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All eukaryotes carry out glycolysis, interestingly, not all using the same enzymes. Anaerobic eukaryotes face the
challenge of fewer molecules of ATP extracted per molecule of glucose due to their lack of a complete tricarboxylic
acid cycle. This may have pressured anaerobic eukaryotes to acquire the more ATP-efficient alternative glycolytic
enzymes, such as pyrophosphate-fructose 6-phosphate phosphotransferase and pyruvate orthophosphate dikinase,
through lateral gene transfers from bacteria and other eukaryotes. Most studies of these enzymes in eukaryotes
involve pathogenic anaerobes; Monocercomonoides, an oxymonad belonging to the eukaryotic supergroup Excavata,
is a nonpathogenic anaerobe representing an evolutionarily and ecologically distinct sampling of an anaerobic
glycolytic pathway. We sequenced cDNA encoding glycolytic enzymes from a previously established cDNA library of
Monocercomonoides and analyzed the relationships of these enzymes to those from other organisms spanning the
major groups of Eukaryota, Bacteria, and Archaea. We established that, firstly, Monocercomonoides possesses alter-
native versions of glycolytic enzymes: fructose-6-phosphate phosphotransferase, both pyruvate kinase and pyruvate
orthophosphate dikinase, cofactor-independent phosphoglycerate mutase, and fructose-bisphosphate aldolase
(class II, type B). Secondly, we found evidence for the monophyly of oxymonads, kinetoplastids, diplomonads, and
parabasalids, the major representatives of the Excavata. We also found several prokaryote-to-eukaryote as well as
eukaryote-to-eukaryote lateral gene transfers involving glycolytic enzymes from anaerobic eukaryotes, further
suggesting that lateral gene transfer was an important factor in the evolution of this pathway for denizens of this

environment.

Glycolysis is the linchpin of eukaryotic metabolism. All eu-
karyotes carry out the glycolytic pathway, and many of the
cell’s anabolic and catabolic processes funnel through it in
some way. The standard eukaryotic glycolytic pathway, the
Embden-Meyerhof-Parnas (EMP) pathway (Fig. 1), consists of
10 enzymes, most of which catalyze reversible steps (5). Two
enzymes, phosphofructokinase (PFK) and pyruvate kinase
(PK), catalyze reactions requiring a high Gibbs free energy
(G°) and are thus irreversible (25). The EMP pathway results
in a net yield of two ATP molecules for each glucose molecule.
In aerobic eukaryotes, pyruvate, the end product of the path-
way, then enters the tricarboxylic acid cycle, resulting in a final
yield of up to 36 ATP molecules for each glucose after one full
cycle. Oxygen is required for the tricarboxylic acid cycle to
result in such a high yield. However, this compound is unavail-
able to eukaryotes living in anaerobic environments.

One way in which anaerobes may increase ATP yield is
through the use of alternative glycolytic enzymes for the steps
performed by PFK and PK (Fig. 1). Although catalyzing the
same steps, these enzymes do so through different biochemical
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reactions (10). Of the distantly related types of PFK that may
coexist in both prokaryotes and eukaryotes (3, 24), the ATP-
dependent PFK catalyzes the irreversible phosphorylation of
fructose-6-phosphate, representing the first committed step of
glycolysis (25). However, pyrophosphate-fructose-6-phosphate
phosphotransferase (PFP) or inorganic pyrophosphate (PPi)-
dependent PFK performs the same task using PPi as the phos-
phate donor; this reaction is reversible due to a much lower G°
(25). Similarly, in the final step of the glycolytic pathway, sev-
eral enzymes exist that catalyze the conversion of phos-
phoenolpyruvate to pyruvate (26). The reaction catalyzed by
PK, the enzyme found in most eukaryotes and prokaryotes
(26), is irreversible due to its high free energy demand. How-
ever, pyruvate phosphate dikinase (PPDK) is the energy-con-
serving, reversible alternative to PK (26, 34). Since both PFP
and PPDK rely on PPi as the phosphate donor, they can thus
increase the overall ATP yield of glycolysis by using a by-
product of the cell’s anabolic processes as an energy source
rather than hydrolyzing ATP. Because these reactions are re-
versible, the enzymes can also participate in the regulation of
the glycolytic pathway (25). In the case of PFK and PFP, both
enzymes can coexist in the same organism, with examples
found in both prokaryotes and eukaryotes (3). Similarly, PPDK
does not necessarily replace, but rather may be expressed in
addition to, PK (34).

