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Abstract 

While the use of nitrogen (N) fertilizer has provided many benefits to agriculture, incessant use of it 

can reduce soil organic matter and fertility resulting in lower crop yields. Legume plants can fix its own 

N2 through symbiotic nitrogen fixation (SNF) to promote plant growth by developing facultative root 

organs called nodules. Therefore, increasing the rate of SNF to reduce dependence on N fertilizer is a 

promising strategy for sustainable legume production. In legume cultivation this symbiotic process 

confronts two major challenges. First, SNF is suppressed by readily available N in the soil and second, 

the early senescence of N-fixing nodules can limit any further fixation to occur. Previous reports show 

that N fertilizer supresses SNF activity in many legumes and supports plant growth better than SNF. 

Moreover, suppression of SNF can also be induced by drought stress which causes early nodule 

senescence and subsequent reduced rates of plant growth. This thesis addresses the process of SNF 

suppression in two Medicago truncatula selected genotypes, Jemalong A17 and R108, in response to 

external N treatment and also delivers a molecular view on the regulation of drought-induced nodule 

senescence processes. 

I first hypothesized that Jemalong A17 and R108 may respond differently to external N treatment and 

drought stress, which both lead to SNF suppression. To determine this, M. truncatula plants were 

grown with the N2-fixing symbiont Ensifer meliloti and 15N-labelled N fertilizer under well-watered and 

drought conditions. Plants were then harvested at different time points. N partitioned by SNF and N 

fertilizer were measured using isotope ratio mass spectroscopy. Results show that under well-watered 

conditions, N fertilized R108 plants used SNF for N uptake (upto 23% of total shoot N), when 

inoculated with E. meliloti, and reduced N fertilizer uptake to balance total N uptake.  Under drought 

stress, both Jemalong A17 and R108 plants derived assimilated N from SNF (upto 45% of total shoot 

N) while they significantly reduced the N uptake from N fertilizer. Moreover I found that SNF in 

association with E. meliloti not only benefitted the host by increasing the N supply but also primed the 

host plant to better tolerate drought stress by controlling the expression of drought-associated genes.  

In legumes, nodules are the first organs to be responsive to drought stress. Once drought conditions 

are perceived, the host plant induces early nodule senescence in order to reduce the carbon 

investment in the nodules. Therefore, nodule senescence can be part of a drought-survival strategy. 

However, as SNF becomes limited due to early nodule senescence, nutrient stress can develop in the 

legume in addition to the drought stress. Here, I then hypothesized that the intrinsically destructive 

senescence process must be tightly regulated to function as a part of drought-survival strategy. M. 

truncatula protease inhibitor and iron scavenging genes, possibly involved in controlling nodule 

senescence, were identified. RNAi lines were constructed in which expression of a serpin or ferritins 
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were knocked down. Both wild-type and RNAi lines were subjected to drought stress and the 

subsequent nodule activity and plant physiological responses were measured. Drought caused M. 

truncatula to initiate nodule senescence before plant growth was affected and before an increase in 

papain-like proteolytic activity and free iron levels were detected. Knock-down expression of serpin6 

and ferritins caused increased protease activity, free iron levels, early nodule senescence and reduced 

plant growth. These results suggest that M. truncatula expresses serpin6 and ferritins in nodules to 

mediate ordered drought-induced senescence by regulating papain-like cysteine protease activity and 

free iron levels. This strategy may allow the drought-stressed plants to extract the maximum benefit 

from residual N fixation and nutrient recovery resulting from the breakdown of macromolecules. 

 

 

 

 

 

 

 

 

 

 

 

 

  





v 
 

 

Table of Contents 

 
Abstract ................................................................................................................................................. II 

Acknowledgments .............................................................................................................................. IV 

Table of contents  ................................................................................................................................ V 

List of figures  ...................................................................................................................................... XI 

List of tables  ......................................................................................................................................XIV 

Abbreviations  .................................................................................................................................... XV 

 

Chapter 1 ............................................................................................................................................... 1 

Introduction  ......................................................................................................................................... 1 

1.1  Plant immunity and rhizobial infection  ..................................................................................... 2 

1.2  Nitrogen fixation under N availability  ....................................................................................... 3 

1.3  Nitrogen fixation under drought  ............................................................................................... 4 

1.4 Effect of drought on symbiosis and the growth of SNF-dependent plants  .............................. 6 

1.5  Biological nitrogen fixation for plant growth  ............................................................................ 8 

1.6  Rhizobia for stress amelioration  ............................................................................................... 9 

1.7  Nodule physiology of M. truncatula  ......................................................................................... 9 

1.8  Nodule senescence: stress-induced natural aging and the factors involved  .......................... 11 

1.9  Response and function of protease activity in various plant growth activities during natural 

and stress-induced nodule aging  ............................................................................................ 12 

1.10  Protease inhibitors as a proteolytic controlling mechanism in senescence  ........................... 14 

1.11  Attributes of plant serpins  ...................................................................................................... 15 

1.12  Interaction of serpins with proteases and the involvement in programmed cell death and 

homeostasis ............................................................................................................................. 16 

1.13  Expression and localization of serpins in plants ...................................................................... 16 



vi 
 

1.14  Role of lb in nodules and their stability during natural and stress-induced aging .................. 17 

1.15  Attributes of nodule iron and its toxicity  ................................................................................ 17 

1.16  Reactive oxygen species (ROS) in natural aging and stress-induced senescence  ................... 18 

1.17  Ferritins and their involvement in iron scavenging ................................................................. 20 

1.18  Expression of serpin and ferritin in plants under drought  ...................................................... 22 

1.19  Medicago truncatula as a model plant for legume-rhizobium symbiosis ............................... 23 

1.20  Concluding statement  ............................................................................................................. 24 

1.21  Hypotheses  ........................................................................................................................... 26 

1.22  Research objectives  ............................................................................................................. 26 

 

Chapter 2 ............................................................................................................................................. 28 

Materials and methods .................................................................................................................... 28 

2.1  Plant growth and physiology protocols  .................................................................................. 28 

2.1.1  Plant materials and growth  ..................................................................................................... 28 

2.1.2 Measurement of growth kinetics of E. meliloti cells  ............................................................... 28 

2.1.3  E. meliloti inoculation for nodule formation ........................................................................... 29 

2.1.4  Measurement of field capacity (FC) ......................................................................................... 29 

2.1.5  Water treatments .................................................................................................................... 29 

2.1.6  Physiological characterization ................................................................................................. 30 

2.1.7  Chlorophyll estimation ............................................................................................................. 31 

2.1.8  Nitrogenase activity measurement by acetylene reductase assay (ARA) ............................... 32 

2.1.9  Experimental set up for N fertilizer treatments in Chapter 4 .................................................. 32 

2.1.10  Total N and 15N measurement ................................................................................................. 33 

2.2  Histology protocols  ................................................................................................................. 34 

2.2.1  Histological analysis of nodule tissues ..................................................................................... 34 

2.3  Molecular biology protocols .................................................................................................... 37 

2.3.1  Sequence retrieval and primer design ..................................................................................... 37 



vii 
 

2.3.2  RNA extraction  ........................................................................................................................ 37 

2.3.3  First strand cDNA synthesis ..................................................................................................... 38 

2.3.4  Quantitative Real-Time PCR ..................................................................................................... 38 

2.3.5  Ligation reaction ...................................................................................................................... 40 

2.3.6  Competent cell preparation ..................................................................................................... 40 

2.3.7  Bacterial transformation .......................................................................................................... 40 

2.3.8  Colony PCR  .............................................................................................................................. 41 

2.3.9  Reverse transcriptase PCR ....................................................................................................... 41 

2.3.10  Agarose gel electrophoresis and gel elution  ........................................................................... 42 

2.3.11  Restriction digestion reaction .................................................................................................. 42 

2.3.12  Construction and transformation of RNAi knockdown Ser6, Fer2 and Fer3 constructs  ......... 43 

2.3.13  Agrobacterium rhizogenes mediated root transformation ..................................................... 44 

2.4  Biochemical assays protocols .................................................................................................. 45 

2.4.1  Protein and protease activity measurement ........................................................................... 45 

2.4.2  Lb and iron content measurement .......................................................................................... 45 

2.4.3  Protease inhibitory assay ......................................................................................................... 46 

2.5  Statistical analysis  ................................................................................................................... 47 

 

Chapter 3 ............................................................................................................................................. 48 

A serpin and two ferritins are induced by drought in M. truncatula nodules  ....................... 48 

3.1  Introduction  ............................................................................................................................ 48 

3.2  Results  ..................................................................................................................................... 50 

3.2.1  Growth kinetics and optimum E. meliloti cell density ............................................................. 50 

3.2.2  Nodulation and nitrogenase assay in M. truncatula  ............................................................... 51 

3.2.3  Effects of E. meliloti inoculation on M. truncatula plant growth  ........................................... 52 

3.2.4  Identification of serpin and ferritin genes in M. truncatula  ................................................... 54 

3.2.5  Multiple sequence alignment and primer design  ................................................................... 55 



viii 
 

3.2.6  Screening of serpin and ferritin genes in root, nodule and leaf tissues  ................................. 57 

3.2.6.1  cDNA amplification of serpin and ferritin groups .................................................................... 57 

3.2.6.2  cDNA amplification of individual genes  .................................................................................. 58 

3.2.7  Relative transcript abundance of serpin and ferritin genes in nodule under drought stress . 59 

3.3  Discussion  ............................................................................................................................... 65 

 

Chapter 4 ............................................................................................................................................. 67 

M. truncatula Jemalong A17 and R108 suppress SNF in different ways in response to N 

fertilizer and drought  ....................................................................................................................... 67 

4.1  Introduction ............................................................................................................................. 67 

4.2  Results  ..................................................................................................................................... 69 

4.2.1  Symbiosis phenotype varies between M. truncatula Jemalong A17 and R108 ....................... 69 

4.2.2  Symbiotic nitrogen fixation confers growth benefits to Jemalong A17 and R108 plants ....... 69 

4.2.3  Nitrogen fertilizer supresses the N uptake from SNF in Jemalong A17 but not R108 ............. 73 

4.2.4  E. meliloti inoculation suppresses the N uptake from N fertilizer in R108 but not Jemalong 

A17 ........................................................................................................................................... 75 

4.2.5  Jemalong A17 and R108 plants balance the N level by controlling N uptake  ........................ 77 

4.2.6  Jemalong A17 and R108 differ in nodule activity in response to external N fertilizer 

treatment  ................................................................................................................................ 79 

4.2.7  R108 alters the nodule plasticity in response to external N fertilizer treatment  ................... 79 

4.2.8  N uptake from N fertilizer is suppressed in both Jemalong A17 and R108, when grown in 

water limiting conditions  ........................................................................................................ 82 

4.2.9  Jemalong A17 and R108 acquired substantial N from SNF under drought stress  .................. 84 

4.2.10  Jemalong A17 and R108 plants sustain nodule activity and active bacteroids under N 

fertilization and drought treatment  ........................................................................................ 86 

4.2.11  SNF sustains plant growth better than N fertilizer under drought stress  .............................. 89 

4.2.12  E. meliloti-inoculated plants induce expression of abscisic acid-related genes and reduce 

expression of stress-associated genes in M. truncatula leaves  .............................................. 91 



ix 
 

4.3  Discussion  ............................................................................................................................... 95 

4.4  Conclusion  .............................................................................................................................. 99 

 

Chapter 5 ........................................................................................................................................... 100 

Drought-induced senescence of Medicago truncatula nodules involves serpin and ferritin 

to control proteolytic activity and iron levels ............................................................................ 100 

5.1  Introduction  .......................................................................................................................... 100 

5.2  Results  ................................................................................................................................... 102 

5.2.1  Prolonged drought stress affects the growth of M. truncatula  ............................................ 102 

5.2.2  Prolonged drought stress disrupts the nodule activity of M. truncatula  ............................. 106 

5.2.3  Drought induced nodule senescence involves the elevation of proteolytic activity and iron 

content ................................................................................................................................... 107 

5.2.4  Nodule expresses MtSer6, MtFer2 and MtFer3 genes during early drought stress .............. 110 

5.2.5  Down-regulated expression of MtSer6, MtFer2 and MtFer3 in RNAi knockdown lines  ....... 113 

5.2.6  Knockdown of MtSer6 in RNAiMtSer6 nodules results in increased papain-like cysteine 

protease activity, iron levels and MtFer3 expression  ........................................................... 116 

5.2.7  Knockdown of ferritins result in excess iron increase and nodule protein and lb degradation 

 ............................................................................................................................................... 116 

5.2.8  Reduced expression of MtSer6, MtFer2 and MtFer3 in triple RNAi nodules exhibits further 

nodule protein and lb degradation ........................................................................................ 117 

5.2.9  Knockdown of Mtser6 and ferritins causes early nodule senescence and reduced plant 

growth  ................................................................................................................................... 119 

5.3  Discussion .............................................................................................................................. 124 

5.4  Conclusion  ............................................................................................................................ 126 

 

Chapter 6 Summary and conclusion  ............................................................................................ 127 

 

Bibliography  ..................................................................................................................................... 131 



x 
 

 

Appendices ....................................................................................................................................... 159 

Appendix 1. Growth media and nutrients used in this study ............................................................. 159 

Appendix 2. Primers used in this study  .............................................................................................. 162 

Appendix 3. Nucleotide sequence of the genes used for qRT-PCR .................................................... 165 

Appendix 4. RNAi sense strand with introduced restriction sites for generating MtSer6, MtFer2 and 

MtFer3 RNAi lines ............................................................................................................................... 170 

Appendix 5. Multiple alignment of members of serpin and ferritin family ........................................ 171 

Appendix 6. Supplementary figures for chapter4  .............................................................................. 178 

Appendix 7. Statement of contribution to doctoral thesis containing publications .......................... 194 

  



xi 
 

List of Figures 

Chapter 1 

Fig. I. Schematic pathway of energy carbon source and bacteroid respiration in nodule under 

drought stress ......................................................................................................................................... 5 

Fig. II. Structural physiology of determinant and indeterminant nodules  .......................................... 11 

Fig. III. Network of protein transformations under stress .................................................................... 14 

Fig. IV. Generation of reactive hydroxyl radicals through the Fenton reaction  .................................. 18 

Fig. V. Possible role of senescence-induced regulation of iron homeostasis and protease - mediated 

programmed cell death (PCD)  .............................................................................................................. 19 

Fig. VI. Schematic regulation of ferritin in Arabidopsis depending on iron availability  ...................... 21 

 

Chapter 2 

Fig. 1. Growth kinetics of E. meliloti in YEM medium ........................................................................... 50 

Fig. 2. Growth and symbiotic attributes of M. truncatula  ................................................................... 52 

Fig. 3. Impact of SNF on plant growth  ................................................................................................. 53 

Fig. 4. Molecular phylogenetic analysis of the serpin and ferritin families .......................................... 56 

Fig. 5. Reverse transcriptase PCR of 7 serpin groups (S1-S7) and the ferritin group (F1) .................... 57 

Fig. 6. Reverse transcriptase PCR of 9 serpin genes and 3 ferritin genes  ............................................ 58 

Fig. 7. Expression of serpin and ferritin genes in response to drought. ............................................... 62 

Fig. 8. Comparison of relative expression of serpin (a) and ferritin (b) genes in response to drought in 

the nodule  ............................................................................................................................................ 63 

Fig. 9. Transcriptional changes of 5 serpin and 3 ferritin genes in nodule of M. truncatula under well-

watered and drought conditions. ......................................................................................................... 64 

Chapter 4 

Fig. 1. Symbiotic attributes of WT M. truncatula plants and non-N fixing mutants  ............................ 71 

Fig. 2. Impact of SNF on plant growth. ................................................................................................. 72 

Fig. 3. Effect of external N fertilizer treatment on N uptake from SNF  ............................................... 74 







xiv 
 

List of Tables 

 

Chapter 2 

Table 1. List of experiments with duration and sampling time points  ................................................ 30 

Table 2. Experimental setup for N fertilizer treatments in chapter 4 .................................................. 32 

Chapter 3 

Table 1. Chromosome locus tags and NCBI accession numbers of 28 serpin genes from M. truncatula 

 .............................................................................................................................................................. 54 

Table 2. Chromosome locus tag and NCBI accession number of 3 ferritin genes from M. truncatula  55 

 

Chapter 4  

Table. 1. Effect of external N fertilizer treatment in nodule activity  ................................................... 80 

Table 2. Effect of drought stress and N fertilization on nodule nitrogenase activity  .......................... 88 

Chapter 5  

Table 1. Chromosome locus tag and accession number of 28 serpin and 3 ferritin genes retrieved 

from Medicago genome database (MGDB) ........................................................................................ 111 

 

  



xv 
 

List of abbreviations 

 

AA Amino acid 

ABA Abscisic acid 

Acds 1-amino cyclopropane carboxylate deaminase  

ACO 1-Aminocyclopropane-1-Carboxylic Acid oxidase 

ACS 1-Aminocyclopropane-1-Carboxylic Acid synthase 

BNF Biological nitrogen fixation 

CFU Colony forming unit 

CP Cysteine protease 

DAD Days after drought 

DAT Days after treatment  

DPI Days post inoculation 

FC Field capacity 

GA Gibberrilic acid 

H2O2 Hydrogen peroxide 

ICS Iso citrate synthase 

IDRS Iron dependent regulatory sequences 

KD Knock down 

LB leghaemoglobin 

mRNA Messenger RNA 

NCED 9- cis-epoxycarotenoid dioxygenase  





1 
 

Chapter 1 

Introduction 

Currently, there are two important tasks that must be addressed in the field of agriculture. First, the 

risks that climate change imposes on plants must be reduced. Second, food security must be ensured. 

Crop and forage legumes in agriculture are two important food sources for highly nutritious food for 

both humans and livestock feed. In addition to these fundamental benefits, the majority of legumes 

are grown for sustainable agricultural production as it improves the soil fertility. In agriculture, 

legumes are also often used for crop rotation as this can also benefit non-legumes by increasing soil 

N fertility. However, in an intensive agriculture system synthetic N fertilizers are being widely used as 

the host plant ca uptake N at low carbon cost (Crews & Peoples, 2004; Fischer et al., 2010). Excessive 

use of these chemical fertilizers for crop yield causes extensive fertilizer runoff into waterways and 

causes adverse effects on the environment (Udvardi et al., 2015). Therefore, legume-based cropping 

systems are an example of a natural resource management practice which can reduce the use of 

synthetic fertilizers (Pislariu, 2012). These plants maintain soil nitrogen (N) fertility through symbiotic 

association with N2-fixing soil bacteria called rhizobia (Pierre et al., 2014). This symbiotic interaction 

between rhizobia and legumes leads to the formation of facultative root organs called nodules where 

atmospheric N2 is fixed and exported to other parts of the plant as a usable form (ammonia) (Gourion 

et al., 2015). In return, rhizobia are provided with energy carbon by the host plant for various cellular 

activities. The whole process of nitrogen fixation requires eight electrons and at least sixteen ATP 

molecules to fix one molecule of N2 gas. 

                   N2+8H++8e-                                                                    2NH3+ H2 

The efficiency of this symbiosis may depend on rhizobial invasion into root cortices and their ability to 

colonize. Initially, a rhizobium enters the root cortex through a signal exchange which involves the 

interaction of rhizobial lipochitin oligosaccharide molecules called Nod factors and root flavonoids. 

This signal interaction leads to the formation of nodule primordia (Quintana et al., 2013; Maunoury et 

al., 2010). After invasion into infection threads, rhizobia undergo cellular differentiation, become 

surrounded by a plant membrane and form organelle-like symbiosomes. At this stage, rhizobia are 

known as bacteroids as they can start fixing N2 (symbiotic nitrogen fixation). The symbiosome 

membrane encloses the bacteria into individual cortical cells and the bacteroids are surrounded by 

plant plasma membrane called periplasmic membrane (Lodwig et al., 2003).  
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transporter genes are expressed in nodules when N is supplied (Straub et al., 2014). The increased 

expression of these transporter genes altered nodule activity by downregulating the 9 leghaemoglobin 

(lb) genes which are essential for buffering the concentration of oxygen in nodules to assist with 

rhizobial respiration. On the other hand, nitrogen-fixing bacterium are also known to be involved in 

controlling nitrogen fixation through NIF (nitrogen fixing genes) gene regulation. In many bacteria 

including rhizobium, nifA is involved as a positive regulator of N fixation and uptake. However, under 

high N status, a bacteroid encounters an increase in intracellular glutamine concentration and thus 

activates the nifL gene (a negative fixation regulatory gene). It has been shown in soybean by several 

studies that high N availability can reduce nitrogenase activity, nodule numbers, nodule density and 

biomass as a result of the action of the rhizobial nifL gene (Harper & Gibson 1984; Streeter, 1985; 

Streeter, 1988; Walch-Liu et al., 2006). Goh et al. (2016) suggested that rhizobia can induce root 

architectural changes to control the N uptake from soil and internal N levels.  

