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ABSTRACT

Mounting evidence indicates the presence of a near complete biological nitrogen cycle in redox-stratified oceans
during the late Archean to early Proterozoic (c. 2.5-2.0 Ga). It has been suggested that the iron (Fe)- or vana-
dium (V)-dependent nitrogenase rather than molybdenum (Mo)-dependent form was responsible for dinitrogen
fixation during this time because oceans were depleted in Mo and rich in Fe. We evaluated this hypothesis by
examining the phylogenetic relationships of proteins that are required for the biosynthesis of the active site
cofactor of Mo-nitrogenase in relation to structural proteins required for Fe-, V- and Mo-nitrogenase. The results
are highly suggestive that among extant nitrogen-fixing organisms for which genomic information exists,
Mo-nitrogenase is unlikely to have been associated with the Last Universal Common Ancestor. Rather, the origin
of Mo-nitrogenase can be traced to an ancestor of the anaerobic and hydrogenotrophic methanogens with
acquisition in the bacterial domain via lateral gene transfer involving an anaerobic member of the Firmicutes. A
comparison of substitution rates estimated for proteins required for the biosynthesis of the nitrogenase active site
cofactor and for a set of paralogous proteins required for the biosynthesis of bacteriochlorophyll suggests that
Nif emerged from a nitrogenase-like ancestor approximately 1.5-2.2 Ga. An origin and ensuing proliferation of
Mo-nitrogenase under anoxic conditions would likely have occurred in an environment where anaerobic metha-
nogens and Firmicutes coexisted and where Mo was at least episodically available, such as in a redox-stratified
Proterozoic ocean basin.
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INTRODUCTION

Biologically available (fixed) nitrogen is essential for all of life
and was probably generated on early Earth by abiotic processes
such as lightning discharge (Yung & Mcelroy, 1979; Kasting
& Walker, 1981). Abiotic sources of fixed nitrogen are thought
to have become limiting to an expanding global biome, which
may have precipitated the innovation of biological dinitrogen
(N,) fixation. Using simulations of Archaecan atmospheric
chemistry, Navarro-Gonzalez contend that decreasing CO,
concentrations and concomitant decreases in abiotic N5 reduc-
tion to nitrous oxide led to a nitrogen crisis at approximately
2.2 Ga (Navarro-Gonzilez et al., 2001). However, using the
same logic, Kasting & Siefert (2001) argued that the nitrogen
crisis could have ensued as early as 3.5 Ga.
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Biological nitrogen fixation, or the reduction of N, to
ammonia, functions to relieve fixed N limitation (Zehr et al.,
2003; Rubio & Ludden, 2008). This process is catalyzed in a
small number of diverse bacteria and methanogenic archaea
by one of three evolutionarily related nitrogenases that con-
tain active site cofactors containing iron and molybdenum,
iron and vanadium, or iron alone (Nif, Vnf, Anf respectively)
(Joerger & Bishop, 1988). Evidence for an early emergence of
biological nitrogen fixation exists in the isotopic record of
organic-rich cherts and shales dated to >2.5 Ga which reveal
I5N/MN ratios that are suggestive of biological nitrogen
fixation (Beaumont & Robert, 1999; Garvin et al., 2009;
Godfrey & Falkowski, 2009). Prior to the rise of O, approxi-
mately 2.5 Ga, it has been suggested that Anf or Vnf rather
than Nif were responsible for nitrogen fixation since oceans
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were depleted in Mo (Anbar ez al., 2007; Scott et al., 2008)
due to the insolubility of Mo-sulphides under anoxic
conditions (Helz et al., 1996). However, it is unclear from
past investigations of the evolutionary record which metal-
loenzyme was most likely responsible for N, fixation at this
time (Raymond et al.,2004; Soboh et al.,2010).

Based on phylogenetic examination of nitrogenase protein
sequences, two equally parsimonious origins for Mo-nitro-
genase have recently been proposed (Leigh, 2000; Raymond
et al.,2004). One proposal invokes an origin for Mo-nitroge-
nase in the Last Universal Common Ancestor (LUCA origin
model) (Leigh, 2000), whereas the other proposal invokes an
origin for Mo-nitrogenase in the methanogenic archaea
(methanogen origin model) with subsequent acquisition
in the bacterial domain via lateral gene transfer (LGT)
(Raymond ez al., 2004). Importantly, the anoxic nature of
oceans prior to the rise of O, (LUCA origin model) and the
anacrobic nature of methanogens (methanogen origin model)
both require that Nif evolved in an anoxic environment. This
follows from the likelihood that O, was scarce until approxi-
mately 2.5 Ga (Canfield ez al., 2000; Holland, 2002; Anbar
et al.,2007), which postdates when LUCA is thought to have
emerged and then split to form the bacteria and archaca
(Mojzsis et al., 1996; Parsons et al., 1998; Penny & Poole,
1999). Likewise, all methanogens examined to date are
obligate anaerobes (Boone et al., 1993; Thauer et al., 2008),
suggesting that the emergence of any enzyme at any time dur-
ing the evolution of this lineage would have occurred under
anoxic conditions. Importantly, both of the aforementioned
scenarios which invoke an anoxic origin for Mo-nitrogenase
are consistent with the extreme oxygen sensitivity of this
enzyme (Rubio & Ludden, 2008).

The majority of present-day biological N, reduction is
catalyzed by the Mo-dependent nitrogenase (encoded by
nif') (Rubio & Ludden, 2008), although V- and Fe-nitroge-
nase (encoded by vnf and anf respectively) are important
biological sources of fixed nitrogen in environments where
Mo is limiting (Joerger & Bishop, 1988). To date, the ge-
nomes of organisms that encode for Fe- and V-nitrogenase
universally encode for Mo-nitrogenase (Raymond ez al.,
2004; Soboh et al., 2010), suggesting that they function
secondarily to Mo-nitrogenase in extant organisms. The
Mo-dependent nitrogenase (Nif) complex consists of a
homodimeric Fe protein (NifH) component that donates
clectrons to the heterotetrameric MoFe protein (NifDK)
component, which contains the iron—-molybdenum cofactor
(FeMo-co) substrate reduction sites (Bulen & Lecomte,
1966). In addition to encoding for nitrogenase structural
proteins, n#if regulons encode for proteins involved in regula-
tion and metal cofactor (e.g. FeMo-co) biosynthesis (Rubio
& Ludden, 2008). Several of the genes required to synthe-
size FeMo-co evolved from duplication and fusion events.
For example, the heterotetrameric NifEN complex functions
as a required scaffold for FeMo-cofactor assembly (Ugalde

