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Iron Hydrogenases and the Evolution of Anaerobic Eukaryotes
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Hydrogenases, oxygen-sensitive enzymes that can make hydrogen gas, are key to the function of hydrogen-produc-
ing organelles (hydrogenosomes), which occur in anaerobic protozoa scattered throughout the eukaryotic tree. Hy-
drogenases also play a central role in the hydrogen and syntrophic hypotheses for eukaryogenesis. Here, we show
that sequences related to iron-only hydrogenases ([Fe] hydrogenases) are more widely distributed among eukaryotes
than reports of hydrogen production have suggested. Genes encoding small proteins which contain conserved struc-
tural features unique to [Fe] hydrogenases were identified on all well-surveyed aerobic eukaryote genomes. Longer
sequences encoding [Fe] hydrogenases also occur in the anaerobic eukaryotes Entamoeba histolytica and Spiro-
nucleus barkhanus, both of which lack hydrogenosomes. We also identified a new [Fe] hydrogenase sequence from
Trichomonas vaginalis, bringing the total of [Fe] hydrogenases reported for this organism to three, all of which
may function within its hydrogenosomes. Phylogenetic analysis and hypothesis testing using likelihood ratio tests
and parametric bootstrapping suggest that the [Fe] hydrogenases in anaerobic eukaryotes are not monophyletic.
Iron-only hydrogenases from Entamoeba, Spironucleus, and Trichomonas are plausibly monophyletic, consistent
with the hypothesis that a gene for [Fe] hydrogenase was already present on the genome of the common, perhaps
also anaerobic, ancestor of these phylogenetically distinct eukaryotes. Trees where the [Fe] hydrogenase from the
hydrogenosomal ciliate Nyctotherus was constrained to be monophyletic with the other eukaryote sequences were
rejected using a likelihood ratio test of monophyly. In most analyses, the Nyctotherus sequence formed a sister
group with a [Fe] hydrogenase on the genome of the eubacterium Desulfovibrio vulgaris. Thus, it is possible that
Nyctotherus obtained its hydrogenosomal [Fe] hydrogenase from a different source from Trichomonas for its hy-
drogenosomes. We find no support for the hypothesis that components of the Nyctotherus [Fe] hydrogenase fusion
protein derive from the mitochondrial respiratory chain.

Introduction

Reports of eukaryotic hydrogen production are lim-
ited to the plastids of some green algae (Happe and Na-
ber 1993; Happe, Mosler, and Naber 1994) and to or-
ganelles found in certain protists which live in low-ox-
ygen habitats (Müller 1993). These anaerobic, or, per-
haps more accurately in some cases, microaerophilic,
protists (for simplicity, we use the term ‘‘anaerobic’’
here throughout, but see Lloyd [1996] for a discussion
of this point) include parabasalids such as Trichomonas
vaginalis, some ciliates, and some chytrid fungi. These
protists lack functional mitochondria but contain spe-
cialized redox organelles called hydrogenosomes which
metabolize pyruvate using pyruvate : ferredoxin oxido-
reductase (PFO), and produce hydrogen through the ac-
tivity of hydrogenase (Steinbuchel and Müller 1986;
Müller 1993). Hydrogenosome-containing protists do
not form a monophyletic group but constitute separate
lineages, some of which (e.g.,ciliates and chytrid fungi)
are embedded among aerobic mitochondria-containing
eukaryotes (Dore and Stahl 1991; Embley et al. 1995).
Thus, hydrogenosomes in contemporary protists have
been derived independently and it is this extraordinary
capacity of eukaryotes to repeatedly evolve hydrogen-
producing organelles which needs to be explained.

Abbreviations: HC, hydrogenase catalytic FeS cluster; PFO, py-
ruvate : ferredoxin oxidoreductase.

Key words: hydrogenase, hydrogenosomes, eukaryote origins,
Entamoeba, Spironucleus, Trichomonas.
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The issue of hydrogenosome evolution can be bro-
ken into two parts: one relating to the origin(s) of the
organelle (here meaning the cell compartment) and one
relating to the origin(s) of its distinctive biochemistry.
As discussed previously (Müller 1993; Embley, Horner,
and Hirt 1997), it is not necessary that all taxa have
evolved hydrogenosomes in the same way, nor that or-
ganelle and biochemistry share a common origin. How-
ever, published data for hydrogenosomes in trichomo-
nads, ciliates, and chytrid fungi are consistent with them
sharing common ancestry with mitochondria (Benchi-
mol, Durand, and Almeida 1997; Bradley et al. 1997;
Embley, Horner, and Hirt 1997; van der Giezen et al.
1997a, 1997b, 1998; Akhmanova et al. 1998; Plümper,
Bradley, and Johnson 1998). This immediately poses the
question of the origins of the hydrogenosomal enzymes,
particularly PFO and hydrogenase.

A number of alternative hypotheses for the origins
of hydrogenosomal biochemistry have been proposed.
For example, in the hydrogen hypothesis for the origin
of eukaryotic cells, the common eubacterial ancestor of
mitochondria and hydrogenosomes brought with it all of
the components of ‘‘hydrogenosomal’’ metabolism, in-
cluding PFO and hydrogenase (Martin and Müller
1998). The hydrogen hypothesis can thus be interpreted
to infer a single common origin from an a-proteobac-
terium for both of these enzymes in different eukaryotes.
In contrast, the syntrophic hypothesis posits an ancestral
d-proteobacterium as the hydrogen-evolving partner in-
volved in eukaryogenesis (Moreira and Lopez-Garcia
1998). If the genes for these proteins were transferred
to the host genome and retained after the initial selective
pressure for hydrogen production was removed, then we
could in principle test these inferences through phylo-
genetic analysis of PFO and hydrogenases from contem-
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porary eukaryotes (Embley and Martin 1998). Thus, in
the simplest formulation of this scenario, each gene
should trace its ancestry to the same single source re-
lated to either the a- or the d-proteobacteria. Interest-
ingly, recent analyses suggest that PFO from phyloge-
netically diverse anaerobic protists is monophyletic and
was therefore likely present in the common ancestor of
eukaryotes, having been retained in some lineages since
then (Horner, Hirt, and Embley 1999). However, these
same analyses were unable to infer a specific eubacterial
sister group for eukaryotic PFO, and thus they provide
no support for the predicted relationships of either the
hydrogen or the syntrophic hypothesis for this particular
enzyme.

Shortly after hydrogenosomes were discovered by
Lindmark and Müller (1973), it was suggested that, be-
cause of biochemical similarities in hydrogen produc-
tion, Trichomonas hydrogenosomes might have derived
from strictly anaerobic endosymbiotic clostridia-like
prokaryotes (Whatley, John, and Whatley 1979; Müller
1980). However, recent data are more consistent with
the hydrogenosome organelle in Trichomonas sharing a
common origin with mitochondria (Bui, Bradley, and
Johnson 1996; Germot, Philippe, and Guyader 1996;
Horner et al. 1996; Roger, Clark, and Doolittle 1996;
Bradley et al. 1997; Plümper, Bradley, and Johnson
1998). Nonetheless, as mentioned above, a common or-
igin with mitochondria need not preclude horizontal
gene transfers from clostridia or other prokaryote(s) as
a source of some hydrogenosome enzymes. Analyses of
PFO do not provide support for a clostridial ancestry for
eukaryote enzymes (Rosenthal et al. 1997; Horner, Hirt,
and Embley 1999). However, two genes encoding iron-
only ([Fe]) hydrogenases of about 50 kDa were recently
reported for T. vaginalis (Bui and Johnson 1996), and
these are similar to [Fe] hydrogenases found typically
in obligate anaerobic prokaryotes including clostridia
and sulphate-reducing bacteria. Interestingly, there is
also a report in the literature describing a partially pu-
rified 64-kDa [Fe] hydrogenase from T. vaginalis
(Payne, Chapman, and Cammack 1993).

