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Abstract

Glycolysis is a central metabolic pathway in eukaryotic and prokaryotic cells. In eukaryotes, the textbook view is that
glycolysis occurs in the cytosol. However, fusion proteins comprised of two glycolytic enzymes, triosephosphate isomerase
(TPI) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were found in members of the stramenopiles (diatoms and
oomycetes) and shown to possess amino-terminal mitochondrial targeting signals. Here we show that mitochondrial TPI-
GAPDH fusion protein genes are widely spread across the known diversity of stramenopiles, including non-photosynthetic
species (Bicosoeca sp. and Blastocystis hominis). We also show that TPI-GAPDH fusion genes exist in three cercozoan taxa
(Paulinella chromatophora, Thaumatomastix sp. and Mataza hastifera) and an apusozoan protist, Thecamonas trahens.
Interestingly, subcellular localization predictions for other glycolytic enzymes in stramenopiles and a cercozoan show that
a significant fraction of the glycolytic enzymes in these species have mitochondrial-targeted isoforms. These results suggest
that part of the glycolytic pathway occurs inside mitochondria in these organisms, broadening our knowledge of the
diversity of mitochondrial metabolism of protists.
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Introduction

Glycolysis is a fundamental catabolic biochemical pathway
occurring in essentially all living cells. The pathway produces two
pyruvate molecules from one glucose molecule and yields two
ATP. In eukaryotic cells, the sequential reactions of the glycolytic
pathway generally occur in the cytosol and the end product,
pyruvate, is transported to the mitochondrion for subsequent
participation in the TCA cycle. This textbook version of
eukaryotic glycolysis is based mainly on studies of plants and
animals, although evidence suggests that at least some unicellular
eukaryotes—protists—deviate from the canonical glycolytic pathway.
For example, atypical compartmentalization of glycolytic enzymes
is seen in trypanosomatid protists (i.e., Trypanosoma spp. and
Leishmama spp.), well known as the causative agents of human
diseases [1,2]. Trypanosomatids possess a peroxisome-like struc-
ture called a glycosome and enzymes involved in the first part of
glycolysis (from hexokinase to phosphoglycerate kinase) function in
this membrane-enclosed compartment [3,4,5,6].

A glycolytic enzyme showing a non-canonical localization has
also been found in diatom algae. In addition to cytosolic
triosephosphate isomerase (TPI) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) enzymes, diatoms possess an isoform of
both proteins in the form of a fusion protein, TPI-GAPDH [7].
The fusion protein contains an intact TPI moiety at its amino- (N-)
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terminus followed by an entire GAPDH sequence. Interestingly,
the fusion protein has a N-terminal extension resembling
a mitochondrial targeting signal. The TPI-GAPDH fusion has
been shown to localize to the mitochondrial matrix by immuno-
electron microscopy in the diatom Phaeodactylum tricornutum [7].

GAPDH is a ubiquitous enzyme with important roles mainly in
glycolysis and photosynthesis. In glycolysis, GAPDH catalyzes the
reversible conversion of glyceraldehyde-3-phosphate and glyce-
rate-1,3-bisphosphate. TPI carries out a glycolytic reaction just
before that of GAPDH, i.c., conversion of dihydroxyacetone
phosphate to glyceraldehyde-3-phosphate. Thus, TPI and
GAPDH play a role in sequential reactions. Proteins involved in
glycolysis are often encoded in operons in prokaryotes [8,9], and
a transcriptional fusion of two glycolytic enzyme genes (GAPDH
and enolase) exists in dinoflagellate algae [10]. In addition to the
TPI-GAPDH fusion protein, Liaud et al. (2000) [7] showed that
one of two phosphoglycerate kinase (PGK) isoforms in P.
tricornutum has a N-terminal mitochondrial targeting signal. These
authors concluded that glycolytic enzymes functioning ‘down-
stream’ of TPI and GAPDH exist in diatom mitochondria, i.e.,
pyruvate produced in the mitochondrion is fed directly into the
TCA cycle. This interpretation is supported by recent genomic
analysis of P. tricornutum [11].

A TPI-GAPDH fusion protein gene has also been found in
oomycetes, plastid-lacking protists best known as plant pathogens
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[12]. Diatoms and oomycetes belong to the same lineage of
eukaryotes, the stramenopiles. The stramenopiles are a phyloge-
netically diverse group of eukaryotes and include a large
photosynthetic lineage called heterokontophytes, organisms that
acquired their plastid through secondary endosymbiosis with a red
alga [13,14]. Diatoms, brown algae, chrysophytes and several
plastid-bearing groups all belong to the heterokontophytes to
which oomycetes are specifically but only distantly related [15].
Interestingly, a TPI-GAPDH fusion gene was recently found in the
genome of another heterokontophyte, the brown alga Ectocarpus
siliculosus [16,17]. Here we show that TPI-GAPDH fusion genes
are widely spread across the known diversity of stramenopiles. We
also present evidence for the existence of TPI-GAPDH fusion
genes in three cercozoan species and an apusozoan protist; none of
these organisms belong to the stramenopiles. Subcellular localiza-
tion predictions for glycolytic enzymes in these TPI-GAPDH
fusion-containing protists support the hypothesis that at least part
of the glycolytic pathway occurs inside their mitochondria,
a curious finding in light of conventional views on the evolution
of mitochondrial metabolism.