et al., 1984; Jacobson et al., 1989; Roll et al., 1995; Hu
et al., 2005) and is currently thought to have arisen through
a paralogous duplication of #ifDK (Fig. 1A) (Brigle et al.,
1987; Fani et al., 2000; Raymond ez al., 2004; Soboh et al.,
2010). NifB, another protein required for FeMo-co biosyn-
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Fig. 1 (A) Nitrogenase regulon from Klebsiella pneumoniae with the blue
arrow indicating the duplication event of nifD vyielding nifK and the orange
arrows indicating the in-tandem duplication event of nifDK yielding nifEN. (B)
Universal tree indicating lineages where full complements of nitrogenase pro-
teins (HDKENB) were found (blue lineages). (C) Bayesian consensus phyloge-
netic tree of Nif/Vnf/AnfD, K, E and N proteins from 40 taxa that represent the
primary lineages (C). The width and depth of collapsed clades proportionally
reflect the number and the diversity of sequences in that clade respectively.
Methanobacteriales/Methanococcales proteins are abbreviated Mb/Mc and
Methanosarcinales proteins are abbreviated by Ms. All lineages labelled as
Nif without an Mb/Mc or Ms designation contain only bacterial sequences.
Asterisks indicate 100% posterior probability support; bar equals 1 substitution
per 10 sequence positions.
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thesis (Christiansen ez al., 1998; Curatti et al., 20006), cata-
lyzes the formation of a FeMo-co precursor iron—sulphur
cluster, termed NifB-co (Shah ez al., 1994). In most organ-
isms, NifB is a fusion protein consisting of an amino terminal
domain belonging to the radical S-adenosyl methionine
(SAM) family of proteins and a carboxy terminal domain
belonging to the NifX/NafY family of proteins (Rubio &
Ludden, 2008).

In this work, we have focused on these specific gene dupli-
cation (e.g. Ant/Vnf/NifDKEN) and fusion (e.g. NifB) events
in proteins required to synthesize an active nitrogenase, to
infer the evolutionary origin of Mo-nitrogenase and its evolu-
tionary relationship to the ‘alternative’ metal-containing forms
of nitrogenase. In addition, we examine the temporal relation-
ships between paralogous proteins required for the biosyn-
thesis of the active site cofactor of nitrogenase and the
biosynthesis of bacteriochlorophyll [e.g. light-independent
(dark-operative) protochlorophyllide oxidoreductase (encoded
by 4chNB) and chlorophyllide reductase (encoded by bchYZ)
(Hearst et al., 1985; Burke ez al, 1993; Fujita et al., 1993)]
to provide temporal insight into the emergence of Mo-nitro-
genase. behNB is present in the genomes of all chlorophoto-
trophs whereas bchYZ is present in the genomes of all
anoxygenic phototrophs (Chew & Bryant, 2007). BchNY and
BchBZ are paralogs of Anf/Vnf/NifD and Anf/Vnf/NifK,
respectively, and are thought to have arisen from a common
ancestral reductase by a series of gene duplications (Burke
et al., 1993). Therefore, the careful examination of these par-
alogous proteins has significant potential to provide insight
into the evolutionary linkages and temporal relationships
between the emergence of photosynthesis relative to nitroge-
nase. The results are discussed in light of the emerging per-
spective on redox conditions in late Archacan to early
Proterozoic marine environments (Scott ez al., 2008; Godfrey
& Falkowski, 2009; Reinhard ez al., 2009; Kendall et al.,
2010; Poulton et al., 2010), at a time when circumstances
were prime for the evolution of the Mo-nitrogenase (Anbar &
Knoll, 2002; Anbar, 2008).

MATERIALS AND METHODS

Vnf/Anf/NifDKEN and NifB phylogenetic analyses

Brastp was used to compile all D, K, E, N and B protein
sequences from genomic sequences using the DOE-IMG and
the NCBI Genome Blast servers in July 2010 (Table S1).
Those which contained a full complement of DKENB were
retained in the case of Vnf and Nif operons, or DKB in the
case of Anf operons. Each individual locus was aligned using
CrustarX (version 2.0.8) with the Gonnet 250 protein matrix
and default gap extension and opening penalties (Larkin ez al.,
2007). Each alignment was scrutinized and manually aligned
using known catalytic residues (Kim & Rees, 1992; Peters
et al., 1995; Kaiser et al., 2011). ProTTEST (version 2.0)
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(Abascal et al., 2005) was used to select WAG+I+G+F as the
best-fit protein evolutionary model for individual Vnf/Ant/
NifDKEN and NifB protein sequences and to determine the
amino acid frequency (specified as ‘F’ in the model). The
phylogeny of each protein sequence was evaluated using
MgrBaves (version 3.1.2) (Huelsenbeck & Ronquist, 2001;
Ronquist & Huelsenbeck, 2003) using the WAG evolutionary
model with fixed (F) amino acid frequencies and gamma-
distributed rate variation with a proportion of invariable sites
(I+G). Tree topologies were sampled every 500 generations
over 1.0 x 10° generations (after a burnin of 1.0 x 10°) at
likelihood stationarity and after convergence of two separate
Markov chain Monte Carlo runs (average standard deviation
of split frequencies <0.05). Taxa with D, K, E and N protein
sequences that represented each of the primary lineages were
empirically selected (Table S2) and these sequences were sub-
jected to evolutionary analysis as described above (see Fig. S1
legend). A composite DKEN phylogram was constructed
using the WAG evolutionary model with fixed amino acid
frequencies (F) and gamma-distributed rate variation with a
proportion of invariable sites (I+G). Tree topologies were
sampled at likelihood stationarity as described above. The
unrooted phylogram with collapsed clades (Fig. 1) was
projected using TREgVIEW (version 1.6.6) (Page, 1996).
The radial phylogram (Fig. 2) was projected with FIGTREE
(version 1.2.2) (http://tree.bio.ed.ac.uk/UH). NifB protein
sequences from the taxa selected for the DKEN analysis were
compiled and subjected to evolutionary analysis as described
above, using the WAG+I+G+F substitution model. Tree
topologies were sampled at likelihood stationarity as described
above, and a consensus phylogram was projected using
FIGTREE. The orientation of nif regulons from Bradyrbizo-
biuwm japonicum and Burkholderia phymatum (Fig. 3B) has
been reversed to conserve space. The genomic context of
nitrogenase regulons was determined manually using the
IMG Gene Neighborhood viewer.

