
MAPPING nif GENES OF Rhodobacter capsulatus,

AND CHARACTERIZATION OF A MUTANT WITH A PLEIOTROPIC

DEFECT IN NITROGEN METABOLISM

A Dissertation Presented to the Faculty

of the Graduate School

University of Missouri-Columbia

In Partial Fulfillment of the 

Requirements for the Degree 

Doctor of Philosophy

by

Ann Goldenberg

Judy D. Wall Dissertation Supervisor

May 1988





ACKNOWLEDGEMENTS

I would like to thank Barbara Rapp and Jean Love for 

technical assistance and instruction, and for 

friendship through thick and thin. I also thank Kate 

Christopher, Amy Schneider, Lynn Daniels and Frank Romerc 

for laboratory assistance and friendship above and beyond 

the call of duty.

I thank my adviser, Judy Wall, for supervision and guidance 

that she provided for the work represented here.

And, most of all, I thank my parents, my brother and my 

sister, for their continual love, affection and humor.

This work was supported, in part, by NIH pre-doctoral 

training grant DHHS 2-T-32-GMO7494.



page
TABLE OF CONTENTS

Acknowledgements ............................  ii

List of figures..............................  v

List of tables................................. vii

Abstract .......................................viii

Chapter 1. Introduction

I. Nitrogen Fixation .................... 1

A. Nitrogenase Enzyme ................  2

B. Mapping of the nif genes of Klebsiella 
pneumoniae .....................  6

C. Genetic regulation of nitrogen 
fixation in Klebsiella pneumoniae . . 11

D. Ammonium transport ..................  17

II. Photosynthetic bacteria ................ 19

A. Nitrogenase of photosynthetic 
bacteria........................... 20

B. Genetics in the photosynthetic 
bacteria........................... 23

C. Genetics and regulation of nitrogen 
fixation in photosynthetic bacteria . 27

D. Ammonium transport in photosynthetic 
bacteria........................... 35

Chapter 2. Mapping nif genes of Rhodobacter 
capsulatus. ............. 36

I. Methods.................................. 38

Bacterial strains ..................  38

Media and culture conditions..........38

Isolation and identification of 
auxotrophic mutants of R. capsulatus 42

Genetic analysis by gene transfer 
agent................................. 43

Construction of streptomycin-resistant 
derivatives of Nif” strains...........44



Construction of his~ derivatives . . 45

Construction of R. capsulatus 
conjugational donors ................. 45

Conjugational mapping ............... 46

II. Results................................. 48

III. Discussion.............................. 63

Chapter 3. Characterization of a mutant with 
pleiotropic defects in nitrogen 

metabolism.................70

I. Methods.................................. 71

Bacterial strains and plasmids . . . .  71

Media and culture conditions..........71

Ammonium uptake ....................  71

Methylammonium uptake ..............  71

Glutamine synthetase ................  71

Ammonium concentration ..............  71

Protein concentration ..............  73

Asparaginase activity . . . . . . . .  73

B-galactosidase activity ............  73

Growth curves ......................  74

Isolation of a clone which 
complements P A 2 .......................75

Construction of a lac transcription/ 
translation fusion ...................  76

Transformation ......................  78

Restriction endonuclease mapping . . .  79

II. Results..................................81

III. Discussion..............................139

References...................................... 146

V i t a ............................................ 162



LIST OF FIGURES

Figure page

1. Map of nif gene region of K. pneumoniae . . 8

2. Relative map distances of leucine 
mutations............................ 52

3. GTA nif linkage groups I - V I ...............56

4. Derepression of nifH::lacZ fusion in 
response to ammonia depletion in Bl00 
and P A 2 .............................. 82

5. The effect of initial cell density on 
photosynthetic growth of PA2 on asparagine 
from nitrogen-starved inocula .....  85

6. The effect of initial cell density on 
photosynthetic growth of PA2 on ammonium 
from nitrogen-starved inocula .....  87

7. The effect of initial cell density on 
photosynthetic growth of B100 on asparagine 
from nitrogen-starved inocula .....  89

8. The effect of initial cell density on 
photosynthetic growth of Bl00 on asparagine 
from nitrogen-sufficient inocula ...  91

9. The effect of initial cell density on 
photosynthetic growth of PA2 on glutamate 
and asparagine from nitrogen-sufficient 
inocula.............................. 93

10. Extracellular ammonium concentration during 
photosynthetic growth of PA2 on asparagine 
from nitrogen-sufficient inoculum . . . .  96

11. Extracellular ammonium concentration during 
photosynthetic growth of Bl00 on asparagine 
from nitrogen-sufficient inoculum . . . .  98

12. Extracellular ammonium concentration during 
photosynthetic growth of PA2 on asparagine 
from a nitrogen-starved inoculum.... 100

13. Extracellular ammonium concentration
during photosynthetic growth of B100 on 
glutamate from nitrogen-sufficient 
inoculum................ 102

v



14. Extracellular ammonium concentration 
during photosynthetic growth of PA2 
on glutamate from nitrogen-sufficient 
inoculum.......................... 104

15. Expression of nifH::lacZ fusion in PA2 
during growth on glutamate, asparagine 
or ammonium as nitrogen source ..  107

16. Extracellular ammonium concentration 
during aerobic growth of PA2 on 
glutamate......................... 117

17. Extracellular ammonium concentration 
during aerobic growth of Bl00 on 
glutamate......................... 119

18. Extracellular ammonium concentration 
during aerobic growth of PA2 on 
asparagine........................ 121

19. Extracellular ammonium concentration 
during aerobic growth of B100 on 
asparagine........................ 123

20. Restriction endonuclease digestion of 
pHBPA2 and p 7 1 6 ..................125

21. Restriction endonuclease digestion of 
pHBPA2 and p 7 1 6 ..................127

22. Restriction maps of pHBPA2 and p716 . . 129

23. Photosynthetic growth of PA2(p716), 
B100(p716), PA2(pHBPA2), B100(pHBPA2), 
PA2(pLAFRl) and BlOO(pLAFRl) ..  133

vi



LIST OF TABLES

Table page

1. Bacterial strains ........................  39

2. Auxotrophic mutants ......................  41

3. Conjugational donors ....................  41

4. GTA transductional analysis of leucine 
auxotrophs........................... 51

5. GTA transductional analysis of isoleucine/ 
valine auxotrophs .................  54

6. GTA transductional analysis of adenosine 
auxotrophs . .....................  55

7. GTA transductional analysis of Nif“ 
mutants.............................. 59

8. Coinheritance of nif and auxotrophic 
markers...........................   61

9. Bacterial strains and plasmids .......... 72

10. Asparaginase activities ................  109

11. Ammonium uptake rates ..................  Ill

12. Methylammonium uptake rates ............  112

13. Glutamine synthetase activities ........  115

14. B-galactosidase activity from fusion 
plasmid p 7 1 6 ...................... 135

15. B-galactosidase activity from fusion 
plasmid p716, adjusted for percent of 
culture that was Lac+ .............136

vii



MAPPING nif GENES OF Rhodobacter capsulatus, 

AND CHARACTERIZATION OF A MUTANT WITH A PLEIOTROPIC 

DEFECT IN NITROGEN METABOLISM

Ann Goldenberg

Dr. Judy D. Wall Dissertation Supervisor

ABSTRACT

Mutations affecting the ability of the photosynthetic 

bacterium Rhodobacter capsulatus to fix nitrogen (Nif- ) have 

previously been mapped into six linkage groups (I-VI) by 

transduction with gene transfer agent (GTA). Because this 

vector carries only 4600 bp of DNA, linkage can only be 

demonstrated for short chromosomal distances. In order to 

demonstrate linkage on a larger scale, the self- 

transmissible plasmid, pBLM2, which has chromosome 

mobilizing ability in R. capsulatus, was used to map these 

six linkage groups relative to a number of auxotrophic 

markers. In this way, nif genes were found to lie in three 

regions of the chromosome. GTA linkage groups IV and VI 

were found to reside in the same region, based on their 

common linkages to adenosine and tryptophan markers. A 

second region was found to contain GTA groups I and V, both 

of which were linked by conjugation to isoleucine/valine and 

leucine markers. In a third region, group III was found to
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be located near the structural gene for glutamine synthetase 

(glnA).

A seventh GTA linkage group, containing mutations which 

cause pleiotropic defects in nitrogen metabolism, was also 

found to lie in the same region with group III and glnA» 

Mutants in this group have functional nitrogenase and normal 

regulation of nif gene expression. However, they are unable 

to grow on N2 or on most amino acids. The only nitrogen 

sources found to allow photosynthetic growth of these 

mutants were ammonium and asparagine. One of these mutants 

was studied in more detail and found to be able to grow 

aerobically on most nitrogen sources. Studies of gene 

expression, using a lac gene fusion, indicated that the gene 

altered in this mutant may be under the control of an ntrC- 

like gene, and that it also may regulate its own synthesis. 

Information from the lac fusion also suggests that there may 

be two genes in group VII, both of which are required for 

growth on low levels of ammonia.
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Chapter 1. Introduction

I. Nitrogen Fixation

Nitrogen fixation is the process by which molecular 

nitrogen, N2, is converted to ammonia, NH3. In this reduced 

form, the nitrogen is available for use by living organisms 

in the synthesis of nitrogenous compounds, including 

proteins and nucleic acids. In addition, many 

microorganisms obtain their energy from the oxidation of 

ammonia to nitrite (NO2") or nitrate (N03~).

Nitrogen fixation is a very energy-intensive process, 

which is performed by both industrial and biological means. 

Industrially, the process requires both high temperature 

(about 500°C) and high pressure (several hundred 

atmospheres). The ammonia produced in this way is used for 

plant fertilizer and is estimated to account for at least 30 

million metric tons of ammonia annually (Delwiche, 1970). 

Biologically, reduction of N2 to NH3 is carried out by 

procaryotic organisms, including blue-green algae and free- 

living bacteria, as well as bacteria that live symbiotically 

in roots of higher plants. Biological fixation requires the 

two-protein enzyme complex, nitrogenase. Reduction of one 

mole of N 2 requires 16 moles of ATP and six electrons. The 

ammonia generated by these organisms is estimated at 40-50 

metric tons annually (Delwiche, 1970) and is assimilated by 

them for their own cell material or for that of the plant 

with which they are associated. Small amounts of nitrogen 

are also fixed by the high energy of lightning. Regardless
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of the means by which the ammonia is produced, it is a 

critical step in the nitrogen cycle, since molecular 

nitrogen, which makes up 79% of earth's atmosphere, is not 

usable by living things until it is reduced to ammonia.

A. Nitrogenase Enzyme

The reduction of N2 to NH3 is catalyzed by the enzyme 

nitrogenase. Enzyme activity from cell-free extracts was 

first demonstrated by Carnahan et al. (1960) in extracts 

from Clostridium pasteuranum. Such extracts required an 

energy source for nitrogen fixation activity, and activity 

was sensitive to oxygen. It was later found that two 

protein fractions were required for reduction of N2 

(Mortenson et al., 1962), as well as for utilization of ATP 

(Mortenson, 1965). Neither fraction was active by itself, 

but the two together could carry out these reactions. 

Neither activity (ATP hydrolysis or N2 reduction) was found 

.in extracts from cells grown on ammonia (Mortenson, 1965). 

Mortenson (1964) also reported the requirement for 

ferredoxin as an electron donor and for ATP as an energy 

source to obtain nitrogenase activity in cell-free extracts 

of Clostridium.

The two components of nitrogenase were soon identified 

as an iron-containing protein and a molybdenum- and iron- 

containing protein (Bulen and LeComte, 1966; Mortenson et 

al., 1967). Mortenson et al. (1967) reported the oxygen­

sensitivity of both proteins, and found that both proteins 

were absent from ammonia-grown cells, a finding consistent 

with the absence of enzyme activity from ammonia-grown
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cells (Mortenson, 1965). Among the many organisms capable of 

nitrogen fixation, the nitrogenase proteins are highly 

conserved, with a component protein from one organism being 

able to form an active complex with the complementary 

component protein from another organism (Emerich and Burris, 

1978). Since Clostridium pasteurianum is the species most 

extensively studied at the enzyme level, and Klebsiella 

pneumoniae has been studied most extensively at the genetic 

level, the nitrogenase enzymes from these two organisms have 

been selected for discussion here.

Tso (1974) reported molecular weights of about 210,000 

for the MoFe protein of Clostridium, and about 56,000 for 

the Fe protein, as determined by gel filtration. By sodium 

dodecyl sulphate gel electrophoresis, it was determined that 

the MoFe protein consists of four subunits, two each of 

60,000 and 51,000 molecular weight. The Fe protein has two 

subunits, each 27,500 molecular weight. Isoelectric 

points of 5.0 for the MoFe protein and 4.6 for the Fe 

protein were identified. The MoFe protein was found to 

contain 1 to 1.5 atoms of molybdenum, 12 to 18 atoms of iron 

and 8 to 15 atoms of acid-labile sulfur per molecule. The 

Fe protein contained 3 to 4 iron and sulfur atoms per 

molecule.

The molecular weights of the Klebsiella pneumoniae 

proteins, reported by Eady et al♦ (1972), were 218,000 for 

the MoFe protein and 66,800 for the Fe protein. Again, MoFe 

protein was reported to consist of four subunits, two each
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of 51,000 and 59,000 molecular weight. It contained one 

molybdenum and 14 to 17 iron atoms per molecule, and 17 acid 

labile sulfurs. The iron protein contained two like 

subunits, with 4 each of iron and acid-labile sulfurs per 

molecule. Both proteins contained predominantly acidic 

amino acids, with isoelectric points of 5.0 and 4.0 for the 

MoFe and Fe proteins, respectively. The Fe protein was 

conspicuous in its lack of tryptophan residues. Both 

proteins were oxygen-sensitive, with half-lives of 10 

minutes and 45 seconds for MoFe and Fe proteins.