 

1.3 Nitrogen fixation under drought 

Among the various categories of environmental stresses, drought is a major abiotic stress which 

affects symbiotic nitrogen fixation (SNF) by inhibiting the nitrogenase complex. Drought stress induces 

structural changes to the oxygen diffusion barrier, which lowers the symbiosome O2 concentration 

and consequently bacteroid respiration. In most legumes, Ureides are the exported N compounds and 

drought-induced reduction of ureides catabolic compounds such as allantoate, allantoin results in 

accumulation of ureids in the nodule (King & Purcell, 2005). It has been demonstrated that reduction 

of nitrogenase activity is a result of the accumulation of ureides which decrease nodule permeability 

to oxygen (pO2) (Serraj et al., 1999). The sensitivity of N2 fixation to drought among legume species 

results in the export of ureides from the nodule. Nodules in species like soybean and cowpea have the 

highest levels of ureide export under drought. This indicates that increased accumulation of ureides 

in plant xylem sap would enhance sensitivity to drought. Such accumulation can affect nitrogenase 

activity through N feedback regulation. By contrast, it has also been shown that legumes with low 

accumulation of ureides were discovered to be relatively drought tolerant (Serraj, 2003). For bacteroid 

respiration and activity, considerable nodule carbon influx is required and the plant provides carbon 

in the form of photosynthates. Sucrose is the major carbon source that bacteroids require to fuel the 

fixation of N (Fig. I). Once sucrose is transported into the nodule cortex, it is being cleaved to fructose 

and UDP-glucose by the enzyme sucrose synthase to feed bacteroids with carbohydrates (Gordon et 

al., 1997). It has been shown in many legume nodule function studies that drought stress may cause 

a reduction in sucrose synthase activity, which results in a reduction of carbohydrate availability and 
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subsequent inhibition of nitrogenase activity (Gonzalez et al., 1995; Gordon et al., 1997; Galvez et al., 

2005; Arrese-Igor et al., 1999). 

 

 

 

 

 

 

 

 

Fig. I. Schematic pathway of energy carbon source and bacteroid respiration in nodule under drought 

stress. A, modification of the redox balance; B, alteration of the bacteroid nutrition; C, alteration of O2 

homeostasis (Figure copied from Dupont et al., 2012).  

However, different observations were noted in chickpea by Esfahani et al. (2014). The rapid decrease 

of nitrogenase activity immediately after water withholding affected neither sucrose synthase, a 

synthesiser of sucrose to provide carbon, nor malate dehydrogenase, a provider of malate for 

bacteriods. This suggests that nitrogenase activity does not correlate with sucrose content, sucrose 

synthase or malate dehydrogenase levels but instead bacteroid respiration. This result in chickpea was 

found to be similar in M. truncatula and M. sativa but not in Phaseolus vulagaris, Pisum sativum or G. 

max. Drought stress can also affect bacteroid protein levels and the bacteroid metabolism that 

attributes the symbiotic nitrogen fixation in M. truncatula though oxidative damage as described by 

Larrainzar et al. (2009). Reduction of CO2 metabolism, and malate and succinate upon early drought 

stress would also cause a decline in respiratory capacity of bacteroids (Talbi et al., 2012). Effect of this 

early drought was also resulted in the increased accumulation of amino acids and organic acids in 

chickpea. There are two reasons behind this increase in accumulation. First, the accumulation of 

amino acids through a nitrogen feedback mechanism increases the transport of amino acids from 

phloem to nodules (Esfahani et al., 2014). Second, organic acids, such as malate and succinate, 

shutdown malate and succinate dehydrogenase activities. This N feedback mechanism is most 

common in the legumes through which nitrogen fixation is affected under drought stress. By contrast, 

Gil-Quintana et al. (2013) recently reported that local amino acid accumulation may occur prior to any 
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1.5 Biological nitrogen fixation for plant growth 

SNF is a plant-associated nitrogen fixation process, which is being carried out in legumes by rhizobium. 

In addition, free-living bacteria can also fix N by living in the plant root rhizosphere region. Examples 

of such bacteria are Azospirillum, Azotobacter and Bacillus (Steenhoudt & Vanderleyden, 2000; 

Kizilkaya, 2009). These two processes together are called biological N2 fixation (BNF). Some field 

experiments proved that BNF can provide 50-70 Tg of N annually in agriculture systems (Herridge et 

al. 2008). Through BNF, some grass species were reported to achieve sufficient N for maintaining plant 

growth (Boddey & Victoria. 1986; Morais et al., 2012). Recently Pankievicz et al. (2015) showed that 

N acquisition of plants via BNF can support more robust plant growth than control plants that were 

inoculated with a non-nitrogen fixing bacteria Their study was focused on the contribution of BNF to 

the growth promotion of Setaria viridis, a model C4 grass which forms an associative interaction with 

N-fixing Azospirillum brasilense. Plants inoculated with N-fixing A. brasilense under N-limited 

conditions showed a 24% shoot dry weight, a 28% root length and a 38% lateral root number increase 

higher than the control plant inoculated with a non-N fixing bacteria Moreover, inoculated plants 

produced a higher seed yield. Fixed N was found to be used by plants for RuBisco synthesis and 

photosynthesis. It was also shown that an increase in CO2 fixation correlates with increased BNF in 

inoculated plants. This study strongly emphasized that under an N-limited soil environment, efficient 

BNF would certainly enhance N assimilation and support plant growth through CO2 fixation, sugar 

accumulation and photosynthesis. N is essential for RuBisco, chlorophyll and nucleic acid synthesis 

(Karim et al., 2016). Hence, crop management which can enhance SNF is proposed as a natural 

resource management practice which can avoid the need of N fertilizer. Esfahani et al. (2014) reported 

that Mesorhizobium cicer-inoculated chickpea, which had higher nodule numbers and nitrogen 

fixation rates, also showed a significant increase of shoot and root dry weight, N fixing gene expression 

(nifH, nifD and nifK), malate content and soluble proteins as compared to less nodulated plants. 

Moreover, the selection of suitable nodulating rhizobia as well as the development of a microbial 

consortium for the host plant which would involve co-inoculating plants with plant growth 

rhizobacteria (PGPR) such as Bacillus subtilis, Paenibacillus polymyxa, Azospirillum brasilense and 

Azotobacter vinelandii, would provide the plant with multiple mechanisms to support plant growth. 

The availability of metabolites for plant growth and development would also be achieved with this 

two-pronged strategy (Larrainzar et al., 2009; Annapurna et al., 2013). These studies suggest that 

enhancing the nodulation and N fixation efficiency in legumes may help for sustainable plant growth 

production under changing climatic conditions.  

 

 



http://en.wikipedia.org/wiki/Glycine_(plant)
http://en.wikipedia.org/wiki/Phaseolus
http://en.wikipedia.org/wiki/Vigna
http://en.wikipedia.org/wiki/Meristem
http://en.wikipedia.org/wiki/Pisum
http://en.wikipedia.org/wiki/Medicago
http://en.wikipedia.org/wiki/Trifolium
http://en.wikipedia.org/wiki/Vicia
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Rhizobia in the root cortex can adapt to the endosymbiotic life cycle of plant cells and start gaining 

usable N from the environment. In certain legume-rhizobial symbioses, bacteroids become non-

cultivable polyploids and undergo cellular differentiation rather than multiplication (Kondorosi et al., 

2013; Mergaert et al., 2006). Similar results were reported in the symbiosis between the legume M. 

truncatula and the bacterium S. meliloti where bacteroid differentiation was provoked by nodule 

cysteine rich peptides (NCR) which are specifically expressed in rhizobium-infected symbiotic cells 

(Farkas et al., 2014; Van de Velde et al., 2010). In M. truncatula, more than 500 nodule-specific 

cysteine rich coding peptides have been identified as participating in the symbiotic interaction (Durgo 

et al., 2015). Among them, NCR247 is known to arrest bacterial cell division and promote cell 

elongation. Farkas et al. (2014) noted that S. meliloti-inoculated M. truncatula, which has a functional 

NCR247, produced elongated pink N-fixing nodules like wild-type strains. Rhizobia usually multiply in 

the non-dividing youngest cells below the meristem (non-N2 fixing rhizobial cells) and only 

differentiate in the nitrogen fixation zone to become N2 fixing bacteroids. Therefore, this suggests that 

bacteroid differentiation could help to increase N-fixing activity rather than only multiplication. 

However, drought stress may induce a wide range of protease activities which cause the degradation 

of functional bacteroid proteins and a consequent reduction nitrogenase activity (Pierre et al., 2014; 

Pladys & Vance, 1993). Moreover, drought stress may also induce ROS levels which in turn affect the 

N fixation by causing oxidative damage to bacteroids (Clement et al., 2008). A visual diagnosis of 

senescence can be made by observing nodule colour changes (pink to green or brown), which indicates 

the degradation of haemoglobins (Roponen, 1970), and when the senescence is more advanced, 

symbiosome membrane disintegration (Timmers et al., 2000). Benefits of N fixation during pod filling 

has been shown in many legumes to help improve seed protein levels and is suggested by several 

researchers that extending the nodule activity and delaying the senescence could play an essential 

role in increasing the crop productivity and yield (Merbach & Schilling, 1980; Bethlenfalvay & Phillips, 

1977; Van de Velde et al., 2006).    
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nodule initiation does not occur while active nodules cease N fixation and begin to senesce (Puppo et 

al., 2005). However, it has also been reported that nodules may still fix N2 to a limited extent during 

seed maturation which results in an increase in seed protein content (Merbach & Schilling. 1980). The 

major consequence of nodule senescence is a wide range of uncontrolled proteolytically-mediated 

degradation reactions affecting larger-sized proteins such as N fixation proteins (nif) and symbiosome 

membrane proteins (Pladys & Vance. 1993; Berrabah et al., 2014). Besides lb degradation, N2 feedback 

regulation and the liberation of free iron (Fe2+) would also cause rapid senescence and programmed 

cell death (PCD) in bacteroids by increasing ROS levels (Lampl et al., 2013). 

 

1.9 Response and function of protease activity in various plant growth activities during 

natural and stress-induced nodule aging  

During the natural nodule aging process, large scale protein remobilization occurs through 

aproteolytic process. Among other proteases, cysteine, serine and aspartic proteases are involved 

predominantly in the removal of misfolded or degraded proteins in the nodule and remobilization of 

nutrients (Malik et al., 1981; Drake et al., 1996; Cercos et al., 1999; Puppo et al., 2005). After protein 

degradation, the released amino acids can be used for de novo protein synthesis (Fig. III). It has been 

previously reported (Groten et al., 2006) that there are two major proteases involved in nodule 

senescence: i) cysteine proteases and ii) serine proteases (Trypsin-like/Subtilisin-like). Wyk et al. 

(2014) reported that 14 weeks after the rhizobial inoculation of soybean, almost 80% of the cysteine 

protease gene family exhibited greatly enhanced expression compared to the expression levels in the 

early stages of nodule development. A possible consequence of proteolysis associated with nodule 

senescence is enhanced plant survival through nutrient remobilization. However, uncontrolled 

proteolytic activity is deleterious for nodules and plants as it may prematurely affect the N fixation 

and nodulation process by degrading key N fixing enzymes and co-factors. This scenario of early 

nodule senescence in M. truncatula being linked to overexpression of papain and legumain-like 

proteases was demonstrated by Pierre et al., (2014). The identified genes which code papain and 

legumain proteases are MtCP6 (cysteine protease) and MtVPE (vacuolar processing enzyme) 

respectively (Pierre et al., 2014).  Through transcript profiling analysis in M. truncatula, these two 

genes were also found to be rapidly induced at the onset of developmental nodule senescence. MtVPE 

was shown to be also induced during the early stages of nodule development. Toluidine blue stained 

M. truncatula nodules where cysteine protease and papain protease genes were knocked down 

exhibited a small senescence zone and elongated nitrogen fixation zone. Similar results were observed 

in the transcriptomic analysis of soybean nodule developmental stages where the MtVPE genes (of 
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which there are 6) were found to be highly expressed in 14-week-old senescing nodules but were not 

expressed in the early stages of senescence (Wyk et al., 2014). In an experiment with M. truncatula 

papain and legumain protease knock-out lines, only small senescence zones and elongated nitrogen 

fixation zones were observed. As a result, longer nodule lengths and a higher nitrogenase activity were 

observed in M. truncatula (Pierre et al., 2014).  This study indicates that these proteases are involved 

in controlling nodule senescence. The involvement of these two proteases in inducing nodule 

senescence was further demonstrated in M. truncatula where overexpression of MtVPE and MtCP6 

genes in zone III (Mergaert et al., 2003) resulted in an elongated senescence zone and caused early 

nodule senescence. As a result, the cumulative N fixation was reduced and nodule lengths were 

shortener in the overexpression lines (Fricker & Meyer, 2001; Li et al., 2008). The symbiosome is 

known as a form of a lytic compartment because of the presence of nuclease, vacuole phosphatase 

and protease activities in the peribacteroid membrane (PBS). Pierre et al. (2013) reported that PBS is 

acidic at the interface of the N2-fixing and senescence zones where the optimum environment is 

provided for papain and legumain protease activity. Because of the direct delivery of proteases into 

the PBS, symbiosome degradation begins immediately and leads to the disruption of the symbiotic 

interaction between M. truncatula and S. meliloti.  

The negative effects of uncontrolled proteolytic activity were also previously reported in Astragalus 

sinicus where a nodule-specific cysteine protease, AsNOD 32, was silenced in an RNAi background. As 

a result, a shortened senescence zone was observed in nodules 45 and 60 days post inoculation. The 

RNAi AsNOD 32 plants showed a visible phenotypic difference including greener, healthier leaves than 

control plants. Interestingly, in situ microscopic analysis proved that greater bacteroid nucleoid 

fragmentation was detected in the symbiosome of wild type (WT) plant nodules as compared to the 

RNAi plants. This is due to the cysteine protease activity (Li et al., 2008). In addition to cysteine 

proteases, serine proteases (SP) are also one of the largest groups of proteolytic enzymes which 

possesses a serine residue at their active site. It has been reported that trypsin and subtilisin-like 

serine proteases are strongly expressed during the early stages of nodule development in Lotus 

japonicus (Takeda et al., 2012; Kusumawati et al., 2013). 
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1.12 Interaction of serpins with proteases and the involvement in programmed cell death 

and homeostasis 

Atserpin1 was shown to interact with and inactivate the papain-like proteases responsive to 

desiccation (RD1) and Atmetacaspases (AtMC9). Vercammen et al. (2006) reported that a suicide 

inhibitor of AtMC9, which regulates the programmed cell death (PCD), might have been controlled by 

the interaction of Atserpin1. Another important interaction of Atserpin1 with the papain-like protease 

RD1 was shown to control PCD in Arabidopsis leaves. Plant vacuoles are at the centre of the PCD 

process and where RD1 localization was identified in Arabidopsis. Detached leaves from a line of wild 

type Arabidopsis containing overexpressed Atserpin1HA (hemagglutinin epitope-tagged) and leaves 

from mutant lines were inoculated individually with Sclerotinia sclerotiorum (a plant pathogen) and 

Botrytis cinerea (a common necrotroph). The decay spot diameter and ROS levels of all leaves was 

observed. Interestingly, the overexpressed Atserpin1 and mutant RD1 lines showed much smaller 

decay diameters than the wild type and atserpin1 (lack in serpin1 expression) mutant lines. Similarly, 

the rapid decline of ROS levels was noted in lines with overexpressed Atserpin1 and mutant RD1 genes 

than the wild type and Atserpin1 mutant lines. This study confirms that inhibition of papain-like RD1 

proteases controls PCD through interaction with AtSerpin1 (Vercammen et al., 2006). 

 

 

 

1.13 Expression and localization of serpins in plants 

Initial studies of serpins and their expression were carried out in vegetative and grain tissues of barley 

by Roberts et al. (2003). They observed the expression of the Serpins BSZx, BSZ4 and BSZ7 in the 

meristems and vascular tissues of roots and embryonic leaves Arabidopsis thaliana Atserpin1 was 

extensively studied for its expression and localization in the endoplasmic reticulum (ER), cytoplasm 

and vacuoles. These results were further corroborated by subcellular fractionation which showed an 

increased endogenous serpin content in the cytoplasm of overexpressed Atserpin1 cells as compared 

to the wild type. Serpin expression was found in all organs, particularly in the lateral root, root 

elongation zone and root hair zone except in the pollen. Some Arabidopsis serpins, such as At2g26390 

and At1g47710, were found to be significantly upregulated under salt and cold stress (Zimmerman et 

al., 2004; Lampl et al., 2010). In M. truncatula, 28 serpin genes were identified through whole genome 

sequencing. Based on the number of hits and expression index of recent microarray data (the M. 

truncatula gene expression atlas) produced by the Nobel foundation 

(http://mtgea.noble.org/v3/search_result.php?s=201501), 8 out of 28 genes in the nodules and 24 

out of 28 genes in the roots of M. truncatula are identified as highly expressed at 28 dpi (Unpublished 

http://mtgea.noble.org/v3/search_result.php?s=201501
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the nodule from heme- containing proteins like Lbs. As discussed above, this Fe ions can react with 

H2O2 and increase the ROS accumulation and subsequent nodule senescence (Briat & Lobreaux. 1997; 

Ravet et al., 2009). On the other hand, iron homeostasis in plants is achieved by the actions of 

transport and storage mechanisms. The transport of iron is mediated by iron transporters in the 

nodule. Rodriguez-Haas et al. (2013) reported that transported iron was released into the apoplast of 

the infection zone (Fig. II) from the vasculature. The final delivery of this iron into the symbiosome is 

carried out by infected cells in order to synthesize ferroproteins. Plants can recover some of this iron 

during the senescence stage for flowering and seed maturation.  

 

 

 

 

 

 

Fig. IV. Generation of reactive hydroxyl radicals through the Fenton reaction. Liberated free iron 

reacts with H2O2 and produces highly reactive hydroxyl radicals (Figure copied from Prousek, 2007). 

 

1.16 Reactive oxygen species (ROS) in natural aging and stress-induced senescence  

ROS is a by-product from the metabolism of oxygen-peroxidases which are involved in cell signalling 

and the oxidative process. Superoxide anions and H2O2 are generated through photosynthesis and 

respiration in plants. Drought stress can cause enormously elevated levels of these superoxide anions 

and H2O2, and thereby cause oxidative damage in the plant organs. ROS in plants also play a positive 

role by acting as secondary messengers for the synthesis of plant hormones such as auxin, abscisic 

acid (ABA) and ethylene (Noctor et al., 2002; Pei et al., 2000; Moeder et al., 2002). A certain amount 

of ROS accumulation helps powerful cell signalling cascades underpinning the development of 

embryonic axes, lateral root formation, leaf expansion and coleoptile growth (Joo et al., 2001; 

Foreman et al., 2003). Foreman et al. (2003) proposed that root hairs are the first site for rhizobial 

infection and ROS regulate root hair growth through the activation of calcium channels. Abscisic acid 

(ABA) is synthesized more in root and leaf tissues when nodulating plants are under stress. In a 

reduced water potential state, ABA is translocated to the leaves where it rapidly alters stomatal guard 
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cells causing them to shrink. As the stomata close, transpiration is reduced and further water loss from 

the leaves is prevented (Steuer et al., 1988). During natural nodule aging the synthesis of ROS through 

the Fenton reaction may act as a signalling mechanism to regulate hormones involved in flowering 

and seed development. However, under stress conditions early degradation of Lb would liberate 

excess free iron that could potentially react with hydroxyl radicals and cause excessive ROS 

accumulation in the symbiosome membrane and the bacteroids (Tang et al., 2017). Under such 

conditions, nodules and associated bacteroids may be subjected to severe oxidative damage leading 

to early senescence (Delaat et al., 2014). Puppo et al. (2005) proposed a model of regulation of 

senescence-inducing signals involved in ROS accumulation and proteolytic mediated PCD. Free iron 

accumulation and uncontrolled proteolytic activity are the two major negative factors that cause 

oxidative damage to bacteroids in response to drought stress (Fig. V). 

 

Fig. V. Possible role of senescence-induced regulation of iron homeostasis and protease - mediated 

programmed cell death (PCD). Signals induced by plant-derived senescence affect N2 fixation by 

disturbing the symbiosome membrane. Under stress, senescence associated signals induce proteolytic 

activity and cause catalytic iron release. This iron will further react with hydroxyl radicals and disrupt 

the symbiosome membrane. The increased levels of ROS would also cause DNA fragmentation, which 

culminates in PCD (Figure copied from Puppo et al., 2005).   
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1.17 Ferritins and their involvement in iron scavenging 

Ferritins are 24-mer iron scavenging proteins which can accommodate ~4000 iron atoms. Plant 

ferritins are significantly regulated by excess iron. As discussed above, environmental stresses like 

drought, salinity, and high temperatures can cause the liberation of free iron radicals (Fe2+) which 

cause oxidative damage to bacteroids and trigger early nodule senescence. Therefore, ferritin is a 

potential damage-limiting factor expressed by plants to scavenge the excess of free iron molecules. 

Several transcriptomic studies of gene expression in the leaves of Arabidopsis have identified ferritin 

encoding genes which are associated with senescence (Gaymard et al., 1996; Bhalerao et al., 2003; 

Wollaston et al., 2003). Petit et al. (2001) reported that there are 4 different ferritin proteins 

expressed in Arabidopsis, and their expression is stimulated by different factors. Atfer1, Atfer3 and 

Atfer4 are induced by an excess of iron and Atfer2 is regulated by abscisic acid (ABA). In addition, 

Atfer1 is also induced by H2O2 in Arabidopsis. In legume nodules ferritins are reported to be localized 

in the amyloplasts and plastids (Lucas et al., 1993). 