Composite Vnf/Anf/NifDKEN and BchNBYZ phylogenetic
analyses

Brastp was used to compile all BchNBYZ protein sequences
from genomic sequences using the DOE-IMG and the NCBI
Genome Blast servers in November of 2009 (Table S3). To
simplify the analysis, homologues of (bacterio)chlorophyll
biosynthesis proteins from eukarya were not considered in this
analysis since previous studies indicate eukaryote homologs
to be derived from bacterial sequences (Xiong et al., 2000).
Sequence alignment, evolutionary model selection and
phylogenetic analyses were performed as described above.
Taxa representing the primary lineages for each individual
BchNBYZ and Vnf/Anf/NifDKEN protein sequence were
used to construct a composite Vnf/Ant/NifDKEN/BchNBYZ
phylogram. The radial phylogram (Fig. S3) was projected
with FIGTREE.



224 E.S.BOYDetal.

3 1
3 .
S :
-3 % E
i Lk E
E > = 2 £ £
3 3 %L E 18 8 g 2 =
S © = b B = 5
% = T v O 2 n B
3 $ 343338 Bofff
2 % § 8 ¥ 2 2 B % » § B % g g
=3 B 3 3 3 B § 9 g 8 §5 %
=, 3 = 2 o @ 3 B F § £
. W %33 893 ES @ §d3F
% %% % Yy L33 RTR g EF FF g
W b3 1 =
Y h% R % B uegz2aznosges S &
Q‘z%‘%’a%ﬁi;<§ %z¥‘—" 5558 £ P
g % L% . & B3 s\ | 582558 77
B % W 2 o T e £ > a g g‘k
AR LERALEY 2z |23 g ifs Ff
%% h g2 L2 £ & F& g
%% %\ A 5 5@ A
S .
o 2 & P &£ F
3 1,%% %a. % L SE&FY Q"ﬁ—
I P E ¥, S & & A o
WK FE5d Fo ¢ o
%, » & éarfm\°¢'$\{='scﬁq$
%%” Py, B %-ﬁb@ §E8SFe P8 THF L0 o
Vo, 2 05 F58F FF L AL 5
Sy, s, o, g, 1, B STEF 20" F o S
a. O % 1891, N W’ft,eﬁy ‘-‘&.}\x“ L q“n {56& ﬁ#\‘ﬂu g““
-‘%% Yoy, oy, T, ¢ {’\?99 éﬁ'ﬁbf‘a ng@ e A a
Ty, CHRN oF o oF o A o
P NN NN gl P L
. (e} ' ] L =%
ey g, 0 Yy P o P
e, Vs Al A )
ey "%4-0’1&4@" A ot st )
en /)%"“Oo/% iy ﬂfﬂdﬁlrﬂd“‘f‘:qﬁs o
o i s P
" °c°co,,& "‘/\N@,’ £ ™ pok M,ﬂd o gn
"'78/;,, ""9/7,0 /%"SI”V L I_s._.'.-J'\ﬁlﬁ 40 W
My Aoy, oty SN g sapor®
o ’/75000@/3/,/&0/” S ’7‘;’3/ pgo™ Iaw,ur"'l
/?/700, /75/70000 osl,e,, 946H
do,” CYs ’"a;,b ﬂ/e//}.ss/v/,k
20tobgg. 5175 el 52 MK c
M"”’anos G’Wh"/a”m;- A00g Vn,;’(k ce(infFusa(O\l\'\(E
ot 2 aCofjyg,.. VOP cina 8 yeri WE
an R Vi, sarcla pa 5\
0sal an, K no a bal 55!
Clost ina b, sCzAAn Methanocarcin erleM €
Ostricliupm 4, S| Fusa’oAnfl'z( %igﬁr‘;iumrﬁ%)'{‘\i/s ng?;iy:ranS TN
Azotobacter yipg. - M 555 Anfic 7 nabaena Ve arcina 8C8IC oo VN
elandii AVOP angic I Mhnosarcina barker o413 vofN
a
R. rubrum ATCC 11170 Anfi [ e Kluyveri DSM 555 VnfN
R. palustris CGA009 AnfK. nabaena varinhilis 20413 NED
Clostridium kiuyveri DSM 555 VnfK ——y Cyanothecy ATCC 51142 N#D
Anabaeria Vaﬁal:z;-i%‘;l?ov\?r'r K ¥ ! g“m:;;::;\’ggms DSM 1740 Mt
Me"’a"osar?mabz:ivoransCZAV"ﬁ 09“5“‘3“»:‘35 gfwm"“"“’m'c. < 23270 Mirp
Methanosarcind acM th rmau\""g:s vann"":'s 52 NP ;ﬁ"%ﬁwmw oolans Nip
f 008 aripaly ks Oy i §
Methan®® < marip@ o . 0 Wiy
c I ¥ ol Wit 4
Meihanocovoransczoﬁ‘«oko %“mm o g TeAsy L]
10 \) ) ] Ti
20000 e sa e Rty » i . Mags
than' arc” 2 3#61!05“609%‘:\\0 ! “ %W%%%;dec g
(i et O plo 0 2 M Mg e |, T
0052 " WYY i OCPNTDG OGN 7S B 60 i e T P Niiry
Me(ha U™ st o ORSSRUNG Ca g, tigg, "
\os\"onas P:‘m P'SO“ o P:c,egoqg,‘a:{\‘f%) q}} %&@m‘m‘s 201 g, 0
T A S R —_ % N
40" WO el S ey O A ey 2
g0 ot o o ST 08 NN A T
o 0 o a‘\,\:»ﬂ\\e‘_\d;\\\ < QOQV\;‘??\‘\(‘/ %s%a & %Q%a iy 20 Vi
-4 p© ¥ o “,‘,c.\ PR @ o(o(‘\\fp N XS P% b,
B J07 0 (@ P P P S B3 iy g, oy, M
o 10 o 0 (@ @ &@og\o PO A %O r L
@ OO LS %
W ELE 6 "%‘ LA AN, q“"‘z:"’?’é-ﬂ ‘g, Y
“‘0\‘\@09@‘}0,‘,00&@'&50'#“}’ _‘ggéi_‘: ww \ %% vg,"%’%# ; 13‘%@:%
o ) - | 3 RS
& %cf@%a’ £ f¥scibuganly E”%%%%Ji@% %‘g%..{’ Yy
9 2 E - B =4 o =
v F S OS5 5T d R ERRRRRR R L LY %,
SIS TR SRR R R AR A R M N
F S 2 -
@'29@‘0”‘\@, § é_'gzt‘igﬂ%-%é% ) kY % Y
8¢ FITHEHITIITRTRY
é}s’f Egez=Piro3e31T4%Y %
Sresf 83%ER einiss ;
g PP P23RR5%T 0% B NifB1 taxa
FEEYF 38:2x% 382l NifB2 t
£ 33 E:33v2%2% w% MNifB2taxa
£§ Fdedg R" 2332%%
5] § L] L T "'5&
w

Fig. 2 Bayesian consensus phylogenetic tree of Nif/Vnf/AnfD, K, E, and N proteins from 40 taxa that represent the primary lineages for each of the four proteins

PP. Nodes with <50% PP were collapsed; bar equals 6 substitutions per 10 sequence positions.