The first suggestion as to the functions of the two 

proteins in nitrogen fixation came from Mortenson et al. 

(1962), who found two fractions from cell extracts required 

for nitrogen fixation; one fraction was called 

'’nitrogenase,’’ and the other was identified as a "source of 

reducing activity." It is now known that the MoFe protein 

contains the active site for nitrogen fixation, and that the 

Fe protein is responsible for transfer of electrons from a 

low potential reductant (usually flavodoxin or ferredoxin) 

to the MoFe protein. Hageman et al. (1980) have thus 

proposed the nomenclature "dinitrogenase" to refer to the 

MoFe protein, and "dinitrogenase reductase" to refer to the 

Fe protein. "Nitrogenase" then refers to the two proteins 

together.

The reduction of N2, to form NH3, requires the 

following sequence of events (Ljones, 1979): An electron 

from a reductant is transferred to the Fe protein (Nieva- 

Gomez et al., 1980; Shah et al., 1983), and the Fe protein
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binds a molecule of MgATP (Bui and Mortenson, 1968). The Fe 

protein then binds to the MoFe protein, to which it can now 

transfer its electron. This electron transfer is coupled to 

ATP hydrolysis (Eady et al., 1978b). The MoFe protein then 

transfers electrons to its substrate, N£. The complex 

formed between the Fe and MoFe proteins must be dissociated 

before the Fe protein can accept another electron, and thus 

begin a new cycle of reduction (Hageman and Burris, 1978).

The active site of nitrogenase has been found to be 

contained within the iron-molybdenum (FeMo) cofactor, a 

component of the MoFe protein which can be isolated by acid­

treatment of that protein (St. John et al., 1975; Shah and 

Brill, 1977; Nagatani et al., 1974). The first evidence 

that this cofactor contained the active site for nitrogenase 

was reported by Shah et al. (1978), who found that the 

cofactor itself had nitrogenase activity, as measured by 

acetylene reduction assay. More definitive evidence came 

from studies of mutants of Klebsiella pneumoniae, including 

mutants with defective FeMo cofactor and mutants lacking the 

cofactor. The nifB gene codes for the cofactor, and the 

nifV gene product is required for processing of the cofactor 

to its functional state. If cofactor from a nif'V mutant is 

combined with the cofactor-less MoFe protein from a nifB 

mutant, a defective nitrogenase is produced, with activity 

greater than that from a nifB mutant, but much less than 

wild-type. Wild-type cofactor can restore nifB nitrogenase 

to normal levels of activity. This evidence from mutants
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confirms the role of cofactor as the active site for 

nitrogenase (Hawkes et al., 1984).

B. Mapping of the nif genes of Klebsiella pneumoniae 

By the early 1970's, when genetic analysis of nitrogen 

fixation began, many organisms had been identified as 

possessing the ability to fix molecular nitrogen, and two 

genera, Clostridium and Azotobacter had been extensively 

analyzed with respect to this ability. However, the enteric 

bacterium, Klebsiella pneumoniae, was chosen for genetic 

study because of its genetic accessibility. A close 

relative of E. coli, it could be analyzed by the same 

techniques that had been developed for use in E. coli. Also, 

in this free-living bacterium, the complexities of symbiosis 

would not interfere with analysis.

In 1971, two reports of exchange of nitrogen fixation 

(nif) genes between Klebsiella strains were presented, one 

utilizing conjugational transfer (Dixon and Postgate, 1971), 

and the other using phage Pl-mediated transduction 

(Streicher et al., 1971). Both studies found, in addition 

to the ability to transfer nif genes among strains of 

Klebsiella, that several nif mutations were linked to the 

histidine (his) operon of Klebsiella. A year later, Dixon 

and Postgate (1972) reported transfer of Klebsiella nif 

genes to E. coli. Not only were the structural genes 

expressed in the new host, but regulatory genes were also 

functional, suggesting that the nif structural and 

functional genes were linked closely enough to be co-
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transferred in conjugation.

Since the nitrogenase enzyme complex contains three 

distinct polypeptides (the iron protein and the and 

subunits of the molybdenum-iron protein), it was expected 

that only a few genes would be required for nitrogen 

fixation. By 1975, it was clear that more genes would be 

involved than the three expected for the nitrogenase enzyme 

itself (see figure 1). St. John et al. (1975) identified 

five nif genes from a study of 16 mutant strains, including 

two structural genes, a gene for a product involved in 

electron transport, one for a factor required for activity 

of the MoFe protein, and a regulatory gene, required for 

synthesis of both nitrogenase proteins.

In 1977, Dixon et al. identified seven nif genes by 

complementation of a series of Nif” mutants with a series of 

plasmids containing different portions of the nif gene 

cluster. Kennedy (1977) mapped these genes (and one other) 

by examining co-transduction with the his operon. This 

mapping defined two clusters of nif genes, both of which 

could be co-transduced with his, but were separated by about 

9 Kb of DNA. The his-prbximal cluster, covering 8 Kb of 

DNA, Contained the nifB, A, L and F genes. The his-distal 

region was found to contain the nifE, K, D and H genes. This 

cluster covered a span of 4-6 Kb, giving a total length, 

from nifB to nifH, of about 20 Kb.

In 1978, the gap in knowledge of nif genes between nifF 

and nifE was almost completely filled. MacNeil et al., 

(1978) reported 14 nif genes, four of which were found to
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Figure 1. Map of nif gene region of K. pneumoniae. 

Gene products are indicated by vertical 

arrows above the genetic map. Horizontal 

arrows under the map indicate 

transcripts, with black dots indicating 

nif promoters, (from Dixon, 1984)
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lie between nifE and nifF, one to the his-proximal side of 

nifB, and one to the his-distal side of nifH. Using polar 

mutations (generated by Mu insertions), the number of 

transcripts and direction of transcription were determined 

for the 14 genes. Seven operons were defined, containing 

one to three genes each. The arrangement of nif genes and 

operons, as defined by MacNeil et al. (1978) is as follows.

The leftmost operon (nearest his) contains nifQ and 

nifB (see figure 1). The nifQ gene product is required for 

the incorporation of molybdenum into the FeMo cofactor 

(Imperial et al., 1984), and nifB is involved in synthesis 

of the cofactor. Next is an operon containing nifA and 

nifL, involved in activation (Dixon et al., 1980) and 

repression (Hill et al., 1981) of all other nif operons. The 

nifF and nifJ genes both code for components of the nif- 

specific electron transport system (Shah et al., 1983; 

Nieva-Gomez et al., 1980; Hill and Kavanagh, 1980), and each 

resides in a monocistronic operon. nifF is to the right of 

the nifLA operon, and nifJ is the rightmost gene of the nif 

cluster. Another polycistronic operon contains nifM, V and 

S, genes involved in processing of the Fe protein (Roberts 

et al., 1978), synthesis of the FeMo cofactor (Hawkes et 

al., 1984), and processing of the MoFe protein (Roberts et 

al., 1978). nifN and nifE comprise another operon, with both 

genes being involved in synthesis of the MoFe cofactor, 

along with nifB and V. The nifKDH operon codes for the Fe 

and MoFe proteins of nitrogenase (Dixon et al., 1977) and is 

followed by the monocistronic operon containing nifJ.
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Roberts et al. (1978) identified an additional gene, 

nifU, in the same operon with nifM, V and S, which, like 

nifS, is involved in processing of the MoFe protein. The 

precise action of both nif'S and nifU are still unknown. 

Finally, nifX and nifY, in operons with nifEN and nifKDH, 

respectively, have been shown to synthesize polypeptide 

products, in mini-cells, whose functions are still unknown 

(Puhler and Klipp, 1981).

In summary, it is now known that the nif gene region of 

Klebsiella contains 17 genes. Three of these genes (H, D 

and K) code for the nitrogenase proteins. Four genes (B, V, 

N and E) are required for synthesis and processing of the 

MoFe cofactor and a fifth, nifQ, is required for 

incorporation of molybdenum into the cofactor. Three genes 

(M, S and U) are required for the processing of nitrogenase 

polypeptides to their active forms. The nif-specific 

electron transport system requires two genes, nifF and J, 

and nif specific gene regulation is carried out by nifL and 

A. The functions of nifX and Y are unknown, but the 

products of these genes are not essential to nitrogen 

fixation, since mutations in these genes do not affect the 

ability to fix nitrogen. These seventeen genes reside in 

seven operons, in an uninterrupted stretch of 23 Kb of 

chromosomal DNA (Cannon et al., 1979; Applebaum and Kramer. 

1980).

C. Genetic regulation of nitrogen fixation in 
Klebsiella pneumoniae

Genetic regulation of nitrogen fixation occurs at two
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levels in K. pneumoniae. Expression of nif genes is 

controlled by the nifLA operon, and a second level of 

control is exerted by the generalized nitrogen regulatory 

system (ntr). While the nifLA genes affect expression only 

of the nif operons, ntr genes regulate the nifLA operon, as 

well as other operons involved in nitrogen metabolism, 

including those coding for the ability to utilize histidine 

and proline as nitrogen sources (hut and put; Magasanik, 

1982).

Expression of nif genes is repressed by the presence of 

either ammonium (Tubb and Postgate, 1973) or oxygen (Eady et 

al., 1978a). The repression by oxygen has been shown to be 

mediated by the product of the nifL gene, while the ntr 

system is responsible for mediating the effects of ammonium, 

via the nifA gene.

The nifA gene was the first clearly identified 

regulatory gene for nitrogen fixation (Dixon et al., 1977; 

Roberts et al., 1978). Mutations in nifA were found to 

result in the absence of all three nitrogenase polypeptides, 

suggesting that the nifA product is required for expression 

of all other nif genes. Dixon et al. (1980) used lac gene 

fusions to demonstrate the regulatory nature of the nifA 

gene. The absence of an active nifA gene product resulted 

in decreased B-galactosidase activity from nif::lac fusions. 

The only exception was that the nifLA promoter did not 

require the nifA product for transcription. Buchanan- 

Wollaston et al. (1981a) also confirmed the positive
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regulatory nature of nifA by creating a fusion between the 

promoter of a tetracycline resistance gene and nifA. 

Transcription of nifA was thus constitutive, and in the 

absence of nifL, transcription of other nif genes was made 

constitutive by the presence of this fusion.

Since nifL and nifA reside in a single operon, with 

transcription from the nifL promoter, nifL mutations often 

resulted in a nifA phenotype, due to polarity onto nifA 

(Roberts et al., 1978; MacNeil et al., 1978). However, 

later studies indicated that nifL, rather than having 

activator properties like nifA, has repressor properties. 

Thus, strains with mutations in nifL that do not affect nifA 

are actually Nif+ , thus explaining the early difficulty in 

finding such mutants. Hill et al. (1981) reported that in 

Nif+ revertants of strains carrying Mu insertions in nifL 

nitrogenase expression was insensitive to oxygen. 

(Expression was measured as B-galactosidase activity from a 

nif:;lac fusion in these strains, since the nitrogenase 

enzyme is oxygen labile.) Since Mu excision is imprecise, 

these revertants were still nifL mutants, but had restored 

functioning of nifA. The insensitivity of these Nif+ 

revertants to oxygen suggested that the nifL product 

functions to repress nif in the presence of oxygen. A later 

study (Buchanan-Wollaston et al., 1981b) found that the 

presence of nifL on a multicopy plasmid resulted in 

repression of nif gene expression under physiological 

conditions in which they are normally expressed, supporting 

the role of nifL as a repressor. Expression of the nifLA
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operon is not repressed by oxygen (Merrick et al., 1982), a 

phenomenon which is necessary if nifL is to act as a 

regulator in response to oxygen.

The control of nif expression in response to ammonia, 

as mediated through nifA, is exerted by the nitrogen 

regulatory (ntr) system in K. pneumoniae. It was originally 

proposed that glutamine synthetase, the product of the glnA 

gene, was responsible for the regulation of several operons 

involved in nitrogen metabolism (Tubb, 1974). This proposal 

was based on the observations that glutamine synthetase 

mutants, in addition to being glutamine auxotrophs, were 

also unable to utilize a number of compounds as sole 

nitrogen source, and that mutants constitutive for synthesis 

of glutamine synthetase were also constitutive for synthesis 

of nitrogenase. It was later found, however, that glnA is 

tightly linked to a regulatory locus comprised of two genes, 

ntrB and ntrC. Espin et al., (1982) reported that deletion 

of the entire region (glnA, ntrB and ntrC) resulted in a 

Nif” phenotype. The N i f  phenotype could be complemented by 

a clone carrying the ntrB and ntrC genes, but not by a clone 

carrying only glnA. It is now known that the three genes 

comprise a single operon, glnAntrBC♦ Two major promoters 

are found within this operon, one (Pl) which initiates 

transcription at glnA that proceeds through ntrB and ntrC, 

and another (P2) which transcribes only ntrB and ntrC 

(Alvarez-Morales et al., 1984). During nitrogen starvation 

conditions, transcription is from the Pl promoter, allowing
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transcription of all three genes. In nitrogen-sufficient 

conditions, P2 is used predominately, to transcribe low 

levels of ntrB and ntrC.

A third ntr gene, ntrA, is unlinked to ntrBC, but is 

also involved in regulation of nitrogen metabolism (deBruijn 

and Ausubel, 1983; Leonardo and Goldberg, 1980). The ntrA 

product is required for activating transcription of 

nitrogen-regulated operons, and is thus considered a 

positive regulatory element (deBruijn and Ausubel, 1983). 