Materials and Methods

Detection of TPI-GAPDH Fusion Protein Gene Sequences

Total DNA of Paulinella chromatophora strain M0880/a, which
was kindly provided by Dr. Michael Melkonian (University of
Cologne, Germany), was extracted using the DNeasy Plant Mini
Kit (QIAGEN) and a TPI-GAPDH fusion protein gene sequence
was amplified by PCR with primers 5-GAYGCNCAR-
TAYATGGCNTAYATG-3' and 5'-TANCCC-
CAYTCGTTRTCRTACCA-3". To determine the 5" end of the
gene, we performed rapid amplification of cDNA ends (RACE) on
total RNA of strain M0880/a that had been extracted using the
RNeasy Plant Mini Kit (QIAGEN). RACE reactions were carried
out using a 5 RACE System (Invitrogen) according to
manufacturer’s instructions and with exact-match primers. Introns
in the P. chromatophora TPI-GAPDH protein gene sequence were
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detected by aligning genomic and cDNA sequences, and by
comparing the deduced protein sequence with TPI-GAPDH
protein sequences from other organisms.

For Bicosoeca sp. NIES-1438, Thaumatomastix sp. NIES-2378 and
Mataza hastifera NIES-2568, cDNAs were kindly provided by Dr.
Ryoma Kamikawa and Dr. Yuji Inagaki [18]. Partial TPI-
GAPDH sequences were amplified from cDNA by PCR using the
degenerate primers 5'-GGNGGNAACTGGAARTGYAAYGG-
3" and 5-TANCCCCAYTCRTTRTCRTACCA-3". New se-
quences obtained in this study are available in GenBank (accession
numbers: JQ783118-JQ783122). TPI-GAPDH protein gene
sequences in the publicly available genomes of Thecamonas trahens,
Pythium ultimum DAOM BR144, Saprolegnmia parasitica CBS 223.65
and Hyaloperonospora arabidopsidis Emoy2 were detected with tblastn
searches using the TPI-GAPDH fusion of Phaeodactylum tricornutum
(GenBank accession: AAF34330) as a query. GenBank accession
numbers for each contig containing the TPI-GAPDH genes are as
follows: ADVD01000324, ADOS01000576, ADCG01002396 and
ABWEO01000065, respectively. Sequences from the genome of the
diatom Thalassiosira pseudonana [19] were not used in this study due
to uncertainties with the gene models in their N-terminal coding
regions.

Mitochondrial Targeting Prediction of Glycolytic Enzymes

Phosphoglycerate kinase (PGK), phosphoglycerate mutase
(PGAM), enolase and pyruvate kinase (PK) sequences from 5
stramenopiles (Phaeodactylum tricornutum CCAP 1055/1, Aureococcus
anophagefferens, Ectocarpus siliculosus, Phylophthora infestans 'T30-4 and
Blastocystis hominis) were collected using blastp searches against
public protein databases with a threshold of le=50. Sequences
from Phaeodactylum tricornutum CCAP 1055/1 were used as queries
(GenBank accession numbers XP_002183701, XP_002185492,
XP_002176181 and XP_002183584 for PGK, PGAM, enolase
and PK, respectively). Sequences for these four proteins were also
retrieved from the genome of the chlorarachniophyte alga
Bigelowiella natans CCMP2275 via the Joint Genome Institute
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Figure 1. N-terminal leader sequences of TPI-GAPDH fusion proteins. Alignment of the N-terminal region of TPI-GAPDH fusion proteins with
four stand-alone TPI proteins. Amino acid residues on the leader sequences are colored as follows. Yellow: hydrophobic residues, blue: hydroxylated
residues, orange: positively charged residues, purple: negatively charged residues and white: other polar uncharged residues. Results of prediction
analysis are summarized on the right side of sequences. “Mitochondrial” suggests a mitochondrial localization based on the results of four different

prediction programs (see main text).
doi:10.1371/journal.pone.0052340.g001
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Figure 2. Maximum likelihood tree of GAPDH protein sequences. GAPDH ML tree constructed using RAXML with the LG+H+G+F model.
GAPDH sequences fused with TPI are highlighted by colored boxes. The numbers at nodes are ML bootstrap values (left: RAXML, right: PhyML).
Bootstrap values below 50% are not shown except values for nodes of particular interest. Nodes received bootstrap values =90% in both RAXML and
PhyML analyses are indicated by thick line. The root was arbitrarily chosen for display purposes. Scale bar shows the number of inferred amino acid

substitutions per site.
doi:10.1371/journal.pone.0052340.g002

(JGI) database (http://genome.jgi-psf.org/Bignal/Bignal.home.
html). B. natans proteins corresponding to PGK, PGAM, enolase
and PK (KOG IDs: KOG1367, KOG0235, KOG2670 and
KOG2323, respectively) were retrieved, several of which were
removed from the dataset due to concerns over their orthology.