The other eukaryote hydrogenase for which there
is currently a complete gene sequence comes from Nyc-
totherus ovalis, an anaerobic ciliate which contains hy-
drogenosomes (Akhmanova et al. 1998). The gene en-
codes a putative fusion protein comprising a complete
coding sequence for a 64-kDa [Fe] hydrogenase joined
at its carboxyl terminus to two domains which share
sequence similarity with the 24-kDa and 51-kDa sub-
units of mitochondrial complex I, respectively (Akh-
manova et al. 1998). The addition of this carboxyl ter-
minus may allow the fusion protein to use NAD(P) as
an electron carrier (Akhmanova et al. 1998) rather than
ferredoxins, as reported for the Trichomonas [Fe] hy-
drogenase(s) (Müller 1993). Akhmanova et al. (1998)
listed a number of possible evolutionary origins for the
Nyctotherus hydrogenase gene or its component parts,
including lateral transfer from unknown prokaryotes
and/or inheritance from the common ancestor of mito-
chondria and hydrogenosomes (Martin and Müller
1998). More recently, it has been suggested that the Nyc-

totherus hydrogenase was assembled from mitochondri-
al genes for complex I fused to a [Fe] hydrogenase gene
(Andersson and Kurland 1999; Hackstein et al. 1999).
However, neither the [Fe] hydrogenase part of the fusion
protein nor its carboxyl terminus was subjected to phy-
logenetic analysis.

Hydrogenases are a prerequisite for hydrogeno-
some function in diverse anaerobic eukaryotes, and they
also play a central role in recent hypotheses concerning
the origins of the eukaryotic cell. Here, we present a
complete coding sequence for a [Fe] hydrogenase for
the diplomonad Spironucleus barkhanus, and a nearly
complete sequence for a [Fe] hydrogenase from Ent-
amoeba histolytica. In addition, we isolated almost the
entire coding sequence for another [Fe] hydrogenase
from T. vaginalis. Phylogenetic analysis, and hypothesis
testing using likelihood ratio tests and parametric boot-
strapping, suggest that the [Fe] hydrogenases in anaer-
obic eukaryotes are not monophyletic to the exclusion
of bacterial sequences. Iron-only hydrogenases from
Entamoeba, Spironucleus, and Trichomonas are plausi-
bly monophyletic, consistent with the hypothesis that a
gene for [Fe] hydrogenase was present on the genome
of the common ancestor of these diverse eukaryotes.
The [Fe] hydrogenase from the hydrogenosomal ciliate
Nyctotherus may have an origin different from that of
the other eukaryotic hydrogenases. We also report the
occurrence of sequences on the genomes of aerobic eu-
karyotes which encode small proteins of unknown func-
tion, but which contain sequence features otherwise
found only in [Fe] hydrogenases (see also Barton and
Worman 1999). The implications of these findings for
the evolution of eukaryotes and of hydrogenosomes,
along with their relevance to the hydrogen and syntroph-
ic hypotheses for eukaryogenesis, are discussed.

Materials and Methods
Strains, Culture, and Nucleic Acid Extractions

Spironucleus barkhanus (ATCC strain 50380) (Ste-
rud, Mo, and Poppe 1997) was grown following the
ATCC protocol. Cells of E. histolytica (strain HM-1:
IMSS) were a gift of Dr Graham Clark (London School
of Hygiene and Tropical Medicine). Cells of T. vaginalis
(clone G3) were provided by Prof. Graham Coombs
(University of Glasgow, Scotland). DNA was extracted
from S. barkhanus and T. vaginalis using standard pro-
tocols. Messenger RNA was extracted from E. histoly-
tica, S. barkhanus, and T. vaginalis using the Dynabead
mRNA system (Dynal).

Cloning of Genes Encoding Putative [Fe]
Hydrogenases from E. histolytica, S. barkhanus, and
T. vaginalis

As part of an Expressed Sequence Tag (EST) pro-
ject on the diplomonad S. barkhanus, we characterized
a cDNA with a high level of identity to characterized
[Fe] hydrogenases. This clone was used as a probe to
isolate a genomic DNA clone from a lambda DASHII
library (Horner, Hirt, and Embley 1999). The entire cod-
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ing region for this open reading frame was sequenced
directly using primer walking.

An E. histolytica EST partial sequence
(AB002772) which showed similarity to the S. barkhan-
us hydrogenase was recovered from GenBank. We de-
signed PCR primers EhisthydF (59-ACATACAGTCA-
CCGGACATGACCATAA-39) and EhisthydR (59-
GGTGGAATTTTTGGTGGTTGTTTTACTA-39) to am-
plify the entire 39 and most of the 59 region of the
expressed sequence, respectively, in a rapid amplifica-
tion of cDNA ends (RACE) experiment (Marathon Sys-
tem, Clontech).

Following up the report of a partially purified 64-
kDa [Fe] hydrogenase from T. vaginalis (Payne, Chap-
man, and Cammack 1993), we designed primers to iso-
late the putative gene sequence. Published gene se-
quences for 64-kDa [Fe] hydrogenases from eubacteria
were used to design PCR primers Tvhyd 45F (59-
TGYAGRGTYTGYCTYGTYGA-39) and Tvhyd 340R
(59-CCARGCTGGRCANRWTGTRAACATTGG-39),
which incorporate known T. vaginalis codon usage bias
(McInerney 1997). A fragment of approximately 900 bp
was amplified from T. vaginalis DNA, and a RACE
strategy was used to amplify the entire 39 end and most
of the 59 part of the gene.

Identification of Database Sequences that Share
Significant Sequence Similarity with [Fe]
Hydrogenases

Fungal sequences related to [Fe] hydrogenases
were recovered through BLASTP similarity searches of
GenBank. Related ESTs from Danio rerio, Drosophila
melanogaster, and Homo sapiens were identified
through tBLASTn searches of the database of ESTs. Hu-
man genomic DNA encoding a related gene was iden-
tified though a BLAST search of the TIGR tentative
human consensus database (http://www.ncbi.nlm.nih.
gov/BLAST/thcblast.html). Caenorhabditis elegans ge-
nomic sequences were detected by tBLASTn searches
at the Sanger Centre (www.sanger.ac.uk/Projects/
Cpelegans/blastpservers.html). Arabidopsis thaliana se-
quences were detected through tBLASTn searches at the
A. thaliana database in Stanford, Calif. (genome-
www2.stanford.edu/cgi-bin/AtDB/nph-blast2atdb). We
also searched finished and unfinished prokaryote and eu-
karyote genome projects to identify [Fe] hydrogenase
coding sequences, using prokaryote and eukaryote hy-
drogenase sequences as probes and the BLASTn, t-
BLASTn, and iterative (PSI) BLAST programs of the
BLAST2 package (Altschul et al. 1997).

Alignment of Inferred Protein Sequences and DNA
Sequences

Inferred [Fe] hydrogenase amino acid sequences
were aligned using CLUSTAL W (Thompson, Higgins,
and Gibson 1994) and adjusted manually using GDE,
version 2.2 (Maidak et al. 1996). DNA-coding regions
were back-aligned to the protein alignment using PUT-
GAPS (J. O. McInerney, Natural History Museum, Lon-
don). We excluded regions which could not be unam-

biguously aligned, leaving 270 aligned amino acid po-
sitions (18 sequences) for phylogenetic analyses. A sec-
ond alignment accommodating the homologous
sequences detected in human and yeast (102 aligned
amino acids, 20 taxa) was also prepared but was con-
sidered too short for phylogenetic analysis. Alignments
are available from D.S.H. (e-mail dsh@nhm.ac.uk).

