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ABSTRACT 
 

Bacteroids of B. japonicum from nodules of soybean roots were isolated using 

differential centrifugation (the standard bench method) and density gradient 

centrifugation methods (either sucrose- or Percoll-) under anaerobic conditions in which 

N2 fixation was preserved. The relationships between N2 fixation and respiration, O2 

supply, O2 demand, substrate (mainly malate) transport and metabolism in bacteroids 

were investigated using the flow chamber system. In related experiments, the primary 

products of N2 fixation which leave the bacteroids were investigated using a 15N-

labelling technique in a closed shaken system and other biochemical methods.  

 

In the flow chamber experiments, the rates at which O2 was supplied to bacteroids in the 

chamber were varied by (a) changing the flow rate of reaction medium through the 

chamber; (b) by changing the [O2 free] in the inflowing reaction medium by using either 

3-5% (v/v) or 100% air in the gas mixture above the stirred reaction medium in two 

reservoir flasks; (c) by successively withdrawing bacteroids from the chamber, thus 

increasing the supply of O2 per bacteroid to those remaining in the chamber. The results 

showed that the rate of O2 supply regulates respiratory demand for O2 by bacteroids 

rather than the O2 concentration present in the reaction system. Respiration is always 

coupled to N2 fixation.    

 

Uptake of malate by bacteroids withdrawn from the flow chamber was measured under 

microaerobic conditions. Malate uptake by these N2-fixing bacteroids was lower than 

that by bacteroids isolated under aerobic conditions, which eliminate N2 fixation of 

bacteroids, but is closely correlated with bacteroid respiration rates. When respiration 

was increased by an increase in O2 supply, malate uptake by bacteroids was also 

increased. This suggested that transport of malate through the bacteroid membrane is 

also regulated by O2 supply, but indirectly. Higher uptake by bacteroids under aerobic 

conditions was observed because respiration was enhanced by the high availability of 
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O2, but the fast uptake of malate by bacteroids driven by the abnormal respiration rates 

may not reflect the reality of malate demand in vivo by bacteroids when N2 fixation by 

bacteroids is fully coupled.  

 

The results of 15N labelling experiments and other biochemical assays once again 

demonstrated that ammonia is the principal significant 15N labelled product of N2 

fixation accumulated during 30 min in shaken assays with 0.008-0.01 atm O2. Alanine 

although sometimes found in low concentrations in the flow chamber reactions, was not 

labelled with 15N in shaken closed system experiments. No evidence could be obtained 

from the other biochemical assays, either. Therefore, it is concluded that these and 

earlier results were not due to contamination with host cytosolic enzymes as suggested 

by Waters et al. (Proc. Natl. Aca. Sci. 95, 1998, pp 12038-12042).  

 

Malate transported into bacteroids is oxidized in a modified TCA cycle present in 

bacteroids. The results of flow chamber experiments with a sucA mutant (lacking α-

ketoglutarate dehydrogenase) showed that respiratory demand for O2 by the mutant 

bacteroids is regulated by O2 supply in the same way as the wild-type. Despite 

differences in other symbiotic properties, rates of nitrogen fixation by the mutant 

bacteroids, based on the bacteroid dry weight, appeared to be the same as in the wild-

type. Also N2 fixation was closely coupled with respiration in the same manner in both 

mutant bacteroids and wild type bacteroids. These results and other supporting data, 

strongly support the conclusion that there is an alternative pathway of the TCA cycle in 

bacteroids, which enables the missing step in the mutant to be by-passed with sufficient 

activity to support metabolism of transported malate. 



 

 
 

 
   - VIII -

TABLE OF CONTENTS 
 
 

DECLARATION..................................................................................................................................I 
ACKNOWLEDGEMENTS............................................................................................................... II 
ABRREVIATIONS............................................................................................................................ V 
ABSTRACT......................................................................................................................................VI 
1 INTRODUCTION 1 

1.1 Nodules structure and function .................................................................................................... 3 
1.2 Nitrogenase .................................................................................................................................. 4 
1.3 Leghaemoglobin........................................................................................................................... 9 

1.3.1 Localization of Lb in legume nodules ................................................................................ 10 
1.3.2 Multiple components of Lb ................................................................................................ 10 
1.3.3 The optical spectra and oxygenation of Lb ........................................................................ 10 
1.3.4 Facilitation of O2 flux to nitrogen fixing bacteroids by oxygenated Lb............................. 11 
1.3.5 Purification and uses of Lb in experiments with gas phases .............................................. 12 
1.3.6 Diffusion of O2, O2 consumption and N2 fixation in symbiosomes ................................... 13 

1.4 Regulation of nitrogen fixation by legume nodules ................................................................... 14 
1.5 Metabolite transport across symbiotic membranes of legume nodules ...................................... 16 

