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Stellingen: 

1) The alternative mechanism of symbiotic activation (ASA) was postulated for Rhizobium 

leguminosarum despite earlier results, which gave no evidence of any symbiosis-specific regulation 

of the dctA gene 

(Ronson, C.W. and Astwood, P.M. 1985. Nitrogen fixation research progress. Bottomley, P.J. and Newton, 

W.E. eds. Martinus Nijhoff, Dordrecht. 201-207. 

Ronson, C.W., Astwood, P.M., Nixon, T.B. and Ausubel, F.M. 1987. Nucl. Acids Res. 15, 7921-7934) 

2) It is unlikely that the alternative mechanism of symbiotic activation (ASA) in Slnorhizobium meliloti 

has a significant influence on the crop yield of Medicago sativa. 

(Rastogi era/., 1992. Can. J. Microbiol. 38,555-562.) 

3) The use of Medicago truncatula as a model plant in studying the Rhizobium-iegume interactions 

may leave the functioning of the bacteria in the symbiosis underexposed. 

4) The conclusion that NifA is not involved in the expression of the dctA gene during the symbiosis of 

Slnorhizobium meliloti and Medicago sativa, is not contradictory to the finding that NifA is essential for 

the alternative mechanism of symbiotic activation (ASA). 

(Jordingefa/.,1992,J. Plant Physiol. Vol. 141:18-27) 

5) The hypothesis that the endodermis of indeterminate nodules functions as an oxygen barrier should 

not be accepted as an established fact without support of solid experimental data 

(Hunt and Layzell, 1993, Ann. Rev. Plant Physiol. Plant Mol. Biol., 44:483-511). 

6) Research on the potential risks associated with the release of genetically engineered 

microorganisms (GMO's) should be more concerned with the conditions that provide a positive 

selective advantage to potential harmful microorganisms, than with lateral transfer of genes in the 

environment. 

7) Conclusions in a scientific paper should always be treated with reservation. Additional information 

may shed a different light on earlier results. 

8) Applying age limits in grant applications is a form of discrimination and therefore illegal. 

9) The creative thinking of a scientist may be inhibited by reading scientific publications. 

Bert Boesten: 

Expression of the Slnorhizobium meliloti C<-dicarboxylate transport gene 
during symbiosis with the Medicago host plant. 

Wednesday September 8 1999, 
Agricultural university Wageningen. 
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Rhizobium spp. are gram' soil bacteria that are able to induce the formation of specialised organs on 

their leguminous host plants which they can invade and where they can fix atmospheric nitrogen to 

ammonia. This fixed nitrogen is made available to the host plant, rendering it independent from the 

availability of nitrogen in the soil. The plant in turn provides an unique ecological niche to the 

microsymbiont. Symbiotic N2-fixation is a high energy requiring process and this energy is derived 

from the host plant photosynthate. The bacteria remain at all times separated from the plant cell 

cytoplasm by a plant derived peribacteroid membrane. This membrane is the interface between the 

host plant and the endosymbiont. Not every available carbon source can pass the peribacteroid 

membrane. Early work on this subject has demonstrated that C4-dicarboxylic acids (dCA) rather than 

succrose which is present in abundance in the nodule cytosol, are partitioned into the peribacteroid 

space. Consequently the ability of the microsymbiont to take up these dCA compounds is essential for 

the establishment of an effective symbiosis. 

The uptake of dCA by Sinorhizobiom meliloti and some other Rhizobium spp. under free-living 

conditions is controlled by three genes: dctA coding for a high affinity dCA uptake permease, and a 

two-component regulatory system encoded by dcB and dctD. A mutation in the structural gene dctA, 

renders the mutants unable to transport dCA and therefore such mutants cannot use dCA as a carbon 

source. Such dctA mutants can invade their host-plants and induce the formation of nodules, but are 

unable to fix nitrogen. 

A mutation in either of the regulatory dc/BD genes also renders the mutants unable to take up dCA 

under free-living conditions, but generally such mutants establish an effective symbiosis when 

inoculated on their host plant. This latter phenotype suggests that the dctA gene is expressed 

efficiently during symbiosis even in the absence of the cognate regulatory dcfBD genes. This 

observation led to the postulation of an alternative system of symbiotic activation of the dctA gene. 

This ASA, which stands for Alternative Symbiotic Activator has been the subject of much research by 

several groups including our own at the Microbiology Dept. University College Cork. Despite this 

considerable effort, which I will summarise in Chapter 2, the ASA has not been identified to date. 

The problem in pinpointing the ASA probably lies in the strict symbiotic nature of the phenomenon. 

The mechanism can not be induced under free-living conditions. Therefore it has to be studied in situ 

during symbiosis with the host plant. Using gene fusions of the dctA expression signals to the lacZ. and 

uidA reporter genes, in combination with histochemical staining of plant tissue, I have studied the 

regulation of the dctA gene in situ during the symbiosis with the Medicago host plants. 

The construction of various gene fusions is described in Chapter 3 and their behaviour under free-

living conditions is analysed in Chapter 4. In Chapter 5 I describe the use of some of the gene fusions 

to study the in situ patterns of dctA expression during symbiosis. First of all it is established that in a 

wild-type background, the dctA gene is expressed during the early and late stages of symbiosis. In 

contrast in nodules induced by a regulatory dcB or dcID mutant, a distinct late symbiotic pattern of 

dctA expression was observed. This meant that the ASA is an exclusive late symbiotic mechanism. In 

addition we also found that certain gene fusions lacking the extreme N-terminal domain of the dctA 

coding region did not respond to the ASA. The use of these gene fusions allowed us to monitor the 
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activity of the DctBD system without the interference of the ASA and conclude that the DctBD system 

alone is sufficient to express the dctk promoter during all stages of symbiosis. 

Having identified a gene-fusion construct that responded to the DctBD mechanism, but not the ASA, 

we wished to obtain a complementary gene fusion that would respond to the ASA, but not the DctBD 

mechanism. In Chapter 6 we describe such gene fusion construct which was obtained by deleting the 

Upstream Activator Sequences (UAS) from the dctk promoter. These sequences are essential for the 

activation of the dctA promoter by DctBD, under free-living conditions and during symbiosis. This gene 

fusion was found to be activated equally well during symbiosis in nodules induced by wild-type as well 

as a dctD mutant strain. This dctD independent activity however was totally abolished in nodules 

induced by a strain mutated in the nifk gene. This is probably the best indication to date that a 

functional nifk gene is required for the ASA activity. 

Besides alfalfa (Medicago sativa) Medicago truncatula is also a host plant for S.meliloti. Because of its 

better amenability for genetic manipulation, the latter has been proposed as a model-plant to study 

symbiotic N2-fixation. In Chapter 7 we evaluated the in situ dctk activity on M.truncatula. To our 

surprise we observed that dctD mutant strains induced ineffective nodules on this host plant. No dctk 

activity could be observed suggesting that the ASA does not operate. The in situ activity of nifkv.lacZ 

and n//H::/acZ gene fusions demonstrated that the pattern of nif gene expression is similar as in the 

alfalfa background, but the level of gene expression is about a tenfold lower. These findings are in 

agreement with the previous results suggesting that NifA is required for ASA activity in the S.meliloti 

alfalfa symbiosis. 

Finally in Chapter 8 we discuss the major findings of this work and assess their implication in 

developing our understanding of gene regulation in S.meliloti during symbiosis. 
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Chapter 1) 

Introduction 



1.1) The Rhizobium - legume symbiosis. 

