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Protists that live under low-oxygen conditions often lack conventional mitochondria and instead possess
mitochondrion-related organelles (MROs) with distinct biochemical functions. Studies of mostly parasitic
organisms have suggested that these organelles could be classified into two general types: hydrogenosomes and
mitosomes. Hydrogenosomes, found in parabasalids, anaerobic chytrid fungi, and ciliates, metabolize pyruvate
anaerobically to generate ATP, acetate, CO2, and hydrogen gas, employing enzymes not typically associated
with mitochondria. Mitosomes that have been studied have no apparent role in energy metabolism. Recent
investigations of free-living anaerobic protists have revealed a diversity of MROs with a wider array of
metabolic properties that defy a simple functional classification. Here we describe an expressed sequence tag
(EST) survey and ultrastructural investigation of the anaerobic heteroloboseid amoeba Sawyeria marylandensis
aimed at understanding the properties of its MROs. This organism expresses typical anaerobic energy
metabolic enzymes, such as pyruvate:ferredoxin oxidoreductase, [FeFe]-hydrogenase, and associated hydro-
genase maturases with apparent organelle-targeting peptides, indicating that its MRO likely functions as a
hydrogenosome. We also identified 38 genes encoding canonical mitochondrial proteins in S. marylandensis,
many of which possess putative targeting peptides and are phylogenetically related to putative mitochondrial
proteins of its heteroloboseid relative Naegleria gruberi. Several of these proteins, such as a branched-chain
alpha keto acid dehydrogenase, likely function in pathways that have not been previously associated with the
well-studied hydrogenosomes of parabasalids. Finally, morphological reconstructions based on transmission
electron microscopy indicate that the S. marylandensis MROs form novel cup-like structures within the cells.
Overall, these data suggest that Sawyeria marylandensis possesses a hydrogenosome of mitochondrial origin
with a novel combination of biochemical and structural properties.

It is now widely accepted that the most recent common
ancestor of extant eukaryotes possessed an endosymbiont-de-
rived mitochondrial organelle of alphaproteobacterial ancestry
(see reference 16 for a recent review). Although most well-
known eukaryotes contain mitochondria that aerobically re-
spire to produce ATP, a vast diversity of anaerobic eukaryotic
lineages have been discovered that lack classical mitochondrial
structures. Instead of mitochondria, biochemically diverse dou-
ble-membrane-bounded organelles have been found that func-
tion under low-oxygen conditions (for recent reviews, see ref-
erences 5, 6, 17, 23, 54, and 57). The discovery and recent
investigations of the functions of these mitochondrion-related
organelles (MROs) has greatly expanded our understanding of
both the conservation and diversity of functions that these
organelles can perform.

A number of protist lineages, including the parabasalids,

several anaerobic ciliate groups, and anaerobic chytrid fungi,
are known to possess MROs termed “hydrogenosomes,” which
generate ATP and molecular hydrogen from anaerobic energy
metabolism. Over the last few decades, intensive molecular
and biochemical investigation of the functions of the hydrog-
enosomes of Trichomonas vaginalis have revealed that they
possess a mitochondrion-like protein import apparatus and
they carry out additional mitochondrial functions, including
the synthesis of iron-sulfur (Fe-S) clusters and metabolism of
some amino acids (9, 35). Other anaerobic protistan lineages
contain “mitosomes,” which are typically smaller than hydrog-
enosomes and have no obvious energy metabolic role. Some of
these mitosomes, such as those of Giardia intestinalis (54) and
some Microsporidia (22), possess mitochondrion-like protein
import apparatuses and seem to function in Fe-S cluster bio-
genesis. Other mitosomes, such as those of Entamoeba, retain
mitochondrial heat shock and chaperonin proteins (2, 32) yet
seem to carry out biochemical functions, such as sulfur activa-
tion (34), that are not typically associated with aerobic mito-
chondria.

Recent investigations of little-studied protists have further
revealed a continuum of diversity of function in MROs, from
organelles that are complex metabolic intermediates between
mitochondria and hydrogenosomes (e.g., Nyctotherus ovalis [7]
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and Blastocystis sp. [51]) to apparent intermediates between
hydrogenosomes and mitosomes (e.g., Mastigamoeba [21] and
Trimastix [25]). The potential functional diversity of MROs
could even be greater since there are a myriad of additional
poorly studied anaerobic protists that, in transmission electron
microscopy studies (26), have been shown to contain MRO-
like structures that have yet to be intensively investigated. By
studying their organelles, we can obtain important insights into
their evolutionary origin, the range of their biochemical flexi-
bility within the eukaryotic tree of life, and possibly even the
origin of eukaryotes themselves (5).

Sawyeria marylandensis is an amoeba from anaerobic sedi-
ments that belongs to the class Heterolobosea (24, 39, 48).
Small subunit rRNA phylogenies (SSU rRNA) show Sawyeria
branching in a robust clade with the two other anaerobic het-
eroloboseids for which molecular data are available, namely,
Psalteriomonas lanterna and Monopylocystis visvesvarai (39).
Sawyeria is not a strict anaerobe but a microaerophile since it
grows in cultures with trace amounts of oxygen, and to date, it
has been described only as a gymnamoeba, lacking a cyst or
flagellate stage (39). Sawyeria cells are uninucleate and lack
classical mitochondria. However, like Psalteriomonas lanterna,
transmission electron micrographs reveal that Sawyeria con-
tains densely staining organelles that resemble mitochondria in
size and shape (39). Recently an expressed sequence tag (EST)
survey of Psalteriomonas lanterna revealed the existence of
transcripts encoding canonical mitochondrial proteins. These
findings, combined with ultrastructural arguments, were inter-
preted as evidence that its densely staining organelles were
mitochondrion-related organelles (12). More surprisingly, the
full genome sequence of the model system aerobic heterolo-
boseid Naegleria gruberi was reported to have genes that en-
code enzymes typically associated with anaerobic energy me-
tabolism, including [FeFe]-hydrogenase and its maturase
proteins (19), and the encoded proteins appeared to possess
N-terminal mitochondrial targeting signals. Although experi-
mental follow-up studies are needed to verify these biochem-
ical predictions, it seems that the capacity for anaerobic energy
metabolism may be relatively old within mitochondria of the
heteroloboseid lineage.

