of S262 resulted in increased voltage-dependent gating and preferential occupancy of lower sub-

conductance states of GmNOD26 in planar lipid bilayers. The role of phosphorylation in regulation of 

cation conductance of aquaporins is still emerging, but tyrosine phosphorylation by protein kinase C 

has been shown to be essential for the induction of cation currents of HsAQP1 (Zhang et al. 2007). 

More recently, serine phosphorylation of AtPIP2;1 (Qiu et al. 2020) and HvPIP2;8 (Tran et al. 2020) 

has been correlated with an increase in ion conductivity. Interestingly, GmNOD26 is the first 

reported aquaporin where phosphorylation has been shown to lead to a decreased cation 

conducting state ((Lee et al. 1995); Figure 3.6d). Importantly, these results confirm that the changes 

in cation conductance upon expression of GmNOD26 in oocytes are caused by the activity of the 

soybean protein, rather than activation of endogenous channels in the oocytes.  

The sodium induced inward currents of Wt GmNOD26 expressed in oocytes switch from behaving in 

a similar manner to the phosphor-null mutant at pH 7.5, to behaving similarly to the phosphomimic 

mutant at pH <7.0. This may indicate that Wt GmNOD26 was not phosphorylated when in slightly 

basic testing solutions but phosphorylated by a native X. laevis oocyte protein kinase, eg CK2 

(Westmark et al. 2002), when in neutral or acidic testing solutions (Figure 3.6e). This information 

must be taken into consideration when interpreting the external pH gating data, as the magnitude of 

the pH dependent gating mechanism may be exaggerated by the super-imposed phosphorylation 

gating mechanism. In vivo, dephosphorylation of GmNOD26 may mitigate the pH gating mechanism 

observed in the X. laevis oocyte system, as greater inward currents are observed in the phosphor-

null mutant at low external pH (Figure 3.6e). Phosphorylation of GmNOD26 is regulated 

developmentally and by osmotic signals, with increasing nodule age and osmotic stress resulting in 

an increased phosphorylation status (Guenther et al. 2003). Thus, under optimal nitrogen fixing 

conditions the protein exists in both a unphosphorylated and phosphorylated state, facilitating both 

ammonium export from, and osmotic adjustment of, the symbiosome. This regulation is largely 

controlled through the Ca2+ dependency of the SM protein kinase, particularly under osmotic stress 

where rapid Ca2+ signalling responses are induced. Ammonium efflux would only be further 
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enhanced by the cytosolic GS isoforms interacting with the c-terminal of GmNOD26 (Masalkar et al. 

2010), which too are post-translationally regulated by phosphorylation (Finnemann and Schjoerring 

2000; Lima et al. 2006). In M. truncatula root nodules phosphorylation of GS1a reduces the Km for 

glutamate, which would allow the nitrogen assimilation pathway to continue when substrate 

concentrations are limiting (Lima et al. 2006).  

3.3.4 Loop D is an important regulatory structure of GmNOD26  

The complexity of aquaporin transport has been reviewed recently (Tyerman et al. 2021; Henderson 

et al. 2022). The structural regulation of aquaporins is extensive (Henderson et al. 2022), with gating 

regions found in M1 (Yanochko and Yool 2004; Yool 2007; Yool and Campbell 2012), Loop B (Yasui et 

al. 1999) and Loop D (Törnroth-Horsefield et al. 2006; Yu et al. 2006; Kourghi et al. 2018a). The 

involvement of these regions has largely been determined through resolved crystalline structures of 

HsAQP1 (Murata et al. 2000; Sui et al. 2001) and SoPIP2;1 (Törnroth-Horsefield et al. 2006), and site-

directed mutagenesis. Overwhelming evidence suggest that the monomeric water pore does not 

permit passage of cations, but rather the central tetrameric pore (Campbell et al. 2012; Kourghi et 

al. 2018b; Ozu et al. 2018). The crystal structure of SoPIP2;1 suggests that conformational changes to 

Loop D occlude either the monomeric water pore or central tetrameric pore, altering the transport 

properties of the channel (Törnroth-Horsefield et al. 2006). It is believed that divalent cation binding 

or phosphorylation may regulate this conformational change.  

Amino acid alignments of GmNOD26 with other studied aquaporins revealed that two of the charged 

residues in Loop D were conserved, corresponding to D177 and R179 (Appendix 7). In HsAQP1, 

proline mutagenesis of these residues appears to specifically impair the ion conductance of the 

channel, with no apparent effect on water transport (Yu et al. 2006; Kourghi et al. 2018a). Similarly, 

when the equivalent residues were mutated to asparagine to remove the charge while retaining 

polarity, GmNOD26-expressing oocytes displayed impaired activation of the channel’s cation 

conductivity (Figure 3.7). Interestingly, the D177N mutation also significantly impaired water 

transport by the channel but did not interfere with its localisation to the oocyte PM (Figure 3.7). 

These observations provide strong evidence that expression of GmNOD26 in X. laevis oocytes was 

responsible for the observed ion conductance and that Loop D regulates the ion conducting pore.  

3.3.5 GmNOD26 is a strong candidate for the SM-NSCC 

The importance of NOD26 to symbiotic nitrogen fixation has been emphasised recently by studies 

with M. truncatula knockout mutants, which display symptoms of nitrogen deficiency when grown 
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under symbiotic conditions (Frare et al. 2022). The results in this chapter, together with preceding 

studies (Weaver et al. 1994; Rivers et al. 1997; Dean et al. 1999; Tyerman and Niemietz 2000; Hwang 

et al. 2010) clearly demonstrate that GmNOD26 is a multifunctional plant aquaporin, capable of 

transporting water, formamide, glycerol, NH3 and various cations, including NH4
+. This suggests that 

the phenotype of the M. truncatula nod26 knockout mutants was due to decreased export of 

ammonium out of the symbiosome and are consistent with GmNOD26 being the major route by 

which fixed nitrogen is exported to the plant. The capacity for GmNOD26 to transport nitrogenous 

compounds will further be explored in Chapter 4.  
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4 Functional characterisation of GmNOD26 in yeast 

4.1 Introduction 

4.1.1 Transport of ammonia and amino acids from symbiosomes 

Although it is believed that NH4
+ is the primary nitrogen product transported to the cytosol, NH3 

transport can be significant and is largely dependent on the pH of the symbiosome space (Udvardi 

and Day 1990). Uptake of NH3 by isolated inside-out symbiosomes is partially inhibited by mercury 

(Tyerman and Niemietz 2000), a characteristic of ammonia transport shared by GmNOD26 (Hwang 

et al. 2010). In addition to NH3 and NH4
+ transport, labelling experiments have indicated substantial 

amino acid pools are synthesised under certain microaerobic conditions (Day et al. 2001b). In 

isolated pea bacteroids, alanine production was largely dependent on bacteroid density, with high 

bacteroid density activating alanine biosynthesis, attributed to NH4
+ accumulation (Allaway et al. 

2000). Alanine produced by bacteroids is transported to the symbiosome space through general 

amino acid permeases of the ABC superfamily (Walshaw and Poole 1996; Hosie et al. 2002). The 

mechanism by which alanine crosses the SM is unknown. Swelling assays of isolated soybean 

symbiosomes reveals asymmetric alanine transport 100 times greater in the direction out of the 

symbiosome (Tyerman and Niemietz, unpublished data obtained from Day et al. (2001b)). This 

transport was strongly inhibited by mercury, and it was suggested that alanine may be transported 

through GmNOD26 (Day et al. 2001b). Given that water permeability of GmNOD26 is also inhibited 

by mercury (Rivers et al. 1997; Dean et al. 1999; Hwang et al. 2010), this may have been an artifact 

induced by the swelling assay and water permeability of the symbiosome is impaired, but warrants 

investigation of alanine transport by GmNOD26.  

Here, ammonia and ammonium transport of GmNOD26 is investigated in the ammonium transport 

deficient S. cerevisiae strains 26972c (mep1-1, mep2-1, Mep3, ura-) and 31019b (Mep1-3∆, ura-) 

(Marini et al. 1997). The capacity of GmNOD26 to transport alanine is also explored through 

heterologous expression in the amino acid transport deficient strain 22Δ10α (MATα gap1-1 put4-1 

uga4-1 can1::HisG lyp1- alp1::HisG hip1::HisG dip5::HisG gnp1Δ agp1Δ ura3-118) (Besnard et al. 

2016).  
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4.2 Results 

4.2.1 Complementation of ammonium transport deficient S. cerevisiae 

4.2.1.1 Growth on solid medium  

A family of ammonium transporters have been described in S. cerevisiae, with two high affinity 

transporters, Mep1 and Mep2, and a third lower affinity transporter Mep3 (Marini et al. 1994; 

Marini et al. 1997). In the S. cerevisiae strains 26972c (mep1-1, mep2-1, Mep3, ura-) and 31019b 

(Mep1-3∆, ura-) ammonium transport is disrupted and growth is not supported on media containing 

less than 5 mM NH4
+ (Marini et al. 1997). Here, 26972c and 31019b were transformed with pYES-

DEST52 empty and GmNOD26 containing vectors and grown on solid medium M media for 5 days at 

various NH4
+ concentrations (Figure 4.1). GmNOD26 rescued growth at lower concentrations of 

26972c cells when compared to the empty vector at 1, 2 and 5 mM, but growth decreased with NH4
+ 

concentration (Figure 4.1). However, the empty pYES-DEST52 vector 31019b controls displayed 

growth at all tested ammonium concentrations, emphasised in Appendix 8.  

Complementation by GmNOD26 was further investigated through manipulation of the growth 

medium’s pH in the presence of 2 mM NH3/NH4
+. At pH 6.0, the ammonia and ammonium 

availabilities would be 1.4 µM and 1998.6 µM respectively, while at pH 7.0 there would be 14 µM 

ammonia and 1986 µM ammonium (Boron and De Weer 1976). At higher pH, when the membrane-

permeant neutral ammonia species increased, the empty vector 26972c cells were able to grow 

more readily. At pH 6.0, when NH4
+ was predominant, GmNOD26 rescued growth of 26972c cells 

when spotted at a concentration of 10-4 (Figure 4.1), while at pH 7.0, when NH3 concentration 

increased, rescue occurred at a concentration of 10-5. Bearing in mind the previously demonstrated 

ammonia permeability of GmNOD26 (Hwang et al. 2010), it is important to demonstrate growth of 

GmNOD26-expressing 26972c cells at low pH, when little NH3is available, in order to establish cation 

transport by the channel. In this context, the fact that the relative growth of 26972c GmNOD26-

expressing cells did not change significantly over a ~10-fold range of NH3 availability (Figure 4.1) is 

consistent with NH4
+-permeation through the channel. However, it is also possible that the affinity of 

GmNOD26 for NH3 is saturated at 1.4 µM. Attempts to manipulate the divalent cation concentration 

of the growth medium failed as the S. cerevisiae cells could not grow in the absence of divalent 

cations (DNS).  

Ammonium was replaced in the media with its toxic analog MeA+ (Mitsuzawa 2006). S. cerevisiae 

26972c cells grew readily in the presence of MeA+ when supplemented with 0.1% (w/v) proline, but 

when expressing GmNOD26 toxicity was observed (Figure 4.1). In the presence of 100 mM MeA+, 
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GmNOD26 clearly enhanced uptake by 26972c cells, with an increase in toxicity observed when 

spotted at a concentration of 10-4 (Figure 4.1). This effect was more pronounced at 200 mM MeA+ 

with no apparent toxicity increase relative to pYES-DEST52 containing 26972c cells. 
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Figure 4.1 Optimising functional complementation of 26972c on Solid medium M. GmNOD26 and 

empty pYESdest52 vector 26972c transformants were grown in Medium M containing 2% (w/v) glucose 

and 0.1% (w/v) proline (pH 6.0) overnight, washed twice with sterile water and diluted to an OD600 of 

100. Cultures were serially diluted 10-fold and 5 μL spotted onto solid Medium M containing 2% (w/v) 

galactose and the various treatments. 
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4.2.1.2 Optimising ammonium concentration in liquid cultures 

The ability of GmNOD26 to complement both 26972c and 31019b cells was further investigated in 

liquid cultures (Figure 4.2, Appendix 8). In both glucose- and galactose-supplemented media, growth 

of all transformants followed a similar trend (Figure 4.2). In the linear phase of growth, glucose 

supplemented cells had a typical growth rate of 0.049 to 0.061 OD600/hour, while galactose 

supplemented cells ranged from 0.049 to 0.057 OD600/hour. At all ammonium concentrations, both 

empty vector and GmNOD26-expressing 31019b cells grew readily, in agreement with observations 

on solid media (DNS). It is clear that the 31019b cells made available to me were permeable to 

ammonium and consequently only 26972c cells, which display characteristics of an ammonium 

deficient cell line, were used.  

The empty pYES-DEST52 vector expressing 26972c cells were unable to grow in liquid media 

containing 1 mM NH4
+. When GmNOD26 was expressed under the galactose inducible promoter, 

growth increased (Figure 4.2c), indicative of NH4
+ transport through GmNOD26. At 2 mM NH4

+, 

growth was slightly increased in the empty vector (0.0942 OD600/hour), but this was far less than 

that of GmNOD26-expressing cells (0.0300 OD600/hour) (Figure 4.2d). When ammonium 

concentration was further increased, the empty vector expressing 26972c cells grew readily with 

growth rates of 0.0315 and 0.104 OD600/hour at 5 and 10 mM NH4
+ respectively. This was expected 

as the ammonium transport deficiency of this strain is only observed when the sole nitrogen source 

is limiting (<2 mM NH4
+; (Marini et al. 1997)). There was a notable increase in the growth of 

GmNOD26-expressing cells at 5, but not at 10 mM NH4
+. 

  



 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A B

DC

FE

Figure 4.2 Optimising NH4
+ concentration for GmNOD26 complementation of the ammonium 

transport deficient yeast strains 26972c. GmNOD26 and empty pYESdest52 vector transformants were 

grown in 200 µL of Medium M (pH 6.0) containing (A) 2% (w/v) glucose and 0.1% (w/v) proline; or 2% 

(w/v) galactose and (B) 0.1% (w/v) proline; (C) 1 mM NH4
+, (D) 2 mM NH4

+, (E) 5 mM NH4
+, (F) 10 mM 

NH4
+ for 48 hours at 28oC with 200 RPM shaking (n=4). 
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4.2.1.3 Methylammonium toxicity in liquid cultures 

MeA+ is an analog for ammonium and is toxic to yeast as it can accumulate 1000-fold inside cells and 

is unable to be metabolised (Marini et al. 1997). Since ammonium transport in the 26972c S. 

cerevisiae strain is disrupted, toxicity to MeA+ is not observed. When grown in liquid cultures, pYES-

DEST52-expressing 26972c cells were able to tolerate MeA+ concentrations of up to 200 mM, but at 

300 mM a moderate toxicity was observed (Figure 4.3). GmNOD26-expressing 26972c grown in 

media containing both MeA+ and glucose displayed no detectable toxicity, but when galactose was 

used as the carbon source, and expression of GmNOD26 was induced, a toxicity phenotype was 

observed (Figure 4.3). At 100 mM MeA+, only a slight toxicity was observed, suggesting that the 

affinity of GmNOD26 for this substrate may be low (Figure 4.3a). When this concentration was 

increased the effect was more pronounced, and at both 150 and 200 mM there was a clear toxicity 

of GmNOD26-expressing 26972c cells.  
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Figure 4.3 Optimising MeA+ concentration for GmNOD26 complementation of the ammonium 

transport deficient yeast strain 26972c. GmNOD26 and empty pYESdest52 vector 26972c 

transformants were grown in 200 µL of Medium M (pH 6.0) containing either 2% (w/v) glucose or 

galactose and 01.% (w/v) proline with either (A) 100 mM, (B) 150 mM, (C) 200 mM or (D) 300 mM 

MeA+ for 48 hours at 28oC with 200 RPM shaking (n=4). 
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4.2.1.4 The effect of liquid media pH  

At acidic pH, when ammonia concentration was low, a clear complementation phenotype was 

observed in GmNOD26-expressing 26972c cells (Figure 4.4). However, when the pH was increased, 

growth of the empty vector 26972c cells increased, indicative of ammonia permeating across the 

yeast PM. During the linear phase of growth, between 20 and 32 hours, a greater growth rate of 

GmNOD26-expressing 26972c cells is observed when compared with empty-vector-expressing 

26972c cells at pH 6.0 (0.0274 OD600/hour). At both pH 5.5 and 6.5 an increase in growth rate was 

observed, 0.0147 and 0.0061 OD600/hour respectively. But at pH 7.0 and 7.5 there was little change 

in the growth rate of GmNOD26-expressing 26972c cells compared to the empty vector, with 

observed changes in growth rate of 0 and 0.0013 OD600/hour respectively. This is shown by the fold 

changes at 24 and 48 hours (Figure 4.4f), where GmNOD26-expressing 26972c cells grown at pH 5.5 

and 6.0 had the greatest change in OD600 compared to the empty vector grown at the specified pH.  
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Figure 4.4 The effect of growth medium pH on GmNOD26 complementation of 26972c. 

GmNOD26 and empty pYESdest52 vector 26972c transformants were grown in 200 µL of Medium 

M containing 2% (w/v) galactose and 1 mM NH4
+ at pH (A) 5.5, (B) 6.0, (C) 6.5, (D) 7.0, or (E) 7.5 for 

48 hours at 28oC with 200 RPM shaking (n=4). Growth of GmNOD26 expressing 26972c is shown 

relative to empty vector expressing 26972c yeast cells (F). 
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4.2.1.5 Optimised growth condition for GmNOD26-expressing 26972c cells 

From the above results, the greatest resolution for GmNOD26 mediated complementation is when 

26972c cells are grown at pH 6.0 (Figure 4.4). The optimal concentration to rescue the ammonium 

deficient growth phenotype was 2 mM NH4
+, as this concentration was sufficient in supporting 

growth of GmNOD26-expressing 26972c cells without saturating the strain with free ammonia 

(Figure 4.2). However, 1 mM NH4
+ was useful for detecting very small changes in selectivity of 

GmNOD26-expressing 26972c cells. For cytotoxicity experiments using MeA+, a concentration of 200 

mM was chosen as the complementation is clear and cytotoxicity is not observed in the empty 

vector cells (Figure 4.3). However, despite optimising the conditions to favour ammonium transport, 

results need to be interpreted with caution because GmNOD26 can transport ammonia as well 

(Hwang et al. 2010).  

Under the optimised growth conditions, yeast cells expressing GmNOD26 had increased growth on 

solid medium at limiting NH4
+ (2 mM). This trend was not observed when proline was provided as 

the sole nitrogen source, but growth was inhibited in the presence of 200 mM MeA+ (Figure 4.5a). 

This difference in growth was more pronounced when cells were grown in liquid cultures where 

GmNOD26 clearly increased the growth rate (m = 0.0515 OD600/hour) of 26972c cells relative to the 

empty vector control (m = 0.0356 OD600/hour) under limiting NH4
+ (Figure 4.5b). This was reversed 

when NH4
+ was replaced with its toxic analog MeA+, where GmNOD26-expressing 26972c cells 

displayed increased toxicity compared with the empty vector control (Figure 4.5c). 
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4.2.1.6 Phosphomemetics of GmNOD26 serine 262 in 26972c cells 

The growth of phosphomimic GmNOD26-expressing 26972c cells was similar to the Wt protein 

(Figure 4.6), but there was a notable change in the OD600 of GmNOD26S262A-expressing 26972c cells 

after 48 hours in limiting NH4
+ (Figure 4.6c/d). GmNOD26S262A mimics the unphosphorylated serine 

state and enhanced the rescue phenotype when compared to Wt or phosphorylated GmNOD26S262D, 

this was significant for Wt but not GmNOD26S262D. This trend was not observed when grown in the 

presence of MeA+ (Figure 4.6), although the cytotoxicity was suboptimum when compared to 

previous experiments (Figure 4.5). There was no notable change in the growth of any cultures when 

proline was provided as the nitrogen source (Figure 4.6). 

  

2% Gal, 0.1% Pro, 200mM MeA+ 

Figure 4.5 Functional complementation of the ammonium transport deficient yeast strain 26972c with GmNOD26. 