Control of ferritin expression depends on iron concentrations in the cytosol. Under low iron 

availability, repressors inhibit the transcription factors which are bound with iron-dependent 

regulatory sequences (IDRS). This binding leads to the inhibition of the positive regulation of ferritin 

transcription. Under high iron availability, ubiquitination and proteasome-dependent degradation of 

the repressors occurs after a nitrous oxide (NO) burst originates in the plastids. Concurrently, PP2A 

phosphatase activity causes the de-phosphorylation of repressors and consequently the de-repression 

of ferritin gene expression. After transcripts are produced, ferritin precursor polypeptides are 

synthesized through translation and transported to plastids where they undergo assembly to the 24-

mer ferritin protein (Fig. VI) (Briat et al., 2010).  
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Fig. VI. Schematic regulation of ferritin in Arabidopsis depending on iron availability. Under low Fe 

availability, repressors bind with iron dependent regulatory sequences (IDRS) and prevent 

transcription. At high iron concentrations, nitrous oxide mediated cell bursts occur in the plastids and 

subsequently the derepression of ferritin expression is affected by protein phosphatase (PP2A). (Figure 

copied from Briat et al., 2010) 

The interaction between iron homeostasis and oxidative stress was well described by Ravet et al. 

(2009). The authors knocked out 3 ferritin genes expressed in the vegetative organs and reproductive 

tissues of Arabidopsis and then characterized the mutant plants. An Atfer2 knock-down mutant was 

also developed. As Atfer2 is known to be expressed only during seed germination, research with this 

mutant demonstrated that ferritin2 protects the seed from free iron-mediated oxidative damage but 

does not store the iron for plant development. Triple knock-down mutant (Atfer1, Atfer3 and Atfer4), 

35S::Atfer1 (overexpressing line with 35S promoter background) and wild type lines were grown for 

50 days under normal water irrigation and 2mM FeEDDHA. In this experiment, the dry matter, 

photosynthesis rate and quantum yield of photosystem II were measured. None of the lines showed 

any difference in dry matter until the 30 days after sowing, but the triple mutant exhibited a drastic 
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In the case of ferritins, Kang & Udvardi, (2012) reported that drought stress induces the expression of 

ferritin more rapidly in alfalfa nodules. Moreover, ferritin mRNAs were found to be expressed at a 2-

fold higher level than other gene families in soybean nodules under drought stress (Yamaguchi et al., 

2010; Clement. 2008). A recent study by DeLaat et al. (2014) examined levels of ferritin transcripts in 

the leaf tissue of three common bean cultivars. The study found that three ferritin proteins (Pvfer1, 

Pvfer2 and Pvfer3) were actively transcribed in an intracellular environment of iron excess caused by 

drought stress. However, temporal expression and involvement of ferritins in reducing iron toxicity in 

nodules is yet to be demonstrated. 

 

1.19 Medicago truncatula as a model plant for legume-rhizobium symbiosis 

M. truncatula is used as a model plant for studying legume-rhizobial symbiosis, functional genomics, 

proteomic studies and functional physiology because of its fast tissue regeneration capacity, ease of 

transformation, reproductive self-compatibility and small diploid genome. Among many genotypes of 

M. truncatula, Jemelong A17 is widely used for functional physiological studies while R108 is used for 

transformations because of its fast tissue regeneration capacity. These two genotypes, however, differ 

in their response to various environmental stresses (Wang et al., 2014; Branca et al., 2011; Ellwood et 

al., 2006; Rodriguez-Celma et al., 2013).  
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1.20 Concluding statement 

Legumes are grown agriculturally both for human and stock feed and to aid sustainability in crop 

rotations through their N-fixing ability. Legumes are classified into two broad types: i) grain legumes 

for human and animal consumption, and for the production of oils for industrial use, e.g. beans, lentils, 

lupins, peas, and peanuts; ii) forage legumes for livestock feed such as alfalfa and clover. 

Legume plants are a well-known source of nitrogen supply to the symbiotic host through the action of 

SNF. During the senescence of host tissues, the N from SNF may be transferred to soil and other crops. 

Enhancement of the symbiotic potential in legumes is an essential strategy for sustainable agricultural 

production. Moreover, the importance of nitrogen fixation in global environmental conditions has 

been considered. Studies on improving the symbiotic performance of legumes are being focussed 

currently by several researchers to improve the productivity of economically valuable crops such as 

legumes and eliminate the use of synthetic nitrate fertilizers. It has been identified in agriculture 

systems that legume-rhizobial symbiosis confronts two major issues: SNF suppression by leached N in 

felid soil and drought stress, and drought-induced early nodule senescence. The addition of nitrate 

fertilizer or an available leached field N can reduce the SNF process by affecting the resistance of O2 

diffusion in nodules. In addition, drought stress, which is a major constraint for legume-rhizobial 

symbiosis, can affect the SNF by increasing the amino acid and ureides loading in nodules. However, 

this effect may vary from plant to plant depending upon the symbiotic response to external N and 

drought stress. Recent studies reported that M. truncatula genetic backgrounds, Jemalong A17 and 

R108, show differential variations to aluminum toxicity, salt stress, iron deficiency and drought stress 

(Wang et al., 2014; Luo et al., 2016). Hence, it is speculated in this study that these genetic 

backgrounds may also differentially respond to external N treatment on SNF suppression.  

A reduction of SNF can also take place if a plant nodule precedes to senesce where nitrogen-fixing 

bacteroids die. In legumes, nodule senescence is a developmental process which is programmed to 

remobilize nutrients when a plant ages (Puppo et al., 2005). At this stage, nitrogen fixation may be 

reduced but it will not completely cease until seed packaging begins as seed proteins require N. This 

natural senescence process begins by the induction of senescence-related signals through signal 

transduction. Under drought, symbiotic interaction between the legume host and the rhizobial 

symbiont is constrained due to the early initiation of the breakdown of nodule proteins, degradation 

of bacteroids and the consequent senescence process. In M. truncatula nodules, drought causes early 

nodule senescence through the enhancement of uncontrolled proteolytic activity and iron-mediated 

ROS accumulation (Delaat et al., 2014; Pierre et al., 2014). However, plant nodules were identified to 

involve protease inhibitors like serpin and cystatins as a controlling factor to limit protease-mediated 

cell death. Among the protease inhibitors, serpins are known to interact with papain and legumain 

http://en.wikipedia.org/wiki/Bean
http://en.wikipedia.org/wiki/Lentil
http://en.wikipedia.org/wiki/Lupin
http://en.wikipedia.org/wiki/Pea
http://en.wikipedia.org/wiki/Peanut
http://en.wikipedia.org/wiki/Alfalfa
http://en.wikipedia.org/wiki/Clover
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proteases and would therefore be considered as an important factor in the control of protease-

mediated cellular damage. Lampl et al. (2013) reported that AtSerpin1 is involved in controlling the 

proteolytic (papain RD1 protease and legumain like caspase1) mediated PCD and necrotrophic 

mediated PCD induced by fungal pathogens. A transcriptomic study in wheat (Vensel et al., 2005) 

revealed that serpins are induced at higher levels under drought as a defensive shield to protect 

storage proteins from digestion. Localization of serpin was previously observed in the ER, protoplast 

and cytoplasm (section 1.13). However, the expression of serpins in nodules and their involvement in 

the nodule senescence process are not known. Iron mediated ROS damage in nodules could be the 

result of Lb degradation under drought stress. As discussed above (Section 1.15), an excess of free 

iron is always harmful for cellular activity since it produces deleterious ROS through the Fenton 

reaction (Fig. IV) (Kang & Udvardi 2012). Iron scavenging by ferritin would only be an effective 

controlling factor for excess iron-mediated ROS increase since plants do not have another alternative 

source for capturing the free Fe ions liberated during drought stress. Ferritin is a protein which can 

accommodate ~4000 iron atoms in its central cavity. Previous localization studies in Arabidopsis 

reported that ferritin localizes to plastids and amyloplasts (Ravet et al., 2009) and captures free Fe 

ions released in cells.  

Considering the importance of SNF in legumes, improved knowledge of the physiological factors that 

affect and determine the performance of the symbiosis would be extremely useful. This study begins 

this investigation by elucidating the physiological and molecular responses of the M. truncatula- E. 

meliloti symbiosis to external N fertilizer treatment and drought stress. Having known the functional 

attributes of serpin and ferritins, this study also gives insight into investigating the mechanisms 

involved in the drought-induced nodule senescence process. 
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1.21 Hypotheses 

Considering the context of this research, the two following hypothesises were formulated:  

1. The M. truncatula genetic backgrounds, Jemelong A17 and R108, may differentially suppress SNF 

in response to external N fertilizer treatment under well-watered and drought conditions. 

Difference discovered between those two genotypes may reveal how SNF suppression is 

regulated and the benefit of SNF.  

2. M. truncatula may initiate nodule senescence in the early stages of growth limitation in adverse 

conditions such as drought stress but regulate the process of senescence by involving serpin and 

ferritin to maintain residual SNF for longer than in an uncontrolled senescence process and 

increase the ecological fitness of the plant. 

 

1.22 Research objectives 

To test the first hypothesis, the following three objectives were developed:   

1. Investigate the symbiotic characteristics of M. truncatula Jemelong A17 and R108 and the 

impact of SNF on plant growth by comparing non-N fixing mutants under N limitated 

conditions. 

2. Determine the suppression of SNF by external N treatment in two different genotypes, 

Jemelong A17 and R108, under well-watered and drought conditions.  

3. Investigate and decipher the impact of SNF/N fertilizer on plant growth under drought 

stress by evaluating drought tolerant genes.  

To test the second hypothesis, the following 4 objectives were formulated: 

1. Determine the changes in the physiological and nodule activities of SNF-dependent M. 

truncatula in response to drought stress and the biological relevance of SNF on plant 

growth. 

2. Investigate the key features of drought-induced nodule senescence such as proteolytic 

activity and excess iron levels. 

3. Identify the expression of key serpin and ferritin genes in nodules in response to drought 

stress and generate RNAi knock down lines to investigate the effects of the loss of 

function. 
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4. Knock down serpin and ferritin genes in nodule and investigate the effects on proteolytic 

activities and changes in iron levels in order to make inferences about the regulation of 

the nodule senescence process under drought. 
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2.1.3 E. meliloti inoculation for nodule formation 

E. meliloti cells were cultured for 16 h and showed an optical density of 0.5 at 565 nm without dilution. 

The cells were harvested by centrifugation and resuspended in sterile water. Two days after M. 

truncatula seedlings had been sown into pots, 1 ml of the harvested E. meliloti culture was injected in 

the soil near the rhizospheric region of each plant using a sterile micropipette. For uninoculated 

control, Jemalong A17 genotype was used for all the experiments. Uninoculated treatment pots were 

instead inoculated with sterile distilled water.  

 

2.1.4 Measurement of field capacity (FC) 

Potting mix comprised of 50% vermiculite, 30% perlite and 20% sand was packed into pots constructed 

from plastic piping (50 cm L x 13 cm W), fitted with a tubular plastic film liner and well saturated with 

distilled water. After complete saturation the pots were kept overnight to drain excess water from the 

potting mix. The next day, the potting mix from all the pots was emptied into trays which were placed 

in a hot air draft herbage drying oven at 105OC for 2-3 days to dry completely. The mass of solids 

before and after drying was measured to calculate the water holding capacity after saturation and 

drainage overnight (FC) using the following formula as described by Samarah (2005): 

 

 

 

2.1.5 Water treatments 

This thesis has experiments that were conducted over two different time periods. The first group of 

experiments were conducted for a duration of 32 days, and the second group had durations of 72 

days. For the experiments that had a 72-day duration, two different soil moisture contents 95%, a 

well-watered condition  and 70%, a moderate drought stress (Yousfi et al., 2016) were maintained 

beginning from 30 days post inoculation (dpi) with E. meliloti. For the well-watered treatments, pots 

were watered every other day to bring the soil moisture content to 95% FC. For the drought 

treatments, pots were left unwatered from 30 dpi until the soil moisture fell to 70% FC. Thereafter, 

pots were weighed daily. Water was added to replace evapotranspiration and bring each pot back to 

the desired % of FC. Both water regimes were maintained for another 42 days. Plants were uprooted 

at different time points, washed with sterile distilled water and then used for further analysis. For the 

                        Mass of solids at field capacity - Mass of oven dried solids 

                                           Mass of oven dried solids 

  

Field capacity = X 100 
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experiments that had a 32days duration, water was withheld completely at 20 dpi for 12 days to 

impose the drought treatment. For the well-watered control treatment, plants at 20 dpi were well-

watered for the same 12 day period. A list of experiments used in this study are as follows: 

Table 1. List of experiments with duration and sampling time points. 

Experiments Duration Sampling time point for 

various measurements 

1 72 days 10, 15, 20, 25, 30, 35, 60 and 

dpi. 

2 72 days  14, 25 and 42 days after well-

watered (DAT+W) and drought 

stressed treatments (DAT-W) 

from at 30 dpi. 

3 32 days  20, 26 and 32 dpi well-watered 

and drought stressed plants  

4 32 days 20, 26 and 32 dpi well-watered 

and drought stressed plants 

5 32 days 20, 26 and 32 dpi well-watered 

and drought stressed plants 

6 72 days 0, 7, 14, 25, 37, and 42 days 

after drought stressed (DAD) 

and control plants (well-

watered) from at 30 dpi 

7 32 days 0, 6 and 12 days after drought 

stressed (DAD) and control 

plants (well-watered) from at 

20 dpi 

 

 

2.1.6 Physiological characterization 

Leaf water potential was measured at each harvesting time point using a Wescor HR 33T Dew-point 

microvolt meter (Wescor Inc, USA). During the dark period, 6 mm diameter leaf discs from fully 

expanded leaves were cut from 4 plants of each treatment and kept in psychrometer chambers for 
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2.1.8 Nitrogenase activity measurement by acetylene reductase assay (ARA) 

At each time point, the ARA method was followed to determine nitrogenase activity in nodules as 

described by David et al. (1980). For each sample, 100 mg of nodules were detached from the roots 

and placed in a 6 ml tube.  The tube was closed with an air tight rubber stopper. Acetylene (0.6 ml, 

98% pure) was injected into Gas chromatography using a sterile syringe to reach a 10% final 

concentration and the samples were incubated for 1 hour at 22OC. After incubation, 1 ml was injected 

into a GS-8A Gas chromatograph (Shimadzu, Japan). All samples were run at attenuation 16 and the 

total area of the ethylene peak (40 sec. retention time) was calculated. For the ethylene standards, 

samples of 0.0038, 0.338, 3.386, 33.868, 338.68 and 3386.8 nM of ethylene gas were prepared in 

sterile air-tight tubes of 6 ml volume. A 1 ml sample from each standard was injected into the gas 

chromatograph, and the total ethylene peak area was measured. The peak area of ethylene from each 

sample was converted to nM/µM of C2H4 produced/hr/g FW.  

 

2.1.9 Experimental set up for N fertilizer treatments in Chapter 4 

Seeds were germinated as described above and sown in prepared potting mix (2.1.1). Plants were 

treated with unlabelled or 15N labelled N fertilizer and inoculated with or without E. meliloti as 

mentioned in the following table: 

 

Table 2. Experimental setup for N fertilizer treatments in chapter 4. 

Experiments Treatments Rhizobium 

(E.meliloti) 

inoculation  

Watering N fertilization 

(Potassium 

nitrate) 

Experiment 3 1 + + - 

2 - + - 

Experiment 4 1 + + + (15N isotope 

labelled) 

2 + - + (15N isotope 

labelled) 

3 - + + (15N isotope 

labelled) 

http://www.ncbi.nlm.nih.gov/pubmed/?term=David%20KA%5Bauth%5D
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Chapter 3 

A serpin and two ferritins are induced by drought in M. truncatula nodules 

 

3.1 Introduction 

The efficacy of SNF varies depending upon the host, host-rhizobial specificity and the symbiotic 

interaction. Each legume has its own specific rhizobial partner for symbiotic processes (Westhoek et 

al., 2017). Therefore, identifying suitable host-rhizobial partners and determining the symbiotic 

characteristics are important aspects in legume-rhizobial symbiosis and molecular studies. Nitrogen 

fixing nodules undergo various developmental stages such as the initial rhizobial infection into the 

root cortex, rhizobia multiplication and bacteroid differentiation, nodule development, nitrogen 

fixation and senescence. Nodule senescence is either part of the natural ageing process of a plant or 

it can be an induced process in a plant in response to biotic or abiotic stresses (Van de Velde et al., 

2006). Natural nodule senescence coincides with a wide range of proteolytic activities which are 

essential to remove damaged or unfolded bacteroid and nodule proteins. However, this proteolytic 

activity might be induced at high intensity by the plant in response to drought stress and as a result, 

nodule senescence might be induced rapidly because of the degradation of functional nodule proteins. 

This senescence process could therefore, lead to bacteroid degradation and nitrogenase activity 

reduction (Pladys & Vance, 1993; Wyk et al., 2014). Pierre et al. (2014) described that increases of 

papain and legumain protease activity causes early nodule senescence in M. truncatula. Furthermore, 

uncontrolled proteolytic activity would also degrade leghaemoglobins and release toxic iron which in 

turn causes oxidative damage to bacteroids through deleterious ROS production (Delaat et al., 2014). 

However, plants have their own mechanisms to control proteolytic activity and excess iron- based ROS 

toxicity such as protease inhibitors and iron scavengers. Serpins are highly abundant protease 

inhibitors which are known to inhibit endoproteases such as cysteine and serine proteases (Fluhr et 

al., 2012; Alvarez-Alfageme et al., 2011). It has been shown in Arabidopsis thaliana that a serpin, 

Atserpin1, inhibits the activity of cysteine proteases and rescues the leaves from programmed cell 

death. To control iron toxicity, ferritin has been proposed as a key controlling factor by several studies 

(Gaymard et al., 1996; Bhalerao et al., 2003; Wollaston et al., 2003). Ravet et al. (2009) reported that 

ferritin can accommodate approximately 4000 iron atoms in its central cavity to reduce toxic damage 

in A. thaliana leaves.  

This study investigates the characteristics of M. truncatula symbiotic interactions with E. meliloti and 

hypothesizes that serpins and ferritins may be expressed in M. truncatula nodules during nodule 
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senescence in response to stress conditions such as drought. I used herein the M. truncatula-specific 

rhizobium E. meliloti and studied symbiotic performance and gene expression in M. truncatula 

Jemalong A17 genotype.  
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Fig. 2. Growth and symbiotic attributes of M. truncatula (a) 20 days old E. meliloti inoculated M. truncatula 

plants grown under N limited conditions and (b) nodule nitrogenase activity and nodule count. Red circles 

indicate the nodules. NFW denotes nodule fresh weight. Values are the means of three biological replicates 

and error bars represent the standard error of the means.  

 

3.2.3 Effects of E. meliloti inoculation on M. truncatula plant growth 

SNF fixation is a requirement of SNF-dependent legume growth (Remans et al., 2008; Mus et al., 2016). This 

study hypothesizes that nitrogen fixation in the M. truncatula - E. meliloti symbiosis affects plant growth when 

grown in an N-free growth condition. To determine the effect of nitrogen fixation on M. truncatula growth, 

plants were grown in N-free conditions for 72 days with and without E. meliloti inoculation (Experiment 1, 

Chapter2). The photosynthetic rate, chlorophyll content and shoot biomass were measured. Results showed 

that N-fixing M. truncatula exhibited a significantly higher photosynthetic rate (3 fold) as compared to the 

uninoculated control. In the case of chlorophyll content, the results showed a 2 fold higher content than that 

of the uninoculated control. Moreover, we observed that these changes were found to be correlated with 

shoot biomass. As compared to the uninoculated control, the inoculated N- fixing plants showed a 5 fold higher 
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http://www.ncbi.nlm.nih.gov/nucleotide/357456592?report=genbank&log$=nuclalign&blast_rank=1&RID=HM2NW7DS016
http://www.ncbi.nlm.nih.gov/nucleotide/357465410?report=genbank&log$=nuclalign&blast_rank=1&RID=HM2NW7DS016
http://www.ncbi.nlm.nih.gov/nucleotide/357504792?report=genbank&log$=nuclalign&blast_rank=1&RID=HM2NW7DS016
http://www.ncbi.nlm.nih.gov/nucleotide/357465198?report=genbank&log$=nuclalign&blast_rank=1&RID=HM2NW7DS016
http://www.ncbi.nlm.nih.gov/nucleotide/357465378?report=genbank&log$=nuclalign&blast_rank=1&RID=HM2NW7DS016
http://www.ncbi.nlm.nih.gov/nucleotide/357521761?report=genbank&log$=nuclalign&blast_rank=1&RID=HM373U1R016
http://www.ncbi.nlm.nih.gov/nucleotide/357465390?report=genbank&log$=nuclalign&blast_rank=1&RID=HM373U1R016
http://www.ncbi.nlm.nih.gov/nucleotide/357466806?report=genbank&log$=nuclalign&blast_rank=1&RID=HM373U1R016
http://www.ncbi.nlm.nih.gov/nucleotide/357465302?report=genbank&log$=nuclalign&blast_rank=1&RID=HM373U1R016
http://www.ncbi.nlm.nih.gov/nucleotide/357465398?report=genbank&log$=nuclalign&blast_rank=1&RID=HM373U1R016


http://www.ncbi.nlm.nih.gov/nucleotide/357504780?report=genbank&log$=nuclalign&blast_rank=1&RID=HM373U1R016
http://www.ncbi.nlm.nih.gov/nucleotide/357466804?report=genbank&log$=nuclalign&blast_rank=1&RID=HM3P3UR8016
http://www.ncbi.nlm.nih.gov/nucleotide/357459140?report=genbank&log$=nuclalign&blast_rank=1&RID=HM3P3UR8016
http://www.ncbi.nlm.nih.gov/nucleotide/357456572?report=genbank&log$=nuclalign&blast_rank=1&RID=HM3P3UR8016
http://www.ncbi.nlm.nih.gov/nucleotide/357476198?report=genbank&log$=nuclalign&blast_rank=1&RID=HM3P3UR8016
http://www.ncbi.nlm.nih.gov/nucleotide/357521763?report=genbank&log$=nuclalign&blast_rank=1&RID=HM3P3UR8016
http://www.ncbi.nlm.nih.gov/nucleotide/357506140?report=genbank&log$=nuclalign&blast_rank=1&RID=HM4HZRB5016
http://www.ncbi.nlm.nih.gov/nucleotide/357492792?report=genbank&log$=nuclalign&blast_rank=1&RID=HM4HZRB5016
http://www.ncbi.nlm.nih.gov/nucleotide/357468556?report=genbank&log$=nuclalign&blast_rank=1&RID=HM4HZRB5016
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3.2.6 Screening of serpin and ferritin genes in root, nodule and leaf tissues 

As seen above, it was determined that M. truncatula has 28 serpins and 3 ferritins genes. Therefore, 

this study hypothesized that certain serpin and ferritin genes are expressed in M. truncatula nodules. 