Black circles at nodes denote >90% posterior probability (PP), grey circles at nodes denote >80% PP, open circles denote >70% PP, and no symbol denotes 50-70%

Evolutionary rates analysis

Estimated rates of substitution were converted to absolute

ages for individual crown clades using three independent

approaches including a data-driven penalized-likelihood (PL)
approach that allows for rate variation along branches of the
phylogenetic tree (Sanderson, 2002), a molecular clock type
approach that assumes a constant rate of evolution (Sander-

© 2011 Blackwell Publishing Ltd
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Fig. 3 (A) Phylogenetic tree of the radical SAM domain of NifB from 30 taxa that contain NifHDKEN rooted with the molybdenum biosynthesis protein (MoaA). Taxa
were selected to represent the major lineages of NifB. Lineages highlighted in blue denote taxa with NifB proteins which contain only the SAM domain and lineages
highlighted in red denote fused ‘SAM-NifX' proteins. Black circles at nodes denote >90% posterior probability (PP), grey circles at nodes denote >80% PP, open
circles denote >70% PP, and no symbol denotes 50-70% PP. Nodes with <50% PP were collapsed; bar equals 1 substitution per 10 sequence positions. (B) Genetic
structure of the nif regulons for taxa presented in phylogenetic tree. A gene locus colour key is indicated at the top of the panel and an illustration of the NifB—NifX
fusion event s inset. The orientation of nif regulons from Bradyrhizobium japonicum and Burkholderia phymatum has been reversed to conserve space.

son, 2004), and a nonparametric (NP) approach that seeks to
minimize ancestor to descendent local rate changes (Sander-
son, 1997), as implemented in version 1.71 of the program
Rr8s (Sanderson, 2002). The ‘VnfEN’ lineage was used to root
the tree. “VnfEN’ was chosen as it is present in both archaea
and bacteria, it branches near the base of the tree. While the
limitations of rate smoothing and molecular clock approaches
including the non-clocklike behaviour of proteins (Pagel,
1999) and the bias towards overestimation of evolutionary
time scales (Rodriguez-Trelles ez al., 2002) are acknowledged
and appreciated, we have used a number of rate smoothing
approaches (see above) as well as a range of forced time con-
straints to accommodate the various lines of evidence for the
emergence of LUCA (root age constraint) and for the emer-
gence of oxygenic photosynthesis (oxygenic photosynthesis
age constraint). The various time constraints utilized include a
fixed root age of either 3.5 or 3.8 Ga and a fixed age for the
emergence of oxygenic photosynthetic lineage of 2.5 or
2.8 Ga. A root age of 3.8 Ga was chosen as isotopic evidence
suggests that LUCA may have emerged around this time
(Mojzsis et al., 1996; Parsons et al., 1998). However, evi-
dence in support of this date for the first life has been debated,
and microfossil evidence substantiating this early calibration
date has yet to be identified. Thus, a second calibration point
of 3.5 Ga based on the earliest documented microfossil

© 2011 Blackwell Publishing Ltd

evidence for life on Earth (Schopf, 1992) was also included in
the rate estimates. The age of the nodes demarcating the
divergence of oxygenic and anoxygenic phototrophic lineages
in the earliest branching of the two subclusters (C1) in each of
the BchN and B lineages was calibrated to a conservative age
of 2.5 Ga to reflect the timing of the Great Oxidation Event
(GOE) (Canfield et al., 2000; Holland, 2002; Anbar et al.,
2007; Kaufman et al.,, 2007; Godfrey & Falkowski, 2009;
Reinhard et al., 2009; Kendall ez al., 2010) as well as a cali-
bration point of 2.8 Ga to accommodate additional evidence
indicating that oxygenic phototrophs may have evolved by
this time (Summons et al., 1999; Brocks et al., 2003; Eigen-
brode ¢t al.,2008). Given that BchNB proteins from oxygenic
phototrophs are nested among BchNB proteins derived from
anoxygenic phototrophs in three of the four BchNB subclus-
ters (Fig. S1), it is unlikely that mass extinction of oxygenic
phototrophs has occurred. Thus, the crown clade ages in the
carliest branching C1 subcluster of BchN and BchB reflect the
minimum age estimates of the lineages and not just the extant
diversification. Importantly, each rate smoothing method
(PL, molecular clock, NP) yielded similar estimated age mean
and variances. Since derivations of age estimates from substi-
tution rates centre on rate inconstancy, the fact that the three
independent methods produce similar results signals that the
sequences are evolving closer to rate constancy. Thus, only
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the results of the PL method are presented, as this is a data-
driven method and the least subjective estimation of substitu-
tion rates. The PL rate-smoothed chronogram (Fig. S3) was
projected with FIGTREE.

RESULTS AND DISCUSSION

Origin of Nif

Nitrogenase regulons containing D, K, E and N homologues
were identified in the genomes of the methanogenic archaea
and a variety of bacteria (Fig. 1B). Importantly, homologues
of one or more of these loci are absent from many lineages of
the archaea (Crenarchaen, Korarchaea and Nanoarchaen) and
carly branching members of the bacteria (Thermotogae and
Deinococcus/ Thermus) (Fig. 1B). Among the bacteria, the
deepest branching bacterial lineage with evidence of homo-
logues of nitrogenase occurred in Thermocrinis albus DSM
14484 (Agquificae) (Fig. 1B), although these regulons were
incomplete [homologues of nifD, K and N only (Table S1)]
and the branching order of individual proteins suggests that
nifwas acquired in 7. albus by LGT with either a firmicute or
a proteobacterium (data not shown). The distribution of anf
and vnfoperons in genome sequences was far more restricted
than for nif. Anf operons encoding for DK were identified in
the genomes of several bacterial and methanogen genomes
that also encoded for Nif (Table S1), a finding that is consis-
tent with the requirement for either zif~encoded E and N ho-
mologues as scaffolds in the synthesis of an active Anf
nitrogenase (Wolfinger & Bishop, 1991; Rubio & Ludden,
2005, 2008). Likewise, »nfregulons were identified in several
bacterial and methanogen genomes that also encoded for nif
(Table S1).

