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In recent years, our understanding of biological nitrogen fixation has been bolstered by a diverse array of scientific
techniques. Still, the origin and extant distribution of nitrogen fixation has been perplexing from a phylogenetic
perspective, largely because of factors that confound molecular phylogeny such as sequence divergence, paralogy, and
horizontal gene transfer. Here, we make use of 110 publicly available complete genome sequences to understand how the
core components of nitrogenase, including NifH, NifD, NifK, NifE, and NifN proteins, have evolved. These genes are
universal in nitrogen fixing organisms—typically found within highly conserved operons—and, overall, have remarkably
congruent phylogenetic histories. Additional clues to the early origins of this system are available from two distinct
clades of nitrogenase paralogs: a group composed of genes essential to photosynthetic pigment biosynthesis and a group
of uncharacterized genes present in methanogens and in some photosynthetic bacteria. We explore the complex genetic
history of the nitrogenase family, which is replete with gene duplication, recruitment, fusion, and horizontal gene transfer
and discuss these events in light of the hypothesized presence of nitrogenase in the last common ancestor of modern
organisms, as well as the additional possibility that nitrogen fixation might have evolved later, perhaps in methanogenic

archaea, and was subsequently transferred into the bacterial domain.

Introduction

Biologically available nitrogen, also called fixed
nitrogen, is essential for life. All known nitrogen-fixing
organisms (diazatrophs) are prokaryotes, and the ability to
fix nitrogen is widely, though paraphyletically, distributed
across both the bacterial and archaeal domains (fig. 1). The
capacity for nitrogen fixation in these organisms relies
solely upon the nitrogenase enzyme system, which, at 16
ATPs hydrolyzed per N, fixed, carries out one of the
most metabolically expensive processes in biology (Simp-
son and Burris 1984). The amount of biologically fixed
nitrogen produced today is in excess of 2 X 10" g/year
(Falkowski 1997). In contrast, lightning discharge—the
primar;/ abiotic source of fixed nitrogen—accounts for 10'2
to 10'° g/year. It has been suggested that abiotic sources
of fixed nitrogen on the early Earth, supplied through
endogenous/abiotic synthesis and exogenous delivery,
were most likely limiting (Raven and Yin 1998; Kasting
and Siefert 2001; Navarro-Gonzalez, McKay, and Mvondo
2001). At some point, dwindling concentrations of reduced
nitrogen would have become insufficient for an expanding
microbial biomass, precipitating the evolution of biological
nitrogen fixation (Towe 2002). These prevailing conditions
have been used to argue that the innovation of biological
nitrogen fixation occurred early in prokaryotic evolution,
and indeed the ability to fix nitrogen is found exclusively
among members of the bacteria and archaea.

Our understanding of the contemporary nitrogenase
system as it has evolved in various lineages is contingent
upon understanding the genomic events that produced and
stabilized the genetic system and operon(s) structure, either
through vertical or horizontal transmission. This enzyme
system has been clearly mobile through nonvertical trans-
mission. There are numerous instances of nitrogenase genes
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and operons being selectively lost, duplicated, horizontally
transferred, and, in at least one significant case, recruited
into the photosynthetic apparatus pathway (Xiong et al.
2000). Occurrences of nitrogen fixation (nif) gene fusions
have been reported in several organisms, as has the
presence of nif genes on plasmids (Prakash, Schilperoort,
and Nuti 1981; Thiel 1993; Goodman and Weisz 2002). In
almost all cases, nif genes are found within one or several
extensive, cotranscribed operons or regulons that not only
encode the subunits of the functional nitrogenase protein
but also code for an expansive suite of proteins involved
with regulation, activation, metal transport, and cluster
biosynthesis (Kessler, Blank, and Leigh 1998; Kessler and
Leigh 1999; Halbleib and Ludden 2000).

To understand the evolutionary history of nitro-
genase, we must also consider any additional selective
pressures that affect the stability and distribution of
diazatrophy. Nitrogen fixation occurs in a varied metabolic
context in both aerobic and anaerobic environments; yet
nitrogenase is irreversibly inactivated by oxygen in vitro
(although reversible oxidation has been observed in vivo
[Zehr et al. 1993]). Maintaining the ability to fix nitrogen
in the presence of exogenous or endogenous sources of O,
has necessitated innovative biochemical and physiological
mechanisms for segregation. This is particularly important
in oxygen-evolving cyanobacteria and organisms carry-
ing out oxidative phosphorylation. Certain cyanobacteria
contribute substantial amounts of fixed nitrogen in marine
environments and do so because of exquisite controls on
temporal and spatial separation of the two processes
(Berman-Frank et al. 2001).

Nitrogenase itself is an ATP-hydrolyzing, redox-
active complex of two component proteins, the dinitroge-
nase o3, heterotetramer (where o = NifD and § = NifK
proteins) and the dinitrogenase reductase y, homodimer
(NifH protein). The o subunit contains the active site for
dinitrogen reduction, typically a MoFe;So metal cluster
(termed FeMo-cofactor), although some organisms con-
tain nitrogenases wherein Mo is replaced by either Fe
or V (in which case the nomenclature Anf or Vnf, respec-
tively, is used instead of Nif). These so-called alternative
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Fi6. 1.—Neighbor-joining phylogenetic tree constructed from 16S rDNA sequences for the microbial genomes used in this analysis. Diazotrophic
genomes, as determined by the presence of NifHDKEN operons, are indicated with bold lines. Lineages outlined by dashed bold lines have homologs to
NifH and NifD but are not known to fix nitrogen. Also shown are the major bacterial and archaeal phyla, highlighted if nitrogen-fixing lineages are

found among them.

nitrogenases are found only in a limited subset of
diazotrophs and, in all cases studied so far, are present
secondarily to the FeMo nitrogenase. Alternative nitro-
genases are expressed only when Mo concentrations are
limiting, with the Vnf nitrogenase being expressed
preferentially to the Anf nitrogenase if V and Fe are both
present and the organism possesses all three types of
nitrogenases. The FeMo nitrogenase has been found to be
more specific for and more efficient in binding dinitrogen
and reducing it to ammonia than either of the alternative
nitrogenases (in the order Nif > Vnf > Anf) (Joerger and
Bishop 1988; Miller and Eady 1988). Although these
alternative nitrogenases could be derived paralogs of the
Mo-requiring enzyme, they may instead represent primi-
tive nitrogenases that have been maintained in several
diverse lineages of prokaryotes (Anbar and Knoll 2002).
Adjacent to the nifH, nifD, and nifK genes in most nif
operons are the nifE and nifN genes, typically, although
variably, in the order nifHDKEN. The NifE and NifN
proteins have significant similarity to NifD and NifK,
respectively, and are believed to have originated from an
ancient duplication of a NifDK operon (Fani, Gallo, and
Lio 2000). NifE and NifN are thought to function as
scaffolds for FeMo-cofactor or FeV-cofactor assembly and
are typically if not always associated with Mo-dependent
nitrogenase operons (Roll et al. 1995). Alternative
nitrogenase genes, particulary the Fe-only (anf) nitro-
genases, are typically found without contiguous E or N
homologs, suggesting differences in protein requirements
for cofactor construction or the necessity for an assembly
scaffold. All four of these proteins are distantly similar
based on sequence alignment, suggesting a single ancestral
nitrogenase homolog—perhaps originally functional as

a homodimer (Fani, Gallo, and Lio 2000)—that has given
rise to the modern family of NifD homologs.