The N-termini of stramenopile and B. natans protein sequences
were analyzed using TargetP [20], iPSORT [21], Predotar [22]
and PredSL [23], using both the ‘plant’ and ‘non-plant’ settings for
each program. Only proteins predicted to be targeted to
mitochondria with all four programs and with both settings were
considered strong candidates for being organelle localized in their
respective organisms.

Phylogenetic Analyses

TPI-GAPDH protein sequences deduced from DNA sequences
in this study were aligned individually with TPI and GAPDH
sequences from a broad diversity of eukaryotes and bacteria.
Stramenopile and B. natans glycolytic enzyme sequences were also
aligned with their orthologs from eukaryotes and prokaryotes.
Highly diverged sequences and ambiguously aligned positions
were manually removed from alignments prior to phylogenetic
analyses. A complete list of the sequences used in our analyses is
provided in Table S1. Each alignment was analyzed using
ModelGenerator [24], based on Akaike Information Criterion 1
(AIC1), to estimate the most appropriate model of protein
sequence evolution for each phylogenetic analysis. Maximum
likelihood (ML) phylogenetic analyses were performed using
RAxML 7.2.6 [25] with evolutionary models chosen by Mod-
elGenerator. Searches for the best trees were conducted starting
from 10 random trees. Bootstrap support was evaluated with non-
parametric bootstrapping using 100 replicates with both RAxML
and PhyML [26]. Both bootstrap analyses were run with the same
model used in each ML analysis.

Table 1. Numbers of putative mitochondrial-targeted
glycolytic enzyme isoforms in stramenopiles and the
chlorarachniophyte Bigelowiella natans.

Organism PGK PGAM Enolase PK

Phaeodactylum tricornutum 103) 1 (6) 2(3) 2(8)
Aureococcus anophagefferens 1 (2) 1(11) 0(3) 2 (6)
Ectocarpus siliculosus 1(5) 1 (6) 1) 0(3)
Phytophthora infestans 1(1) 1) 10) 105
Blastocystis hominis 1(1) 0 (1) 1(2) 0 (1)
Bigelowiella natans 0(2) 2 (10) 0(2) 2 (8)

Putative mitochondrion-targeted glycolytic enzymes were inferred from
localization predictions using TargetP, iPSORT, Predotar and PredSL. Numbers in
parentheses show the total numbers of isoforms tested in this study.
doi:10.1371/journal.pone.0052340.t001
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Results

TPI-GAPDH Fusion Protein Genes from Stramenopiles,
Cercozoans and an Apusozoan

As seen in the diatom Phaeodactylum tricornutum [7], we found
three TPI-GAPDH fusion protein gene sequences in the genome
of the stramenopile parasite, Blastocystis hominis, which has
a mitochondrion-like organelle (MLO) [27]. Although the three
B. hominis sequences (GenBank accession numbers CBK20353,
CBK22421 and CBK23790) were annotated as stand-alone
GAPDH sequences, comparison to other TPI-GAPDH proteins
clearly revealed the existence of complete TPI moieties upstream
of all three GAPDH coding regions. The three TPI-GAPDH
protein sequences from B. hominis were 99% identical to each
other. In addition, we obtained a TPI-GAPDH protein gene
sequence from mRNA of Bicosoeca sp., a free-living heterotrophic
stramenopile, and also detected the gene in the whole genome
shotgun (WGS) sequences of three oomycetes, Hyaloperonospora
arabidopsidis Emoy?2, Pythium ultimum DAOM BR 144 and Saprolegnia
parasitica CBS 223.65. In contrast, we could not find a TPI-
GAPDH gene sequence in the complete genome sequence of the
heterokontophyte Aureococcus anophagefferens [28].

Interestingly, we also identified TPI-GAPDH protein genes in
three cercozoans, Paulinella chromatophora, Thaumatomastix sp. and
Mataza hastifera [29] using RT-PCR. However, examination of the
recently sequenced nuclear genome of the photosynthetic
cercozoan, Bigelowiella natans CCMP2275 (http://genome.jgi-psf.
org/Bignal/Bignal.home.html) did not uncover a TPI-GAPDH
gene. Only stand-alone versions of these enzymes were identified.
Finally, a search of the genome sequence of the apusozoan
Thecamonas trahens uncovered a TPI-GAPDH protein gene.