The individual D, K, E and N protein sequence clusters
provide a root for each other in evolutionary reconstructions
(Baldauf ez al., 1996), as genes encoding D, K, E and N
proteins resulted from gene duplication (Brigle ez al., 1987,
Fani et al., 2000; Raymond ez al., 2004; Soboh et al.,2010).
To further evaluate if Mo-nitrogenase was associated with
LUCA or if it emerged following the split between bacteria
and archaea, we reconstructed the evolutionary history of
DKEN protein sequences and examined the branching order
of archaeal and bacterial homologues for each individual
sequence. The DKEN phylogram revealed distinct and well-
supported lineages that generally corresponded to the metal
content of the constituent proteins (Figs 1C and 2). Impor-
tantly, NifD protein sequences are paraphyletic with respect
to NifE, with one lineage containing only archaeal sequen-
ces and the other containing both archaeal and bacterial
sequences. Similar to NifD protein sequences, NifK sequences
are paraphyletic with respect to NifN, with one lineage
containing only archaeal sequences and the other with both
archaeal and bacterial sequences. The NifE and NifN lineages
are each monophyletic and nested within NifD and NifK

lineages respectively (Figs 1C and 2). This is indicative of a
duplication of a nifDK ancestor yielding #ifEN, which is
consistent with inferences drawn from previous phylogenetic
studies of these protein sequences (Fani ez al., 2000; Soboh
et al., 2010). The phylogenetic evidence from these studies,
which collective indicate that #ifDK duplicated to nifEN, is
counter to recent conjectures put forth based on biochemical
data suggesting that NifEN might predate NifDK, or at the
very least co-evolved with NifDK (Hu et al., 2009, 2010).
The finding that NifEN homologues are nested within
Anf/Vnt/NifDK homologues provides strong support for an
evolutionary scenario where the duplication of an ancestor
of nif DK to nifEN enabled the further maturation of a
FeMo-co precursor (e.g. NifB-co), resulting in a reductase
with biochemical reactivity that was superior to the reductase
synthesized in the absence of NifEN. These observations,
coupled with the finding that NifEN from archaea and
bacteria are not reciprocally monophyletic, provide strong
support for the hypothesis that Mo-nitrogenase (as defined
by the presence of #ifEN) was not present in LUCA, and
implicates a role for LGT in acquisition of ##fin the bacterial
domain (discussed below).

In individual NifD, NifK, NifE and NifN lineages, metha-
nogens of the order Methanococcales (Methanococcus mari-
paludis and Methanococcus vannielli; denoted by Mc) and
Methanobacterinles (Methanothermobacter thermonutotrtophi-
cus, denoted by Mb) form distinct groups that diverged before
all other Nif proteins, including those from the Methanosarci-
nales (Methanosarcina barkeri and Methanosarcina acetivo-
rans, denoted by Ms) (Figs 1C and 2). This finding is
consistent with phylogenetic analysis of other methanogen
genes including 74fH and 16S rRNA genes, where genes from
members of the Methancoccalesand Methanobacteriales, which
utilize H, to reduce CO, to CHy, branch ecarlier than the
metabolically more versatile Methanosarcinales (Boone et al.,
1993; Raymond et al., 2004; Thauer ez al., 2008). The topol-
ogy of NifD and NifK lineages, where Methanococcales/ Met-
hanobacteriales and Methanosarcinales/bacterial sequences are
paraphyletic with respect to NifE and NifN, suggests that the
duplication of #ifDK resulting in #ifEN probably occurred in
an ancestor of the hydrogenotrophic methanogens. Two
primary lineages of bacterial NifDKEN are apparent in the
phylogenetic reconstruction (denoted as NifB1 and NifB2 in
Figs 1C and 2). Bacterial proteins that form NifB1 are from
strictly anaerobic taxa (Firmicutes, Proteobacteria, green non-
sulphur bacteria and green sulphur bacteria) and these form a
sister clade to proteins from the Methanosarcinales in each
NifDKE lineage, but interestingly are paraphyletic with
respect to Methanosarcinales Nif-N sequences. The NifB2
cluster comprised sequences from both aerobic and anaerobic
taxa, including those from the strict anacrobes Heliobacterinm
modesticaldum and  Desulfitobacterium  hafniense  which
consistently branch at the base of individual Nif B2 DKEN
lineages (Figs 1C and 2). Together, these observations
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suggest a role for LGT event(s) in the acquisition of Nif in
bacteria, most likely involving an ancestral methanogen and
an ancestral member of the Firmicutes. This interpretation is
consistent with the close spatial proximity noted between
members of the Methanosarcinales and Firmicutes in a variety
of extant anoxic environments (Stams, 1994 ) and with a num-
ber of reports of LGT events involving individual genes or
entire metabolic pathways between these two anaerobic lin-
cages (Beiko et al., 2005; Fournier & Gogarten, 2008). An
origin for Mo-nitrogenase in strictly anaerobic and hydro-
genotrophic methanogens (Boone ¢t a/., 1993; Thauer et al.,
2008), and the early proliferation of 74fin anaerobic bacteria
is consistent with the extreme oxygen sensitivity of the nitro-
genase complex (Rubio & Ludden, 2008).

To further investigate the likelihood of an archaeal origin
for Mo-dependent biological nitrogen fixation, we examined
the phylogeny and genetic structure of NifB from taxa that
contain the full complement of NiftHDKEN, since like 7néf-
HEN, the nifB gene product is essential for the biosynthesis
of FeMo-co (Shah ez al., 1994; Christiansen et al., 1998; Cu-
ratti et al., 2006). Alignment of NifB sequences revealed that
methanogenic archaea universally lack the C-terminal ‘NifX’
domain (data not shown). The phylogenetic distribution of
NifB sequences containing only the SAM domain (lack the
fused C-terminal ‘NifX” domain) amongst bacteria was spo-
radic, with only a few anaerobes within the Firmicutes, Chloro-
flexi and Proteobacterin sharing this genotype. Phylogenetic
reconstruction of the SAM domain of these sequences indi-
cated that all NifB sequences lacking the NifX domain
diverged very early with respect to those containing the fused
SAM and NifX domains (Fig. 3A). Importantly, NifB
sequences from both Methanococcales and Methanobacterinles
formed well-supported and early branching lineages, indicat-
ing that they evolved early with respect to NifB from the Meth-
anosavcinales and Bacteria. NifB from a number of Firmicutes
formed a sister group with NifB from the Methanosarcinales,
providing additional support for LGT in the acquisition of 7if
in the bacteria via an interaction between an ancestral member
of the Firmicutesand an ancestral member of the Methansarci-
nales.