This positive action by the ntrA product requires the 

presence of the ntrC product (Merrick, 1983). The ntrC 

product is thus a positive regulatory element for many 

nitrogen-controlled operons. However, ntrC can also act as 

a negative regulator at the glnA and ntrBC promoters 

(Alvarez-Morales et al., 1984; Reitzer and Magasanik, 1983; 

MacNeil et al., 1982). The ntrB gene product appears to 

modulate the activator/repressor functions of the ntrC 

product (Alvarez-Morales et al., 1984).

The product of the ntrA gene has now been identified as 

a sigma factor for RNA polymerase. This was first suggested 

by deBruijn and Ausubel (1983), based on the findings of Ow 

et al. (1983) that ntr-controlled operons share a consensus 

sequence in their promoters that differs from those in other ’ 

transcriptional promoters. A unique promoter sequence 

suggests the need for a unique sigma factor to recognize it. 

The speculation that such a sigma factor might be encoded by 

ntrA was confirmed by Hunt and Magasanik (1985) and 

Hirschman et al. (1985). They found that the ntrA gene
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product forms a complex with core RNA polymerase (Hunt and 

Magasanik, 1985) and confers a specificity on the polymerase 

which is distinct from that conferred by other sigma factors 

(Hirschman et al., 1985). This specificity is for nitrogen- 

regulated promoters. Hunt and Magasanik (1985) also found 

that the ntrA product, called sigma-60, was always present 

in cells, regardless of the nitrogen levels.

Hunt and Magasanik (1985) suggested that transcription 

of nitrogen regulated genes requires the presence of the 

ntrC product in an active form. The ntrC product has been 

shown to be a DNA-binding protein, whose binding can result 

in either positive or negative regulation of transcription 

(Hirschman et al., 1985; Reitzer and Magasanik, 1983; Hawkes 

et al., 1985). The activity of the ntrC gene product as an 

activator or repressor of transcription depends on the 

nitrogen status of the cell, and is regulated by the product 

of the ntrB gene. Ninfa and Magasanik (1986) have 

demonstrated that the ntrB product is a phosphatase/kinase 

which acts to transfer a phosphate to or from the ntrC 

product. When phosphorylated, the ntrC product is active in 

stimulating transcription initiation from the glnA promoter. 

Phosphorylation of ntrC product occurs during nitrogen 

limitation, and dephosphorylation is stimulated by nitrogen 

sufficient conditions. Thus, when the cell is nitrogen 

starved, ntrB product phosphorylates the ntrC product, which 

in turn stimulates transcription from the glnA promoter and 

other ntr regulated promoters. The cell can then obtain
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nitrogen from amino acids such as histidine and proline, as 

well as from N2. When levels of fixed nitrogen are 

adequate, the phosphate is removed from the ntrC product, by 

the ntrB product, and transcription initiation of ntr- 

controlled operons stops.

The regulation of nif gene expression by the ntr system 

occurs through regulation of transcription of the nifLA 

operon. Transcription from the nifLA promoter requires both 

the ntrA and ntrC products (Drummond et al., 1983; Merrick, 

1983), but the other nif operons require ntrA and nifA 

instead of ntrC for expression (Buchanan-Wollaston et al., 

1981a). Although the nature of the nifA gene product is 

uncertain, it has at least functional similarities with the 

ntrC product, being able to substitute for it in activating 

transcription of some genes (Merrick, 1983; Ow and Ausubel, 

1983).

This two-level system of control of nif gene expression 

is suggested by Dixon (1984) to allow high levels of nif 

gene expression without depleting other nitrogen controlled 

operons of the ntrC product required for their 

transcription. The presence of a nif-specific activator 

means that ntrC product is only required at one nif operon 

and is thus more available for transcriptional activation of 

other genes.

D. Ammonium Transport

In addition to amino acid utilization and nitrogen 

fixation, the ntr system has been shown, in E. coli, to 

regulate an active ammonium transport system (Jayakumar et
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al., 1986). Thus, under nitrogen-limiting conditions, the 

transport system, as measured by methylammonium uptake, is 

derepressed, and in the presence of ammonia, it is 

repressed. Nitrogen-limitation includes growth on N2 or 

amino acids, when the ammonium generated is at low levels.

The presence of an ammonium transport system during 

nitrogen limitation is explained by Kleiner (1985a) as being 

a required part of a cycle of NH3 /NH4+ retention. Kleiner 

asserts that during growth on N2 or amino acids, when 

extracellular ammonium concentrations are low, the ammonia 

generated from these substrates is lost from the cells by 

diffusion. Once outside the cell, the ammonia (NH3) is 

protonated to yield ammonium (NH4+ ), which can not pass 

through the cell membrane by diffusion. Thus, a transport 

system is required if the cell is to be able to use the 

ammonia that it generates. An ammonium transport-deficient 

(Amt- ) mutant is expected to appear to excrete ammonia 

during growth on amino acids or N2 (Castorph and Kleiner, 

1984).

Growth on N2 thus requires not only functional nif and 

ntr genes, but also a functional ammonium transport system. 

Kleiner (1985b) has determined that, in K. pneumoniae, every 

molecule of ammonia produced by nitrogen fixation goes 

through the NH3 /NH4 + retention cycle an average of six times 

before being assimilated by glutamine synthetase. The 

energy cost to the cell for this cycling is 2 ATP per 

ammonia mmolecule. This is in addition to the 16 ATP used 

for each molecule of N2 that is reduced to two molecules of 

ammonia.
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II. Photosynthetic Bacteria

Rhodobacter capsulatus (formerly Rhodopseudomonas 

capsulata; see Imhoff et al., 1984) is a species of 

photosynthetic bacteria in the family Rhodospirillaceae 

(purple nonsulfur bacteria). Rhodospirillaceae is included 

in the same order (Rhodospirillales) with Chlorobiaceae 

(green sulfur bacteria) and Chromatiaceae (purple sulfur 

bacteria). These three families have in common the 

performance of an anoxygenic (non-oxygen evolving) 

photosynthesis which utilizes only one photosystem and only 

occurs under anaerobic conditions. These bacteria contain 

bacteriochlorophyll, rather than the chlorophyll of blue­

green algae and higher plants, as well as a variety of 

carotenoids. As the names suggest, the green and purple 

sulfur bacteria are able to utilize sulfide or sulfur as the 

electron donor for photosynthesis, while the purple non­

sulfur bacteria generally rely on organic compounds as 

electron donors for photosynthesis. Among the 

Rhodospirillaceae, members of the genus Rhodobacter can also 

use molecular hydrogen as an electron donor. In addition to 

growing photosynthetically under anaerobic conditions, many 

members of the Rhodospirillaceae, including Rhodobacter 

capsulatus, are able to grow aerobically in darkness, 

utilizing oxidative phosphorylation (Pfennig and Truper, 

1974).

In nature, photosynthetic bacteria have three general 

requirements: 1) light, 2) low oxygen concentration, and 3)
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source of decomposed organic matter. These conditions are 

most often found in stagnant bodies of water at a level in 

the water between the upper, aerobic zone, and the deeper 

zone where light does not penetrate (Pfennig, 1978).

Many of the photosynthetic bacteria, and all but one 

species of the family Rhodospirillaceae so far tested, are 

capable of nitrogen fixation (Lindstrom et al., 1950; 

Madigan et al., 1984). Thus, these organisms are capable of 

providing, by photosynthesis, the energy required for . 

reduction of molecular nitrogen to ammonia.

A. Nitrogenase of photosynthetic bacteria

The first reports of nitrogenase activity among the 

photosynthetic bacteria (Gest and Kamen, 1949; Kamen and 

Gest, 1949) indicated a functional difference between the 

nitrogenase in Rhodospirilium rubrum and that found in other 

organisms. Generation of H2 (Gest and Kamen, 1949) and 

incorporation of ^^N2 into cellular material (Kamen and 

Gest, 1949) were both found to be rapidly and reversibly 

inhibited by the addition to cells of ammonium chloride. 

Although the synthesis of the nitrogenase enzymes is 

inhibited by ammonium in other organisms, the activity of 

the enzyme, once made, is not sensitive to ammonium (Daesch 

and Mortenson, 1972; Tubb and Postgate, 1973).

Another unusual characteristic of nitrogenase from R. 

rubrum was a difficulty in isolating active enzyme from 

cells in which activity was present in vivo (Munson and 

Burris, 1969; Ludden and Burris, 1976). This difficulty was 

found to be overcome by the addition of a membrane component
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to enzyme preparations (Ludden and Burris, 1976). This 

membrane component is referred to as activating factor or 

activating enzyme (Zumft and Nordlund, 1981), and has now 

been purified and characterized (Saari et al., 1984).

A third distinguishing characteristic of the R. rubrum 

enzyme was the finding of two distinct subunits of the Fe 

protein (Ludden and Burris, 1978). Although the Fe proteins 

from all previously described nitrogenase enzymes consist of 

two identical subunits with molecular weight of about 

30,000, R. rubrum Fe protein had one subunit of about 30,000 

molecular weight, and another of about 31,500 molecular 

weight by SDS polyacrylamide gel electrophoresis. Amino acid 

analysis indicated a normal composition compared to other Fe 

proteins. The difference between the Fe protein of R. 

rubrum and that from other organisms was found to be the 

presence on one subunit of the R. rubrum protein of a 

covalently bound group containing phosphate, ribose and an 

adenine-like molecule (Ludden and Burris, 1978). This 

modifying group has since been more precisely defined as 

adenosine diphosphoribose (Pope et al., 1985).

The modifying group on the Fe protein has been shown to 

explain the need for activating enzyme for R. rubrum 

nitrogenase. The modified enzyme is inactive, and the 

activating enzyme serves to remove at least a portion 

(Ludden and Burris, 1979) and probably all (Kanemoto and 

Ludden, 1984) of the modifying group, thus making the 

nitrogenase complex functional. The modification is
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reversible, and thus a switching on and off in response to 

stimuli is possible. Both ammonia and darkness were shown 

to inactivate nitrogenase by modification of the Fe protein, 

and removal of ammonia, or exposure to light, allowed 

activation (Kanemoto and Ludden, 1984). It was suggested 

(Kanemoto and Ludden, 1984) that this dark inactivation is 

responsible for the inactivity of the enzyme in vitro, since 

harvesting of cells for preparation of the enzyme is done 

without illumination of cells.

Although the activating enzyme is present in cells 

grown on ammonia, glutamate or N2 (Ludden and Burris, 1976), 

the enzymes required for modification are apparently only 

made in cells grown on glutamate or N2, since it is only 

from these cells that modified enzyme is isolated. Cells 

grown on limiting ammonia and allowed to exhaust their 

supply of ammonia, produce nitrogenase that is active in 

vitro without needing activating enzyme (Carithers et al., 

1979; Ludden et al., 1982).

This reversible inhibition of nitrogenase activity by 

modification of the Fe protein, though most extensively 

studied in R. rubrum, has been observed in all 

photosynthetic bacteria tested (Zumft and Castillo, 1978, 

Rhodopseudomonas palustris; Jones and Monty, 1979, 

Rhodobacter sphaeroides; Hallenbeck et al., 1982, 

Rhodobacter capsulatus). Other than this characteristic of 

nitrogenase from photosynthetic bacteria, the enzyme from 

these organisms is similar to nitrogenase from other groups 

of nitrogen fixing organisms (Ludden and Burris, 1978;
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Hallenbeck et al., 1982).

B. Genetics in the photosynthetic bacteria

The versatility of the photosynthetic bacteria 

(Rhodospirillaceae) with respect to growth mode makes them 

valuable subjects for genetic study. Mutants can be 

isolated that are unable to grow under one condition (for 

example photosynthesis mutants), but that can be maintained 

under the alternative condition (aerobic respiration). Thus, 

the pathways of photosynthetic and aerobic growth, as well 

as nitrogen metabolism, can be studied using conditional 

lethal mutants. Such mutants have typically been isolated by 

ultraviolet irradiation or chemical mutagenesis with EMS or 

NTG (for review, see Saunders, 1978).

With mutants available, the next requirement for 

genetic studies is a genetic exchange system. Among the 

Rhodospirillaceae, the first report of a genetic exchange 

system was that of the Gene Transfer Agent (GTA) of 

Rhodobacter capsulatus (Marrs, 1974). GTA is a small, 

phage-like particle which randomly packages DNA from the R. 

capsulatus chromosome (Yen et al., 1979), as well as from 

plasmids (Hu and Marrs, 1979). The size of the DNA packaged 

is 4600 bp, enough for about five genes. Once packaged into 

GTA heads, the DNA can be transferred to another R. 

capsulatus strain, where all or part of the DNA can be 

incorporated into the host chromosome by homologous 

recombination. Using GTA transduction, it is possible to 

construct new strains of R. capsulatus with the desired
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combinations of genetic markers, and also to determine fine 

structure linkage between different markers (Taylor et al., 

1983). Linkage can be demonstrated for genetic markers of 

the same phenotype up to 2700 bp apart (Wall and Braddock, 

1984).

Of the species of photosynthetic bacteria tested, only 

R. capsulatus was able either to produce or receive GTA 

(Wall et al., 1975a), making it the only member of the 

Rhodospirillaceae in which a fine structure mapping tool is 

available. GTA has so far been used in mapping 

photosynthesis genes (Yen and Marrs, 1976) and nitrogen 

fixation genes (Wall and Braddock, 1984; Wall et al., 1984). 

