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ABSTRACT

The aim of this study was to characterize nitrogen assimilation and its regulation in
Bradyrhizobium (Parasponia) sp. ANU289. It was clear that some differences in ammonia

assimilation and control of nitrogen fixation must exist between Klebsiella pneumoniae and
rhizobia. More complete characterization of both processes in the latter group was
I

required to address this question.

I

I

This study began by characterizing ammonia uptake and assimilation in strain
,,

I

ANU289.

Ammonia assimilation in strain ANU289 occurred solely via the glutamine

synthetase (GS)/ glutamate synthase pathway. GSI in free-living strain ANU289 was
constitutive and adenylylation did not significantly reduce its activity. It was suggested that
these adaptations allowed GSI to replace glutamate dehydrogenase as the major ammonia
assimilatory enzyme. GSII was unlikely to play this role because it was rapidly removed in
the presence of high ammonia concentrations.

Both enzymes were repressed in the

I

bacteroid.
Strain ANU289 possesses a high affinity ammonia carrier (Km of 0.4 µM) which
was repressed by high ammonia levels. It was also repressed in the bacteroid. The carrier

I

II.
I,
.

was derepressed by nitrogen starvation, suggesting that strain ANU289 was an efficient
scavenger of ammonia. The ammonia analogue, methylamine, was used to demonstrate
that the utilization of a range of nitrogen sources was reduced in the presence of ammonia.
This is consistent with the operation of a co-ordinated nitrogen control system. It was
therefore suggested that free-living strain ANU289 responds to the nitrogen status of the
environment in a similar manner to enteric bacteria, while in bacteroids, different regulatory
processes operate.
Two strategies were developed in an attempt to isolate nitrogen control mutants.
Firstly, selection for resistance to the inhibitory effects of methylamine was used but no

I

1

true methylamine resistant mutants were isolated. Secondly, attempts to isolate mutants
unable to utilize nitrate and histidine resulted in the identification of two mutants affected
solely in nitrate utilization. These were used to study nitrate assimilation in strain ANU289.
Nitrate uptake and nitrate reductase were inducible by nitrate, with nitrate transport

I

depending on nitrate assimilation. Maintenance of nitrate reductase was dependent on
the continued presence of nitrate, with nitrate reductase being rapidly inactivated or
removed as nitrate was depleted from the medium. Both mutants had lower nitrogenase
I

activity, as well as lower nitrate reductase, than strain ANU289. Both these enzymes

II

II

require a molybdenum cofactor and electron transport components. Although these are
not the same for both enzymes, it was suggested that some steps in their biosynthetic
I

I

pathways may be common.

11

The failure to isolate nitrogen control mutants resulted in a more direct attempt to
11

select nit regulatory mutants.

Since nitA could not be identified by using DNA

I

hybridization, a nitH::lacZ fusion was constructed and used to identify possible nit
regulatory mutants. However, no such mutants were isolated. Characterization of nitH
expression in free-living strain ANU289 suggested that this may have been because nitH
was constitutively expressed. Regulatory mutants would therefore still show substantial
levels of nifH expression and would not be identified by the screening procedure used.
I
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CHAPTER ONE: INTRODUCTION

1.1. The importance of biological nitrogen fixation

·.:
Ii

I

Although dinitrogen gas is abundant in the atmosphere (accounting for 78°/o by

I

I

j

volume), it is chemically very stable and thus cannot be utilized by most organisms. All
plants, animals and most prokaryotes require a combined form of nitrogen such as
ammonia, nitrate or organic nitrogenous compounds.

Some prokaryotic species,

however, are able to reduce atmospheric nitrogen to ammonia, this reaction being

fI,
I

catalysed by the enzyme, nitrogenase. This process of nitrogen fixation is essential for the
maintenance of combined nitrogen in the biosphere.
An extremely diverse range of prokaryotes, inhabiting very different
environments, are able to fix nitrogen. Many fix nitrogen in the free-living state while
others form associations or symbioses with plants or animals. By far the most important
group of nitrogen fixing bacteria, in terms of the amount of combined nitrogen produced,

I

are the genera Rhizobium and Bradyrhizobium. Members of these genera fix nitrogen in a
symbiotic association with legumes, and at least one non-legume, Parasponia.
Rhizobia (throughout this thesis, "rhizobia" is used as a general term including

Rhizobium and Bradyrhizobium ; see Section 1.5) do not normally fix nitrogen in the
free-living state but do so inside a specialized nodule on the legume root.

The symbiosis

begins by the attachment of bacteria to an emerging root hair. The bacteria can then enter
1111

the root cortical tissue via an infection thread.

Proliferation of the root cortical tissue

occurs, resulting in the formation of a nodule. Inside the nodule, the bacteria are released
I

I

from the infection thread but are still enclosed in a membrane of plant origin, which acts as
both a barrier and a regulatory interface between the bacterium and the plant cytoplasm .
Following release, the rhizobia differentiate to form bactero ids, which are able to reduce
the dinitrogen molecule to ammonia.
I

Ill

J

The bacteroid can therefore be viewed as an ammonia producing organelle . The
plant provides the energy for the process of nitrogen fixation while the bacteroid supplies

2

the plant with ammonia.

Achievement of this relationship requires a complex

developmental process involving multiple signals between the bacterium and the plant.
II
Ill

This communication continues throughout the symbiosis.with a reduction in nitrogen
fixation occurring when a source of combined nitrogen becomes available to the plant.
In spite of the agricultural importance of the symbiosis between rhizobia and
legumes, until very recently, little was known about the regulation of nitrogen fixation (nif)
gene expression in rhizobia. This has been mainly because of the complexity of the

Ii,

symbiosis, which makes the study of gene expression in the bacteroid, and its regulation
by the plant, difficult to study. Instead, nitrogen fixation in the free-living, nitrogen fixing
bacterium, Klebsiella pneumoniae, has been extensively studied and

many of the
:

processes of nitrogen assimilation and nitrogen fixation in this organism are now well
understood.

K. pneumoniae has thus been used as a model system for other nitrogen fixing
bacteria. In spite of the diversity of nitrogen fixers, the initial assumption, that genes
involved in nitrogen fixation would be similar in most species, has proved justified. Many
Ii

nif genes in other bacteria have been identified by DNA hybridization to K. pneumoniae nif
genes. Furthermore, many of the regulatory processes identified in K. pneumoniae are
now being found to be common to a range of nitrogen fixing species.
Regulation of nitrogen assimilation and nitrogen fixation in K. pneumoniae will
therefore be considered first (Section 1.2). Nitrogen regulation has also been extensively
!

studied in other enteric bacteria, mainly Escherichia coli and Salmonella typhimurium. As
the nitrogen regulatory system is very similar in all three species, this discussion will
summarise results from studies on these two species, as well as K pneumoniae. This will
be followed by a discussion of the current knowledge of ammonia assimilation, nitrogen
control (Section 1.3) and nif gene regulation (Section 1.4) in rhizobia, emphasizing the
similarities and differences between this system and K. pneumoniae.
I

1

I
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!

I
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1.2. Nitrogen assimilation in enteric bacteria

•

1.2.1. Nitrogen control in enteric bacteria
Two main pathways of ammonia assimilation exist in enteric bacteria (Fig 1.1);

I

glutamate dehydrogenase (GOH) and glutamine synthetase (GS)/ glutamate synthase
I

(GOGAT). GOH has a low affinity for ammonia and therefore operates only when a high

I

I
1,

ammonia concentration is present. GS has a high affinity for ammonia and the reaction is
driven by concomitant hydrolysis of ATP.

This allows the GS/GOGAT pathway to

assimilate ammonia at very low concentrations. The end product of both pathways is
glutamate, which then participates in transamination reactions. The use of these two
pathways is controlled at both a genetic and biochemical level, with the main point of
-'

I

control being GS.
GS is both inactivated and its synthesis reduced in the presence of high ammonia
levels, thus ensuring that all ammonia is assimilated via GOH which is derepressed under
these conditions. The regulation of GS activity has been covered in recent reviews (Tyler,
1978; Magasanik, 1982) so it will only be summarised here. GS has twelve identical
subunits and the inactivation of this enzyme occurs through the covalent addition of
adenylyl groups to a specific tyrosyl residue on each subunit. When all twelve subunits
carry an adenylyl group, GS is completely inactive. Adenylylation of GS occurs in response

II

to high ammonia concentrations and is mediated by a complex cascade system, which
monitors the nitrogen status of the cell (Fig 1.1 ). An adenylyltransferase (ATase) catalyses
111

both adenylylation and deadenylylation of GS. The direction of this reaction is regulated in
two ways. Firstly, the ATase is allosteric and responds to the levels of glutamine and
2-oxoglutarate, with a high glutamine : 2-oxoglutarate ratio resulting in adenylylation of GS
and deadenylylation occurring when this ratio is low. Since glutamine is the first product
from ammonia when excess ammonia becomes available, and 2-oxoglutarate levels reflect
the carbon status of the cell, this ratio in fact indicates the carbon/nitrogen balance. The
ATase is also affected by a regulator protein, P11 . It can be altered by uridylylation catalysed
by a uridylyltransferase (UTase) which is allosteric and also responds the the levels of
II

glutamine and 2-oxoglutarate.

When ammonia is in excess, the ratio of glutamine :

I~

.I

4

I

,l

2-oxoglutarate is high and this causes the UTase to deuridylylate P11. This form of P11 ,

,j

acting on the ATase in concert with the glutamine and 2-oxoglutarate levels, results in

l
II

adenylylation and thus inactivation of GS. The reverse occurs when ammonia is limiting,
I
;

with the glutamine : 2-oxoglutarate ratio falling and acting on the cascade to deadenylylate
I

l

GS.

I

I
I

I
I

This cascade therefore modulates the activity of GS according the the

I

I

status and the same cascade is also involved in the genetic regulation of GS and other

11

,.
.!

I:
j

carbon/nitrogen balance of the cell. It provides a sensitive indicator of carbon and nitrogen

enzymes as part of the general nitogen control system. Many genes coding for enzymes
involved in the degradation of nitrogenous compounds are coordinately regulated in

!

response to the availability of ammonia. This control is mediated by the products of three
I

genes: ntrA (also called glnF), ntrB (glnL) and ntrC (glnG).
The ntrA gene is thought to code for a novel sigma factor (Hirschman et al., 1985 ;
Merrick and Gibbins, 1985) and is absolutely required for activation of genes under
nitrogen control and nit genes (Merrick, 1983 ; de Bruijn and Ausubel, 1983). The ntrC
product is also required for activation of these genes while the ntrB product interconverts
active and inactive forms of the ntrC product, depending on the nitrogen status of the cell
(Bueno et al., 1985).
Transcription of the ntrA gene is not regulated by the nitrogen status of the cell

111

(de Bruijn and Ausubel, 1983; Merrick and Stewart, 1985). Several lines of evidence have
suggested that ntrA may code for a novel sigma factor. All nit genes and genes under
I~

nitrogen control lack the usual bacterial promoter consensus sequence and instead have
1,

the conserved sequence 5'-CTGGN 6TTGCA-3' between positions -27 and -11 (Beynon et

I
II

al., 1981 ). Thus, a new sigma factor may be required to recognize this sequence. The K.
'

pneumoniae ntrA gene has been sequenced but has been found to have little overall
homology with other sigma factors (Merrick and Gibbins, 1985). However, it is a highly
acidic protein, in common with other sigma factors (Merrick and Stewart, 1985) and it does
share two highly conserved regions with five other sigma factors (Merrick and Gibbins ,
;

•

'

1985). These regions are similar to those found in site-specific DNA binding proteins
which suggests that they may be important in recognizing the nit- and ntr-specific

I..

r
I
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promoters. These studies have also used multicopy plasmids to show that the ntrA
product competes with the usual sigma factor,

cr 70 , to activate transcription at ntr

promoters.
Functional studies on the ntrA product from S. typhimurium (Hirschman et al.,
1985) and E. coli (Hunt and Magasanik, 1985) have also provided evidence that ntrA
codes for a sigma factor. Hirschman et al., (1985) have shown that the ntrA product
'

I

copurifies with the core RNA polymerase but can be separated from it. Transcription from
the glnA promoter, starting at the same point as in vivo transcription, could only occur

'

when the ntrA and ntrC products were added back to purified RNA polymerase core
enzyme. Transcription of genes with the E.coli consensus promoter did not occur under
these conditions, further suggesting that the ntrA product is a novel sigma factor which
can replace cr

I

70

. The ntrA product from E. coli has been purified and has similar physical

properties to those of cr

70

(Hunt and Magasanik, 1985). This study also showed that the

Ii

ntrA product binds to RNA polymerase and is required for transcription of the glnA ntr
promoter.
The ntrB and ntrC products are both required for activation of genes under
nitrogen control. The genetic organization and regulation of the ntrB and ntrC genes is
complex (Fig 1.2). ntrB and ntrC are in an operon with the gene for GS, glnA, while the

ntrA gene is unlinked (Leonardo and Goldberg, 1980). The glnA-ntrBC operon has three
I

I~•

promoters (Dixon, 1984a; Reitzer and Magasanik, 1985), two 5' to theglnA gene and one
between g!nA and ntrB (Fig 1.2). A rho independent transcription termination site is also
present 3' to g!nA (Uenio-Nishio et al., 1984; McFarlane and Merrick, 1985). The operon is

I
Ii

autogenously regulated by the ntrB and ntrC products. The downstream promoter 5' to

glnA, P2, has the characteristics of a typical ntr promoter so it is activated under conditions
of nitrogen limitation by the ntrA and ntrC products. P2 is a strong promoter so high levels

I I

of transcription of the glnA gene occur and there is some readthrough to ntrB and ntrC in
spite of the transcription termination site (Reitzer and Magasanik, 1983). The ratio of
transcription of glnA to ntrBC is about 80:1 (Reitzer and Magasanik, 1983).
The ntrC product also represses transcription at P1 and P3 (Fig. 1.2.). These

m

,,

promoters are similar to the normal E. coli consensus promoter (McFarlane and Merrick,

'

6

1985; Reitzer and Magasanik, 1985). P1 absolutely requires the catabolite activating
protein for expression and therefore is only used under carbon limited growth. Thus, the

l

carbon/nitrogen balance is important in regulating this system. When carbon is limiting, the

glnA-ntrBC operon breaks into two transcriptional units. Transcription from P2 is no longer
I
I

1I

activated by the ntrB and ntrC products and repression at P1 and P3 by the ntrC product is

l
I
I

relieved and the catabolite activating protein activates transcription of P1. Both these

1:
I

I

promoters are relatively weak so transcription of glnA and hence production of GS is
I

Under these conditions,

I

,.

readthrough of transcription to ntrBC is not sufficient to provide enough of these gene

I

I

products so P3 is also required (Reitzer and Magasanik, 1983).

repressed about 20 fold (Reitzer and Magasanik, 1983).
1,

I

I
I

I

These regulatory changes in response to the carbon/nitrogen balance are

'

mediated by the ntrB product, which transmits information about the nitrogen status of the
cell to the ntrC product. The ntrB product may act to interconvert active and inactive forms
of the ntrC product depending on the availability of ammonia. The carbon/nitrogen status
is monitored by the cascade system described above and is transmitted to the ntrB
product (Magasanik, 1982). Mutations in glnB (coding for the P11 protein) and glnD (coding
for the uridylyltransferase) prevent activation of genes under nitrogen control. ThentrB
product may respond to the state of the P11 protein. The operation of this entire regulatory
system is shown in Fig 1.2. A high carbon/nitrogen balance causes the ratio of glutamine

Ill

to 2-oxoglutarate to decrease, causing the P11 protein to become deuridylylated. P11 would
then act on the adenylyltransferase, resulting in deadenylylation of GS, as well as on the

ntrB product, causing it to convert the ntrC product to a form which is able to activate the
genes under nitrogen control and repress transcription at P1 and P3. The reverse occurs
when ammonia is in excess, with the low carbon status triggering the catabolite activating
protein to activate transcription at P1. The uridylyltransferase also seems to have a direct

,Ii

effect on the ntrB product but the nature of this interaction is not yet clear (Bueno et al.,

I

1985).
The ntrC product is absolutely required tor activation of genes under nitrogen
control (Alvarez-Morales et al., 1984; Ames and Nikaido, 1985; Hirschman et al., 1985) but

I

11
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can also repress transcription at some other promoters.

The heptameric sequence,

5'-1 I I I GCA-3' has been implicated in activation by the ntrC product (Ow et al., 1983;
1985).

This sequence starts at the -17 position, as an extension of the conserved

promoter specific to genes activated by the ntrC or nifA products of 5'-CTGGN TTGCA-3'.
6

i

Extra T residues at positions -16 and -17 appear to be required for activation by the ntrC
I

,ii!
, 1

I

1

product but not the nifA product. Ow et al., (1985) have shown that mutations resulting in

!1
!

I

an extra T residue at either of these positions in the nifH promoter, which is normally
activated only by thenifA product, allow ntrC activation to occur.

I

The sequence 5'-TTTTGCA-3' is also found further upstream of some genes
,:I
I

activated by the ntrC product, including glnA (Ow et al., 1983; Dixon, 1984b) and the

I

I
'

dhuA region (a regulatory region preceding an operon involved in histidine transport;
Ames and Nikaido, 1985). However, it is not yet known if these upstream sequences are
involved in activation by the ntrC product.
It has been suggested that the position of the ntrC product binding site in relation
to the transcription start point determines whether activation or repression by the ntrC
product occurs (Uenio-Nishio et al., 1984; Ames and Nikaido, 1985; Hirschman et al.,
1985). Studies on S. typhimurium (Ames and Nikaido, 1985), E. coli (Uenio-Nishio et al.,
1984) and K. pneumoniae (Hawkes et al., 1985) have found that the binding site for the

ntrC product overlaps both the -1 O region of the consensus promoter sequence and the
transcription start site.

I

Thus, the binding of the ntrC product could prevent RNA

polymerase from binding to these sites. In contrast, in genes which are activated by the

ntrC product, the binding site is generally further upstream (Ames and Nikaido, 1985;
Hirschman et al., 1985). These studies all identified a binding site for the ntrC product
la

which had dyad symmetry and included the sequence 5'-TGCA-3'. A mutation which
altered the C residue to a T greatly reduced the ability of the ntrC product to repress
transcription (Uenio-Nishio et al., 1984). This sequence is a subset of the heptameric
sequence 5'-TITTGCA-3' identified in K. pneumoniae (Ow et al., 1983), confirming that it
is involved in the binding of the ntrC product. It is not yet clear how the requirement for T
residues at postions -17 and -16 (Ow et al., 1983; 1985) can be reconciled with the
identification of binding sites with dyad symmetry. Further work on the requirements for
I ,..

8

activation and repression by the ntrC product is needed.

I
ll>I

'
I

1.2.2. Regulation of nit genes in Klebsiella oneumoniae

K. pneumoniae has 17 nit genes, arranged in 8 operons (Fig 1.3). Functions
have been assigned to most of these genes and they include regulation, electron
transport, processing of nitrogenase and biosynthesis of the iron molybdenum cofactor
(reviewed by Cannon et al., 1985). These operons are co-ordinately regulated, being

I

expressed only when nitrogen levels and oxygen tension are low. Expression of these
operons is mediated by two levels of control. Firstly, two nit specific regulator genes, nitA
and nitl, exist. These two genes form one of ·the operons of the nit cluster. The nitA
gene codes for an activator of other nit genes while the nifl gene codes for a repressor
I

which prevents activation of nif genes by the nitA product when oxygen or ammonia is
'

present (Buchanan-Wollaston et al., 1981 a; b). The nitA product is also temperature
sensitive, so that nit genes cannot be activated at temperatures above 350 C
(Buchanan-Wollaston et al., 1981 b). It is thought that the nitl product acts by interacting
with the nitA product, or producing a signal molecule, which prevents the nitA product
activating other nit genes (Ow et al., 1985; Drummond et al., 1986). The sequence of the

nitl product does not show any DNA binding regions (Drummond et al., 1986), which is
consistent with this view. Since the nitA and nitl genes are in the same operon with the
D

I

nitl gene proximal to the promoter, both regulator proteins are always present. This
implies that the nifl product is present in an inactive form and is only able to interact with

l'

the nitA product when ammonia or oxygen is present.
II

,,

The second level of control of the K. pneumoniae nit genes concerns the
regulation of transcription of the nifLA operon. This operon is regulated by the general
nitrogen control system. When ammonia is limiting, transcription of the nitLA operon is
activated by the ntrA and ntrC products. The nitA product is then able to activate the other

nit operons.
Activation of transcription of nit genes also requires the novel sigma factor coded
for the the ntrA gene (Ow and Ausubel, 1983; Drummond et al., 1983; Merrick, 1983;

~.:

Sundaresan et al., 1983b) and the promoters of nit genes are similar to those of nitrogen
l ..411

9

regulated genes (Beynon et al., 1981 ).

11

Both systems require the core consensus

Ill
promoter sequence of 5'-CTGGN 6ITGCA-3' from positions -27 to -11. The nucleotide
pairs, GG at -24 and GC at -12 appear to be crucial for transcription from these promoters.
I'

These regions are invariant among all nit promoters and many ntr promoters (Dixon,
I

'!

1984b). Point mutations altering the GC pair (Brown and Ausubel, 1984; Buck et al., 1985)

I

I

I

I:

or deletions changing the spacing between the -12 and -24 sequences (Buck, 1986)

I

dramatically decrease activation by both the ntrC and nitA products. More recently, the
differences between ntr- and nit-activatable promoters have begun to be defined (see
I

below). However, the nitA product is able to activate some genes normally regulated by
II

the ntr system, including the nitLA operon (Merrick, 1983) and the ntrC product can
produce weak activation of the nitH promoter (Buck et al., 1985). It is not known whether
this has any physiological significance.
I

Activation by the ntrC product appears to require an extended core promoter
sequence with extra T residues at positions -16 and -17 (Ow et al., 1983; 1985) as
1,

discussed in Section 1.2.1. A conserved upstream region has been found to be important
in activation by the nitA product (Buck et al., 1986; Buck, 1986).

This sequence,

5'-TGTN1 oACA-3', is found 100 to 150 bp upstream of the start of transcription in all nit
promoters so far examined, except the nifL promoter. Since the nifLA operon is activated
Ill

le

by the ntrC product, the upstream sequence is probably specific for activation by the nifA
product. This region has properties similar to a eukaryotic enhancer, with neither the
distance from the transcription start site nor orientation being critical for activity (Buck et al.,
1986). Since multiple copies of this sequence cause inhibition of nit gene transcription
(presumably by titration of an activator), it may be a binding site for the nifA product.
The similarity between the nifA and ntrC products has led to the suggestion that
these two genes have a common evolutionary origin (Ow and Ausubel, 1983; Merrick,

[ I

1983). As well as the functional similarites of both proteins (i.e. being involved in activation
of other genes, requiring the ntrA product and recognizing similar promoters), they also
have similar size and charge and both are the promoter distal gene in a two gene operon
containing a repressor and activator gene. The entire ntrBC and nifLA operons may have
evolved by sequence duplication from an ancestral nitrogen regulatory operon.
I ...11111

I
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The nitA and ntrC genes have been sequenced, revealing a central region of
around 600 bp which is conserved between the two proteins (Buikema et al., 1985;
I~

Drummond et al., 1986). This region is likely to be involved in interaction with the ntrA
product or RNA polymerase (Drummond et al., 1986). A further C terminal domain,
I

including a DNA binding region, is also shared between nitA and ntrC, although the

!
I

I

I

homology in this region is lower than in the central domain. This is to be expected since

I
I
I

i

both the nitA and ntrC products bind to DNA but recognize different regions (the nitA

I

product binding to the conserved upstream sequence and the ntrC product probably
binding to areas of dyad symmetry). The N terminal domains of the nitA and ntrC products
show little homology and are probably functionally distinct. The N terminal domain of the
nitA product may be able to interact with the nitL product (or a signal produced by the nitL

product) to convert the nitA product into an inactive form, while the N terminal region of

I

the ntrC product is clearly related to a number of other prokaryotic pleiotropic regulatory
proteins (Drummond et al., 1986).
The regulation of nit genes in K. pneumoniae is now well understood at a very
sophisticated level. However, further research is still needed in some areas, such as the
nature of the interaction between the nitA and ntrA products and RNA polymerase and the
mode of action of the nitL product.

1.3. Ammonia assimilation in rhizobia
[I

I~

Unlike the enteric bacteria, the genetics of ammonia assimilation and nitrogen
control in rhizobia is not well understood. Very little is known about utilization of different

I

nitrogen sources by rhizobia and whether this is controlled co-ordinately, although some
•

recent studies have made significant advances (see below).

Ammonia assimilation,

however, has been studied in some detail in several rhizobia and some important
differences between rhizobia and the enteric bacteria have emerged. In many rhizobia,

!

ammonia can be assimilated via GOH or GS/GOGAT, with these pathways operating as

'

I
I

I

I

I I

they do in the enteric bacteria. However, some other species do not possess an

I
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I
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assimilatory GDH (O'Gara and Shanmugam, 1976b; Kondorosi et al., 1977; Ludwig, 1978;
Ali et al., 1981; O'Gara et al., 1984). In these species GS/GOGAT is the sole route of
I

I~

ammonia assimilation and mutants lacking GOGAT are unable to grow with ammonia as the
sole nitrogen source (Kondorosi et al., 1977; Osburne and Signer, 1980).
I
I

Another distinctive feature of ammonia assimilation in the Rhizobiaceae is the

'II
1:

I

existence of two glutamine synthetases (Darrow and Knotts, 1977; Fuchs and Keister,

I

I
I

1980a). GSI is analogous to the enteric GS and is regulated by adenylylation while GSII is

I

;

the product of different gene (Darrow et al., 1981; Somerville and Kahn, 1983). The
I

Ii

functions of the two glutamine synthetases have not yet been identified but it is clear that
regulation of GS in rhizobia differs in some respects from the enteric bacteria.
Adenylylation of GSI has not been studied in detail but it appears to be similar to
the enteric bacteria. Adenylylation occurs in response to high ammonia or glutamine
concentrations (Ludwig, 1978; 1980a ; Fuchs and Keister, 1980b). It also appears to

I

respond to oxygen concentration, although conflicting results from different studies have
been reported.

:·

In chemostat culture, B. japonicum strain 61 A76 showed decreasing

adenylylation as the oxygen tension was lowered (Bergersen and Turner, 1976). On the
other hand, several authors have observed high levels of adenylylation under low oxygen

I

tension, when nitrogenase activity was present (Rao et al., 1978; Darrow et al., 1981;
Evans and Crist, 1984). Transient changes in adenylylation at the time of onset of in vitro
nitrogen fixation were noted by Ludwig (1980b) and these changes, as well as differences
between strains and culture conditions, may explain these results.
In enteric bacteria, GS is strongly repressed by ammonia, as well as being
inactivated. The gene for GS, glnA, is transcribed from two promoters, the use of these

.
I

promoters being determined by the carbon/nitrogen balance in the cell. In contrast, GSI
from rhizobia is not repressed by ammonia ( Fuchs and Keister, 1980b; Carlson et al.,
1985) while GSII activity is completely lost when ammonia is present. The glnA gene,
coding for GSI, from B. japonicum has been shown to be transcribed from only one
promoter (Carlson et al., 1985) further indicating differences in GS regulation between
rhizobia and enteric bacteria.

Ill

Mutants lacking GSI have a different phenotype from enteric glnA mutants.

