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The Leeuwenhoek Lecture, 1992

Bacterial evolution and the nitrogen-fixing plant

JOHN POSTGATE

Houndean Lodge, 1 Houndean Rise, Lewes, East Sussex BN7 I1EG, UK.

SUMMARY

Biological nitrogen fixation is fundamental to the economy of the biosphere, yet it is restricted to a few
dozen bacterial species. Why have plants not acquired it during evolution? No serious physiological or
genetic obstacles seem to exist. Has a relatively late emergence, among genomically flexible prokaryotes,

effectively precluded appropriate seletion pressure?

December 26 1676 was the birthday of Bacteriology.
It was the day on which Antoni van Leeuwenhoek
first saw what we now know to be bacteria, inhabiting
water in which pepper had been steeped overnight
(Schierbeek 1959; Hall 1989). It is rare for the date of
a seminal discovery to be known so precisely, but van
Leeuwenhoek was in the habit of including such
details in his letters to the Royal Society. Some of the
bacteria which he observed can be recognized from his
drawings. Nitrogen-fixing bacteria were among them:
at the beginning of this century one of these was
identified by another great Dutch microbiologist,
M. W. Beijerinck (see Schierbeek 1959, p. 77) as
‘undoubtedly’ Azotobacter, and other examples could
hardly fail to have been present in his canal-water
samples. But the features that are central to my
present theme would have passed unremarked by van
Leeuwenhoek; neither the concept of nitrogen fixa-
tion, nor that of biological evolution, was to arise for
another century and a half.

I am concerned with the question of why there is no
such thing as a nitrogen-fixing plant. Clover, peas and
the like are sometimes described, casually, as able to
fix nitrogen but, of course, they do not: they form
symbiotic associations with nitrogen-fixing bacteria.
The ability to fix nitrogen is exclusive to bacteria;
indeed, it is restricted to some 50 of the many
thousands of named species, and even when it is found
within a species, it is often present in only a proportion
of strains. As a genetic character it has a limited and
haphazard distribution, yet it is a text-book truism
that the few types of nitrogen fixer which exist have,
until this century, sustained the nitrogen economy of
the biosphere for some half a billion years, compensat-
ing for the loss of fixed nitrogen brought about by
denitrifying bacteria. Why has the property not
spread to higher organisms, notably to plants, which
are the primary recipients of newly fixed nitrogen?

A clue to the answer lies in the remarkable genetic
fluidity of bacteria. For several decades we have
known that bacteria, collectively, display a variety of
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means of gene exchange. Reminders of the best-
studied processes — conjugation, transformation and
transduction — are given in table 1. They were origi-
nally discovered in a few bacterial groups — pneumo-
coccl, bacilli and coliforms — and were long regarded as
rare. Butin the last two decades it has become apparent
that processes of this kind are the rule rather than the
exception. The widespread incidence of conjugative
gene transfer was first indicated by plasmid-mediated
spread of antibiotic resistance in post-war medical and
veterinary practice, and the contemporary recognition
of the wide host ranges of promiscuous plasmids.
Twenty years ago, the late Dr R. Hedges suggested,
from a consideration of the ecology of drug resistance
plasmids, that much of the bacterial genome might be a
communal thing: that mobile plasmids represented a
bank or reserve of genetic information within the
bacterial world, on which a variety of genera might
draw (Hedges 1972).

In the intervening years, much has been discovered
to substantiate views of that kind. We have learned
that self-transmissible plasmids can sometimes co-
transfer other plasmids into the recipient organism
(the mobilization phenomenon), and that almost any
bacterial species can be rendered competent for
transformation, at least using raw plasmid DNA, by
stresses such as freeze-thawing or ion (e.g. calcium)
imbalance. And new processes resembling transduc-
tion have been discovered, such as the enigmatic
‘Gene Transfer Agent’ of photosynthetic bacteria.
Chater & Hopwood (1989) have recently summarized
the many mechanisms of gene transfer and modifica-
tion in bacteria. Equally significant, plasmids were
once thought to be rare, but DNA electrophoresis has
revealed that the reverse is true: they are very
common, both in laboratory strains and in isolates
from the natural environment. It is not unusual for
two to six to be present in Azotobacter chroococcum, for
example (Robson ¢t al. 1984). Some plasmids are
extremely large, approaching a quarter of the size of
the chromosome, such as the megaplasmids of rhizo-
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Table 1. Gene transfer processes in bacteria

Transduction Bacterial virus (bacteriophage) particles,
while infecting and destroying cells, acquire some of the
victim’s DNA and, in due course, carry that DNA into a
new host. Most of the new cells being attacked succumb to

the virus infection, but a few resistant cells integrate the

alien DNA into their own genomes, altering their genotypes.

Transformation Some bacteria at a certain stage of their
growth cycle (when they are termed ‘competent’) can take
up raw DNA and incorporate stretches into their own
genomes. Stresses, such as treatment with calcium chloride
or freeze-thawing, sometimes induce competence in bacteria
that are not naturally transformable.

Conjugation Bacteria may conjugate when one of the cells
possesses fertility genes, often extra-chromosomally on a
plasmid, and the other does not. The two organisms come
into physical contact and the fertile strain donates fertility
genes and associated DNA to the recipient, which then
becomes fertile itself.

bia (Dénarié et al. 1981); others, such as colicin
plasmids, are small, but numerous within a single cell
(Sheratt 1974). Most electrophoretically observed
plasmids are cryptic, which means that the characters
encoded by their DNA are not known (among the few
exceptions are the Ti plasmids of agrobacteria and
plasmids encoding host specificity and nitrogen fixa-
tion in rhizobia). But crypticity does not imply
triviality: they represent a mass of potentially mobile
packages of DNA distributed throughout the bacterial
world.