Conjugational transfer has more widespread utility 

among the photosynthetic bacteria than does GTA, with such 

transfer being reported in a number of species. The first 

report of conjugation in the photosynthetic bacteria was 

presented by Sistrom (1977). The plasmid R68.45 was 

transferred from Pseudomonas aeruginosa to Rhodobacter 

sphaeroides, where its presence was selected for by 

requiring neomycin resistance. Once R68.45 was introduced 

into R. sphaeroides, it could be transferred to other 

strains of R. sphaeroides, and could also transfer 

chromosomal DNA from one strain to another. This chromosome 

mobilizing ability, which allowed Sistrom to demonstrate 

linkage among several genetic markers in R. sphaeroides, is 

proposed to be due to a tandem duplication of IS21 in the 

plasmid which allows the formation of a cointegrate between 

the plasmid and the chromosome. The sight of cointegrate
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formation is probably also the origin of transfer of the 

chromosome during conjugation. Since cointegrate formation 

can occur at various sites, there can be different origins 

of transfer in conjugations (Riess et al., 1980; Willetts et 

al., 1981).

Another chromosome mobilizing plasmid, RPl::Tn501, was 

described by Pemberton and Bowen (1981), who used this 

plasmid to provide a more extensive genetic map of R. 

sphaeroides, which included a cluster of photosynthesis 

genes and several amino acid biosynthesis genes. Since this 

plasmid contains no duplications, as does R68.45, it is 

suggested that the chromosome mobilizing ability is due to 

the presence of the transposon, Tn501.

In R. capsulatus, the plasmid pBLM2 was isolated as a 

chromosome mobilizing derivative of RP1 (Marrs, 1981). Since 

RP1 has been shown by heteroduplex experiments to be 

identical to R68 (Burkhardt et al., 1979), from which R68.45 

was derived, it is very likely that pBLM2 and R68.45 are 

very similar, if not identical, to each other. pBLM2 has 

been used by Marrs (1981) to map the genes in the 

photosynthesis region in R. capsulatus, and to construct R- 

prime plasmids containing these genes. pBLM2 was also able 

to mobilize all of the other markers tested, and to mobilize 

the chromosome from several origins of transfer. The size of 

the DNA fragment transferred by pBLM2 is not known, but 

one of the R primes isolated by Marrs (1981) carries 55 kb 

of R. capsulatus DNA, which is considerably larger than that
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transferred by GTA. Thus, in R. capsulatus there are tools 

for both fine structure and large scale genetic mapping.

Willison et al. (1985) have used plasmid pTHlO, a 

temperature sensitive derivative of RP1, as a chromosome 

mobilizing vector in R. capsulatus♦ In E. coli, pTHlO is 

temperature sensitive for maintenance, so at high 

temperature, selection for kanamycin or tetracycline 

resistance forces integration of the plasmid into the 

chromosome. A strain with such an integrated plasmid 

functions as an Hfr strain, mobilizing the E. coli 

chromosome from the point at which the plasmid integrates. 

In R. capsulatus, however, pTHlO is not temperature 

sensitive, but it does act as a chromosome mobilizing 

plasmid. The means by which this plasmid mobilizes R. 

capsulatus chromosome is unknown. Willison et al. (1985) 

have used pTHlO, along with GTA, to map nif genes in R.* 

capsulatus, as will be discussed in the next section.

Genetic transformation of the photosynthetic bacteria 

has experienced only limited success. Jasper et al. (1978) 

and Tucker and Pemberton (1980) reported transformation of 

R. capsulatus and R. sphaeroides, respectively. In both 

cases, however, transformation was limited to a single DNA 

vector. In 1982, Fornari and Kaplan succeeded in 

transforming several strains of R. sphaeroides with a number 

of different plasmids. Since this report, however, no 

published work has made use of this technology.

Recently, molecular biological techniques have become 

available and have been used to study the genetics of both
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photosynthesis and nitrogen fixation in R. capsulatus. 

Taylor et al. (1983) cloned fragments of the photosynthesis 

gene region and used these fragments, in conjunction with 

GTA and conjugational mapping data, to establish a physical 

map of the region. The physical map distances thus 

determined correlate well with the genetic map distances 

previously calculated from GTA transduction. The use of 

molecular biology to study nitrogen fixation in the 

photosynthetic bacteria has included isolation of nif 

structural genes by hybridization to a Klebsiella nif gene 

probe (Scolnik and Haselkorn, 1984) and isolation of other 

nif genes by complementation of nif~ mutants with clones 

from a cosmid library of R. capsulatus (Avtges et al., 

1985). The study of genetics of nitrogen fixation in R. 

capsulatus will be discussed in more detail in section IIC.

C. Genetics and regulation of nitrogen fixation in 
photosynthetic bacteria

Since R. capsulatus is the only member of the 

Rhodospirillaceae in which a reliable genetic system had 

been established, it was the species first selected for 

genetic studies of nitrogen fixation in this family. Wall 

et al. (1975b) first described nitrogen fixation (Nif~) 

mutants in this organism, and demonstrated the ability of 

such mutations to be corrected by genetic transfer via GTA 

from wild-type cells. Then, Wall and Braddock (1984) 

reported the isolation and genetic mapping of eleven Nif- 

mutants. Mutant isolation was accomplished by ultraviolet 

irradiation or by EMS mutagenesis of wild type cells. The
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mutagenized cells were then allowed to grow on ammonium- 

containing medium, followed by penicillin enrichment in 

medium lacking ammonium, under nitrogen fixing growth 

conditions. The N i f  phenotype was thus identified as an 

inability to grow with N2 as the only nitrogen source. The 

eleven N i f  mutants obtained were mapped by GTA into five 

linkage groups (I-V), each containing from one to four 

mutations.

Subsequently, a sixth linkage group (VI) was identified 

by Wall et al♦ (1984). The mutants in this group were 

isolated without mutagenesis. These spontaneous mutants 

were selected for by growth under nitrogenase derepressing 

conditions (anaerobic growth in the light, with glutamate as 

the sole nitrogen source). Under such growth conditions in 

the absence of N2, cultures generate large amounts of 

hydrogen gas from the reduction of protons by the 

nitrogenase enzyme (Hillmer and Gest, 1977). Selection for 

N i f  mutants under derepressing conditions was based on the 

assumption that such hydrogen generation was an energy drain 

on the cell and provided little or no benefit. Thus, 

spontaneously arising N i f  mutants would have a growth 

advantage and overtake wild-type cells in a culture. After 

repeated sub-culturing on de-repressing medium, N i f  mutants 

accumulated to over 95% of the culture. Although several 

different mutations were isolated in this way, most of them 

were found by GTA mapping to be tightly linked to each other 

and unlinked to any of the previously mapped mutations.
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These mutants were found to be lacking all three of the 

nitrogenase polypeptides and thus were proposed to contain 

mutations in a regulatory gene for nitrogen fixation.

The mutations reported by Wall and Braddock (1984) and 

Wall et al. (1984) were thus mapped into six fine structure 

linkage groups whose overall orientation on the chromosome 

could not be determined by GTA. Since those reports, 

conjugational mapping systems have been developed for use in 

R. capsulatus (see section IIB.) and have been applied to 

the study of the genetics of nitrogen fixation in this 

organism. The chromosome mobilizing plasmid pBLM2 has been 

used in the work reported here to map the six nif linkage 

groups described by Wall et al. (1984) and Wall and Braddock 

(1984); since this work is described in detail in subsequent 

chapters, it will not be discussed here.

Willison et al. (1985) used the plasmid pTHlO and GTA 

to map a collection of N i f  mutants, some of which were 

spontaneous and others generated by mutagenesis with NTG 

(Willison and Vignais, 1982). Mutations were found to lie 

in four regions on a circular map of the R. capsulatus 

chromosome. The structural genes, nifH, D and K, were found 

to be located near a nifA-like (regulatory) gene (probably 

the same gene that is altered in the spontaneous mutants of 

Wall et al., 1984). A second region contains nif genes and 

ntr-like genes, near the structural gene for glutamine 

synthetase (glnA). Mutants in a third group are like the 

nifQ mutants of Klebsiella in being affected in the 

incorporation of molybdenum into the MoFe protein. In the
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fourth region are mutants proposed to be affected in the

synthesis or stability of the nitrogenase proteins. This 

scattering of nif genes around the chromosome is clearly 

different from the arrangement in Klebsiella.

The great structural and functional similarities among 

nitrogenase enzymes from different organisms suggested that 

conservation of sequence would also be seen at the DNA 

level. Ruvkun and Ausubel (1980) found this to be the case 

in nineteen out of nineteen nitrogen-fixing organisms 

tested, including R. capsulatus. This homology among nif 

genes from different organisms was restricted to the 

structural genes for the nitrogenase polypeptides.

Avtges et al. (1983) took advantage of this homology to 

provide a physical map of the nifH, D and K genes of R. 

capsulatus. An 11.8 Kbp fragment of R. capsulatus 

chromosomal DNA was found to hybridize to a clone containing 

the nifH, D and K genes from Klebsiella. This 11.8 Kbp 

fragment was cloned, and smaller fragments from within it 

were tested for hybridization to the individual nifH, D and 

K genes. By transposon mutagenesis of the 11.8 Kbp 

fragment, followed by complementation testing with some of 

the mutants identified by Wall and Braddock (1984), Avtges 

et al. (1983) were able to correlate the genetic and 

physical maps of this region. In this way, it was 

determined that the nifH, D and K genes of R. capsulatus are 

arranged in the same order and proximity as those of 

Klebsiella.
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In 1985, Avtges et al. used a cosmid library of R. 

capsulatus DNA to isolate nif genes by complementation of 

Nif“ mutants. The mutants used for this study represented 

five of the six GTA linkage groups described by Wall et al. 

(1984) and Wall and Braddock (1984), plus one additional 

linkage group. Six different clones were isolated, and it 

was determined that GTA linkage groups I and II were linked, 

and that groups IV and VI were linked. These linkages were 

determined by identifying overlapping restriction fragments 

common to two clones.

Avtges et al. (1985) then mutagenized the cloned nif 

DNA fragments with transposon Tn5, and introduced the new 

mutations into the R. capsulatus chromosome by homologous 

recombination, in order to identify additional nif genes 

near the original mutations. In all, they propose the 

presence, in R. capsulatus, of sixteen nif genes in four 

separate chromosomal locations. Like Willison et al. (1985), 

they found the structural genes (GTA group IV) located near 

a nif A-like gene (group VI). There was another regulatory 

region identified, containing GTA group III, with at least 

three genes. A third region contained up to eight nif genes 

(including those of GTA groups I and II), and a fourth 

region, no longer than 1 Kbp, was identified as having one 

gene. It was determined that for three of these regions, nif 

genes were interspersed with non-nif DNA, indicating that, 

in agreement with Willison et al. (1985), the arrangement of 

nif genes in R. capsulatus is quite different from that in 

Klebsiella.
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Klipp et al. (1988) have reported the finding of nif 

genes in three regions of the R. capsulatus chromosome. 

Region A contains DNA sequences which hybridize to nifA, B, 

E and S sequences from K. pneumoniae, as well as other nif 

DNA not found to hybridize to K. pneumoniae nif clones. 

Region B contains the nifHDK operon and another copy of 

sequences hybridizing to nifAB. The nifA-like gene, 

reported by Ahombo et al. (1986) and Avtges et al. (1985) to 

be contiguous with the nifHDK operon, is proposed to lie 

between nifK and this copy of the sequence that hybridizes 

to nifA. Region C contains genes that are suggested to be 

the same as those identified by Kranz and Haselkorn (1985) 

as nif regulatory genes (see below). As in the reports by 

Willison et al. (1985) and Avtges et al. (1985), these 

regions of nif DNA are flanked by regions of non-nif DNA, 

again supporting the suggestion that the nif genes of R. 

capsulatus are found in several clusters around the 

chromosome.

Studies of regulation of nif gene expression in R. 

capsulatus have also revealed differences between this 

organism and K. pneumoniae. These studies have relied on 

the use of lac gene fusions, with the fusion of an R. 

capsulatus nif gene promoter to the structural gene for B- 

galactosidase (in the lacZYA operon). A fusion of the nifH 

promoter to the lacZ gene was used by Kranz and Haselkorn 

(1985) to identify regulatory mutants affecting nitrogen 

fixation. A plasmid containing the nifH::lac fusion was
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introduced into a number of mutant strains, and B- 

galactosidase activity was measured. Strains with 

regulatory mutations were defined as those which could not 

express B-galactosidase activity from the nifH promoter, and 

those with mutations not involved in the regulation of nif 

gene expression were those with wild-type levels of B- 

galactosidase. These studies confirmed the previous 

suggestions (Wall et al., 1984; Wall and Braddock, 1984) 

that nif-100 (group VI) and nif-61 (group III) are 

regulatory mutations. In addition, seven other mutations, 

defining a total of four genes, were found to be regulatory. 

The gene atered by nif-100 was named nifR4, and that 

altered by nif-61 was named nifRI. The two additional 

genes, linked to nifRl, are nifR2 and nifR3.

The DNA fragment which complements J61 was found to 

hybridize to the ntrC gene of E. coli (Kranz and Haselkorn, 

1985, although J61 does not exhibit a typical NtrC 

phenotype. Thus far, the only functions that appear to be 

altered in this mutant are nitrogen fixation (Wall and 

Braddock, 1984) and methylammonium transport (Rapp et al., 

1986). The other regulatory genes described in this report 

(Kranz and Haselkorn, 1985) were not found to hybridize to 

ntrC, ntrA or nifA DNA, and they all exhibit an Ntr+ 

phenotype. Thus, all of the regulatory genes so far 

identified in R. capsulatus are specific for the expression 

of nif genes, with the exception that nif-61 also affects 

methylammonium transport. The presence of so many genes 

affecting nif expression, and the failure to find ntr-like
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genes, makes the regulation of nitrogen metabolism in R. 

capsulatus different from that in K. pneumoniae. It may be, 

however, that the search for Ntr-type mutants of R. 

capsulatus has not been extensive enough to uncover such 

genes.