To identify the serpin and ferritin genes which are expressed in the nodules, a reverse transcriptase 

PCR approach was used to amplify the cDNA of the genes. 

 

3.2.6.1 cDNA amplification of serpin and ferritin groups 

M. truncatula plants were grown for 30 days with E. meliloti and treatment of 95% field capacity (FC) 

of soil moisture content was maintained for another 42 days (days after treatment) (Experiment 2, 

Chapter 2). To identify the expression of serpin and ferritin gene groups in the nodule, root and leaf 

tissues of M. truncatula, reverse transcriptase PCR was used to amplify the groups (Fig. 4). At 14 and 

25 days after treatment (DAT), plant nodules were harvested and reverse transcriptase PCR was 

performed using the primers (Appendix 2). After 2 rounds of PCR amplification (60 cycles), S1, S2 and 

ferritin groups gave positive amplification in the nodule, root and leaf tissues, whereas other serpin 

groups did not show expression in any selected tissues except for the root tissue in serpin group 3 (S3) 

(Fig. 5). 

 

 

 

 

 

 

 

 

 

Fig. 5. Reverse transcriptase PCR of 7 serpin groups (S1-S7) and the ferritin group (F1) in well-

watered nodules, roots and leaves of M. truncatula at different days after treatment (DAT). Water 

treatment (Day 0) started at 30 dpi to keep the field capacity of soil at 95%. MtELF1 was used as a 

positive control. 
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3.2.6.2 cDNA amplification of individual genes  

We observed that the SG1 and SG2 serpin groups and the FG1 ferritin group from the 14 and 25 DAT 

nodules showed positive amplification. Therefore, to screen the individual genes in the nodules of the 

SG1, SG2 and FG1 groups, specific primers were designed for all the genes (Appendix 2). As mentioned 

above, 2 rounds of PCR were carried out for all genes in the plant nodules at 14 and 25 DAT. The PCR 

products of all positively amplified genes were confirmed by sequencing followed by a BLAST (Basic 

local alignment search tool) analysis. After the second PCR round (~after 60 cycles), among MtSer1, 

MtSer5, MtSer2, MtSer3, MtSer6 and MtSer7 from the S1 group, MtSer6 was found to be expressed 

at 14 and 25 DAT nodules while MtSer5 was expressed only at 14 DAT. From the S2 group, MtSer8, 

MtSer9 and MtSer10 were found to be expressed only at 14 DAT. Among 3 ferritins (MtFer1, MtFer2 

and MtFer3) MtFer2 and MtFer3 were found to be expressed at 14 and 25 DAT nodules while MtFer1 

was expressed only at 14 DAT (Fig. 6). Taken together, these results showed that MtFer1, MtSer2, 

MtSer5, MtSer6 and MtSer10 were expressed only at 14 DAT and MtSer6, MtFer2 and MtFer3 were 

expressed at 25 DAT in the nodules.  

 

 

 

 

  

 

 

 

 

 

 

 

 

Fig. 6. Reverse transcriptase PCR of 9 serpin genes (MtSer1, MtSer5, MtSer2, MtSer3, MtSer6, 

MtSer7, MtSer8, MtSer9 and MtSer10) and 3 ferritin genes (MtFer1, MtFer2 and MtFer3) in well-

watered nodules at 14 and 25 days after treatment (DAT). Water treatment (Day 0) was started at 

30 dpi to keep the field capacity of soil at 95%. MtELF1 was used here as a positive control.  
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3.2.7 Relative transcript abundance of serpin and ferritin genes in nodule under drought 
stress 

As 5 serpins (MtSer5, MtSer6, MtSer8, MtSer9 and MtSer10) and 3 ferritins (MtFer1, MtFer2 and 

MtFer3) were confirmed as positively expressed genes in the nodules of M. truncatula through PCR 

cDNA amplification (Fig. 3), the following study hypothesized that nodules might express serpin and/or 

ferritin genes in response to drought stress. The serpin and ferritin genes identified above were then 

selected to further investigate relative transcript abundance in nodules in response to drought stress 

(70% FC) at 25 and 42 DAT. M. truncatula plants were grown for 30 days with E. meliloti and two 

different soil moisture contents were maintained for another 42 days (Experiment 2, Chapter 2). Soil 

moisture contents were maintained at 75% FC (DAT-W) for drought treatment and at 95% FC (DAT+W) 

for well-watered control treatment (Chapter 2). Nodules from well-watered plants (95% FC) harvested 

at 25 and 42 DAT+W were used as a control. To determine the transcript abundance changes of the 

genes, the relative transcript abundance of each gene was studied using quantitative real time PCR as 

mentioned in Chapter 2. We observed that MtSer5 expression was unchanged in the 25 and 42 DAT-

W nodules as compared to control nodules (Fig. 7a). Interestingly, MtSer6 was found to be expressed 

18- and 25-fold higher at 25 and 42 DAT-W respectively as compared to the 25 DAT+W control nodules 

(Fig. 7b). Other serpin genes such as MtSer8, MtSer9 and MtSer10 were expressed only in control plant 

nodules but not in drought-stressed nodules (Fig. 7c,d,e). In the case of ferritins, a significant 

difference of MtFer1 expression was not seen in drought stressed nodules as compared to control 

nodules (Fig. 7f). However, MtFer2 expression was found to be 2.5- and 3.5-fold higher in the nodules 

at 25 and 42 DAT-W respectively as compared to the nodules in the control plants at 25 DAT+W (Fig. 

7g). Interestingly, MtFer3 expression was seen to be 3.5- and 8-fold higher in the 25 and 42 DAT-W 

nodules respectively as compared to control nodule at the same timepoints. It may be noted that 

expression of MtFer3 in the control nodules was 2.5-fold significantly higher at 42 DAT+W than 25 

DAT+W. Similarly, in drought stressed nodules, expression of MtFer3 was seen to increase to 7-fold 

higher at 42 DAT-W as compared to 25 DAT-W (Fig. 7h). To further confirm the genes which are 

expressed predominantly in nodules in response to drought, we performed a comparative expression 

analysis based on relative expression. Results showed that among 5 serpin genes and 2 ferritin genes 

chosen for analysis, only MtSer6 and MtFer3 showed a significant increase in expression in response 

to drought stress (Fig. 8a,b). It may also be noted that expression of these genes in nodule increases 

by days of plant growth. A heat map figure (Fig. 9) also confirms that among 28 serpin and 3 ferritin 

genes present in M. truncatula, only MtSer6, MtFer2 and MtFer3 genes are being expressed in nodules 

in response to drought stress. 
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3.3 Discussion 

The nitrogen fixation capability of legume nodules is sensitive to drought stress as the nodules were 

reported to be the first organ affected by drought (Marquez-Garcia et al., 2015). Under such a stress 

condition, nodules may undergo early senescence to avoid a plant investing more carbon or to 

remobilize protein rich nodule nutrients for plant growth recovery (Fenta et al., 2014; Guerra et al., 

2010). Major causes of early nodule senescence are both a wide range of proteolytic activity and 

excess iron toxicity according to previous studies (Pierre et al., 2014; Delaat et al., 2014; Ravet et al., 

2014). However, it has been shown in Arabidopsis thaliana that serpin can inactivate the cysteine 

proteases which cause cell damage, and ferritins can scavenge toxic irons which cause cellular 

homeostasis and PCD in plants. Therefore, I speculated that M. truncatula nodule may involve serpin 

and ferritin to control the proteolytic activity and excess iron release which causes early nodule 

senescence. To begin answering this question, I aimed to identify the key serpin and ferritin genes in 

the M. truncatula nodule expressed under drought stress.  

This chapter began with characterizing the symbiosis of M. truncatula- E. meliloti under N free 

condition. A study of symbiotic characteristics in the M. truncatula-E. meliloti association showed that 

at 14 dpi the first root nodules become visible and the number of nodules increased to reach ~35 per 

plant by 72 dpi. However, nitrogenase activity started at only 20 dpi and increased until 60 dpi. At the 

late plant growth stage (72 dpi), a sudden drop of nitrogenase activity was seen but there was no drop 

in nodule numbers (Fig. 2b). These results may be explained by the observation that that when a plant 

ages it may reduce nitrogenase activity due to N redundancy (plant senses sufficient N) as described 

by Soper et al. (2014). Nodules at this late stage may undergo senescence but not a complete 

shutdown of nitrogenase activity as flowering and seed development still requires N (Van de Velde et 

al., 2006). Nitrogen fixation in SNF-dependent plants is a major component for photosynthesis and 

plant growth as the fixation provides aminoacids required for RuBisCO synthesis (Kirizii et al., 2007). 

Results from this study also confirm that the SNF-dependent M. truncatula sustains its growth and 

photosynthetic rate in part by active N fixation (Fig. 3a, b). Environmental stress is an important 

limiting factor for nodule-rhizobia symbiosis in legumes which affects the nitrogen fixation by 

increasing ureides accumulation in nodule and nodule aging by increasing the proteolytic activity and 

iron toxicity (Marquez-Garcia et al., 2015; Van de Velde et al., 2006; Guerra et al., 2010). Under such 

stress, senescence associated genes (SAGs), such as protein kinases and cysteine proteases, were 

shown to be involved in stress-induced nodule senescence of M. truncatula (Guerra et al., 2010). In 

addition, plants may also have many defence and environmental stress-responsive regulatory genes 

in every organ, including nodules. Serpins and ferritins are gene families reported to be present in 

different organs of A. thaliana, M. truncatula, and Zea mays such as leaf, root, seeds etc. (Rustgi et al., 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20de%20Velde%20W%5BAuthor%5D&cauthor=true&cauthor_uid=16648219
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2017; Vercammen et al., 2006; Bournier et al., 2013; El-Yahyaoui et al., 2004; Thoiron et al., 1997). 

The present study showed that M. truncatula possess, 28 serpin genes and 3 ferritin genes and 

expresses 5 serpins (MtSer5, MtSer6, MtSer8, MtSer9 and MtSer10) and 2 ferritins (MtFer2 and 

MtFer3) genes in the nodule. As discussed above, induction of proteolytic activity and excess iron 

release in nodule by a plant in response to drought stress are deleterious to nodule senescence. Plant 

may however control these deleterious factors by regulating serpin and ferritin in order to reduce the 

risk of early nodule senescence and consequent plant growth reduction. I identified that serpin MtSer6 

and ferritins MtFer2 and MtFer3 are expressed in nodule in response to drought stress (Fig. 7b,g,h). In 

particular, the expression of MtFer3 increased with age under drought stress (Fig. 8b). This data 

suggests that the identified serpin MtSer6 and ferritins MtFer2 and MtFer3 might be involved in the 

drought-induced nodule senescence process of M. truncatula. 
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Chapter 4 

M. truncatula Jemalong A17 and R108 suppress SNF in different ways in 

response to N fertilizer and drought 

4.1 Introduction 

In intensive agricultural systems, N fertilizers are still used in legume cultivation because plants can 

uptake N directly from the soil at a lower carbon cost than fixing N through forming symbiotic 

relationships. However, it is concerning that the use of N fertilizer creates serious negative 

consequences such as decline of soil organic matter, fertility, eutrophication and global warming 

(Minchin & Witty, 1997; Crews & Peoples, 2003).  

Previous studies have shown that SNF in legumes is suppressed under N availability in the soil or during 

drought stress (Goh et al., 2016; Pierre et al., 2014; Pladys & Vance, 1993). Nitrate supplements may 

decrease the nodulation efficiency by reducing the root flavonoid synthesis, which acts as a primary 

signalling molecule to induce nodulin genes for rhizobial infection (Waterer & Vessey, 1993; Bollman 

& Vessey, 2006; Xia et al., 2017). To maintain a balanced energy carbon investment in order to avoid 

excessive nodule formation and reduce the carbon investment in the presence of nitrate in soil, plants 

control the symbiosis through autoregulation of nodulation (AON). In the presence of nitrate in the 

soil, plant-induced CLAVATA-like root signal peptides activate a shoot acting leucine rich receptor-like 

kinase which inhibits the nodulation (Okamoto et al., 2009). However, growth of nodules already 

differentiated could not be prevented by AON (Saito et al., 2014). Legume plants under excess N 

availability may then inhibit nitrogenase activity through N feedback regulation. N compounds such 

as glutamine and asparagine are being loaded in the phloem sap, which then exports to roots and 

nodules. Accumulation of these amino acids in nodules negatively affected nitrogenase activity, 

present in nodules, by reducing nodule permeability to O2 (Neo & Layzell, 1997; Bacanambo & Harper, 

1997).  

Water limiting growth conditions affect carbon fixation, which in turn can affect bacteroid respiration 

and root nitrogenase activity because of carbon shortage and oxygen limitation (Serraj et al., 1999). It 

has been shown that drought stress affects the activity of sucrose synthase, which is essential for 

supplying a major carbon source, sucrose to bacteroids (Arrese-Igor et al., 1999).  Moreover, drought 

stress may reduce the nitrogenase activity by inducing early nodule senescence (Schiltz et al., 2004; 

Distelfeld et al., 2014). Considering the importance of SNF in sustainable agriculture system, it is 

necessary to determine how SNF is affected by external N availability and drought to improve crop 

productivity, particularly in dry environments.  
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To investigate the response of symbiosis to N fertilizer treatment, two M. truncatula wild type genetic 

backgrounds, Jemalong A17 and R108 were used in this study. Wang et al. (2014) demonstrated that 

M. truncatula genotypes, Jemalong A17 and R108, differ in response to aluminium toxicity, salt stress 

and iron deficiency and show genomic variations. A recent study by Luo et al. (2016) described that 

the two M. truncatula genotypes, Jemalong A17 and R108, differentially responded to drought stress 

and N fertilizer treatments when not inoculated with rhizobia and therefore unable to perform SNF; 

in particular, Jemalong A17 was seen to be more drought tolerant than R108.  

In this chapter, I therefore hypothesized that symbiotic N-fixing M. truncatula Jemalong A17 and R108 

may differentially suppress SNF in response to external N fertilizer treatment under well-watered and 

water limiting growth conditions.  
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4.2 Results 

4.2.1 Symbiosis phenotype varies between M. truncatula Jemalong A17 and R108 

SNF characteristics vary from plant to plant and I first evaluated the phenotype of symbiosis on 

selected WT genotypes, Jemalong A17 and R108, and mutants Jemalong A17 dnf5-2 and Jemalong 

A17 dmi1-3 in a 32-days experiment. Plants were grown with and without (control) E. meliloti for 32 

days and nodule phenotypes such as nodule biomass and nodule morphology were observed at 20, 

26 and 32 days post inoculation (dpi). Nodule dry weight was seen significantly higher in the Jemalong 

A17 and R108 plants as compared to the mutants (Fig. 1a). To examine the size and physiology of 

nodules in mutants and WT genotypes, nodules were sectioned, stained with toluidine blue and 

observed under the microscope. Microscopic images showed an absence of meristem development 

in the dmi1-3 mutant, minor bacteroid differentiation or division in the dnf5-2 mutant. In contrast, 

well-differentiated bacteroids were found in Jemalong A17 and R108 plants (Fig. 1b). Interestingly, 

when the symbiotic phenotype differences between Jemalong A17 and R108 were observed, R108 

nodules were visibly seen longer with a higher nodule biomass and contained more bacteriods than 

Jemalong A17 nodules (Fig. 1a, b, Appendix 6.1). In particular, R108 showed a 30-40% higher nodule 

biomass than Jemalong A17 (Fig. 1b). Thus, symbiotic phenotypes exist between the Jemalong A17 

and R108 WT genotypes. 

 

4.2.2 Symbiotic nitrogen fixation confers growth benefits to Jemalong A17 and R108 plants 

As the symbiotic phenotypes were different between the genotypes Jemalong A17 and R108, I 

hypothesized that SNF and the effect on plant growth would also vary in both genotypes. WT plants, 

Jemalong A17 and R108, and mutant plants, Jemalong A17 dnf5-2 and Jemalong A17 dmi1-3, were 

grown with and without (control) E. meliloti for 32 days and physiological and growth measurements 

were performed at 20, 26 and 32 days post inoculation (dpi). I first tested the nodule nitrogenase 

activity and found that there was zero activity in uninoculated plants, very low activity in mutants and 

high activity in the WT plants. Specifically, the dmi1-3, dnf5-2, Jemalong A17 and R108 plants produced 

0, 200, 2900 and 3500 nM of ethylene/hour/g of nodule fresh weight respectively at 32 dpi (Fig. 1c.). 

I then investigated the chlorophyll content and photosynthetic rate in all plants. Results showed that 

chlorophyll content and photosynthetic rates were significantly lower in the leaves of uninoculated 

wild types and the two mutants as compared to E. meliloti-inoculated WT Jemalong A17 and R108 

plants (Appendix 6.2a,b). Furthermore this was found coincided with significantly higher shoot 

biomass and plant growth in E. meliloti -inoculated WT plants than that of mutants (Fig. 2a,b). It was 
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also found that R108 root nodules contained significantly higher nitrogenase activity as compared to 

Jemalong A17 nodules (Fig. 1c, 2a,b). In addition, R108 shoots showed a nearly 50% higher shoot 

biomass than Jemalong A17 at 32 dpi (Fig. 2a). This study showed that the effect of symbiosis on plant 

growth was well pronounced in WT plants and, R108 exhibited a better growth than Jemalong A17.  
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4.2.3 Nitrogen fertilizer supresses the N uptake from SNF in Jemalong A17 but not R108  

As seen above, SNF is important for plant growth of Jemalong A17 and R108 genotypes as it is a 

primary source of N under N limited conditions. According to the previous reports, addition of high 

nitrate (10mM) during legume growth reduces SNF completely (Liu et al., 2006; Goh et al., 2016). This 

study therefore hypothesizes that N fertilizer treatment would result in reduction of N uptake from 

SNF in Jemalong A17 and R108 plants under well-watered conditions. To determine the amount of N 

partitioned in the shoot from N fertilizer and nodules, plants were treated with heavy isotope labelled 
15N fertilizer at 10mM concentration. In biological materials, 14N is most abundant and 15N is rare 

(99.6337% and 0.3663% of atmospheric N, respectively). By measuring the ratio of 14N (derived from 

SNF) over 15N (derived from N fertilizer), the relative contribution of SNF in plants can be calculated 

(He et al., 2009; Chapter 2). From the data of this study we found that, N derivation from N2 fixation 

process was completely suppressed at all tested time points in E. meliloti-inoculated Jemalong A17 

plant as compared to untreated E. meliloti-inoculated plants (Fig. 3a, Appendix 6.3a). In contrast, the 

percentage of N derived from N2 fixation process in the 15N treated E. meliloti R108 plants was seen 

to increase to 10.23% and 23.18% at 26dpi and 32dpi respectively as compared at 20 dpi (0%) while 

untreated E. meliloti R108 showed complete N derivation from SNF (Fig. 3b, Appendix 6.3b). The data 

showed that under well-watered conditions, N derivation from N2 fixation process was completely 

suppressed in Jemalong A17 by external N fertilizer treatment but not in R108. 
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4.2.4 E. meliloti inoculation suppresses the N uptake from N fertilizer in R108 but not 

Jemalong A17 

N uptake from SNF was seen suppressed in Jemalong A17 and not in R108 upon N fertilizer treatment. 

I therefore hypothesized that 15N fertilized Jemalong A17 plant may not supress the N uptake from N 

fertilizer to balance the N level in shoot as it completely inhibits the N uptake from SNF. In contrast, 

since genotype R108 did not fully suppress SNF, it is expected that N uptake from fertilizer is 

suppressed in the presence of the two N sources. N uptake from N fertilizer was determined by 

measuring the 15N percentage in shoot of 15N treated and E. meliloti inoculated or uninoculated 

Jemalong A17 and R108 plants (Fig. 4). This data showed that the 15N percentage in E. meliloti-

inoculated and uninoculated Jemalong A17 plants, grown under well-watered conditions, did not drop 

at any point during the time-course (Fig.4a). While uninoculated R108 plants did not show a reduction 

of 15N uptake, E. meliloti-inoculated R108 plants showed significant reduction of 15N levels by 13% and 

25% at 26 dpi and 32 dpi treatments, respectively as compared to levels at 20 dpi (Fig. 4b). Taken 

together, this study showed that in Jemalong A17 N uptake from N fertilizer was not suppressed, while 

in E. meliloti-inoculated R108 plants, the uptake of fertilizer was suppressed. 
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Fig. 4. Effect of E. meliloti inoculation on 15N uptake in shoots of external N fertilizer treated M. 

truncatula. Percentage of 15N from well-watered E. meliloti inoculated (+R) at 0 dpi and uninoculated 

(-R) M. truncatula genotypes Jemalong A17 (a) and R108 (b) grown with 15N labelled N fertilizer. 

Percentage 15N was measured 20, 26 and 32 dpi. Values are the mean of three biological replicates. 