Our understanding of the phylogenetic history of nif
genes has been advanced significantly by extensive efforts
in sequencing nitrogenase genes, primarily the highly
conserved nifH gene but also the larger but less conserved
nifD, nifK, nifE, and nifN genes (Normand and Bousquet
1989; Normand et al. 1992; Hirsch et al. 1995; Zehr, Mellon,
and Hiorns 1997; Fani, Gallo, and Lio 2000). Because of the
inherent difficulties of obtaining extended fragments of
DNA, the evolution of the nitrogenase operon has been
necessarily considered piecemeal, typically through analy-
sis of NifH protein sequences. The presence of multiple
paralogous nitrogenase gene copies within single genomes
has the potential to confound single gene analyses. In an
attempt to circumvent this limitation, we have accumulated
sequence data as well as information on operon structure and
gene synteny for nifHDKEN homologs in all of the currently
available genomes from the NCBI sequence repository. The
current database of prokaryote genomes includes represen-
tatives that span the known phylogenetic nif gene groups,
and additional sequences from NCBI were included in the
analysis to increase taxonomic breadth. Using these data, we
have been able to infer phylogenies for the major genes
associated with the nif operon in attempt to understand the
timing and complex genetic events that have marked the
history of nitrogen fixation.

Materials and Methods

Annotated protein sequences for all completed and
publicly available genomes were downloaded from NCBI
(http://www.ncbi.nlm.nih.gov; 101 genomes total when the



analysis was undertaken). Additional nearly complete
genomes were downloaded from the Joint Genome Institute
Web site (http://www.jgi.doe.gov/), and the Rhodobacter
capsulatus genome was downloaded from the Integrated
Genomics Web site (see Supplementary Material online at
www.mbe.oupjournals.org for specific genomes and data-
base). All genomes were screened for NifHDKEN
homologs and selected for further analysis if any BlastP
alignment (Altschul et al. 1990) against a local database of
Nif-like proteins (NifHDKEN proteins from Azotobacter
vinelandii and Clostridium acetobutylicum and homolo-
gous pigment biosynthesis genes from Rhodobacter
sphaeroides) yielded an expectation value (e value) of 1
X 107'? or less. Using BlastP, this subset was then screened
for presence of nif operons by searching for contiguous
regions of the genome with significant similarity (Blast e
value of 1 X 107" or lower) to a large set of nitrogen
fixation protein sequences (including NifH, NifD, NifK,
NifE, NifN, NifX, NifU, NifS, NifT, NifZ, NifW, NifV,
and NifB; AnfH, AnfD, AnfK, AnfA, and AnfG; and VnfH,
VnfD, VnfK, VnfA, and VnfG), retaining information on
homolog length, position within the genome, most similar
Nif protein and the strength of that alignment.

Individual sequences found to be homologous to
known Nif proteins were then segregated into categories
based on their closest Nif protein homolog, five of which
(NifH, NifD, NifK, NifE, and NifN) are detailed herein.
Fused nitrogenase (or Nif-homolog) proteins were found
in the genomes of C. acetobutylicum (NifKB) and M.
acetivorans (NifHD) and were retained in their respective
analyses by dividing them into their most likely compo-
nent proteins based on alignment (e.g., NifKB fusion split
into NifK and NifB, for which only NifK is presented
herein). Each of these categories was aligned using
ClustalW version 1.81 (Thompson, Higgins, and Gibson
1994) with default parameters. Because of the high
sequence divergence observed between nitrogenase and
its distantly related homologs (less than 30% amino acid
sequence identity for many pairwise comparisons; for
example, among the large o and P subunits of the Mo-
dependent versus alternative nitrogenases, which, despite
their high divergence still perform analogous roles in
fixing nitrogen [see the discussion of group III below]),
phylogenies presented herein were reconstructed from
amino acid sequences. Amino acid sequence alignments
were constructed and phylogenies inferred using all
available positions of characterized nitrogenases and
protein sequences most likely to be functional nitrogenase
subunits (i.e., groups I to IIl, as outlined below), as
determined based on alignments, operon structure, con-
served ligand-binding motifs, and their local phylogenetic
group. This was done to avoid the pitfalls, such as long-
branch attraction, associated with alignment and phyloge-
netic reconstruction involving highly diverged sequences.
MEGA?2 (Kumar, Tamura, and Nei 1994) was used to
construct minimal-evolution (distance) trees (CNI search
level of 2; gapped sites were pairwise deleted) using
Poisson corrected distances and incorporating the alpha
parameter for the eight-category gamma distribution as
calculated with Tree-Puzzle version 5.01 (Schmidt et al.
2002) and bootstrapped 500 times. PHYLIP’s ProML,
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SeqBoot, and Consense (Felsenstein 1989) were used to
infer and assemble bootstrapped maximum-likelihood
trees (100 replicates), using the JTT model of amino acid
substitution and also incorporating the Tree-Puzzle—
estimated gamma distribution shape parameter to account
for rate variation among sites. Phylogenies are presented
below for NifH, NifD, and NifE; NifK and NifN are
largely congruent to the latter two, respectively, and
therefore are presented as supplemental figures. 16S
rRNA-encoding DNA sequences were obtained from the
whole genome sequences compared herein and aligned
using the online tools and alignment masks available via
the Ribosomal Database Project II (Cole et al. 2003).