At a subcellular level, bacteria have a remarkable
capacity for gene rearrangement. Whole plasmids
may integrate into the chromosome and later re-
emerge bearing chromosomal DNA. Packages of DNA
called transposons can move from one plasmid to
another, and in and out of the chomosome; some carry
fertility genes, rendering the recipient DNA capable of
conjugation. Stretches of DNA called insertion
sequences can move around bacterial chromosomes,
cotransferring or silencing genes where they insert
themselves.

Bacteria clearly have an immense capacity for gene
rearrangement and gene exchange. The latter, with its
consequent hybrid formation, operates not just within
species as in the sexual hybridization of eukaryotes,
but among species, genera and groupings of higher
taxonomic rank. Intraspecific lateral transfer of chro-
mosomal DNA seems probable in ‘wild’ E. coli, and
transfer of a stretch of &rp DNA to Salmonella typhimur-
tum has been proposed (Milkman & Crawford 1983;
Stoltzfus et al. 1988). Especially interesting in this
context is the work of Spratt and his colleagues (see
Spratt et al. 1991) demonstrating lateral interspecific
DNA transfer in the evolution of streptococci and
neisserias: stretches of DNA conferring penicillin resis-
tance have been recruited by sensitive species from
different, naturally resistant, species, presumptively by
transformation. Recent ecological studies, stimulated
by anxieties about the release of genetically engi-
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neered bacteria, suggest that gene transfer between
species and genera takes place in nature. Therefore
saltatory evolution — involving sudden and substantial
changes of genotype —is likely to have been frequent
among bacteria.

Here a note of caution is necessary. Some microbio-
logists, deeply impressed by such revelations of the
flexibility of bacterial genomes, have advanced the
view that the bacterial world is a super-organism: a
single planetary entity, one to which ordinary con-
cepts of evolution do not apply (Sonea & Paniset
1983). Such thinking has semantic rather than scien-
tific overtones; I raise the matter to emphasize that,
despite the genetic flexibility of bacteria as a whole,
independent, autonomous bacterial species are the
norm. This is not to deny that, in bacterial nomencla-
ture, specific and generic names may have historical
or functional rather than biological bases, but most of
the strains and groups which microbiologists call
species and genera behave as stable biological hierar-
chies and possess physiological and genetic equipment
enabling them to sustain their specific integrity.
Notably among these are DNAses, restriction enzymes
and the mut gene products (Rayssiguier et al. 1989), all
of which serve to reject alien DNA.

Additional to their capacity for gene exchange and
rearrangement, and highly relevant to considerations
of their evolution, is the remarkable capacity of
bacteria for mutation. Although the actual mutation
rate within bacterial DNA may be no greater than
that in cells of animals and plants, their small genomes
and huge numbers make mutation a significant part of
their everyday biology. The point is illustrated by the
elementary calculation shown in table 2, which shows
the astronomical number of mutations that take place
daily in mankind’s commensal E. coli. Yet the number
in table 2 represents but a minimum mutation rate,
for a variety of reasons. First, it does not take into

Table 2. Mutations in mankind’s commensal Escherichia
coli

An average human discharges 200 g faeces a day. A typical
E. coli count of human faeces is about 108 cells per gram,
equivalent to an output of about 2x 10 E. coli per day,
almost all freshly grown since the last defaecation.

There are now over 5 x 10° humans. The global growth rate
of our intestinal E. coli is thus about 10% cells per day.

The E. coli genome comprises about 4 x 10® base pairs of
DNA. Gene lengths average about 10° base pairs. So E. coli
has about 4 x 10° genes.

Spontaneous non-lethal mutations (e.g. to drug resistance,
to a new nutritional requirement, etc.) occur in the genomes
of multiplying E. coli at frequencies in the range 1 per 10* to
1 per 10° new progeny. For the sake of argument, say 1 in
107. Each one signifies an altered gene.

Therefore more than 10 E. coli genes mutate daily inside
humanity. Which means that, on average, every gene of the
E. coli genome traversing mankind’s intestines mutates at
least 2.5 x 10° times daily.
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account the E. colt which inhabit non-human guts,
which probably greatly outnumber ours. Nor does it
take account of the secondary habitat of E. coli, which
it occupies transiently after discharge from the mam-
malian gut: soil and water. Half of the world’s
population of E. coli occupies this niche (Savageau
1983), where it is gradually starved out by competing
indigenous microflora. Recent work by Cairns et al.
(1988) and Hall (1990, 1991) has established that a
burst of mutations takes place in E. coli as the terminal
stages of starvation are approached. Clearly the
mutation rate, sometimes thought of as a sort of
Planck’s constant of bacterial genetics, can increase
abruptly under stress. Cairns-Hall mutations will
multiply the global total substantially, and some of the
other stresses E. coli encounters outside the primary
habitat are likely to be additionally mutagenic, too
(see Walker 1984). Among these millions of mutations
will be those, such as mut, concerned with rejecting
alien DNA and sustaining species and genus barriers.
One wonders how many of the global output of E. coli
achieve, by lateral gene transfer, a genome enabling
them to survive in their new habitat, albeit no longer
recognizable as E. coli? That question might well
become answerable as molecular taxonomy advances.

What is true of E. coli may not be true of the
elephant, but it seems generally to be true of other
bacteria. The calculation in table 2 refers to a fast-
growing bacterium which is not especially good at
DNA repair compared with, for example, a methano-
troph or an azotobacter. But if the numbers are
changed to refer to, say, soil arthrobacters, good at
DNA repair, doubling only every week or so, their
collective capacity for mutation in this planet’s soils is
still astronomical.

All this potential for gene exchange and mutation in
no way challenges the role of natural selection in
bacterial evolution, but it implies that evolutionary
change, sometimes saltatory, can be expected, given
appropriate selection pressure, in matters of days,
weeks or months, rather than the tens of millenia
observed among animals and plants. Moreover, seem-
ingly improbable co-operative events, such as truly
alien gene acquisition associated with specific
mutations, move into the realms of plausibility. Evi-
dence has been offered that one of the rhizobial
glutamine synthetases was acquired from a plant
source (Carlson & Chelm 1986).