Phylogenetic Analyses of [Fe] Hydrogenase Protein
Sequences

To investigate potential saturation of [Fe] hydrog-
enase protein sequences, the numbers of inferred sub-
stitutions were calculated from a maximum-parsimony
tree for each pairwise comparison and plotted against
observed distances using the MUST package (Philippe
1993).

Maximum-likelihood (ML) analyses of protein
alignments were performed with PROTML in MOL-
PHY, version 2.3 (Adachi and Hasegawa 1996), using
the heuristic quick-add OTU search and local rearrange-
ment (R-search) methods with the JTT-F amino acid re-
placement model. However, the ML models in
PROTML make the assumption that all sites are equally
free to vary, and when this assumption is violated, the
wrong tree may be selected (Lockhart et al. 1996; Hirt
et al. 1999). The [Fe] hydrogenase sequences contain
sites which are of unvaried amino acid composition
across the alignment and are thus potentially unable to
vary (i.e., invariable). We therefore estimated the pro-
portion of unvaried sites, inferred to be invariable
(95%), using a two-rate model in PUZZLE (Strimmer
and von Haeseler 1996) and removed them prior to phy-
logenetic analyses.

Phylogenetic Analyses of [Fe] Hydrogenase DNA
Sequences

Potential mutational saturation of [Fe] hydrogenase
DNA sequences and nucleotide base composition het-
erogeneities between sequences were investigated using
plots of transitions versus transversions and ‘‘GC trees’’
as described previously (Lockhart et al. 1994; Lento et
al. 1995; Charleston 1998; Hirt et al. 1999). Codon po-
sition 3 was potentially saturated for all comparisons
and manifested large base composition variation be-
tween sequences (from 10% G1C for Clostridium per-
fringens to 94% G1C for Desulfovibrio fructosovorans
cytochrome hydrogenase), so we excluded it from phy-
logenetic analyses. Nucleotide compositional heteroge-
neity at variable positions was observed for codon po-
sition 1 (from 44% G1C for C. acetobutylicum hydrog-
enase B to 68% G1C for D. vulgaris cytochrome hy-
drogenase) and position 2 (from 37% G1C for
Thermotoga maritima B to 50% G1C for D. vulgaris
cytochrome hydrogenase). In nucleotide composition
‘‘GC trees’’ (Lockhart et al. 1994) for codon positions
1 1 2, the eukaryote sequences were not monophyletic.

Because we observed base composition heteroge-
neity at codon positions 1 and 2, we used LogDet/Para-
linear distances, a phylogenetic method in PAUP*, ver-
sion 4.0b4a (Swofford 1998), which performs well in
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simulations even when base composition varies across
the tree (Lake 1994; Lockhart et al. 1994). However, the
LogDet/Paralinear distances method does not incorpo-
rate a correction for site-by-site rate variation, and it
assumes that all sites are free to vary. We therefore used
PAUP*, version 4.0b4a, to estimate the fraction of sites
free to vary across our alignment using a variable/in-
variable-sites ML model and restricted LogDet/Paralin-
ear distances analyses to only these estimated variable
positions (427 sites for codon positions 1 1 2). We also
used an ML method to investigate relationships. For
these analyses, we used a general time reversible (GTR)
model (Yang 1994) with site rate heterogeneity modeled
using a discrete four-category gamma distribution plus
invariable sites (henceforth, GTR1G1I) (Yang 1996).
Values for all model parameters were estimated using
ML over the LogDet/Paralinear distances tree and then
re-estimated over the resulting ML tree. The analysis
was then repeated until no further improvement in like-
lihood was observed. Bootstrapping used PAUP*, ver-
sion 4.0b4a, with either 100 (ML) or 1,000 (LogDet/
Paralinear distances) replicates.

Investigation of Relationships Among Eukaryotic [Fe]
Hydrogenases Using Parametric Bootstrapping and a
Likelihood Ratio Test of Monophyly

We used a likelihood ratio test proposed by Huel-
senbeck, Hillis, and Nielsen (1996) to examine relative
support for monophyly of eukaryotic [Fe] hydrogenase
DNA sequences. This test asks whether the difference
in likelihood between the best trees estimated with and
without the constraint of monophyly is significant. In
the present case, the null hypothesis (H0) is monophyly
of eukaryotic enzymes and the alternative, less-con-
strained, hypothesis (H1) is the best ML tree. The test
statistic (d) is d 5 ln L1 2 ln L0, where L1 is the like-
lihood of the best tree and ln L0 is the likelihood of the
best monophyly tree. The null distribution of d must be
generated by simulation (parametric bootstrapping) un-
der an appropriate model. Here, it is important to note
that parametric bootstrapping may not perform well for
approximating a distribution if the model of DNA sub-
stitution does not match the processes which generated
the original sequences (Huelsenbeck, Hillis, and Nielsen
1996). Accordingly, we used a likelihood ratio test sug-
gested by Goldman (1993) to first evaluate if the
GTR1G1I model and the tree could have plausibly giv-
en rise to the sequences we observe (see Results). Cus-
tom software (available on request from P.G.F.) was used
for all simulations and likelihood calculations.

For the monophyly test, the distribution of the test
statistic d was estimated by parametric bootstrapping, by
repeatedly simulating sequences based on the best
monophyly tree and model. With each simulated data
set, two searches were made using PAUP*, version
4.0b4a, one with the eukaryote monophyly constraint
and one without that constraint. Each search began with
a parsimony search to obtain a tree upon which to op-
timize parameters for the GTR1G1I model. Using these
parameters, a search using ML was made with the par-

simony tree as a starting tree for tree bisection-recon-
nection (TBR) swapping. Parameters were reoptimized
on the best tree from that search, and using these new
parameters, a second round of swapping was done using
subtree pruning-regrafting (SPR, with a reconnection
limit of two nodes). After a final parameter optimization,
the likelihood of the best tree from each search was used
to calculate the simulation statistic.

Phylogenetic Analysis of the Carboxyl Terminus of the
Nyctotherus Fusion Protein DNA and Inferred Protein
Sequences

An amino acid alignment of mitochondrial complex
I 51-kDa components and their prokaryote homologs
(bacterial NADH dehydrogenase NuoF subunits and sol-
uble hydrogenase components) was prepared as de-
scribed above. Regions which could not be unambigu-
ously aligned were excluded from phylogenetic analysis,
as were inferred invariable sites. ML analysis was per-
formed as described for a data set of 25 taxa and 145
variable positions.

For DNA analyses, we used the same strategy in-
volving LogDet/Paralinear distances analyses and ML
analyses as described above for the [Fe] hydrogenase
sequences. For these analyses, we excluded codon po-
sition 3, leaving 370 codon 1 1 2 positions, of which
98 were constant across the alignment. ML analyses in-
dicated that approximately 3% of the latter were poten-
tially variable, so this proportion of observed constant
sites was included in our analyses of variable positions
(a total of 275 sequence positions).