Results and Discussion
Distinct Phylogenetic Clades

Early analyses of NifH sequences revealed distinct
clusters of nitrogenase homologs, believed to be the modern
paralogs resulting from multiple gene duplication events
(Wang, Chen, and Johnson 1988; Normand and Bousquet
1989). The phylogenetic distribution of diazotrophs, ac-
cording to a 16S rRNA-based species tree for completed
microbial genomes, is shown in figure 1, illustrating the
typically sporadic occurrence of nitrogen fixation among
prokaryote families. Intriguingly, further phylogenetic
analysis of each of the component nitrogenase proteins
and their known homologs indicates that they segregate into
distinct, topologically consistent clades as summarized in
figure 2 (and shown in detail in figs 3, 4, and 5 for the NifH,
D, and E proteins, respectively). These five groups are
designated herein as (1) typical Mo-Fe nitrogenases,
predominantly composed of members of the proteobacterial
and cyanobacterial phyla; (2) anaerobic Mo-Fe nitro-
genases from a wide range of predominantly anaerobic
organisms, including clostridia, acetogenic bacteria, and
several methanogens; (3) alternative nitrogenases, includ-
ing the Mo-independent Anf and Vnf genes (except VnfH,
which in all cases is more similar to NifH rather than AnfH);
(4) uncharacterized nif homologs detected only in metha-
nogens and some anoxygenic photosynthetic bacteria; and
(5) bacteriochlorophyll and chlorophyll biosynthesis genes
common to all phototrophs. The phylogenetic tree shown
in figure 2, constructed from concatenated homologs of
the NifH and NifD proteins, also supports the notion that
the alternative nitrogenases are the earliest diverging of the
three groups of true nitrogenases. The individual genes
composing the core HDKEN operon have remarkably
similar phylogenetic histories despite instances of gene
duplication, rearrangement, and loss apparent in the records
of multiple genomes. This suggests that nitrogenase gene
family has evolved largely as a concerted unit, whose
interaction and stoichiometry has been under purifying
selection, thereby maintaining the highly conserved nif
operon structure observed across the entire taxonomic
spectrum of diazotrophs.

Group I

This clade consists primarily of Nif sequences from
cyanobacteria and proteobacteria, which collectively
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Fic. 2—Overview of five phylogenetic groups elucidated in the text, shown on a concatenated phylogenetic tree composed of NifH and NifD
homologs found in complete genomes. Groups I to IIT are all functional nitrogenases, including Mo-dependent group I and II nitrogenases as well as
vanadium-dependent and iron-dependent group III homologs. Group V includes the subunits of protochlorophyllide reductase (here, BchX and Y
concatenated) and chlorophyllide reductase (BchL and N concatenated) involved in the crucial late steps in photosynthetic pigment biosynthesis, which
segregate into two distinct clades. Group IV consists of yet to be characterized nitrogenase paralogs of the NifH and NifD proteins, many of which are
present in organisms not known to fix nitrogen. Because of significant sequence divergence, group IV homologs do not resolve to a single origin and so
the branching within this group should be interpreted cautiously. The tree was constructed using the Neighbor-Joining method, as described in the text,
with 500 bootstrap replicates (>60% bootstrap support percentages are shown at each node). Numbers after the organism names indicate the relative

position of the relevant NifH and NifD homologs (first and second numbers,

have multiple sets of nitrogenase homologs and are thus found multiple

respectively) within that particular genome, and many organisms in fact
times on the tree. Corresponding accession numbers are given in the

Supplementary Material online, and all alignments are available via correspondence.

represent the best-studied nitrogenases and are among the
largest nif gene operons. The genes comprising these
extensive operons are involved mainly in nitrogenase
regulation and assembly, not surprising given the physi-
ological complexity characteristic of organisms from these
phyla. Additionally, these two diverse bacterial groups are
intimately associated with O, by way of aerobic respiration
and oxygenic photosynthesis. Both phyla have intricate but
well described spatial and/or temporal mechanisms for
keeping nitrogenase and molecular oxygen separate, with

responsible genes often encoded within the nif operon
(Adams 2000; Berman-Frank et al. 2001).

Although the group I topology is loosely consistent
with 16S-based classification, several notable deviations
exist. The o-proteobacteria form a nearly monophyletic
clade within group I for each protein tree, with the
recurring exception of Rhodopseudomonas palustris
clustering alternatively with B-proteobacteria and -
proteobacteria in NifDK and NifEN trees (figs. 4 and 5
and figs. S1 and S2 in Supplementary Material online at
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www.mbe.oupjournals.org), respectively. The sporadic but
typically well-supported branching of R. palustris proteins
reflects several paralogous and perhaps horizontally trans-
ferred nif genes and operons present within its genome,
possibly selected for by the diverse metabolic phenotypes
this organism possesses (Imhoff 1995). A distinct
separation between other proteobacterial classes is not
obvious; for example, Burkholderia fungorum (f) and R.
palustris (o) NifD, NifK, NifE, and NifN proteins cluster
together (figures 4 and 5 and figures Sland S2 in
Supplementary Material online), and Azoarcus sp. (B), A.
vinelandii (y), and Klebsiella pneumoniae (y) form
a coherent branch where sequence data were available
(figs. 3 and 4 and figs. S1 and S2 in Supplementary
Material online; although notably in figs. 5 and S2, an
additional pair of EN paralogs from a Vnf-associated
cluster in R. palustris group with corresponding genes
from A. vinelandii). Interestingly, the recurring Azoarcus,
A. vinelandii, and K. pneumoniae group is supported by
their shared unique two-component NifL/NifA regulatory
system (Egener et al. 2002), corroborating the idea that
gene sharing, perhaps involving entire nif regulons, has
been promiscuous between these classes of organisms.

In the NifD and NifK trees (fig. 4 and fig. S1 in
Supplementary Material online at www.mbe.oupjournals.
org), the gram-positive bacteria Frankia sp. and Desulfito-

bacterium hafniense both bridge the gap between group I
and group II clades (the same position is observed for D.
hafniense in NifE and NifN trees), in better agreement with
their position on 16S trees. However, the nifH genes from
both organisms are found within the group I clade, although
with poor bootstrap support in the case of D. hafniense. The
clustering of Frankia, an actinorhizal symbiont, with
cyanobacterial phyla in the NifH phylogeny (fig. 3) is
conspicuous and has been discussed previously (Normand et
al. 1992; Hirsch et al. 1995). In several trees, the
cyanobacteria cluster within proteobacterial classes, al-
though the bootstrap support and consistency of this
bifurcation is not robust. Furthermore, the presence of
duplicate copies of NifH genes in the two Nostoc genomes
compared here raises an important caveat in that compar-
isons relying on unsequenced genomes may be incomplete.

The mottled distribution of nitrogen fixation among
cyanobacteria (nif genes have been found only in three of
the six classified orders of cyanobacteria) may reflect the
dilemma of carrying out both nitrogen fixation and
oxygenic photosynthesis, because of the irreversible in-
activation of nitrogenase by O,. Diazotrophic cyanobac-
teria have evolved several mechanisms for segregating
nitrogen fixation from O, (Adams 2000; Berman-Frank
et al. 2001). Whether nitrogenase was present in the
cyanobacterial ancestor or was horizontally transferred
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after the major lineages diverged, the ensuing nitrogenase/
O, dilemma would have been difficult to overcome. Despite
the abundance of available sequence data from whole
genomes, the evolution and distribution of nitrogen fixation
in cyanobacteria remains enigmatic and will require more
information—genomic, biochemical, and physiological—
to unravel. Detailed discussion of this intriguing evolution-
ary conundrum, and its implications for the role of nitrogen
fixatin on the early Earth, can be found especially in
Berman-Frank, Lundgren, and Falkowski (2003) as well as
in Zehr et al. (2001).