I ought not to leave this discussion of the genetic
flexibility of bacteria without addressing the question
which then arises: are there any features of bacterial
genomes which can be taken as definitive of species
and genera? Conventional wisdom has it that the
coding for ribosomal RNA, in particular the 16S-
rRNA, are definitive. The reason, presumably, is that
there is no obvious selection pressure which would
favour exchanges of protein-synthesizing machinery;
there is also the pragmatic reason that the analysis of
16S-rRNA from over 500 species of bacteria, and its
cataloguing in hierarchies of relatedness, has provided
microbiologists, for the first time, with a natural
systematics (see Woese 1987), a tree of relationships
which seems to have phylogenetic significance. That
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tree led to the recognition of the Archaebacteria as a
third domain of living things additional to the Eubac-
teria and Eukaryotes (Archaea, Bacteria and Eucarya
are more recent names for these domains (Woese et al.
1990)). It has contributed critically to evolutionary
theory by substantiating the prokaryotic origin of
organelles, and is still revolutionizing prokaryotic
taxonomy. But I emphasize a point about which
Woese (1987) was very clear: the tree reflects ancestral
relationships but says little about absolute chronology.
In itself, it does not say whether the bacterial world
that we encounter today emerged a couple of billion
years ago, a few million years ago, or in the last few
millenia. Any of these three timescales would be
consistent with present knowledge of the flexibility of
bacterial genomes; their evolutionary chronology has
to be set by reference to other events in the history of
the biosphere.

Yet a tentative view can be reached from first
principles. The flexibility of bacterial genomes is such
that the distribution of genotypes in the bacterial
world is rapidly and completely determined by the
state of the biosphere. Species and genera will have
been stable in stable ecosystems; they will become
extinct and be replaced rapidly in changing ones. The
mammalian gut has been stable for about 1.3 x 10®
years, when FE. coli and its ‘cousin’ Salmonella are
thought to have diverged from a common ancestor
(Ochman & Wilson 19874). This is why E. colz, despite
its flexible genome, is stable in the sense that isolates
from all over the world, although showing a scatter of
presumptively neutral mutations, cluster within three
clonal types (see Milkman & Crawford 1983; Duyhui-
zen & Green 1986; Young 1989). To generalize,
bacteria whose primary habitat is a commensal or
symbiotic association with a plant or an animal can be
expected to have coevolved in a linear manner with
their hosts, in directions substantially imposed by their
hosts. A substantial proportion of the world’s prokar-
yotes live in such relationships with members of the
four eukaryotic Kingdoms, and their evolutionary
chronologies can be expected to have followed those of
their hosts. The chronology chosen by Ochman &
Wilson (19875) rests largely on such associations and
assumes that they were formed early in the history of
the hosts.

The evolutionary chronology of pathogens, too, will
be host determined, although their relationships with
their reservoir, and effects on their victims, lead to
more complex selection pressures.

When one considers terrestrial and aquatic ecosys-
tems, the autochthonous bacteria of soil, sea, lakes and
so on, a different picture emerges. Present-day specu-
lations on the early geochemical history of the earth
seem to agree that most of the geochemical evolution
of its surface took place before the multicellular
eukaryotes appeared, when the dominant flora com-
prised bacteria of bizarre habits and trophic types,
corresponding to today’s thermoacidophiles, sulphate-
reducing bacteria, methanogens, bacteroides and,
later but by no means least, photosynthetic anaerobes.
It was during the first 2+ billion years of life on this
planet, when pristine prokaryotes were in a sense
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creating, and certainly transforming, the biosphere,
that what one could call an autonomous evolution of
bacteria took place, as such microbes came into being
and colonized new zones of the geosphere, acquiring
the extraordinary chemical versatility familiar to
microbiologists today. In return, so to speak, the
changing geosphere would have conditioned the direc-
tions of bacterial evolution.

The oxygenic cyanobacteria duly emerged, diverg-
ing from non-oxygenic photosynthetic bacteria. Oxy-
gen had long been a transient component of the
atmosphere, despite the atmosphere’s overall reducing
or neutral character, but oxygenic photosynthesis
ultimately led to persistently oxic conditions, probably
later than a billion years ago, although the timing is
much debated. This was a drastic transformation of
the geosphere; it would have eliminated many anaer-
obes and brought about a population explosion
among the bacteria that learned to respire aerobically,
and it permitted the emergence of aerobic eukaryotes.
Thereafter, the geosphere became gradually more
oxic, albeit in a fluctuating manner. The question
arises, was there sufficient linear continuity of chemi-
cal microenvironments for the original trophic types of
bacterial species to persist and evolve in a linear
Only resembling
today’s, in different relative proportions, of course, not
only existed but persisted despite repeated physical
stresses, such as glaciation, vulcanism, drought and
inundation, sustaining reservoirs of trophic types of
bacteria to recolonize devastated areas. Is this likely?
One also has to take seriously the possibility that,
throughout geological time, terrestrial and aquatic
bacteria were subject to repeated extinctions and
replacements, perhaps even reinventions of trophic
abilities, leading to a reticulate pattern of evolution,
with many discontinuities.

However, since half a billion years ago, when the
first eukaryotic fossils began to form, the geosphere
has been chemically relatively stable, and most evolu-
tionary change among bacteria as a group has been
conditioned by the evolutionary development of
higher organisms; changes in the chemistry of the
geosphere, mainly brought about by bacteria, have
had a minor influence.