(A) The ammonium transport deficient yeast strain 26972c containing the empty vector and GmNOD26 expressing 

pYESdest52 vectors were spotted onto Medium M plates containing 2% (w/v) Galactose (Gal) and either 0.1% (w/v) 

proline (Pro); or 2 mM NH4
+; or 0.1% (w/v) pro and 200 mM MeA+ at pH 6.0. Growth curves of GmNOD26 and empty 

pYESdest52 vector 26972c transformants in Medium M containing 2% (w/v) galactose and either (B) 1 mM NH4
+, or 

(C) 0.1% (w/v) proline and 200 mM of cytotoxic MeA+ at pH 6.0 (n=6). 
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Figure 4.6 Phosphomemtic effect on functional complementation of the ammonium transport 

deficient yeast strain 26972c with GmNOD26. The ammonium transport deficient yeast strain 26972c 

containing the empty; GmNOD26; GmNOD26S262A; or GmNOD26 S262D expressing pYESdest52 vectors 

were grown in 200 µL of Medium M (pH 6.0) containing 2% (w/v) galactose with either: 0.1% (w/v) 

proline (Pro) (A/B); 1 mM NH4
+ (C/D); or 100 mM MeA+ (E/F) (n=6). Subscripts depict significance 

within a timepoint according to Duncan’s Post Hoc. 
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4.2.1.7 Loop D regulates GmNOD26-mediated rescue of 26972c cells on low ammonium 

Loop D mutants which alter ion channel activity of GmNOD26 (see 3.2.4) were expressed in 26972c 

cells and reveal that GmNOD26-mediated ammonium rescue was abolished (Figure 4.7). When 

empty vector control, Wt, D177N and R179N mutants were grown with proline as the sole nitrogen 

source, there was little change to the growth rate, but both mutants grew to a greater OD600 

(Figure 4.7a/b). When grown under limiting NH4
+, only Wt GmNOD26-expressing 26972c cells were 

able to rescue growth (Figure 4.7c/d). Mutation of D177N displayed minimal MeA+ toxicity at a level 

that was comparable to that to the empty vector control, but growth of R179N mutant was variable, 

with growth somewhat comparable to the toxic phenotype observed in Wt GmNOD26 (Figure 

4.7e/f). 
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Figure 4.7 Mutations to Loop D reverse complementation of the ammonium transport deficient 

yeast strain 26972c by GmNOD26. The ammonium transport deficient yeast strain 26972c containing 

the empty; GmNOD26; GmNOD26D192N; or GmNOD26 R194N expressing pYESdest52 vectors were grown 

in 200 µL of Medium M (pH 6.0) containing 2% (w/v) galactose with either: 0.1% (w/v) proline (Pro) 

(A/B); 1 mM NH4
+ (C/D); or 100 mM MeA+ (E/F) (n=6). Subscripts depict significance within a 

timepoint according to Duncan’s Post Hoc. 
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4.2.1.8 Other mutations also effect GmNOD26-mediated rescue of 26972c cells 

HaBIB contains a glutamate in the first transmembrane domain that is conserved across all 

aquaporins and is important for regulation. When expressed in X. laevis oocytes, the mutant 

HaBIBE71N does not display any typical ion conductivity (Yanochko and Yool 2002; Yanochko and Yool 

2004). Interestingly, the analogous mutation in HsAPQ1 had no effect on the ion conductance, but 

blocked water transport (Yool 2007). The effect of this analogous mutation on ammonium 

complementation of GmNOD26E43N -expressing 26972c cells was investigated (Figure 4.8). E43N 

mutation of GmNOD26 reversed complementation, with growth comparable to the empty vector 

when grown in 1 mM NH4
+ or 100 mM MeA+; although there was notable variation in the growth of 

Wt GmNOD26-expressing cells with proline as the sole nitrogen source after 24 hours (Figure 4.8). 

TaTIP2;1 has been shown to facilitate the diffusion of ammonia and is classed as an aqua-ammonia-

porins. HsAQP8 shares this feature, but HsAQP1 does not (Jahn et al. 2004). In TaTIP2;1 important 

regulatory roles have been suggested for I184 and G193 through their mutation to the 

corresponding amino acids in HsAQP1 (Jahn et al. 2004). In GmNOD26, these residues correspond to 

V197 and A206 (Appendix 7) and site-directed mutagenesis was performed to mimic the 

experiments, [V197H, A206C and V197H; A206C (Figure 4.8)]. The growth of cells expressing the 

V197H single mutation was far greater under control conditions with proline as the sole nitrogen 

source (Figure 4.8a/b). Under treatment conditions both single mutations, V197H and A206C, did 

not reverse GmNOD26 complementation of 26972c cells. Growth in 1 mM NH4
+ was comparable to 

Wt GmNOD26 but significantly decreased after 48 hours (Figure 4.8c/d). However, the single 

mutations did abolish GmNOD26 sensitivity to MeA+ (Figure 4.8e/f). The double mutant V197H; 

A206C reserved complementation by Wt GmNOD26, with growth significantly similar to the empty 

pYES-DEST52-expressing cells at all timepoints and sources of nitrogen tested (Figure 4.8).  
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Figure 4.8 Other mutations to GmNOD26 effect complementation of the ammonium transport 

deficient yeast strain 26972c. The ammonium transport deficient yeast strain 26972c containing the 

empty; GmNOD26; GmNOD26E43N; GmNOD26 V197H; or GmNOD26 A206C expressing pYESdest52 vectors 

were grown in 200 µL of Medium M (pH 6.0) containing 2% (w/v) galactose with either: 0.1% (w/v) 

proline (Pro) (A/B); 1 mM NH4
+ (C/D); or 100 mM MeA+ (E/F) (n=6). Subscripts depict significance 

within a timepoint according to Duncan’s Post Hoc. 
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4.2.2 Complementation of amino acid transport deficient S. cerevisiae strain  

When proteinogenic amino acids or GABA are supplied as the sole nitrogen source, 22Δ10AA (MATα 

gap1-1 put4-1 uga4-1 can1::HisG lyp1- alp1::HisG hip1::HisG dip5::HisG gnp1Δ agp1Δ ura3-118) is 

unable to grow except for in the presence of Arg (Besnard et al. 2016). This strain is suitable to 

assess amino acid transport, in particular alanine, by GmNOD26 and was kindly provided by 

Guillaume Pilot (Virginia Tech). GmNOD26-expressing 22Δ10AA and parental 23344c cells were 

serially diluted and spotted onto YNB agar plates containing ammonium, or amino acids as the sole 

nitrogen source (Figure 4.9). In the presence of 3 mM ammonium, both strains containing the empty 

or GmNOD26-containing pYESdest52 plasmid grew uniformly on glucose or galactose media. When 

alanine was supplied as the sole nitrogen source, at 1 or 3 mM, there was minimal growth observed 

in the empty or GmNOD26-expressing 22Δ10AA cells on galactose media (Figure 4.9). Comparatively 

the parental strain 23344c grew uniformly as amino acid transport is not disrupted. It was noted that 

there was increased growth when glucose was the supplied sugar source for 22Δ10AA cells, but this 

was independent of the presence of GmNOD26 (Figure 4.9). The permeability of GmNOD26 to 

alanine was also investigated in X. laevis oocytes but swelling and content assays identified no 

significant transport (Appendix 9). 

To investigate whether GmNOD26 could transport other amino acids relevant to symbiosis, 

22Δ10AA cells were plated on media containing proline, GABA, glutamic acid or aspartic acid as the 

sole nitrogen source (Figure 4.10). GmNOD26 expression did not enhance growth of 22Δ10AA cells 

relative to the control, while 23344c cells grew uniformly (Figure 4.10). 
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Figure 4.9 GmNOD26 does not complement alanine transport in 22Δ10AA. GmNOD26 and empty 

pYESdest52 vector 23344c and 22Δ10AA transformants were grown in YNB containing 2% (w/v) glucose and 

0.1% (w/v) proline (pH 6.0) overnight, washed twice with sterile water and diluted to an OD600 of 100. 

Cultures were serially diluted 10-fold and 5 μL spotted onto solid YNB containing 2% (w/v) Glucose (Glu) or 

Galactose (Gal) and either ammonium or alanine as the sole nitrogen source. 
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Figure 4.10. GmNOD26 does not transport amino acids. GmNOD26 and empty pYESdest52 vector 

23344c and 22Δ10AA transformants were grown in YNB containing 2% (w/v) glucose and 0.1% (w/v) 

proline (pH 6.0) overnight, washed twice with sterile water and diluted to an OD600 of 100. Cultures 

were serially diluted 10-fold and 5 μL spotted onto solid YNB containing 2% (w/v) galactose with various 

amino acids as the sole nitrogen source. 
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4.3 Discussion 

4.3.1 GmNOD26 rescues growth of 26972c at low pH 

In the X. laevis oocyte model, it remains unclear whether ammonia permeable channels are inducing 

ionic currents through endogenous channel activation due to NH3 movement, or if NH4
+ is 

permeating the channel (Holm et al. 2005; Litman et al. 2009). This confuses the observations of 

GmNOD26 expressed in X. laevis oocytes, which display characteristics of the SM-NSCC channel, but 

under these conditions appears to be gated by protons. Given that characterisation of the SM-NSCC 

in patch-clamp experiments was only performed at pH 7.0 (Tyerman et al. 1995), another model 

must be used. To determine whether GmNOD26 could function at low pH, complementation of the 

ammonium transport deficient S. cerevisiae strains, 26972c and 31019b was performed. It was 

evident that there was an issue with the 31019b strain, as growth under limiting ammonium was 

observed (Appendix 8). It is possible that the obtained strain was incorrect or that overtime 

mutations had accumulated leading to growth on medium containing a low concentration of 

ammonium. The 26972c strain grew in a manner consistent with disruption in ammonium transport 

and was complemented by expression of GmNOD26 (Figure 4.5). This is consistent with 

ammonia/ammonium transport through GmNOD26.  

In an attempt to distinguish between ammonia and ammonium transport through GmNOD26, the 

media pH was varied. Calculations indicate that in liquid media supplemented with 2 mM NH4Cl at 

28oC, there would be 0.445, 1.40, 4.42, 13.9 and 43.4 µM ammonia at pH 5.5, 6.0, 6.5, 7.0 and 7.5, 

respectively. Complementation was observed at low pH, suggesting that GmNOD26 can facilitate 

NH4
+ transport when required (Figure 4.4). A class of so called aquaammoniaporins, which are 

permeable to both H2O and NH3, have been characterised including human AQP3, AQP4, AQP7, 

AQP8 and HsAQP9, as well as plant aquaporins TaTIP2;1, AtTIP2;1, AtTIP2;3 and GmNOD26 (Jahn et 

al. 2004; Holm et al. 2005; Dynowski et al. 2008; Hwang et al. 2010; Assentoft et al. 2016). 

Interestingly RnAQP1 is not permeable to ammonia but point mutations to the aromatic/arginine 

region can facilitate this movement, suggesting that pore constriction acts as a major selectivity filter 

(Beitz et al. 2006). Molecular dynamic modelling of AtTIP2;1 suggests that NH4
+ accumulates at the 

surface of the protein, but spontaneous permeation events only occur through the monomeric pore 

as NH3 (Kirscht et al. 2016). They suggest that NH4
+ may be deprotonated at the proteins surface to 

enhance NH3 transport, this model fits with NH3-gated NH4
+ permeation of TaTIP2;1 proposed by 

Holm et al. (2005) but does not take into consideration the possibility of NH4
+ permeating the central 

tetrameric pore, as is shown for other monovalent cations (see chapter 3).  



 

90 

4.3.2 Mutations to GmNOD26 alter 26972c rescue 

4.3.2.1 Phosphorylation effect 

Previously I (Chapter 3) and other studies (Lee et al. 1995; Guenther et al. 2003) have demonstrated 

that phosphorylation mimics of S262 alters the transport properties of GmNOD26. This work has 

been limited to X. laevis oocytes and lipid bilayers, for the first time I investigate the effect this has 

on the replication of S. cerevisiae 26972c cells. Growth of the phosphorylation mimics appeared to 

be similar to the Wt GmNOD26 protein expressed in 26972c, but there was a significant increase in 

the OD600 of the phosphonull mutant S262A after 48 hours of growth in limiting NH4
+ (Figure 4.6). 

This trend was not observed when NH4
+ was replaced with MeA+. Although S262 has been shown to 

be the only targeted phosphorylation site in soybean nodules (Weaver and Roberts 1992), S. 

cerevisiae contain over 110 serine/threonine protein kinases (Brinkworth et al. 2006), and it is highly 

likely that alternative sites are being phosphorylated in vivo. According to NetPhosYeast-1.0 (Ingrell 

et al. 2007), which predicts the phosphorylation targets of S. cerevisiae protein kinases, there are 

nine serine targets for the GmNOD26 protein sequence. When expressed in X. laevis oocytes, 

GmNOD26S262A displays increased ion conductivity and decreased water permeability ((Lee et al. 

1995); Chapter 3), it is unclear what effect these alternative targets may have on the transport 

properties of GmNOD26, but may confuse the data obtained from specific phosphomimetics.  

4.3.2.2 Loop D regulates ammonia/ammonium transport 

Mutations to the charged residues of the GmNOD26 Loop D region shifted the reversal potential and 

reduced the ion conductivity of expressing X. laevis oocytes in sodium testing solution (see chapter 

3). The important regulatory function of Loop has been demonstrated in both HsAPQ1 and SoPIP2;1, 

although through differing mechanisms. In SoPIP2;1, calcium binding to the N-terminal region of the 

protein leads to an interaction with a conserved histidine in the Loop D of PIPs is thought to stabilise 

the closed monomeric pore of the channel (Törnroth-Horsefield et al. 2006), but this histidine is not 

present in the Loop D region of GmNOD26. The functional relevance of this mechanism has not been 

explored in PIPs, although AtPIP2;1 and HvPIP2;8 have been shown to be ion conducting aquaporins 

gated by divalent cations (Byrt et al. 2017; Tran et al. 2020). As previously discussed, HsAQP1 

requires cGMP binding for ion channel activation (Boassa and Yool 2002), through molecular 

dynamics simulations this binding has been shown to be to the Loop D and facilitate an outward 

motion of the region, opening the central tetrameric pore (Yu et al. 2006). This was confirmed 

experimentally through site-directed mutagenesis (Yu et al. 2006) and through inhibition studies 

with AQB011 (Kourghi et al. 2018a) both of which target the Loop D region of HsAQP1 and result in 

impaired ion conductance.  
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To investigate if these mutations effected ammonia/ammonium transport, or reflects a more 

general gating of ion conductance, GmNOD26 D177N and R179N mutants were expressed in S. 

cerevisiae 26972c cells. Mutations to Loop D were shown to prevent the ability of GmNOD26 to 

rescue growth of 26972c cells on low ammonium (Figure 4.7), taken together with 

electrophysiological data provides strong evidence that NH4
+ may permeable the channel. 

Surprisingly the D177N mutant did not display symptoms of MeA+ toxicity differing from the empty 

vector control, it is unclear why the response to MeA+ and NH4
+ would differ. Given that ammonium 

ions are smaller in nature that methylammonium ions, it would be expected that if NH4
+ could not 

permeate then neither should MeA+. The observed effect may be artefact caused by comparing a 

low concentration of NH4
+ to a high concentration of MeA+, as dissociation of ions may not be 

equivalent. The data taken together still suggest that mutations to Loop D alter ammonium 

permeation through GmNOD26. While Loop D mutants successfully localised to the PM of X. laevis 

oocytes (Figure 3.8), caution must be taken when interpretating these mutations in 26972c, as 

structural changes may influence expression or trafficking of the protein to the PM of S. cerevisiae. 

Similar protein tagging techniques should be employed to confirm successful incorporation to the S. 

cerevisiae PM. 

4.3.2.3 4.4.2.3 Other mutations disrupt ammonia/ammonium transport 

The MIP family contains a highly conserved glutamate residue in the first transmembrane domain 

(M1) (Reizer et al. 1993), it is important in maintaining structural integrity of the channel protein 

though interaction with a histidine residue near M2 (Ren et al. 2001). In HsAQP10 protonation of this 

histidine residue causes interaction with the conserved glutamate residue and leads to structural 

rearrangements that widen the monomeric pore to facilitate glycerol permeation (Gotfryd et al. 

2018). Mutation of the M1 glutamate to asparagine in the ion-conducting aquaporins HaBIB or 

HsAQP1 revealed differences in the molecular basis of the ion permeation. HaBIBE71N does not 

display any typical ion conductivity (Yanochko and Yool 2002; Yanochko and Yool 2004), while the 

analogous mutation in HsAPQ1 only affected water transport (Yool 2007). The analogous mutant, 

GmNOD26E43N, was expressed in S. cerevisiae 26972c cells and behaved in a manner consistent with 

the empty vector control (Figure 4.8). This suggested that the rescue phenotype was lost, and 

GmNOD26E43N was unable to facilitate the transport of ammonia/ammonium. In future work, this 

mutant should be expressed in X. laevis oocytes to determine if this mutation is affecting the 

structure of the monomeric or central tetrameric pore. This would give us a greater understanding 

of the pathway of ammonia/ammonium transport through GmNOD26. 
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A subclass of aqua-ammonia-porins, which include soybean GmNOD26, wheat TaTIP2;1 and human 

HsAQP8, have been described. The important regulatory roles of I184 and G193 have been 

established through mutation in TaTIP2;1, in which the double mutation which I184H and G193C 

abolished ammonia transport through the channel (Jahn et al. 2004). Interestingly, when grown on 

solid medium there was no apparent disruption in the ammonia permeability of TaTIP2;1 by either 

single mutation. In an attempt to mutate GmNOD26 from an aqua-ammonia-porin into a more 

traditional water transporting aquaporin such as HsAQP1, V197H, A206C and V197H; A206C 

mutations were imposed. When grown on medium supplemented with NH4
+ as the sole nitrogen 

source, growth was comparable to Wt GmNOD26 but slightly reduced (Figure 4.8). In the double 

mutant V197H; A206C growth was reduced to a level observed in the empty vector control, 

indicating that NH4
+ was no longer transported through GmNOD26. But there was a level of MeA+ 

toxicity still present in this mutant. Interestingly MeA+ toxicity was not observed in either of the 

single mutants (Figure 4.8), suggesting that the single mutations allowed a reduced passage of NH4
+, 

but completely blocked MeA+. Based on homology modelling and crystalline structures of wheat and 

Arabidopsis TIP2;1 it has been proposed that I184 and G193 allow for a widening on the monomeric 

water pore that facilitates the movement of ammonia in aqua-ammonia-porins, mutation to the 

corresponding residues in HsAQP1 restricts this pore resulting in a loss of ammonia transport (Jahn 

et al. 2004; Kirscht et al. 2016). It is possible that the single mutations in this study, V197H or A206C, 

may cause a reduction in the monomeric pore diameter that completely blocks the larger MeA+ 

cation from being transported but still allows some passage of NH4
+, as MeA+ contains a carbon 

group and two extra hydrogen molecules. Homology modelling should be performed to assess for 

alterations in the monomeric pore diameter of GmNOD26 mutants.  

4.3.3 GmNOD26 facilitates ammonia and ammonium transport but is not permeable to amino acids 

The relative contribution of NH3 or NH4
+ efflux from symbiosomes remains unclear but is dependent 

on the pH of the symbiosome space, resting potential of the SM and relative concentration gradient 

across compartments (Udvardi and Day 1990; Udvardi and Day 1997). Under optimal nitrogen fixing 

conditions, the symbiosome space would be highly acidic and the SM depolarised, these attributes 

would favour an efflux of NH4
+ from the symbiosome space over NH3. I have shown here that 

GmNOD26 is the likely pathway for ammonium efflux from symbiosomes, as it displays 

characteristics of the SM-NSCC (Chapter 3) and can complement ammonium transport deficiency at 

low pH (Figure 4.4). The docking of GS to GmNOD26 (Masalkar et al. 2010) is logical for NH4
+ 

transport through the channel, as it would allow for rapid assimilation to glutamate (Robertson et al. 

1975; Liaw et al. 1995) and ensure a favourable concentration gradient of NH4
+ is maintained.  
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The observed channel mediated permeability of ammonia across the soybean SM (Niemietz and 

Tyerman 2000) has been attributed to GmNOD26 (Hwang et al. 2010). The pH of the symbiosome 

space has been correlated with functional symbiosis is M. truncatula; as bacteroids begin to senesce, 

the pH is rapidly increased (Pierre et al. 2013), likely due to a loss of H+-ATPase activity which would 

result in hyperpolarisation of the SM (Udvardi and Day 1989; Rosendahl et al. 1992). Under these 

conditions the NSCC activity of the membrane would be impaired and NH3 concentration would 

increase, favouring NH3 transport through GmNOD26. The capacity of GmNOD26 to transport both 

ammonia and ammonium highlights is importance in nitrogen-fixing symbiosis, and this is 

reenforced through impaired symbiosis in CRISPR/Cas9‐mediated NOD26 knockout of M. truncatula 

(Frare et al. 2022). 

The relative contribution of amino acids as a fixed nitrogen product remains unclear, but supplying 

isolated pea and soybean symbiosomes with 14C-malate indicates synthesis and secretion of amino 

acids across both the bacteroid and symbiosome membranes (Rosendahl et al. 1992). Of these 

amino acids, alanine production appears to be high (Allaway et al. 2000), excreted from N2-fixing 

soybean nodule bacteroids (Waters et al. 1998) and permeable across the SM (Tyerman and 

Niemietz, unpublished data obtained from (Day et al. 2001b)). However, alanine dehydrogenase 

mutants in pea bacteroids, unable to synthesis alanine, had no apparent symbiotic phenotype 

(Allaway et al. 2000). This suggests that symbiosis can function efficiently with NH3/NH4
+ as the sole 

nitrogen source (Day et al. 2001b). Unpublished data by Tyerman and Niemietz reveals asymmetric 

alanine transport across the SM that is inhibited by mercury, possibly through GmNOD26 (Day et al. 

2001b). I expressed GmNOD26 in the amino acid transport deficient S. cerevisiae strains 22Δ10AA to 

screen for amino acid transport via complementation. Expression of GmNOD26 did not enhance 

growth of 22Δ10AA cells relative to the control when alanine, or any other investigated amino acid 

was the sole nitrogen source (Figure 4.9/10). In contrast the parental strain, 23344c, which is 

permeable to amino acids grew uniformly. These data indicate that these amino acids were not 

transported by GmNOD26 and another protein is responsible for the asymmetric alanine transport 

reported in isolated soybean symbiosomes. A member of the major facilitator superfamily, 

GmNPF8.6 has been characterised to transport the tripeptides Ala-Ala-Ala (Mohd Noor 2016). It is 

not uncommon for members of this family to have a broad spectrum of transport substrates, AtPTR1 

is permeable to a range di- and tripeptides, in addition to substrates lacking a peptide bond (Dietrich 

et al. 2004). There are also numerous members of the ABC superfamily identified through SM 

proteomic studies (Wienkoop and Saalbach 2003; Clarke et al. 2015; Luo et al. 2023) and are suitable 

candidates for amino acid export from symbiosomes. These candidates should be investigated in 

future work.   
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5 LjALMT1 is a redundant dicarboxylate transporter localised to the 
root vascular tissue  

5.1 Introduction 

Carbon uptake by symbiosomes is facilitated by a well characterised but unidentified dicarboxylate 

carrier. Early work using isolated symbiosomes showed that when malate and succinate were  

supplied as substrates, uptake rates were sufficient to support estimated nitrogen fixation in vivo 

(Price et al. 1987; Day et al. 1989). Udvardi et al. (1988) further elucidated that the true substrate for 

the SM-DC is monovalent dicarboxylate anions and calculated the Km for malate and succinate to be 

2 and 15 μM respectively, which would be saturated at physiological concentrations. The carrier has 

an apparent preference for malate, but also transports a range of other dicarboxylates, as indicated 

through competitive inhibition of malate uptake into isolated symbiosomes (Ou Yang et al. 1990). 