12
I'

Mutations in the enteric glnA are polar on ntrB and ntrC, thus disrupting the general
nitrogen control system. glnA mutants of R. meliloti (Somerville and Kahn, 1983) form
I

1r.,'

'

effective symbioses and do not seem to be affected in the expression of other genes

I

involved in the degradation of nitrogenous compounds. This suggests that if a nitrogen
, 1

I

control system does exist in rhizobia, it is organized in a different way from the enteric

I

system.
I

More recently, the possibility that a nitrogen control system is present in rhizobia
I

has been examined. In R. meliloti a gene with homology to ntrC has been identified

,,

(Ausubel et al., 1985). Mutations in this gene result in a phenotype similar to enteric ntrC
mutants. These mutants grow poorly when supplied with amino acids as the nitrogen
source. They do form effective nodules, although the onset of nitrogen fixation is delayed
I

compared to that of the wild type. R. meliloti is not able to induce nitrogenase in vitro;
however, there is some expression of a nifH::lacZ fusion in vitro under conditions of
nitrogen limitation.

This expression is abolished in the ntrC mutants.

A significant

difference between the R. meliloti and enteric ntrC mutants concerns GSI. It is expressed
normally in the R. meliloti ntrC mutant, while enteric ntrC mutants are glutamine
auxotrophs. This is consistent with the observations of Fuchs and Keister (1980b) and
Carlson et al., (1985) that GSI is constitutively expressed in rhizobia.

I

Evidence that a co-ordinated nitrogen control system is present in rhizobia also
comes from earlier mutant studies. Ludwig (1978; 1980b) isolated mutants of the cowpea
strain, 32H1, which were altered in both the amount of GSII present and the adenylylation
II'

state of GSI. This suggests that there are regulatory genes which affect both adenylylation
and genetic control. These may be analogous to glnB and glnD in enteric bacteria. These
Ii

mutants of strain 32H1 are also fix-, implying that the regulatory gene must also have some
effect on nitrogen fixation .

••

Kondorosi et al., (1977) also reported the isolation of a glutamine auxotroph with
[ I

pleiotropic effects from R. meliloti. This mutant was unable to fix nitrogen and lacked
nitrate reductase. Presumably this mutation occurred in a regulatory gene which affected

.

both GSI and GSII expression, although, in view of the constitutive nature of GSI, it is not

I

'

clear what role this gene would play. In contrast to these results, Kahn et al., (1985a) were

I

I
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unable to isolate glutamine auxotrophs from R. meliloti directly, suggesting that a gene
which regulates both GSI and GSII does not exist.
I

ill :,'

GSII does not seem to be required for nitrogen fixation since mutants lacking GSII
I

fix nitrogen normally (Ludwig, 1980b; de Bruijn et al., 1985). GSII is rapidly repressed by
1

I

'I

ammonia, with all activity disappearing only a few hours after ammonia addition to a culture

I

(Fuchs and Keister, 1980b). GSII is also repressed by low oxygen tension (Rao et al.,
1979; Darrow et al., 1981).
I

'

Very little ammonia assimilation occurs in the bacteroid during symbiosis. Levels
of ammonia assimilatory enzymes are low in bacteroids (Brown and Dilworth, 1975; Bishop

et al., 1976; Planque et al., 1977) and mutants lacking either GSI or GSI I form effective
nodules (Somerville and Kahn, 1983; de Bruijn et al., 1985; Marett et al., 1985). The
inability of the bacteroid to assimilate newly fixed nitrogen may allow excretion of ammonia
into the plant cytosol to occur. The passage of ammonia from the bacteroid to the plant
has been the subject of several investigations (Gober and Kashket, 1983; Glenn and
Dilworth, 1984; O'Hara et al., 1985;) and it appears that, while rhizobia do possess an
ammonia transporter, it is not expressed in the nodule. Ammonia must therefore pass into
the plant cytosol by facilitated diffusion.
Characterization of GSI in rhizobia has shown that it behaves very differently from
enteric GS. It is constitutive in the free-living state, is transcribed from one promoter and is
present at low levels when nitrogen fixation occurs. The role of GSII is still not known.
Since GS is central to the enteric nitrogen control system, these differences raise several
r

questions. What are the roles of the two glutamine synthetases? Is a nitrogen control
I

system homologous to the enteric system, as suggested by the presence of ntrC in R.
i

meliloti, present? If so, how are the ntr genes organized and why is the glnA gene not part

I

of this system? Further research, at both a genetic and physiological level, is needed to

In

answer these questions.

I

I

1
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1.4. Regulation of nit genes in rhizobia

I

l
l

~I I

Ii

The structural genes for nitrogenase are highly conserved between different
species of nitrogen fixing bacteria, indicating a common evolutionary origin. Other genes

[

I

11

i

involved in nitrogen fixation in K. pneumoniae, such as those required for processing

I

I

I

nitrogenase, electron transport and so on, are also found in rhizobia (Rossen et al., 1984;

I

I

I

Hennecke et al., 1985; Weinman, 1986). Several lines of evidence indicate that regulation

I

of nit gene expression in rhizobia is similar in some respects to the K. pneumoniae

I

system.
I
I

All nit genes in rhizobia are preceded by a promoter homologous to the nit and ntr

I

I I
I'

promoters found in enteric bacteria (Adams and Chelm, 1984). The K. pneumoniae nitA
product is able to activate transcription from the nitH promoter of both R. meliloti (Szeto et
al., 1984; Weber et al., 1985,) and B. japonicum (Alvarez-Morales and Hennecke, 1985;

Fischer et al. 1986). Like the K. pneumoniae nit promoters, the ntrA product is also
required for this activation (Alvarez-Morales and Hennecke, 1985; Weber, et al., 1985;
Fischer et al., 1986). The ntrC product is able to activate transcription from the nifH
promoter of R. meliloti (Sundaresan et al., 1983) but not B. japonicum (Fischer et al.,
1985). Activation by the nifA product in K. pneumoniae requires a conserved upstream
sequence (Buck et al., 1986) and this sequence is also found in nit genes of rhizobia
I~

(Alvarez-Morales et al., 1986; Buck et al., 1986).
Finally, many rhizobia have now been found to contain a nifA-like gene
(Zimmerman, et al., 1983; Rossen et al., 1984; Szeto et al., 1984; Schetgens et al., 1985;
I

Fischer et al., 1986; S. lismaa and J. Watson, pers. comm.) which hybridizes to K.
I

pneumoniae nitA. Mutants lacking nitA have been isolated in R. meliloti (Zimmerman et al.,

,

1983; Szeto et al., 1984; Weber et al., 1985) R. leguminosarum (Schetgens et al., 1985)
I

and B. japonicum ( Fischer et al., 1986) and in all three species, these mutants fail to fix
nitrogen in vitro and in planta.
Evidence that nitA from rhizobia has a pleiotropic effect, indicating that it may
regulate a number of genes, has also been obtained. In the B. japonicum nifA - mutant,
gel electrophoresis revealed that at least 6 other proteins, as well as thenitH product,

!
I
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were missing (Fischer et al., 1986). These mutants also showed abnormalities in the
I

,~

frequency of nodulation and nodule development, suggesting that nitA may control a
wider range of functions than previously thought.

A second regulatory gene, which

I

I

prevents the synthesis of nitH and other proteins subject to oxygen control, has been
identified in B. japonicum (Regensburger et al., 1986). Mutants defective in this gene are
also blocked in bacteroid differentiation, suggesting that a number of functions involved in

I
I

I

nodule development and nitrogen fixation may be co-ordinately controlled. In R. meliloti,
the P2 promoter, from the fixABC operon, responded to K. pneumoniae nitA and ntrC
gene products in the same way as thenifH promoter (Szeto et al., 1984).
These studies have shown that regulation of expression of nit and fix genes in
both the fast-growing R. meliloti and the slow-growing B. japonicum has much in common
with nit regulation in K. pneumoniae . However, it is clear that some differences do exist,
particularly in the regulation of nitA. In K. pneumoniae, nitA is expressed under conditions
of nitrogen starvation when the nitLA operon is activated by the general nitrogen control
system (Section 1.2). Little is known about nitrogen control in rhizobia; however, an
ntrC-like gene has recently been identified in R. meliloti

(Ausubel et al., 1985). A

mutation in this gene results in a delay in symbiotic nitrogen fixation rather than completely
abolishing it (see Section 1.3). Although nitrogen fixation in R. meliloti cannot be induced
in vitro, some expression of a nitH::lacZ fusion can be observed and this is eliminated by

the loss of ntrC (Ausubel et al., 1985). This suggests that in the nodule, nitA in R. meliloti
II.'

is not regulated in the same manner as the K. pneumoniae nitA gene, although in vitro
the two species appear to be more similar.
This idea is supported by the work of Better et al. (1985) who showed that
sequences upstream of theR. meliloti nitH gene were required for its activation by K.

••

pneumoniae nitA in E. coli, in agreement with the requirement of K. pneumoniae nit

genes for upstream sequences for nitA activation (Buck et al., 1986). However, deletion
I

I
I
T

of these upstream sequences from R. meliloti had no effect on the symbiotic phenotype,
suggesting that different regulatory mechanisms may operate in the nodule.

Similar

i

experiments with B. japonicum have found the opposite, with deletion of the upstream
sequences of the nitD gene preventing expression both in vitro and in planta

I

I
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(Alvarez-Morales et al., 1986). This may reflect differences in regulation between nifD and

I

nifH or between Rhizobium and Bradyrhizobium species. Finally, the promoter regions of
the nifA gene from R. meliloti (Buikema et al., 1986) and R. tritolii (S. lismaa and J. Watson ,
pers. comm) show no similarity to the nit- and ntr- specific promoter sequences.

I

At present, little is known about the regulatory mechanisms which may be unique
to the nodule and more work on both nitrogen regulation and expression of nit genes in
rhizobia is required.
',
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1.5. Classification of rhizobia

I

I I

Rhizobia have traditionally been divided into two groups (the fast and slow

I

growing species) on the basis of a number of physiological differences. More recently,
data on DNA composition and organization and sequence of nit genes have confirmed th is
separation . A further difference between these two groups relates to host range , with the
fast growing species being confined to temperate legumes and each species having a
'

narrow host range while slow growing rhizobia nodulate tropical legumes and generally
have quite broad host ranges. Since the classification of rhizobia into species has been
based on the legume nodulated by each strain, this classification breaks down for the slow
growing group, which has often been referred to as the cowpea miscellany.
DI

Differences between this group and the fast growing rhizobia have recently
resulted in the creation of a new genus , Bradyrhizobium, for the slow growing rh izobia
(Jordan , 1982; 1984). While this does emphasize the considerable d ifferences between
the two groups it causes difficulties in discussing the many simi larities between all legume
nodulating bacteria. To overcome this problem, the term "rhizobia" is used throughout
this thesis to include both Rhizobium and Bradyrhizobium species.

Several species in the cowpea miscellany are able to form effective nodules on
the non -legume tree, Parasponia (Trinick and Galbraith, 1980). In spite of the broadened
host range and the fact that infection of the Parasponia root occurs by a different
Ill

mechanism from legume infection (Lancelle and Torrey, 1984)and results in a different

17
!1

nodule ultrastructure (Price et al., 1984), these strains are in other respects typical cowpea
I

strains. However, to distinguish them from other cowpea species, these strains have
been referred to as Bradyrhizobium (Parasponia) sp. One such strain, Bradyrhizobium
1_,

I

(Parasponia) sp. ANU289 is the subject for this study.

To avoid using this rather

cumbersome name, this strain is generally referred to simply as strain ANU289. It should,
however, be remembered that this strain is closely related to the extensively studied B.
I!

japonicum, as well as other cowpea strains.
II

11

1.6. Statement of approach

Ii
i

II

At the time this study was initiated, little was known about nitrogen control and nit
gene regulation in rhizobia. However, from the existing data on ammonia assimilation, it
was clear that some differences between K. pneumoniae and rhizobia must exist. In K.

1,

pneumoniae, nitrogen fixation occurs as a response to nitrogen starvation and, under
these conditions, GS is induced in order to assimilate the newly fixed ammonia. In rhizobia,
on the other hand, nitrogen fixation is determined by the sources of combined nitrogen
available to the host legume. Bacteroid ammonia assimilatory enzymes are repressed,

1,

I

allowing the ammonia produced by bacteroid nitrogen fixation to pass into the plant cytosol
where it is assimilated.

Thus, the relationship between GS expression, the nitrogen

control system and nit gene regulation which is found in K. pneumoniae could not exist in
rhizobia. A nitrogen control system, which did not include GS, could still exist in free-living
rhizobia but little was known about this possibility.

~.

.,

The aim of this work was therefore to examine nitrogen assimilation in

11

Bradyrhizobium (Parasponia) sp. ANU289. In particular, three main areas were of interest;

I

ammonia uptake and assimilation, utilization of other nitrogen sources and the possibility

ft

I\

that a general nitrogen control system existed, and the relationship between nitrogen
assimilation in the free-living state and symbiotic nitrogen fixation. A previous study had
characterized in vitro nitrogenase induction and some aspects of its regulation in strain
ANU289 (Mahapatra and Gresshoff, 1984) but had not examined nitrogen assimilation.

l1

'
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Projects concerned with the identification and characterization of nit genes in strain
I

ANU289, which would complement the physiological approach taken, were running
concurrently in this group (Scott et al., 1983; Weinman et al., 1984; Weinman, 1986).
Initially this project centred on the regulation of glutamine synthetase and
1,

ammonia transport since both are central to free-living nitrogen assimilation but may not be
required in the bacteroid. The ammonia analogue, methylamine, was used to show that
utilization of a range of nitrogen sources by strain ANU289 was regulated by ammonia,
suggesting that a co-ordinated nitrogen control system may exist. However, two strategies
aimed at the isolation of mutants defective in such a system were not successful, although

II

the mutants obtained allowed a detailed characterization of nitrate utilization by strain

I

l

;

, 1,
11

ANU289 to be done. The failure to identify nitrogen control mutants resulted in a more

I

I
I

direct attempt to select nit regulatory mutants. A nitH::lacZfusion, which was to be used to
select mutants unable to express nitH, was therefore constructed. Several problems with
this technique were encountered and no nit regulatory mutants were isolated; in spite of
this some conclusions on the expression of nitH could be drawn.

'
t

,,
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FiQure 1.1, Pathways of ammonia assimilation.
GS : Glutamine symthetase
GOGAT : Glutamine : 2-oxoglutarate aminotransferase
GOH : Glutamate dehydrogenase
AT : Aminotransferase
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Figure 1 .2. Regulation of adenylylation of GS in enteric bacteria.

+ indicates activation; - ,inactivation.
Gin : glutamine, 2-0G : 2-oxoglutarate.
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Figure 1 .3. The enteric nitrogen control system.
Hatched lines represent genes, heavy arrows show activation pathways
and dotted arrows, repression.
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CHAPTER TWO: MATERIALS AND METHODS

2.1. Media

II

Ii

2.1.1. Chemicals
Adenosine diphosphate (ADP) : Sigma
Adenosine triphosphate (ATP): Sigma
I•

Agarose (SeaKem and SeaPlaque) : Marine Colloids

BRIJ 58 : LC.I.
i
I

Cesium chloride : Metallgesellschaft

t

Ii

[a-32P]dATP and [a-32P]dCTP ; Amersham
Deoxynucleotide triphosphates : Boehringer Mannheim

l

[C 14]-glutamate : Amersham
[C 14]-glutamine : Amersham
Nitrocellulose (0.45 µm, BABS) : Schleicher and Schull
Phenol : Wako
X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside : Sigma

All other chemicals were of reagent grade.
J,

,,'

Ii

ID•

1:
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I

2.1.2. Composition of N""FGM
Strain ANU289 and mutants derived from it were generally grown on one of the following
media, based on N-FGM :
FGMG : 1.69 g 1-1 Na glutamate added.
FGM : 0.5 g 1-1 NH4CI and 0.5 g 1-1 yeast extract added.
TMY:

Na gluconate omitted and 4.5 g 1-1 arabinose, 0.25 g 1-1

(NH4)2S02, 0.75 g 1-1 Na glutamate, 1.0 g 1-1 yeast extract added.
OM (Derepression medium) : Na gluconate omitted and 40 mM arabinose , 40
1;

;!

Ii
II

I
I•

Ii

111·I

mM Na succinate and 0.5 g 1-1 Na glutamate added.

'
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Composition of N-FGM
I,

)

r,

1,

Component
Salts
NaH2P04.2H20
Kl
KCI
Na2S04
MgS04.7H20
CaCl2.2H20
Trace elements *
MnS04.H20

Concentration (mg 1-i)
150
0.75
500
150
250
150
0.1

H3B03
ZnS04.7H20
Na 2Mo04 .2H 2 0

:

Ii
I,
II
I

i

I
I',

'

CuS04.5H20
C0Cl2.6H20
Iron chelate
FeS04.7H20
Na2EDTA
Vitamins
Inositol
Nicotinic acid
Pyridoxine-HCI
Thiamine-HCI
Biotin
Carbon source
Na Gluconate
MOPS buffer

0.03
0.03
0.0025
0.0025
0.0025
2.785
3.725
10
0.1
0.1
1.0
0.1
5000
10.5

pH 6.8-7.0
'
It

* Trace elements and iron chelate as described by Gresshoff and Doy (1974).

For solid media agar was added at 15 g 1-1 .

'

1111·

,I' •

Ill

1

'i~:
:,

.
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2.1.3. Composition of TY

Component

Concentration ( g ,-1)

Peptone/Tryptone

5

-

IL
I

CaCl2.2H20

0.9

Yeast extract

5

Agar

15

pH 6.8-7.0

I-, .I

'
'

2.1.4. Composition of LB

Component
NaCl
I,

Ir

Concentration ( g 1-1)
5

Peptone

10

Yeast extract

5

pH 7.0

For LBG plates, which were used to test for contamination of cultures of rhizobia, 10 g 1-1
glucose and 15 g 1-1 agar was added.

I

I

II

!
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2.1.5. Composition of BMM
~·

Salts
NaH2P04.2H20
11

360

MgS04.?H20

80

CaCl2.2H20

40

1:

FeCl3.6H20

3

Trace elements *

:
I

Mn£04.H20

0.1

H3B03

0.03

ZnS04.?H20

0.03

Na2Mo04.2H20

0.0025

CuS04.SH20

0.0025

CoCl2.6H20

0.0025

I
I

I

1i

11

11

,,Ii
I

I

Carbon source
Mannitol

~

Nitrogen sources

I'

1,,1

10#

Na glutamate

500

Yeast extract

500

Vitamins
Inositol
Thiamine-HCI

10
1.0

pH 7.0

*Trace elements were as described by Gresshoff and Doy (1974).
# For solid media, mannitol was reduced to 3 g 1-1. Agar was added at 15 g 1-1.

BMM plates were always used for initial selection of antibiotic resistant derivtives
of strain ANU289. The high natural drug resistance levels of this strain made selection
i
I

difficult; however, on BMM the difference between derivatives carrying drug resistance
genes and the wild type was greater than on other media.

I,
I

..
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2.2. Microbiological techniques

Ir:

2.2.1. Growth and maintenance of bacterial strains
Strain ANU289 was maintained on BMM plates containing 200 mg 1-1
streptomycin and stored at 4° C. For Tn5 mutants of strain ANU289, 500 mg 1-1 kanamycin
was also included. All stocks were subcultured every month. Cultures were grown at 300
I,

C and liquid cultures were agitated by shaking.

E. coli strains were stored in stabs of 0.7°/o LB agar at room temperature and
plated onto selective media the day before use. All E. coli strains were grown at 370 C.

2.2 .2. Tn5 mutagenesis of strain ANU289
Tn5 mutagenesis was done by mating strain ANU289 and E. coli strain SM 1O
I

(Simon et al., 1983) containing the mobilizable vector plasmid which carries Tn5,
',

pSUP1021. Strain SM10 has chromosomal transfer functions, allowing it to mobilize other
plasmids. pSUP1021 /Sm1 O was grown for 17 hours in LB at 370 C without shaking. Strain
ANU289 was grown for 3 days on TY plates at 30° C and cells were resuspended in
distilled water to a denstty of 50 Klett units. A 1 ml aliquot of strain ANU289 cells and a 5 ml
aliquot pSUP1021/Sm1 O cells were mixed and collected on a sterile filter by vacuum
filtration. The filter was placed on a TMY plate which was incubated at 330 C for 30 hours to
allow the mating to occur. Previous matings with strain ANU289 had been done at 29-300
C but it was found that the frequency of transconjugants obtained increased considerably
as a result of doing the mating at 33° C. Cells were washed off the filter by vortexing the
filter in distilled water. Samples were taken and appropriate dilutions were plated onto LB

.I

plus 20 mg 1-1 kanamycin, BMM plus 500 mg 1-1 kanamycin and BMM plus 500 mg 1-1

•,

kanamycin and 200 mg 1-1 streptomycin to determine the frequency of transconjugants.
The remaining cell suspension was diluted into 200 ml liquid BMM plus 500 mg 1-1
kanamycin and 200 mg 1-1 streptomycin and allowed to grow at 300 C, with shaking, for 16
I

ri
I

hours. Transconjugants were then isolated by plating the cell suspension on BMM plates
containing kanamycin and streptomycin at the concentrations given above.

II
I,

procedure generally yielded about 1o-6 transconjugants/recipient.

This

II
I
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I

1

I

2.2.3. Mobilization of plasmids into strain ANU289
Essentially the same procedure described for Tn5 mutagenesis was used,
'
·,

except that a triparental mating was required. The nifH::lacZfusion plasmid, pSH2, was a
derivative of pRK290 (Ditta et al., 1985) which required the self-transmissable helper
plasmid, pRK2013, for mobilization into strain ANU289. E.coli strains and strain ANU289
were grown as described for transposon mutagenesis and a filter mating was done with the
cells mixed in a ratio of strain ANU289 : pSH2/RR1 : pRK2013/HB101 of 5:1 :1. After
mating, the cells were plated onto BMM containing 300 mg 1-1 tetracycline and 100 mg 1-1
streptomycin. A frequency of about 1o-4 transcbnjugants/recipent was obtained.

'
2.2.4. Transformation
Competent E. coli RR1 and Sm1 O cells were prepared and stored as 0.5 ml
I

aliquots at -70° C (Morrison, 1979). A 20-50 µI aliquot of DNA was added to 200 µI of
thawed competent cells, kept on ice for 30 minutes and then incubated for 90 seconds at
42° C. The cells were diluted into 2 ml LB and incubated at 37° C, without shaking, for 30

Ir

minutes (or 60 minutes if kanamycin or tetracycline was used as a selective antibiotic).
Ir,

Aliquots of this culture were plated out onto LB containing the appropriate antibiotic and
the plates incubated overnight at 370 C.
When pUC plasmids were utilized as the cloning vector, 20 µI of 0.1 M IPTG
(isopropyl-B-0-thiogalactopyranoside)

and

10

µI of 100 mg mi-1

X-gal

(5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside} in dimethyl formamide, was also added
to the LB plates. Since the cloning site in these plasmids lies in the B-galactosidase gene,
colonies containing recombinant plasmids were unable to cleave the galactosyl residue
'r

from the synthetic galactosidase substrate, X-gal. These were unable to produce the blue
colour which identified unmodified plasmid.

r'

~
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2.3. Assays and uptake studies

le ,

2.3.1. Glutamine synthetase assays
Two assays were used for glutamine synthetase ; the y-glutamyl transferase assay
and the biosynthetic assay (Bender et al., 1977). Cell samples were collected by

1,

centrifugation at 40 C, washed once in 50 mM MOPS plus 1 mM MnCl2 and resuspended
I,

11

in the same buffer. Cell extracts were prepared by sonication (3 x 30 second bursts at 300
I

'.

watts) and the cell debris removed by centrifugation at 40 C for 15 minutes at 20,000 rpm
(SS-34 rotor). CTAB was not used to permeabilize the cells or to prevent changes in the
adenylylation state of GSI because it was found to inhibit GSII in strain ANU289 (results not
shown) and in other strains (Fuchs and Keister, 1980a). The adenylylation state of GSI

L

11

from strain ANU289 apparently did not change during harvesting as it does in Klebsiella
(Bender et al., 1977). GSI failed to respond to ammonia shock immediately after cells were
centrifuged at 4° C, suggesting that this inactivated some part of the adenylylation
cascade.

I'

I

The activities of GSI and GSI I were determined by making use of the heat Iability of
GSII. Total GS activity was measured and the cell extract was then incubated at 500 C for 2
hours. This completely inactivated GSII without affecting GSI (Darrow et al., 1981). The cell
extract was assayed again to determine GSI activity and the difference between the two

,,

measurements was GSII activity.
The y-glutamyl transferase assay mixture contained 50 mM each of imidazole,
MES and bicine, pH 8.0; 20 mM hydroxylamine; 0.3 mM MnCl 2 ; 20 mM K arsenate and 50
mM ADP. Alanine (0.85 mM) was added to allow the determination of an isoactivity point as

.I

'

described in Section 3.2.1. Arsenate and ADP were omitted from the blanks. This solution
was freshly prepared each day and adjusted to pH 8.0. The assay solution (0.5ml) plus cell
extract (0.4 ml) was equilibrated at 300 C for 5 minutes and the assay was started by the
addition of 0.1 ml 200 mM glutamine. After 15 minutes the assay was terminated by the

I.
I

,

..1.
t

l, ,

addition of 2 ml stop mix, containing, per litre, 33 g FeCl 3 .6H 2 o, 20 g trichloroacetic acid
and 50 ml 5 N HCI (Shapiro and Stadtman, 1970). A540 was measured and compared to a

f,
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standard cuNe of y-glutamyl hydroxamate.
The biosynthetic assay for GS was based on that described by Bender et al.,
IC ,
I

(1977). The assay solution contained 40 mM each of imidazole, MES and bicine, pH 8.0;
50 mM hydroxylamine ; 20 mM MgCl2; and 170 mM Na glutamate, and was adjusted to pH

11

1·
1,

8.0. Cell extracts were prepared as described for the transferase assay and 0.4 ml was
added to 0.5 ml assay solution and allowed to equilibrate at 300 C for 5 minutes. The assay

II

was started by the addition of 0.1 ml 250 mM ATP and terminated after 15 minutes by the
addition of 2 ml of the same stop mix used in the transferase assay. Blanks received
distilled water instead of ATP. A540 was deter~ined.

2.3.2. Nitrate reductase assay
Ii

Nitrate reductase activity was determined with whole cells ; the method used was
based on that described by Manhart and Wong (1979).

Cells were collected by

centrifugation, washed and resuspended in 50 mM KH2P04, pH 7.2. 1.0 ml cells was
incubated at 30° C for 1 hour with 1 ml assay solution (40 mM KN03 ;20 mM Na succinate ;

,,

'

20 mM glucose, 100 mg chloramphenicol 1-1 ; 50 mM KH2P04, pH 7.2). KN03 was
omitted from the blanks. The reaction was stopped by the addition of 0.5 ml Zn acetate
and the cells lysed by the addition of 1.5 ml ethanol. The nitrite produced was determined
by the method of Nicholas and Nason (1957).
I'

2.3.3. Amidase assay
Amidase activity was determined by measuring the transferase activity (Brammar
and Clarke, 1964). Cell extracts were prepared by sonication, as for GS assays (Section
2.3.1 ). Cell extract (0.25 ml) was added to a test tube containing 0.25 ml 2.0 M
hydroxylamine-HCI, freshly neutralized, and 0.25 ml 50 mM MOPS, pH 7.2. This mixture
was allowed to equilibrate at 300 C for 5 minutes. The assay was started by the addition of
II

0.25 ml 0.4 M acetamide, while blanks received distilled water. After 15 minutes incubation

r

1.
,,
L •

at 30° C, the reaction was stopped by the addition of 2 ml stop mix, as used for the GS

i,
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transferase assay (Section 2.3.1). A540 was measured and compared with that of a
I,

standard of acetohydroxamate.
II ,

To ensure that the transferase assay was actually measuring tha activity of an
amidase, preliminary experiments were also done to measure the hydrolytic activity of the
amidase. Cell extract was incubated at 30° C with 0.1 M acetamide and 12.5 mM MOPS,
pH 7.2 and the ammonia released was determined by the phenol/hypochlorite method
I•

II

(Gresshoff, 1981 ). The ratio of the hydrolytic to transferase activity remained constant over

:

a wide range of growth conditions, which suggested that the transferase activity was due
I,

to an amidase.