Mitochondrial Targeting Signals in TPI-GAPDH Fusion
Proteins

Figure 1 shows an alignment of the N-terminal region of TPI-
GAPDH proteins. With the exception of Ectocarpus siliculosus, all
TPI-GAPDH proteins derived from complete gene sequences
possessed obvious N-terminal extensions (the Bicosoeca sp.,
Thaumatomastix sp. and Mataza hastifera sequences were not included
because the 5" ends of their respective cDNA were not obtained).
These leader sequences were rich in hydrophobic amino acid
residues such as alanine and valine, as well as the hydroxylated
residues serine and threonine. Positively charged amino acid
residues were well represented while negatively charged amino
acids were rare. These characteristics are consistent with the
properties of mitochondrial targeting signals [30,31]. In addition,
RXXS motifs, which are frequently observed at cleavage sites of
the mitochondrial targeting signal peptides (R-2 group [31]), were
found in the latter portions of the N-terminal extensions of P.
chromatophora and all the oomycetes sequences. Positive mitochon-
drial-targeting predictions were obtained using four different
subcellular localization prediction programs (TargetP, iPSORT,
Predotar and PredSL) with the ‘non-plant’ setting (Figure 1, for
detailed results see Table S2). By close investigation of the gene
model for the fusion protein sequence of Ectocarpus siliculosus (locus
tag: Esi_0187_0027), we identified a potential translation initiation
codon 78 bp upstream of the originally predicted open reading
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doi:10.1371/journal.pone.0052340.g003
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M Stramenopiles

Ectocarpus siliculosus CBN73855

izati
iy (43/45) Mt PGK
I Opkholnts clade
W Viridiplantae Blastocystis hominis CBK20833
B Rhodophyta Ectocarpus siliculosus CBN75135
B Haptophyta Ectocarpus siliculosus CBN75134
RIS -/50 Synechococcus sp. PCC 7002 YP_001734832

Il Alveolata Synechococcus sp. PCC 7335 ZP_05037854
B Cryptophyta Cyanothece sp. PCC 7425 YP_002481705

Cyanothece sp. PCC 8801 YP_002374433
M Excmentes X Cyanothece sp. CCY0110 ZP_01729409
M Cyanobacteria 58/82 Synechococcus elongatus PCC 7942 YP_400133
I Other bacteria Prochlorococcus marinus str. MIT 9303 YP_001018792

73/79, Chlorella variabilis EFN59488
Physcomitrella patens subsp. patens XP_001777571
Micromonas sp. RCC299 XP_002500825

Volvox carteri f. nagariensis XP_002951648
Chlorella variabilis EFN59289
Cyanidioschyzon merolae BAD36768
Guillardia theta Guith1_80135
Aureococcus anophagefferens EGB09450
Phaeodactylum tricornutum XP_002182409
Ectocarpus siliculosus CBN75623
Chondrus crispus AAK40345
Pyropia yezoensis BAG09537
Bigelowiella natans 92730
Ectocarpus siliculosus CBN79775
Isochrysis galbana AAW79325
Atopobium vaginae PB189T14 ZP_07318997
Anaerolinea thermophila UNI1 YP_004173956
Acetobacter tropicalis ZP_08644248
99/100 Phaeodactylum tricornutum XP_002182724
Syntrophothermus lipocalidus DSM 12680 YP_003703170
-/59 Bacillus tusciae DSM 2912 YP_003589964
Chloroherpeton thalassium ATCC 35110 YP_001995699
-/50 Pelobacter carbinolicus DSM 2380 YP_356751
Magnetococcus sp. MC1 YP_865800
— Lentisphaera araneosa HTCC2155 ZP_01876284
Capsaspora owczarzaki ATCC 30864 EFW45319
Monosiga brevicollis MX1 XP_001745299
Loa loa XP_003141782
Monodelphis domestica XP_001377109
Homo sapiens 2Y3I_A
Ixodes scapularis XP_002407168
Opisthorchis sinensis P50311
Daphnia pulex EFX90443
Hydra magnipapillata XP_002156684
Yarrowia lipolytica CLIB122 P29407
Schizosaccharomyces pombe 972h NP_596730
Verticillium alboatrum VaMs.102 XP_003009759
Mycosphaerella graminicola IPO323 EGP91798
Glomus mosseae 074233
Rhizopus oryzae ABB88570
Polysphondylium pallidum PN500 EFA79539
Dictyostelium discoideum AX4 XP_637130
Chondrus crispus AAK40346

organisms

64/71

PGKs from plastid-bearing

Bigelowiella natans 92275
Trichomonas vaginalis G3 XP_001314248
Theileria parva strain Muguga XP_766486
Perkinsus marinus ATCC 50983 XP_002767391
Toxoplasma gondii ME49 XP_002369762
Paramecium tetraurelia strain d42 XP_001427410
Tetrahymena thermophila XP_001025708
Moneuplotes crassus 002608
Naegleria gruberi ABK81119
/63 Cryptosporidium muris RN66 XP_002141250
Porphyridium cruentum Porcrl_If_Contig7029_3

Heterocapsa triquetra AAW79324
Euglena gracilis ELLO0002262

Pavlova lutheri AAW79327

Eukaryotic PGK

Emiliania huxleyi Emihul_72672
Emiliania huxleyi Emihu1_365175
Guillardia theta Guith1_149840

Giardia intestinalis ATCC 50581 EES98813
Guillardia theta Guith1_91943

58/56)|

0.2

Figure 4. Maximum likelihood tree of PGK protein sequences. PGK tree constructed using RAXML and the LG++G+F model. Putative
mitochondrial-targeted PGK sequences are highlighted by colored boxes. See Figure 2 for other presentation details.
doi:10.1371/journal.pone.0052340.g004
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frame. When this alternative start codon was selected, the N-
terminal sequence of the protein was extended 26 amino acid
residues. Interestingly, this extended N-terminal sequence showed
a similar amino acid composition to the other TPI-GAPDH
sequences from other stramenopiles and rhizarians (Figure 1).
Further, this leader sequence was also predicted to be a mitochon-
drial targeting signal by four subcellular localization prediction
programs (Figure 1, Table S2).

