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FOREWORD

The present volume developed from a symposium entitled
"Enhancing Biological Production of Ammonia From Atmospheric
Nitrogen and Soil Nitrate" that was held at Lake Tahoe, California
in June, 1980. The meeting was supported by the National Science
Foundation, Division of Engineering and Applied Sciences and by
the College of Agricultural and Environmental Sciences, University
of California, Davis. A total of 99 scientists from 41 insti-
tutions participated.

Plants capture solar energy in photosynthesis and use mineral
nutrients to produce human food and fiber products. The extent to
which such materials are removed from agricultural production sites
represents a permanent drain of mineral nutrients. Some plants of
agronomic importance such as alfalfa, soybean, and clover associate
with soil bacteria and use photosynthetic energy to reduce N, to
NH3. Many other free-living bacteria and some symbioses involving
procaryotes and eucaryotes also reduce Nj. Such processes repre-
sent one natural mechanism by which Man can augment soil N for
agronomic purposes without using fossil fuel to synthesize and
distribute N fertilizer. Other metabolic conversions in the N
cycle and physical leaching processes remove N made available
through Ny fixation. Thus nitrification, denitrification, and
utilization of soil N by plants are processes that must be con-
sidered if one is to conserve N captured by Np fixation.

The meeting at Lake Tahoe united scientists from many disci-
plines to review the literature and to discuss current research
directed toward the goal stated in the symposium title. One re-
curring theme in those discussions was the thought that solutions
to many problems mentioned might be provided by genetic manipula-
tion of key metabolic processes in the N cycle. This volume out-
lines many traditional genetic techniques being used to solve
problems related to N2 fixation, NO3~ utilization, and NO3~ con-
servation. More importantly, it reports some of the first efforts
to provide solutions through methods of genetic engineering.

The application of genetic engineering techniques to problems
of plant production provides vast potential for contributions.

vii
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The major limitation of such methods could be the identification
of appropriate problems and the provision of an interpretive frame-
work in which to use this new technology. This volume drawn from
the symposium presentations highlights various aspects of the bio-
logical processes discussed and indicates some problems that might
be amenable to solutions through genetic engineering.



CONTENTS

I. INTRODUCTION

Prefatory Chapter: Enhancing Biological

Production of Ammonia From Atmospheric

Nitrogen and Soil Nitrate . . . . . . . . . . . . .
A. Hollaender

Support of Problem Focused Nitrogen Fixation
Research at the National Science Foundation . . . .
H. T. Huang

Biological Nitrogen Fixation Research at the
University of California, Davis . . . . . . . . . .
C. E. Hess
II. GENETICS AND REGULATION OF NITROGEN FIXATION
A. Molecular Cloning of Nitrogen Fixation Genes
Molecular Cloning of Nitrogen Fixation

Genes from Rhizobium meliloti e e e e e e e e .
F. M. Ausubel and G. B. Ruvkun

Cloning DNA from Rhizobium meliloti Using a

New Broad Host Range, Binary Vehicle System . . .
G. Ditta, S. Stanfield, D. Corbin,
and D. R. Helinski

Molecular Cloning of Rhizobium japonicum DNA

in E. coli and Identification of Nitrogen

Fixation (Nif) Genes . . . . . . . . . . . . . ..
H. Hennecke and J. R. Mielenz

B. Genetics and Regulation of Nitrogen Fixation Genes

The Identification, Location and Manipulation
of Genes in Rhizobium . . . . . . . . . . . . . . .
J. E. Beringer



pneumoniae . . . . . . . . . . . .

CONTENTS

The Role of Rhizobium Plasmids in Host
Specificity . . . . . . . 4 v 0 0 0 e o e e e e
N. J. Brewin, J. L. Beynon, and
A. W. B. Johnston

"Redox Control" of Nitrogen Fixation:

An OVEXVIEW . . ¢ & v v 4 o o ¢ o o o o o o« o o
K. T. Shanmugam, S. T. Lim, S. S. M. Hom,
D. B. Scott, and H. Hennecke

A Mutant of Rhizobium japonicum 110 with
Elevated Nif Activity in Free~Living Culture . .
S.-S. T. Hua, D. B. Scott, and S. T. Lim

Hydrogen Uptake and Energetics

Detrimental and Beneficial Effects of Oxygen
Exerted on Hydrogen-Oxidizing Bacteria . . . . .
H. G. Schlegel, M. E. K. Ibrahim, E. Wilde,
K. Schneider, M. Schlesier, B. Friedrich,
and K. A. Malik

Hydrogen Uptake (Hup) Plasmids: Characterization
of Mutants and Regulation of the Expression of
Hydrogenase . . . . ¢ ¢ v v ¢ v o v o o o v o o
R. C. Tait, K. Andersen, G. Cangelosi,
and S. T. Lim

Detection of Plasmids in Rhizobium japonicum . .
D. B. Scott and R. C. Tait

Chemolithotrophy in Rhizobium e e e e e e e
H. J. Evans, J. E. Lepo, F. J. Hanus,
K. Purchit, and S. A. Russell

Hydrogen Uptake (Hydrogenase) Activity of
Rhizobium japonicum Strains Forming Nodules
in Soybean Production Areas of the U.S.A. . . . .
S. T. Lim, S. L. Uratsu, D. F., Weber,
and H. H. Keyser

Genetic Regulation of Stress Tolerance

Proline Over-Production Enhances Nitrogenase
Activity Under Osmotic Stress in Klebsiella

D. Le Rudulier, S.-S. Yang, and L. N Csonka

65

79

95

107

131

137

141

159

173



CONTENTS

ITIT.

Selection of Naturally Occurring Stress

Tolerant Rhizobium . . . . . . . . . . . . . . . .
D. N. Munns, K. G. Cassman, and
H. H. Keyser

PLANT FACTORS IMPACTING NITROGEN ASSIMILATION

A.

Measurements and Efficiency of N, Fixation

Evaluating Potentially Superior Rhizobium

Strains in Soybeans . . . . . . . . . . ¢ ¢ o . . .
L. E. Williams, S. S. Jue, K. G. Cassman,
and D. A. Phillips

Physiological Interactions Between Alaska Peas

and Strains of Rhizobium leguminosarum That

Differ in Plasmid-Like Genes . . . . . . . . . . .
T. M. DeJong, N. J. Brewin, and
D. A. Phillips

Evaluating Elite Alfalfa Lines for Np-Fixation
Under Field Conditions . . . . . . . . . . . . . .
G. H. Heichel, C. P. Vance, and D. K. Barnes

Successes and Problems Encountered While

Breeding for Enhanced N Fixation in Alfalfa . . .
D. K. Barnes, G. H. Heichel, C. P. Vance,
D. R. Viands, and G. Hardarson

Photosynthesis and Nitrogen Utilization

Biochemical Genetiecs of Ribulose Bisphosphate

Carboxylase/Oxygenase: High Frequency Transfer

and Chromosome Mobilization by Broad Host~Range

R-Factors in CO,-Fixing Bacteria . . . . . . . . .
K. Andersen

Photosynthetic Enzyme Regulation by the Ferredoxin/
Thioredoxin and the Ferralterin Mechanisms . . . .
B. B. Buchanan

Regulation of Photosynthetic CO, Fixation . . . . .
J. T. Bahr and J. J. Steffens

Hydrolysis of Ribulose-l,5-Bisphosphate Carboxylase

by Partially Purified Endoproteinases of Senescing

Primary Barley Leaves . . « ¢ +« v v v v o v o o o .
B. L. Miller and R. C. Huffaker

Xi

181

195

207

217

233

249

257

279

293



Xii

The Relationship Between Ribulose Bisphospvhate

Carboxylase Concentration and Photosynthesis
J. W. Friedrich and R. C. Huffaker

IV. NITROGEN FIXATION BY NONLEGUMES

Nitrogen Fixation by Cyanobacterial
Heterocysts . . . . . . . . . o o o o .0 ..
C. P. Wolk

Photosynthate Limitation of Nitrogen Fixation
in the Blue-Green Alga, Anabaena variabilis .
H. Spiller, J. F. Haury, and
K. T. Shanmugam

Physiological Studies on N2-Fixing Azolla . .
G. A. Peters, 0. Ito, V. V. S. Tyagi,
and D. Kaplan

Application of Azolla in Crop Production . .
S. N. Talley, E. Lim, and D. W. Rains

A New Woody Plant Which Fixes Nitrogen:
Chamaebatia foliolosa (Rosaceae) . . . . . .
R. M. Heisey and C. C. Delwiche

Soil Factors Limiting Nodulation and Nitrogen
Fixation in Purshia . . . . . . . . . . . . .
T. L. Righetti and D. N. Munns

V. CONSERVATION OF FIXED NITROGEN

A.

Denitrification

Overview of Denitrification . . . . . . . . .
W. J. Payne and M. A. Grant

The Physiological Genetics of Denitrification
in Pseudomonas . . . .+ + « 4 . e . e o e .
C. A. Carlson and J. L. Ingraham

On Regulating the Synthesis of Nitrate
Reductase . . . . . ¢ ¢ . o ¢« 4« e e e W .
C. A. Carlson

The Conversion of NO3~ to NH4+ in Klebsiella

pneumoniae . . . . . . . .. ... e ... .
J. R. Thayer and R. C. Huffaker

CONTENTS

- 305

- 315

- 333

. 343

. 363

. 385

. 395

. 411

. 429

445

. 451



CONTENTS

Denitrification by the Photosynthetic Bacterium,
Rhodopseudomonas sphaeroides Forma Sp-

Denitrificans: Mechanism of Electron Transport

to Nitrate and Nitrite Reduction . . . . . . . .
T. Satoh, E. Sawada, and M. Bannai

Production of Nitrous Oxide as a Product of
Nitrite Metabolism by Enteric Bacteria . . . . .
T. Satoh, S. S. M. Hom, and K. T. Shanmugam

Use of Nitrogen-13 and Nitrogen 15 in Studies
on the Dissimilatory Fate of Nitrate . . . . . .
J. M. Tiedje

Soil Denitrification . . . . . . . . . . . . . .
D. D. Focht

Acquisition and Assimilation of Plant Nitrogen

Nitrate Transport Processes and Compartmentation
in Root Systems . . . . o ¢ ¢ « ¢ ¢ ¢ o o« e . .
W. A. Jackson and R. J. Volk

Reduction of Nitrate and Nitrite in Barley
Leaves in Darkness . . . .« « ¢ « o« o o« o « « « .
M. Aslam, R. C. Huffaker, and
C. C. Delwiche

Influence of Light and COy on Nitrate
Assimilation by Barley Seedlings . . . . . . . .
M. Aslam, R. C. Huffaker, D. W. Rains,
and K. P. Rao

Light Interaction With Nitrate Reduction . . . .
S. L. Morrison, R. C. Huffaker, and
C. R. Guidara

Interaction Between NO3~, NO,”, and NH4t During
Assimilation in Detached Barley Leaves . . . . .
S. 8. Goyal and R. C. Huffaker

Vacuolar Nitrate and the Isolation of Vacuoles
for Localization and Transport Studies . . . . .
R. Granstedt and R. C. Huffaker

The Effect of pH, Temperature, and NO3~

Concentration on NH4t Absorption and Nj(C,Hj)-

Fixation by Soybeans . . . . . . . . . . . . . .
L. Marcus-Wyner and D. W. Rains

xiii

463

473

481

499

517

533

541

547

561

569

579



xiv CONTENTS

Recurrent Divergent and Mass Selections in Maize

With Physiological and Biochemical Traits:

Preliminary and Projected Application . . . . . . . 581
R. H. Hageman and R. J. Lambert

Inheritance of Nitrate Reductase . . . . . . . . . 599
S. Heath-Pagliuso and R. C. Huffaker

Modelling Dynamic Aspects of Nitrogen in
Soils and Plants . . . . . . . . « « « « « « « « . BOS
H. van Keulen

Integration of Nitrate and Ammonium

Assimilation in Higher Plants . . . . . . . . . . . 623
R. Novoa, R. S. Loomis, and
D. K. McDermitt

A New Approach to the Analysis of Reductive
and Dissipative Costs in Nitrogen Assimilation . . 39
D. K. McDermitt and R. S. Loomis

Strategies for Achieving Self Sufficiency in
Nitrogen on a Mixed Farm in Eastern Canada

Based on Use of the Faba Bean . . . . . . . . . . . 651
D. G. Patriquin, D. Burton, and
N. Hill
LIST OF PARTICIPANTS . . © v v v v 4t 4 v v o 4 o o o v o o . 673

INDEX . . .« o v vt t e et ot e e e e e e e e e e e e e 681



[. INTRODUCTION



Alexander Hollaender

Associated Universities, Inc.
Council for Research Planning
in Biological Sciences



PREFATORY CHAPTER* - ENHANCING BIOLOGICAL PRODUCTION OF AMMONIA

FROM ATMOSPHERIC NITROGEN AND SOIL NITRATE

Alexander Hollaender

Associated Universities, Inc.

Council for Research Planning in Biological Sciences
1717 Massachusetts Avenue, N.W.

Washington, D.C. 20036

My friends from Davis asked me to describe how this physical
chemist-biologist~geneticist got so interested in nitrogen fixa-
tion. This is not difficult to understand when one considers my
background and the events that were taking shape in scientific
history during my early education.

During the late 1920's and early 1930's, many interesting
scientific developments took place, particularly in the fields
of physics and biology. In the physical sciences, this marked
the beginning of the modern development and structural understand-
ing of the nucleus, electrons and other heretofore unidentified
fundamental particles. My real interests were in the more biolo-
gical sciences and as my academic career began at the University
of Wisconsin at Madison in 1927, I became especially conscious of
the contemporary developments in this sphere of study, particularly
the interrelation of physical chemistry and biology. I was com-
pelled to comprehend the effects of radiation on living cells and
the important observation of Herman Muller -- that mutations could
be induced in Drosophila by ioinizing radiation -- was one of the
many significant connections revealed between radiation and biology
at that time. Of course we were all very aware at Madison of the
work on provitamin activation by ultraviolet radiation which leads

*This work was supported in part by U. S. Department of Energy
Contract EY-76-C-02-0016 with Associated Universities, Inc.,
Brookhaven National Laboratory.
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to the production of vitamin D. Quantum efficiency of photosyn-
thesis was another very prominent topic at that time, enlarged by
the contrary opinions of Warburg and the group in the United States
studying the efficiency of photosynthesis.

When my major study changed from physical chemistry to biology
after I received my Ph.D., I became very much involved in plant
physiology, and research in nitrogen fixation became a logical
step from the study of photosynthetic processes. At that time,
Prof. Farrington Daniels was teaching in the Physical Chemistry
Department of the University. His interest in nitrogen oxides
carried over from his war experience in the Washington Fixed Ni-
trogen Laboratory which was headed up during and immediately fol-
lowing World War I by Dr. Frederick Cottrell. The many interesting
approaches developed and patented by Cottrell, a creative physical
chemist, led to the formation of the Research Corporation.

One could not help being involved in the lively discussions
of nitrogen fixation at Madison. Research accelerated as the
Frasch Foundation gave the University of Wisconsin a substantial
grant to continue the innovative leads that were developing there
at that time. E. B. Fred, I. L. Baldwin and E. McCoy who were
joined by Perry Wilson and later by Robert Burris increased the
activity and also my interest in this fascinating field. Their
work led to many publications by the University faculty, many of
which became most significant in this area.

During the war, interest in nitrogen fixation became somewhat
dormant as more urgent problems demanded priority.  The establish-
ment of the National Science Foundation represented a major en-
couragement to basic research and its potential application. As
a result, nitrogen fixation research resumed in this country and
much important experimentation was taking place abroad as well.

I remained in close contact with members of the National
Science Foundation and my continued interest in the mechanisms of
mutation production has initiated many discussions concerning the
improvement of assimilation methodologies and the link with hydro-
gen production as a possible competitor for Ny fixation. Theories
evolved about ‘'genetic engineering' by means of hybridization,
plasmid transfer and various other approaches to open up new possi-
bilities for the improvement of nitrogen fixation processes.

This led to the informative symposium on 'Genetic Engineering
for Nitrogen Fixation' held at the Brookhaven National Laboratory
in 1977 sponsored by the National Science Foundation to which
there was a most impressive response. Three years later, the
conference on 'Enhancing Biological Production of Ammonia from
Atmospheric Nitrogen and Soil Nitrate' took place at Tahoe City.
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There are many possibilities for broadening the application
of N, fixation by newly developing techniques that accept not only
a wider range of microorganisms but also extend the range of plants
which can live in symbiosis with these organisms.

These are goals which may well open new areas of agriculture
to help increase our food supplies without compromising existing
energy resources. Although my close association with this field
has not been exercised through direct laboratory experimentation,
it is not difficult to recognize that the development of the basic
problems which underlie Ny fixation will disclose the horizons of
our agricultural potential. This symposium demonstrates that con-
siderable progress has been made in certain sections of the funda-
mental aspects of N2 fixation research since the 1977 conference.
Through such presentations we see that basic biology, genetics,
biochemistry and genetic engineering are closely interrelated and
that, in the long run, these may offer yet undiscovered applica-
tions of biological research to agriculture.



SUPPORT OF PROBLEM FOCUSED NITROGEN FIXATION RESEARCH

AT THE NATIONAL SCIENCE FOUNDATION

H. T. Huang

National Science Foundation
1800 G Street, NW
Washington, D.C. 20050

On behalf of the National Science Foundation it is my pleasure
and privilege to welcome all of the participants to this symposium
on "Enhancing Biological Production of Ammonia from Atmospheric
Nitrogen and Soil Nitrate."

Since 1975, the National Science Foundation has funded a
focused research effort on biological nitrogen fixation under its
statutory authority to "sustain applied scientific research rele-
vant to national problems of public interest." The effort was
initiated under the RANN (Research Applied to National Needs)
program, and maintained under RANN's successors, ASRA (Applied
Science and Research Application) and EAS (Engineering and Applied
Science) Directorates.

Looking back over the past six years, we can readily discern
the causes which have helped to establish and sustain biological
nitrogen fixation as a focused element in the applied research
activity at NSF. First, there was the growing recognition of the
importance of biological nitrogen fixation to the future welfare
of the nation in the aftermath of the o0il embargo and guadrupling
of petroleum prices of 1973. These events had led to drastic price
increases and occasional scarcities of materials such as chemical
feedstock, synthetic polymers and nitrogen fertilizer, all essen-
tial to the smooth functioning of a modern industrial society.
They underscored the need for the United States to develop alter-
native sources of critical materials which would not have to
depend on petroleum and natural gas for their manufacture. En-
hancing biological nitrogen fixation in the field would appear to
be an ideal, energy-conserving way to reduce the nations'
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reliance on chemical nitrogen fertilizer for maintaining its agri-
cultural productivity.

Secondly, at about the same time, there was increasing reali-
zation that in recombinant DNA research, a new technology was
emerging which would greatly expand the capability of microbial
geneticists to manipulate organisms so as to enhance their ability
to fix molecular nitrogen, or to endow non-fixing organisms with
this ability. Recombinant DNA was attracting an unusual amount of
interest in the scientific community, in government and among
public interest groups, as a tool of enormous power to geneti-
cally engineer new forms of life. Proponents point with enthusiasm
to the many benefits that could accrue through the application of
recombinant DNA technology, while opponents expressed great appre-
hension about the potential disasters that could befall us from
the escape of artificially created life forms into the natural
environment; an apprehension that has been greatly reduced with
accumulation of knowledge concerning this technology.

The recognition of a national need for enhanced biological
nitrogen fixation, and the emergence of a new, powerful technology
for genetic engineering, converged to provide a basis for con-
tinued support of the nitrogen fixation effort in the applied
science activity of the National Science Foundation. To assess
the potential benefits and environmental consequences of this re-
search, NSF funded two conferences on "Genetic Engineering for
Nitrogen Fixation" in 1977. One was held at the Brookhaven Nation-
al Laboratory, New York, March 13—171, to define the current status
and future needs of research in this field, and the other at the
National Academy of Sciences, Washington, D.C., October 5—62, to
discuss the societal impacts of the application of the new tech-
nology with both scientific and non-scientific segments of the
public.

The establishment of biological nitrogen fixation as a line
item in NSF's budget for applied science was formalized in Fiscal
Year 1977 although support for this research had already begun as
part of the Enzyme Technology program under RANN. So far, annual
expenditures on this topic are as follows:

Genetic Engineering for Nitrogen Fixation. Edited by Alexander
Hollaender et al. Plenum Publishing Corvoration, New York, 1977.

2
Report of the Public Meeting on Genetic Engineering for Nitrogen
Fixation. Edited by Alexander Hollaender. NSF/RA 780004.



PROBLEM-FOCUSED N, FIXATION RESEARCH AT NSF

FY 1975 $0.207 million
FY 1976 0.424
FYy 1977 1.412
FYy 1978 1.581
Fy 1979 1.228
FY 1980 0.970

The above tabulation signifies a substantial increase in the
level of support in Fiscal Year 1977. Further increases in sub-
sequent years were actually planned, but new, unexpected budgetary
constraints which soon developed in FY 79 and FY 80, virtually
erased all possibility of their realization. At any rate, in the
climate of 1977, it was felt at NSF that the time was ripe to en-
tertain proposals for interdisciplinary multicomponent projects
which could hasten the application of the new techniques for
genetic engineering to enhance the ability of natural systems to
fix atmospheric nitrogen. One result of this attitude was the
award in FY 1977 of a five year continuing grant to the University
of California, Davis, PFR 77-07301, entitled "Enhancing Biological
Production of Ammonia from Atmospheric Nitrogen and Soil Nitrate,"
with James M. Lyons, as the principal investigator, and Raymond C.
Valentine, Donald A. Phillips, D. William Rains and Ray C. Huffaker
as co-principal investigators. The research consists of four in-
terconnected and complementary elements:

1. Genetic enhancement of nitrogen fixation
2. Increasing symbiotic nitrogen fixation in legumes
3. Maximizing nitrogen fixation in rice fields

4. Enhancement of biological conversion of nitrate to
ammonia

As part of the obligations associated with the award, the
investigators are encouraged to consult annually with an advisory
committee consisting of experts in various aspects of research and
applications in biological nitrogen fixation, and to hold a con-
ference, once every other year, to disseminate results of the
research to the community of potential users. Advisory committee
meetings were held in November 1978, and March 1979, and a users'
conference was held in May 1978.
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In the summer of 1979 the investigators suggested to this
program manager that the next user's conference scheduled for 1980,
should be expanded into an international symposium open to a wide
audience of researchers and users and to include contributions on
aspects of research related to the Davis project from other labora-
tories both within and outside the United States. In order to
make the conference truly international in scope, the investigators
found it necessary to apply for an NSF grant which would support
travel and expenses of invited speakers, especially those from
abroad.

At NSF we agreed in principle with the idea of an enlarged
users' conference. We further agreed that funds alloted in the
FY 1979 incremental budget for the advisory committee meeting and
the users' conference could be transferred to help defray the cost
of the expanded conference. Thus fortified, the organizers sent
out announcements for the symposium in March 1980. As it turned
out, the application for a conference grant from NSF had to be
declined due to lack of funds, and for a time there was serious
doubt as to whether the proposed conference would be held. For-
tunately, through the efforts of Dean Charles E. Hess, the organ-
izers were able to obtain a special grant from the College of
Agricultural and Environmental Sciences, University of California,
Davis, and the proposed symposium at Granlibakken became a reality.

Such then were the circumstances which attended the birth of
this symposium. It is our hope that the presentations and dis-
cussions will benefit not only the NSF supported project at Davis,
but also biological nitrogen fixation research in general around
the world. The proceedings will undoubtedly influence the course
of future support at the National Science Foundation and other
funding agencies for research in biological nitrogen fixation.

Finally, may I take this opportunity to thank the organizers,
Drs. Lyons, Valentine, Phillips, Rains and Huffaker, without whose
persistence and dedication, the conference could not have been
held, all the participants, especially those from abroad, for
their contributions to the program and informal discussions, the
College of Agricultural and Environmental Sciences, University of
California, Davis, for its sponsorship of the symposium, and Dr.
Alexander Hollaender for his help in the publication of the pro-
ceedings.



BIOLOGICAL NITROGEN FIXATION RESEARCH AT THE UNIVERSITY

OF CALIFORNIA, DAVIS

C. E. Hess, Dean

College of Agricultural & Environmental Sciences
University of California
Davis, CA 95616

We are particularly proud to encourage and support the progran
in biological nitrogen fixation. It is an ideal project to be con-
ducted in the environment of a College of Agricultural and Environ-
mental Sciences and an Agricultural Experiment Station. First, the
project has tremendous potential significance to agricultural pro-
ductivity using an environmentally sensitive approach. A signifi-
cant component of increased productivity in agriculture has been
due to the use of nitrogen fertilizers. But as the costs of nitro-
gen fertilizers have increased with the increased cost of fossil
fuels and concerns have been expressed about nitrogen contamination
of ground water, the enhancement and possible expansion of biologi-
cal nitrogen fixation becomes particularly attractive and could have
significant economic and environmental value.

Second, and equally important, is that the project represents
a research approach that we all seek but seldom accomplish. The
interaction among basic biologists and scientists interested in
applying knowledge to the solution of agricultural problems is truly
synergistic.

We appreciate the support of the National Science Foundation
and the Science Board in providing the resources which greatly
facilitates the interaction of basic and applied research on a sus-
tained basis. I believe that the model established by the project
Enhancing Biological Production of Ammonia from Atmospheric Nitrogen
and Soil Nitrate could be used in other areas of scientific pursuit
(e.g., biosalinity and genetic engineering in agriculture) and hope
that the National Science Foundation will encourage the submission
and funding of similar projects in the future.
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II. GENETICS AND REGULATION OF NITROGEN FIXATION



MOLECULAR CLONING OF NITROGEN FIXATION GENES FROM

RHIZOBIUM MELILOTI

Frederick M. Ausubel and Gary B. Ruvkun

Cellular and Developmental Biology Group
Department of Biology, Biological Laboratories
Harvard University

Cambridge, MA 02138

Until recently, the focus of interest in our laboratory has
been on cloning nif genes from the free-living nitrogen-fixing
species Klebsiella pneumoniae (Cannon et al., 1977; Cannon et al.,
1979; Riedel et al., 1979). K. pneumoniae was chosen for the
first attempts to clone nif genes because its close resemblance
to Escherichia coli allowed it to be directly studied by E. coli
genetic techniques.

This article describes the molecular cloning of nitrogen fix-
ation (nif) genes from Rhizobium meliloti, the nitrogen-fixing
symbiont of alfalfa (Medicago sativa L.). In contrast to K.
pneumoniae, R. meliloti does not express nif genes in the free-
living state, apart from its host plant. Therefore, the isolation
and characterization of nif mutants using standard bacterial gene-
tic techniques would require screening thousands of potential bac-
terial mutants on individual plants. Even when identified, nif
mutations would be difficult to study in R. meliloti because of
the lack of sophisticated genetic techniques to manipulate muta-
tions in Rhizobium species. To circumvent these problems, we have
adapted a variety of recombinant DNA technologies to the study of
nif genes in R. meliloti. 1In particular, we have been able to
identify R. meliloti nif genes on the basis of their homology with
cloned K. pneumoniae nif genes (Ruvkun and Ausubel, 1980a). 1In
addition, we have developed a general method for the site directed
mutagenesis of R. meliloti DNA sequences cloned in E. coli and the
subsequent replacement of the wild-type parental DNA segquences
with the mutated sequences in the R. meliloti genome (Ruvkun and
Ausubel, manuscript submitted). Following a brief review of K.
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pneumoniae nif molecular genetics, we describe our recent progress
in cloning and manipulating R. meliloti nif genes.

NITROGEN FIXATION GENES IN KLEBSIELLA PNEUMONIAE

A cluster of at least 17 nif genes maps near the operator end
of the histidine (his) biosynthesis operon in K. pneumoniae. Fif-
teen genes in the cluster (nif9, B, A, L, F, M, V, S, U, N, E, K,
D, H, and J) have been ordered unambiguously on the basis of dele-
tion mapping and have been grouped into seven operons on the basis
of polarity induced by phage Mu or by transposons Tn5, Tn7 and
TnlO0 (MacNeil et al., 1978; Elmerich et al., 1978; Merrick et al.,
1978, 1980). The two remaining nif genes in the cluster (X and Y)
were identified on the basis of the elimination of a polypeptide
by Tn5 insertion when a recombinant plasmid carrying nif sequences
was used to infect mini cells (W. Klipp and A. Puhler, personal
communication). A genetic map of the his-nif region of the K.
pneumoniae chromosome is illustrated diagrammatically at the top
of Figure 1.

The molecular cloning of Klebsiella pneumoniae nif genes was
facilitated by the clustering of nif genes in K. pneumoniae be-
cause cloning a series of overlapping DNA fragments from the his-
nif region guaranteed inclusion of all nif genes on cloned sequen-—
ces. The major strategy employed for cloning nif DNA fragments
was to construct a shotgun clone bank of K. pneumoniae DNA in
various plasmid vectors, to transform hisD™ and/or nif~ strains
of K. pneumoniae, and to select Hist and/or Nift transformants.

A series of EcoRI fragments from the his-nif region cloned in re-
combinant plasmids are depicted in Figure 1. Puhler et al. (1979)
have also constructed clones carrying all the genes in the nif
cluster and MacNeil and Brill (1980) have constructed a series of
A nif transducing phages in vivo which collectively cover the
entire nif cluster. One plasmid, pWK25, constructed by Klipp and
Puhler (personal communication) is shown in Figure 1.

The cloned DNA fragments shown in Figure 1 were used to obtain
a detailed restriction map of the nif gene cluster (Riedel et al.,
1979). 1In order to correlate the restriction map with the genetic
map, Riedel et al. (1979) devised a method for determining the pre-
cise location of mutations caused by the insertion of transposable
genetic elements into nif genes. The overall strategy was to use
the Southern gel transfer procedure (Southern, 1975) to monitor
alterations of specific nif DNA restriction fragments in strains
carrying TN5, TN10, or phage Mu insertions in various nif genes.
Each insertion had been assigned a location within one of 15 genes
in the nif cluster (MacNeil et al., 1978; Elmerich et al., 1978;
Merrick et al., 1978, 1980). Cloned nif DNA fragments were used
as hybridization probes. Using this procedure, Riedel et al.
(1979) determined the location of 86 Eif_insertion mutations.
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Fig. 1. Genetic and physical map of the hif-nif cluster in K.
pneumoniae. The horizontal arrows indicate nif operons
and their direction of transcription (see text). The
approximate locations of the nif and his genes were de-
termined by physical mapping of insertion mutations
(Riedel et al., 1979). Accurate locations (+¥200 bp) for
the boundaries between niflL and nifF, nifN and nifE, and
nifD and nifH were determined because, in these cases,
insertions in the two adjacent genes mapped closely to
each other. pCRAl0 (Cannon et al., 1977); pGR11ll, pGR11lZ2,
pGR113, pGR119 (Riedel, 1980); pWK25 (W. Klipp and A.
Puhler, personal communication); and pSA30 (Cannon et al.,
1979) are small amplifiable plasmids carrying the his or
nif DNA restriction fragments indicated. R = EcoRI, H =
HindIII, X = XhoI.

Some of the results of the physical mapping studies are shown in
Figure 1 which shows: 1) the approximate location of each nif
gene based on transposon mapping; and 2) the restriction map of
the his-nif region of the K. pneumoniae chromoseme for selected
restriction endonucleases.

INTERSPECIES HOMOLOGY OF NITROGENASE GENES

As stated above, because R. meliloti nif genes are only ex-
pressed after the bacteria have invaded their host plants, it
is difficult to isolate and characterize nif mutants in this
species. For these reasons, we sought to identify R. meliloti
nitrogenase genes by using cloned K. pneumoniae nif DNA as hy-
bridization probes to identify particular DNA restriction frag-
ments from R. meliloti which contain sequences homologous to
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K. pneumoniae nif genes (Ruvkun and Ausubel, 1980a). The success
of this approach depended on the evolutionary conservation of nif
gene sequences.

To test whether nif genes from K. pneumoniae are homologous
to DNA from R. meliloti and from other nitrogen-fixing species,
Ruvkun and Ausubel (1980a) labeled cloned K. pneumoniae nif DNA
with 32p and hybridized this labeled DNA to "Southern" blots of
restriction endonuclease digested DNAs from a variety of prokary-
otic species. DNA isolated from 13 nitrogen-fixing species includ-
ing a Gram positive bacterium, an actinomycetous bacterium, and
three species of cyanobacteria hybridized to a 6.3 kb EcoORI K.
pneumoniae DNA fragment, cloned in pSA30, which carries the ni-
trogenase structural genes nifK, D and H (see Fig. 1). 1In con-
trast, no hybridization was observed when the same 32p-labeled
PSA30 was used to probe DNA from 12 different species which do
not fix nitrogen. From these data it was concluded that the re-
striction fragments from the nitrogen-fixing species which hybrid-
ize to the K. pneumoniae nif DNA fragment carry genes which code
for nitrogenase polypeptides ("nitrogenase" DNA). Nuti et al.
(1979) and Mazur et al. (1980) also found that at least a portion
of the structural gene sequences for K. pneumoniae nitrogenase
hybridized to R. leguminosarum and Anabaena 7120 DNA, respectively.

CLONING OF R. MELILOTI NIF HOMOLOGOUS DNA

In order to clone nitrogenase structural gene sequences from
R. meliloti, Ruvkun and Ausubel (1980a) constructed a gene library
of R. meliloti EcoRI fragments derived from a partial EcoRI di-
gestion in the cloning plasmid vector pBR322 (Bolivar et al.,
1977) and then screened the gene library for clones containing a
DNA fragment homologous to the 6.3 kb EcoRI fragment cloned in
plasmid pSA30 (Ruvkun and Ausubel, 1980a). Out of approximately
4000 clones screened by the method of Hanahan and Meselson (1980),
one was found to contain a plasmid, pRmR1l, which contained the
3.9 kb R. meliloti fragments that hybridized to the K. pneumoniae
probe.

Restriction analysis of purified pRmR1 DNA revealed that pRmR1
contained 6 different R. meliloti fragments ranging in size from
1.2 kb to 5.0 kb in addition to the 3.9 kb EcoRI fragment homolo-
gous to pSA30. Analysis of R. meliloti DNA by the Southern gel
transfer and hybridization tgbhnique using 32p-~1abeled pRmRl as a
hybridization probe, showed that the 5.0 kb R. meliloti EcoRI
fragment in pRmR1 is adjacent to the 3.9 kb EEERI fragme;E_bn the
R. meliloti genome. 1In order to facilitate the analysis of these
two EcoRI fragments, the 3.9 kb and 5.0 kb fragments were recloned
individually in the vector pACYC184 (Chang and Cohen, 1978) to
yield plasmids pRmR2 and pRmR3, respectively (Ruvkun and Ausubel,
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Restriction map of the R. meliloti nif region. The
restriction map of the nif region of the R. meliloti
genome was constructed as follows: total DNA was iso-
lated from R. meliloti strain Rm1021 (strf wild type),
as described by Marmur (1961); approximately 1 ug of
DNA was digested with restriction endonucleases BamHI,
ECoRI, and/or XhoI (5 units, Bethesda Research Labora-
tories, Rockville, MD) and restriction fragments were
separated on 0.7% agarose gels and transferred to ni-
trocellulose by the method of Southern (1975) as de-
scribed (Ruvkun and Ausubel, 1980a). Plasmids pRmR2
and pRmR3 were constructed by ligating EcoRI cleaved
pRmR1 DNA and EcoRI cleaved pACYC184 DNA with T4 ligase
as described (Cannon et al., 1977); transforming E.
coli strain HB10Ol (Cohen et al., 1977); screening Tc
transformants for ones that were ampicillin (Ap) and
chloramphenicol (Cm) sensitive, and analyzing indivi-
dual Tc¥CmSApS transformants with a small scale plasmid
isolation procedure (Klein et al., 1980) for ones con-
taining the 3.9 and the 5.0 kb EcoRI fragments. Plas-
mids pRmR2 and pRmR3 were isolated by the cleared ly-
sate technique (Clewell and Helinski, 1969) and labeled
by nick translation (Maniatis et al., 1975; Rigby et
al., 1977) with a32p-TPP (350 Ci/mmole, Amersham) and
DNA polymerase I (Boehringer Mannheim) to a specific
activity of 5 x 107 cpm/ug of DNA, and 106 cpm of
labeled DNA probe was hybridized to each 10 x 15 cm
nitrocellulose filter and exposed to Kodak XR-5 film
as described (Ruvkun and Ausubel, 1980a). The region
of homology in pRmR2 to K. pneumoniae is cross-hatched
and was localized as described in the text and in
Figure 5. X = XhoI; B = BamHI; R = EcORT.
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1980b). A restriction map of a portion of the R. meliloti genome
containing the 3.9 kb and 5.0 kb EcoRI fragments is shown in
Figure 2.

SITE DIRECTED MUTAGENESIS OF R. MELILOTI NIF GENES

In order to obtain genetic verification that the 3.9 kb frag-
ment cloned in pRmR2 contains essential §i£>genes, and to initiate
a detailed genetic analysis of R. meliloti nif genes, we developed
a method to replace the R. meliloti wild-type genomic nif genes
with homologous sequences altered by transposon Tn5 mutagenesis.
Transposon Tn5 was chosen for this mutagenesis because it confers
resistance to kanamycin (Km) and neomycin (Nm) in E. coli and R.
meliloti, exhibits little insertion site SpelelCIty, and in gen-
eral causes polar insertion mutations (Berg, 1977). The experi-
mental strategy we adopted involved the series of steps summarized
below and diagrammed in Figures 3 and 4.

Step I (see Fig. 3): Plasmid pRmR2 was mutagenized with Tn5
by infecting E. coli strain HB10l containing pRmR2 with A::Tnb5.
Pladmids carrying Tn5 were collected by isolation of plasmid DNA
from Km¥ survivors of A::Tn5 infected cells, transformation of
strain HB10l, and selection of tetracycline and kanamycin resistant
transformants. Plasmid DNA was prepared from individual Tc¥Km¥
clones using a small scale purification procedure (Klein et al.,
1980), and the plasmid DNA was digested with EcoRI. Because Tn5
is 5.7 kb and does not contain an EcoRI site, insertions of Tn5
into the 3.9 kb nif homologous R. meliloti EcoRI restriction frag-
ment were monitored (using agarose gel electrophoresis) by the
appearance of a 9.6 kb EcoRI restriction fragment and disappear-
ance of the 3.9 kb EcoRI restriction fragment. Approximately 50%
of the plasmids contained Tn5 insertions in the 3.9 kb EcoRI frag-
ment. Because Tn5 contains mapped Xhol and HindIII sites
(Jorgenson et al., 1979), the sites of these Tn5 insertions
along the 3.9 kb EcoRI restriction fragment were determined by
double restriction endonuclease digestions of each pRMR2::Tn5
plasmid with XhoI and EcoRI or HindIII and EcoRI. Six plasmids
with Tn5 insertions distributed along the entire length of the
3.9 kb EcoRI fragment were chosen for further analysis. Figure 5
shows the insertion sites of these 6 Tn5 mutations.

Step II (see Figs. 3 and 4): A DNA transformation system has
not been developed for R. meliloti. Therefore, in order to intro-
duce the nif-region::Tn5 insertions into R. meliloti, each nif-
region::Tn5 EcoRI fragment was recloned into the conjugatng—_
cloning vector pRK290. (Plasmid pRK290, constructed by Ditta et
al., manuscript submitted, also see paper in this volume, is a 20
kb derivative of the P-group conjugative plasmid RK2, confers
tetracycline (Tc) resistance, and contains a single EcoRI site
suitable for cloning. pRK290 is tra” but can be complemented
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Fig.
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Experimental strategy used to mutagenize pRmR2 with Tn5
and transfer the mutated R. meliloti DNA to R. meliloti.
E. coli strain HB10l/pRmR2 (thr leu thi recA hsdR hsdM
pro strr TcY) was grown at 37 C in in LB medium containing
0.2% maltose and 10 Hg/ml Tc to a density of 5 x 108
cells per ml and infected with Ab221rex::Tn5 cI857 Oams
Pam2o (Berg, 1977) at a mult1p11c1ty “of 0.1 partlcles
per cell. Approximately 5 x 103 kanamycin resistant
survivors were obtained per plate when 0.2 ml of in-
fected cells were plated on LB agar containing 20 uUg/ml
Km at 32 C, Colonies from 3 plates were resuspended in
10 ml of 10 mM MgSO4, plasmid DNA was isolated (Clewell
and Helinski, 1969), and used to transform CaCl, treated
strain HB10l (Cohen et al., 1972) and TcY and TcYKm®
transformants were selected on LB agar containing 10
Ug/ml Tc and 20 lg/ml Km. Approximately 20 TcYrmY¥
transformants were obtained per 104 Tc¥ transformants.
Plasmid DNA was prepared from individual TcY¥Km¥ clones
(Klein et al., 1980), and the plasmid DNA was digested
with ECORI, with XhoTI and EcORI, or HindIII and EcoRI.
Six plasmids with Tn5 insertions distributed along the
entire length of the 3.9 kb EcoRI fragment were chosen
for further analysis. Figure 5 shows the insertion
sites of these 6 Tn5 mutations. A 0.5 lg aliquot of
each of the six pRmR2::Tn5 plasmids was digested with
EcoRI and mixed with a 0.5 Ug aliquot of pRK290 DNA
which also had been digested with EcoRI. The mixed
DNAs were ligated with one unit of T4 DNA ligase, as
described (Cannon et al., 1977), and the ligated DNA
was used to transform E. coli strain MM294 (endol hsdR
hsdM pro). pRK290-nif-region::Tn5 plasmids were se-
lected as described in the legend to Figure 4.
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Experimental strategy used to introduce specific Tn5
mutations into the R. meliloti genome. Panel A: E.
coli strain MM294 transformed with a ligated mixture
of EcoRI cut pRK290 and pRmR2::Tn5 DNAs (see legend to
Fig. 3) was grown nonselectively in LB broth for 2 hrs
at 32 C and then a 0.1 ml aliquot was diluted into 5 ml
LB containing 10 ug/ml Tc and 20 ug/ml Km and grown to
saturation at 30 C. 0.1 ml of this culture was mated
simultaneously with 0.1 ml R. meliloti strain Rml021
(Nif*strf) and 0.1 ml MM294/pRK2013 and incubated on
an LB agar plate overnight at 32 C. (Plasmid pRK2013
(Figurski and Helinski, 1979) contains the tra genes
of RK2 cloned in plasmid ColEl and complements pRK290
in trans for transfer of pRK290.) StrfTc¥Nm' R. meli-
loti exconjugants were selected on LB agar containing
250 Ug/ml streptomycin (Str), 5 ug/ml Tc, and 20 Hg/ml
Nm. Because pRK2013 (which confers NmY) cannot repli-
cate in R. meliloti (Ditta et al., 1980), this selec-
tion yielded R. meliloti exconjugants containing
PRK290-nif-region::Tn5 plasmids which arose at a fre-
quency of 10~3. Panel B: E. coli strain J53/pR751
((Jobanputra and Datta, 1974); pR751 confers trimetho-
prim (Tp) resistance) was conjugated with each of the
R. meliloti M1021/pRK290-nif-region::Tn5 strains as
described above and StrITpYNmY exconjugants were sel-
ected on LB agar containing 250 ug/ml Str, 700 ug/ml
Tp, and 30 ug/ml Nm. Exconjugants arose at a frequency
of 10~6 and several were tested by the Southern gel
transfer and hybridization procedure in order to verify
that Tn5 had recombined into the R. meliloti genome by
means of flanking nif DNA sequency homology.
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in trans for conjugation by pRK2013 (Figurski and Helinski, 1979)).
In this step, we took advantage of the fact that Tn5 is not cleaved
by EcoRI which enabled us to remove the nif-region::Tn5 insertions
intact from pRmMR2: :Tn5 plasmids by digestion with EcoRI. The re-
sulting pRK290-nif-region::Tn5 hybrid plasmids were conjugated

into R. meliloti. Total DNA was isolated from the R. meliloti
exconjugants and analyzed by the Southern gel transfer and hybrid-
ization procedure (Southern, 1975). The pRK290-nif-region::Tn5
hybrid plasmids had the expected restriction map and replicated
stably in R. meliloti.