Further characterisation reveals that anion uptake by the symbiosome is affected by the rate of 

bacteroid respiration, energisation across the SM by its ATPase activity and phosphorylation of the 

carrier, likely by a calcium dependent protein kinase (Ou Yang et al. 1990; Udvardi et al. 1991). 

The symbiosome is comparable of the vacuole in normal root cells, making tonoplast dicarboxylate 

transporters excellent candidates for the SM-DC (Mellor and Werner 1987). Due to the above 

characterised energetics of the system, the SM-DC essentially acts as an efflux protein, transporting 

malate out of the plant cytosol and therefore unlikely to complement the growth of dicarboxylate 

transport deficient E. coli strain (CBT315) through cDNA library screening. However as described in 

Chapter 1.6.1, there are two well characterised tonoplastic dicarboxylate transport families in plants, 

these are ALMT and tDT, and share many similar characteristics with the described SM-DC. The 

tonoplast provides extensive candidates for the SM-DC with the ALMT family providing strong 

candidates, as members of this family of dicarboxylate transporters have been shown to share 

several functional similarities with the SM-DC, including voltage-dependent gating and regulation by 

phosphorylation. Although Takanashi et al. (2016) did not identify a symbiosome localised ALMT, the 

scope of the study may have been insufficient in identifying all ALMT sequences in L. japonicus due 

to the genome coverage at the time. The tDT transport family is a reasonable candidate for the SM-

DC due to characterised dicarboxylate transport but the mechanism is distinct, appearing to be 

antiport - primarily exchanging citrate with malate (Frei et al. 2018). 

Proteomic studies on isolated SMs have identified several putative transporters on the SM, but no 

definitive candidates for the SM-DC (Saalbach et al. 2002; Wienkoop and Saalbach 2003; Clarke et al. 

2015; Luo et al. 2023). Far broader transcriptomic data suggests that ALMT transcripts are expressed 
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in nodule tissues and enhanced in the nitrogen fixing zones (Takanashi et al. 2012; Roux et al. 2014). 

Here, through homology with the Arabidopsis orthologs, the ALMT and tDT gene families have been 

identified in L. japonicus and M. truncatula. Publicly available, tissue-specific, transcriptomics data 

was analysed to provide candidates for the SM-DC based on nodule-enriched expression of ALMT 

and tDT transcripts that were enhanced in the nitrogen fixing zones. The expression of these 

candidates in nodules were then confirmed through qRT-PCR prior to in in vivo localisation and 

functional characterisation. 
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5.2 Results 

5.2.1 Identification of ALMT and tDT gene families in model legumes 

In 2016, seven L. japonicus ALMT proteins were identified using the Kazusa Genome DataBase build 

2.5 (Takanashi et al. 2016). The recently updated, high-quality, L. japonicus MG20 genome (Li et al. 

2020) available through LOTUS BASE was used to identify 13 full-length L. japonicus ALMT protein 

sequences. This was achieved using Arabidopsis ALMT protein sequences as BLAST queries and 

filtering for the presence of Hidden Markov models using HMMER (see 2.10.1). Of the 13 identified 

L. japonicus ALMT protein sequences (Table 5.1), the seven previously characterised transcripts 

(Lj3g1v0471900.1, Lj1g1v0737300.1, Lj4g1v0452000.1, Lj2g1v0210400.1, Lj4g1v0188700.1, 

Lj2g1v0415400.1, Lj5g1v0165800.1) were identified along with six putative transcript sequences 

(Lj3g1v0182300.1, Lj5g1v0341200.1, Lj5g1v0199400.1, Lj5g1v0354000, Lj5g1v0353900, 

Lj1g1v0728500.1). Nomenclature was assigned through orthology with AtALMTs, with no L. 

japonicus ALMT proteins assigned as ALMT 3, 5, 6, 7, 11 or 14-like (Table 5.1). For most LjALMT 

sequences, the exon number was conserved with its AtALMT ortholog, with two exceptions, 

LjALMT8 contained one extra, while LjALMT9.1 contained one less exon. A similar approach was 

used to identify 16 M. truncatula ALMT sequences, but through the NCBI database. Here, no M. 

truncatula ALMT proteins were assigned as ALMT 1, 3, 5, 6, 11, 13 or 14-like, and the exon count was 

mostly conserved with exceptions to the MtALMT8 subfamily, which contained one extra exon, 

MtALMT9.1 with five extra exons and MtALMT9.1 with one less exon (Table 5.1). These methods 

were also employed to identify two tDT proteins in both L. japonicus and M. truncatula, interestingly 

both model legumes contained twice the exon number of the Arabidopsis tDT, but overall protein 

length was similar to the 540 aa Arabidopsis protein (Table 5.2).  

5.2.2 Transcriptomic expression of ALMT and tDT gene families in model legumes 

To determine the tissue specific expression profile of the identified ALMT and tDT transcripts in L. 

japonicus and M. truncatula, RNA-seq data was analysed in five different tissues (nodule, root, stem, 

leaf and inflorescence) under symbiotic growth conditions and normalised as specified in 2.10.2. 

Nine of the 13 identified LjALMT and seven of the 16 MtALMT transcripts contained publicly 

available transcriptomics data, which is represented in Figure 5.1.  

Of particular interest was nodule-specific expression, due to the possibility of identifying the SM-DC. 

LjALMT1 (Lj3g1v0182300) displayed strong nodule-specific expression, along with the M. truncatula 

ortholog MtALMT8.2 (MTR_2g087285) in this clade. Expression of another M. truncatula transcript, 
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MtALMT9.2 (MTR_6g084680), was enhanced in the nodules, but the L. japonicus ortholog LjALMT9.2 

(Lj2g1v0210400) in this clade was expressed across the stem, leaf and inflorescence tissue types 

(Figure 5.1). Analysis of the M. truncatula transcript using Symbimics (Roux et al.) revealed that both 

MtALMT8.2 and MtALMT9.2 contained expression in the nodule tissues, but only MtALMT8.2 was 

specific to the nitrogen fixing regions (Appendix 10). The tDT orthologs in L. japonicus and M. 

truncatula were not expressed in the nodule tissues and disregarded as candidates for the SM-DC 

(Figure 5.2). 

LjALMT10 (Lj5g1v0199400) was exclusively expressed in the root tissues, but the ortholog 

MtALMT10.2 (MTR_1g077670) in this clade displayed a relatively equal distribution of transcript 

reads that may be enhanced in the nodules, this was not supported by Symbimics data (Appendix 

10). Transcript expression of MtALMT2 (MTR_2g087288) was similar to that of MtALMT 10.2, but 

there was no nodule transcript expression identified in Symbimics (Appendix 10).  LjALMT9.1 

(Lj4g1v0452000), LjALMT12.1 (Lj4g1v0188700) and LjALMT12.4 (Lj5g1v0353900) transcript 

expression was predominant in the stem tissue, and this was supported by available transcript 

expression of MtALMT12.2 (MTR_5g014310) and MtALMT9.1 (MTR_8g104110) (Figure 5.1). In L. 

japonicus LjALMT12.5 (Lj5g1v0165800) was expressed evenly across both the stem and leaf tissue, 

while LjALMT8 (Lj1g1v0737300) expression was found to be predominantly in the inflorescence 

tissue, but no M. truncatula ortholog transcript data was available to support this. Transcript 

expression of MtALMT12.4 (MTR_1g115175) displayed a relatively equal distribution of transcript 

reads with some enhanced in inflorescence expression, but no transcript data was available for the 

L. japonicus ortholog. 
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Table 5.1 Identification of ALMT proteins in two model legumes. Arabidopsis (At) protein 

sequences were obtained from Dreyer et al. (2012) and used as BLAST queries to identify M. 

truncatula (Mt) proteins using NCBI and L. japonicus (Lj) proteins using Lotus Base. The presence of 

Hidden Markov models (Dreyer et al. 2012) was identified using HMMER. Percentage identity was 

calculated using ClustalW (Larkin et al. 2007) and compared against the closest Arabidopsis ortholog. 

Novel LjALMT genes have been underlined.  

Gene Name Chromosome 
Exon 
count 
(At) 

Locus tag Protein accession 
Amino 

acid 
count 

At ortholog (% 
identity) 

LjALMT1 Chr3 6 (6) Lj3g1v0182300 Lj3g1v0182300.1 426 AtALMT1(44) 

LjALMT2 Chr3 6 (6) Lj3g1v0471900 Lj3g1v0471900.1 473 AtALMT2 (50) 

LjALMT4 Chr5 6 (6) Lj5g1v0341200 Lj5g1v0341200.1 593 AtALMT4 (56) 

LjALMT8 Chr1 6 (5) Lj1g1v0737300 Lj1g1v0737300.1 480 AtALMT8 (52) 

LjALMT9.1 Chr4 5 (6) Lj4g1v0452000 Lj4g1v0452000.1 583 AtALMT9 (59) 

LjALMT9.2 Chr2 6 (6) Lj2g1v0210400 Lj2g1v0210400.1 600 AtALMT9 (57) 

LjALMT10 Chr5 6 (6) Lj5g1v0199400 Lj5g1v0199400.1 484 AtALMT10 (46) 

LjALMT12.1 Chr4 6 (6) Lj4g1v0188700 Lj4g1v0188700.1 537 AtALMT12 (61) 

LjALMT12.2 Chr2 6 (6) Lj2g1v0415400 Lj2g1v0415400.1 544 AtALMT12 (60) 

LjALMT12.3 Chr5 6 (6) Lj5g1v0354000 Lj5g1v0354000.1 514 AtALMT12 (56) 

LjALMT12.4 Chr5 6 (6) Lj5g1v0353900 Lj5g1v0353900.1 494 AtALMT12 (55) 

LjALMT12.5 Chr5 6 (6) Lj5g1v0165800 Lj5g1v0165800.1 465 AtALMT12 (34) 

LjALMT13 Chr1 6 (6) Lj1g1v0728500 Lj1g1v0728500.1 447 AtALMT13 (35) 

MtALMT2 Chr2 6 (6) MTR_2g087288 KEH38993.1 452 AtALMT2 (45) 

MtALMT4 Chr1 6 (6) MTR_1g111250 KEH44248.1 551 AtALMT4 (58) 

MtALMT7 Chr4 6 (6) MTR_4g051575 KEH29773.1 471 AtALMT7 (51) 

MtALMT8.1 Chr7 6 (5) MTR_7g106260 KEH24242.1 479 AtALMT8 (55) 

MtALMT8.2 Chr2 6 (5) MTR_2g087285 KEH38992.1 444 AtALMT8 (46) 

MtALMT9.1 Chr8 11 (6) MTR_8g104110 AET05317.1 578 AtALMT9 (59) 

MtALMT9.2 Chr6 6 (6) MTR_6g084680 KEH27049.1 599 AtALMT3 (56) 

MtALMT9.3 Chr8 5 (6) MTR_8g104130 AET05319.1 568 AtALMT9 (55) 

MtALMT10.1 Chr1 6 (6) MTR_1g077660 KEH42890.1 478 AtALMT10 (48) 

MtALMT10.2 Chr1 6 (6) MTR_1g077670 KEH42891.1 484 AtALMT10 (47) 

MtALMT12.1 Chr4 6 (6) MTR_4g098610 AES90828.1 534 AtALMT12 (61) 

MtALMT12.2 Chr5 6 (6) MTR_5g014310 AES94429.1 549 AtALMT12 (61) 

MtALMT12.3 Chr4 6 (6) MTR_4g098570 AES90824.1 534 AtALMT12 (60) 

MtALMT12.4 Chr1 6 (6) MTR_1g115175 KEH44440.1 532 AtALMT12 (55) 

MtALMT12.5 Chr1 6 (6) MTR_1g115140 KEH44433.1 536 AtALMT12 (53) 

MtALMT12.6 Chr7 6 (6) MTR_7g094770 KEH23744.1 442 AtALMT12 (34) 
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(Larkin et al. 2007; Kumar et al. 2018) 
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Figure 5.1 Evolution of ALMT family of two model legumes. ALMT amino acid sequences were 

aligned using Clustal (Larkin et al. 2007) and a maximum likelihood tree with 1000 bootstraps 

generated using MEGA X (Kumar et al. 2018). Publicly available transcriptomic data was obtained 

from Genevestigator or Lotus Base and normalised against the maximum expression. This 

information was used to generate a heatmap and assigned to respective protein, white boxes 

represent unavailable transcriptomic data. N = nodule, R = root, S = stem, L = leaf, I = inflorescence.  
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Table 5.2 Identification of tDT proteins in two model legumes. Arabidopsis (At) protein sequence 

was obtained from Emmerlich et al. (2003) and used as BLAST queries to identify L. japonicus (Lj) 

proteins using Lotus Base and M. truncatula (Mt) proteins using NCBI. Percentage identity was 

calculated using ClustalW (Larkin et al. 2007) and compared against the closest Arabidopsis ortholog. 

Gene Name Chromosome 
Exon 
count 
(At) 

Locus tag Protein accession 
Amino 

acid 
count 

At ortholog (% 
identity) 

LjtDT.1 Chr6 6 (3) Lj6g1v0286400    Lj6g1v0286400.1 

534 

AttDT (61) 

LjtDT.2 Chr4 6 (3) Lj4g1v0008300 Lj4g1v0008300.1 

549 

AttDT (62) 

MttDT.1 Chr4 6 (3) MTR_4g133230 AES92729.1 

553 

AttDT (61) 

MttDT.2 Chr2 6 (3) MTR_2g026030 AES64491.2 

528 

AttDT (61) 
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Figure 5.2 Evolution of tDT family of two model legumes. tDT amino acid sequences were aligned using 

Clustal (Larkin et al. 2007) and a maximum likelihood tree with 1000 bootstraps generated using MEGA X 

(Kumar et al. 2018). Publicly available transcriptomic data was obtained from Genevestigator or Lotus Base 

and normalised against the maximum expression. This information was used to generate a heatmap and 

assigned to respective protein, white boxes represent unavailable transcriptomic data. N = nodule, R = 

root, S = stem, L = leaf, I = inflorescence. 
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5.2.3 Growth of Wt L. japonicus under symbiotic and non-symbiotic conditions  

To gain an understanding of plant development under symbiotic and non-symbiotic conditions, Wt L. 

japonicus were grown under high and low nitrogen conditions in the presence or absence (mock) of 

M. loti. Wt L. japonicus were grown for seven days (as specified in 2.3) prior to treatment 

application. Root and shoot tissues were collected at zero, seven, 14, 21 and 35 days after 

inoculation (DAI) for biomass quantification. At initial treatment application, zero, or seven DAI, root 

and shoot biomass was not significant between the four groups (Figure 5.3, Table 5.3/4). For shoot, 

but not root biomass, the treatment groups were split into 14 DAI, with M. loti inoculated plants 

grown in sufficient nitrogen (2 mM NH4NO3) having the greatest shoot biomass (Figure 5.3). This 

trend continued for the remaining timepoints and was significant for 14, 21 and 35 DAI (Table 5.3). 

There was similar shoot biomass for M. loti inoculated L. japonicus plants grown in limiting (10 µM 

KNO3) nitrogen and mock treated L. japonicus plants containing sufficient (2 mM NH4NH3) nitrogen, 

these measurements were found to be significantly similar 21 and 35 DAI (Figure 5.3, Table 5.3). 

Mock treated L. japonicus plants grown under limiting nitrogen displayed symptoms of stunted 

growth and did not increase in shoot biomass during the course of the experiment (Figure 5.3).  

Changes in root biomass followed a different trend to that of shoot biomass (Figure 5.3). At 21 DAI 

the mock and M. loti treatments split, with significantly more root biomass found in M. loti 

treatments (Figure 5.3, Table 5.4). The M. loti inoculated L. japonicus plants grown in limiting (10 µM 

KNO3) nitrogen developed the greatest root biomass, but this data was variable; at 35 DAI there was 

a significant split between the limiting and sufficient nitrogen treatments (Figure 5.3, Table 5.4).  The 

root biomass of mock treated L. japonicus plants was significantly similar at all timepoints 

independent of nitrogen application (Figure 5.3, Table 5.4).   

Growth studies were repeated under symbiotic (limiting nitrogen and M. loti inoculated) or non-

symbiotic (sufficient nitrogen with mock inoculation) conditions given that similar increases in 

biomass were detected under these conditions (Figure 5.4). Samples were collected every week for 

three weeks with root and shoot tissues used for biomass and qRT-PCR (2.5.2) analysis. Tissue 

samples from shoot, root and nodule tissues were collected for qRT-PCR 21 DAI under symbiotic 

conditions. Once again, the changes in root and shoot biomass followed a similar trend, with a 

significant increase in root biomass detected 21 DAI under symbiotic conditions (Figure 5.5). The 

typical phenotypic appearance of these plants is visualised in Figure 5.5, with no apparent nutrient 

limitations to growth, and nodulation only present on inoculated plants from 14 DAI.  
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Figure 5.3 The effect of nitrogen application and/or M. loti inoculation on Wt L. japonicus growth. 

Seven-day-old L. japonicus (MG20) were grown under limiting or optimal nitrogen conditions for 35 

days after inoculation (DAI) with M. loti or sterile MilliQ water. Root and shoot biomass was 

harvested at zero, seven, 14, 21 or 35 days after treatment application. For harvests: zero, seven and 

14 DAI, six plants were pooled in each replicate; for 21 and 35 DAI two plants were pooled in each 

replicate (n = 4). 
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Table 5.3 Significance of nitrogen application and/or M. loti inoculation on Wt L. japonicus shoot 

biomass over time according to Duncan’s post hoc. Different subscripts indicate a significant 

difference between groups at a particular timepoint (ρ < 0.05) (n = 4). 

Nitrogen 
treatment 

Inoculation 
treatment 

Days after inoculation 

0 7 14 21 35 

10 µM 
KNO3 

Mock a a a a a 

M. loti a a b b b 

2 mM 
NH4NH3 

Mock a a c b b 

M. loti a a d c c 

 

Table 5.4 Significance of nitrogen application and/or M. loti inoculation on Wt L. japonicus root 

biomass over time according to Duncan’s post hoc. Different subscripts indicate a significant 

difference between groups at a particular timepoint (ρ < 0.05) (n = 4). 

Nitrogen 
treatment 

Inoculation 
treatment 

Days after inoculation 

0 7 14 21 35 

10 µM 
KNO3 

Mock a a a a a 

M. loti a a a b c 

2 mM 
NH4NH3 

Mock a a a a a 

M. loti a a a b b 
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Figure 5.4 Growth of Wt L. japonicus plants under symbiotic or nitrogen sufficient conditions. 

Seven-day-old L. japonicus (MG20) were either inoculated with M. loti and grown under limiting 

nitrogen (M. loti) or inoculated with sterile MilliQ water and grown under sufficient nitrogen (mock) 

for 21 days. Root and shoot biomass were harvested at zero, seven, 14 or 21 days after treatment 

application with tissue snap frozen for RNA extraction. For harvests: zero and seven DAI six plants 

were pooled in each replicate; for 14 DAI and 21 DAI three plants were pooled in each replicate (n = 

4). 
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Figure 5.5 Typical phenotypic appearance of Wt L. japonicus plants under symbiotic (M. loti) or 

nitrogen sufficient (mock) conditions. Plants were grown as specified in figure 5.4. DAI = days after 

inoculation. 
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5.2.4 Gene expression of LjALMT1 under symbiotic and non-symbiotic conditions  

5.2.4.1 Transcript expression of LjALMT1 and LjNOD26 

Transcript expression of LjALMT1 and LjNOD26 was quantified in root and shoot tissues from Wt L. 

japonicus grown under symbiotic or non-symbiotic conditions in the presence of high or low 

nitrogen. LjNOD26, also known as LIMP2, is the L. japonicus ortholog of GmNOD26 (Guenther and 

Roberts 2000), a major component of the SM, and the expression pattern was used as a positive 

control for symbiotic expression. There was no detectable expression of LjNOD26 zero DAI in root or 

shoot tissues (Figure 5.6), furthermore LjNOD26 expression could not be detected at any timepoint 

in the shoot tissue of M. loti or mock inoculated Wt L. japonicus plants. Expression of LjNOD26 under 

symbiotic conditions was first detected seven DAI in root tissues and was approximately half 

maximal of the level detected 14 and 21 DAI (Figure 5.6). This expression pattern trended with 

nodule development, phenotypic nodules were not present until 14 DAI (Figure 5.5), but 

development would precede this. There was a level of LjNOD26 expression detected in the root 

tissue of mock treated Wt L. japonicus plants, this expression increased with time but was 

significantly less than in the root tissue of M. loti treated plants (Figure 5.6). 

Similar to LjNOD26, there was no detectable expression of LjALMT1 at any timepoint in the shoot 

tissue of M. loti or mock inoculated Wt L. japonicus plants (Figure 5.6). However, expression of 

LjALMT1 in the root tissue of Wt L. japonicus plants was detected at zero DAI, this level of expression 

was not significantly different at any timepoint in mock treated plants (Figure 5.6). The expression of 

LjALMT1 in the root tissue of M. loti treated plants trended to increase with time, the expression at 

seven, 14 and 21 DAI was significantly greater than at zero DAI (Figure 5.6). To further investigate 

the expression profile of LjALMT1 and LjNOD26 under symbiotic conditions, the organ specific 

expression was investigated by excising nodules from root tissue prior to RNA extraction (Figure 5.7). 

For both LjALMT1 and LjNOD26, expression in the shoot tissue was below the detectable threshold. 