Rhizobia are gram-negative soil bacteria, capable of fixing atmospheric nitrogen in symbiosis with their 

leguminous host plants. This symbiosis leads to the development of nodules on the roots of the host 

plant. These nodules are specialised organs where the host-plant provides an ecological niche for 

bacteria, which can invade these nodules. Here they can differentiate to endosymbiotic bacteroids, 

which can fix atmospheric nitrogen in a microaerobic environment. The fixed nitrogen is made 

available to the host plant, which provides a competitive advantage in growth conditions where 

nitrogen is limited. 

1.2) Exchange of nutrients during symbiosis. 

During symbiosis between Sinorhizobium melilotiand the Med/cago host plant, the energy required for 

the bacteria to colonise the roots, to invade and multiply inside the host plant and to fix atmospheric 

nitrogen, is all ultimately derived from the plant photosynthate. At all times during infection and 

Root 

Nodule 

bacteroids 

vascular bundles 

Fig. 1a: Exchange of nutrients during symbiosis. 

During the S.me//7ofralfalfa symbiosis the bacteroids fix atmospheric nitrogen (N2) 

and make it available to the plant cells in the form of ammonia (NH3). There it is 

converted to asparagine and transported via the vascular system to the other parts 

of the host plant. The energy required for these processes is ultimately derived from 

the photosynthesis, which takes place in the leaves. 

symbiotic N2-fixation, the bacteria, or bacteroids, remain separated from the plant cell cytoplasm by 

plant derived membranes. During invasion and infection, the bacteria are enclosed collectively inside 

infection threads. When released from these infection threads into the plant cell cytoplasm, the 

bacteria are enveloped individually in a peribacteroid membrane. In general biological membranes are 
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impermeable to large hydrophilic molecules such as those that may serve as carbon and nitrogen 

sources for the growth of the microsymbionts. Specific transporters will be required to allow the 

selective passage of molecules from the host cell cytoplasm to reach the Internalised bacteria. As 

such the host plant determines the direct environment of its microbial partner and may influence its 

behaviour. The bacteria are able to produce a wide range of more or less specific transport proteins in 

order to be able to take up and utilise molecules that it encounters in its environment. The production 

of these permeases is highly regulated. Synthesising these proteins only makes sense when the 

compounds that are to be transported are actually present in the environment, in sufficiently high 

amounts to merit the effort involved in synthesising the permease and adjusting the metabolism. 

plant cell 

• sucrose c$? 
.Q. | | bacteroid. 

malate 

NH, 

peribacteroid membrane , 

Fig. 1b: The peribacteroid membrane. 

The nitrogen fixing bacteroids are enveloped in a plant derived 

peribacteroid membrane, which prevents the free exchange of large 

molecules. Selective passage of carbohydrates is obtained by means of 

specific transporter proteins, or permeases. Although sucrose is the most 

abundant form of photosynthate in the plant cells, it is not directly 

available to the bacteroids. Malate is probably the only carbon source 

provided to the bacteroids in sufficiently high amounts to support 

symbiotic N2-fixation. Consequently ability of the bacteroids to take up this 

Grdicarboxylate is essential for an effective symbiosis. 

1.3) The capacity of the microsymbionts to take up C4-dicarboxylates is essential for 

symbiotic N2-fixation. 

Current evidence indicates that C4-dicarboxylates (dCA = fumarate, succinate, malate) are the major 

and probably only source of carbon provided to the bacteroids in sufficiently high amounts to support 
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symbiotic N2-fixation. They are translocated through the peribacteroid membrane and were found to 

support nitrogenase activity of isolated S.melilotibacteroids (McRea era/., 1989). Consequently, 

efficient expression of the S.me//for/C4-dicarboxylate transport gene (dctk), coding for a high affinity 

uptake system for dCA, is essential for an effective symbiosis (Ronson et al, 1981; Glenn and 

Dilworth, 1981; Finan era/., 1983; Glenn era/., 1984; Arwas era/., 1985; Driscoll and Finan, 1993). 

1.4) The regulation of the dctA. gene. 

The genes of S.meliloti involved in the uptake of C4-dicarboxylic acids have been studied extensively. 

The dc/gene cluster consists of the structural gene dctA and the divergently transcribed regulatory 

genes dcBD. The dctA gene codes for a high affinity permease (DctA), which is required for the 

dCA 

dciD K. dciB 
pBD pA 

dctA 

Fig. 1c: The dcfABD gene cluster. 

The structural gene (dctA) codes for a high affinity permease (DctA), which is 

required for the efficient uptake of dicarboxylic acids (dCA = fumarate, succinate, 

malate). The regulatory dcBD genes are transcribed from a low level constitutive 

promoter (pBD) and code for a two component regulatory system (DctB and DctD). 

DctB is a sensor protein that is located in the cytoplasmic membrane and detects 

the presence of dCA in the periplasmic space. DctB interacts with the 

transcriptional activator DctD. In the presence of dicarboxylic acids, or aspartate in 

the environment DctD is activated by DctB and in turn activates transcription from 

the dctA promoter (pA). 

efficient uptake of dicarboxylic acids. The dcBD genes are transcribed constitutively at a low level and 

were found to code for a two-component regulatory system (DctB and DctD). DctB is a sensor protein 

that is located in the cytoplasmic membrane and detects the presence of dCA in the periplasmic 

space. DctB interacts with the transcriptional activator DctD. In the presence of dicarboxylic acids, or 
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aspartate in the environment DctD is activated by DctB. DctD in turn activates transcription from the 

dctA promoter (Fig. 1c). Under free-living conditions, the regulatory dcBD genes are essential for 

activation of the dctA promoter (Ronson etal, 1984,1987; Ronson and Astwood, 1985; Engelke etal., 

1989; Jiang etal., 1989; Wang etal., 1989 

1.5) The symbiotic phenotype of the dct mutants. 

S.meliloti strains mutated in the structural dcfA gene without exception display a fix' phenotype during 

symbiosis. This is in line with the notion that the ability to take up dCA is essential during symbiotic N2-

fixation. 

Table 1a: Phenotypic behaviour of the 

dct mutant strains. 

S.meliloti strains mutated in any of the dct 

genes are unable to grow on media containing 

a dicarboxylic acid (dCA) as a sole carbon 

source. Mutations in the structural dctA gene 

affect the permease directly, whereas the 

regulatory dcBD mutants are unable to 

activate the dctA promoter under free-living 

conditions. Regulatory mutants however do 

often allow an efficient symbiosis. This 

indicates that during symbiosis the dctA gene 

is still expressed in these strains. 

Strain 

wild-type 

dctA' 

dctB' 

dctD-

Growth 
ondCA 

+ 
-

-

-

Symbiotic 
phenotype 

+ 
-

+ 

+ 

Although certain regulatory dct mutants are unable to fix nitrogen during symbiosis, most were hardly 

affected in their symbiotic efficiency. Bacteroids isolated from nodules induced by such mutants were 

found to efficiently transport dCA (Engelke et al., 1987). It became clear that the dctA gene is 

expressed during symbiosis, even in the absence of the regulatory dcfBD genes. Accordingly, nodules 

induced by these S.meliloti mutants, still fix nitrogen although sometimes at an reduced rate (Yarosh 

etal., 1989). This demonstrated that in the specific environment of the nodule, regulatory molecules 

other than DctBD, are involved in the expression of the dctA promoter. Despite the extensive study of 

the dicarboxylate transport (Dct), this alternative system of symbiotic activation (ASA) has not been 

identified to date. 
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dCA 

dCA 

<&xx dctA o 
ASA 

Fig. 1d: The alternative mechanism of symbiotic dctA 

activation. 