Step III (see Fig. 4): Our strategy for isolating R. meliloti
strains in which the plasmid-borne nif-region::Tn5 fragment had
replaced the genomic wild-type nif region was based on the asump-
tion that homologous recombination between pRK290-nif-region::Tn5
and the R. meliloti genome would occur in a small subpopulation of
cells and result in the "transfer" of the Tn5 insertion mutant
from the plasmid to the genome. Cells in which this recombination
event had occurred were detected by conjugation of a second P-group
plasmid, pR751 (Jobanputra and Datta, 1974), which is incompatible
with pRK290, into the R. meliloti strains containing the pRK290-
nif-region::Tn5 plasmid and simultaneous selection for neomycin
resistance (retention of Tn5) and trimethoprim (Tp) resistance
(conferred by pR751). All of the Tp*Nm¥ exconjugants were TcS
indicating loss of pRK290. These R. meliloti Tp*Nm'Tc® exconju-
gants could have resulted from Tn5 transpositions to pR751 or to
the R. meliloti genome as well as from homologous recombination
between pRK290-nif-region::Tn5 and the R. meliloti genome. To
demonstrate that Tn5 had recombined into the R. meliloti genome
by means of flanking nif DNA sequence homology, DNA was isolated
from the Tp*Nm'Tc® exconjugants, cleaved with BamHI, and analyzed
by the Southern gel transfer and hybrldlzatlon technique using
32p-1abeled PRmR2 DNA as a hybridization probe. Homologous re-
combination of each nif-region::Tn5 insertion from the plasmid
into the R. meliloti genome nif-region would result in a different
predlctable change in the restriction map of that region whereas
transposition of Tn5 would not be expected to change the restric-
tion map of the genomic nif region. The results, not shown, indi-
cated that in all the TpYNmfTc® strains examined, each nif-region
::Tn5 had replaced the normal 3.9 kb nif region in the §:~heliloti
genome via a homologous recombination event. Among 24 TpYNmITcS
colonies analyzed none contained Tn5 transpositions to new loca-
tions in the genome or to pR751, and none contained replicon fu-
sions between pR751 and PRK290-nif-region::Tn5.

Step IV: Each R. meliloti strain containing a verified Tn5
insertion in the nif region of the genome was inoculated onto a
sterile alfalfa seedling and nitrogenase activity was determined
3-4 weeks later using the acetylene reduction technique as des-
cribed in the legend to Table 1. Among the six Tn5 insertions in
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Table 1. Level of nitrogenase activity in whole plants with
nodules containing various Rhizobium meliloti strains.

nanomoles/ml of ethylene produced
after 24 hrs in acetylene gas

Alfalfa plant alone <1

Rm 1021 500+100
+ Rm 1021/pRK290 400100
+ Rm 1021/pR751 400100
+ Rm 1021/pRK290-nif-region::Tn5 500+100
+ Rm 1021 nif-region::Tn5 #2 500+100
+ Rm 1021 nif-region::Tn5 #12 <1
+ Rm 1021 nif-region::Tn5 #7 <1l
+ Rm 1021 nif-region::Tn5 #10 <1
+ Rm 1021 nif-region::Tn5 #22 <1l
+ Rm 1021 nif-region::Tn5 #20 500100
+ Rm 1021 met::Tn5 300%100

Legend to Table 1: Alfalfa seeds (variety Iroquois) were steril-
ized for 30 minutes in 70% ethanol then 30 minutes in 50% commer-
cial bleach and then germinated in the dark in distilled water for
3 days. Individual seedlings were planted on 6 ml slants of
nitrogen-free agar (0.1% CaHPO4, 0.02% K,HPO,, 0.02% MgSOg-7H,0,
0.02% NaCl, 0.01% FeCl3, 1.0% agar) (Vincent, 1970) in 18 x 150 mm
test tubes and grown at 27 C with overhead illumination of 200
foot candles on 16 hour days for 7 days prior to bacterial inocu-
lation. A freshly grown colony of R. meliloti grown on LB agar
plus appropriate drugs was picked with a flat toothpick, suspended
in 5 ml distilled water, and used to inoculate 5 alfalfa seedlings.
After 4 weeks of growth under the conditions described above, the
tubes were sealed with serum stoppers, injected with 1 ml acety-
lene gas per tube, and incubated at room temperature in the dark
for 24 hours. Ethylene gas production was monitored by gas chroma-
tography as described (Cannon et al., 1977). Control plants not
inoculated with bacteria did not form nodules and no acetylene
reduction was detected. All plants inoculated with R. meliloti
formed nodules but those inoculated with strains containing nif~::
Tn5 insertions did not exhibit detectable levels of nitrogenase
activity and had approximately 5 to 10 times the normal number

of nodules per plant. Both the control plants and the plants
inoculated with Nif~ bacterial strains were stunted and yellow
after 4 weeks of growth compared to plants inoculated with Nift
bacterial strains which were green and visibly larger.
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the nif region, four strains showed undetectable levels of nitrogen-
ase activity (Nif~ ) upon establishment of symbiosis, whereas two
had normal nitrogenase activity (Nift) (see Fig. 5 and Table 1).
The construction of two Nift strains with genomic Tn5 insertions

in the 3.9 kb EcoRI fragment demonstrates that the construction of
the four Nif™ ::Tn5 mutations is unlikely to be an artifact of the
cloning and recombinational techniques used in our gene replacement
strategy. All of the strains with a normal genomic nif region and
in addition plasmid pRK290-nif-region::Tn5 were Nift indicating
that none of the nif-region::Tn5 insertions were dominant nif~
mutations. All six strains containing Tn5 recombined into the
genome were prototrophic, indicating that the Nif~ phenotype of
four of the strains was not an indirect effect of auxotrophy.

LOCALIZATION OF SPECIFIC NITROGENASE GENES ON pRmR2

In conjunction with the data presented in Table 1 and Figure
5 which correlates Tn5 map position with Nif phenotype, we have
utilized pRmR2::Tn5 plasmids to map the approximate positions of
R. meliloti nif genes on the 3.9 kb EcoRI fragment. This was ac-
complished by hybridizing specific K. pneumoniae restriction frag-
ments carrying regions of genes nifD (nitrogenase) and nifH (ni-
trogenase reductase) to various restriction digests of pRmR2 and
PRmMR2::Tn5 plasmids. The pRmR2::Tn5 plasmids were useful in this
procedure because the insertion of Tn5 introduced new restriction
sites into the 3.9 kb EcoRI fragment which could be used to sub-
divide the fragment into a variety of pieces with known end points.
We found that sequences within both K. pneumoniae nifD and nifH
are conserved in R. meliloti. The conserved R. meliloti "nifD"
sequences are localized to 1.5 kb between Tn5 insertions #2 and
#10, and the conserved R. meliloti "nifH" sequences are localized
to 1.0 kb between Tn5 insertion #10 and XhoI site B indicated in
Figure 5.

As expected on the basis of the interspecies DNA homology
with K. pneumoniae nif genes, those Tn5 insertions which cause a
Nif~ phenotype in R. meliloti are localized near or in these re-
gions of homology, whereas the two Tn5 insertions which have no
effect on nif gene expression are on the two ends of the 3.9 kb
R. meliloti EcoRI fragment and not in the region of interspecies
nif gene homology. Because Tn5 insertion #2 does not cause a Nif~
phenotype, the nif gene D equivalent in R. meliloti probably
starts to the right of this Tn5 insertion (see Fig. 5). The pro-
tein subunits for nitrogenase and nitrogenase reductase are of
average molecular weights 55K and 28K, respectively, in other
Rhizobium species (Israel et al., 1974; Whiting and Dilworth,
1974); therefore the minimum length of DNA necessary to code for
these proteins should be 2.2 kb. Thus it is 1likely that no more
than two nif genes map in the 1.8 kb of DNA between TN5 insertions
#2 and #7 and that either the Nif~::Tn5 insertion #22, 2.6 kb from
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Physical genetic map of R. meliloti nif genes on pRmR2.
Restriction maps of plasmld PRmR2 and each PRmR2: : Tn5
plasmid were constructed using a combination of diges-
tions with restriction endonucleases EcoRI, HindIII,
XhoI, and BamHI followed by gel electrophoresis in 1% to
1.5% agarose gels. These digested DNAs were transferred
to nitrocellulose by the method of Southern (1975) and
hybridized with probes derived from the K. pneumoniae
6.3 kb EcoRI fragment cloned in pSA30. As shown in
panel B, the 1.4 kb HindIII BamHI fragment of pSA30 con-
tains the C terminal coding region of nifD and the 0.7
kb BglIT-EcoRI fragment contains the N terminal coding
region of nifH (Riedel et al., 1979; V. Sundaresan,
personal communication). These fragments were eluted
from preparative agarose gels as described (Ruvkun and
Ausubel, 1980a) and labeled with a32P-TTP (350 Ci/mmole,
Amersham) using the nick translation method to a specific
activity of 5 x 107 cpm/llg of DNA. Approximately 106
cpm were hybridized to the nitrocellulose sheets. Re-
gions of homology in pRmR2 to K. pneumoniae nifD and
nifH genes (shown in heavy lines) were localized by a
combination of restriction endonuclease sites present
in the 3.9 kb EcoRI fragment and new restriction sites
generated by various Tn5 insertions. R = EcoRI, H =
HindIII, X = XhoI, B = BamHI, Bg = BglII.
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Tn5 insertion #2, is in nifH or its promoter, or defines an adja-
cent nif gene.

DISCUSSION AND CONCLUSIONS

An important conclusion to be drawn from the data presented
here is that cloned R. meliloti DNA sequences homologous to X.
pneumonaie nifD and nifH play an essential role in symbiotic ni-
trogen fixation. The data rule out the possibility that the DNA
homology between K. pneumoniae nif genes and R. meliloti DNA is
due to cryptic nif genes not functional in symbiotic nitrogen
fixation or due to homology with genes evolutionarily (or fortui-
tously) related to K. pneumoniae nif genes. Based on the inter-
species homology with K. pneumoniae nifD and nifH and on the mu-
tational analysis described here, we conclude that R. meliloti
contains genes equivalent to K. pneumoniae nifD and nifH, though
we cannot as yet assign these homologous R. meliloti nif genes to
separate complementation groups.

The ability to rapidly construct mutations on cloned DNA
fragments and then recombine these mutations into the R. meliloti
genome enables us to scan the R. meliloti genome in the vicinity
of the 3.9 kb EcoRI fragment for other nif genes. Preliminary
results indicate that other genes affecting symbiotic nitrogen
fixation are clustered in this region of the R. meliloti genome
(G. Ruvkun and S. Long, unpublished results).

The techniques described in this paper should be generally
applicable to the production of specific mutations in a variety
of Gram negative prokaryotic species (see papers by Ditta et al.,
and Hennecke and Mielenz, in this volume for further applications).
These techniques should also be useful in the initiation of genetic
studies of DNA fragments cloned from Gram negative prokaryotes by
non-genetic criteria, e.g., homology to inducible RNA, or hom-
ology to specific DNA sequences. Finally, DNA fragments identi-
fied and cloned on the basis of transposon insertional inactiva-
tion can be further mutagenized using these techniques.
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CLONING DNA FROM RHIZOBIUM MELILOTI USING A NEW BROAD HOST RANGE,

BINARY VEHICLE SYSTEM

G. Ditta, S. Stanfield, D. Corbin, and D. R. Helinski

University of California, San Diego
La Jolla, CA 92093

Molecular cloning techniques now permit the dissection of DNA
to almost any desired degree in order to study both structure and
function of individual genes. An important strategy for analyzing
cloned DNAs involves reintroducing them.into their host of origin
under various conditions designed to affect gene function. This
procedure is greatly facilitated if the primary cloning vector is
capable of autonomous replication in multiple hosts. Double vec-
tors, capable of replication in more than one host, have been de-
veloped for use in Escherichia coli/yeast (Struhl et al., 1979)
and Bacillus subtilis/Staphylococcus aureus (Lofdahl et al., 1978).
There are many other organisms of medical, agricultural, and
economic importance, however, for which no such dual purpose vec-
tors exits. We have therefore developed a broad host range cloning
system for gram-negative bacteria from the naturally-occurring
drug resistance plasmid RK2. This system, whose possible develop-
ment was first suggested some time ago (Meyer et al., 1977), has
proved exceedingly valuable to our laboratory in working with the
nitrogen-fixing alfalfa symbiont, Rhizobium meliloti.

BINARY VEHICLE SYSTEM

RK2 is a 56 Kilobase pair (Kbp) drug resistance plasmid very
closely related to, if not identical with, plasmids bearing the
designation RP1l, RP4 and R68 (Burkhardt et al., 1979). It confers
resistance to the antibiotics tetracycline, kanamycin, and ampi-
cillin. Like other members of the P-1 incompatibility group, RK2
has a very wide conjugative host range. It will transfer to a
variety of different gram-negative bacteria and be stably main-
tained in such hosts. While RK2 has been used directly as a re-
combinant cloning vector, its large size is a serious drawback.

31
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Tra RK2
pRK
290
Tc
Em RepRKZ
RepCoIE1

Fig. 1. Binary vehicle system. pRK290 is the cloning vector.
pRK2013 is a helper plasmid essential for conjugal trans-
fer of pRK290. Rep and Tra refer to generalized replica-
tion and conjugal transfer capability, respectively, and
are not intended to designate specific genes. Tc and Km
refer to tetracycline resistance and kanamycin resistance,
respectively.

In order to reduce the size of RK2 and yet still retain enough of
its valuable broad host range characteristics, a two-plasmid,
binary vehicle system has been developed (Fig. 1). The actual
cloning vector in this system is a 20 Kbp deletion derivative of
RK2 called pRK290. This plasmid codes for tetracycline resistance
and has two single restriction enzyme sites where DNA can be in-
serted without loss of plasmid function. Since the regions of DNA
necessary for conjugal transfer have been deleted, pRK290 is in-
capable of self-transfer. On the other hand, it can be mobilized
at high frequency by a second plasmid, pRK2013, which is composed
of the entire complement of RK2 transfer genes cloned onto the
small E. coli-specific plasmid Col El. To use this system, DNA
from a particular gram-negative bacteria is first cloned into E.
coli using pRK290, and pRK2013 is subsequently introduced in order
to move the cloned DNA back into its original host. In actual
practice, the mobilization step is simple and quick (see Transfer
Properties). Also, since the cloned DNA is non-transmissible in
the absence of mobilizing helper, a high degree of biological con-
tainment is achieved.
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Although one could clone directly into the original bacterium
with pRK290, there are many advantages to using E. coli as an in-
termediate host. 1In the first place, procedures for transforming
E. coli are well established, while developing a high-frequency
transformation system for some bacteria could prove quite difficult.
Another advantage is that it is possible to isolate large gquanti-
ties of plasmid DNA for analysis, again using well-characterized
procedures. A most important consideration is that in E. coli,
the cloned DNA exists in a heterologous chromosomal background.
Hence radiolabeled probes can be used for identification of par-
ticular clones via colony hybridization (Grunstein and Hogness,
1975). Finally, transposon insertion, a powerful technique for
both genetic and physical analysis, is easily carried out in E.
coli.

PRK290

The essential regions of pRK290 are those coding for its broad
host range replication properties, its mopbilizability, and its re-
sistance to tetracycline. 1In RK2, these functions are located on
widely separated parts of the molecule, and include trfA and trfB,
trans—acting replication functions (Thomas and Helinski, 1979),
ori RK2, the origin of replication (Meyer and Helinski, 1977), and
rlx, a cis-acting site necessary for mobilizability (Guiney and
Helinski, 1977). 1In order to design a strategy for constructing
pRK290, it was necessary to know the location of these functions
relative to available restriction enzyme sites. Details of the
final plan chosen are described elsewhere (Ditta et al., 1980).

At one stage, use was made of a previously constructed RK2 dele-
tion derivative, pRK2501 (Kahn et al., 1980). A map of pRK290 is
shown in Figure 2.

There are two available cloning sites in pRK290, Bgl II and
EcoRI. Since insertion at either of these sites does not inacti-
vate any known plasmid function, it is necessary to pretreat the
enzyme-cleaved vector with bacterial alkaline phosphatase (BAP)
before ligation. This removes the terminal 5' phosphates and
renders the molecule incapable of being covalently recircularized
by DNA ligase. Transformable molecules can be generated, however,
when exogenous DNA is combined with BAP-treated vector.

Despite its moderately large size, pRK290 specifically lacks
restriction enzyme sites for BamHI, HindIII, PstI, KpnI, Hpal and
XhoI. This feature is often useful in the physical analysis of
large cloned DNAs.

It frequently happens that deletion derivatives of wild-type
plasmids show reduced stability in the absence of positive selec-
tive pressure. pRK290 was therefore tested in both E. coli and
R. meliloti for stability during non-selective log-phase growth
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Fig. 2. Physical map of pRK290. Coordinates are in kilobase pairs.
rlx is the relaxation complex site (Ditta et al., 1980).
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Fig. 3. Physical map of pRK2013. Coordinates are in kilobase pairs.
The wavy line represents approximately 1 kilobase of phage
Mu DNA (taken from Figurski and Helinski, 1979).
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Table 1. Plasmid stability.

Generations % Loss
Strain without selection per generation

E.c. HB1Ol (pRK290) 25 0
E.c. HB10l (pRK290 R2) 25

E.c. HB10l (pRK290 R9) 25 0.1
E.c. HB10l (pRK290 B3) 25 0.1
E.c. HBLOl (pRK290 B9) 25

R.m. 2011 (pRK290) 27 0.2
R.m. 2011 (pRK290 R2) 26 0.4
R.m. 2011 (pRK290 R9) 26 0.3
R.m. 2011 (pRK290 B3) 26 0
R.m. 2011 (pRK290 B9) 26 1.6

R2 and R9 are cloned EcoRl fragments; B3 and B9 are cloned Bgl II
fragments.

(Table 1). Plasmid loss was considerably less than 1% per genera-
tion in either host. Derivatives carrying cloned@ DNAs at either
the Bgl II or EcoRI sites were also tested. Only a slight de-
crease in stability was observed. The copy number of pRK290 in

E. coli is approximately 5. This is well within the reported
range of 5 to 8 copies per chromosomal equivalent for RK2
(Figurski et al., 1979).

pPRK2013

The kanamycin-resistant helper plasmid pRK2013 is shown in
Figure 3. It was constructed some time ago in connection with ex-
periments designed to determine the essential replication regions
of RK2 (Figurski and Helinski, 1979). Since pRK201l3 carries the
entire complement of RK2 transfer genes, it is self-transmissible
to hosts that permit replication of Col El. The relatively narrow
host range of the Col El region is an important factor in binary
system mates with some gram-negative recipients (see below).
PRK2013 lacks the RK2 origin of replication but retains both trfA
and trfB, as well as much of the rest of RK2. It is probably for
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this reason that moderate incompatibility exist between helper and
vector when both are present in the same cell. In the absence of
selective pressure, pRK2013 is preferentially lost from cells
carrying pRK290. This is also a valuable factor in some binary
system matings (see below).

TRANSFER PROPERTIES

Transfer data for binary vehicle system matings from E. coli
to a number of different gram-negative bacteria are shown in Table
2. Matings were performed by mixing equal numbers of donors and
recipients together, collecting the cells on nitrocellulose filters,
and incubating a minimum of three hours on non-selective agar
plates at the optimum temperature for the recipient. HB1O0l was
used as the E. coli host for two reasons. First, it is recombina-
tion deficient since vector and helper share large regions of
homology. Second, as the intermediate host in cloning experiments,
HB10l lacks a restriction system which could potentially inacti-
vate cloned DNAs. All matings were done as triparental matings
(i.e., E. coli (pRK2013) x E. coli (pRK290 x Recipient) since the
transfer frequency under these conditions is comparable to that
observed when both plasmids are together initially in the same
cell. This is an important facet of the binary vehicle system,
since it greatly facilitates manipulations as well as increasing
the overall level of biological containability. 1In Table 2, it
can be seen that a high rate of vector transfer was observed for
all the strains surveyed, including some such as R. meliloti and
Acinetobacter calcoaceticus, which are quite distantly related to
E. coli. The situation with respect to the helper plasmid varies
somewhat. For some hosts, such as Rhizobium and Pseudomonas, the
transfer frequency of pRK2013 is considerably less than for pRK290.
Most of the kanamycin-resistant Rhizobium exconjugants are probably
generated via recombinational rescue of pRK2013 and pRK290, since
the transfer frequency of pRK2013 alone to Rhizobium is several
orders of magnitude less than that observed in the binary system
matings. For other hosts, transfer of pRK2013 is quite efficient
and the majority of conjugants selected on tetracycline contain
both helper and vector. However, since there is a certain degree
of incompatibility between these two plasmids, kanamycin-sensitive
clones lacking pRK2013 are easily segregated by a single restreak-
ing on tetracycline. Thus, in all cases it is easy to achieve
vector-specific transfer to the host of interest.

RHIZOBIUM GENE BANK

One of our primary motivations for developing the binary
vehicle system was to use it to study the .molecular genetics of
symbiotic nitrogen fixation in Rhizobium. The nodulation of agri-
cultural legumes has been estimated to account for nearly half of
the annual global production of fixed nitrogen (Evans and Barber,
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Table 2. Plasmid transfer frequencies.

R . R R .
Tc conjugants Km /Nm conjugants

Recipient recipient recipient
. . . . -2 -4
Rhizobium meliloti 104B5 nal 8.3x10 5.6x10
. -2 -1
Serratia marcescens nal 6.6x10 2.2x10
. . -1 -1
Klebsiella pneumoniae M5A1 1.4x10 8.8x10
. -1 -7
Pseudomonas aeruginosa PAO nal 2.6x10 8.4x10
. . . -4 -4
Acinetobacter calcoaceticus rif 8.3x10 3.0x10
. . R . . R
Tc = tetracycline resistance; Km = kanamycin resistance; Nm =

neomycin resistance; nal = nalidixic acid resistance; rif = rif-
ampicin resistance (take from Ditta et al., 1980).

1977), and is a matter of great agricultural importance. Neverthe-
less, little is known about the molecular details of infection,
nodulation, and fixation by rhizobia. In an attempt to under-
stand more about sthese processes, we have represented the total

DNA of a typical fast-growing Rhizobium species, Rhizobium meliloti,
as a collection of random DNA fragments cloned onto pRK290. This
so-called "gene bank" is a readily available source of cloned
Rhizobium DNA. It can be examined in a variety of ways to dis-
cover which DNA fragments carry symbiotically important genes.

The use of a broad host range cloning vector such as pRK290 great-
ly extends the types of analyses which can be carried out to find
such important genes.

Construction of the gene bank was accomplished as follows.
Total Rhizobium DNA was partially digested with the enzyme Bgl II
and size-fractionated on sucrose gradients. DNA in the range of
15-30 Kbp was combined with Bgl II-digested, BAP-treated PK290 in
a series of ligations. A total of 1285 transformants were obtained.
Using a rapid small-scale isolation procedure, approximately 300
of these were analyzed for plasmid DNA content. In Figure 4,
plasmid DNA from 15 such transformants is shown following Bgl II
digestion and agarose gel electrophoresis. The uppermost band in
each lane except lanes 2 and 5 is the vector pRK290. The cloned
insert, if present, is displayed as a set of Bgl IT fragments.
From this analysis, it was concluded that 72% or 929 of the ori-
ginal transformants carried cloned Rhizobium DNA inserts. The
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Fig. 4. Bg II digests of cloned R. meliloti DNA. pRK290 is the
uppermost band in each lane except lane 5. Lane 9 is a
set of DNA standards (taken from Ditta et al., 1980).

average size insert was estimated to be approximately 19 Kbp. An
effort was specifically made to clone large inserts for several
reasons. Most importantly, it increases the probability that
functional gene clusters will be preserved intact. Further, it
reduces the number of samples required to provide statistical rep-
resentation. Using the formula of Clarke and Carbon (Clarke and
Carbon, 1976) and assuming the size of the Rhizobium chromosome to
be comparable to that of E. coli, there is a 98% probability that
a given gene will be represented somewhere within the bank.
Finally, cloning large fragments reduces any non-random bias
caused by the use of a site-specific restriction endonuclease.

NIF GENES

One of the most obvious symbiotically important set of genes
in Rhizobium is that coding for the structural components of the
enzyme nitrogenase. In those organisms which have been studied,
the enzyme complex directly responsible for reducing atmospheric
nitrogen has been found to consist of two components. Component I,
referred to as the molyldenum-iron protein, is a tetramer composed
of two pairs of non-identical subunits whose molecular weights are
in the range of 50,000 to 60,000 daltons. Component II, a dimer,
contains two identical subunits of approximately 35,000 daltons.
The minimum amount of DNA necessary to code for three such pro-
teins is on the order of 3-4 Kbp. The structural organization
and mode of regulation of these genes in Rhizobium is unknown.
Ruvkun et al. (Ruvkun and Ausubel, 1976) have shown that cloned
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DNA representing the nitrogenase structural genes (nif genes) of
the free-living nitrogen-fixing bacteria Klebsiella pneumoniae will
hybridize to total cellular DNA from R. meliloti, as well as to
eighteen other nitrogen-fixing organisms, including Clostridium
pasteurianum, a gram-positive bacterium, Anabaena, a blue-green
algae, and Frankia, an Actinomycete. It will not, however, hybri-
dize to the DNA of organisms which do not fix nitrogen. The actual
region of homology was estimated to be less than 1.6 Kbp in the
case of R. meliloti, and to correspond to no more than two of the
three Klebsiella nitrogenase genes (i.e., gene(s) D and/or H). We
have used colony hybridization (Grunstein and Hogness, 1975) to
identify those clones in the gene bank which carry homology to the
same nif DNA probe. Three such clones have been identified, the
largest of which carries a 26 Kbp insert. All three contain a 3.6
Kbp Bgl II fragment containing the entire region of homology. When
total R. meliloti DNA is examined by Southern blot analysis
(Southern, 1975), the same 3.6 Kbp Bgl II fragment is the only
fragment which is detected. We therefore conclude that at least

a portion of the R. meliloti nif gene set has been identified as a
component of the gene bank. Further studies are in progress to
substantiate this point and to address various questions concern-
ing organization and control of this important region of DNA.

SUMMARY

A two-plasmid, binary vehicle system has been developed for
cloning DNA from Gram-negative bacteria. After initial isolation
in E. coli, cloned DNA can be reintroduced at high frequency into
the host of origin using a single triparental bacterial mating pro-
cedure. The vector component of this system has been used to clone
the entire genome of Rhizobium meliloti as a collection of inserts
averaging 19 Kbp in size. A portion of the nitrogenase structural
gene set has been identified on three of these inserts.
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INTRODUCTION

In the last few years considerable interest has been devoted
to studies of the genetics of root nodule bacteria, Rhizobium spp.,
which are the nitrogen fixing symbionts of legumes. Scientists
in this field hope to eventually genetically engineer new Rhizobium
strains with improved properties in symbiosis.

Recently, circular linkage maps have been established for
three strains of R. meliloti (Meade and Signer, 1977; Kondorosi
et al., 1977; Casadesus and Olivares, 1979) and for R. leguminosarum
strain 300 (Beringer et al., 1978), using plasmids of the Pl incom-
patibility group for the mobilization of the chromosome. However,
no genetic analysis of the rhizobial nitrogen fixation (nif) genes
has been completed so far. Screening for nif”~ mutants and scoring
for the Nif phenotypes requires time consuming plant nodulation
assays. R. japonicum, the soybean symbiont, offers the advantage
that one can study the expression of the nif genes under free-
living, i. e., asymbiotic, conditions (Keister, 1975; Kurz and
LaRue, 1975; Pagan et al., 1975). In order to approach the genetic
organization and regulation of the nif genes of R. japonicum in
more detail, we have attempted to isolate nif genes from this or-
ganism utilizing recombinant DNA technology.
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Fig. 1. Cloning scheme.

CONSTRUCTION OF A GENE BANK OF R. JAPONICUM 110 DNA IN E. COLI

Figure 1 shows an outline of the cloning procedure. Total
DNA from R. japonicum strain 110 was isolated and digested with
the restriction enzyme HindIII (Mielenz et al., 1979). The plas-
mid cloning vehicle was pBR322 (Bolivar et al., 1977) which has a
single HindIII site in the gene region coding for tetracycline re-
sistance. Before annealing and ligating these two types of DNA,
the vector was treated with the enzyme bacterial alkaline phospha-
tase (BAP) (Ulrich et al., 1977). BAP removes the terminal 5'-
phosphate from DNA. Since T4 DNA ligase requires both a 5'phos-
phate and a 3'hydroxyl group for activity, BAP-treated DNA cannot
be ligated together. Therefore, treatment of the cloning plasmid
PBR322 with BAP prevented self-ligation and allowed the plasmid to
be ligated almost exclusively to the non-BAP treated R. japonicum
DNA. Following ligation, this mixture of recombinant plasmids was
introduced into E. coli strain C600R-M* by transformation (Mandel
and Higa, 1970). Since the HindIII site on pBR322 is in the pro-
moter of the genes for tetracycline resistance, insertion of
foreign DNA at that site should eliminate or reduce tetracyline
resistance. Analysis of the transformed E. coli cells for the
two drug resistance phenotypes carried on pBR322, ampicillin (amp
> 100 ug/ml) and tetracycline (tetR, 75 Hg/ml), showed that > 99%
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Table 1. The effect of treatment of pBR322 with bacterial alkaline
phosphatase before ligation.

Type and source of DNA Transformants per microgram

ligated and transformed into PBR322 selected for

E. coli C600 AmpR TetR
R. japonicum 110 DNA (HindIIT) 9,600 44
plus pBR322 (HindIII, BAP)
pBR322 (HindIII, BAP) 220 180
PBR322 (closed circular) 54,000 22,000
No DNA 0 0

of the cells were ampR and tetracycline sensitive (tets) (Table 1).
Therefore, the BAP treatment allowed the creation of a population
of E. coli containing recombinant plasmids in a single step with-
out any involved enrichment procedure. Putative plasmid-containing
E. coli cells were plated on a rich medium (LB) containing ampi-
cillin. A total of 3325 ampR colonies were transferred to micro-
titer plates. Each well contained 0.2 ml LB ampicillin plus 10%
dimethylsulfoxide, a microbial antifreeze. This colony bank is
maintained frozen at -20°C.

In order to evaluate the size distribution of the cloned R.
japonicum DNA inserted into pBR322, the recombinant plasmids from
the total pool of selected clones were isolated and analyzed on
agarose gels after digestion with HindIII (Fig. 2). The cloning
plasmid is the predominant band in the middle of the pattern
while the fragments of cloned DNA range in size from about 15 x 108
to less than 1 x 10% daltons. A similar size distribution was
found when the plasmids from 12 randomly chosen colonies were
analyzed (not shown). Assuming an average size of 3 x 109 daltons
for the inserts and 3 x 102 daltons for the R. japonicum genome,
the colony bank theoretically could represent three times the total
genome.

The question of expression of Rhizobium genes in E. coli has
been addressed by attempts to complement a variety of auxotrophs
of E. coli with the recombinant plasmids. For example, all 3325
clones have been checked for complementation of the leucine require-
ment of the E. coli C600R™M* host cell. No clones were found to
be Leut. Furthermore four additional genes in E. coli have been
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Fig. 2. BAnalysis of cloned Rhizobium japonicum DNA on 0.7% agarose
gels. Total plasmid DNA was extracted from transformed
E. coli cells containing the HindIII "gene bank" of R.
japonicum strain 110, and digested for 1 and 2 hrs with
HindIII (lanes 1 and 2, respectively). The numbers on
the right give the molecular weight markers (in Md.) of
DNA fragments obtained from EcoRl digested phage A DNA.

checked for complementation by the gene bank DNA: His™, Arg~,
Thy_, Pro mutants were not complemented by cloned rhizobial DNA,
suggesting an apparent biological block in the expression of R.
japonicum DNA by E. coli. -

SEARCH FOR CLONED R. JAPONICUM NIF GENES

The primary structure of the enzyme nitrogenase is highly con-
served over a wide variety of nitrogen fixing microorganisms. For
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example, the constituent components of the nitrogenase enzyme
complex of Klebsiella pneumoniae can form an active hybrid enzyme
by mixing them with the constituent components of the R. japonicum
nitrogenase complex (Emerich and Burris, 1978). Furthermore, immun-
ological cross-reaction was found between the nitrogenase of K.
pneumoniae and R. japonicum (Maier and Brill, 1976; Scott et al.,
1979). More recently, Ruvkun and Ausubel demonstrated that part

of the nitrogenase structural genes from K. pneumoniae hybridizes
to total R. japonicum DNA (Ruvkun and Ausubel, 1980). Therefore,
the presumptive sequence homology between nif genes from K. pneu-
moniae and R. japonicum should make it possible to detect R. Jjapon-
icum nif genes by screening the colony bank for the presence of any
cross-hybridizing material with the help of the colony hybridiza-
tion technique (Grunstein and Hogness, 1975).

The molecular probe used for the hybridization experiments
was the EcoRl fragment from the recombinant plasmid pSA30 (Cannon
et al., 1979) which carries almost exclusively the structural genes,
nifKDH, of the nitrogenase complex of Klebsiella pneumoniae strain
M5A1 (see Fig. 3). After enzymatic digestion of pSA30 with EcoRl,
the nif DNA fragment was purified by two consecutive runs on a
preparative agarose gel. The DNA fragment was "nick-translated"
(Maniatis et al., 1975) with DNA polymerase I (Boehringer Mannheim)
in the presence of thymidine 5-(0-32P)triphosphate (400 Ci/mmol)
to yield a specific radiocactivity of 0.5 to 1 x 108 cpm/Ug DNA.

The 3325 clones of the colony bank were grown in groups of 47-48
on nitrocellulose filters layered on top of LB agar containing
ampicillin (100 ug/ml). When the colony size reached about 2-3 mm,
the filters were layered on LB agar containing ampicillin and
chloramphenicol (100 ug/ml) for 24 hrs, and then further treated
as described (Chinault and Carbon, 1979). This plasmid amplifica-
tion step dramatically increased the hybridization signal, as shown
in Figure 4. The colony hybridization experiment was done in du-
plicate employing about 5 to 7 x 108 cpm per filter. Upon examina-
tion of the autoradiograms, 21 colonies gave a positive response.
The recombinant plasmids were isolated from all of these colonies
using standard techniques (Clewell and Helinski, 1969), digested
with Hind IIT and analyzed on agarose gels. The result of this
analysis is shown in Table 2 and Figure 5. All plasmids have a
common 5.8 megadalton (Md) insert. Using the Southern hybridiza-
tion technique (Southern, 1975), we confirmed that this DNA frag-
ment carries the nif homology region. Plasmids from 15 colonies
have only this single insert, while 5 others contain an additional
2.0 Md fragment. One plasmid was found to have 3 fragments. It

is unknown as yet whether the additional pieces are natural "neigh-
bors" of the 5.8 Md DNA sequence or just random cointegrates pro-
duced during the cloning experiment.
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Fig. 3. Klebsiella pneumoniae nif DNA fragments used for hybridiza-
tion experiments. The top part of the figure depicts the
nif gene region of K. pneumoniae strain M5Al. The EcoRI
fragment containing almost exclusively the structural genes
of the nitrogenase complex, nifHDK, had been cloned by
Cannon et al. (1979) into the vector plasmid pACYC184
(Chang and Cohen, 1978) to yield the recombinant plasmid
pSA30. Subfragments of this region were obtained after
preparative agarose gel electrophoresis of double digests
with EcoRI/BamHI (R, B), HindIII/BamHI (B, H), and HindIII/
EcoRI (H, R). All subfragments were made radioactive by
"nick translation" (Maniatis et al., 1975).

Table 2. Types of recombinant plasmids isolated.
Colony number Size(s) of insert(s) Fragment hybridizing
to (32p) nifKDH DNA
6Gl2 19B4 62F10

11A2 20B8 63C4

12F9 22B11 67A5 5.8 Md 5.8

15Cc2 26Bl2 68Gll

19H2 59H4 69F3

13a5

34E10

47B3 5.8, 2.0 Md 5.8

50D12

64D7

67D6 5.8, 1.6, 1.35 Md 5.8
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Fig. 4. Section from the colony hybridization experiments showing
an example of 48 out of the 3325 colonies screened. One
colony on this plate gave a positive hybridization signal.
The signal could be dramatically enhanced when the nitro-
cellulose filters with the grown colonies were transferred
to LB agar plates containing chloramphenicol (cam) in
order to allow amplification of the plasmids within the
cells.

Next we focussed our attention on the following two questions:
1) How large is the actual region of homology within the cloned 5.8
Md fragment, and where is this region located on a physical restric-
tion map of the plasmid?; 2) Which of the structural genes of the
K. pneumoniae nitrogenase complex, nifH, nifD, or nifK, carries
the homology region?

First a physical map has been established for one representa-
tive plasmid (isolated from colony number 15C2), using the restric-
tion enzymes HindIII, EcoRI, Sall and BamHI. When pl5C2 was di-
gested with each of these enzymes in separate assays, the following
numbers of bands were detected on agarose gels: HindIII (2) EcoRI
(4), sall (3), and BamHI (3). In addition, double digestions were
performed in every possible combination. This data, in combination
with the available information on restriction sites within pBR322
(Bolivar et al., 1977) allowed a rough map of pl5C2 to be estab-
lished (Fig. 8). Part of the experimental detail is shown in Figure
6 (left part), with the digestion patterns of pl5C2 with (from
left to right) BamHI, BamHI plus HindIII, HindIII, EcoRI plus
HindITI, and EcoRI. When this pattern was transferred to nitro-
cellulose filters via the Southern blotting technique (Southern,
1975) and hybridized with radioactive nifKDH DNA from K. pneumoniae
(see Fig. 3), the restriction fragments carrying the homology region
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Fig. 5. Agarose gel electrophoresis of representative recombinant
plasmids after digestion with HindIII. Plasmids are shown
from colony No. 15C2 (1), 47B3 (2) and 67D6 (3). Lane 4:
vector plasmid pBR322 as control; lane 5: )\ DNA digested
with HindIII.

could be identified (Fig. 6, right part). Hence the maximal re-
geion of homology was located on the fragments designated as 1

and 2 in Figure 8. 1In order to determine which of the K. pneu-
moniae nif genes carries the homology region, the following ex-
periment was carried out. After enzymatic digestion of pl5C2

with EcoRI, the fragments of DNA were separated on an agarose

gel. This DNA-pattern was transferred to nitrocellulose filters
and hybridized to three different subfragments of the nifDH region
(Fig. 3). All these subfragments were isolated by preparative ag-
arose gel electrophoresis and then labeled with (32p) by "nick-
translation." Subfragment a (see Fig. 3) contains nifH and part of
nifD, subfragment b contains nifD and part of nifK, and sub-
fragment c contains the rest of nifK, part of nifE and nify
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Fig. 6. Gel analysis of the restriction digest of the recombinant
plasmid pl5C2 and "Southern" hybridization with (32p)
nifKDH DNA from pSA30. Figure 6A shows the ethidium
bromide stained bands produced after digestion with (1)
BamHT, (2) BamHI plus HindIII, (3) HindIII, (4) HindITI
plus EcoRI, and (5) EcoRI. This pattern was transferred
to nitrocellulose filters and hybridized to the "nick-
translated" nifKDH fragment. Figure 6B shows the auto-
radiogram of the filter after hybridization.

(A. Puhler, personal communication). As shown in Figure 7, no
hybridization was observed with subfragment ¢, while weak hybrid-
ization to fragment 1 of pl5C2 was obtained with subfragment a.
By far the strongest hybridization was exerted by subfragment b,
specifically to the EcoRI fragment no. 2 of pl5C2.

As summarized in Figure 8, the results of the experiments
performed in Figures 6 and 7 imply that 1) the region of homology
is less than 1 MD in size, and 2) that only the nifD gene of K.
pneumoniae is homologous to one of the R. japonicum nif genes,
although a weak homology to nifH cannot be excluded. These find-
ings are in good agreement with the results of Ruvkun and Ausubel
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Fig. 7. Southern hybridization of the "nick-translated" nif- sub-
fragments a, b, and ¢ (see Fig. 3) to the EcoRI fragments
of plasmid pl5C2. The first lane shows the ethidium bro-
mide stained bands of EcoRI digested pl5C2. Three such
patterns were blotted individually to three nitrocellu-
lose filters and then one of each was hybridized to either
subfragment a, b, or ¢ as shown in autoradiograms a, b,
and c, respectively.

(1980). They determined the homology region between K. pneumoniae
and R. meliloti strain M20ll to be less than one megadalton in
size.