Ii

2.3.4. Methylamine uptake
Free-living strain ANU289 cells were harvested at mid-exponential phase,

11

washed twice and resuspended in N-FGM before being used for uptake experiments.
Bacteroids were finally resuspended in a buffer containing 50 mM MOPS; 50 mM sucrose;
2 mM MgCl2; 0.1 mM dithiothreitol and 4°/o (w/v) polyvinylpyrrolidone. For experiments in
which the pH dependence of methylamine uptake was being investigated, 50 mM Tris was
added to the buffers used for both bacteria and bacteroids to buffer at the higher pH
range.

Cells (bacteria or bacteroids) were pre-incubated for 15 minutes at 300 C.

[14c]Methylamine (1 O µM unless otherwise stated; 56 mCi mmoi-1) was added, and after 1
minute, a sample was taken and the cells were collected by filtration. Cells were then
washed three times in N-FGM containing 50 µM methylamine. It has been found that
washing with cold methylamine results in an efflux of radioactive methylamine from R.
leguminosarum cells (M. Dilworth, pers. comm.). However, this did not occur in strain
~I

ANU289. In this strain, cells washed with methylamine retained the same activity as those
washed with N-FGM alone. Radioactivity in the filters was measured by liquid scintillation

Ji

counting after placing them in a scintillation vial with 1O ml scintillation fluid (Permafluor :
Triton X-100 : toluene; 2 : 25 : 50, by volume).
II

I

.1:

2.3.5. Glutamate and Qlutamine uptake

k -

The uptake of [14c]glutamate and [14c]glutamine was determined in exactly the

29

same way as [14c]methylamine uptake.

2.3 .6. Nitrate uptake
Nitrate uptake was determined by measuring the rate of removal of nitrate by cells
from the medium. Cells were collected by centrifugation at room temperature, washed and
resuspended in N-FGM. 0.5 ml aliquots of cells were pre-incubated at 30° C for 15 minutes
and the assay was started by the addition of KN0 3 to a final concentration of 3 mM. The
cells were incubated, with shaking, for 15 minutes and the assay was terminated by
centrifuging the cells for 2 minutes in an Eppendorf centrifuge. Nitrate in the supernatant
was determined by the method of Cataldo et al. (1975).

2.3.7. In vitro nitroQenase induction
Two methods of nitrogenase induction were used. Firstly, the agar plug method
of nitrogenase induction described by Bender et al., (1986) was used. Cells were grown to
mid-exponential phase, harvested by centrifugation and resuspended in distilled water. A
1 ml aliquot of cells was added to 3 ml cooled OM agar in a sterile test tube. The tubes were
sealed with a Suba-seal and 1Oo/o acetylene (freshly prepared by the addition of one
teaspoonful of calcium carbide to distilled water) injected. Tubes were incubated at 300 C
and nitrogenase activity determined by acetylene reduction . Activity was first detectable
after about 5 days.
The second method used a stationary liquid culture (Mohapatra and Gresshoff,
1984) . Late log phase cultures were adjusted to the same protein concentration, diluted
into OM to give a protein content of about 0.1 mg mi-1 and 1.2 ml aliquots were placed in a
27 ml vial. The vials were sealed with Suba-seals and 4°/o freshly prepared acetylene
injected. Activity was detectable after 4 days.

2.3.8. f3-Qalactosidase assays
The method of Miller (1972) was used. Cells were harvested by centrifugation ,
washed and resuspended in Z buffer (Miller, 1972) . Cell extracts were prepared by
sonication, and the cell debris removed by 5 minutes centrifugation (Eppendorf). 1.0 ml

{
I,

30
I

;

I

cell

extract

was

equilibrated

for

5

minutes

at

300

C and

0.2

ml

11

I,

o-nitrophenol-f3-D-galactoside (4 mg mi-1) was added. After 15 minutes, the reaction was

IE

stopped by the addition of 0.5 ml 1 M Na2C03 and A420 was determined.

2.3.9. Protein determination
Protein determinations were done by using a modified Lowry procedure
(Schacterle and Pollack, 1973).

2.4. Plant and bacteroid experiments
I

I 1

I

2.4.1. Plant nodulation and nitrogen fixation assays
All nodulation and nitrogen fixation tests were done on siratro (Macroptilium

atropurpureum). Siratro was generally grown in pots in vermiculite under non-sterile
conditions. To ensure that nodulation was due to the strain being tested, new pots and
vermiculite were used for each experiment and the plants were heavily inoculated. Siratro
seeds were given a pre-germination treatment of 1O minutes in concentrated sulphuric
r

acid, washed in distilled water and soaked in 95°/o ethanol for one minute to partially
sterilize the seeds. They were then washed again and placed in 15 ml of late log phase
cells of the appropriate strain in a sterile petrie dish for one hour. The seeds were planted
in vermiculite and the next day inoculated with 50 ml exponential phase culture per pot. A
second inoculation was done three days later.
I

The plants were grown under glasshouse conditions. During winter, artificial light

I!

was used to give a photoperiod of 16 hours. Plants were watered four times a week with
'

nutrient solution (Herridge, 1977). All nutrients were present at one quarter strength,
except CaCl2, which was present at full strength.

2.4.2. Acetylene reduction
Nitrogenase activity was determined by using acetylene reduction.
harvesting, plants were placed in flasks containing

After

wet absorbent paper to prevent

31

desiccation and 10°/o acetylene injected. The flasks were allowed to stand at room
I

temperature for 30 or 60 minutes and the amount of acetylene reduced was then
determined by gas chromatography.

2.4.3. Isolation of bacteria from nodules
Isolation of bacteria from nodules followed the procedure described by Rolfe and
Gresshoff (1981 ). Nodules were excised, leaving a small length of root attached, and
dipped in 95o/o ethanol for one minute.

The nodules were

soaked in 12°/o Na

hypochlorite, containing 0.2 M mannitol, for 15 minutes and then washed several times in

r

sterile distilled water. Nodules were finally placed in 0.1 M KH 2 P04, pH 7.2, containing
0.2 M mannitol, squashed and plated onto appropriate selective media.

I

2.4.4. Bacteroid isolation
I

Bacteroids were prepared using the procedure of Bergersen and Turner (1973),
'

with some modifications. About 5 g nodules were homogenized (under N

2

when

nitrogenase activity was to be determined) in 40 ml extraction buffer (0.2 mM Mg c1 ; 50
2
mM MOPS, pH 7.3 ; 0.3 M sucrose ; 4°/o polyvinylpyrrolidone ; 0.1 mM dithiothreitol ; 50
mM Na dithionite) in a modified omni-mixer. The homogenate was filtered through 4 layers
of cheese-cloth and centrifuged at 1,000 rpm to remove plant and nodule debris . The
bacteroids were pelleted by centrifugation at 3,500 rpm, washed and finally resuspended
in extraction buffer from which the dithionite had been omitted. Bacteroids were then used
for methylamine uptake studies and nitrogenase determinations.

For GS assays ,

bacteroids were finally resuspended in 50 mM MOPS, pH 7.0 plus 1 mM MgCl2.

I

2.5. DNA isolation

2.5.1. Genomic DNA isolation from rhizobia
[,

Total strain ANU289 DNA was prepared from 2 ml late exponential phase cells
IIJ ,

.....
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grown in FGMG. Cells were harvested by centrifugation and the pellet washed in 1o ml
TES (10 mM Tris-HCI, pH 8.0; 1 mM EDTA; 100 mM NaCl).

The pellet was finally

resuspended in 2 ml 25°/o sucrose in TE (!O mM Tris-HCI, pH 8.0; 1 mM EDTA). 0.4 ml
freshly prepared lysozyme (10 mg ml -1 in TE) and 0.4 ml 0.5 M EDTA were added and the
cells incubated for 1 hour at 37° C. The cells were then diluted to 8 ml with TE and 1O µg
mi-1 RNAase (1 O mg mi-1 in 0.1 M Na acetate) and 0.5°/o (v/v) sodium dodecyl sulphate
(SOS) were added. The mixture was then incubated at 370 C for 2-3 hours. Pronase (1 O
mg mi-1 in TE) was added to a final concentration of 100 µg mi-1 and incubation at 370 C
was continued overnight. The DNA was then extracted with phenol and chloroform at least
twice and then precipitated by the addition of 0.1 volume 3 M Na acetate and 1 volume
isopropanol (or 2.5 volumes ethanol). After at least 1 hour at -200 C, the DNA was
collected by centrifugation

for 10 minutes at 10,000 rpm (SS-34 rotor). The DNA was

resuspended in 0.5-1.0 ml TE, extracted with phenol and chloroform again, and dialyzed
against 0.3 M NaCl in TE for at least 4 hours and then against two further changes of TE.
The DNA was finally collected by ethanol precipitation, resuspended in TE and stored at
4o C.

2.5.2. Large scale plasmid isolation
The procedure used was based on that described by Clewell (1972) and
Humphreys et al., (1975). E. coli strains containing amplifiable plasmids were grown
overnight in LB and used to inoculate 500 ml LB as a 1 in 100 dilution. This culture was
incubated at 37° C, with shaking until the cell density reached A 650

= 0.4-0.6 . The

plasmid was then amplified by the addition of 100 mg spectinomycin and the incubation
continued overnight. Non-amplifiable plasmids were grown in the same way but without
the addition of spectinomycin.
The cells were harvested by centrifugation and the pellet resuspended in 10 ml
25o/o sucrose in TE and maintained at 40 C. 1.5 ml of a freshly prepared lysozyme solution
(20 mg m1-1 in 0.25 M Tris-HCI, pH 8.0) was added to the cell suspension. This was
followed by the addition of 5.0 ml 0.5 M EDTA and the cells were then held on ice for 5
minutes. Cell were lysed by the rapid addition, and mixing by inversion, of 15 ml Brij/DOC
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solution (1°/o Brij 58; 0.4°/o Na deoxycholate in TE, pH 8.0). After a further 15 minutes on
ice, the lysate was centrifuged at 18,000 rpm (SS-34 rotor), at 40 C for 1 hour. The
I

II

supernatant (cleared lysate) was decanted and DNA precipitated at
II

o° C for at least two

hours by the addition of 3°/o w/v NaCl and 1/4 volume 50°/o PEG (polyethylene glycol

"

6000). The DNA was then pelleted by centrifugation at 5,000 rpm (SS-34 rotor) at 40 C for
90 seconds and the pellet was resuspended in 5 ml TES at 65° C. Cesium chloride (8.0 g)
I'
11

and ethidium bromide (0. 6 ml of 10 mg mi-1 stock) were mixed with the DNA solution which

I'

was then left on ice for 30 minutes. Ethidium bromide displaces PEG from DNA. The

11

[I

solution was centrifuged at 10,000 rpm (SS-34 rotor) for 30 minutes at 40 C and the
~

'

supernatant decanted over the PEG pellicle. The buoyant density was adjusted to 1.6 g
mi-1 by the addition of 1.5 ml TES and the plasmid DNA banded by centrifugation at
40,000 rpm for 40 hours at 18° C. Plasmid DNA was visualized under UV light (350 nm)
I

and removed by side puncture extraction with a 19G needle. The ethidium bromide was
1,

removed by extracting 3 to 4 times with isopropanol equilibrated with 5 M NaCl in TE, pH
8.0. The plasmid DNA was then dialyzed against TE for three periods of at least 4 hours.
Plasmid DNA was stored at 40 C.

2.5.3. Recombinant plasmid mini-screen
I

Putative recombinants were tested by doing small scale plasmid preparations
(Holmes and Quigley, 1981 ). A 1.5 ml sample from an overnight culture grown in LB with
shaking, was pelleted by centrifugation. The pellet was resuspended in in 350 µI STET
buffer( 8°/o sucrose; 5°/o Triton X-100; 50 mM EDTA; 50 mM Tris-HCI, pH 8.0) and 20 µI
lysozyme (10 mg mi-1 in TE) was added. The sample was boiled for 40 seconds and
II

immediately centrifuged for 10 minutes in an Eppendorf centrifuge. The supernatant was

'I

removed and nucleic acids recovered by precipitation in isopropanol. The pellet was then
washed thou roughly in ethanol to remove Triton X-100, dried and resuspended in TE.

A

phenol/chloroform extraction was done, followed by ethanol precipitation. The samples
were finally analysed by restriction endonuclease digestion and agarose gel
electrophoresis.
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2.6. Enzymatic reactions

2.6.1. Sources of enzymes

,,
Calf intestinal alkaline phosphatase : Collaborative Research
Deoxyribonculease I (DNAase) : Sigma
DNA polymerase I (Kienow fragment) : BRESA
Lysozyme: Sigma
Pronase : Calbiochem
Restriction enzymes : Amersham, Boehringer Mannheim, Biolabs, BRL
,,I,

Ribonuclease A (RNAase) : Sigma
Snake venom phosphodiesterase VII : Sigma
T4 DNA ligase : Boehringer Mannheim

Ir

2.6.2. Restriction endonuclease digestion
DNA samples were restricted in TA buffer (33 mM Tris acetate, pH 7.9; 66 mM K
acetate; 10 mM Mg acetate; 0.5 mM dithiothreitol; 100 µg mi-1 gelatine; O'Farrell et al.,
1980). Reactions were done at 370 C for 2-3 hours and were terminated by heating at 650
C for 15 minutes or by phenol/chloroform extraction and ethanol precipitation. Agarose
gel electrophoresis was used to monitor the extent of digestion.

2.6.3. Dephosphorylation of vector DNA
Calf intestinal alkaline phosphatase (CAP) was used to remove 5' phosphate
groups from vector DNA, increasing the efficiency of recombinant plasmid formation
(Shine et al., 1977). Vector DNA was treated with CAP (0.1 units µg DNA-1) in 100 mM Tris
base, pH _ 1O and 0.1 °/o SOS for 1 hour at 370 C. The reaction was terminated by
incubating for 15 minutes at 650 C, followed by phenol/chloroform extraction. The vector
DNA was recovered by ethanol precipitation.

2.6.4. Ligation of DNA molecules
This procedure was done according to the method of Ullrich et al., ( 1977).
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Ligation of DNA fragments with complementary staggered ends was performed at DNA
Ii

concentrations of 20-50 µg m1-1 in Haelll buffer (8 mM MgCl 2 ; 10 mM dithiothreitol; 60 mM
Tris-HCI, pH 7.5), plus 1 mM ATP and 1 unit T4 DNA ligase.The ligation mixture was

Ii

incubated at 4° C overnight.

2.6.5. Snake

venom phosphodiesterase treatment

Snake

venom phosphodiesterase (SVPD) was used to catalyse deadenylylation

of GSI as described by Fuchs and Keister (1980b). SVPD was made up at 0.2 units mi-1 in
'1 1

0.1 mM Tris-HCI plus 1 mM MgCl2, pH 9.0, where 1 unit hydrolyses 0.1 µ mol bis
(p-nitrophenyl) phosphate at pH 8.8 at 37° C. SVPD stock, freshly prepared, was added
to cell extracts prepared as described for GSI assays (Section 2.3.1 ). About 0.1 unit was
added to samples of cell extract containing about 3 mg protein. The cell extract was
incubated at 37° C for 30 minutes and then assayed for GSI.
Ii

1,

ii:

2.7. Hybridization procedures

l

Ii
I

2.7.1. Preparation of hybridization probes
Radioactively labelled hybridization probes were prepared by the method of
Taylor et al., (1976) involving the randomly primed synthesis of DNA using E. coli DNA
polymerase I (Kienow fragment).

Random primer of 8-12 nucleotides in length were

prepared by treating herring sperm DNA with DNAase I and fractionating on a
DEAE-Sephadex G-50 column. Linear plasmid DNA (digested with Haelll) or electroeluted
11

DNA restriction fragments (1-2 µg) were denatured in the presence of 100 µg of random
primers by boiling for 2 minutes and chilling on ice for 2 minutes. The reaction mixture was
made up to 30 µI in Haelll buffer by the addition of cold deoxynucleotide triphosphates
(dATP, dGTP, dTIP to a concentration of 0.75 mM), 30 µ Ci of [ a-32p] dCTP and 1 unit of

E. coli DNA polymerase I (Kienow fragment). After a 1 hour incubation of 37° C, the

r
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I

through a Sephadex G-50 column (1 x 6 cm, G-50 medium) equilibrated with TES.
Fractions (300 µI) were collected and radioactivity monitored with a Geiger counter. The
probe eluted as the first labelled peak.
Alternatively, a spun column was used to separate unincorporated
radionucleotides from the probe. An Eppendorf centrifuge tube was punctured at the
bottom and plugged with a small amount of siliconized glass wool. The tube was then
1:

Ii

packed with Sephadex G-50, equilibrated with TES, placed into another Eppendorf tube

II

and spun for 1O seconds in a Speed Vac concentrator. The eluate was discarded from the

[:

I

bottom tube and the top tube refilled with TES. Following a spin of 30 seconds, the top
tube was placed into a fresh Eppendorf tube. The labelling reaction, diluted to 200 µI with
TES, was layered onto the G-50 resin. A 30 second spin eluted the labelled probe and left
unincorporated radionucleotides in the G-50 resin. As each spun column was discarded
I

after use, this method allowed slices of agarose containing electrophoresed DNA
'

restriction fragments to be used directly for the preparation of the labelled probe. Gel
slices containing the required DNA fragment were heated to 650 C for 15 minutes and up
to 40 µI was used to make the probe. Following annealing of random primers the reaction

I

was not chilled, but placed at 37° C and the remaining reagents added at this temperature
to prevent solidification of the agarose. Following incubation, the reaction mix was briefly
heated to 65° C to ensure a liquid state prior to loading onto the spun column.
The eluates obtained by the above methods typically had a specific activity of
1O7_108 cpm µg DNA-1. Probes were denatured by boiling for 2 minutes before being
added to prehybridized nitrocellulose filters.

2.7.2. Transfer of DNA to nitrocellulose and hybridization conditions
For Southern blot hybridization analysis (Southern, 1975), DNA fragments were
resolved on agarose gels. The gel was then
!i
~·

I

depurinated in 0.25 M HCI (15 minutes),

denatured in 0.5 M NaOH, 0.5 M NaCl (30 minutes), and neutralized in 0.5 M Tris-HCI, pH
7.2; 2 M NaCl (45 minutes). The denatured DNA was then transferred to a nitrocellulose
membrane which had been briefly rinsed in 2 x SSC (0.3 M NaCl; 0.3 M trisodium citrate) by
blotting the gel with 20 x SSC overnight. The filter was rinsed in 2 x SSC, air dried and

r
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baked at 80° C in vacuo for two hours.
Nitrocellulose filters of Southern blots or colony

hybridizations were

pre hybridized in Southern buffer (3 x SSC; 0.1 °/o SOS; 10 µg mi-1 denatured herring
'

sperm DNA; 20 µg mi-1 E. coli tRNA; 0.2°/o Ficoll; 0.2o/o bovine serum albumin; 0.2°/o
polyvinylpyrrolidone; 0.05 M HEPES, pH 7.0) for 2 hours at 65° C. Hybridization to a
denatured probe was carried out in a minimal volume of Southern buffer at 650 C

1,
I,

I

:,

overnight. Southern blots were then washed 3 times in 2 x SSC at room temperature.

Rhizobium colony hybridizations were washed at 37° C. The nitrocellulose filters were

I '

b '

air-dried and exposed for autoradiography at -70° C with intensifying screens for varying
times from overnight to one week.

2. 7.3. Colony hybridizations
Colony hybridizations were done following the method of Grunstein and
Hogness (1975).

Colonies were lifted onto nitrocellulose filters which were placed,

colonies up, on Whatman 3MM paper soaked in 0.5 m NaOH, 0.5 M NaCl. The filters were
'i

left for 5 minutes and then transferred to Whatman 3MM paper wetted with 0.5 M Tris-HCI,
pH 7.2, 2 M NaCl for a further 5 minutes. They were finally placed onto Whatmann 3MM
paper soaked in 2 x SSC for 5 minutes, air dried and baked as for Southern blots (Section
2.7.2.).

2.7.4. ScreenincJ rhizobia by hybridization
Strain ANU289 had previously been found to give poor colony hybridizations so a
modification to the usual colony hybridization procedure was developed (Weinman, 1986) .
,I

Strain ANU289 colonies were resuspended in 400 µI distilled water, washed by

'1

centrifugation and finally resuspended in 50 µI TES. Lysozyme (5 µI 1O mg m1-1 freshly
prepared solution) was added and the cell suspensions were incubated at 37° C for 30
minutes. The cells were then collected by vacuum filtration onto nitrocellulose filters, which
were placed onto a sheet of Whatman 3MM paper soaked with 3°/o SOS in TE for a further

I
I,

30 minutes. After this pretreatment, the filters were treated in the usual manner (Section
2.7.3), by placing the filter for 5 minutes each on Whatman 3MM paper wet with 0.5 m

..
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NaOH, 0.5 M NaCl, then 0.5 M Tris-HCI, pH 7.2, 2 M NaCl and finally 2 x SSC. The filters
were then dried and baked as for Southern blots.

I

2.8. Gel electrophoresis

2.8.1. Agarose gel electrophoresis
I

Electrophoresis of DNA through agarose gels was done in TAE buffer (40 mM
Tris-HCI, pH 7.8; 20 mM Na acetate; 2 mM EDTA). Analytical, 1.5°/o agarose gels (190 x 140
x 5 mm) were run in a horizontal system in TAE buffer at 35 volts for 12-16 hours. For
routine analyses, a mini-horizontal gel system was used. Samples (5 µI) were run in gels
(90 x 40 x 4 mm) at 70-100 volts, 50 mA for 1 hour. Preparative gels were made with low

II

melting point agarose and also used the mini-gel system but 40 µI slots were used. Such
gels were run at 60 volts, 50 mA for about 2 hours. All samples were prepared by the
addition of 20°/o sample dye (20°/o sucrose; 5 mM EDTA; 1o/o SOS; 0.2°/o bromophenol
blue) prior to electrophoresis. The gels were stained in ethidium bromide (_ 5 µg m1-1 ),
destained in water and the DNA visualized on a UV transilluminator (302 nm) and
I

photographed.

II

2.8.2. Electroelution of DNA
DNA was isolated from agarose gels by cutting out gel slices containing the
I

ethidium bromide stained DNA fragment with a razor blade. Gel slices were placed in
II

dialysis tubing with 0.5-1.0 ml of 0.25°/o TBE (50 mM Tris-HCI, pH 8.3; 40 mM boric acid; 1
I

·,
'
'

mM EDTA) and electroeluted in the same buffer at 100 volts, 20 mA for 3 hours. The DNA
was extracted with phenol and chloroform twice and then recovered by ethanol
precipitation.

I
1,
~

CHAPTER THREE: AMMONIA ASSIMILATION IN STRAIN ANU289

3.1.

Introduction.

Bacteria assimilate most nitrogen sources by first degrading them to release
ammonia.

Thus, the pathways of ammonia assimilation are of vital importance in

understanding the regulation of nitrogen assimilation. Bacteria generally have two major
ammonia assimilatory pathways, namely GOH and GS/GOGAT, but some rhizobia lack GOH
(Section 1.3). Strain ANU289 had previously" been shown to utilize a wide range of
nitrogen sources (Mahapatra and Gresshoff, 1984) but it was not known if both pathways
operated in this strain.
The utilization of ammonia in rhizobia is also of interest because of the different
requirements of the free-living bacterium, which needs nitrogen,

and the

ammonia-excreting bacteroid. Some studies have found that other rhizobia grow very
poorly on ammonia and it has been suggested that they have adapted so well to the
symbiotic state that they have lost the ability to utilize ammonia efficiently in the free-living
state (Ludwig, 1978; Osburne and Signer, 1980). GSI from rhizobia has extremely low
biosynthetic activity compared to Klebsiella GS (Ludwig, 1978) which supports this idea.
While it has been known for some time that rhizobia possess two glutamine
synthetases (Darrow and Knotts, 1977), the roles of GSI and GSII have not yet been
elucidated. On the basis of mutant studies, it has been suggested that GSII is involved in
purine biosynthesis rather than ammonia assimilation (Ludwig, 1978). Neither GS is
specifically required in the nodule. Mutants lacking GSI (Somerville and Kahn, 1983) or
GSII (de Bruijn et al., 1985; Morett et al., 1985) form effective nodules. GSI is subject to
adenylylation and it has been assumed that adenylylation is regulated in the same way as it
is in the enteric bacteria and plays a similar role in ammonia assimilation. However, the lack
of GOH in some rhizobia and the presence of GSII makes this analogy questionable.
Further work on ammonia assimilation, and particularly the roles of the two glutamine
synthetases, is required to determine whether these are similar to the enteric bacteria or
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whether the requirements of the bacteroid have put constraints on the efficiency of
I

ammonia assimilation in the free-living state.

I

Ii

3.2.

Results

3.2.1. Pathways of ammonia assimilation in strain ANU289.
I

•

In a well-buffered medium (containing 50 mM MOPS or HEPES) strain ANU289
was capable of rapid growth on ammonia, the growth rate being similar at ammonia
concentrations from 5 to 50 mM (Fig 3.1 ). Thus, strain ANU289 is able to tolerate and use
ammonia at high concentrations.

I

'

No GOH activity could be detected in cultures grown on various ammonia
concentrations, throughout the growth cycle. This suggests that the GS/GOGAT pathway
is the sole route of ammonia assimilation in strain ANU289. The observed growth rates
suggest that utilization of ammonia by this pathway is quite efficient in spite of the low
biosynthetic activity of both glutamine synthetases (also observed in strain ANU289,
Section 3.2.2.).

3.2.2. Characterization of GSI and GSII
II

The measurement of glutamine synthetase activity is complex because three
parameters are involved ; the amounts of both GSI and GSII and the adenylylation state of
II

GSI. GSII activity can easily be separated from total GS activity because GSII is heat labile

•
''
1, ·

and can be completely inactivated by temperatures which do not affect GSI (Darrow and
Knotts, 1977). Thus, the total GS activity and the GSI activity can be determined. The
difference between these two activities represents the activity of GSII. However, unless a
specific set of assay conditions are used, changes in the amount of GSI cannnot be
distinguished from changes in the adenylylation state of GSI. To avoid this, conditions
under which the activities of the two forms of GSI are equal are required. This can be
obtained by using the pH dependence of the transferase activities of adenylylated and
unadenylylated GSI. The two forms of GSI show different pH profiles and the two pH

iJ
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1
dependence curves usually intersect at a particular pH. Thus, at this pH, GSI transferase
I.

activity is independent of the adenylylation state. This pH is known as the isoactivity point

'I
I~

and the precies value is dependent on the species and the assay conditions.
I

In 8.

japonicum, an isoactivity point does not exist when the usual assay conditions are
'

employed because unadenylylated GSI has higher activity than adenylylated GSI at all pH
values (Fuchs and Keister, 1980b). However, when feedback inhibitors of GSI such as
glycine or alanine are added to the assay, an isoactivity point does exist because
I

unadenylylated GSI is inhibited to a greater degree than the adenylylated form (Fuchs and
Keister, 1980b). Thus, a first step in studying GS activity was to determine the isoactivity
point.
Strain ANU289 cultures were grown to mid-log phase on FGMG, which resulted in

!

high levels of GSI and GSII.