Notably, there are no representatives of diazotrophs
among the enteric y-proteobacteria in this analysis, despite
the large number of whole genome sequences from this
order that are available. The genus Klebsiella, members of
whom are frequently equally suited to thrive in terrestrial
environments as well as within a host organism, represents
the sole best-studied diazotrophic enterobacteriales, and
a much anticipated sequencing project (for K. pneumo-
niae) is underway. It is interesting that the emphasis in
genome sequencing towards pathogenic microorganisms
has resulted in an inadvertent bias against nitrogen fixers
(e.g., see fig. 1). Enteric organisms may be utilizing more
readily available nitrogenous substrates such as ammonia
or glutamate from their host. Under such circumstances,
nitrogen fixation genes would be under constant repression
and subject to purifying selection and eventually would be
lost from the genome of a pathogen that was once
diazotrophic. If true, there is no reason to suspect this
selective pressure does not exist for all organisms and may
account for some of the sporadic taxonomic distribution of
nitrogen fixation. Supporting this idea, Fusobacterium
nucleatum, which is not known to fix nitrogen, has several
Nif homologs (HDKE) which, based on sequence analysis,
are homologous to Mo-dependent nitrogenases (the NifH
protein shows strong similarity, whereas the DKE proteins
show weak similarity to known nitrogenase proteins).
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Details are as given in figure 3.

However F. nucleatum lacks a complete nif gene operon
and is an oral pathogen, suggesting that it, too, has
switched to utilizing less costly pathways for nitrogen
assimilation.

Group II

Group II nitrogenases have been well characterized
and are very similar in structure and function to their group I
homologs (Kim, Woo, and Rees 1993; Leigh 2000). The
HDKEN operon structure and synteny is highly conserved,
although group II organisms have smaller operons than
their group I counterparts. The taxa from this group are
distinct from cyanobacteria and proteobacteria in that they
are predominantly obligate anaerobes, including methano-
gens (of the order methanosarciceae), clostridia, and
sulfate-reducing bacteria. The monophyly of this cluster is
supported especially in NifD primary sequence alignments,
where sequences from group II organisms all share an
approximately 50-residue conserved insertion, structurally
detailed by Kim, Woo, and Rees (1993), that is diagnostic
for this group of proteins (Wang, Chen, and Johnson 1988).
Gene synteny is also highly conserved among group II, with
NifH and NifD consistently separated by two coding genes
in clostridial and methanogen operons (see figs. 3—5 and
figs. Sland S2 in the Supplementary Material online).

The distinct contrast between group II and 16S-based
phylogenetic trees supports the idea that horizontal gene
transfer (HGT) has occurred between these organisms.
Sequence-based evidence for HGT is corroborated by the
ecology of these species; group II organisms are frequently
found among syntrophic consortia in anaerobic environ-
ments, providing a viable environment for gene sharing
(Chien and Zinder 1994; Garcia, Patel, and Ollivier 2000).
Protein comparisons between methanogens and clostridia,
including and extending beyond nitrogenase, represent
several of the most exemplary known cases of HGT
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(Doolittle 2000). Interestingly, nif gene exchange in the
archaea seems to have involved only a single order of
methanogens (methaniosarcinales) that encompasses
Methanosarcina mazei, M. barkeri, and M. acetivorans,
although multiple phyla of bacteria have been involved. As
discussed below, the phylogenetic resolution of group II
and the distinct synapomorphies present (the indels within
NifD and NifK) make this an excellent group in which the
direction and timing of interdomain horizontal gene
transfer can be elucidated.

Group III

The so-called alternative metal, or Mo-independent,
nitrogenases, denoted Anf and Vnf, fall within a distinct
group III clade. This clade is consistently preserved across
all different protein alignments with the sole exception of
the VnfH proteins, which are phylogenetically indis-
tinguishable from NifH sequences. In fact, the closest rela-
tive to VnfH sequences are typically NifH sequences
present in the same genome, as found in R. palustris
and A. vinelandii (fig. 3), indicating relatively recent gene
duplication events. It is interesting that the only other
distinguishing characteristic used to annotate VnfH
sequences are their close association with a vanadium-
dependent operon, an occurrence in itself that is not
consistent across the organisms examined (e.g., in the vaf
operon of R. palustris). This combined evidence indicates
a relatively recent gene duplication origin for VnfH and
suggests that there may be some degree of plasticity
between NifH and VnfH. This idea is corroborated by
recent experimental work where NifH has been effectively
replaced by VnfH (Chatterjee et al. 1997).

The remaining group III sequences support an early
paralogous origin for alternative nitrogenases. The di-
vergence of Fe-dependent and V-dependent nitrogenases
clearly seems to have occurred subsequently, as separate
monophyletic clades for these proteins are observed in
NifD and NifK trees. One plausible scenario implied by
this evidence is that an ancestral NifD homolog might have
been less specific with respect to its metal cofactor. Such
a nitrogenase would be responsive to environmental

availability of vanadium, iron, and molybdenum that
fluctuated with the changing redox state that characterized
the Proterozoic Earth between 1 and 2 billion years ago
(Normand and Bousquet 1989; Anbar and Knoll 2002).
Empirical work supports this idea; under certain conditions
FeMoco can be inserted into the Fe-dependent aponitro-
genase (which normally requires FeFeco) and vice versa,
resulting in a functional, albeit less efficient, enzyme
hybrid (Gollan et al. 1993; Pau et al. 1993). Banded iron
formations and paleosols indicate that the oceans of the
early anoxic Earth were rich in soluble reduced iron,
whereas molybdenum, known to be much more soluble in
its tetramolybdate (Mn04_2) form, was likely scarce
(Anbar and Knoll 2002). Thus, under the presumably
Mo-limiting conditions (or at least Fe-rich conditions) on
the early Earth, a nitrogenase able to utilize alternative
metals would have been advantageous. As the Precambrian
Earth became progressively more oxic because of cyano-
bacterial photosynthesis, soluble iron became less available
and soluble oxidized molybdenum (at least in oxic layers of
the ocean) assumed its current role as the most abundant
transition metal in the oceans (Anbar and Knoll 2002).