The nifH::lac fusion was later used to isolate a group 

of nif-constitutive mutants, and to study the regulation of 

nif genes by oxygen and ammonia (Kranz and Haselkorn, 1986). 

Two classes of mutants were looked for in this study, those 

mutants which express nitrogenase even in the presence of 

ammonia, and those which express nitrogenase in the presence 

of oxygen. Only the ammonia-constitutive mutants were 

found, and these were still sensitive to oxygen. This 

suggests that ammonia and oxygen exert their control through 

different mechanisms. These investigators further suggested 

that the control of nif gene expression by oxygen is 

mediated by DNA conformation, as determined by the actions 

of DNA gyrase and DNA topoisomerase I. DNA gyrase 

inhibitors, novobiocin and coumermycin, were found to mimick 

the effects of oxygen, both in wild-type cells and in the 

ammonia-constitutive cells. Photosynthesis genes, which are 

also repressed by oxygen in R. capsulatus, were also 

repressed by novobiocin in anaerobic growth conditions. 

These authors cite other instances in which anaerobiosis is 

correlated with high DNA gyrase activity, and aerobiosis is 

correlated with high topoisomerase activity and more relaxed 

DNA (Yamamoto and Droffner, 1985). They thus concluded that
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DNA conformation is important in regulating gene expression, 

including nif genes, in response to oxygen, and that, 

specifically, negative supercoiling is required for 

expression. Kranz and Haselkorn (1986) also found that 

nitrogenase in K. pneumoniae was affected in a similar way 

by coumermycin, suggesting that these two organisms may be 

controlled in the same way by oxygen.

D. Ammonium Transport by Photosynthetic Bacteria 

Ammonium transport has been reported for several 

photosynthetic bacteria, with ammonia repression reported 

for all those tested (Kleiner, 1985a). In both R. 

sphaeroides (Cordts and Gibson, 1987) and R. capsulatus 

(Rapp et al., 1986) two transport systems have been 

proposed. One system can transport both ammonium and 

methylammonium and is repressed by growth on ammonium. The 

other is ammonium-specific (does not transport 

methylammonium) and is not repressed by ammonium. Wall et 

al. (1985) reported that the methylammonium transport system 

in R. capsulatus is not expressed in a proposed NtrC mutant, 

in which nitrogen fixation is the only other function found 

so far to be lacking. The findings that methylammonium 

transport is repressed by ammonium and that it is absent 

from the NtrC-like mutant suggest that this activity is 

under a generalized nitrogen control system in R. 

capsulatus, even if this control system is somewhat 

different from the Ntr system of enteric bacteria.
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Chapter 2. Mapping nif genes of Rhodobacter capsulatus

In contrast to Klebsiella pneumoniae, in which the nif 

genes are arranged in a single cluster of 17 genes (Dixon, 

1984), some of the nif genes in Rhodobacter capsulatus have 

been shown by fine structure mapping to lie in seven linkage 

groups (Wall and Braddock, 1984; Wall et al., 1984; 

unpublished data). These linkage groups have been defined 

by transduction with gene transfer agent (GTA), which 

packages 4.6 kbp of DNA (Yen et al., 1979). With this 

phage-like particle, linkage can be confidently demonstrated 

for chromosomal markers of the same phenotype, at distances 

up to 2.7 kb apart (Wall and Braddock, 1984). Thus, the 

seven linkage groups so far identified are each spaced at 

least 2.7 kb apart from each other on the chromosome. In 

the work reported here, the chromosome mobilizing plasmid 

pBLM2, which mobilizes larger segments of DNA than does GTA, 

has been used to examine linkage of genetic markers on a 

larger scale than is possible with GTA.

The plasmid pBLM2 was isolated by Marrs (1981) as a 

derivative of pLM2 (a derivative of RP1) which had gained 

the ability to mobilize chromosomal DNA of R. capsulata at a 

high frequency. pBLM2 contains a tandem repeat of an 

insertion element, IS21 (Youvan et al., 1982), which is 

presumed to be responsible for the plasmid's ability to 

mobilize chromosomal DNA (Reiss et al., 1980). Marrs used 

pBLM2 to map the region of the R. capsulatus chromosome
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coding for the photosynthesis functions and to generate an R 

prime containing these genes. It has been used here to help 

discern the arrangement of the nif genes, relative to each 

other and to other markers, on the R. capsulatus chromosome.
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METHODS

Bacterial Strains are listed in Tables 1, 2 and 3. 

Media and culture conditions: Minimal medium for R. 

capsulatus was RCV (Wall et al., 1977), containing 7.5 mM 

(NH4)2SO4 as nitrogen source and 30 mM DL-malate as carbon 

source. Thiamine was the only vitamin supplement. For 

detection of Nif- phenotype, (NH4)2SO4 was omitted, and an 

anaerobic atmosphere containing N2 was provided. Rich 

medium was YPS, containing 0.3% (wt/vol) yeast extract 

(Difco), 0.3% (wt/vol) Bacto-Peptone (Difco), 2 mM CaC12 and 

2 mM MgSO4. G buffer was 10 mM Tris (pH 7.8), 1 mM MgC12, 1 

mM CaC12 and 1 mM NaCl. For soft agar, 0.8% (wt/vol) Bacto 

agar (Difco) was added to G buffer. E. coli was grown in LC 

broth, containing, per liter, 10 g Bacto-Tryptone (Difco), 5 

g yeast extract (Difco) and 5 g NaCl. For solidified medium, 

1.5% (wt/vol) Bacto agar (Difco) was added.

R. capsulatus auxotrophs were grown in RCV or YPS, 

supplemented with the appropriate L-amino acid(s) or 

nucleoside, at the indicated concentration: 0.5 mM 

adenosine; 0.3 mM leucine; 0.3 mM isoleucine; 0.3 mM valine; 

0.6 mM arginine; 0.1 mM tryptophan; 10 mM glutamine; 0.15 mM 

histidine. Antibiotic concentrations per ml were 10 ug 

kanamycin, 80 ug rifampicin and 40 ug streptomycin for R. 

capsulatus. For E. coli, 50 ug kanamycin was used. Stock 

solutions of amino acids, purines and antibiotics were made 

in water and filter sterilized, except that rifampicin was 

dissolved in dimethyl sulfoxide.
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Table 1. Bacterial Strains.

Strain Genotype Source

R. capsulatus:

B100 Wild-type Hillmer and Gest (1977)

JG81 glnA rif-1 Wall and Gest (1979);
Scolnik et al. (1983)

PLB11 trp-1 rif-1 P. Bruno (unpublished)

J43 nif-43 Wall and Braddock (1984)

J58 nif-58 Wall and Braddock (1984)

J60 nif-60 Wall and Braddock (1984)

J61 nif-61 Wall and Braddock (1984)

J62 nif-62 Wall and Braddock (1984)

PAI nif-301 rif-2 Avtges et al. (1983)

PA2 nif-300 rif-2 Avtges et al. (1983)

PA3 nif-303 rif-2 Avtges et al. (1983)

PA4 nif-304 rif-2 Avtges et al. (1983)

LJ1 nif-100 str-1 Wall et al. (1984)

Wil nit-1 Wall et al. (1977)

DI str-1 Spontaneous Strr
derivative of BIO

JI rif-1 Spontaneous Rifr
derivative of BIO

J50 his-1 After EMS mutagenesis
of BIO

J432 nif-43 str-1 By GTA transduction of
J43 from DI

J582 nif-58 str-1 By GTA transduction of
J58 from DI

J602 nif-60 str-1 By GTA transduction of
J60 from DI

J612 nif-61 str-1 By GTA transduction of
J61 from DI

J622 nif-62 str-1 By GTA transduction of
J62 from DI
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Table 1. Bacterial Strains, continued.

Strain Genotype Source

R. capsulatus:

PAI 2 nif-301 str-1 rif-2 By GTA transduction 
PAI from DI

of

PA22 nif-300 str-1 rif-2 By GTA transduction 
PA2 from DI

of

J4325 nif-43 str-1 his-1 By GTA transduction 
J43 from DI and

of
J50

J5825 nif-58 str-1 his-1 By GTA transduction 
J58 from DI and

of 
J50

J6025 nif-60 str-1 his-1 By GTA transduction 
J60 from DI and

of 
J50

J6125 nif-61 str-1 his-1 By GTA transduction 
J61 from DI and

of 
J50

J6225 nif-62 str-1 his-1 By GTA transduction 
J62 from DI and

of
J50

PA225 nif-300 str-1 his-1 By GTA transduction
J50 from DI and

of
PA2

LJ15 nif-100 str-1 his-1 By GTA transduction 
LJ1 from J50

of

E. coli:

BEC302 HB101(pBLM2)Kmr Marrs (1981)
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Table 2. Auxotrophic mutants of R. capsulatus♦

Auxotroph Rifr Transductional Auxotrophy
Derivative Linkage Group

AG201 AG2011 LeuA Leucine
AG202 AG2021 LeuA Leucine
AG203 AG2031 LeuB Leucine
AG204 AG2041 LeuC Leucine
AG205 AG2051 LeuA Leucine
AG206 AG2061 LeuB Leucine
AG207 AG2071 LeuB Leucine
AG208 AG2081 LeuA Leucine
AG209 AG2091 LeuB Leucine
AG211 AG2111 IlvA Isoleucine/Valine
AG212 AG2121 IlvB Isoleucine/Valine
AG213 AG2131 IlvC Isoleucine/Valine
AG231 AG2311 ArgA Arginine
AG241 AG2411 AdeA Adenosine
AG242 AG2421 AdeB Adenosine
AG243 AG2431 AdeC Adenosine

Table 3. Conjugational Donors.

Donor* nif mutation GTA nif linkage 
group

J4325(pBLM2) nif-43 I
J5825(pBLM2) nif-58 V
J6025(pBLM2) nif-60 IV
J6125(pBLM2) nif-61 III
J6225(pBLM2) ' nif-62 II
PA225(pBLM2) nif-300 VII
LJ15(pBLM2) nif-100 VI

All donors are His“Strr
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R. capsulatus liquid cultures were grown anaerobically 

in the light (photosynthetic growth conditions). Screw­

capped, 17 ml tubes were filled to capacity and placed in a 

glass-sided water bath, at 30-32°C, illuminated with a bank 

of three 60 W Lumiline incandescent lamps (ca. 6000 lx.). 

Plates were incubated either aerobically in darkness at 30­

32°C, or anaerobically in the light in GasPak jars (Becton 

Dickinson and Co., Cockeysville, MD.), with a GasPak H2 + 

CO2 generator that provided an atmosphere of N2, CO2 and H2. 

E. coli was grown aerobically at 30-37°C, in liquid in a 

shaking water bath or on plates. 

Isolation and identification of auxotrophic mutants of R. 

capsulatus: The wild type strain, B100, was mutagenized with 

ethylmethane sulfonate (EMS) by the procedure of Meynell and 

Meynell (1965). Mutagenized cells were grown in rich medium 

(YPS), followed by penicillin enrichment in minimal medium 

as follows: Mutagenized cells were centrifuged (20,000xg, 15 

min, 4°C) and then resuspended in a small volume of minimal 

medium (RCV). These cells were used to inoculate a 17 ml 

screw-capped tube of RCV, to a cell density that was just 

barely visible. This culture was then incubated 

photosynthetically for 90 to 120 min. Penicillin G (Parke, 

Davis & Co., Inc.) was then added to 10 U/ml, and the 

culture incubated photosynthetically for another 90 min. 

These penicillin-treated cells were then centrifuged 

(20,000xg, 10 min, 4°C) and resuspended in 1 ml sterile 

water, followed by dilution with 1 ml RCV medium.

42



Penicillinase was added at 100 U/ml, and this mixture was 

incubated aerobically in darkness at 35°C for 30 min. These 

cells were then used to inoculate a tube of YPS and allowed 

to grow photosynthetically to early stationary phase. Two 

to three rounds of penicillin treatment were used for each 

enrichment. After each enrichment, cells were diluted and 

spread on RCV plates to which 0.01% (wt/vol) casamino acids 

were added. Small colonies on these plates were then tested 

for growth on RCV and YPS. Colonies that grew only on YPS 

were considered to be potential auxotrophs, and were tested 

by "auxanography" (Davis et al., 1980) to determine their 

phenotypes.

Genetic analysis by Gene Transfer Agent: Auxotrophs of the 

same phenotype were tested for identical mutations by 

transduction with GTA. Cells were grown photosynthetically 

in permissive medium to early stationary phase; equal 

volumes of two cultures were mixed, and one drop of 0.2 ml 

of each mixture was put on an unsupplemented RCV plate. 

These spots were allowed to dry, and the plates incubated at 

30°C aerobically for 4 h. Cells were then spread with 0.2 ml 

G buffer, and plates were again incubated at 30°C 

aerobically, until colonies appeared (3-4 days). If two 

mutants contained the same mutation, then gene transfer 

between the two did not result in any prototrophic 

recombinants, and no colonies appeared on minimal medium. If 

the two mutants contained mutations at different sites, 

prototrophic recombinants appeared as colonies on RCV. In 

all cases, GTA cross plates were compared to control plates
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containing only a single mutant strain, to check for 

revertants. Duplicates of a single mutation were discarded. 