Since all eukaryotes follow the EMP pathway of glycolysis
(16), it might be reasonable to expect that they would all
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FIG. 1. Schematic of the eukaryotic glycolytic pathway and the recon-
structed pathway of Monocercomonoides. Gray ovals show the standard
EMP pathway enzymes; black rounded squares show the alternative ver-
sions. Monocercomonoides possesses several alternative enzymes, in-
cluding PFP, FBA class II, iPGM, and PPDK. GPI is predicted in
Monocercomonoides but has not yet been found, and, thus, a question
mark is appended to its GPI icon. Boxed double-headed arrows denote
the two glycolytic steps which are irreversible in the standard pathway
but for which reversible PPi-hydrolyzing enzymes exist.

possess the same enzymes derived from the same source: the
last common eukaryotic ancestor. This, however, is not the
case. The phylogenetic picture of this complex situation has
thus far deterred comprehensive reviews of the topic. How-
ever, studies of the individual steps have identified the above-
described alternative glycolytic enzymes in eukaryotes and ad-
ditional phylogenetic analyses suggest that other gene transfers
occurred after the split from the last common eukaryotic an-
cestor (16, 30, 34, 37).

At least three other alternative enzymes have been found in
the eukaryotic glycolytic pathway. The first step of glycolysis,
the conversion of glucose to glucose-6-phosphate, may be per-
formed by glucokinase or its strictly eukaryotic relative hexo-
kinase (16). The third step in glycolysis may be performed by
two unrelated enzymes: fructose-bisphosphate aldolase (FBA)
classes I and II. FBA class I is found in most eukaryotes, while
FBA class II is found in both prokaryotes and eukaryotes. FBA
class IT may be further divided into types A and B (17, 30), with
type B being a subfamily characteristic of anaerobic eu-
karyotes. Finally, the conversion of 3-phosphoglycerate to
2-phosphoglycerate may be performed by either the standard
dependent phosphoglycerate mutase ({APGM), which depends
on 2,3-bisphosphoglycerate for activation, or the analogous
enzyme, 2,3-bisphosphoglycerate independent phosphoglycer-
ate mutase (iPGM), which does not (7, 11). While dPGM is
found mostly among eukaryotes, iPGM is shared between pro-
karyotes and some eukaryotes; in rare cases, the two enzymes
coexist in the same organism (7, 12).

In the course of characterizing these alternate glycolytic
enzymes, the mosaic evolutionary nature of the pathway has
come to light, with lateral gene transfer (LGT) clearly having
played a significant role in the distribution of glycolytic en-
zymes, particularly to anaerobic eukaryotes. Glucokinase in
diplomonads and parabasalids seems to be of eubacterial ori-
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gin (16). While the diplomonad version is specifically related to
cyanobacterial homologs, no strong support has been estab-
lished for the monophyly of diplomonads and parabasalids for
this enzyme (16). On the other hand, a study of glucose-6-
phosphate isomerase (GPI) strongly indicated common ances-
try for the diplomonad and parabasalid homologs to the ex-
clusion of other eukaryotes as well as suggesting cyanobacteria
as the origin of their GPI (16). Another LGT from eubacteria
involved FBA class II, type B, found in diplomonads, para-
basalids, and amoebae, though the analysis suggested separate
acquisitions of the gene for these organisms (30). Finally, from
its patchy distribution in eukaryotes and from the lack of
monophyly of eukaryotic homologs of the enzyme, PPDK has
been proposed to have arisen in eukaryotes via multiple gene
transfers from bacteria, with oxymonads and diplomonads, but
not parabasalids or kinetoplastids, linked with moderate sup-
port (34).