In addition to metal availability, it is interesting that
the increased efficiency of Mo-nitrogenase, as compared
with the V-dependent and Fe-dependent enzymes, could
have served as an additional selection pressure for the Mo-
dependent nitrogenase once molybdenum became readily
available. This idea addresses one caveat of the concen-
tration scenario; that is, how decreasing soluble iron con-
centrations characteristic of the middle to late Proterozoic
would have been offset by replacing only a single Fe
(out of 20 in the NifHDK complex) with molybdenum.
A more efficient, Mo-utilizing enzyme could counteract
environmental Fe-limitation by achieving the same amount
of fixed nitrogen with concomitantly less total nitrogenase
synthesized. Hence, modern nitrogenases have likely been
refined over hundreds of millions of years of evolution
through a combination of these effects, tuned by positive
selection both through increasing catalytic efficiency and
adapting to changing metal availability. Although here
based explicitly upon phylogenetic inference, these ideas
on improvements made to nitrogenase through Darwinian
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Fi6. 6.—Alignment surrounding the MgATP binding motif (bar) and
4Fe-4S coordinating cysteines (vertical arrows) for NifH and NifH
homologs from each of the groups in the text (group number after
sequence name). Numbering is based on A. vinelandii NifH, and black/
gray shading indicates 60% or better identity/similarity across all
sequences. Np = N. punctiforme, Av = A. vinelandii, Ct = C. tepidum,
Mj = M. jannaschii.

evolution should be testable through the inference
and reconstruction of ancestral nitrogenase sequences.
Although the Fe-dependent and V-dependent enzymes are
less efficient, organisms such as R. palustris and A.
vinelandii maintain these alternative nitrogenases, likely
because of a localized benefit in Fe-rich/Mo-limited
conditions, as may be the case in some terrestrial
environments (Arial Anbar, personal communication).
What remains enigmatic is why all alternative nitrogenases
studied so far are found only in organisms that also have
Mo-dependent enzymes. In an environment where molyb-
denum is never available, might one find only alternative
nitrogenases? Despite these speculations, what seems clear
is that the early evolution of the cognate nitrogenase
families has been dramatically affected on multiple levels
by the development of oxygenic photosynthesis.

Groups IV and V

As awhole, groups IV and V include a diverse range of
NifH and NifD homologs that are not known to be involved
with fixing nitrogen. The pigment biosynthesis complexes
protochlorophyllide reductase and chlorophyllide reduc-
tase, denoted herein as group V nitrogenase homologs, are
not only homologous but are functionally analogous to
nitrogenase, coupling ATP hydrolysis—driven electron
transfer to substrate reduction (Burke, Hearst and Sidow
1993; Fujita and Bauer 2000). As with nitrogenase,
electrons flow from a NifH-like ATPase (BchL and BchX)

to a NifDK-like putative heterotetramer where the tetra-
pyrrole is bound (BchNB and BchYZ). These two enzymes
catalyze independent reductions on opposing sides of
a tetrapyrrole ring that are essential late steps in chlorophyll
and bacteriochlorophyll biosynthesis. Based on sequence
similarity, the BchLNB and BchXYZ complexes appear to
have originated from a duplicated common ancestor that
was less substrate specific and able to catalyze both
sequential ring reductions, albeit less efficiently (fig. 2
shows the phylogenetic position of group V pigment
biosynthesis genes). Interestingly, both complexes are
found together only in anoxygenic photosynthetic bacteria;
only one of the two complexes (denoted Bch or Chl LNB in
anoxygenic or oxygenic phototrophs, respectively) is found
in cyanobacteria, and consequently these organisms pro-
duce chlorophyll rather than more reduced bacteriochloro-
phyll (Xiong et al. 2000; Blankenship 2002). This
fortuitous change, likely prompted by loss of the BchXYZ
complex in the ancestor of modern cyanobacteria, resulted
in a blue shift in primary pigment absorption wavelength,
thereby incurring an increase in redox potential of the
photosynthetic reaction center. This redox shift provided
the necessary energy for the oxidation of water to O, via
oxygenic photosynthesis, common to cyanobacteria and
photosynthetic eukaryotes (Blankenship and Hartman
1998). The subsequent oxidation of the Earth’s atmosphere
had profound effects on Precambrian life and is widely held
to have paved the way for the evolution of complex life
(Blankenship and Hartman 1998; Des Marais 2000;
Blankenship 2002). Detailed evolutionary trees for pigment
biosynthesis genes have been constructed (Xiong et al.
2000) and will not be covered here.

Group IV consists of a subset of nitrogenase homologs
(Nif-like proteins, herein designated NflH or NfiD, depend-
ing on homology) that have yet to be characterized and,
based on their breadth in this analysis, appear much more
prevalent than previously known. Intriguingly, across the
101 genomes analyzed, these group IV homologs are found
only in methanogens—not all of which are diazotrophs—
and in some nitrogen-fixing bacteria, most of which are
photosynthetic (the sole nonphotosynthetic exception so far
being D. hafniense, whose nitrogenase proteins are most
similar to those from heliobacteria—the only known gram-
positive phototrophs). Conserved residues in alignments of
NifH homologs (fig. 6) from all five groups show that 4Fe-
4S iron sulfur cluster-ligating cysteines and the P-loop/
MgATP binding motif are invariant, suggesting that these
proteins may function analogously to dinitrogenase re-
ductase. Conversely, NifD homologs are highly diverged
from both the nitrogenase subunits and the pigment
biosynthesis genes. FeMoco-ligating residues (fig. 7) are
not conserved among group IV and V proteins, although
several—but not all—conserved cysteines involved with P
cluster coordination are found in NifD and NifK homologs.
This suggests that a less complex FeS cluster, such as a 4Fe-
45, may be functioning in electron transfer in the Group IV
and V proteins. In some bacterial genomes, these genes are
still found in putative operons, although the operon consists
only of a NifH homolog and one or two NifD homologs.
However, they are not found in operons among any
methanogens, and taken with the unresolved paraphyly



oCys62 (Av) P-cluster ligand

Np WifD (1)
Av NifD (I}
Ct NifD (II)
Av VnfD (III)

Fixl Np WifK (1) B
T Av wifE (1) L
i Ck NifE (II) Ay
1
-
Iy

R KLVIGEVE Av VnfE (III)

Av AnfD (III) EAHVIGTRMEE Av AnfE (IIT)

Np NifE (Ib) -AMISLVIVIE Np NifN (Ib) ¢
Av NifE (Ib) AQIALLGVAR Av NifN (Ib) LA

Ct NifE (ITh) -SRVVLYBVAR Ot NifN (ITb) ATOR
Av VnfE (IITb) ECsRS -AQLAILGIAR Av VnfN (IIIb) LSVER:

Mj NE1D (TV)  --- -MIFHFRFEFTAARMYOLROLGY Mj NELD (IV)
Ct BehW (V) Enc TVTHEFCGLACVGWEYORIHE Ct BehB (V)
ct BehY (V) MENKECNKLHE@SMEBAFBGLRVEME - IDE Ct Behz (V)

oCys88 (Av) P-cluster ligand

Np Nifp (I)
Av NifD (I)
Ct NifD (II)
Av vnfD (III)
Av AnfD (III)
Np HifE (Ib)
Av NifE (Ib)
Ct NifE (ITb)
Av VnfE (IIIb)

Np NifE (I)
Av NifK (I)
Ct NifE (IT)
Av VnfE (III)
Av AnfE (III)
Np HifN (Ib)
Av NifN (Ib)
Ct Nif¥ (ITb)
Av VREN (IIIb)

AGRRN
ILTREN

Mi NifD (IV) Mj NELD (IV)
Ct BehN (V) Ct BchB (V)
Ct BchY (V) Ct BehZ (V)

oCysl54 (Av) P-cluster

Np NifDp (I)

Av NifD (I)

Ct NifD (IT)
Av VnfD (III)
Av AnfD (III)
Np NifE (Ib)
Av NifE (Ib)
Ct NifE (ITb)

Np NifE (I} i
Av NifE (I)

Ct NifE (IT) =
Av VnfE (III) LI
Av AnfE (III)
Np NifW (Ib) =
Av NifN (Ib) 3
Ct NifN (IIb)

Bcys?) (Av) P-cluster ligand

TIRDESTASAYWA

Bcys®$ (Av) P-cluster ligand

V!

