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sites of interaction with other proteins that modulate the
regulatory activity of PIl or that transmit the nitrogen signal
to regulatory targets (34). Therefore, the novel sequences
of the regions corresponding to the T-loop indicate that
the methanogen nif-cluster GInB proteins are likely to have
novel interactions with other proteins.

We have recently determined the function of the nif-
cluster ginB genes of M. maripaludis. Any function at the
level of nif gene transcription was ruled out by the results
of insertion mutagenesis across the nif cluster (20).
(However, a function in transcriptional regulation for
“typical” glnB genes encoded elsewhere in the genome is
still possible). To test for other possible functions of the nif-
cluster ginB genes, we made an in-frame deletion mutation
that eliminated most of both genes. We found (23) that the
g/inB mutant was deficient in ammonia switch-off, that is,

in the immediate post-transcriptional inhibition of nitrogen
fixation that occurs in some species (35, 36) upon addition
of ammonia to nitrogen-fixing cultures. This finding shows
that one or both of the nif-cluster ginB genes acts negatively
to regulate nitrogen fixation at a post-transcriptional level.
Switch-off also occurs in Methanosarcina barkeri (15, 16)
and certain Bacteria (Rhodospirillum rubrum (35) and
Azospirillum brasilense (36)), and while an involvement of
ginBhomologues is likely, it has not yet been demonstrated
in these cases. It is known that ammonia switch-off in
Bacteria is achieved through covalent ADP-ribosylation of
nitrogenase reductase, controlled by a specific ADP-ribosyl
transferase and a specific glycohydrolase. Similar covalent
modification of nitrogenase does not appear to occur in
methanogens (16, our unpublished results).

Figure 3. Alignment of ginB homologues in Archaea and Bacteria. The top group of five represents the second g/nB gene in the nif operon of methanogens
(see for example Figure 1). The next group of five represents the first ginB gene in the nif operon of methanogens. The last group of six contains the “typical”
gInB genes of Bacteria and methanogens. Species designations are as follows: mbi, Methanobacterium ivanovii; mmp, Methanococcus maripaludis; mth,
Methanobacterium thermoautotrophicum strain DH; msb, Methanosarcina barkeri; mtl, Methanococcus thermolithotrophicus; eco, Escherichia coli; mj,
Methanococcus jannachii. Arabic numerals indicate gene designations relative to whole genome analyses (9, 14). The predicted T-loop is indicated (39, 40).
* indicates the tyrosine reside which is the conserved site of uridylylation in Bacteria.



Evolution of Nitrogen Fixation

The availability of nif gene sequences from Archaea
expands our ability to trace the evolution of nitrogen fixation
with phylogenetic methods. Expanding on the results of
Chien and Zinder (22), we carried out a phylogenetic
analysis of nifD and nifE (Figure 4). A separate analysis by
parsimony gave essentially the same results as the
distance matrix analysis. nifD and nifE are evidently
paralogous, that is, related via an ancient gene duplication.
Consequently, nifD genes provide a root for the nifE tree
and vice versa. Each tree (nifD and nifE) contains two main
branches. One branch is predominately bacterial, and the
other branch contains nif genes of Archaea. This
observation suggests that nitrogen fixation had its origin in
a common ancestor of the two domains. Anabaena
variabilis vnfE is anomalous, and is distant from both nifD
and nifE of other species (37).
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The overall pattern places the nif genes of Archaea
and Bacteria into separate groups, but there are two
exceptions. One exception is that for both nifE and nifD,
Methanosarcina barkeriand Clostridium pasteurianum are
closely related within a separate branch. In the case of
nifE the M. barkeri - C. pasturianum clade groups with the
Archaea with 100% bootstrap support. The simplest
explanation is that C. pasteurianum acquired the nifgenes
from an ancestor of M. barkeriby horizontal gene transfer.
The nifD tree would suggest that the M. barkeri - C.
pasteurianum clade groups with the Bacteria, but this is
not supported by bootstrap analysis. The other exception
to the Archaea-Bacteria split is that the alternative
(vanadium and iron-only) nitrogenase subunit genes vnfD
and anfD (but not vnfE) of the Bacteria form a separate
branch within the Archaea. vnfD and anfD could have arisen
through an ancient gene duplication that predates the
Archaea-Bacteria split. Alternatively, they could have
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Figure 4. Phylogenetic analysis of nifD and nifE by distance matrix. Expert analysis kindly provided by A. Rodrigo. The computer program PROTDIST was
used to estimate distances between all pairs of aligned amino acid sequences, using the Dayhoff PAM matrix. A phylogenetic tree was reconstructed using
the computer program NEIGHBOR, which builds a tree by neighbor-joining (41). Both programs are part of the PHYLIP suite of programs (42). To determine
the degree of support for each branch of the neighbor-joining phylogenetic tree, bootstrapping (43) was performed. 1000 pseudoreplicate sequence datasets
were generated using SEQBOOT (also part of the PHYLIP suite), and for each pseudoreplicate, pairwise distances were estimated and the phylogenetic tree
reconstructed. The number of trees which contained a given branch was counted and expressed as a percentage. Only those branches supported by more
than 70% (44, 45) of the bootstrap trees are shown. Alternative nitrogenase genes are designated vnf (vanadium type) and anf (iron-only type). Species
designations are as follows: Anasp, Anabaena species; Anava, Anabaena variabilis; Azovi, Azotobacter vinelandii; Azsbr, Azospirillum brasilense; Braja,
Bradyrhizobium japonicum; Clopa, Clostridium pasteurianum; Frasp, Frankia species; Klepn, Klebsiella pneumoniae; Mtbth, Methanobacterium
thermoautotrophicum strain Marburg; Mtcma, Methanococcus maripaludis; Mtctl, Methanococcus thermolithotrophicus; Misba, Methanosarcina barkeri;
Plebo, Plectonema boryanum; Rhisp, Rhizobium species; Rhoca, Rhodobacter capsulatus; Synsp, Synechococcus species; Thife, Thiobacillus ferrooxidans.
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evolved in the methanogen line and were passed by
horizontal transfer to the Bacteria.