The availability of purified nitrogen fixation genes from
Rhizobium japonicum now makes it possible to study their organ-
ization and mode of expression.
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Fig. 8. Restriction map of one of the recombinant plasmids, pl5C2,
and the approximate location of the homology region with
K. pneumoniae nif DNA.
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INTRODUCTION

The importance of nitrogen fixation by rhizobia in legume
root nodules has been recognized for a long time and has led to
the establishment of inoculation industries in many countries.
However, despite the extensive use of Rhizobium strains in agri-
culture since the beginning of this century, the strains in use
are 'wild-type' isolates and no genetically-manipulated strains
are presently available. This is partly due to the fact that
Rhizobium genetic studies have only flourished over the last few
years. A much more important impediment has been a lack of under-
standing of the specific attributes of Rhizobium strains which are
required. These involve properties such as competitiveness,
efficiency of fixation and an ability to become established in
particular soil conditions. Attempts to understand the genetic
basis of these properties, so that improved strains can be con-
structed by genetic means, have only just started. The aim of
this brief review is to summarize our present knowledge of
Rhizobium genetics and indicate the methods that are available
to produce improved strains in the future.

THE IDENTIFICATION OF GENES

Genetic studies depend upon the isolation of strains which
carry mutations. This enables one to determine how many genes are
involved in the normal functioning of, for example, a metabolic
pathway and what the function of each gene is. The isolation of
mutants requires suitable mutagenic procedures and an efficient
method for screening survivors of the metagenic treatment for
the class of mutant which is required. Rhizobia have been
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reported to be susceptible to mutagenesis by procedures involving
treatments with radiation, chemicals and the introduction of trans-

posons (see Beringer et al., 1980a). 1Interestingly there is con-
siderable variation in the efficiency of mutagenesis between and
within Rhizobium species (Cunningham, 1980). N-methyl-N'-nitro-

N-nitrosoguanidine has been used for fast- and slow~growing
rhizobia and is probably the only mutagen which has been effec-
tive with all the strains of Rhizobium tested. Why some mutagens
are so variable in their ability to induce mutation in different
strains and species of Rhizobium is unknown. For the slow-growing
rhizobia most workers have found it difficult to induce mutations.
This may be due to the intrinsic metabolic differences of these
bacteria or possibly to the difficulty in separating bacteria so
that a colony is formed by a single bacterium, rather than a
clump. This difficulty has yet to be resolved so that adequate
numbers of mutants can be isolated for genetic studies.

Recently transposon mutagenesis has been used for R. legumino-
sarum, R. trifolii, R. phaseoli, and R. meliloti. This procedure
involves the introduction of a transposon, which confers drug re-
sistance on the recipient, and selection for those bacteria which
have stably inherited the drug resistance (Beringer et al., 1978a).
Because transposons are unique sequences of DNA that cannot rep-
licate themselves, stable inheritance of the drug resistance is
a result of the insertion of the transposon into the DNA of the
host (Kleckner et al., 1977). This inactivates the gene into
which it is inserted. If that gene is part of an operon this
blocks the function of the genes in the operon distal to the in-
sertion. An advantage of transposon mutagenesis is that only one
mutagenic lesion is formed, so that a clone derived from an ini-
tial transposition event consists of a collection of bacteria
which have undergone the same mutagenic event. This is quite
unlike other treatments where the expectation is that more than
one mutagenic lesion has occurred and therefore the analysis of
the properties of the mutant must take this into account.

A far more important feature of transposon-induced mutation
is that the site of mutation is defined by the presence of the
drug resistance. Therefore the mutation can be readily mapped and
the defective gene can be transferred to other bacteria simply by
selecting for the drug resistance. The transposon also provides
a relatively simple way for identifying the DNA which carries the
mutant gene. This can be done in two ways, by looking for hybrid-
ization with labeled transposon DNA and by looking at restriction
enzyme digests to determine which fragment is altered in zize.

For the fast-growing rhizobia, at least, the range of muta-
genic techniques available is adequate. Providing that a number
of different mutagens are tested there would appear to be no
problem in inducing mutations. A more serious problem with
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Rhizobium species is in the screening of survivors of mutagen
treatments for specific classes of mutants. The isolation of
auxotrophic and drug-resistant mutants is no more difficult than
for other bacteria. However the particularly interesting mutants
that one wishes to isolate for Rhizobium strains are those which
are defective in symbiotic properties. The problem here is that
each colony must be tested independently on a suitable legume host
plant for the establishment of normal nitrogen-fixing nodules.
These tests are time consuming, expensive and can only be used to
handle a limited number of colonies (more than 250 plants tested
per day per person would be unusual). This obviously limits the
number of strains that can be tested and also the ease with which
genetic mapping and strain construction can be attempted.

Despite this limitation a number of symbiotically-defective
mutants of Rhizobium have been isolated after chemical (Maier and
Brill, 1976; Beringer et al., 1977) and transposon mutagenesis
(Buchanan-Wollaston et al., 1980). Some of these mutants have
been mapped and shown to be either plasmid-borne or chromosomal.

THE LOCATION OF GENES

The mapping of genes is important-because it facilitates
their manipulation during strain construction experiments. The
first essential is to know whether a mutation maps to the chromo-
some or to extrachromosomal DNA, such as plasmids. If the gene
is chromosomal its location on the chromosome can be determined
by mapping techniques utilizing DNA transfer between bacteria.
For the fast-growing species of Rhizobium we know that there is a
single circular chromosome and large numbers of genetically marked
strains of R. legquminosarum (Beringer et al., 1978b) and R.
meliloti (Meade and Signer, 1977; Kondorosi et al., 1977; Julliot
and Boistard, 1979; Casadesus and Olivares, 1979a) are available
for mapping purposes. The order of genes on the chromosomes of
R. phaseoli and R. trifolii is probably identical to that of R.
leguminosarum (Johnston and Beringer, 1977) and shows striking
similarities to that of R. meliloti strains (Kondorosi et al.,
1980). The similarity of the chromosomes of R. trifolii and R.
phaseoli with R. leguminosarum is so great that mapping of genes
in these 'species' can be achieved by crossing the bacteria with
suitable marked strains of R. leguminosarum.

Plasmid-borne genes can be mapped by transduction if the
plasmid is sufficiently large that only part is packaged in a
transducing phage. This has been used to map genes on a large
plasmid in R. leguminosarum (Buchanan-Wollaston et al., 1980).
Another, usually easier and more accurate method is to isolate
pure plasmid DNA, digest it with appropriate restriction enzymes
and analyse the fragmentation pattern. If the mutation is caused
by a DNA insertion (such as occurs during transposon mutation)
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the fragment carrying the inactivated gene will have an altered
molecular weight in the mutants as compared to the control. Like-
wise if mutation is due to deletion or invertion, alterations in
restriction patterns will be evident. Obviously such simple
physical methods are not suitable for mapping mutations arising
from base-pair substitutions, etc., where there is no significant
alteration in the molecular weight of the plasmid. This accentu-
ates the value of a mutagenic technique, such as transposon muta-
tion, which alters the DNA in a way which enables physical studies
to be done.

The initial problem of deciding whether a mutation is chromo-
somal or plasmid-borne can be resolved by two main methods. The
most general one is to attempt to map the mutation to the chromo-
some. The absence of linkage to genes from any part of the chromo-
some is useful genetic evidence for an extrachromosomal location
for the mutation. Further genetic evidence can be obtained by
introducing plasmids from other strains and looking for suppres-
sion of the mutant phenotype. Both these procedures have been
used to show that genes are plasmid-borne in R. lequminosarum
(Hirsch, 1978; Brewin et al., 1980; Buchanan-Wollaston et al.,
1980).

THE MANIPULATION OF GENES

The three main methods of gene transfer in bacteria (trans-
formation, transduction and conjugation) have been reported for
many Rhizobium species (see reviews by Dénarié and Truchet, 1976;
Schwinghamer, 1977; Beringer, 1980; Beringer et al., 1980a,b).
Unfortunately, like all aspects of Rhizobium genetics, very little
success has been achieved with slow-growing species of Rhizobium
and, as yet, we are probably only able to perform extensive gene-
tic manipulations with strains of R. leguminosarum, R. meliloti,
R. phaseoli and R. trifolii. Transformation has been reported for
some strains of these species but has not yet been important for
mapping or strain construction experiments. However the great
value of transformation for introducing purified plasmid DNA into
strains of bacteria suggests that it will play an important role
in genetic studies in the future.

Gene transfer mediated by plasmids has been reported exten-
sively for Rhizobium species. R plasmids belonging to the P-1
incompatibility group have very wide host ranges among Gram-
negative bacteria and have probably been transferred to and be-
tween strains of all the species of Rhizcbium. They appear to
be stably inherited and can therefore be utilized to introduce
'foreign' DNA into Rhizobium from other species or genera of bac-
teria. R primes can be constructed using restriction enzyme
methods with purified DNA (Jacob et al., 1976; Julliot and
Boistard, 1979). When transformation is not available, as with
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strain 300 of R. leguminosarum, the constructed plasmids can be
re-introduced into the Rhizobium strain by transforming them into
Escherichia coli and then crossing them into R. leguminosarum by
conjugation. This was the procedure used by Jacob et al. (1976)
for R. leguminosarum and by Julliot and Boistard (1979) for R.
meliloti. These plasmids can then be transferred between strains
and species of Rhizobium by conjugation. The efficiency with which
this occurs will vary with the size of the plasmid and whether or
not the particular strains used carry modification and restriction
systems which destroy the foreign DNA (see Johnston et al., 1978a).

R primes carrying Rhizoibum DNA can be constructed in vivo
by crossing different Rhizobium strains. This can either be done
by crossing different species which show low levels of chromosomal
homology, for example, R. meliloti and R. leguminosarum (Johnston
et al., 1978b) or by selectlng for hlgh frequency transfer of a
specific marker in crosses within a species (Kiss et al., 1980).
R primes selected in this manner have been very useful for 'mapping'
new mutations by looking for suppression of the defective pheno-
type after the introduction of R primes carrying different alleles
(Johnston et al., 1978a; Kondorosi et al., 1980). Because they
are transmissible to other bacterial genera R primes can be used
to look at the expression of Rhizobium genes in different genera
and to determine which genes in a metabolic pathway map at that
point on the chromosome. For example by transferring different
Trp* R primes to Pseudomonas aeruginosa it was a relatively simple
matter to demonstrate that the tryptophan genes of R. leguminosarum,
which were located at three different regions, composed of trp F,A,
and B, trp C and D and trp E though the order of F, A and B could
not be determined (Johnston et al., 1978a).

A further use for R primes is to promote increased frequencies
of chromosome transfer in crosses between strains. The chromosomal
DNA in the R primes is homologous with the same region in the
chromosome and therefore when an R prime donor is crossed there
is enhanced possibility that chromosomal DNA from that region will
also be transferred. This has been demonstrated in R. meliloti by
Julliot and Boistard (1979) using R primes constructed in vitro and
by Kondorosi et al. (1980) using R primes constructed.in vivo.
Jacob et al. (1976) did not observe enhanced chromosome mobiliza-
tion with two R primes carrying R. leguminosarum DNA, and not all
of the R primes constructed by Julliot and Boistard (1979) had
this property. This absence of enhanced sex factor ability could
have been due to a number of factors including the possibility
that Rhizobium plasmid DNA was carried by some of the R primes.

It appears that all species of Agrobacterium and probably
Rhizobium contain large plasmids with molecular weights greater
than 108 (see Beringer et al., 1980b). The ability to produce
bacteriocins (Hirsch, 1979; Brewin et al,, 1980), host range
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determinants (Higashi, 1967; Johnston et al., 1978c; Brewin et al.,
1980), genes required for plasmid transfer (Buchanan-Wollaston et
al., 1980) and at least one of the nitrogenase structural genes
(Nuti et al., 1979; Ruvkun and Ausubel, 1980) have been reported
to be plasmid borne in fast-growing species of Rhizobium. All of
these properties have been reported to be transferred between
Rhizobium strains (see Beringer et al., 1980b), usually through
conjugation mediated by the plasmid itself. Thus it appears that
some strains of Rhizobium (and perhaps all) have at least part of
the genes required for the symbiosis with legumes on plasmids and
are able to exchange these genes by conjugation. One of the R.
leguminosarum plasmids involved in determining host range is trans-
missible at a frequency of about 102 to R. trifolii or R. phaseoli
(Johnston et al., 1978c), which implies that a considerable ex-
change of genes between rhizobia is occurring in nature. However,
strains which have received a plasmid carrying host-range genes

for another species initially appear to be less efficient in nodu-
lating the appropriate host than the wild-type donor (Johnston et
al., 1978c).

Transduction has, and will, play an important role in the
construction of new Rhizobium strains and in the mapping of genes.
As previously stated it can be used to transfer fragments of plas-
mid DNA and to establish linkage between plasmid-borne genes. It
has the advantage that it can be used to transfer fairly small
fragments of DNA which facilitates strain construction because one
can be reasonably sure that only a single reasonably short frag-
ment of DNA is integrated, avoiding the introduction of many un-
known and probably unwanted genes. Transducing phages are avail-
able for strains of R. meliloti (Kowalski, 1971; Casadesus and
Olivares, 1979b) and R. leguminosarum and R. trifolii (Buchanan-
Wollaston, 1979). The relative ease with which these phages have
been isolated suggests that, for the fast-growing species, it
should not be difficult to obtain transduction in a given strain,
especially if virulent phage are used with procedures designed to
reduce the killing which would normally occur, as was done by
Casadesus and Olivares (1979b) and Buchanan-Wollaston (1979).

No discussion of genetic manipulation would be complete with-
out reference to the cloning of genes. This has been alluded to
in the discussion of R primes, but not discussed in terms of the
isolation and analysis of symbiotically-important genes. The frag-
mentation and cloning of DNA using restriction enzymes is now a
routine procedure and a number of clone banks of Rhizobium DNA
have been made. The isolation and characterization of those frag-
ments which carry symbiotically-important genes largely depends
upon the use of hybridization probes to find the clone carrying
the gene whose DNA is homologous with that of the gene being
studied. For the nitrogenase structural gene(s) this involved
the use of purified Klebsiella nif DNA as a probe of the Rhizobium
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DNA (Nuti et al., 1979; Ruvkun and Ausubel, 1980). For other genes
the most suitable method presently available is to use homology
with a transposon. The idea is to induce mutations in Rhizobium
using transposon mutagenesis and then select out those clones which
are symbiotically defective. By definition the DNA flanking the
transposon should be that of the symbiotically-important gene and
hence isolation of a fragment of DNA carrying the transposon will
isolate the gene, or part of it. The gene can be found by hybridi-
zation of the purified fragment containing the transposon with DNA
from the clone bank for that or other closely related species. This
procedure is already being used in a number of laboratories to iso-
late genes, to study their function in different strains and species
and for sequencing studies.

SUMMARY

For fast-growing species of Rhizobium we have the necessary
techniques for inducing mutations and mapping them. The ease with
which this can be done is largely governed by the type of mutant
that is required. For most classes of symbiotically defective
mutants this will always be limited by the necessity to carry-out
plant tests to determine the defective phenotype. A major limiting
problem is that we do not know in detail what is involved in the
establishment of a normal nitrogen fixing nodule. For breeding
purposes we would like strains which are competitive and hence
will form the majority of nodules and we also require these strains
to be efficient at nitrogen fixation. The number of genes involved
and their functions is quite unknown.

Despite this reservation we are well equipped to carry out
fairly extensive programmes of genetic manipulation of Rhizobium
strains, initially using a pragmatic approach of ‘crossing two good
strains and selecting for a better one. As the description of the
important genes improves it will be possible to carry-out more re-
fined manipulations, probably using DNA from Rhizobium clone banks.
While we are at present unable to contemplate this range of genetic
manipulations with the slow~growing rhizobia, it is likely that
most of the immediate problems will be resolved over the next few
years. The concepts and methods for the genetic manipulation of
their genes will have been resolved with the fast-growing Rhizobium
species and thus progress should be rapid.
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HOST RANGE AND RHIZOBIUM TAXONOMY

There is no such thing as a non-nodulating field isolate of
Rhizobium. It is a contradiction in terms because Rhizobium is
defined by its ability to induce root nodules on a legume host.
Indeed, the species to which a particular Rhizobium field isolate
is assigned depends exclusively on the genus of the host legume
from which it was originally isolated. Thus R. japonicum would
have been isolated from a soybean root nodule and R. meliloti from
an alfalfa root nodule. This form of classification works well
provided that there is very little overlap between the host-ranges
of the various Rhizobium species (Wilson, 1944). However it would
appear to be unsatisfactory in three major areas. Firstly, the
large and heterogeneous 'cowpea miscellany' is a collection of
Rhizobium isolates with broad and diverse host ranges. Secondly,
it is doubtful whether nodulation per se (rather than the forma-
tion of nitrogen-fixing nodules) can be : regarded as an adequate
criterion for species assignment, because it is known for example
that R. leguminosarum strain 300, which forms effective pitrogen-
fixing nodules on peas, will also form nodules on Phaseolus and
Trifolium (Hepper and Lee, 1979; J. E. Beringer, personal communi-
cation; J. L. Beynon, unpublished results) although on these last
two hosts the induced nodules fail to fix nitrogen. Thirdly, and
perhaps more fundamentally, we shall argue in the ensuing presen-
tation that strains of R. leguminosarum, R. trifolii and R. phase-
oli are almost 1ndlst1ngulshable by all taxonomic criteria (in-
cluding chromosome homology) except host-range itself, and that
host-range characteristics represent a plasmid-borne trait that
can be transferred from strain to strain across the 'species
barrier'.
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CHROMOSOME EXCHANGE BETWEEN RHIZOBIUM SPECIES

For the fast growing Rhizobium species R. meliloti and R.
leguminosarum a single circular genetic linkage group has been
established using Pl group R plasmids to mobilise chromosomal genes
(Meade and Signer, 1977; Kondorosi et al., 1977; Beringer et al.,
1978). These maps have recently been compared by Kondorosi et al.
(1980). It is clear from Figure 1 that the gene order of the two
linkage maps is basically similar. Furthermore, the apparent
colinearity of the linkage data has been confirmed by the use of
eight R-primes carrying small fragments of the R. meliloti chromo-
some to study the pattern of suppression of mutant phenotypes in
R. leguminosarum and R. meliloti (Fig. 1).

Although the order of chromosomal alleles is similar, the
extent of DNA homology between R. meliloti and R. leguminosarum
is apparently insufficient to allow normal chromosome recombination
(Johnston et al., 1978b) in conjugational crosses which used the
Pl group plasmid R68.45. By contrast, interspecific crosses be-
tween R. phaseoli or R. trifolii and R. leguminosarum resulted in
the transfer of genetic markers at frequencies that were no dif-
ferent from those obtained between different field isolates of R.
leguminosarum itself, and the introduced chromosomal alleles were
integrated into the recipient chromosome to yield haploid recombi-
nants (Johnston and Beringer, 1977). Similarly, recombination be-
tween two different strains of R. meliloti (Rm2011l and Rm4l) oc-
curred at high frequency, yielding haploid recombinants (Kondorosi
et al., 1980). Thus there appear to be at least two distinct
groups of fast growing rhizobia, one represented by R. legumino-
sarum, R. trifolii and R. phaseoli and the other by R. meliloti;
this is consistent with the taxonomic relationships between these
species (Graham, 1964).

In an attempt to map the genes concerned with host range
specificity, an extensive series of genetic crosses was under-
taken involving R. phaseoli, R. trifolii and R. leguminosarum.
These yielded a set of haploid recombinants in which the chromo-
some of R. leguminosarum had been replaced, section by section by
the corresponding part of the genome from either R. phaseoli or
R. trifolii (J. L. Beynon and A. W. B. Johnston, unpublished re-
sults). In no case did any of these interspecific recombinants
lose the ability to nodulate peas, let alone acquire the ability
to nodulate one of the other legume hosts. These genetic data
provide strong evidence that the chromosomes of R. leguminosarum
R. trifolii and R. phaseoli are essentially identical and that
the genes determining host range are to be found elsewhere, pre-
sumably on a plasmid.
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Fig. 1. Comparison of the linkage maps of R. meliloti strain 41
and R. leguminosarum strain 300 (adapted from Kondorosi
et al., 1980) showing only those alleles with apparently
similar map locations. BAlleles connected by solid lines
are suppressed by the same R-prime carrying fragments of

the R. meliloti chromosome.
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THE PLASMIDS OF R. LEGUMINOSARUM STRAIN 300

Genetic evidence that Rhizobium plasmids might determine gene
functions concerned with symbiotic nitrogen fixation (Higashi,
1967; Johnston et al., 1978a; Zurkowski and Lorkiewicz, 1978) has
recently been supported by the observation that some of the genes
concerned with nitrogenase synthesis (nif) are plasmid borne (Nuti
et al., 1979; Ruvkun and Ausubel, 1980). In an attempt to corre-
late plasmids and symbiotic phenotypes of Rhizobium strains,
plasmids recovered from lysates of Rhizobium have been visualized
following electrophoresis on agarose gels (Casse et al., 1979;
Gross et al., 1979; Hirsch et al., 1980. These plasmids are very
large, having molecular weights in the range 60-250 million, or
perhaps larger. 1In the case of R. leguminosarum every strain was
found to contain more than one plasmid. Among 14 different field
isolates, each recovered in the same region of England, each had
a unique pattern of plasmids (G. Hombrecher, personal communica-
tion.

We have investigated the plasmids of R. leguminosarum strain
300 because this strain has been genetically well characterised
and various plasmids have been transferred into and out of it.
Although three plasmid bands were originally detected in this
strain (Prakash et al., 1979), it now seems likely that there are
six distinct plasmids (Hirsch et al., 1980). The two largest
plasmids, which have molecular weights in excess of 220 million,
are often not recovered in plasmid preparations because their
size makes them very susceptible to mechanical and nucleolytic
breakage during plasmid isolation. (For this reason we have no
idea whether other even larger plasmids might exist which have
never been isolated intact.)

The third largest plasmid of strain 300 has a molecular
weight of c. 205 million. This plasmid carries determinants for
nodule formation (Nod') and nodule function (Fix?) (Buchanan-
Wollaston et al., 1980) and nitrogenase (P. R. Hirsch, personal
communication). Two derivatives of this plasmid exist (Fig. 2).
There is a partial deletion mutant (molecular weight c. 180
million) which lacks Nodt, Fix* and nitrogenase functions: this
is present in strains 6015 and 16015. There is also a derivative
of this plasmid containing the transposon Tn5 as an insertion
(A. V. Buchanan-Wollaston and G. Hombrecher, unpublished results).
The plasmid is not self-transmissible (Brewin et al., 1980a).
However Nod+, Fixt and the introduced Kan-r determinant can be
mobilised following genetic recombination with introduced trans-
missible plasmids such as pRL3JI and pRL4JI (Brewin et al., 1980;
N. J. Brewin, unpublished observations).

The next plasmid in the series from strain 300 has a molecu-
lar weight of c. 165 million. Notling further is known about
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Fig. 2. Plasmids of R. leguminosarum strain 300 and its deriva-
tives following electrophoresis in agarose gels (0.7%)
containing Tris-borate buffer, represented as line draw-
ings of these plasmids. The direction of electrophoresis
was from top to bottom. A) Strain 300 field isolate.

B) Strain 6015 (Nod~™ Fix~ plasmid deletion mutant).
C) Strain 1062 (carries small deletion in one of the
small comigrating plasmids of strain 300). D) Strain
1062 containing pRL1JI.

this plasmid. Finally, the fastest migrating plasmid band of
strain 300 probably comprises two co-migrating plasmids (molecu-
lar weight c. 100 million). In one derivative of strain 300
(strain 1062) one of these plasmids may have suffered a small
deletion so that the single bright band is resolved into a doublet
(Fig. 2 and Hirsch et al., 1980). Nothing is known of the func-
tions determined by these two small plasmids except that one of
them apparently belongs to the same incompatibility group as the
nodulation plasmid of a strain of R. phaseoli (see below).
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TRANSMISSIBLE PLASMIDS FROM VARIOUS R. LEGUMINOSARUM STRAINS

Several transmissible plasmids derived from other field iso-
lates of R. lequminosarum have been introduced into derivatives of
R. leguminosarum strain 300 (Table 1). Of these, the best studied
is the bacteriocinogenic plasmid pRL1JI and its derivative, pJdBS5JI,
which contains the transposon Tn5 (Johnston et al., 1978a; Hirsch,
1979; Brewin et al., 1980a; Buchanan-Wollaston et al., 1980;

Hirsch et al., 1980; Beynon et al., 1980). This plasmid, which

has the same mobility on gels as the Ti plasmid of Agrobacterium
tumefaciens strain C58 (molecular weight c¢. 130 million), is
transmissible between strains of R. leguminosarum at high frequency
(10-2 per recipient). When transferred to the Nod~ Fix~ mutant
(strain 6015 - see above) of R. leguminosarum, it restored the
wild-type phenotype (Johnston et al., 1978a; Buchanan-Wollaston

et al., 1980). It was also able to suppress the phenotypes of
several other symbiotically-defective strains (Brewin et al.,
1980a). Perhaps the most surprising property of this plasmid is
that, following transfer to strains of R. trifolii and R. phaseoli,
it conferred on these strains the ablllty to nodulate peas in addi-
tion to their normal hosts, clover and Phaseolus beans, respect-
ively (Johnston et al., 1978a; Beynon et al., 1980). Interspe-
cific transfer of pRL1JI from R. leguminosarum to R. trifolii and
R. phaseoli occurred at the same frequency as when R. leguminosarum
was used as recipient. However, establishment of plasmid-linked
markers in R. meliloti was very much reduced (c. 1074 per recip-
ient) and none of these transconjugant clones had acquired the
ability to nodulate peas (A. W. B. Johnston, unpublished observa-
tions). Preliminary results suggest that pRL1JI also carries

genes for nitrogenase (nif) in addition to the genes concerned
with nodule formation and nodule fixation (Fix%) which have al-
ready been identified (P. R. Hirsch, personal communication).

The plasmid pRL1JI was first identified (Hirsch, 1979) be-
cause it codes for the production of a non-dialysable medium
sized bacteriocin (Med'). It was also noted that strains such as
300 which received pRL1JI lost the ability to produce a dialysable
small sized bacteriocin. This phenomenon could signify that the
introduction of pRL1JI had resulted in the loss of a resident
plasmid (coding for small bacteriocin) from the recipient strain.
However, two lines of evidence suggest that this interpretation is
incorrect. Firstly, when pRL1JI was introduced into strain 300 a
single new band was acquired and none of the resident plasmid
bands was displaced (Hirsch et al., 1980), suggesting that pRL1JI
is compatible with all the resident plasmids of strain 300. Second-
ly, when a derivative of strain 300 carrying pRL1JI was cured of
this plasmid the production of small bacteriocin was restored (P.
R. Hirsch, personal communication), arguing strongly that the
presence of pRL1JI had repressed the production of small bacterio-
cin.
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The fact that the introduction of pRL1JI did not result in
the elimination of any plasmids from strain 300 implies that 300
strains containing pRL1JI may be diploid for any gene functions
that are common to the new plasmid and the resident plasmids.
This is apparently the case because a series of transposon inser-
tions into transmissible plasmids from strain 300 containing pRL1JI
did not result in any symbiotically defective phenotypes, al-
though when transferred into the plasmid deletion mutant 6015,
14/165 of the Tn5-containing transmissible plasmids induced a
phenotype that was symbiotically defective (Buchanan-Wollaston,
et al., 1980).

Two other transmissible plasmids appear to have very similar
bacteriocinogenic properties to pRL1JI. These are pRL3JI which
has a molecular weight of 125-160 x 10% (different transconjugants
appear to contain plasmids of different sizes presumably as a re-
sult of genetic recombination in the new host) and pRL4JI (molec-
ular weight 160 x 106) (Hirsch et al., 1980). However, unlike
PRL1JI, these two plasmids lack the Nod' and Fixt genes necessary
to restore several symbiotically defective R. leguminosarum mutants
to the wild-type phenotype (Brewin et al., 1980).

All three bacteriocinogenic plasmids, pRL1JI, pRL3JI and
PRL4JI appear to be related and they cannot coexist within the
same cell without undergoing recombination. Genetic evidence is
consistent with the possibility that these plasmids can recombine
(Brewin et al., 1980a).

Another nodulation plasmid (termed pRL5JI) has been isolated
from R. lequminosarum strain TOM (Brewin et al., 1980b). This
strain (unlike strain 300) is capable of nodulating the primitive
pea line cv. Afghanistan (Winarno and Lie, 1979) and other pea
lines from the Afghanistan area. When the nodulation plasmid
PRL5JI was transferred to the Nod~™ Fix™ mutant strain 16015 (a
derivative of strain 300), the transconjugants were Nod' Fix* and
now capable of nodulating c¢v. Afghanistan. A similar result was
obtained when a strain of R. phaseoli was used as recipient (N. J.
Brewin, unpublished results). The transferred plasmid has a molec-
ular weight of c. 160 million. It is apparently compatible with
all the resident plasmids of strain 300 and also with any of the
bacteriocinogenic plasmids pRL1JI, pRL3JI and pRL4JI. Unlike
these plasmids, pRL5JI does not code for a medium bacteriocin
and its transfer frequency is rather low (c. 10~© per recipient).

The large majority of the R. leguminosarum strains examined
have been unable to transfer nodulation ability to a Nod~ plasmid
deletion mutant (N. J. Brewin, unpublished results). R. legumino-
sarum strain 300 was an example of such a strain (Brewin et al.,
1980a), and in this case it is known that the nodulation plasmid
is not transmissible (because a derivative exists which contains
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a Tn-5 insertion that provides a strong selection for plasmid
transfer). However, the Nodt determinants of this non-transmissible
plasmid can be mobilised at low frequency following the introduc-
tion into strain 300 of a transmissible plasmid, pRL3JI or pRL4JI,
which is itself Nod~ (Brewin et al., 1980). Presumbaly these
transmissible plasmids either recombine with or cointegrate with

the nodulation plasmid of strain 300, since in subsequent crosses
nodulation ability can often be transferred at high frequencies
(Brewin et al., 1980a).

We have also attempted to transfer the nodulation plasmid
from R. leguminosarum strain 128C53 (Bethlenfalvay and Phillips,
1979) in the hope that the determinants for hydrogenase uptake
(Hup+) and nodulation (Nod*) might be carried on the same plasmid.
(This strain contains only two plasmids.) Unfortunately the_nodu-
lation plasmid did not appear to be transmissible to the Nod
mutant 16015. We therefore attempted to mobilise Nod" by the
introduction of Kan-r derivatives of pRL3JI and pRLAJI (termed
PVW3JI and pVW5JI, respectively). Following the introduction of
either of these two plasmids into strain 128C53 the smaller of the
two resident plasmids (MW c. 190 million on agarose gels) always
disappeared (N. J. Brewin, unpublished results). Although no new
band could be seen, it was probable that the resident plasmid
(termed pRL6JI) had recombined to form a cointegrate with the
introduced plasmid which would then have been too large to recover
in normal plasmid preparations. There was, however, genetic evi-
dence for the existenceé of such cointegrates. Kanamycin resist-
ance from these derivatives could be transferred to strain 300 at
low frequencies (10~7 per recipient) and then at high frequencies
(10”2 per recipient) in subsequent crosses.

When a derivative of 128C53 carrying determinants from pVW3JI
was used as the donor and a Nod™ Fix™ mutant (strain 16015) of R.
leguminosarum was used as the recipient, the majority of the Kan-r
transconjugants obtained were Nod' Fixt Hupt. Neither Nod' nor
Hup* determinants was carried on pVW3JI (the original derivative
of pRL3JI) and hence these characters must have been acquired as a
result of recombination between the Kan-r marker carried by pVW3JI
and a resident Nod' Hup* plasmid of strain 128C53 (namely pRL5JI).
Similarly, when a derivative of strain 128C53 containing pVW5JI
(i.e., pRL4JI::Tn5) was used in crosses, the majority of Kan-r
16015 transconjugants were Noa* Hupt. (The only other class ob-
tained, Nod™, being presumably the result of fragmentation of the
PVW5JI/pRLEJI cointegrate.) Although pRL6JI does not appear to be
self-transmissible it is interesting to note that the strain which
carries this plasmid produces a medium bacteriocin similar to those
specified by pRL1JI and pRL4JI and the strain produces no small
bacteriocin.




73

ROLE OF Rhizobium PLASMIDS IN HOST SPECIFICITY

(q086T)
*Te 3o urmaig WOL - XTd PON _ 50T 09T Lremed
II dnoxo
(eL6T)
sdTTTTyd 3 Aeategz
-usTylsg (s3Ins
-ax paystTaqndun)
urmerg ‘L N €508¢T  dnH X4 PON POWE ,-OT 06T Iromid
(e086T)
*Te 39 urmaIid 60€ _ _ _ oou ot ot -
(e086T)
*Te 3 uimaig 90¢ - - - PO NlOH 091/521 Iremud
(e086T)
"T® 39 utmelg 8¢ - XT3 PON PoW 20T 0€T IeTd
dn XT o o (3usardIoex < a
ooueIeIeH SEIosT N i pol P xad) . wlma I dnoao
PIotd sjueuUTWX®}8Q OTIOTqUAS uTOOTISRoeg  Aousnbaxgy M TTOW
TeuthTIo I93suURI],

‘UNIRSOUTUMDST wnTqoZIW 3FO spruseTd S[qISSTWsSURAI °*T OTqel



74 N.J. BREWIN ET AL.

In Table 1, the Nod' Hup' plasmid from strain 128C53 which we
term pRL6JI has been grouped with the bacteriocinogenic plasmids
PRL1JI, pRL3JI and pRL4JI, despite the fact that it is not itself
transmissible and we have as yet no direct evidence that it codes
for the medium bacteriocin produced by strain 128C53. Neverthe-
less, the observed recombination between pRL6JI and introduced
derivatives of pRL1JI, pRL3JI and pRL4JI suggests that these
plasmids are in some way related.

TRANSFER OF R. LEGUMINOSARUM PLASMIDS TO R. PHASEOLI

In order to investigate the transfer of large plasmids from
R. leguminosarum to closely related species, a strain of R. phase-
oli (1233) was used as a recipient (Beynon et al., 1980). This
strain has two plasmids of molecular weight c. 200 million. The
smaller of these two plasmids carries determinants for nodulation
ability on Phaseolus beans as well as determining the production
of a dark brown (melanin) pigment by mature rhizobial colonies
growing on plates of tryptone-yeast extract. (The significance of
this pigment is unknown, but nearly all strains of R. phaseoli ex-
amined produced it, whereas out of 20 strains of R. leguminosarum
and 20 strains of R. trifolii examined, none produced the pigment.)
Spontaneous plasmid deletions occurred at a frequency of 0.5%.
Introduction of the smallest plasmid from R. leguminosarum strain
300, always resulted in elimination of the smallest plasmid from
R. phaseoli. Hence this plasmid, of unknown function, from R.
leguminosarum apparently belongs to the same incompatibility group
as the plasmid from R. phaseoli which determines nodulation and
pigment production.

The introduction of the nodulation plasmid pJB5JI (a deriva-
tive of pRL1JI) from R. leguminosarum into R. phaseoli. did not
result in the loss of either plasmid from R. phaseoli (provided
that the smallest plasmid from R. leguminosarum strain 300 was not
also cotransferred). The plasmid pJB5JI conferred to the transcon-
jugant derivatives of R. phaseoli the ability to nodulate peas
effectively (Johnston et al., 1978a). However, unless the resi-
dent nodulation plasmid of R. phaseoli had already been eliminated,
the nodulation of peas was considerably delayed compared to R.
leguminosarum itself. This phenomenon might be due to some form
of functional interference occurring between two plasmids speci-
fying nodulation for different host legumes. This possibility is
consistent with the observation that, when an inoculant strain
was used which contained both the R. phaseoli nodulation plasmid
and pJB5JI, all the clones recovered from pea nodules had either
suffered a substantial deletion in the R. phaseoli nodulation
plasmid or else lost it completely (Beynon et 'al., 1980), suggest-
ing that genetic information on this plasmid had to be eliminated
(spontaneously) before nodulation specified by the R. leguminosarum
plasmid pJBSJI could proceed normally.




ROLE OF Rhizobium PLASMIDS IN HOST SPECIFICITY 75

Similar phenomena may well occur in transconjugants of R.
trifolii that have received pJB5JI (Johnston et al., 1978a) be-
cause here too nodulation of peas appeared to be somewhat im-
paired. However this system has not yet been studied in any de-
tail.

CONCLUSIONS

The correlation of plasmid genetics with a physical analysis
of plasmid composition is still in its infancy but a number of
generalisations can now usefully be made.

1) Host range is a plasmid-determined trait, at least for
the three closely related species R. leguminosarum, R.
trifolii and R. phaseoli.

2) Other functions such as bacteriocin production, pigment
production, (in R. phaseoli) and an uptake hydrogenase
may also be carried on nodulation plasmids.

3) Compatible plasmids can carry the same or similar gene-
tic information, leading in some cases studied to the
presence of two (or perhaps even three) copies of Nod*t
and Fixt determinants co-existing within the same cell.

4) When determinants for the nodulation of two different
legume hosts co-exist within the same cell nodulation of
either host may be impaired.

5) Plasmids may be either transmissible or non-transmissible.
Genetic determinants carried on non-transmissible plasmids
can sometimes be mobilised following the introduction of
a transmissible plasmid which recombines (or cointegrates)
with the non-transmissible plasmid.

6) When a new plasmid is introduced into a Rhizobium strain,
various kinds of inter-plasmid rearrangements can occur.
Sometimes a resident plasmid is eliminated; sometimes a
cointegrate is formed with a resident plasmid; sometimes
there is recombination with a resident plasmid resulting
in two new plasmids of different sizes; sometimes there
is apparently no interaction at all.

These observations raise many questions concerning the multi-
farious Rhizobium plasmids and their ecological importance in
competition both within and without the legume root nodule.
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K. T. Shanmugam*, S. T. Lim, Sherman S. M. Hom, D. B.
Scott, and H. Hennecke

*Dept. of Microbiology and Cell Science, University of
Florida, Gainesville, F1 32611 and Plant Growth Labor-
atory, University of California, Davis, CA 95616

Biological nitrogen fixation, an energy intensive process,
is subject to several control processes in the cell (Brill, 1975;
Ludden and Burris, 1976; Carithers and Yoch, 1979; Shanmugam and
Hennecke, 1979). These include both genetic regulatory mechanisms
and protein modification (in some organisms like Rhodospirillum
rubrum). Addition of either NH4+ or O2 to a nitrogen-fixing cul-
ture immediately leads to repression of nitrogenase biosynthesis.
In Klebsiella pneumoniae, nitrogenase synthesis is also regulated
by growth temperature (Hennecke and Shanmugam, 1979). Nitrogenase
is undetectable at elevated temperatures (> 37 C) under growth con-
ditions that allow the production of nitrogenase at permissive
temperatures. Although NH4+ and high temperature (39 C) repress
nitrogenase biosynthesis, they have no detectable effect on pre-
formed nitrogenase protein and catalytic activity. Ammonium ion
mediated regulation of nitrogenase (NHg'-control) is believed to
be mediated through the assimilation of NH4t to the level of or-
ganic compounds. The mechanism by which temperature affects the
production of nitrogenase is unknown. These two control systems
will not be discussed in this communication, with emphasis here
on the role of O, as a modulator of synthesis of nitrogenase. The
term 'redox control' used in the title refers to the fact that
molecular oxygen (and other compounds such as nitrate) have the
dual role as terminal electron acceptors as well as genetic modu-
lators of cellular activity. A lucid description of the role of
O, as a biochemical regulator is presented by Schlegel and co-
workers in this volume.

79
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REGULATION OF NITROGENASE SYNTHESIS BY O2

Nitrogenase is a non-heme iron-sulfur molybdenum protein op-
erating at a low mid-point potential (Ej about -0.69 v) and as such
is extremely sensitive to Oy (Watt and Bulen, 1976; Mortenson, 1978).
Exposing nitrogenase to molecular O, leads to inactivation of the
enzyme and also to decay of the protein tertiary structure (Eady
et al., 1972). All nitrogen fixing organisms have evolved some
unique and specific mode of protection of nitrogenase from oxygen
(Shanmugam and Valentine, 1975b; Yates, 1977). These include high
respiration rate as in A. vinelandii, induction of nitrogenase only
under anaerobic conditions as in facultative anaerobes like Kleb-
siella, induction of nitrogenase only under low partial pressure
of O as in Rhizobium, or induction of nitrogenase only in a spec-
ialized organelle like heterocysts in Anabaena or the root nodule
in a plant-Rhizobium symbiosis. In no case is a nitrogen fixing
organism described in which nitrogenase is not O, sensitive. Even
in A. vinelandii, an aerobic nitrogen fixer, nitrogen fixation de-
creases with increasing oxygen tension (Drozd and Postgate, 1970).

Brill and his co~workers (St. John et al., 1974) observed that
K. pneumoniae failed to produce nitrogenase in the presence of 0O,.
Using K. pneumoniae strains that are derepressed for nitrogenase
biosynthesis in the presence of NH4' (Shanmugam and Valentine, 1975a),
Eady and his co-workers (Eady et al., 1978) observed that the regula-
tory properties observed in the presence of O3 is independent of the
control exerted.by NH4+. It is also known that slow growing Rhizo-
bium spp. produce nitrogenase activity only at low partial pres-
sures of O, (Keister and Ranga Rao, 1977). Experiments from our
laboratory show that this is due to the absence of nitrogenase poly-
peptide synthesis at high partial pressures of oxygen (Scott et al.,
1979). Unfortunately, similar studies were not carried out with
other nitrogen-fixing organisms. These studies clearly demonstrate
that synthesis of nitrogenase is repressed by Oy although the mech-
anism by which this is effected is largely unknown.

REGULATION OF SYNTHESIS OF ELECTRON TRANSPORT PATHWAYS BY O2

Klebsiella, Escherichia

In bacteria, unlike higher organisms, there are at least 4
major electron transport pathways, each utilizing a different ter-
minal electron acceptor (Wimpenny, 1969; Harrison, 1972; Payne, 1973;
Morris, 1975; Cole, 1976; Stouthamer, 1976; Haddock and Jones, 1977).
These electron transport pathways are produced in response to the
availability of the terminal electron acceptor.

1) BAerocbic respiration-terminal e acceptor is Oy - E}
of 05/H0 is +0.82 V.
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2) Anaercbic respiration-terminal e~ acceptor is NO3- - E§
of NO3_/N02- is 4+0.42 VvV,

3) Anaerobic respiration-denitrification-terminal e~ acceptor
is NO,™ - E4 of 2NO,”/N,0 is +0.77 V, E}, of 2NO™ /N, is
+0.97 V.

4) Anaerobic fermentation-terminatl e  acceptors are organic
compounds and Ht - Eé of H+/H2 is -0.42 V.

The anaerobic e~ transport pathway employs several terminal dehydro-

genases and hydrogenase. The accepted role for these proteins is

the removal of the excess electrons (reducing power) generated during
sugar degradation by the glycolytic enzyme systems. Typical examples
are lactate dehydrogenase, alcohol dehydrogenase, fumarate reductase

and formate hydrogen lyase (formate dehydrogenase and hydrogenase) .