PEI
VEMWELT

History of Nitrogen Fixation 549

aCys275 (Av) FeMo-co cluster ligand

Np NifD (I} Sy REMNYECRSLEE
Av NifD (I}

Ck WAfD (II)
Av vnfD (III)
Av AnfD (III)
Np HifE (Ib)
Av NifE (Ib)
Ok WAifE (IIb)
Av VnfE (IITb) HFj
Mj MEID (IV) )
CE BohN (V)
Ct BehY (V)

EMARSAEYIC
ISRALLNMARE

SEAMLNVARHLREDEY

- == == ~BATKNLEDLKEKDE
G-PDTVEAPIQPYLSE 3
RABACANLHPFYERTAALFESAG- - -

BLGVDAT
RVTHEMEGVET
B FCALKDVEY

afiisdd42 (Av) FeMo-co cluster ligand

Np WifD (I} MG
Av NifD (I} il
CE NAifD (II) ey
Av vnfD (III) [@uH
Av AnfD (III) VR
Np WifE (Ib) izl
Av NifE (Ib) 3
Ct WifE (IIb)
Av VnfE (IIIb)
Mj WifD {1V}

Ct BehN (V) SMEFTLMSTHSWSGVFTLANLFY

e ia: n'r:\mjmztl;:-'}'nsl

Ct BchY (V)

fcysisi (Av) P-cluster ligand

LOAFT
LNAFT
100IT
HEGSI
WDCVE
HEGFL
ILHTAL
WEPMIE

Av VofE (IITIb) QA Av VnfN (IITb) REVNGLI IRRVL
Mi WELD (IV) Mi WELD (IV) ﬁpf L
Ct BehN (V) Ct BechB (V) EL A EELOCMA
ct Behy (V) ct Behz (V) GHOBILVES? i gHME

FiG. 7.—Conservation in and around crucial residues (FeMo-co and P-cluster ligands) in NifD (o) and NifK () and homologs from each of the
five groups (in parenthesis after sequence names) discussed in the text. NifE and NifN sequences are included, respectively, with NifD and NifK
alignments (noted with “b” after the group number). The P-cluster and FeMo-co ligands, based on A vinelandii numbering, are indicated with vertical
arrows. Black/gray shading indicates 60% or better identity/similarity across all sequences. Two = letter binomen abbreviations are as given for figure 6.

and low sequence identities that characterize these
phylogenies, it is plausible that these Nif homologs have
evolved to different functions in different domains. It is
interesting to speculate that this group of proteins,
apparently still utilized by a small subset of organisms,
may represent the modern vestige of a primitive nitrogenase
(a possible intermediary functional link to this enigmatic
group of nitrogenase homologs may be provided by M.
barkeri), wherein one alternative nitrogenase operon has
VnfH, VnfD, and VnfK proteins that cluster with other
known vanadium-dependent nitrogenases but whose VnfE
and VnfN proteins are only distantly similar to their group
III counterparts and, phylogenetically, look like group IV
proteins (see Thiel [1996] for characterization and in-
teresting discussion of what may be close homologs of
these proteins in cyanobacterium Anabaena variabilis).
Several authors have conjectured on the nature of the
earliest nitrogenase, suggesting that it may have functioned
as nonspecific reductase acting on cyanide, azide, or
another N, analog (Silver and Postgate 1973; Fani, Gallo
and Lio 2000). Such an enzyme might have played a role
in carbon and nitrogen assimilation in early microbes,
acted as a detoxyase, or alternatively as a redox-sensitive
conduit for shuttling excess electrons to a readily available
substrate. Ultimately these predictions will be tested
through characterization of one or more group IV
homologs, currently in progress for nif homologs from
the non—nitrogen-fixing methanogen Methanocaldococcus
jannaschii (Staples, Mukhopadhyay, and Blankenship
2003). Understanding the role of these apparently
primitive proteins will undoubtedly provide valuable

insights into the evolution of nitrogen fixation and
photosynthesis, two centrally important metabolic pro-
cesses on the modern as well as the early Earth.

Plausible Scenarios for Unifying Gene and Species Trees

Fixed nitrogen, particularly ammonia, is essential for
life but is thought to have become a limiting nutrient early in
the development of life, providing the evolutionary impetus
for the development of nitrogenase (see Towe [2002] and
reponse). The relative simplicity and phylogeny of group
IV nitrogenase homologs suggest that nitrogenase was
almost certainly recruited, probably from a multisubunit
redox-active protein (but as is typically the case in
phylogenetic inference, the reverse is certainly possible).
Additionally, the structural and mechanistic similarity
between nitrogenase and group V homologs is evidence
that gene duplication and recruitment have occurred
multiple times in the evolution of this enzyme family.
Intriguingly, several of the genomes studied herein, such as
that of R. palustris, have genes from as many as four of the
five groups of nitrogenase homologs. Based on phyloge-
netic reconstruction as well the presence of nitrogenase in
diverse archaea as well as bacteria, it has been inferred that
the nitrogenase family had already evolved in the last
common ancestor (LCA) of the three domains of life
(Normand et al. 1992; Fani, Gallo, and Lio 2000). The LCA
hypothesis necessitates that gene loss has been a dominant
factor in the extant distribution of nitrogenase, which
accounts for the fact that nitrogenase is found neither in
eukaryotes nor in many entire phyla of prokaryotes.
Importantly, however, the phylogenies inferred here
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Fic. 8.—Proposed gene versus species trees, as discussed in the text. (a) Nitrogen-fixing LCA hypothesis, showing the three domains and their
divergence from the LCA in blue text and dashed blue lines. Solid lines (black and green, depending on hypothesized metal specificity) indicate the
evolution of nitrogenase from the base of the tree a group IV ancestor. Also indicated are putative gene duplication (red dots) and horizontal gene
transfer (originating at gray boxes, with transfer indicated by gray dashed lines) events. The three nitrogenase phylogenetic groups described in the text
are indicated at the tips of the tree, as are the predominant organisms in which they are found. According to the LCA model, gene loss has been
extensive and accounts for the majority of modern lineages not being able to fix their own nitrogen. (b) Methanogen origin hypothesis, using the same
color scheme and symbols as figure 8a. According to this model, nitrogen fixation was invented in methanogenic archaea and subsequently was
transferred into a primitive bacterium, circumventing the necessity for extensive gene loss to explain the paucity of diazotrophic lineages. As with the
LCA hypothesis, several relatively recent HGT events must have occurred to explain the distribution and high identities of group II and III nitrogenases.

suggest that horizontal gene transfer has also played
a significant role in the history and propagation of nitrogen
fixation. The interdomain phylogenetic clustering ob-
served, vis-a-vis group II and group III methanogens and
bacteria, is supported by some of the highest identities
known between archaeal and bacterial proteins (for
example, AnfD proteins are typically more than 75%
identical across the two domains). Therefore, the idea that
nitrogen fixation had originated in the LCA, at least as
inferred by the presence of nitrogenase in the two major
prokaryote domains, should be tempered in light of the
strong evidence supporting HGT. What can phylogenetic
analysis say about this origin and the direction of
nitrogenase transfer, and do the data require nitrogen
fixation to have been present in the LCA?