For LjNOD26, expression was predominantly in the nodule tissue, with a normalised expression 

values of 0.613, significantly greater than the normalised expression of 0.0349 found in the root 

tissue (Figure 5.7). Expression of LjALMT1 under symbiotic conditions was similar between the root 

and nodules, with normalised expression values of 0.281 and 0.253, respectively (Figure 5.7). 
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Figure 5.6 Tissue-specific expression of LjALMT1 and LjNOD26 under symbiotic or nitrogen 

sufficient conditions. Seven-day-old L. japonicus (MG20) were either inoculated with M. loti and 

grown under limiting nitrogen (M. loti) or inoculated with sterile MilliQ water and grown under 

sufficient nitrogen (mock) for 21 days. Total RNA was extracted, and cDNA synthesised from root 

or shoot tissues zero, seven, 14 or 21 days after treatment application prior to qRT-PCR analysis. 

For harvests: zero and seven DAI six plants were pooled in each replicate; for 14 DAI and 21 DAI 

three plants were pooled in each replicate (n = 4). Significance across tissue types was 

determined through Duncan’s post hoc (n = 4, subscripts represent post hoc significance). 
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5.2.4.2 Spatial activity of the LjALMT1 and LjNOD26 regulatory regions 

The spatial activity of the LjALMT1 and LjNOD26 regulatory regions was investigated through GUS 

expression (2.6.5, 2.9.3). Following one-hour dark incubation in X-Gluc substrate solution, the empty 

V48 transformed L. japonicus plants displayed no distinct blue staining, indicating that X-Gluc had 

not been cleaved by GUS and there was no spatial expression of GUS driven by the empty V48 

sequence (Figure 5.8). When the root system of L. japonicus plants expressing V48 containing the 

regulatory region of LjNOD26 cloned upstream of GUS were exposed to X-Gluc a distinct blue stain 

appeared in the nodule tissue (Figure 5.8), suggesting GUS was expressed highly in the nitrogen 

fixing region of the nodule. GUS expression driven by the LjNOD26 regulatory element was also 

present in the root vascular tissue, but this staining was far less distinct than in the nodules (Figure 

5.8). The GUS expression driven by the regulatory region of LjALMT1 displayed a staining pattern 

distinct from that of LjNOD26. The staining was predominantly in the vascular tissue of the L. 

japonicus root system, with this extending around the periphery of the nodule (Figure 5.8). Staining 

observed in nodule cross sections indicate that this was an extension of the vascular tissue into the 

Figure 5.7 Organ-specific expression of LjALMT1 and LjNOD26 under symbiotic conditions. Three-

weeks after inoculation plant organs were separated for total RNA extraction and cDNA synthesis 

prior to qRT-PCR analysis. Significance across tissue types was determined through Duncan’s post 

hoc (n = 4, subscripts represent post hoc significance). 
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nodule (Figure 5.9) and fit with the transcript expression of LjALMT1 observed in both the root and 

nodule (Figure 5.7). 
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Figure 5.8 GUS expression under the LjALMT1 and LjNOD26 promoter. The 2 kb 5’ 

regulatory elements were cloned upstream of the GUS open reading frame in V48 and 

transformed via hairy root transformation (2.9.2) and infiltrated with X-Gluc (2.9.3) 21 DAI 

with M. loti. A and B empty V48, C and D V48-LjALMT1pro, E and F V48-LjNOD26pro 

transformants. Scale = 200 µm. 
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5.2.5 In vivo localisation of LjALMT1 

The cds of LjALMT1 or LjNOD26 were cloned into the N-GFP expression vector, V33, and expressed in 

L. japonicus via hairy root transformation under control of the soybean leghemoglobin promoter. 

Symbiosomes were counterstained with FM4-64, clearly highlighting the infected cell regions of the 

21-day old L. japonicus nodule cells, but there was no evidence of GFP signal in empty or LjALMT1 

V33 constructs (Figure 5.10). There was substantial GFP signal detected in LjNOD26-V33 expressing 

L. japonicus nodules, although localisation to the SM was unclear (Figure 5.10). The lack of GFP signal 

in the infected region of LjALMT1-V33-expressing nodules aligns with the GUS staining previously 

observed (Figure 5.8/9).  

Figure 5.9 Root nodule sections of LjALMT1 promoter driven GUS expression. X-Gluc infiltrated 

empty V48-LjALMT1pro transformants were embedded in paraffin, sectioned 10 μm thick and 

cleared using xylene prior to imaging using an Olympus BX53 upright microscope (Oympus LS, 

Japan). Scale = 100 µm. 
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Figure 5.10 Confocal microscopy of L. japonicus nodules expressing GFP-fused LjNOD26 and LjALMT1 under the 

soybean leghaemoglobin promoter. The coding regions of LjNOD26 or LjALMT1 were cloned into V33 and introduced 

into L. japonicus via hairy roots. Confocal images of hand sectioned 21-day old nodules were taken using ZEISS LSM 880 

Confocal Laser Scanning Microscope (Carl Zeiss, Germany). (A), (D) and (G), GFP was excited using a 488 nm argon laser 

and emission recorded 530 nm. B, E and H, the SM was counterstained with FM4–64 and excited using a 510 nm diode 

pumped solid state laser and emission recorded at 750 nm. (C), (F) and (I), the GFP and FM4-64 images merged. Images 

were processed using ZEN (black edition) with scale bars representing 10 μm. 
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The in vivo localisation of LjALMT1 was further investigated through fusion of the coding region to 

the 2 kb 5’ regulatory element (2.6.7) and cloning into the gateway enabled C-GFP expression vector, 

V45. The resulting construct, along with empty and LjNOD26REcds V45 constructs, were expressed 

in L. japonicus via hairy root transformation and grown symbiotically for 21 days. Transgenic nodules 

expressing the empty V45 did not display any GFP signal in mature L. japonicus root nodules (Figure 

5.11a-d) but did display GFP signal in the growing root tip (Figure 5.11e/f). Given that Wt L. japonicus 

were not visualised using this technique, it is unclear whether this signal was autofluorescence or 

leaky GFP expression from V45. Expression of LjNOD26REcds-V45 revealed GFP signal in the nodules, 

this appeared to be within the large infected cells (Figure 5.12). Confocal microscopy should be 

employed to confirm this observation. LjALMT1 under its native promoter did not appear to localise 

within the nodules, with no GFP signal detected in the infected region, but was observed along the 

root nodule interface (Figure 5.13a/b). Distinct GFP signal was observed along through the vascular 

tissue of mature L. japonicus roots (Figure 5.13c/d). This signal was also observed in the root tip 

(Figure 5.13e/f) but given that a similar signal was observed in the root tip of empty V45-expressing 

L. japonicus plants (Figure 5.11e/f) it cannot be assumed that this was due to LjALMT1 localisation. 
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Figure 5.11 Fluorescent microscopy images of root and nodule tissue expressing empty V45. The 

empty V45 was introduced into L. japonicus via hairy roots. Fluorescent microscopy images of 21-day 

old root nodules were taken using EVOS® FL Auto Imaging System (Thermo Fisher Scientific, USA). (A) 

white light image of L. japonicus root nodule, (B) as (A) but of GFP (482/25 nm Excitation; 524/24 nm 

Emission). (C) as (A) but under greater magnification, (D) as (C) but of GFP. (E) white light image of L. 

japonicus root tip, (F) as (E) but of GFP highlighting autofluorescence. 
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Figure 5.12 GFP localisation LjNOD26 under its native promoter. The fused 2 kb 5’ regulatory 

element and coding regions of LjNOD26 was cloned into V45 and introduced into L. japonicus via 

hairy roots. Fluorescent microscopy images of 21-day old root nodules were taken using EVOS® FL 

Auto Imaging System (Thermo Fisher Scientific, USA). (A) white light image of L. japonicus root 

nodule, (B) as (A) but of GFP (482/25 nm Excitation; 524/24 nm Emission). (C) and (E), as (A) but 

under greater magnification. (D) and (F), as (B) but under greater magnification. 
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Figure 5.13 GFP localisation LjALMT1 under its native promoter. The fused 2 kb 5’ regulatory 

element and coding regions of LjALMT1 was cloned into V45 and introduced into L. japonicus via 

hairy roots. Fluorescent microscopy images of 21-day old root nodules were taken using EVOS® FL 

Auto Imaging System (Thermo Fisher Scientific, USA). (A) white light image of L. japonicus root 

nodule, (B) as (A) but of GFP (482/25 nm Excitation; 524/24 nm Emission). (C) white light image of 

mature L. japonicus root, (D) as (C) but of GFP. (E) white light image of L. japonicus root tip, (F) as (E) 

but of GFP. 
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5.2.6 Growth of LjALMT1 LORE1 mutants 

5.2.6.1 Identification of homozygous LjALMT1 LORE1 mutants 

L. japonicus mutant population has been established using an endogenous long terminal repeat 

retrotransposon, Lotus Retrotransposon 1 (LORE1) (Fukai et al. 2010; Fukai et al. 2012; Urbanski et 

al. 2012). LORE1 is a 5042 bp retrotransposon epigenetically activated during tissue culture resulting 

in random insertion throughout the genome that can disrupt proper transcription (Madsen et al. 

2005; Fukai et al. 2010). In the absence of tissue culture, LORE1 then inactivates and the selfed 

progeny of the heterozygous M1 population segregate, allowing for detection of homozygous lines 

in the M2 population (Fukai et al. 2010; Fukai et al. 2012). The M2 ALMT1 LORE1 mutant (30085822) 

line was obtained from the LORE1 insertion mutant resource (Malolepszy et al. 2016) and contained 

5 exonic, 4 intronic, 1 intergenic LORE1 mutations. The M2 progeny were grown under conditions 

specified in 2.3.1 and gDNA was extracted (2.4.1) for genotyping (2.2.6) of null and mutant 

segregates. Amplification of the LjALMT1 30085822 (882) LORE1 or Wt allele was expected to yield 

products of 596 or 682 bp respectively (Figure 5.14). Segregation of the 882 LORE1 insertion was 

expected to be 1:2:1, but the 13 M2 progeny genotyped revealed a segregation of 1.5:1.9:0.6 (Table 

5.5). in general, growth of LORE1 mutants was poor in comparison to Wt MG20, of the two 

homozygous LjALMT1 LORE1 insertion mutants seed could only be obtained from 882-13. No seed 

pods successfully developed on the 882-5 line, the filature to seed was also observed in 

heterozygous and null 882 LORE1 mutants and may be due to another exonic insert in the 822 M2 

progeny which has not been characterised in this work.  

Table 5.5 Summary of LjALMT1 (30085822) LORE1 M2 population segregation. Genotyping of the 

LjALMT1 882 LORE1 M2 population was performed as specified in 2.2.6 and amplified products 

visualised in Figure 5.14. 

 

 

 Number of lines Segregation ratio 

Homozygous Wt allele 5 1.5 

Heterozygous 6 1.9 

Homozygous LORE1 allele 2 0.6 
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Figure 5.14 Genotyping LjALMT1 (30085822) LORE1 M2 population for homozygous LORE1 

integration. Genomic DNA was extracted from 21-day old LjALMT1 882 LORE1 M2 L. japonicus plants 

and used as template for genotyping (2.2.6). PCR products for the Wt and LORE1 alleles were run on a 

1.5% (w/v) agarose gel and visualised using GelRed. Lane 1a: Promega (USA) 1kb ladder; Lane 2a: 882-

1 LORE1 allele; Lane 3a: 882-1 Wt allele; Lane 4a: 882-2 LORE1 allele; Lane 5a: 882-2 Wt allele; Lane 

6a: 882-3 LORE1 allele; Lane 7a: 882-3 Wt allele; Lane 8a: 882-4 LORE1 allele; Lane 9a: 882-4 Wt allele; 

Lane 10a: 882-5 LORE1 allele; Lane 11a: 882-5 Wt allele; Lane 12a: 882-6 LORE1 allele; Lane 13a: 882-6 

Wt allele; Lane 14a: 882-7 LORE1 allele; Lane 15a: 882-7 Wt allele; Lane 1b: Promega (USA) 1kb 

ladder; Lane 2b: 882-8 LORE1 allele; Lane 3b: 882-8 Wt allele; Lane 4b: 882-9 LORE1 allele; Lane 5b: 

882-9 Wt allele; Lane 6b: 882-10 LORE1 allele; Lane 7b: 882-10 Wt allele; Lane 8b: 882-11 LORE1 

allele; Lane 9b: 882-11 Wt allele; Lane 10b: 882-12 LORE1 allele; Lane 11b: 882-12 Wt allele; Lane 12b: 

882-13 LORE1 allele; Lane 13b: 882-13 Wt allele. 
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5.2.6.2 LjALMT1 LORE1 mutant phenotype 

The phenotypic effect of the LjALMT1 exonic insertion was compared in homozygous LjALMT1-

LORE1 (882-13) or LjALMT1-null (882-3) M3 progeny. L. japonicus plants were grown under 

symbiotic conditions (as specified in 2.3) with biomass and nodule number recorded 21 and 60 DAI. 

In general, the phenotypic appearance of both null and LORE1 insertional mutants was poor, with 

the stem predominantly maroon with an exception in the rapidly growing portions (Figure 5.15). This 

was not observed in Wt MG20 L. japonicus plants (Figure 5.5). The shoot biomass 21 DAI was not 

significant between the three lines, but 60 DAI the LjALMT1-null line has a significant decrease 

compared to the LjALMT1-LORE1 and Wt MG20 lines (Figure 5.15). Root biomass between the three 

lines was similar 21 DAI but was significantly greater in the Wt MG20 compared the LjALMT1-null 

line. The root weight in the LjALMT1-LORE1 line was significantly greater than the LjALMT1-null line 

60 DAI, but not significant from the Wt MG20 line (Figure 5.15). Nodule number followed a similar 

trend to root biomass, 21 DAI there was significantly less nodules on the LjALMT1-null lines 

compared to both the Wt MG20 and LjALMT1-LORE1 lines. The nodule number of the LjALMT1-

LORE1 line was significantly greater than both the LjALMT1-null and Wt MG20 lines 60 DAI (Figure 

5.15).  
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Figure 5.15 Growth LjALMT1 (30085822) LORE1 mutants under symbiotic conditions. Seven-day-old L. japonicus 

homozygous M3 LORE1 insertional, null or Wt MG20 plants were inoculated with M. loti and grown under limiting 

nitrogen for 60 days. Biomass and nodule number was recorded 21 and 60 DAI (n = 8, subscripts represent post 

hoc significance). Shoot phenotype was recorded 45 DAI. 
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5.2.7 Functional characterisation of LjALMT1 in X. laevis oocytes 

LjALMT1 was expressed in X. laevis oocytes to determine if the channel was active and stimulated by 

malate. Initial clamping of oocytes 48 hours post injection with 32 ng cRNA displayed poor 

membrane integrity and unstable currents in excess of 10 μA (DNS). To reveal the transport 

properties of LjALMT1 in X. laevis oocytes, further optimisation of the cRNA injection was required. 

5.2.7.1 Optimising cRNA injections 

To optimise the quantity of cRNA injected for appropriate expression of LjALMT1 oocytes were 

injected with 8, 16 or 32 ng of cRNA for 24 hours. Oocytes injected for this shorter period displayed 

improved membrane integrity and stable currents (Figure 5.16). Control oocytes were not 

stimulated by basal or malate testing solutions with conductance’s of 2.7 and 4.0 µS, respectively. 

For all investigated LjALMT1 cRNA concentrations, oocytes displayed enhanced ionic currents in both 

basal and malate testing solutions. In general, the magnitude of the current increased with cRNA 

concentration, but was similar between 16 and 32 ng of cRNA (Figure 5.16). When injected with 32 

ng of cRNA the conductivity of the channel in basal and malate testing solution was similar, 16.3 and 

15.0 µS, respectively. At 16 ng of cRNA the malate stimulation was more pronounced, with 

conductivities of 9.5 and 17.7 µS, respectively.   

Figure 5.16 Effect of cRNA concentration on malate induced currents in LjALMT1-expressing X. laevis oocytes. 

Testing solutions contained either 0 mM (basal) or 10 mM malic acid (malate) with 0.5 mM CaCl2, buffered to pH 

5.5 with BTP and osmolality was adjusted to 220 mosmol kg−1 with D-mannitol (n = 8 from two oocyte harvests). 
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5.2.7.2 Aluminium activation and GABA inhibition of malate-induced ionic currents 

To investigate previously characterised properties of ALMT proteins, I expressed LjALMT1 in X. laevis 

oocytes and used two-electrode voltage clamp to determine if it was activated by aluminium and if 

GABA had any effect on the transport in ND88 testing solution. Ionic currents in control oocytes 

were not stimulated by perfusion with ND88 solution, nor were they activated by AlCl3 or inhibited 

by GABA, with conductivities between 2.0 and 2.6 µS observed. LjALMT1-expressing oocytes 

displayed strong ionic current activation, with conductivity of 40.7 µS in ND88 testing solution and 

displayed a bell-shaped current-voltage curve, closing the channel at more negative membrane 

potentials (Figure 5.17). When AlCl3 was added to the ND88 testing solution, LjALMT1-expressing 

oocytes displayed enhanced ionic conductance, 43.7 µS, and the capacity to remain open at more 

negative membrane potentials (Figure 5.17). GABA application was opposing to AlCl3, with an 

observed decrease in channel conductivity, 34.5 µS, and a more pronounced bell-shaped current-

voltage curve (Figure 5.17). 

Figure 5.17 TEVC of LjALMT1-expressing X. laevis oocytes in ND88. Testing solutions contained 88 

mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 6.2 mM Ca(NO3)2, 8.5 mM CaCl2, 0.82 mM MgCl2 and buffered 

to pH 4.5 with HCl ± 100 µM AlCl3 or ± 100 µM GABA. For all solutions osmolality was adjusted to 

220 mosmol kg−1 with D-mannitol (n = 6 from two oocyte harvests). 

5.2.7.3 Malate preloading enhances ionic currents 

To determine if the ionic currents observed in LjALMT1-expressing oocytes were carried by anions, in 

particular malate, oocytes were preloaded with 46 nL of 100 mM malic acid pH 7.5. Loading with 

malate depolarised both control and LjALMT1-expressing oocytes, but this depolarisation was much 

more substantial in LjALMT1-expressing oocytes. This is reflected in the reversal potentials with 
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control oocytes reversing between -72.3 and -47.7 mV, while in LjALMT1-expressing oocytes this was 

far more depolarised, at pH 5.5 this was between -30.7 and -32.9 mV, but trended somewhat more 

hyperpolarised at pH 7.5, reversing between -36.5 and -37.1 mV (Figure 5.18). 

As previously described, the ion conductance of control and LjALMT1-expressing oocytes was 

calculated using the slope of the linear portion of the current-voltage curve across the reversal 

potential (Figure 5.18). In control oocytes preloaded with malate the conductance was low in all 

testing solutions, ranging between 2.71 and 8.34 µS. However, the conductance of malate preloaded 

LjALMT1-expressing oocytes was far greater, this was most pronounced in at pH 5.5 with external 

application of malate, with a channel conductivity of 93.0 µS (Figure 5.18). In the absence of external 

malate, the channel remained active with a conductance of 62.8 µS. Interestingly at pH 5.5, the 

external malate application enhanced the ionic conductance to a level that reversed the bell-shaped 

current-voltage curve allowing linear channel conductance at more negative membrane potentials 

(Figure 5.18). The conductivity of LjALMT1-expressing oocytes preloaded with malate appeared to 

lose most of its external malate stimulation at pH 7.5, with conductivities of 62.8 and 67.6 µS for 

basal and malate testing solutions, respectively (Figure 5.18). It is also noted that the external 

malate stimulation at pH 7.5 is insufficient to rectify the bell-shaped current-voltage curve (Figure 

5.18). 

 

Figure 5.18 TEVC of LjALMT1-expressing X. laevis oocytes preloaded with malate in malate and 

basal testing solution. Testing solutions contained either 0 mM (basal) or 10 mM malic acid (malate) 

with 0.5 mM CaCl2, buffered to pH 5.5 or 7.5 with BTP and osmolality was adjusted to 

220 mosmol kg−1 with D-mannitol (n = 12 from three oocyte harvests). 
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5.2.7.4 [14C] malate transport by LjALMT1-expressing oocytes 

The cytosol of X. laevis oocytes can contain a high concentration of chloride and given the strong 

ionic current activation of LjALMT1-expressing oocytes in ND88 solution, [14C] malate studies were 

employed to confirm direct transport of malate by LjALMT1. Control oocytes incubated in [14C] 

malate at pH 5.5 for 15 minutes had a [14C] malate flux of 662 pmol/oocyte/minute, this was 

significantly lower than the 2420 pmol/oocyte/minute flux observed in LjALMT1-expressing oocytes 

(Figure 5.19). The [14C] malate flux of control and LjALMT1-expressing oocytes was insensitive to the 

SM-DC inhibitor, phthalonic acid (Figure 5.19).  

Taken together with electrophysiological recordings these data strongly suggest direct transport of 

malate by LjALMT1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 5.19 Radiolabeled malate uptake by LjALMT1 expressing oocytes. Oocytes injected with 

dH2O or 16 ng LjALMT1 cRNA were incubated in [14C] malate at pH 5.5 for 15 minutes and digested in 

nitric acid for determination of malate uptake. Uptake solution contained a total of 2 mM malic acid 

(malate) ± 5 mM phthalonic acid with 0.5 mM CaCl2, buffered to pH 5.5 with BTP and osmolality 

adjusted to 220 mosmol kg−1 with D-mannitol (n = 16 from two oocyte harvests). 
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5.3 Discussion 

5.3.1 Expression pattern of LjALMTs  

The ALMT family were initially characterised due to their role in aluminium tolerance with the root 

tip expressed TaALMT1 shown to export organic acids into the soil and cause aluminium to chelate 

into non-toxic complexes (Sasaki et al. 2004). Since then, functional roles in stomatal movement, 

inflorescence, organic acid accumulation in fruit, signalling and soil interactions have been proposed 

and not all ALMTs have been observed to have a role in aluminium tolerance (Barbier-Brygoo et al. 