Here we report the first detailed morphological and molec-
ular characterization of the mitochondrion-derived organelles
of Sawyeria marylandensis. By directed degenerate PCR studies
and an expressed sequence tag (EST) survey of this organism,
we identified several homologues of mitochondrion- and hy-
drogenosome-targeted proteins, including pyruvate:ferredoxin
oxidoreductase (PFO), [FeFe]-hydrogenase, and the recently
described hydrogenase maturase protein HydG. The proteins
we have identified, as well as the presence of predicted N-
terminal mitochondrion-type targeting peptides, indicate that
Sawyeria marylandensis likely has MROs with hydrogenosomal
functions and a unique proteome composition. Phylogenetic
analyses of some of these proteins show that this organelle has
evolved from an ancestral heteroloboseid mitochondrion. Our
electron microscopic morphological analyses clearly demon-
strate that the Sawyeria organelles have two bounding mem-
branes and form novel cup-shaped structures. These data ex-
pand our knowledge of both the structural and functional
diversity of mitochondrion-derived organelles within unicellu-
lar eukaryotes.

MATERIALS AND METHODS

Culture conditions. Sawyeria marylandensis cells were grown at 20°C in the
dark in ATCC medium 802 in 15-ml Falcon tubes previously bacterized with a
mix of different anaerobic bacteria. The culture was transferred weekly. When
the culture reached peak density, cells were harvested by centrifugation at 300 �

g and resuspended in Tri-reagent (Molecular Research Center, Cincinnati, OH).
EST data. Total RNA was extracted using Tri-reagent following the manufac-

turer’s guidelines. cDNA libraries were constructed by Amplicon Express (Pull-
man, WA). The number of ESTs passing quality control and submitted to further
analysis was 9,300. EST data were automatically clustered by tools implemented
in TBestDB (http://amoebidia.bcm.umontreal.ca/pepdb/searches/login.php?bye
�true) (38) and AnaBench (http://anabench.bcm.umontreal.ca/anabench/) (4).
Moreover, data were also manually clustered using the Phred and Phrap software
programs (18). The 9,300 sequences of Sawyeria marylandensis resulted in a total
of 2,672 unique clusters.

Gene searching. A BLASTX search of the EST clusters against mitochondrial
human and yeast proteomes (3, 52) was carried out, and the best hits were then
searched again by BLASTX against the GenBank nonredundant database. Se-
quences that consistently showed best hits to mitochondrial or hydrogenosomal
homologs were further analyzed. In addition to sequence-based searches, we also
conducted a text-based search using the name of mitochondrial/hydrogenosomal
proteins within the automatic annotation pipeline of TBestDB (38). Trichomonas
and Giardia proteomes were searched using BLASTP for homologs of the Saw-
yeria proteins that we had identified as putatively mitochondrial. Positive hits
were then blasted back against the nr NCBI database, and in some cases,
homology was further assessed by aligning the sequences into eukaryotic align-
ments.

RNA extraction, PCR, cloning, and sequencing. [FeFe]-hydrogenase, PFO,
Cpn60, and IscS were directly amplified by reverse transcriptase PCR (RT-PCR)
using either degenerate or “exact-match” primers as described below. Total
RNA and purified poly(A)� mRNA were obtained using standard methods.
First-strand cDNA was obtained via reverse transcription using an oligo(dT)
primer. A portion of the gene was obtained by RT-PCR. Full cDNA and gene
sequences were obtained by random amplification of cDNA ends (RACE) using
the Gene Racer kit (Invitrogen Corporation, Carlsbad, CA). The different genes
were amplified using different combinations of specific and degenerate primers.
PCR products were purified and cloned using the Topo-TA cloning kit for
sequencing (Invitrogen, Carlsbad, CA). Both coding and noncoding strands were
sequenced from at least three different clones.

Phylogenetic analyses. Alignments were constructed with the MacGDE2.3
(49) or MacClade software program. All individual gene alignments were man-
ually revised and edited, and only those positions that were unambiguously
aligned were included in the final analyses. Maximum-likelihood (ML) phyloge-
netic trees were constructed using the RAxML software program (50) with a
WAG model of protein evolution and with a gamma distribution (WAG��).
Statistical support was obtained from 100 bootstrap replicates using RAxML. In
the case of NuoF, an additional tree was constructed in RAxML by first recoding
the amino acids into four functional categories as specified elsewhere (45) and
analyzing the data with the general time reversible (GTR) model with a gamma
distribution.

Prediction of putative targeting peptides. Most proteins that localize in hy-
drogenosomes or mitosomes have N-terminal targeting peptides. We searched
for targeting peptides in our Sawyeria proteins using two different targeting
peptide prediction software tools: MITOPROT (10) and PSORT (37).

Electron microscopy. Cells were fixed in a 0.1 M cacodylate buffer containing
2.5% gluteraldehyde at 4°C. Postfixation in 1% osmium tetroxide and 0.25%
uranyl acetate was also conducted before stepwise dehydration in acetone at 4°C.
Samples were embedded in Epon resin, and 60 nm-sections were made on an
LKB-Huxley ultramicrotome using a Diatome diamond knife. Poststaining was
conducted in an aqueous solution containing 2% uranyl acetate and lead citrate.
Sections were examined on a Jeol JEM 1230 transmission electron microscope
operating at 80 kV, and the images were captured using a digital camera.