Under these conditions GSI from other bacteria is

unadenylylated. At the time of the experiment, the culture was divided in half and NH CI
4
11

to a concentration of 1O mM was added to one aliquot. Both aliquots were allowed to
continue shaking for a further 10 minutes and then harvested as described (Section
2.3.1.). This ammonia shock procedure results in adenylylation of GSI in other bacteria. In
ANU289 it also resulted in a change in the transferase activity of GSI suggesting that
adenylylation also occurred in this strain. The two cell preparations obtained by this
I

procedure should therefore contain equal amounts of GSI but in one, GSI is adenylylated

II

and in the other it is unadenylylated. The two extracts can then be used to determine the
isoactivity point and to study the properties of the two forms of GSI.
I

Fig 3.2. shows the pH dependence of GSI from ammonia shocked and untreated
cells in the presence and absence of 0.85 mM alanine. No isoactivity point exists in the
~

'

·,
1, •
'

absence of alanine, indicating that ANU289 is similar to 8. japonicum. When 0.85 mM
alanine was added to the assay, the activity of unadenylylated GSI was reduced relative to
that of adenylylated GSI, resulting in an isoactivity point at pH 8.0 (Fig 3.2).

Unless

otherwise stated, all further assays were performed at pH 8.0 in the presence of 0.85 mM
I

alanine.

I,
~

'

The most commonly used measure of adenylylation of GS in other bacteria makes

Iii

I,,
~J

use of the fact that Mg2+ inhibits the transferase activity of adenylylated GSI but has very

42
I

I

little effect on unadenylylated GSI (Shapiro and Stadt man, 1970). Thus, the degree of
r,

1,

Mg2+ inhibition indicates the degree of adenylylation of GSI. However, 60 mM Mg2+ had
no effect on the activity of GSI from ammonia shocked cells of ANU289. This suggested

'
Ir

either that the response of adenylylated GSI of strain ANU289 to Mg2+ differed from other
1:

bacteria, or that the changes to GSI transferase activity resulting from ammonia shock were
not due to adenylylation.

To test the latter possibility, the effect of snake venom

phosphodiesterase (SVPD), which catalyses deadenylylation (Tronick et al., 1973), on GSI
I

from ammonia shocked and untreated cells was determined.
Table 3.1 shows the activity of GSI from untreated and ammonia shocked cells,

I:
and ammonia shocked cells treated with SVPD.
I

To distinguish between different

adenylylation states, four different sets of assay conditions were used : (a) the isoactivity
point conditions (i.e. pH 8.0 with 0.85 mM alanine included in the assay solution); (b)
isoactivity point conditions plus 60 mM MgCl2; (c) pH 7.0 with 0.85 mM alanine, where GSI
from treated cells had higher activity than GSI from untreated cells (Fig 3.2); and (d) pH 8.0
with no alanine, where GSI from untreated cells had the higher activity (Fig 3.2). In the two
cases where activity did change in response to ammonia shock the original activity was
restored by SVPD treatment (Table 3.1 ), suggesting that the ammonia shock did result in
adenylylation of GSI and that GSI was then deadenylylated by SVPD. The GSI of strain

I

I

i'!

11

ANU289 appears to differ from other strains in its response to Mg2+.
The biosynthetic activity of both forms of GSI was also examined. Under normal
assay conditions, GSI from ammonia shocked and untreated cells had the same

l

biosynthetic activity (Table 3.1 ). However, when the Mg2+ normally present in the assay

I

'

solution was replaced by 5 mM MnCl2, a difference was observed, with GSI from ammonia

ii

shocked cells showing the higher activity. This same change in cation specificity, resulting

'

ln l

from adenylylation, has also been observed in E. coli (Kingdon et al., 1967).

"

:
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Table 3.1. Activity of GSI under different assay conditions

!

Activity

Assay conditions

Transferase
II
';

Biosynthetic

I

I·
i

Untreated

Ammonia
shocked

Ammonia
shocked, SVPD
treated

(a) pH 8, +0.85 mM alanine
(b) pH 8, +0.85 mM alanine
+60 mM MgCl2

104

107

103

105

104

104

(c)pH 7, +0.85 mM alanine
(d)pH 8, no alanine

113
198

157
154

102
193

(a) Normal assay
(b)-Mg2+, + 5 mM Mn2+

9.9
2.7

9.4
5.1

ND
ND

ND, Not determined

It therefore appears that the changes in the properties of GSI resulting from
ammonia shock do arise from adenylylation, but there are some differences between GSI
from strain ANU289 and other strains. Of particular interest is the observation that the
biosynthetic activity of both forms of GSI is the same in AN U289; in the enteric bacteria ,
unadenylylated GS has high activity while the adenylylated form has virtually none
,,

(Kingdon et al., 1967; Bender et al., 1977). This was therefore investigated further by
examining the affinities for substrates of the two forms of GSI.
IE •
I

,,

Preparations of cells containing adenylylated and unadenylylated GSI were
prepared by using the ammonia shock procedure. To ensure that GSI of different

1,

'"
Ii

I

adenylylation states was actually present, the biosynthetic activity in the presence of Mn2+
and the transferase activity in the absence of alanine were measured. There were clear

II
I

'

differences in these activities between the two forms of GSI (Table 3.1 ). Actual Km values

I
;

I

for the three substrates (hydroxylamine, glutamate and ATP) of the biosynthetic reaction
could not be determined because GSI showed the characteristics of an allosteric enzyme.
However, Fig 3.3 shows the dependence of the biosynthetic activity of both forms of GSI
I

~,

on the concentrations of the three substrates. No differences between adenylylated and
unadenylylated GSI were detectable. GSII had very little biosynthetic activity, with less than
I

I
I

'
•
ai

4 nmol. min-1. (mg proteinf 1 being observed under all assay conditions examined.

I t
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The biosynthetic activity of GSI from strain ANU289 was very low compared to
I

enteric GS. Under nitrogen limitation, K. aerogenes GS had a biosynthetic activity of 400
nmol. min-1. (mg proteint1. When excess ammonia was present, this fell to 50 nmol.
min-1. (mg proteint1 (Bender and Magasanik, 1977). In strain ANU289 the GSI activity was
Ii

,·

only around 10 nmol. min-1. (mg proteint1 under all growth conditions. A similar low
biosynthetic activity of GSI has also been obseNed in strain 32H1 (Ludwig, 1978)
In strain ANU289, adenylylated GSI had the same biosynthetic activity as
unadenylylated GSI in the presence of Mg2+ and greater activity in the presence of Mn2+.
It is therefore misleading to refer to adenylylated and unadenylylated GSI as inactive and
active, respectively.

Although this seems true for the enteric bacteria, the results

I

presented here show that it is not universal.

3.2.3. Regulation of GSI and GSII by ammonia
The effect of ammonia on the levels of both glutamine synthetases was
examined. A culture of ANU289 was grown to mid-log phase on FGMG. Ammonia was
added to a concentration of 10 mM and the activities of both glutamine synthetases were
determined over a period of several days. Fig 3.4 shows that GSI was not affected by
ammonia while GSII activity was lost very rapidly, with no activity remaining only 6 hours after
ammonia addition.
This rapid loss of GSII activity raises the possibility that inactivation, rather than
repression, of GSII occurs in response to ammonia. To examine this idea, the effect of
I(

chloramphenicol on the recovery of GSII, after ammonia treatment was determined.
I

Ammonia (1 O mM) was added to mid-log phase cells, grown on FGMG and after a further 6

"
I

hours growth, the cells were centrifuged and resuspended in FGMG with and without 0.2
mg chloramphenicol mi-1. The activities of GSI and GSII were determined over the next 6
hours. The results are shown in Fig 3.5 and it is clear that the recovery of GSII activity is
dependent on protein synthesis. This suggests that GSII disappears, rather than being
inactivated in response to ammonia and therefore must be newly synthesized after a

I

'

transfer from nitrogen excess to nitrogen staNation. It is likely that this control occurs at the

level of transcription since mRNA turnover times in prokaryotes are generally very short.
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The average mRNA half-life in R. leguminosarum bacteroids is only 2.4 minutes (van den
Bos et al., 1983). The mode of GSII regulation and possible involvement of nitrogen
control genes remains to be determined.

3.2.4. Determination of GS activity in bacteroids from siratro nodules
Other studies have shown that the levels of ammonia assimilatory enzymes in
bacteroids are generally very low (Brown and Dilworth, 1975; Bishop et al., 1976; Planque

et al., 1977). Since these studies did not distinguish between GSI and GSII, the levels of
these enzymes were determined in ANU289 bacteroids from siratro nodules.

Siratro

plants were harvested at 6 weeks and bacteroids isolated from the nodules. Table 3.2
shows the levels of both glutamine synthetases in bacteroids compared to nitrogen
starved and ammonia grown vegetative cultures. The bacteroids resembled the ammonia
grown cells, with virtually no GSII present. There appeared to be less GSI in bacteroids
than in vegetative cells but this may be due in part to differences in protein content
between vegetative cells and bacteroids.

However, a recent study has shown that

transcription of the glnA gene of B. Japonicum is reduced in bacteroids (Carlson et al.,
1985) so although this gene is constitutive in the free-living state, it may be regulated
differently in bacteroids.

Table 3.2. GSI and GSII activtty in bacteroids and vegetative cells.

GS activity (nmol. min-1. mg protein-1)
GSI

GSII

Bacteroids

46

3

Vegetative cells (NH4CI)

109

0

Vegetative cells (glutamate)

105

294

I

I

,I
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3.3.

Discussion

3.3.1. Ammonia assimilation in strain ANU289
I

In spite of the lack of GOH, strain ANU289 grew rapidly on high ammonia

I

concentrations.

The regulation of glutamine synthetase in strain ANU289 differed in

1,

II

several major respects from that in enteric bacteria, in a manner which compensated for the
.I

I

lack of GOH. In enteric bacteria, high ammonia concentrations result in both adenylylation

I

"

and hence inactivation of GS and repression of the synthesis of GS. Thus, all ammonia is
assimilated via GOH. In strain ANU289, adenylylation did not significantly inactivate GSI,
and GSI was not repressed by ammonia. This suggests that GSI may play a major role in
ammonia assimilation in the presence of high ammonia concentrations, thus replacing
GOH. Other studies have also found that GSI is not repressed by ammonia (Fuchs and
Keister, 1980b; Darrow et al., 1981).

1,

In contrast, GSII is strongly repressed by ammonia. The rapid removal of GSII

I

I

activity in response to ammonia makes it difficult to see how GSII could be important in
ammonia assimilation. Similar results have been obtained by Fuchs and Keister (1980b),
who found that ammonia caused a rapid loss of GSII activity in several rhizobia. They
suggested that active removal of GSII must occur under these conditions. GSII from strain
ANU289 is also completely repressed in bacteroids (Section 3.2.4.) so it is unlikely to have

,:L
I

a role in the symbiotic state. Mutants lacking GSII have been isolated and these mutants fix
nitrogen normally in the nodule (de Bruijn et al., 1985). Ammonia repression of GSII also

[

occurs in wild type R. meliloti, but in mutants of R. meliloti lacking GSI, GSII is no longer
I

repressed by ammonia (Somerville and Kahn, 1983). GSII in rhizobia may therefore
assimilate ammonia under some specific and limited conditions which have not yet been
determined. Based on mutant studies, Ludwig ( 1980a) has suggested that GS 11 may
function in purine biosynthesis but further work is needed to clarify its role.
The results presented here show that strain ANU289 can utilize ammonia
efficiently. This is in contrast to other reports which have suggested that some rhizobia
I

I

I

grow poorly on ammonia (O'Gara and Shanmugam, 1976a; Ludwig, 1978; Osburne and
Signer, 1980). In particular, ammonia assimilation in the cowpea strain, 32H1, has been
....
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studied in some detail (Ludwig, 1978; 1980a). Ludwig found that strain 32H1 grew very
poorly with ammonia as sole nitrogen source compared to growth on amino acids. He
Ill

suggested that the failure of 32H1 to assimilate ammonia efficiently was due to the low

'

I

biosynthetic activity of both glutamine synthetases and to the apparent failure of GSI to

i
I

·1

become completely unadenylylated. This latter result is probably an artifact of the assay

I

'

/,

conditions he used (see below). He further argued that rhizobia assimilate ammonia poorly
because of evolutionary constraints resulting from the adaptation of rhizobia to exporting
ammonia in the nodule. This argument was also presented by Osburne and Signer (1980)

I

after working with ammonia assimilatory mutants of R. meliloti.

I(

An alternative reason for the poor utilization of ammonia observed in these
I
I I

I

I

I

I

studies is simply the lack of a buffer in the growth medium. I have found that several
rhizobia, including R. trifolii RS102 and the Bradyrhizobium strains 32H1 and ANU289,
grow poorly on ammonia in unbuffered media but are capable of rapid growth on ammonia
in the presence of 50 mM MOPS or HEPES. Dilworth and Glenn (1982) have also shown
that R. leguminosarum can grow in the presence of up to 90 mM ammonia in a buffered
medium.

Thus, the argument that rhizobia have adapted to export ammonia in the

bacteroid state and these adaptations result in a reduced ability to assimilate ammonia in
the free living state is certainly not true for these strains and this argument may have to be
reconsidered if other species are able to grow on ammonia in a buffered medium.
II

11

It is difficult to generalize about how far these conclusions apply to other rhizobia.
While these results suggest that many strains can utilize ammonia in the presence of a
buffer, other evidence suggests that some strains are poor ammonia utilizers. In contrast
I

to strain ANU289, some strains utilize glutamate in preference to ammonia (O'Gara and
'

Shanmugam, 1976a; O'Gara et al., 1984). Glutamate utilization also seems to vary between

1,

strains, with some strains accumulating ammonia during growth on glutamate (O'Gara and
Ii

Shanmugam, 1976a; O'Gara et al., 1984). It is unlikely that this occurs in strain ANU289

1,

because glutamate grown cultures have high levels of GSII (Section 3.2.3.) and the
1., ,

ammonia carrier (Section 4.2.2.) and both these enzymes are repressed by ammonia. In

I

I

I

.

I

particular, GSII is sensitive to very low levels of ammonia (Fuchs and Keister, 1980b;
Ludwig, 1980a). This variation could be due to differences in the presence or activity of a

tl
I
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catabolic GOH or to differences in the rate at which ammonia is assimilated. Detailed
!' 1,

l

I

I

characterization of the pathways of ammonia assimilation in other species is required to

I

determine whether or not other rhizobia can utilize ammonia efficiently as is the case for
I

strain ANU289.
I

I

11

3.3.2. The role of adenylylation of GSI in rhizobia
I

/

Strain ANU289 apparently does not need to alter GSI activity by adenylylation.

I

'

Since no other studies have examined the properties of adenylylated and unadenylylated
GSI in detail, it is not known whether adenylylation fails to alter biosynthetic activity in all
rhizobia or only in ANU289. However, it is likely that there is some difference between
adenylylated and unadenylylated GSI in strain 32H1 because mutants which lack GSII and
have highly adenylylated GSI are glutamine auxotrophs (Ludwig, 1978). Pseudorevertants
which still lacked GSII but had unadenylylated GSI regained glutamine prototrophy,

Ii

suggesting that unadenylylated GSI assimilated ammonia while the adenylylated form of
the enzyme could not. However, some reservations must be expressed about this study.
Firstly, in assaying for GS, it was assumed that GSI from strain 32H1 had identical properties
to GS from E. coli. From Ludwig's results it is clear that GSI from strain 32H1 is actually

'

much more similar to GSI from strain ANU289. Thus, the assay used will not give an
accurate indication of the amount of GSI present or the adenylylation state . Secondly,
d

since chemical mutagenesis was used and no true revertants of the mutants were
obtained, it is possible that the original mutants contained two lesions. These results must
[

therefore be interpreted with caution.
I

The complete insensitivity of adenylylated GSI to Mg2+ observed in AN U289

•I !

:I t

'

(Section 3.2.2) does appear to be unique. Mg2+ partially inhibits adenylylated GSI in some
other strains (Fuchs and Keister, 1980b) . This is probably also true for the cowpea strain ,
32H1. Two studies with this strain have assumed that the properties of GSI are identical to
E. coli GS and have observed that the full range of adenylylation states apparently does

not occur in this strain. (Ludwig, 1978; Evans and Crist, 1984). Since both studies used
Mg2+ inhibition to determine the adenylylation state, it is more likely that their observations
I

;..1 '

indicate only partial inhibition of adenylylated GSI by Mg2+ .

Since strain ANU289 is

I
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I

,'

unusual in the complete insensitivity of GSI to Mg2+, it may also be the only strain in which
adenylylated and unadenylylated GSI do not differ in their biosynthetic activity. Until more
is known about the properties of GSI in other rhizobia, however, it is misleading to refer to
I

adenylylated and unadenylylated GSI as inactive and active respectively and it should not
be assumed that adenylylation in rhizobia plays the same role as in the enteric bacteria.
The fact that strain ANU289 can assimilate ammonia efficiently in the free-living
I

I
/

state and is capable of forming effective nodules suggests that adenylylation may not play
a very significant role in strain ANU289, compared to the enteric bacteria. Two reasons can
be put forward to explain this. Firstly, the low biosynthetic activity of GSI from rhizobia
means that the need for rapid inactivation of GSI under certain conditions may not be as

Ii
I

I
I

great as in the enteric bacteria. Secondly, feedback inhibition of GSI may be sufficient to
reduce the already low activity. Examination of the proposed role of adenylylation in enteric
bacteria also suggests that adenylylation is not likely to be significant in rhizobia.
In enteric bacteria adenylylation has been thought to protect the pools of
substrates for GS (Schutt and Holzer, 1972; Kustu et al., 1985). After transfer from
nitrogen limitation to nitrogen excess, the increased flux through GS could reduce the
internal concentrations of glutamate and ATP to levels low enough to disadvantage the
cell. Schutt and Holzer (1972) found that ammonia shock in E. coli resulted in a rapid
depletion of the ATP pool. Adenylylation of GS therefore prevents a continued reduction

I

1

in ATP levels and ensures that ammonia assimilation occurs through GOH which does not
require ATP. In strain ANU289, which lacks GOH, inactivation of GSI would only have the

(

effect of reducing the cell's capacity to assimilate ammonia.
I

Kustu et al. (1985) found that a mutant of S. typhimurium which lacked the
,, I'

ATase and hence was unable to adenylylate GS suffered a depletion of the glutamate pool
after a transfer from nitrogen starvation to ammonia excess. This depletion was so severe
that it resulted in a decreased growth rate. Wild type cells showed increased intracellular

1::
I,

glutamate under these conditions.

No decrease in ATP levels was observed in the

I

I

mutants, in contrast to the earlier work with E. coli (Schutt and Holzer, 1972). The fact that

j

rhizobia have much lower GS biosynthetic activity means that flux through GS is much less
I'
I

'
I

...1 ·

so depletion of the glutamate or ATP pools could not occur as rapidly as in enteric

I
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I
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I

bacteria. Thus, there would be no need to protect these pools by GSI inactivation.

Ii,

The role of adenylylation in rhizobia, particularly in relation to the export of

·i
I

!I

ammonia when nitrogen fixation

'

is occurring has been examined in other studies

(Bergersen and Turner, 1978; Ludwig, 1980b; Evans and Crist, 1984). In strain 32H1 it
I

I

has been observed that GSI is adenylylated when nitrogen fixation occurs in vitro so it has

I
I

I

'

'II

been suggested that adenylylation was necessary to inactivate GSI and thus prevent

I

assimilation of ammonia (Ludwig, 1980b; Evans and Crist, 1984). This would allow the
export of ammonia to occur.

'

Evans and Crist (1984) showed a correlation between the onset of ammonia
excretion, and adenylylation of GSI. They implied a functional relationship between these

'

I
I

I!

two events but it is also possible that the increasing internal ammonia concentration arising
from nitrogen fixation resulted in adenylylation of GSI and ammonia export independently.
Ludwig (198Gb) showed the same correlation and he also used the glutamine auxotroph
discussed above to study this problem. The mutant lacked GSII, had highly adenylylated
GSI and failed to fix nitrogen.

However, a pseudorevertant, with constitutively

unadenylylated GSI but still lacking GSII, regained the ability to fix nitrogen but assimilated,
I

'

rather than exported, the ammonia produced by nitrogen fixation. This suggests that
unadenylylated GSI in strain 32H1 does have a greater capacity for ammonia assimilation
then adenylylated GSI but the limitations of this study discussed previously must be borne
in mind.
Clearly, these arguments do not apply to strain ANU289 since adenylylation does
I

not result in inactivation of GSI. In strain ANU289, and probably other strains, the activity of
f

I

GSI may be so low that it does not remove ammonia in significant amounts before it can be
exported. Some inactivation of GSI by feedback inhibition may occur, a possibility that has
been largely ignored. However, even in E. coli, where adenylylation does inactivate GS,

I
I'·

many compounds which inhibit GS have been identified (reviewed by Tyler, 1978). Most of
these affect adenylylated and unadenylylated GS differently. In view of the fact that GSI

I,

from ANU289 is an allosteric enzyme (Section 3.2.2 .) it is likely that feedback inhibition

I

does affect GSI activity. A variety of amino acids, nucleotides and organic acids inhibited

I

I

~ l '

the transferase activity of GSI from B. japonicum (Bhandari et al., 1983); however, since

-

I
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'

the transferase activity has no physiological significance, a similar study looking at the
biosynthetic activity would be more useful. This study did not examine the effects of these
inhibitors on the adenylylated and unadenylylated GSI separately.
The inhibitory effects of glycine and alanine have been used to obtain isoactivity
I

points in Bradyrhizobium species (Section 3.2.2; Fuchs and Keister, 1980b). Although

I
I
I

only transferase activity was determined, this does show that the two forms of GSI are
I

I

I

'

affected differently by some inhibitors, even in strain ANU289 where adenylylation does
not change the activity of GSI per se. Thus, adenylylation may still function to alter the
responsiveness of GSI to feedback inhibition.

Azotobacter vinelandii is similar to strain ANU289 in that it lacks GOH (Kleiner,
1975; Kleiner and Kleinschmidt, 1976) and has a constitutive GS (Lepo et al., 1982).
Feedback inhibition plays a major role in the regulation of GS activity in this species;
however, adenylylation also substantially inactivates GS (Lepo et al., 1982). It is possible
that the failure of adenylylation to alter biosynthetic activity in strain AN U289 is an
adaptation related to the extremely low biosynthetic activity of GS, which may not be
present in other species.
In bacteroids it appears that GSI is synthesized at lower levels than in the
free-living state (3.2.4.; Carlson et al., 1985), while GSII is completely repressed. Thus, the
lower levels of both glutamine synthetases, the low biosynthetic activity of GSI as well as
i

the possible effect of feedback inhibitors would combine to ensure that the bacteroid had
a very low capacity for ammonia assimilation, without the need for inactivation of GSI by

(

adenylylation.
I

In other species which lack an adenylylation system it has been observed that the
:I

biosynthetic activity of GS is generally much lower than enteric GS (Schutt and Holzer,

II

1972) and also that these glutamine synthetases are very sensitive to feedback inhibition

t
I,
I

I

i
I
I
'

I
C

I

:..1

(Deuel and Stadtman, 1970; Orr and Haselkorn, 1981 ). Strain ANU289 may therefore be
more similar to these species than to the enteric bacteria.
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Figure 3.1. Growth of strain ANU289 on different concentrations of
NH4CI. 5 mM (e), 10 mM (o), 25 mM (•), 50 mM (-.).
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Figure 3.2. pH dependence of GSI from ammonia shocked and untreated
cells of strain ANU289 in the presence and absence of 0.85 mM alanine.
No alanine: ammonia shocked(•), untreated (o).
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Figure 3.3. Dependence of adenylylated and unadenylylated GSI activity on
substrate concentrations.
Activities are expressed as percentages of the activity of adenylylated
GSI at the concentration of substrate normally used in the assay. Each
graph is the mean of at least three experiments ; standard errors were
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generally less than 1Oo/o of the activity. Adenylylated GSI ( o ),
unadenylylated GSI ( • ).
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Figure 3.4. Regulation of GSI and GSII activity by ammonia. Cultures were
grown in FGMG and at time zero, NH4CI (10 mM) was added.
Absolute activities at time zero : GSI ( • ), 120 nmol y-glutamyl
hydroxamate produced min-1 (mg proteint 1; GSII ( •), 260 nmol
y-glutamyl hydroxamate produced min-1 (mg protein( 1.
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Figure3.5. Effect of chloramphenicol on GS! and GSII activity after
ammonia treatment.
At time zero , cells were collected by centrifugation and resuspended in
FGMG withor without 0.2 mg m1-1 chloramphenicol. Samples were taken
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and GS! and GSII activities were determined at the times indicated.
Absolute activities at time zero : GSI , 120 nmol y-glutamyl
hydroxamate produced min-1 (mg proteint 1; GSII, 260 nmol
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CHAPTER FOUR: AMMONIA UPTAKE IN FREE-LIVING AND SYMBIOTIC

I
I
I

STRAIN ANU289
11

4.1. Introduction

I

ii

The ammonia produced by nitrogen fixation in the bacteroids is assimilated by
plant enzymes in the plant cytosol. Ammonia assimilatory enzymes in the bacteroid are
repressed or have low activity (3.2.4.; Brown and Dilworth, 1975; Bishop et al., 1976;
Planque et al., 1977). This prevents significant ammonia assimilation by the bacteroid and
the ammonia passes from the bacteroid to the plant fraction of the nodule.

The

mechanism by which this occurs is therefore of interest in understanding the symbiosis
between rhizobia and legumes.
The few published reports suggest that bacteroids lack an ammonia carrier.
Laane et al. (1980) reported that bacteroids of R. leguminosarum were unable to
accumulate ammonia and excreted ammonia in response to a pH gradient while Marsh et al.
(1984) found reduced rates of ammonia uptake in bacteroids of Bradyrhizobium sp. 32H1
compared to the free-living bacteria and no uptake by B. japonicum bacteroids. Free-living
rhizobia induced to fix nitrogen in vitro also excrete ammonia into the environment (O'Gara
and Shanmugam, 1976a; Tubb, 1976; Bergersen and Turner, 1978).
Free-living rhizobia, on the other hand, are able to assimilate ammonia and thus
may require an ammonia uptake system. Evidence for the existence of an ammonia carrier
has been found in free-living R. leguminosarum (Glenn and Dilworth, 1984; O'Hara et al.,
,,

1985), R meliloti (Pargent and Kleiner, 1986) and Bradyrhizobium sp. 32H1 (Gober and
Kashket, 1983). However, the characteristics and regulation of the carriers appear to differ
between these species.
Other free-living, nitrogen fixing bacteria, including

Klebsiella pneumoniae

ll

(Kleiner, 1982),

I~

vinelandii (Jayakumar and Barnes, 1984) and Anabaena cylindrica (Rai et al., 1984) do

II

I~llli

Clostridium pasteurianum (Kleiner and Fitzke, 1981),

have ammonia carriers.