Error bars represent the standard errors of mean and asterisks indicate the significant differences at 

p<0.001 according to students t-test. dpi, days post-inoculation. 
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4.2.5 Jemalong A17 and R108 plants balance the N level by controlling N uptake  

The M. truncatula Jemalong A17 and R108 genotypes suppressed the N uptake from N fertilizer and 

SNF in different ways. This study hypothesizes that both the Jemalong A17 and R108 genotypes, 

however can balance the N uptake, such that the total N uptake is not affected by the availability of 

two N sources. To determine the level of total N in both plants, the N percentage as a fraction of dry 

weight was measured in Jemalong A17 and R108 plants inoculated with E. meliloti and treated with 
15N fertilizer. Result for Jemalong A17 plants showed that the total N percentage in the E. meliloti 

inoculated and N fertilizer treated plants was maintained at levels similar to that of the uninoculated 

and 15N fertilizer treated plants (Fig. 5a). In regards of R108 plants, significantly higher N percentage 

was found at 26dpi in E. meliloti-inoculated and 15N fertilized plant as compared to uninoculated and 
15N fertilizer treated plants, but a similar N level was seen at 32dpi as that of uninoculated and 15N 

fertilizer treated plants (Fig. 5b). The results specify that both Jemalong A17 and R108 can balance the 

N level despite of two different N sources.  
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4.2.6 Jemalong A17 and R108 differ in nodule activity in response to external N fertilizer 

treatment 

N fertilizer can suppress SNF by reducing nodule numbers and nitrogenase activity (Ohyama et al., 

2011). Data from this study shows that N contribution from SNF in R108 was not completely 

suppressed in response to external N fertilizer treatment under well-watered conditions. Therefore, I 

hypothesized that nitrogenase activity, nodule and bacteroid numbers are less suppressed in R108 

than Jemalong A17 under external N fertilizer treatment. Jemalong A17 and R108 plants were grown 

under well-watered conditions for 32 days with E. meliloti and with or without an external N fertilizer. 

Nodule numbers were first counted in both the plants to investigate the effects of N fertilization on 

nodulation. Results showed that nodule numbers in R108 plants treated with external N was not 

significantly different from non-treated R108 plants, while Jemalong A17 plants treated with external 

N fertilizer showed significantly less nodules at 26 and 32 dpi as compared to non-treated plants (Table 

1a). Similarly, nitrogenase activity was not affected by external N fertilizer treatments in R108, while 

the Jemalong A17 plants showed significantly less nitrogenase activity upon N fertilizer treatment as 

compared to non-treated plants (Table 1b). As bacteroid numbers in nodules also influence 

nitrogenase activity as described by Barraza et al. (2012), I measured the number of mature bacteroids 

microscopically from similar sized nodules of N fertilizer treated and untreated Jemalong A17 and 

R108 plants. The data showed that in response to N fertilizer treatment, Jemalong A17 nodules 

contained significantly lower bacteroid numbers at 32 dpi as compared to nodules of untreated plants. 

In contrast, bacteroid numbers R108 nodules did not depend on the presence of N fertilizer (Appendix 

6.4). The overall data herein specifies that nodule numbers, nitrogenase activity and bacteroid 

numbers in response to N fertilizer treatment were not suppressed in R108 while these characteristics 

were suppressed in Jemalong A17. 

 

4.2.7 R108 alters the nodule plasticity in response to external N fertilizer treatment 

During the course of the experiments, it was noted that nodule positioning differed between Jemalong 

A17 and R108 treated with N fertilizer. Therefore, I hypothesized that nodule spacing may correlate 

with SNF suppression. To investigate the position of nodules in the root systems, external N fertilizer 

treated and untreated E. meliloti-inoculated plants were uprooted and the distance of the nodules 

from root collar was measured at 32 dpi. Results showed that in the absence of external N in untreated 

E. meliloti inoculated Jemalong A17 and R108 plants, the distance and position of the nodules from 

root collar were similar in both genotypes. Interestingly, in response to N fertilizer treatments, the 

location of R108 nodules were altered as compared to N fertilizer treated Jemalong A17 and non-
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4.2.8 N uptake from N fertilizer is suppressed in both Jemalong A17 and R108, when grown 

in water limiting conditions 

N uptake from N fertilizer was seen suppressed only in R108 and not in Jemalong A17 when grown 

under well-watered condition. Under water limiting conditions, reduced soil moisture may have 

significant impact on N uptake from N fertilizer as water is essential for nutrient movement in soil (He 

and Dijkstra, 2014). I hypothesized that N uptake from N fertilizer may become limited in both 

Jemalong A17 and R108. To determine the level of N uptake from N fertilizer, 15N percentage was 

measured in shoots of E. meliloti-inoculated plants grown under drought stress. The result showed 

that under drought stress, the N uptake from N fertilizer was reduced by 26% and 35% at 26 and 32 

dpi, respectively in Jemalong A17 as compared to 20 dpi (Fig. 7a). R108 plants showed further 

reduction (37% at 26 dpi and 45% at 32 dpi) as compared to 20 dpi (Fig. 7b). The data highlight that 

both genetic backgrounds reduce the N uptake from fertilizer when grown under water limiting 

conditions. 
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4.2.9 Jemalong A17 and R108 acquired substantial N from SNF under drought stress 

M. truncatula Jemalong A17 and R108 plants show differential drought response (Luo et al., 2016). 

According to previous reports, drought stress and the addition of N during legume growth reduces the 

process of SNF and limits the N export from nodules (Liu et al., 2006; Goh et al., 2016; Kunert et al., 

2016). Data from above study showed that N uptake from N fertilizer is limited in both the genetic 

backgrounds under drought stress. I hypothesized that to maintain a sufficient N level for plant 

growth, Jemalong A17 and R108 plants may not have suppressed the N uptake from SNF in response 

to drought stress and N fertilization. To detect the amount of N partitioned in shoots from N fertilizer 

and/or nodules, the relative 14N and 15N contribution in total shoot N was determined from E. meliloti-

inoculated Jemalong A17 and R108 plants treated with 15N labelled N fertilizer. As a control, well-

watered, uninoculated plants were treated with N fertilizer. Interestingly, in both Jemalong A17 and 

R108, the percentage of relative N derived from SNF increased over time to 40 and 48% in the case of 

Jemalong A17 and R108, respectively (Fig. 8a,b, Appendix 6.3a,b). As a result of continued N uptake 

from SNF, level of shoot N in Jemalong A17 and R108 plants under drought stress was maintained to 

the same level as well-watered plants (Fig. 8a,b). This data shows that suppression of N uptake from 

SNF by N fertilizer is reduced in both Jemalong A17 and R108 that are grown under water limiting 

conditions, likely to maintain shoot N levels. 
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4.2.10 Jemalong A17 and R108 plants sustain nodule activity and active bacteroids under N 

fertilization and drought treatment 

As the N input from SNF in both Jemalong A17 and R108 was not suppressed under drought stress, I 

hypothesize herein that these plants might have sustained the nodule activity under drought stress. 

Therefore, I measured several parameters of nodule activity such as, nodule senescence, nodule 

numbers, bacteroid numbers and nitrogenase activity. External N fertilizer-treated and E. meliloti-

inoculated plants were grown until 20 dpi, after which water was withheld for a subset of plants to 

induce drought stress, while control plants continued to receive water. Nodules harvested at 32 dpi 

were first observed under the microscope after sectioning and staining with toluidine blue to 

determine the extent of nodule senescence. Microscopic results show that some nodule senescence 

was induced in drought-treated WT Jemalong A17 and R108 plants, as compared to well-watered 

plants.  Both Jemalong A17 and R108 plants showed highly packed matured bacteroids in 70-80% of 

nodule tissue area (Fig. 9a). I then measured the effect of drought on nodulation and bacteroids, by 

counting the nodule and healthy bacteroids numbers (counted microscopically from similar sized 

nodules) at 20, 26 and 32 dpi in plants. Results showed that the number of nodules was maintained 

consistently without a significant increase or decrease (Appendix 6.6). Concomitantly, the number of 

bacteroids per nodule were significantly increased at 26 and 32 dpi in both Jemalong A17 and R108 

plants as compared to nodules sampled at 20 dpi (Appendix 6.7). Then to investigate the effects of 

drought stress on nodule nitrogenase activity, ARA analysis was performed in roots of Jemalong A17 

and R108 plants. The result showed that the activity was maintained at a constant level without 

significant decrease over the measurement period (Table 2), as compared to that of well-watered 

plants. This study specifies that both Jemalong A17 and R108 plants maintain active bacteroids and N2 

fixation and that nodule senescence is limited to a small area under drought stress, despite of external 

N fertilizer treatment.
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Fig. 9. Effect of drought stress on nodule morphology. Nodule physiology of 32 days-old post E. meliloti-inoculated plants grown under drought stress. 

Drought treatment in N fertilizer treated plants began at 20 dpi and plants were grown for another 12 days. Scale bar indicates 200µM. Senescence (S) and 

active N2 fixation (N) zones are indicated in the image (red). 
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4.2.11 SNF sustains plant growth better than N fertilizer under drought stress  

Previous studies show that drought stress negatively affects the symbiotic process and nitrogenase 

enzyme activity in legumes (Marino et al., 2007). In contrast, I observed that both of the M. truncatula 

genotypes, Jemalong A17 and R108, sustained SNF but decreased the N uptake from fertilizer. I 

therefore hypothesize herein that SNF can maintain plant growth better than N fertilizer under 

drought. To determine the difference between the effect of E. meliloti inoculation (0mM KNO3) and 

external 10mM KNO3 N fertilizer treatment (Uninoculated) on plant growth under drought stress, the 

Jemalong A17 and R108 plants were first grown for 20 days under well-watered conditions. Water was 

then withheld in group of pots at 20 dpi for 12 days to impose drought stress and continued watering 

in group of pots for well-watered control treatment. The observed field capacity of soil mixture used 

here was 95%, 74% and 51% at 20, 26 and 32 dpi respectively (Appendix 6.8). To determine the effect 

of drought on the plant water relations, stomatal conductance and the transpiration rate were 

measured in both drought stressed and well-watered E. meliloti-inoculated plants. The results showed 

that the transpiration rate and stomatal conductance were reduced significantly in the drought 

stressed plants at 26 and 32 dpi as compared to the well-watered plant (Appendix 6.9, 6.10). 

Subsequently, the effects of SNF and N fertilization on leaf photosynthetic rates was measured in 

plants grown under water limiting conditions. Results showed that as compared to N fertilizer-treated 

plants, both E. meliloti-inoculated Jemalong A17 and R108 plants had significantly higher 

photosynthetic rates (Appendix 6.11): N fertilizer-treated Jemalong A17 plants showed a 47% and 50% 

reduction in photosynthesis rates as compared to E. meliloti-inoculated plants at 26 and 32 dpi 

respectively, while N fertilizer treated R108 plant showed 23% and 42% reduction in photosynthesis 

rates as compared to E. meliloti-inoculated plants at 26 and 32 dpi respectively. Furthermore, to 

investigate and compare between the effect of E. meliloti inoculation and N fertilization on plant 

growth under drought stress, shoot dry weight was measured. Results showed that as compared to N 

fertilization, E. meliloti inoculation (SNF) significantly increased plant shoot biomass. N fertilizer-

treated Jemalong A17 plants showed a 32% and 34% growth reduction as compared to E. meliloti-

inoculated plants at 26 and 32 dpi, respectively. Similarly, N fertilizer treated R108 plants showed a 

33% and 57% growth reduction as compared to E. meliloti-inoculated plants at 26 and 32dpi, 

respectively (Fig. 10a,b, Appendix 6.12, 6.13, 6.14). In addition, comparative data of nodule biomass 

and shoot biomass exhibited that nodule biomass increase coincided with a shoot biomass increase in 

Jemalong A17 and R108 during the 12-day drought period (Appendix 6.15). This study shows that SNF 

sustains plant growth better than N fertilization of Jemalong A17 and R108 plant grown under water 

limiting conditions.  
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4.2.12 E. meliloti-inoculated plants induce expression of abscisic acid-related genes and 

reduce expression of stress-associated genes in M. truncatula leaves 

As shown above, SNF contributed more to total N assimilation in E. meliloti-inoculated and drought-

treated R108 than in Jemalong A17 plants. Therefore, the R108 plant was chosen to further investigate 

drought-induced transcriptional changes of stress-associated genes. As seen above, E. meliloti 

inoculation resulted in plant growth maintenance when grown under water limiting conditions. I 

therefore speculate that E. meliloti inoculation may affect the expression of stress-related genes in M. 

truncatula R108 plants in response to drought stress. Plants were grown for 20 days after inoculation 

with E. meliloti or were not inoculated but treated with N fertilizer. Water was subsequently withheld 

at 20 dpi for 12 days to impose drought stress as mentioned in Chapter 2. To determine drought-

induced changes in gene expression of stress-related genes in E. meliloti-inoculated and fertilizer-

treated plants, gene expression analysis was performed from leaf tissue using qRT-PCR. For this study, 

I measured the transcriptional abundance changes of gene(s) involved in ethylene biosynthesis (MtAcs 

and MtAco), Reactive Oxygen Species (ROS) levels (MtCat and MtRboh), ABA biosynthesis (MtZep and 

MtNced), ABA signalling (MtZip), salicylic acid-biosynthesis (MtPal and MtIcs) and proline biosynthesis 

(MtP5cs3). From the results of this study I found that genes MtAcs and MtAco, which can provide a 

measure for biosynthesis of the stress hormone ethylene (Zhao et al., 2014), showed significantly less 

expression (8-10 fold) in E. meliloti inoculated plants than in uninoculated plants (Fig. 11c,d) at 32 dpi. 

MtCat and MtRboh genes encode proteins involved in regulating levels of ROS and are used as a 

measure for cellular redox status as a stress indicator in A. thaliana (Jimenez-Quesada et al., 2016; 

Barry et al., 2000). Expression of these genes was significantly less (2-2.5 fold) in E. meliloti-inoculated 

plants as compared to uninoculated plants at 32 dpi (Fig. 11a,b). Then, I found At 32 dpi, that SNF 

plants showed 2-2.5 fold higher MtZep and MtNced expression (genes involved in ABA biosynthesis; 

Luchi et al., 2001; Shi-Shuai Luo et al., 2016) as compared to uninoculated N fertilizer-treated plants 

(Fig. 12a,b). The ABA signalling gene MtZip, which was shown to be a transcription factor for ABA 

responsive genes (Belamkar et al., 2014), showed a 7-fold increase in expression in E. meliloti 

inoculated plants as compared to in uninoculated N fertilizer-treated plants at 26 and 32 dpi (Fig. 12c). 

In contrast, there was no significant difference in the expression of genes encoding enzymes involved 

in the biosynthesis of salicylic acid (MtPal and MtIcs) between E. meliloti-inoculated and N fertilizer 

treated plants (Appendix 6.16a,b). In addition, expression of a gene encoding pyrroline-5-carboxylate 

synthetase (MtP5cs3), involved in proline biosynthesis, increased over time, but expression did not 

differ significantly between E. meliloti-inoculated and N fertilizer-treated plants at 32 dpi (Appendix 

6.16c). This study specifies that upon growth under water-limiting conditions, E. meliloti inoculation 



92 
 

increased the expression of ABA-related genes and reduced the expression of ethylene and ROS 

related genes.
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4.3 Discussion 

Jemalong A17 and R108 balance the internal N level by differentially controlling N uptake from two 

N sources  

N is a constituent of proteins, nucleic acids and other indispensable organic compounds that are 

required for photosynthetic activity, increasing seed quality and enhancing crop yield under optimal 

and suboptimal conditions (Nobuyasu et al., 2003; Roekel & Purcell, 2014; Evans & Terashima, 1987; 

Poorter & Evans 1998; Makino et al, 1997). SNF in legume and non-legume plants offer important 

benefits for use in sustainable agricultural production and reducing the reliance on N-fertilizers. The 

detection of the limiting factors that could be managed or modified to increase the symbiotic benefits 

in grain and forage legumes is a major research goal. The work presented here studies how different 

M. truncatula genotypes performs their symbiosis with E. meliloti under external N fertilizer treatment 

and drought stress.  

In the beginning of this study, I found that only WT plants in association with E. meliloti exhibited 

sufficient plant growth while uninoculated and non-N2 fixing plants resulted in severe plant growth 

reduction (Fig.2a,b). Moreover, it has been found that phenotypes of symbiosis such as nitrogenase 

activity, nodule size and nodule biomass varied in WT Jemalong A17 and R108 plants. R108 produced 

a relatively higher nodule biomass and nodule nitrogenase activity than Jemalong A17 and mutants. 

This furthermore coincided with more plant growth in R108 plants (Fig. 1a,c, 2a,b).  

In addition to symbiotic N2 fixation, legumes also access other forms of inorganic nitrogen from soil 

when available, such as nitrate and ammonium. I therefore next investigated the relative contribution 

of SNF in M. truncatula, under conditions where another available source of N, KNO3, was available. 

The results of this study emphasize that despite of N fertilization in addition to E. meliloti inoculation, 

both Jemalong A17 and R108 maintain the N level equally as that of plants grown under either E. 

meliloti inoculation or N fertilization.  In Jemalong A17, total N level in shoot was balanced by the plant 

through uptaking N only from fertilizer and inhibiting the N uptake from the N2 fixation process 

completely (Fig. 3a, 4a, 5a). A study by Goh et al. (2016) supports N uptake level in Jemalong A17 seen 

in this study that under a low N fertilizer treatment (0.1mM), SNF contributed >70% for shoot N levels, 

but this decreased drastically up to 0% under a high N fertilizer (10mM) supply. The suppression of N 

uptake from N2 fixation process under N fertilizer treatment could possibly be due to the reduction of 

nodule activity (Table 1a,b, Appendix 6.4). It has been well demonstrated that SNF can be suppressed 

if N fertilizer is externally added or available in the soil (Gentili et al., 2006; Herrmann et al., 2014). 

External N fertilizer treatment reduces nodule activity and as such limits the high-energy cost required 

for N fixation. External N fertilizer may also lead to an impaired balance of C and N metabolism and 
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phloem-mediated amino acid loading in nodules, which results in reduced nodulation and nitrogenase 

activity (Dixon & Kahn, 2004; Liu et al., 2005; Streeter, 1988). Liese et al. (2017) also described that an 

external N supply alters the nodule transcriptome and reduces nitrogenase activity simultaneously. 

Furthermore, treating legumes with nitrate increases oxygen diffusion resistance in their nodules, 

which consequently results in reduced nitrogenase activity (Denison & Harter, 1995). These previous 

studies correlate with the data from this study and suggest that the reduction of nitrogenase activity 

in Jemalong A17 caused by external N fertilizer treatment (Table 1a) could possibly be due to amino 

acid feedback regulation, changes in nodule oxygen diffusion or alterations to the regulators required 

for N2 fixation (Rosov et al., 2001; Neo & Layzell, 1997; Bacanambo & Harper, 1997). In contrast to 

Jemalong A17, R108 plant suppressed the N uptake from N fertilizer, while N uptake from the N2 

fixation process did occur. Nevertheless, in both Jemalong A17 and R108, total N uptake from both N 

sources was balanced to maintain a similar total N level (Fig. 3b, 4b, 5b).  

When the host senses a sufficient amount of N internally due to access to inorganic N present in the 

soil, it undergoes a process called Autoregulation Of Nodulation (AON) to avoid excess carbon energy 

consumption by the symbiosis (Okamoto et al., 2009). AON limits nodule formation and disruption of 

this process may lead to excess nodule formation (Saha & Dasgupta, 2015). The present study showed 

that R108 nodules cluster in response to N fertilization without reducing its numbers. From the results 

of this study I postulate that in response to N fertilizer treatment, R108 plant may have disrupted the 

AON and consequently developed the nodules as a cluster and close to root collar. As a result, R108 

plant may have reduced the SNF suppression and continued uptaking N from the N2 fixation process 

(Fig. 6a,b, Table 1a,b, Appendix 6.4). In principle, uptake of N will be converted to amino acids, loaded 

into the xylem and exported to shoots. After a certain level of N export to shoots, plants sense the 

internal N level and control the nitrate uptake from soil and/or nitrogenase activity through phloem-

loaded amino acids to balance the internal N level. Therefore, N uptake in roots depends on N levels 

in shoots as described by Crawford & Glass (1998). Here I speculate that in the case of R108 plants, 

the phloem-loaded amino acids from the shoot might not have accumulated in or around the nodule, 

resulting in uninterrupted nitrogenase activity. It has been reported in soybean that amino acids from 

the phloem sap downregulate nitrate uptake after a plant senses a high internal N status (Muller & 

Touraine, 1992). These reports and the result of reduced N uptake from fertilizer seen in nitrogen 

fixing R108 plants together suggest that R108 plant does not inhibit the SNF (by an unknown 

mechanism) but limits the N uptake from N fertilizer to control the internal N level (Fig. 4b, 5b). 

However, further study is required to decipher and determine the regulatory mechanism involved in 

controlling the AON and N fixation under N treatment. Taken together, the results of SNF contribution 
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in Jemalong A17 and R108, specifies that SNF contributes substantially to total N supply as detected 

in R108, despite of availability of another form of fixed Nitrogen.  

M. truncatula symbiosis with E. meliloti increased the drought resistance of the host  

In addition to externally available N in soil, symbiosis also confronts major environmental stresses 

such as drought. This study was then focused to determine which source of N (SNF, through E. meliloti 

association or N fertilizer) benefits the plant when grown under drought stress. The total N level in 

drought-stressed Jemalong 17 and R108 treated with E. meliloti and N fertilizer, was found similar as 

that of plants treated with N fertilizer alone (Fig. 7a,b, 8a,b). Under drought stress Jemalong A17 and 

R018 plant increased the N uptake to 39% and 48% respectively from N2 fixation process (Ndfix) (Fig. 