TPI-GAPDH Fusion Protein Phylogeny

In an attempt to infer the evolution of the TPI-GAPDH fusion
proteins in the diverse collection of eukaryotes that bear them, we
constructed phylogenetic trees separately for the TP and GAPDH
moieties. Several distinct GAPDH isoforms exist in eukaryotes,
more than one of which can exist within the same cell (e.g.,
phototrophs possess both cytosolic and plastid-targeted GAPDH
proteins). Therefore, we examined the full spectrum of GAPDH
sequence diversity in our analysis of the TPI-GAPDH fusion
proteins. In the GAPDH tree (Figure 2), all TPI-fused GAPDH
sequences branched within the “GapC” clade, and formed
a monophyletic group within it, albeit without bootstrap support.
Investigation of bootstrap partitions revealed that the positions of
the Thecamonas trahens and Bicosoeca sp. sequences were unstable.
We therefore repeated the analysis with these two sequences
excluded. In this modified analysis bootstrap support for the
monophyly of the TPI-fused GAPDH sequences in ML analysis
was 92% with RAXxML and 86% with PhyML (Figure S1). This
clade also contained two GAPDH sequences that are not fused
with TPIL, one from Aureococcus anophagefferens (EGB04923) and
another from Phacodactylum tricornutum (AAU81889). While the P.
tricornutum GAPDH was shown to have a mitochondrial targeting
signal despite not being fused with TPI [11], we could detect no
obvious N-terminal extension on the A. anophagefferens sequence.

As in previous studies, our phylogenies show that the plastid-
targeted GAPDH proteins of stramenopiles form a robust clade
among GapC sequences together with those of “chromalveolate”
organisms (Figures 2 and S1). The phylogenetic position of the
stramenopile cytosolic GAPDH sequences is not well resolved in
our analyses but nevertheless branched in the GapC clade with
cytosolic GAPDH from other eukaryotes.

Rogers et al. [32] showed that some diatom GAPDH sequences
branch within a clade of poorly characterized GAPDH isoforms
known as “GapA/B*”. The GapA/B* clade was shown to contain
only sequences from diatoms, a haptophyte and diplonemids.
However, with improved taxon sampling, the GapA/B* clade in
our tree now also contains GAPDH sequences from Ectocarpus
siliculosus, the cryptophyte Guillardia theta, prasinophytes and
chlorophytes. This clade received strong support and sequences
from chromalveolates and diplonemids formed a robust mono-
phyletic clade.

In TPI phylogenies, eukaryotic TPI sequences formed two
distinct clades (eukaryotic TPI clades I and II, Figure S2). All
GAPDH-fused sequences formed a monophyletic group within the
eukaryotic TPI clade I (Figure S2), although the GAPDH-fused
TPI clade lacked bootstrap support. Removal of the Bicosoeca sp.
and Thecamonas trahens sequences had no effect on tree topology or
support. The TPI-GAPDH clade also contained a TPI sequence
from the alveolate Perkinsus marinus that is not fused with GAPDH.
An obvious mitochondrial targeting signal was not found on the N-
terminus of the P. marinus sequence.
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Mitochondrial Targeting Signals in Other Glycolytic
Enzymes

Liaud et al. (2000) [7] showed that in the diatom Phaeodactylum
tricornutum, phosphoglycerate kinase (PGK), an enzyme that
functions immediately downstream of GAPDH in glycolysis, also
possesses a mitochondrial targeting signal. A more recent genome-
wide investigation of this organism showed that some isoforms of
cofactor-dependent phosphoglycerate mutase (dPGAM), enolase
and pyruvate kinase (PK) also possess mitochondrial targeting
signals [11], suggesting that the latter part of glycolysis occurs
mside of the Phaeodactylum tricornutum mitochondrion. The broad
distribution of mitochondrial-targeted TPI-GAPDH protein genes
raises the possibility that other TPI-GAPDH containing organisms
also possess mitochondrial glycolytic enzymes. Therefore we
retrieved sequences for four glycolytic enzymes functioning
downstream of GAPDH (i.e., PGK, dPGAM, enolase and PK)
from complete or partial genome data of four stramenopiles
(Ectocarpus siliculosus, Aureococcus anophagefferens, Phytophthora infestans
T30-4 and Blastocystis hominis) in addition to Phaeodactylum tricornutum
CCAP 1055/1. We then determined whether or not these proteins
have predicted mitochondrial targeting signals on their N-termini.
For cercozoan species, we retrieved the same set of enzymes from
Bugelowiella natans but not Paulinella chromatophora, as we could not
find intact sequences for any of these proteins from transcriptome
data [33,34]. Some organisms are known to have an alternative
form of PGAM, a cofactor-independent phosphoglycerate mutase
(iPGAM) [35,36,37], however iPGAM sequences were not found
in any of the above species.