In a typical case, electrons originating from formate are trans-
ferred through a series of electron transport proteins to hydrogenase
(formate-hydrogen lyase reaction). Hydrogenase uses this reductant
during catalytic reduction of HY to Hy and this reaction is generally
used as an indicator of anaerobic fermentative metabolism.

The above mentioned other three electron transport systems,
utilizing several cytochromes, are known to produce energy during
the oxidation of reductant (NADH). Although NO3~ respiration and de-
nitrification may coexist in the same cell, the electron transport
components belonging to pathway 1, 2, 3 and 4 are not known to co-
exist in the same cell. However, a given organism may have the capa-
city to carry out all 4 reactions under appropriate conditions.

It is well known that in several organisms, electron trans-
port pathways are subject to control by environmental factors
(Harrison, 1972). For example, in both E. coli and K. aerogenes
anaerobiosis leads to repression of the synthesis of components of
aerobic electron transport pathway and induction of anaerobic elec-
tron transport proteins (Cole, 1976; Stouthamer, 1976).

Addition of oxygen to an anaerobic culture represses the pro-
duction of anaerobic electron transport proteins and terminal de-
hydrogenases. In the presence of oxygen the cell produces aerobic
electron transport proteins that couple the available reductant
(NADH) to molecular oxygen. This process also yields energy for
growth of the cell. If NO3~ is added to the anaerobic cell, in-
stead of 05, as the terminal electron acceptor, the cell reduces
it to the level of NO2~™ and accumulates it in the medium. Excess
electrons produced during anaerobic growth of the culture are thus
effectively removed during NO;™-dependent respiration. Anaerobic
electron transport proteins like formate dehydrogenase-2 are not
produced during NO3~ respiration. Addition of oxygen to a culture
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respiring on NO, also leads to repression of NO3~ reductase.
Similarly, denitrification in the presence of NO,” is also repres-
sed by the presence of 0. 1In turn NO,  also represses the produc-
tion of typical anaerobic proteins.

These experimental results suggest a hierarchy among the sev-
eral electron transport systems. The cell prefers oxygen as the
terminal electron acceptor over NO3~ or NO,”. Nitrate and nitrite
are favored electron acceptors over organic compounds or Ht. 1t
seems essential that the electron transport to terminal electron
acceptor (Op or NO3_) occurs (leading to the reduction of the term-
inal electron acceptor and oxidation of NADH) for the above men-
tioned regulation to be effective. Failure to do so abolishes the
terminal oxidant mediated repression of the electron transport path-
ways. For example, an E. coli mutant strain with defects in ubiqui-
none biosynthesis and thus incapable of aercbic respiration and
growth at the expense of succinate or lactate was found to produce
nitrate reductase even under aerobic conditions (Giordano et al.,
1978). Chlorate-resistant mutants that are defective in NO3~ respi-
ration produced both hydrogenase and nitrogenase activities in the
presence of NO3™ (Stouthamer, 1976; Hom et al., 1980). Mutant
strains of E. coli with pleiotropic defects in NO2~ metabolism
(nirA) produced hydrogenase in the presence of NO3~ (Douglas et al.,
1974) . NirA mutants were found to be defective in the production
of NyO (Satoh, personal communication). These studies show that
flow of electrons to a given acceptor (0,, NO3™, or NOz_) is essen-
tial for the repression of electron transport to other electron ac-
ceptors whose Ej is more negative (O5/H20, +0.82 V; NO3~/NOp™, +0.42
V; NOp™/N50, +0.77 V; fumarate/succinate, +0.03 V; acetaldehyde/
ethanol, -0.20 V; HY/H,, -0.42 V).

Besides the components of the electron transport proteins,
levels of several TCA cycle enzymes also respond to the availability
of oxidants (Wimpenny and Cole, 1967; Yamamoto and Ishimoto, 1975).
Under anaerobic conditions, aconitase, isocitrate dehydrogenase and
fumarase were found to be low, compared to aerobic growth condi-
tions. This effectively prevents the production of NAD(P)H, the
main product of TCA-cycle, under anaerobic conditions in which re-
oxidation of NAD(P)H is met with considerable difficulty.

Pichinoty (1962) proposed that this regulatory process des-
cribed above is mediated by the oxidation-reduction state of a
particular electron carrier in the electron transport pathway.
Wimpenny and Necklen (1971) demonstrated a correlation between
the redox potential of the culture and presence of or absence of

anaerobic proteins (for example, hydrogenase). It was later shown
that the Ej of the culture alone is not sufficient for this con-
trol (O'Brien and Morris, 1971). The presence or absence of

terminal e~ acceptors is an integral part of the control system.
As later studies demonstrated, the reduction of the terminal e~
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acceptor is also an essential requirement. This regulatory system
has been termed as 'redox control' and studied in E. coli and K.
aerogenes but the mechanism by which this is effected is still
unknown.

Rhizobium

It has been observed that several wild-type Rhizobium species
induce oxygen-reactive cytochromes different from those of free-
living cells when the organisms are in association with the plant
or are respiring under anaerobic conditions, using nitrate as the
terminal oxidant (see Table 1). These results can be summarized
as follows.

The cytochrome pattern of aerobic cells of slow growing species,
R. japonicum and R. lupini, and of the fast-growing species, R.
leguminosarum, resemble each other quantitatively and gqualitatively.
Bacteroids of these species completely lack a-type cytochromes but
contain approximately three times as much cyEbchrome c-500, ten
times as much cytochrome c-552 and P-450, and two times as much
b-type cytochromes as are found in free-living cells. Consistent
with the loss of a-type cytochromes, the proportion of b-type cy-
tochromes which may fulfill an oxidase function (i.e., that which
complexes carbon monoxide) increases about ten-fold. The cyto-
chrome pattern of anaerobic-nitrate cells of the two rhizobia be-
longing to the slow-growing group resemble that of bacteroids.
However, cultured cell$ of the fast grower, R. leguminosarum, pro-
duce a similar pattern of cytochromes whether grown aerobically
or anaerobically with nitrate as the terminal oxidant.

Besides the changes in cytochromes, oxygen also regulates the
production of nitrogenase, H, uptake system and NO3~ respiration
pathways. These enzyme systems are produced only under low oxygen
concentrations and not under air (Keister and Ranga Rao, 1977; Lim
and Shanmugam, 1979).

These experiments suggest that when the bacterium differen-
tiates into the bacteroid state, some of the major electron trans-
port components present in aerobically-grown cells are completely
repressed and are replaced by alternate electron carriers. The
mechanism of control of the synthesis of heme proteins and ulti-
mately of the energy-linked electron transport pathways is an im-
portant unanswered question about the nature of symbiotic nitrogen
fixation carried out by Rhizobium.

REGULATION OF NITROGENASE SYNTHESIS BY NO3~
Addition of nitrate to a nitrogen fixing culture is known to

reduce nitrogenase activity and cultures that are growing in a
medium containing NO3_ as the sole source of nitrogen failed to
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Table 1. Cytochrome

ent growth conditions

K. T.SHANMUGAM ET AL

composition of Rhizobium species under differ-

Respiration Cytochrome
Strain Growth rate (imole heme/g protein)
condition (1l Oy/hr- Reference
tein
mg protein) a b c Ce50 c552 p450
R. japonicum Aerobic 0.09 0.19 0.25 0.08 0.002 0.006 Daniel &
strain 505 Appleby,
1972
Anaerobic 0.00 0.19 0.78 0.26 0.023 0.017 "
+ NO3™
Bacteroids 0.00 0.43 0.87 0.27 0.030 0.050 "
R. lupini
strain 371 Aerobic 0.11 0.15 0.20 - - - Romanov et
(effective) al., 1976
Microaero-
philic +
NO3™ 0.04 0.40 0.75 - - - "
Bacteroids 75-80 0.00 0.36 0.55 0.25 0.060 0.160 Kretovich
et al.,
1972
R. lupini
strain 400 Bacteroids 23-25 + 0.23 0.32 (0.21) 0.000 Kretovich
{ineffective) et al.,
1972; Matus
et al., 1973
R. leguminosarum
strain 96 Aerobic 0.13 0.20 0.20 - - - Kretovich
{effective) et al.,
1973
Semi-
anaerobic 0.13 0.38 0.40 - - - Kretovich
et al.,
1973;
Romanov et
al., 1974
Bacteroids 90-100 0.00 0.51 0.5 - - - "
R. leguminosarum
strain 87 Aerobic 0.10 0.17 0.19 - - - Kretovich
(ineffective) et al.,
1973
Semi-
anaerobic 0.11 0.36 0.36 - - - "
Bacteroids 20-16 0.004 0.06 0.05 - - - Kretovich
et al.,
1973;

Romanov et
al., 1974
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produce nitrogenase activity. It is believed that this effect is
mediated by NH4+, a reduction product of NO3~ in many nitrogen
fixing bacteria. During our initial experiments on the effect of
NO3™ on nitrogenase biosynthesis, we observed that NO3~ repressed
nitrogenase biosynthesis even in mutant strains of XK. pneumoniae
that are fully derepressed for nitrogenase biosynthesis in the
presence of NH4% (Hom et al., 1980). This raised the possibility
that the observed effect of NO3~ in these mutant strains is med-
iated by mechanisms other than the NH4 control. Further experi-
ments demonstrated that this repression of nitrogenase biosynthe-
sis by NO3~ is not observed in strains that are NO3~ respiration
deficient (isolated as spontaneous chlorate resistant mutants) .
In ClO3” resistant strains, NO3~ had no detectable effect on ni-
trogenase synthesis or activity, which is similar to the effect
of NO3™ on hydrogenase production in chlorate resistant mutants.
This suggests that the repressive effect of NO3~™ on nitrogenase
biosynthesis in K. pneumoniae is similar to the repressive effect
of 02 on nitrogenase biosynthesis (i.e., 'redox control').

A UNIFIED CONCEPT FOR THE REGULATION OF NITROGENASE BIOSYNTHESIS
(BY O AND OTHER OXIDANTS)

Nitrogenase, like hydrogenase is also capable of functioning
as terminal electron transport protein (enzyme). Nitrogenase
utilizes H' and N2 as terminal electron acceptors. In the ab-
sence of N2, nitrogenase reduces H' and the product is Hy. For
this reduction, nitrogenase requires electrons at low potentials
for catalysis. At least two genes (nifF and nifJ) coding for
nitrogenase specific electron transport proteins have been iden-
tified in the nif gene cluster (Roberts et al., 1978; Hill and
Kavanagh, 1980). These proteins presumably accept electrons
from the fermentative pathway of the cell at some unique but
still unclarified location(s) and in turn couple to nitrogenase
reductase (Yoch, 1974). If the anaerobic (fermentative) elec-
tron transport proteins are absent, no reductant will flow to
nitrogenase, even under conditions in which the nif gene cluster
is fully derepressed. Thus, electron transport, orlglnatlng from
the fermentative metabolism and ending in nitrogenase can be vis-
ualized as one pathway. Some of the proteins in this electron
transport chain are produced by the nif gene cluster (nifF and
nifJ) and coordlnately controlled by the presence or absence of
05 and NHgt.

If nitrogenase acts as a terminal electron acceptor, then
the availability of electron acceptors that are more positive (ES
of nitrogenase is Vv -0.69 V) may lead to repression of the elec-
tron transport proteins feeding electrons to nitrogenase and also
nitrogenase. Repression of the synthesis of proteins in an elec-
tron transport pathway that is a net energy consumer (reduction
of N, and H* by nitrogenase) could also occur under conditions
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in which another oxidant, whose reduction is coupled to production
of ATP, is freely available. In other words, nitrogenase synthe-
sis may also be a part of the cellular reactions regulated by
'redox control.'

We have tested such a working hypothesis in K. pneumoniae
utilizing NO5;™ as the terminal oxidant since oxygen irreverisbly
inactivates nitrogenase. As described before nitrogenase and
formate hydrogen-lyase were not produced in the presence of NO3™.
Nitrogenase was not produced even in the presence of NO,”, a pro-
duct of nitrate metabolism or nitric oxide, a presumed intermediate
of NO,  metabolism to N,0 (denitrification pathway, Hom and
Shanmugam, manuscript in preparation). Nitrate-respiration de-
fective mutants produced both nitrogenase and hydrogenase. How-
ever, we do not know at this time about the control of other an-
aerobic proteins in K. pneumoniae in the presence of nitrite and
nitric oxide.

A typical experiment that exemplifies the interaction between
e~ transport ‘and nitrogenase is the one involving nitric oxide.
K. pneumoniae utilizes NO and reduces it to N30. Addition of
nitric oxide to a culture of strain SK-512 inhibited nitrogenase
activity (Fig. 1). Nitrogenase biosynthesis was elevated immedi-
ately after addition of nitric oxide. Repression of nitrogenase
synthesis was detectable after 1 hr in strain SK-512. Measurable
quantities of N,0 were detected by 2 hrs. Chlorate-resistant
strains of K. pneumoniae were found to be defective in the pro-
duction of N0 from NO,~ besides their defects in NO3~ respira-
tion. However, these strains were found to be normal in their
nitric oxide metabolism. The effect of nitric oxide on nitrogen-
ase biosynthesis and activity was found to be similar in both chiR
strain (SK-1400) and chl® strain (Fig. 1). Nitric oxide stimu-
lated nitrogenase synthesis soon after addition, and in this re-
gard nitric oxide acts like other inhibitors of enzyme activity
in both trp and his operons of E. coli and S. typhimurium, respec-
tively, in which the inhibited enzyme is actually derepressed
(Lester and Yanofsky, 1961; Moyed, 1961). These experimental re-
sults suggest that metabolism of NO (N0 production) is essential
for repression of nitrogenase synthesis by nitric oxide. The
final detectable product of NO metabolism in K. pneumoniae is
N,O. Nitrous oxide had no effect on the induction or activity
of nitrogenase in this organism, although N,0 is known to be an
inhibitor of purified nitrogenase activity (Burris, 1979).

Since both the substrate and product (NO and N0) failed to
repress nitrogenase biosynthesis, one is 1éft with other unknown
intermediates in the production of N0 for explaining the repres-
sion. For example, as soon as the metabolism of NO starts nitro-
genase synthesis is repressed (Fig. 1) indicating that the re-
pression observed in the presence of NO is not mediated by either
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NO or N,0 but by compounds in between the two in the metabolism
and induction of this "repressor" is essential and is mediated by
nitric oxide.

ROLE OF CYCLIC MONONUCLEOTIDES IN 'REDOX CONTROL'

Adenosine-3',5'-cyclic monophosphate (cAMP) is known to play
a major role in the regulation of cellular metabolism in several
organisms (Pastan and Adhya, 1976). 1In E. coli cAMP levels are
normally low in a glucose containing medium and the intracellular
CAMP pool levels increase upon exhaustion of glucose from the
medium. Glucose also represses the expression of other catabolite
(glucose) sensitive operons (for example, lactose operon) involved
in energy production for cellular growth, in the absence of glu-
cose. A direct correlation exists in E. coli between the levels
of cAMP and B-galacotsidase in the cell. cAMP in conjunction with
catabolite repressor protein (CRP) is known to activate the trans-
cription of catabolite sensitive operons (for example, lac, ara)
even in an in vitro transcription system. These results show that
cAMP plays a crucial role in the energy metabolism of the cell.

Dobrogosz and his co-workers (Patrick and Dobrogosz, 1973;
Broman et al., 1974) observed that cAMP is required in E. coli for
optimal production of aerobic electron transport proteins as well
as for production of the anaerobic electron transport system, for-
mate hydrogen lyase, suggesting a role for cAMP in 'redox control'.
Our experiments with R. japonicum show that cAMP is required for
the production of electron transport protein(s) involved in Hy up-
take by the cell (Lim and Shanmugam, 1979). R. japonicum strain
110 produced similar amounts of hydrogenase activity (measured as
3u uptake activity) in media containing either malate or glutamate
as sole carbon source. In the presence of malate as carbon source,
the rate at which Hy was removed and oxidized to Hy0 by the culture
was less than 40% of a glutamate grown culture. Addition of 1.0
mM cAMP to the malate culture completely restored the hydrogen
uptake (Hup) activity. This effect was specific for cAMP. These
results suggest that in malate medium electron transport proteins
capable of coupling the reductant generated from Hy by hydrogenase
are not produced and production of these proteins requires cAMP.

In agreement with this model, cAMP pool sizes were found to be low
in cells grown in malate medium compared to cells grown in a glu-
tamate containing medium (as sole carbon source). In R. japonicum
both hydrogenase and nitrogenase are produced under microaerophilic
conditions (< 0.1% Oj). This raises the possibility that if elec-
tron transport components involved in Hy uptake are controlled by
cAMP, then the electron transport proteins feeding electrons to
nitrogenase and nitrogenase itself may also be controlled by cAMP.
Although malate decreased the cAMP pool levels of the cell, nitro-
genase activity was found to be maximal (Lim and Shanmugam, 1979).
Also K. pneumoniae mutant strains that are adenyl cyclase defective
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produced normal levels of nitrogenase activity without cAMP supple-
mentation (A. Valentine and Shanmugam, unpublished results).

However, addition of cyclic GMP, a known antagonist of cAMP
in E. coli, repressed nitrogenase biosynthesis in R. japonicum
strain 110 (Lim et al., 1979). This repressive effect is observed
in the production of hydrogenase, hydrogen uptake as well as the
respiratory nitrate reductase also (Table 2). The pleiotropic
nature of this effect indicates that all three microaerophilic
enzyme systems are regulated by cGMP concentrations in the cell.
In the presence of 0.1 mM cGMP, no nitrogenase activity was de-
tected in other R. japonicum strains (strains 138 and 142) as well
as the cowpea Rhizobium strain 32H1 (Lim, unpublished data). At
this concentration, cGMP had very little effect on the production
of other proteins like malate dehydrogenase (NAD') and glutamine
synthetase. It is possible that the cAMP and cGMP have opposing
effects in the regulation of the microaerophilic electron trans-
port pathways and nitrogenase in R. japonicum. Production of ni-
trogenase activity in the presence of low intracellular cAMP levels
(malate medium) may indicate that the cAMP requirement for produc-
tion of nitrogenase is low, as against the hydrogen uptake system.
The other possibility is that c¢GMP and not cAMP is the small mo-
lecular effector in 'redox control'. Additional experiments in-
volving mutants are necessary to understand the molecular mechan-
isms of 'redox control' of nitrogen fixation, in both free-living
as well as symbiotic nitrogen-fixing organisms.

Table 2. Effect of oxygen and c¢cGMP on the production of nitrogen-
ase, hydrogenase and nitrate reductase in R. japonicum.*

Additions to Nitrogenase Hydrogenase Nitrate
the medium g 4 g reduc-

Activity Protein H, uptake 3H-exchange tase

(percent control)

None (0.1% Oj) 100 100 100 100 100**

+ O2 (20%) 0 <1l UD UD not
done

+cGMP (0.1 mM) <1l <1 30 19 26

*
Data from Lim et al. (1979); Lim and Shanmugam (1979) and Scott

«xet al. (1979).
Both control and cGMP supplemented culture contained 4 mM NO3™.
UD = undetectable.
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A MUTANT OF RHIZOBIUM JAPONICUM 110 WITH ELEVATED NIF ACTIVITY
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Berkeley, CA 94710
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Davis, CA 95616

The enhancement of biological nitrogen fixation in the legume-
Rhizobium symbiosis involves selection strategies at both the plant
and symbiont level to identify and define traits suitable for im-
proving the symbiosis. One of the major advances at the symbiont
level was the identification of the hydrogen uptake (Hup) enzyme
system as being important in the overall energy efficiency of ni-
trogen fixation (Schubert and Evans, 1976; also this wvolume).
Rhizobium strains that possess the uptake hydrogenase are able to
reutilize some of the hydrogen evolved from nitrogenase (Schubert
and Evans, 1976) and thus regenerate ATP (Emerich et al., 1979).
This is important in a system which has such a high energy (ATP)
demand for biological nitrogen fixation (Andersen and Shanmugam,
1977).

An alternative approach is to select mutants with enhanced
rates of nitrogen fixation, or with improved energy efficiencies,
over the wild type strains. This approach has been used success-
fully by Maier and Brill (1978) to obtain mutants of R. Jjaponicum
(strain 61A76, Hup~ ) with an increased ability to fix nitrogen by
forming more nodules. These mutants were selected by a plant
effectiveness assay (Maier and Brill, 1978).

The development of the appropriate conditions necessary for
the induction of nitrogenase in free living cultures of Rhizobium
(Kurz and LaRue, 1975; McComb et al., 1975; Pagan et al., 1975)
now provides a system suitable for screening the Ny-fixing capacity
of different Rhizobium mutants, separated from the host plant.

This approach has been used successfully to study the hydrogenase
enzyme system in different Rhizobium japonicum strains (Lim, 1978;
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Lim et al., 1980; also this volume). Using this approach we have
selected a mutant of Rhizobium japonicum (strain 3I1b 110, Hup?)

that has increased rates of Nj fixation (CpHp reduction) in free

living culture. A preliminary report of this work has been pre-

sented (Hua, 1978).

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

Rhizobium japonicum strain 3Ib 110 was obtained from D. E.
Weber, U. S. Department of Agriculture, Beltsville. Stock cultures
of Rhizobium were maintained on agar slants of mannitol-salts-yeast
extract (MSY) medium (O'Gara and Shanmugam, 1976). The medium used
for the induction of nitrogenase in free-living cultures of R.
japonicum was as described previously (0'Gara and Shanmugam, 1976).
The carbon source used was malate (4 g 171) and the nitrogen source
was L-glutamate (1.0 g 171). The medium was buffered with 50 mM
morpholinopropane sulphonic acid (MOPS), pH 6.8. Cultures were
inoculated with a 2% (v/v) inoculum (Ag450 of final culture was
about 0.15; 1 cm light path) and grown under microaerophilic con-
ditions (0O'Gara and Shanmugam, 1976) at 28°C. For the determina-
tion of nitrogenase activity, the gas phase was adjusted to 0.1%
oxygen, 2.9% acetylene and 97% argon. For experiments involving
the determination of hydrogenase activity a glutamate minimal
medium (1.0 g 171) was used and the gas phase consisted of 0.1%
oxygen, 5% carbon dioxide, 10% hydrogen, and the remainder, argon.
Growth was followed by measuring the absorbance at 420 nm in a
Gilford Model 300 N spectrophotometer (1 cm light path) and also
by the increase in cell protein as previously described (0'Gara and
Shanmugam, 1976). In one experiment, where indicated in the text,
growth was measured by direct colony counting. Protein was routine-
ly assayed by the procedure of Lowry et al. (1951), using bovine
serum albumin as the standard.

Mutagenesis

Cells of R. japonicum (3Ilb 110) were grown in MSY medium to a
cell density of 100 Klett units. The cells were harvested by cen-
trifugation (7000 g, 15 min) and then resuspended at a cell density
of 50 Klett units in fresh MSY medium, containing 200 pg/ml of N-
methyl-N'-nitro-N'nitrosoguanidine (Aldrich Chemical Company). The
cells were then incubated at 30°C for 1 hr. This treatment re-
sulted in approximately 99% killing. The mutagenized culture was
washed twice with distilled water and then resuspended in fresh MSY
medium, and grown for three days at 25°C. Chlorate resistant mu-
tants were then isolated by plating a suitable dilution of the
mutagenized culture on minimal agar (1.5% w/v) plates containing
potassium chlorate (0.2% w/v), L-glutamate (1 g/1-1) as the nitrogen
source, and arabinose (2 g/1-1) and succinate (1 g/l'l) as carbon
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sources, and then the plates were incubated under a nitrogen atmo-
sphere with 0.1% (v/v) oxygen at 28°C for 10 days. One hundred of
these chlorate resistant colonies were then analyzed for whole cell
nitrogenase activity and nitrate reductase activity. Five of these
colonies were found to have elevated whole cell nitrogenase activity.
One of these (strain C33) was chosen for further characterization.
We have been unable to get this mutant to revert back to chlorate
sensitive phenotype.

Enzyme Assays

Whole cell nitrogenase activity was determined using the ace-
tylene reduction procedure (Hardy et al., 1978) using a Varian
Aerograph Model 1400 equipped with a flame ionization detector and

a Porapak R column.

Hydrogenase Activity and Nitrate Reductase Activity

Hydrogenase activity, determined by Hp uptake or 3H2 exchange,

and nitrate reductase activity were determined as previously de-
scribed (Lim, 1978; Scott et al., 1979).

Respiration Rates

Rates of respiration of R. japonicum strains were determined
as previously described (0'Gara and Shanmugam, 1977).

Radioactive Labeling of R. japonicum

Samples (2 ml) of cells grown under aerobic and microaero-
philic (0.1% v/v O) conditions in minimal medium (see Methods)
containing gluconate (4 g 1-1) and malate (1.5 g 1-1) as the carbon
sources, were labeled with L—(3SS)methionine (Scott et al., 1979).

Electrophoresis and Autoradiography

The labeled cells were analyzed by two-dimensional polyacryl-
amide gel electrophoresis, following the method of O'Farrell (1975).
The preparation of samples and the conditions of electrophoresis
were as previously described (Scott et al., 1979). After electro-
phoresis, the amount of Component I of nitrogenase synthesized
relative to the total SDS soluble proteins was determined by
scanning the autoradiograph of the gel (Scott et al., 1979).

Immunization and Preparation of Antiserum

Rhizobium japonicum (3I1b 110) cells for immunization were
grown aerobically for 5 days using a glutamate minimal medium (2.0
g 171). The cells were harvested and washed with 0.85% (w/v) saline
and resuspended to a concentration of approximately 102 cells ml™".
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The culture was heated to 100°C and maintained at that temperature
for 1 hr to inactivate flagellar antigens. Immunization and prep-
aration of the antiserum was carried out using the procedure of
Schmidt et al. (1968).

Ouchterlony Immunodiffusion

Antigen-antibody complex formation was followed in double-
diffusion plates (Campbell et al., 1970) which contained 10 mM
sodium borate (pH 7.8), 0.85% (w/v) sodium chloride, 1 mM sodium
azide, and 0.9% agar. Plates were allowed to develop for 24 to 48
hr at room temperature.

RESULTS

Identification of R. japonicum (Strain C33) as a Derivative of R.
japonicum (Strain 3I1lb 110)

In order to confirm that strain C33 is a derivative of strain
110, several tests were carried out comparing this strain with the
wild type. Using crude antiserum prepared against strain 110, an
Ouchterlony immunodiffusion test was carried out with strain C33
(Fig. 1). An intense precipitin line was obtained with cells of
strain C33 and this fused with the precipitin lines formed with
strain 110. Several minor precipitin lines also were observed with
both strains. These results suggest that strain C33 is of the same
sero-group as strain 110. Immunodiffusion tests conducted with
twenty different USDA strains of R. japonicum showed that strains
3I1b 117, 3I1b 129, and CB1809 also cross react with anti-serum to
strain 110, indicating that these strains all belong to the 110
sero-group.

Strain C33 is also sensitive to lysis by a bacteriophage (D1)
that is specific for strain 110 (Mielenz et al., 1979). No lysis
was observed when this phage was tested with twenty other different
strains of R. japonicum.

The two-dimensional polyacrylamide gel protein patterns (Fig.
3) for cells grown under aerobic and microaerophilic (0.1% 03)
growth conditions are very similar between strains C33-°and 110,
suggesting that C33 is a derivative of 110. However, some protein
differences are observed and these are discussed later.

Nitrogenase Activity in Free-Living Cultures of Rhizobium japonicum

Under microaerophilic growth conditions (0.1% O,) the rate of
acetylene-dependent ethylene production by cultures of strain C33
was significantly greater than strain 110 (Fig. 2b). This increase
was not due to differences in growth rates, as the doubling time
for strain C33 (24 hr) was similar to that of strain 110 (22 hr)
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Fig. 1. Antigenic cross-reactions with anti-serum prepared against
Rhizobium japonicum (strain 3Ilb 110). The wells contained:
antiserum against R. japonicum (strain 3I1b 110) (A), R.
Japonicum (strain 110) cells and R. japonicum (strain C33)
cells.

(Fig. 2a). This difference in whole cell nitrogenase activity has
been observed in a number of experiments. From the original 100
chlorate-resistant mutants isolated, five clones (including C33)
were found to have elevated levels of whole cell nitrogenase activ-
ity.

Other Properties of R. japonicum Strain C33

In an effort to understand the biochemical differences be-
tween strains 110 and C33, other enzymes induced under microaero-
philic growth conditions including hydrogenase and nitrate reduct-
ase (Lim et al., 1979) were also examined. Hydrogenase activity,
as measured by uptake and 3H2 gas exchange, was not significantly
different between C33 and 110 (Table 1). High levels of nitrate
reductase were found in crude extracts of strain 110 but no activ-
ity was detected in crude extracts of strain C33 (Table 1). The
high level of nitrogenase activity in strain C33 in the presence
of KNO3 reflects the lack of nitrate reductase in this strain, as
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Fig. 2. (A) Time course of growth of R. japonicum strain 3I1b 110
and strain C33 under micoraerophilic growth conditions.
Viable cell numbers were determined by plating out a
suitable dilution of the cells on MSY-agar plates. (B)
Whole-cell nitrogenase activity in cultures of R. japonicum
grown under microaerophilic growth conditions. o strain
C33; e strain 110.
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Table 1. A comparison of the biochemical properties of strains
C33 and 110 of R. japonicum.

Rhizobium japonicum strain

110 C33

Nitrogenase activity Control 25,2 48.8
(nmol h~1 mg protein'l)

+NO, ™ (4 mM) 0 47.3
Nitrogenase polypeptide 5.3 5.6
synthesis (% of total
protein)
Hydrogenase activity: Hjp 14.9 13.1
uptake (Mmol n~1 mg protein_l)
Hydrogenase activity: 3H2 2.45 2.47
exchange (umol h™l mg protein~1)
Nitrate reductase activity 93.2 0
(nmol min~1 mg protein~1)
Respiration rate: aerobically 72 69
grown cells (nmol min~1 mg
protein’l)
Respiration rate: cells grown 56 66

under 0.1% Oy (nmol min~1 mg
protein—1)

nitrite inhibits nitrogenase activity (Kennedy et al., 1975). The
amount of Component I of nitrogenase synthesized in strain C33 was
similar to strain 110 (Table 1 and Scott et al., 1979). The respi-
ration rates of cells grown under both aerobic and microaerophilic
conditions were also determined (Table 1), but no significant
differences were observed.

When cells of strain C33 and 110 were analyzed by two-
dimensional polyacrylamide gel electrophoresis the protein patterns
were very similar but some differences were observed between the
two strains (Fig. 3). For cells grown under microaerophilic con-
ditions, the most dramatic difference observed was the absence of
a 40,000 dalton protein in strain C33 (Fig. 3d), which was a major
protein in strain 110 (Fig. 3c). This protein is unique to cells
of strain 110 grown under microaerophilic conditions (c.f., Fig.
3a and Fig. 3c) as are the constituent polypeptides of Component I



102 S.-S. T. HUAETAL.

Fig. 3. Autoradiographs of two-dimensional gels of in vivo
labeled R. japonicum proteins. The arrows indicate the
positions of the o and B polypeptides of Component I of
nitrogenase, a 34,000 dalton protein (Component II of
nitrogenase) and an unidentified 40,000 dalton protein.
(a) Cells of strain 110 grown under aerobic conditions;
(b) cells of strain C33 grown under aerobic conditions;
(c) cells of strain 110 grown under microaerophilic con-
ditions; (d) cells of strain C33 grown under micro-
aerophilic conditions.
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(¢ and B) and Component II (34K) of nitrogenase (Scott et al.,
1979). Minor protein differences can also be observed between
aerobic cells of strain 110 (Fig. 3a) and strain C33 (Fig. 3b),

but as nitrogenase is synthesized only under microaerophilic growth
conditions, protein differences between the two strains in the
microaerophilic cultures are probably of greatest importance.

DISCUSSION

A mutant (strain C33) of R. japonicum (strain 3I1b 110) has
been isolated with elevated levels of nitrogenase activity in free-
living culture. This difference was not a consequence of an in-
creased synthesis of the constituent polypeptides of nitrogenase
as the amount of nitrogenase synthesized in strain C33 was similar
to strain 110 (Table 1). The genetic lesion(s) in this mutant have
not been determined because of the lack of genetic tools in this
organism, but several protein differences were observed on two-
dimensional polyacrylamide gels (Fig. 3). Maier and Brill (1978)
used a plant effectiveness assay to screen clones from a mutagen-
ized culture. The screening of mutants in a free-living culture
system, as described here, has considerable advantages. This
approach has also been used successfully to study the hydrogenase
enzyme system in different R. japonicum strains (Lim, 1978).
Strain C33 has also been shown to lack nitrate reductase activity,
but this property does not appear to affect the nitrogenase activ-
ity, as we have screened 200 spontaneous chlorate resistant (also
nitrate reductase negative) clones and none had higher nitrogenase
activity in free-living culture. This would suggest that the
elevated nitrogenase activity is a consequence of NTG induced mu-
tation. The lack of nitrate reductase in this mutant provides a
useful additional property for studying the interaction of nitrate
on nitrogen fixation in the symbiotic situation.

Experiments in controlled environment as well as field ex-
periments are important to evaluate the true symbiotic capability
of this Rhizobium strain (Burton, 1976). The rate of nitrogen
utilization in the host plant may also play an important role in
the overall evaluation of yield (see Williams and Phillips, this
volume).

SUMMARY

A culture of Rhizobium japonicum (strain 3Ilb 110) was mu-
tagenized and then screened for chlorate resistance. These clones
were isoclated and assayed for nitrogenase activity in free-living
culture. Five out of one hundred colonies tested were found to
have elevated levels of whole cell nitrogenase activity. Several
protein differences were observed between one of these mutants
(strain C33) and the wild type strain on two-dimensional poly-
acrylamide gels. Strain C33 was also defective in nitrate
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reductase activity and had high nitrogenase activity in free~living
culture in the presence of nitrate whereas no activity was detected
with the wild type strain under similar conditions.
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INTRODUCTION

The presence and absence of oxygen divides the biosphere into
oxic and anoxic ecosystems, provides aerobic and anaerobic living
conditions and enables either aerobiontic or anaerobiontic organ-
isms to grow. As an electron acceptor of a high positive redox-
potential oxygen enables aerobiontic cells to channel the substrate-
derived electrons through a long respiratory chain and to generate
metabolic energy with great efficiency. Oxygen enables cells to
utilize aliphatic, aromatic and isoprenoid hydrocarbons as sub-
strates which are not biodegradable under anaerobic conditions.
There is no doubt that the beneficial effects of oxygen prevail.
Looking closer, however, one realizes that almost all organisms,
irrespective of their metabolic type, are exposed to possible
oxygen toxicity. Oxygen exerts detrimental effects on anaerobi-
onts such as the strictly anaerobic bacteria like Succinivibrio,
Butyrivibrio, Clostridium haemolyticum and the methanogenic bac-
teria (Loesche, 1969). But even the strictly aerobic bacteria and
higher organisms suffer from damage by oxygen (Gottlieb, 1975).
This is seen in the defense mechanisms which enable aerobic organ-
isms to cope with oxygen toxicity. At least some of the toxic
species of oxygen, such as hydrogen peroxide, superoxide anions,
hydroxyl radicals and singlet oxygen, produced by the metaboliz-
ing cell can be detoxified or quenched by special enzymes such as
superoxide dismutase, catalase, peroxidases and carotenoids and
possibly other pigments (Fridovich, 1976; Hassan and Fridovich,
1978; Krinsky, 1978; Morris, 1975, 1978).
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There are at least three metabolic processes and key enzyme
systems in aerobic organisms which are known to be exceptionally
sensitive to oxygen:

1) Nitrogen fixation and nitrogenase are very oxygen—-sensitive -
This is reflected by the low oxygen tolerance of the majority of
aerobic nitrogen-fixing bacteria under conditions of nitrogen fix-
ation ig_vivo. With the exception of Azotobacter (Robson, 1979)
and the heterocysts of cyanobacteria nitrogen fixation by suspen-
sions of single cells is confined to less than 0.02 bar oxygen.

2) The evolution and utilization of molecular hydrogen is
known to be oxygen-sensitive, too. All hydrogenases so far studied
are susceptible to inactivation by oxygen, especially the hydrogen-
ases from strict and facultative anaerobes (Schlegel and Schneider,
1978).

3) The function of ribulose bisphosphate carboxylase/oxygenase
depends on the partial pressures of carbon dioxide and oxygen, and
the oxygenase reaction prevails when the Po, is high and the Pco,
is low (Lorimer and Andrews, 1980b). This has recently been
demonstrated in elegant experiments using a glycolate-negative
mutant of Alcaligenes eutrophus type strain (King and Andersen,
1980). Although the ribulose bisphosphate carboxylase itself is
not extremely oxygen-sensitive, its misfunction is drastically in-
creased by a high oxygen partial pressure resulting in a detrimental
loss of COj-acceptor molecules and consequently in a futile cycle
of organic carbon compounds accompanied by an enormous waste of
energy.

These considerations allow the prediction that the aerobic
hydrogen-oxidizing and the nitrogen-fixing bacteria will belong to
the most oxygen-sensitive bacteria among the strict aerobes. Since
an increasing number of species of hydrogen bacteria is found to
be able to fix nitrogen (Gogotov and Schlegel, 1974; Wiegel and
Schlegel, 1976; Wiegel et al., 1978) and vice versa nitrogen-
fixing bacteria are able to grow chemolithotrophically with hy-
drogen (Simpson et al., 1979; Lepo et al., 1980; J. Dobereiner,
personal communication; Malik and Schlegel, 1980), and since all
of these bacteria have in common to fix carbon dioxide via the
ribulose bisphosphate cycle, one can expect that this physiological
group faces more problems of oxygen damage than other bacteria.

The present paper summarizes some recent studies on the tol-
erance of hydrogen-oxidizing bacteria to 1) hydrogen peroxide and
2) oxygen and presents 3) the characteristics of growth of the
hydrogen-oxidizing bacterium Alcaligenes latus and its ability to
fix nitrogen. Furthermore, 4) the mechanism of oxygen damage to
the soluble NAD-reducing hydrogenase of Alcaligenes eutrophus H16
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will be presented, and finally 5) a short review will be given

on the effects of severe oxygen limitation on cells of A. eutrophus.
See articles n this volume for further reading on the importance of
oxygen (Evans et al., Shanmugam et al., and Tait et al.).

The bacteria used for most experiments to be described were
Alcaligenes eutrophus strain H16 (ATCC 17699, DSM 428), the mutant
PHB 4 (DSM 541) deficient in the synthesis of poly-B-hydroxybutyric
acid (PHB) derived from the wild-type H16, A. eutrophus type strain
(ATCC 17697, DMS 531), A. eutrophus strain N9A and the PHB-free

mutant and the double mutant N9A-PHB~03-HB™ which is not able to
utilize B-hydroxybutyrate (HB).

OXYGEN SUPPLY WITH HYDROGEN PEROXIDE PLUS CATALASE

Oxygen can be supplied to suspensions of growing cells by
continuous addition of hydrogen peroxide provided catalase (bovine
liver catalase) is added to the medium. This has been demonstrated
for various bacteria and yeasts with fructose or glucose as sub-
strates when growing up to cell densities cf 1-2 g cell dry weight/
liter (Schlegel, 1977). Under autotrophic conditions it was also
possible to provide oxygen to cells of Alcaligenes eutrophus H16
by supplying Hy0, directly to the liquid medium under a gas atmo-
sphere containing only Hp + COp. However, the doubling times of
the cells were higher than during normal growth under a gas mix-
ture of Hp, Oy and COp. H,0, supported aerobic heterotrophic
growth at high cell densities, too (Ibrahim, 1979; Ibrahim and
Schlegel, 1980a). However, when with increasing cell densities
and consequently increasing oxygen demands of the cells the flow
rate and the concentration of the HyO, solution was increased to
maintain a concentration of 1.8 mg dissolved oxygen in the medium,
the growth rate slowly decreased (Fig. 1). The retardation and
finally the suppression of growth could not be overcome by in-
creasing the concentration of catalase in the medium or by adding
scavengers of toxic oxygen species. Samples taken at various
times after the start of H,0, supply resumed growth after lag
phases that were positively correlated to the time the cells were
exposed to H30p aeration (Fig. 2). The reason for the failure to
cultivate A. eutrophus at high gell densities, resp. high H,0,
flow rates, was finally traced back to the cells' sensitivity to
the H,0, steady state concentrations of more than 15 UM Hy0, which
are reached under such conditions. Three to five UM H,0y were
well tolerated. The high steady-state concentrations could not be
avoided by adding catalase in excess or continually. The incom-
plete cleavage of Hp0p by catalase is due to the low affinity of
catalase toward Hy0, and to the rapid inactivation of the enzyme
during continuous addition of Hy05 (Ibrahim and Schlegel, 1980b).
From these experiments we learned that the growth inhibitory effect
exerted by low concentrations of Hy0, is a slow process.
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TOLERANCE OF HYDROGEN-OXIDIZING BACTERIA TO VARIED OXYGEN
CONCENTRATIONS

When growing heterotrophically, e.g., on fructose, Alcaligenes
eutrophus H16-PHB™4 demonstrates a remarkable tolerance to high con-
centrations of dissolved oxygen in the medium (Fig. 3). A. eutro-
phus shares this tolerance with many bacteria (Fig. 4) and yeasts
(E. Wilde, unpublished).

In contrast, growth under autotrophic conditions under an
atmosphere of H,, O, and CO, was severely affected by the oxygen
concentration. Growth curves of several hydrogen bacteria, meas-
ured in shaken Erlenmeyer flasks at low cell densities at varied
O concentrations in the gas phase, indicate common features of
response as well as marked differences (Fig. 4). At an oxygen con-
centration higher than 20% (v/v) the growth rates were lower than
at 20 or less percent oxygen. Contrary to the effect of hydrogen
peroxide, increased oxygen partial pressures did not result in in-
hibition and arrest of growth but allowed exponential growth at a
lower rate. This indicates that the lower growth rate is due either
to rate-limiting enzyme synthesis or continuous enzyme destruction.
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of an Oz-electrode in the suspension and monitored by
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aeration (300 ml/min).
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The sensitivity to Oy concentrations above 20% varied from
species to species. While A. eutrophus H16 responded to the in-
crease of the oxygen concentration with a gradual decrease of the
growth rate, the type strain and Paracoccus denitrificans reached
a threshold value between 40 and 60% 05 above that the growth rate
decreased abruptly to almost zero. The growth inhibiting effect
of oxygen on autotrophically growing hydrogen-oxidizing bacteria
has been known a long time, however, no experimental data were
available to explain this phenomenon.