5a,b). The increase in Ndfix, coincided with a reduced N uptake from N fertilizer. The increase of N 

uptake from N2 fixation process in both genotypes could be due to reduced inhibition of nodule activity 

under drought stress (Table. 2). This reduced inhibition of nodule activity was further found coincided 

with controlled nodule senescence in N2 fixing Jemalong A17 and R108 genotypes. Almost 70-75% of 

nodule tissues hosted differentiated and matured bacteroids in both wild type genotypes (Fig. 9). A 

reduction of nitrate uptake from N fertilizer in drought-stressed host plants is in general agreement 

with previous studies suggesting that drought affects the mobility of nitrates to roots. The reduced 

mobility of nitrates to roots then inhibits N uptake from the soil (Buljovcic & Engels., 2001; Tobar et 

al., 1994; He & Dijkstra., 2014). Therefore, the above findings indicate that reduced suppression of 

SNF in Jemalong A17 and R108 under N availability and drought stress could be due to reduced soil 

moisture content, which resulted in reduction of N uptake from N fertilizer. Furthermore, this suggests 

that under drought stress, SNF becomes a competent N producer in both Jemalong A17 and R108 in 

comparison with N fertilizer. 

It was found that both Jemalong A17 and R108 grown under drought stress, showed drought 

resistance when inoculated with E. meliloti, as compared to uninoculated plants (Fig. 6a,b). The gene 

expression analysis of this study proved that in response to the drought treatment, inoculated plants 

modulated the expression of stress-associated genes. Nitrogen fixing plants incited the Zeathanxin 

epoxidase (MtZep) and 9- cis-epoxycarotenoid dioxygenase gene (MtNced) genes involves in ABA 

biosynthesis   in leaves (Fig. 12a,b). Previous reports suggested that the loss of function of MtZep in 

mutant plants causes a strong reduction in the levels of the hormone ABA (Xiong & Zhu, 2003). 

Moreover, overexpression of the orthologous Zep genes in A. thaliana and Nicotiana tabacum 

enhanced the ABA production and consequently increased drought and salt tolerance (Nambara & 

Marion-Poll, 2005; Yue et al., 2011). Similarly, Zhang et al. (2014) illustrated that during mild and 

severe drought stress, M. truncatula expresses another ABA biosynthesis gene, Nced, which coincides 
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4.4 Conclusion 

In legumes, improving SNF would be an ideal strategy for sustainable crop production. Determining 

the contribution and benefit of SNF in the host under N available conditions and drought stress brings 

an important tool to identify top-performing legume- symbiotic partners and to develop legume crops 

with increased yield and a reduced N fertilizer dependency. Our study determined that under well-

watered conditions, N fertilized R108 plants used SNF for N uptake, when inoculated with E. meliloti, 

and reduced N fertilizer uptake to balance total N uptake. Under drought stress, both Jemalong A17 

and R108 plants derived assimilated N from SNF while they significantly reduced the N uptake from N 

fertilizer. SNF in association with E. meliloti not only benefitted the host by increasing the N supply 

but also primed the host plant to better tolerate drought stress by controlling the expression of 

drought-associated genes. However, it remains to be shown precisely how the metabolic and 

transcriptional changes are regulated in a potent N2 fixing plant under different levels of N availability 

and drought stress. Given that many studies show a need to focus on increasing N use efficiency in 

plants to eliminate synthetic fertilizer use and improve crop productivity (Zhang et al., 2015: Galloway 

et al., 2003; Steffen et al., 2015), the observed increase of N uptake from SNF and the observed growth 

adaptation to drought in N-fixing plants in this study is of important agronomic significance for 

sustainable legume production. This study, therefore, may help with the selection and development 

of host-legume genetic background traits which reduce SNF suppression and N fertilizer use through 

breeding strategies.  
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5.2 Results 

5.2.1 Prolonged drought stress affects the growth of M. truncatula 

Water limitation induces various responses to plants and we first measured physiological and growth 

responses of M. truncatula Jemalong A17 to drought stress in 72 days experiment (Experiment 6, 

Chapter 2). M. truncatula was grown on a vermiculite: perlite: sand mix and inoculated with E. meliloti 

2 days after sowing. Then, at 30 dpi, water was withheld to keep the soil moisture content to 70% field 

capacity (FC) for drought treated plants (Day 0 of the drought treatment), while control plants were 

kept at soil moisture content of 95% FC. Drought-induced physiological changes and growth were 

subsequently measured for 42 days. To investigate the effect of the drought treatment on leaf water 

status, RWC and LWP were measured in leaves of control and drought stressed plants. As compared 

to control plant leaves, a significant difference in RWC and LWP of leaves from drought stressed plants 

was first observed at 7 DAD and showed lower than those of well-watered control leaves (Fig. 1a,b). 

We also observed that transpiration rate of drought stressed plants was significantly reduced as 

compared to control plants at 7 DAD but reduction of stomatal conductance was seen only at 25 DAD 

(Fig. 2a,b). Similarly, chlorophyll content and photosynthetic rate of drought-stressed plants was 

significantly reduced at 25 DAD as compared to control plants (Fig. 2c, 3a). Nevertheless, shoot 

biomass of drought-stressed plants was reduced significantly only at 37 DAD as compared to control 

plant (Fig. 3b). Thus, drought treatment affected leaf water status within 7 DAD but the effect on plant 

growth was seen only at 25 DAD. 
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Fig. 4. Change of M. truncatula nodule colour under drought stress. Nodule images of M. truncatula 

grown under at two different soil moisture contents as indicated were captured at each time point of 

harvesting. Time points are at days after treatment. Arrow (white) indicates the sign of initiation of 

senescence and circle indicates the extend of the loss of pink colour. 

 

5.2.3 Drought induced nodule senescence involves the elevation of proteolytic activity and 

iron content 

We observed that changes of nitrogenase activity correlated with drought-induced nodule 

senescence. As a key feature of nodule senescence involves the elevation of proteolytic activity and 
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excess iron increase (Pladys & Vance, 1993; Pierre et al., 2014), we hypothesized that drought induced 

nodule senescence exhibits increased proteolytic activity and excess iron at 14 DAD. We measured 

the protease activity in the nodule and found that drought stressed plant nodules showed a significant 

increase at 25 days as compared to well-watered control plant nodules (Fig. 5a). Moreover, this was 

found to correlate with nodule protein content. At 37 and 42 DAD, protein content of drought-stressed 

plant nodules reduced by 37% and 55% respectively as compared to nodules of well-watered plants 

(Fig. 5b). As increased proteolytic activity may cause lb degradation, lb and iron content were also 

measured in the nodules of all plants and the observed proteolytic activity changes were found to 

coincide with lb degradation. At 25 DAD, lb content was significantly reduced in the drought stressed 

plant nodules as compared to nodules of control plants (Fig. 5c). A significant difference in iron 

content, however, was only observed at 42 DAD (Fig. 5d). Thus, drought stress promoted the 

proteolytic activity at 25 DAD and this coincided with reduced protein and lb content. However, excess 

iron increase was observed only at 42 DAD. 
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5.2.4 Nodule expresses MtSer6, MtFer2 and MtFer3 genes during early drought stress 

We observed that drought-induced senescence and a decrease in SNF occurred at 14 DAD, but 

elevation in proteolytic activity and increase in iron occurred at 25 and 42 DAD respectively. Therefore, 

we speculate that nodule senescence may involve a mechanism to fine-tune the proteolytic activity 

and limit excess iron levels. It has been reported that serpin can covalently bind and inhibit the activity 

of highly abundant proteases that causes nodule senescence and that ferritins can act as iron 

scavengers during early drought stress (Lampl et al., 2013; Vorster et al., 2013; Pierre et al., 2014; Wyk 

et al., 2014). We envisaged that nodules might express serpin and ferritin genes under drought stress. 

Hence, we aimed to identify serpin and ferritin genes in M. truncatula and detect their expression in 

the nodule under drought stress. In total, 28 serpin and 4 ferritin genes were identified from the M. 

truncatula genome database and their complete coding sequence was retrieved to design primers 

(Table 1). Using reverse transcriptase PCR and primers (Appendix 2), we measured the expression of 

these genes in the nodules of well-watered plants at 14 and 25 days. Out of 28 serpin genes, MtSer5, 

MtSer6, MtSer8, MtSer9 and MtSer10 were found to be expressed at 14 days and only MtSer6 was 

found to be expressed at 25 days (Fig. 6). Similarly, when we tested ferritin genes, MtFer2 and MtFer3 

were found to be expressed at 14 and 25 days while MtFer1 was expressed only at 14 days. The 

expression of the nodule-expressed genes was subsequently measured in nodules of drought-treated 

plants and only expression of those genes which were expressed in 25 days well-watered control 

nodules (MtSer6, MtFer2 and MtFer3) were found to be induced by drought stress at 14 DAD (Fig. 7). 
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5.2.5 Down-regulated expression of MtSer6, MtFer2 and MtFer3 in RNAi knockdown lines 

As shown above, protease activity was increased only at 25 DAD and free iron increased only at 42 

DAD. Therefore, we postulated that MtSer6 is expressed to limit proteolytic activity and MtFer2 and 

MtFer3 to limit free iron levels. To test this, we used a reverse genetic approach and developed single 

(RNAiMtSer6, RNAiMtFer2 and RNAiMtFer3), double (RNAiMtFer2Fer3) and triple 

(RNAiMtSer6Fer2Fer3) knockdown (KD) constructs to analyse the function of these genes during 

drought stress. All the constructs were transformed into the M. truncatula R108 genotype through A. 

rhizogenes mediated root transformation as this host has been widely used for its fast in vitro 

regeneration capacity (Hoffmann et al., 1997; Wang et al., 2014). As a control, an empty vector 

construct was transformed as mentioned in Chapter 2. After transformation, seedlings were 

transferred and grown with E. meliloti in N-free medium for 20 days and then water was withheld 

completely for another 12 days to impose drought stress (Experiment 7, Chapter 2). After withholding 

water for 12 days, the FC of the medium was reduced to 51% (Fig. 8a). At this time point (12 DAD), 5 

plants were chosen from each RNAi line (single, double, triple and control) and a reverse transcriptase 

PCR was conducted to check the expression level of the respective target genes. The RNAi transgenic 

lines where expression of targeted genes were not detected in the nodules (Fig. 8b), were chosen 

further to confirm the level of expression using quantitative real-time PCR. For each line, at least 3 

independent lines were selected along with control lines (Fig. 8b). Quantitative RT-PCR data showed 

that nodules transformed with the control RNAi construct showed 6 to 10-fold higher expression of 

the tested genes at 12 days of drought as compared to day 0. In contrast, in single, double and triple 

RNAi KD nodules, no drought-induced increase of expression of the targeted genes was found (Fig. 9). 

Thus the RNAi KD effectively suppressed the drought-induced increase of expression of targeted 

genes. 
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5.2.6 Knockdown of MtSer6 in RNAiMtSer6 nodules results in increased papain-like 

cysteine protease activity, iron levels and MtFer3 expression 

As reported previously, serpin might be involved in controlling cysteine proteolytic activity (RD1) 

(Vercammen et al., 2006; Srinivasan et al., 2009). Therefore, we hypothesized that loss of expression 

of MtSer6 in drought stressed RNAi transgenic nodules, would result in increased proteolytic activity 

and concomitant total protein and lb degradation. Therefore, papain like cysteine and legumain like 

caspase-1- protease activities were measured in 12 days-old drought stressed RNAiMtSer6 nodules. 

KD of MtSer6 in RNAiMtSer6 nodules provoked papain like cysteine protease activity significantly as 

compared to control nodules. However, no significant changes of legumain like caspase-1- protease 

activity was found (Fig. 10a). Moreover, increased papain like cysteine protease activity correlated 

with nodule protein and lb degradation at 12 DAD (Fig. 10b,c). In addition, we speculated that 

degradation of lb may liberate iron and increase the excess iron level as described by Puppo et al. 

(2005) and we measured the iron content of 12 days old drought stressed RNAiMtSer6 nodules. Figure 

10(d) shows that degradation of lb coincided with a significant increase of nodule iron content. 

Furthermore, as increase of iron content might regulate the expression of ferritins in plants as 

reported by Briat et al. (2010), we measured the transcript abundance of MtFer2 and MtFer3 genes 

using qRT-PCR. The results showed that RNAiMtSer6 nodules had a two-fold increase in MtFer3 

expression, while MtFer2 expression was not affected (Fig. 11). Thus, loss of MtSer6 expression 

increases papain like cysteine protease activity and concomitant nodule protein and lb degradation. 

 

5.2.7 Knockdown of ferritins result in excess iron increase and nodule protein and lb 

degradation 

Ferritins function in free iron scavenging and we next hypothesised that KD of MtFer2 and MtFer3 

expression would result in excess iron increase and that consequent increase in oxidative stress will 

induce protein and lb degradation. We measured the iron content in RNAiFer2 and RNAiFer3 single 

KD nodules at 12 DAD and found that reduced expression of either ferritin resulted in significant iron 

level increases (Fig. 10d). Furthermore, this coincided with increased nodule protein and lb 

degradation (Fig. 10b,c). In particular, RNAiFer3 nodules showed significantly higher excess iron and 

lb degradation as compared to RNAiFer2 nodules. However, loss of expression of both ferritin genes 

in double RNAiMtFer2Fer3 KD nodules did not further increase iron levels and lb degradation as 

compared to single RNAiMtFer3 nodules (Fig. 10c,d). To investigate whether KD of MtFer2 or MtFer3 

genes resulted in expression changes of the other ferritin or MtSer6, we performed qRT-PCR to 

measure the relative transcript abundance changes. Interestingly, we observed higher MtFer3 
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5.3 Discussion 

Plants respond to drought stress to reduce the risk of drought-induced damage. Reduction of leaf 

water loss involves primary responses such as adjustment of LWP, stomatal conductance and 

transpiration rate (Baena-Gonzalez et al., 2007; Grzesiak et al., 2006; Stanton & Mickelbart, 2014). 

Our results for drought-treated M. truncatula plants were in general agreement with those authors, 

and early responses comprised more negative LWP and reduced RWC, while stomatal conductance 

and transpiration rate was reduced at a later stage (Fig. 1a,b, 2a,b). Several reports in different legume 

species show that drought stress affects the symbiotic process through inhibiting rhizobial infection, 

nodule development and nitrogenase activity, due to lack of water transport from rhizosphere (Ramos 

et al., 2003; Marino et al., 2007; Esfahani et al., 2014; Kunert et al., 2016). However, the response of 

the SNF-dependent plants and their associative symbiotic relationship to drought stress is poorly 

understood. This study is aimed at specifying the response of N-fixing M. truncatula to drought stress 

and deciphering the roles of serpins and ferritins therein. 

Following imposition of a 42-day drought-stress treatment, we observed that nitrogenase activity was 

affected within 14 DAD and this coincided with the initiation of nodule senescence. However, negative 

effects of drought stress on plant shoot biomass was seen only at 37 DAD (Fig. 3b,d, 4). This shows 

that drought-stressed M. truncatula limits nodule function prior to plant growth. These results are 

consistent with previous studies in legumes suggesting that nodules are the first organs being affected 

by drought stress (Purcell et al., 2000; Streeter, 2003; Ladrera et al., 2007). Drought stress affects the 

process of N2 fixation by various factors such as limiting the carbon supply through suppressing CO2 

fixation, increasing the ureids accumulation in the nodule and transporting aminoacids (majorly 

glutamate and aspartate) from leaves to nodules (King & Purcell, 2005; Ladrera et al., 2007; Marquez-

Garcia et al., 2015). Since N2 fixation is crucial for accomplishing the N demand set by SNF-dependent 

plants (Vitousek et al., 2013), drought stressed legumes may experience severe N-deficiency in 

addition to the water stress. Indeed, we found that reduced nodule function coincided with symptoms 

of N deficiency such as decreased photosynthesis and chlorophyll levels after 25 DAD, before an effect 

on plant biomass was seen (Fig. 2c, 3a). Furthermore, RNAi lines, in which drought-induced nodule 

function was further reduced because of knocked down serpin or ferritin expression, exhibited even 

lower photosynthetic rate and shoot biomass, likely due to the limited N supply (Fig. 14a,b,c). These 

results suggest that nodule senescence during drought stress is likely an effective survival strategy 

while nodule senescence per se is detrimental to plant survival. Although senescence is programmed 

for nutrient remobilization (Schiltz et al. 2004; Distelfeld et al., 2014), the question then remains why 

nodule senescence is induced first and at such an early stage of drought stress. 
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is directly involved in lb degradation (Fig. 10a,c,d). While lb are an N-rich nutrient source, they also 

harbour iron, which at elevated concentrations can induce ROS damage (Ravet et al., 2009). Therefore, 

we proposed that iron levels also needed to be controlled and here we show that expression of the 

ferritin encoding genes, MtFer2 and more importantly MtFer3, is a second mechanism to assure 

controlled drought-induced nodule senescence. Expression of these genes is upregulated in response 

to drought stress while their RNAi KD resulted in increased iron and decreased nodule protein and lb 

levels (Fig. 10b,c,d). The effect of ferritins KD on protein levels is likely a result of iron-induced toxicity 

and ROS damage to bacteroids (Fig. 12, 13; Ravet et al., 2009; DeLaat et al., 2014). 

The two mechanisms are likely to function largely independently of each other. Although, KD of 

MtSer6 had a positive feedback regulation on MtFer3 expression, it also resulted in excess iron 

increase (Fig. 10c, 11). Because MtFer3 expression in the nodule is induced by high iron content (Briat 

et al., 2010), the feedback regulation is likely a secondary result of the increased iron levels, rather 

than a direct result of the increased papain-like cysteine protease levels. Conversely way around, KD 

of ferritins did not affect MtSer6 expression or protease activities, but it did result in lower nodule 

protein levels (Fig. 10a,b 11), indicating that this was a result of oxidative damage to nodule proteins. 

Furthermore, KD of both Serpin6 and the two ferritins resulted in much lower nitrogenase activity and 

more senescence than when knocked down separately, suggesting they have an additive effect on 

nodule function. Thus the combined data suggests that under drought stress, M. truncatula responds 

with the early senescence of nodules that is tightly controlled by the expression of MtSer6 to regulate 

papain-like cysteine protease activity and ferritins to limit excess iron levels. 

 

5.4 Conclusion 

We showed that M. truncatula initiates nodule senescence as one of the early responses to drought 

stress and well before plant growth is affected. However, the senescence needs to be tightly regulated 

and increased senescence is detrimental to plant growth. The nodule achieves this in part by 

controlling the expression of protease inhibitor serpin6 and ferritins Fer2 and Fer3. We propose that 

this strategy allows the plant to maximise survival by continuing to benefit from remaining symbiotic 

N2 fixation in a water-limiting environment for as long as possible and in the meantime also benefit 

from nutrients recovered during nodule senescence. 
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the importance of SNF and N fertilization on plant growth maintenance under drought. This result 

highlighted that the benefit of SNF on plant growth recovery was well pronounced in both Jemalong 

A17 and R108 as compared to plants fertilized with N fertilizer alone. Luo et al. (2016) described that 

as compared to Jemalong A17, the R108 plant showed more drought tolerance under N-fertilized 

conditions. In contrast, this study shows that R108 plants exhibited significantly higher nodule and 

plant growth than Jemalong A17 under drought stress. It could be argued that E. meliloti inoculation 

and efficient SNF has an impact on plant growth maintenance under drought. I therefore chose R108 

for further study to analyse the transcriptional changes of genes involved in stress and drought 

tolerance. Results showed that the N-fixing R108 plant expressed significantly higher transcripts of 

abscisic acid-related genes, such as MtNced, MtZep and MtZip, than the N-fertilized plant. Conversely, 

R108 plants exhibited significantly less expression of ethylene-responsive genes, MtAcs and MtAco, 

and ROS-responsive genes, MtCat and MtRbohB. This indicated that E. meliloti inoculation primed the 

host to cope with drought stress by inducing ABA-related gene expression and continued uptake of N 

from symbiosis. 