It is a sobering thought that many of the really new
microbial ecosystems that one can point to in the
biosphere are man-made, mostly during this century.
How many new prokaryotes have we unwittingly
created? This is another question which I doubt that
anyone can answer at present, but it is pertinent to
mention that 60 years ago another distinguished
Dutch microbiologist in the lineage of van Leeuwen-
hoek, A. J. Kluyver, pointed out that laboratory
cultures of bacteria are necessarily laboratory artefacts
(Kluyver & Baars 1932), a truth which microbiolo-
gists have widely disregarded ever since, perhaps
because the illustrative example chosen proved, a
quarter of a century later, to be mistaken.

The temporal remoteness of the major evolutionary
changes among bacteria, taken with their genetic
flexibility, means that there is very little that one can
say today about the relationships of primitive species

manner? if  microenvironments
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and genera to those observed today. Traces have been
detected in pre-Cambrian cherts which recall today’s
flexibacteria and cyanobacteria, but morphology is so
unreliable a prokaryotic character that one simply has
to suspend judgement. In effect, one cannot speak
realistically of the evolutionary emergence of early
bacterial species and genera, only of recent ones. But
one can say something of the emergence of specifically
prokaryotic functions, such as methanogenesis, sul-
phate reduction, oxygenic photosynthesis, aerobic
respiration, and, to rejoin my theme, nitrogen fixa-
tion.

The evolution of nitrogen fixation has been dis-
cussed often in recent decades (see Postgate 1982 and,
more recently, Hennecke et al. 1985; Sprent & Raven
1985; Postgate & Eady 1988; Normand & Bousquet
1989; Young 1992). There are two principal views on
the topic: the classical view, that it is an ancient
property which has been widely lost during the course
of evolution, and the dissident view, which suggests
that it originated late among the trophic properties of
prokaryotes, after oxygenic photosynthesis had
become widespread, and spread by lateral gene
transfer. I shall summarize and update the contribu-
tory arguments very briefly.

The restriction of nitrogen fixation to bacteria

The classical view, accepting present-day bacteria as
directly descended from comparable pre-Cambrian
ancestors, regards today’s nitrogen-fixing microflora
as the residual repositories of a once widespread
metabolic trait; the dissident view regards bacteria as
the only creatures with a genome flexible enough to
have allowed the process to originate.

Its association with ‘ancient’ metabolic properties

A few decades ago most of the known nitrogen fixers
were anaerobes, organisms held to be primitive and
possessing enzymes such as hydrogenase, ferredoxins
and the pyruvic phosphoroclastic system, also deemed
to be primitive. Never a strong point, its force has
waned with the discovery of nitrogen fixation in
relatively highly evolved bacteria, and the elucidation
of positive roles in nitrogen fixation for hydrogenase,
ferre- or flavodoxins, and pyruvate oxido-reductase.

The haphazard distribution of nitrogen fixation among bacteria
The classical view is that the property was lost in a
random manner; the dissident view is that it emerged
late and spread by lateral gene transfer as appropriate
selection pressure directed.

The matter of lateral transfer of nitrogen fixation
(nif) genes needs amplification. Nitrogen fixation
requires the regulated operation of some 20 nif genes
(Kennedy 1989; Elmerich 1991; Robson 1991). Their
transfer across species and genus barriers in bacteria
has been a routine laboratory operation for over 20
years (see Postgate et al. 1987). Conjugative plasmids
have generally been used, and instances of chromoso-
mal integration of transferred zif have been few.
Lateral transfer of so substantial a package of DNA in
evolution would need either a contiguous gene cluster
such as is found in Klebsiella, for a transformational
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event, or a natural transferable plasmid which
included all essential nif genes among its gene comple-
ment in the donor. Natural nif plasmids have been
found in several species of bacteria, and lateral nif
transfer in nature was proposed, without firm evi-
dence, by several authorities (see Postgate & Eady
1988). Evidence bearing upon lateral transfer can be
deduced from comparisons of the base sequences of
particular nif genes in various bacteria: a pattern of
relationships congruent with the rRNA phylogeny
would be inconsistent with lateral gene transfer during
the period since the species studied came into being
(for example, as reported for eight species by Hen-
necke et al. 1985). The cogency of such evidence has
been somewhat diminished by the discovery that the
particular nif gene most studied, nfH (which codes for
dinitrogenase reductase; see next paragraph), can
sometimes be multiple, and divergent, within a single
strain of nitrogen-fixing bacteria. However, a survey
of 22 nifH sequences from 16 species (Normand &
Bousquet 1989) revealed a high degree of congruence
with appropriate rRNA dendrograms among most of
the species studied, but also two major discrepancies,
suggesting two lateral nif transfer events during the
evolution of those particular species (but see Young
(1992) for disagreement).

Its oxygen sensitivity

Nitrogenase is a functional complex of two proteins.
Dinitrogenase (which is primarily concerned with
substrate binding) is generally a molybdo-ferro-pro-
tein, and dinitrogenase reductase (concerned with
ATP-activated electron donation) is a ferro-protein
(see Miller 1991). In the mid 1980s, alternative
nitrogenases were discovered, so far mainly among
azotobacters, coded for by different structural genes
which are none the less present in the same genome as
genes specifying the Mo enzyme. There are two classes
of alternative nitrogenase: in one V replaces Mo in the
dinitrogenase; in the other it is probably replaced by
Fe; both have their own ferro-protein (see Pau 1991).
All nitrogenase proteins, conventional and alternative,
are rapidly and irreversibly destroyed by exposure to
oxygen. This dramatic oxygen sensitivity can be
considered, in the classical view, to be a primitive
character which reflects the anoxic biosphere of the
enzyme’s early emergence; on the dissident view, it
merely suggests that the property originated in an
anaerobe, perhaps out of chemical necessity, at any
time.