3D organelle reconstruction. A digital three-dimensional (3D) model of serial
transmission electron microscope sections of Sawyeria MROs was generated
using the software program TrackEM (an ImageJ plugin for three-dimensional
modeling; see http://www.ini.uzh.ch/�acardona/trakem2.html). The different
sections (n � 20) were registered. Using the various modeling functions, traces
of the MRO outlines were generated. The traces were rendered in the program
to generate a 3D model of the Sawyeria hydrogenosome.

Nucleotide sequence accession numbers. New sequences have been deposited
in GenBank under the accession numbers listed in Table 1.
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TABLE 1. Mitocondrial/hydrogenosomal proteins in Sawyeria marylandensis and comparison with N. gruberi, T. vaginalis, and G. intestinalisa

Category or S. marylandensis
mitochondrial/hydrogenosomal protein

Accession no.d N-terminal
extensione

Annotationf

TBestDB NCBI Ng Tv Gi

Energy metabolism
�FeFe�-hydrogenaseb EF612752 (SmHydA) Yes � � �

EF612753 (SmHydB)
Pyruvate:ferredoxin oxidoreductase (PFO)b EF612751 Yes � � �
Alpha-succinyl-CoA synthetaseb SML00000322 EF612760 Yes � � �
Beta-succinyl-CoA synthetaseb SML00000048 EF612761 Yes � � �
2Fe-2S Ferredoxinc SML00003510 EC818301 ? � � �
Putative glycerol kinasec SML00001707 EC823814 ? � � �

Fe-hydrogenase assembly
HydGb SML00000047 EF612762 Yes � � �
HydFc SML00000703 EC826105 ? � � �

Mitochondrial carrier family
Putative ATP/ADP Carrier (AAC)b SML00000111 EC824912 No � � �

SML00000209 EC825377

Mitochondrial import pathway
Cpn60b EU233795 Yes � � �
Hsp70b EF612755 Yes � � �
Cpn10b EF612758 No � � �
TOM34c SML00000787 EC825338 ? �/� � �
TIM 23c SML00000812 EC826107 ? � � �
TIM 44c SML00000628 EC825535 ? � � �

Mitochondrial respiratory complex I
51 kDa (NuoF)b EF612754 Yes � � �
24 kDa (NuoE)c SML00003413 EC824286 ? � � �

ISC pathway
IscSb EF612756 Yes � � �
IscUb EF612757 ? � � �
Frataxinc SML00000479 EC823663 ? � � �

Fatty acid metabolism
Propionyl-CoA carboxylase alpha chainc SML00000070 EC826322 ? � � �
Propionyl-CoA carboxylase beta chainc SML00000244 EC825818 ? � � �
3-Ketoacyl-CoA thiolasec SML00000148 EC826272 � � �

Amino acid metabolism
Dihydrolipoamide dehydrogenase (L protein)b SML00002324 EF612759 Yes � � �
Glycine cleavage system Hc SML00003411 EC819138 ? � � �
Glycine cleavage system Pc SML00003181 EC821614 ? � � �
4-Aminobutyrate transaminasec SML00000492 EC825405 ? � � �
Methylmalonyl-CoA mutasec SML00000635 EC825225 ? � � �
Serine hydroxymethyltransferasec SML00001624 EC824484 ? � � �
Branched chain ketoacid dehydrogenase E1, alpha polypeptidec SML00000388 EC826530 ? � � �

SML00002275 EC817751
Branched-chain alpha-keto acid dehydrogenase E1-beta subunitc SML00001068 EC825728 ? � � �
Lipoamide acyltransferase (branched-chain alpha-keto acid

dehydrogenase complex) E2c
SML00000474 EC826090 ? � � �

Glutamate dehydrogenasec SML00000006 EC826618 ? � � �
Alanine aminotransferasec SML00000316 EC825413 ? � � �
Aspartate aminotransferasec SML00001965 EC817939 ? � � �
Ornithine carbamoyltransferasec SML00001073 EC825834 ? �/� � �
Putative delta-1-pyrroline-5-carboxylate dehydrogenasec SML00000009 EC826523 ? � � �
Putative glutaryl-CoA dehydrogenasec SML00001691 EC823693 ? � � �
2-Amino-3-ketobutyrate coenzyme A ligasec SML00000023 EC826214 ? � � �

Other functions
Thioredoxin reductase 2c SML00002472 EC820868 ? � � �
NADH-cytochrome b5 reductasec SML00002452 EC819124 ? � � �
Succinate semialdehyde dehydrogenasec SML00000871 EC822494 ? �/� � �
Dynamin like proteinc SML00000756 EC822881 ? � � �

a Hits confirmed by BLAST (E 	 10�5) to NCBI and PFAM.
b Phylogeny shown in Fig. 1 or the supplemental material.
c Automatic annotation as obtained by the AnaBench pipeline (http://anabench.bcm.umontreal.ca/anabench/).
d For those genes fully sequenced, NCBI accession numbers are provided in bold. For the rest, TBestDB accession numbers are provided for the contigs plus an

additional NCBI accession number for a representative EST of the contig.
e ? indicates an incomplete sequence at the N terminus.
f Ng, Naegleria gruberi; Tv, Trichomonas vaginalis; Gi, Giardia intestinalis. “�/�” indicates that a potential distant homolog of the protein was found but its assignment

to the specific protein family named could not be confirmed by reciprocal BLAST.
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RESULTS