The genetic structure of néf regulons that contained 7:fB
genes encoding for fused ‘SAM-NifX’ domains was then
compared with those that contained 74fB genes encoding for
only the SAM domain. In contrast to #if regulons from ge-
nomes of organisms containing genes encoding for fused
NifB-NifX proteins, the gene order is generally more con-
served in organisms containing the early branching NifB
sequences lacking the ‘NifX* fusion domain (Fig. 3B). The
synteny of nif regulons from a diversity of methanogenic ge-
nomes is consistent with the hypothesis that Mo-nitrogenase
emerged in the hydrogenotrophic methanogen lineage.
Moreover, the lack of the fused NifB-NifX in anacrobic mem-
bers of the Firmicutes, as well as similar operon structures in
these organisms supports the hypothesis that #4f'was acquired
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in the bacterial domain via LGT from a methanogen to a fir-
micute [for further discussion of the proliferation of »nif genes
in bacteria, we refer readers to the comprehensive works of
Raymond et al. (2004) and more recently by Hartmann &
Barnum (2010)].

Evolutionary relationship between Nif, Anf and Vnf
nitrogenase

While the primary goal of this study was to investigate the
origin of the Mo-dependent nitrogenase, the data also provide
insight into the evolutionary relationships between the various
forms of nitrogenase. The genes encoding the structural
proteins (HDK) for each of the three forms of nitrogenase
share high levels of sequence identity, suggesting derivation
from a single ancestral nitrogenase (Kessler er al, 1997,
Leigh, 2000; Raymond et al., 2004). NifD proteins from
methanogens of the order Methanococcales and Methanobacte-
rinles form a very early branching group that along with AnfD
and VnfD, form a lineage that branches distinctly from bacte-
rial and Methanosarcinales NifD. This phylogenetic relation-
ship is nearly mirrored in the paralogous ecarliest K/N
branching lineages where Vnf/AnfK proteins form a separate
lineage that branches distinctly from the Methanococcales and
Methanobacteriales NifK lineage. Evidence that VnfD diversi-
fied before AnfD is seen in the deeper crown clade of VntD
when compared to AnfD, which is mirrored in the paralogous
carliest K/N branching lineage, where the well-supported
AnfK clade is nested within a more diverse VnfK group. This
observation may indicate that AnfDK results from an in-
tandem duplication of VnfDK. This interpretation is bolstered
by the low posterior probability supporting the Vnf/AnfK,
which is evidence that the three sublineages could just as well
form a grade at the base of the K/N lineage (Figs 1C and 2),
where VnfK is resolved paraphyletic in contrast to the mono-
phyletic AnfK.

The fact that Anf/VnfK did not form a coherent lineage
with ‘Me/Mb NitK sequences such as that observed in the
well-supported Ant/Vnt/*Mce/ME NifD lineage was surpris-
ing (Figs 1C and 2), considering that the evolutionary history
of Anf/Vnf/NifD and Anf/Vnf/NifK would be expected to be
congruent considering that they together form the structural
component of nitrogenase (Eady, 1996; Rubio & Ludden,
2008) and would be expected to be selected for in concert.
However, support for the node at the base of the Anf/VnfK
lineage is low (posterior probability = 91) and empirical stud-
ies have shown that nodes with posterior probabilities of <95
can be prone to type I phylogenetic errors (Erixon er al.,
2003). Thus, it is possible that phylogenetic studies that
include additional Anf/Vnf/NifDK sequences which become
available in future genome sequencing projects will improve
the phylogenetic resolution within this lineage which in turn,
may reconcile the differences in branching order between the
poorly supported Anf/Vnt/“Mc/Mb NifK sublineages, when
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compared to the well-supported Anf/Vnt/“ Mc/ M NifD sub-
lineages.

The “VnfEN’ lineage, which comprises two constituent and
divergent sub-lineages, branches near the root of the DKEN
phylogram (Fig. 1C), suggesting these proteins to have
diverged very early with respect to Vnf/Anf/NifKEN proteins.
Intriguingly, the divergent ‘VnfN’ protein from Anabaena
variabilis was shown to be required for the function of Vnf
nitrogenase (Thiel, 1996). Although it is not known if “VnfN’
performs an analogous scaffold role like NifN, it is important
to note that NifN did not complement for the mutant
A. variabilis strain lacking ‘VnfN’ (Thiel, 1996). This is in
contrast to reports in Azotobacter vinelandii, which indicate
that NifEN can complement when vafEN are inactivated
(Wolfinger & Bishop, 1991), a finding that is consistent with
the fact that vufEN in A. vinelandii is the result of a recent
gene duplication of #nifEN (Fig. 2).

Temporal relationship between the emergence of Nif and
oxygenic photosynthesis

It has been previously suggested that Mo-nitrogenase prolif-
erated in response to a rise in marine Mo concentrations that
accompanied the GOE (Anbar & Knoll, 2002). However, it
remains unclear if the Mo-nitrogenase evolved after the GOE
and the increased availability of Mo, or if it emerged prior to
the GOE when Mo is thought to have been in limited supply
(Anbar et al.,2007). To examine the timing of the emergence
of Nif in the genomic record relative to the timing of the
GOE and the rise of Mo availability in the geologic record, we
investigated the evolutionary relationships between proteins
involved in nitrogenase and bacteriochlorophyll (Bch) biosyn-
thesis. If Mo-nitrogenase did in fact emerge as a result of
widespread environmental oxygenation, then one would
expect that the timing of the duplication event that yielded
nifEN and the ability to incorporate Mo into the Nif active
site cofactor would postdate the divergence of oxygenic and
anoxygenic phototrophs in a phylogram containing Vnf/
Anf/NifDKEN and BchNBYZ. Alternatively, if Mo-nitroge-
nase originated prior to the emergence of oxygenic photosyn-
thesis and the potential for widespread environmental
oxygenation, then the duplication event that yielded #ifEN
would predate the divergence of oxygenic and anoxygenic
phototrophs in this phylogram.