The highly conserved structures of nitrogenase proteins and DNA

The two component metallo-proteins of nitrogenase
show such pronounced structural similarities between
species and genera that, i wvitro, the dinitrogenase
reductase from one organism will generally form a
functional enzyme with complementary dinitrogenase
extracted from a taxonomically very different organ-
ism. The corresponding DNA sequences reflect these
similarities, which extend to the alternative nitroge-
nases. Sometimes adduced as evidence for a relatively
short period of evolution, compatible with lateral gene
transfer, these high levels of conservation could

Phil. Trans. R. Soc. Lond. B (1992)
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equally reflect rigid functional constraints on the two
proteins’ structures.

Nitrogen fixation fossils

The traces resembling cyanobacteria in pre-Cambrian
cherts, dating from some 2.3 billion years ago, include
bodies which look like heterocysts. This observation
has been held to be direct evidence that nitrogen
fixation is truly ancient, because heterocysts are today
the loci of nitrogen fixation in filamentous cyanobac-
teria, acting as sophisticated compartments for the
protection of nitrogenase from oxygen damage (see
Gallon & Chaplin 1987). However, assuming that the
traces are indeed of heterocysts and not artefacts (see
Zhang Yun 1984), it seems unlikely that they were
then the loci of nitrogen fixation, because the ambient
pOs was still vanishingly low and they would not have
been necessary. A function as stress-resistant bodies
resembling today’s akinetes seems more plausible.

Nif gene arrangement

Postgate & Eady (1988) pointed out that the nif genes
of oxygen-consuming nitrogen fixers such as Azolo-
bacter and Rhizobium are dispersed about the chromo-
some, unlike the contiguous nif cluster of Klebsiella
pneumoniae, which can only fix nitrogen in the absence
of dissolved oxygen, although it grows readily in air
when supplied with fixed nitrogen. The rhizobia' are
micro-aerobic nitrogen fixers which form symbioses
with legumes, so they are unlikely to be more than 200
million years old, when the first legumes appeared
(Norris 1956); Azotobacter is an obligate aerobe with
highly developed methods of screening its nitrogenase
from oxygen (respiratory and ‘conformational’ protec-
tion (see Postgate 1982); note, however, that its
alternative nitrogenases are not conformationally pro-
tected). Both genera may thus be regarded as highly
evolved among nitrogen fixers, suggesting that a
contiguous structure was ancestral to the more dis-
persed arrangement.

The selection pressure

This is a central question, but the least tractable. The
classical view did not deal satisfactorily with the point
that plentiful fixed nitrogen as ammonia was long
believed to be present among the methane, hydrogen,
water vapour and COg, which were then thought to
have made up this planet’s early, highly reducing
atmosphere. Plentiful fixed nitrogen is wholly incom-
patible with natural selection for nitrogen fixation,
and therefore inconsistent with so ancient an origin.
The discovery that nitrogenase reduces small mole-
cules such as cyanides and acetylene lead to Silver &
Postgate’s (1973) proposal that detoxification might
have been its pristine function, an idea which periodi-
cally resurfaces (see Postgate & Eady 1988; Normand
& Bousquet 1989). The paradox also provoked the
dissident view (Postgate 1974). Today the basis of the
argument has shifted: ammonia, like methane and
hydrogen, is no longer widely believed to have been
abundant well into the pre-Cambrian era (Schopf
1983; Mason 1991). Nevertheless, the problem
remains in principle because, even in the more neutral
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yet anoxic atmospheres now postulated, lightning,
light (visible and uv), and locally intense heating,
acting upon Ny, COg, HyO and nascent O, would
generate fixed N as hydroxylamine, nitrite, nitrate
and organic N.

When did the biosphere become sufficiently limited
in non-biological fixed nitrogen for sustained selection
pressure to generate so complex a process as biological
nitrogen fixation? There appears to be no clear
geochemical answer to this question. Given that even
today spontaneous chemical processes acount for some
159, of the global annual input of newly fixed N
(Svensson & Soderlund 1976), I am compelled to the
view that it post-dated the spread of oxygenic photo-
synthesis, with its consequential population explosion
of aerobes, probably after 1 billion years ago. It would
also have post-dated the emergence of other types of
bacterial assimilatory nitrogen metabolism, such as
nitrate, nitrite and hydroxylamine reduction.

Little new can be said about the nature of the
immediate ancestors, genetic or biochemical, of nitro-
genase and its processing and ancillary enzymes. Some
of the 20 nif genes needed by today’s K. pneumoniae, for
example those coding for enzymes concerned with
uptake of metals such as Fe and Mo or V, those
coding for electron donors such as flavodoxins, or
for pyruvate mobilization, probably existed already
in many anaerobes, but more than half of the 20,
those concerned with forming and processing nitro-
genase itself, are likely to have been developed
specifically.

A new problem has arisen with the discovery of the
alternative nitrogenases and the consequent further
question of their ancestral relationships (Robson
1991). Postgate & Eady (1988) suggested that the
pristine nitrogenase might have had an optional
prosthetic metal; they also deduced that the Mo class
was ancestral to the V and Fe classes, a scenario
favoured by Kennedy & Dean (1992). Alternative
nitrogenases are widespread among azotobacters and
crop up only rarely among other prokaryotes, being
found in substantially unrelated genera such as Ana-
bena, Clostridium and the archaebacterium Methanosar-
cina (Fallik et al. 1991). The nifH gene of the Fe
nitrogenase of Azotobacter vinelandii (now correctly
termed anfH) is much more closely related to nifH
genes from Methanosarcina and Clostridium than it is to
the two other nifH genes in A. vinelandiz’s own genome
(Normand & Bousquet 1989). I am tempted to
imagine that the alternative nitrogenases originated
recently in azotobacters (whose multigenomic charac-
ter (Robson et al. 1984) would have facilitated the
extensive mutational changes necessary), probably as
an evolutionary adaptation to nitrogen fixation at low
temperatures (Miller & Eady 1989), and that the first
to arise, anf coding for the Fe-nitrogenase system,
moved by lateral transfer into hosts able either to

~avoid oxygen or to exclude it efficiently.