In total we obtained and analyzed 96 protein sequences (Table
S3). Subcellular localization predictions were conducted with four
different prediction programs (TargetP, iPSORT, Predotar and
PredSL); proteins were considered to be putative mitochondrial-
or MLO-targeted proteins only if a positive result was obtained
with all four programs with both the ‘plant’ and ‘non-plant’
settings. Combining results obtained with multiple prediction
programs has been shown to reduce false-positives, albeit with an
increase in false-negatives [38,39].

In P. tricornutum, all four enzymes (PGK, PGAM, enolase and
PK) are predicted to be mitochondrion-targeted (Table 1 and
Table S3), consistent with the results of Kroth et al. (2008) [11]. In
addition, Phytophthora infestans was predicted to have at least one
mitochondrial-localized isoform for each of the four enzymes. As
well, three enzymes from Fotocarpus siliculosus (PGK, PGAM and
enolase) and Aureococcus anophagefferens (PGK, PGAM and PK), and
two from Blastocystis hominis (PGK and enolase), were predicted to
have mitochondrial- (or MLO-) targeted isoforms. Interestingly,
the plastid-containing cercozoan Bigelowiella natans was also
predicted to have a mitochondrial PGAM and PK, even though
it does not possess the TPI-GAPDH fusion protein (Table 1 and
Table S3).

Phylogenies of Putative Mitochondrial Glycolytic
Enzymes

To further investigate the evolution of mitochondrial targeted
glycolytic enzymes, we constructed a phylogenetic tree for each
protein. For PK, six of seven mitochondrial PK isoforms formed
a robustly supported monophyletic clade (Figure 3). This PK clade
includes enzymes from Phaeodactylum tricornutum, Aureococcus anopha-
gefferens, Phytophthora infestans and  Bigelowrella natans, and also
contained a protein from FEctocarpus siliculosus that was not
predicted to be localized to the mitochondrion in our analysis.

Similarly, although bootstrap support was weak, the PGK tree
(Figure 4) showed a monophyletic clade of putative mitochondrial-
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targeted PGK enzymes from all five stramenopiles examined,
including Blastocystis homunis. In contrast to the PK phylogeny,
however, the mitochondrial PGK clade branched away from the
major cukaryotic clade, instead branching together with cyano-
bacterial homologs and sequences from photosynthetic eukaryotes
that are presumably derived from the plastid progenitor. The
PGAM tree also contained a clade dominated by mitochondrion-
localized enzymes (Figure S3) from four stramenopiles and two
photosynthetic cercozoans, Bigelowiella natans and Gymnochlora
stellata. Although the G. stellata PGAM was not detected as being
a mitochondrial-targeted protein (data not shown), we cannot rule
out this possibility based on the mRNA sequence data currently in
hand. The phylogenetic position of the ‘mitochondrial’ clade of
PGAM sequences in the context of the global phylogeny was not
resolved.

In the enolase tree, all five of the mitochondrial-targeted enolase
sequences we detected in  Phaeodactylum  tricornutum, Ectocarpus
siliculosus, Phylophthora infestans and Blastocystis hominis branched
robustly within the eukaryotic enolase clade (Figure S4), although
they did not form a monophyletic group. Two mitochondrial
isoforms from P. tricornutum branched with non-mitochondrial
isoforms from stramenopiles as well as several enolase sequences
from a haptophyte and dinoflagellate algae. Other mitochondrial
enolase isoforms in stramenopiles branched at the base of this
clade with weak support.

Discussion

We have shown that TPI-GAPDH fusion proteins exist in
Bicosoeca sp. and Blastocystis hominis, two ‘basal’ stramenopiles [15],
as well as in heterokontophytes and oomycetes, implying a broad
distribution within stramenopiles. Unexpectedly, the TPI-GAPDH
fusion protein genes were also found in cercozoan species
belonging to the ‘supergroup’ Rhizaria, as well as the apusozoan
Thecamonas  trahens whose exact phylogenetic position among
eukaryotes is not known [40]. Phylogenetic analyses of the TPI
and GAPDH moieties revealed that the TPI-GAPDH sequences
cluster together. In the GAPDH tree, this clade is strongly
supported when the Thecamonas trahens and Bicosoeca sp. sequences
are removed (Figure S1). These results suggest that TPI-GAPDH
fusion proteins, at least those from stramenopiles and cercozoans,
share a common origin. This is also likely the case for the 7. trahens
and Bicosoeca sp. sequences if one believes that it is unlikely that the
fusion event of the TPI and GAPDH genes and acquisition of the
mitochondrial targeting signal, which is also found in almost all of
the other TPI-GAPDH proteins, occurred independently in
Apusozoa and Bicosoecida. On the other hand, we could not
detect TPI-GAPDH proteins in draft genome sequences of the
heterokontophyte alga Aureococcus anophagefferens and the photosyn-
thetic cercozoan Bigelowiella natans. Nevertheless, despite the
apparent absence of the fusion protein, one of two stand-alone
GAPDH sequences in Aureococcus anophagefferens branches within the
TPI-GAPDH clade and forms a monophyletic group with the
fusion proteins of other heterokontophytes (Figure S1). Consider-
ing the fact that other heterokontophytes and stramenopiles
possess the protein, it seems more likely that A. anophagefferens has
secondarily lost the TPI-GAPDH fusion. In spite of its apparent
origin, this particular A. anophagefferens GAPDH isoform does not
have an obvious N-terminal extension compared to other GAPDH
sequences (data not shown) and we could not find any other
candidate sequence for another cytosolic form (i.e., an isoform
lacking an N-terminal leader sequence) in the A. anophagefferens
genome. Together, these observations suggest that GAPDH
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activity in the cytosol of A. anophagefferens has been taken over by
a GAPDH that was once targeted to the mitochondrion.