MECHANISM OF OXYGEN DAMAGE TO THE SOLUBLE, NAD-REDUCING HYDROGENAS]
OF ALCALIGENES EUTROPHUS H16

The hydrogenases so far isolated are iron-sulfur proteins
(Mortenson and Chen, 1974; sSchlegel and Schneider, 1978). While
some hydrogenases are easily and irreversibly inactivated by
oxygen, such as that of Clostridium pasteurianum (Nakos and
Mortenson, 1971; Mortenson and Chen, 1976), others have been de-
scribed to be "oxygen-stable" but to form an inactive, reversible
complex with O5 (see Schneider and Schlegel, 1980, for details).

A. eutrophus H16 contains two completely different hydrogen-
ases which have both been purified and characterized. One enzyme
is soluble, contains FMN as chromophor, reduces NAD and is of
complex structure (Schneider and Schlegel, 1976, 1978; Schneider
et al., 1979; Schneider and Cammack, 1978). The second hydrogenas
is membrane-bound, smaller, flavin-free and unable to react with
pyridine-nucelotides (Schink and Schlegel, 1978, 1979; Schink,
1978; Weiss et al., 1980).

The purified soluble hydrogenase (hydrogen: NaD' oxidoreduc-
tase, EC 1.12.1.2; specific activity 57 pmol Hy/min-mg protein)
consists of 4 subunits (Fig. 5) three of which are non-identical
(molecular weights 68,000, 60,000, 29,000; molar ratio 1:1:2).

The enzyme contains 12 atoms each of iron and labile sulfur per
molecule localized in two (2Fe-2S) and two (4Fe-4S) centers
(schneider and Cammack, 1978; Schneider et al., 1979). The assigr
ment of the iron-sulfur centers and the FMN molecules to the sub-
units is still lacking.

The purified hydrogenase turned out to be highly stable under
air and could even be stabilized in the bacterial crude extract by
flushing with 60% (v/v) oxygen or addition of 1 mM ferricyanide
(Table 1). Instability and irreversible inactivation of hydrogen-
ase by oxygen was observed if reducing and electron donating com-
pounds, such as Hy and NADH, were present in enzyme solutions.
Inactivation kinetics of the purified hydrogenase revealed that
the rate of inactivation was significantly dependent on the pres-
ence and on the concentration of oxygen (Fig. 6).
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4. Growth curves of various bacteria grown at varied 0O, con-

centrations. Left side: the cells of Xanthobacter auto-
trophicus, Escherichia coli K~12 and Pseudomonas putida
were grown on fructose under gas mixtures containing 20,
40, 60, 80, or 100% (v/v) Oz (in N3). Right side: the
cells of Alcaligenes eutrophus H16-PHB 4, A. eutrophus
type strain and Paracoccus denitrificans 381 were grown
autotrophically under gas mixtures containing 10, 20, 40,
60, or 80% (v/v) oxygen, 10% CO, and 10% H,. Suspensions
were shaken in 300 ml Erlenmeyer flasks at 30 C.
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12 Fe + 12 S + 2 FMN
68 000 60 000

Iron-sulfur centers
29 000 29 000 2 [4Fe+4a5s]
+2[2Fe+2s]

- -
MW ~ 190 00O

Fig. 5. The components of the soluble, NAD-reducing hydrogenase
from A. eutrophus HI16.

Table 1 Stability of hydrogenase in crude extracts
prepared from autotrophically grown cells
of Alcaligenes eutrophus H16

Conditions of storage 4° ¢ Hydrogenase activity
after 12 hours storage

Atmosphere Additions (in percent)

Air Ferricyanide (1 mM) 1o0

Air - 38

H2 - 16

H, NADH (5 uM) 0

N2 Mercaptoethanol (1 mM) 3

30 & 02 + 70 % N, - 50

60 % 0, + 40 ¥ N, - 85
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Fig. 6. Kinetics of inactivation of soluble hydrogenase from A.
eutrophus H16 in the presence of NADH (25 uM), hydrogen
and varied concentrations of oxygen. (1) no NADH under
air, (2) with NADH under 5% (v/v) Oy in Hy, (3) with NADH
under 20% O, in Hy, (4) with NADH under 50% O, in Hy.

The experimental conditions were as follows: The enzyme was
kept under optimal conditions in 50 mM Tris-HC1l buffer, pH 8.0,
at 30 C. Then the solutions were subjected to a gas atmosphere
containing a mixture of Hy and Oj; the latter was present at con-
centrations from 5 to 50% (v/v). Finally 25 UM NADH was added.
At time intervals samples were taken, and the activity of soluble
hydrogenase was determined by NADH formation. As shown in Figure
6 a rapid loss of enzyme activity was observed. The starting
point of the inactivation by oxygen was dependent on the concen-
tration of oxygen. In the presence of 5% Oy 5 to 8 min elapsed,
with 20% 05 2 to 4 min and with 50% Oy only 1 to 2 min, before the
activity declined. This correlated with half lives of 60, 30 and
12 min, respectively. Under Hy-free air the enzyme activity did
not decrease at all within 90 min. Other controls (not shown in
Fig. 6), Hp and Hy + Oy mixtures in the absence of NADH or in the
presence of only low concentrations of NADH (absence of Hp) caused
only insignificant effects. This indicated that each of the assay
components, Hy, NADH and Oy are necessary to effect the complete
inactivation of the purified hydrogenase.

These observations and the nature of the enzyme as a conju-
gated iron-sulfur protein suggested that in the presence of electron
donors and oxygen, superoxide radicals are formed which cause the
inactivation of the enzyme.

For the detection of superoxide anions hydroxylamine was used;
it is oxidized by 057- to form nitrite (Elstner and Heupel, 1976)
and did not affect the enzyme or its catalytic reaction. Parallel
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assays both containing enzyme, NADH, buffer, and H, + O, and one
with hydroxylamine for O, measurements and the other without hy-
droxylamine to follow the decrease of enzyme activity were prepared.
From the enzyme inactivation kinetics and the kinetics of super-
oxide anion formation (Fig. 7) as well as from Table 2 the conclu-
sion can be drawn, that the rate of 0y~ production is correlated
with the oxygen concentration in the gas mixture. Furthermore, the
degree of enzyme inactivation and the concentration of 02~ anions
formed are positively correlated. Under air, pure hydrogen or Hy +
O mixtures in the absence of NADH no radicals were formed.

When superoxide dismutase was added to the reaction mixtures,
the formation of nitrite was much lower; only 5 to 10% of the rate
observed without superoxide dismutase were detected (Fig. 7). This
observation confirmed the assumption that nitrite formation is
caused by superoxide anions which were produced by hydrogenase
under the reaction conditions.

The possibility that hydrogen peroxide or hydroxyl radicals
are involved in the inactivation process, too, was examined by
adding catalase and hydroxyl radicals trapping agents (formate,
benzoate) to the assay mixture. No stabilizing effect became evi-
dent. Furthermore, the hydrogenase activity was not affected by
1 mM Hy0,. These experiments led to the conclusion that hydrogen-
ase is indeed inactivated merely by self-produced superoxide
radicals.

Further experiments aiming at the stabilization of hydrogenase
in the presence of H,, NADH and Oj resulted in the findings that
the addition of cytochrome ¢ and superoxide dismutase provide the
most favorable conditions to stabilize the enzyme (Table 3).

)
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&
=
[<] L ]
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E
o
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2 3 4
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Fig. 7. Production of superoxide radicals in the presence of hy-
drogenase (0.1 mg/ml), 25 UM NADH and 0.5 mM NH,OH in 50
mM Tris buffer, pH 8.0, at 30 C. The gas atmosphere con-
tained 5, 20 or 50% (v/v) O2 in H, as indicated; two sam-
ples contained 2 mg superoxide dismutase (SOD)/ml.
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Table 2 Production of superoxide radicals by purified
hydrogenase of A. eutrophus H16 and loss of
enzyme activity under various reducing conditions

Conditions of storage Nitrite formed|Hydrogenase
(Eg4,) after |activity
12 hours after
12 hours
Atmosphere Additions (in percent)
H2 - 0 100
Air - 0o 100
8o % H, + 20 % 0, - (0] 98
99.9 § H2 + 0.1 % O2 NADH, 25 uM 0.137 51
99.0 & H2 + 1.0 ¢ O2 NADH, 25 uM 0.502 17.5
95.0 % Hz + 5.0 ¢ 0, NADH, 25 uM 1.420 7.9
80 % H2 + 20 % O2 NADH, 25 uM 1.610 <1
Air NADH, 25 uM 0.022 89.8
Air NADH, 1 mM 0.420 5.6
Table 3 Stabilization of hydrogenase under reducing

conditions in

the presence of 25 UM NADH

Conditions of storage (4°

C)

Hydrogenase
activity after
24 h storage

Atmosphere Stabilizers added (in percent)
Air none 100
none 7
Glucose + glucose oxidase 53
99.9 Hz/o.1 0, Dithionite, 1 mM 62
NHZOH, 2 mM 48
Cytochrome ¢ 67
l Superoxide dismutase 72
none 81
H, J Cytochrome c 95
I Superoxide dismutase 97

17
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In contrast to many so-called "oxygen-stable" hydrogenases,
which are very oxygen-sensitive during the catalytic reaction, the
catalytic activity of soluble hydrogenase of A. eutrophus H16 is
not or only to a negligible extent inhibited by oxygen (Schneider
and Schlegel, 1977; Schneider et al., 1979). This concerns, as
documented in Table 4, both hydrogenase-catalyzed reactions, the
reduction of NAD as well as the evolution of Hj.

At first sight, the statements that hydrogenase is oxygen-
tolerant under reaction conditions and is inactivated by oxygen
under the same conditions appear to be contradictory. However,
the inactivation process caused by the action of superoxide radi-
cals did not start immediately. It was a relatively slow process
and did not affect the enzyme during the short period of the enzyme
assay in the almost oxygen-free solution.

On the basis of this study the terms "Oj-insensitivity” and
"Oy-stability" should be reconsidered. First, the environment and
the substances present during exposure to oxygen should be re-
spected and indicated; second, one should clearly differentiate
between storage conditions and the conditions of enzyme function.
Many hydrogenases are sensitive to oxygen in both the non-catalytic
mode and in the catalytic mode, while others are Oj,-sensitive only
in the catalytic mode. The present results ask for differentiating
three conditions: 1) storage, 2) assay conditions, i.e., short-
term catalytic function, and 3) long-term exposure to oxygen under
functional coditions.

Table 4 Hydrogenase activity in the presence of oxygen

H2 atmosphere Hydrogenase activity, initial
containing rate (in percent)
oxygen, in NAD-reduction Hz-production
percent (v/v) from NADH

(o) 100 100

0.1 100 100

5 100 n.d.

10 95 n.d.

20 92 87

40 87 n.d.

60 82 8o
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The data are yet too preliminary to explain the various in-
teractions of oxygen with hydrogenase. More experiments have to
be done to elucidate the action of oxygen on this enzyme. However,
as a heuristic principle a model may be presented and briefly dis-
cussed.

The oxidized hydrogenase, as it is obtained by enzyme purifi-
cation, binds oxygen to give a catalytically non-functional but
very stable enzyme conformation. This is unable to react with hy-
drogen or to reduce oxygen with electrons derived from hydrogen.
In this state oxygen acts as a stabilizer in the sense that the
binding of oxygen prevents the enzyme from being converted into
the catalytically active conformation. If, however, low amounts
of a reduced electron carrier, such as NADH or its non-reactive
analogue NADPH, are present, hydrogenase is converted into the
catalytically active conformation and rapidly reduced by EKj.
Apparently, by binding the pyridine nucleotide the active center
of the enzyme becomes accessible to NAD and other electron accep-
tors, O included. It is not oxygen itself but rather the pro-
duct of univalent electron transfer to 05 i.e., the superoxide
radical, which when reaching a certain concentration, affects the
enzyme and leads to its irreversible inactivation.

Recent comparison of EPR spectra indicated that some oxygen-
stable hydrogenases (from Desulfovibrio desulfuricans, D. gigas,
Escherichia coli, Chromatium vinosum, Rhodospirillum rubrum, and
also from the aerobic hydrogen-oxidizing bacteria Pseudomonas
pseudoflava, Nocardia opaca and Alcaligenes eutrophus) when ex-
amined at 25 K in the state as prepared in the presence of oxygen,
gave a signal centered about g = 2.02 (Cammack et al., 1980).
This signal was, although with less intensity, detectable with
the soluble, NAD-reducing hydrogenase of A. eutrophus, too. Upon
reduction, the g = 2.02 signals disappeared, and in the case of
the hydrogenases of hydrogen bacteria new signals around g = 1.95
appeared. Possibly the Fe-S cluster giving the g = 2.02 signal
is that site which binds oxygen and thereupon converts the enzyme
into an inactive form in which the hydrogen activating site is
protected.

The questions to be studied are obvious. The soluble hydro-
genase of A. eutrophus H16 with its (2Fe-2S) centers, (4Fe-43)
centers, and FMN poses the problem which of the three electron
transferring components are involved in the reduction of electron
acceptors, the production of superoxide radicals and possibly
hydrogen peroxide.

IN VIVO INACTIVATION OF SOLUBLE HYDROGENASE

Occasional observations on the high fluctuations of hydrogen-
ase activity in cells of A. eutrophus in the past remained
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unexplained until kinetic experiments under well-defined conditions
were carried out. When hydrogenase-rich cells were transferred to
a medium containing e.g. pyruvate, the synthesis of soluble hydrog-
enase was completely repressed. However, the specific activity of
hydrogenase decreased at a much faster rate than that to be ex-
pected merely due to dilution of the enzyme during growth. Results
of representative experiments shown in Table 5 and Figure 8 were
obtained with cells which had been grown heterotrophically with
pyruvate under substrate-limiting conditions under air for 48 h.
These cells contained a high level of hydrogenase. When kept under
air or 100% hydrogen, in the absence of an electron donor or under
nitrogen, the hydrogenase was perfectly stable. When the cells
were, however, exposed to a gas mixture of H, and O, the hydrogen-
ase activity decreased rapidly. A less marked but significant de-
crease occurred also when the cells were exposed to air in the pres-
ence of pyruvate. Upon removal of oxygen the decrease instantaneous
ly stopped. The inactivation process proceeded even under autotro-
phic growth conditions (Fig. 8). When chloramphenicol (120 g/ml)
or rifampicin (20 g/ml) were added to autotrophically growing cells
growth ceased immediately. Concomitantly an abrupt decrease of hy-
drogenase activity occurred which followed 1lst order reaction kine-
tics. No decrease, but only a slight increase in hydrogenase activ-
ity was found when the cells were kept under pure hydrogen. Under
growth conditions with Hj, O; and CO; hydrogenase activity remained
at an almost constant level. On the basis of these results the fol~
lowing statements can be made: 1) during autotrophic growth with Ho
O, and CO2 hydrogenase is inactivated continuously; 2) in order to
maintain a constant level of catalytically active hydrogenase the
enzyme has to be resynthesized at a high rate; 3) since the en-
zyme assays were performed with whole cells it is unlikely that
there exists a mechanism which protects the hydrogenase from being
inactivated in vivo; 4) since protein synthesis inhibitors do not
arrest the inactivation process and no significant reactivation
could ever be observed it is unlikely that hydrogenase is inacti-
vated reversibly by a regulatory protein as described for the en-
zyme-catalyzed covalent modification; 5) the time course of inac-
tivation and the half life of hydrogenase are similar to those
measured for the purified enzyme; 6) the conditions of hydrogen-
ase inactivation are the same in vivo and in wvitro.

In conclusion there is increasing evidence that the in vivo
inactivation of soluble hydrogenase is also due to supero;Ide
radicals which are formed by the enzyme itself, when oxygen and
an electron donor such as hydrogen or organic substrate are pre-
sent. Thus the destruction of hydrogenase activity is a result
of a process we would like to designate as "autogenous inactiva-
tion." Under autotrophic conditions the permanent inactivation
of hydrogenase does not lead to the cessation of growth because
the cell compensates for the loss of enzyme activity by a high
differential rate of hydrogenase synthesis.
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Table 5 Stability of soluble hydrogenase in whole cells

Conditions of incubation Hydrogenase Half life
activity
after 5 h (in h)
Gas atmosphere Additions (in percent)
Air - 100 * stable
H2 - 100 stable
H2 + o2 (8:2) - 1o 1.5
Air Pyruvate (0.2 %) 65 8
Nz Pyruvate (0.2 %) 100 stable

» The hydrogenase activity of the heterotrophically grown
cells was about 500 Pmol Hz/min * g cell protein, as

measured by a whole cell enzyme assay.

600 + a

100 % H,

500 | a8
400 o

300 r%:\.\
o \

80°/s Hy» 10%0,+10%C0,

without addition

8.

Activity of soluble hydrogenase (units/g protein)

Incubation time (h)

200 A
100 + u + Rif
+«Cam
0 1 2 3

Inactivation kinetics of soluble hydrogenase in whole
cells of A. eutrophus H16 under autotrophic growth condi-

tions.

Chloramphenicol (120 Ug/ml; O) or rifampicin (20

Hg/ml; A) were added to suspensions of autotrophically

growing cells.
tested for soluble hydrogenase.

Samples were taken at intervals and
A control was left with-

out addition (®) and in one flask the gas mixture was

replaced by hydrogen (O).
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N2 FIXATION AND AUTOTROPHIC GROWTH OF ALCALIGENES LATUS

Among the hydrogen-oxidizing bacteria the ability to fix
nitrogen has been detected in strains 7 C and 14 g (Gogotov and
Schlegel, 1974) and further strains (Wiegel and Schlegel, 1976;
Berndt et al., 1976) of the new genus and species Xanthobacter
autotrophicus (Wiegel et al., 1978). Alcaligenes latus which was,
when first described, regarded to be unable to fix nitrogen
(Palleroni and Palleroni, 1978), proved to be a nitrogen-fixing
bacterium. It is a comparatively huge bacterium (2 x 5 um) and is
able to grow heterotrophically on glucose with a doubling time of
1.2 h at 37 C. With N, as the sole nitrogen source the doubling
time is 16 h. The efficiency of nitrogen fixation was 14 mg N/g
glucose. Both autotrophic growth and nitrogen fixation exhibit
Op-sensitivity and proceed at a higher rate under 2% (v/v) O3 than
under 20% O, (Figs. 9a and 9b). The bacterium tends to accumulate
poly-B-hydroxybutyric acid (PHB) when growth is limited. When
grown under conditions of O,-limitation up to 8 g dry weight/liter
the cells contained 0.74 g PHB per g dry weight (Ch. Jung, unpub-
lished).

METABOLIC CHANGES DURING EXTREMELY LOW OXYGEN SUPPLY TO VARIOUS
ALCALIGENES EUTROPHUS STRAINS

The metabolism of strictly aerobic bacteria such as Alcali-
genes eutrophus, Pseudomonas putida or Paracoccus denitrificans
is in general considered to be purely respiratory. The growth of
these bacteria is known to depend on an external electron acceptor
(oxygen, nitrate, nitrite and others) to make energy conversion by
electron-transport phosphorylation possible. The failure to grow
anaerobically without external electron acceptor was considered
to be due to the lack of fermentation enzymes which are necessary
for the disposal of excess electrons. Furthermore, on the basis
of the present evolutionary philosophy it was assumed that useless
genetic information is deleted and eliminated. Contrary to this
general belief there are observations on the existence of "cryptic",
"silent" or "dormant" genes defined as those which are not expressed
under ordinary cultural conditions (Riley and Anilionis, 1978).
Alcaligenes eutrophus contains such genes which are not expressed
under ordinary aerobic conditions with unlimited oxygen supply,
however, become recognizable, when the oxygen demand of the cells
is not satisfied.

The excretion of significant amounts of ethanol, lactate,
succinate, butanediol, acetate, B-hydroxybutyrate and others by
A. eutrophus (Vollbrecht et al., 1978) prompted us to investigate
this process more closely. Studies on the conditions, by which
the excretory process is promoted, indicated that the deficiency
of oxygen is the decisive factor (Vollbrecht and Schlegel, 1978,
1979). The metabolites were excreted when aerobically grown cells
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Fig. 9. Heterotrophic growth of Alcaligenes latus (DSM 1122) with
dinitrogen as the sole nitrogen source under gas mixtures
containing 2 and 20% (v/v) oxygen in nitrogen. A: growth
in the presence of 2% (0) and 20% (@) (v/v) 0. B: growth
curve for 2% O, (0) and (V) protein, (A) poly-R-hydroxy-
butyric acid, (X) total nitrogen, and (m) 1.5 protein +
PHB in mg/l. The cells were grown in 2 1 fluted Erlen-
meyer flasks with an initial suspension volume of 600 to
800 ml at 30 C. Mineral medium without combined nitrogen
in the presence of 0.5% glucose; magnetic stirring at 500
rpm. The inoculum was grown in a glutamate medium and
transferred about 5 mg total (Kjeldahl) nitrogen into 1
1 main culture medium.

were subsequently incubated under conditions of restricted oxygen
supply. The nature of the metabolite was specifically related to
the relative respiration rate (RRR); that is the ratio of the
actual respiration rate imposed on the cells by restricting the
aeration rate to the maximum respiration rate which the cells ex-
pressed under conditions of unrestricted oxygen supply during ex-
ponential growth (Vollbrecht et al., 1979). When cells of A.
eutrophus strains H16, N9A, B19, G27, or G29 and mutants (PHB™,
HB~) derived therefrom were grown in 5 1 fermentors at 30 C and
high aeration rates to reach 2 g dry weight cells/liter and were
then exposed to low aeration rates (RRR's of about 2.4 to 80%) in
the presence of gluconate (1.5%) as substrate, fermentation pro-
ducts were excreted. Excretion started about 4 h after the shift-
down of oxygen supply and continued for about 20 h. A list of the
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excreted metabolites related to the conditions of excretion (RRR)
recently appeared (Schlegel and Vollbrecht, 1980).

The synthesis and excretion of some metabolites such as
ethanol, lactate, acetate, butanediol, and succinate indicated
the presence of enzymes which are not expected to be synthesized
in a strictly aerobic bacterium and had previously not been looked
for in A. eutrophus. Measurements of lactate dehydrogenase, alco-
hol dehydrogenase, and butanediol dehydrogenase confirmed the ex-
pectation that these enzymes are not present or are present in in-
significant specific activities in aerobically grown cells of A.
eutrophus. However, 10 to 20 h after the shift~down of the RRR to
about 5%, the three enzymes were present with significant activi-
ties. Comparison of the increase of specific enzyme activities
in cells that had been incubated at various different relative
respiration rates indicated that the enzymes were formed at RRR
values of 5 or 14.5%, but not at 40%.

The formation of the enzymes was a slow process and lasted
up to 20 h. At 3 and 5% RRR lactate and butanediol dehydrogen-
ases reached specific activities of 100 to 700 umol-min~l g pro-
tein (Schlegel and Vollbrecht, 1980). When after aerobic expon-
ential growth the cells were incubated under strictly anoxic
conditions butanediol dehydrogenase was the only enzyme which was
formed. The synthesis of hydrogenase and acetohydroxyacid syn-
thase was not affected.

The causative regulation mechanisms resulting in metabolite
excretion and fermentative enzyme synthesis have not been studied
so far. Several successive regulatory events may be involved;
their sequence is a matter of speculation. The enforced low
respiration rates result in a high NADH/NAD ratio (Harrison, 1973,
1976). This may directly cause inhibition of various enzymes,
such as 2-oxoglutarate dehydrogenase, citrate synthesis, pyruvate
dehydrogenase and others leading to the excretion of 2-oxoglutar-
ate, B-hydroxybutyrate, acetate and others. The change of the ATP
level and energy charge may give signals in addition to the NADH/
NAD ratio. Subsequently, the accumulation of intermediary meta-
bolites may function at the genetic level and allow the derepres-
sion of the fermentative enzymes required for disposal of excess
electrons.

Thus, oxygen exerts a repressive effect on the genes for fer-
mentative enzymes in A. eutrophus and a variety of other strictly
aerobic bacteria. Under aerobic conditions these genes are not
expressed due to active respiratory metabolism. Only under "semi-
anaerobic" conditions allowing only decreased respiration is the
genetic information expressed. This mode of requlation reminds us
of the regulation of nitrogenase in nitrogen-fixing bacteria,
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which is apparently only formed under conditions of very restricted
oxygen supply.

SUMMARY AND CONCLUSIONS

Hydrogenases and ribulose bisphosphate carboxylase involved
in the metabolism of the hydrogen-oxidizing bacteria so far studied
are sensitive to oxygen. Studies on the influence of oxygen con-
centration on the growth rates of various bacteria indicated an
almost insignificant influence of the oxygen concentration up to
100% (v/v) oxygen in the gas phase on heterotrophic growth but a
strong growth retarding and inhibitory effect on autotrophic
growth. The soluble NAD-reducing hydrogenase of A. eutrophus H16
was recognized as a target of the detrimental effects of oxygen.
The purified enzyme was found to produce superoxide radicals under
reaction conditions, and the conditions resulting in enzyme in-
activation were found to be positively correlated with the con-
ditions promoting superoxide anion formation. The decline of
hydrogenase activity under growth conditions in whole cells after
arrest of protein synthesis by chloramphenicol indicated that the
oxygen-dependent decay of hydrogenase occurs continuously in the
growing cells, too.

Nitrogen fixation by the nitrogen~fixing hydrogen bacteria,
Xanthobacter autotrophicus and Alcaligenes latus, is even more
sensitive to oxygen. In the absence of combined nitrogen these
bacteria tolerate less than 2% 0, (v/v) in the atmosphere.

The strong regqulatory effect of oxygen via the respiration
rate on suspensions of A. eutrophus and various other strictly
aerobic bacteria became evident when the activity of fermentation
enzymes were detected in cells kept for some hours under condi-
tions allowing only low respiration rates. The studies indicate
that the formation of lactate, alcohol and butanediol dehydrogen-
ase is repressed under ordinary cultural conditions (in the pre-
sence of oxygen allowing maximum respiration rates); however,
these enzymes are derepressed when respiration is decreased by
reduced oxygen supply.

The studies on the effect of oxygen on the growth of aerobic
bacteria certainly need more attention and appreciation.
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HYDROGEN UPTAKE (HUP) PLASMIDS: CHARACTERIZATION OF MUTANTS AND

REGULATION OF THE EXPRESSION OF HYDROGENASE

R. C. Tait, K. Andersen, G. Cangelosi, and S. T. Lim

Plant Growth Laboratory
University of California
Davis, CA 95616

The supply of energy may often be a rate-limiting step in
symbiotic Ny fixation and plant productivity (Hardy and Havelka,
1975). The efficient use of metabolic energy during N fixation
should involve recovery and utilization of the hydrogen that is
generated by nitrogenase. It has been demonstrated that several
agronomically important Rhizobium spp. do not have an active Hj
uptake system (Schubert and Evans, 1976; Lim, 1978), suggesting
that a significant portion of the energy supplied by the host
plant may be lost via nitrogenase-catalyzed H; evolution. One
method of enhancing the Ny fixation of legumes would be to intro-
duce hydrogen uptake (hup) genes into Rhizobium strains that lack
hup activity.

IDENTIFICATION OF HUP PLASMIDS

In the course of our work with the autotrophic gram-negative
bacterium Alcaligenes eutrophus, we observed that the presence of
agents that interfere with plasmid replication, such as mitomycin
C, resulted in the loss of the Hup' phenotype. When examined by
agarose gel electrophoresis, DNA isolated from Hup+ strains of
A. eutrophus contained a covalently closed circular DNA of approx-
imately 200 megadaltons (pAEl). Following treatment of cultures
with mitomycin C, two types of Hup~ derivatives were obtained:
cells which were unable to grow with Hy as the energy source, and
cells which grow with a greatly reduced rate with Hy as the en-
ergy source. Agarose gel electrophoresis revealed that the com-
pletely Hup~ derivatives no longer contain the plasmid pAEl, while
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the partially Hup~ derivatives all contain large plasmids. Co-
electrophoresis of plasmids from Hup' and Hup~ cells suggested
that many of the plasmids present in the Hup~ cells contain
deletions of 5-20 megadaltons. When the Hup' phenotype was con-
jugally transferred to a completely Hup~ strain that contained no
large plasmid, the Hup® derivative acquired the plasmid pAEl. This
suggests that pAEl contains information necessary for hydrogen
uptake.

CHARACTERICATION OF HUP™ MUTANTS

A. eutrophus contains two types of hydrogenase, one membrane-
bound_énzyme coupled to the respiratory chain, and one soluble
NAD-reducing enzyme (Rittenberger and Repaske, 1961; Schneider
and Schlegel, 1976, 1977; Schink and Schlegel, 1979). 1In order
to determine which of the hydrogenases were affected during the
construction of the Hup~ derivatives, six independently derived
mutants of A. eutrophus Hl were chosen for further characteriza-
tion. Total hydrogenase activity was determined using methylene
blue as electron acceptor, and activity of the soluble hydrogenase
was determined using NAD as electron acceptor in cell-free ex-
tracts. The results, shown in Table 1, revealed three classes
of mutants. The completely Hup~ derivatives H1-3 and H1-6 con-
tained no large plasmids and were lacking in both methylene blue
and NAD reducing activities, suggesting that neither the membrane-
bound nor the soluble hydrogenase is present in cells cured of the
plasmid pAEl. The mutants H1l-1, H1-4 and H1-6 have reduced growth
rates under autotrophic conditions and contain undetectable levels
of NAD-dependent hydrogenase activity although they contain sig-
nificant levels of hydrogen uptake with methylene blue as electron
acceptor. The deletions present in these plasmids apparently pre-
vent the function of the soluble NAD-reducing hydrogenase but
allow the function of the membrane-bound hydrogenase. These two
classes of mutants have been previously reported by Schink and
Schlegel (1978) with A. eutrophus H16. The mutant H1-2 has normal
hydrogen uptake with methylene blue but only 10% of the normal
level of NAD-dependent hydrogenase activity. This mutant may
synthesize an altered NAD-dependent hydrogenase of reduced ac-
tivity, may be the result of a reduced level of expression of the
hydrogenase, or might be deficient in a component necessary for
optimal function of the soluble hydrogenase. The non-reverting
nature of these deletion mutants and the inactivation of either
the soluble hydrogenase or both hydrogenases makes these strains
ideal candidates for the isolation of genes involved in hydrogen
metabolism. We have begun construction of recombinant plasmids
containing DNA from several autotrophic bacteria, including A.
eutrophus H1 and R. japonicum 110 utilizing the cloning vector
PRK290 (Ditta and Helinski, this volume) and hope to use these
A. eutrophus H1l Hup~™ mutants in the isolation and characteriza-
tion of hydrogenase genes.
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Table 1. Properties of A. eutrophus Hl derivatives defective in
Hy utilization.

Hup activity

(Umol/hr/mg
protein)
Generation time Plasmid _
(hr) size e~ acceptorP
methylene

H2/02/CO2 Ile (mdaltons) blue NAD
A. eutrophus HI1 2.7 6-7 200 83 114
H1-1 7.5 6-7 180 30 11
H1-2 8.5 6-7 V200 30 <0.2
H1-3 - 6-7 - <1l <0.2
H1-4 10.5 6-7 V180 29 <0.2
H1-5 10.5 6-7 180 29 <0.2
H1-6 - 6-7 - 1 <0.2

Stationary-phase cells grown in isoleucine minimal medium under
air were used. Hup activity with 5 mM methylene blue as electron
acceptor was determined by following the disappearance of Hpy by
gas chromatography (Lim, 1978). Activity using NAD as electron
acceptor was determined by following the reduction of NAD spectro-
photometrically (Schneider and Schlegel, 1977).

REGULATION OF HYDROGENASE UPTAKE

The expression of hydrogenase in both R. japonicum and A.
eutrophus Hl is subject to some form of modulation. O'Gara and
Shanmugam (1978) demonstrated that free-living cultures of Rhizo-
bium spp. are capable of inducing hydrogenase activity under low
partial pressures of O, and Evans and co-workers have reported
that cultures of R. japonicum will consume H; under certain con-
ditions (Maier et al., 1978; Evans et al., this volume). As
shown in Table 2, the nature of the carbon source present during
the growth of R. japonicum and A. eutrophus Hl can affect the ex-
pression of hydrogenase by as much as 15-fold. Because of the
similarity of this modulation of expression of hydrogenase to the
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Table 2. Effect of carbon source on hydrogen uptake.

Hydrogenase
Carbon source (Mmool Hy/hr/mg protein)
1. R. japonicum 110
L-glutamate 2.9
D-fructose 2.6
Glycerol 2.0
D-ribose 1.8
Sodium malate 0.9
Sodium malate + 2 mM
cyclic AMP 2.3
2. A. eutrophus
Succinate 2.4
Sodium malate 9.3
Fructose 23.8
Isoleucine 33.6
Sodium pyruvate 40.6
*Fructose 12.3
*Fructose + 2 mM
cyclic AMP 25.0

1. Cells were grown with 0.1% glutamate as nitrogen source and
0.4% of the indicated carbon source. Hydrogenase activity
was determined 90-100 hr after inoculation. Modified from
previously published data (Lim and Shanmugam, 1979).

2. Cells were grown in mineral medium containing 0.25% of the
indicated carbon source. Hydrogenase activity was determined
during the exponential phase of growtn or (*) during the lag
phase prior to exponential growth.
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catabolite repression observed in enteric bacteria, we examined
the effects of cyclic AMP on hydrogenase expression. As shown in
Table 2, the presence of 2 mM cAMP during growth of R. Jjaponicum
and A. eutrophus Hl under conditions that normally repressed hy-
drogghagg—}unction was found to increase hydrogenase activity.

The presence of a transcriptional inhibitor (rifampicin) or trans-
lational inhibitors (chloramphenicol, tetracycline) prevented the
stimulation of hydrogen uptake by cAMP, suggesting that the mech-
anism involves both transcription and translation of genes in-
volved in hydrogenase function.

Because the cAMP effect in other bacteria has been found to
involve a cAMP binding protein (CRP) that functions as a trans-
criptional modulator, cellular extracts of R. japonicum 110 and
A. eutrophus Hl were examined for the presence of such a receptor
protein. CRP activity was detected in both organisms, and the
activity from A. eutrophus Hl has been purified to apparent homo-
geneity using the method of Boone and Wilcox (1978). This CRP
protein has a subunit molecular weight of 14,000 daltons and
appears to function as a dimer with a molecular weight of approx-
imately 30,000 daltons as determined by Sephadex G-100 gel fil-
tration and polyacrylamide gel electrophoresis. Although this
protein is approximately one-half of the size of the protein iso-
lated from E. coli (Anderson et al., 1971), the affinities of the
two proteins for cAMP are similar (apparent dissociation constant
of 2.5 x 107® vs. 1.3 x 1076 M (Emmer et al., 1970)). The A.
eutrophus H1l CRP protein does not stimulate the in vitro tran-
scription of the arabinose operon in the presence of CAMP, suggest-
ing that although the proteins from A. eutrophus and E. coli may
be functionally similar, they are of sufficiently different spec-
ificity that they are not interchangeable. The isolation of hy-
drogenase genes from A. eutrophus Hl will allow investigation of
the in vitro interaction of this CRP protein with DNA and may
establish a role for cAMP and CRP protein in the regulation of
the expression of hydrogenase.
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DETECTION OF PLASMIDS IN RHIZOBIUM JAPONICUM
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SUMMARY

Plasmids from 20-155 megadaltons have been detected in a
variety of strains of R. japonicum. No relationship between
these plasmids and hydrogen uptake capability was apparent.

Recent results indicate that in various Rhizobium species,
host-range, bacteriocin production, pigment production, and hydro-
genase may be associated with the presence of plasmids (Brewin et
al., this volume). Autotrophic hydrogen bacteria, including
strains of Alcaligenes eutrophus, are able to use hydrogen gas
(Hy) as an energy source. Recent observations indicate that the
hydrogen uptake (hup) capability of A. eutrophus is associated
with the presence of a large plasmid (Andersen et al., submitted
for publication; Tait et al., this volume). The demonstration by
Evans and co-workers (Hanus et al., 1979; Evans et al., this vol-
ume) that strains of Rhizobium japonicum are capable of autotrophic
growth in the presence of H, suggested that large plasmids may also
be involved in the Hy uptake phenotype of R. japonicum. To investi-
gate this possibility we have examined a variety of R. japonicum
strains for the presence of plasmid DNA. B

A variety of R. japonicum strains were examined, including 110
(hup*), 110/RP4 (hup+t), 31 (hup~), 76 (hup~), 83 (hup~), and soy 440
(hup™). All strains were grown in 20 ml of MY medium without man-
nitol (Lim, 1978) to minimize production of extracellular polysac-
charides, which interfere with DNA isolation. Cultures were har-
vested by centrifugation and DNA extracted by the SDS rapid screen
procedure for large plasmids described by Andersen et al. (sub-
mitted for publication). DNA was subjected to electrophoresis

137



138

Fig.

1.

Plasmids detected in R. japonicum strains. DNA was iso-
lated and examined by electrophoresis on an 0.8% agarose
gel. TIllustrated is the DNA isolated from: a) R. japoni-
cum 110/RP4 (hup?); b) R. japonicum 76 (hup ); <) R. japon-
icum 83 (hup”); d) R. japonicum 31 (hup~); e) R. meliloti
U45; f) R. japonicum 110/RP (hup*); g) R. japonicum soy 440
(hup™); h) R. meliloti U45; i) R. japonicum 110 + soy 440.
R. meliloti U45 was included as a standard, as the plasmid
in this strain has previously been determined to have a
mass of 101 megadaltons (Casse et al., 1979).



DETECTION OF PLASMIDS IN Rhizobium japonicum 139

on an 0.8% agarose gel and visualized by ethidium bromide staining
with UV-fluorescence photography. Several of the strains examined,
including those shown in Figure 1, were found to contain large
plasmids, ranging in size from 20 to 155 megadaltons. No plasmids
could be detected in the hupt strain 110. To verify that plasmids
can be purified from strain 110, a derivative of 110 containing
the plasmid RP4 (36 megadaltons) was examined. As shown in Figure
la and 1f, RP4 was easily detected in extracts of R. japonicum
110/RP4. To determine whether extracts of strain 110 have a ten-
dency to degrade large plasmids during the isolation procedure,

10 ml of a culture of strain 110 was mixed with 10 ml of a culture
of soy 440 and DNA was prepared from the mixed cells. As can be
seen by comparing Figure lg with 1i, the same three plasmid DNA
bands were detected in both the mixed culture and the pure culture
of soy 440. The results suggest that the failure to detect plas-
mids in strain 110 is not the result of a property of the strain
itself, such as nucleolytic activity, for both the plasmid RP4

and the plasmids present in soy 440 can be detected in the pre-
sence of extracts of 110.

Because no correlation could be demonstrated between hup pheno-
type and plasmid presence, one might be tempted to conclude that
plasmids are not involved in hydrogen uptake in R. japonicum.
However, it should be emphasized that the failure to detect a
plasmid with a particular purification protocol does not indicate
that the plasmid does not exist, but only that it has not been de-
tected. As an illustration of this point, we have observed that
the large plasmid present in A. eutrophus (type strain) could not
be detected when cellular lysis was performed with the detergents
Brij, deoxycholate, sodium lauryl sarcosinate, or Triton-X100, but
could be detected following lysis in the presence of SDS (R. Tait,
unpublished observation}.

Although we have detected a variety of plasmids in strains
of R. japonicum, there is no obvious correlation between the pre-
sence of these plasmids and hydrogen uptake. Further genetic and
biochemical work will be necessary to determine whether plasmids
are involved in hydrogen uptake in R. japonicum.
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INTRODUCTION

The first pure cultures of Rhizobium species were described
by Beijerinck in 1888 who surface disinfected nodules from Vicia,
Lathrus and Trifolium and cultured the nodule endophytes on gela-
tin plates containing plant extracts, sucrose, and asparagine.
Since this pioneering discovery, Rhizobium species have been con-
sidered chemoorganotrophs and always have been supplied with
carbon substrates such as hexoses, pentoses, or complex carbohy-
drates (Vincent, 1978).

A series of reviews (Evans et al., 1978, 1980a, 1980b; Dixon,
1978) have summarized recent research showing that a relatively
small proportion of strains of most of the Rhizobium species
possess the capacity for synthesis of a Hy-oxidizing hydrogenase
in nodules. This system catalyzed the oxidation of the H, that
is evolved as a by-product of the N,y-fixation reaction., Further
investigations have defined the conditions necessary for the ex-
pression of activity of the hydrogenase system in pure cultures
of Hy-uptake-positive (Hup') R. japonicum (Maier et al., 1978a;
Lim, 1978). These studies have led to the discovery in our lab-
oratory that Hup' strains of R. japonicum are capable of growing
on a medium containing a trace of vitamins, inorganic salts, and
a supply of Hp and CO, in the gas phase (Hanus et al., 1979).
The Hupt R. japonicum strains derive their metabolic energy from
the oxidation of Hy and thus may be categorized as chemolitho-
trophs (Rittenberg, 1969). It is the purpose of this paper to
summarize some of the background information that led to these
findings and to discuss their possible significance.

141
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CARBON DIOXIDE UTILIZATION

Most of the bacteria are known to require CO2 for growth.
One hundred different bacterial isolates representing a variety
of families and species of heterotrophic bacteria were examined
by Valley and Rettger (1927) who observed that all exhibited a
requirement for COp. A suggestion of an involvement of CO, in
the Np-fixing process by legume root nodules was reported by
Mulder and Veen (1960) who grew nodulated peas, beans, and clover
in nitrogen-free nutrient solutions (pH 4.8) that were deprived
of exogenous CO; in the aeration stream. Lack of added CO,
caused marked decreases in growth, N, fixation, and extent of
nodulation. No response to the removal of CO, from the aeration
stream was observed when plants were cultured in solution at pH
6.8. Although no effects of the removal of effects of added COjp
on photosynthesis were ruled out, Mulder and Veen (1960) suggested
that CO,; was needed for the growth of the host legume rather than
the nodule bacteria.

Lowe and Evans (1962) cultured five different species of
Rhizobium in a medium containing mineral salts, L arabinose,
and vitamins and found that all of them exhibited an absolute re-
quirement for COp in the aeration stream. The addition to the
medium of yeast extract or any one of a series of metabolites
suspected of being direct or indirect products of carboxylation
reactions failed to substitute for CO,. From these results it
was concluded that COp is required for heterotrophic growth of at
least five Rhizobium species.