PCR and EST survey. From our expressed sequence tag
(EST) survey of Sawyeria marylandensis, we obtained 9,300
sequences that were grouped into 2,672 unique clusters. We
carried out a Basic Local Alignment Search Tool (BLAST)
search of our cluster consensus sequences against human and
yeast mitochondrial proteomes (3, 52), and the clusters that
had strong hits in these databases were then used as queries in
BLAST searches of the GenBank nonredundant (nr) database.
In addition, a text-based gene/protein name search for known
mitochondrion- and hydrogenosome-targeted proteins was
carried out within the automatic annotation pipeline of
TBestDB (38). Genes encoding other canonical mitochondri-
on- or hydrogenosome-targeted proteins (namely, [FeFe]-hy-
drogenase, PFO, chaperonin 60 [Cpn60], and cysteine desul-
furase [IscS]) were directly amplified from cDNA by RT-PCR
using degenerate primers. The results of our transcriptomic
(EST) and degenerate PCR survey of Sawyeria marylandensis
for genes whose products are typically targeted to mitochon-
dria or hydrogenosomes are shown in Table 1. We found 43
genes that encoded proteins involved in energy metabolism,
[FeFe]-hydrogenase assembly, mitochondrial import and car-
riers, subunits of mitochondrial respiratory complex I, compo-
nents of the iron-sulfur cluster (ISC) pathway, and the metab-
olism of fatty acids and amino acids. Interestingly, the
predicted partial proteome of the Sawyeria marylandensis mi-
tochondrion-derived organelles based on this survey appears to
contain a number of pathways/functions that are lacking in the
hydrogenosomes of Trichomonas and the mitosomes of Giar-
dia (Table 1). A search for homologs of these Sawyeria genes
in the genome of the aerobic mitochondriate heteroloboseid
amoeba Naegleria gruberi revealed a high degree of overlap in
content (Table 1). This overlap includes a number of genes
encoding enzymes involved in anaerobic “hydrogenosomal”
metabolism, such as [FeFe]-hydrogenase and associated matu-
rases, although a gene coding for the anaerobic enzyme pyru-
vate:ferredoxin oxidoreductase in Naegleria gruberi is appar-
ently absent (Table 1). Other genes, such as those encoding a
putative TOM34, ornithine carbamoyltransferase, and succi-
nate semialdehyde dehydrogenase, had apparent distant ho-
mologs (possibly paralogs) in N. gruberi but were clearly
more similar to other eukaryotic or bacterial homologs in
the GenBank nonredundant database. Since none of these
last three Sawyeria sequences had convincing organellar tar-
geting peptides, their significance with respect to the func-
tion of its MROs remains unclear.

For those genes where the full coding sequence was ob-
tained, we performed phylogenetic analyses. Figure 1 shows
the estimated maximum likelihood (ML) trees of mitochon-
drial Hsp70, IscS, [FeFe]-hydrogenase, and PFO, while the
remaining trees are presented in the supplemental material.

Like Trichomonas, Sawyeria expresses homologues of the
characteristic hydrogenosomal marker proteins pyruvate:ferre-
doxin oxidoreductase (PFO) and [FeFe]-hydrogenase. Two
genes coding for [FeFe]-hydrogenase have been identified.
Both Sawyeria [FeFe]-hydrogenases are predicted to have the
same protein module structure as Neocallimastix, Piromyces,
and most Trichomonas copies (59); that is, they possess a
[2Fe-2S] “plant ferredoxin-like” module, a His-ligated [4Fe-

4S] module, 2[4Fe-4S] modules, and an H cluster. The two
Sawyeria homologues (SmHydA and SmHydB) clearly group
with the [FeFe]-hydrogenase of the anaerobic heteroloboseid
Psalteriomonas lanterna (bootstrap value [BV] � 100% in the
phylogenetic tree; Fig. 1C). SmHydB is more closely related to
the heteroloboseid Psalteriomonas lanterna homologue than to
the other Sawyeria copy (the SmHydA), suggesting that a gene
duplication took place before Sawyeria and Psalteriomonas di-
verged from their last common ancestor. Further data on Psal-
teriomonas will be needed to confirm whether this organism
encodes a second copy orthologous to SmHydA or whether it
has secondarily lost it. Oddly, the Sawyeria/Psalteriomonas
clade does not group specifically with the [FeFe]-hydrogenase
homologue from their heteroloboseid sister Naegleria gruberi
(which groups with anaerobic chytrid fungi instead), although
all of the heteroloboseid homologs share the same protein
module structure (not shown). Since the branches in the tree
separating the two heteroloboseid groups have low bootstrap
values, nothing definitive can be concluded from this branching
pattern. As in previous analyses, eukaryotes as a whole do not
appear as monophyletic (29). On the other hand, the PFO
topology shows eukaryotes as a weakly supported (BV � 65%)
monophyletic group, with Sawyeria and Psalteriomonas ho-
mologs branching off sequentially in a poorly resolved region
of the tree (Fig. 1D).

At least two of the three genes encoding proteins involved in
[FeFe]-hydrogenase assembly (HydG and HydF) were also
detected as ESTs in Sawyeria. The HydG tree shows the five
eukaryotic sequences forming a monophyletic group with mod-
erate bootstrap support (BV � 71%) (see Fig. S4 in the sup-
plemental material), with a Sawyeria-plus-Naegleria subgroup.

Sawyeria possesses other proteins presumably involved in
energy metabolism, such as a 2Fe-2S ferredoxin, which, in
trichomonad hydrogenosomes, transfers electrons from PFO
to [FeFe]-hydrogenase, and the alpha and beta subunits of
succinyl-coenzyme A (CoA) synthetase (SCS), the principle
ATP-generating enzyme of hydrogenosomal energy metabo-
lism (see reference 57). Both SCS alpha and beta subunit trees
show all eukaryotes emerging as a group, with a monophyletic
Heterolobosea (Sawyeria plus Naegleria) lineage occupying an
unclear position within this group (see Fig. S1 and S2 in the
supplemental material).