Azotobacter

The ammonia carriers are generally only expressed under

Ii

11
i
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conditions where nitrogen fixation is also occurring (Kleiner, 1981 ).

The membrane

'i

11

potential is thought to be the driving force for these carriers (Kleiner, 1981).
The ammonia analogue methylamine (MA) has been used to study ammonia
uptake in many bacteria (Gober and Kashket, 1983; Kleiner, 1982; Kleiner and Fitzke,
1981; Jayakumar and Barnes, 1984; Rai et al., 1984); in these bacteria, MA and ammonia
share a common carrier. This chapter describes the results of experiments where MA was
I

used as an ammonia analogue to study ammonia uptake in strain ANU289. A comparison

11

Ii
'. I

of free-living bacteria and bacteroids was made and the regulation of the carrier in
free-living strain ANU289 was also examined.
I am grateful to Michael Udvardi for doing the experiments on MA uptake by strain

11

ANU289 bacteroids described in this chapter.

1:
I

'I

4.2.

Results

4.2.1. Comparison of methylamine uptake by free-living bacteria and bacteroids.
The uptake of [14c]methylamine was linear for at least 1O min in both bacteria and
bacteroids (Fig 4.1 ). Free-living bacteria had nearly 10 fold higher activity than bacteroids.
In free-living bacteria, MA uptake showed a distinct pH optimum at pH 7.0 while in
bacteroids, MA uptake increased exponentially with increasing pH (Fig 4.2). The
dependence of MA uptake on pH in bacteroids suggests that diffusion of uncharged MA is
occurring. The pKa of MA is 10.6 and at the lower pH values shown in Fig 4.2, very little
MA will exist in the uncharged form. Consequently the uptake by bacteroids was much

"

less than that by bacteria. However, as the pH increases, more methylamine becomes
uncharged and uptake by bacteroids becomes proportionally greater. The pH optimum
observed in free-living bacteria indicates that a methylamine carrier is likely to be present.
MA uptake in free-living bacteria showed Michaelis-Menten kinetics with an
apparent Km of 6.6 µM (Fig 4.3). Uptake was competitively inhibited by 5 µM NH 4 Cl with a
Ki of 0.4 µM (Fig 4.4). Since the Ki for ammonia was an order of magnitude lower than the

.
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Km for MA and strain ANU289 cannot utilize MA for growth it is likely that the natural
substrate for this carrier is ammonia. Strain ANU289 thus differs from R. leguminosarum
where separate carriers for MA and ammonia are present (Glenn and Dilworth, 1984). In
1,

bacteroids, MA uptake did not show saturation kinetics but increased linearly with
increasing MA concentration up to 1 mM (Fig 4.3). Uptake of MA by bacteroids was not
affected by the presence of ammonia (results not shown), confi'rming that an ammonia
I

carrier was not present.
Uptake in bacteria was inhibited about 90°10 by 5 mM azide (an electron transport
inhibitor) and 80o/o by 5 µg mi-1 valinomycin suggesting that transport required energy.
However, neither the ATPase inhibitor DES (100 µM) nor CCCP (2µM) inhibited uptake.
Similar results were obtained in K. pneumoniae by Kleiner (1982), who argued that this

I.
I'

I,

would occur if MA uptake was energized by a membrane potential which was due largely to
cations other than protons. CCCP would not dissipate this potential but, if K+ contributed a
large part of the membrane potential, valinomycin would. Strain ANU289 therefore seems
to be similar to K. pneumoniae in this respect.
The glutamine synthetase/glutamate synthase pathway is the sole route of
ammonia assimilation in strain ANU289 (Section 3.2.2.).

In an attempt to distinguish

between uptake of methylamine and its metabolism, we examined the effect of the
glutamine synthetase inhibitor methionine sulphoximine on MA uptake. 5 mM methionine
sulphoximine, which completely inhibited both glutamine synthetases, inhibited MA
uptake by about 30°10 (results not shown). This suggests that some MA is converted to
y-N-methylglutamine, as it is in Bradyrhizobium sp. 32H1 (Gober and Kashket, 1983).
However, most of the uptake observed is independent of metabolism. The fact that MA
uptake was inhibited by valinomycin and azide confirms that the present study is looking at
uptake, not metabolism, of MA.

1~~

4.2.2. Regulation of the ammonia carrier in the free-living state.

1'111

When 10 mM NH4CI was added to a nitrogen starved ANU289 culture, 90°/o of
the MA uptake activity was lost within 24 hours (Fig 4.5). Resuspension of these cells in a

'
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medium containing 10 mM glutamate, but no NH4Cl, resulted in recovery of two thirds of
the initial activity within 5 hours (Fig 4.5).

The recovery of MA uptake activity was

completely inhibited by 0.2 mg ml -1 chloramphenicol (Fig 4.5). The carrier thus appears to
be regulated at a genetic level, with ammonia repressing the synthesis of the carrier and
nitrogen starvation derepressing it. When ammonia is present at high concentrations,
diffusion of ammonia into the cells must be sufficient to support growth. Derepression of
the carrier by nitrogen starvation suggests that it is needed to scavenge ammonia from the
environment under these conditions.
Regulation of the ammonia carrier of R. leguminosarum (O'Hara et al., 1985) and
II

K. pneumoniae (Kleiner, 1982) occurs in a similar manner and appears to be part of the

general nitrogen control system in the latter species. This contrasts with the case of A.
vinelandiiwhere the ammonia carrier is not regulated at a genetic level but, in the presence

of excess ammonia, a build up of metabolites inhibitory to ammonia uptake occurs
(Jayaku mar and Barnes, 1984).

4.3. Discussion.
11

In free-living, nitrogen fixing bacteria, nitrogenase is only derepressed when no
fixed nitrogen is available. Nitrogen fixation is energetically expensive so other nitrogen
sources, particularly ammonia, are utilized preferentially. The ammonia carrier in these
bacteria is generally derepressed under conditions of nitrogen starvation so its expression
parallels that of nitrogenase. This suggests that when high ammonia concentrations are
present non-specific diffusion of ammonia is sufficient to supply nitrogen for growth. When
ammonia is limiting, the carrier is derepressed and it is thought to have two major roles
under these conditions (Kleiner, 1981; Rai et al., 1984). Firstly, it is able to scavenge
ammonia from the environment, allowing rapid accumulation of ammonia if it becomes
11,.

1

available. This would result in immediate repression or inhibition of nitrogenase and other

'

enzymes under nitrogen control. Secondly, it has been proposed that the ammonia carrier

~-:

may also take up newly fixed ammonia which is lost by diffusion out of the cells. In R.

b _
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meliloti this function of the ammonia carrier also seems important for free-living bacteria
when amino acids are provided as the nitrogen source. A mutant lacking the ammonia
carrier grows more slowly on amino acids than the wild type and this may be due the
inability of this strain to take up ammonia which diffuses out of the cells (Pargent and
Kleiner, 1986).
In bacteria which fix nitrogen symbiotically the relationship between nitrogen
fixation and ammonia transport is more complex. In the long term, nitrogen fixation is
inhibited by available fixed nitrogen; however, it is unlikely that the inhibition of nitrogen
fixation is a direct result of increased ammonia levels inside the bacteroid, as it is in
free-living nitrogen fixing bacteria. In the short term, nitrogen fixation is insensitive to
ammonia in both the Anabaena/Azolla symbiosis ( Rai et al., 1984) and in bacteroids
(Houwaard, 1978; Laane et al., 1980; Carroll, 1985). Furthermore, bacteroids isolated
from soybeans in which a 2 day nitrate treatment has inhibited nitrogen fixation, show
similar levels of nitrogenase activity to untreated controls (Schuller et al., 1986). Thus,
physiological changes inside the nodule, resulting from an increased supply of combined
nitrogen, may indirectly affect nitrogenase activity. This is consistent with the absence of
an ammonia carrier in bacteroids of different rhizobia (Section 4.2.1.; Laane et al., 1980;
Marshet al., 1985; O'Hara et al., 1985). Since ammonia appears not be a regulator of
nitrogenase in the bacteroid the ammonia carrier will not have a role in the repression of
nitrogenase, as it does in K. pneumoniae.
The absence of an ammonia carrier from bacteroids suggests that ammonia
passes from the bacteroid to the plant cytosol by facilitated diffusion, with ammonia
assimilation by plant GS maintaining a downhill concentration gradient of ammonia. Since
GS activity in bacteroids is very low (Chapter Three), there will be little assimilation of
ammonia by the bacteroids, allowing most of the ammonia produced by nitrogen fixation to
pass out of the bacteroid.
In strain ANU289 the carrier is repressed by ammonia in the free-living state,
suggesting that the ammonia produced by nitrogen fixation may repress the carrier in the
bacteroid. Amino acids have been found to repress the ammonia carrier of R. meliloti
(Pargent and Kleiner, 1986). Oxygen has also been implicated in the regulation of the

I

i,
II
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ammonia carriers of other rhizobia but the results of different reports are contradictory.
Marsh et al. (1984) found that low oxygen tension repressed the ammonia carrier of both
C

the cowpea strain, 32H1 and B. japonicum. This suggests that the low oxygen tension in
'

the nodule may also repress the ammonia carrier.

However, Gober and Kashket (1983),

:

I:

I

also working with 32H1, showed the opposite. They suggested that the carrier would be
induced in the bacteroid by low oxygen and function to actively export ammonia to the
plant cytosol.

I

The results described in this chapter show that this latter explanation

definitely does not hold for strain ANU289.

I

Ii
!

In free-living ANU289 the ammonia carrier is regulated by the nitrogen status of
the cell, with the carrier being induced only under conditions of nitrogen starvation. This is
the same mode of regulation seen in the enteric bacteria where the ammonia carrier is
regulated by the general nitrogen control system in both K. pneumoniae (Kleiner, 1982)

I

and E. coli (Servf n-Gonzalez and Bastarrachea, 1984). The Km for ammonia uptake of
I

strain ANU289 of 0.4µM (given by the Ki for ammonia inhibition of MA uptake) is much
lower than the 9 µM Km observed for ammonia uptake by K. pneumoniae. R. meliloti also
has a very high affinity uptake system, with a Km of 2.0 µM, while in R. leguminosarum the
Im

ammonia carrier has a Km for ammonia of 15 µM. The high affinity of the strain ANU289
carrier for ammonia, plus the fact that the carrier is regulated in the same way as that of the
enteric bacteria suggests that ammonia is a preferred nitrogen source for free-living strain
ANU289. Under conditions of nitrogen limitation, strain ANU289 is well adapted to
scavenging ammonia from the environment.
The expression of the ammonia carrier is quite different between the bacteroid
and free-living strain ANU289. In the free-living state the carrier responds to nitrogen
status in the same way as the ammonia carrier of K. pneumoniae. It is not known if a
general nitrogen control system also exists in strain ANU289. The bacteroid, however,
behaves very differently from free-living, nitrogen fixing bacteria with the ammonia carrier
fl

(and ammonia assimilatory enzymes) being repressed. Strain ANU289 therefore seems

,I .
'i

well adapted to two different modes of existence; ie, the ammonia utilizing bacterium and
the nitrogen fixing, ammonia excreting bacteroid. These results confirm those presented

I,
I.
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in Chapter Three, indicating that the evolution of rhizobia has not been constrained by the
different requirements of the soil environment and the nodule.
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Figure 4.1. Time course of [14c]methylamine uptake by free-living
bacteria and bacteroids.
Results for bacteria ( o) are the mean of three experiments (standard
error generally less than 10°/o); results for bacteroids ( •) are from one
typical experiment.
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Figure 4.5. Recovery of [14c]methylamine uptake by free-living bacteria

I

after ammonia treatment.
Methylamine uptake is expressed as nmol.min-1.(mg proteint 1.
I

At time zero, cells were collected by centrifugation and resuspended in
.II

FGMG with ( o) or without ( •) 0.2 mg mi-1 chloramphenicol. Samples
were taken and [14c]methylamine uptake was determined at the times
indicated.
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CHAPTER FIVE : ATTEMPTS TO ISOLATE NITROGEN CONTROL
MUTANTS
D

5.1.

Introduction

I

II

I
I
I

i

The elucidation of the nitrogen control system in enteric bacteria has depended
heavily on the study of mutants which were altered in the pattern of nitrogen assimilation
(see review by Magasanik, 1982). In particular, the detailed study of GS and its regulation
both by adenylylation and the transcriptional control of the glnA gene has given much

I

11

I
'

information about general nitrogen control. More recently, DNA sequence analysis and
site directed mutagenesis have made a large contribution to our understanding of this
system. Isolation and analysis of mutants has shown that a general nitrogen control system
also exists in Pseudomonas aeruginosa (Janssen et al., 1981 ;1982; Jeter and Ingraham,
1984). This system seems analogous to the enteric ntr system because mutants have
been found which are affected both in the regulation of transcription of genes involved in
nitrogen assimilation and in the adenylylation of GS (Janssen et al., 1982).
The differences between the regulation of GS in ANU289 and enteric bacteria

l

(Section 1.3.) mean that if a nitrogen control system is present in strain ANU289 it will differ
I

in some respects from the enteric system. In enteric bacteria the glnA gene is controlled at
the transcriptional level, being strongly repressed by ammonia. However, in rhizobia, GSI
is not affected by the ammonia concentration (see Sections 1.3. and 3.2.4.). Since the
I

enteric glnA gene is in the same operon as the ntrB and ntrC genes, the genetic
I'

ii
Ii
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Ii

arrangement of the ntr system in rhizobia is likely to be different.
These differences mean that GS regulation may not be central to the nitrogen

I

I
!
~i

control system in rhizobia. Consequently, an investigation into nitrogen control in rhizobia
must examine several enzymes involved in different aspects of nitrogen assimilation.
Several different strategies for mutant isolation were initially proposed including selection

I:

for glutamine auxotrophs, methylamine resistance and the inability to utilize nitrate and
histidine simultaneously. However, only the latter two selection procedures were used

'

I

I

I
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because the information on the regulation of both glutamine synthetases in strain ANU289
,

described in Chapter Three suggested that it might not be possible to isolate glutamine
'

auxotrophs in this strain. Other studies have isolated glutamine auxotrophs in other
I

rhizobia and the mutants obtained have been pleiotropic, suggesting that regulatory

I

I

I

genes may have been affected (Kondorosi et al., 1977; Ludwig, 1978;1980a). Ludwig

'I

I

I

isolated a glutamine auxotroph from the cowpea strain 32H1 which lacked GSII, had highly
adenylylated GSI and also failed to fix nitrogen. A similar mutant in strain ANU289 would
not be a glutamine auxotroph because adenylylated GSI retains biosynthetic activity in this

,,
I

Ii

strain (Section 3.2.2). Since GSI in strain ANU289 is constitutive and GSII is rapidly
repressed by ammonia it is unlikely that a regulatory gene would affect the expression of
both genes.

More recently, Kahn et al. (1985a) were unable to isolate glutamine

auxotrophs of R. meliloti. For these reasons it was felt that attempting to isolate glutamine

I

auxotrophs would not be profitable.

j

5.2.

Attempts to isolate methylamine resistant mutants

5.2.1. Comparison of the regulatory effects of methylamine and ammonia
I

The first step in using methylamine (MA) in mutant selection was to determine
whether MA was a good analogue of ammonia. Strain ANU289 is unable to utilize MA to
support growth so if MA imitated the regulatory effects of ammonia, it could be used to
select mutants which were resistant to MA. These mutants may be affected in a general
nitrogen control system.

The effect of both ammonia and MA on several enzymes

involved in nitrogen assimilation was examined. The enzymes chosen were GSI, GSII,
nitrate reductase and an amidase because all four enzymes were present at easily
b

I,

measurable levels in cultures grown under conditions of nitrogen starvation. An ANU289
culture was grown on FGMG until mid-log phase and then NH 4CI (10 mM) or MA (5 mM) was
added and the activities of these enzymes were determined over a period of several days.

Ii

A lower MA than NH4Cl concentration was chosen for two reasons. Firstly, MA is toxic to
'

ANU289 at higher concentrations and secondly, since MA does not support growth, its

I

I
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metabolism must be blocked at some point. Intermediates of MA breakdown will therefore
build up. In Bradyrhizobium strain 32H1, MA is converted to y-N-methylglutamine by GS
Ill

'

but no further metabolism occurs (Gober and Kashket, 1983). MA is also metabolized to

I

this step in strain ANU289 (Section 4.2.1.) but it is not known if further metabolism occurs.

Ii
I

The results of these experiments are shown in Fig 5.1. The activities of GSI and
the amidase were not affected by either ammonia or MA while GSII was repressed by both

I

I

I

compounds. The response of GSII to MA was a little slower than to ammonia but this may

,,

have been because of the lower MA concentration. At the time, it was thought that nitrate
reductase was also repressed by ammonia and MA ; however, later results indicated that
J:

the decline in activity obseNed occurred late in the growth cycle, regardless of the
'

I

I

nitrogen source present (Section 5.3.3.). The induction of nitrate reductase by nitrate was
prevented by ammonia (Section 5.3.3.), indicating that this enzyme still could be subject to
nitrogen control. In both Pseudomonas aeruginosa (Jeter and Ingraham, 1984) and

Azotobacter vinelandii (Toukdarian and Kennedy, 1986), nitrate reductase is induced by
nitrate as well as being controlled by a general nitrogen regulatory system.
The results shown in Fig. 5.1. indicate that MA is a good analogue of ammonia.
MA also causes adenylylation of GSI in strain ANU289, in a manner similar to ammonia
(results not shown), further indicating that MA has the same regulatory effects as ammonia.
I

II ,,

5.2.2. Effect of MA on the growth of strain ANU289 on different nitrogen sources .
Since MA imitated the regulatory activity of ammonia but did not support growth, it
was used to investigate the extent to which nitrogen control occurs in strain ANU289.
II

Strain ANU289 should be unable to grow in the presence of MA on a medium containing a
11 I '

nitrogen source which is degraded by an enzyme under nitrogen control. MA will repress
the enzyme, preventing the use of that nitrogen source, but since MA does not support

lo
'

growth the cells will have no alternative nitrogen source and therefore be unable to grow.
The extent to which MA inhibits growth on particular nitrogen sources can therefore be
I

ii

used to determine which enzymes may be under nitrogen control.

I>

Ii

The effect of 2.5 mM MA on the growth of strain AN U289 on various nitrogen

It

sources is shown in Table 5.1. From the results of the previous section, it would be
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'

expected that MA would inhibit growth on nitrate but would have no effect on growth on
ammonia or acetamide. This in fact occurred, indicating that MA had no non-specific
'

effects at this concentration and can therefore be used successfully to investigate
nitrogen control in this manner. Nitrate was the only nitrogen source where growth was
totally inhibited by MA. This is consistent with the fact that induction of nitrate reductase
was completely prevented by ammonia (Section 5.3.3.).

Table 5.2. Effect of MA on the growth of strain ANU289 on different nitrogen sources.
'

Nitrogen source

'

I

I

Growth in the presence
of 2.5 mM MA

Acetamide
Allantoin
Ammonia
Aspartate
Glutamate
Glutamine
Histidine
Nitrate
Proline
Urea

++
+
++
+
+
+
+
0

+
++

All experiments were done in liquid N-FGM with nitrogen sources supplied at 10 mM.
++, Normal growth, i.e. no inhibition by MA;+ partial inhibition; 0, no inhibition.

I

I

Growth on ammonia, acetamide and urea was unaffected by MA while growth on
h

I

all other nitrogen sources was partially inhibited. Partial inhibition probably indicates that
II

,1

It
I

repression of these enzymes by MA was not complete. A higher concentration of MA than

I

I

II

2.5 mM may be required for total repression of these enzymes.

I'

Ii

MA could affect either the uptake systems for these nitrogen sources or the

'

enzymes involved in their degradation.

The inhibition of growth on glutamine and

glutamate appeared to be an uptake effect.

Since the sole pathway of ammonia

assimilation is through GS and GOGAT (Section 3.2.2), ammonia must be converted to
glutamine by GS and then to glutamate by GOGAT. Growth on ammonia was not inhibited
I

I

by MA, suggesting that MA does not affect the assimilation of glutamine and glutamate.

I

Thus, the uptake systems for glutamate and glutamine may be regulated by the level of

11
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ammonia.
The uptake of glutamine and glutamate and their response to ammonia was
ll

therefore examined. ANU289 cultures were grown on FGMG until mid-log phase, 1O mM
NH 4 CI was added and glutamine and glutamate uptake were determined before the
addition and every 24 hours after ammonia addition up to 96 hours. Uptake of both amino
acids was inhibited less than 25°/o by ammonia (results not shown). This suggests that the
inhibition of growth on glutamine and glutamate by MA was due either to inactivation,

·I

rather than repression of the glutamine and glutamate carriers, or that these carriers have
very long half lives. Poole et al. (1985) have found that glutamate and glutamine uptake in
R. leguminosarum is mediated by a common amino acid carrier. Ammonia grown cells had a

several fold reduction in carrier activity compared to glutamate grown cells, although the
latter still had considerable activity. The carriers of these amino acids may be partially
constitutive in both R. leguminosarum and strain ANU289.
I!

5.2 .3. Isolation and characterization of MA resistant mutants
Having demonstrated that MA is a good analogue of ammonia in ANU289 and is
unable to support growth, it was possible to use these properties to isolate mutants
!

resistant to the effects of MA and hence ammonia. Selection was for growth in the
presence of 5 mM MA and 5 mM KN03 (MAN medium). Under these conditions ANU289

II

was unable to grow because MA repressed nitrate reductase, thus preventing the
I

utilization of nitrate. Mutants which can grow on this medium may have acquired the ability

IE
1

to grow on MA or may have a nitrate reductase which is overproduced in the presence of

II

MA. If a general nitrogen control system exists, some of the latter mutants may be affected
II

in this system. This is made more likely by the use of Tn5 which ensures that "up"
mutations in the promoter of the nitrate reductase gene are not possible. Thus, mutations
in genes which affect the expression of nitrate reductase will be isolated.

I,

Mutants which were able to grow on MAN plates were isolated after 2-3 weeks at a
I

l

frequency of about 0.5°/o. A secondary selection procedure, involving growth in liquid
MAN medium was also used because it was observed that many mutants which could grow

II'
.1

on MAN plates were unable to grow on MAN liquid. About 1/4 of the original isolates grew

I

I'

I
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in MAN liquid. After purification, growth of these mutants on MAN plates was visible within
10 days, which was a little slower than the growth of the wild type on nitrate alone .
Eighteen of these mutants were selected and all showed greater nitrate reductase activity
I

than strain ANU289 in the presence of ammonia. Two mutants, MAR8 and MAR9, were
chosen for further study.
Fig 5.2. shows the growth of these two mutants on liquid MAN medium compared
I

I

t

to growth of strain ANU289 on nitrate. The mutants had a slightly longer lag phase and did
not reach as high a cell density as strain ANU289 although the growth rates in early to mid

I

log phase were similar. At this stage, it was still thought that the decrease in nitrate
reductase activity shown in Fig. 5.1 was due to ammonia so the effect of ammonia on the
I
I

I!

levels of nitrate reductase, GSI, GSII and the ammonia carrier were examined.

II

Table 5.2. Activities of some ammonia assimilatory enzymes in strains ANU289, MAR8 and
MAR9.
Strain

Nitrate
reductaseb

Glutamate grown
ANU289
MAR8
MAR9

I

3.4
8.1
7.9

48 hours after addition of 1O mM NH 4 CI
ANU289
2.0
MAR8
5.6
MAR9
5.1

GSlla

MA uptakea

91
104

118
107
98

111

0.25
0.25
0.22

84
111
100

1
8
7

0.03
0.01
0.01

I

a. Activity expressed as nmol.min-1.(mg proteint 1 _
b. Activity expressed as nmol.hr-1.(mg proteint 1 _
Each value is the mean of at least 3 experiments; standard deviations were generally less
than 10°/o.

I

I
",!

Table 5.2 shows that the levels of the three other enzymes in strains MAR8 and
MAR9 did not differ from the wild type. This is not surprising, considering that the increase
I:

in nitrate reductase activity in the mutants was barely significant when compared to the

I

I,

increased level of nitrate reductase observed after induction by nitrate (Sections 5.3.3 .

1,

and 5.3.5.). The increased nitrate reductase levels in the mutants may have been due to

I

'
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some other factor involved in nitrate reductase regulation which normally limited its activity.
The activity of nitrogenase in vitro and in planta in MARS and MAR9 was also
examined. Nitrogenase activity in vitro (Fig 5.3) was considerably higher in both mutants
than in the wild type, especially for MARS where the activity of nitrogenase was around 4
fold greater. However, the nitrogenase activity and growth of siratro plants inoculated with
I

MARS and MAR9 were the same as the wild type (results not shown). Thus, nitrogenase
activity of bacteroids may be limited by some factor in the nodule environment so that the
II

increase in nitrogenase activity seen in the free-living state is suppressed.
Since MAR8 and MAR9 were not affected in general nitrogen control, the other
16 of the original isolates were further characterized. Nitrate reductase, GSI, GSII and

1
,iI,

nitrogenase activity in vitro were assayed in these 16 mutants. However, all 16 had the
same properties as MARS and MAR9, i.e. an increase in nitrate reductase in both the
presence and absence of ammonia, increased nitrogenase, and normal GSI and GSII
activities (results not shown).
A possible explanation for the phenotype of these mutants is that they may be
altered in molybdenum metabolism.

Nitrate reductase and nitrogenase both contain

molybdenum cofactors. Although the cofactors are not identical (Pienkos et al., 1977)
b
Ir

they may share a biosynthetic pathway at some stage. In Aspergillus and Neurospora,
mutations altering molybdenum metabolism which affect several molybdenum containing

1,

enzymes have been found (reviewed by Bray, 1975).
MARS and MAR9 were checked for presence of Tn5 by using a Southern blot
and probing with the kanamycin resistance gene from Tn5. Tn5 could not be detected in
either mutant. This implies either that Tn5 has been excised from the mutant strains,
resulting in a deletion of ANU289 DNA at the point of excision, or that the MAR strains
arose by spontaneous mutation.

In the latter case, two mutations would be required

because kanamycin was used to select for the presence of Tn5. Thus, the mutants would
have to contain spontaneous resistances to both kanamycin and MA. In view of the fact

~,

that the original MAR colonies selected grew extremely slowly (more than 2 weeks before
colonies were visible), this possibility cannot be ruled out. The original colonies selected
may have been able to grow slowly on MA and kanamycin. During purification on MAN

.
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plates, selection for mutants able to grow more rapidly in the presence of MA and
kanamycin may have occurred.
The mutants were not stable and even while maintained on MAN plates lost the
ability to grow on MAN liquid.

These pseudorevertants had also lost the ability to

overexpress nitrogenase. Since the MAR mutants were not affected in general nitrogen
(I

1~l
II

I

II

control and also because of the problems of stability and the nature of the mutation which
caused MA resistance, these mutants were not studied further.
Further attempts to isolate MA resistant mutants were made.

However, no

mutants which grew on MAN medium within 1O days were isolated although over 9,000
transconjugants, from three independent matings, were screened.

I

i!
11

5.3. Attempts to isolate histidine and nitrate non-utilizing mutants

5.3.1. Introduction
A second strategy aimed at isolating nitrogen control mutants involved selection
for inability to utilize two nitrogen sources simultaneously.