Phosphoenol Pyruvate Carboxylase

Phosphoenol pyruvate (PEP) carboxylase has been identified
in the cytosol fraction of nodules from Vicia faba (Lawrie and
Wheeler, 1975), soybeans (Peterson and Evans, 1979), and lupins
(Christeller et al., 1977), but this enzyme apparently is not
present in either bacteroids or free-living rhizobia. Five iso-
enzymes of PEP carboxylase have been detected in soybean nodule
extracts and the properties of the major ones have been described
(Peterson and Evans, 1979). A positive correlation has been ob-
served between the activities of nitrogenase and PEP carboxylase
of nodule cytosol during the growth cycle of lupins (Christeller
et al., 1977). It was proposed (Laing et al., 1979) that oxal-
acetate, formed via PEP carboxylase in lupin nodules serves as a
substrate for the synthesis of aspartate and a-ketoglutarate
through a transamination reaction. Furthermore, Laing et al.
(1979) have pointed out that aspartate is required for the syn-
thesis of asparagine, a known major nitrogenous constituent ex-
ported from lupin nodules. The scheme proposed by Scott et al.
(1976) illustrating a relationship between N, fixation and
oxalacetate synthesis via PEP carboxylase requires 1 mole of COy
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fixed per mole of N, reduced, a stoichiometry that is consistent
with the observations of Christeller et al., 1977.

Propionyl CoA Carboxylase

Carbon dioxide also is fixed in nodule bacteroids and free-
living Rhizobium species via the propionyl CoA carboxylase re-
action:

Propionyl-CoA + ATP + HCO3~ <— Methylmalonyl-CoA + ADP + Pi

Catalysis of this reaction has been demonstrated by extracts from
R. japonicum bacteroids (Lowe and Evans, 1962), free-living cul-
tures of R. japonicum (Simpson et al., 1979), and R. meliloti

(De Hertogh et al., 1964). 1In R. meliloti and probably other
Rhizobium species, this reaction is part of a pathway involving
propionate activation to form propionyl CoA, carboxylation to
yield methylmalonyl CoA and then conversion of methylmalonyl CoA
to succinyl CoA via the methylmalonyl CoA racemase and mutase re-
actions. This series of reactions constitutes a route whereby
propionate and CO, may be incorporated into the heme moiety of
leghemoglobin or metabolized via the citric acid cycle (Jackson
and Evans, 1966).

Ribulose Bisphosphate Carboxylase in Hydrogenase Induced Cells

Carbon dioxide fixation in the chemolithotrophic bacteria
takes place via the Calvin cycle and the two enzymes that are
unique in this cycle are ribulosebisphosphate (RuBP) carboxylase
and phosphoribulokinase (Schlegel and Eberhardt, 1972). An in-
dication that the Calvin cycle might be operative in the Hupt
R. japonicum strains was provided by Simpson et al. (1979) who
added 0.1 atm of Hy, over cultures of hydrogenase-induced and non-
induced R. japonicum 122 DES and observed a low but reproducible
activity of RuBP carboxylase in the induced cells. No activity
was detected in those cells that had not been induced for hydrog-
enase. If succinate at, 10 mM, were added either with or without
Hy during the 24-hour preincubation period necessary for hydrog-
enase induction, RuBP carboxylase activity was not expressed.
Further studies by Simpson et al. (1979) demonstrated that the
time courses of induction of the hydrogenase and RuBP carboxylase
in R. japonicum 122 DES roughly paralleled each other. 1In con-
trast, the activity of propionyl CoA carboxylase did not change
appreciably during the hydrogenase and RuBP carboxylase induction
period. Additional evidence of a regulatory relationship between
hydrogenase and RuBP carboxylase in free-living R. japonicum was
indicated by the observation that Hup mutants derived from the
Hup+ SR strain expressed neither hydrogenase nor RuBP carboxylase
activities during conditions that led to the expression of both
activities in the Hup' parent SR. Nodule extracts from bacteroids
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formed by the Hup+ SR strain, however, consistently contained
relatively high hydrogenase activities but RuBP carboxylase ac-
tivity was never detected (Simpson et al., 1979). These obser-
vations are consistent with a recent report by Maier (1980)
describing mutants derived from R. japonicum SR, some of which
lacked the capacity for expression of hydrogenase and others that
expressed hydrogenase activity but failed to express activity of
the carboxylase. Mutants of R. japonicum SR lacking hydrogenase
activity and expressing low activity of RuBP carboxylase also have
been isolated by J. E. Lepo in our laboratory (unpublished re-
sults, 1980). Obviously the regulation of hydrogenase and RuBP
carboxylase in R. japonicum is complex and requires further study.

HYDROGENASE IN RHIZOBIUM

The hydrogenase system in R. leguminosarum bacteroids was
discovered by Phelps and Wilson (1941) and was more intensively
investigated by Dixon (1968-1972) who proposed that the enzyme
system might benefit the N,-fixing process by: (a) removal of
Oy from the immediate environment of the Op-sensitive nitrogenase,
(b) preventing the inhibition of nitrogenase by the H, produced
as a by-product of the Np-fixation reaction, and (c) conserving
some of the energy expended through nitrogenase-catalyzed Hjp
evolution by providing a means of H; supported oxidative phosphos-
phorylation. Dixon found two Hup' strains of R. leguminosarum
and no Hup+ strains of other species. For some unknown reason,

R. leguminosarum is subject to loss of the capability for synthe-

sis of the enzyme under laboratory conditions and the Hup+ strains
that Dixon investigated now have lost their capability for hydrog-
enase expression (Dixon, personal communication, 1980).

The magnitude of Hy loss from nodulated legumes was initially
pointed out by Schubert and Evans (1976), and the occurrence of
the hydrogenase activity in cowpea Rhizobium and R. japonicum
was observed by Schubert and Evans (1977) and Schubert et al.
(1977, 1978). Prior to this, Marauyama et al. (1967) and
Marauyama (1975) reported that Oj was required for tritium (Ty)
uptake by soybean and lupin nodules and that O, inactivated the
enzyme during attempts at purification.

Since the possession of the hydrogenase characteristic in
legume inoculants has the potential of significant economic im-—
portance in the production of legumes, our laboratory has inten-
sively investigated the properties, regulation, and possible
transfer of this enzyme complex. Progress in these areas has
been discussed in reviews by Evans et al. (1978, 1980a, 1980b),
Dixon, 1978), and Anderson et al. (1979).
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Properties of the Hydrogenase in R. japonicum

Most of the recent investigations on the H, oxidizing hydrog-
enase in Rhizobium have been carried out with R. japonicum. Table
1 summarizes some of the important observations.

A tentative scheme suggesting possible relationships of the
hydrogenase to components of an electron transport chain are out-
lined in Figure 1. Insufficient evidence is available to accu-
rately describe the hydrogenase complex in R. japonicum; however,
it seems apparent that the hydrogenase system is membrane-bound
and that it transfers electrons to Oy via cytochrome and unidenti-
fied components in a manner similar in some respects to that

described for Alcaligenes eutrophus H.16 (Probst and Schlegel,
1976).

Cytochromes
b 562 and ¢ 55! [ &

Other factors ? > 0

T~

HEO

. +

H, <mm Nitrogenose «fmm H
NH3 No

Fig. 1. A tentative scheme showing possible relationships of the

membrane bound hydrogenase in R. japonicum 122 DES bac-

teroids to electron transport components and to nitrog-

enase. A supply of O from dissociation of oxyleghemo-

globin (LbO3) is shown. The diagram is based upon un-

published results of D. W. Emerich and H. J. Evans
(1980) and Emerich et al. (1980a, 1980b).
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On the basis of difference spectrophotometry, cytochromes of the b
and c¢ types may be involved, however, further study is essential.
The immediate electron acceptor for the hydrogenase and all of the
components involved in the electron transport chain from H, to Oy
have not been identified. So far, no evidence has been obtained
indicating that R. japonicum SR possesses a soluble hydrogenase

of the type that occurs in A. eutrophus and catalyzes the reduc-
tion of pyridine nucleotides by Hy (Probst and Schlegel, 1976).
From Table 1 it is clear that the solubilized purified hydrogen-
ase from the membranes of R. japonicum bacteroids no longer has a
capacity for transferring electrons to Oj;. Separation of the
hydrogenase from its native membrane complex during purification
produces an enzyme that no longer is coupled to the electron trans-
port chain and as a consequence is not inhibited by KCN, NaN3, and
other compounds that are known to interact with electron transport
components (Ruiz-Argueso et al., 1979; Emerich et al., 1980b).

Hydrogenase Dependent Exchange

The information in Table 1 reveals inconsistent observations
concerning the capacity of the hydrogenase system in intact R.
japonicum cells to catalyze the exchange reaction. In our lab-
oratory, exposure of either Hup bacteroids or cultures of Hup+
R. japonicum to (Dy) or to a combination of D, and 50% D0 in the
llquld phase has consistently indicated no detectable rate of ex-
change (Emerich et al., 1980). 1In contrast, Lim (1978) claims
that Hup® cultured R. japonicum cells catalyze a rapid exchange
reaction in which T, is incorporated into HTO. Obviously an
assay method involving the radioactive T, isotope is far more
sensitive than a method based upon mass differences in isotopes
that must be measured by mass spectrometry. Despite this,
Emerich et al. (1980), using the mass spectrometric method,
easily detected Hy-D, exchange catalyzed by crude extracts of
Clostridium pasteruianum which were used in control reactions
that were conducted at the same time as those reactions that in-
cluded R. japonicum cells. To measure hydrogenase exchange,
Anand and Krasna (1965) recommended the use of the following
reaction:

H,  + HTO s=——> HT+H2O

2

They monitored exchange by incorporation of T, into HT in the gas
phase. 1In a strictly anaerobic environment where the oxyhydrogen
reaction is non-functional, it is possible to monitor exchange by
use of the following reaction:

T2 + HOH s&=———= HT + HTO
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Under strictly anaerobic conditions, exchange may be determined by
measurement of HTO in the liquid phase (Anand and Krasna, 1965).
In the paper by Lim (1978) no control reaction lacking O, was in-
cluded and the lowest level of Oj used in his experiment where the
effect of 0; on exchange was tested was 0.05% in the gas phase
over cultures. This is equivalent to about 0.67 UM Oz in solu-
tion. Since the Ky of the hydrogenase system is extremely low
(i.e., 10.6 nM for bacteroid hydrogenase) (Table 1), it seems
clear that the great majority of incorporation of T, into HTO by
R. japonicum cells, as reported by Lim (1978), took place via the
oxvyhydrogen reaction rather than exchange. Furthermore, use of
the T, exchange reaction for measurement of hydrogenase activity
in intact nodules of legumes is not reliable because the nitrog-
enase system per se catalyzes Dy-Hp exchange (Turner and Bergersen,
1969). Bethlenfalvay and Phillips (1979) measured the incorpor-
ation of Ty into HTO in the liquid phase of nodules as a monitor
of exchange; however, this method is not recommended because it

is not practical to eliminate sufficient free Oy or leghemoglobin
bound O, from nodules to prevent the oxyhydrogen reaction from
being operative. Great care must be used in choosing the proper
method if one wishes to measure hydrogenase dependent exchange
between Hy and T, or H, and D) and distinguish this from the ox-
hydrogen reaction.

Benefits to the N _-Fixation Process
<

Convincing evidence now has been obtained that the oxidation
of H, via the hydrogenase system in Hupt R. japonicum results in
protection of the nitrogenase system from O, damage (Emerich et
al., 1979) and provides a mechanism whereby Hy may be utilized
for support of nitrogenase activity. Dixon (1972) demonstrated
Hy dependent ATP formation in membrane preparations of a Hup*t R.
leguminosarum and Emerich et al. (1979) has shown that the oxi-
dation of Hj by Hup+ 122 DES bacteroids led to a marked increase
in the steady-state level of cellular ATP. 1In a series of green-
house and field experiments where groups of Hup~ strains were com-
pared with groups of Hup' strains as inocula for soybeans statisti-
cally significant increases in yield and N, fixation in greenhouse
trials and increases in total nitrogen contents of grain in field
experiments, in favor of the Hup+ strains, were consistently ob-
tained (Albrecht et al., 1979; Hanus et al., unpublished results,
1980; Evans et al., 1980b). Lepo (unpublished results, 1980) recent
ly has developed Hup~ mutant strains derived from Hup® R. japonicum
SR and demonstrated that thesewill revert to the Hup' type. These
isogenic strains are being used in more critical evaluations of the
benefits of the hydrogenase system to the N,-fixing process. The
Hup~ mutants developed by Maier et al. (1978b) lack a capability to
revert to the Hupt phenotype and thus cannot be claimed to be iso-
genic with their parent SR (Evans et al., 1980a).
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AUTOTROPHIC GROWTH IN THE PRESENCE OF Hs AND COj

Since R. japonicum has a CO, requirement for growth and the
Hup+ strains show a capability for synthesis of a membrane bound
hydrogenase with properties similar to those that have been de-
scribed for the particulate hydrogenase in A. eutrophus and some
other hydrogen bacteria (Schink and Schlegel, 1978), a series of
experiments were initiated to determine whether the Hup+ strains
of R. japonicum might utilize Hjy as an energy source for chemo-
lithotrophic growth (Hanus et al., 1979). During the period while
these studies were underway, Simpson et al. (1979) examined hydrog-
enase induced R. japonicum SR for carboxylases and observed coor-
dinate induction of RuBP carboxylase and hydrogenase. This evi-
dence provided further support for the view that Hup' strains of
R. japonicum might grow chemolithotrophically.

Initial evidence of chemolithotrophic growth was obtained in
experiments where cultures of the Hup® SR and Hup~ SR3 R. japoni-
cum strains were utilized (Hanus et al., 1979). These mutants
were described by Maier et al. (1978b). Both organisms grew
vigorously on a medium supplied with yeast extract and mannitol;
however, when Noble agar plates containing mineral salts (NH4Cl
as the source of N) and a trace of vitamins (0.27 ug of organic
carbon per ml) were inoculated with these strains and cultured in
an atmosphere containing 1% Oj, 5% CO,, 10% Hy, and 84% N,, the
Hupt SR strain grew well, but the Hup~ SR3 exhibited only a trace
of growth (Hanus et al., 1979). 1In the absence of CO, or H, over
cultures neither strain SR nor SR3 grew appreciably on the mineral
salts-vitamins medium. An examination of a series of wild-type
Hupt and Hup~ R. japonicum strains confirmed the observation that
Hup' strains were capable of chemolithotrophic growth whereas Hup~
strains were not (Figure 2).

Cultures of the Hupt SR in liquid media also showed a capacity
for chemolithotrophic growth. Under these conditions a stimulatory
effect, but not an absolute requirement, for the vitamins addition
was observed (Hanus et al., 1979). 1In the initial experiments
growth rates were extremely slow in liquid cultures as indicated
by optical densities of no more than about 0.12 after a 16-day
period. Lepo et al. (1980) now have show that the slow growth
rates were due to Oy limitation and have described procedures in
which the O, supply is progressively increased from an initial 1%
to 8% over cultures after a growth period of 270 hours (Fig. 3).
Cultures having low cell densities (2 x 107 per ml or less) will
tolerate no more than 1% Oy, but as cell densities increase an in-
creasing Oy partial pressure in the atmosphere is needed. Under
optimum conditions, cultures may continue to grow, reaching opti-
cal densities of 1.3 or more after a period of 14 days (Fig. 3).
Without added H, essentially no growth is observed.
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Fig. 2. (A) Growth of Hup R. japonicum strains 117, 144, and 120
and Hup® strains 136, 6, and 143 on Noble agar containing
inorganic salts and a trace of vitamins in an atmosphere
of 1% Oy, 5% COp, 10% He, and 84% Nj. (B) Growth of the
same R. japonicum strains on an inorganic salts-vitamins
medium in an atmosphere as described in (A) above with the
exception that 10% Hp was substituted for 10% He. After
Hanus et al. (1979).

From carbon analyses of samples of cells from cultures taken
at several points during the growth period of R. japonicum SR
(Fig. 3) and calculated quantities of carbon accumulated in cells
as determined from a series of 14CO2 fixation rates, Lepo et al.
(1980) have concluded that at least 89% of the carbon in 1ll-day-
old chemolithotrophically cultured cells was derived from CO,.
Furthermore, Lepo et al. (1980) have show that the RuBP carboxy-
sufficient to account for the COy uptake rates. The product of
the RuBP carboxylase reaction was identified as 3-phosphoglycerate
and the expected stoichiometry of about 1 mole of CO, fixed for
every two moles of 3-phosphoglycerate formed was observed.

The conditions where Hup' strains of R. Japonicum are grown
have a marked effect on both RuBP carboxylase and hydrogenase ac-
tivities of cells. No activity of either enzyme was detected in
cells cultured heterotrophically in air (Table 2).



CHEMOLITHOTROPHY IN Rhizobium 151

Fig. 3. The effect of progressively increasing the percentage of
Oy in the atmosphere over cultures on chemolithotrophiic
growth of R. japonicum strain SR. Four groups of cul-
tures were grown with shaking in 125-ml bottles in atmo-
spheres containing 10% Hp, 5% COp, and O)p percentages at
different periods during growth as indicated. The balance
of the mixtures were adjusted to 1 atm with N;. This ex-
periment is described in detail by Lepo et al. (1980).

Easily measured activities of both enzymes (57 and 6.3 moles
Hp oxidized or CO, fixed per minute per mg protein for the hydrog-
enase and RuBP carboxylase respectively) were observed in cells
cultured under conditions that allowed the hydrogenase system to
be induced. R. japonicum 122 cultured under chemolithotrophic
conditions, however, showed a specific activity of the hydrogenase
and RuBP carboxylase of 1030 and 80 nmoles/min/mg of protein, re-
spectively (Table 2). The hydrogenase activities of mixotrophi-
cally cultured cells and nodule bacteroids are comparable but for
reasons that remain to be clarified the RuBP carboxylase activity
apparently is not expressed in nodule bacteroids.

Purification of RuBP Carboxylase From Chemolithotrophically
Cultured Cells

RuBP carboxylase has been purified from R. japonicum cells
grown in the presence of Hy, COp and O, under conditions similar
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Table 2. Effect of growth conditions on the expression of hydrog-
enase and RuBP carboxylase in R. japonicum. 1

Conditions Hydrogenase RuBP carboxylas

of growth (nmol - min~1 mg - protein'l) Reference

Heterotrophic 0.05 0.2 Simpson et al. (1979)
. .3

Mixotrophic

(limited O, and 57 6.3 Simpson et al. (1979)

c, + H2)

Chemolithotrophic 1030 80 Lepo et al. (1980)

Symbiotic 62 0.2 McCrae et al. (1978)
(bacteroids) Simpson et al. (1979)

1 Strains 122 or 122 SR
2 o .
Expressed as H, oxidized or RuBP-dependent CO, fixed

Grown in air on Hy uptake medium of Maier et al. (1978).

to those used for culturing the hydrogen bacteria. Phosphoribulo-
kinase activity has also been detected in extracts of such cells.
The purification procedure involved pelleting the enzyme from the
high-speed bacterial extract, (NH4),S04 fractionation, and chroma-
tography on DEAE-cellulose followed by sucrose gradient centrifu-
gation. The specific activity of the enzyme was 1.6 umoles RuBP
dependent CO, fixed per min per mg of protein. The enzyme was
homogeneous by the criterion of electrophoresis on gels polymer-
ized from 4 to 7.5% acrylamide. Electrophoresis of the SDS-B-
mercaptoethanol-dissociated R. japonicum RuBP carboxylase on poly-
acrylamide gels in the presence of SDS showed the presence of two
types of subunits having approximate molecular weights of 55,000
and 15,000. R. japonicum enzyme seems to be similar to the
ubiquitous dual subunit type RuBP carboxylase (Purohit and Evans,
1980).

Significance of Chemolithotrophy in Rhizobium

We now have conclusive evidence that the Hup+ strains of R.
japonicum have a capability for utilizing H, as a source of energy
for use in the fixation of COj, and are capable of deriving the
great majority of their required organic carbon through RuBP-
catalyzed CO, fixation. From this information, Hupt R. Jjaponicum
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strains may be categorized as aerobic hydrogen bacteria (Schrink
and Schlegel, 1978). Although relatively high activities of the
Hp oxidizing hydrogenase has been observed in several strains of
cowpea Rhizobium (Schubert et al., 1977) and two strains of R.
leguminosarum (Ruiz-Argueso et al., 1978), attempts to grow these
species under chemolithotrophic conditions have not been successful.
It seems probable that species other than R. japonicum, that con-
tain the Hupt characteristic, may also have a capacity for chemo-
lithotrophic growth, but these may not have been observed because
appropriate nutritional and environmental conditions have not been
discovered.

It would seem reasonable to expect that the capacity of the
Hup+ strains of R. japonicum to grow as chemolithotrophs would
provide an advantage in the competition and survival of these
bacteria in the scil. When rhizobia are released from senescing
nodules they must exist as free-living bacteria in the soil until
an opportunity for infection and nodulation of another legume
root is available. Also, when commercial inocula are applied to
surfaces of seeds prior to planting the rhizobial cells must
exist in the soil as free-living bacteria until actual infection
takes place. As free-living microorganisms, the Hup~™ heterotrophic
rhizobia are dependent upon organic carbon in the soil and must
compete with the multitude of other soil heterotrophs for usable
carbon compounds. In contrast, the Hup+ chemolithotrophic strains
have the advantage of an alternate possibility of supporting
their life processes through the utilization of Hp that may be
produced by fermentative bacteria in anaerobic niches in the soil.
Under aerobic conditions, Hj also may be produced by Hup~ rhizo-
bial strains or by poorly coupled free-living N,-fixing bacteria
in the soil. Hj produced from these sources would be available
for use by aerobic hydrogen bacteria which now include the Hup®t
strains of R. japonicum. The possible advantages of chemolitho-
trophy in Hup® rhizobia are illustrated in the diagram of Figure
4.

Experiments are now in progress to evaluate the importance of
chemolithotrophic capability in R. japonicum as a factor in their
survival and competitiveness in the soil. The recognition of
chemolithotrophy in Rhizobium japonicum raises interesting ques-
tions about the taxonomic relationships between Rhizobium and the
various species of hydrogen bacteria. More research is necessary
for the provision of further insight into these problems. Discov-
ery of chemolithotrophic capability of Hup' R. japonicum strains
also has provided us with a new and powerful tool for use in the
isolation of Hup mutants from Hup+ parent strains. Hup mutants
isogenic with their parent strains, with the exception of the
hydrogenase phenotype, will be most important in future evaluations
of the significance of Hy recycling in the growth of Ny-fixing
legumes.
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Fig. 4. An illustration of the possible significance of H, re-
cycling in Ny fixation and Hy utilization during chemo-
lithotrophic growth of Hup' rhizobia.

SUMMARY

This paper summarizes research that has led to the discovery
that the Hp-uptake-positive strains of Rhizobium japonicum are
capable of using Hy gas as an energy source for the fixation of
COy and for growth in a medium composed of inorganic salts and a
trace of vitamins. For chemolithotrophic culture of Hup+, R.
japonicum nitrogen may be supplied either as the ammonium or
nitrate forms, but no evidence has been obtained that the chemo-
lithotrophically cultured Hup® strains have a capability of util-
izing Np. Chemolithotrophically cultured R. japonicum cells con-
tain a membrane-bound hydrogenase system and a soluble ribulose
bisphosphate carboxylase. The activity of the RuBP carboxylase
is sufficient to account for CO, fixation by intact cells. 1In
nodule bacteroids, activity of the H, oxidizing hydrogenase is
expressed and the enzyme is involved in the utilization of the Hj
that is produced as a by-product of Nj fixation. The beneficial
effects of the hydrogenase system to the No-fixing process are
summarized. No activity of the RuBP carboxylase has been detected
in bacteroids formed by Hup® rhizobia. Activities of both en-
zymes, however, are coordinately induced in free-living R. Jjaponi-
cum under conditions where carbon substrates and Oy are limited
and Hp is provided. When added organic carbon substrates are




CHEMOULITHOTROPHY IN Rhizobium 155

removed from media and cells are cultured chemolithotrophically,
the specific activities of the hydrogenase and RuBP carboxylase
increase 18-fold and 13-fold, respectively, over activities ob-—
served under carbon limited conditions. The properties of the
hydrogenase system are summarized and the significance of chemo-
lithotrophy in Rhizobium is briefly discussed.
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INTRODUCTION

Root nodules of soybeans (Glycine max) inoculated with most
strains of Rhizobium ﬁaponicum release considerable amounts of
hydrogen whereas nodules from a minority of strains evolve little
if any H, (Lim, 1978; Schubert and Evans, 1977; Evans et al., this
volume, and the extensive reference list of this paper). A number
of studies have pointed toward a significant benefit of the H; up-
take system to overall plant productivity {see above references)
since energy limitation is one of the major factors in nitrogen
fixation in soybeans (Hardy and Havelka, 1975). A comparison of
soybean productivity in experiments conducted with Hup+ (strains
with an active H, uptake system) and Hup (strains which lack an
active H, uptake system) strains of Rhizobium japonicum have shown
that the Hupt strains are more efficient symbionts (see Evans et
al., this volume). In addition, a comparison of plants (grown in
the greenhouse and growth chamber) inoculated with isogenic Hup~
mutants (derived from Hup' parents) fixed significantly less ni-
trogen and had reduced yields than the parent Hup' strain which
synthesized the hydrogenase system (Albrecht et al., 1979; and

lThis report was prepared with the support of the National Science
Foundation Grant No. PFR 77-07301. Any opinions, findings, and
conclusions or recommendations expressed in this publication are
those of the authors and do not necessarily reflect the views of
the National Science Foundation.

159



160 S.T.LIMET AL.

discussion by Evans et al., this volume, on the isogenic nature of
these strains). Thus, the capacity to synthesize an active H; up-
take system may be a desirable characteristic of Rhizobium spp.

These considerations, along with the development of the sensi-
tive tritium assay (Lim, 1978) for evaluating hydrogenase activity
in Rhizobium japonicum stimulated us to make a more comprehensive
survey of the H) uptake activity in commercial inoculants as well
as strains isolated from nodules obtained from plants grown in the
major soybean production areas.

MATERIALS AND METHODS

Nodule Collection and Isolation of Bacterial Strains

Random samples of soybean (Glycine max) nodules from 70 loca-
tions in 28 different states representing the major soybean pro-
duction areas in the country were collected during the 1979 growing
season and shipped to Davis in glass vials containing silica gel
dessicant (Vincent, 1970). The nodules were rehydrated immediately
upon receiving the samples and six representative nodules from
three plants in each location were selected at random and surface
sterilized with 10% (v/v) sodium hypochlorite for 10 min and washed
four times with sterile water. The nodules were crushed and plated
on mannitol-salts-yeast extract (MSY) medium as previously reported
(Lim, 1978) and twenty single colonies were isolated at random and
used as inocula for the assay of hydrogenase activity.

Commercial Inoculants

Commercial soybean inoculants were supplied by the Nitragin
Company, Inc., Milwaukee, WI 53209; Urbana Laboratories, Urbana,
IL 61801; Research Inoculants, St. Joseph, MO 64501; and Land 'O
Lakes, Inc., Fort Dodge, IA 50501.

Rhizobium japonicum strain USDA 110 was from the USDA Rhizo-
bium culture collection at Beltsville, Maryland.

Hydrogenase Induction and Assay

Hydrogenase activity was induced in free-living cultures of
Rhizobium japonicum as previously described (Lim, 1978; Lim and
Shanmugam, 1979) using a glutamate-gluconate medium with a gas
phase consisting of 10% Hp, 5% CO,, and 84% argon (v/v). After
approximately 6 days incubation at 25 C on a rotary shaker (150
rpm), hydrogenase activity was assayed using the tritium assay
(Lim, 1978) and Hy uptake activity monitored by following the up-
take of Hy using gas chromatography (Lim, 1978; Lim and Shanmugam,
1979). Note that in previous publications from this laboratory
that the term "tritium exchance" has been coined for this
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sensitive measure of Hy uptake activity. Evans et al. in this
volume have criticized the use of the word "exchange." Until this
issue is settled the term "tritium assay" may be more appropriate.
It should also be stressed that this assay, regardless of semantics,
is a highly valid measure of the Hup phenotype (see Lim, 1978, and
below for comparison with other assays).

RESULTS

Properties of Hydrogenase (H, Uptake) System in Rhizobium japonicum

The hydrogen uptake system has been shown to be inducible in
free-living cultures of Rhizobium japonicum under conditions of
low oxygen tension (< 1% Op) in the gas phase and with a poor
carbon source in the medium (Lim and Shanmugam, 1979; Maier et al.,
1979). Later experiments by other workers showed that the Hy up-
take system is stimulated by Hp and CO, (Maier et al., 1979).
Several of the parameters which influence hydrogenase activity in
free-living cultures are summarized in Table 1. 1In the absence of
Hy, only low levels of hydrogenase activity are detected. 1In the
presence of 10% Hy (v/v) in the gase phase a ten-fold increase in
activity is obtained. Five percent CO; by itself caused only a
slight stimulation of activity over the endogenous levels (see
Table 1) . Maximum hydrogenase activity was obtained in the pre-
sence of 5% CO, and 10% H, in the gas phase. The results also
show that both the H, uptake and tritium assays are valid for the
measurement of hydrogenase activity.

Commercial Soybean Tnoculants

In this section, eight different inoculants (consisting of
both single and multiple strains) from four inoculant companies
were used to inoculate Glycine max var. Evans and analyzed for
acetylene reduction and Hy evolution (Table 2). All the inocu-
lants produced effective nodules on this variety of soybean. A
majority of the nodules were found to evolve significant amounts
of Hy. At best, three (XC, XE, and CG) of the eight inoculants
were found to contain both Hup+ and Hup strains since two dis-
tinct kinds of nodules were obtained (Table 2). From the known
number of strains (and assuming all strains are equally effective
on this variety of soybean) present in each inoculant it can be
calculated that the majority of the strains (68.8%) present lack
a Hp uptake system.

To confirm the correlation between Hy evolution and the lack
of a H, uptake system, isolated single colonies from the nodules
of three different inoculants (Table 3) were assayed for hydrogen-
ase activity and then compared with the Hy evolution data from
Table 2. Several colonies isolated from each nodule were tested
to exclude the possibility of more than one strain in a single
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Table 1. Effect of hydrogen and CO5 on the induction and hydrogen-
ase in free-living culture of Rhizobium japonicum 3Ilb
110 (see Evans et al., this volume, and references there-
in for further discussion of assay conditions).

Hydrogenase Activity

Conditions H2 uptakea Tritium assay
Umol H2 hr—lmg_l nmol 3H2

protein mg_l protein
1. -H, 1.19 116.5
2. + 10% H2 11.15 1428.6
3. + 5% CO2 2.97 607.3
4. + 5% CO2 + 10% H? 14.94 2450.0

Cells were grown in a medium containing glutamate (0.13%) under a
constant gas phase consisting of argon and O, (0.1%), with H,
(10%) and CO2 5%) as indicated.

aAssayed in the presence of 1% 02.

DAssayed "anaerobically" with 3H2 (35.87 mC1i mmol—l); following
discussions with H. J. Evans several cycles of evacuation and
flushing with argon were utilized to remove traces of 0, (as
discussed by Evans et al. (this volume), traces of 0, may still

be present).

nodule (Lindemann et al., 1974). 1Inoculant CG which is comprised
of multiple strains produced two kinds of nodules in the evolu-
tion assay (Table 3). When the colony isolates were assayed for

hydrogenase activity using the tritium method, two kinds of
strains were obtained, indicating that this particular inocu-

lant contains both Hupt and Hup~ strains. It is interesting
to note that no single nodule isolated contains both Hupt and
Hup™ strains —- these strains were always on different nodules

but on the same plant. However, the presence of more than one
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Table 2. Analysis of commercial inoculants (Rhizcbium japonicum)
for CyHy reduction, Hp evolution and nodule weight.
Values were obtained from approximately 5-week soybeans
(Glycine max var. Evans) grown in the greenhouse.

Inoculants CoHy formed H, evolution Nodule wt
Umol hr_l mg—l Hmol hr_lg_l mg plant—l
Nodule wt Nodule wt
SA 14.3 + 2.5% <0.05 168.8
CB 10.5 £ 3.3 5.4 £ 0.6 82.7
XC 19.1 £ 1.4 <0.05 98.5
5.1 * 0.9
CD 31.1 = 4.7 11.9 * 0.1 109.0
XE 19.9 £ 3.2 <0.05 94.9
5.7 £ 0.1
XF 23.0 + 2.1 5.5 £ 0.5 68.2
CG 18.4 £ 7.5 <0.05 112.3
5.7 £ 0.2
b
SH 26.7 £ 2.7 <0.05 N.D.

a
Results are means * s.e.m.

b .
Not determined.

Hup+ or Hup strain in a single nodule cannot be ruled out. Inocu-
lant CD, although also consisting of multiple strains, produced
nodules which all evolved Hy while the isolated clones also lacked
hydrogenase activity (Table 3). 1In a single strain inoculant (SH)
no Hp evolution was detected in the nodules and the isolated clones
all had high hydrogenase activity when assayed in free-living cul-
tures. In summary, the results in Table 3 show that all strains
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Table 3. Hydrogen uptake activity of free-living cultures of
Rhizobium japonicum isolated from nodules inoculated
with commercial inoculants. Single colonies were iso-
lated from the nodules induced and assayed for hydrogen-
ase activity as previously described in Table 1.

Commercial Hy evolution Tritium assay

inoculants from nodule nmol 3H2
Hmol hr_lg_l taken up
Nodule wt hr-lmg“1

Cell protein

CG (Composite 5.7 £ 0.2 <0.1
strains)

<0.05 2548.5
CD (Composite 11.9 = 0.1 <0.1
strains)
SH (Single <0.05 2397.2
strain)

of R. japonicum isolated from nodules evolving H, possess the Hup
negative phenotype as expected.

In order to minimize the possibility that the large number of
Hy evolving strains reported in Table 2 is biased because of strain-
cultivar interaction (Caldwell and Vest, 1968), inoculants CB, CD,
and XF (which contained only Hup strains, see Table 2) were inocu-
lated on four different soybean cultivars. Table 4 shows that
although the degree of Hy evolution from the nodules might vary
from cultivar to cultivar, a Hup~ strain (scored using the tritium
assay) always evolves Hp during symbiosis regardless of the culti-
var tested (see Schubert and Evans, 1977, for further discussion of
this point). Similarly, when Rhizobium japonicum USDA 110 (a Hup+
rhenotype) was used to inoculate these four cultivars, little or
no Hpy evolution was obtained (data not shown).

Analysis of Strains From Major Soybean Regions

Soybeans grown in the U.S. are usually inoculated with one or
more of the commercially available soybean inoculants. In view of
the results presented above, it is important to sample nodules
from the soybean producing areas to ascertain the nitrogen fixing
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Table 4. Effect of different soybean (Glycine max) cultivars on
H. evolution.

2
Commercial Soybean H, evolution from nodule
. 1t
inoculum cultivar Lmol H,
hr-lg—l
Nodule wt
CB var Beeson 5.9 £ 2.7
var Dixon 6.0 £ 2.0
var Evans 5.4 * 0.6
var Harosoy 6.0 * 3.2
CD var Beeson 5.3 ¥ 2.6
var Dixon 7.4 £ 1.6
var Evans 11.9 £ 0.1
var Harosoy 5.7 1.8
XF var Beeson 2.7 1.8
var Dixon 4.4 £ 1.0
var Evans 5.7 £ 0.1
var Harosoy 3.4 £ 2.5

efficiency of these nodules as measured by their Hj; uptake activi-
ties. Table 5 presents the results of one such survey. Note that
strains isolated from nodules obtained from the southeastern states,
especially Alabama, Florida, Mississippi, North and South Carolina,
and Louisiana contained mainly Hup~ strains. (A second survey to
confirm this finding is underway.) In most other states (where
more than one location was tested) both Hup® and Hup~ strains were
found except Delaware, Kansas, South Dakota, New Jersey, and
Pennsylvania where mainly Hup~ strains were isolated. Certain
regions, especially locations in New York and Maryland, had high
percentages of Hup' strains. The distribution of Hup+ strains in
different locations within a state (where several locations were
tested) was found to vary greatly. 1In Illinois, for example, one
location in Beltsville had over 90% Hup't strains (Table 5).
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Table 5. A survey of H, uptake activity (Hup) in Rhizobium
japonicum strains isolated from nodules from the major
soybean production areas of the U.S.A.

State and location Soybean Soil type Percentage of
cultivar Hupt strains
Alabama:
Belle Mina Braxton Decatur clay loam 0
Fairhope Braxton Malbis fine sandy 0
loam
Marion Junction Braxton Sumpter clay 0
Arkansas:
Pine tree Dare Calloway silt loam 0
Delaware:
Two locations at Essex Sassafras sandy loam 0
Georgetown
Florida:
Gainesville Braxton Arredondo fine sand 0
Gainesville Cobb Wakeland fine sand 0
Georgia:
Blairsville Lee 74 Dyke loam 0
Experiment Wright Cecil sandy loam 0
Plains Bragg N.D. 11.1
Midville Ransom Marlboro loamy sand 0
Illinois:
Belleville Williams Weir silt loam 90.0
Dekalb X1878 N.D. 0
Urbana Wayne Drummer 0
Indiana:
N.D. Union Warsaw 47.4
Bluffton N.D. N.D. 0
‘Greenfield N.D. N.D. 0
Iowa:
Ames A2440 Clarion-Nicollet- 7.1
Webster
Keota A3860 Nicollete-Webster 0

Rudd Al504 Kenyon-Floyd-Clyde 0
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Kansas:
Three locations
not determined

Kentucky:
Lexington

Louisiana:
LeCompte
N.D.
Winnsboro

Maryland
Four locations
at Beltsville

Minnesota:
Blooming Prairie

Mississippi:
Stoneville
Stoneville
Verona

Missouri:

Nebraska:
Lincoln
Lincoln

Lincoln

New York:
Volatie

Chazy

North Carolina:
Clinton
Kingston
Clayton
Plymouth

North Dakota:
Fargo
Fargo

Table 5 (continued)

N.D.

Williams

Davis
Dare
Bragg

Kent

A2858

Tracy—-M
Forrest
Tracy-M

Ransom
Williams
Essex

Woodworth
Nebsoy

Williams

Coles

SRF 150P

Tracy
Tracy
Lee 74
Tracy

Evans
McCall

N.D. 0

Maury silt loam 33.3
Moreland clay 0
Olivier silt loam 0
Grenada silt 0
Silt loam 31.7
N.D. 0
Boshet fine sandy loam 0
Sharkey clay 0
N.D. 0
N.D. 16.7
N.D. 0
N.D. 0

Wabash silty clay loam 5.0

Sharbsburg silty clay 0
loam
Wabash silty clay loam 0

Hoosic gravely silt 50.0
loam
Sandy silt loam 38.9
Norfolk sandy loam 0
Norfolk sandy loam 0
Norfolk sandy loam 0
Portsmouth 0
Clay 22.2
Clay 0
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Table 5 (continued)

Ohio:
Darby Williams Crosby silty clay loam 0
S. Charleston E1lf Brookston silt loam 33.3
New Jersey:
Adelphia Adelphia Freehold sandy loam 0
Adelphia N.D. Freehold sandy loam 0
Wooster E1f Wooster silt loam 0
Henry Ct Williams Locustrene lake plain 0
Pennsylvania:
Landisville Williams Hagerstown silt loam 0
Manheim Cutler 71 Hagerstown silt loam 0
South Carolina:
Darlington Bragg Norfolk 0
County
Darlington Bragg Corville 0
County

South Dakota:
Brookings Swift Lismore Pachic Udie 0
Haploboroll (fine
silty clay loam)
Brookings Swift Egeland Udie Haploboroll 0
(mixed sandy loam)

Tennessee:
Jackson Bedford Sandy loam 5.3
Jackson Forrest Sandy loam 20.0
Jackson Bedford Sandy loam 0
Texas:
Beaumont Dowling Beaumont clay 5.6
Beaumont Bragg Morey silt loam 0
Eagle Lake N.D. Very fine sandy loam 0
Virginia:
Blacksburg Essex Droseclose silt loam 0
Warsaw Essex Sassafras sandy loam 0
Suffolk Essex Othello fine silt loam 44.4
Wisconsin:
Arlington Hodgson Plano silt loam 0
Arlington Hodgson Plant silt loam 37.5

N.D. = Not Determined
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DISCUSSION

The H, uptake system (hydrogenase system) can be monitored
qualitatively and quantitatively by a variety of assays using whole
plants, detached nodules (Bethlenfalvay and Phillips, 1979; Lim,
1978; Schubert and Evans, 1977), or free-living cultures induced
for hydrogenase activity (Lim, 1978; Lim and Shanmugam, 1979).
Hydrogen uptake can be measured chromatographically (Lim, 1978;
Schubert and Evans, 1977), amperometrically (Schubert and Evans,
1977), or by the tritium assay (Bethlenfalvay and Phillips, 1979;
Lim, 1978; Suzuki and Maruyama, 1979). The strong correlation be-
tween hydrogenase activity in free-living cultures and in root
nodules when measured by the tritium assay (Bethlenfalvay and
Phillips, 1979; Lim, 1978; Suzuki and Maruyama, 1979; Table 3)
was the basis for using this procedure in this report (see Ma-
terials and Methods).

A recent survey using the tritium assay of a variety of dif-
ferent strains of Rhizobium japonicum for hydrogenase activity
has shown that less than 30% of the strains surveyed are Hup+
(Lim, 1978). Interestingly, a variety of different strains re-
cently located from China, effective on several different soybean
cultivars were found to evolve large amounts of Hy indicating a
lack of an active hydrogenase system (data not shown). It is of
considerable interest to analyze the presence of the Hupt pheno-
type in commercial inoculants since such strains are used on mil-
lions of acres of soybeans. Analysis of several such inoculants
showed that the majority (68.8%) of the commercial strains tested
are Hup~ (Table 2). 1In Table 5, results from a survey of some
1400 isolates of Rhizobium japonicum isolated from nodules from
seventy different locations in the major soybean production areas
are presented. Although the percentage of Hup' strains varies
from location to location, approximately 75% of the strains tested
were missing the Hp uptake activity. Since many commercial soy-
bean inoculants do not contain strains that are Hup', it is not
surprising that this trait is missing from most of the production
areas surveyed. Caldwell and Vest (1970) reported that as much
as 90% of the nodules formed in the fields were produced by indi-
genous strains despite prior inoculation of the seeds with agron-
omically desirable strains. This could indicate the dominance of
different strains in different locations or be attributed to strain-
cultivar interactions (Caldwell and Vest, 1968; Hardy and Havelka,
1975). Soybean cultivars grown in past years could also affect
the relative abundance of Rhizobium japonicum strains in field
soils (Caldwell and Vest, 1968; Hardy and Havelka, 1975) as can
soil properties (Weber and Miller, 1972). There appears to be no
simple correlation between the variety of soybean cultivar or soil
type versus the percentage of Hup' strains.
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Although the use of soybean inoculants containing Hup+ strains
would be preferable this may not be feasible in some cases where
local soil and other environmental factors preclude the introduc-
tion of new strains or where local strains have evolved to be more
competitive (Caldwell and Vest, 1970; Hardy and Havelka, 1975;
Smith and Miller, 1974). Introduction of the hup genes into Hup~
strains via a small plasmid (Hupt) might improve the efficiency
of Ny fixation leading to higher soybean yields (see Lim et al.,
1980, for discussion of Hup plasmids). One strategy would involve
first the isolation from nodules from specific locations of pre-
dominate Hup~ strains followed by introduction into these estab-
lished strains of hup genes using vectors such as broad host-range
R factors. The major point of such an approach would be the use
of strains already established (or adapted to) a given production
area as recipients for small and defined segments of Hup+ DNA with
the hoped for results being hybrid cells retaining their original
properties while acquiring the Hup trait.