The presence of an alternative mechanism of activation of the dctA 

promoter (ASA) is only revealed during symbiosis. When the regulatory 

dcBD genes are mutated, the dctA gene is still expressed at significant 

levels in a DctBD-independent manner. Despite extensive studies the 

ASA has not been characterised to date. 

Abbreviations are as in Fig. 1c. 

1.6) The alternative symbiotic activator (ASA). 

The presence of a second mechanism of symbiotic activation of dctA during symbiosis, poses a 

question with respect to the symbiotic regulation of this gene. It is not clear what role the ASA may 

play in the context of overall gene regulation in a mature efficient nodule. It is conceivable that the 

cognate DctBD system is primarily responsible for symbiotic dctA expression and that the ASA is a 

regulatory artefact that only comes to light when the DctBD system is mutated. On the other hand the 

ASA may represent a specific regulatory mechanism, characteristic of the nitrogen fixation process, 

which takes over from DctBD when the bacteroids have fully differentiated and symbiotic N2-fixation 

begins. Simple cross-talk between regulatory mechanisms, or a novel regulatory mechanism specific 

to symbiotic N2-fixation? The relatively high efficiency at which N2-fixation takes place in nodules 

induced by some dcfD mutant strains, suggests that the dctA gene is expressed at nearly wild-type 

levels. Such efficient expression argues for the latter possibility. 
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1.7) Aim of this work. 

The work presented in this thesis is aimed at the study of the regulation of the S.meliloti dctA gene in 

situ during symbiosis with the Medicago host plants. There is a big discrepancy between the 

knowledge that has been obtained in recent years of DctBD dependent regulation of the dctA gene in 

free-living conditions and the unknown nature of the alternative mechanism of symbiotic activation, or 

ASA. Consequently, it is still not known if either the ASA, or the regular DctBD system is primarily 

responsible for the expression of dctA during symbiosis. 

dCA 

ASA 

periplasm 

cytoplasm 

dctA 
> 

Fig 1e: Two possible mechanisms of dctA activation during symbiosis. 

Since there are two possible ways of activating the dctA gene, it is not clear which 

mechanism (DctBD or ASA) is primarily responsible for the expression of the gene 

during symbiosis. Abbreviations are as in Figs. 1d 

This lack of knowledge concerning the ASA originates probably from its strict symbiotic nature. 

Attempts to obtain DctBD independent expression of the dctA promoter under free-living conditions, 

for example by microearobiosis (Wang era/., 1989), have failed so far. Others have been looking for 

secondary mutations that allow a dctD mutant to grow on minimal medium with dCA as sole carbon 

source. One such mutation has been characterised (Labes etal., 1993). This worked out to be an 

altered ntrC allele, which resulted in a NtrC molecule that activates NtrA dependent promoters 

constitutively. Such a mechanism is unlikely to be responsible for the activation of dctA during 

symbiosis. Although such approaches are relevant and the results obtained instructive, they have to 

date not lead to the characterisation of the ASA. In order to elucidate the role of the ASA during 

symbiosis, we considered it imperative to study the ASA in situ during symbiosis with the Medicago 

host plants. In this work we have undertaken such a study of the regulation of expression of the 

S.meliloti dctA gene in planta. 
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Chapter 2) 

The state of the art 



2.1) Organisation of the dct gene cluster. 

The dct genes of S.meliloti and a number of related Rhlzobium species have been extensively studied. 

The first complementation studies, which were done with dct genes from a R.leguminosarum gene 

bank, identified three loci (Ronson era/., 1984). These loci were designated dctA, dctB and dctC. 

Furthermore, the results suggested that dctA encoded a structural component necessary for dCA 

transport. The dcfB and dctC genes, which are transcribed opposite to the direction of the dctA gene, 

were thought to encode positive regulatory elements. Further transposon insertions indicated the 

presence of a fourth locus between dctB and dctC. This fourth locus was designated dctD. Eventually 

it turned out that dctC was in reality a truncated version of dcfD, which led to a constitutive activation 

of the dctA promoter (Ronson era/., 1988). This left only two regulatory dct genes: dcB and dclD. 

Sequence analysis of the dcfBD genes revealed a striking homology to the nitrogen regulatory gene 

products NtrBC (Ronson et. al., 1987a & c; For a review see: Parkinson and Kofoid, 1992). Conserved 

sequences in the C- terminal part of the dcB gene and the amino terminus of the dctD gene were also 

found in an ever growing family of regulatory proteins. Many of these regulatory proteins act in pairs to 

relay environmental signals to an appropriate response at the molecular level (Fig. 2a). Genetic 

analysis and nucleotide sequencing of the S.meliloti dct genes revealed a high degree of homology 

with the dcfgene cluster of R.leguminosarum (Engelke era/., 1989; Jiang et al., 1989; Wang era/., 

1989). In summary, the S.meliloti dct region consists of three genes, required for the uptake of dCA in 

free-living conditions. The structural gene dctA, which codes for a high affinity uptake permease and 

the regulatory genes dcfBD, that code for a two-component sensor-regulator system (Fig. 1c). 

2.2) Role and function of the dctA gene. 

2.2.1) DctA is a high affinity permease located in the periplasmic membrane. 

C4-dicarboxylic acids: fumarate, succinate and malate (dCA) do not freely pass through the 

periplasmic membrane. Therefore, to be able to use dCA as a carbon source, bacteria require a 

specialised uptake system. The S.meliloti dctA gene codes for a high affinity permease for the uptake 

of dCA. This permease also transports the amino acid aspartate. Aspartate is an efficient inducer of 

the dctA gene, but the affinity of DctA for the uptake of this amino acid is lower than that for dCA 

(McRea et al., 1989). In practice this means that if dCA are present as well as aspartate, the latter is 

probably not taken up by DctA. 

Because DctA is a permease, it was expected to be located in the periplasmic membrane. This was 

confirmed by gene fusions to the E.coli alkaline phosphatase (phoA). This alkaline phosphatase is 

normally located in the periplasm. To study protein secretion, Hoffman and Wright (1985) constructed 

a modified form of the gene from which the promoter and signal sequence encoding region of the 

gene have been removed. Fusion proteins with this alkaline phosphatase are therefore only active 
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when the phoA part of the chimeric protein is located in the periplasmic spaca Manoil and Beckwith 

(1985) exploited this feature to construct a Tn5 derivative (Tn5 \S50L::phoA) which can be used to 

identify protein transport signals. This transposon has been exploited by sevoral groups to obtain 

random gene fusions of the phoA gene to genes coding for proteins which are located in the 

periplasmic membrane (Long et al., 1988). The dctA gene proved to be a suitable target to obtain 

active dctA-.phoA gene fusions (Long era/., 1988; Yarosh et al., 1989; Jording era/., 1993). Although 

DctB also is thought to contain an extracellular domain, no active dctB::phoA gene fusions were 

obtained (Yarosh etal., 1989). 

The topology of the DctA protein has been determined using the complementary features of alkaline 

phosphatase (phoA) and p-galactosidase (/acZ) gene fusions. Contrary to the phoA gene fusions, 

which are only active when the PhoA part of the fusion protein is exposed into the periplasmic space, 

gene fusions to lacZ are only effective when the lacZ portion remains in the cytoplasm (Manoil, 1990). 

From the deduced protein sequence of the DctA protein, 12 membrane spanning regions were 

predicted. The topology of the DctA comprised twelve transmembrane a-helices with the amino- and 

carboxyl- terminus located in the cytoplasm. This topology is confirmed by the activity of a range of 

dctA::phoA and dctA-.lacZ gene fusions (Jording etal., 1993). All translations] gene fusions to the lacZ 

genes, that have been constructed to date (Wang et. al., 1993; This work) also confirm this proposed 

topology of the DctA protein. 