A rifampicin resistant derivative of each of the remaining 

auxotrophs was isolated by transduction of the rif-1 allele 

from JI (a spontaneously rifampicin resistant derivative of 

B100) by GTA.

Mutants of the same phenotype, but found by the above 

test to contain different mutations, were analyzed by GTA to 

determine genetic linkage of their mutations. Gene transfer 

was accomplished essentially as described by Solioz et al. 

(1975) and modified by Wall and Braddock (1984), except that 

the mixture of donor filtrate and recipient cells (0.1 ml 

filtrate, 0.1 ml cells and 0.4 ml G buffer with 0.5 mg 

bovine serum albumin/ml) was incubated for at least 90 min 

at 30°C. Donor cells were rifampicin resistant derivatives ' 

of the mutant being tested; recipients were rifampicin 

sensitive mutants of the same auxotrophic phenotype as the 

donor. Aliquots of 0.1 to 0.2 ml were then plated on 

minimal medium to select for prototrophic recombinants, and 

on YPS with subsequent addition of rifampicin to determine 

the efficiency of GTA transfer. A ratio of prototrophic 

recombinants to rifampicin resistant recombinants of less 

than 0.7 was considered to indicate linkage of the two 

auxotrophic markers, with smaller ratios indicating closer 

linkage (Wall and Braddock, 1984). 

Construction of Streptomycin-resistant derivatives of Nif~ 

strains: Streptomycin resistance (str-1) was transferred by
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GTA from the spontaneously streptomycin resistant strain DI. 

Construction of his~ derivatives: Histidine auxotrophy (his- 

1) was transferred by GTA from strain J50. GTA transfer was 

followed by penicillin enrichment for histidine auxotrophy, 

as described earlier under "Isolation and identification of 

auxotrophic mutants". 

Construction of R. capsulatus conjugational donors: The 

chromosome mobilizing plasmid pBLM2 was introduced into the 

R. capsulatus Nif“ mutants by conjugation with an E. coli 

donor, BEC302 (Marrs, 1981). Conjugations were performed 

essentially as in Marrs (1981). BEC302 was grown overnight 

in LC broth. The recipient, a Nif“His“Strr strain of R. 

capsulatus was grown overnight in RCV plus histidine, under 

photosynthetic growth conditions. The fully grown culture 

of BEC302 was diluted by IO-*- and 10^ in G buffer. Each 

dilution was mixed 1:1 with the fully grown R. capsulatus 

recipient. To this mixture, an equal volume of YPS liquid 

medium was added. Each mixture was then spotted (four 20 ul 

spots per plate) onto an RCV plate which had been dried 

slightly by being left overnight in a 30°C aerobic 

convection incubator. The spots were allowed to dry on the 

plates, and the plates were then incubated for 4 to 6 h, 

aerobically in darkness. After incubation, the spots were 

spread on the plates with 0.2 ml of G buffer. Kanamycin and 

histidine were added to the plates in a soft agar overlayer. 

The plates were then incubated aerobically for 3-4 days, 

until colonies appeared.

R. capsulatus colonies that grew on RCV plus histidine
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and kanamycin were potentially chromosome mobilizing donors. 

Ten colonies were picked and grown in separate tubes, 

photosynthetically, in RCV plus histidine. These were 

tested for chromosome mobilizing ability in conjugations 

with an adenosine auxotroph as a test strain, using the 

procedure described below for conjugational mapping. 

Strains that produced more than 100 rifampicin resistant, 

prototrophic colonies per 10^ recipients in a conjugation 

were chosen as donors and used in subsequent mapping 

conjugations. Among the ten putative donors tested for 

each strain, from one to seven could be expected to be 

donors at this frequency. 

Conjugational mapping: The donor strain (Nif“His“Strr , 

pBLM2-containing R. capsulatus) was grown photosynthetically 

in RCV plus histidine. The recipient strain (auxotrophic,. 

Rifr R. capsulatus) was grown photosynthetically in RCV or 

YPS, plus the required supplement. Equal volumes of early 

stationary phase donor and recipient cells were mixed and 

diluted 1:1 with YPS. This mixture was spotted on slightly 

dried RCV plates (four to ten 20 ul spots per plate). The 

spots were allowed to dry, and the plates then incubated 

aerobically for 4-6 hrs. After incubation, the spots were 

spread with 0.2 ml G buffer, and kanamycin and rifampicin 

were added in a soft agar overlayer, to these plates 

containing minimal medium. The plates were then incubated 

aerobically until colonies appeared (4-5 days).

Exconjugants were thus selected for by requiring
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prototrophy, kanamycin resistance, and rifampicin 

resistance. Thus, both donors and recipients were selected 

against with two markers each: donors were His“ and 

rifampicin-sensitive, and recipients were auxotrophic and 

kanamycin-sensitive. This double selection against each 

strain was required because of the activity of GTA under the 

same conditions in which conjugations were carried out. That 

is, if only one marker had been used to select against a 

strain, that marker may have been transferred by GTA, with 

no conjugation being required. Such interference by GTA 

would have prevented the observation of any large-scale 

linkage, which was the goal of this work.

Colonies that grew on these plates were then checked to 

determine their Nif phenotype by replica plating onto RCV 

medium with and without ammonium and incubating 

photosynthetically under dinitrogen. They were also replica 

plated onto streptomycin-containing plates to confirm that 

the exconjugants were streptomycin-sensitive recipients, 

rather than the resistant donors.
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RESULTS

A collection of nif mutations has previously been 

mapped into six groups using the fine structure mapping 

tool, gene transfer agent (GTA) (Wall and Braddock, 1984; 

Wall et al., 1984). In order to determine the overall 

chromosomal arrangement of the fine-structure linkage 

groups, auxotrophic mutants were isolated for use as 

recipients in conjugations with Nif- donors. Using a 

chromosome mobilizing conjugal plasmid in Nif- donors, 

linkage between auxotrophic and nif mutations could be 

identified on a larger scale than is possible with GTA. 

Conjugational linkage of two nif mutations to a single 

auxotrophic marker was used to indicate linkage of the two 

nif mutations to each other. Linkage of two nif mutations 

to two or more common auxotrophic markers suggests the 

possibility of even closer linkage than that suggested by 

linkage of the two nif mutations to a single auxotrophic 

marker.

The auxotrophs isolated, identified and found to 

contain distinct mutations are listed in Table 2. Rifampicin 

resistant derivatives of each auxotroph are also listed. 

Nine leucine auxotrophs, three isoleucine/valine auxotrophs, 

three adenosine auxotrophs and one arginine auxotroph were 

isolated. A tryptophan auxotroph, isolated by P. L. Bruno 

(unpublished), and a glutamine auxotroph, described by Wall 

and Gest (1979), were also used in conjugational mapping 

experiments.

The fine-structure mapping tool, gene transfer agent
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(GTA) was used to identify linkage among auxotrophs of like 

phenotype, as well as several Nif“ mutants not previously 

mapped by GTA. GTA carries out a generalized transduction, 

packaging 4600 bp pieces of DNA, and can be used for 

demonstrating linkage between mutations of the same 

phenotype up to 2700 bp apart (Wall and Braddock, 1984), 

by the prototroph reduction test. Prototroph reduction 

refers to the decrease in numbers of prototrophic 

recombinants that are obtained in a cross between two 

mutants if the two mutations are linked closely enough to be 

co-transferred by the genetic vector, in this case, GTA. A 

mutant donor strain, carrying a mutation which is unlinked 

to the mutation in a recipient strain, will donate DNA which 

is wild-type for the mutation in the recipient strain. In 

this case, the number of prototrophs is the same as if a 

wild-type donor were used. However, if the mutations in the 

two strains are closely linked, then the donor DNA, which 

would restore prototrophy, would sometimes also contain the 

donor's mutation. Thus, recombination would introduce the 

donor mutation at the same time that it corrected the 

recipient's mutation, and the new strain would maintain the 

mutant phenotype. Compared to a wild-type donor, this 

mutant donor, whose mutation is closely linked to that of 

the recipient, would give fewer prototrophic transductants.

Since GTA production is variable from one experiment to 

another, an outside marker (usually antibiotic resistance) 

is used to provide a reference, to determine the number of
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recombinants that should occur for a single marker. Thus,

for every cross, an auxotrophic (or Nif), antibiotic­

resistant donor is crossed with an antibiotic-sensitive 

mutant of the same phenotype. The number of prototrophic 

transductants is compared to the number of antibiotic­

resistant transductants. For unlinked mutations, the ratio 

of prototrophs to antibiotic-resistant transductants is 

theoretically 1. For identical mutations, the ratio is 0, 

and for linked mutations, the ratio is between 0 and 1, with 

smaller numbers indicating closer linkage. Although the 

maximum ratio is theoretically 1, unlinked mutations often 

give ratios of up to 1.5. The reason for such high ratios 

is unknown, but it is assumed that these ratios indicate 

unlinked mutations.

GTA mapping data for the leucine auxotrophs are given 

in Table 4, and a linkage map derived from the data is shown 

in Figure 2. GTA linkage group LeuA contains mutations leu- 

1, 2, 5, 8 and 9; LeuB contains leu-3, 6 and 7, and LeuC 

contains only leu-4.

GTA linkage data for the isoleucine/valine markers are 

shown in Table 5. Two of the ilv markers (ilv-11 and 12) 

are in group IlvA, and a third unlinked marker (ilv-13) 

constitutes GTA group IlvB.

GTA data for the adenosine auxotrophs are shown in 

Table 6, and indicate that these three mutations (ade-41, 42 

and 43) are unlinked to each other by GTA.

The six nif linkage groups that were previously defined 

by GTA mapping are shown in Figure 3 (Wall and Braddock,
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Figure 2. Relative map distances of leucine 

mutations, derived form transduction data 

presented in Table 4.

52



leu-1 leu-8 leu-2 
H ----------------- 1--------1------------------

Leu A

l^u-3 leu-6 leu-7

LeuB

leu-5 leu-9 
— I--------I—

leu-4
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Table 5. GTA transductional analysis of 

isoleucine/valine auxotrophs.

DONORS

R
AG2111
ilv-11

AG2121
ilv-12

AG2131
ilv-13

r
c AG211 1100/5000 5400/5400
I ilv-11 (0.2) (1.0)

I AG212 700/3650 N.D.
E ilv-12 (0.2)

T AG213 3850/4700 1400/1400
S ilv-13 (0.8) (1.0)

Ratio of Ilv+ CFU to Rifr CFU.
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Table 6. GTA transductional analysis of 
* 

adenosine auxotrophs.

[
n
H
^
M

H
^
H
Q
M

5
«

DONORS

AG2411 AG2421 AG2431
ade-41 ade-42 ade-43

AG242
ade-42

1370/781 195/290
(1.8) (0.7)

AG243
ade-43

2060/1543 1450/320
(1.3) (4.5)

Ratio of Ade+ CFU to Rifr CFU.

55



Figure 3. GTA nif linkage groups I-VI. (from Wall 

et al., 1984 and Wall and Braddock, 

1984). One cm represents approximately 

150 bp DNA.
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1984; Wall et al., 1984). Avtges et al. (1983), have 

subsequently isolated several more Nif” mutants (PAI - 

PA4), for which the GTA mapping data are shown in Table 7. 

It was found that PA2 and PA4 contained identical mutations, 

as indicated by an inability to obtain Nif+ recombinants by 

GTA transfer between the two. The mutation in PAI was 

linked to nif-60, a member of nif linkage group IV (Wall and 

Braddock, 1984), which contains the structural genes for the 

nitrogenase complex, nifHDK (Avtges et al., 1983). The 

mutations in PA2 and PA3 were closely linked to each other, 

but were unlinked to any of the other previously identified 

groups. Additional mapping data (Wall and Love, unpublished) 

indicated that a third mutation, in strain Wil, is also 

linked to PA2. Wil contains a pleiotropic defect in nitrogen 

metabolism (Wall et al., 1977), a phenotype similar to that 

of PA2, which will be discussed in detail in Chapter 3. 

Thus, a seventh nif linkage group has been identified, 

containing the mutations in PA2, PA3, PA4 and Wil.

A representative of each of the seven nif linkage 

groups was selected for use in conjugational mapping, and a 

conjugational donor was constructed. A His“StrR derivative 

of each Nif mutant was constructed, and pBLM2, a chromosome 

mobilizing plasmid (Marrs, 1981), was introduced into each 

of these strains by conjugation with E. coli strain BEC302. 

These donor Nif” strains (listed in Table 3) were then 

conjugated with the auxotrophic, rifampicin-resistant 

strains, and co-transfer frequencies of the nif and
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auxotrophic markers in conjugations are shown in Table 8.

Satisfactory chromosome-mobilizing donors were 

constructed for only six of the seven strains for which this 

was attempted. Although pBLM2 could be maintained in J6225 

(nif-62, linkage group II), as indicated by kanamycin 

resistance, a chromosome-mobilizing donor was never 

obtained, although many attempts were made over several 

years’ time. When J6225(pBLM2) was conjugated with 

auxotrophs, exconjugants resulted that were prototrophic, 

rifampicin-resistant and kanamycin-resistant. However, none 

of these exconjugants were ever shown to be Nif. The 

reason for this failure to find linkage for nif-62 with any 

of the auxotrophs is unknown, but it may be a result of the 

double selections used in these conjugations against both 

donor and recipient. Perhaps the order of the markers used 

precluded the occurence of prototrophic, N i f  exconjugants. 