SUMMARY

The hydrogen uptake (Hup) activity of Rhizobium japonicum
strains isolated from nodules from seventy different locations in
28 states of the major soybean production areas were analyzed using
the tritium assay as described previously (Lim, 1978). 1In addition,
soybean inoculants from four different commercial sources were
tested for Hp uptake activity. The major conclusion is that a
majority (> 75%) of the Rhizobium japonicum strains isolated from
major production areas as well as commercial inoculants are missing
H, uptake activity.
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PROLINE OVER-PRODUCTION ENHANCES NITROGENASE ACTIVITY UNDER

OSMOTIC STRESS IN KLEBSIELLA PNEUMONIAE

Daniel Le Rudulier, Su Sheng Yang, and Laszlo N. Csonka

Plant Growth Laboratory
University of California
Davis, CA 95616

INTRODUCTION

In 1955, J. H. B. Christian made the interesting observation
that proline, added exogenously at low concentrations, specifically
stimulated the growth rate (Christian, 1955a,b) and respiration
rate (Christian and Waltho, 1966) of some bacteria in media of in-
hibitory osmolarity. In order to test whether, in general, the
accumulation of proline at high intracellular concentrations would
directly result in enhanced osmotolerance, we isolated mutants of
Salmonella typhimurium which over-produce proline (L. N. Csonka,
manuscript in preparation). Some of the proline over-producing
strains were indeed found to grow faster than the wild type organ-
ism in media of elevated osmolarity. These mutants were obtained
as strains which were resistant to the toxic proline analogue:
L-azetidine-2-carboxylic acid. The mutations in these strains
were shown to be closely linked to proB*a't, the genes for the en-
zymes that catalvze the first two reactions of proline biosynthe-
sis. The strain used for the isolation of the mutants was one in
which the proB*a' region (of E. coli K12) was carried on an auton-
omously replicating, self-transmissible plasmid F';,g. Therefore,
the mutations conferring enhanced osmotolerance could be transferred
easily to other strains of Salmonella typhimurium and related bac-
teria.

One of our goals is to develop a procedure to obtain osmotol-
erant mutants of other bacteria, including Rhizobia. As a first
step in testing whether the selection of proline over-producing
mutants might be a pratical approach, we transferred into Klebsiella
pneumoniae one of the mutant F's which conferred enhanced
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osmotolerance on S. typhimurium and determined the effect of proline
overproduction on nitrogenase activity under osmotic stress.

MATERIALS AND METHODS

Bacterial Strains

Salmonella typhimurium strain JL2468 (del (proBA) leuD™ /F'q57g
proB+A+ argFt) is the parent of the osmotolerant mutant, TL88
(del (proB*At) leuD~/F';,g pro-74 argf*) (L. N. Csonka, manuscript
in preparation). Strains SY1(del (proBA) leuD'/F'128 pro-74 argF::
Tnl0) and SY2(del (proBA) leuD” /F' proB*A* argF::Tnl0) were

— Y e 128 T———— — .

derived from TL88 and JL2468, respectively, by transduction to
tetracylcine resistance by phage P22, grown on TT670 (F'158 proBtat
argF::Tnl0). Klebsiella pneumoniae strain Pro3 (pro-3) is a pro-
line auxotrophic (proA~ or ProB~) derivative of wild type strain
M5A1. Strains KY1l and KY2 were the progeny of mating Pro3 with
SY1l and SY2, respectively, selecting tetracycline resistant, leu-
cine independent exconjugants. The construction of these strains
is outlined in Figure 1.

- Leu™ . Leo¥
del(proB'A*) proB*A* del (proB*A*) proB*A* Mating Pro-  proBtat
Cﬁht’ D d?TﬂR ‘ D C:?TetR
Chromosome  Plosmid Ch. Pl. Ch. Pl
Salmonella typhimurium(S.t) St SY, Klebsiella pneumoniae (Kp.)
JL 2468 Phage Py, KY2

transduction

Spontaneous

L-azetidine-2-carboxylate "t pro”
resistance=sproline D proB7AT | st K.p.

overproduction YR 11670 Pro-3
Ch. Pi. Ch.
Phage P22
transduction
Leu” +, Leu™ Leut _
del(proB® A’)p’ 74 del(proB*A*) r0-74 pro pro-74
(:ﬁ $ { ﬁ —_— [ :E
Tet TR Mating TetR
Ch. Pl. Ch. Pl Ch, Pl.
S.t TL 88 St sY) K.p. KY)

Fig. 1. Construction of the Klebsiella pneumoniae strains KY1l and
KY2.
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Analytical Methods

For the determination of nitrogenase activity, cultures were
prepared as described (Shanmugam et al., 1974) using sucrose mini-
mal medium (Streicher et al., 1971), supplemented with 0.68 mM L-
glutamine as sole nitrogen source. The osmolarity of the medium
was increased by the addition of NaCl as indicated. When NaCl was
added, it was necessary to readjust the pH to that of the minimal
medium (pH 7.4) which was done by the addition of NaOH. The cul-
tures were evacuated, sparged four times with argon, and incubated
at room temperature. When the ODgy5q of the cultures reached 1.0
(0.14 mg protein/ml) they were sparged once more with argon and
acetylene was added to a final concentration of 10% (v/v). Nitrog-
enase was measured as acetylene reduction activity, as described
by Shanmugam et al. (1974). Whole cell protein was determined by
the method of Drews (1965), using bovine serum albumin as the
standard. The growth rates were determined by monitoring optical
density (420 nm) of cultures growing at room temperature under the
conditions that were used for the nitrogenase assay.

RESULTS

We have examined the effect of osmotic inhibition, achieved
by the addition of NaCl, on the growth rate (Table 1) and nitrog-
enase activity (Table .2) of Klebsiella pneumoniae.

Nitrogenase activity was much more sensitive to osmotic in-
hibition than the overall growth rate of the cells. For instance,
in the absence of proline, 0.4 M NaCl caused a ten-fold decrease
in the nitrogenase activity of strain M5Al1 (Table 2, column 1),
whereas it caused only a two-fold decrease in the growth rate
(Table 1, column 1). Similarly, in the absence of proline, 0.6 M
NaCl decreased the nitrogenase activity of strain M5Al over a
hundred-fold, while it caused only about a six-fold reduction in
growth rate. Analogous results were obtained with strain KY2
(pro-3/F',,g proB¥at).

The stimulatory effect of proline on the growth rate is mani-
fested only under conditions of extreme osmotic inhibition (> 0.6
M NaCl with K. pneumoniae, unpublished results). However, proline
exerted a much greater stimulatory effect on nitrogenase activity
at lower osmolarities. Thus, in the presence of 0.4 M NaCl, 0.5
mM proline caused approximately a four-fold enhancement of the
nitrogenase activity of strain M5A1, and approximately fifty-fold
enhancement in the presence of 0.5 M NaCl (Table 2, columns 1 and
2).

The effect of the mutation resulting in proline over-production
in strain KY1l (F';,g pro-74) was similar to the effect seen when
proline was supplied exogenously in that the growth rate was
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Table 1. The effect of exogenously added proline and of proline
over-production on the growth rate of K. pneumoniae under
conditions of osmotic inhibition.*

Growth rate (generation/h)

NaCl (M) M5Al (wild type) KYl (F'pro-74) KY2 (F'proA'BY)
-proline +0.5 mM -proline -proline +0.5 mM
proline proline
0.0 0.33 0.33 0.31 0.33 0.33
0.3 0.25 0.26 0.24 0.25 0.26
0.4 0.17 0.24 0.17 0.17 0.24
0.5 0.15 0.16 0.14 0.14 0.17
0.6 0.054 0.096 0.079 0.033 0.15

*
Growth was under anaerobic conditions at room temperature (cf.

Materials and Methods) .

Table 2. The effect of exogenously added proline and of proline
over-production on nitrogenase activity under conditions
of osmotic inhibition.

Nitrogenase activity
(imoles ethylene produced per hour per mg protein)

NaCl (M) M5A1 (wild type) KY1l (F'pro-74) KY2 (F'proaAtrt)
-proline +0.5 mM -proline -proline +0.5 mM
proline proline
0.0 2.55 2.66 2.64 2.71 2.59
0.3 0.42 1.26 1.55 0.60 1.31
0.4 0.25 0.96 1.53 0.14 0.74
0.5 0.02 0.94 0.42 0.04 0.73

0.6 0.02 0.12 0.26 0.01 0.19
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stimulated only under extreme osmotic inhibition (compare strains
KY1 and KY2, without proline, with 0.6 M NaCl; Table 1, columns 3
and 4). However, the mutation had a much more pronounced stimula-
tory effect on nitrogenase activity: in the absence of proline,

at 0.4 and 0.5 M NaCl, the nitrogepase activity of strain KYl was
at least ten times greater than that of strain KY2. At 0.6 M NaCl,
the stimulatory effect of the mutation was greater than twenty-
five-fold.

DISCUSSION

Previously we have isolated mutations which resulted in proline
over-production and enhanced osmotolerance in Salmonella typhimurium
(L. N. Csonka, manuscript in preparation). In the experiments
presented in this manuscript, we transferred one such mutation
into Klebsiella pneumoniae. We found (Table 2) that the mutation
stimulated nitrogenase activity ten- to twenty-five-fold in media
of elevated osmolarity (0.4 to 0.6 M NaCl).

It might be argued that proline over-production might result
in enhanced nitrogenase activity because it leads to NHgt (or
other nitrogen compounds) limitation and, hence, might cause dere-
pression of the nif genes. This possibility can be discounted be-
cause in the absence of osmotic stress the nitrogenase activity of
the proline over-producing strain KY1 was similar to that of the
control strain KY2. Also, exogenously added proline had stimula-
tory effects similar to those of the mutation causing proline over-
production.

It is important to note that nitrogen fixation activity sum-
marized in Table 2 is expressed in terms of "acetylene reduction",
an assay which reflects the overall nitrogenase activity of the
cell, but does not take into account the relative efficiency of
nitrogenase expressed as the ratio of fixed N (as NHy't) to H,
evolved. The nitrogenase mediated H) evolution and consequently
the overall energy efficiency of the enzyme might vary under con-
ditions of osmotic stress. Experiments to determine whether this
might be the case are now underway.

Why does proline alleviate osmotic inhibition? There have
been two, not necessarily incompatible, explanations suggested.
First, proline might be an osmotic balancer which, when present
at high intracellular concentrations, might act to prevent osmotic
dehydration of the cytoplasm (Measures, 1975). According to the
second hypothesis, formulated by Schobert (1977) (Schobert and
Tschesche, 1978), proline is stimulatory in media of high osmo-
larity because it has special interactions with proteins to stabi-
lize them and keep them in solution under conditions of low water
activity. At present, there is not sufficient evidence to decide
which explanation is correct. Nevertheless, whatever the mechanism,
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proline over-production led to faster growth in Salmonella typhi-
murium and enhanced nitrogen fixation activity in Klebsiella
pneumonaie under conditions of osmotic stress. Thus, it seems
plausible that selection of proline over-producing mutants of
other organisms, including Rhizobia could yield derivatives with
enhanced osmotolerance.

SUMMARY

A mutation, which was isolated in Salmonella typhimurium and
which resulted in proline over-production and enhanced osmotoler-
ance in that organism, was transferred via F' plasmid mediated
conjugation into the free-living nitrogen fixing bacterium Kleb-
siella pneumoniae. The mutation caused a ten-to twenty-five-fold
enhancement of nitrogenase specific activity under conditions of
osmotic stress.
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INTRODUCTION

Symbiotic nitrogen fixation is commonly limited by soil infer-
tility conditions, especially phosphate deficiency, acidity and
salinity. Phosphate sorption buffers phosphate at low concentra-
tions in soil solutions, the resulting immobility causing defi-
ciency to plants in most soils with moderate or high degrees of
mineral weathering. Acidity, the consequence of prolonged leaching
with inputs of carbonic, nitric, and sulphuric acid, is attended
by calcium deficiency and toxicities of aluminum or manganese, and
is common where the rainfall is high, the landsurface old, or the
agriculture old and productive. Salinity, the accumulation of
leachable products, attended by alkalinity and sodicity, is
common in irrigated agriculture of arid regions. Some legumes
become specially sensitive to these disorders when they are de-
pendent on symbiotic nitrogen fixation.

The sensitivity of the symbiosis is partly a consequence of
complexity. Effective symbiosis requires other things as well as
vigorous plant growth. It requires colonization of soil by rhi-
zobia as saprophytes in competition with endogenous microbes;
and there is evidence that this phase is limited by soil infer-
tility (Parker et al., 1977). Another requirement is rapid rhi-
zobial growth during invasion of the rhizosphere; and this region
may rapidly become acid, saline, or phosphate-depleted even in
soils of normal fertility (Helyar and Munns, 1975; Nye, 1975).
Finally, infection and nodule development can suffer from soil
disorders even if other phases have been completed (Munns, 1977).
Ability of rhizobia to tolerate adverse soil conditions might be
compromised by adaptation to nutritionally luxurious conditions
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routinely supplied in conventional media used for culture and
testing (Parker et al., 1977).

Little research has been done on mineral nutrition of rhizobia
(Robson, 1978). We and our colleagues at Davis have initiated re-
search to add information in this area. The particular aims of
the work described in this paper have been:

1) To identify and measure requirements for phosphate and
tolerances of the compounds of soil acidity stress; and
to determine whether strains of rhizobia differ in these

requirements and tolerances.

2) To develop laboratory screening procedures for disting-
uishing tolerant from sensitive strains.

3) To test the laboratory screening procedures against
symbiotic performance under stress in soil.

LABORATORY SCREENING FOR GROWTH UNDER STRESS

Calcium Deficiency and Manganese Toxicity

Strains have been screened for ability to grow in defined
acid (pH 4.5) liquified medium at 50 UM Ca, which represents the
extreme low range of concentrations found in soil solutions, or
at 200 UM Mn, which is toxic to most legumes (Keyser and Munns,
1979). These concentrations can be maintained during rhizobial
growth without special precautions. Of 65 strains of cowpeas and
soybean rhizobia tested, almost all grew as well as in control
medium (200 UM Mn, 50 UM Ca), implying that neither Mn toxicity
nor Ca deficiency is likely to limit slow-growing rhizobia in the
field. This is in contrast with the other important soil-acidity
components, YEE' Al and H.

Acidity and Aluminum Toxicity

In acid soil solutions, A1%3 concentrations rise sharply as
pH decreases. The system behaves like a saturated solution in
equilibrium with solid Al1(OH)3 (Lindsay, 1980). Similarly, in
artificial media Al solubility is limited by the dissolution of
either Al (OH)3 or Al(OH),H,PO4. Aluminum toxicity occurs only at
low pH, low P, and in organisms that tolerate acidity. Our screen-
ing media have been low in P (below 10 UM), acid (pH 4.4 to 4.8),
and free of organic buffers whose anions could complex and de-
toxify Al*3. Control of pH is essential.

Control of pH by chemostat or flowing culture is too unwieldy
for the purpose. Supplying galactose or arabinose instead of
mannitol stops some slow-growing rhizobia from shifting the pH
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(Date and Halliday, 1978), but we found it ineffective for most
strains. Fortunately, sufficient pH control can result simply
from operating at low population density. No significant pH-
shift was found to occur until populations exceeded 10° cells/ml.
It is easy to study growth at lower densities by starting with
small inocula, and either terminating the experiment early (Keyser
and Munns, 1979; Keyser et al., 1979) or imposing a growth limi-
tation such as low phosphate supply (Munns and Keyser, 1980).

Some 65 strains of rhizobia have been screened using this
approach {(Table 1). The principal conclusions are as follows:

1) Strains vary in tolerance of low pH, confirming previous
evidence (e.g., Graham and Parker, 1964).

2) Strains that grow at pH 4.5 grow more slowly if the medium
contains 50 or 60 UM Al, concentrations that would nor-
mally occur in soil at pH 4.5 (Fig. 1).

3) Strains vary in aluminum tolerance: concentrations that
merely slow the growth of some strains stop growth of
others.

4) Increased Ca concentration does not moderate toxic effects
of aluminum in rhizobia (unlike plants).

Table 1. Tolerance of acid and Al stress among 65 strains of

rhizobia
Category Cowpea rhizobia Soybean rhizobia
number of % of number of % of
strains total strains total
Sensitive to pH 4.5 14 27 5 38
Tolerate pH 4.5, but 13 25 5 38
sensitive to 50 uM Al
Tolerate pH 4.5 with 25 48 3 23

50 uM Al

(From Keyser and Munns, 1979).
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Fig. 1. Effect of low pH and aluminum toxicity on growth of
Rhizobium sp. (strain TAL189) in defined liquid medium.
Effect on growth rate is unaffected by serial subculture
9 times (72 generations) under stress (from Munns and

Keyser, 1980).

Combined Acid and Aluminum Stress in Solid Medium

In solid media, difficulties of control of pH and other ionic
activities are accentuated by diffusional limitations: gradients
should develop rapidly around growing colonies. A solid medium
was needed, however, to test whether putative variants tolerant
of combined acidity and Al could be separated from single-strain
populations (Munns and Keyser, 1980). A partially satisfactory
medium was devised, citrate-glutamate-aluminum hydroxide agar.
Aluminum is supplied as solid Al(OH)3, mobilized by chelation
with citrate at 10 UM concentration. Phosphate is low (5 UM).
These features mimic the system that probably operates in acid
soils (Lindsay, 1980). The Al(OH)3 provides a reservoir of Al
buffering the a1+3 activity according to the pH and the solubility
product (Al) (0H)3 = 10732, A little pH-buffering is provided by
high (0.2%) concentration of glutamate/glutamic acid, pK = 4.6.
Some strains can locally neutralize this medium; once colonies
have grown to visible size they develop halos of bromcresol
purple included as indicator. But control is probably adequate
during early growth. Only a fraction of inoculant cells develop
colonies, the fraction ranging from 1:10 for strains tested as



SELECTION OF STRESS TOLERANT Rhizobium 185

tolerant by independent tests down to less than 1:10® for strains
rated highly sensitive.

Isolates from colonies developed on this medium are no more
tolerant than isolates of the same strain from non-stress media.
This corroborates other evidence that tolerance of acidity and Al
is a stable characteristic of strains of Rhizobium (see Fig. 1).

Tolerance of Phosphate Deficiency: Storage and Reutilization

Rhizobia accumulate P from high-P media, sufficient to support
considerable growth after transfer to low-P media. This storage
and reutilization could be an important aspect of tolerance of P
stress in nature, where rhizobia are probably confronted by large
variations in ambient P concentrations (e.g., 1076 M in bulk soil,
less than 107 M in the rhizosphere, perhaps 1073 M in nodules
(and microbiologists' media)).

To evaluate P storage, Cassman et al. (in press a.) grew
several strains of Rhizobium japonicum in a conventional high P
medium (2 x 1073 M P) and then determined their internal P con-
centration and their ability to grow upon transfer to medium with
no added P (about 1 x 10~7 M by analysis). All the strains stored
P to high internal concentrations (1.5-2.5%) and made 2 to 5 gen-
erations' growth on the stored P as sole source. There were large
differences among strains, and the number of generations depended
on the concentration of P stored (Fig. 2a). Some of the storage
was in the form of electron-dense granules, possibly polyphosphate.
The relationship between cell phosphate and granule volume (Fig.
2b) suggests also that there is considerable stored P apart from
the granules. Cells grown in media buffered at 6 x 106 M P, as
in a fertile soil, contained 1.3-1.8% P, with few granules. This
storage is still large, and could be useful for cells exposed to
the extreme P deficient conditions associated with invasion of the
rhizosphere; but calculations based on reasonable assumptions
suggest that storage must be supplemented by efficient uptake from
low concentrations.

Tolerance of Phosphate Deficiency: External Requirement for Growth

To measure growth response to P at low concentrations, Cassman
et al. (in press b.) inoculated P-depleted cells into "oxide dialy-
sis cultures", in which P concentration is buffered by sorption of
P on goethite (<FeOOH). The oxide is separated from the liquid
medium by a dialysis membrane for convenience of analysis and
rhizobial enumeration. The reserve of sorbed P maintains a con-
centration of P in solution according to the desorption isotherm
(Fig. 3a). Phosphate desorbs and diffuses into solution fast
enough to counter the removal by rhizobia, until the population
reaches a critical density dependent on the total P in the system
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(Fig. 3b). Below this critical density, growth response can be
assessed at constant solution P concentrations.

Using the oxide dialysis culture system we have found that:
1) Strains differ in ability to grow at low P concentrations.

2) Agriculturally successful strains (USDA 110 and CB756, for
example) grow unimpaired at the lowest concentration we
have provided (5 x 10-8 M).

3) Some strains grow very slowly even at concentrations as
high as 10-6 M, and should have difficulty coping with
normal soil environments.

4) Exopolysaccharide production (as indicated by culture
viscosity) is enhanced at solution P concentrations
which approximate those in soil, and suppressed in high
P medium.

SYMBIOTIC PERFORMANCE UNDER STRESS IN SOIL

The laboratory screening procedures we have been describing
require validation. This can only be done by comparing strain
ratings from the laboratory procedures with performance in sym-
biosis with host legumes under stress in soils. These symbiotic
tests are essentially simple greenhouse (or preferably field)
trials. All that is needed is to choose soil, treatments, host,
and test conditions so that N is deficient, interfering rhizobia
are absent, the subject stress is defined in kind and severity,
the host cultivar is tolerant, and other stresses are minimized
so that differences in nodulation can be expressed as significant
differences in plant growth and yield of N.

Our test soils have been Ultisol subsoil materials from Cal-
ifornia's Coast Range and Sierra foothills. Mineralogically and
chemically they resemble many soils of agricultural regions of
the eastern U.S. and the humid tropics and subtropics. Our host
cultivars are selected on the basis of a companion project dealing
with variation of tolerance among legume varieties.

Testing at this level for P responsiveness has only begun,
but preliminary data with soybean and cowpea rhizobia are at least
consistent with the laboratory tests.

Testing for symbiotic tolerance of soil acidity has been much
more extensive (Munns et al., 1978; Keyser et al., 1979; Munns et
al., 1978). An example of data from such a test are given in
Figure 4. 1In general, with strains of cowpea rhizobia, laboratory
tests for sensitivity to acid or Al identify a usefully high
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Fig. 4. Results of a greenhouse screening of cowpea rhizobia for
symbiotic tolerance of soil acidity; and validation of
laboratory screening procedure for Al and H tolerance.
Strains were inoculated at 104 cells/seed onto TVull90
cowpea in acid soil with and without calcium carbonate
treatment. Graph compares plant yield at acid pH with
yield at optimum pH. Tolerant strains approach line of
unit slope; sensitive strains drop well below the line.
White circles indicate strains found tolerant of Al and
H in the laboratory, half-black indicates tolerant of H,
black sensitive of Al and H.

proportion of strains that will fail in acid soil with the toler-
ant cowpea cultivars Blackeye 5, Tvull90, or TVud557. Some strains
that could grow under acid/Al stress in the laboratory failed
symbiotically in soil; perhaps because they failed to infect or

to function in nodules under stress (Munns et al., 1978). These
represent about 35% of the total sensitive strains in the green-
house tests, not predicted by laboratory test. We regard this as

a reasonable failure rate. More important, the laboratory tests
did not misidentify as sensitive any strain that proved highly
tolerant and effective in soil.



190 D.N. MUNNS ET AL
WHEN IS IT JUSTIFIABLE TO SCREEN RHIZOBIUM FOR TOLERANCE?

This is the first question to ask, despite our leaving it to
last in this paper. The simple answer is that screening is justi-
fiable if it leads to better performance of the symbiosis; and
essentially this answer comes from simple trials like those des-
cribed in the previous section.

The answer may depend on the kind of stress. Salinity, for
instance, affects either nodule function or growth of the legume
host much more readily and severely than it inhibits growth of
most strains of Rhizobium. By and large, rhizobia can grow at
NaCl concentrations of the order 100 to 300 mM (Graham and Parker,
1964), well above the levels that kill legumes. Attempting to im-
prove the ability of rhizobia to grow in saline soil is probably
pointless.

The answer also depends on the legume involved. With cowpea,
for example, it is clear from Figure 4 that choice of Rhizobium
makes a large difference to symbiotic performance in acid soil,
and that selection for stress tolerance need not entail loss of
potential performance. This conclusion does not hold for all
legumes however. In our experience, it holds for mund and peanut,
but not for soybean or certain aluminum-sensitive cultivars of
cowpea. In the latter cases, host-plant sensitivity limits the
performance of the symbiosis; and host-plant selection then has
priority over selection of Rhizobium.
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EVALUATING POTENTIALLY SUPERIOR RHIZOBIUM STRAINS IN SOYBEANS

L. E. Williams, S. S. Jue, K. G. Cassman, and
D. A. Phillips

Department of Agronomy & Range Science
University of California
Davis, CA 95616

INTRODUCTION

Legumes infected with the symbiotic bacterium Rhizobium
obtain nitrogen from both soil N and Nj. It would be economically
advantageous to conserve existing soil N by increasing the pro-
portion of N derived from symbiotic Np fixation in legumes such
as soybeans, if agronomic yields could be maintained. One method
to achieve that goal is the identification of superior Rhizobium
strains.

Recent results have reemphasized the classical concept (Allen
and Allen, 1939) that effective Rhizobium strains differ in their
efficiency of N, fixation. Schubert et al. (1978) reported that
Rhizobium strains with Hp-oxidation capacity promoted dry matter
yield in soybean and cowpea. Bethlenfalvay et al. (1978) found
greater rates of apparent photosynthesis on both a whole-plant
and leaf-area basis in peas inoculated with Rhizobium strains that
reduced more N,. 1In the latter study enhanced N, fixation,
measured by Kjeldahl N accumulation in the absence of combined N,
was associated with several different factors including decreased
Hp evolution in some strains and increased acetylene reduction
activity in others (Bethlenfalvay et al., 1978). Maier and Brill
(1978) reported the selection of mutant R. japonicum strains that
promoted soybean seedling growth and N, fixation under controlled
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environmental conditions. Such reports of the physiological
superiority of natural variants (Bethlenfalvay et al., 1978;
Schubert et al., 1978) and selected mutants (Maier and Brill, 1978)
in Rhizobium suggest that the identification of strains with in-
creased capacity to reduce N, may be an important strategy for the
conservation of soil N.

The single most important criterion that must be met to iden-
tify Rhizobium strains with enhanced N, fixation capacity and
agronomic potential is effective nodule formation under field
conditions with a resulting increase in total N, reduced. All
workers recognize that replicated field tests of separate Rhizobium
strains are difficult and should be performed only when it is clear
that a particular strain shows potential superiority. The problemn,
therefore, is to find a reliable test procedure that eliminates
inferior strains before field trials are run. Many investigators
have reported data from Rhizobium strains tested on plants grown
under controlled environmental conditions (Bethlenfalvay et al.,
1978; Maier and Brill, 1978; Schubert et al., 1978). The time
and space requirements of such trials could be reduced signifi-
cantly if Rhizobium strains could be screened in free-living
culture for triats associated with superior N, fixation in legumes.

Relationships between physiological traits of Rhizobium in
free-living culture and in root nodules are poorly understood.
Differences in colony morphology and carbohydrate utilization of
free-living R. japonicum genotypes were associated with differ-
ences in acetylene reduction by the same strains on 30-day-old
soybean plants (Kuykendall and Elkan, 1976). Uptake of Hy and
3H2-exchange activity of free-living cultures of R. japonicum
3I1b31 and 3I1b110 (Lim, 1978) correlated well with Hz—uptake
values reported for the same strains in symbiosis with Anoka soy-
beans (Schubert et al., 1978). Nitrate-reductase-deficient
strains of Rhizobium have been identified in culture and tested
on legumes (Gibson and Pagan, 1977; DeVasconcelos et al., 1980;
Manhart and Wong, 1980).

Scott et al. (1979) characterized an interesting mutant of
R. japonicum 3I1b110 that showed a 100% increase in specific
activity of CoH,y reduction in free-living cultures. That mutant,
R. japonicum C33, which was selected for chlorate resistance and
was shown to be nitrate-reductase-deficient, maintained similar
CoHp-reduction activity in pure culture with 4 mM KNO3, while
the wild type strain 3I1b110 showed no activity. The purpose of
the present study was to evaluate whether a mutant of R. japonicum
identified as having high CpHp-reduction activity and nitrate-
reductase deficiency in free-1living culture would have enhanced N,
fixation in soybean root nodules.
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METHODS

Growth Chamber Studies

Soybeans (Glycine max (L.) Merr.) cv. Clark were germinated
in the dark at 28 C. Day O was determined as the day of seed im-
bibition. On day 3 seedlings were planted in 15 cm diameter
plastic pots that permitted repeated C,H, reduction and apparent
photosynthesis measurements of intact plants (Williams and Phillips,
1980). The plants were grown with 2 mM KNOj complete nutrient
solution under controlled environmental conditions (Williams and
Phillips, 1980). Plants were inoculated with either R. japonicum
3I1b1l10 or strain C33, a nitrate-reductase-deficient mutant of
311b110 (obtained from D. B. Scott). Apparent Ny fixation was
measured with the CjyHp-reduction assay on both intact plants and
detached root systems (Williams and Phillips, 1980). Plants were
harvested, dried at 70 C for 48 h, and weighed. Total N was de-
termined by Kjeldahl analysis (Burris and Wilson, 1957).

Field Studies

Clark soybeans and a non—-nodulating, near isogenic line were
grown in the field at Davis in 1979. Seeds were planted 5 cm
apart with a single row on 76 cm beds. Normal irrigation prac-
tices were followed throughout the season. A randomized, complete
plot design with six replicate blocks was used. Four treatments
consisted of 1) uninoculated Clark seeds, 2) Clark seeds + C33,
3) Clark seeds + 3I1bl10, 4) non-nodulating Clark seeds. Each
plot consisted of four 8 m rows; data were collected only from
the two center rows. Two replicate blocks were sacrificed during
the growing season to collect physiological and microbiological
data; four replicate blocks were analyzed for yield parameters.

Microbiological Studies

Rhizobium strains were inoculated onto growth-chamber-grown
seedlings on day 3 and 10 as a slurry of cells removed from agar
slants of mannitol/salts/yeast extract (MSY) medium (Lim and
Shanmugam, 1979). Inoculants for field studies were grown in
liquid MSY medium which was mixed with sterile peat and pelleted
onto seeds before planting. Single-cell isolates of bacteria were
recovered from root nodules periodically and were tested for the
following phenotypes: 1) sensitivity to a bacteriophage which
lyses Rhizobium in the 110 serogroup (Vincent, 1970), and 2) re-
sistance to 2 mg KC103/ml in MSY medium when tested microaerophili-
cally on Petri plates. Strain 3I1b110 was known to be positive
only for test 1, while strain C33 was positive for both tests 1
and 2.



198 L. E.WILLIAMS ET AL.

RESULTS

Growth Chamber Studies

Mutant Rhizobium strain C33 enhanced whole-plant apparent
photosynthesis and whole-plant apparent N, fixation in Clark
soybeans grown with 2 mM KNO5 at 1500 uE-m_Z.sec'l irradiance,
compared with the wild type parent strain 3I1b110. The advantage
measured for plants inoculated with strain C33 was uniformly sig-
nificant for apparent photosynthesis from day 17 to 27, at which
time plants became too large to measure. Acetylene reduction by
plants inoculated with strain C33 was greater in 9 of 10 assays
between day 17 and 42. Actual plant dry weight and N content re-
flected the short-term measures of CO; and Np reduction in plants
grown at the higher irradiance and harvested on days 31, 45 and
52 (Table 1). Plants grown under similar conditions at 700 UE-
m~2-sec” !l irradiance, however, showed a significant effect of
Rhizobium strain only on dry weight of 45-day-old plants (Table 1).

Field Studies

Field studies of mutant C33 conducted in 1979 at Davis showed
no significant effect of Rhizobium strain on the seasonal pattern
of CoHy reduction by detached root systems of Clark soybeans
(Fig. 1). Uninoculated plants became nodulated later and showed
an altered CyHpy-reduction profile (Fig. 1). No root nodules were
observed on the non-nodulating isoline of Clark. Total seed yield
and seed N content of that material were not affected by Rhizobium
strain, and no increase in those parameters over uninoculated,
nodulating plants were recorded (Table 2). Plants inoculated
with Rhizobium lodged 115 days after planting, but both the un-
inoculated and the non-nodulating plants were erect at harvest.
Total vegetative dry matter and N content at the R5 stage of
development were not significantly greater in plants inoculated
with C33, but there were trends in that direction (Table 3).
Symbiotic Ny fixation calculated by the depletion of 15N content
of nodulated relative to natural 19N abundance in non-nodulating
plants suggested that plants inoculated with either Rhizobium
strain obtained significantly (P < .05) more N from Nj than those
that were uninoculated (Table 4). The fraction of seed N derived
from Ny was estimated as approximately 48% for inoculated plants
on the basis of 19N depletion (Table 2). Acetylene reduction
data and total N differences between nodulated and non-nodulated
plants supported the conclusion that inoculated plants fixed more
No than uninoculated plants that were nodulated by field con-
taminants (Table 4).
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The effect of mutant Rhizobium japonicum C33 on dry
weight and N content of soybeans grown at two irradi-
ances. Data represent the percent change in parameters
of five replicate plants relative to plants inoculated
with the parent wild-type R. Japonicum 3I1bl10.

Irradiance
Plant ) 1 - -
age 700 yE-m -sec 1500 pE-m " -sec
(days) Dry weight N content Dry Weight N content
(%) (%) (%) (%)
24 +29 +28 +10 +2
31 +15 +15 +40%** +29%
45 +25%* +14 +43% +38%
52 +1 -5 +16%* +6
* kk

14

Strain effect significant at p < 0.05 or 0.01, respectively.

15N content of Clark soybeans

Table 2. Seed yield, total N, and
grown during 1979 in the field with a wild-type Rhizobium
or a potentially superior mutant strain C33. Data were
collected from four, 4-row replicate plots of each treat-
ment, The fraction of seed N derived from N, was cal-
culated by dividing the 15N values of the nodulating
treatments by the value of the non-nodulating isoline
and subtracting that ratio from 1.

Plant Fraction
nodulation Rhizobium Seed Seed N Seed 1°N of seed N
genotype strain yield content content from N2

atom %

kg/h %

(kg/ha) (excess) (%)
Nodulating 3I1b1l10 2420 153 .00058 47.7
Nodulating C33 2630 163 .00058 47.7
Nodulating None 2640 160 .00082 26.1
Non-nodulating None 1820 82.4 .00111 -
LSD (0.05) 396 24.0 .00026 -
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Table 3. Vegetative yield and N content of Clark soybeans inocu-
lated with R. japonicum 3I1b110 or a potentially su-
perior mutant strain C33. Data were collected in 1979
field trails at the R5 stage (Fehr et al., 1971) from
four, 4-row replicate plots of each treatment.
Plant
N
nodulation Rhizobium Dry Mattexr Content
genotype strain Shoot Root Shoot Root
(kg/ha)
Nodulating 3I1bl10 7710 485 220 8
Nodulating Cc33 8500 535 241 8
Nodulating None 8000 645 182 7
Non-nodulating None 7090 604 101 4
LSD (0.05) 1220 106 60 2
Table 4. Estimates of symbiotic N, in Clark soybeans grown in the
field with R. japonicum 3I1b110 or a potentially superior
mutant strain C33. Fixation estimated by N difference
is based on total plant N of nodulated plants relative
to non-nodulating controls. The 15N dilution estimate
was derived from dilution of natural abundance of 19N
in seeds of non-nodulating controls relative to nodulated
plants, multiplied by total plant N content at the R5
stage. Seasonal Ny fixation from CHy reduction was
determined from data in Figure 3.
Rhizobium N2 Fixed
t i . .
strain N Difference 15N Dilution C,Hy Reduction
(kg/ha)
3I1bl10 123 109 74
C33 144 119 64
Field con- 84 49 44

taminants
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Fig. 1.

Apparent N, fixation of field-grown Clark soybeans.
Plants were inoculated and nodulated primarily by a
wild-type R. japonicum 3I1bl110 (0O) or mutant C33 (O).
Uninoculated plants (A) were nodulated by both indi-
genous bacteria and the two introduced strains. Data
are mean values of detached root systems harvested from
six replicate plants. Symbols at the top of the figure

represent stages of soybean development (Fehr et al.,
1971).

Microbiological Studies

Field trials with specific Rhizobium strains, require veri-
fication that nodules were formed by bacteria in the inoculant.
On three occasions during the 1979 growing season bacteria were
isolated from root nodules of the Clark soybeans. Three to five
nodules were used from each of the five replicate plants harvested.
Two to five individual bacterial clones were obtained from each

nodule.

All Rhizobium clones isolated from plants inoculated
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with 3I1b110 or C33 were lysed by a bacteriophage specific for the
110 serogroup; 33% of isolates from the uninoculated plants were
lysed under the same conditions. None of the clones derived from
uninoculated plants or those inodulated with strain 3I1bl10 were
resistant to 2 mg/ml chlorate, but 84% of the isolates from plants
inoculated with C33 were resistant to chlorate.

DISCUSSION

In spite of a 100% increase in specific activity of CyHp-
reduction by strain C33 relative to strain 3I1bl110 in free-living
cultures (Scott et al., 1979) and a 38% increase in plant N con-
tent of 45-day-old soybeans (Table 1), only suggestive and not
statistically significant increases were recorded for seed yield,
seed N content, and dry matter production in the field (Tables 2
and 3). Such results do not necessarily invalidate testing of
potentially superior Rhizobium strains under controlled conditions,
but they do emphasize the complexity of natural environments where
any genetically-altered Rhizobium strain must function eventually.

The C33-induced promotion of plant dry weight and N content
observed with 2 mM KNO3 under 1500 UE-m™2-sec”l (Table 1) deserves
further comment. The 30-40% increase in N content and dry weight
found in plants harvested on days 31 and 45 were similar in magni-
tude to promotive effects reported for other Rhizobium mutants
analyzed at one stage of plant growth (Maier and Brill, 1978).
Data in Table 1, however, suggest that plants inoculated with
strain 3I1bl10 assimilated C and N more rapidly between day 31
and 52 than those inoculated with strain C33. One might suggest,
therefore, that the promotive effect of C33 on dry weight and N
content was transitory. Unfortunately that possibility could not
be verified with measures of whole-plant apparent photosynthesis
because the plants become too large for the assay chambers. Such
results do not justify a recommendation that plants should be
sampled repeatedl§ when evaluating Rhizobium strains, but they do
suggest that data from controlled environments be interpredted
with caution. Likewise, the importance of environmental parameters
is emphasized by the fact that under 700 uE-m'z-sec-1 irradiance
strain C33 produced fewer significant differences in dry weight
and N content but still showed a general superiority to strain
3I1bl10 (Table 1). Additional evidence that supports the import-
ance of environment comes from the observation that when Clark
soybeans were grown in Leonard jar assemblies, rather than the
well-drained containers of the present study, plants nodulated by
strain 3I1b110 or C33 were indistinguishable in all parameters
measured at five nitrate concentrations between 0 and 16 mM
(Williams, unpublished data).
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Table 5. Hypothetical relationship between soil nitrogen avail-
ability and symbiotic performance of Rhizobium strains
with varying effectivity.

Relative N yield

Rhizobium Comparative N derived N derived from Relative
“strain effectivityt from soil symbiosis++ total N yield

75 25 100

65 35 100
C33 100 55 45 100

45 55 100

35 65 100

25 75 100

75 18 93

65 25 90
3I1b110 72.5 55 33 88

45 40 85

35 47 82%*

25 54 TO**

+ . . . .
Relative symbiotic effectiveness expressed as a percentage of
the most effective strain (strain C33) which is given a 100%
rating, 38% greater than strain 3I1bl10.

++ . . R .
Comparative effectivity multiplied by the N derived from sym-
biosis by the most effective strain (strain C33).

*x *%k
’

Indicates a total N yield significantly lower (p < 0.05, 0.01)
than that of the most effective strain (strain C33) assuming a
coefficient of variation of 10% in a field experiment with two
rhizobial treatments and four replications.
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One may conclude from data in this study that mutant Rhizo-
bium strain C33 has not yet been proved to be agronomically su-
perior to strain 3I1bl110. It may be possible with additional
field tests on various sites to prove that C33 is slightly better,
but the concept of a simple free-living or growth-chamber assay
that predicts field performance of marginally superior Rhizobium
strains was weakened by this study. Hypothetically, it can be
calculated (Table 5) that a 38% increase in symbiotic Ny fixation
(Table 1) could be detected in.a field environment when less than
43% of the total plant N (35 of 82 relative N yield units, Table
5) is derived from the soil. Whether large increases in effici-
ency of N, fixation can be accomplished by improving a single
physiological trait such as CyHy reduction or Hj uptake remains
to be determined. It seems reasonable that several potentially
advantageous traits will have to be combined to show positive
benefits under field conditions.
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INTRODUCTION

Recent advances in Rhizobium genetics have led to increased
optimism regarding the possibility of enhancing symbiotic Ny fix-
ation by generating superior strains of Rhizobium that combine the
best attributes from different parental strains. The procedures
for developing such strains involve the identification of desired
traits, the genetic marking and mapping of such traits, and the
transfer of the traits with their markers to another strain which
already has desirable traits of a different nature. Since at
least some of the genetic information that codes for both root
infectivity and nodule effectiveness appears to be located on
plasmids in Rhizobium species (Higashi, 1967; Duncan et al., 1967;
Nuti et al., 1979; Johnston et al., 1978; Brewin et al., 1980a,b;)
it may be possible to develop "superior" Rhizobium strains by
plasmid transfers between strains.