2.2.2) DctA is involved in the regulation of its own expression. 

The absence of a functional DctA protein generally results in a constitutive high level of expression of 

the dctA gene. Gene fusions of the dctA promoter sequences to various reporter genes are highly 

expressed in a dctA' background (Yarosh etal., 1989; Jording etal., 1992; This thesis). This is true 

under free-living conditions as well as during the symbiosis (Jording et al., 1992). This suggests that 

DctA is somehow involved in the regulation of its own expression. To date, it is not known which part 

of the DctA protein is involved in this autoregulation. Yarosh and coworkers (1989) demonstrated that 

the regulatory cfclBD genes are required for the elevated expression of the dctA gene under these 

conditions. Being membrane located, it seems unlikely that DctA interacts directly with its own 

promoter region. The DctA protein may interact with the regulatory DctBD system. This may involve a 

direct protein-protein interaction with for example the DctB protein, which is also located in the 

periplasmic membrane (See Chapter 2.3). The existence of an additional regulator possibly sensing 

the internal levels of dCA and acting on the dctA promoter cannot be excluded. In this context it is 

interesting to observe that in the heterologous E.coli background, the resident cAMP receptor protein 

CRP has been demonstrated to negatively regulate the activity of the dctA promoter (Wang et al., 

1993; Chapter 2.7). 
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2.3) Role and function of the regulatory dctBD genes. 

Under free-living conditions, the expression of the dctA gene is regulated by the dctB and dcID genes. 

These regulatory genes are transcribed in the opposite direction from the dctA gene (Ronson etal, 

1984, 1987; Ronson and Astwood, 1985; Engelke era/., 1989; Jiang etal., 1989; Wang etal., 1989). 

The dcBD genes code for a two-component regulatory system belonging to a family of NtrBC sensor-

regulator molecules (Ronson etal., 1987; Parkinson and Kofoid, 1992). Members of this family of 

regulators are characterised by conserved domains in the C-terminus of the sensor proteins and the 

N-terminus of the regulators. 

Sensor 
DctB 
NtrB 
FixL 

Input signal 
transmitter module 

Response regulator 
DctD 
NtrC 
FixJ 

P I Conserved domains 2CS 

receiver module 

Parkinson & Kofoid, 1992 

Output signal 

Fig. 2a The two-component regulatory system: 

Signal transduction within a NtrBC type regulatory system takes place by means of 

auto-phosphorylation of a conserved domain in the sensor and subsequent specific 

phosphor transfer to a conserved domain in the response regulator. The input- and 

output signals are specific for each system. 

Based on these homologies, Ronson etal. (1987a), proposed a model for the regulation of dctA 

expression in response to the presence of dCA in the environment of the bacteria. In this model, DctB 

was proposed to be located in the cytoplasmic membrane and capable of sensing the presence of 

dCA in the periplasmic space. In the presence of dCA, DctB would activate DctD by means of a 

protein-protein interaction. By homology to the NtrBC system, this was proposed to involve a phospho-

transfer reaction (Fig. 2a). The phosphorylated DctD, which is free to move in the cytoplasm would 

activate the dctA promoter in turn. The ntrA gene product (NtrA, or a54), was also shown to be required 

for dctA expression (Ronson et al., 1987b). To date, this model largely still holds true. Signal 

transduction between the DctB and DctD has been studied in vitro with purified proteins (Giblin etal. 

1994; Chapter 2.8). Conform to the consensus, it has been shown to involve a mechanism of 
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phospho-transfer between the two proteins. The protein sequence of DctB reveals two potential 

transmembrane domains in the N-terminal part of the protein and suggests that a sizeable portion of 

DctB protrudes into the periplasmic space. This portion of the molecule presumably is involved in the 

sensing of the appropriate signal leading to the activation of the Dct system. The C-terminal portion of 

DctB contains a highly conserved Histidine residue (H410). This is the site of autophosphorylation of the 

sensor molecules. In the presence of an inducer compound (dCA, or the amino acid aspartate) in the 

environment, the phosphor group is transferred to the conserved aspartate residue in the amino 

terminus of DctD (D55). The C-terminus of the DctD molecule contains a helix-turn-helix motif, which is 

presumably involved in binding of DctD to the dctA promoter region. The phosphorylated DctD has an 

increased affinity for the dctA promoter DNA (Giblin etal. 1994; Chapter 2.8). The dctA promoter 

depends on the NtrA sigma factor (a54) for expression. The S.meliloti ntrA gene product (a54) is 

required for diverse metabolic functions. Apart from Dct, the ntrA gene is required for nitrate 

assimilation and symbiotic nitrogen fixation (Ronson et al., 1987b). 

DctD belongs to a family of transcriptional regulators which interact with o54, to activate their target 

ATP ADP + P, 

DctD 

NtrC 

NifA h-t-h 

Unkl & -2 

others ? 

Fig. 2b: Modular structure of DctD and related enhancer binding proteins: 

These transcriptional activators all have a highly conserved core domain which interacts with 

the EoM polymerase complex. They also feature a typical helix-turn-helix (h-t-h) domain for 

DNA binding. DctD and NtrC both belong to a two component system and have a similar N-

terminal domain which can be phosphorylated by their respective sensor molecule. 

promoters (Kustu et al., 1989). This family of regulators are characterised by a highly conserved 

central domain in the proteins (Fig. 2b, Morett and Segovia, 1993). Hybridisation of the S.meliloti 

genome with DNA probes representing this conserved central portion of dctD potentially identified 

more than 20 homologous regulatory genes (Jiang et al., 1989). The best known examples of these 
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regulators are NifA (nifgene regulation) and NtrC (nitrate assimilation). Two more genes have been 

cloned from S.meliloti, using a PCR approach to amplify the central portion of homologous regulatory 

genes. The function of these genes is not yet known, although it has been suggested that they may be 

involved in the expression of the dctA gene during symbiosis (Kaufman and Nixon, 1996). 

2.4) Primary structure of the dctA promoter region. 

When the closely related S.meliloti (Wang etal., 1989; Chapter 2.6) and R.leguminosarum (Jiang et 

al., 1989) dctA promoter regions were compared, an overall homology of 58% at the nucleotide level 

was observed. Moreover a number of domains were found to be conserved at a much higher degree 

(Wang et. al., 1989; Chapter 2.6). It seems likely that these conserved domains are essential for dctA 

(and dcBD) expression. The region between the dctA and dcB genes, where the promoters are 

located, measures 240 bp or 209 bp (depending on which of the two possible ATG start codons is 

taken as the translational start point of dctA). Each of these two ATG's is preceded by a good 

consensus ribosome binding site. Only the second ATG however is conserved between the S.meliloti 

and R.leguminosarum dctA coding regions (Fig. 2e) and therefore represents the more likely start site. 

In either case, the promoter and the start site for transcription are positioned upstream of the Sma\ site 

as transcriptional gene fusions at this point (pCU22 and pCU32, Wang et al., 1989) are fully functional. 

A consensus NtrA binding site (GG-N10-GC) has been identified 47 bp upstream of this Sma\ site. 