As a result, conjugational mapping data were only obtained 

for six of the seven groups attempted.

Linkage groups I and V were both shown to be linked by 

conjugation to several leucine markers, an isoleucine/valine 

marker and the arginine marker (Table 8). The co-transf’er 

frequencies of both nif mutations to each of these 

auxotrophic markers are about the same, suggesting close 

linkage of the two nif mutations to each other.

In another region of the chromosome, nif linkage groups 

IV and VI are linked to an adenosine marker, ade-41, and the 

tryptophan marker, trp-1, and more distantly to Leu-A (Table 

8). Group IV contains the nifH, D and K genes (Avtges et
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Table 8. Coinheritance of n i f  and auxotrophic markers."'

I

n if  Linkage Group

V IV VI I I I  VII

LeuA I 33/489
! (6.7%)
1

13/414 2/549 2/544 0/462 0/489
(3.2%) (0.4%) (0.4%)

1
LeuB 1 18/290

! (6.6%)
i i

4/300 3/333 0/300 2/286 0/300
(1.4%) (0.9%) (0.7%)

1
LeuC [ 0/110

i i i

0/100 0/100 0/92 0/100 0/178

i i
IlvA [ 22/290

J (7.6%)
i i

14/201 0/335 1/200 0/178 0/130
(7.0%) (0.5%)

IlvB ’ 0/56
i

0/116 ND 0/139 0/100 0/100

ArgA ! 2/86
! (2.0%)
i

1/94 0/100 0/94 0/100 0/170
(1.1%)

।
AdeA * 0/160

i i i i

0/100 103/287 72/193 0/100 0/188
(35%) (37%)

AdeB J 0/110
i i i

0/100 0/100 0/94 0/294 1/243

i i
AdeC ] 0/80

i

0/140 0/160 0/92 4/148 0/100
(2.7%)

।
TrpA ! 0/86

i i 
i

0/68 2/177 3/90 0/68 0/128
(1.1%) (3.3%)

glnA 1 0/106
1 1 11____________

2/120 0/100 0/72 26/100 95/111
(26%) (83%)

//Nif " / to t a l  number of exconjugants te s te d 
(% N if")
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al♦, 1983), and group VI contains a nifA-like regulatory 

gene which is required for expression of other nif genes in 

R. capsulatus (Wall et al., 1984).

A third nif gene region contains groups III and VII, 

both of which were shown to be linked by conjugation to the 

glnA gene, the structural gene for glutamine synthetase 

(Table 8). Linkage group III contains nif-61, a regulatory 

mutation which prevents synthesis of all three nitrogenase 

polypeptides (Wall and Braddock, 1984), and also interferes 

with methylammonium transport (Rapp et al.,1986)♦

This work has thus identified three regions of nif 

genes in R. capsulatus. One region contains GTA groups I 

and V, spanning a distance of at least 6.2 kb. GTA groups 

IV and VI, containing the nifHDK genes and a regulatory 

gene, are in another region covering at least another 6.5 

kb. The third region, including a minimum of 4.5 kb of DNA, 

contains linkage groups III and VII, containing a nif 

regulatory gene and a gene required for photosynthetic 

growth on organic nitrogen sources or N2. These minimum 

distances are based on GTA data from Wall and Braddock 

(1984), Wall et al. (1984) and this work.
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DISCUSSION

Although Klebsiella pneumoniae has served as the 

prototype in studying the arrangement of nif genes in 

diazotrophs, a survey of the literature reveals that there 

are many differences between these other organisms and K. 

pneumoniae♦ However, it is the similarities between the 

nifHDK genes of K. pneumoniae and those of other organisms, 

first reported by Ruvkun and Ausubel (1980) that has allowed 

these other organisms to be studied. The nifHDK gene 

cluster from K. pneumoniae was cloned, and this clone was 

used as a probe to identify and study the arrangement of 

these and other nif genes in other organisms.

So far, two species of Azotobacter, a genus of free- 

living bacteria, have come closest to having an arrangement 

of nif genes like that in K. pneumoniae (Beynon et al., 

1987; Kennedy et al., 1987). Both A. vinelandii and A. 

chroococcum have clusters of nif genes spanning about 25 kb 

of chromosomal DNA, with 12 and 10 genes identified, 

respectively, and with their orders closely matching the 

arrangement in K. pneumoniae♦ However, both of these 

organisms were also shown to have some nif genes away from 

this cluster.

Among other free-living, nitrogen-fixing organisms, the 

nitrogen-fixing cyanobacteria can be separated into two 

groups, those which have differentiated cells called 

heterocysts, where nitrogen-fixation occurs, and those which 

do not form heterocysts. In heterocyst forming species, the
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nifH, P and K genes in vegetative (non-heterocyst) cells are 

homologous to those of K. pneumoniae, but are arranged 

differently. In these cells, the nifD and H genes are 

together, but nifK is separate (Golden et al., 1985; Kallas 

et al., 1985). However, during heterocyst differentiation in 

Anabaena, the 11 kb of DNA which separates nifK from 

nifDH is excised, and the three genes are thus spliced 

together to form a nifHPK operon (Golden et al., 1985). In 

non-heterocyst forming, nitrogen-fixing cyanobacteria, nifH, 

P and K form a single operon in all cells (Kallas et al., 

1985). In Anabaena, the nifV and S genes also undergo 

rearrangements during heterocyst differentiation and 

are located near nifHPK (Golden et al., 1985). Other nif 

genes have not been identified in any of the cyanobacteria, 

so it is still too early to say whether the arrangement of 

nif genes in these bacteria will resemble that in K. 

pneumoniae♦

Other various arrangements of nif genes are found among 

the organisms which form symbiotic relationships with plants 

to form nitrogen-fixing root nodules. These include 

bacteria of the genera Rhizobium and Bradyrhizobium, as well 

the actinomycete Frankia. In many of these organisms, nif 

genes have been found on large plasmids (~200-200 kb; 

Prakash et al., 1981; Quinto et al., 1985; Hombrecher et 

al., 1981; Banfalvi et al, 1981; Simonet et al., 1986), and 

in some, nif genes were found both on plasmids and on the 

chromosome (Forrai et al., 1983). In some, the nifH, P and 

K genes form a single operon (Ruvkun et al., 1982; Scott et
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al., 1984), while in others the nifH gene is separated from 

nifDK (Kaluza et al., 1983; Fuhrmann et al., 1985; Fisher 

and Hennecke, 1984). In addition, one of these symbionts 

was reported to contain two copies of the nifHDK operon, and 

a third copy of the nifH gene alone, all located on a large 

plasmid (Quinto et al., 1985).

A free-living, nitrogen-fixing bacterium, Lignobacter, 

has also been reported to have all the genes necessary for 

nitrogen fixation on a plasmid (Derylo, 1981). One report 

has suggested that the location of nif genes on a plasmid or 

chromosome may be related to the organism's ecological niche 

(Vaisanen et al., 1985). Studying several strains of 

Enterobacter and Klebsiella (free-living bacteria), these 

investigators found that those strains capable of nitrogen 

fixation at atmospheric oxygen concentrations carried the 

nifHDK genes on a plasmid, while those requiring low oxygen 

tension for nitrogen fixation had nif genes located on the 

chromosome.

The information reported here and elsewhere indicates 

that the arrangement of nif genes in R. capsulatus is also 

different from that found in K. pneumoniae. In this work, 

GTA linkage groups I and V were found to be linked to each 

other based on their common linkage to LeuA, LeuB, IlvB and 

ArgA (Table 8). Avtges et al. (1985) reported linkage of 

groups I and II, based on overlapping restriction fragments 

of DNA complementing mutants in these groups. It is thus 

concluded that groups I, II and V reside in one region of
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the chromosome.

The nifA-like gene, in GTA group VI, was linked to the 

nifHDK genes of GTA linkage group IV, as indicated by the 

close linkage of both groups to AdeA, and more distant 

linkage to TrpA and LeuA (Table 8). This finding of close 

proximity between the nif structural genes and a nifA-like 

regulatory gene agrees with reports of Avtges et al. (1985), 

Willison et al. (1985), and Ahombo et al. (1986). Avtges et 

al. (1985) and Ahombo et al. (1986) based this conclusion on 

physical analyses of the DNA fragments containing these 

genes, and Willison et al. (1985) utilized conjugational and 

GTA mapping to analyze the arrangement of these genes. 

Although Willison et al. (1985) used a different collection 

of mutants for their work than those used in this work or in 

that of Avtges et al. (1985), the phenotypes, and now the 

mapping information suggest that their mutations are in the 

same genes as those studied here. Multiple copies of the R. 

capsulatus nifHDK genes were reported by Scolnik and 

Haselkorn (1984), but these sequences were later reported 

(Schumann et al., 1986) to be ribosomal RNA genes with 

homology to segments of the nif genes.

Klipp et al. (1988) found the nifHDK genes to be about 

2 kb away from sequences which hybridize to nifA and B 

sequences from K. pneumoniae. They propose that the nifA- 

like gene, found by Avtges et al. (1985) and Ahombo et al. 

(1986) to be linked to nifHDK, lies between nifK and the 

sequence homologous to the K. pneumoniae nifA. The nifA- 

like gene, which also is the gene in GTA group VI, is named
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nifR4 by Kranz and Haselkorn (1985). Klipp et al. (1988) 

thus suggest a gene order in R. capsulatus of nifHDK, nifR4, 

nifAB. These genes cover a distance of about 11 kb.

Klipp et al. (1988) also found a second copy of both 

nifA and B in another region of the chromosome, near 

sequences which hybridized to K. pneumoniae nifS and E 

genes. This region also contains other nif DNA, based on 

the Nif" phenotype of mutations in this region, but these 

genes were not characterized. This region spans about 27 

kb.

The third region of nif information found by the 

conjugational mapping reported here contains genes from 

groups III and VII. Both of these groups were linked to the 

glnA gene, which codes for glutamine synthetase (Table 8). 

Kranz and Haselkorn (1985) suggest that the gene altered by 

nif-61 (group III) is an ntrC-like gene, because it 

hybridizes to an ntrC gene from E. coli. They named this 

gene nifRl and also found two other nif regulatory genes in 

the same region, named nifR2 and nifR3. These three 

regulatory genes cover about 6kb (Kranz and Haselkorn, 

1985). Linkage group VII contains two genes which appear to 

be necessary for normal nitrogen metabolism, though they 

seem not to affect expression of nif genes (see Chapter 3). 

Willison et al. (1985) also reported a region of the 

chromosome in which glnA is linked to mutations which cause 

phenotypes similar to those of group VII. This region thus 

contains three nif regulatory genes, glnA, and two other
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genes involved in nitrogen metabolism.

The work presented here, together with that of Avtges 

et al. (1985), Klipp et al. (1988) and Willison et al. 

(1985), suggests an arrangement of nif genes in R. 

capsulatus that is quite different from that found in K. 

pneumoniae. In R. capsulatus, the nif genes are located in 

at least four regions of the chromosome. However, like the 

situation in K. pneumoniae, nif genes in R. capsulatus are 

found in clusters, with the nifH, D and K genes comprising a 

single operon, with their order and direction of 

transcription being the same as in K. pneumoniae (Avtges et 

al., 1983). Linked to this operon are two nif regulatory 

genes (nifRI and nifA) and nifB. This region, containing 

GTA groups IV and VI, corresponds to Region B of Klipp et 

al. (1988) and Region I of Willison et al. (1985).

In another region, the glnA gene of R. capsulatus is 

linked by conjugation to a nif regulatory region which Kranz 

and Haselkorn (1985) suggest contains an ntrC-like gene and 

two other nif regulatory genes. Although the linkage is not 

close enough to suggest an operon like the glnAntrBC operon 

of K. pneumoniae, it may represent the vestige of such an 

operon, or a nitrogen regulatory region in R. capsulatus. 

This region corresponds to Region C, defined by Klipp et al♦ 

(1988) and Region IV, defined by Willison et al. (1985).

A third cluster, containing GTA groups I, II and V may 

or may not correspond to Region A of Klipp et al. (1988) or 

Region II or III of Willison et al. (1985). Depending on 

whether the regions in these reports represent the same or
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different regions on the R. capsulatus chromosome, there are 

currently four to six nif gene regions identified in this 

organism.

With the wide variety of nif gene arrangements among 

those organisms capable of nitrogen fixation, and with 

evidence that the "life style" of the organism may be 

related to this arrangement (Kallas et al., 1985; Vaisanen 

et al., 1985), it is not surprising that the arrangement of 

nif genes in the photosynthetic bacterium R. capsulatus is 

different from that seen in the enteric bacterium K. 

pneumoniae♦
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Chapter 3. Characterization of a mutant with pleiotropic 
defects in nitrogen metabolism

The mutant PA2, from GTA linkage group VII, was 

observed to have a phenotype inconsistent with a nif 

structural mutation, but it is unable to grow with N2 as a 

nitrogen source. These inconsistencies included its 

inability to grow on amino acids as nitrogen sources and the 

generation of hydrogen gas by nitrogenase during nitrogen 

starvation. However, it was also found not to contain a nif 

regulatory mutation (Kranz and Haselkorn, 1985), as 

indicated by its expression of B-galactosidase from a 

nifH::lacZ fusion. In the work presented here, the growth 

of this mutant was analyzed, and some nitrogen assimilatory 

pathways were examined. Although ammonium transport, 

glutamine synthetase, asparaginase and ammonium generation 

were measured, no obvious alteration presented itself to 

explain the dramatic phenotype of PA2. A lac gene fusion 

was constructed in the gene which complements PA2, and its 

expression was studied in various genetic backgrounds. 