Results
A 64-kDa [Fe] Hydrogenase from T. vaginalis

Two closely related [Fe] hydrogenase genes,
TvhydA and TvhydB, have previously been character-
ized from T. vaginalis (Bui and Johnson 1996). Antisera
raised against the protein of one of these was used to
show the presence of a 50-kDa band in isolated hydro-
genosomes of T. vaginalis, corresponding to the ex-
pected size of the products of the characterized genes
(Bui and Johnson 1996). Here, we isolated a gene en-
coding a putative 64-kDa-like [Fe] hydrogenase from T.
vaginalis. Conceptual translation of the new sequence
revealed overall colinearity (fig. 1) with [Fe] hydroge-
nases from Clostridium, D. fructosovorans, T. maritima,
and the [Fe] hydrogenase module of the fusion protein
from the anaerobic ciliate N. ovalis (Akhmanova et al.
1998). The new T. vaginalis sequence is 47% identical
to TvhydA in the overlapping region (450 amino acids)
and, overall, shares 37% identity with Clostridium pas-
teurianum hydrogenase 1 and D. fructosovorans puta-
tive NADP reducing hydrogenase. With respect to the
bacterial [Fe] hydrogenase sequences, the new T. vagin-
alis gene contains an N-terminal extension (lacking a
putative initiator codon in our RACE clones) which is
rich in alanine and serine and contains the 2-aa motif
RN at positions 14–15. This sequence is similar to char-
acterized Trichomonas hydrogenosome targeting motifs
(table 1) (Plümper, Bradley, and Johnson 1998).
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FIG. 1.—Schematic representation of [Fe] hydrogenase subunits.

Table 1
Comparison of N-Terminal Region of the Novel Trichomonas vaginalis [Fe] Hydrogenase with N-Terminal
Presequences of a Selection of Hydrogenosomal Proteins

Hydrogenosomal Protein Presequence Start

[Fe] hydrogenase 64 kDaa . .
Malic enzyme 1 . . . . . . . . . .
Malic enzyme 2 . . . . . . . . . .
Adenylate kinase . . . . . . . . .
SCS alpha subunit . . . . . . . .
SCS beta subunit . . . . . . . . .

?
M
M
M
M
M

A S T G
L
L

I
T
T

L

N
S
S

S

S
S
V

L
A

T
V
S
L
A
S

A
S
Y
S
G
S

N
V
P
G
D
N

I
P
P
V
F
F

L
V
V
S
S
A

R
R
R
R
R
R

N
N
N
N
N
N

I
I
I
A
L
F

T
C
C
A
K
N

V
R
R
R
Q
I

T
A
S
T
P
L

NOTE.—Presequences are sequences encoded by the gene but absent from the N-terminus upon N-terminal sequencing of the mature protein isolated from
hydrogenosomes. Start indicates the first four amino acids of the mature protein. SCS 5 succinyl CoA synthetase. The table was developed from Plümper, Bradley,
and Johnson (1998).

a Putative presequences of the T. vaginalis [Fe] hydrogenase presented in this work, as suggested by comparison with bacterial hydrogenase sequences and
empirically determined T. vaginalis hydrogenosome presequences.

Putative Cytosolic [Fe] Hydrogenases from E.
histolytica and S. barkhanus

The S. barkhanus genomic clone encoded a puta-
tive [Fe] hydrogenase of 468 amino acids, which is sim-
ilar in size to the TvhydA gene, with which it shares
32% identity at the amino acid level. Conceptual trans-
lation of the S. barkhanus sequence revealed several po-
tential internal stop codons (TAA, TAG) which mainly
corresponded to conserved glutamines in the alignment.
This use of a noncanonical code has been reported pre-
viously for S. barkhanus (Keeling and Doolittle 1997).

We recovered a weak match from an EST survey
of E. histolytica (Tanaka, Tanaka, and Mitsui 1997) to
the new Spironucleus sequence. This clone (AB002772)
had been designated as an unusual ferredoxin and con-

tains conserved cysteines corresponding to potential
[4Fe-4S] clusters. Alignment of the conceptually trans-
lated product (466 amino acids) from the almost-full-
length sequence revealed the highest level of identity
(35%) to the S. barkhanus [Fe] hydrogenase (fig. 1).

Sequences Related to [Fe] Hydrogenases on the
Genomes of ‘‘Higher’’ Eukaryotes

Searches of GenBank using the C. pasteurianum
hydrogenase 1 amino acid sequence as a probe revealed
significant matches (S 5 99–115, E 5 5e220–5e224,
23%–28% identity over a 300-aa overlap) on hypothet-
ical open reading frames from Saccharomyces cerevi-
siae (YNYOpYEAST accession number P23503), Shi-
zosaccharomyces pombe (SPCC1450.10c accession
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FIG. 2.—Alignment of putative HC cluster coordinating region for the crystallized Clostridium pasteurianum [Fe] hydrogenase 1 and the
novel [Fe] hydrogenase homologs presented here. Conserved residues are shown in bold text. Cysteines implicated in HC coordination are each
indicated by an asterisk.

number CAB40177), and Kluveromyces lactis (LET1
accession number X70373) and H. sapiens (Narf acces-
sion number AF128406). The encoded proteins are
broadly colinear with the TvhydA gene product, as well
as with the [Fe] hydrogenase sequences detected in S.
barkhanus and E. histolytica (fig. 1). Like these proteins,
the fungal and human gene products lack 120–140 ami-
no acids with respect to the N-terminal region of many
bacterial [Fe] hydrogenases, the N. ovalis [Fe] hydrog-
enase, and the new T. vaginalis [Fe] hydrogenase re-
ported here. In reciprocated BLAST searches, these pro-
teins match only themselves and [Fe] hydrogenases. We
also recovered highly significant matches from D. me-
lanogaster (EST accession number AA439709) and D.
rerio cDNA (accession number AA495126). Closely re-
lated sequences were also detected on the genomes of
C. elegans (clone Y54H5A) and A. thaliana
(CAB10420). While none of these sequences represent
complete open reading frames, the finding that most are
expressed is consistent with the notion that they repre-
sent parts of functional genes.

To gain some insight into the possible functionality
of our new sequences and those from the databases, we
investigated the distribution of residues which are con-
sidered important for [Fe] hydrogenases based on the
crystal structure of the C. pasteurianum [Fe] hydroge-
nase 1 and the D. desulfuricans periplasmic [Fe] hy-
drogenase (Peters et al. 1998; Nicolet et al. 1999). The
new T. vaginalis [Fe] hydrogenase contains all of the
[Fe-S] center coordinating residues, including those im-
plicated in the coordination of FS2, FS4c, FS4b, FS4a,
and the hydrogenase catalytic cluster (HC) (fig. 1),
which have been demonstrated for the C. pasteurianum
hydrogenase 1. The S. barkhanus and E. histolytica ho-
mologs, along with TvhydA and TvhydB and the di-
meric hydrogenase of Desulfovibrio sp., share conserved
cysteines implicated in FS4b, FS4a, and HC coordina-
tion, while the fungal, human, and Drosophila sequenc-
es specify the expected arrangement of cysteines for co-
ordination of FS4a and the HC cluster, which is other-
wise unique to [Fe] hydrogenases (figs. 1 and 2).

Phylogeny of [Fe] Hydrogenases

Since some of the analyzed sequences are very di-
vergent, we investigated the level of potential saturation
and other properties of the data prior to phylogenetic
analysis. For the final alignment, pairwise identities at
the amino acid level ranged from 35% (C. pasteurianum
vs. E. histolytica) to 82% (C. acetobutylicum A vs. C.
perfringens). Transition-versus-transversion plots for hy-

drogenase family DNA sequences revealed points re-
solved as distinct clusters (fig. 3A). Comparisons in-
volving eukaryote sequences formed a cluster outside
the range of distribution of most intrabacterial compar-
isons. Furthermore, the coefficient of regression for a
linear distribution of all points was low (r2 5 0.580).
These observations suggest that there may be differenc-
es in the mode/rate of evolution of the different sequenc-
es and/or mutational saturation. To further investigate
the latter possibility (Philippe 1993), we made ‘‘satu-
ration’’ plots (Philippe and Adoutte 1998) of observed
versus inferred substitutions (fig. 3B) for all pairwise
comparisons of amino acid sequences (inferred substi-
tutions were calculated from a maximum-parsimony tree
using the TREEPLOT program in the MUST package
(Philippe 1993). With the exception of some compari-
sons between closely related sequences, the ratio of in-
ferred to observed substitutions was between 1.5 and
2.5, suggesting that mutational saturation may be a prob-
lem for some comparisons, particularly distant ones,
within this data set. As these figures are derived from a
maximum-parsimony tree, they likely represent a con-
servative estimate of the degree of mutational saturation
for these sequences.