2011; Ryan et al. 2011; Chen et al. 2013; Takanashi et al. 2016; Gutermuth et al. 2018; Pantoja 

2021). In this chapter I successfully identified novel ALMT transcripts in the L. japonicus genome and 

proposed candidates for the SM-DC. Previously, (Takanashi et al. 2016) identified seven L. japonicus 

ALMT genes in the Kazusa genome database (ver. 2.5), using the MG20 genome (Li et al. 2020) 

available through LOTUS BASE, I identified a further six putative L. japonicus ALMT gene sequences 

(Table 5.1). Two tDT transporters in L. japonicus were also identified but did not appear to be 

expressed in the nodule tissues and have not been investigated in this study (Table 5.2, Figure 5.2). 

Similar expression patterns were observed between Takanashi et al. (2016) and the publicly 

available transcriptomics analysed here. Nomenclature by Takanashi et al. (2016) are denoted by Tak. 

LjALMT9.1 and LjALMT12.1 here, corresponding to LjALMT5 Tak and LjALMT6 Tak, respectively, were all 

shown to be expressed through the stem and leaf tissues. LjALMT12.5 also followed this expression 

pattern but Takanashi et al. (2016) failed to identify expression of the corresponding LjALMT7Tak. The 

publicly available transcriptomic data of LjALMT8 could explain why Takanashi et al. (2016) did not 

detect any expression in the corresponding LjALMT1Tak, as it is mainly expressed in the inflorescence 

tissue, which was not investigated by this group. There was no transcriptomic expression LjALMT2, 

LjALMT4 LjALMT12.2 and LjALMT12.3, interestingly two of those genes were previously investigated 

(Takanashi et al. 2016). LjALMT2Tak, corresponding to LjALMT12.2 was expressed in the leaf and stem 

tissues, while LjALMT4Tak, corresponding to LjALMT2, was expressed specifically in the nodules 

(Takanashi et al. 2016). It is unclear why these transcripts were not detected in publicly available 

transcriptomics data.  

The expression pattern of the 13 L. japonicus ALMT transcripts along with their M. truncatula 

orthologs identified two possible candidates for the SM-DC, LjALMT1 and LjALMT9.2. The nodule 

localised LjALMT4Tak is not considered a candidate for the SM-DC as it has been shown to localised to 

the nodule vascular bundles rather than the infected region (Takanashi et al. 2016). LjALMT9.2 was 

initially considered a candidate due to nodule-specific expression of the orthologous MtALMT9.2 
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(Figure 5.1, Appendix 10). However, LjALMT9.2 in this study corresponds to LjALMT3Tak in the Kazusa 

genome database, detailed qRT-PCR by Takanashi et al. (2016) has shown that this transcript is 

expressed mostly in the leaf tissue. Of the putative transporters identified in this study, only 

LjALMT1 appeared to be expressed in the nodule and remains unstudied.  

5.3.2 LjALMT1 is expressed through the root vascular tissue  

The transcriptomic expression profile of LjALMT1 was validated through tissue specific qRT-PCR. 

Transcript expression of LjALMT1 does not appear to be specific to the nodule tissues, but rather 

expressed throughout the root nodule system (Figure 5.7). Many SM localised proteins display a 

nodule specific expression pattern, as observed in LjNOD26 (Figure 5.7); for LjALMT1 to be involved 

in dicarboxylate transport across the SM, it must be expressed in the infected region of the nodule. I 

used LjNOD26 (LIMP2) as a positive control for symbiosome specific expression, although 

localisation has not been confirmed, Guenther and Roberts (2000) have shown nodule specific 

expression through Northern blot analysis. Further evidence that LjNOD26 is the symbiosome 

localised GmNOD26 ortholog is provided by Takanashi et al. (2012), with tissue-specific 

transcriptomics of L. japonicus nodules identifying four aquaporins, but only LjNOD26 was expressed 

in the infected region. The functional role of LjALMT1 is unlikely to be essential for symbiosis as 

expression occurs independent of M. loti inoculation (Figure 5.6). By contrast, LjNOD26 is only 

expressed under symbiotic conditions, and peaks around nodule maturity. In this work, it was 

occasionally observed that mock treated Wt L. japonicus plants developed nodules, this could be due 

to contamination by a wild rhizobial strains or M. loti. This level of nodulation was never to the 

extent of M. loti inoculated plants but may explain why LjNOD26 expression was detected in the root 

tissue of mock treated plants 21 DAI. 

The spatial activity of the LjALMT1 regulatory region was investigated through GUS expression. 

LjALMT1 appeared to be expressed throughout the vascular tissue of the root and extending around 

the periphery of the nodule through the vascular bundles (Figure 5.8). The spatial expression pattern 

of LjALMT1 is reminiscent of the ALMT1 genes from Arabidopsis and white lupin (Kobayashi et al. 

2007; Zhou et al. 2020). In both these plants the ALMT1 regulatory elements drive GUS expression in 

the vascular tissue and root tip, but the effect symbiosis and nodule development had on this 

expression in white lupin was not investigated. Given that the spatial activity of the LjALMT1 

promoter is not observed in the infected region of the nodule, it is unlikely that that LjALMT1 would 

localise to the SM. Fitting with the anticipated nodule specific expression of LjNOD26 (Guenther and 

Roberts 2000), the regulatory region driving GUS expression was specific to the nodules and 

observed throughout the infected region (Figure 5.8). Due to the limitations of transient hairy root 
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transformation, the LjALMT1 and LjNOD26 regulatory regions could only be investigated in the root 

system of transgenic L. japonicus. It was not possible to assess these regulatory regions in the shoot 

tissues, although transcript data would not suggest expression here. It is also noted that the 

inflorescent or pod tissues were not investigated.  

5.3.3 Localisation of LjALMT1 in L. japonicus 

Initially, I expressed LjALMT1 or LjNOD26 tagged to GFP under control of the soybean leghemoglobin 

promoter. This regulatory region is specific to nodule cells and has been previously used to 

demonstrate SM localisation (Clarke et al. 2015), particularly when expression by the native 

regulatory region does not generate sufficient GFP signal. There was no GFP signal detected in 

empty vector or LjALMT1 expressing L. japonicus nodules, but notable GFP signal detected in the 

infected cells expressing LjNOD26 (Figure 5.9). The SM was counterstained with FM4-64, but the GFP 

signal from LjNOD26 under the soybean leghemoglobin promoter did not clearly localise to this 

membrane. It is possible that the expression of LjNOD26 under the soybean leghemoglobin 

promoter was too high for appropriate localisation, to my knowledge this regulatory element has 

not been used in L. japonicus previously. Optimisation of the technique is required, but in the scope 

of this study appropriate localisation of LjNOD26 to the SM is not required.    

Given that LjALMT1 expression is observed in the root and nodule vascular tissues, rather than 

throughout the nodule infected region as is observed for leghemoglobin, it was more appropriate to 

assess localisation under the native regulatory region. For this I fused the regulatory and coding 

regions of LjALMT1 or LjNOD26, and subsequently fused GFP to the c-terminal through introduction 

into V45. Under its native promoter, LjALMT1 appeared to be localised to the PM of the cells lining 

the vascular tissue throughout the root system (Figure 5.13). Localisation of ALMT genes is largely 

performed in model cells to confirm localisation to the PM or tonoplast (Yamaguchi et al. 2005; 

Kovermann et al. 2007; Pineros et al. 2008; Ligaba et al. 2012; Liang et al. 2013). For this reason, it is 

difficult to compare the localisation of LjALMT1 with that of other organisms, but it is likely LjALMT1 

does localise to the PM, as is observed in root expressed ALMT1s from other plant species 

(Yamaguchi et al. 2005; Kobayashi et al. 2007; Pineros et al. 2008; Liang et al. 2013; Zhou et al. 2020) 

GFP signal was also observed in the root tip when expressing GFP tagged LjALMT1 (Figure 5.13), this 

would be expected based on the previously observed GUS histochemical staining (Figure 5.8). 

However, it is unclear whether this signal was truly related to the localisation of LjALMT1, as a 

similar, but weaker GFP signal was observed in empty V45 transformants (Figure 5.11), likely caused 

by autofluorescence or leaky GFP expression. The localisation of LjALMT1 under its native regulatory 

confirmed that this protein was not localised in the symbiotic regions of the nodule. However, 
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LjNOD26 under its native promoter appeared to localise within the large infected cells (Figure 5.12), 

whether this was to the SM still remains to be confirmed through confocal microscopy. 

5.3.4 LjALMT1 is a functional dicarboxylate carrier 

Initially, oocytes injected with LjALMT1 cRNA for 48-hours displayed poor membrane integrity, when 

attempting to clamp these oocytes the resting membrane potential was often positive. The typical 

resting membrane potential of healthy control oocytes is usually between -60 and -80 mV. This 

indicated that LjALMT1 was being expressed at a level toxic to the oocyte; after optimising the 

concentration and timing of cRNA injections all subsequent experiments were performed 24-hours 

post injection with 16 ng LjALMT1 cRNA. This aligns with what is found in the literature, with 16 to 

46 ng of ALMT cRNA typically injected into X. laevis oocytes (Sasaki et al. 2004; Gruber et al. 2010; 

Ramesh et al. 2015). When bathed in ND88 testing solution at pH 4.5 LjALMT1 displayed a bell-

shaped current-voltage curve, typical of the ALMT12 subfamily localised in guard cells (Meyer et al. 

2010). The conductivity of the channel was somewhat enhanced by extracellular aluminium 

application, but not essential for activation (Figure 5.17). Variability in aluminium activation of ALMT 

channels is typical; activation of TaALMT1 and AtALMT1 is greatly enhanced by extracellular 

aluminium (Sasaki et al. 2004; Kovermann et al. 2007) whereas AtALMT12 and ZmALMT1 are 

relatively insensitive to its application (Pineros et al. 2008; Meyer et al. 2010). Of particular interest 

is the capacity for LjALMT1 to remain open at more negative membrane potentials in the presence 

of aluminium (Figure 5.17). The C-terminus of ALMTs has been associated with voltage dependent 

gating at negative membrane potentials (Mumm et al. 2013; Qin et al. 2022) and aluminium 

activation (Ligaba et al. 2013), although the occurrence of both has not been previously reported in a 

single ALMT until now. The ionic currents stimulated by LjALMT1-expressing X. laevis oocytes were 

also negatively regulated by GABA (Figure 5.17). TaALMT1 is thought to transport both malate and 

GABA, with external GABA application displaying inhibitory effects on the malate-induced currents 

of TaALMT1-expressing X. laevis oocytes (Ramesh et al. 2015; Long et al. 2020). Given that a similar 

response is observed here, it is likely that LjALMT1 may also transport GABA. 

Although it is primarily believed that ALMTs are selective to dicarboxylates, they are somewhat 

permeable to other physiologically relevant anions (Pineros et al. 2008). Initial malate permeability 

of TaALMT1 was inferred as aluminium enhanced inward currents were only observed when 

preloaded with malate, it was assumed the endogenous malate concentration was insufficient in 

generating detectable currents (Sasaki et al. 2004; Pineros et al. 2008). Since these initial 

observations, numerous ALMTs have been characterised without the need for malate preloading, 

including here in LjALMT1. To determine if an increase in intracellular malate increased the LjALMT1-
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mediated conductivity, I preloaded oocytes with 46 nL of 100 mM malic acid pH 7.5. Indeed, the 

magnitude of the current at more negative membrane potentials was increased (Figure 5.16, 5.18). 

External malate enhanced this in a typical ALMT manner, but interestingly decreased the voltage 

dependent gating observed in ND88 solution (Figure 5.17). To further confirm that malate was 

directly transported through LjALMT1, [14C] malate was used as a radiotracer. These experiments 

confirmed that the observed malate-induced currents in LjALMT1-expressing oocytes were carried 

by malate. Uptake of [14C] malate was not inhibited by phthalonate in control or LjALMT1-expressing 

oocytes, further biochemical confirmation that LjALMT1 is not the SM-DC. Future work should 

investigate the permeability of physiologically relevant anions such as Cl−, NO3
−, and SO4

2−, given that 

LjALMT1 is expressed in the root vascular tissue, they may play important roles in signal perception 

and transduction. 

5.3.5 Transport by LjALMT1 may be redundant  

Functional characterisation of LjALMT1 was further investigated through use of the LORE1 mutant 

population (Fukai et al. 2010; Fukai et al. 2012; Urbanski et al. 2012; Malolepszy et al. 2016). I 

successfully identified homozygous null and LORE1 lines for the LjALMT1 allele. Unfortunately, 

growth of null and LORE1 LjALMT1 allelic mutants was poor in comparison to Wt MG20 L. japonicus, 

and other exonic LORE1 mutations in the 30085822 M2 progeny may be present, making 

interpretation of results not definitive. The exonic LORE1 mutation in the LjALMT1 gene did not 

decrease shoot or root biomass, nor nodule number when compared to the null or Wt MG20 lines 

after 21 days of symbiotic growth (Figure 5.15). Interestingly the nodule number after 60 days of 

symbiotic growth was significantly higher in the LjALMT1-LORE1 mutant than in the null or Wt MG20 

lines. This could suggest that LjALMT1 transport may be important in regulating nodule number, 

perhaps through dicarboxylate signalling or as a mechanism to recapture dicarboxylates metabolised 

in the nodules. However, growth studies should be repeated before any conclusions are drawn, and 

root architecture should be investigated under aluminium stress. It is possible that transport by 

LjALMT1 is redundant; LjALMT2 is expressed in the nodule vascular tissue (Takanashi et al. 2016) and 

transcriptomics suggests that LjALMT10 is expressed throughout the root tissues. The similar 

expression pattern observed in these transporters, along with the remaining uncharacterised L. 

japonicus ALMT proteins may explain why no deleterious phenotype has been detected. It is likely 

that both LjALMT1 and LjALMT2 would provide an apoplastic route for malate movement within the 

nodule, and that LjALMT1 may be more generally involved in dicarboxylate, or GABA, movement 

through the root vasculature.  
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6 GmNPF1.2 is a dicarboxylate transporter on the SM 

6.1 Introduction 

6.1.1 Dicarboxylate transport across the soybean SM 

As previously described in 1.7.1, carbon uptake by symbiosomes is facilitated by a well characterised 

but unidentified dicarboxylate carrier (see chapter 1 and 5 for summary). Early work using isolated 

symbiosomes showed that when malate and succinate were supplied as substrates, uptake rates 

were sufficient to support estimated nitrogen fixation in vivo (Price et al. 1987; Day et al. 1989). The 

carrier has an apparent preference for malate, but also transports a range of other dicarboxylates 

(Ou Yang et al. 1990). Udvardi et al. (1988) further elucidated that the true substrate for the SM-DC 

is monovalent dicarboxylate anions and calculated the Km for malate and succinate to be 2 and 15 

μM respectively. It has been suggested that dicarboxylate uptake by the symbiosome is uniport, 

driven by the energisation of the SM and stimulated by phosphorylation (Ou Yang et al. 1990; 

Udvardi et al. 1991). The SM-DC is thought to act as an efflux protein, transporting one monovalent 

malate anion out of the plant’s cytosol for each proton pumped across the SM by its H+-ATPase 

activity.  

6.1.2 Dicarboxylate transport in non-legume symbioses  

The non-legume A. glutinosa forms an actinorhizal symbiosis with the filamentous soil bacterium 

Frankia, whereby the symbiotic interface is invaginated and the PM of the infected cell is not 

completely enclosed (Mylona et al. 1995). There has been little biochemical characterisation of this 

symbiosis due to the difficulty to study and its agricultural relevance. A nodule specific member of 

the NPF family, AgDCAT1, was localised to the symbiotic interface and shown to transport 

dicarboxylates when expressed in the dicarboxylate transport deficient E. coli strain CBT315 and in X. 

laevis oocytes (Jeong et al. 2004). Substrate specificity was investigated through [14C] malate uptake 

and showed that both succinate and fumarate were competitive for the transporter. These data are 

reminiscent of the dicarboxylate carrier characterised on the soybean SM. However, given that NPFs 

are generally regarded as proton symporters (Corratgé-Faillie and Lacombe 2017), and the 

symbiosome has an acid interior (Bhandari and Nicholas 1985; Blumwald et al. 1985; Udvardi and 

Day 1989), seemingly the energetics are not aligned. Indeed, a proton-symporter would likely 

transport its substrate out of the symbiosome. However, not all NPFs act as symporters per se. 
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6.1.3 NPF transporters 

NPFs belong to the major facilitator superfamily, and most of the characterisation of this superfamily 

has been performed in Arabidopsis, where 53 members are found (Léran et al. 2014). The substrate 

preferences of NPFs are extremely broad, with anion, peptide, amino acid, plant hormone and 

glucosinolate transport characterised in various Arabidopsis family members (Corratgé-Faillie and 

Lacombe 2017). The crystal structure of AtNPF6.3 has been resolved, suggesting a symport 

mechanism of transport (Parker and Newstead 2014). A proton binding motif named ExxER/K on 

transmembrane helix 1 (TMH1), as well as two salt bridges that form between residues on TMH1 

and TMH7 or TMH4 and TMH10, have been suggested to facilitate the conformational change 

required for proton symport (Longo et al. 2018). Interestingly, these structural features are not 

strictly conserved across plant genomes, suggesting that some NPFs have evolved uniport or antiport 

mechanisms (Longo et al. 2018). A subfamily of NPFs, the so-called NAXT proteins, are thought to 

facilitate the uniport of nitrate out of the plant cell’s cytosol, coupled to proton-pumping by the PM 

H+-ATPase and driven by the electrochemical gradient across the PM (Segonzac et al. 2007). 

Biochemically, this is essentially the transport mechanism described for isolated soybean 

symbiosomes, making the NPF family excellent candidates for the SM-DC (Booth et al. 2021). 

6.1.4 NPF transporters expressed exclusively in soybean nodules  

Eight members of the NPF family have been found to be exclusively expressed in soybean nodules 

((Severin et al. 2010), Table 6.1). These include GmNPF1.2 (Glyma.08G037200), GmNPF5.2 

(Glyma.06G145200), GmNPF5.3 (Glyma.04G220700), GmNPF2.24 (Glyma.11G224400), GmNPF5.25 

(Glyma.11G224200), GmNPF5.29 (Glyma.18G033900), GmNPF5.30 (Glyma.11G223900) and 

GmNPF8.6 (Glyma.02G224600). Five of these were identified also in proteomic studies of the 

soybean SM ((Clarke et al. 2015), Table 6.1), and NPFs have been detected also in the SM proteome 

of L. japonicus (Wienkoop and Saalbach 2003). Localisation of the 2kb 5' regulatory sequence of 

GmNPF5.24 and GmNPF5.25 was investigated through fusion to the GUS reporter gene, with 

histological straining showing that expression of these proteins was specific to the nodule (Clarke et 

al. 2015). GmNPF5.25 was expressed in both the infected and uninfected cells, while GmNPF5.24 

was specific to the infected cells (Clarke et al. 2015). GUS staining driven by the 2kb 5' regulatory 

sequence of GmNPF1.2 has also been investigated, with staining comparable to GmNPF5.24 

(Penelope Smith, Appendix 12). Localisation of GmNPF1.2, GmNPF5.24 and GmNPF5.29 to the SM 

was confirmed through C-terminal fusion to GFP ((Clarke et al. 2015); Penelope Smith, Appendix 13).  
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Table 6.1 Tissue-specific expression of NPF family members in soybean nodules. Normalised 

transcript reads extracted from SoyBase based on transcriptomics data collected from (Severin et al. 

2010). Reads were normalised (reads/kilobase/million) for leaf (L), flower (F), pod (P), seed (Se), root 

(R) and nodule (N) tissues. Proteins identified in the soybean SM proteome Clarke et al. (2015) are 

indicated by . 

Name Accession no. L F P Se R N SM 

GmNPF1.2 Glyma.08G037200 0 0 0 0 0 155 
 

GmNPF5.2 Glyma.06G145200 0 0 0 0 0 74 
 

GmNPF5.3 Glyma.04G220700 0 0 0 0 0 139 
 

GmNPF2.24 Glyma.11G224400 - - - - - - 
 

GmNPF5.25 Glyma.11G224200 0 0 0 0 0 61 
 

GmNPF5.29 Glyma.18G033900 - - - - - - 
 

GmNPF5.30 Glyma.11G223900 0 0 0 0 0 96 
 

GmNPF8.6 Glyma.02G224600 0 0 0 0 0 31 
 

 

6.1.5 Functions of nodule enhanced NPFs 

Data on the potential substrates for the nodule enhanced NPFs is limited. Di- and tripeptide 

transport by these proteins was investigated in the S. cerevisiae mutant ptr2 (LR2 strain), which is 

unable to grow on media containing small peptides as the sole nitrogen source (Tanaka and Fink 

1985; Rentsch et al. 1995). Mohd Noor (2016) found that only GmNPF8.6 was able to transport di- 

and tripeptides, where a growth complementation phenotype was observed for the peptides Ala-

Ala-Aa, Gly-Pro and Val-Leu. The L. japonicus ortholog of this transporter, LjNPF8.6, has been 

reported to transport nitrate when expressed in X. laevis oocytes (Valkov et al. 2017). The capacity 

of LjNPF8.6 to transport dicarboxylates was also investigated in the E. coli dicarboxylate transport 

mutant CBT315 strain, but no complementation was observed when malate was provided as the 

carbon source. Other than these reports, the substrate specificity of these proteins remains largely 

unstudied, with no anion, amino acid, plant hormone or glucosinolate transport investigated. Here, I 

focus on the anion permeability of the nodule enhanced soybean NPF subfamily, with a key focus on 

dicarboxylates.  
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6.2 Results 

6.2.1 NPF-induced anion currents in X. laevis oocytes  

The NPF proteins upregulated in nodules were expressed in X. laevis oocytes to determine if any 

anion stimulated currents could be induced. Anions were externally applied to the X. laevis oocytes 

48 hours post injection with 46 ng of GmNPF1.2; GmNPF5.2; GmNPF5.3; GmNPF5.24; GmNPF5.25; 

GmNPF5.29; GmNPF5.30; GmNPF8.6 cRNA, or an equivalent volume of nuclease free water. 