Also like that of Trichomonas, the Sawyeria genome encodes
both the 51-kDa (NuoF) and 24-kDa (NuoE) subunits of the
NADH dehydrogenase module in the mitochondrial respira-
tory complex I (NADH:ubiquinone oxidoreductase) (Table 1).
The ML tree of 51-kDa NADH proteins (see Fig. S3 in the
supplemental material) shows Sawyeria clustering strongly with
a homologue from Psalteriomonas. This clade groups with
Trichomonas as a sister to the main group of eukaryotes (in-
cluding the Naegleria homolog) plus a subgroup of the alpha-
proteobacteria. To check if this is caused by phylogenetic ar-
tifacts (27), we also constructed a phylogenetic tree based on a
recoding of the amino acids into functional categories (e.g., see
reference 45). However, the resulting ML topology was the
same as that of the nonrecoded analyses (data not shown).

Several proteins involved in protein import and maturation
were detected. These include a homologue of the mitochon-
drial translocase of the outer membrane 34 (TOM34) and
translocases of the inner membrane 23 and 44 (TIM23 and
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FIG. 1. Maximum-likelihood (ML) phylogenetic trees of mitochondrial Hsp70 (A), cysteine desulfurase (IscS) (B), [FeFe]-hydrogenase (C),
and pyruvate:ferredoxin oxidoreductase (D). Trees were constructed using RAxML with a WAG�� model of evolution. Bootstrap support values
above 50 are shown over branches.
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TIM44), all of which are part of the core mitochondrial protein
import machinery that seems to have evolved early in eukary-
otic evolution (14). Surprisingly, although we were able to
identify a protein encoded by the N. gruberi genome that was
distantly related to the Sawyeria TOM34 sequence, upon fur-
ther database searches it became clear that this protein was
more closely related to tetratricopeptide repeat (TPR)-con-
taining proteins of other eukaryotes and was unlikely to be a
member of the TOM34 family.

We also found a homolog of the mitochondrial heat shock
protein 70 (mtHsp70), which is involved in protein import into
the mitochondrial matrix, as well as chaperonins 60 and 10
(Cpn60 and Cpn10), which form the chaperonin complex that
refolds imported mitochondrial proteins. The ML tree of
mtHsp70 shows Sawyeria grouping with the other heterolobo-
seid sequence, that of Naegleria gruberi, with weak bootstrap
support (BV � 60%) (Fig. 1A). In this tree, all eukaryotes
form a weakly supported clade emerging from within the al-
phaproteobacteria as sisters to the Rickettsiales. Similarly, all
eukaryotes form a strongly supported monophyletic group,
with the alphaproteobacteria branching as their sister group in
the Cpn60 tree (see Fig. S5 in the supplemental material). In
this tree, Sawyeria groups with Naegleria and Psalteriomonas
homologs as expected. The Cpn10 tree also shows a monophy-
letic group of eukaryotes in which Sawyeria and Naegleria ho-
mologs branch together (see Fig. S6).

We identified genes in the ESTs encoding proteins involved
in Fe-S cluster assembly, including those encoding IscS, IscU,
and frataxin. Sawyeria IscS groups with the heterolobosean
Naegleria, the jakobid Seculamonas, and the dinoflagellate
Thalassiosira within the eukaryotic clade, although with low
statistical support (Fig. 1B). Again eukaryotes appear to
emerge from within the alphaproteobacteria, weakly grouping
with the Rickettsiales. The resolution in the IscU tree is poor,
with low bootstrap support for many branches, and shows the
eukaryotes as paraphyletic (see Fig. S7 in the supplemental
material).

Interestingly, we have also found some of the same enzymes
typically associated with amino acid metabolism that are ap-
parently retained in the hydrogenosomes of Trichomonas or
Neocallimastix. For example, Sawyeria appears to express a
homolog of dihydrolipoamide dehydrogenase (L protein or
PDH-E3). Dihydrolipoamide dehydrogenase is one of the
three subunits of the pyruvate dehydrogenase complex and is
also part of two multienzyme complexes of amino acid metab-
olism typically found in mitochondria: the glycine cleavage
system complex and the branched-chain alpha-keto acid dehy-
drogenase. While we were unable to identify any other subunit
of the PDH complex, we did detect homologs of all of the
putative subunits of the glycine cleavage system complex and
all of the subunits of the branched-chain alpha-keto acid de-
hydrogenase complex (Table 1). The phylogeny of this protein
family again shows eukaryote mitochondrion-targeted se-
quences as monophyletic, with the Sawyeria homolog emerging
within the group (see Fig. S8 in the supplemental material).

Finally, both mitochondria and hydrogenosomes export the
ATP they produce to the cytosol via an ADP/ATP carrier
(AAC), a unique eukaryotic protein not found in prokaryotes
that is part of a larger family of mitochondrial carrier proteins.
Our search for AAC identified two putative AACs in Sawyeria.

The ML tree shows both copies, plus a homolog from Psalte-
riomonas lanterna, as the sister group to the ATP-ADP carriers
(with BV equal to 89%), occupying a pivotal position between
AAC and other mitochondrial carrier proteins (see Fig. S9 in
the supplemental material). The Sawyeria AAC-B paralog
strongly grouped with the Psalteriomonas homolog, again indi-
cating that a possible ancestral gene duplication event has
occurred within the anaerobic heteroloboseid genome. The
distant relationship between these proteins and the AAC ho-
molog from Naegleria (which emerges as part of the canonical
eukaryotic mitochondrial clade) seems to indicate a distinct
ancestry.