To evaluate the relative plausibility of these two scenarios,
we reconstructed the evolutionary history of representative
Vnf/Ant/Nif DKEN and BchNBYZ. The Vnf/Anf/NitDKEN
and BchNBYZ phylogram reveals well-supported and distinct
sublineages that, with the exception of ‘VnfEN’, cluster
within either the nitrogenase or Bch stem lineages of the tree
(Figs 4, S2 and S3). “VnfEN’ proteins branch near the root of
the tree and between the nodes demarcating the nitrogenase
and Bch lineage (Figs 4, S2 and S3), indicating that these
proteins emerged very early with respect to proteins required
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BchB1
BchB2
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BchN2
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Fig. 4 Penalized-likelihood rate-smoothed chronogram of representative
sequences for Vnf/Anf/NifDKEN and BchNBYZ rooted with representatives
from the VnfEN lineage. Nitrogenase and Bch protein lineages are shaded in
grey and black respectively. An uncollapsed version of the rate-smoothed
chronogram is presented in Fig. S3.

for Mo-nitrogenase and photosynthesis. Two sublineages
are present in both BchN and BchB clades (Figs 4, S2 and
$3), all of which contain proteins derived from oxygenic and
anoxygenic phototrophs (Fig. §3). In each of the four BchNB
subclusters, proteins from anoxygenic phototrophs branch
early with respect to oxygenic phototrophs, a finding that is
consistent with other analyses of proteins involved in photo-
synthesis (Burke ez al.,1993; Xiong ez al., 2000).

To compare the ages of the four crown clades relevant
to our question on the origin of Mo-nitrogenase (i.c.
Vnt/Ant/NitDE, Vnf/Anf/NifKN, BchN and BchB), the
phylogram was rate smoothed using three independent
approaches. All three rate estimation approaches (PL, rate
constancy and NP) yielded similar age estimates. Since deriva-
tions of age estimates from substitution rates centres on rate
inconstancy, the fact that the three independent methods pro-
duce similar age estimates signals that the sequences are evolv-
ing closer to rate constancy. Using the PL algorithm with the
root age set to 3.5 Ga and the age of the emergence of
oxygenic photosynthesis set to 2.5 Ga, the estimated age of
the Anf/Vnf/NifDE crown clade was 2.07 + 0.10 Ga and the
estimated age of the Vnf/Anf/NifKN crown clade was
1.84 + 0.20 Ga (Fig. 4, Table 1). The estimated age of the
NifDE crown clade (2.07 + 0.10 Ga) and the NifKN crown
clade (1.84 + 0.20 Ga) was similar, providing further support
for an in-tandem duplication of #ifDK to nifEN at approxi-
mately 1.8-2.1 Ga using these specific time constraints.
Importantly, additional computations using various other
time constraints did not result in significant differences in the
age estimates for nitrogenase crown clades (Table 1). For
example, when the root age was set to 3.8 Ga and the age of
the node demarcating the emergence of oxygenic photo-
synthesis was set to 2.8 Ga, the estimated age of the Anf/
Vnf/NifDE crown clade increased slightly to 2.11 + 0.07 Ga
and the estimated age of the Vnf/Anf/NifKN crown clade
increased slightly to 1.88 + 0.20 Ga, when compared to ages
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Table 1 Age estimates for nitrogenase crown clades as a function of varying
root and oxygenic (O,) photosynthesis fixed age constraints

Age constraints (Ga) Nitrogenase crown clade ages (Ga)

Root 0O, Anf/Vnf/ Anf/Vnf/ Anf/Vnf/
age photosynthesis NifDE NifkKN NifDKEN
3.80 2.50 2.07 £ 0.07 1.84 + 0.20 3.43 £ 0.10
3.80 2.80 2.11 £ 0.07 1.88 + 0.20 3.46 + 0.09
3.50 2.50 1.89 + 0.06 1.68 +0.18 3.10 £ 0.08
3.50 2.80 1.93 = 0.06 1.72 + 0.18 3.12 £ 0.08

determined when the root age was set to 3.8 Ga and the age
of the emergence of oxygenic photosynthesis was set to
2.5 Ga (Table 1). Similar observations were noted when
iterations were run with other time constraints (Table 1).
After incorporating the age estimates from all substitution rate
estimate iterations using the various time constraints, the
boundaries on the timing of the duplication of #ifDK to
nif EN can be estimated to be 1.5-2.2 Ga. When compared to
the inferred timing of the node demarcating the duplication
event that gave rise to the D and K lineages (crown clade
age of Anf/Vnf/NifDKEN) at approximately 3.0-3.5 Ga
(Table 1), this finding suggests that the duplication of nifDK
to nifEN at approximately 1.5-2.2 Ga resulting in an enzyme
complex (Mo-nitrogenase) that had superior properties to
that of ancestral Vnf/Anf/NifDK enzymes synthesized in
the absence of a scaffold complex (NifEN) as evinced by a
lengthy gap in the extant evolutionary record of DK from
approximately 3.0 to approximately 2.2 Ga (Fig. 4). Such an
observation is consistent with biochemical and genetic studies
which indicate that in the absence of the NifEN scaffold
complex, the NifB-co precursor cannot be further matured to
FeMo-co, resulting in a NifB-co/DK complex that could
catalyze the reduction of a wide range of substrates but likely
had poor reactivity towards N, (Curatti ez /., 2006; Rubio &
Ludden, 2008; Soboh ez al.,2010).