 

 

 

 

 

 

 

 

 

Fig. I. Proposed model of the response of two M. truncatula genotypes to external N fertilizer 

treatment and drought. During well-watered growth conditions, plant growth is supported by N 

uptake from N fertilizer present in the soil (Nds) in both Jemalong A17 and R108 genotypes. However, 

Nds suppresses N uptake from SNF (Ndfix) in Jemalong A17, but not in R108. In R108, Nds stimulates 

nodule clustering around the root collar, which is suggested to stimulate Ndfix and therefore also plant 

growth. In response to drought, Nds is suppressed in both genotypes, resulting in increased Ndfix in 

Jemalong A17 and R108 genotypes. 
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Drought stress is a major threat for both legume growth and SNF as limited moisture in the rhizosphere 

may limit the rhizobial infection, nodule development and plant growth. To cope with or adapt to 

drought stress, plants may induce early senescence in old tissues to remobilize the nutrients for 

growth recovery (Gregersen, 2011; Thomas, 2013; Maillard et al., 2015). Two reasons for early 

induction of nodule senescence in legumes could be; i) In order to reduce the investment of more 

carbon cost for bacteroid respiration and N2 fixation under stress condition and ii) nodules have rich 

protein sources (Perlick et al., 1997; Kevei et al., 2002) such as, leghaemoglobins; amino acid rich 

proteins; and nodulins and enzymes for N, carbon and sulfur metabolisms which can be remobilized 

by a plant in order to recover the plant growth (Witty &Minchin, 2005). However, a legume plant may 

experience severe N deficiency and stress if drought-induced nodule senescence continues without 

controlled regulation. As SNF was sustained and nodules did not senesce during 12 days of drought 

(Chapter 4), I hypothesized in chapter 5 that drought-induced nodule senescence in M. truncatula is 

tightly regulated to maximize the benefit of nutrient recovery from the degrading nodules. The initial 

study in this chapter was performed to confirm the effect of drought stress on plant growth and N2 

fixation. Results showed that nodule senescence was induced prior to plant growth reduction in M. 

truncatula. Nodule senescence furthermore coincided with the elevation of proteolytic activity, 

degradation of nodule proteins including Lb and reduction in nitrogenase activity. This result was 

consistent with the previous study which suggested that the elevation of proteolytic activity causes 

bacteroid damage and nodule senescence in Glycine max and M. truncatula (Vorster et al., 2013; Wyk 

et al., 2014; Quain et al., 2015; Pierre et al., 2014). As a result of nodule protein and Lb degradation, 

M. truncatula nodules accumulate free iron ions, which are known to cause H2O2-mediated oxidative 

damage in cell organelles (Delaat et al., 2014; Ravet et al., 2009). For the purposes of identifying the 

mechanisms that ensure the controlled nodule senescence to minimize the SNF and plant growth 

reduction in drought-stressed M. truncatula nodules, I investigated the function of genes encoding an 

identified serpin (Mtser6) and two ferritins (MtFer2, and MtFer3; Chapter 3). Serpins interact and 

inhibit cysteine and papain proteases (Roberts et al., 2003; Lampl et al., 2013) and ferritins (Chapter 

3) are known as iron scavengers (Delaat et al., 2014). Results show that these genes regulate M. 

truncatula nodule senescence under drought stress (Fig. II). A reverse genetic study revealed that 

MtSer6 controls the elevation of papain-like cysteine protease activity which causes nodule protein 

and Lb degradation. The study also showed that ferritins can reduce the excess iron levels in nodules 

which cause iron toxicity. Knock-down of Serpin6 and ferritins in M. truncatula showed bacteroid 

degradation and early nodule senescence at 12 days of drought. A qRT-PCR test to investigate the 

feedback regulation of these genes by knock-down effect suggests that these two mechanisms 

function independently under drought stress. As a consequence of these two independent 
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mechanisms, loss of gene expression in nodules in which both ser6 and ferritins are knocked down, 

nodules exhibited further nodule protein degradation and severe senescence.  

 

 

 

 

 

 

 

 

 

Fig. II. Proposed model for the regulation of drought-induced nodule senescence in M. truncatula. 

This process involves Serpin MtSer6 to control the increase of proteolytic activity which could 

potentially degrade Lb and cause early nodule senescence. Similarly, under drought stress M. 

truncatula provokes ferritins MtFer2 and MtFer3 to scavenge excess free iron ions (released from Lb 

degradation) that causes H2O2-mediated ROS damage to bacteroids in nodules. These two 

mechanisms are functionally independent in controlling nodule senescence.  

Taken together, the results of this study show that the varying responses of M. truncatula-E. meliloti 

symbiosis to external N and drought stress in different host genotypes can result in variable SNF 

suppression. Moreover, under drought stress M. truncatula may regulate the controlled nodule 

senescence process by involving serpin and ferritin to retain residual SNF and to maximize plant 

survival. As compared to drought-treated, N-fertilized plants, which have limited capacity to uptake N 

from soil, SNF plants sustained better plant growth as a result of controlled nodule senescence and 

abscisic acid-related gene induction. The results of this study are of important agronomical 

significance as the establishment of efficient symbiosis and controlled regulation of the nodule 

senescence mechanisms can reduce the reliance on N fertilizer and help to sustain sufficient levels of 

plant growth under changing climatic conditions. 
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Appendices  

Appendix 1. Growth media and nutrients used in this study 

 

TAE buffer (50X) 

Components g or ml/L 

Tris free base     242 

Disodium EDTA    18.61 

Glacial Acetic Acid     57.1ml 

Deionized water 1L 

 

TBE buffer (10X) 

Components g or ml/L 

Tris free base     108 

Na2EDTA 9.3 

Boric acid     55 

Deionized water 1L 

 

Yeast Extract Mannitol medium (YEM broth) 

Components g/L 

Yeast extract 1.0 

Mannitol 10.0 

Sodium chloride  1.0 

Di-potassium hydrogen phosphate  0.5 

Magnesium sulfate 0.2 

Calcium chloride 1.0 

Agar (for solid media) 18 
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MnSO4, CuSO4, 
ZnSO4 H3BO3, 
Na2MoO4 

1mg/ml each 0.1 each 0.1 µg / l each 

 

 

 

LB broth 

Components g or ml/L 

Peptone     10 

Yeast extract 5 

Sodium chloride     5 

Deionized water 1L 
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Primers used for qRT-PCR  

 

 

  

No Gene Forward Reverse 

1 MtZEP GAGGAAAGGGTTTGAGGTAGTG GCTTCCAAAGCAGCCAAAG 

2 MtNCED ACCGTTTGGCCCAAGAAA CAGAGGCTACGAGCATAGTAAAG 

3 MtPAL TAGTGACTGGGTGATGGATAGT AGGCACCACCTTGTTTAGTT 

4 MtICS GCACCAGCATTTAGTGGAAAC TTCAGACTGGTAAGCAGGTAAAG 

5 MtZIP GTCACAAACAAGCTACCAAAGG TCTTCATCTCTCTCCCTCTTCA 

6 MtP5CS3 GAGTAGTCTCATGGCTCTGTATG CGAGGTAATTGTGTCGGATAGT 

7 MtRbohB AGAAGCAGGCAGAGGAATATG CTCCTCGTGTAGAATGAGTTGG 

8 MtCAT GCGCACCTGTTTGGAATAAC TGGGATCCGTTCCCTATCA 

9 MtACO AGTTCAAGTGGCAGAGACATT GCCCATAGCTGGTCCATTATTA 

10 MtACS GTGAGAGGTGGTAGGGTAAGA ATCACCAGGATCAGCCAAAC 
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Appendix 3. Nucleotide sequence of the genes used for qRT-PCR  

MtZep 

>XM_003611692.2:257 - 1780 Medicago truncatula zeaxanthin epoxidase mRNA  
ATGGTTTCTACTTTGTCTCACAAATGTCTCAGTCCCTCAATGACAACTTTCTCAAGAACCCACTTCTCAA 
ATCCTTTTGTGAGCTATGGAAACAGAACAACCAAGCAGAGGAGAAAACTGATGCAAGTAAAAGCAACAGT 
AATGCATGAAGCACCTTTTTCTGTCTCAAAGTCAACGCATAGTGTAGCTGAGATTGACATGGATCAAACT 
CCTCAGAAGAAGCAGCTTAAGGTACTTGTGGCTGGTGGAGGGATTGGTGGGTTGGTTTTTGCTTTGGCTG 
CTAAGAGGAAAGGGTTTGAGGTAGTGGTTTTTGAGAAGGATTTGAGTGCTATAAGAGGGGAGGGACAGTA 
TAGAGGTCCAATTCAGATACAAAGCAATGCTTTGGCTGCTTTGGAAGCAATAGATATGAATGTTGCTGAT 
GAAGTTATGAGAGTTGGTTGCATCACAGGTGATAGAATCAATGGGCTTGTGGATGGAGTTTCTGGGTCTT 
GGTACATTAAGTTTGATACATTCACTCCTGCAGCAGAACGAGGGCTTCCAGTTACTAGAGTTATTAGCCG 
AATGGCTTTGCAAGAGATTCTTGCACGTGCAGTCGGGGATGATGTCATTATGAATGGTAGTAATGTTGTC 
GATTTCATTGATCATGAAACTAAGGTAACAGTGGTGTTGGATAATGGTCAGAAGTATGATGGAGATCTCT 
TGGTTGGAGCAGATGGGATTTGGTCCAAGGTGCGGACAAAGTTATTTGGGTCAACAGAAGCTACATACTC 
GGGCTATACTTGTTATACTGGTATAGCAGACTTTGTGCCACCTGACATTGAATCGGTTGGGTACCGGGTA 
TTCTTAGGACACAAACAATACTTTGTATCTTCAGACGTCGGTGCTGGAAAGATGCAATGGTATGCATTTC 
ACCAAGAACCTGCAGGAGGTGTTGATACCCCCAATGGGAAAAAGGAAAGGTTACTGAAGATATTTGAGGG 
GTGGTGTGATAATGCAATAGATTTGATAGTTGCCACTGAAGAAGAGGCAATTCTGCGACGAGATATATAT 
GATCGGACGCCAACACTAACATGGGGAAAAGGACGTGTGACCTTACTTGGTGATTCTGTTCATGCCATGC 
AGCCAAATATGGGCCAAGGAGGATGCATGGCTATTGAGGATGGATATCAACTTGCATTTGAGTTGGATAA 
TGCATGGCAGCAAAGTGCAAAATCAGGCTCTACAATTGACATTGCTTCTTCCCTTAAGAGCTACGAGAGG 
GAGCGAAGATTACGAGTTACTTTTGTTCATGGAATGGCTAGAATGGCAGCTTTGATGGCTTCCACCTACA 
AGGCATATCTAGGTGTTGGTCTTGGACCCTTTGAGTTTTTAACCAAGTTTAGAATACCACATCCGGGAAG 
AGTTGGAGGAAGGTTTTTTATTCAAAAGTCGATGCCTTTGATGTTGAATTGGGTGTTAGGTGGCAATAGC 
TCCAAACTTGAAGGCAGACCACTATGTTGCAGGCTCTCAGACAAAGTATGTTAG 
MtNced 

>XM_013608915.1:166 - 1998 Medicago truncatula 9 - cis - epoxycarotenoid 
dioxygenase mRNA  
ATGGCAACATCAACGGCTTCATCAAACACATGGATTAACACCAAACTTGGTTCATCATCTTCATACTCTT 
CTCCTTTCAAAGATTCAAGATCAAATTCAATCACTTTAAAGAAGAAAAGATCTATCTCCCAAAACAACAA 
AATCTCATGCTCACTTCAAACAACACTACCTTTTCCTAAACAATACCAACCTAGTAAACCAAAAACGGTA 
ATTCCCACAAAAGAACCAAAACCAAACCAACCCATAACAAAAACATTACCAAAACAACAACAAGAACAAA 
AACAACACAAATGGAACCTTCTACAAAAAGCCGCCGCCACCGCCCTCGACTTCGTCGAAACAACCTTAAT 
CAAACAAGAACAAAAACACCCACTACCCAAAACCTCCGACCCACGTGTTCAAATTGCCGGTAACTTCGCC 
CCAGTACCGGAACACCCGGTAACCCAATCTCTTCCAATTACCGGCAAAATCCCAACCAACATTGACGGTG 
TTTACCTCCGTAACGGCGCCAATCCACTTTACGAGCCAGTAGCCGGTCACCACTTCTTCGACGGAGACGG 
TATGGTCCACGCCGTTAAATTCACAAACGGCTCCGTAAGTTACTCTTGCCGCTTCACCGAAACCCACCGT 
TTGGCCCAAGAAAAAGCCCTGGGCCGGCCCGTTTTTCCAAAAGCCATAGGTGAACTTCATGGTCATTCAG 
GCATAGCACGTTTAGCACTTTACTATGCTCGTAGCCTCTGTGGGCTTGTTGATGGGACCCACGGAATGGG 
TGTTGCTAACGCTGGTTTGGTTTATTTCAATAACCGTTTGTTAGCTATGTCTGAAGATGATATTCCTTAT 
CATATTCGTGTCACACCTAACGGTGATTTAACCACCGTTTGCCGTTATGATTTCGATAATCAACTCAAAT 
CTACAATGATAGCTCATCCCAAGGTTGATCCAGTTGATAAGAATATGTATGCTTTGAGCTATGACGTAGT 
TCAAAAGCCTTATTTGAAATACTTTCGTTTTGATGCGTCCGGAGTTAAGTCTCCGGACGTTGAGATTCCG 
TTGGAGCAGCCTACTATGATGCATGACTTCGCGATCACTGAGAATTTCGTTGTTGTGCCTGATCAACAAG 
TTGTGTTTAAATTGGGTGAAATGATCCGTGGTGGGTCGCCTGTTGTTTACGATAAGGAGAAAGTCTCGAG 
GTTCGGGGTTTTATCCAAGAATGCTGAAGATTCTTCTGAGATGATTTGGATTGATGCACCAGAGTGTTTC 
TGTTTTCATCTGTGGAATGCGTGGGAAGAGCCTGAAAATGATGAAGTTGTGGTGATTGGATCATGTATGA 
CACCGGCTGATTCGATATTCAATGAATGTGAAGAGAATTTGGAGAGTGTTTTGTCTGAAATTCGGTTGAA 
TTTGAAGACAGGGAAATCAACTAGAAGACCTATAATCAAAGAATCTGAACAAGTGAATTTGGAAGCTGGA 
ATGGTGAACAAGAACAAATTGGGAAGAAAGACACAATTTGCTTATCTTGCTCTTGCTGAACCATGGCCTA 
AAGTTTCCGGGTTCGCGAAAGTTGATCTTTTCAGCGGCGAAGTTAAGAAATATATTTACGGTGAAAACAG 
ATTTGGCGGGGAGCCTCTGTTTTTACCAAATTCCGATTCTGAGAACGAAGATGATGGTTATATTTTGACA 
TTTGTTCATGATGAGAAAGAATGGAAATCAGAATTGCAGATTGTGAATGCTGCTACTTTGAAGCTTGAAG 
CTTCTATTCAGCTTCCTTCTCGTGTTCCTTATGGATTTCATGGAACTTTCATTAATTCAAATGATTTGAA 
GAAACAAGAATGA 
MtPal 
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>XM_003590423.2:257 - 2395 Medicago truncatula phenylalanine ammonia - lyase -
like protein mRNA  
ATGGAGGGAATTACCAATGGCCATGTTGAAGCAACCTTTTGTTTGAGCAAAAATGGTGGTGATCCACTCA 
ACTGGGGCGCGGCGGCGGAGTCATTGACAGGGAGTCATTTGGATGAGGTGAAGCGTATGGTGGAGGAGTA 
TCGTAACCCGTTGGTTAAAATCGGCGGTGAGACACTTACCATTGCTCAGGTGGCTGGAATTGCTTCCCAT 
GATAGTGGTGTTAGGGTGGAGCTTTCGGAGTCGGCAAGGGCCGGTGTTAAGGCAAGTAGTGACTGGGTGA 
TGGATAGTATGAATAAAGGTACGGACAGTTATGGTGTTACCACCGGTTTTGGTGCTACTTCTCACCGGAG 
AACTAAACAAGGTGGTGCCTTGCAGAAGGAGCTAATTAGGTTTTTGAATGCCGGAATATTTGGCAATGGT 
ACAGAATCAAATTGTACACTACCACATACAGCAACAAGAGCTGCAATGCTTGTGAGGATCAACACTCTTC 
TTCAAGGGTATTCTGGTATTAGATTTGAAATCTTGGAAGCTATCACAAAGCTCTTGAACAACAATATTAC 
CCCATGTTTACCACTTCGCGGTACAATCACAGCTTCCGGTGATCTTGTTCCACTCTCTTACATTGCCGGT 
TTATTAACGGGCAGACCCAACTCTAAAGCCGTTGGACCGTCTGGAGAAATTCTCAATGCCAAGGAAGCTT 
TTCAACTTGCTGGCATTGGTTCTGATTTCTTTGAATTGCAACCTAAGGAAGGTCTTGCTCTTGTTAATGG 
AACTGCTGTTGGTTCTGGTTTAGCTTCTATTGTTCTGTTCGAAGCAAATGTACTAGCGGTTTTGTCTGAA 
GTTATGTCGGCAATTTTCGCTGAAGTTATGCAAGGGAAACCTGAATTTACTGATCATTTGACTCATAAGT 
TGAAGCATCACCCTGGTCAAATTGAAGCTGCTGCTATTATGGAGCATATTTTGGATGGAAGCGCTTATGT 
TAAAGCCGCTAAGAAGTTACACGAGACTGATCCTTTGCAAAAGCCTAAACAAGATCGTTATGCACTTAGA 
ACTTCACCTCAATGGCTTGGTCCTTTGATTGAAGTGATAAGATTTTCGACCAAGTCTATTGAAAGAGAGA 
TTAACTCGGTCAACGACAACCCTTTGATCGATGTTTCAAGGAACAAGGCCATACATGGTGGTAACTTTCA 
AGGAACACCTATCGGAGTTTCAATGGACAACACTCGTTTAGCTCTTGCTTCGATCGGTAAACTCATGTTT 
GCTCAATTCTCTGAGCTTGTTAATGATTTTTACAACAATGGTTTGCCTTCGAATCTTACTGCAAGTAGAA 
ACCCAAGTTTGGATTATGGTTTCAAGGGATCTGAAATTGCTATGGCTTCTTATTGCTCCGAGTTACAATA 
TCTTGCTAACCCTGTCACCACCCATGTGCAAAGTGCTGAGCAACACAACCAAGACGTTAACTCTTTGGGT 
TTGATTTCTTCTAGAAAAACAAACGAGGCTATTGAGATCTTAAAGCTCATGTCTTCCACTTTCTTGATCG 
CGCTTTGCCAAGCAATTGACTTGAGGCATTTGGAAGAGAATTTGAGGAACACTGTCAAGAACACTGTAAG 
CCAAGTTGCTAAGAGAACACTCACAACCGGTGTCAATGGAGAACTTCATCCTTCAAGATTTTGCGAGAAA 
GATTTGCTCAAAGTTGTCGACAGGGAGTATGTGTTTGCCTATGCTGATGATCCTTGCCTAGCTACATACC 
CTTTGATGCAAAAGTTGAGACAAGTGCTTGTGGATCATGCATTAGTGAATACCGAAGGAGAGAAGAATTC 
GAACACATCAATCTTCCAAAAGATTGCAACATTTGAGGATGAATTGAAGGCTATCTTGCCAAAGGAAGTT 
GAAAGTGCAAGGACAGCATATGAAAATGGACAAAGTGGAATTTCAAACAAGATTAAGGAATGTAGGTCTT 
ATCCATTGTACAAGTTTGTTAGAGAGGAGTTGGGAACAGCGTTGCTAACCGGTGAAAAAGTGATATCGCC 
AGGAGAAGAGTGCGACAAATTGTTCACAGCTATGTGCCAAGGTAAAATTGTTGATCCTCTTATGGAATGT 
CTCGGAGAGTGGAACGGCGCTCCTCTTCCAATTTGTTAA 
MtIcs 

>XM_003621235.2 Medicago truncatula isochorismate synthase partial m RNA 
ATGTTTCAATTAGGGTTACAAAGAATCATCTCAGACCAAACCTCTAATGGATTTAATGTCATCAAAGGTG 
ACAATGCTTACCAGTATTTCCTTCAGCCGCCTAATGCACCAGCATTTAGTGGAAACACACCAGAGCAACT 
ATTTCACAGAAAAGGCCTACATATCACTAGTGATGCTTTGGCCGCAACCCGTGCTAGAGGAGTGTCACTA 
GAACTAGACCATCAAATTGAACTTTACCTGCTTACCAGTCTGAAGGACGACATCGAGTTTACTATAGTAA 
GAGAGACCATAAGAAGAAAATTAGAGGCAATCTGTGAAAAAGTTACAATCGATTCAACGAAAATGGTCAG 
AAAACTACTGAGGATCCAACATTTATTTGCTCAACTAACTGGCAGGTTAAGAAGTGAAGAGGATGAGTTT 
GAAATTTTGTCATCACTTCACCCAAGTCCCGCAGTTTGTGGATTTCCAACAGAAGAGGCACAACTTTTAA 
TTGCAGAAACAGAAGTGTTTGATCGAGGAATGTATGCTGGACCTGTTGGTTGGTTTGGAGGAGGAGAGAG 
TGACTTTGCCGTTGGCATCAGATCAGCATTGGTGGAACAGGAACTAGGTGCTTTGATATATGCAGGGACA 
GGAATAGATGAAGGAAGCAATCCATACTTGGAGTGGGATGAGCTAGAACTCAAGACATCTAAGGAGTGTT 
TGTCTGTCAATGCATACATTCACCGCAAACGATTGCTAGCAAGTTTGTTATTCTACTTTATTTCCGACAG 
TGTTGCCAAATAG 
MtZip 