Predicted organellar targeting peptides. Manual alignment
of the amino-terminal ends of Sawyeria proteins with those of
other eukaryotes and bacterial homologues revealed the pres-
ence of extensions (of around 15 to 28 amino acids long)
compared to bacterial sequences (Table 1 and Fig. 2). Of all
these proteins, just two (Hsp70 and PFO) are predicted to
possess an N-terminal mitochondrial targeting peptide using
the targeting peptide prediction software (see Materials and
Methods). In fact, arginines, which are suggested to be impor-
tant for organelle import (47), are generally missing in the
apparent MRO targeting peptides of Sawyeria. Given the evo-
lutionary divergence of Sawyeria from organisms whose target-
ing peptides have been used to train targeting peptide predic-
tion software tools (e.g., Saccharomyces, humans etc), it is not
surprising that bona fide targeting peptides are not always
recognized by these tools. Based on comparisons with other
proteins, we observed that putative N-terminal targeting pep-
tides for Sawyeria proteins most often start with a consensus
motif of ML[K,N][K,N] (Fig. 2B). However, cleavable N-ter-
minal extensions are probably not the only signals by which
proteins are targeted and subsequently imported into the Saw-
yeria MROs, as has recently been shown for Trichomonas (33)
and is well known for other mitochondria (14).

Morphological characterization of Sawyeria MROs. Sections
from Sawyeria marylandensis cells examined in transmission
electron micrographs revealed the presence of abundant
densely stained organelles in the cytoplasm (Fig. 3A to F).
These organelles measure �1 to 1.5 
m, are clearly bounded
by two membranes (Fig. 3F), and are likely to be MROs. They
are not, however, surrounded by rough endoplasmic reticulum
(RER), as has been described for the MROs of Psalteriomonas
lanterna and the mitochondria of other members of the Het-
erolobosea (40). We detected two different morphologies of
Sawyeria MROs. Some of the organelles appeared bean
shaped, as previously described (39), and others presented as
round bodies with central holes, while others were cup shaped
(see Fig. 3B and D for a view of different shapes of the hy-
drogenosome).

The three-dimensional (3D) reconstructions of the Sawyeria
MROs using serial transmission electron microscope sections
confirmed the two different shapes (Fig. 4). Both types harbor
an invagination, which forms a cavity. The bean-shaped MRO
is about 1.8 
m tall, 1.5 
m long, and 0.840 
m wide. The
cup-shaped MRO is 1.5 
m tall and 1.65 
m wide. Both MRO
types display a nonhomogenous and moderately electron-
dense interior. Within the nonhomogenous content, there are
a few whitish compartments with diffuse borders that resemble
vesicles. These vesicle-like protuberances typically contain one
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gray spot at the periphery or in the middle and a stack of gray
filaments. The cup-shaped MROs can possess up to three
vesicle-like protuberances surrounding them, while the bean-
shaped organelles typically have only one of these buds, which
is always located at the extreme end of the structure.

DISCUSSION

Our EST and PCR surveys have yielded a number of genes
that encode proteins typical of mitochondria and hydrogeno-
somes, with putative N-terminal targeting sequences that likely
direct them to the MROs of Sawyeria marylandensis. We hy-
pothesize that these organelles are in fact hydrogenosomes
with a novel proteome and biochemical functions, although

biochemical studies of hydrogen production for these or-
ganelles will be needed to test this hypothesis. Phylogenetic
analyses of the mitochondrial import system components
(Cpn60 and mtHsp70), ISC system components, and other
proteins unequivocally suggest that the Sawyeria marylandensis
hydrogenosomes are related to those of Psalteriomonas lan-
terna and the mitochondria of Naegleria gruberi and thus must
have evolved from ancestral heteroloboseid mitochondria.

Energy metabolism in Sawyeria MROs. In most aerobic eu-
karyotes, conversion of pyruvate to acetyl-CoA occurs in mi-
tochondria via the PDH enzyme complex. In anaerobic pro-
tists, this conversion is typically catalyzed by PFO and/or by a
pyruvate:formate lyase (PFL). PFO transfers the electrons
generated in the process to the ferredoxin protein, and a

FIG. 2. Comparison of the N termini of several different protein homologues from Sawyeria and several representative eukaryote sequences,
showing the putative targeting peptides. Aligned bacterial homologues, which do not contain targeting peptides, are also shown. Most of the
putative targeting peptides of Sawyeria were not predicted by automated software (see Materials and Methods and the main text).
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[FeFe]-hydrogenase enzyme is responsible for reoxidizing the
reduced ferredoxin and coupling this with the reduction of
protons to form H2 gas (28). While PFO and [FeFe]-hydroge-
nase activities are thought not to be associated with the mito-
somes in Giardia and Entamoeba (31, 44, 56), they occur in the
hydrogenosomes of Trichomonas (36). Recent studies have
found homologs of these two enzymes in the anaerobes Mas-
tigamoeba balamuthi (21), Blastocystis (51), and Trimastix pyri-
formis (25). A recent survey (29) suggests both of these en-
zymes are not only present in anaerobic taxa but are patchily
distributed across the eukaryotic tree and are present in both
aerobic and anaerobic lineages. Our finding of two copies of
genes encoding [FeFe]-hydrogenase, genes for two of the three
hydrogenase naturase proteins, and a single gene for pyruvate:
ferredoxin oxidoreductase (PFO) that, where known, possess
an N-terminal mitochondrial/hydrogenosomal targeting pep-
tide (HydE is a partial sequence) in Sawyeria marylandensis
suggests this organism truly possesses hydrogenosomes. The
lack of an obvious phylogenetic affinity of Sawyeria/Psalterio-
monas [FeFe]-hydrogenases to homologs recently identified in
Naegleria (19) makes it difficult to determine how old this
protein is within the heteroloboseid lineage.

Of the three described hydrogenase maturases, we have
identified two (HydG and HydF) (Table 1) in Sawyeria. Since
ESTs are only a partial representation of the transcriptome, it
is possible that HydE is also a part of the Sawyeria proteome
that has yet to be detected. HydG, HydF, and HydE have been
shown to be necessary for H-cluster maturation and have been
exclusively found in bacteria containing [FeFe]-hydrogenase

and, recently, in Chlamydomonas reinhardtii, Trichomonas vagi-
nalis, and Trimastix pyriformis (25, 41–43). Some of these pro-
teins have also recently been found in aerobic protists (29),
including the heterolobosean Naegleria gruberi, which has all
three maturases (19), suggesting a fairly ancient origin of these
proteins within the heterolobosea.