The broad distribution of mitochondrial-targeted TPI-GAPDH
proteins among stramenopiles is consistent with the notion that the
fusion was present in the common ancestor of modern-day species.
In addition, the existence of this protein in some rhizarians raises
the intriguing possibility that the origin of the TPI-GAPDH fusion
goes further back in time to a common ancestor shared by
stramenopiles and rhizarians, two lineages that have been shown
to have a robust affiliation (together with Alveolates) in recent
multi-gene phylogenetic studies [41,42,43,44,45]. Nonetheless,
whether early rhizarians truly possessed a TPI-GAPDH fusion is
presently unclear because all three cercozoan species shown in this
study to contain the fusion are members of a single subgroup of
cercozoa (Monadofilosa [46]), and the fusion was not found in the
draft genome of Bigelowiella natans, an organism that belongs to
another cercozoan subgroup (Reticulofilosa [46]). It is difficult to
trace the evolution of the TPI-GAPDH fusion between these two
eukaryotic groups since neither the TPI nor GAPDH tree provides
sufficient resolution on this point (Figure 2, S1 and S2). The
presence of a TPI-GAPDH fusion in the apusozoan Thecamonas
trahens is similarly intriguing and difficult to explain. The
phylogenetic position of apusozoans on the tree of eukaryotes is
controversial [40,47,48,49]. Discrete characters such as gene
fusions have the potential to help solve difficult phylogenetic
problems [47,50,51], but are also notoriously difficult to interpret
when data are sparse. The extent to which eukaryote-to-eukaryote
horizontal gene transfer(s) should be evoked to explain the
distribution of the TPI-GAPDH fusion proteins examined here
remains an open question. The possibility of independent fusion
events in different lineages also cannot be ignored.

Another important aspect of the analyses presented herein is the
fact that, if taking into account the potential N-terminal extension
on the FEctocarpus siliculosus protein, all TPI-GAPDH fusions
examined possess putative mitochondrial targeting signals. Fur-
thermore, our genome-based analyses showed that TPI-GAPDH-
bearing stramenopiles (Phaeodactylum tricornutum, Ectocarpus siliculosus,
Phytophthora infestans and  Blastocystis  hominis) possess apparent
mitochondrial-localized enzymes for the latter half of the glycolytic
pathway downstream of GAPDH (Table 2). This suggests that in
these organisms at least some glycolytic reactions occur in the
mitochondrion. Although these predictions are currently based
entirely on i silico analyses, this prediction is feasible given that (a)
a mitochondrial TPI-GAPDH has been confirmed by immuno-
electron microscopy in Phacodactylum tricornutum [7], and (b) these
proteins are predicted to be mitochondrial-targeted with four
different programs. In addition to these four stramenopiles, while
Aureococcus anophagefferens and Bigelowiella natans apparently lack
a TPI-GAPDH fusion, they nevertheless appear to have
mitochondrion-localized glycolytic enzymes for three and two
reactions in the latter half of the glycolytic pathway, respectively.
Given that a growing number of enzymes involved in glycolysis
have been reported to possess dual functions [52,53,54,55,56], we
cannot rule out the possibility that the putative mitochondrial-
targeted enzymes analyzed herein have non-glycolytic functions.
However, glycolytic roles for those proteins seem likely when
taking into account the fact that Phaeodactylum tricornutum and
Phytophthora infestans have a strongly predicted, continuous set of
mitochondrial-targeted enzymes corresponding to the latter half of
glycolysis (Table 2). To reduce the likelihood of false-positive
predictions, we combined results from multiple prediction
programs. Nevertheless, results from a single prediction program
can contain false-negatives and this number increases when
multiple prediction results are combined [38,39]. Consequently, it
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is likely that genuine mitochondrial-targeted enzymes have been
missed by our stringent method. It is thus important to consider
that negative mitochondrial targeting predictions obtained in this
study are not necessarily evidence for non-mitochondrial localiza-
tion. The subcellular predictions of the glycolytic enzymes
examined herein should be confirmed experimentally using
biochemical approaches such as proteomics.