Externally applied anions are capable of transactivating proteins expressed on the X. laevis oocyte 

PM, as demonstrated for the nitrate-inducible nitrate transporter from Arabidopsis (Tsay et al. 

1993). 

The resting membrane potential of X. laevis oocytes shifted to a more depolarised state when 

expressing members of the soybean NPF family and bathed in basal testing solution, indicating 

successful incorporation of the transporters into the oocyte PM, and altered transport properties 

(Table 6.2). This shift was from -74 ± 7.6 mV in water injected control oocytes to: -43 ± 3.0 mV in 

GmNPF1.2; -44 ± 10.9 mV in GmNPF5.2; -46 ± 1.8 mV in GmNPF5.3; -46 ± 7.2 mV in GmNPF5.24; -36 

± 4.7 mV in GmNPF5.25; -22 ± 5.1 mV in GmNPF5.29; -41 ± 2.8 mV in GmNPF5.30; and -38 ± 2.0 mV 

in GmNPF8.6 expressing oocytes (n = 3 ± SE; Table 6.2). The basal solution contains a low 

concentration of buffered ions (0.5 mM CaCl2), suggesting that the increase in inward current is 

likely carried by anions moving out of the NPF-expressing X. laevis oocytes rather than due to an 

influx of cations. The selectivity of the expressed channels was investigated under voltage clamp 

conditions when the X. laevis oocytes were perfused with a solution containing 10 mM of the various 

anions. While no significant shifts in the reversal potential was observed for any of the externally 

applied anions, at more negative membrane potentials under voltage-clamp conditions activity with 

some of the anions was observed (See Figure 6.1).   

Table 6.2 Membrane potential of control and NPF-expressing oocytes 48 hours post injection. Vm 

was measured in basal testing solution (n = 3). 

 
 

Vm (mV) SE 

H2O -74 7.6 

GmNPF1.2 -43 3.0 

GmNPF5.2 -44 10.9 

GmNPF5.3 -46 1.8 

GmNPF5.24 -46 7.3 

GmNPF5.25 -36 4.7 

GmNPF5.29 -22 5.1 

GmNPF5.30 -41 2.8 

GmNPF8.6 -38 2.0 
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For water injected control oocytes the Ic at -160 mV of the tested anions ranged from -324 ± 61.9 nA 

in basal solution to -530 ± 70.1 nA with externally applied chloride (Figure 6.1). This established a 

baseline conductivity for endogenous channel activity on the X. laevis oocyte membrane. The Ic at -

160 mV of GmNPF1.2 expressing oocytes was significantly greater in basal (-575 ± 70.1 nA, p = 

0.046), malate (-1137 ± 148.2 nA, p = 1 × 10-4) and succinate (-865 ± 97.4 nA, p = 2 × 10-4) testing 

solutions; but not significant when α-ketoglutarate (-468 ± 82.6 nA, p = 0.174), sulphate (-290 ± 92.7 

nA, p = 0.774), nitrate (-187 ± 74.9 nA, p = 0.237) or chloride (-394 ± 136.6 nA, p = 0.595) were 

applied (compared to the basal testing solution of water injected control oocytes; significance 

Figure 6.1 Oocytes expressing GmNPF1.2 display malate and succinate stimulated currents. Testing solutions 

contained a basal solution of 0.5 mM CaCl2, buffered to pH 5.5 with BTP, osmolality adjusted to 

220 mosmol kg−1 with D-mannitol and containing 10 mM of either malate; succinate; α-ketoglutarate; sulphate; 

nitrate; or chloride (for H2O and NPF1.2 expressing oocytes: n = 12 from three oocyte harvests for basal and 

plus dicarboxylic acids, n = 6 from two oocyte harvests for remaining solutions; for NPF5.2, 5.3, 5.24, 5.25, 5.29, 

5.30 and 8.6 expressing oocytes: n = 6 from two oocyte harvests for basal and dicarboxylic acids, n = 3 from a 

single oocyte harvest for remaining solutions). 
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calculated through Students t-test (Figure 6.1). Of the expressed GmNPF5 proteins, only GmNPF5.2, 

GmNPF5.3 and GmNPF5.24 showed any anion stimulated currents, all for chloride with Ic at -160 mV 

of -2765 ± 136.1 nA (p = 1 x 10-8), -1454 ± 143.4 nA (p = 2 × 10−4) and -1121 ± 671.9 nA (p = 0.0155) 

respectively (Figure 6.1). While GmNPF5.3 did show minor malate-stimulated currents (Ic of -710 ± 

235.3 nA at -160 mV) but this was not statistically significant (p = 0.0545) (Figure 6.2). Malate-

induced currents were observed in GmNPF8.6 expressing oocytes (Ic of -618 ± 127.0 nA at -160 mV, p 

= 0.0337), but other anions, including succinate, had negligible effect (Figure 6.1).  

The malate-stimulated currents observed in oocytes expressing GmNPF1.2, GmNPF5.3 and 

GmNPF8.6 are of particular interest in the context of the dicarboxylate transporter previously 

observed on the SM (Udvardi et al. 1988). Both GmNPF1.2 and GmNPF8.6 depolarised the reversal 

potential when malate was externally applied, but this shift was less pronounced with the other 

soybean NPFs (Figure 6.2). 

 

 

 

Figure 6.2 Malate-stimulated ion currents in NPF expressing oocytes. Testing solutions contained either 0 mM 

(basal) or 10 mM malic acid (malate) with 0.5 mM CaCl2, buffered to pH 5.5 with BTP and osmolality adjusted to 

220 mosmol kg−1 with D-mannitol (for H2O and NPF1.2 expressing oocytes: n = 12 from three oocyte harvests; 

for NPF5.2, 5.3, 5.24, 5.25, 5.29, 5.30 and 8.6 expressing oocytes: n = 6 from two oocyte harvests). 
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6.2.2 Large ionic currents are observed in GmNPF1.2 expressing oocytes preloaded with malate 

To further investigate the malate stimulated currents observed with GmNPF1.2, GmNPF5.3 and 

GmNPF8.6, oocytes were preloaded with 46 nL of 100 mM malic acid pH 7.5, as previously described 

for TaALMT1 (Sasaki et al. 2004). Loading with malate depolarised both water injected control and 

NPF-expressing oocytes, but the NPFs tended to be more depolarised than the control. This is 

reflected in the current-time traces, where larger inward and outward currents were observed in all 

malate-injected oocytes relative to the uninjected controls (Figure 6.3). The magnitude of the 

current in GmNPF1.2-expressing oocytes was far greater than that of control, GmNPF5.3 or 

GmNPF8.6 expressing oocytes, in both basal (Figure 6.3) and malate testing solutions, as reflected in 

the current-voltage curves (Figure 6.4).  

Figure 6.3 Current-time traces of control and NPF-expressing oocytes ± malate injection. Representative traces of 

control or NPF-expressing oocytes clamped at -40 mV with the membrane potential decreased from 40 to -160 mV 

in increments of 20 mV for 0.5 s, followed by -40 mV for 0.5 s. Testing solution contained 0.5 mM CaCl2, buffered 

to pH 5.5 with BTP and osmolality adjusted to 220 mosmol kg−1 with D-mannitol. 
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The reversal potential of GmNPF1.2-expressing oocytes was similar in both basal and malate testing 

solutions at pH 5.5 (-16.4 and -17.8 mV, respectively). In contrast, the reversal potential of control 

oocytes was more hyperpolarised and displayed a slight shift from -29.2 mV in basal to -24.1 mV in 

malate testing solution (Figure 6.4). The reversal potential in GmNPF5.3 and GmNPF8.6 expressing 

oocytes was more depolarised than the controls, -20.9 mV and -25.6 mV, respectively, but not to the 

same extent as GmNPF1.2 (Figure 6.4). The ion conductance of control and NPF-expressing oocytes 

was calculated using the slope of the linear portion of the current-voltage curve across the reversal 

potential (Figure 6.4). In basal testing solution the conductance of control, GmNPF5.3 and 

GmNPF8.6-expressing oocytes was low, 4.77, 4.45 and 2.94 µS respectively, but was much greater in 

GmNPF1.2-expressing oocytes (16.1 µS. For GmNPF1.2). This conductivity increased to 25.5 µS with 

external application of malate. While conductance also increased in control, GmNPF5.3 and 

GmNPF8.6-expressing oocytes, the magnitude was much less, 6.28, 5.91 and 4.22 µS respectively.  

From these results, I conclude that GmNPF1.2 but not GmNPF5.3 or GmNPF8.6, facilitates 

bidirectional transport of malate and that the transporter is transactivated by external malate.  

Similar results were found at pH 7.5, but the reversal potential of GmNPF1.2-expressing oocytes was 

more hyperpolarised than at pH 5.5 (-27.4 mV in basal solution, shifting more depolarised by 

external application of malate -22.2 mV; Figure 6.4b). In contrast there was no substantial shift in 

the reversal potential of control oocytes at pH 7.5 when bathed in basal or malate testing solutions 

(Figure 6.4a). In malate-testing solution at pH 7.5, the reversal potential of GmNPF5.3 and 

GmNPF8.6-expressing oocytes was similar to control oocytes (Figure 6.4c-d). Interestingly, in basal 

solution at pH 7.5, the reversal potentials of GmNPF5.3 and GmNPF8.6-expressing oocytes were 

similar to those for GmNPF1.2. Taken together, these results suggest that there was no 

transactivation of GmNPF5.3 and GmNPF8.6 by malate and that the previously observed ion currents 

when not preloaded with malate (Figure 6.1) may be carried by another anion. GmNPF5.3 displays 

large ionic currents when bathed in external chloride testing solution (Figure 6.1), and movement of 

this anion out of the oocyte may be responsible for the slight stimulation by malate. The 

conductance of control and GmNPF-expressing oocytes at pH 7.5 was similar to those observed at 

pH 5.5, although it was slightly reduced for GmNPF1.2 (-25.5 µS at pH 5.5 and -22.5 µS) at pH 7.5 in 

malate testing solution. This suggests that GmNPF1.2 is a malate carrier relatively insensitive to pH. 
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Figure 6.4 GmNPF1.2-expressing oocytes display large ionic currents when preloaded with malate. Oocytes 

were injected with 46 nL 100 mM malic acid pH 7.5 one hour prior to electrophysiological recordings. Testing 

solutions contained either 0 mM (basal) or 10 mM malic acid (malate) with 0.5 mM CaCl2, buffered to pH 5.5 

or 7.5 with BTP and osmolality adjusted to 220 mosmol kg−1 with D-mannitol (for: water injected and 

GmNPF1.2, n = 12 from three oocyte harvests; GmNPF5.3, n = 3 from a single oocyte harvest; GmNPF8.6, n = 8 

from two oocyte harvests). 
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6.2.3 GmNPF1.2 also transports succinate  

 Radio tracer studies with isolated symbiosomes (Udvardi et al. 1988) showed that the SM 

dicarboxylate carrier also catalyses uptake of succinate but not α-ketoglutarate. Likewise, GmNPF1.2 

expressed in X. laevis oocytes displays succinate-stimulated currents, but α-ketoglutarate had little 

effect (Figure 6.1). Transactivation of GmNPF1.2 was further investigated in malate-injected oocytes. 

Externally applied malate generated the largest transactivation of malate efflux from GmNPF1.2-

expressing oocytes, but succinate also showed some transactivation, while α-ketoglutarate followed 

the same trend as the basal solution (Figure 6.5). While the reversal potential in basal, malate, 

succinate and α-ketoglutarate solutions remained relatively constant (-18.8 mV, -22.3 mV, -19.6 mV 

and 20.9 mV respectively), the conductivity varied. For GmNPF1.2 expressing oocytes the 

conductance of the solutions was 8.44 µS, 12.76 µS, 9.92 µS and 8.77 µS respectively. This 

conductivity was greater than for control oocytes; 4.04 µS, 5.81 µS, 7.45 µS, 6.69 µS respectively 

(Figure 6.5), suggesting that GmNPF1.2 malate stimulated currents can be transactivated by both 

malate and succinate but not α-ketoglutarate.  

Figure 6.5 Ionic currents in GmNPF1.2-expressing oocytes are transactivated by malate and 

succinate. Oocytes were injected with 46 nL 100 mM malic acid pH 7.5 one hour prior to 

electrophysiological recordings. Testing solutions contained a basal solution of 0.5 mM CaCl2, 

buffered to pH 5.5 with BTP, osmolality adjusted to 220 mosmol kg−1 with D-mannitol and containing 

10 mM of either: malic; succinic; or α-ketoglutaric acid (n = 6 from two oocyte harvests). 
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Further evidence that GmNPF1.2 can facilitate transport of succinate comes from experiments with 

succinate injected oocytes (Figure 6.6). Oocytes from a single harvest were preloaded with either 

100 mM malate (pH 7.5) or succinate (pH 7.5) one hour prior to electrophysiological recordings. 

Control oocytes were slightly more depolarised when preloaded with malate than succinate 

(reversal potentials in basal testing solution of -36.2 mV and -40.5 mV, respectively; Figure 6.6), but 

preloading either malate or succinate into NPF1.2-expressing oocytes further depolarised the 

reversal potentials to -19.1 and 15.9 mV respectively (Figure 6.6). In general, control oocytes had 

less endogenous activation by succinate preloading compared to malate, with a conductance of 2.42 

µS for succinate and 5.45 µS for malate preloaded oocytes when bathed in basal testing solution 

(Figure 6.6). Malate preloaded GmNPF1.2-expressing oocytes had the greatest conductance in both 

basal, 17.5 µS, and malate, 28.5 µS, testing solutions, but significant conductance was also observed 

in succinate preloaded oocytes. For succinate preloaded GmNPF1.2-expressing oocytes this 

conductance was 11.19 µS in basal and 17.5 µS in malate testing solutions, far greater than the 2.42 

and 2.58 µS conductance of control oocytes preloaded with succinate and bathed in these solutions 

(Figure 6.6). 

Figure 6.6 Both malate and succinate induce large ionic currents in GmNPF1.2 expressing 

oocytes. Oocytes were injected with 46 nL 100 mM malate or succinate at pH 7.5 one hour 

prior to electrophysiological recordings. Testing solutions contained either 0 mM (basal) or 

10 mM malate with 0.5 mM CaCl2, buffered to pH 5.5 with BTP and osmolality adjusted to 

220 mosmol kg−1 with D-mannitol (n = 3 oocytes from a single oocyte harvest). 
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6.2.4 Phthalonic acid inhibits malate transactivation of GmNPF1.2 

Malate uptake into isolated symbiosomes is partially inhibited by phthalonic acid (Udvardi et al. 

1988), an inhibitor of mitochondrial citrate and oxoglutarate transporters (Day and Wiskich 1981). 

The effect of this compound on GmNPF1.2 was investigated in X. laevis oocytes under 

electrophysiological conditions (Figure 6.7). For both control and GmNPF1.2-expressing oocytes, 

addition of 5 mM phthalonic acid had little effect on the reversal potential when bathed in basal or 

malate testing solutions, ranging from -24.2 to -20.1 mV in control, and -15.3 to -17.8 mV in 

GmNPF1.2 expressing oocytes. Phthalonate did, however, inhibit the conductance of GmNPF1.2 

expressing oocytes in malate testing solution, from 25.5 to 19.0 µS (Figure 6.7). Negligible effect was 

observed on control oocytes (Figure 6.7). Since phthalonate shifted the conductance of the malate 

testing solution towards that of the basal solution, it appears that it inhibits malate transactivation 

of the channel. 

  

  

Figure 6.7 GmNPF1.2 malate induced currents are inhibited by phthalonic acid. Testing solutions contained 

either 0 mM (basal) or 10 mM malate ± 5 mM phthalonic acid with 0.5 mM CaCl2, buffered to pH 5.5 with BTP 

and osmolality adjusted to 220 mosmol kg−1 with D-mannitol (n = 16 from four oocyte harvests). 
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6.2.5 [14C] malate transport by GmNPF1.2-expressing oocytes  

To determine if the observed anion stimulated currents in GmNPF1.2-expressing oocytes were truly 

carried by movement of malate through the channel and not stimulated by another anion moving 

out of the oocyte, [14C] malate transport was investigated. Oocytes were incubated in 2 mM malate 

containing the [14C] radiotracer and sampled over 60 minutes (Figure 6.8). GmNPF1.2-expressing 

oocytes took up more [14C] malate compared to the control oocytes over a 15-minute time course 

[42 nmol/oocyte vs 24 nmol/oocyte (p = 0.046)]. There was no significant difference in the uptake of 

[14C] malate at longer time points, but the overall trend of [14C] malate uptake by control oocytes 

appeared to be linear while in GmNPF1.2-expressing oocytes it trended logarithmic. The [14C] malate 

uptake time course of control and GmNPF1.2-expressing oocytes was used to establish the linear 

phase of malate uptake. After five and 15 minutes of incubation with [14C] malate the flux of 

GmNPF1.2-expressing oocytes was greater than control oocytes, but after 30 minutes the rates 

equilibrated. Hence further experiments were performed with 15 minutes of [14C] malate incubation 

as this appeared to be in the linear phase of uptake (Figure 6.8). 

 

 

Figure 6.8 Radiolabeled malate uptake by GmNPF1.2 expressing oocytes over 60 minutes. Oocytes 

injected with dH2O or 46 ng GmNPF1.2 cRNA were incubated in [14C] malate at pH 5.5 over time and 

digested in nitric acid for determination of malate uptake. The uptake solution contained a total of 2 

mM malic acid (malate) with 0.5 mM CaCl2, buffered to pH 5.5 with BTP and osmolality adjusted to 

220 mosmol kg−1 with D-mannitol (n = 5 from a single oocyte harvest; T-test indicates significance 

only at 15 minutes). 
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To confirm that malate was taken up by GmNPF1.2, [14C] malate uptake studies were repeated with 

a 15-minute incubation. [14C] malate flux by control oocytes was 662 pmol/oocyte/minute was 

comparable to the flux of control oocytes in previous studies (Gruber et al. 2010) and not 

significantly affected by addition of 5 mM phthalonic acid to the uptake buffer (Figure 6.9). A flux of 

1294 pmol/oocyte/minute was observed in GmNPF1.2-expressing oocytes, significantly greater than 

in control oocytes, and incubation with phthalonic acid reduced the uptake to a level comparable to 

the control (Figure 6.9). Using LjALMT1 (see chapter 5) as a positive control, a rate of 2420 

pmol/oocyte/minute was recorded, which was insensitive to phthalonic acid (Figure 6.9).  

Taken together, these data suggest that GmNPF1.2 is capable of transporting malate and that the 

channel is inhibited by phthalonic acid. 

A [14C] malate efflux experiment was setup to determine if GmNPF1.2 transported malate 

bidirectionally dependent on the concentration of malate (Appendix 11). GmNPF1.2-expressing 

oocytes had an accelerated rate of [14C] malate efflux over 15 minutes and sampling of the oocytes 

post efflux revealed a greater concentration of [14C] malate remained in the control oocytes 

(Appendix 11). Taking into account the total concentration of malate, control oocytes took up ~45% 

less [14C] malate in the initial uptake buffer (Appendix 11), although this is not reflected by the initial 

uptake time course (Figure 6.8). Efflux experiments were repeated by preloading oocytes with 46 nL 

[14C] malate and sampling the buffer as described in methods 2.7.5. [14C] malate flux over two 

minutes was greater in GmNPF1.2-expressing oocytes both 24 and 48 hours post cRNA injection. 

This flux was greater in LjALMT1- expressing oocytes but was not significantly inhibited by 

phthalonate (Figure 6.10). After 5 minutes incubation in efflux buffer all oocytes were comparable 

and the flux rate had significantly decreased (Figure 6.10). 
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Figure 6.9 Radiolabeled malate uptake by GmNPF1.2 expressing oocytes. Oocytes injected with 

dH2O, 46 ng GmNPF1.2 cRNA, or 16 ng LjALMT1 cRNA were incubated in [14C] malate at pH 5.5 for 

15 minutes and digested in nitric acid for determination of malate uptake. Uptake solution 

contained a total of 2 mM malic acid (malate) ± 5 mM phthalonic acid with 0.5 mM CaCl2, 

buffered to pH 5.5 with BTP and osmolality adjusted to 220 mosmol kg−1 with D-mannitol (n = 16 

from two oocyte harvests). 

Figure 6.10 Radiolabeled malate efflux by GmNPF1.2 expressing oocytes. Oocytes injected with 

dH2O or 46 ng GmNPF1.2, or LjALMT1 cRNA 24 or 48 hours prior to injection with 46 nL [14C] 

malate and radioactivity of the bathing solution recorded. Bathing solution contained 0.5 mM 

CaCl2, buffered to pH 5.5 with BTP and osmolality adjusted to 220 mosmol kg−1 with D-mannitol (n 

= 8 from a single oocyte harvest; One-Way ANOVA indicates data is ns for each timepoint). 
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6.3 Discussion 

6.3.1 GmNPF1.2 is a dicarboxylate carrier on the SM 

Eight NPF proteins show enhanced expression in nodules compared to other tissues (Table 6.1), but 

their transport specificity remains largely unstudied. The localisation of GmNPF1.2, GmNPF5.24 and 

GmNPF5.25 to the infected region of soybean nodules was shown by promoter-GUS fusion 

experiments ((Clarke et al. 2015); PMC, Appendix 13), suggests a role in symbiotic nitrogen fixation. 

Of the eight NPFs screened through two-electrode voltage clamping of X. laevis oocytes, five 

putative anion channels - GmNPF1.2; GmNPF5.2; GmNPF5.3; GmNPF5.24; and GmNPF8.6 - elicited 

detectable whole cell currents when exposed to external anions (Figure 6.1). Transactivation of 

GmNPF1.2-expressing oocytes by dicarboxylates is of particular interest given the importance of 

their uptake by symbiosomes to support nitrogen fixation. Isolated symbiosomes are permeable to 

malate and succinate but poorly permeable to α-ketoglutarate, glutamate, and pyruvate (Price et al. 