Sawyeria also expresses the two subunits (alpha and beta) of
the succinyl-CoA synthetase (SCS), which typically catalyzes
substrate-level phosphorylation that converts succinyl-CoA to
succinate and synthesizes ATP. This enzyme is part of the
tricarboxylic acid cycle in aerobic mitochondria and is the main
ATP-generating enzyme in anaerobic energy metabolism of
hydrogenosomes. Both SCS alpha and beta subunits have pu-
tative N-terminal extensions that again suggest that they are
located in the MROs, and both are related to presumably
mitochondrion-targeted homologs in Naegleria gruberi. In the
absence of a canonical mitochondrial oxidative phosphoryla-
tion pathway, the SCS enzyme is likely an important source of
ATP for Sawyeria. In hydrogenosomes and some anaerobic
mitochondria, the acetyl-CoA generated by PFO is converted
to succinyl-CoA (the substrate for the SCS enzyme) via an
acetate:succinate CoA transferase (ASCT) (36, 53, 58). Al-
though we did not detect any ASCT homologs in our survey,
we suspect an enzyme with this activity exists in Sawyeria mary-
landensis MROs, which would complete the hydrogenosomal
energy generation pathway. Finally, although we detected what
may be an E3 subunit of the PDH complex, in the absence of
other PDH subunits, we suspect this protein instead is part of
the amino acid metabolic systems described below.

NADH dehydrogenase subunits. In Trichomonas, both the
51-kDa (NuoF) and 24-kDa (NuoE) subunits of the NADH
dehydrogenase module in mitochondrial respiratory complex I
(NADH:ubiquinone oxidoreductase) have been shown to be
located in hydrogenosomes, possibly functioning to oxidize the
NADH produced by the hydrogenosomal malic enzyme and
transfer the electrons to ferredoxin, which is in turn oxidized by
[FeFe]-hydrogenase (27). Sawyeria also encodes the NuoF and
NuoE proteins, which could function in exactly the same way
as their homologs in Trichomonas hydrogenosomes. Our phy-
logenetic analyses of NuoF show that Sawyeria, Psalteriomonas,
and Trichomonas sequences are basal to all other eukaryotic
homologues (see Fig. S3 in the supplemental material), and in
contrast to the findings of Hrdy et al. (27), a phylogenetic
analysis of amino acids grouped into functional categories did
not change the optimal topology inferred. However, we cannot
absolutely reject the possibility that our topology is due to a
phylogenetic artifact, and further investigation of this issue is
beyond the scope of this article. Interestingly, Sawyeria NuoF
appears to have an N-terminal extension, again consistent with
a hydrogenosomal localization and function in this organism.

Iron-sulfur cluster biogenesis. Mitochondria play a vital role
in Fe-S cluster assembly in eukaryotes (30). This is one of the
most conserved functions in mitochondria and mitochondrion-

FIG. 3. Transmission electron micrographs of Sawyeria marylandensis. (A) Full view of a Sawyeria marylandensis cell. (B) Partial view of an S.
marylandensis cell showing the three different shapes of the mitochondrion-related organelle. (C) S. marylandensis cell with several hydrogeno-
somes. (D) An inset view of picture C. (E) View of a hydrogenosome of S. marylandensis. (F) Close view showing double-membrane structure of
the organelle.

FIG. 4. 3D reconstruction of shape of Sawyeria hydrogenosomes
derived from serial sectioning transmission electron microscopy. The
bean-shaped MRO is about 1.8 
m tall, 1.5 
m long, and 0.840 
m
wide. The cup-shaped MRO is 1.5 
m tall and 1.65 
m wide. See the
main text for more details.
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related organelles (55), although in Entamoeba and Mastiga-
moeba, ISC has apparently been replaced, by lateral gene
transfer, with epsilonproteobacterium-related homologues of
NifS and NifU (1, 21). Sawyeria has canonical IscS and IscU
proteins with a putative N-terminal targeting peptide (Fig. 2)
that group within the eukaryotes in respective phylogenetic
trees (Fig. 1B; see also Fig. S7 in the supplemental material).
Our survey has also detected frataxin, another key protein in
iron-sulfur biogenesis that was also recently found within
trichomonad hydrogenosomes (13). So far, it appears that
frataxin homologs are absent from both the mitosomes of
Giardia and Entamoeba (13).

Amino acid metabolism. Recently, some evidence for amino
acid metabolism in hydrogenosomes was found. In Trichomo-
nas, the serine hydroxymethyl transferase and two proteins of
the glycine decarboxylase complex, the glycine cleavage H pro-
tein and dihydrolipoamide dehydrogenase (L protein), have
been demonstrated to localize in hydrogenosomes (35). More-
over, the ornithine transcarbamoylase, a mitochondrial enzyme
of the arginine biosynthesis pathway, seems to localize in the
hydrogenosomes of Neocallimastix frontalis (20).

The L protein, in other organisms, is a subunit of several
mitochondrial 2-oxo-acid dehydrogenase complexes: PDH, the
glycine cleavage system, and the branched-chain alpha-keto
acid dehydrogenase. This protein carries out a flavin-mediated
oxidation of the dihydrolipoyl groups of other enzymes in the
complex to lipoate and ultimately transfers the electrons to
NAD� to produce NADH. Since we found all other subunits
of the glycine cleavage system (GCS) and branched-chain al-
pha-keto acid dehydrogenase complexes but did not find any
other PDH subunits (Table 1), it is likely that this protein is
involved in the two former functions but not the latter.