If utilization of both these

nitrogen sources is under nitrogen control, mutants unable to derepress the nitrogen
control system would be expected to arise. This strategy has been successfully utilized in

Pseudomonas aeruginosa (Janssen et al., 1982). In this study, mutants unable to utilize
nitrate and methionine were isolated and were unable to derepress GS or urease, or to
repress GOH . The adenylylation system for GS was also affected. Thus, the use of this
strategy in P. aeruginosa allowed the isolation of mutants with a similar phenotype to some

K. pneumoniae nitrogen control mutants.
This strategy was therefore applied to strain ANU289, with selection for inability to
utilize nitrate and histidine being used. The MA growth data (Section 5.2.2) indicated that
utilization of both these nitrogen sources was repressed by ammonia in strain ANU289 and
therefore may be under the influence of a nitrogen control system. Furthermore, nitrate
reductase in R. meliloti has also been shown to be subject to repression by ammonia
(Kondorosi et al., 1977). Glutamine auxotrophs in this strain were unable to fix nitrogen

.

'
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and

lacked nitrate reductase (Kondorosiet al., 1977), suggesting that some kind of

nitrogen control does exist in this species and that nitrate reductase is part of this system.

5.3.2. Isolation of histidine and nitrate non-utilizing mutants
After Tn5 mutagenesis, replica plating was used to identify transconjugants which
were able to utilize ammonia but not histidine and nitrate. Three isolates that grew poorly
on N-FGM plus 10 mM KN03 and 1O mM histidine were identified. However, analysis of
JI

these mutants indicated that all were able to grow on histidine at close to the normal growth
rate (Table 5.3.). One of the mutants, strain 451, was completely unable to grow on nitrate
while the other two, strains 31 and 221, grew on nitrate more slowly than the wild type.
Southern hybridization analysis showed that Tn5 was present in each mutant.

,,

One problem with the selection procedure which may explain these results was

':

that the growth rate of ANU289 on nitrate was much greater than on histidine. This meant
that mutants lacking the ability to utilize nitrate and thus dependent on histidine for growth,
grew so slowly compared to cells using both nitrogen sources that they were selected as
presumptive histidine and nitrate non-utilizing mutants. However, this should not have
mattered because it would be expected that mutants unable to utilize both nitrate and
histidine, as well as nitrate non-utilizing mutants, would be identified by this procedure.
It

Since the mutants were affected solely in growth on nitrate it was

decided to

initiate a more detailed study of nitrate reductase regulation in strain ANU289 and to use
the mutants obtained to provide further information on the operation of this system. Most
studies on nitrate reductase in Bradyrhizobium

species had examined only the

dissimilatory nitrate reductase present in bacteroids and very little was known about nitrate
assimilation in Bradyrhizobium. Furthermore, nitrate reductase is part of the nitrogen
control system in other soil bacteria (Jeter and Ingraham, 1984; Toukdarian and Kennedy,
1986) so the regulation of nitrate reductase in strain ANU289 was also of interest for this
reason.

Before the mutants were examined further, nitrate reductase levels in strain

ANU289 under various growth conditions were determined.
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5.3.3. Regulation of nitrate reductase activity in strain ANU289
Nitrate reductase in strain ANU289 was induced by nitrate (Table 5.3.) with mid
log phase nitrate grown cells showing a 5-6 fold increase in nitrate reductase activity over
cultures grown with glutamate or ammonia as sole nitrogen source. In the presence of

I!

nitrate and ammonia, the induction of nitrate reductase was prevented. The low level of
nitrate reductase in glutamate grown cells indicates that nitrate reductase was not induced
II
I

by nitrogen starvation alone; the inducer, nitrate, was also required. The induction of
nitrate reductase was transient, with all activity being lost by late log phase regardless of
the nitrogen source. This result probably explains the apparent ammonia repression of
nitrate reductase seen earlier (Fig 5.2.1.). Nitrate reductase levels fell in the later stages of
growth on all nitrogen sources.
The maintenance of nitrate reductase activity clearly requires the presence of
nitrate ; Fig 5.4. shows nitrate reductase levels throughout the growth cycle of strain
ANU289 and the disappearance of nitrate from the growth medium. Nitrate reductase is
induced early in the growth cycle and when all nitrate has been used, nitrate reductase falls
dramatically. No nitrite accumulated in the medium, suggesting that nitrite reductase has
I

high activity and is not the rate limiting step in nitrate assimilation.

Table 5.3. Nitrate reductase activity of strain ANU289

Nitrogen source

Nitrate reductase activitya
Mid log phase

Glutamate

5.5 (0.6)

1.5 (0.5)

NH4CI

5.1 (0.4)

1.2 (0.6)

NH4Cl + KN03

4.4 (0.8)

1.5 (0.3)

KN03

32.2 (3.8)

1.4 (0.1)

l

\

Late log phase

a. Expressed as nmol.hr-1. mg protein
All activities are the mean of at least 3 experiments ; standard deviations are shown in
parentheses.
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5.3.4. Growth of the mutants on different nitrogen sources

1,

Fig 5.5 . shows the growth of the three mutants and strain ANU289 in liquid
medium with nitrate as sole nitrogen source. These results confirm the original
phenotypes assigned from growth on plates. When a colony from a plate of strain 451 was
used to inoculate N-FGM plus 10 mM KN0 3 (FGMN) no growth occurred. However, when
a late log phase culture was diluted 1 in 10 into FGMN, strain 451 could grow slowly. Nitrate
disappeared from the medium during this growth (results not shown), indicating that strain
451 could utilize nitrate under some conditions. Strains 31 and 221 showed similar growth
rates to strain ANU289 but the lag phase was several days longer.
The growth of the mutants on a range of other nitrogen sources was examined to
characterize the mutants further. This may also identify possible nitrogen control mutants
since one reason for the failure of the selection procedure to produce nitrogen control
mutants coud be that histidase was not part of the nitrogen control system. The results are
shown in Table 5.4. None of the mutants were affected in general nitrogen control ;
however, strain 221 grew more slowly than strain ANU289 on all nitrogen sources which
normally supported good growth, including ammonia. This suggested that strain 221 had
some general metabolic defect, which was not specifically related to either nitrate utilization
or general nitrogen control. Presumably the slower growth rate on poor nitrogen sources
lit

I

masked this defect. Strain 221 was therefore not studied further. Strain 31 was affected
only in nitrate utilization while strain 451 also grew slowly on glutamate. Both mutants grew
normally on nitrite, indicating that nitrite reductase was present at wild type levels.

,
,,
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I
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Table 5.4 . Growth of strains ANU289 31, 221 and 451 on different nitrogen sources.
Nitrogen source

Nitrate
Nitrite
NH4CI
Glutamate
Glutamine
Proline
Histidine
Aspartate

ii

:P

Strain
ANU289

31

221

451

+++
++
+++

++
++
+++
+++
+++
++
++
+

++
+
++

0
++
+++

++
++
++
++
+

++
+++
++
++
+

+++
+++
++
++
+

All cultures were grown in liquid N-FGM with nitrogen sources supplied at 1O mM.
O indicates no growth; +++, good growth.
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5.3 .5. Induction of nitrate reductase in strains ANU289, 31 and 451
,,

The transient nature of nitrate reductase induction in strain ANU289 and the
It

different growth rates of the mutants meant that comparative nitrate reductase assays
would have little meaning. Instead, the induction of nitrate reductase in pre-grown cultures
was examined. Strain ANU289 and the two mutants were grown in FGMG to mid log
t

phase. Strain ANU289 was also grown in the presence of 10 mM Na tungstate, instead of
molybdate. This results in an inactive nitrate reductase since the Mo cofactor is inactive.
Tungstate grown cells had the same growth rate as cells grown in normal FGMG. The cells
from all four cultures were then collected by centrifugation, resuspended in FGMN and
samples taken for nitrate reductase assays every two hours. The results of this experiment
are shown in Fig 5.6. The induction of nitrate reductase in strain ANU289 occurred at a
rate similar to the derepression of GSII (Section 3.2.4.) and the ammonia carrier (Section

i

~.

4.2.2 .). In both these cases, the enzymes were being newly synthesized, suggesting that

:,'

this was also true for nitrate reductase. Thus , induction, rather than activation , is being

i
••

observed in this experiment. By 4 hours the maximum level of induction had been reached

,I
II

and by 8 hours the nitrate reductase level had returned to the initial low level.

This

confirms the earlier result (Section 5.3.3.) which suggested that maintenance of nitrate
reductase activity was dependent on the continued presence of nitrate because the loss
of activity was so rapid. The loss of activity occurred within 4 hours, which is cons iderably
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less than one generation time for strain ANU289. This suggests that inactivation or removal
of nitrate reductase occurs. Strain 31 showed a level of nitrate reductase induction similar
to that in strain ANU289 but induction was delayed by several hours. A delay in nitrate
reductase induction could explain the increased lag phase seen in the growth of this
mutant on FGMN. The nitrate reductase activity of strain 451 remained at the uninduced
R

level of 1-3 nmol.hr-1. mg protein-1 throughout the experiment. Presumably this level of

I

nitrate reductase activity in growing cells is sufficient to allow slow growth on nitrate to

I

II

II

occur. The tungstate grown cells had no activity at any stage, demonstrating that growth
on tungstate did inactivate nitrate reductase in strain ANU289.

II

5.3.6. Nitrate uptake

by strains ANU289. 31 and 451

Ii
II

A similar experiment in which nitrate uptake by strain ANU289 and the two

II

mutants was examined, was also performed since it was possible that the changes in
induction of nitrate reductase in the mutants were due to decreased nitrate uptake.
Tungstate grown cells were also included in this experiment. The results are shown in Fig.
5.7. The pattern of nitrate uptake is very similar to the induction of nitrate reductase, with

r

induction of nitrate uptake in strain ANU289 occurring rapidly and transiently, strain 31
showing a slight delay and strain 451 being unable to take up nitrate at all. Since both the
nitrate reductase assay and the nitrate uptake determination are in vivo assays, this
suggests that both experiments were measuring the same process, presumably the rate
limiting step in nitrate assimilation.
The tungstate grown ANU289 cells were unable to take up nitrate which
suggests that nitrate uptake is dependent on nitrate assimilation. Thus, both assays were

11

probably measuring nitrate reductase activity. However, some other studies have reported

~I

that tungstate also reduces the nitrate uptake activity directly (Schloemer and Garrett,
1974; Betlach et al., 1981) so these results are not conclusive.

!

5.3.7. Effect of a higher Mo concentration on strains ANU289. 31 and 451
One possible explanation for the phenotypes of these mutants was that they
were affected in Mo metabolism, since nitrate reductase requires a Mo-containing cofactor

,L
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for activity. Addition of 1 mM Mo to the growth medium had no effect on growth of strains
It

31 and 451 on either nitrate or glutamate (results not shown). However, mutants affected
in the production of this cofactor in R. meliloti could not be corrected by increased levels of
j
i,

molybdenum (Kiss et al., 1979). Another way to ~xamine the involvement of Mo is to
determine the activity of other Mo-containing enzymes such as xanthine dehydrogenase.
This was attempted but strain ANU289 failed to grow on xanthine or hypoxanthine and no
xanthine dehydrogenase activity could be measured, suggesting that this enzyme is not
present in strain ANU289. This line of research was not pursued.

I:

5.3.8. Nitrogenase activity in strains ANU289. 31° and 451.

)
,;
11
I

Nitrogenase activity in vitro and in planta was determined for strain ANU289 and

111
I

the mutants. Table 5.6. shows the in vitro nitrogenase activities in the mutants in the
presence and absence of nitrate. The agar plug method of nitrogenase induction was
used for this experiment and 3mM glutamate was present as a nitrogen source in the
presence and absence of nitrate. It is evident from the results that nitrate has the same
inhibitory effect on nitrogenase expression in the two mutants as in strain ANU289. Since
nitrate itself is not inhibitory to nitrogenase, but the products of its metabolism are (Pagan

et al., 1977) this confirms that both mutants do have some nitrate reductase activity.
However, since nitrogenase induction occurs under microaerobic conditions, a
dissimilatory nitrate reductase may be present. It is likely that strain ANU289 possesses
such an enzyme since the closely related strains, B. japonicum (Daniel and Appleby,
1972) and Bradyrhizobium strain 32H1 (Pagan et al., 1977) both have one.

\r

')
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Table 5.6. In vitro nitrogenase activity of strains ANU289, 31 and 451.
1'

Strain

Nitrogenase activity (nmol C2H2. test tube -1)

10 days

14 days

150

360
120
580

- nitrate

31
451

0

289

320

+3 mM nitrate

31
451

0
0
0

289

50
0

60

II

;

,i

In this experiment, the two mutants also showed lower nitrogenase activities than
strain ANU289. However, because this assay only gives acetylene reduction per test

,,
tube, a slower growth rate will also result in a delay in nitrogenase expression. Thus, the
decrease in activity in the mutants could be due to a decreased growth rate under these
conditions.
The mutants and strain ANU289 were used to nodulate siratro plants. They were
grown in pots for 4 weeks and then harvested. Bacteria re-isolated from nodules were still
·I

kanamycin resistant and showed the same growth rates on nitrate as the original mutants.
Table 5.7. shows the nitrogenase activities, plant dry weights and nodule fresh weights for
each strain. Neither mutant was as effective as strain ANU289. The nitrogenase activities
and dry weights of plants nodulated with the mutant strains were significantly lower than
those of plants nodulated by strain ANU289. The total nodule weights per plant from
plants inoculated with either mutant or strain ANU289 were very similar. This suggests that

..

the bacteroids of strains 31 and 451 have reduced nitrogenase activity. Thus, the low
nitrogenase activity of the mutants observed in vitro may not be due solely to the lower
growth rate.

I~
I~
1,

II
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Table 5.7. Symbiotic parameters of strains ANU289, 31 and 451.

I;

Strain

Nitrogenasea

31
451
ANU289

15.3w
15.1 *
22.0

Plant dry weight
(mg)

Nodule fresh weight
(mg)

,f

29
33 *
45

15
23
22

a. Expressed as nmol ethylene. hr-1.g nodule fresh weight-1.
All parameters are the mean from at least 5 plants.
* indicates the value is significantly different from strain ANU289 at the 0.05°/o confidence
level.
I.J

II

5.4.

Discussion

II

5.4.1. Nitrate utilization in strain ANU289
Many bacteria possess two nitrate reductase activities. One is an assimilatory
nitrate reductase, which allows growth on nitrate to occur under aerobic conditions and the
other is a dissimilatory nitrate reductase, which reduces nitrate by acting as the terminal
electron acceptor in an electron transport chain that generates ATP in the absence of

,
1,

.I

oxygen. The two pathways have been well studied in R. meliloti (Sik and Barabas, 1977;
Kiss et al., 1979) and Pseudomonas aeruginosa (Sias and Ingraham, 1979; Jeter and
Ingraham, 1984); however it is not yet clear if two separate nitrate reductases exist.
Mutants affected in assimilatory nitrate reductase only, dissimilatory nitrate reductase only
and in both pathways have been isolated. It has been suggested that the same nitrate
reductase is used in both cases but that the electron transport chain differs (Kiss et al.,

,,

1979). However another study isolated nitrate reductase of different molecular weights

~;•·'

from aerobically and anaerobically grown cells of B. japonicum (Daniel and Gray, 1976),

'

I,

suggesting that different enzymes, or at least different subunit interactions, exist.
Bacteroids often have high nitrate reductase levels although nitrate is not present
in nodules (Cheniae and Evans, 1960; Daniel and Appleby, 1972; Pagan et al., 1977;
11

Manhart and Wong, 1979; de Vasconcelos et al., 1980; Streeter and de Vine, 1982). This
11

finding led to considerable study of nitrate reductase in anaerobically grown rhizobia, in
particular, on B. japonicum (Daniel and Appleby, 1972; Daniel and Gray, 1976; de
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Vasconcelos et al., 1980; Gollop and Avissar, 1984). These findings led to the suggestion
that nitrate reductase in B. japonicum and Bradyrhizobium strain 32H1 is regulated by
oxygen, rather than nitrate (Daniel and Appleby, 1972; Pagan et al., 1977; Gollop and

11

Avissar, 1984). Possibly assimilatory reductase is induced only transiently in these
species, as it is in strain ANU289, and this could explain why it was not observed in these
studies.
The few studies which have used conditions where assimilatory nitrate reductase
is present have, in most cases, found that nitrate reductase is induced by nitrate (Kiss et

al., 1979; Manhart and Wong, 1979).
Ii

Many rhizobia may therefore possess both

assimilatory nitrate reductase and dissimilatory nitrate reductase, like R. meliloti.
The results presented in this chapter have been exclusively concerned with

Ii

assimilatory nitrate reductase in strain ANU289. Cultures were grown aerobically, the
nitrate reductase activity measured was inducible by nitrate, nitrate utilization was
prevented by ammonia and strain 451, which lacked nitrate reductase activity, failed to
grow with nitrate as the sole nitrogen source. These characteristics are expected for an
assimilatory reductase but not the dissimilatory enzyme. Assimilatory nitrate reductase in

11·

It·

strain ANU289 is clearly inducible, rather than derepressible, since it is not present at high
levels in nitrogen starved cells grown in the absence of nitrate.

Nitrate reductase is

repressed by ammonia in most organisms (see review by Guerrero et al., 1981). The
evidence obtained from studying nitrate reductase in strain ANU289 suggests that the
repression of nitrate reductase by ammonia occurs through the prevention of nitrate
reductase induction in the presence of ammonia, rather than via a separate repressor
protein. Cells grown in the presence of both ammonia and nitrate do not express nitrate
reductase and the rapid removal of nitrate reductase as nitrate is depleted from the
medium makes ammonia repression redundant.
The failure to isolate any MA resistant mutants is also consistent with the absence
Id
jl

of a repressor protein. Mutants selected for growth on nitrate plus MA would be likely to
have constitutive nitrate reductase. This could occur either by a lesion in a repressor gene
or by a point mutation in the operator region of the nitrate reductase gene.

Since

transposon mutagenesis was used, constitutive mutants can only be isolated by affecting

.
J

J1
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the repressor gene. Thus, the failure to isolate any MA resistant mutants implies that no
repressor of nitrate reductase exists. The results of this study suggest that an inducer of
nitrate reductase, and possibly also of the nitrate carrier and nitrite reductase, exists. This
1.,

could be converted to an active form by interaction with nitrate. Ammonia, or a product of

I,

its metabolism, may prevent this conversion and thus prevent induction of nitrate
reductase. Revilla et al. (1985) showed that ammonia did not inhibit nitrate assimilation in

Azotobacter chroococcum in the presence of the glutamine synthetase inhibitor,
methionine sulphoximine, indicating that a product of the metabolism of ammonia is the
true repressor.
The regulation of nitrate reductase in strain ANU289 is therefore similar to R.

meliloti (Kiss et al., 1979), P. aeruginosa (Janssen et al., 1982; Jeter and Ingraham, 1984)
II

and A. vinelandii (Toukdarian and Kennedy, 1986).

All these species possess an

inducible nitrate reductase which is not produced in the presence of ammonia, although in

P.aeruginosa, nitrate reductase is also derepressed to low levels by nitrogen starvation
(Sias and Ingraham, 1979). In both Pseudomonas (Janssen et al., 1982; Jeter and
'

Ingraham, 1984) and Azotobacter (Santero et al., 1986; Toukdarian and Kennedy, 1986),
It.

nitrate reductase is also regulated by the nitrogen control system so it will be interesting to
determine whether this is true for strain ANU289. The possibility that such a system exists

11

in strain ANU289 is discussed in the following section.
In strain ANU289, the loss of nitrate reductase activity occurs rapidly as nitrate is
depleted from the medium (Fig. 5.6), with all nitrate reductase being lost in less than one
generation time.

This indicates that some form of inactivation or removal of nitrate

reductase is occurring. Nitrate may bind to nitrate reductase to stabilize the enzyme or may
inhibit the action of the factor responsible for the removal of nitrate reductase. In higher

,,

I

plants and fungi, several different mechanisms of nitrate reductase removal exist (reviewed
by Guerrero et al., 1981) including nitrate reductase specific proteases and inactivating
proteins and interconversion between active and inactive forms of nitrate reductase.

jl

,, .
II
II

However, in most of these cases, the removal of nitrate reductase occurs in response to
ammonia rather than the absence of nitrate. Much less is known about the regulation of
nitrate reductase activity in bacteria.
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The fact that both the nitrate uptake and nitrate reductase assays appeared to
I,

measure the same parameter, as well as the loss of uptake in tungstate grown cells,
suggests that nitrate uptake is dependent on removal of nitrate by nitrate reductase. It
cannot be determined from these results whether or not an active nitrate carrier exists or
facilitated diffusion of nitrate occurs.

Both these mechanisms have been reported for

other bacteria. Nitrate uptake in A. chroococcum is similar to strain ANU289, with uptake
being dependent on the presence of nitrate reductase (Revilla et al., 1985). Kristjansson
1,,

et al. (1978) suggested that facilitated diffusion of nitrate occurred in Paracoccus
denitrificans. K. pneumoniae (Thayer and Huffaker, 1982) and P. fluorescens (Betlach et
al., 1981) both possess a nitrate carrier which is energy dependent and is able to

ll
Ii

I,

accumulate nitrate against a concentration gradient. In K. pneumoniae (Thayer and

l
1:

Huffaker, 1982), a low affinity uptake system was present in addition to the active nitrate
carrier and it was suggested that this represented diffusion of nitrate into the cells. The
slow growth of strain 451 on nitrate under some conditions, even though no nitrate uptake

J

could be measured, could be due to diffusion of nitrate into the cells.
The phenotypes of the two mutants defective in nitrate assimilation obtained in
this study are complex and difficult to explain. No firm statements can be made about the
lesion in strain 31. The induction of nitrate reductase in this strain is delayed, resulting in an
increased lag phase during growth on nitrate. Nitrogen fixation in vitro and in planta is
reduced. Growth on other nitrogen sources is normal. Strain 31 may have lost some factor
which facilitates induction or expression of nitrate reductase, but is not absolutely required
for this process. In the enteric nitrogen control system, the ntrB product behaves in a
similar way; normally it is required to interconvert the active and inactive forms of the ntrC
product (Section 1.2.1.).

However, in the absence of the ntrB product, slow

interconversion of the two forms of the ntrC product can still occur (Reitzer and Magasanik,
1985). Thus, the gene affected in strain 31 may code for a protein with a similar function,
1111

which is required for activity of both nitrate reductase and nitrogenase. Until more is known
about the regulation of nitrate reductase, little can be said about the identity of this factor.

11.

II
II
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Strain 451 clearly retains some nitrate reductase activity since low levels of nitrate
reductase can be measured and growing 451 cells diluted into FGMN can utilize nitrate for

:1
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growth. This suggests that the lesion in this mutant is not in the structural gene for nitrate
reductase. Since uptake of nitrate and nitrate reduction cannot be separated in strain
<1'

ANU289, it is not known whether strain 451 lacks the nitrate carrier or some factor which is
involved in induction or expression of nitrate reductase. The latter could include an
1,

activator of the nitrate assimilatory pathway, or enzymes involved in electron transport or
the biosynthesis of the Mo cofactor. It is not clear how the loss of a nitrate carrier or an
activator would affect nitrogenase expression and growth on glutamate, suggesting that a
gene coding for an electron transport component or involved in the synthesis of the Mo

11

cofactor is the probable site of Tn5 insertion.
Nitrogenase also requires electron transport and a different Mo cofactor but
lj

!i

some steps in the Mo assimilation pathway are probably common to the two cofactors. A

l
I

common requirement for such a factor would mean that mutations would usually change
the levels of nitrate reductase and nitrogenase in a co-ordinated manner and this is borne

!~
out by the results presented here. Strain 451 has lost nitrate reductase activity and shows
reduced expression of nitrogenase while the MA resistant mutants show increased levels
of both enzymes.
Other studies have also identified mutants affected in both nitrate reductase and
,f

nitrogenase, supporting the idea that these two enzymes do have some common
requirements. Pagan et al., (1977) isolated a mutant of Bradyrhizobium strain 32H1 which
lacked the dissimilatory nitrate reductase. In other respects this mutant had a similar
phenotype to strain 451 in this study, since it showed low levels of nitrogen fixation in vitro
and was slower than the wild type in establishing an effective symbiosis. R. meliloti mutants
affected in both assimilatory nitrate reductase and nitrogenase have been isolated. One of
these could grow on nitrate although it had a 30-100 fold decrease in assimilatory nitrate
reductase activity (Sik and Barabas, 1977; Kiss et al., 1979). This mutant was ineffective in
symbiosis. Another mutant, isolated as a glutamine auxotroph, lacked both nitrate
reductase and nitrogenase acitivity (Kondorosi et al., 1977). On the other hand, some B.
japonicum dissimilatory nitrate reductase mutants showed increased nodule weight and

increased acetylene reduction (de Vasconcelos et al., 1980). This result is difficult to
111.

I~
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explain in terms of a common requirement of nitrate reductase and nitrogenase and clearly
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more work is required before the relationship between nitrate reductase and nitrogenase
is understood.

5.4.2. Nitrogen control in strain ANU289

Ii

Neither of the attempts at producing mutants affected in a general nitrogen
control system described in this chapter were successful. However, several lines of
evidence suggest that a co-ordinated nitrogen control system does exist in strain
ANU289. The physiological studies on ammonia utilization described in Chapters Three
and Four indicated that ammonia was a preferred nitrogen source. Strain ANU289 has a
I

high affinity ammonia carrier which is induced by nitrogen starvation and GSI is neither
repressed nor inactivated by ammonia, allowing rapid growth on ammonia to occur. The

II

effect of the ammonia analogue, MA, on growth on various nitrogen sources suggested
that their utilization was repressed by ammonia. Thus, strain ANU289 is capable of efficient

I·

utilization of ammonia and, when ammonia is abundant, it is utilized in preference to other
nitrogen sources. It is therefore likely that a co-ordinated control system is present.
Recently, a gene with homology to the K. pneumoniae ntrC has been identifed in B.

II

(Parasponia) strain Rp501 (Ausubel et al., 1985). Although the function of this gene has
not yet been determined, this does suggest that a nitrogen control system, homologous
to the enteric system, is present in strain Rp501 and the closely related strain ANU289.
However, the nitrogen control system of strain ANU289 will differ in some
respects from the enteric system. One major difference is probably that GS is regulated
differently in rhizobia. GSI, which is analogous to enteric GS, is constitutive (Section
3.2.4.; Rao et al., 1978; Darrow et al., 1981; Fuchs and Keister, 1980b) and is transcribed
from only one promoter (Carlson et al., 1985). In Chapter Three, it was suggested that GSI
in strain ANU289 remains active to allow it to replace GDH as the major ammonia
assimilatory enzyme. In this respect, strain ANU289 is similar to A. vinelandii, another soil
bacterium. In A. vinelandii, the GS/GOGAT pathway is the main pathway of ammonia
assimilation (Kleiner, 1976; Kleiner and Kleinschmidt, 1976) and GS is also constitutive

II

II

(Lepo et al., 1982).

Recently, a start has been made on the characterization of the

nitrogen control system of A. vinelandii and it may be a better model system for strain

80

ANU289 than the enteric bacteria. A. vinelandii possesses ntrA and ntrC genes, and
these are functionally similar to ntrA andntrC in the enteric bacteria (Toukdarian and
Kennedy, 1986; Santero et al. 1986). In spite of the constitutive nature of GS, the ntrC
gene of A. vinelandii is located close to, and downstream from, glnA, as it is in enteric
bacteria (Toukdarian and Kennedy, 1986). Transcription of ntrC occurs from its own
I:

promoter and it is not yet known if there is any readthrough from the glnA promoter.
The regulation of nitrogen fixation in A. vinelandii

also differs from K.

pneumoniae because ntrC mutants of the former species still fix nitrogen, although ntrA

mutants do not (Toukdarian and Kennedy, 1986). R. meliloti ntrC mutants are also able to
fix nitrogen in nodules. Since both genera possess nifA, this suggests that different
·'"

mechanisms of nifA activation exist.