1.5.1 Carbon supply to bacteroids ............................................................................................... 16 
1.5.2 Transport of carbon compounds across symbiotic membranes .......................................... 20 
1.5.3 Nitrogen fixation, transport of ammonia across the symbiotic membranes and the 
assimilation of ammonia .................................................................................................................... 24 

1.5.3.1 Nitrogen fixation............................................................................................................ 24 
1.5.3.2 Transport of fixed nitrogen across the symbiotic membranes ....................................... 25 
1.5.3.3 Assimilation of ammonia ............................................................................................... 27 

1.6 Recent challenge to ammonia as the primary product of nitrogen fixation................................ 28 
1.7 Aims of the project..................................................................................................................... 29 

2 MATERIALS AND METHODS 40 
2.1 Plants and nodules...................................................................................................................... 40 
2.2 Chemicals................................................................................................................................... 41 
2.3 Bacteroids................................................................................................................................... 41 

2.3.1 Preparation of bacteroids by the standard bench method ................................................... 41 
2.3.2 Preparation of bacteroids by density-gradient centrifugation............................................. 42 

2.4 Preparation of leghaemoglobin (Lb) .......................................................................................... 43 
2.4.1 Extraction from nodules and initial purification................................................................. 44 
2.4.2 Purification of unfractionated oxyleghaemoglobin ............................................................ 45 

2.4.2.1 Preparation of Sephadex columns ................................................................................. 45 
2.4.2.2 Purification of Lb with the G75 column and oxygenation of Lb with the G25 column . 46 
2.4.2.3 Determination of concentration of Lb ........................................................................... 47 
2.4.2.4 Spectral quality of oxy-Lb (LbO2) ................................................................................. 47 

2.5 Experimental systems ............................................................................................................. 48 
2.5.1 The flow chamber system .................................................................................................. 48 

2.5.1.1 The flow reaction chamber and methods....................................................................... 48 
2.5.1.2 Reaction solutions ......................................................................................................... 49 
2.5.1.3 Experimental ................................................................................................................. 50 

2.5.2 Closed shaken assays ......................................................................................................... 50 
2.6 Measurements of products of nitrogen fixation.......................................................................... 51 

2.6.1 Measurement of ammonia.................................................................................................. 51 
2.6.2 Measurement of alanine ..................................................................................................... 52 

2.6.2.1 Enzymatic assay of alanine ........................................................................................... 52 
2.6.2.1.1 Sample preparation for the enzymatic determination of alanine ......................... 52 
2.6.2.1.2 Enzymatic determination of alanine..................................................................... 52 

2.6.2.2 Amino acid analysis....................................................................................................... 53 
2.6.2.2.1 Purification of amino acids from shaken assays .................................................. 53 
2.6.2.2.2 Amino acid analysis ............................................................................................. 54 



 

 
 

 
   - IX -

2.6.3 Incorporation of 15N2 into the products of nitrogen fixation ............................................... 55 
2.6.3.1 Preparation of 15N2 gas ................................................................................................. 55 
2.6.3.2 Determination of O2 contamination of 15N2 ................................................................... 57 
2.6.3.3 Gas mixture for the use in closed, shaken experiments ................................................. 59 
2.6.3.4 Experimental system and preparation of samples for N analysis .................................. 60 

2.6.3.4.1 Experimental system ............................................................................................ 60 
2.6.3.4.2 Collection of samples ........................................................................................... 61 
2.6.3.4.3 Preparation of samples ........................................................................................ 61 
2.6.3.4.4 Collection of NH3 by diffusion ............................................................................. 62 
2.6.3.4.5 Assessment of hydrolysis of alanine by alkali ...................................................... 63 

2.6.3.5 Analysis of 15N incorporation into compounds.............................................................. 63 
2.6.3.6 Calculations used in measurements of the incorporation of 15N from 15N2 by bacteroids 
in the closed shaken experiments ................................................................................................... 64 

2.7 Endogenous alanine dehydrogenase in cultured rhizobia........................................................... 65 
2.7.1 Culture of bacteria.............................................................................................................. 65 

2.7.1.1 Medium for stock culture and purity checks.................................................................. 65 
2.7.1.2 Purity checking and preparation of stock cultures ........................................................ 66 
2.7.1.3 Preparation of bacteria for determination of alanine dehydrogenase .......................... 66 

2.7.2 Determination of alanine dehydrogenase ........................................................................... 68 
2.7.2.1 Preparation of cell-free enzyme extracts ....................................................................... 68 
2.7.2.2 Enzyme assay................................................................................................................. 69 

2.7.3 Detection of alanine degrading enzymes adhering to bacteroids ....................................... 69 
2.8 Malate uptake............................................................................................................................. 70 