Although the specific defect in PA2 has not been identified, 

some information about the regulation of this essential 

gene has been gained.
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METHODS

Bacterial strains and plasmids are listed in Table 9. 

Media and Culture Conditions were the same as those 

described in Chapter 2, with the following additions: 

Aerobic growth of liquid R. capsulatus was carried out in a 

shaking water bath at 30°C. Cultures were in Erlenmeyer 

flasks in which the medium filled not more than 10% of the 

maximum volume that the flask would hold, so that there was 

enough aeration for rapid growth.

"Asparagine medium" was RCV medium in which the 

ammonium was replaced with 10 mM L-asparagine. "Glutamate 

medium" contained 10 mM L-glutamate as the sole nitrogen 

source.

A stock solution of tetracycline was made 10 mg/ml in 

50% (vol/vol) ethanol and stored at —20°C. It was used at a 

final concentration of 2 ug/ml to select for resistant R. 

capsulatus strains and 10 ug/ml for E. coli. 

Ammonium uptake: Assays were done as described by Genthner 

and Wall (1985) and modified by Rapp et al. (1986). 

Methylammonium uptake: Assays were done as described by 

Rapp et al. (1986). 

Glutamine synthetase: Activity was measured in crude 

extracts of photosynthetically grown cultures as prepared 

and assayed by Genthner and Wall (1985). 

Ammonium concentration: To determine concentrations of 

ammonium in cell cultures, cell suspensions were filtered 

through a 0.45 urn pore-size filter. The filtrates were 

often stored at -20°C before they were assayed for ammonium
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R. capsulatus

Table 9. Bacterial Strains and Plasmids.

B100 
PA2 
Wil

Wild type (Hillmer and Gest, 1977)
Nif“ (Avtges et al., 1983)
Pleitropic mutant in nitrogen metabolism 
(Wall et al., 1977)

J61 Regulatory mutant, nitrogen fixation 
(Wall and Braddock, 1984)

E. coli

M8820MU Rec+ Mu lysogen (Castilho et al., 1984)
POII1734 Mini-mu containing strain (Castilho et

al., 1984)
HB101

Plasmids

PRK2013 Helper plasmid for conjugations 
(Figurski and Helinski, 1979)

PHBPA2 Cosmid which complements N i f  phenotype 
of PA2 (this work)

p716 Derivative of pHBPA2, containing lac 
fusion (this work)

pRGKO Cosmid which contains R. capsulatus 
nifH::lac fusion (Kranz and Haselkorn, 
1985)

pLAFRl Cosmid vector for R. capsulatus genomic 
library (Friedman et al., 1982)
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concentration by the method described by Chaney and Marbach 

(1962), which was sensitive to concentrations as low as luM. 

Protein concentration: Whole cells were assayed by the 

method of Lowry et al. (1951), after addition of NaOH to 0.1 

M and immersion in a boiling water bath for 1 min. Bovine 

serum albumin (BSA, Fraction V, Sigma Chemical) was used for 

the protein standard.

Asparaginase Activity was measured in crude extracts of 

photosynthetically grown cultures as described in Bergerson 

(1980), using the spectrophotometric assay. The ammonia 

produced from asparagine was measured by the method of 

Chaney and Marbach (1962).

B-Galactosidase Activity: Assays were done essentially as 

described in Miller (1972). Aliquots of 2.5 ml of cells 

were centrifuged (20,000xg, 5 min, 4°C). Cells were 

resuspended in 2.0 ml of Z buffer (Miller, 1972). Four 

drops of chloroform and two drops of 0.1% (wt/vol) SDS were 

added to each cell suspension, to permeablize the cells. 

Cells were incubated for 5 min at 28°C, and the reaction was 

started by the addition of 0.4 ml o-nitrophenyl B—D— 

galactoside (ONPG, 4 mg/ml in 0.1 M KPO4 buffer, pH 7.0). 

The reaction was stopped by the addition of 1.0 ml of 1 M 

Na2CO3. Cells were removed from the mixture by 

centrifugation (20,000xg, 5 min, 4°C). Absorbance at 420nm 

was measured for each reaction with a Gilson Stasar II 

spectrophotometer. As a control, permeablized cells were 

incubated with only phosphate buffer (no ONPG), and the 

A 420nm °^ this control was subtracted from that of the
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reactions so that absorbance by cellular pigments was not a 

factor in measuring activity. Since 1 nmol of o-nitrophenol 

(ONP) has an A420nm °^ 0.0045, the A420nm f°r  e a c h sample 

was divided by 0.0045 to determine nmol ONP per reaction 

(Miller, 1972). Activity was calculated as nmol ONP 

produced/min*mg protein.

Growth curves: Growth of PA2 was analyzed on various 

nitrogen sources, under both photosynthetic and aerobic 

growth conditions. Cells to be used for inoculum for growth 

curves were grown photosynthetically in RCV medium.

Nitrogen starved cells were obtained for use as inoculum by 

growing cells until late stationary phase, or by incubating 

cells in nitrogen-free medium for several hours. Nitrogen 

sufficient inocula were obtained by growing cells in a two­

fold excess of ammonium (30 mM) or by harvesting cells from 

RCV cultures in mid to late exponential phase, before the 

ammonium supply was depleted. Cells were centrifuged 

(27,000xg, 15 min, 4°C) and resuspended in RCV medium 

lacking ammonium. The cells were centrifuged once more, 

then resuspended again in ammonium-free medium. These 

washed cells were then used to inoculate the growth media. 

Carry-over of ammonium in these washed cells was less than 

100 uM. For photosynthetic growth curves, cells were 

inoculated into a 9 ml screw-capped test tube that was 

completely filled with medium and incubated in the light in 

a glass-sided water bath, as described previously. This tube 

was the right size to be used as a "cuvette" in a Gilson
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spectrophotometer, so the ODggQ^ was measured directly in 

the growth tube.

For growth curves in which B-galactosidase activity 

and/or ammonium concentration was also to be measured, cells 

were inoculated into a 50 ml glass syringe, from which air 

was removed before the needle was inserted into a black 

rubber stopper. The syringe was incubated in the light, and 

samples were taken by removing the rubber stopper and 

injecting 3 ml of culture into a test tube. In this way, 

samples could be taken without disturbing the anaerobic 

environment of the cells. O D 660nm w a s  measured in the 

Gilson spectrophotometer in a 13 x 100 mm culture tube, and 

then the sample was assayed for B-galactosidase activity or 

ammonium concentration as described.

For aerobic growth curves, cells were inoculated in an 

Erlenmeyer flask and incubated at 30°C in a shaking water 

bath. Samples of 3 ml were taken, the ODggOnm measured, and 

the sample returned to the flask. 

Isolation of a clone which complements PA2: An R. capsulatus 

genomic library was constructed from a partial EcoRI digest 

of DNA ligated into the cosmid vector pLAFRl by Avtges et 

al. (1985). The cosmid which complements PA2 for growth on 

N2 was isolated in this work as described by Avtges et al. 

(1985). The library was conjugated with the mutant, using 

the helper plasmid pRK2013 to mobilize the cosmid (Ditta et 

al., 1980). Selection was for tetracycline resistant R. 

capsulatus colonies. These colonies were then replica- 

plated to minimal medium without ammonia to test for the
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ability to grow on N2. Colonies that grew on N2 were used 

to isolate cosmid DNA, which was then used to transform the

Rec“ E. coli strain HB101. The transformed HB101 strain 

then became the donor in a conjugation with PA2, to retest 

the complementing ability of the cosmid. At this point, all 

of the tetracycline resistant exconjugants were Nif+ . The 

complementing cosmid was named pHBPA2.

Construction of a lac transcription/translation fusion: The 

complementing cosmid, pHBPA2, was introduced by 

transformation into E. coli strain POII1734 (Castilho et 

al., 1984). POII1734 contains a Mu prophage with a 

temperature sensitive repressor (Mucts) and a "mini Mu" 

construct which contains the ends of Mu, a kanamycin 

resistance marker, and a truncated lacZYA operon from E. 

coli, lacking both a promoter and the first amino acid 

codons of the lacZ gene (Castilho et al., 1984). Upon 

thermal induction of this transformed strain, both the Mu 

and the "mini Mu" are induced to transpose, and, at the same 

time, the lytic stage begins. Some of the transpositions 

are the mini-Mu (with the Kmr and lac genes) into the 

plasmid. If they are the appropriate size (about 38 kb), 

these mini-Mu containing plasmids are then packaged into Mu 

phage heads. Lysates from such an induced culture are then 

used to transduce a Mu-immune, recA+ E. coli strain, M8820MU 

(Castilho et al., 1984). Here, the linearized plasmid, with 

mini-Mu at each end, can be re-circularized by homologous 

recombination between the two Mu ends, generating a plasmid
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with a single mini-Mu transposition.

Heat induction of POII1734(pHBPA2), preparation of 

lysate, and transduction were done as described by Csonka et 

al. (1981) for Mu lysogens. Transductants of M8820Mu were 

selected on LC plates with kanamycin and tetracycline. 

Transductants were transferred to "master plates" (LC plus 

Tc and Km) for storage at 4°C. From the master plates, 

transductants were inoculated in batches of 10 into LC broth 

and grown at 37°C, in a shaking water bath. These batches 

of transductants were used in conjugations with PA2, to look 

for an inability to complement the mutant, suggesting the 

possibility of a fusion in the complementing gene. 

Conjugations were accomplished with the helper plasmid 

PRK2013, by mixing 0.2 ml of a fully grown culture of PA2 

with 0.05 ml of pRK2013 and 0.05 ml of the batch of 

transductants. A 0.2 ml portion of this conjugation mix was 

dispensed onto an RCV plate in 0.02 ml spots. The spots 

were allowed to dry and the plates incubated at 30°C, 

aerobically, for 4-6 h. The cells were then spread in 0.2 

ml of G buffer, and kanamycin was added in a soft agar 

overlayer. The plates were then incubated aerobically for 

2-3 days, until colonies appeared. These colonies were then 

transferred to nitrogen-free minimal medium plates, and to 

plates with complete medium supplemented with kanamycin and 

tetracycline. Nitrogen-free plates were to test for the 

ability of the potential fusion plasmid to complement the 

Nif" phenotype of PA2, and antibiotic plates were to check 

for the presence of the plasmid with the mini-Mu sequences.
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Plates with transferred colonies that grew on antibiotics, 

but not on N2 were tested for expression of lac genes by 

adding 0.1 ml of a 10 mg/ml solution of 5-bromo-4-chloro-3- 

indolyl B-D-galactopyranoside (X-gal) under the agar of 

these plates and incubating at 30°C aerobically. The B- 

galactosidase produced during anaerobic incubation is still 

present and active after removal of plates from anaerobic 

conditions, so this screening method was adequate. Since 

the presence of the blue product from the breakdown of X-gal 

can obscure the difference between little and no growth on 

plates, this method of adding the X-gal after growth seemed 

preferable to adding it before growth.

Once a batch of 10 transductants was identified as 

containing an individual with a plasmid that was Tcr and 

Kmr , Lac+ , and did not complement PA2, the individuals of 

that group were subjected to the same conjugation and 

screening described above. Approximately 700 transductants 

were screened in this way. Once the particular transductant 

was identified, it was used in conjugations with other 

strains of R. capsulatus for studies of regulation. This 

strain was also used to isolate plasmid DNA for restriction 

endonuclease analysis. 

Transformation of POII1734: To prepare competent cells, 

POII1734 was grown overnight in LC medium with kanamycin. 

The fully-grown culture was used to inoculate fresh LC 

medium to an 00599^ of 0.05 (about a 1:250 dilution). This 

culture was grown to an 00599^ of 0.35 (about 3 hr at
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37°C). Cells (3ml) were centrifuged (2000xg, 5 min, 4°C). 

The supernatant was removed and the pellet left on ice for 5 

min. The pellet was then resuspended in 1.5 ml of sterile 

50mM CaC12 and left on ice for 5 min. The cell suspension 

was centrifuged (2000xg, 5 min, 4°C). After removal of the 

supernatant, the pellet was resuspended in 0.2 ml of 50 mH 

CaC12 and left on ice for 5 min. Plasmid DNA (pHBPA2, 

isolated by the "mini-prep" procedure of Ish-Horowitz and 

Burke, 1981) was added, and the cell/DNA mixture was kept on 

ice for 5 min. The mixture was then heated to 42°C for 2 

min and returned to ice before addition of 1.8 ml LC medium. 

The cells were then incubated at 37°C for 1 h before plating 

on LC with 10 ug tetracycline/ml.

Restriction Mapping of pHBPA2 and p716 used purified plasmid 

DNA isolated by the large scale alkaline lysis procedure of 

Maniatis et al. (1982). Restriction endonulease digestions 

with one enzyme were performed using buffers supplied by the 

enzyme manufacturer, at 37°C, for 1 to 2 h. For Pstl/EcoRI 

double digests, DNA was first incubated for 1 hour with PstI 

and the PstI buffer supplied by the manufacturer. Then a 

buffer (150 mM Tris, pH 7.0; lOmM MgC12; 50 mM NaCl) was 

added to change the reaction mixture to that required for 

EcoRI digestion, and EcoRI was added. The reaction was 

continued for another hour. Loading buffer consisting of 

0.25% (wt/vol) bromphenol blue and 40% (wt/vol) sucrose was 

added to each sample before loading onto an agarose gel. 

Agarose gels were 0.7 to 1.2% (wt/vol) agarose in TBE buffer 

(Maniatis et al., 1982), and were run at 4 V/cm, constant
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voltage. Molecular weight standard was lambda DNA digested

with HindiII.
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