Transcription has been demonstrated to start around 10-11 bp downstream from this promoter site 

(Ledebur et. al-, 1990). NtrA dependent transcriptional activators, such as NtrC and NifA bind to 

sequences located 80 bp or more upstream from the promoter site to activate transcription. These 

upstream activator sequences, or UAS, are essential for efficient transcription from the target 

promoters. Based on their similarity with consensus NifA binding sites (TGT-N,0-AGA, Buck etal., 

1986), two UAS sites have been identified in the dctA promoter region (Ronson etal., 1987). These 

sites were later confirmed by in vitro methylation footprints and gel shift assays as being target sites 

for binding of the DctD transcriptional activator (Ledebur etal., 1990 and 1992). Both UAS are 

required for efficient transcriptional activation of the dctA promoter, despite the fact that the affinity of 

DctD for the downstream site is much higher than for the upstream sequence (Ledebur et. al., 1992). It 

seems likely that DctD binds co-operatively to both sites, to activate the dctA promoter. 

An additional conserved region is apparent about 30 bp upstream of the NtrA binding site. The 

function of this region has not been identified to date. Apart from the dctA promoter, there must also 

be a start site for transcription of the dcBD genes. The dcBD promoter has not been identified. The 

dclBD genes are expressed constitutive!y at a low level (Wang etal., 1989; Jording etal., 1992). This 

seems plausible in view of the fact that in order to detect the presence of the inducer and quickly 

activate the dctA promoter, the regulatory DctBD system must be already in place. The housekeeping 

o factor component of the S.meliloti RNA polymerase, encoded by the sigA gene, is homologous to 

the E.coli RpoD a70 subunit (Rushing and Long, 1995). Not much is known about the consensus DNA 
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sequence recognised by this polymerase holoenzyme. It seems likely that both the E.coliE-a70 and the 

S.me///ot/holoenzyme bind to similar -35 sequences (Boesten etal., 1987; Bae and Stauffer, 1991). 

However, despite the fact that the start site of the dcfc transcript has never been identified, it is clear 

that it must be located in the same region as the UAS sites of the dctA promoter. There are a number 

of TTG sequences, representing possible -35 recognition sites of the dctBD promoter. One of these 

corresponds with the conserved sequence about 50 bp upstream of the dctA promoter. This may well 

represent the dctBD promoter site. Binding of DctD to its UAS sequences is very likely to interfere 

with the initiation of transcription of the dcBD genes. This suggests a possibility of autoregulation of 

the cfcfBD operon. However, no significant difference has been observed in the level of transcription 

of dctB and dctD in the presence, or absence of inducer (Jording etal., 1992). These authors have 

also demonstrated that dcID probably has its own promoter and gene fusions to dctD are expressed at 

a higher level than those to dctB. This holds true for free-living cultures as well as bacteroids. Why this 

should be so, is not clear. Possibly more DctD molecules are required for an effective Dct system than 

DctB molecules. A DctB molecule located in the cytoplasmic membrane may phosphorylate and 

dephosphorylate many DctD molecules. 

2.S) Additional regulatory features of dctA. 

2.5.1) Expression of dc(A during symbiosis. 

Under free-living conditions, the regulatory dctBD genes are essential for activation of the dctA 

promoter. However at an early stage it became clear that certain regulatory dct mutants unable to use 

dCA for growth under free-living conditions, were fully effective for symbiotic N2-fixation (Ronson and 

Astwood, 1985). Similarly nodules induced by many S.melilotistrains bearing mutations in the dctBD 

genes efficiently fix nitrogen during symbiosis (Watson ef a/., 1988; Engelke ef a/., 1989; Jiang et al., 

1989; Wang etal., 1989, Yarosh etal., 1989). This demonstrates that in this specific environment 

regulatory molecules, other than DctBD, are involved in the expression of the dctA promoter. 

Symbiotic expression of a dctAv.lacZ gene fusion demonstrated that the dctA gene is indeed 

expressed during symbiosis in a dctD mutant background (Wang etal, 1989; Birkenhead etal., 1990). 

Despite extensive study of Dct, this alternative system of symbiotic activation (ASA) has not been 

identified to date. 

The existence of a specific symbiotic mechanism of dctA regulation led to the search of alternative 

mechanisms of dctA regulation explanta. This search has concentrated on the one hand on attempts 

to induce secondary mutations that affect dctA expression in a dctD mutant background and on the 

other hand on attempts to induce related regulatory systems that may have a cross-talk effect on dctA 

expression. Both approaches are based on the presumption that there exists a gene that is capable of 

activating the dctA promoter, which is not expressed under free-living conditions. Further it seems a 

foregone conclusion that the activation of the dctA promoter by the ASA is also a54 dependent. This 
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assumption is mainly based on the fact that a strain mutated in ntrk induces fully infected nodules, but 

dctA is not expressed in such nodules (This work and personal communication with other workers). 

However the transcription start point in a DctBD mutant background, during symbiosis has not been 

determined. Therefore the possibility remains that a second promoter, exclusively active under 

symbiotic conditions is responsible for the expression of dctA in the absence of the regulatory dctBD 

genes. 

By forcing a regulatory dct mutant to grow on a minimal medium with a dicarboxylate as sole carbon 

source one may select mutations that lead to the expression of the alternative activator. A second 

approach represents a systematic search for environmental conditions that will lead to the induction of 

the alternative activator under free-living conditions. These may be conditions that closely resemble 

the conditions that prevail inside a mature nodule during symbiotic N2-fixation. To date, none of these 

experimental approaches has been successful in identifying unequivocally the alternative symbiotic 

activator. 

2.5.2) The a54 dependent transcriptional activators. 

The transcriptional activator DctD has a modular structure. The N-terminal domain has homology with 

response regulators belonging to a family of two-component regulatory systems. The remainder of the 

closed complex 

UAS UAS .24 „12 

open complex UAS UAS 

DNA loo 

-24 -12 transcription 

_54. Fig. 2c: Positive activation of a o dependent promoter. 

The polymerase-sigma54 complex (Eo54) binds to the promoter site (-12,-24), but is unable 

to denature the DNA and form an open complex. A positive activator protein (P) is required 

that binds to an enhancer site (UAS), located upstream of the promoter. Simultaneous 

interaction with the polymerase-sigma54 complex results in looping of the DNA. This results 

in the formation of an open complex and efficient initiation of transcription. 
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molecule belongs to a family of proteins that work with the Ea54 holoenzyme to initiate transcription of 

their target genes (Kustu etal., 1989). The o54 subunit is peculiar among prokaryotic sigma factors in 

that the polymerase-sigma factor complex (Eo54) can bind to the promoter boxes, which are centred 

around -12 and -24 bp from the transcriptional start site. It forms a stable closed promoter complex, 

but is unable to isomerise into an active open complex (Fig. 2c). This step is mediated by the 

transcriptional activator, which binds to recognition sites typically about 80-100 bp upstream of the 

promoter site and interacts with the promoter complex. Initiation of transcription requires energy 

generated by ATP hydrolysis, catalysed by the transcriptional activator. For a review see Morett and 

Segovia (1993) and references therein. This mechanism of initiation of transcription is reminiscent of 

the activation of transcription by eukaryotic RNA polymerase II (Wang et al., 1992). The upstream 

activator sequences (UAS) are also referred to as enhancer like elements (ELE) and the 

transcriptional activator proteins as enhancer binding proteins (EBP). This family of transcriptional 

activators is characterised by a highly conserved domain of about 240 amino acids which contains the 

site for ATP hydrolysis and is shown to interact with a54 and the p-subunit of the polymerase (Lee et 

al., 1995). This core domain has been shown to be sufficient to initiate transcription by the Ea54 

complex (Huala and Ausubel, 1989; Huala etal., 1992). All these activators contain a domain, which 

features a classical helix-turn-helix motif and interacts with the UAS elements. This domain is usually 

located at the C-terminal end of the molecule. An exception forms the LevR regulator, involved in the 

regulation of the levanase operon from Bacillus subtillis, in which this domain is located upstream of 

the core domain in the N-terminal part of the molecule (Martin-Verstraete etal., 1991). 