Intriguingly, mitochondrion-associated glycolytic enzymes were
found in proteomic analyses of land plants, yeast and the ciliate
Tetralymena thermophila [57,58,59,60]. These instances are distinct
from the mitochondrial-targeted glycolytic enzymes discussed in
our study in that the enzymes identified by proteomics were
deemed to be associated with the outer membrane of mitochon-
drion, not located inside the organelle (an exception is the enolase
of T. thermophila, which possesses an obvious mitochondrial
targeting signal [59]). Nonetheless, together with our results, these
observations further support the notion of a close association
between glycolytic enzymes and mitochondria across a broad
spectrum of eukaryotic diversity. In Arabidopsis thaliana, it has been
shown that the degree of association between glycolytic enzymes
and the outer membrane of the mitochondrion correlates with the
level of cellular respiration [60]. This situation is thought to
regulate the channeling of pyruvate, the end product of glycolysis,
into mitochondria to satisfy mitochondrial demand [60]. Although
speculative, it is possible that the putative mitochondrial glycolytic
enzymes detected in our study also play a role in modulating
glycolytic flux and energy production, while the cytosolic enzymes
are used for generating carbon skeletons involved in the bio-
synthesis of compounds such as amino acids and fatty acids. If
true, transport mechanisms for relocating glycolytic intermediates
into and out of mitochondria might play key regulatory roles.
Candidate mitochondrial transporters for such intermediates have
thus far not been identified.

Phylogenetic trees of PK and PGK showed monophyletic clades
that were dominated by proteins predicted to be mitochondrial
targeted (Figure 3 and Figure 4). The ‘mitochondrial’ PK clade
also includes a Bigelowiella natans sequence with high bootstrap
support. At least for PK, this is consistent with the possibility that
the putative mitochondrial glycolytic enzymes from Bigelowiella
natans and stramenopiles share a common origin. Although the
support was low, the phylogenetic affinity between Bigelow:ella
natans and stramenopile sequences can also be seen in the PGAM
tree (Figure S3). These results add further support to the existence
of a phylogenetic relationship between the supergroups Rhizaria
and stramenopiles beyond the TPI-GAPDH fusion.

A mitochondrial PK was previously reported from the
apicomplexan parasite Zoxoplasma gondii [61]. This PK was shown
to be dual-targeted to both the ‘apicoplast’ (a relic plastid of
secondary endosymbiotic origin [62]) and the mitochondrion. In
spite of the resemblance in targeting, the 7. gondiz PK (BAG14336)
did not branch with the ‘mitochondrial’ PK clade in our analysis
(Figure 3), suggesting that the dual-targeted PK evolved in-
dependently.

It is widely accepted that modern-day mitochondria (and their
derivatives) are descended from an alphaproteobacterium
[63,64,65]. During the transition from endosymbiont to organelle,
many genes on the endosymbiont chromosome were lost or
relocated to the host nucleus. Many (but not all) of these genes now
encode proteins that are targeted to the mitochondrion. Given that
extant free-living alphaproteobacteria possess a glycolytic path-
way, it is likely that the progenitor of mitochondria also possessed
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the pathway. However, there is no strong indication that glycolytic
enzymes in present-day eukaryotic cells are of alphaproteobacter-
1al ancestry [66] and glycolysis is widely considered to be a cytosolic
pathway. Yet together with the existence of ‘glycolysis in the
mitochondrion’ shown previously [5,7], the results presented
herein underscore the complexity of metabolic compartmentali-
zation in protists, and emphasize the fact that knowledge of core
metabolic pathways gleaned from studies of model animals and/or
plants do not necessarily apply to eukaryotes as a whole.

Supporting Information

Figure S1 Maximum likelihood tree of GAPDH protein
sequences with unstable sequences removed. The Theca-
monas trahens and Bicosoeca sp. sequences shown in the TPI-fused
GAPDH clade were removed from the analysis shown in Figure 2.
Phylogenetic methods and data presentation are as in Figure 2.
(PDF)

Figure S2 Maximum likelihood tree of TPI protein
sequences. TPl ML tree constructed using RAxML and the
LG+I+G+F model. TPI sequences fused with GAPDH are
highlighted by colored boxes. Bootstrap values are as in Figure 2.
The root was arbitrarily chosen. Scale bar shows the number of
inferred amino acid substitutions per site.

(PDF)

Figure S3 Maximum likelihood tree of PGAM protein
sequences. PGAM tree constructed using RAxML and the
LG+G model. Putative mitochondrial-targeted PGAM sequences
are highlighted by colored boxes. Presentation details are as in
Figure 2.

(PDF)

Figure $4 Maximum likelihood tree of enolase protein
sequences. Enolase tree constructed using RAXML with the
LG+G+F model. Putative mitochondrial-targeted enolase se-
quences are highlighted by colored boxes. Details are as in
Figure 2.

(PDE)

Table S1 Information for sequences used in phylogenetic
analyses.

(PDE)

Table S2 TPI-GAPDH subcellular localization predictions.
(PDE)

Table 83 Subcellular localization predictions for various glyco-

Iytic enzymes.
(PDF)
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