I now return to the question of plants. An age for
nitrogen fixation of 0.5-1 billion years may be young
in terms of prokaryotic evolution, but it remains
ancient in terms of the evolution of plants and
animals. Why did plants not adopt the process, during

their half a billion years of existence? Several reasons
have been proposed, most concerned with the rather
special physiological pre-requisites of nitrogenase
function. Again I shall summarize and discuss the
arguments briefly.

ATP requirement

Nitrogenase consumes 8 molecules of ATP for every
3Ng molecule reduced to NHgs. This ATP requirement
is unexpected in thermodynamic terms. It represents
something of a metabolic burden to an organism,
compared with assimilating ammonia, especially as
another 6 ATP molecules are deflected from general
metabolism to generate reductant, making 14 ATP
per NHj in all. However, plants normally assimilate
their N from nitrate, for which purpose 12 molecules
of ATP are deflected from general metabolism to
provide one molecule of NH3. Thus nitrogen fixation
is only marginally more demanding a process than
nitrate reduction in terms of energy consumption.
Ancillary processes such as ammonia assimilation,
hydrogen recycling, relative amounts of enzyme
needed and so on affect the energy balances of the two
processes in different directions (see Postgate 1982),
but in terms of energetics, nitrogen fixation should
present no evolutionary obstacle to plants.

Oxygen sensitivily

The notorious oxygen sensitivity of nitrogenase pro-
teins has clearly been a serious problem to nitrogen-
fixing bacteria, influencing their evolution and deter-
mining much of the present day physiology of nitrogen
fixation, as any text book on the subject makes clear.
However, bacteria solved the problem in a variety of
ways, ranging from respiratory and conformational
protection of nitrogenase in Azofobacter to the seques-
tering of nitrogenase into low-oxygen compartments,
as in root nodules. And cyanobacteria have reconciled
nitrogen fixation with oxygenic photosynthesis in
several ways, including the well-known heterocyst (see
Gallon & Chaplin 1987). Plants could have done
something of the sort, for localized anaerobic com-
partments exist within plant cells. Mitochondria, for
example, with their low redox potential, ATP supply
and near-prokaryotic genetic apparatus, ought to be
especially suitable recipients of bacterial nif. Physiolo-
gically, oxygen sensitivity ought not to have presented
a serious obstacle to plants.

Repression by ammonium

The ammonium ion, which represses nitrogenase
synthesis and function, is a normal component of
eukaryotic cytoplasmic fluid. Even if its concentration
approached repressive levels, it ought not to have
presented a problem: some cyanobacteria, some rhizo-
bia and several types of Nif ~ mutant escape ammo-
nium repression.

Other prerequisites

Other physiological obstacles can be envisaged, such
as the need to process Fe and Mo or V, the need to
dispose of Hy (a functional by-product), and the need
to make a lot of enzyme because of nitrogenase’s slow
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turnover. None presents serious difficulty to bacteria;
none would seem to be an important obstacle to
plants, given appropriate selection pressure. Equally,
there seems to be no mechanistic obstacle to the
expression of nf in plants, as a recent report by
Dowson-Day et al. (1991) suggests: in subcellular
preparations of plants i wvitro, they demonstrated
expression of cloned nifH and nifM from K. pneumoniae,
as well as import of their gene products into chloro-
plasts.

In summary, present-day understanding of both the
physiology and the genetics of nitrogen fixation does not
imply any serious obstacle to the evolution of an
autonomous nitrogen-fixing plant (cf. Merrick & Dixon
1984). If I am right in my view of the comparative
youth of nitrogen fixation, it could well have arrived
on the evolutionary scene too late for plants to acquire
the property by direct linear inheritance from prokar-
yotic ancestors. They would certainly have had diffi-
culty in reinventing the process, if only because of the
multiplicity of nif genes. But acquisition of nif by
lateral transfer from bacteria into an organelle
genome — into that of the mitochondrion or a modified
chloroplast - seems feasible (Merrick & Dixon 1984).
And it remains surprising that no plant followed what
seems to be the easiest path to independence of
bacteria: to exploit bacterial solutions to both the
genetic and physiological problems of nitrogen fixa-
tion by way of a ‘diazoplast’, a new organelle
analogous to a chloroplast, acquired in a like manner
by accretion of an endosymbiotic prokaryote into the
plant’s genome. The genetic obstacles to the emer-
gence of autonomous nitrogen-fixing plants seem, like
the physiological obstacles, to be minor. So why has
none appeared?

It must be a matter of inadequate selection pres-
sure. Ecologists know that, in all the climatically
benign areas of this planet’s land mass, climax vege-
tation is not normally N-limited: that nitrogen-fixing
bacteria provide plants with an adequate trickle of
fixed nitrogen, and other parameters (P, K, S, H,O
etc.) limit biological productivity. The situation
changes in nature only as a result of gross distur-
bances, such as fire, glaciation, drought, inundation,
vulcanism: disturbances which lead to abrupt recy-
cling of other elements. Then N becomes limiting, and
nitrogen-fixing bacteria and their plant symbioses are
the pioneers of recolonization. Such disturbances have
undoubtedly been frequent during the half billion or
so years since plants appeared, but the flexibility of
bacterial genomes is such that bacteria could adjust
much more rapidly than plants to the prerequisites of
recolonization, either by exploiting their existing
nitrogen-fixing capacity or by acquiring it by lateral
gene transfer from bacteria less able in other ways to
recolonize. So nitrogen fixation has been, and
remains, an evolutionary option for plants, but, as
Sprent et al. (1987) pointed out, with their high C:N
ratio, plants can make do with rather little N. This
feature, together with the rapidity with which bac-
teria could exploit suitably N-limited niches as they
arose, has effectively precluded that option for the
duration of plant’s evolution.