Binding of the activators to the UAS sites confers specificity to the promoters (Ledebur et al., 1990). 

This may be because specific binding of the cognate activator to the UAS is a prerequisite for 

transcription. It has been shown that binding to the DNA stimulates the ATP hydrolysis by the activator 

and thereby the ability to activate transcription from the promoter (Lee etal., 1994). The simultaneous 

interaction with the UAS and the Ea54 complex involves the bending or looping of the intervening DNA 

(Su et. al., 1990). However, the interaction with the UAS is not an absolute requirement for 

transcription activation (Huala and Ausubel, 1989; Huala et. al., 1992). In such cases, it can often be 

argued that the experiments do not reflect the natural circumstances because they are either 

performed in vitro, or in a heterologous background. One notable exception is the symbiotic 

expression of the NifA regulated promoters P1 (ro/HDK) and P2 (fixABC). Under free-living 

microaerobic conditions the UAS are absolutely required for transcription from these promoters 

activated by NifA. On the other hand, these promoters are highly expressed during symbiosis, even 

when their UAS sequences are removed (Better et al., 1985; Wang et al., 1991). It is not known if 

other sequences do compensate for the absence of the UAS in that case. An additional deletion of 

DNA sequences downstream from the transcriptional start site further reduced the levels of symbiotic 

expression of P1 (Wang et. al., 1991). In the context of symbiotic expression of the dctA promoter, 

these observations are interesting. NifA is highly active during symbiosis and its target promoters are 

activated to very high levels of transcription. The interaction with the UAS of the target promoters is 
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not strictly required for transcriptional activation. However, the UAS are thought to be major 

determinants in conveying specificity of the transcriptional activators for their target promoters. 

Considering that NifA can efficiently activate transcription from its target promoters under symbiotic 

conditions, even when these are lacking their UAS sequences, one can also envisage NifA activating 

other o^-dependent promoters such as the promoter of the dct/K gene. 

2.5.3) Activation by NifA. 

The most obvious candidate for symbiotic activation of dctA seems to be the transcriptional activator 

of the nlf genes: NifA. Like DctD, NifA is a transcriptional activator of NtrA (a54) dependent promoters. 

They have a similar central "core" domain which has been shown to be able to activate heterologous 

NtrA (a54) dependent promoters (Huala & Ausubel, 1989, Huala et al., 1992). Unlike DctD, or NtrC, 

NifA itself is not a member of a two component regulatory system, but rather its transcription is 

regulated by the FixU system (David et al., 1988). FixU constitutes a two component regulatory 

system (Fig. 2a) which under microaerobic conditions turns on the transcription of the transcriptional 

activators NifA and FixK (Fig. 2d). These molecules in turn activate a substantial number of nif and fix 

UAS NTRA i ' N \ 

Fig. 2d: Regulatory cascade leading to the expression of the nifti gene. 

Under microaerobic conditions the two component regulatory system FixLJ activates 

among others the transcription of the nifA gene. The NifA gene product in turn activates 

a number of genes required for symbiotic nitrogen fixation. 
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genes. FixK is an Fnr/Crp type protein and therefore an unlikely candidate for the alternative symbiotic 

activator of dctA. Nif A on the other hand belongs to the family of a54 dependent transcriptional 

activators and is highly active during symbiosis. The primary target of Nif A ar 3 the P1 and P2 

promoters which direct the transcription of the n//HDK- and the fixABC operons respectively (Better ef 

a/., 1985). During symbiosis, these genes are highly expressed to levels about 20 to 30 times higher 

than the dctA gene (Birkenhead etal., 1990). The overall structure of the P1 and P2 promoters and 

the dctA promoter are very similar. For instance, the UAS sites upstream of the dctA promoter were 

first identified because of their similarity to the NifA target sites and were then proposed to be involved 

in the symbiotic activation of dctA (Ronson, 1988). 

When the symbiotic expression of a dctAv.lacZ gene fusion was measured in nodules induced by a 

S.meliloti strain defective in nifA, only background levels were obtained (Wang et al, 1989; Chapter 

2.6). This suggests that nlfA does indeed play a role in the symbiotic expression of dctA. It also 

suggests that the cognate DctBD regulatory system is unable to activate dctA in such nodules. This 

may be explained by the assumption that the fix' phenotype may lead to an inability of the host plant to 

provide dCA to the bacteroids. This result is in contrast with the results presented in another report 

(Jording etal., 1992). These authors showed symbiotic levels of dctA expression from nodules 

induced by a nifA and also fixL and fixJ mutant strains, which did not differ from those obtained in a 

wild-type background. Therefore, these authors concluded that NifA does nol play a role in the 

symbiotic expression of the dctA gene 

The nif and fix genes are controlled by a regulatory cascade which lead to this activation of these 

genes under microaerobic conditions (David era/., 1988). It has been reported that the expression of 

nifA is regulated by oxygen (Ditta etal., 1987). Under conditions of low oxygen pressure ( 1 % 02 , or 

less) the nifA gene is induced. This induction of nifA is followed by high levels of expression of its 

target gene nitt\. When such microaerobic conditions were imposed on a S.meliloti wild-type strain in 

the absence of dCA, no increase in the levels of dctA expression were observed. In the wild-type 

background it is possible that DctD, in an inactive state is bound to the dctA promoter DNA and as 

such prevents NifA from interacting with the dctA UAS. However, a dclD mutant strain also did not 

allow expression of a dctAr.lacZ fusion under these conditions, which led to high levels of expression 

from both the P1 and P2 promoters (Wang etal., 1989).. These results also seem to exclude NifA as 

a possible candidate for the ASA. 
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2.6) Genetic analysis and regulation of the Rhizobium meliloti genes controlling C4-

dicarboxylic acid transport. 

Authors: Wang, Y-P., Birkenhead, K., Boesten, B., Manian, S. and O'Gara, F. 

Published in: Gene 85 (1989) 135-144. 

Summary. 

In this work we cloned and analysed the dcfABD genes from S.meliloti CM2. The DNA region 

between the dctA and dcB genes was sequenced and compared with the sequence of the 

R.leguminosarum dct genes. A high degree of overall homology was found. A number of highly 

conserved regions were identified (Fig 2e). These were proposed to be involved in regulatory 

features such as a NtrA binding site, two upstream binding sites for NifA, a region we proposed to 

be a possible DctD binding site and the most likely start of translation of the dctA gene. As 

discussed previously (Chapter 2.4) the proposed NifA binding sites were later demonstrated to be 

the UAS recognised by DctD and required for DctD dependent activation of the dctA promoter 

under free-living conditions (Ledebur et al., 1990 and 1992). As discussed in Chapter 2.4, the 

proposed DctD binding site is in hindsight more likely the promoter region of the dcBD genes. 

Transcriptional gene fusions of the dctA and dctBD promoters to the enteric lacZ gene were 

constructed and the regulation studied under free-living and symbiotic conditions. During symbiosis 

the dctA promoter was shown to be active in nodules induced by the wild-type strain and the dctD 

mutant, but not the dcB mutant strain. Although C.W. Ronson (1988) already made mention of 

wild-type levels of activity from a dctAv.lacZ gene fusion during symbiosis in nodules induced by 

dcB and dcD mutant strains, this work was the first to actually show such data. 