The ages of NifDE and NifKN clades are each estimated at
about 1.5-2.2 Ga, suggesting that the timing of the duplica-
tion of #ifDK to nifEN and the ability to incorporate Mo into
the nitrogenase co-factor just postdates the emergence of oxy-
genic photosynthesis at approximately 2.5-2.8 Ga (Canfield
et al., 2000; Holland, 2002; Anbar et al., 2007). An origin
for Mo-nitrogenase that follows the emergence of oxygenic
photosynthesis is consistent with the distribution of #ifD-
KEN in extant genomes and with phylogenetic reconstruc-
tions of NifDKEN, which collectively suggest that Nif evolved
relatively recently and after the split between bacteria and
archaea. Intriguingly, an emergence for Mo-nitrogenase at
approximately 1.5-2.2 Ga is consistent with the hypothesized
nitrogen crisis estimated at 2.2 Ga (Navarro-Gonzalez et al.,
2001). Likewise, this estimated origin for Mo-nitrogenase at
approximately 1.5-2.2 Ga is consistent with geochemical
measurements which indicate a rise in Mo concentrations in
the oceans just preceding this time approximately 2.5 Ga

© 2011 Blackwell Publishing Ltd

A late methanogen origin for Mo-nitrogenase 229

(Scott et al., 2008), presumably due to increased weathering
of continental sulphides in the presence of an increasingly oxi-
dizing environment. This rise may have begun sporadically
during the period 2.5-2.0 Ga, when Mo was clearly dissolved
in seawater although at concentrations generally a hundred-
fold or more lower than today (Anbar ez al, 2007). The
increase in Mo availability over this time frame, in response to
increasing oxygenation of the biosphere (Anbar et al., 2007,
Kaufman et al., 2007; Scott et al., 2008; Reinhard ez al.,
2009; Kendall ez al.,, 2010) could have provided the evolu-
tionary impetus to evolve the Mo-containing form of nitroge-
nase from ancestral enzymes that were unlikely to contain Mo
at their active site and that were likely to exhibit poor reactivity
towards N, (Curatti et al., 2006; Rubio & Ludden, 2008;
Soboh ez al.,2010).

However, while the phylogenetic data indicate that
Mo-nitrogenase probably evolved after the rise of O, and the
resulting increase in bioavailable Mo, the local microenviron-
ment where Mo-nitrogenase evolved and proliferated was
likely to be anoxic. This follows from the fact that the earliest
branching NifDKEN proteins were from hydrogenotrophic
methanogens which are obligate anacrobes (Boone ez al.,
1993; Thauer et al.,2008). But how could a nitrogenase with
Mo as a constituent of its active site cluster evolve and prolifer-
ate in an anoxic environment, given the insoluble nature of
Mo under reduced conditions which are presumed to charac-
terize any environment co-inhabited by hydrogenotrophic
methanogens and anaerobic Firmicutes: It is likely that this
proliferation occurred during the earliest stages of environ-
mental oxygenation, before the oceans became thoroughly
oxygenated and where Mo was at least episodically available
[e.g. anoxic, but non-sulphidic conditions (Helz et al.,
1996)]. A likely setting was a redox-stratified ocean basin, in
which mildly oxygenated Mo-containing surface waters over-
lay deeper waters that were depleted in O, and H,S, but
which may have been rich in the reductant Fe**. The dissolved
ferrous iron may have helped to maintain anoxic conditions at
ocean depth by reacting with O, (Weber et al., 2006; Slack
et al., 2007) that diffuses in from surface waters and or
reacting with H,S that may diffuse in from continental shelf
environments that may otherwise precipitate Mo, rendering
it unavailable to biology (Helz ¢z al., 1996). During the early
Proterozoic (¢. 1.5-2.2 Ga) when Mo-nitrogenase is thought
to have originated, evidence indicates that deep ocean waters
may have been depleted in SO4*~ and H,S, but were likely
rich in Fe**, especially in water column environments extend-
ing >100 km beyond the continental shelf (Poulton ez al.,
2010). In the absence of significant concentrations of SO4>~
(<60 pm), hydrogenotrophic methanogens can outcompete
sulphate-reducing bacteria (SRB) for the growth substrate H,
(Winfrey & Zeikus, 1977; Lovley & Klug, 1983). Therefore,
the effects of low concentrations of sulphate in a redox-strati-
fied ocean basin may have promoted the emergence of Mo-
nitrogenase within the hydrogenotrophic methanogens in



230 E.S.BOYDet al.

two ways. First, low concentrations of sulphate would favour
the activity of hydrogenotrophic methanogens at the expense
of SRB, due to competition for the growth substrate H,
(Winfrey & Zeikus, 1977; Lovley & Klug, 1983). Secondly,
the decreased SRB activity would preclude significant contri-
butions of biologically sourced H,S capable of precipitating
episodic flux of Mo from overlaying waters (Helz ez al.,
1996), which together would create a niche that would pre-
sumably have been prime for hydrogenotrophic methanogens
to persist and evolve Mo-nitrogenase.

CONCLUSIONS

In the present study, we focused on key events (e.g. gene
duplications, gene fusions) in the evolution of proteins that
are required to biosynthesize the FeMo active site co-factor
of Mo-nitrogenase to generate new insight into the evolution
of biological nitrogen fixation and its temporal relationship
with the evolution of oxygenic photosynthesis. Phylogenetic
reconstruction of Anf/Vnf/NifDKEN sequences indicates
that NifEN are nested among NifDK sequences, suggesting
that #ifDK duplicated and gave rise to #4fEN. This observa-
tion, coupled with the finding that NifEN from archaea and
bacteria are not reciprocally monophyletic, provide strong
support for the hypothesis that Mo-nitrogenase was not pres-
ent in LUCA and that it is a relatively recent evolutionary
innovation. The phylogenetic branching order of NifDKEN
protein sequences indicates that the duplication of #ifDK to
nifEN, and the ability to further mature NifB-co to FeMo-co,
most likely occurred in an ancestor of the hydrogenotrophic
methanogens, with acquisition in the bacterial domain via
LGT between an ancestor of the methanogenic archaea and
an ancestor of the Firmicutes. A comparison of substitution
rates in Anf/Vnf/NifDKEN protein sequences and substitu-
tion rates of BchNBYZ protein sequences suggests that Nif
emerged approximately 1.5-2.2 Ga, after the origin of oxy-
genic photosynthesis and the widespread oxygenation of the
biosphere. Given the anaerobic physiologies of members of
the methanogenic archaea and the Firmicutes, it is likely that
the origin and early proliferation of Nif occurred in an anoxic
environment where Mo is at least episodically available. A
likely setting was a redox-stratified ocean basin, in which
mildly oxygenated Mo-containing surface waters overlay
waters that were depleted in O, and H,S; conditions which
are thought to have been common during the early Protero-
zoic in marine environments extending >100 km from the
palacoshoreline (Kendall ez 2/, 2010; Poulton ez al., 2010).
This redox-stratified ocean basin would presumably facilitate
episodic flux of Mo into deeper anoxic waters where hydro-
genotrophic methanogens thrived at a time when abiotic
sources of fixed N are thought to have become limiting
(Navarro-Gonzalez et al., 2001), creating the complex set of
conditions that may have precipitated the innovation of
Mo-nitrogenase.
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