1987). Results with GmNPF1.2-expressing oocytes were remarkably similar, showing transactivation 

by malate and succinate, but not α-ketoglutarate (Figure 6.1). Oocytes expressing GmNPF1.2 were 

not transactivated by any of the other tested anions (nitrate, sulphate, or chloride), indicating a level 

of specificity for dicarboxylates.  

Transactivation of a channel heterologously expressed in the X. laevis oocyte expression system 

must be interpreted with caution. With respect to anion induced transactivation at positive 

membrane potentials, the increase in positive current may be carried by either the externally 

applied anion entering through the heterologously expressed channel, or movement of another ion 

in/out of the X. laevis oocyte through an endogenous transport system. At negative membrane 

potentials, the increase in negative current is likely carried by the movement of cations out of the X. 

laevis oocytes through endogenous transporters, this may be a response to externally applied anions 

entering the oocyte through the heterologous channel. This mechanism is inherently bias when 

artificially manipulating the membrane potential, and biochemical changes must be considered for 

all voltage steps in the clamping protocol. The biological relevance of transactivation is unknown 

outside of this heterologous expression system. Given that the SM-DC is driven largely by a 

concentration gradient maintained by bacteroid respiration, it is unclear why malate inside the 

symbiosome space would stimulate malate uptake or whether this observation is an artifact induced 

through the heterologous expression system. However, malate and succinate preloading 

experiments confirmed that when the concentration gradient was favourable, malate could be 

transported through GmNPF1.2 (Figure 6.4), as shown previously in X. laevis oocytes expressing the 

wheat (Triticum aestivum) or barley (Hordeum vulgare) ALMT1 (Sasaki et al. 2004; Gruber et al. 
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2010). GmNPF5.3- or GmNPF8.6-expressing oocytes, on the other hand, showed no such increase in 

conductance when preloaded with malate (Figure 6.4).  

The magnitude of outward currents elicited in HvALMT1 was dependent on the external anion in 

solution, with externally applied malate, fumarate and citrate transactivating the channel. Likewise, 

patch clamping of tobacco (Nicotiana benthamiana) vacuoles heterologously expressing AtALMT9 

displayed selectivity for malate and fumarate over chloride (Kovermann et al. 2007) and later work 

revealed that the probability of the channel being open was increased by cytosolic malate or 

fumarate (De Angeli et al. 2013b). These studies provide a precedent that transactivation by 

externally applied anion is indicative of the transport properties of the channel. Transactivation of 

GmNPF1.2-expressing oocytes was observed when preloaded with malate and succinate, but not α-

ketoglutarate (Figure 6.5), which is consistent with the transport properties of the SM dicarboxylate 

carrier. The magnitude of transactivation (malate>succinate> α-ketoglutarate) is also similar to the 

apparent Km for these substrates in isolated symbiosomes (Udvardi et al. 1988; Ou Yang et al. 1990).  

GmNPF1.2-expressing oocytes appear permeable to both malate and succinate, as preloading with 

either of them led to increased conductivity (Figure 6.6). In contrast, preloading of TaALMT1 with 

citrate did not generate the same increase in inward current as malate, suggesting that this channel 

is permeable to malate but not citrate (Sasaki et al. 2004). Preloading of GmNPF1.2-expressing 

oocytes with citrate or α-ketoglutarate was not attempted in this study but warrants further 

investigation. Phthalonate, an inhibitor of the SM-DC (Udvardi et al. 1988), inhibited transactivation 

of NPF1.2 expressing oocytes. This inhibition was not absolute, but nor was it in isolated 

symbiosomes (Udvardi et al. 1988). 

Radiotracer experiments confirmed that the observed malate-induced currents in GmNPF1.2-

expressing oocytes were carried by malate. Uptake of [14C] malate by GmNPF1.2-expressing oocytes 

was significantly greater than in control oocytes and was inhibited by phthalonate (Figure 6.9), 

consistent with the characteristics of the SM dicarboxylate carrier (Udvardi et al. 1988).  

Taken together with the spatial expression (Appendix 12) and localisation data (Appendix 13) of 

GmNPF1.2 in soybean, showing expression in the infected regions of the nodule and localisation the 

SM, the results described here strongly suggest that GmNPF1.2 is a SM localised dicarboxylate 

transporter. Support for a critical role of GmNPF1.2 in nitrogen fixation is also supported by 

preliminary RNAi experiments (Appendix 14), where a reduction of nitrogen fixation rates is 

observed. These experiments need to be repeated so that the level of RNAi knockdown can be 

established.  
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6.3.2 Transport properties of the other SM NPF proteins 

6.3.2.1 Transport of inorganic anions by NPFs 

Nitrate plays a significant role in regulating nitrogen fixing symbioses, with suppression of 

nodulation and inhibition of nitrogen fixation in mature nodules occurring under high soil nitrate 

availability (Streeter and Wong 1988). Permeability of isolated symbiosomes to nitrate is high and at 

10 mM is capable of completely dissipating the membrane potential, essentially switching off the 

carbon and nitrogen exchange (Udvardi and Day 1989). An inorganic anion transporter which falls 

into the major facilitator superfamily, NOD70, has already been characterised on the SM of both 

soybean and L. japonicus (Vincill et al. 2005). It was suggested that NOD70, which displays a 

permeability profile similar to that observed for anions in isolated symbiosomes (nitrate > nitrite > 

chloride > acetate = dicarboxylates), may be at least partially responsible for the inhibition of 

nitrogen fixation by uncoupling the H+-ATPase activity across the SM in response to elevated 

cytosolic nitrate (Vincill et al. 2005). However, since GmNOD70 appears to have low affinity (1-3 

mM) for nitrate, it is possible that other transporters contribute to the observed dissipation of the 

electrochemical potential across the SM by added nitrate.  

Three of the eight NPFs screened in this study displayed significant transactivation by external 

chloride, but not other anions (Figure 6.1); these all belong to subfamily five (GmNPF5.2, GmNPF5.3 

and GmNPF5.24). As previously mentioned, isolated symbiosomes are permeable to chloride, but 

the physiological relevance of this is poorly established; roles in bacteroid metabolism, maintenance 

of the electrochemical gradient, or in osmotic adjustment have been suggested (Udvardi and Day 

1989; Vincill et al. 2005). In the published literature, the substrate specificity of NPF subfamily five is 

diverse, with the first characterised member, AtNPF5.2 transporting di- and tri- peptides (Karim et al. 

2007). A number of nitrate permeable channels in this subfamily have also been identified, largely 

through [15N] nitrate accumulation in NPF-expressing oocytes, as demonstrated with AtNPF5.5 

(Chiba et al. 2015). More recently, redundancy in the Arabidopsis vacuolar efflux system has been 

established, with five low affinity nitrate permeable NPFs of subfamily five characterised (He et al. 

2017; Lu et al. 2022b). None of the soybean enhanced NPFs in this study displayed any 

transactivation by nitrate; but it is difficult to characterise low affinity nitrate transport under 

electrophysiological conditions in X. laevis oocytes, as whole cell currents are often small, with an Ic 

at -60 mV of -50 to -100 nA typical (Lu et al. 2022b). A more in-depth analysis of soybean nodule-

enhanced NPFs using [15N] nitrate is warranted.  

6.3.2.2 Transport of other compounds by NPFs 
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Electrophysiology is limited by its ability to screen only charged molecules and for this reason the 

transport of anions has been investigated here. However, due to the diverse substrate specificity of 

NPFs in other species, it is possible that the nodule-enhanced NPFs may transport compounds other 

than anions. Previous work has demonstrated di and tri-peptide transport by GmNPF8.6 when 

expressed in the S. cerevisiae ptr2 mutant (Mohd Noor 2016), but not by the seven other nodule-

enhanced NPFs in soybean. In this study, GmNPF8.6-expressing oocytes appeared to be 

transactivated by malate, but much less than GmNPF1.2-expressing oocytes (Figure 6.1). However, 

after preloading GmNPF8.6-expressig oocytes with malate, it was clear that it is not permeable to 

dicarboxylates (Figure 6.3). Interestingly, the L. japonicus ortholog of this gene is reported to 

facilitate nitrate (but not malate) transport, although di- and tri-peptide transport was not 

investigated (Valkov et al. 2017). In Arabidopsis, AtNRT1.2 has been shown to transport auxin (Kanno 

et al. 2012), and given the permeability of the SM to auxin, it may be possible that one of the nodule 

enhanced NPFs facilitates this uptake. Although AtNPF1.2 is classified in the NPF1 subfamily, it 

displays only a 25% similarity in amino acid sequence to GmNPF1.2, the dicarboxylate carrier 

characterised in this study.  
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7 General discussion 

7.1 Aims 

The capacity for legumes to harness gaseous nitrogen through symbiotic nitrogen fixation is of great 

agricultural importance. For thousands of years legumes have been grown in crop rotations to improve soil 

nitrogen availability and yield of subsequent crops (White 1970). These practices are still of economic and 

environmental significance today, reducing the commercial reliance on synthetic nitrogen fertilisers. 

Understanding the genetic and molecular basis of symbiotic nitrogen fixation is fundamental in improving 

its efficiency, or perhaps incorporating the symbiosis into cereal crops (Udvardi and Poole 2013). The 

legume-rhizobia symbiosis is initiated through NOD factor recognition that triggers signalling pathways, 

ultimately leading to the development of the infection thread and nodule organogenesis. Within the 

nodule, differentiated bacteroids are symbiotic auxotrophs excluded from the plant cytosol by the SM. This 

membrane directly controls metabolite transport between the symbionts, and understanding its transport 

processes is crucial in improving BNF. Many transport processes of the SM have been biochemically 

characterised, but the molecular identity of these transporters remains unidentified (see chapter 1). In this 

project, I have focused on the primary nutrient exchange across the SM, identifying the transport proteins 

responsible for the provision of reduced carbon from the plant to the bacteroid and efflux of fixed nitrogen 

from the bacteroid to the plant. 

7.2 Transport of fixed nitrogen 

A number of previous studies have shown that nitrogen fixed in the bacteroid may exist as NH3, NH4
+ or 

amino acids within the symbiosome space, but it is likely that of these NH4
+ is a major form and needs to be 

transported across the SM. Transport of NH4
+ in patch-clamped SM was shown to occur through a voltage 

dependent NSCC of SubpicoSeimen conductance present at high density in the SM patches and rectified by 

divalent cations (Tyerman et al. 1995; Whitehead et al. 1998; Obermeyer and Tyerman 2005). Those 

characteristics of the SM-NSCC are reminiscent of recently described aquaporin-mediated ion transport in 

various membrane systems (Weaver et al. 1994; Yool et al. 1996; Yu et al. 2006; Byrt et al. 2017). 

GmNOD26 is an aquaporin known to localise to the SM (Rivers et al. 1997; Fleurat-Lessard et al. 2005; 

Clarke et al. 2015) and constitutes ~10% of the SM total protein mass (Rivers et al. 1997). Other studies 

showed that GmNOD26 is also a diffusive pathway for NH3 efflux from symbiosomes (Hwang et al. 2010), 

and behaves as an ion channel when expressed in lipid bilayers, albeit with an anion:cation preference 

(Weaver et al. 1994). Taking these earlier studies as a cue, I have further characterised the transport 

properties of GmNOD26 in X. laevis oocytes and yeast, showing that it transports monovalent cations and is 

the likely pathway for NH4
+ efflux from symbiosomes.  
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7.2.1 Distinguishing exogenously expressed GmNOD26 activity from endogenous X. laevis channels. 

Typically, when investigating the monovalent cation conductivity of a foreign protein expressed in X. laevis 

oocytes, the testing solution will also contain divalent cations, usually 1 mM Mg2+ and 1.8 mM Ca2+. This is 

largely to modulate the activity of endogenous voltage-gated channels, with endogenous activity of oocyte 

NSCCs being particularly problematic (Terhag et al. 2010). These channels are permeable to a range of 

monovalent cations, including NH4
+, and are rectified by divalent cations (Burckhardt and Frömter 1992; 

Burckhardt and Burckhardt 1997; Arellano et al. 1995). It is possible that previous characterisation of 

GmNOD26 in X. laevis oocytes used a high concentration of divalent cations, and the channel’s cation 

conductivity was masked. However, given that the pharmacological signatures of the endogenous X. laevis 

NSCC and GmNOD26 are so similar, it poses the question, is the NSCC activity of GmNOD26-expressing X. 

laevis oocytes an artifact? The experiments described in this thesis indicate that this is not the case.  

1. The time dependent ionic currents observed in GmNOD26-expressing X. laevis oocytes were not 

evident in control oocytes but do resemble the SM-NSCC traces seen in symbiosome patches by 

Tyerman et al. (1995).  

2. Aquaporins typically display low open ion channel probabilities, making characterisation in 

heterologous systems difficult - as noted with HsAQP1 (Yu et al. 2006). However, a number of 

groups have identified specific regions of aquaporins that when mutated alter their ion channel 

activity without affecting water permeability (Boassa and Yool 2002; Yu et al. 2006; Kourghi et al. 

2018a). Site-directed mutagenesis of the Loop D regulatory region of GmNOD26, based on the 

HsAQP1 structural mutants, particularly the R194N mutation, restricted ion conductance without 

an apparent effect on the water permeability of GmNOD26.  

3. Phosphomimetics of S262 in GmNOD26 provide further structural evidence that the ionic currents 

were carried by the heterologously expressed channel, rather than the endogenous NSCC. In line 

with previous observations, phosphorylation of GmNOD26 enhanced its water permeability 

(Guenther et al. 2003) but reduced the ionic conductivity (Lee et al. 1995). This is the first time that 

the ‘switch’ between ion and water conducting states of GmNOD26 has been demonstrated in a X. 

laevis oocytes, confirming that this ion conductance is carried by cations rather than anions. 

Through maintaining chloride concentrations, I was able to establish a permeability profile of 

NH4
+>MeA+=K+>Na+>Choline, which is reminiscent of the SM-NSCC (Tyerman et al. 1995).  

It is apparent that GmNOD26 is a multifunctional aquaporin, permeable to water, formamide, glycerol, 

NH3 (Rivers et al. 1997; Wallace et al. 2002; Hwang et al. 2010) and now also cations (this thesis). Taken 

together, these studies show that GmNOD26 is capable of handling two of the three possible nitrogen 

sources produced by bacteroids, NH3 and NH4
+.  However, my experiments with S. cerevisiae mutants 

suggest strongly that GmNOD26 is not involved in amino acid transport.  



 

150 

7.2.2 Regulation of GmNOD26 activity 

Given that the symbiosome space is acidic, it is surprising that GmNOD26 is be gated by protons. 

Unfortunately, initial characterisation of the SM-NSCC in patches was only performed at pH 7.0 (Tyerman et 

al. 1995), and the effect of pH on the channel in planta is unknown. Future work should investigate the 

conductivity of the SM-NSCC at varying pH using patch clamping of isolated symbiosomes and manipulating 

the pH of the pipette solution. It should also be borne in mind that proton gating of GmNOD26 in X. laevis 

oocytes may be different in planta. I observed greater sodium induced inward currents in the phosphonull 

mutant at low pH compared to both the Wt and phosphomimic mutant. The sodium induced inward 

currents of Wt GmNOD26-expressing X. laevis oocytes switch from behaving in a similar manner to the 

phosphonull mutant at pH 7.5, to behaving similarly to the phosphomimic mutant at pH <7.0. This may 

indicate that the Wt GmNOD26 protein is not phosphorylated when in slightly basic testing solutions but 

becomes phosphorylated by a native X. laevis oocyte protein kinase, such as CK2 (Westmark et al. 2002), 

when in neutral or acidic testing solutions. That is, the magnitude of the pH dependent gating mechanism 

may be exaggerated by the additional phosphorylation gating mechanism. Though the phosphomimetics 

provides some evidence for this, it would be useful to employ a phosphor-specific antibody for GmNOD26 

(anti-GC12P) to confirm these observations (see (Guenther et al. 2003)). However, even those experiments 

could be complicated by other phosphorylation targets of X. laevis oocyte protein kinases. 

In addition to the above, the NSCC activity of GmNOD26 on the SM in planta may be altered due to its 

binding of GS. It has been established that the C-terminal domain of GmNOD26 interacts with cytosolic 

glutamine synthetase GS1β and GS1γ (Masalkar et al. 2010), and that the true substrate of GS is NH4
+ (Liaw 

et al. 1995). Given that GS contains a high affinity NH4
+ site, docking to GmNOD26 could enhance the sink 

strength for NH4
+ through the central pore formed by the GmNOD26 tetramer. Additionally, conformational 

changes to the protein structure may directly alter its transport status. In HsAQP1, the C-terminal domain is 

an important regulatory region for ion channel activation (Boassa and Yool 2002), and the phosphorylation 

site of GmNOD26 at S262 is located on the C-terminus of the protein. 

7.2.3 Further studies with GmNOD26 

Although this thesis provides strong evidence that GmNOD26 acts as a NSCC and transports ammonium in 

heterologous systems, further characterisation of GmNOD26 in planta is required, for example using 

transgenics to alter its expression. The use of RNAi or CRISPR technologies would allow for the symbiotic 

phenotype of GmNOD26 to be characterised. Unfortunately, such experiments were outside the scope of 

this thesis due to time constraints, but I am currently preparing an RNAi construct for future knock-down of 

GmNOD26 in the nodules on hairy roots of G. max. If my interpretation of the results presented here are 

correct, then knocking down the expression of the SM-NSCC should significantly impact the plant’s capacity 

to fix biological nitrogen (bearing in mind that some fixed nitrogen may still exit the symbiosome as amino 
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acids). A reduction in symbiotic phenotype has already been shown in CRISPR/Cas9-mediated knockout of 

MtNOD26 (Frare et al. 2022). In addition to measuring nitrogen fixation rates and plant growth 

characteristics, it would be useful to perform patch-clamp experiments with the transgenic symbiosomes to 

directly observe changes to the activity of the SM-NSCC. 

7.3 Transport of reduced carbon 

The demand for fixed carbon in nodules is very large compared to the rest of the plant, consuming up to 

25% of total photosynthate Schubert (1981); (Vance 2008). This carbon is largely supplied to nodules as 

sucrose before it is metabolised to dicarboxylates that must permeate the symbiosome to support a 

functioning symbiosis (Gordon et al. 1985; Udvardi and Day 1997; Booth et al. 2021). The transport 

properties of the ALMT family closely resemble that of the SM-DC, but these proteins have not been 

identified in SM proteomics (Wienkoop and Saalbach 2003; Saalbach et al. 2002; Clarke et al. 2015; Luo et 

al. 2023). Using the updated MG20 genome of the model legume L. japonicus I identified 13 full-length 

ALMT transcripts, with six of these being putative ALMT sequences. Of the six uncharacterised transcripts, 

LjALMT1 appeared to be expressed in the nodules, but in a detailed analysis I was able to show that it was 

mainly expressed through the vascular tissue of the root and nodule rather than in the infected region. This 

analysis builds on the work by Takanashi et al. (2016), suggesting that an ALMT protein is not responsible 

for dicarboxylate transport across the SM.  

During Frankia symbiosis in the non-legume A. glutinosa, an NPF protein is responsible for dicarboxylate 

transport across the symbiotic interface of infected nodule cells (Jeong et al. 2004). In soybean, eight NPF 

transcripts are expressed exclusively in the nodules (Severin et al. 2010), and five of these have been 

identified in SM proteomics (Clarke et al. 2015). I have investigated the capacity for these proteins to 

transport dicarboxylates through expression in X. laevis oocyte. For all eight soybean NPFs, the resting 

membrane potential of X. laevis oocytes shifted to a more depolarised state suggesting an altered 

biochemical status. Three of the NPFs, GmNPF1.2, GmNPF5.3 and GmNPF8.6, displayed malate-stimulated 

currents, but through malate preloading I was able to demonstrate that only GmNPF1.2 carried large ionic 

currents. This technique is common practice when characterising malate export through channels 

expressed in X. laevis oocytes and has been used extensively for the ALMT family (Sasaki et al. 2004; 

Pineros et al. 2008).  

Radiotracer experiments confirmed that the observed malate-induced currents in GmNPF1.2-expressing 

oocytes were carried by malate. Uptake of [14C] malate by GmNPF1.2-expressing X. laevis oocytes was 

significantly greater than in control oocytes and this uptake was inhibited by phthalonic acid a known 

inhibitor of the SM dicarboxylate carrier (Udvardi et al. 1988). Ou Yang et al. (1990) further investigated the 

substrate specificity of the SM dicarboxylate carrier through competitive inhibition of [14C] malate uptake, 

and respiration of substrates in isolated symbiosomes. They found that succinate, fumarate, oxaloacetate, 
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α-Ketoglutarate, malonate and phthalonate all reduced malate uptake, but only succinate, oxaloacetate 

and fumarate were able to stimulate endogenous O2 uptake, suggesting that only succinate, fumarate and 

oxaloacetate were transported across the SM at sufficient rates to stimulate bacteroid respiration. Since 

some organic acids appear to inhibit malate uptake by the SM dicarboxylate carrier without directly being 

transported through it, these experiments were not repeated in GmNPF1.2-expressing oocytes.   