We also investigated the possible role of NifA in the regulation of the dctA promoter. The finding 

that the dctAv.lacZ gene fusions were not expressed in nodules induced by a nlfA mutant strain, 

suggested that there may be indeed an involvement. On the other hand we were unable to activate 

the dctAv.lacZ gene fusions under free-living microaerobic conditions, although a nilHv.lacZ gene 

fusion was highly expressed under the same conditions, demonstrating that NifA was active. 
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Pstl <dctH 

CTGCAGGAAGTTTGACCATGCGiACATTGTGCATGTTTTC0CCCAGGACGCCAGCACT3'C 
::: : : : : : : : : : : : : ;; : :::: : ! 

TTTeTGCGACACGGACATQQCQQA CTTQTQCATOTTTCTaCACQAAACGCAAATGQAiy 

A 

61 •PaTaCGGAAATCCOCACATATCCACGAACGGCAAGCGAGCACCGCTCCCAAAAATGTCAT 

TGTGCGGATTTCCSCATTGCTTAGTTAGTTGTTAGC AGTCTCGTAAATTTTTCATTAAT 

B 

121 GGATTCAATCGCATAGGCCTTCCGCGGCAAACTC'GCACGCATGTTCCTGACAAGCTCCAC 

AAATTCAATCG GTTGGTTGGCGACTTAAAACTGCCACGGCGATTGCGAAGGAGGT GCC 

c n 

Smal Jc /A>(Sm) 

1 81 JUiGGCAGCCACTGCTGTCGATCTT CGGAAAGCGGCCCGGGAGGCCCGGCATGTTGCCGG 

&ACAACGGCTGAGCTGTTGGACTTGAAGCGAACGGCTCGGGAGG CCGG A GTT CGT 

dcth> 

241 ACTGGGCCTGCCACGTGGAGGATATCATG S.meliloti 

TCCGGACGAGCCACTAGGAGGACATCATG R.legUminOSarum 

Fig.2e: Sequence alignment of the S.meliloti (upper strand) and 

R.leguminosarum (lower strand) dct promoter regions. 

Conserved sequences in the dctk promoter region are shaded. According to Wang era/., 

1989 these correspond to: A & B, Nif A binding sites; C, possible DctD binding site; 0, NtrA 

binding site. The two possible translation start sites for dctA and the one for dcB are 

overlined. Also marked are the Pstl and Smal restriction sites. 
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2.7) The Escherichia cotfcAMP receptor protein (CRP) represses the Rhlzobium 

melilotl dctA promoter in a cAMP dependent fashion. 

Authors: Wang, Y-P., Giblin, L, Boesten, B. and O'Gara, F. 

Published in: Mol. Microbiol. 8 (1993) 253-259. 

Summary. 

In this work we studied the regulation of the S.mellloti dclA promoter in E.coli. In this heterologous 

background the dctA promoter was found to require the presence of the dctBD genes for activity. 

High levels of activity of the dctA::lacZ gene fusion was observed in the presence of dCA in the 

growth medium. When other carbon sources were used in the growth medium, different levels of 

activity were observed. These differences were related to the activity of the CRP molecule, which is 

modulated by the level of cAMP in the cell. On glucose the level of cAMP is low and the CRP 

molecule is inactive. Under these conditions, high level of activity was observed from the dctk 

promoter even in the absence of inducer. On non-PTS sugars such as maltose, the level of cAMP 

is high and the CRP-cAMP complex is active. Under these conditions, in the absence of inducer, 

the activity of the dclA promoter was low. We could demonstrate that the CRP-cAMP complex 

binds to the dctA promoter. We also found that the most likely binding sites for the CRP-cAMP 

complex are overlapping with the DctD binding sequences. We proposed that the CRP-cAMP 

complex competes with DctD for binding to the dctA promoter and prevents activation by the 

unphosphorylated DctD. In the presence of inducer, DctD will be phosphorylated and have an 

increased affinity for binding. In that case the CRP-cAMP complex cannot compete and high levels 

of dctkv.lacZ activity were observed. This mechanism assured a low background level of promoter 

activity in the absence of inducer. As such, it appeared to be essential for proper regulation of the 

dctk promoter in the E.coli background. We reasoned that a similar mechanism may also operate 

in S.meliloti. 
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2.8) Signal transduction in the Rhizobium meliloti dicarboxyttc acid transport 
system. 

Authors: Giblin, L, Boesten, B., Turk, S., Hooykaas, P. and O'Gara, F. 

Published in: FEMS Microboil. Lett. 126 (1995) 25-30. 

Summary. 

In this work we investigated the signal transduction between DctB and DctD in vitro. The regulatory 

proteins were overproduced in E.coli and purified. DctB was shown to have autophosphorylation 

activity in the presence of TP 3 2 -ATP and was able to transfer the radioactive phosphate to DctD. 

This supports the hypothesis that signal transduction between these regulatory molecules occurs 

by means of phospho-transfer. The phospho-transfer was specific in as far as no cross-talk could 

be observed with the purified components of the Agrobactehum tumefaciens VirA/VirG system. 

We could also demonstrate that the phosphorylated DctD had an increased affinity for binding to a 

DNA fragment containing the dctA promoter sequences. This supported our theory that 

phosphorylation of DctD is an important factor in its ability to compete with other regulatory 

molecules for binding to the DNA of its target promoter (as we discussed in 2.7). 

2.9) NtrBC-dependent expression from the Rhizobium meliloti dctA promoter in 

Escherichia coli. 

Authors: Allaway, D., Boesten, B. and O'Gara, F. 

Published in: FEMS Microboil. Lett. 128 (1995) 241-245. 

Summary. 

In this work we investigated the possibility of 'cross-talk' between the DctBD system and the NtrBC 

regulatory system. In other words: the effect of the NtrBC system on the expression of a S.meliloti 

dctA::phoA gene fusion was studied in E.coli, either in the presence, or absence of the S.meliloti 

dcfBD genes. Under nitrogen limiting conditions, a significant induction of the dctA promoter was 

observed in E.coli. A mutation of the nt/C gene abolished this induction. This demonstrated that the 

activated NtrC could efficiently activate the S.meliloti promoter. We also could demonstrate that NtrB 

had a significant effect on the activity of DctD, suggesting that 'cross-talk' also existed on the level of 

sensor-regulator interaction. No significant effect of nitrogen limitation on dctA activity could be 

observed in S.meliloti. This suggested that unlike its E.coli counterpart, the S.meliloti NtrC could not 
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efficiently activate the dctA promoter. A comparison of the amino acid sequences revealed that DctD 

is more similar to NtrC from E.coli, than NtrC from S.meliloti. This was especially true for a region 

including the aspartate residue, which is the specific acceptor for phosphor transfer by the sensor 

protein. We reasoned that NtrC and DctD in S.meliloti may have diverged evolutionary from a 

consensus activator sequence in order to minimise interference between the Dct and Ntr two 

component systems. 

2.10) The state of the a r t 

From the data presented in the previous chapters, it can be seen that a lot of knowledge has been 

gathered on the regulation of expression of the S.meliloti dctA gene. We have discussed very little 

about the Dct system in other Rhizobia. In particular the dctA gene of R.leguminosarum also has 

been studied extensively and to date it appears that the two systems are very similar. In fact, 

information gathered from both systems has contributed to the current knowledge of the Dct 

system. Signal transduction by phospho-transfer within the DctBD two component regulatory 

system and the activation of the dctA promoter by DctD and the E-a54 holoenzyme are now well 

understood. The study of other 2-component systems, especially the NtrBC system and other a54 

dependent transcriptional regulators such as Nif A also have contributed enormously to the current 

level of understanding. On the other hand, several aspects of the Dct system are less well 

understood. For example the signal perception by DctB, or the role of DctA on its own expression. 