To investigate the relationships between the [Fe]
hydrogenases, we constructed phylogenetic trees from
protein and DNA data using the ML and LogDet/Par-
alinear distances (for DNA only) methods. As might be
predicted from the ‘‘saturation’’ plot, there was little ap-
parent signal from these data to resolve relationships
between clades. Figure 4A shows the ML tree obtained
for DNA, and figure 4B shows the LogDet/Paralinear
distances DNA tree. The ML tree for proteins gave the
same branching pattern as the DNA ML tree. The eu-
karyotic sequences did not form a monophyletic group
in any of these analyses. Examination of the bootstrap
partitions for DNA ML and LogDet/Paralinear distances
revealed that monophyly of eukaryote sequences oc-
curred in only about 2% of bootstrap trees. Thus, there
is little support from this data set for monophyly of all
eukaryotic [Fe] hydrogenases.

A relationship between the novel short form [Fe]
hydrogenases from Spironucleus and Entamoeba was al-
ways strongly supported by our analyses. The long- and
short-form Trichomonas [Fe] hydrogenases also formed
a monophyletic group in most analyses. These four se-
quences together formed a monophyletic group in the
ML tree (44% bootstrap support) but generally did not
form a monophyletic group in analyses of LogDet/Par-
alinear distances (only 11% bootstrap support). In these
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FIG. 3.—A, Plot of observed transitions versus transversions for DNA codon positions 1 and 2 (17 taxa, 540 characters). Extensive clustering
of points is evident. Comparisons involving eukaryote taxa are circled and fall outside the range of comparisons for other taxa. B, Plot of
inferred versus observed substitutions by pairwise comparison for the 17-taxon 229-site hydrogenase amino acid data set. Most comparisons
fall to the right of the line of parity between observed and inferred substitutions, suggesting a significant degree of mutational saturation.

latter analyses, the two pairs of sequences formed weak-
ly supported (23% and 28% by bootstrapping) sister
groups with different prokaryote sequences (fig. 4B).

The favored position for the Nyctotherus sequence
in all of our analyses was as the sister group to the D.
vulgaris [Fe] hydrogenase gamma. In LogDet/Paralinear
distances bootstrap analyses, 58% of trees contained this
relationship, while it was found in 48% of DNA ML
bootstrap trees. This compares with less than 2% of
bootstrap trees, for either analysis, where the Nyctoth-
erus sequence clustered with any of the other eukaryote
sequences.

The slightly higher support obtained using LogDet/
Paralinear distances for the relationship between the
Nyctotherus [Fe] hydrogenase and the D. vulgaris [Fe]
hydrogenase gamma may be due in part to the ability
of this method to better deal with changing nucleotide
compositions across the tree (Lake 1994; Lockhart et al.
1994). This can be illustrated by examining the other
bootstrap partitions (data not shown) involving the D.
vulgaris [Fe] hydrogenase gamma sequence. A relation-
ship between this sequence and the D. fructosovorans
NAD reducing hydrogenase was the next best supported
partition for the D. vulgaris hydrogenase gamma se-
quence in both bootstrap analyses (ML, 31% of trees;
LogDet/Paralinear distances, 20% of trees). However,
comparison of base compositions revealed that these
two sequences also have the highest G1C% composi-
tions (61% and 54% GC at variable positions, respec-
tively) of the sequences analyzed. Furthermore, in ‘‘GC
trees’’ based solely on the nucleotide composition of
variable sites, these two sequences clustered together.
This might suggest that part of the reason why these

two sequences come together in our phylogenetic anal-
yses is because they share a common compositional bias
to which LogDet/Paralinear distances are less suscepti-
ble and hence give lower support. In contrast, the nu-
cleotide composition of the Nyctotherus sequence is
much lower, at 44% G1C, and it does not cluster with
the D. vulgaris hydrogenase gamma sequence in ‘‘GC
trees.’’ Thus, positive support for this relationship in our
phylogenetic analyses cannot be attributed to nucleotide
composition bias, but the reduction in support in ML
analyses might indeed be influenced by this problem.

Evaluation of the Relationships Between Eukaryotic
[Fe] Hydrogenases Using Parametric Bootstrapping
and a Likelihood Ratio Test of Monophyly

We used a likelihood ratio test (Goldman 1993) to
evaluate whether the GTR1G1I model plus the best
tree we found could have plausibly given rise to the
observed data. The null hypothesis was that the data
arose from the tree under the model. The alternative
unconstrained hypothesis was that the data are not re-
lated by a tree or a model, i.e., assuming a multinomial
distribution for the frequencies of site patterns. The test
statistic was L1 2 L0, where L1 is the unconstrained
likelihood and L0 is the likelihood under the tree 1 mod-
el (Goldman 1993). When calculating the L0 of simu-
lated data, the branch lengths and model parameters
were optimized. In order to calculate the unconstrained
likelihood L1, there can be no gaps or ambiguities in the
alignment, and for this reason the two positions in the
alignment which had gap characters were removed,
leaving an alignment of 538 characters. Branch lengths
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FIG. 4.—A, DNA maximum-likelihood tree with bootstrap support values (100 replicates). A general time reversible (GTR) model with
site rate heterogeneity modeled using a discrete four-category gamma distribution (shape parameter 1.24) plus invariable sites (estimated pro-
portion 0.11) was used. B, LogDet tree for variable DNA positions; bootstrap support values over 50% (1,000 replicates) are shown at relevant
nodes.
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FIG. 5.—Monophyly statistic d distribution from 1,000 simula-
tions. Five hundred eighteen points were 0. The single arrow shows d
5 9.64 from the original data, and the double arrow shows the 95%
interval of the simulation distribution. Monophyly is rejected. Four of
the simulation analyses gave negative d values. This suggests that the
best tree constrained by monophyly was better than the best uncon-
strained tree. We interpret this impossible result as being a rare artifact
of the search strategy employed. Had a more thorough, but more com-
putationally expensive, search been done, it would be expected that
such results would not occur. Indeed, in preliminary analyses using
computationally less expensive search strategies, negative d values
were more of a problem.

and GTR1G1I model parameters were reoptimized
with the new alignment of 538 characters. Data sets
were first simulated on the ML tree 1 model, and the
test statistic was calculated. The original data had a sta-
tistic of 4,083.39, compared with a critical 95% value
estimated through simulation of 4,232.99. Therefore,
there was no evidence to reject the null hypothesis, as
the original data set is a plausible realization of the tree
1 model.

The likelihood ratio test of monophyly (Huelsen-
beck, Hillis, and Nielsen 1996) was used to test whether
we could reject the null hypothesis of monophyly of
eukaryotic [Fe] hydrogenases. The test statistic (d) was
d 5 ln L1 2 ln L0, and the null distribution of d was
generated by parametric bootstrapping using the
GTR1G1I model and the best eukaryote monophyly
tree. If the likelihood ratio statistic d calculated from the
real data is greater than the 95% confidence interval
determined through simulation, the null hypothesis that
the group in question is monophyletic can be rejected
(Huelsenbeck, Hillis, and Nielsen 1996). Figure 5 shows
the distribution of d for 1,000 simulations. The observed
d for the original data was 9.64 and thus was well out-
side of the critical 95% value determined through para-
metric bootstrapping. Thus, monophyly of eukaryote
[Fe] hydrogenase DNA sequences can be rejected using
this test.