Phil. Trans. R. Soc. Lond. B (1992)
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There is a corollary for today. Since the early 1900s,
large areas of this planet’s climax vegetation have
been subject to catastrophic disturbance as a result of
mankind’s agriculture and forestry. This ought
rapidly to have lead to N-limitation, but the wide-
spread selection pressure in favour of extended nitro-
gen fixation which would once have been the con-
sequence has been neutralized by substantial
applications of N-fertilizer, manufactured from the
atmosphere by the Haber process. Today Haber
nitrogen accounts for about a quarter of the annual
global input of newly fixed N (Svensson & Soderlund
1976): anthropogenic nitrogen fixation is supplement-
ing the bacterial process. Otherwise protracted and
widespread selection pressure might already have led
to a nitrogen-fixing plant, a thought which may give
encouragement to scientists, such as my erstwhile
colleagues, who seek to create such a plant by genetic
manipulation. They are only giving evolution a push
in a direction in which it is already poised to go.

I thank Dr R. A. Dixon, Professor J. Maynard Smith,
F.R.S., and my wife, who kindly read and commented
helpfully on drafts of this article.

REFERENCES

Cairns, J., Overbaugh, J. & Miller, S.
mutants. Nature, Lond. 335, 142—145.

Carlson, T.A. & Chelm, B.K. 1986 Apparent eukaryotic
origin of glutamine synthetase II from the bacterium
Bradyrhizobium japonicum. Naiure, Lond. 322, 568-570.

Chater, K.F. & Hopwood, D.A. 1989 Diversity of bacterial
genetics. In Genetics of bacterial diversity (ed. D. A. Hop-
wood & K. F. Chater), pp. 23-32. London: Academic
Press.

Dénarié, J., Rosenberg, C., Boistard, P., Truchet, G. &
Casse-Delbort, F. 1981 Plasmid control of symbiotic
properties in Rhizobium meliloti. In Current perspectives in
nitrogen fixation (ed. A. H. Gibson & W. E. Newton), pp.
137-141. Canberra: Australian Academy of Science.

Dowson-Day, M.J., Ashurst, J.L., Watts, J., Dixon, R.E. &
Merrick, M.J. 1991 Studies of the potential for ex-
pression of nitrogenase Fe-protein in cells of higher plants.
In Nitrogen fixation. Proceedings of the Fifth International
Symposium with Non-Legumes, Florence, Italy, vol. 48 (ed. M.
Polsinelli, R. Materassi & M. Vincenzini), pp. 659-669.
Dordrecht: Kluwer Academic Publishers.

Dykhuizen, D.E. & Green, L. 1986 DNA sequence varia-
tion, DNA phylogeny and recombination. Genetics, 113,
s71.

Elmerich, C. 1991 Genetics and regulation of Mo-nitroge-
nase. In Biology and biochemistry of nitrogen fixation (ed. M. J.
Dilworth & A. R. Glenn), pp. 103-141. Amsterdam:
Elsevier.

Fallik, E., Chan, Y.-K. & Robson, R.L. 1991 Detection of
alternative nitrogenases in aerobic Gram-negative nitro-
gen-fixing bacteria. J. Bact. 173, 365-371.

Gallon, J.R. & Chaplin, A.E. 1987 An introduction to nitrogen
Sfixation. London: Cassell.

Hall, A.R. 1989 Antoni van Leeuwenhoek 1632-1723.
Notes Rec. R. Soc. Lond. 43, 249-273.

Hall, B.G. 1990 Spontaneous mutations that occur more
often when advantageous than when neutral. Genetics'126,
5-15.

Hall, B.G. 1991 Adaptive evolution that requires multiple

1988 The origin of


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

416  J. Postgate  The Leeuwenhoek Lecture, 1992

spontaneous mutations: mutations involving base substi-
tutions. Proc. natn. Acad. Sci. U.S.A. 88, 5882-5886.

Hedges, R.W. 1972 The pattern of evolutionary change in
bacteria. Heredity 28, 39-448.

Hennecke, H., Kaluza, K., Thény, B., Fuhrmann, B,
Ludwig, W. & Stackebrandt, E. 1985 Concurrent
evolution of nitrogenase genes and 16SrRNA in Rhizobium
species and other nitrogen fixing bacteria. Arch. Mikrobiol.
142, 342-348.

Kennedy, C. 1989 The genetics of nitrogen fixation. In
Genetics of bacterial diversity (ed. D. A. Hopwood & K. F.
Chater), pp. 107-127. London: Academic Press.

Kennedy, C. & Dean, D. 1992 The nifU, nifS and nifV gene
products are required for activity of all nitrogenases of
Azotobacter vinelandii. Molec. gen. Genet. 231, 494-498.

Kluyver, A.J. & Baars, J.K. 1932 Microbiology — on some
physiological artifacts. Proc. R. Soc. Amst. 35, 370-378.

Mason, S.F. 1991 Chemical evolution. Oxtord: Clarendon
Press.

Merrick, M.J. & Dixon, R.A. 1984 Why don’t plants fix
nitrogen? 7rends Biotechnol. 2, 162-166.

Milkman, R. & Crawford, I.LP. 1983 Clustered third base
substitutions among wild strains of Escherichia coli. Science,
Wash. 221, 378-380.

Miller, R.W. 1991 Molybdenum nitrogenase. In Biology
and biochemistry of nitrogen fixation (ed. M. J. Dilworth &
A. R. Glenn), pp. 9-36. Amsterdam: Elsevier.

Miller, R.W. & Eady, R.R. 1989 Molybdenum and
vanadium nitrogenases of Azotobacter chroococcum: low
temperature favours Ny reduction by vanadium nitroge-
nase. Biochem. J. 246, 429-434.