A non-nodulating mutant of R. leguminosarum strain 300, strain
16015, carries a substantial deletion in nodulation functions on
one of its plasmids (Hirsch et al., 1980; Buchanan-Wollaston et
al., 1980). Two transmissible plasmids that are capable of sup-
pressing the mutant phenotype of strain 16015 have been identi-
fied in other field isolates of R. leguminosarum. One of those
transmissible nodulation plasmids pRL1JI (obtained from field
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isolate 248) also specifies the production of a non-dialysable,
medium-sized bacterocin (Hirsch, 1979). A derivative of pRL1JI,
pJB5JI (Johnston et al., 1978) carries the transposon Tnb
(specifying kanamycin resistance, Kan-r) as an insertion into the
determinants for medium bacteriocin production (Med). The other
transmissible nodulation plasmid, pRL5JI, was derived from the
field isolate TOM (strain 3622). It confers the ability to nodu-
late the primitive pea cultivar 'Afghanistan' in addition to
western pea varieties such as 'Alaska' (Brewin et al., 1980b).
When transferred to derivatives of R. leguminosarum strain 300,
neither pRL1JI nor pRL5JI eliminated any of the resident plasmids
of that strain (Hirsch et al., 1980; Brewin et al., 1980b), hence
it is likely that more than one copy of certain plasmid-linked
symbiotic genes are present in derivatives of R. leguminosarum
strain 300 that contain one of these supplementary nodulation
plasmids.

Two other transmissible bacteriocinogenic plasmids (pRL3JI
and pRL4JI) also have been identified (Hirsch, 1979). Although
apparently related to pRL1JI, pRL3JI and pRL4JI lack many, if
not all, of the symbiotic determinants carried by pRL1JI, and
they fail to suppress the nod fix deletion of strain 16015
(Brewin et al., 1980a). Kanamycin resistant, Med~™ derivatives
of pRL3JI and pRL4JI (termed pVW3JI and pVW5JI, respectively)
have been created by inter-plasmid transduction from pJBS5JI
(Brewin et al., 1980a). Using pRL3JI, pRL4JI and the Kan-r der-
ivatives, it has been shown that these plasmids can mobilize de-
terminants for nodulation ability from strains such as 300 in
which the nodulation plasmid is not normally self-transmissible
(Brewin et al., 1980a). Apparently that mobilization results from
inter-plasmid recombination. Thus by suitable genetic manipula-
tion of natural plasmids from strains of R. leguminosarum, it is
possible to vary the strain of origin for groups of symbiotic
genes, the number of copies of symbiotic genes and the pattern
of bacteriocin production.

Little is known about the guantitative aspects of legume-
Rhizobium symbioses when an association involves strains of
Rhizobium altered by plasmid transfer. This paper reports the
nodulation characteristics and host-plant responses of Alaska peas
(Pisum sativum L.) inoculated with genetically-altered strains of
R. leguminosarum. The goals of this research were: 1) to pro-
vide a functional analysis of a series of R. leguminosarum strains
that differed only in their plasmid profiles; 2) to determine if
the insertion of genetic markers for medium bacteriocin produc-
tion or Kanamycin resistance into the Rhizobium genome necessar-
ily is associated with changes in symbiotic effectiveness; 3) to
compare various measurements of Rhizobium effectiveness so that
future screening of Rhizobium mutants for symbiotic effective-
ness can be simplified.
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METHODS

Alaska peas (Pisum sativum L.) plants were grown in a con-
trolled environment chamber under a 14/10-hr light/dark cycle at
21/20 C, 50% relative humidity and a photosynthetic photon flux
density of 650 uE-m_z-sec_l. Plants were grown individually in
modified "Leonard jar" (Leonard, 1943) assemblies consisting of
a bottomless, 750 ml wine bottle that was inserted neck-first
into a 1l-liter glass jar. The neck of the wine bottle was plugged
with a two-holed rubber stopper and filled with vermiculite and a
1-cm thick surface layer of perlite. The jar acted as a nutrient
solution reservoir and initially contained 750 ml of N-free nu-
trient solution. The nutrient solution contained 2 mM CaSOy,

1 mM K550y, 1 mM K,HPOy, 2 mM MgSO,, 4 UM CoCly, 1 ml micronu-
trient solution/liter after Johnson et al. (1957) and 18.7 mg/
liter of Sequestrene 138Fe iron chelate (Ciba-Geigy). The
acidity of the solution was adjusted to pH 7.0 with HC1l and
changed less than 0.5 pH units during the course of each experi-
ment. The complete Leonard jar assemblies were autoclaved prior
to planting. Sides of the assemblies were covered with aluminum
foil to prevent light absorption. Pea seeds weighing 0.21-0.23
grams were surface-sterilized with 70% ethanol, rinsed and ger-
minated on sterile paper towels with distilled water. After 3
days of imbibition seedlings were selected for uniformity,
planted in the sterile Leonard jar assemblies, and inoculated
with specified Rhizobium strains (Table 1)

Ineffective R. leguminosarum strains used in this experiment
can be divided into four separate groups. The first three groups
consisted of a field isolate and one to three genetically-altered
strains for which the field isolate served as a control. The
altered strains in each of those groups were constructed by trans-
ferring plasmids with symbiotic genes derived from the common
field isolate into the symbiotically defective (nod~ fix™) mu-
tant strain 16015 (Tables 1 and 2). Furthermore the first two
groups contained pairs of strains that had symbiotic genes from
common backgrounds but differed in their capacity to produce
medium bacteriocin (Med) or to show Kanamycin resistance (Kan-r)
Table 2). The fourth group consisted of three strains in which
plasmids were transferred to a field isolate (strain 300) that
already had the capacity to form an effective symbiosis (Table 1).

Data were collected from 25-day-old plants. Each strain was
used to inoculate six plants. At the end of each experiment bac-
teria from four randomly selected nodules on each plant were re-
isolated and identified (Josey et al., 1979) to confirm that
root nodules were formed by the appropriate inoculant. Acetylene
reduction and Hy evolution were measured (Bethlenfalvay and
Phillips, 1977). Leaf area was measured using an area meter
(Li-Cor LI-3000). Dry weights of plant parts were measured after
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Table 1. Characteristics of Rhizobium leguminosarum
strains studied
Rhizobium Symbiotic
strain phenotype Characters Reference
16015 Nod 300 str-~37,spc-54, Brewin et al. (1980a)
. n nod 6007
248 Nod  Fix Field isolate Hirsch (1979)
3747 Nod Fix 16015 pRL1JI Brewin et al. (1980a)
3738 Nod Fix 16014 pVvW1lJI Brewin et al. (1980a)
+_ .+ . .
300 Nod Fix Field isolate Johnston & Beringer
+ + 1 (1975)
3745 Nod+Fix+ 16015 pRL4JIl Brewin et al. (1980Ca)
3740 Nod Fix 16015 pVW5JI Brewin et al. (198Ca)
+ . o+ . .
3622 Nod+F1x Field isolate Brewin et al. (1980b)
3737 Nod Fix 16015 pRLS5JI Brewin et al. (1980b)
+ .+
3711 Nod+F1x 300 pRL3JI This study
3713 Nod Fix 300 pRL1JI This study
3718 Nod Fix 300 pJIB5JI This study
1

. : + . .
These strains acquired the Nod determinants from strain 300, presumably as a

result of recombination with pRL4JI or pVWS5JI prior to transfer to strain

16015.
Table 2. Characteristics of plasmids studied in
Rhizobium leguminosarum
. 1
Plasmid Source Characters Reference
. + +_ .+ +
pPRL1JI Strain 248 Med Nod Fix Tra Hirsch (1979)
. + +
pPRL3JI Strain 306 Med Tra Hirsch (1979)
. + +
pRL4JI Strain 309 Med Tra Hirsch (1979)
. + + +
pPRLSJI Strain 3622 Nod Fix Tra Brewin et al. (1980b)
- + + +
pJB5JT pRLlJI:.:TnS2 Med Kan-r Nod Fix Tra Johnston et al. (1978)
_ + + o+
pPVW1JI PRL1JI::Tnb5 Med Kan-r Nod Fix Tra Brewin et al. (1980a)
- +
pVWSJIT PRL4JI::Tnb5 Med Kan-r Tra Brewin et al. (1980a)
1 + . e . L + o+
Med means that the plasmid specifies medium bacteriocin; Nod and Fix refer to
nodulation and Np-fixation functions that are absent from R. leguminosarum strain
16015; Tra' means transmissible by conjugation; Kan-r indicates Kanamycin resist-
, ance.

PRL1JI::Tn5 means that transposon Tn5 was inserted into the region determining
production of medium bacteriocin (Med) of pRL1JI.
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48 hr at 75 C. Plant N content was determined by Kjeldahl analy-
sis (Burris and Wilson, 1957).

RESULTS

Functional Analysis of Gene Transfer

The three field isolates (strains 248, 300, and 3622) showed
distinct strain effects on two short-term measures of root nodule
function. Differences in rates of CyHy reduction and Hy evolu-
tion between plants nodulated by those three strains were statis-
tically significant (data not shown). However, those effects were
not observed in the genetically altered strains which should have
contained some genetic information for symbiosis from the field
isolate within their respective groups. Rates of CpHp reduction
and H, evolution of all plants inoculated with genetically altered
strains were more similar to each other than to the field isolate
from which the nodulation determinants were derived.

Change in Kjeldahl N contant, a more reliable measure of Nj
fixation than CyHy reduction for plants grown without combined N,
supported the conclusions drawn from C,H, reduction and H, evolu-
tion data in this study (Table 3). Symbiotic N, fixation differed
significantly among field isolates (strains 248, 300, and 3622)
but not among effective strains produced by transferring plasmids
from those field isolates into the non-nodulating mutant 16015
(strains 3747, 3738, 3745, 3740, and 3737). Plants nodulated by
the three field isolates showed statistically significant differ-
ences in plant dry weight, plant nitrogen content, nodule dry
weight, and leaf area; plants nodulated by the genetically-altered
strains, with the exception of strain 3713, were more similar to
each other than to the plants nodulated by the field isolates.

Number of nodules per plant, one measure of root nodule
development, was altered by plasmid transfer. Field isolates
248, 300, and 3622 formed different numbers of nodules on Alaska
peas, but the number of nodules per plant produced by the geneti-
cally altered strains was more similar to the number formed by the
field isolate within each group than to strains in other groups
(Table 3). The only notable exception to that trend was the set
of plants inoculated with strain 3745. Those plants had more
nodules than plants inoculated by any other strain.

Brewin et al. (1980a) reported the transfer of symbiotic
genes with bacteriocinogenic plasmids in R. leguminosarum. The
quantitative data presented in this paper provide information on
the symbiotic functionality of R. lequminosarum strains altered
by plasmid transfers. The data on nodule number per plant indi-
cate that the genetic information on plasmids introduced from the
field isolates into strain 16015 may code for effective nodulation
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Table 3. Effects of R. leguminosarum strains on root nodule de-

velopment and symbiotic N, fixation.

Fixation activity

was calculated as the difference between total Kjeldahl
N at harvest and initial seed N content for plants grown
Values represent the mean of six

without combined N.
replicate plants.

Root nodule Symbiotic
Strain development N2 fixation
(nodules/plant) (mg/plant)
16015 0.0 0.0
248 134 17.3
3747 145 15.4
3738 175 15.2
300 266 24.7
3745 392 14.9
3740 275 17.0
3622 314 4.4
3737 322 14.6
3711 268 15.5
3713 225 24.2
3718 209 20.9
LSD(0.05) 54 4.7

and control the number of nodules formed while the level of over-
all symbiotic effectiveness may be controlled by genetic informa-
tion inherent (but previously unexpressed) in strain 16015. For

a single Rhizobium strain, nodule number generally was correlated
with plant dry weight or some other measure of nodulation effec-
tiveness (Phillips et al., 1976), but comparisons among different
strains in this study indicate that nodule number may be controlled
Furthermore differences in nodule

genetically by the bacteria.

numbers are unrelated to strain effectiveness.

It is difficult

to imagine how nodule number is controlled independently from
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other factors that control the effectiveness of the symbiosis,

and this may indicate another unforeseen level of complexity in
the Rhizobium-legume symbiosis.

Although the total dry weight and leaf area of plants inoculated
with genetically-altered strains (3740, 3745, and 3711) often were
significantly (p < .05) different from those inoculated with field
isolate controls, in other cases the altered strains produced plant
growth similar to the controls. The one case in which a geneti-
cally-altered strain produced superior plant N content and leaf
area and enhanced short-term measures of N, fixation relative to

a control strain (strain 3737 vs. 3622) demonstrates the positive
potential for the use of genetic manipulation in developing
Rhizobium strains with a set of desired characteristics.

One might question whether plasmid transfer per se affects
symbiotic efficiency of Rhizobium, but insertion of plasmids
carrying symbiotic genes from one strain into another strain that
already had symbiotic capabilities had little effect on the sym-
biotic properties. Three genetically-altered strains 3711, 3713,
and 3718 were formed by transferring plasmids into the effective
field isolate strain 300 (Table 1). Strains 3713 and 3718 were
constructed by insertion of plasmids pRL1JI and pJB5JI which are
thought to carry symbiotic genes from strain 248. Therefore,
those strains may have duplicates of symbiotic genes. Both of
those strains produced plants with significantly greater N con-
tent than all other altered strains except 3740 (Table 3). Their
performance, however, was only equal and not superior to the field
isolate strain 300. Strain 3711 was constructed by the insertion
of plasmid pRL3JI which lacks at least some of the symbiotic
genes determined by pRL1JI (Brewin et al., 1980a). 1Its effective-
ness, measured as N content, was decreased significantly compared
to strain 300 but was not worse than many other strains in the
study.

The Effect of Antibiotic-Resistance Markers

Some controversy exists over the relationship between anti-
biotic resistance and Rhizobium effectiveness (Schwinghamer, 1964,
1967; Pankhurst, 1977; Hagedorn, 1979; Bromfield and Jones, 1979).
Schwinghamer (1967) reported no correlation between Kanamycin
resistance and symbiotic effectiveness for R. leguminosarum. A
similar lack of correlation between those traits was observed in
the limited number of comparisons that could be made in the
present study. Neither strains 3747 and 3738 nor 3740 and 3745
showed significant differences in symbiotic N, fixation (Table 3).
The apparent lack of a negative association between medium bac-
teriocin production and symbiotic effectiveness is important be-
cause it indicates a possible method for enhancing the competi-
tive advantage of "superior" rhizobia over indigenous Rhizobium
strains when they are used as an inoculum for agronomic crops.
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Measurements of Nitrogen Fixation Activity

Actual N, fixation measured by Kjeldahl N accumulation in
Alaska peas grown under uniform conditions in the absence of com-
bined N was correlated most highly with total leaf area (r? = .963).
The high correlation reflects the fact that leaves are a large
sink for N in young plants (Pate et al., 1979). Acetylene reduc-
tion and apparent N, fixation calculated from C,H,; reduction and
Hy evolution data were less well correlated with total Kjeldahl N
data than were the plant growth measurements. That is not sur-
prising because such short-term rates only reflect nodule activity
at a single point in time. Plants nodulated by two different bac-
terial strains with the same rate of N, fixation at day 25 could
have different amounts of total Kjeldahl N because the time of
initiation and rate of increase in N; fixation may differ for the
two bacterial strains. Alternatively, plants nodulated by two
different strains could have different rates of Ny fixation but
identical amounts of Kjeldahl N for the same reasons.

CONCLUSIONS

Plasmid transfers produced symbiotically effective bacteria
from a strain previously unable to form root nodules on Alaska
peas. The effective, genetically-altered strains formed did not
differ significantly in Np-reduction capacity, but differences in
number of root nodules formed were associated with the source of
the plasmid. A strong positive correlation between plant leaf
area and total N accumulation in the absence of combined N showed
that leaf area can be used as a rapid screen for symbiotic effec-
tiveness of genetically-altered R. leguminosarum strains in Alaska
peas grown under uniform environmental conditions.
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EVALUATING ELITE ALFALFA LINES FOR N5,-FIXATION UNDER FIELD

CONDITIONS
G. H. Heichel, C. P. Vance, and D. K. Barnes
Agricultural Research, Science and Education
Administration, U. S. Department of Agriculture, and
the University of Minnesota
St. Paul, MN 55108

INTRODUCTION

The nitrogen (Njp) fixation capacity of a legume-Rhizobium
symbiosis is associated with several metabolic processes and mor-
phological characteristics of the host and of the bacterium. These
processes and characteristics are quantitatively regulated with
gene expression often dependent upon the environment in which the
symbiosis develops. Because of the close association between gene
expression and environment, we must understand how metabolic pro-
cesses investigated in the artificial and relatively uniform en-
vironments of laboratories and glasshouses respond to the uncon-
trolled environments of the field. This understanding is essential
if research to improve N,y-fixation of legumes is to impact bene-
ficially on agricultural cropping systems. For this reason, a
major thrust of our research program is to conduct field experi-
ments to determine the Np-fixation capabilities of alfalfa (Medi-
cago sativa L.) previously selected in artificial environments for
traits associated with Np-fixation. The purpose of this communi-
cation is to report three investigations of alfalfa Np-fixation
and Rhizobium strain preference using germplasm from our breeding
program, and to interpret the results in the context of plant im-
provement.

NITROGEN FIXATION OF SELECTED MNNC AND MNPL POPULATIONS
Methods
Experiments were conducted on Waukegan silt loam that previ-

ously was in 4 years of alfalfa culture. They were located at the
Rosemount Experiment Station, University of Minnesota. The
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experiments utilized two alfalfa populations that had been sub-
jected to one cycle of recurrent phenotypic selection in the glass-
house for five physiological and morphological characteristics
associated with whole-plant nitrogenase activity. A commercially-
available mixture of strains of R. meliloti was used to inoculate
all plants during the selection program. Other details of the
selection procedure for N3 (CpHp) reduction activity, fibrous root
score, secondary root score, nodule mass score, and herbage mass
were reported by Viands et al. (1981). The population designated
MnNC-5 was moderately winterhardy with a fall dormancy response
similar to 'Ranger'. The population designated MnPL-8 was similar
in parentage, winterhardiness, and fall dormancy characteristics
to 'Vernal'.

Symbiotic Ny-fixation was measured as nitrogen fixed on a land
area or on a plant basis (Ng), and as the proportion of total sample
nitrogen derived from symbiosis (Ng,,) using the isotope dilution
technique (McAuliffe et al., 1958) as described by Heichel et al.
(manuscript in preparation). Isotope was incorporated into soil
in 1 x 1 m plots as (15NH4)2SO4 in aqueous solution. Plots were
established in five replicates with seed inoculated with a commer-
cial preparation of R. meliloti (Nitragin, Co.)1 containing five
strains. Reed canarygrass (Phalaris arundinacea L.) was used as
the perennial, non-nitrogen-fixing control species. Plants were
sampled on four occasions throughout the growing season, subjected
to Kjeldahl analysis, and the distillates were analyzed for nitro-
gen isotope composition by mass spectrometry (Heichel et al., un-
published data).

Results and Discussion

Nitrogen fixation of alfalfa communities measured either as Ng
or Ngy increased in the seeding year from the first to the second
or third harvest, and then declined in the fourth harvest (Table 1).
Although a significant (P < 0.05) population x harvest interaction
for Nf occurred at harvest 3, the mean values of Ng or NSy for the
two populations were not significantly different on a seasonal
basis. The two populations averaged about 44% of their total ni-
trogen needs from symbiosis during the seeding year. During the
second and third harvest intervals, MnNC-5-HB-A derived nearly two-
thirds of its total nitrogen from symbiosis. In comparison, soy-
bean (Glycine max L. Merr) obtained 39 to 66% of its seasonal
nitrogen needs from symbiosis (Ham, 1978; Deibert et al., 1979).

lMention of a trademark, vendor, or proprietary product does not
constitute a guarantee or warranty of the product by the USDA and
does not imply its approval to the exclusion of other trademarks,
vendors, or proprietary products that may also be suitable.
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White clover (Trifolium repens L.) and subterranean clover (T. sub-
terraneum L.) derived more than 80% of their nitrogen budget from
atmospheric sources (Edmeades and Goh, 1978; Phillips and Bennett,
1978). On a land area basis, the two alfalfa populations averaged
about 14.8 g/m? of fixed nitrogen over the growing season of the
establishment year (Table 1).

Although there was no evidence that Njy-fixation of field com-
munities of MnNC-5-HB-A and MnPL-8-HB-A differed in the establish-
ment year, statistical analysis showed significant population x
harvest interactions (Table 1).

Because of a 14% difference in stand between the two popula-
tions, we made further comparisons on an individual plant basis.
Nitrogen fixation varied with Ngy (Table 1) and with the total
nitrogen yield of the plant. The latter in turn varied with the
average nitrogen concentration in the plant, and the total dry
matter yield. Over four harvests, the total dry matter yield of
MnPL-8-HB-A was significantly less (P < 0.05) than that of MnNC-5-
HB-A, and a significant population x harvest interaction for yield
of the two populations was evident (Fig. 1). The herbage yields
per plant were similar at the first three harvests for both popu-
lations, which is consistent with glasshouse evaluations of these
populations (Viands et al., manuscript in preparation). Thus, the
difference in dry matter yield was attributable to contrasting root
growth of the two populations.

Combination of total dry matter yield (Fig. 1), nitrogen con-
centration, and NSy data for whole plants of seeded material allowe
comparisons among average rates of growth (GR), symbiotic nitrogen
fixation (SNF), and soil nitrogen uptake (SNU) for each of the four
seeding year harvests (Figs. 2 and 3).

For both populations, patterns of GR and SNF were very similar
throughout the season. GR and SNF were slow in the first harvest
interval and increased several-fold through either the second or
third harvest. The onset of dormancy occurred more quickly in
MnPL-8-HB-A than in MnNC-5-HB-A, so that the latter population
continued to grow and to fix nitrogen until later in the season
than did MnPL-8-HB-A. For this reason, GR and SNF were signifi-
cantly (P < 0.05) greater for MnNC-5-HB-A than for MnPL-8-HB-A for
all harvest intervals except the last.

Rates of SNU, calculated by assuming that the nitrate reductas
system fulfilled plant nitrogen needs not met by symbiotic nitrogen
fixation, were similar between populations and relatively invariant
during the first three harvest intervals (Figs. 2 and 3). With the
onset of dormancy, SNU mirrored the precipitous decline of SNF and
GR. In vivo nitrate reductase activity reflected the rate of SNU
for both populations (Vance and Heichel, unpublished).
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Although there were no differences between the original, un-
selected populations and between the subsequent cycles of these
populations selected in the glasshouse for traits associated with
Np-fixation (Viands et al., manuscript in preparation), signifi-
cant differences in Np-fixation per plant between the populations
were observed in the field (Figs. 2 and 3). The contrast between
glasshouse and field performance occurred because the glasshouse
evaluations were made under a long photoperiod in a relatively
narrow range of temperatures and evaluated at one stage of growth.
The field-grown plants responded to the continuously changing
natural environment for 5 months and were sampled on several oc-
casions. The differences in fall dormancy between the populations
clearly influenced the Npy-fixation of field-grown material, but
not of material grown in a noninductive environment in the glass-
house. Thus, considerable caution should be exercised in attempts
to anticipate the field performance for Np-fixation of alfalfas
with varying dormancy responses that are initially evaluated in
the glasshouse under noninductive conditions.

NITROGEN FIXATION OF MNNC AND MNPL SUBPOPULATIONS DEVELOPED BY
BIDIRECTIONAL SELECTION

Methods

Field plots for this experiment were like those described
above. The investigation utilized the MnNC and MnPL gene pools
that had been subjected to two cycles of bidirectional recurrent
selection for both high (H) and low (L) acetylene reduction rate
(A), nodule mass score (N), fibrous root mass score (F), and top
dry weight (T). The selection procedures, which resulted in eight
subpopulations per cycle from each gene pool, were previously re-
ported (Viands et al., manuscript in preparation). This experi-
ment compared Np-fixation of the original, unselected MnNC and
MnPL gene pools with that of the eight subpopulations after the
first cycle of glasshouse selection.

Seed of the original gene pools and eight subpopulations were
sown in glasshouse sandbenches in late March, inoculated with com-
mercial inoculum (Nitragin co.) ! containing five Rhizobium strains,
and transplanted as bare-root seedlings with clipped tops to field
plots at 7 weeks of age. Seedlings were established at 200 plants/
m? in five replicates of a randomized complete block design.
Herbage of 10 plants per replicate was sampled on three occasions
throughout the growing season, and Np-fixation was measured by
the isotope dilution technique.

Results and Discussion

Glasshouse experiments (Viands et al., 198l1) showed substan-
tial selection progress for A, N, F, and T in both H and L
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Fig. 3. Average values of growth rate (GR), rate of symbiotic
nitrogen fixation (SNF) and rate of soil nitrogen uptake
(SNU) over each of four harvest intervals in the seeding
year for MnPL-8-HB-A.
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directions. When the MnNC-4 entries were grown in the field,
significant (P < 0.05) differences of Ng,, among entries over the
three harvests were observed (Table 2). Differences in herbage
mass among entries were also apparent in the field.

Despite the significant improvement in A observed in glass-
house selection, the HA subpopulation derived less nitrogen from
symbiosis and fixed a similar amount of nitrogen per plant compared
with the original population (Table 2). The LA subpopulation
derived less nitrogen from symbiosis in the field, and fixed ni-
trogen equally well on a per plant basis compared with the original
gene pool. The HA and LA subpopulations differed appreciably in
Nsy and nitrogen fixed per plant under field conditions, which
mirrored the per plant nitrogenase activities observed in the
glasshouse.

Although bidirectional selection progress for F and N was
effected in the glasshouse, no significant differences between the
HF and LF or HN and LN subpopulations for Ngy or for nitrogen
fixed per plant were observed in the field (Table 2). Interest-
ingly, selection in the glasshouse for increased herbage mass de-
creased Ngy and nitrogen fixed per plant compared with the original
gene pool, but selection for decreased herbage mass increased Ngy
and nitrogen fixed per plant. The results suggest that selection
for herbage yield is probably not an effective procedure to in-
crease Np-fixation on an individual plant basis.

Many of the results from the MnNC gene pool were also exempli-
fied by the MnPL gene pool (Table 3). Selection for increased T
in the glasshouse did not improve herbage yield in the field. 1In
fact, the HT subpopulation (selected for high herbage yield)
actually performed the poorest of all entries in the field. The
subpopulations of MnPL differed significantly (P < 0.05) for NSy
and for nitrogen fixed per plant. The HA and LA subpopulations
differed significantly in Ng, in a pattern consistent with the A
results from the glasshouse (Table 3). However, the improvement
in Ngy or nitrogen fixed per plant anticipated for the HA subpopu-
lation because of glasshouse performance was not apparent in the
field. Both gene pools were consistent in this result.

Despite the selection progress for F, N, and T in the glass-
house, improvement of these traits in the glasshouse always re-
sulted in both decreased Ngy and nitrogen fixed per plant in the
field for the H subpopulations relative to the L subpopulations.
Furthermore, none of the selected subpopulations were better for
Np-fixation in the field than the unselected gene pools.

The two gene pools were consistent in showing that one cycle
of selection for physiological and morphological traits in the
glasshouse did not significantly improve seasonal Np-fixation in
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field evaluations of selected materials. Some of the lower than
anticipated performance may be attributable to inbreeding depres-
sion for Ngy and nitrogen fixed per plant compared with the origi-
nal gene pool. This is plausible considering that each of the sub-
populations was derived by intercrossing only 14% of the best or
poorest individuals for each trait from the original population of
800 plants of each gene pool in the glasshouse.

The suggestion of inbreeding and the consistent differences
between HA and LA subpopulations in the field support the hypo-
thesis that Ny-fixation capacity of alfalfa can be altered by
manipulating the host genome. It is clearly evident, however,
that the field environment drastically reduced differences in the
Ny-fixation performance expected from glasshouse selection pro-
cedures. The full implications of these results await the evalu-
ation of subpopulations from the second selection cycle.

RHTZOBIUM STRAIN PREFERENCE OF SELECTED MNNC AND MNPL
POPULATIONS AND SUBPOPULATIONS

Methods

Experiment I. The first set of material was the unselected
MnNC and MnPL gene pools, the second cycle selections (MnNC-7-
HB-A and MnPL-10-HB-A) developed by Viands et al. (manuscript in
preparation), and the reciprocal F; between the second cycle
selections. Seeds of all entries were scarified, sown into
sterile sand benches, and inoculated with a mixture containing
2 x 108 cells/ml of R. meliloti strain 102F51 str¥a, and 6.1 x 108
cells/ml of 102F77 §gg?. The strains were streptomycin (str)
or spectinomycin (spc) mutants, respectively, of wild typgig.
meliloti prepared and characterized as previously described
(Hardardson et al., unpublished data).

Six-week-o0ld seedlings of each population were transplanted
to 1 x 1 m plots as described above and reinoculated with the
mutant Rhizobium strains. The indigenous Rhizobium in the plots
averaged 105 viable cells/g dry soil. The experiment was estab-
lished in a randomized complete block design in five replications
with each of the five alfalfa populations as treatments. Ten
plants per plot were removed on July 3, August 1, September 18,
and October 29. Fifteen nodules per plant were randomly chosen,
crushed, and antibiotic mutant Rhizobium strains identified as
described above.

Experiment II. The second set of plant material was the un-
selected MnNC gene pool, and the second cycle selections for high
(H) and low (L) acetylene reduction rate (A), nodule mass score
(N), fibrous root score (F) and top dry weight (T) described by
Viands et al. (manuscript in preparation). Sterilized seeds were
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sown in 12-cm pots filled with nonsterile Waukegan silt loam ob-
tained from an alfalfa field at the St. Paul Experiment Station,
University of Minnesota. The experiment was established in 14
replicates of a randomized complete block design with the nine
alfalfa entries as treatments. Five days after sowing, each pot
was inoculated with a surface application of inoculum containing
equal proportions of R. meliloti strain 102F51 strfa (effective in
nitrogen fixation) and 102F62 EBEFb (ineffective in nitrogen fix-
ation) prepared and characterized as described previously
(Hardarson et al., manuscript in preparation).

The plants were grown in the glasshouse at 22 * 5 C day temp-
erature and 17 * 3 C night temperature for a 16-hour photoperiod.
The experiment was terminated after 9 weeks when nodules were har-
vested for identification.

Results and Discussion

Experiment I. The unselected and selected alfalfas differed
significantly (X%2 = 38.0; P < 0.001) in preference for indigenous
and the two effective mutant bacteria (Table 4). Compared with
the unselected original gene pool, nodules of MnNC-7-HB-A showed
a reduced occupancy by indigenous strains and an increased occu-
pancy by each of the mutant strains. The proportion of nodules
containing the mutant 102F77 §BE? was significantly less, and that
by the mutant 102F51 str¥a significantly greater, in MnPL-10-HB-A
than in the unselected MnPL-6. Selection did not alter the pref-
erence for indigenous strains in the MnPL gene pool.

In the Fp, nodule occupancy by indigenous and mutant strains
was similar to that of MnNC-7-HB-A (Table 4). The F; also re-
sponded similarly to the selected populations in showing reduced
preference by indigenous bacteria, and increased preference for
the mutant bacteria, compared with the unselected MnNC-4 and
MnPL-6.

Strain preference averaged across all populations also varied
significantly (X§ = 25.5; P < 0.01) with time of harvest. Except
for the second harvest, nodule occupancy by indigenous strains
decreased, and that by mutant strains increased throughout the
season.

Experiment II. The unselected MnNC gene pool and the selected
subpopulations differed significantly (X§7 = 47.9; P < 0.01) in
their preference for indigenous and mutant Rhizobium (Table 5).
Most of the subpopulations had significantly fewer ineffective
bacteria (102F62 spctb) in their nodules compared with the origi-
nal population. The high A subpopulation had significantly fewer
ineffective nodules than did the low A subpopulation. As a re-
sult of the decrease in ineffectively nodulated plants, the
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selected subpopulations showed an increase in nodule occupancy by
effective indigenous strains compared with the control. The high
subpopulations showed significantly greater nodule occupancy by
the effective (102F51 strfa) mutant compared with the low subpopu-
lations and the control. Both experiments are consistent in show-
ing that host selection for physiological and morphological traits
associated with Ny-fixation capacity altered the preference of the
selected alfalfa for Rhizobium.

CONCLUDING DISCUSSION

Several tentative conclusions seem justified from the fore-
going results. First, it is clear that plants selected for im-
proved Np-fixation capacity in artificial environments may not re-
liably express this feature throughout a growing season in the
field. This was amply illustrated in the first experiments, where
experimental materials performing similarly at one stage of growth
in the glasshouse behaved quite differently as individual plants
in the field. Furthermore, even small changes in crop community
characteristics, such as plant population density, may obviate
differences in Np-fixation that are evident in individual plants.

The second experiment reinforced thése conclusions and fur-
ther illustrated that subpopulations that were substantially im-
proved over the unselected gene pool for several traits including
nitrogenase activity measured in the glasshouse were no better than
the unselected gene pools when all materials were grown in the
field. Significant environmental control of Ny-fixation is evi-
dent from the observation that subpopulations selected for im-
proved nodule score, root score, or herbage yield in the glass-
house consistently performed poorest in the field in both gene
pools. Nevertheless, control of Ny-fixation by the host genome
was illustrated by the consistent differences in field performance
of subpopulations divergently selected for nitrogenase activity,
and by the apparent inbreeding depression for all traits during
one cycle of recurrent selection.

Finally, it is clear that host selection for physiological
and morphological traits associated with Np-fixation may inadver-
tently modify the preference of the plant for Rhizobium. In one
alfalfa gene pool, plants subjected to two recurrent selection
cycles for Np-fixation during exposure to a mixture of effective
Rhizobium strains exhibited increased preference for effective
strains, and decreased preference for other indigenous strains,
compared with the original plant material. This characteristic
was also expressed by the F] between the two second cycle selec-
tions. Additionally, selected subpopulations had reduced prefer-
ence for ineffective Rhizobium compared with the unselected gene
pools.
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Our most inescapable conclusion is that concurrent field and
laboratory experiments are indispensable at several steps of Nj-
fixation research involving plant breeding and physiology to re-
alistically determine the potential of metabolic modifications of
the host and Rhizobium.
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INTRODUCTION

We initiated a modest research effort on breeding alfalfa
(Medicago sativa L.) for increased N, fixation in 1974. This
project became the first concentrated effort in the U. S. to breed
a forage legume for increased Ny fixation. Now six years later we
are taking this opportunity to look at the project in retrospect
and to examine both the successes and the problems that we have
encountered. Hopefully our experiences will be useful in pro-
jecting future advances and in suggesting methodologies and philo-
sophies that can be utilized in other breeding programs for Nj
fixation.

Our decision to initiate a research program for increasing
the N, fixation potential in alfalfa was the direct result of the
energy situation in 1973. The forage research group at St. Paul
discussed ways that agronomic research could help reduce the energy
requirements of U. S. agriculture. Nitrogen is the major limiting
nutrient for production of corn, small grains, and for more than
81 million hectares of grassland in humid areas of the U.S. 1In
1973, information on Ny fixation research methodology for forage
legumes was lacking, there was skepticism about the probability
of successfully breeding alfalfa for improved N, fixation potential,
and new research funds were not readily available. Nevertheless,
the potential benefits which could add hundreds of millions of
dollars to U. S. agriculture in terms of improved pastures, im-
proved soil tilth, reduced costs of crop production and energy
saved seemed great enough for us to reorder our research priorities.
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PROGRAM DEVELOPMENT

Our project goals have been: 1) to develop an in-depth undex-
standing of N, fixation in alfalfa, 2) to breed alfalfa that is
more effective in N fixation, and 3) to develop strategies to
apply Ny fixation information and improved germplasm to agricul-
tural production systems.

Our approach to breeding for increased N, fixation was based
on the philosophy that the symbiotic association between alfalfa
and Rhizobium meliloti Dang. is essentially a host:pathogen asso-
ciation. In this association the plant provides an energy source
and a suitable environment for the bacteria, while the bacteria
provide a source of usable nitrogen for the plant. Vance (1978)
described the many steps that must be successfully completed be-
fore the nodule is developed and N fixation can occur. The se-
quence of events by which the plant-bacterial association is
established includes bacterial attraction in the vicinity of root
hairs, curling of the root hairs, and bacterial penetration.
After penetration, infection threads develop through which the
bacteria migrate to the root cortex. Nodules are formed as the
result of plant cell division and cell enlargement stimulated by
the bacteria. The bacteria multiply in the nodule tissue and
finally develop the capacity to fix nitrogen.

Symbiotic Ny fixation will be maximized when the most effec-
tive bacterium infects the most productive alfalfa cultivar. How-
ever, there are many indigenous strains of R. meliloti in U. s.
soils and not all alfalfa cultivars are nodulated by all strains.
According to Burton (1972) rhizobia by host cultivar interactions
have been observed for nodulation and for N, fixation after nodu-
lation. Even though host by Rhizobium strain interactions exist,
we thought that it was unrealistic to breed alfalfas that re-
acted favorably with only one strain. Under field conditions, a
plant will be exposed to many indigenous strains. Weaver and
Frederick (1974) showed with soybeans (Glycine max (L.) Merr.)
that it was difficult to introduce and establish new Rhizobium
strains into fields containing adapted strains. Because alfalfa
is a perennial species exposed to a wide range of environmental
conditions, we suspected that different strains of Rhizobium may
be differentially effective during various periods of plant growth.
For these reasons we chose to conduct our breeding program with a
mixture of Rhizobium strains rather than to work with a single
strain. We postulated that plants selected after exposure to a
mixture of strains would have a greater potential for N, fixation
with existing strains under field conditions than plants selected
with one strain. This would be similar to the selection of re-
sistant plants after exposing them to a mixture of strains of a
pathogen. The success of this procedure is well-documented in
disease resistance research.
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The effectiveness of the N) fixation capacity of a plant can
be limited by any factor in the plant-bacteria association. There-
fore, improvement of the Ny fixation potential by plant breeding
requires that the efficiency of many processes be simultaneously
improved. It is critical for plant breeders to have a rapid, in-
expensive method that can be used to measure the N; fixation on
thousands of plants each year. The acetylene-reduction (AR) tech-
nique described by Hardy et al. (1968) was adapted for use with
alfalfa by Seetin and Barnes (1977). Twelve-week-old plants (first
regrowth) grown in nil-nitrate sand have been used in most of our
research.

GREENHOUSE SELECTION EXPERIMENTS

The first breeding objective with alfalfa was to determine
if genetic differences existed for Ny fixation. Using the AR tech-
nique, Seetin and Barnes (1977) demonstrated a four-fold difference
in AR values among plants. They also established that crosses among
parents with high AR values produced progenies with AR rates more
than twice those of progenies from low X low crosses. Low X high
crosses were intermediate for AR. These data demonstrated that it
should be possible to increase Ny fixation by breeding. Several
plant traits were correlated with AR. These included nodule mass
(r = 0.68**), fibrous root score (r = 0.63**), root fresh weight
(r = 0.38*%), and top dry weight (r = 0.34*). Duhigg et al. (1978)
also demonstrated genetic differences for AR among alfalfa geno-
types and the association between AR and the same group of plant
traits.

Although the available data suggested that it should be pos-
sible to increase the Ny fixation potential of alfalfa, it was im-
portant that the various interrelationships were understood before
a large scale breeding program was initiated. Viands (1979) con-
ducted an extensive study to determine responses to bidirectional
selection individually for AR per plant, nodule mass, top dry
weight, and fibrous root mass in two alfalfa gene pools. It was
intended that this research would determine the associations among
AR and the various morphological characteristics, and then provide
information on the best morphological characteristics or combina-
tion of characteristics, for selection to improve the genetic po-
tential of Ny fixation in alfalfa.

The two broad-based gene pools used in Viands' selection ex-
periments were chosen to represent winterhardy (MnPL) germplasms
and moderately winterhardy (MnNC) germplasms. All screening and
evaluation studies were conducted on plants inoculated with commer-
cial inoculum containing five R. meliloti strains and grown in
greenhouse sand benches with low nitrate levels (12-14 ppm). Each
gene pool was divided into subpopulations developed from two cycles
of recurrent phenotypic selection for both high and low levels of
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the four characteristics listed in Table 1. Over 800 plants of
each gene pool were screened and approximately 110 plants were
selected as parents for each subpopulation in the first cycle of
selection. Because of the size of the experiment only 250 plants
in each subpopulation were screened in the second cycle of selec-
tion and 50 plants were selected as parents. Responses to selec-
tion were evaluated by simultaneocusly growing plants from the
original gene pool and plants from the two cycles of selection
for each characteristic. The MnNC and MnPL gene pools were eval-
uated on different dates. Therefore, data could only be compared
within gene pools and not between gene pools.

Both the MnNC and MnPL gene pools responded to selection for
each of the four plant characteristics (Fig. 1). Highly signifi-
cant (P < 0.01) differences were observed between the high and
low subpopulations developed for each characteristic in both gene
pools. It should be noted that the AR data for the MnPL gene pool
were obtained during several days with very high temperatures. The
high temperatures reduced the relative levels of AR activity. When
these same populations were reevaluated at cooler temperatures the
AR activity of the MnPL gene pool was similar to the MnNC gene
pool (Viands et al., manuscript in preparation). The influence of
high temperature on Ny fixation of alfalfa has been described by
Munns et al. (1977).

The AR rate per plant was significantly (P < 0.01) correlated
with top dry weight, nodule mass score, nodule number score, fibrous
root score and secondary root score for both populations. This
agreed with earlier reports by Seetin and Barnes (1977) and Duhigg
et al. (1978). 1In Viands' study the selection for nodule mass
score, fibrous root score, and top dry weight all changed AR rate
significantly (Table 2). Because responses to selection did not
indicate a good substitute for AR selection, coefficients of de-
termination were computed by stepwise regression analysis to de-
termine how much additional variation due to AR was accounted for
by adding each of the morphological characteristics measured to

the regression equation. 1In both gene pools, nodule mass score
explained much more of the variation due to AR than any other
characteristic (Table 3). Those results suggested to us that

nodule mass would be the best morphological characteristic to se-
lect for in a breeding program.

Because AR measures nitrogenase activity of the nodules, we
concluded that a breeding program should include first selection
for high nodule mass followed by evaluation for AR rate. This
type of breeding program is presently being conducted successfully
at several locations.
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Table 3. Percentage of variation in acetylene reduction rates
accounted for by each of five morphological character-
istics in the MnNC and MnPL alfalfa gene pools according
to a stepwise regression analysis (Viands, 1979, and
Viands et al., manuscript in preparation).

o

% Variation of nitrogenase

Characteristic activity/gene pool
MnNC MnPL
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