:
A second area where differences between the enteric system and the nitrogen
:,

control system in rhizobia are likely to exist is in the extent of the nitrogen control system.
In this study, growth of strain ANU289 in the presence of MA was used to identify enzymes
which were likely to be regulated by nitrogen control. Utilization of all compounds tested,
except urea and acetamide, was reduced in the presence of MA. Interestingly, urease is
under nitrogen control in P. aeruginosa (Janssen et al., 1982) but not in A. vinelandii
(Toukdarian and Kennedy, 1986). Since both these species are soil bacteria, like rhizobia,
it is clear that considerable variation in the extent of different nitrogen control systems
exists. The MA growth experiment showed that utilization of several amino acids is also

"'

regulated by ammonia, consistent with the finding that the ntrC mutant of R. meliloti grows
poorly on arginine, aspartate and praline (Ausubel et al., 1985).
The variation between different systems means that selecting mutants by their

I•

~:

inability to utilize nitrogen sources is difficult because it cannot be predicted which

,]
i

nitrogen sources are included in the nitrogen control system. One reason that no nitrate
and histidine non-utilizing mutants were isolated could have been because either nitrate

1,

11
I

reductase or histidase was not part of the nitrogen control system. Histidase was originally
chosen for mutant selection in this study because it had been extensively studied in

ii
11

enteric bacteria. However, nitrogen control of histidase does not seem to be widespread.
In P. aeruginosa, growth on histidine was only slightly reduced in nitrogen regulatory

81

I'
I

l

1,

mutants, while the utilization of other nitrogen sources was more severely impaired (Jeter
and Ingraham, 1984). A study of carbon utilization in R. leguminosarum showed that
histidase was induced by histidine, even in the presence of another carbon source and
ammonia (Dilworth et al., 1983). This suggests that histidase is not under nitrogen control

I

in this species. The inhibition of growth on histidine by MA indicates that this is not the
case for strain ANU289; however, carbon status may still play a more important role in the
regulation of histidase than nitrogen status.
Nitrate reductase is a good candidate for the nitrogen control system. In both A.
vinelandii and P. aeruginosa nitrate reductase is included in this system (see Section

5.4.1) and the regulation of nitrate reductase in strain ANU289 is quite similar to these two
species.

Since only two mutants affected in nitrate utilization were isolated in strain

ANU289, it is not surprising that these did not show an altered nitrogen control system. In
A. vinelandii, only 1°/o of chlorate resistant mutants were affected in ntrA (Santero et al.,
i'!

1986). Isolation of chlorate resistant mutants may therefore be another way to generate
more nitrate utilization mutants of strain ANU289 so that these can be analyzed for

1,

alteration in a nitrogen control system.
The problem of not knowing which nitrogen sources are included in the nitrogen
control system could be avoided by using other methods to characterize the nitrogen
control system of strain ANU289. Since DNA hybridization has been used to identify a
region with homology to ntrC in the closely related B. (Parasponia) strain Rp501 (Ausubel
et al., 1985), this strategy could be used in strain ANU289. However, attempts to identify

this gene in B. japonicum were unsuccessful (Fischer et al., 1986). The ntrA and ntrC
genes in A. vinelandii were identified by complementation of E. coli mutants (Toukdarian
and Kennedy, 1986) and this may also be successful in strain AN U289. Since the R.
meliloti ntrC mutants were unable to express nifH in vitro (Ausubel et al., 1985), another

approach would be to examine nir- mutants for pleiotropic effects on utilization of other
nitrogen sources. This approach was chosen to further investigate nitrogen control in
strain AN U289 and Chapter Six describes the construction of a nifH::lacZ fusion which
could be used to isolate nit regulatory mutants.
I

Figure 5.1. Effect of ammonia and methylamine on the activities of GSI,
GSII, nitrate reductase and amidase.
Strain ANU289 was grown on FGMG and at time zero, 10 mM NH4CI (A) or
5 mM methylamine (B) was added. Absolute activites at time zero ; GSI
( -..), 120 nmol y-glutamyl hydroxamate produced min-1 (mg proteint 1;
GSII ( ... ), 260 nmol y-glutamyl hydroxamate produced min-1 (mg
proteint 1 ; nitrate reductase ( • ), 2.4 nmol nitrite produced hr-1 (mg
protein( 1; amidase ( • ), 17 nmol acetohydroxamate produced min-1 (mg
protein( 1.
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Figure 5.2. Growth of methylamine resistant mutants 8 and 9, and strain
ANU289 on FGMN plus 5 mM methylamine.
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Figure

5.3.

In vitro nitrogenase activity of strain ANU289, MAR 8 and

MAR9.
Nitrogenase activity is expressed as nmol ethylene produced. (test
tubef 1 .
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Figure 5.4. Nitrate utilization by strain ANU289.
Growth of strain AN U289 (•).
Nitrate level in the growth medium ( o ).
Bars show nitrate reductase activity, expressed as nmol nitrite
produced.hr-1 .(mg proteint 1.
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Figure 5.5. Growth of strains ANU289,31 and 451 on FGMN.
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Figure

5.6. Induction of nitrate reductase in strains 31,451 and ANU289.

The cultures were grown in FGMG and resuspended in FGMN at time 0.
Nitrate reductase activity is expressed as nmol nitrite produced.
hr-1 .(mg proteint 1.
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Figure 5.7. Nitrate uptake by strain ANU289 grown in the presence and
absence of tungstate and by strains 31 and 451.
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CHAPTER SIX: USE OF A

I

NIFH::LACZ

FUSION TO ISOLATE NIF

;,

REGULATORY MUTANTS

6.1. Introduction
Considerable evidence exists to suggest that in rhizobia the product of a nitA-like
gene activates other nit genes (see Section1 .4). Strain ANU289 seems very similar to
other rhizobia although so far no ntr or nit regulatory genes have been identified. The

nitH gene (Scott et al., 1983) and nitDK operon (Weinman et al., 1984) of strain ANU289
have been sequenced and both contain conserved nit promoter sequences at -24 and
I ;
1:

I,'
I

-12 (Scott et al., 1983; Weinman et al., 1984) as well as the upstream sequence required
for nitA activation (Buck et al., 1986; Weinman 1986). This suggests that strain ANU289
also contains a nitA gene. Furthermore, nitH from another Bradyrhizobium (Parasponia)

II

strain can be activated in E. coli by the K. pneumoniae nitA product (Ausubel, et al.,
1985).
I

So far, attempts to identify the nitA gene in strain ANU289 by hybridization under
low stringency conditions to nitA from other species have been unsuccessful. Initially, the
entire R. meliloti nitA gene was used as a probe for nitA in strain ANU289 (Weinman,
1986). When this approach was unsuccessful, the conserved central 200 amino acid
region found in both nitA and ntrC (Buikema et al., 1985) from R. tritolii (S. lismaa and J.

,,

Watson, pers. comm.) was used as a probe but again no homologous region in strain
AN U289 could be identified (personal observations). Attempts to find the nitA gene in

h

another B. (Parasponia) strain, Rp501, using the conserved central region of R. meliloti

nitA, have also failed (Ausubel et al., 1985). However, in this strain, a gene homologous
to ntrC was identified. Taken together, these studies suggest that nitA in B. (Parasponia)
strains has low homology to nitA from other rhizobia. Another strategy was therefore

"

required to find this gene in strain ANU289.
The approach chosen to isolate nit regulatory mutants from strain ANU289 was to
construct a fusion between the nifH promoter and the E. coli lacZ gene and then use

I!11

J

expression of the fusion in vitro as an indicator of nitHtranscription. In the presence of the

83
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chromogenic f3-galactosidase substrate, X-gal, a blue colour develops as a result of
I

I•

expression from the nifH promoter. Mutants which fail to express nifH can then be easily
·'

I~ ,

identified. nifA- mutants of R. meliloti (Szeto et al., 1984) and B. japonicum (Hennecke et
'

'
j

al., 1985), and ntrc- mutants of R. meliloti (Ausubel et al., 1985), are fix- in vitro. It was
hoped that the strategy outlined above would identify mutants in nif specific activator
genes, such as nifA, as well as ntr genes involved in positive control, such as ntrC or ntrA.
This strategy has been used successfully in Rhodopseudomonas capsulata where
mutants unable to express a nifH::lacZ fusion were mapped to four different genes, one of

I
,I

them homologous to ntrC (Kranz et al., 1985).
This chapter therefore describes the construction of a translational nifH::lacZ
fusion, development of a rapid screening procedure and attempts to isolate nit regulatory
mutants by using the fusion to monitor expression from thenifH promoter.

6.2. Results

6.2.1. Construction of a strain ANU289 nifH::lacZ fusion
The nifH::lacZ fusion was constructed by using the translational fusion vector,
pGD926 (Ditta et al., 1985). This vector is designed to clone Hindlll-BamH1 fragments
joining to the 8th codon of the lacZ gene. It also carries a tetracycline resistance gene as a
marker. Thus, a Hindlll-BamH1 fragment including the promoter and first codons of the
II
,,

1,

ANU289 nifH gene was required.

The ANU289 nifH gene had been cloned and

sequenced previously (Scott et al., 1983). Fig 6.1 shows the relevant part of pPR289-nif2
which consists of a 4.5 kb Pst fragment containing the nifH gene cloned into pBR322

1,
1,

(Scott et al., 1983). To obtain the required region of the nifH gene, as a Hindlll-BamH1
fragment, the 627 bp Pst-Sal fragment including the first 18 codons of the nifH gene and
about 400 bp upstream of the transcription start site (Scott et al., 1983) was first cloned
into pUC9 to create pSH1 (Fig 6.1 ). The multiple cloning site of pUC9 could then be used
!~

II
1111 •

i

II

t~:

to create a Hindlll-BamH1 fragment.
pSH1 was then digested to completion with BamH1 and a partial Hindi/I diges
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done. The 646 bp fragment shown in Fig 6.1 was isolated and ligated to pGD926, which
had been digested with BamH1 and Hindi/I and then alkaline phosphatase treated. The
alkaline phosphatase treatment was necessary to prevent the 400 bp Hindlll-BamH1
I
I

fragment, released by this digestion, from being religated to pGD926. This created the
ANU289 nifH::lacZ fusion plasmid, pSH2 (Fig. 6.1 ). After transformation of RR1 cells ,
tetracycline resistant colonies were isolated and the presence of the 5' region of the strain
ANU289 nifH gene was confirmed by hybridization of the plasmid DNA from tetracycline
resistant RR1 strains to the original 627 bp nifH fragment.

II

6.2.2. Expression of the nifH::lacZ fusion
Before mutant selection could proceed, the expression of the nifH::lacZ fusion in

l

.

strain ANU289 had to be characterized. Strain ANU289 did not produce blue colour on
n

OM plus X-gal, indicating that it did not possess a f3-galactosidase activity or that it was not
expressed under these conditions and thus would not interfere with mutant selection.

.,

pSH2 was introduced into strain ANU289 by a triparental mating of RR!/pSH2,
HB101 /pRK2013 and strain ANU289 (Section 2.2.2.) . Unfortunately, strain ANU289 had a

,.

naturally high level of tetracycline resistance. Tetracycline (300 mg 1-1) was used for
selection but this concentration slowed growth of transconjugants considerably while

I

I

strain ANU289 was also able to grow. However, colonies containing pSH2 could be
distinguished fairly easily as larger colonies against a background of small colonies.
'

One such larger colony , (ANU289/pSH2) was picked and used to examine the
expression of the nifH::lacZ fusion in strain ANU289. The in vitro nitrogenase activity and
II

the production of blue colour in the presence of X-gal was initially examined by using the
agar plug method of nitrogenase induction (Bender et al., 1986) . Fig 6.2 shows test tubes
I

I

containing strains ANU289 and ANU289/pSH2 in OM plus 30 mg 1-1 X-gal after 5 days
incubation at 300 C. Clearly, the nifH::lacZfusion is expressed , resulting in high levels of

I

f3-galactosidase activity, while the control remains white . Either X-gal or the dimethyl
formamide used to dissolve X-gal inhibited nitrogenase activity in both strains ANU289 and
ANU289/pSH2 so a separate experiment, in the absence of X-gal, was needed to measure
II
Ii

nitrogenase activity by acetylene reduction.

Fig 6.3 shows that there is no difference
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between the acetylene reduction activities of the two strains, indicating that the fusion
itself has no effect on nitrogenase activity and therefore can be used to identify nit
regulatory mutants.

6.2.3. Development of a rapid screening method for nit regulatory mutants .
The high levels of expression of the nifH::lacZ fusion in strain ANU289 shown in
the agar plug assay (Fig 6.3) suggested that nit regulatory mutants could be easily
identified. The agar plug assay was a very satisfactory method of determining whether or
not nifH expression occurred ; however, it would be extremely time consuming to screen
several thousand mutants in this way. A rapid ·screening procedure was required. The
main difficulty in developing such a method is that nitrogenase requires microaerobic
conditions for expression. In the agar plug assay, this is achieved by the spread of cells
through the agar. Only cells below the surface, where the oxygen concentration is low, fix
nitrogen. These conditions could be reproduced by picking cells with a toothpick and
stabbing them into a DM plate. Microaerobic conditions are then established below the
agar surface as cells grow over the top allowing nitrogen fixation to occur. Expression of
the nifH::lacZ fusion under these conditions was sufficient to produce significant blue
colour, allowing white colonies to be easily identified. Fig 6.4 shows a typical selection
plate. This assay allowed many isolates to be screened rapidly and conveniently, avoiding
the need for an anaerobic incubator.
Tetracycline was generally omitted from the selection plates as it retarded the
growth of the mutants quite considerably and growth of cells over the toothpick hole was
important in establishing microaerobic conditions. Generally a large loopful of cells was
stabbed into a plate of DM plus 30 mg 1-1 X-gal and blue colour could be seen after 3-4
days. Later it was found that pSH2 was not stably maintained in strain AN U289 in the
absence of tetracycline ; with hindsight it may have been better to include a low
concentration of tetracycline in the X-gal plates.

6.2.4. Selection of mutants unable to express the nifH::lacZ fusion
The strategy used to obtain mutants unable to express nitH was to mate pSH2

86
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into a bank of TnS mutants of strain ANU289. The mutant bank was streaked out onto
plates containing TY plus 500 mg 1-1 kanamycin, grown for three days and used for a
triparental mating to mobilize pSH2 into the TnS mutants. Large colonies were picked
I

'

from BMM plates containing 200 mg 1-1 kanamycin and 300 mg 1-1 tetracycline onto FGM
plus 300 mg 1-1 tetracycline. On the latter medium, cells grew considerably better and the
large toothpick-full of cells required for the screening procedure could be obtained.
These cells were then stabbed into agar plates of OM plus 30 mg 1-1 X-gal and screened
for blue colour after 5 days. A typical selection plate is shown in Fig. 6.4.
Surprisingly, 6.2°/o of the mutants either failed to turn blue or showed only a very

1,

faint blue colour. Two possible explanations fo'r this were immediately obvious. Firstly,
there may be some variability in the screening procedure with such factors as the number
of cells and the depth of the toothpick hole affecting the expression of nifH. Secondly ,
the white colonies may lack the nifH::lacZfusion, either because the colony was incorrectly
deemed tetracycline resistant originally or because the fusion had been subsequently
lost. This possibility was tested by picking all white and fa int blue isolates onto OM plus
X-gal again and also onto FGM plus tetracycline plates. About 20°/o of the original isolates
turned blue during this second selection, suggesting that variability in the screening
method accounted for at least some of the white isolates. However, all could not be

'
I

explained in this way. About 20 isolates were also tested for nifH expression in the agar

II

plug assay in the presence of X-gal. In this more controlled environment, almost all isolates
[

II

1
I

(

retained the same phenotype as in the second selection on X-gal plates.
The second possibility, that the white isolates did not contain pSH2, was
therefore also tested. Growth on tetracycline plates could not be used as an indicator of
the presence of pSH2. Although the difference in growth rate due to the presence of
pSH2 in strain ANU289 could be detected when growth from single cells occurred, when a
loopful of cells was streaked onto a tetracycline plate, there was very little difference in the
growth rate between strains ANU289 and ANU289/pSH2. However, in liquid media, this

.
1·1

difference was significant, with strain ANU289/pSH2 growing to a high cell density in 5
days on FGMG plus 300 mg 1-1 I tetracycline while strain ANU289 hardly grew at all during

4

this time. Out of 20 isolates tested, 9 were able to grow on tetracycline , indicating that

j,
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about half the white isolates, or about 2°/o of the original mutants, retained pSH2 but were
unable to produce blue colour in the presence of X-gal. Similar results were also obtained
I

Ill

from colony hybridizations of some white isolates to a probe of pGD926.

I

At this stage, tt was also obseNed that cells taken from a blue colony occasionally
failed to grow on tetracycline, suggesting that pSH2 was not maintained stably in the
absence of tetracycline. In these colonies, presumably B-galactosidase was synthesized
early in the growth stage with pSH2 being lost later on. Another related plasmid carrying

nif::lacZ fusions has recently also been found to be unstable in B. japonicum
I

(Alvarez-Morales et al., 1986). Because of this, it was likely that some of the white isolates
which were shown to lack pSH2 may have poss·essed it originally. For this reason, it was
not possible to distinguish between the possibilities that these cells were wrongly picked
as tetracycline resistant or that they originally had pSH2 and had subsequently lost it.
To overcome this difficulty, all isolates which remained white or faintly blue after
the second round of selection on X-gal were tested for in vitro nitrogenase activity by
using the agar plug assay.

Assaying directly for acetylene reduction activity in the white

isolates avoided further difficulties due to the instability of pSH2, and would identify
presumptive nit regulatory mutants.
I

Out of the original 4,500 mutants screened, 215 white or faintly blue isolates
were obtained. None of these were completely unable to fix nitrogen in vitro; however, 10
II

which apparently had a delay in the onset of nitrogen fixation were identified. These
mutants were chosen as showing less than one quarter of the wild type nitrogenase
activity after 8 days; after this time, they did develop nitrogenase activity. Characterization
1,
I

of these mutants is discussed in the next section.
Given that around half of all the mutants screened for nitrogenase activity
contained pSH2, the fact that the majority of them fixed nitrogen at normal levels in vitro
indicated that the lack of blue colour was due to some problem with the X-gal assay, rather
I

''

,11
I !

than a lack of nifH expression.One possibility is that X-gal is not taken up very efficiently by
strain ANU289. Since strain ANU289 appears to lack B-galactosidase, it may not have a

I

1: 1

I

'
le

:.

II

transporter for galactosides. Variation in cell surf ace properties may result in variability in
the uptake of X-gal. The possibility that this variability existed in a population of strain
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ANU289 cells was tested by picking 150 independent isolates of ANU289/pSH2 and
Ii
1,
I:

screening these for blue colour on OM plus X-gal plates.

'

The variability observed during mutant selection was found to be a property of
I

wild type strain ANU289, with 7 out of 150 isolates remaining white after being plated out
twice onto OM plus X-gal. Other rhizobia also show considerable variability within pure

I

strains; Upchurch and Elkan (1977) isolated B. japonicum colonies showing altered colony
morphology and these differed in carbohydrate metabolism, activity of ammonia

11

assimilatory enzymes and nitrogenase activity. Thus, most of the white isolates observed

I
11

II

during mutant selection in this study were probably due to variation between ANU289
cells, rather than to the inability to express · nitH.

This was confirmed by further

characterization of the 1O mutants showing delayed nitrogen fixation; although all could fix
nitrogen, 8 failed to produce any blue colour in the presence of X-gal.
Ii
I

i

6.2.5. Characterization of the presumptive nit regulatory mutants
Of the 10 mutants which showed a delay in the onset of nitrogen fixation, all may
not be nit regulatory mutants. The agar plug assay is not quantitative since acetylene

I'
I

reduction can only be determined per test tube. Thus, while this system is adequate to

,I,

detect fix- mutants, delayed or reduced nitrogen fixation may indicate either a slower
11

growth rate than the wild type or a true delay in the expression of nitrogenase.

To

distinguish between these two alternatives, nitrogenase activity of the mutants in a liquid
derepression system was examined. In this system the degree of growth can also be
I
I

:I
I

measured by protein determinations or measurement of absorbance. However, since

'I

'I

activity in this assay is dependent on the cell density of the culture, it is still difficult to

I

,,

separate the effects of reduced nitrogenase activity and slower growth.
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Table 6.1. Nitrogenase activity of delayed fix mutants
Ill .

Strain

Agar plug nitrogenase
activitya

Liquid culture
nitrogenase activityb

8 days

14 days

5 days

1O days

195
201
39
42
33
71
54
51
41
32
47
38

556
576
293
215
260
166
292
412
201
218
251
181

104
88
5

518
436
25
7
7
21
13

'
I

I

II

I
I

ANU289
ANU289/pSH2
67
70
91
93
108
110
116
179
134
205

Ii
1:
I

I,.,

'

1·

6
5
15

6
15
4
5
7
9

6
11

6
8
9

Liquid
culture ,
protein
(5 days)C
492
475
469
401
510
380
472
372
412
400
393
413

(39)
(31)
(34)
(19)
(75)
(25)
(15)
(28)
(20)
(18)
(24)
(25)

a. Nitrogenase activity is mean of at least 2 tubes; activity expressed as nmol ethylene
produced. tube-1.
b. Nitrogenase activity is mean of 3 vials; activity expressed as nmol ethylene produced.
(mg proteint 1 _ This is not a true specific activity because the acetylene reduction is a
cumulative figure while the protein determinations represent only the latest time point.
c. Protein content is given in mg 1-1; each value is the mean of 3 cultures. Standard
deviations are given in parentheses.

The results of an experiment using both methods of nitrogenase induction to

I
I

compare the nitrogenase activities of the mutants is shown in Table 6.1. All 10 mutants had
similar phenotypes, with most showing slightly slower growth than the wild type .
Surprisingly, the two different methods of nitrogenase induction gave completely different
results with regard to nitrogenase activities of the mutants. In agar plugs, the mutants were
capable of nitrogen fixation at high levels, although the level was generally lower than the
wild type. In contrast, in liquid culture , the mutants had almost no nitrogenase activity. No

I

attempt was made to determine if this was due to altered transcription of nitH or to
post-transcriptional effects on nitrogenase activity but B-galactosidase assays on cells in
',

r

liquid culture could be done. Other studies have used in vitro expression of nit genes to
examine the effects of promoter mutations and mutants affected in genes such as nitA ,
with the aim of determining the requirements for nit gene expression (see Section 1.4).

I

Since the results presented here show that, for at least some mutants, the phenotype is
I •
I

dependent on the method of nitrogenase induction, these results should be interpreted
with caution.
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Further characterization of the mutants showed that all were able to form effective
nodules, which were not significantly different from the wild type in nitrogen fixation
C

activity. Re-isolation of bacteria from the nodules showed that all retained the mutant
phenotype but most had lost pSH2. Similar loss of a fusion plasmid in nodules has been
reported by Alvarez-Morales et al. (1986). All mutants could grow with nitrate, aspartate,
histidine or praline as sole nitrogen source. Thus, none of these mutants were affected in

nit regulatory genes or nitrogen control genes. A possible explanation for the phenotype
of these mutants is that they are affected in some aspect of metabolism required for growth

D

I

I;
Ii

under microaerobic conditions.

'

6.2.6 . Regulation of nifH expression in strain ANU289
One possible reason for the failure to isolate mutants unable to express nifH
;'
:

,I

could be that nifH is expressed constitutively in strain ANU289. Some evidence that this
may be the case has come from recent studies on another B. (Parasponia) strain, Rp501

1, ,

(Ausubel et al., 1985). In this strain, a high level of constitutive expression of a nifH::lacZ
fusion was observed during growth in a rich medium. When transferred to derepression
medium, expression of the fusion increased 3-5 fold. The nifH::lacZ fusion behaved in a
similar way in an E. coli background, with a high level of constitutive expression occurring.
In the presence of nifA and ntrC, expression increased only 2 fold.
I

The expression of strain ANU289 nifH was therefore examined under different
growth conditions. It had been observed that nifH was expressed in aerobically grown

'

shaken cultures.
I

This could be either because nifH expression was not sensitive to

oxygen, as has been found for R. leguminosarum bacteroids (van den Bos et al., 1983), or
Ii

t

because the dissolved oxygen in the growth medium was actually very low. Since high

'

levels of B-galactosidase could be measured in strain ANU289/pSH2 under these
conditions, shaken cultures were used for this experiment. Strain ANU289/pSH2 was

I
I

grown to mid log phase in FGMG and then diluted 1 in 5 into OM and N- FGM plus 1O mM

I
I

glutamate, 10 mM NH4CI or 10 mM NH 4 CI plus 0.05°/o yeast extract. B-galactosidase
activity was determined at the time the cultures were set up and after 24 and 48 hours. No
B-galactosidase activity was detected in strain ANU289 under any conditions. The results
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are shown in Table 6.2. Initially f3-galactosidase activity was 28 nmol. min-1.(mg proteinr1
and in OM this rose to over 70 nmol. min-1.(mg proteinr 1 after 24 hours while on the other
media, activity was around 40 nmol. min-1.(mg proteinr1 after 24 hours. High activity was
retained in the culture grown on OM until 48 hours while the activity fell during the second
'i

day in the other three cultures. Thus strain ANU289 is similar to strain Rp501 in having a
constitutive level of nifH expression, although this does increase 2-3 fold when transferred
to OM.

Table 6.2. nifH expression in different growth media

.

'

11

Medium

f3-galactosidase activitya
24 hours

48 hours

OM

74

72

N-FGM + 10 mM glutamate

45

22

N-FGM + 10 mM NH4CI

40

34

42

27

N-FGM + 10 mM NH4CI

+ 0.05°/o yeast extract
I

a. Expressed as nmol. min-1.(mg proteinr 1
All values are the mean of three experiments; standard deviations were less than 15°/o in
most cases.

I

Both carbon and nitrogen supply affect nifH expression. After 24 hours, the
cultures with gluconate as carbon source showed the same f3-galactosidase activity
regardless of the nitrogen source, while the OM culture had much greater f3-galactosidase

•

activity. This suggests that carbon supply had a greater effect than nitrogen supply. OM
has 3 mM glutamate as nitrogen source compared to 1O mM in the gluconate culture. This
difference could account for the difference in nifH expression, particularly as the
f3-galactosidase activity in the cultures containing ammonia fell to lower levels than the
u

glutamate grown culture after 48 hours. However, mid log phase ANU289 cells grown on
1O mM glutamate show signs of nitrogen starvation such as deadenylylation of GSI and
derepression of the ammonia carrier, suggesting that little ammonia is released during
•'
.i l

Ill
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growth on glutamate. nitH expression may be more sensitive to ammonia than these other
parameters or the carbon status may also regulate nitH expression. It is likely that both
carbon and nitrogen play a role in the regulation of nit gene expression, confirming an
earlier study of nitrogenase expression which showed that different carbon and nitrogen
sources resulted in great differences to nitrogenase activity (Mahapatra and Gresshoff,
1984). Clearly, at least part of this effect is due to altered levels of nif gene transcription.