Does the Carboxyl Terminus of the N. ovalis [Fe]
Hydrogenase Fusion Protein Comprise Components
Derived from the Mitochondrial Respiratory Chain?

The N-terminal 600 amino acids of the N. ovalis
fusion protein encode an [Fe] hydrogenase, but the car-
boxyl terminus of about 600 amino acids shares se-

quence similarity with NAD1-utilizing components of
mitochondrial complex I (24-kDa and 51-kDa compo-
nents), bacterial NADH dehydrogenases (NuoE and
NuoF), and some bacterial NADH–dependent [Ni-Fe]
hydrogenases (various nomenclature) (fig. 1). Based on
these similarities, it has been suggested that the N. ovalis
[Fe] fusion protein contains components derived from
the mitochondrial respiratory (complex I modules) chain
(Andersson and Kurland 1999; Hackstein et al. 1999).
This generates the testable prediction that the compo-
nents of the carboxyl terminus of the Nyctotherus fusion
protein should form a monophyletic group with mito-
chondrial complex I components.

The 24-kDa component of complex I/NuoE family
of genes is poorly conserved and could not be reliably
aligned for phylogenetic analysis. However, the 51-kDa
component of mitochondrial complex I, bacterial NuoF
gene products, and bacterial [Ni-Fe] hydrogenase com-
ponents are highly conserved and easy to align. The 51-
kDa component of mitochondrial complex I formed a
strongly supported monophyletic group with the NuoF
sequences from a-proteobacteria (fig. 6). This topology
is consistent with other data which suggest that the mi-
tochondrion endosymbiont was a member of the a-pro-
teobacteria (Yang et al. 1985; Andersson et al. 1998).
However, the 51-kDa-like domain of the N. ovalis fusion
protein was never part of this clade in our analyses.
Thus, there is no support from our analyses for the hy-
pothesis that the carboxyl terminus of the N. ovalis fu-
sion protein is derived from the mitochondrial respira-
tory chain. In LogDet/Paralinear distances (fig. 6) and
protein ML trees, the 51-kDa-like domain of the N. oval-
is fusion protein clustered with the carboxyl terminus
components of NAD(H)-dependent [Ni-Fe] hydrogenas-
es isolated from the b-proteobacterium Alcaligenes eu-
trophus and the Gram-positive actinomycete Rhodococ-
cus opacus. In DNA ML analyses, the 51-kDa-like do-
main of the N. ovalis fusion protein clustered with the
g-proteobacteria Escherichia coli and Salmonella typhi-
murium in the ML tree (ln L 5 5,413.6). However, this
tree was no better, considering the estimated error, than
the best ML tree we found (ln L 5 5,414.6 6 6.3),
which clustered it with A. eutrophus and R. opacus.

Discussion

All of the previously described eukaryote [Fe] hy-
drogenases appear to be localized within organelles
(Happe, Mosler, and Naber 1994; Bui and Johnson
1996). The two novel [Fe] hydrogenase gene sequences
from E. histolytica and S. barkhanus may thus be the
first cytosolic eukaryote [Fe] hydrogenases to be dis-
covered. The Spironucleus sequence is complete, and it
shows no obvious motif at its N-terminus which might
target it to an organelle. Furthermore, Spironucleus and
its better-known relative Giardia are reported to lack
typical eukaryotic organelles such as mitochondria and
peroxisomes (e.g., Cavalier-Smith 1993). Giardia lam-
blia (Roger et al. 1998) and S. barkhanus (unpublished
data) do contain a mitochondrial chaperonin 60, sug-
gesting that they once had mitochondria, but there is no
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FIG. 6.—LogDet tree for variable DNA positions of respiratory chain complex I 51-kDa components (NuoF) and homologs in complex
[Ni-Fe]- and [Fe]-only hydrogenases. Components implicated in the function of [Fe]-only hydrogenases are underlined. Bootstrap support values
over 50% (1,000 replicates) are shown at relevant nodes.

evidence from antibody localization experiments in
Giardia that this protein is now targeted to a particular
membranous compartment (Soltys and Gupta 1994;
Roger et al. 1998).

The Entamoeba sequence is from cDNA, and it is
incomplete at its 59 terminus, so we do not know wheth-
er it carries a targeting sequence or not. E. histolytica
has recently been shown to contain an organelle, called
a mitosome (Tovar, Fischer, and Clark 1999) or crypton
(Mai et al. 1999), which likely shares common ancestry
with the mitochondrion, since it contains a mitochon-
drial chaperonin 60, and it uses a mitochondrial-like
cleavable N-terminal targeting motif in protein import
(Clark and Roger 1995; Roger et al. 1998; Mai et al.
1999; Tovar, Fischer, and Clark 1999). Trichomonad hy-
drogenosomes use a similar import mechanism (Plümp-
er, Bradley, and Johnson 1998), and there are strong
similarities between the sequences of some trichomonad
targeting motifs and those for mitosome/crypton pro-
teins (Mai et al. 1999; Tovar, Fischer, and Clark 1999).
Because of these similarities, it has been suggested that
Entamoeba might once have contained a hydrogeno-
some-like organelle (Tovar, Fischer, and Clark 1999).
Further work is required to investigate whether the novel
[Fe] hydrogenase we have detected is targeted to the
mitosome, but it may be relevant that in E. histolytica,
PFO lacks an obvious targeting sequence and is appar-
ently active in the cytoplasm (Takeuchi, Weinbach, and
Diamond 1975; Reeves et al. 1977). In trichomonads,
PFO is a key enzyme of the hydrogenosome organelle
releasing reducing equivalents which are transferred to
protons with the formation of hydrogen by hydrogenase
(Müller 1993).

We also found evidence of short sequences (here-
after termed ‘‘Narf-like,’’ after the human homolog) re-
lated to [Fe] hydrogenases on all of the well-surveyed

eukaryotic genomes (see also Barton and Worman
1999). The organisms comprise the fungi K. lactis, S.
cerevisiae, and S. pombe, the metazoa C. elegans, D.
rerio, D. melanogaster, and H. sapiens, and the plant A.
thaliana. These sequences do not contain all of the res-
idues which are thought to be important for the func-
tioning of the C. pasteurianum [Fe] hydrogenase 1 (Pe-
ters et al. 1998), and they also lack one of the iron sulfur
clusters (FS4B) which is found on the short-form [Fe]
hydrogenases found in Entamoeba, Spironucleus, and
Trichomonas. They do contain the expected arrange-
ment of cysteines for coordination of FS4a and also for
the HC cluster, which is otherwise unique to [Fe] hy-
drogenases (Peters et al. 1998). The paucity of complete
Narf-like genes and their short length confounded our
attempts to make phylogenetic inferences from these
proteins. However, based on their similarities in struc-
ture, we speculate that the Narf-like genes are descended
from an ancestral [Fe] hydrogenase which had lost some
structural features, perhaps reducing its sensitivity to in-
activation by oxygen, while retaining others.