A parsimony analysis of nifK and nifN (not shown) gave
results that were consistent with the conclusions from the
nifD-nifE tree. Like nifD and nifE, nifk and nifN are paralogs.
On the nifK side of the tree, bootstrap analysis strongly
supported the discrete groups, bacterial nifK, bacterial vnfK
and anfK, and methanogen nifK. C. pasteurianum and M.
barkeri nifk formed a separate clade but with poor bootstrap
support. On the nifN side, bacterial nifN formed a robust
group that excluded methanogen nifN. In this case,
bacterial vnfN clustered with nifN from the same species.

Similar conclusions can also be drawn from the nifH
tree. In these analyses (26, 38), there were four major
branches. Three branches contained nifH genes that
function in nitrogen fixation, while the fourth branch
contained genes that evidently participate in a process
unrelated to nitrogen fixation. Bacterial and archaeal nifH
genes fell in two separate major branches. C. pasteurianum
and M. barkeri nifH were closely related and formed a third
major branch. anfH genes of bacteria fell in the archaeal
branch. (vnfH genes, however, clustered with bacterial
nifH).

These analyses all support a scenario in which nitrogen
fixation had an ancient origin that preceded the divergence
of Archaea and Bacteria. In addition, ancient gene
duplication or horizontal transfer participated in the
evolution of the alternative nitrogenase genes anfH, vnfD,
anfD, vnfK and anfK, which remarkably are equally
divergent from typical bacterial nif genes as are the
methanogen nifgenes. On the other hand, vnfH, vnfE, and
vnfN evolved recently from the corresponding nif genes of
Bacteria. Finally, horizontal gene transfer apparently
occurred between ancestors of M. barkeri and C.
pasteurianum.

Conclusions and Future Directions

Since the discovery of nitrogen fixation in methanogenic
Archaea, it has become clear that the process is genetically
and evolutionarily related to nitrogen fixation in Bacteria.
However, phylogenetic analysis suggests that the
relationship is as distant as are the two domains
themselves. Given this distance, one expects to find in it
the extremities in variations to the fundamental mechanism,
making those aspects that are conserved all the more
notable. The presence of nifH, D, K, E, N, and X, their
gene order, and even whether they are essential for
nitrogen fixation, is conserved. However, more work is
needed to tell whether additional nif genes, less central to
the process but nevertheless necessary in Bacteria, also
exist in Archaea. The predominance of molybdenum as a
metal of the nitrogenase cofactor also seems to extend
across domains. Regulation varies across domains but also
contains conserved features. The regulation of nif gene
transcription in some methanogenic species involves
repression, but the components of the nitrogen sensory-
regulatory apparatus have yet to be identified. g/nB
homologues are present in both domains and may turn
out to represent components of the regulatory apparatus
in methanogens. We know already that divergent members
of the gInB family exist in methanogens as well as less

divergent members, and the former function in post-
transcriptional regulation of nitrogenase activity. Further
work on nitrogen fixation in Archaea is sure to reveal
additional variations on familiar paradigms.
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