2.8.1 Malate uptake by bacteroids as prepared using the bench method..................................... 70 
2.8.2 Malate uptake by bacteroids from the flow chamber ......................................................... 71 
2.8.3 Malic enzyme (ME) and malate dehydrogenase (MDH) assays ........................................ 72 

2.9 Determination of protein and bacteroid dry weight ................................................................... 73 
2.10 Evaluation of data ...................................................................................................................... 74 

3 REGULATION OF BACTEROID RESPIRATION BY 
OXYGEN SUPPLY 83 

3.1 Introduction................................................................................................................................ 83 
3.2 Experimental .............................................................................................................................. 84 
3.3 Results........................................................................................................................................ 84 
3.4 Discussion .................................................................................................................................. 87 

4 RELATIONSHIP BETWEEN MALATE TRANSPORT AND 
RESPIRATORY DEMAND IN ISOLATED BACTEROIDS 102 

4.1 Introduction.............................................................................................................................. 102 
4.2 Experimental ............................................................................................................................ 103 
4.3 Results...................................................................................................................................... 104 

4.3.1 Malate uptake by bacteroids isolated anaerobically using the standard bench method.... 104 
4.3.2 Malate uptake by flow-chamber bacteroids ..................................................................... 104 
4.3.3 The effect of flow chamber conditions on the kinetics of malate uptake ......................... 105 
4.3.4 The effect of chloramphenicol (CAP) on malate uptake by the flow chamber bacteroids106 
4.3.5 The effect of incubation time on the kinetics of malate uptake........................................ 107 
4.3.6 The determination of activities of malic enzyme and MDH ............................................ 108 

4.4 Discussion ................................................................................................................................ 108 
5 REASSESSMENT OF THE PRODUCT OF NITROGEN 
FIXATION 125 

5.1 Introduction.............................................................................................................................. 125 
5.2 Experimental ............................................................................................................................ 127 

5.2.1 Bacteria ............................................................................................................................ 127 
5.2.2 Nodules and bacteroid suspensions.................................................................................. 127 
5.2.3 Experimental systems....................................................................................................... 128 

5.3 Results and discussion.............................................................................................................. 128 
5.3.1 Determination of alanine and NH3 production by bacteroids under various conditions... 128 



 

 
 

 
   - X -

5.3.1.1 Flow chamber experiments.......................................................................................... 128 
5.3.1.2 Closed shaken experiments.......................................................................................... 130 

5.3.2 Incorporation of 15N2 into the products of N2 fixation ..................................................... 131 
5.3.3 Detection of alanine degrading enzymes.......................................................................... 133 

5.3.3.1 Detection of alanine degrading enzymes adhering to bacteroids................................ 133 
5.3.3.2 Endogenous alanine dehydrogenase (ADH) ............................................................... 134 

5.3.3.2.1 Alanine dehydrogenase activity in bacteroids ................................................... 135 
5.3.3.2.2 Alanine dehydrogenase activities in extracts of cultured B. japonicum strains. 135 

5.4 General discussion ................................................................................................................... 136 
6 THE TCA CYCLE OF BACTEROIDS 148 

6.1 Introduction.............................................................................................................................. 148 
6.2 Experimental ............................................................................................................................ 150 

6.2.1 Plant material and bacterial strains................................................................................... 150 
6.2.2 Flow chamber experiments .............................................................................................. 150 

6.3 Results and discussion.............................................................................................................. 151 
6.4 General discussion ................................................................................................................... 153 

6.4.1 Respiration, N2 fixation and oxygen supply and demand................................................. 153 
6.4.2 Evidence from biochemistry and other metabolic aspects ............................................... 155 
7 GENERAL DISCUSSION 164 

7.1 Introduction.............................................................................................................................. 164 
7.2 Oxygen regulation of O2 demand by bacteroid respiration & terminal oxidases of bacteroids 166 

7.2.1 Changes in O2-demand and bacteroid oxidases................................................................ 167 
7.2.2 Confirmation of bacterial terminal oxidases of different O2-affinity ............................... 168 
7.2.3 Changes in O2-demand related to changes in Vmax (1) ....................................................... 169 
7.2.4 Simulated consequences of changes in bacteroid O2-demand during symbiosis.............. 170 

7.3 Carbon metabolism in relation to O2 supply and respiration.................................................... 171 
7.3.1 O2 supply regulates malate transport across the bacteroid membrane.............................. 173 
7.3.2 Malate metabolism in N2 fixing bacteroids ...................................................................... 174 

7.4 Confirmation of the product of nitrogen fixation ..................................................................... 176 
7.5 Conclusions.............................................................................................................................. 180 
7.6 Future work .............................................................................................................................. 180 

REFERENCES 186 

PUBLICATIONS 206 


	DECLARATION
	ACKNOWLEDGEMENTS
	ABRREVIATIONS v weight/volume
	ABSTRACT
	TABLE OF CONTENTS