>XM_003611476.2:245 - 1057 Medicago truncatula homeobox associated leucine 
zipper protein mRNA  
ATGGGTCTTAATGATCAAGATTCTCTTCACCTTGTTCTAGGTTTATCTTTGAATACTTCTACTACTCCAA 
AGGAAATAACTACCACCACCCCCATGAATCCCTATTCCACCTCCAACGAGCCATCCTTAACGTTAGGACT 
CTCTGGTGAGAGTTATAACCTTATAAGTCACAAACAAGCTACCAAAGGTTATGGTGAGGAACTTTGTAGA 
CAAACTTCATCACCTCATAGTGTTGTTAATTCATCTTTCTCAAGTGGGAGAGTACTGCAAGTGAAGAGGG 
AGAGAGATGAAGAAGAAGAAGAAGTAGAAGAAGAGAGGGTTTCTTCAAGAGTTAGTGATGAAGATGAAGA 
TGCTACAAATGCTAGAAAGAAATTGAGGCTTACCAAAGAACAATCACTATTGCTTGAAGAAAGCTTCAAA 
CTACACAGCACTCTCAATCCTAAACAAAAACAAGCTTTAGCGAGACAGTTGAATCTAAGGCCACGACAAG 
TTGAAGTATGGTTCCAGAATCGGAGAGCCAGAACAAAGCTGAAACAAACAGAGGTGGATTGCGAGTTCTT 
GAAAAAATGTTGTGAAACATTAACAGACGAAAACAGGAGGCTCAAAAAGGAGTTACAAGAGCTGAAGTCA 
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TTGAAAGTAGCACAACCTTTGTACATGCCTATGCCTGCAGCCACCCTCTCCATCTGCCCGTCTTGCGAAA 
GACTCGGCCGCGTCGCCGACGGTGGTGGTGGTTCCAATAAGATCACTGCCTTCACTATGGCTCCAAATAC 
TCATTTCTACAATCCTTTCAACAATCCTTCTGCAGCATGTTAA 
MtP5cs3  
Medicago truncatula clone BAC mtb1 - 34m03 delta - 1- pyrroline - 5- carboxylate 
synthetase (P5CS3) gene, complete cds  
ATGGATCCAACTCGAGCTTTCGTCACTTCTGTTAATCGTGTTATCGTCAAGGTTGGAACAGCTGTGGTTA 
CTAGAAGTGATGGAAGATTAGCATTGGGAAGACTTGGAGCTCTATGTGAGCAGCTTAAAGATCTAAACCT 
TCAAGGCTATGAAGTTATATTGGTGACTTCGGGTGCTGTTGGTCTTGGCAGACAAAGACTTAGATATAGG 
AAATTGGCTAATAGCAGCTTTTCTGATCTTCAAAAGCCACAAGGTGACCTTGATGGAAAAGCATGTGCGG 
CTGTTGGGCAGAGTAGTCTCATGGCTCTGTATGATACTATGTTTAGCCAGCTAGATGTGACTTCCTCCCA 
ACTACTAGTGAATGATGGGTTTTTTAGGGATTCAGGTTTCAGAAAACAACTATCCGACACAATTACCTCG 
TTATTAGAATCGAAGGTCATCCCCATTTTCAATGAAAATGATGCTGTTAGTACTAGGAAGGCGCCATATG 
AGGATTCTTCTGGTATTTTTTGGGACAATGACAGTTTGGCTGGTCTATTAGCCCTTGAACTTAAAGCTGA 
CCTTTTAGTTTTATTAAGTGATGTTGAGGGCCTTTATAGTGGTCCTCCAAGTGACCCAAACTCAAAATTA 
ATTCATACATATATAAAAGAGAAACATCAAAGAGAAGTTACTTTTGGAGACAAATCAAGATTGGGCAGAG 
GGGGTATGACTGCTAAAGTCAATGCTGCTGTTTGTGCTGCTCATGCTGGCATCCCTGTTATTATAACTAG 
TGGCTATGCCACAGACAACATTATACGAGTGCTTCAAGGGGAGAAAATAGGCACTGTCTTTCATAGAGAT 
GCACATCTGTGGAAAAACATAAAGGAAGAGAGCGCGCATGAAATGGCCGTCGCAGCACGTAACAGTTCTA 
GAAGACTTCAGGCCCTAAAATCTGAAGAAAGGAGGAAAATATTGCTGGCAGTGGCTGATGCATTGGAGAA 
AAACCAAAATATGATTATGCTTGAAAATCAGGCTGATGTTGCTGTTGCTGTGGCAGCTGGATATGACAAG 
TCTCTGATATCACGTTTAACCCTGAAGCCTGAGAAGATCTCTAGTCTTGCAAAGTCTGTGCGCGTGCTGG 
CAGATATGGAAGAACCAATTGGTCAAATTTTGAAGAGAACTGAGCTAGCTGATGAACTCGTTCTGGAGAA 
AATATCATGTCCTCTGGGTGTCCTCCTGATTATATTTGAGTCTCGACCTGATGCTCTTGTTCAGATAGCA 
GCATTGGCAATTCGAAGTGGGAATGGCTTATTACTTAAAGGAGGAAAGGAAGCCCGAAGATCAAATGCGG 
TCTTACACAAGGTCATAACTTCAGCAATACCGGATACAGTCAGTGGCAAACTTATTGGGCTTGTGACTTC 
AAGAGATGAAATTCCAGATCTACTCAAGCTTGATGATGTGATAGATCTTGTGGTCCCTAGAGGCAGTAAT 
AAGCTTGTTTCTCAAATCAAGGAGTCAACAAGAATCCCTGTTCTTGGACATGCTGATGGAATTTGTCATG 
TATATGTCGACAAGTCTGCTAATATTGAGATGGCAAAGCAGATAGTTAGGGATGCAAAGACTGATTATCC 
TGCAGCCTGCAATGCAATGGAGACTCTTCTTGTACACAAGGATCTATGTAATGGTGGACTTAACGAGCTT 
ATCCTTGAACTCCAACGTGAAGGTGTTCAAATATATGGTGGACCAAAAGCTAGTGCTGTGCTAAATATTT 
CTGAAGCGAGTTCTTTGCATCATGAGTACAGCTCACTTGCTTGCACAATTGAAATTGTAGAGGACGTCTT 
TGTTGCCATTGACCACATAAATAAACATGGAAGTGCGCATACTGAGTGCATTGTCACAGAAGACTCTGAA 
GTGGCTGAGACATTCTTATCTCAAGTTGACAGTGCTGCTGTATTCCACAATGCAAGTACACGGTTTTGTG 
ATGGAGCACGCTTTGGACTAGGGGCAGAGGTTGGAATAAGTACAAGTCGGATTCATGCTCGAGGTCCTGT 
AGGAGTCGAGGGATTGTTGACAAAAAAATGGATATTGAGGGGGAATGGACAGGTAGTCGATGGTGATCGA 
GGAGTCTCTTATACTTACAAAGAGCAGCTAATAGAAGCATAA 
 
MtRbohB 
>XM_003602678.2:81 - 2852 Medicago truncatula respiratory burst oxidase - like 
protein  mRNA  
ATGGGAACTGACGAAGTTGAAGGAGAAATCCACAATCATCGTGACTCTGATACAGAACTCATTGCTCTTC 
ACAATGGTTCCTTCAGTGGACCTTTGAACAAAAGGGTAGGAAGAAGAAGTGCAAAGTTAAACGTTTCAAA 
TTCAACTTCTGCCATAGATCTTAACCATCAAGAACAAGATGAAGAAAAAGCAGAGCAAGATTACGTTGAA 
GTTACTATGGATATTCAAGGTGACTCTGTTGCTTTACACAGTGTTAAAACTGTTCCTGGAAACAATGGTG 
AAGATGAGAAACTTGTTTTGCTTGGTAAAGGAATGGAGAAGAAAAGATCTTTTGGTGCTTCTTTTGTTAG 
AACTGCTTCGATTCGTATGAAACATGTTTCTCAGGAGTTGAAGAAATTAACTTCTTTTTCGAAACAAGTT 
GGACCTCAGAAAGTTTATGATAGGACTAAGTCTGCAGCTTCTCATGCTCTTAGAGGACTCAAGTTTATCA 
ATAATAAGACTGATGTTGGATGGTTTGAGGTTGAAAAGCAGTTTGATATTCTTTCAACTCATGATGCTTT 
TCTTCATCGCTCTCTCTTTGCCAAATGCATAGGGATGAACAAGGAGTCTGAGGCATTTGCAGGTGAGCTA 
TTTGATGCTATGTCTAGGAGGAGGAATATTCATGGAGATTCAATTAATAAGCCACAATTGAAGGATTTCT 
GGGACCAGATATCTGACAATAGTTTTGATTCTAGGCTCAGAACATTCTTTGACATGGTTGATAAAGATGC 
GGATGGCAGAATCACCGAGGATGAAATTAAAGAGATTATTTGCCTTAGTGCCACTACAAACAAACTCTCA 
AACATACAGAAGCAGGCAGAGGAATATGCTGCTTTGATCATGGAAGAACTAGACCCTGATGATACTGGAT 
TTATCATGGTAAATGACCTAGAGATACTCTTGTTGCATGGACCAACTCATTCTACACGAGGAGATAGTAA 
GTACCTGAGCCAAATGCTAAGCATAAAGCTTAAGGGTACATATGAATACAATCCTGTTCGGAAGAGGTAT 
AGAGATGCCATTTACTTTCTGCAGGACAATTGGCAAAGAACTTGGATATTGGTACTATGGATTGGTGTTA 
TGTGTGGTCTATTTGCCTACAAATTCATGCAGTACAGAAGAAAAGATGCTTATGAAGTAATGGGTCATTG 
TGTGTGCATGGCTAAAGGTGCAGCTGAGACACTCAAATTGAACATGGCTATTATCTTGTTACCTGTTTGT 
CGAAACACCATCACATGGCTTAGGAACAAGACCAAACTAGGCATTGCTGTTCCTTTTGATGATAACCTCA 
ACTTCCACAAGGTGATTGCTGTGGCAGTAGCAACTGGAGTTGGTATACATGCTATTTATCATCTTACTTG 
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CGACTTTCCTCGCCTTCTTCATGCAAATAGTGAAAAGTACAAGCTCATGGAACCATTTTTTGGAAAGCAA 
CCAACAAGTTATTGGCATTTTGTGAAATCATGGGAAGGAGTAACGGGGATTGTAATGGTTGTTTTAATGA 
CAATAGCCTTCACACTGGCTAGTCCTTGGTTCAGGAAAGGAAGGGTTAAGCTACCTAAACCCCTCAATAG 
TCTAACTGGTTTCAATGCCTTTTGGTACTCTCATCATCTCTTTGTATTTGTCTATGCCCTTTTGGTTGTG 
CATGGAATCAAACTTTACTTGACTCGGGAATGGCACAAAAAAACGACTTGGATGTATTTGGTTATTCCCA 
TCATCATTTATGCATTGGAACGACTGACTAGAGCACTCAGATCAAGCATCAAGCCTGTAAGAATATTAAA 
GGTGGCTGTTTATCCTGGAAATGTGTTGGCTCTTCATATGTCAAAGCCTCAGGGGTTTAGATACAAGAGT 
GGACAATACATGTTTGTAAATTGTGCTGCTGTCTCTCCATTTGAATGGCATCCGTTTTCCATAACCTCTT 
CCCCAGGAGATGACTACCTTAGTGTTCACATCAGAACATTAGGTGACTGGACCAGAAGTCTCAGAGTCAA 
ATTCTCAGAGAGTTGCCTTCCACCGACCCATGGGAAGAGTGGACTTCTAAGAGCTGAATGCATGCAAGGG 
GATAGCAGCCCAAGTACTCTCCCTAAAGTTTTGATCGATGGTCCTTATGGAGCGCCTGCACAAGACTACA 
AGCAATATGATGTAGTTTTACTTGTAGGCCTAGGAATTGGGGCTACCCCAATGATAAGTATACTAAAGGA 
CATTGTGAATAATTTCAAGGCTATGGAAGAAGATGAAGGGACCACTATAGAGGAGGGAACAAGTAGTAAA 
TCACCGAGACCATCACAACACAAGAGAACCGGTTTGAATAGCTTTAAAACTAAGAGGGCTTATTTTTACT 
GGGTTACTAGAGAACAGGGTTCATTTGATTGGTTTAAAGGAGTAATGAATGAGGTGGCTGAAGATGATCA 
TAGGGGAGTAATTGAGCTACACAATTATTGTACTAGTGTTTATGAAGAGGGTGATGCTCGCTCTGCTCTT 
ATTGCTATGCTCCAATCACTTAATCATGCTAAAAATGGTGTGGATATCGTCTCTGGAACACGCGTCAAGT 
CTCACTTTGCTAAACCTAATTGGCGTAGTGTCTACAAGCGCATTGCACTTAATCATCCACAAACACGCGT 
TGGGGTGTTTTACTGTGGGCCACCTGCACTTACTAAAGAGCTTCGTCAATTAGGTTCGGACTTTTCTCAC 
AACACAACCACCAAATATGATTTCCACAAGGAGAATTTCTAG 
 

MtCat 

>XM_013606823.1:175 - 1653 Medicago truncatula catalase heme - binding enzyme 
mRNA 
ATGGATCCATACAAGCACCGTCCGTCCAGCGCTTACAATTCTCCTTTCTGGACTACAAATTCTGGCGCAC 
CTGTTTGGAATAACAACTCATCCCTAACCGTTGGATCCAGAGGTCCAATTCTCTTGGAAGATTATCATCT 
TGTGGAAAAGCTTGCCCAATTTGATAGGGAACGGATCCCAGAACGTGTTGTCCATGCCAGGGGAGCAAGT 
GCAAAGGGTTTCTTTGAAGTCACACATGATATTTCGCACCTGACTTGTGCAGATTTCCTACGAGCTCCTG 
GAGTTCAGACACCCGTCATTGTGCGTTTCTCCACTGTCATTCATGAACGTGGTAGCCCTGAAACCTTGAG 
AGACCCTCGAGGTTTTGCTGTGAAATTTTACACCAGAGAGGGTAACTTTGACCTTGTTGGAAACAACTTT 
CCTGTCTTCTTCGTTCACGACGGGATGAATTTTCCAGATATGGTCCATGCTCTTAAACCCAACCCCAAGT 
CCCACATTCAGGAGAATTGGAGAATCCTTGACTTCTTTTCTCACTTTCCAGAAAGCCTTCACATGTTCTC 
CTTCCTATTTGATGATGTGGGTGTCCCACAAGATTATAGGCACATGGATGGTTTTGGAGTTAACACATAT 
TCCCTGATCAACAAGGCTGGGAAAGCAGTGTACGTGAAATTTCACTGGAAGCCCACATGTGGTGTGAAGT 
GTCTGTTGGAGGAAGAGGCCATTAAGGTGGGAGGAGCCAACCACAGCCATGCTACTCAAGACCTGTATGA 
TTCAATTGCTGCTGGTAACTATCCTGAGTGGAAACTGTTTGTTCAAACAATAGATCCTGCTCACGAAGAC 
AAATTTGATTTTGACCCACTTGATGTAACTAAGACTTGGCCTGAGGACATTATACCCCTTCAGCCCGTAG 
GTCGCCTGGTCTTGAACAAGAACATAGACAATTTCTTTGCTGAGAATGAACAACTTGCATTTTGTCCTGC 
CATTATTGTGCCTGGTGTATATTACTCGGATGATAAGATGCTTCAAACCAGGATTTTCTCTTATGCTGAT 
TCACAGAGGCACAGGCTTGGGCCAAACTATCTGCAACTTCCTGCTAATGCTCCCAAGTGTGCTCACCACA 
ACAATCACCATGAGGGTTTCATGAATTTCATTCACAGGGATGAAGAGGTCAATTACTTCCCTTCAAGGCA 
TGATCCTGTTCGTCATGCAGAAAAGGTTCCCATTCCTACTGCTAATTTCTCTGCATGCCGTGAAAAGTGC 
AATATTCCAAAGCAGAACAACTTCAAGCAGCCTGGAGAGCGATACCGATCTTGGGCACCCGACAGGCAAG 
ATAGATTTCTCCGCAGATGGGTGGATGCTTTATCCGATCCACGCGTCACCCATGAAATCCGCAGCATCTG 
GATCTCATACTGGTCTCAGGCTGATCGTTCTCTTGGACAAAAGATTGCATCTCATCTGAACATGAGGCCT 
AGCATTTAA 
MtAcs 

>XM_003624037.2:717 - 1856 Medicago truncatula 1 - aminocyclopropane - 1-
carboxylate synthase mRNA  
ATGTCAAAAGTGAGAGGTGGTAGGGTAAGATTTGATCCTGACCGTATATTGATGAGTGGTGGAGCAACAG 
GAGCAAATGAGTTAATCATGTTTTGTTTGGCTGATCCTGGTGATGCTTTTTTGGTTCCTAGCCCTTATTA 
TCCAGCATTTGTCCGTGACTTATGTTGGAGAACCGGTGTGCAACTAATTCCTGTCCAATGTCATAGCTCA 
AACAATTTCAAGATAACAAGAGAAGCACTTGAAGAAGCTCATAAAAAAGCACAAGAAGAAAACATCAATG 
TAAAAGGGTTAATCATAACAAATCCATCAAATCCTTTAGGAACAACATTAGAAAAAGATACACTAAAGAG 
CATAGTGAGTTTCATCAATGAAAACAACATCCATTTGGTATGTGATGAAATTTATTCGGGGACCGTTTTC 
AACACACCAACGTACGTAAGTGTCGCGGAAGTTATCCAAGAAATGGAAGAATGCAAGAAAGATCTCATTC 
ACATTATCTATAGTTTATCAAAAGACATGGGTCTTCCGGGTTTTAGAGTTGGTTTGGTTTATTCGTACAA 
CGATGAAGTTGTGAACTGCGGTAGAAAAATGTCGAGCTTTGGATTAGTCTCATCGCAGACACAACATTTT 
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CTAGCCGCAATGCTTTCGGATGACATATTTGTGGATAAATTTTTGGAAGAGAGTTCAAGAAGATTACGAG 
AGCGACGTGAATTTTTTACAAAGGGACTTGAGAAAGTCAACATTACTTGCTTACCAAGTAATGCAGGACT 
ATTCTTTTGGATGAATTTGAGGGGTTTGTTGAAAGAGAAAACATTTGAAGGTGAAATGAAACTTTGGCGT 
TTGATTATCAATGAAGTAAAGCTTAATGTTTCGCCGGGTTCGGCTTTTAATTGCTCTGAGCCTGGTTGGT 
ATAGAGTTTGTTTTGCTAACATGGATCATGAAACAGTTGAGATTGCATTGAGGAGAATTAGAGCATTTGT 
TAATGGAAGAGAAAAAGGGAAAACAGTTGAAATCAAACGTTGGAAGAGTAATCTTAGACTTAGCTTTTCT 
TCAAGAAGGTTTGATGAGAATGTTATGTCTCCTCACATGATGTCTCCTCATTCACCAATGCCTCATTCAC 
CACTTGTTCGAGCTACTTAA 
MtAco 

>XM_003620886.2:38 - 949 Medicago truncatula 1 - aminocyclopropane - 1-
carboxylate oxidase mRNA  
ATGGCAATTCCTGTGATAGATTTTAGCACTCTCAATGGTGACAAAAGAGGTGAAACTATGGCTCTTTTGC 
ATGAAGCTTGTCAAAAATGGGGTTGCTTTCTGATTGAGAACCATGATATTGAGGGGAAGTTGATGGAGAA 
GGTGAAGAAGGTAATTAATAGTTACTATGAAGAAAATTTGAAGGAAAGTTTTTACCAATCTGAGATAGCA 
AAGAGGTTGGAGAAAAAGGAGAACACCTGTGATGTTGACTGGGAAAGTTCATTCTTCATTTGGCATCGTC 
CGACGTCTAACATTAGGAAAATTCCAAACCTCTCTGAGGATCTTTGTCAAACAATGGATGAGTACATTGA 
CAAACTAGTTCAAGTGGCAGAGACATTATCTCAGATGATGAGTGAAAATCTTGGTTTGGAGAAAGATTAC 
ATAAAGAAAGCATTTTCAGGAAATAATAATAATGGACCAGCTATGGGCACAAAAGTGGCAAAGTACCCTG 
AATGTCCATATCCAGAATTGGTAAGAGGTTTAAGAGAGCATACAGATGCTGGTGGAATCATCCTATTGCT 
TCAAGATGACAAAGTACCTGGTCTTGAATTCTTCAAAGATGGAAAATGGATTGAGATACCACCTTCAAAA 
AACAATGCTATCTTTGTCAACACAGGTGACCAAATTGAAGTGTTGAGCAATGGTTTATACAAAAGTGTTG 
TGCATAGGGTGATGCCTGACAAGAATGGAAGTAGACTATCTATTGCAAGTTTCTATAATCCAGTTGGTGA 
AGCTATTATTTCTCCAGCTCCTAAACTCTTGTATCCAAGTAATTACTGCTATGGTGACTATTTGGAGCTT 
TATGGAAAAACTAAGTTTGGTGATAAGGGTCCTAGATTTGAATCCATCAAGAATAAGGCCAATGGGAACT 
AG 
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Appendix 4. RNAi sense strand with introduced restriction sites for generating MtSer6, 
MtFer2 and MtFer3 RNAi lines 
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Appendix 5. Multiple alignment of members of serpin and ferritin family 

S1 group 

Fig. a. 
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S2 group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. b. 
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S3 group 
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S4 group 
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S5 group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. e. 
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S6 group 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. f. 

S7 group 

 

 

 

 

 

 

Fig. g. 
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F1 group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. h. 

Fig. Multiple sequence alignment of complete serpin and ferritin coding sequences (MUSCLE output). Serpins were grouped into S1 (Fig. a), S2 (Fig. b), S3 (Fig. c), S4 (Fig. d), 
S5 (Fig. e), S6 (Fig. f) and S7 (Fig. g) and ferritins were grouped into F1 (Fig. h).  The conserved regions of each group are marked with red rectangles and are used to design 
the primers.  
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6.3. Effect of drought treatment on N derivation from SNF. Percentage of Ndfix in shoots of Jemalong 

A17 (a) and R108 plants (b). Plant were well-watered until 20 dpi and were subsequently watered 

normally (W) or water was with-holded (D). R denotes +/- E. meliloti inoculated. Values are the mean 

of three biological replicates. Error bars represent the standard errors of mean.  
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Appendix 7 

 

    



The research presented in Chapter 5 was published in the Journal New Phytologist. A copy of the 
title page is shown here. 

 

 

 

The full paper can be accessed via https://nph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.15298 

https://nph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.15298