Normand, P. & Bousquet, J. 1989 Phylogeny of nitro-
genase sequences in Frankia and other nitrogen-fixing
organisms. J. Molec. Evol. 293, 435-447.

Norris, D.O. 1956 Legumes and the rhizobium symbiosis.
Emp. J. exp. Agric. 24, 247-270.

Ochman, H. & Wilson, A.C. 19874 Evolutionary history of
enteric bacteria. In Escherichia coli and Salmonella typhimur-
wm (ed. F. C. Neidhart), pp. 1649-1654. Washington,
D.C.: American Society of Microbiology.

Ochman, H. & Wilson, A.C. 19875 Evolution in bacteria:
evidence for a universal substitution rate in cellular
genomes. J. molec. Evol. 26, 74-86.

Pau, R.N. 1991 The alternative nitrogenases. In Biology and
biochemistry of nitrogen fixation (ed. M. J. Dilworth & A. R.
Glenn), pp. 37-57. Amsterdam: Elsevier.

Postgate, J.R. 1974 Evolution within nitrogen-fixing sys-
tems. In Fvolution in the microbial world (ed. M. Carlile & J.
Skehel). (Symp. Soc. gen. Microbiol. 24), pp. 63-92.

Postgate, J.R. 1982 The fundamentals of nitrogen fixation.
Cambridge University Press.

Postgate, J.R., Dixon, R.A., Hill, S. & Kent, H. 1987 Nif
genes in alien backgrounds. Phil. Trans. R. Soc. Lond. B
317, 227-243.

Postgate, J.R. & Eady, R.R. 1988 The evolution of
biological nitrogen fixation. In Nitrogen fixation: hundred
years after (cd. H. Bothe, F. J. de Bruijn & W. E. Newton),
pp. 31-40. Stuttgart: Gustav Fischer.

Rayssiguier, C., Thaler, D.S. & Radman, M. 1989 The
barrier to recombination between FEscherichia coli and
Salmonella typhimurium is disrupted in mismatch repair
mutants. Nature, Lond. 342, 396—401.

Plal. Trans. R. Soc. Lond. B (1992)

Robson, R.L. 1991 Genetics and regulation of alternative
nitrogenase. In Biology and biochemistry of nitrogen fixation
(ed. M. J. Dilworth & A. R. Glenn), pp. 142-161.
Amsterdam: Elsevier.

Robson, R.L., Chesshyre, J.A., Wheeler, C., Jones, R.
Woodley, P. & Postgate, J.R. 1984 Genome size and
complexity in Azotobacter chroococcum. J. gen. Microbiol. 130,
1603-1612.

Savageau, M.A. 1983 Escherichia coli habitats, cell types and
mechanisms of gene control. Am. Nat. 122, 732-744.

Schierbeek, A. 1959 Measuring the invisible world. The life and
work of Antont van Leeuwenhoek. London: Abelard-Schuman.

Schopf, W.J. 1983 Earth’s earliest biosphere. Princeton
University Press.

Sherratt, D.J. 1974 Bacterial plasmids. Cell 3, 189-195.

Silver, W.S. & Postgate, J.R. 1973 Evolution of asymbiotic
nitrogen fixation. J. theor. Biol. 40, 1-10.

Sonea, S. & Paniset, M. 1983 A new bacteriology. Boston:
Jones & Bartlett.

Spratt, B.G., Dowson, C.G., Zhang, Q.-Y., Bowler, L.D.,
Brannigan, J.A. & Hutchinson, A. 1991 Mosaic genes,
hybrid penicillin-binding proteins, and the origins of
penicillin resistance in Neisseria meningitidis and Streptococ-
cus pneumoniae. In  Perspectives on cellular regulation: from
bacteria to cancer (ed. J. Campisi, D. Cunningham, M.
Inouye & M. Riley), pp. 73-83. New York: Wiley-Liss.

Sprent, J.I. & Raven, J.A. 1985 Evolution of nitrogen-
fixing symbioses. Proc. R. Soc. Edinb. B85, 215-237.

Sprent, J.I., Sutherland, J.M. & de Faria, S.M. 1987 Some
aspects of the biology of nitrogen-fixing organisms. Phil.
Trans. R. Soc. Lond. B 317, 111-129.

Stoltzfus, A., Leslie, J.F. & Milkman, R. 1988 Molecular
evolution of the Escherichia colv chromosome. 1. Analysis of
structure and natural variation in a previously uncharac-
terized region between trp and tonB. Genetics 120, 345-358.

Svensson, B.H. & Soderlund, R. 1976 Nitrogen, phosphorus
and sulphur — global cycles. SCOPE Report 7. Ecol. Bull. 22,
23-73.

Walker, G.C. 1984 Mutagenesis and inducible responses to
deoxyribonucleic acid damage in Escherichia coli. Microbiol.
Rev. 48, 60-93.

Woese, C.R. 1987 Bacterial evolution. Microbiol. Rev. 51,
221-271.

Woese, C.R., Kandler, O. & Wheelis, M.L.. 1990 Towards
a natural system of organisms: Proposals for the domains
Archaca, Bacteria, and Eucarya. Proc. natn. Acad. Sci.
U.S.A. 87, 4576-4579.

Young, J.P.W. 1989 The population genetics of bacteria.
In Genetics of bacterial diversity (ed. D. A. Hopwood & K. F.
Chater), pp. 417-438. London: Academic Press.

Young, J.P.W. 1992 Phylogenctic classification of nitrogen
fixing bacteria. In Biological nitrogen fixation (ed. G. Stacey,
R. Burris & H. Evans), pp. 43-86. New York: Chapman
& Hall.

Zhang Yun 1984 A Gunflint type of microfossil from early
proterozoic stromatolitic cherts in China. Nature, Lond.
309, 547-549.

Lecture delivered 11 June 1992


http://rstb.royalsocietypublishing.org/