In mitochondria, GCS functions to methylenate one carbon
transferring cofactor, N5,N10-methylenetetrahydrofolate (CH2-
THF), using glycine as a substrate and reducing NAD� in the
process (15). The CH2-THF generated by the mitochondrial
glycine cleavage system is used in the methylenation and sub-
sequent hydroxylation of glycine to form serine by serine hy-
droxymethyl transferase (SHMT) (46), a homolog of which we
also found in S. marylandensis (Table 1). Note that these find-
ings are in contrast to those for Trichomonas, where so far only
two members of the glycine cleavage system (the L and H
proteins) have been identified (35).

The branched-chain alpha-keto acid dehydrogenase (BCKDH)
functions in the degradation of branched-chain amino acids,
such as valine, isoleucine, and leucine, which ultimately will
yield acyl-CoA and carbon dioxide. S. marylandensis seems to
have the two subunits of the BCKDH and the dihydrolipoam-
ide dehydrogenase, which together may function as part of the
multisubunit branched-chain alpha-keto acid dehydrogenase
complex. In any case, regardless of its precise function, the
phylogeny shows Sawyeria dihydrolipoamide dehydrogenase
grouping with the rest of eukaryotic mitochondrial homologs
(see Fig. S8 in the supplemental material).

Protein import system. Since most mitochondrial proteins
are encoded in the nucleus, a protein import system that en-
sures their delivery into the organelle is an important feature
of eukaryotes. Core components of the protein import machin-
ery may be present in all eukaryotes, although with some dif-
ferences (8, 14). Some of those components, namely, the TOM

and TIM 23 complexes, do not have counterparts in bacteria
and may be de novo acquisitions of the eukaryotic lineage (14)
(although see reference 11 for putative homologs in proteobac-
teria of some components of the TIM 23 complex). Sawyeria
appears to express a gene similar to that encoding the mito-
chondrial translocase of the outer membrane 34 (TOM34),
which is a subunit of the TOM complex, as well as translocases
of the inner membrane 23 and 44 (TIM23 and TIM44), which
are both subunits of the TIM23 complex. Surprisingly, al-
though we found orthologs of TIM23 and TIM44 encoded in
the Naegleria gruberi genome, we were unable to confidently
identify an ortholog of TOM34.

Protein import into the organelle also requires mtHsp70,
and once the proteins have been imported into mitochondria,
they require refolding into their native structures by the chap-
eronin complex formed by the Cpn60 and Cpn10 subunits. S.
marylandensis expresses all three of these proteins, which are
indeed quite ubiquitous among mitochondria and MROs, ex-
cept in the Microsporidia (5). The phylogenetic trees (Fig. 1A;
see also Fig. S5 and S6 in the supplemental material) of these
proteins place Sawyeria with the rest of the eukaryotic mito-
chondria/hydrogenosomal homologues, although with different
specific affiliations depending on the protein. In any case, a
mitochondrial ancestry is clearly supported in all three cases.

Transport of other molecules. Proteins from the mitochon-
drial carrier family are involved in the bidirectional transport
of metabolites, nucleotides, amino acids, cofactors, carboxylic
acids, and inorganic anions across the inner membrane of the
organelle. The two Sawyeria carriers appear, along with a ho-
molog in Psalteriomonas, to emerge in an intermediate position
between ATP/ADP carriers (AAC) and other mitochondrial
carriers (see Fig. S9 in the supplemental material), so we can-
not confidently assign them to any of the members of this
diverse family of proteins.

The Sawyeria marylandensis hydrogenosome has a novel
shape. Our data convincingly show for the first time that the S.
marylandensis hydrogenosomes have a double membrane (Fig.
3) and often adopt a cup shape. Since we did not observe
ribosomes inside of the organelle, and given its “stripped-
down” hydrogenosome-like metabolic properties, it is likely
that the organelle does not possess a genome. This is in agree-
ment with the fact that we never observed an organelle signal
in fluorescence microscopy using the DNA-specific dye 4�,6-
diamidino-2-phenylindole (DAPI) (data not shown). The mor-
phology of S. marylandensis hydrogenosomes is more complex
than originally described (39), with two different shapes (Fig. 3
and 4). The reason for the different morphologies and the
biological implications of these shapes are not yet understood.
It may well be that different morphologies are due to the
different metabolic conditions within different parts of these
cells.

Conclusions. We have shown that the microaerophilic
amoeba Sawyeria marylandensis represents a new case of a
protist that likely harbors a hydrogenosome with a unique
combination of biochemical pathways, although biochemical
studies would be helpful to confirm or refute the predicted
metabolic capacities. The fact that this organism (as well as its
sister, Psalteriomonas) seems likely to possess the canonical
“hydrogenosomal”-type energy metabolism but is not closely
related to other hydrogenosome-containing groups, such as
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parabasalids, chytrid fungi, and ciliates, indicates that this kind
of metabolism is either a retained ancestral feature of some or
all of these eukaryotes or represents more-recent convergent
adaptations to a biochemically “optimal” state (or some com-
bination of the two scenarios; see Hug et al. (2010) for further
discussion [29]). In either case, the presence of enzymes in-
volved in mitochondrial pathways such as branched-chain
amino acid degradation that are not known to exist in other
well-studied hydrogenosomes (e.g., those of Trichomonas vagi-
nalis) is consistent with findings of recent studies (21, 25, 51)
suggesting a wide spectrum of functions exist in MROs across
eukaryotic diversity. The presence of some “hydrogenosomal”
enzymes that are likely targeted to the mitochondria of Naegle-
ria gruberi, an aerobic relative of Sawyeria marylandensis and
Psalteriomonas lanterna, opens new possibilities for compara-
tive studies within the Heterolobosea aimed at understanding
the evolutionary transition between mitochondria and hydrog-
enosomes.
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