It is clearly important to try and establish what the
sequences related to [Fe] hydrogenases, which are found
otherwise only in anaerobic prokaryotes and eukaryotes,
are doing in such a diverse range of aerobic eukaryotes.
The [Fe] hydrogenases from prokaryotes and eukaryotes
which have been investigated are very oxygen-sensitive.
For example, the [Fe] hydrogenase in the green alga
Scenedesmus is only active after a period of anaerobic
adaptation, and once exposed to aerobic conditions, hy-
drogen production rapidly stops (Urbig, Schulz, and
Senger 1993; Appel and Schulz 1998). It is thus unlike-
ly, given also the lack of reports of hydrogen production,
that the new sequences encode proteins which are func-
tioning as classic hydrogenases. The H. sapiens gene has
already been the subject of investigation and apparently
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encodes a protein which interacts with prenylated pre-
lamin A (Barton and Worman 1999). The encoded pro-
tein was shown to localize to the nucleus of human cells
and to interact with the C-terminal region of prenylated
prelamin A, which is processed to become mature lamin
A. The protein has thus been named nuclear prelamin
A recognition factor (Narf), but its precise function is
still unknown. In S. cerevisiae, deletion of the yeast
Narf-like sequence has been shown to be lethal in a
haploid background (Munich Information Centre for
Protein Sequences—http://www.mips.biochem.mpg.de/).
Interestingly, S. cerevisiae does not encode a homolog
of lamin A, suggesting that the yeast Narf-like protein
may not have the same function in yeast as in humans.

Iron sulfur proteins occur in all organisms and as-
sume a diversity of functions. Iron sulfur clusters in
these proteins may facilitate electron transfer, contribute
to catalytic function, or help to maintain structural in-
tegrity (Roualt and Klausner 1996). Other [Fe-S] center–
containing proteins have been implicated in biosensing
of oxidative stress and redox-dependent gene regulation
in prokaryotes and, potentially, eukaryotes (Zheng and
Storz 2000). While some of these proteins do not con-
tain [Fe-S] centers identical to those predicted to be pre-
sent in the Narf-like proteins investigated here and else-
where (Barton and Worman 1999), the function of these
sensory/regulatory molecules is believed to be depen-
dent on the exquisite redox sensitivity of diverse types
of [Fe-S] clusters (Zheng and Storz 2000). It is known
that redox/nitric oxide sensing and processing/cleavage
of nuclear lamins are key events in programmed cell
death (apoptosis) of higher animal cells (Kluck et al.
1997). It therefore seems reasonable to speculate that
the features of eukaryotic Narf-like proteins might allow
them to participate as sensory/regulatory proteins in
such processes.

Additional studies are also required to investigate
the functions of the proteins encoded by the E. histo-
lytica and S. barkhanus [Fe] hydrogenase gene sequenc-
es. These sequences closely resemble in structure the
two short-form [Fe] hydrogenases which are targeted to
hydrogenosomes in T. vaginalis (Bui and Johnson
1996). However, it is still not known if the short-form
Trichomonas hydrogenases are actually responsible for
hydrogen production from Trichomonas hydrogeno-
somes. For example, Payne, Chapman, and Cammack
(1993) found hydrogenase activity purified from T. va-
ginalis to be associated with a polypeptide of approxi-
mately 64 kDa in size, which is larger than predicted
(ca. 50 kDa) for the published sequences. In the present
investigation, we isolated an almost complete coding se-
quence for a [Fe] hydrogenase of approximately the
same size as the polypeptide discovered by Payne,
Chapman, and Cammack (1993). The new T. vaginalis
[Fe] hydrogenase contains all of the key residues known
to be important for the function of the C. pasteurianum
hydrogenase 1 (Peters et al. 1998). The new T. vaginalis
gene apparently contains an N-terminal extension which
is similar to characterized Trichomonas hydrogeno-
some-targeting motifs (Plümper, Bradley, and Johnson
1998), suggesting that the encoded protein is also tar-

geted to the hydrogenosome. Thus, the currently avail-
able data suggest that there may be at least three [Fe]
hydrogenases, possibly doing different things, within the
hydrogenosomes of T. vaginalis. Moreover, phylogenet-
ic analyses suggest that the observed structural diversity
of Trichomonas [Fe] hydrogenases arose within the
Trichomonas lineage.

The data presented here demonstrate that sequences
related to [Fe] hydrogenases are more widely distributed
on the genomes of eukaryotes than previously thought.
According to published hypotheses, this distribution
might result from vertical inheritance of ancestral genes
via speciation (orthology), from one or more horizontal
transfers (xenology), or from a mixture of both (What-
ley, John, and Whatley 1979; Müller 1980; Embley,
Horner, and Hirt 1997; Akhmanova et al. 1998; Martin
and Müller 1998). An additional complication when try-
ing to interpret patterns of gene history is the potential
of confusing orthologs with paralogs arising via gene
duplication. It is already clear from available data that
multiple [Fe] hydrogenases exist on some prokaryotic
and eukaryotic genomes (fig. 4). Limited and/or skewed
sampling of taxa or genomes may further compound dif-
ficulties of interpretation and limit inferences.

ML analyses support monophyly of Entamoeba,
Spironucleus, and Trichomonas [Fe] hydrogenases, with
the Entamoeba and Spironucleus sequences forming a
strongly supported sister group in all analyses. Current
ideas about species relationships between microbial eu-
karyotes are in a state of flux, with the relationships
between parasitic anaerobes such as the taxa investigat-
ed here being considered particularly problematic (Em-
bley and Hirt 1998; Hirt et al. 1999; Roger 1999). How-
ever, there are no published data to suggest that Ent-
amoeba, Spironucleus, and Trichomonas form a mono-
phyletic group to the exclusion of other eukaryotes.
Thus, the hypothesis that at least one [Fe] hydrogenase
gene was present on the genome of a common ancestor
shared by these species and other eukaryotes is not ex-
cluded by the data.

Monophyly of all of the eukaryote sequences was
never observed in unconstrained analyses and, indeed,
was rarely recovered among nonparametric bootstrap
replicates. Testing the robustness of phylogenetic hy-
potheses can be problematic, because the statistical basis
of some tests is poorly understood (Huelsenbeck and
Rannala 1997). For example, the most common likeli-
hood-based statistical test for comparing two topologies
is probably the Kishino-Hasegawa test (Kishino and
Hasegawa 1989), but the validity of this test has recently
been questioned for its most common usage, that of test-
ing the ML tree against another topology (Shimodaira
and Hasegawa 1999; Goldman, Anderson, and Rodrigo
2000). Here, we used parametric bootstrapping and a
likelihood ratio test of monophyly (Huelsenbeck, Hillis,
and Nielsen 1996) to investigate if the [Fe] hydrogenase
data could reject trees where eukaryote sequences were
constrained to be monophyletic. We made no other as-
sumptions regarding the internal relationships among
eukaryote sequences relying on our search strategy to
find the optimal arrangement for each data set. Likeli-
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hood ratio tests coupled with parametric bootstrapping
are among the most powerful approaches for hypothesis
testing (Huelsenbeck and Rannala 1997), especially
when it can be shown, as here, that the model and tree
which are used for simulations also fit the original data.
The likelihood ratio test of monophyly strongly rejected
the hypothesis that eukaryote [Fe] hydrogenase sequenc-
es formed a monophyletic group.

In most analyses, the [Fe] hydrogenase module of
the N. ovalis fusion protein formed a sister group rela-
tionship with the D. vulgaris [Fe] hydrogenase gamma
sequence (Stokkermans et al. 1989), albeit with rather
low support from nonparametric bootstrapping. One
possible explanation of this topology is that horizontal
gene transfer has occurred between the ancestors of
these two organisms. An alternative hypothesis is one
of hidden paralogy whereby the Nyctotherus and D. vul-
garis sequences are paralogous to the other eukaryote
and prokaryote sequences in the tree. To discriminate
between these possibilities, we need more data than we
have here. To make a strong case for horizontal transfer,
sequences should ideally be available for a good taxo-
nomic sample of organisms, and the tree relating the
sequences should correspond to a conventional phylo-
geny—except that one or more sequences appears in a
radically unexpected position (Smith, Feng, and Doolit-
tle 1992) and preferably nested with strong support in
an otherwise accepted monophyletic group.