The NifH, NifD, and NifE phylogenies shown in
figures 3-5 consistently support a clustering of groups I
and II, with group I consisting entirely of bacteria and
group II consisting of anaerobes and methanogens. Group
IIT also shows evidence of a methanogen/bacterial HGT
event, although all phylogenies indicate that it clearly
diverged earlier than the group I and II split based on
rooting with group IV and V nitrogenase homologs (fig.
2). An evolutionary scheme consistent with the LCA
nitrogenase origin is shown in figure 8a and described
here. As expected if nitrogen fixation were present in the
last common ancestor of extant organisms, this solution
maps the deep division between groups I/II and group III
onto the bacterial/archaeal divergence. Here, gene loss
must be invoked as the dominant mechanism accounting
for the lack of nitrogenase homologs in eukaryotes and
most prokaryotes, putatively spurred on (as discussed
above) by the metabolic expense of nitrogen fixation as
well as the increasing availablility of abiotically fixed
nitrogen once the atmosphere became oxic (Raven and Yin
1998). The subsequent divergence between groups I and II

would have then occurred in the bacteria, perhaps spurred
by the development of oxygenic photosynthesis and the
resultant aerobic/anaerobic segregation of environments,
thereby explaining the aerobe/anaerobe dichotomy of
group I versus group II taxa. Subsequently, a group II
nitrogenase operon was transferred into a methanosarcina
from an anaerobic bacterium, the two species perhaps
sharing very similar environmental niches because of
metabolically driven symbiosis (discussed below). To our
knowledge so far, the group III nitrogenases were
maintained only in methanogens, and the primary split
within group III appears between methanobacteria and
methanosarcina, consistent with speciation (orthologous
divergence) between these two families. The emergence of
independent Anf and Vnf nitrogenases occurred relatively
recently and only in methanosarcina. Subsequent to the
Anf/Vnf divergence, both of these alternative nitrogenases
were transferred into several different bacterial groups,
perhaps multiple times, from a methanosarcina. This
transfer marked the first appearance of group III
nitrogenase in bacteria, and presumably has allowed
organisms to fix nitrogen, albeit less efficiently, in Mo-
limited environments.

An interesting aside raised in this scheme is that both
HGT events (bacterial group II into methanogens and
methanogen group III into several group I bacteria) appear
to have carried nitrogenase to organisms that already had
a copy of the enzyme. At face value, this undermines the
fitness benefit that would be gained by a non-nitrogen-
fixing organism acquiring nitrogenase. However, this may
be consistent with the regulatory and structural complexity
(for example, being able to synthesize and insert intricate
metal clusters) inherent to expressing a functional nitro-
genase. A diazotrophic organism with these regulatory and
assembly components already present (being used for the
original nitrogenase copy) would be more likely to utilize



a “new” nitrogenase acquired via HGT. Importantly, these
putative HGT events all involve different nitrogenase
families, so that either a Mo-dependent nitrogenase is
transferred to an organism possessing only Fe-dependent
or V-dependent nitrogenases, or vice versa. Thus an
organism in an environment with fluctuating trace metal
availability might in fact benefit from acquiring a second
nitrogenase. Interestingly, under the assumption of an
early nitrogenase less specific with regard to its metal
dependence, the Mo-dependence seen in methanobacteria
(such as Methanothermobacter thermoautotrophicus and
Methanococcus maripaludis) suggests either that molyb-
denum utilization has occurred independently in multiple
lineages or, contrary to paleogeological arguments, that
the most primitive nitrogenase was Mo-dependent. On
the whole, these ideas suggest that the extraneous
(e.g., regulatory and assembly) components of the nitro-
genase system will provide an important and informative
test bed for understanding the evolutionary history of
nitrogenase.

It is worth noting that the root of the three functional
nitrogenase groups as illustrated in figure 8a could be
moved from the LCA up into prokaryotic domains by
assuming group III nitrogenases were horizontally trans-
ferred very early on into a primitive methanogen. Sub-
sequent bifurcations and gene transfer events would still
occur as elucidated above, and the substantial degree of
gene loss required by the LCA model is circumvented.
Until further evidence can be brought to bear on these
earliest events, it is impossible to distinguish a possible
bacterial origin from the LCA hypothesis. It may also be
that these earliest events cannot be resolved, far buried in
the intertwined phylogenetic branches of earliest microbial
life that, as some authors have speculated, were both
wrought by and fraught with, horizontal gene transfer
(Doolittle 1999; Woese 2002). The enigmatic but clear
ancestry shared between Mo-dependent group III nitro-
genases found in one order of methanogens and alternative
nitrogenases found in a second—and the high sequence
similarity found among a sporadic distribution of group III
bacterial nitrogenases-is extremely important. It supports
not only that nitrogen fixation in methanogens was an
ancient process—presumably preceding the rise in avail-
ability of molybdenum some 2 billion years ago—but also
establishes a more parsimonious direction of group III
HGT from methanogens into bacteria. Thus, early
methanogens had independently evolved both Mo-de-
pendent and Mo-independent nitrogenases, which feasibly
took place before any HGT input from early bacteria (the
group II HGT event from anaerobes to methanosarcina).
Could it be possible that these early methanogen events
actually represented the invention of nitrogen fixation,
with subsequent HGT carrying nitrogenase to bacteria at
a later time? We detail this hypothesis below and find that
it also plausibly explains the modern distribution of
nitrogenase, without the extensive gene loss necessary in
inferring a nitrogen-fixing LCA.