6.3. Discussion
This chapter described attempts to use a nitH::lacZ fusion to identify nit
1,

Ii

regulatory mutants. Although some problems were associated with this approach (such as

1,
I

the high level of tetracycline resistance of strain ANU289, the instability of pSH2 in strain
ANU289 and the large number of white mutants obtained), a combination of screening for
u

blue colour production and in vitro nitrogenase activity should have made this approach a
feasible one. However, no nit regulatory , mutants were obtained. It is possible that not
enough mutants were screened. The Tn5 mutant bank used contained 5,500 mutants
Ii

but only 4,500 were screened. Some of these would obviously be siblings so the total
number of mutants screened would be lower than this. However, by analogy with other
rhizobia, mutations in any one of at least 3 genes should prevent expression of nitH in

vitro. These are nitA, ntrA and ntrC (see Sections 1.3. and 6.1.) Since ntrC - mutants of
R. meliloti are able to fix nitrogen in the nodule (Ausubel et al., 1985), and different
sequences are required for activation of nit promoters in an E. coli background and in

planta, (Better et al., 1985), it is likely that other genes are involved in either activation of
nitA or interactions with the nitA product to activate nit genes in the nodule. These
'l

genes have not yet been identified but it is possible that they also affect expression of nitH

1,

i

in vitro as well as in planta . These genes may therefore also be targets for the mutant
selection described here.
Another possible explanation for the lack of nit regulatory mutants could have
been that selection against these mutants occurred during growth of the mutant bank.
This is highly unlikely since the bank was grown only on rich media (FGM, BMM and TY)
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and mutants defective in nitrogenase expression or nitrogen regulation would be
expected to show a growth disadvantage only when grown under conditions of nitrogen
limitation. Use of a mutant bank, and therefore growth of this bank before selection, was
unavoidable because the procedure included two mating steps (i.e. to produce Tn5
mutants and then to mobilize pSH2 into the mutants).
Alternatively, regulation of nitrogenase in B. (Parasponia) species may differ from
other rhizobia and the failure to identify any specific nit regulatory genes may be a real
result. If the B-galactosidase activities measured from the aerobically grown cells (Section
6.2.6.) are a guide to nifH expression in agar plugs, mutants lacking nifA or ntr genes
would retain substantial nitrogenase activity. Other isolates tested for acetylene reduction
during mutant selection had slightly lower nitrogenase activity than the wild type but,
because of the limitations of the agar plug method of nitrogenase induction, only those
with much lower activity than the wild type were considered further.
The constitutive expression of nifH represents a difference between B.

(Parasponia) strains and other rhizobia. Mutants lacking nifA from R. meliloti (Weber et al.,
1985) and B. japonicum (Fischer et al., 1986) have very little nifH expression. Two possible
explanations for the constitutive expression of nifH in B. (Parasponia) strains exist. Firstly,
in B. japonicum, a low level of nifA-independent nifH expression (8-10°/o of the induced
activity) is present (Alvarez-Morales et al., 1986; Fischer et al., 1986). This expression
requires the conserved nif promoter at positions -24 and -12 but does not need the
upstream region thought to be involved in binding of the nifA product (Alvarez-Morales et

al., 1986). B. (Parasponia) strains may be less stringent in their requirement for the nifA
product, allowing a higher level of nifA independent transcription to occur.
The second explanation for the constitutive expression of nifH has been
proposed for

B. (Parasponia) strain Rp501. Ausubel et al. (1985) have identified a

non-nitrogen promoter, as well as the nif promoter, 5' to nifH in this strain. Unfortunately,
the structure of this promoter is not given. Since so few genes from rhizobia, other than
those involved in nitrogen fixation, have been sequenced and their transcriptional start
sites determined, little is known about non-nitrogen promoters. However, from the data
available, a consensus sequence has emerged (Ronson and Astwood, 1985).

This

I
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sequence is similar to the E. coli consensus promoter at -35 but has a purine rich region
around -10 (Fig 6.5). A region with homology to this consensus sequence, and which is
very similar to the ALA synthetase promoters from R. meliloti (Leong et al., 1985), is
present 5' to nitH in strain ANU289 (Fig 6.5). This would imply a different start point for
I

transcription from the nit promoter but S1 mapping of nodule RNA in strain ANU289 has
identified only one nitH transcript (Scott et al., 1983). However, the non-nitrogen promoter
may only operate in free-living bacteria.
Either one of these alternatives could explain the constitutive expression of nifH

,I

in strain ANU289. One way to distinguish between them would be to look at the role of the
ntrA product in nitH expression in strain ANU289 . The first hypothesis predicts that
.11

transcription will be ntrA-dependent since the conserved nit promoter is used while if a
11

non-nitrogen promoter is used, the ntrA product would not be required.
11

Since alternative approaches to characterizing the nitrogen control system of
strain ANU289 have been considered in Chapter Five, this discussion will concentrate on
other strategies aimed at detecting nitA in this strain. In spite of the failure to identify nitA in
I

I
1'
I

strain ANU289 either with the fusion or hybridization, the conserved promoter sequence
of ANU289 nit genes (Scott et al., 1983 ; Weinman et al., 1984), as well as the activation of
strain Rp501 nitH by the nitA product (Ausubel et al., 1985), provides strong evidence that

11

this gene does exist in B. (Parasponia) strains.
In other rhizobia, the nitA gene has generally been identified by hybridization,
suggesting that nitA in strain ANU289 may have low homology to these other genes .
However, it is probable that there is significant homology between the central conserved
region of strain ANU289 nitA and nitA from other species. A recent study found that this
region is conserved to a similar degree between K. pneumoniae nitA and ntrC and R.
meliloti nitA (Drummond et al., 1986). This suggested that this region coded for a protein
domain responsible for interaction with the ntrA product and RNA polymerase.

The

conserved promoter regions found in strain ANU289 nit genes imply that ntrA is present ,
suggesting that the central region of strain ANU289 nitA will have functional homology,
and thus significant DNA homology, to nitA from other species. Some other nitA genes
have also been difficult to identify. For example, in Azotobacter vinelandii, nitA initially

'
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could not be detected by using hybridization or by complementation of K. pneumoniae
nifA - mutants, although ntrA and ntrC were identified with these strategies (Kennedy et
al., 1985). Later attempts to find nifA by using the R. leguminosarum nifA as a probe did

result in identification of some homologous regions, although these still have to be
characterized (Kennedy et al., 1985).
Other hybridization strategies may be more successful in identifying nifA in strain
ANU289, particularly as more is now known about the organization of nit, fix and nod
1,1

genes in this strain (Scott, 1986; Weinman, 1986) and in the closely related B. japonicum
(Hennecke et al., 1985). The B. japonicum nifA has recently been identified by

I

'

hybridization of K. pneumoniae nifA and ntrC and R. meliloti nifA to a region already known
to contain nit, fix andnod genes (Hennecke et al., 1985). Screening a relatively small
region of DNA by hybridization can detect genes with lower homology to the probe than
screening a gene bank because, in the former case, higher concentrations of DNA can be

:.1

achieved and background levels are generally lower. Several clusters of nit and fix genes
(Weinman, 1986) and nod genes (Scott, 1986) from strain AN U289 have now been found
I,

and these could be screened for nifA. The nifA gene from B. japonicum may also be a
better probe than those used so far because of the close relationship between these two
species. The region upstream of the nifB gene, which has now been detected in strain
ANU289 (Weinman, 1986) is of particular interest because in R. meliloti, R. trifolii and R.
leguminosarum nifA is found in this region. However, in B. japonicum, nifA appears to be

unlinked to nifB (Hennecke et al., 1985). This could represent a difference between
Rhizobium and Bradyrhizobium species. The strategies outlined here may allow the

identification of nifA in strain ANU289 in the near future.

,'

'

j
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Fig.6.1. Construction of a strain ANU289 nifH::lacZ fusion.
Diagrams are not drawn to scale. Abbreviations : B, BamH1; H, Hindlll; P, Pst;
S, Sal.
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Figure 6.2. Strains ANU289 (left) and ANU289/pSH2 (right) grown in agar
plugs in the presence of X-gal.

Figure 6.3. Nitrogenase activity of strains ANU289 and ANU289/pSH2
Nitrogenase activity is expressed as nmol ethylene produced. (test
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Figure 6.4. A typical selection plate with Tn5 mutants containing the
nifH::lacZ fusion stabbed into DM medium containing 30 mg 1-1 X-gal.

Figure 6.5. Comparison of presumptive strain ANU289 non-nitrogen
promoter with other non-nitrogen promoters.
-35 indicates the distance from the start of transcription for the first three
promoters. The strain ANU289 sequence starts at -79 relative to the start of
transcription from the nit promoter and is aligned to give maximum
homology.
U represents a purine.

Rhizobium non-nitrogen consensus promoter from Ronson and Astwood
(1985).
ALA synthetase promoter from Leong et al. (1985).
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CHAPTER SEVEN : GENERAL DISCUSSION
'

,·
This study set out to examine nitrogen assimilation in strain ANU289 and its
possible relationship to the regulation of nitrogen fixation in the symbiotic state. In K.
pneumoniae, which has been studied as a model system for other nitrogen fixing bacteria,

I

I

nitrogen fixation is controlled by carbon and nitrogen status (see Section 1.2.). At the time
this study was initiated, it was clear that differences between rhizobia and K. pneumoniae
must exist but little was known about either nitrogen assimilation in free-living rhizobia or
the factors involved in the expression of nit genes in the bacteroid. By concentrating on

Ii

ammonia uptake and assimilation in strain ANU289, this study was able to identify
significant differences in the expression of these processes between free-living bacteria
and bacteroids. These results have suggested that nitrogen assimilatory enzymes in
free-living strain ANU289 are regulated in a similar manner to those of K. pneumoniae but
•'

that different, and independent, regulatory circuits control nitrogen fixation in the

.

bacteroid.
Free-living strain ANU289 was found to be an efficient user of ammonia, utilizing
ammonia in preference to other nitrogen sources (Chapter Five). Strain ANU289 also
possesses a high affinity ammonia carrier which is derepressed by nitrogen starvation,
allowing strain ANU289 to scavenge ammonia from the environment (Chapter Four).
Furthermore, although this strain lacks GOH, the regulation of GSI at both a genetic and
biochemical level differs from the enteric bacteria in such a way as to compensate for the
absence of GOH and thus allow rapid growth on ammonia (Chapter Three). GSI was found
to be constitutive (Section 3.2.3.) and it was not significantly inactivated by adenylylation
(Section 3.2.2.).
In spite of some differences between strain ANU289 and K. pneumoniae, the two
h

species use similar strategies to respond to the nitrogen status of their environment. In
the bacteroid, however, strain ANU289 has low levels of GSI, GSII (Section 3.2.4.) and the
'

ammonia carrier (Section 4.2.1.), in contrast to K. pneumoniae, where GS and the
ammonia carrier are derepressed in parallel with nitrogenase. This suggests that strain

•'

~ 'I.,
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ANU289 is able to switch between two different modes of existence which have different
·,

requirements. This raises the possibility that two separate control systems exist, one
which regulates nitrogen assimilation in the free-living state and the other controlling a
variety of functions needed for symbiosis. The nature of these two regulatory systems is
considered below.
The possibility that a nitrogen control system exists in strain ANU289 was
1,

examined in Chapter Five. Although no direct evidence for such a system was obtained,
the pattern of ammonia assimilation in strain ANU289 and the finding of a ntrC-like gene in
another Bradyrhizobium (Parasponia) strain (Ausubel et al., 1985) suggested that a
co-ordinated nitrogen control system does exist in these species (Section 5.3.1.). This
I

11
Ii

,,

suggestion is supported by the fact that a wide range of bacteria have been found to

11

contain genes which are homologous to the enteric ntr genes. These genera include

Azotobacter (Santero et al, 1986; Toukdarian and Kennedy, 1986), Rhizobium (Ausubel
et al., 1985) and Rhodopseudomonas (Kranz et al., 1985) and it is probable that the
nitrogen control system in Pseudomonas (Janssen et al., 1982) is also homologous. An
interesting area for future research is a comparative study of these systems to understand

1,

ll
i'1t

I

how they are adapted to the differing requirements of these bacteria. Although the ntr
systems of most of these species have not yet been characterized extensively, it is already
evident that these systems do differ from the enteric system.
One area where differences have been found is in the function and organization
of the nitrogen control system in other species. The finding that ntr genes homologous to
those in enteric bacteria are present in other species does not necessarily mean that the

ntr systems are functionally equivalent. In enteric bacteria, the ntr system results in a

I

scavenging mode of existence when ammonia is limiting. Many enzymes involved in the

[!
degradation of nitrogenous compounds are derepressed by nitrogen starvation, whether
or not their substrates are present (see Section 1.2.1). However, in other species , some
substrate-inducible enzymes are regulated by a nitrogen control system.
In both Pseudomonas aeruginosa (Janssen et al. , 1982; Jeter and Ingraham,
1984) and A. vinelandii (Santero et al., 1986; Toukdarian and Kennedy, 1986) nitrate
reductase is induced by nitrate but is also regulated by the nitrogen control system. The

98

enzymes of allantoin degradation in P. aeruginosa are regulated similarly, being induced
by allantoin and urate (Janssen and van der Drift , 1983). If other inducible enzymes are
influenced by the ntr system of these bacteria, the main function of the ntr system would
be to stop synthesis of these enzymes when ammonia became available , rather than to
provide a nitrogen scavenging mode of existence. The system would therefore be based
on co-ordinated repression of nitrogen assimilatory enzymes , instead of the co-ordinated
derepression which occurs in enteric bacteria. Since both P. aeruginosa and A. vinelandii
are soil bacteria, this difference could represent a tighter control system, which may be
better adapted to the poorer soil environment. Clearly, this discussion must remain
Ii

speculative until more is known about the regulation of other nitrogen assimilatory
enzymes in these species.
The regulation of GSI in strain ANU289 was found to be very similar to GS
regulation in A. vinelandii, with both species lacking GOH and having a constitutive GSI
(Section 3.2.3; Kleiner, 1975; Lepo et al. , 1982) . The ntrC gene of the latter species in
located close to glnA, as it is in the enteric bacteria, indicating that the organization ,

'

although probably not the regulation , of ntr genes has been maintained in spite of the
exclusion of GS from this system. This could also occur in strain ANU289 .
Nitrate reductase in strain ANU289 is inducible, like nitrate reductase in A.
vinelandii and P. aeruginosa, and the fact that repression of this enzyme by ammonia does

not appear to involve a repressor protein

(Section 5.3.1 .) is consistent with regulation by

a ntr system homologous to enteric nitrogen control system (see Section 1.2.1.). Other
studies on nitrate reductase in Bradyrhizobium species have found that nitrate reductase
was not inducible by nitrate and was regulated by the oxygen tension (Daniel and Appleby,
1972; Pagan et al., 1977; Gollop and Avissar, 1984). However, in view of the finding that
strain ANU289 has a nitrate reductase which

I
t

,i '

llt·

ls. inducible

by nitrate, it is likely that these

studies measured only the dissimilatory nitrate reductase . Transient induction of an
assimilatory nitrate reductase in these species, which occurs in strain ANU289 (Section
5.3.5.) , could explain why it was not observed in these studies. The regulation of nitrate

, ·,

assimilation in other species should therefore be re-examined and may be useful in
characterization of the nitrogen regulatory system. For example, isolation of more mutants

I
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altered in nitrate reductase regulation by using chlorate resistance, could lead the the
identification of the nitrogen control system of strain ANU289, as it has in A. vinelandii
(Santero et al., 1986).
GSII and the ammonia carrier in strain ANU289 are not inducible, being
derepressed by nitrogen starvation. However, these enzymes are special cases because
they are directly involved in ammonia assimilation.

Thus, these enzymes may be

I,

derepressible to allow more rapid accumulation of ammonia while enzymes involved in the
degradation of other nitrogen sources could be inducible.
The possibility that functional differences between various nitrogen control
Ii

systems exist, means that further investigations into nitrogen control in strain ANU289 will
need to be done at both a genetic and physiological level. The detection of ntr genes by
DNA hybridization will not elucidate functional differences between systems of the kind

'I

discussed above, although site directed mutagenesis followed by extensive physiological
analysis, would. Moreover, the homology between ntr genes of different species is often
so low that it is close to the limit of detection by DNA hybridization. For example, ntrC could
be identified in R. meliloti and B. (Parasponia strain Rp 501 (Ausubel et al., 1985) but not
in B. japonicum (Fischer et al., 1986) and nitA could not be detected in two B. (Parasponia)
strains ( Section 6.1.). Thus, further attempts to isolate transposon mutants, similar to

1,

those described here, may be a profitable approach.
Another important area where differences between K. pneumoniae and other
species are likely to exist is the relationship between the nitrogen control system and
nitrogen fixation .

Many species possess nitA but the this gene may be regulated

differently from that in K. pneumoniae. Recent work on Azotobacter vinelandii has
1,

suggested that nitA is not regulated by the nitrogen control system (Kennedy et al.,

,,
I'/

1985). Novel mechanisms of nit gene regulation, involving DNA rearrangements, have

11

been found in Anabaena (Golden et al., 1985).

i

h

It is apparent that the expression of nitrogenase in R. meliloti bacteroids is not
controlled by the ntr system, although it may be in vitro (Ausubel et al., 1985; see Section
1.4). Most rhizobia possess nitA and it is required for expression of nit genes in vitro and in
planta (see Section 1.4). This suggests that different mechanisms of nitA activation

I

11
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l
operate in free-living rhizobia and in bacteroids. The conditions required for induction of
nitrogen fixation in vitro by rhizobia appear to result in a physiological state intermediate
between free-living rhizobia and bacteroids. For example, the inability of cells to grow
under these condtions (Bergersen and Turner, 1976; 1978) and the induction of a range
of proteins by the nitA product (Regensburger et al., 1986) resemble the bacteroid, but nit
gene regulation differs in some respects from the bacteroid. The finding that the R.

meliloti ntrC product is required for nit expression in vitro but not in the nodule (Ausubel et
al., 1985) and the isolation of B. japonicum mutants which show normal nodule
development and are fix- in the nodule, although they show wild type levels of nitrogen
fixation in vitro, imply that different regulatory systems exist in vitro and in planta. This,

,i

together with the finding of the present study, that the phenotype of some mutants
depends on the manner in which nitrogenase is induced in vitro (Section 6.2.6.), suggests
that the in vitro system is not a good one in which to identify the requirements for nit gene
I

expression.
It is not known if nitrogen fixation by free-living rhizobia occurs in the soil. The

'

failure of Rhizobium species to induce nit genes in vitro and the fact that fixation of
nitrogen in vitro in Bradyrhizobium species cannot support growth, argues against this
possibility.

1

On the other hand, the constitutive expression of nitH in free-living

Bradyrhizobium (Parasponia) strains (Section 6.2.6; Ausubel et al., 1985) is hard to

Ii

understand if nitrogen fixation normally occurs only during the symbiosis. It is possible that
this is an artifact resulting from relatively rich laboratory media and that in the soil, nitH is not
expressed. The fact that nifH in these strains can be expressed independently of nifA also
raises the possibility that this could occur in the nodule. This would imply that other
regulatory processes were present, possibly related to the ability of these strains to form
an effective symbiosis with the non-legume, Parasponia. Further work, using nifH::lacZ
fusions to monitor the expression of nitH in siratro and Parasponia nodules may help

1,

Ii

resolve this issue. However, before this could be done, the problem of the instability of the
fusion plasmid, pSH2, in strain ANU289 (Section 6.2.3.) would need to be overcome.
I

I

Several studies have reported the isolation of mutants of various species of
rhizobia which show lowered levels of GS and are also unable to fix nitrogen (Kondorosi et

I['.

I
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al., 1977; Ludwig, 1980b; Marett et al., 1985). It was suggested that these mutations may
1:

I,

lie in regulatory genes which affect both glutamine synthetases and nit genes, and may be
homologous to enteric ntr genes. The discussion above suggested that K. pneumoniae
was not a good model system in this respect because the relationship between thentr

I,

system and nit gene regulation found in this species in not found in many other nitrogen
fixing bacteria. This is particularly likely to be true for rhizobia because GSI is consititutive
and GSII is repressed by ammonia, making it difficult to imagine a regulatory gene which
affects transcription of both genes. An alternative explanation of the phenotypes of these
mutants is simply that they are unable to produce sufficient glutamine to support protein
synthesis in the bacteroid, resulting in a fix- phenotype. Other amino acid auxotrophs also
show reduced levels of symbiotic nitrogen fixation (Kerppola and Kahn, 1985; Sista et al.,

l

ii
1,

1985), which supports this view. There is therefore no conclusive evidence that nitrogen

Ii

assimilation and nitrogen fixation are controlled by common regulatory genes in rhizobia.
These results, in conjunction with the data on nit gene regulation in other species
discussed above, suggest that while the ntr system seems to be common to many
bacteria, nit gene regulation may differ considerably among different nitrogen fixing
species. Since it is unlikely that the ntr system plays any role in the symbiosis between
rhziobia and legumes, the question of what does regulate symbiotic nitrogen fixation must
be raised. Recently, a model suggesting that carbon supply to the bacteroid was important
in maintaining nitrogen fixation (Kahn et al., 1985b) was developed. This proposal was
based on the use of glutamate or other amino acids as the source of carbon for the
bacteroid. Ammonia would therefore act as a carrier of carbon skeletons. As the bacteroid
b

catabolised amino acids to obtain carbon, and hence energy, excess ammonia would be
released. This could then be excreted into the plant. If the plant removed ammonia by
metabolism, fewer amino acids and therefore less carbon would be available to the
bacteroid. The response of the bacteroid to this would be to fix nitrogen to replenish the

II

amino acid pool in the plant because this would increase the carbon available to the
bacteroid.
However, several lines of evidence are inconsistent with this model.
Ir

Firstly,

although some GOGAT mutants are fix+ (Section 1.3) others are fix- (O'Gara et al., 1984) ,
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suggesting that the bacteroid does need to synthesize glutamate, rather than obtaining it

i

from the plant. Secondly, studies with isolated peribacteroid envelopes from soybeans
indicate that glutamate cannot cross the peribacteroid membrane (D. Day, pers. comm .).

.,

Thirdly, mutants of rhizobia which are affected in the transport and utilization of dicarboxylic
acids are generally fix- (Arwas et al., 1985; Ronson and Astwood, 1985) which is
inconsistent with carbon being supplied to the bacteroid in the form of amino acids.
Finally, B. japonicum bacteroids isolated from soybeans in which nitrogen fixation has
been inhibited by nitrate, have enough endogenous carbon to support levels of nitrogen
fixation similar to untreated controls (Carroll, 1985). This indicates that bacteroids are not

!:
I/

carbon limited, which would be required by Kahn's model.
An alternative model, based on regulation of symbiotic functions of the bacteroid
by oxygen, is presented here. Several studies have implicated oxygen level in the control
of nitrogen fixation. Regensburger et al. ( 1986) isolated a fix - mutant of B. japonicum

I'

which was defective in oxygen control.

Normally, during growth under microaerobic

conditions, B. japonicum produces a number of proteins not seen during aerobic growth
\

and represses the synthesis of others present during aerobic growth (Hennecke et al.,
1985; Regensburger et al., 1986). A mutant which did not show these changes in the
pattern of proteins present under microaerobic growth was also fix-, failing to express nifH.
This suggests that nifH is under the influence of the oxygen control system. Since the
gene affected was not nifA, this suggests that nifH expression is under the control of at
least two genes. Furthermore, some key enzymes in ammonia assimilation including the
ammonia carrier (Marsh et al., 1984) and GSII (Rao et al.. 1978; Darrow et al., 1981), are
repressed by low oxygen tension.
A possible model of regulation of nitrogen fixation can be envisaged where the
plant regulates oxygen supply to the bacteroid either through physical barriers or by using
leghaemoglobin. At a particular oxygen concentration, differentiation into bacteroids could
be induced by the induction of a bacterial regulator gene. The product of this gene would
then induce nifA, resulting in expression of other nit genes, and would also induce a
I

repressor which acts on the genes for GSII and the ammonia carrier. A gene involved in
the transport of dicarboxylic acids also possesses a conserved nit promoter (Ronson and

,,
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Astwood, 1985). Thus, this gene may also be activated by nifA. Mutants unable to utilize
dicarboxylic acids are fix- (Arwas et al., 1985; Ronson and Astwood, 1985) but show
normal nodule development (Arwas et al., 1985), confirming that these compounds are
important for nitrogen fixation. A key feature of this model is that a single regulatory circuit
(triggered by oxygen tension) is able to induce nitrogen fixation, ensure that the bacteroid

I•
I

is able to utilize carbon sources which support optimal nitrogen fixation and prevent

'

'

assimilation and recycling of the ammonia produced by this process.
Another function which nifA may control is the plant defence mechanisms
towards pathogens. Mutants of B. japonicum which lack nifA show high levels of bacteroid

'

degradation, not obseNed in other fix- mutants (Fischer et al., 1985).

Presumably

blocking of plant defence mechanisms would not be required until the release of
bacteroids from the infection thread, consistent with the idea that nifA controls late
functions in nodule development. However, inoculation of soybeans with this mutant also
resulted in the induction of large numbers of small, ineffective nodules and it was
suggested that the nifA product also controls some function which affects the
autoregulation response of the plant (Fischer et al., 1986). This has not been obseNed in
nifA mutants of other species; if it is found to be generally true, some modifications to the

model presented here would be necessary. For instance, nifA could be induced by some
other factor early in nodule development and a second reglator, able to interact with the
nitA product, could be induced by oxygen to initiate bacteroid differentiation.

Alternatively, ntrA in rhizobia could be subject to regulation by oxygen in the nodule,
instead of being constitutive as it is in enteric bacteria (Merrick and Stewart, 1985).
When a supply of exogenous nitrogen becomes available to the plant, oxygen
supply to the bacteroid may not be maintained. This could lower bacteroid respiration to a
11

·,

level unable to support nitrogen fixation. There is some evidence that this does occur. B.

'

japonicum bacteroids isolated from soybeans in which nitrogen fixation was inhibited by a 2
11

1q , ,

day nitrate treatment fix nitrogen at similar levels to untreated controls (Schuller et al.,
1986). This indicates that inhibition of nitrogen fixation by nitrate, at least in the early
stages, does not occur by directly reducing the capacity of the bacteroid to fix nitrogen .
This is consistent with other studies which have found that nifH expression in isolated

•.,
•• I'•
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bacteroids is insensitive to increased ammonia and oxygen concentration (van den Bos et
al., 1983).

Detached nodulated roots from nitrate treated soybeans show a lowered level

of nitrogen fixation compared to untreated plants, but this can be overcome by increasing
the oxygen tension during the assay (Carroll, 1985). It is therefore likely that inhibition of
symbiotic nitrogen fixation by nitrate involves reduced oxygen supply to the bacteroid,
resulting in insufficient respiration to support nitrogen fixation. Longer exposure to fixed
nitrogen results in nodule senescence and isolated bacteroids do show lowered levels of
I'

nitrogen fixation. Further research is required to test this model and to understand more
completely the control processes operating in the nodule.
Based on the work described in this thesis, it has been suggested that rhizobia

i
I

I

are well adapted to two quite separate modes of existence. In the free-living state, strain

i
I

AN U289 is able to assimilate ammonia efficiently and it is probable that a co-ordinated
nitrogen control system exists. This system is likely to be related to the enteric system but
may differ in genetic organization and function. The greatest difference is that this system
apparently has no role in symbiotic nitrogen fixation. The second mode of existence of
rhizobia, as a symbiotic bacteroid, has completely different requirements. A regulatory
model for the expression of nit genes, with oxygen tension as the major controlling factor,
is proposed here.

i
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