It has been suggested that the N. ovalis [Fe] fusion
protein contains components derived from the mito-
chondrial respiratory (complex I modules) chain (An-
dersson and Kurland 1999; Hackstein et al. 1999). Our
analyses provide no support for this hypothesis. The 51-
kDa component of mitochondrial complex I formed a
strongly supported monophyletic group with the NuoF
sequences from a-proteobacteria, in agreement with oth-
er data for mitochondrial origins (Gray et al. 1998; An-
dersson and Kurland 1999). The 51-kDa subunit–like
component of the Nyctotherus fusion protein was never
part of this clade, but its relationships to other proteins
were not strongly resolved. In most analyses, the Nyc-
totherus sequence clustered with the 51-kDa-like com-
ponent of the NAD(H)-dependent [Ni-Fe] hydrogenases
isolated from the b-proteobacterium A. eutrophus and
the Gram-positive actinomycete R. opacus. This result
is interesting because, like the C-terminal domain of the
N. ovalis fusion protein, these subunits are part of a
fusion comprising 24-kDa/NuoE–like components and
51-kDa/NuoF–like components. The overall homologies
between components of respiratory chain complex I and
hydrogenase components has previously been noted
(Pilkington et al. 1991; Albracht, Mariette, and de Jong
1997).

Conclusions

The extraordinary capacity of eukaryotes to re-
peatedly evolve organelles capable of producing hydro-
gen (hydrogenosomes) is a fascinating biological puzzle.
Some have hypothesized that the genes encoding the key
enzymes PFO and hydrogenase were acquired only once

in eukaryotic evolution and have subsequently been re-
tained (Embley, Horner, and Hirt 1997; Martin and
Müller 1998). Under this scenario, the enzymes for hy-
drogen production might be readily available for recruit-
ment into the compartment destined to become a hydro-
genosome, with the mitochondrion being favored by the
available data (for review, see Embley, Horner, and Hirt
1997; Martin and Müller 1998; Hackstein et al. 1999).
Recent analyses have demonstrated that eukaryotic cy-
tosolic and hydrogenosomal PFO from diverse eukary-
otes, including Entamoeba, Giardia, Spironucleus, and
Trichomonas, do form a monophyletic group, which is
consistent with the ancestral acquisition and retention
hypothesis for this particular enzyme (Horner, Hirt, and
Embley 1999). In the present investigation, we focused
on the origins of hydrogenase, the canonical enzyme for
hydrogenosomes (Müller 1993). Our analyses suggest,
albeit with relatively weak support, that cytosolic and
hydrogenosomal [Fe] hydrogenases from Entamoeba,
Spironucleus, and Trichomonas are also monophyletic.
Thus, the available data and analyses are consistent with
the hypothesis that the common, perhaps also anaerobic,
ancestor of these species and, potentially, other eukary-
otes contained genes for both PFO and [Fe]
hydrogenase.

Two recently published hypotheses have postulated
that eukaryotic cells originated through a symbiosis be-
tween two prokaryotes, and each posits that interspecies
hydrogen transfer was the key to binding one partner to
the other. In the hydrogen hypothesis, the prokaryotes
comprise an anaerobic hydrogen-consuming archaebac-
terium (the host) and a hydrogen-producing facultative
anaerobic a-proteobacterium (the symbiont), with the a-
proteobacterium subsequently becoming the mitochon-
drion (Martin and Müller 1998). The syntrophic hypoth-
esis posits that eukaryotes arose from a primary sym-
biosis between an anaerobic hydrogen-consuming meth-
anogenic archaebacterium which became the nucleus
and an anaerobic hydrogen-producing d-proteobacter-
ium which became the host, with mitochondria origi-
nating from a later symbiosis involving a facultatively
anaerobic methane-consuming a- proteobacterium
(Moreira and Lopez-Garcia 1998). While they differ in
key features, both hypotheses can be interpreted to pre-
dict that PFO and hydrogenase were present early in
eukaryotic evolution, a prediction for which our present
and previous analyses provide some support. However,
our analyses failed to identify a eubacterial sister group
for either enzyme and thus cannot discriminate between
the hydrogen and syntrophic hypotheses regarding the
identity of a potential eubacterial donor for eukaryotic
enzymes. This situation may improve with more sam-
pling—particularly of a- and d-proteobacterial genes.
However, unless the trees for PFO and [Fe] hydrogenase
can be rooted, it may remain difficult to identify a po-
tential source for ancestral enzymes.

Trees where the [Fe] hydrogenase from the hydro-
genosomal ciliate N. ovalis was constrained to be mono-
phyletic with the other eukaryote sequences were re-
jected by our analyses. The favored position for the Nyc-
totherus sequence was as the sister group to a [Fe] hy-
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drogenase on the genome of the eubacterium D.
vulgaris. Thus, as previously suggested (Akhmanova et
al. 1998) it seems possible that Nyctotherus has obtained
its hydrogenosomal [Fe] hydrogenase from a different
source (either from a different paralog or via horizontal
transfer) from Trichomonas for its hydrogenosomes.
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PLÜMPER, E., P. J. BRADLEY, and P. J. JOHNSON. 1998. Impli-
cations of protein import on the origin of hydrogenosomes.
Protist 149:303–311.

REEVES, R. E., L. G. WARREN, B. SUSKIND, and H. S. LO.
1977. An energy conserving pyruvate to acetate pathway in
Entamoeba histolytica. J. Biol. Chem. 252:726–731.

ROGER, A. J. 1999. Reconstructing early events in eukaryotic
evolution. Am. Nat. 154:S146–S163.

ROGER, A. J., C. G. CLARK, and W. F. DOOLITTLE. 1996. A
possible mitochondrial gene in the early branching amito-
chondriate protist Trichomonas vaginalis. Proc. Natl. Acad.
Sci. USA 93:14618–14622.

ROGER, A. J., S. G. SVARD, J. TOVAR, C. G. CLARK, M. W.
SMITH, F. D. GILLIN, and M. L. SOGIN. 1998. A mitochon-
drial-like chaperonin 60 gene in Giardia lamblia: evidence
that diplomonads once harbored an endosymbiont related to
the progenitor of mitochondria. Proc. Natl. Acad. Sci. USA
95:229–234.

ROSENTHAL, B., M. ZHIMING, D. CAPLIVSKI, S. GHOSH, H. DE

LA VEGA, T. GRAF, and J. SAMUELSON. 1997. Evidence for
the bacterial origin of genes encoding fermentation enzymes
of the amitochondriate protozoan parasite Entamoeba his-
tolytica. J. Bacteriol. 179:3736–3745.

ROUALT, T. A., and R. D. KLAUSNER. 1996. Iron-sulfur clusters
as biosensors of oxidants and iron. Trends Biochem. 21:
174–177.

SHIMODAIRA, H., and M. HASEGAWA. 1999. Multiple compar-
isons of log-likelihoods with applications to phylogenetic
inference. Mol. Biol. Evol. 16:1114–1116.

SMITH, M. W., D.-F. FENG, and R. F. DOOLITTLE. 1992. Evo-
lution by acquisition: the case for horizontal gene transfers.
Trends Ecol. Evol. 17:489–493.

SOLTYS, B. J., and R. S. GUPTA. 1994. Presence and cellular
distribution of a 60KDA protein related to mitochondrial
HSP-60 in Giardia lamblia. J. Parasitol. 80:580–590.
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