This second scenario hypothesizes that nitrogen
fixation per se was invented by methanogenic archaea and
subsequently transferred, here in least three separate events,
into bacterial lineages. This hypothesis, detailed in figure
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8b, also would explain the absence of diazotrophs among
the eukaryotic domain, crenarchaea, and early branching
bacterial lineages not easily accounted for in any LCA-type
hypothesis (see fig. 1), and is consistent with the idea that
methanogens may have once played a dominant role in the
biosphere (discussed below). The divergence of the major
groups of methanogens has likely been precipitated in part
by increasingly complex metabolic versatility. For exam-
ple, members of the order methanosarcina (here, M.
acetivorans, M. mazei, and M. barkeri) are able to utilize
a complex assortment of substrates in methanogenesis,
including acetate and a variety of one-carbon compounds,
and concomitantly occupy a wide range of environmental
niches (Galagan et al. 2002). Conversely, their class
methanobacteria cousins, including M. thermolithotrophi-
cus, are dependent upon H, and CO, for methanogenesis
and are found in a comparatively narrow range of habitats
(Galagan et al. 2002). As illustrated in figure 8b, the
proposed scheme for a methanogen origin of nitrogen
fixation might proceed as follows: At the time when the
methanogen families diverged, two paralogous nitrogenase
families would have existed, only one of which—the
precursor to the group III Anf/Vnf family—was maintained
in M. thermolithotrophicus. Metal specialization would
have occurred later, likely in response to changing trace
metal availability (as outlined above). This scenario
explicates the basal position of Mo-dependent nif genes
from M. thermolithotrophicus among the group III nitro-
genases. The vnf and anf genes were transferred into
bacteria much later, explaining the high identities found
between archaeal and bacterial anf and vnf genes.
Additionally (though anecdotal until further supporting
evidence is available), anf and vnf genes in M. acetivorans
are found in one contiguous operon, so a single archaeal-to-
bacterial gene transfer event involving this one large operon
could have transferred two nitrogenases to, for example, R.
palustris and A. vinelandii, in which the anf and vnf operons
are not juxtaposed (group III HGT, shown in gray on
fig. 8b). HGT among the group II phylogeny, promoted
by closely shared niches between these organisms, is cor-
roborated by conserved indels in NifD and NifK, gene
synteny, and otherwise high sequence identity (although
lower than found in Anf/Vnf alignments, suggesting more
recent HGT in the latter case). Finally, it is worth noting that
all three types of nitrogenase are found in methanogens and,
importantly, their sequence evolution and change in metal
specificity parallels speciation events within this putatively
ancient group of archaea. This parallel evolution of
nitrogenase and methanogens, along with the clear evidence
for late horizontal gene transfer between methanogens and
different and largely unrelated groups of bacteria, lends
credence not only to a direction of HGT to a possible origin
of nitrogenase within the archaea.

Importantly, the hypotheses on the origin of nitrogen
fixation advanced here are only two out of many feasible
scenarios, several of which emerge as being equally or
nearly as parsimonious as those presented in figure 8a
and 8b. These two scenarios attempt to capture both the
phylogenetic and biogeochemical data available and,
within these constraints, portray an “LCA/gene loss
dominant” versus a “methanogen origin/HGT dominant”
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scenario representing the two spectral extremes of many
possible evolutionary trajectories.

It is perhaps not surprising that in each of the scenarios
outlined above, the methanogens implicated in nitrogenase
HGT are methanosarcina, a family demonstrated to be more
metabolically versatile and found in comparatively more
diverse environments than many of their obligate H,-
utilizing methanobacteria relatives. Lending support to this
notion, the genome of methanosarcina M. mazei stands as
a paradigm for interdomain HGT with roughly a third of its
3.400 ORFs having closest homologs among bacteria
(Deppenmeier et al. 2002). Additionally, methanogens are
thought to have once played an important if not pivotal role
on the early Earth: methanogen-produced methane has been
cited as a possible greenhouse gas solution to the faint
young sun paradox, as an O, sink and as a conduit for H,
escape into space an impetus for the subsequent oxidation of
the atmosphere (Pavlov et al. 2000; Catling, Zahnle, and
McKay 2001; Kasting and Siefert 2002). It is feasible that
before the Precambrian oxidation event and the so-called
“age of cyanobacteria,” methanogens may have occupied
a dominant niche in the biosphere (Kasting and Siefert
2001). Significantly, at high atmospheric concentrations,
methane is known to counter abiotic nitrogen fixation
caused by lightning discharge, so the very presence of
a growing biomass of methanogens during the Archean
could have precipitated a nitrogen crisis, triggering
a selection pressure favoring the evolution of nitrogenase
(Navarro-Gonzalez, McKay, and Mvondo 2001) (although,
importantly, methane can also react with N, to form HCN,
a viable abiotic source of fixed nitrogen that would
potentially counteract the nitrogen crisis [Kasting and
Siefert 2001]). If such a crisis did indeed occur, other
organisms at the time would have certainly been affected
by the dwindling fixed-nitrogen supply and would have
to circumvent nitrogen limitations through scavenging
(e.g., through association with diazotrophs) or, as some
evolutionary evidence points to, by acquiring nitrogenase
through horizontal gene transfer. Bacterial-methanogen
symbioses, particularly among methanosarcina and aceto-
genic bacteria in anoxic environments, have been well
studied as important metabolically governed associations
and plausibly represent modern analogs of a microbial con-
sortium that once dominated the Earth (Kotelnikova 2002).
These shared environments, where a diverse consortium of
species are juxtaposed within narrow niches, may indeed
serve as evolutionary hotspots wherein HGT is signifi-
cantly more favorable because of close physical interac-
tion between organisms.

Although tenuous because of extensive sequence
divergence and concordantly difficult protein alignments,
the placement of the root for NifH, NifD, and NifK trees
as suggested by groups IV and V nitrogenase homolog
outgroups falls consistently between group III and the base
of groups I and II. The distribution and phylogeny of
(non—nitrogen-fixing) homologs to the HDK nitrogenase
complex may suggest that they represent the remnants of
a broad family of primitive, prenitrogen fixation proteins.
NifE and NifN have an early history consistent with their
presence in the LCA, in that group II and group III
representatives are more similar to one another than either

is to group I proteins. This contrasts with the HDK
phylogeny and may indicate an early function for the
NifEN complex, perhaps as a functional nitrogenase
transitional step between 4Fe-4S cluster—containing an-
cestors of group IV and more complex metal cofactors
found in NifDK. Although speculative, this idea explains
their subsequent recruitment as scaffolds for FeMoco
cluster assembly. Group V represents yet another instance
of recruitment of this primitive reductase that likely
occurred in the earliest bacterial phototroph and heralded
a major step in the evolution of photosynthesis.

Nitrogen fixation is undoubtedly an ancient innova-
tion that is not only crucial for extant life, but played
a critical role during the early expansion of microbial life
as abiotic nitrogen sources became scarce. By considering
histories of multiple genes and operons from completely
sequenced genomes, it is possible to understand the
influence of paralogy, gene recruitment, and horizontal
gene transfer in the evolution of nitrogenase. In light of the
intractability often thought posed by such complex genetic
events, converging lines of biochemical, geological, and
phylogenetic evidence make it possible not only to rectify
inconsistencies between gene and species trees, but also to
elucidate the selective pressures dictating the tempo and
mode of organismal versus genomic evolution.
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