These items are more particular to the Dct system. It has probably been more attractive to study 

the general aspects of the Dct system because this research contributes to and benefits from the 

larger body of understanding of similar systems. 

However, this argument does not apply to the study of the ASA. The question of the alternative 

mechanism of symbiotic activation of the dctA gene was raised very early on by Ronson and 

Astwood (1985). It was subsequently addressed by several more research groups (Watson era/., 

1988; Engelke etal., 1989; Jiang etal., 1989; Wang etal., 1989, Yarosh era/., 1989). Significant 

efforts were made to try and identify the genes involved. It is therefore the more surprising that no 

real progress has been made on this subject. The reason for this may be the strict symbiotic nature 

of the ASA. The majority of efforts to study the ASA have concentrated on trying to induce the dctA 

promoter under free-living conditions in absence of a functional DctBD system. So far, no one has 

succeeded in finding the right conditions to induce the ASA under free-living conditions. Obviously, 

our understanding of the process of bacteroid development and what constitutes symbiotic 

conditions, is still very limited. A different approach would be to study the ASA in situ during 

symbiosis. The use of gene fusions in combination with histochemical staining techniques is a 

powerful tool to study the temporal and spatial patterns of gene expression in situ. In this thesis we 

will use these techniques to study S.meliloti dctA expression in situ during symbiosis with the 

Medteago host plants. 
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Chapter 3 

Methodology 



3.1 Introduction. 

In order to study the in situ expression of the S.meliloti dctA gene, we will use various reporter genes 

fused to the dctk expression signals (transcriptional and translational initiation signals). We will 

describe the construction of the various gene fusions that have been used in these studies. Many 

factors may influence the levels and the patterns of expression obtained from different gene fusions. 

The level of expression depends for example on the promoter strength and level of induction. Other 

factors such as the copy number of the carrier plasmid; the stability of the RNA, the efficiency of 

initiation of translation and the stability of the fusion protein all may have an effect. No doubt there are 

many more factors. Therefore a careful examination of how the gene-fusions are constructed and 

comparative examination of expression patterns under controlled conditions are necessary for each 

gene fusion plasmid that is to be used for further studies. 

Gene fusions may be located on free replicating plasmids, or may be integrated into the chromosome 

by a single or double cross-over event. Free replicating plasmids may be lost in the absence of a 

selective pressure. An antibiotic resistance gene on the plasmid and the corresponding antibiotic in 

the medium is normally used for this purpose. Gene fusions located on free replicating plasmids were 

mostly used in this study because of the relative ease at which they can be manipulated and 

introduced into a range of wild-type and mutant strains. Because no selective pressure by means of 

antibiotics can be applied during symbiosis, there may be some loss of plasmids during the in situ 

experiments. However in the two to three week time span of the experiments this was not found to be 

a problem. More sophisticated solutions such as the use of plasmids containing a stabilising locus to 

ensure correct partitioning of the plasmids during division of the bacteria (Weinstein et al., 1992) were 

considered, but found to be unnecessary. 

3.2) The reporter genes. 

To study the regulation of genes of interest, genes coding for readily assayable products such as the 

classical p-galactosidase (coded for by the enteric lacZ gene), may be exploited as reporter genes. 

Chimearic gene-fusions are constructed whereby the expression signals of the gene of interest are 

fused at the DNA level, to a gene fragment coding for the reporter protein. In this way, expression of 

the gene of interest can be monitored, assaying for the activity of the reporter gene product. In case of 

the p-galactosidase, the production of the enzyme in culture can be assayed by the hydrolysis of the 

ONPG substrate (o-nitrophenyl-p-D-galactopyranoside). This substrate is hydrolysed by the enzyme 

and the release of o-nitrophenol results in a vivid yellow colour which can be measured 

spectrophotometrically. The presence of the enzyme can be demonstrated in situ non-destructively by 

a chromogenic substrate: X-gal (5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside, or X-p-D-gal). This 

substrate is taken up by the living bacteria and hydrolysed by the p-galactosidase resulting in a dark 

blue precipitate. For example colonies formed by lac* bacteria can be readily distinguished from lac 

bacteria (unable to produce the p-galactosidase) by virtue of their blue colour when grown in presence 

of X-gal. Over the years many variations of this theme have been developed. Many substrates have 
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been developed for different reporter genes. There are now substrates for various enzymes such as 

the alkaline phosphatase (phoA) or fj-glucuronidase (uidA), resulting in precipitates of different 

colours. This allows the simultaneous study of several gene-fusions to different reporter genes in a 

single bacterial strain. 

Gene fusions have been proven to be invaluable in the study of gene regulation in general and no less 

so for the study of dcrA regulation. To study free-living expression of the dcrA gene many LacZ (Jiang 

eta/., 1989; Wang era/., 1989; Jording and Punier, 1993;) and phcA (Long era/., 1988; Yarosh era/., 

1989; Ledebur etal., 1990; Jording and Punier, 1993) fusions have been constructed. 

When reporter genes are to be used to study gene regulation, a number of things must be considered. 

First of all, which reporter gene is to be used? In these studies we have considered three of the most 

commonly used reporter genes: lacZ encoding p-galactosidase; phoA encoding alkaline phosphatase 

and u/dA encoding ^-glucuronidase (GUS). Each of these genes originates from Escherichia coli. 

Second, what is the background activity in the Rhizobium host strain? If the constructs are to be used 

for in situ studies, the background activity in the plant tissue must also be considered. Third, which 

vector should be used? Free replicating plasmids are easy to handle and quickly introduced in a wide 

range of host strains. However in absence of a selective pressure, the free-replicating plasmids may 

be lost. Also the copy number of the carrier plasmid may influence the levels of expression obtained. 

Narrow hostrange plasmids integrated in the genome of the host are more stable than free replicating 

plasmids and the gene fusion is present in a single copy. Furthermore the upstream DNA is 

continuous with the chromosome, which ensures that promoter activity is always registered, even if the 

promoter is located further upstream than the DNA fragment cloned on the plasmid. On the negative 

side, integration may disrupt certain genes and influence the regulation of the gene of interest. The 

way the gene-fusions are constructed can have an important effect on the results obtained. This 

means that the more the studies become sophisticated, the more important it becomes to carefully 

design the gene fusions. 

3.2.1) The lacZ gene. 

The lacZ gene is by far the best known and most widely used reporter gene to date. Casadaban et al. 

(1980) constructed a range of plasmid vectors for the detection and cloning of translational initiation 

signals. Several of these constructs are at the basis of dcrA::/acZ gene fusions used in this work. In 

particular, they introduced a SamHI restriction site preceding the eight amino acid of the lacZ gene, 

which can be used for the construction of translational gene fusions. Ditta et a I. (1985) adapted these 

reporter genes to the use in a wider range of gram" bacteria by cloning them onto a broad host range 

replicon. S.melilotihas several genes coding for a p-galactosidase (Niel era/., 1977, Fanning etal., 

1988; Jelesko and Leigh, 1994). However the presence of these endogenous S.meliloti lacZ genes 

generally does not interfere with the gene fusions. This is probably because these lacZ genes either 

have to be induced, or are only expressed constitutively at a low level (Niel ef al., 1977). S.meliloti 

lacZ. mutant strains are available, but the use of such strains means that any additional mutation that 

may be of interest must be introduced into the lacZ parent strain. This limits the range of possible host 
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