The transport activity of GmNPF1.2 displayed a preference for malate over succinate but no other organic 

acids, which closely resembles the preferences of the SM-DC characterised in isolated symbiosomes 

(Udvardi et al. 1988; Ou Yang et al. 1990). Taken together with the inhibition by phthalonic acid, the spatial 

expression (Appendix 12) and localisation data (Appendix 13) of GmNPF1.2 in soybean indicating 

expression in the infected regions of the nodule and localisation to the SM, it appears that GmNPF1.2 is in 

fact the symbiosome dicarboxylate carrier. The critical role of GmNPF1.2 in nitrogen fixation has been 

further supported by preliminary RNAi experiments (Appendix 14), where a reduction of nitrogen fixation 

rates is observed. These experiments need to be repeated, so that the level of RNAi knockdown can be 

established, and further replicates generated. Mutant populations of M. truncatula and L. japonicus exist, 

an investigation into the phenotype of the NPF1.2 orthologs in these species is warranted. Given that 

soybean and L. japonicus both form determinate type nodules, it would be expected that the function of 

this protein would be homologous. There are six NPFs expressed in the indeterminate nodules of M. 

truncatula, it is likely that one of these proteins would function as a dicarboxylate carrier, but this remains 

to be determined. 

7.4 Conclusions and Further Experiments 

The data presented here suggest that the principal exchange of fixed carbon (organic acids) for fixed 

nitrogen (ammonia and ammonium) across the soybean SM is catalysed by GmNPF1.2, the SM 

dicarboxylate carrier, and GmNOD26, the SM non-selective monovalent cation channel. These findings are 

fundamental for our understanding of the legume-rhizobia symbiosis and are essential for transferring the 

symbiotic relationship to other crop species.  

However, further experimentation is required to confirm the importance of the two transport systems in 

planta. Transgenic transformation techniques must be employed to confirm the symbiotic phenotypes 

using knock-down via RNAi of the proteins initially to confirm their functions. In addition to phenotypic 

measurements (plant growth, N-fixation rates, nodule development), transport activity of isolated 

symbiosomes could be performed, assuming that nodule development is not too severely compromised. 

Once their functional roles are confirmed, overexpression of these proteins, individually and together could 

be employed to determine if we can enhance nitrogen fixation in soybean. Evidence for this is found within 

the literature, in soybean, fixed nitrogen is transport to the xylem mainly as ureides through ureide 

permeases localised to the nodule inner cortex and vascular bundle. Overexpression of ureide permease 1 
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results in enhanced BNF, and ultimately whole plant carbon and nitrogen gains (Carter and Tegeder 2016; 

Lu et al. 2022a). This process increases the overall sink strength for fixed nitrogen, but it is unknown at 

what point the SM transporters themselves may become saturated with their substrates. Overexpression of 

GmNPF1.2 and/or GmNOD26 may further enhance the sink strength for BNF through similar but distinct 

mechanisms and could be employed in unison with the overexpression of ureide permeases. It is unclear 

whether simple overexpression of GmNOD26 would enhance BNF, given that this protein is already so 

highly expressed on the SM. More directional approaches may be required, such as the use of CRISPR 

technologies to specifically mutate S262 into its ion conducting, unphosphorylated state. 
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Appendices 

A1. Gateway vector maps used in this thesis 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A1 1. pDONR™221 plasmid obtained from Invitrogen (USA). AttB containing PCR 

products were recombined with pDONR™221 using Gateway™ BP Clonase™ and selected on 

LB agar containing 50 µg/mL Kanamycin. The generated entry vector contained the 

sequence of interest flanked by AttL sites and was maintained in DH5α due to the removal 

of the toxic ccdB gene. Map was generated and annotated using SnapGene. 
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Figure A1 2 pENTR™/D-TOPO™ plasmid obtained from Invitrogen (USA). PCR products 

containing a 5’ CACC overhang were recombined with pENTR™/D-TOPO™ which has been 

linearised through activity of Topoisomerase I and selected on LB agar containing 50 µg/mL 

Kanamycin. The generated entry vector contained the sequence of interest flanked by AttL sites 

and was maintained in DH5α. Map was generated and annotated using SnapGene. 
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Figure A1 3. pGEMHE-DEST plasmid obtained from Sunita Ramesh (Adelaide University, Australia). Entry 

vectors containing gene coding sequence of interest flanked by AttL sites was recombined with pGEMHE-

DEST using Gateway™ LR Clonase™ II and selected on LB agar containing 100 µg/mL Ampicillin. The 

generated expression clone was maintained in DH5α due to the removal of the toxic ccdB gene. For 

expression in X. laevis oocytes the generated expression clone was linearised using: SbfI; or SphI; or NheI, 

prior to cRNA synthesis using the mMESSAGE mMACHINE® T7 Transcription kit (Thermo Fisher Scientific, 

Australia). Map was generated and annotated using SnapGene. 

 



 

180 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A1 4. pGEMHE-DEST-cYFP plasmid obtained from Sunita Ramesh (Adelaide University, Australia). 

Entry vectors containing gene coding sequence of interest without the stop codon and flanked by AttL sites 

was recombined with pGEMHE-DEST-cYFP using Gateway™ LR Clonase™ II and selected on LB agar 

containing 100 µg/mL Ampicillin. The generated expression clone was maintained in DH5α due to the 

removal of the toxic ccdB gene. For expression in X. laevis oocytes the generated expression clone was 

linearised using: SbfI; or SphI; or NheI, prior to cRNA synthesis using the mMESSAGE mMACHINE® T7 

Transcription kit (Thermo Fisher Scientific, Australia). Map was generated and annotated using SnapGene. 
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Figure A1 5. pYES-DEST52 plasmid obtained from Sunita Ramesh (Adelaide University, Australia). Entry 

vectors containing gene coding sequence of interest flanked by AttL sites was recombined with pYES-

DEST52 using Gateway™ LR Clonase™ II and selected on LB agar containing 100 µg/mL Ampicillin. The 

generated expression clone was maintained in DH5α due to the removal of the toxic ccdB gene. pYES-

DEST52 expression clones were transformed into the S. cerevisiae strains 26972c, 22Δ10AA or 23344c and 

grown in the absence of uracil for selection (URA3). Gene expression was under the control of the galactose 

inducible (GAL1) promoter. Map was generated and annotated using SnapGene. 
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Figure A1 6. V33 plasmid obtained from Penelope Smith (La Trobe University, Australia). Entry 

vectors containing coding region of interest flanked by AttL sites was recombined with V33 using 

Gateway™ LR Clonase™ II and selected on LB agar containing 100 µg/mL Spectinomycin. The 

generated expression clone was maintained in DH5α due to the removal of the toxic ccdB gene. V33 

expression clones were transformed into L. japonicus through hairy root transformation and 

selected for expression of DSRed. Successful transformants were analysed through confocal 

microscopy. Expression of the GFP-protein of interest was driven by the nodule specific GmLbC3 5’ 

regulatory element to determine where the protein of interest was localised within L. japonicus 

nodules. Map was generated and annotated using SnapGene. 
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Figure A1 7. V45 plasmid obtained from Penelope Smith (La Trobe University, Australia). Entry 

vectors containing a 5’ regulatory element and coding region of interest fusion flanked by AttL 

sites was recombined with V45 using Gateway™ LR Clonase™ II and selected on LB agar 

containing 100 µg/mL Spectinomycin. The generated expression clone was maintained in DH5α 

due to the removal of the toxic ccdB gene. V45 expression clones were transformed into L. 

japonicus through hairy root transformation and selected for expression of DSRed. Successful 

transformants were analysed through confocal microscopy. Expression of the GFP-protein of 

interest was driven by the native 5’ regulatory element to determine where the protein of 

interest was localised within L. japonicus. Map was generated and annotated using SnapGene. 
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Figure A1 8. V48 plasmid obtained from Penelope Smith (La Trobe University, Australia). Entry vectors 

containing 5’ regulatory element of interest flanked by AttL sites was recombined with V48 using 

Gateway™ LR Clonase™ II and selected on LB agar containing 100 µg/mL Spectinomycin. The generated 

expression clone was maintained in DH5α due to the removal of the toxic ccdB gene. V48 expression 

clones were transformed into L. japonicus through hairy root transformation and selected for 

expression of DSRed. Successful transformants were analysed using the GUS reporter gene driven by 

the 5’ regulatory element of interest. Map was generated and annotated using SnapGene. 
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A2. Cloned PCR products were sequenced by AGRF and aligned with the LotusBase 
sequences  

 

  

Figure A2 1. Alignment of cloned and publicly available 5’ LjALMT1 regulatory element. Cloned sequence was 

sanger sequenced at AGRF while the publicly available sequence was obtained from LotusBase. Alignment was 

completed using CLC sequence viewer. Two SNPs detected at A1138G and A1659C. 



 

186 

 

  

Figure A2 2. Alignment of cloned and publicly available 5’ LjNOD26 regulatory element. Cloned sequence was 

sanger sequenced at AGRF while the publicly available sequence was obtained from LotusBase. Alignment was 

completed using CLC sequence viewer. No SNPs detected between the cloned and publicly available sequences. 
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Figure A2 3. Alignment of cloned and publicly available LjALMT1 coding sequence. Cloned sequence was sanger 

sequenced at AGRF while the publicly available sequence was obtained from LotusBase. Alignment was completed 

using CLC sequence viewer. No SNPs detected between the cloned and publicly available sequences. 
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Figure A2 4. Alignment of cloned and publicly available LjNOD26 coding sequence. Cloned sequence was sanger 

sequenced at AGRF while the publicly available sequence was obtained from LotusBase. Alignment was completed 

using CLC sequence viewer. No SNPs detected between the cloned and publicly available sequences. 
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A3. Validation of DsRED expression using ChemiDoc XRS+ imaging system (Bio-Rad, 
USA) 

  

 

 

 

 

 

 

 

 

 

 

 

  

Figure A3 1. Validation of DsRED expression using ChemiDoc XRS+ imaging system (Bio-Rad, USA) under the 

605/50 filter with Green Epi illumination. Images of L. japonicus transformants after 14 days of hairy root 

induction, A) plate image in root elongation media, B) selected plants removed from root elongation media. Red 

circles represent successful transformation while blue circles represent a null transformant. 

Figure A3 2. Validation of DsRED expression using EVOS® FL Auto Imaging System (Thermo Fisher Scientific, 

USA). Successful transformant selected using the ChemiDoc XRS+ imaging system (Bio-Rad, USA) was imaged 

for DsRED. L. japonicus root images using A) white light, B) DsRED filter (531/40 nm Excitation; 593/40 nm 

Emission), or C) merged image. 
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A4. Ponceau stain of X. laevis oocyte lysate  

 

 

 

 

 

 

 

 

 

  

Figure A4 1. Total protein visualisation with Ponceau S stain (Thermo Fisher Scientific, USA). 

Homogenised oocyte lysate was separated through 12.5% (v/v) SDS-PAGE gel prior to transfer to 

nitrocellulose membrane. Following transfer, the membrane was washed three times in distilled 

MilliQ water and incubated in Ponceau S Staining Solution for five minutes with agitation. The 

membrane was briefly washed with distilled MilliQ water before imaging. It is clear that although 

lysate from a single oocyte was loaded onto the gel, there are discrepancies in the total protein 

loaded in each lane. 
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A5. Raw current-voltage curves of mutant GmNOD26-expressing X. laevis oocytes 
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Figure A5 1 Raw current-voltage curves used in the calculation of relative plots shown in Figure 3.6d and 3.7d. 

A) and B) averaged data from a single oocyte harvest of Control, Wt, D177N or R179N GmNOD26-expressing X. 

laevis oocytes (n=4). C) and D) averaged data from a single oocyte harvest of Control, Wt, S262A or S262D 

GmNOD26-expressing X. laevis oocytes (n=4). All curves depict the ungated current using 50 mM Na+ as a 

chloride salt containing 50 μM Ca2+ buffered with HEPES and pH adjusted to 7.5 with TRIS base. 
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A6. Raw current-voltage curves of observed pH gating in phosphomimetic 
GmNOD26-expressing X. laevis oocytes 

 

Figure A6 1. Dephosphorylation reduced external pH gating in GmNOD26 expressing X. laevis oocytes. A) 

Currents in control oocytes. B) Currents in GmNOD26 expressing oocytes. C) Currents in GmNOD26S262A 

expressing oocytes. D) Currents in GmNOD26S262D expressing oocytes. Testing solution contained 50 mM Na+ 

as a chloride salt containing 50 μM Ca2+ buffered with HEPES and pH adjusted with TRIS base (n=8).    
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A7. Multiple sequence alignment of GmNOD26 with other aquaporin ion channels 
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Figure A7 1. Multiple sequence alignment of aquaporin Loop D regions. In HsAQP1, mutations to 

the charged residues D158 and R160 impair the ion conductance of the channel, with no apparent 

effect on water transport (Yu et al. 2006; Kourghi et al. 2018a). Here, the corresponding sites 

were mutated to asparagine to remove the charge while maintaining polarity. Alignment was 

performed in CLC sequence viewer 6 and residues are coloured based on RasMol structure 

(Qiagen digital insights, USA). 

Figure A7 2. Multiple sequence alignment of the region used in the Tatip2;1 double mutant. In 

the Tatip2;1 mutant the sites were mutated to that of AQP1 (I184H, G193C) and the cation 

permeability was disrupted (Jahn et al. 2004). Here, the corresponding site in GmNOD26 have 

been mutated to that of the non-aquaammoniaporin HsAQP1. Alignment was performed in CLC 

sequence viewer 6 and residues are coloured based on RasMol structure (Qiagen digital insights, 

USA). 
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A8. 31019b cells appear to be permeable to ammonium 

  

Figure A8 1 Optimising NH4
+ concentration for GmNOD26 complementation of the ammonium transport 

deficient yeast strains 31019b. GmNOD26 and empty pYESdest52 vector 31019b transformants were grown 

in 200 µL of Medium M (pH 6.0) containing (A) 2% (w/v) Glucose (Glu) and 0.1% (w/v) Proline (Pro); or 2% 

(w/v) Galactose (Gal) and (B) 0.1% proline; (C) 1 mM NH4
+, (D) 2 mM NH4

+, (E) 5 mM NH4
+, (F) 10 mM NH4

+ 

for 48 hours at 28oC with 200 RPM shaking (n=4). 
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A9. Alanine transport by GmNOD26-expressing X. laevis oocytes 

A9.1 Methods 

A9.1.1 Oocyte alanine swelling 

Relative change in oocyte volume was recorded as specified in section 2.7.3 with some modifications. 

Briefly, oocytes were maintained in low sodium ringers solution prior to incubation in an iso‐osmotic 

solution containing 200 mM L-alanine, 2 mM KCl, 1 mM MgSO4, 1.8 mM CaSO4, 5 mM HEPES and pH was 

adjusted to 7.5 with TRIS base. Oocytes were then viewed with a Nikon SMZ800 light microscope (Nikon, 

Japan) and changes in volume captured every 30 seconds for 10 minutes prior to analysis using Image J 

software (National Institute of Health, USA). Post incubation oocytes were washed twice in ice-cold low 

sodium ringers solution and transferred to 80 μL of oocyte homogenization buffer. 

A9.1.2 Alanine content measurements  

Homogenised oocyte lysate (2.7.7) was assayed for NAD+ reduction at 340 nm in the presence of alanine 

dehydrogenase using the following principle: 

L-alanine + NAD+ + H2O → pyruvate + NH3 + NADH + H+ 

Each reaction contained 60 µL homogenised oocyte lysate, 80 µL 2 mM EDTA and 0.1 M Tris-HCl (pH 10.1), 

10 µL 20 mM NAD+, 30 µl sterile MilliQ water and 20 µL alanine dehydrogenase (0.6 U/mg protein). The 

change in absorbance over 60 minutes at 25oC was recorded at 340 nm using a CLARIOstar Plate Reader 

(BMG LABTECH, Australia). Alanine content was calculated using the equation of the line of L-alanine 

standards 0 to 25 nmol/well and normalised to the percentage of homogenised oocyte lysate assayed 

(75%). 

A9.2 Results and discussion 

Initially water transport through GmNOD26-expressing X. laveis oocytes was investigated in hypo-osmotic 

Na+ testing solution. It was found that GmNOD26 was expressing well, and water transport was comparable 

to previous assays (Figure A9.1a; Figure 3.6). It would be expected that if GmNOD26 was transporting 

alanine, an increase in oocyte volume would be observed due to an influx of water by the generated 

osmotic gradient, as has been previously demonstrated for boric acid uptake in AtNIP5;1 (Takano et al. 

2006). However, for both control and GmNOD26-expressing X. laveis oocytes incubated in iso-osmotic 

alanine testing solution there was an observed decreased in relative volume (Figure A9.1b). The rate of 

‘shrinkage’ was greater but not significant in GmNOD26-expressing oocytes, and after 10 minutes the 

relative volumes were equivalent. This may have been caused by minute variations in the osmotic 

conditions within the oocyte and the external testing solution and was likely enhanced by the water 
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permeability of GmNOD26. In the case of boric acid transport by AtNIP5;1 a significant swelling rate was 

observed but minute decreases in oocyte volumes were detected in control and the non-boric acid 

transporting PIP2;1-expressing oocytes in an iso-osmotic solution (Takano et al. 2006).  

Following 10-minute incubation in iso-osmotic alanine, oocytes were homogenised for content analysis to 

further investigate alanine transport of GmNOD26-expressing oocytes. Taylor et al. (1996) previously 

determined the concentration of amino acids in within X. laveis oocytes, for alanine this was found to be 

2.40 nmol following 24-hour incubation in media supplemented with 471 µM alanine. Firstly, the sensitivity 

of the alanine dehydrogenase assay was determined through 0 to 25 nmol/well standards, the assay was 

sufficient in detected alanine nmol quantities of alanine with a R2 value of 0.9969 (Figure A9.2). The alanine 

content of control and GmNOD26-expressing oocytes was similar, 16.6 and 17.1 nmol/oocyte, respectively 

(Table A9.1). The reliability of the assay was also validated through spiking of oocyte lysate with 10 nmol of 

alanine, the recovery was varied from 92.6 to 103% (Table A9.1). The swelling and content data taken 

together suggest there was no enhanced transport of alanine by GmNOD26-expressing oocytes.  
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Figure A9 1. Osmotic swelling assays. A) Relative change in volume over 60 seconds in a hypo-osmotic Na+ 

testing solution (44 mosmol kg−1). B) Relative change in volume over 10 minutes in iso-osmotic L-alanine 

testing solution (220 mosmol kg−1) (n= 3 for Na+, n = 9 for alanine from a single oocyte harvest). 
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Figure A9 2. Figure A9.2. Alanine standard curve. The change absorbance of L-alanine standards 0 to 25 

nmol/well were assayed for NAD+ reduction at 340 nm in the presence of alanine dehydrogenase as 

specified in A1.1.2 (n=3). 

 

 

Table A9 1. Alanine content of X. laevis oocytes. Relative change in volume over 10 minutes in iso-osmotic 

L-alanine testing solution (n = 6 for alanine, n = 3 for alanine spike from a single oocyte harvest). 

 CONTROL GMNOD26 

ALANINE 
(NMOL PER OOCYTE) 

16.6 ± 1.79 17.1 ± 1.76 

10 NMOL ALANINE SPIKE 
(NMOL PER ASSAY) 

24.6 ± 2.49 28.0 ± 0.96 

SPIKE RECOVERY 
(%) 

92.6 103 
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A10. Nodule laser-dissection of the M. truncatula ALMT family 
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Figure A10 1 Nodule laser-dissection of the M. truncatula ALMT family. M. truncatula accession can be found 

in Table 6.1 and data was obtained from Symbimics. I = fraction I; IID = distal fraction II; IIP = proximal fraction II; 

IZ =interzone fraction; III nitrogen fixing fraction III. 
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A11. Radiolabeled malate efflux by GmNPF1.2 expressing oocytes 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A 

-10

0

10

20

30

40

50

60

70

5 mins 15 mins Remaining

[1
4
C

] 
m

a
la

te
 (

n
m

o
l/
o
o
c
y
te

) H2O GmNPF1.2 (48 hours)

0

10

20

30

40

50

60

70

5 15 Remaining Missing?

P
e
rc

e
n
ta

g
e
 [

1
4
C

] 
m

a
la

te
 e

ff
lu

x
e
d
 

H2O GmNPF1.2 (48 hours)

B 

Figure A11 1. Radiolabeled malate efflux by GmNPF1.2 expressing oocytes. Control or GmNPF1.2 

expressing oocytes were preincubated in [14C] malate for 60 minutes prior to the radioactivity of 

the bathing solution being recorded. A) [14C] malate (nmol/oocyte), B) percentage [14C] malate 

effluxed from control and GmNPF1.2 oocytes assuming 2200 nmol [14C] malate was taken up after 

60 minutes of preincubation (as per Figure 6.8). Bathing solution contained 0.5 mM CaCl2, 

buffered to pH 5.5 with BTP and osmolality adjusted to 220 mosmol kg−1 with D-mannitol (n = 6 

from a single oocyte harvest). 
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A12. GUS staining of the 2-kb 5' regulatory sequence of GmNPF1.2 in soybean 
nodules 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure A12 1. Spatial activity of the 2-kb 5' regulatory sequence of GmNPF1.2 in soybean 

nodules 30 days after inoculation with B. japonicum. Expression of the GUS reporter gene was 

driven by the GmNPF1.2 promoter in hairy root nodules. Blue staining highlights the spatial 

expression of the promoter post incubation with GUS staining buffer. All images were kindly 

provided by Penelope Smith (unpublished). 
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A13. GFP localization of GmNPF1.2 to the soybean symbiosome membrane 
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Figure A13 1. Localization of GmNPF1.2 to the soybean symbiosome membrane. GFP 

fused to the N-terminal of GmNPF1.2 and expressed in hairy root soybean nodules under 

the leghemoglobin promoter. Confocal images of: A and D, GFP signal; B and E, 

counterstaining of the SM with FM4–64; C and F, overlapping GFP and FM4–64 signals. All 

images were kindly provided by Penelope Smith (unpublished). 
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A14. GmNPF1.2 knockdown reduces nitrogen fixation rate 

 

Figure A14 1. GmNPF1.2 knockdown reduces nitrogen fixation rate. Soybean nodule were transfected 

with an RNAi construct to knockdown GmNPF1.2 expression. Nitrogen fixation rates were estimated based 

on d15N. Data kindly provided by Penelope Smith (unpublished). 
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