Much of the study of anaerobic glycolysis has focused on
parasitic organisms in either the Amoebozoa or the Excavata,
with the notable exception of the free-living amoeboflagellate
Mastigamoeba balamuthi. The Amoebozoa and the Excavata
represent two of the six recently established eukaryotic super-
groups (1), with the Excavata being particularly controversial.
Although this supergroup as a whole has been proposed based
on a combination of inferred relationships between protists
possessing the excavate feeding groove and lineages linked to
them by molecular phylogenetics (31), there has never been a
molecular phylogenetic result uniting all excavate taxa. None-
theless, resolution has been established to the point where the
10 proposed excavate lineages can be robustly grouped into
two major clades and an orphan lineage (Malawimonas) (32).
Hampl et al. (14) did show representatives of the two major
groups united into a clade in their concatenated analysis, but
without node support (14), while Giardia, Trichomonas, and
the kinetoplastids were united with good support in a recent
concatenated protein analysis (28).

We have chosen to examine the glycolytic pathway of
Monocercomonoides sp., an oxymonad. As excavate taxa (8,
33), oxymonads are thought to be related to the grouping of
parabasalids (including Trichomonas vaginalis) and diplomonads
(including Giardia intestinalis) (14). However, beyond the close
affiliation with the excavate flagellate Trimastix (8), the phylo-
genetic position of oxymonads within the Excavata is far from
fully resolved. Since Monocercomonoides is also a nonpatho-
genic organism living in low abundance in the gut fauna of
some vertebrates (22, 23), it represents a phylogenetic sam-
pling for enzymes of the anaerobic glycolytic pathway that is
evolutionarily and ecologically distinct from the majority of
systems investigated to date. The one study examining a gly-
colytic enzyme of an oxymonad (Streblomastix strix) demon-
strated the presence of the alternative, PPi-hydrolyzing enzyme
PPDK (34), suggesting that the anaerobic pathway of oxy-
monads could be a fruitful source of information about the
evolution and mechanism of this pathway.

Here we report the molecular biological and phylogenetic
characterization of enzymes from the oxymonad Monocer-
comonoides sp. for 9 of the 10 steps of glycolysis. This allows us
to reconstruct its glycolytic pathway, including the presence
and relative expression of several of the alternate glycolytic
enzymes. Phylogeny of enolase produces moderately to well-
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TABLE 1. Glycolytic enzyme homologues from Monocercomonoides sp.

GenBank No. of clones

Enzyme (Monocercomonoides) accession at 98% S,l%e Top BLAST hit E value Sl%e
number identity (aa) (aa)
Hexokinase 1 DQO665855 1 463  AAG22926.1 hexokinase-t2 (Drosophila melanogaster) — 9e-52 453
Hexokinase 2 DQ665856 1 517  CAAS57681.1 hexokinase (Entamoeba histolytica) le-40 445
Pyrophosphate fructose DQ665857 1 461  YP_460806.1 pyrophosphate—fructose 6-phosphate de-114 434
phosphotransferase 1-phosphotransferase (Syntrophus aciditrophicus
SB)
Fructose bisphosphate aldolase ~ DQ665853 3 321  XP_779406.1 fructose-1,6-bisphosphate aldolase Se-116 323
(Giardia lamblia ATCC 50803)
Triosephosphate isomerase DQ665863 1 274  CAAS83533.1 triosephosphate isomerase (Secale 2e-74 298
cereale)
Glyceraldehyde-3-phosphate DQ665854 16 357 CAD72746.1 glyceraldehyde 3-phosphate Se-116 342
dehydrogenase dehydrogenase (Rhodopirellula baltica SH1)
Phosphoglycerate kinase DQ665858 13 402  CAAA48479.1 phosphoglycerate kinase (Spinacia 1e-98 433
oleracea)
Phosphoglycerate mutase DQ665859 6 565  EALA48794.1 phosphoglycerate mutase, 0.0 555
2,3-bisphosphoglycerate-independent,
putative (Entamoeba histolytica HM-1:IMSS)
Enolase DQ665852 9 430  EAN97849.1 enolase, putative (Trypanosoma cruzi) 3e-156 429
Pyruvate kinase DQ665860 2 517  ABA20118.1 Pyruvate kinase (Anabaena variabilis 1e-97 476
ATCC 29413)
Pyruvate, phosphate dikinase 1 ~ DQ665861 15 879  ABB90247.1 pyruvate phosphate dikinase 2 0.0 782
(Streblomastix strix)
Pyruvate, phosphate dikinase 2~ DQ665862 12 879  ABB90247.1 pyruvate phosphate dikinase 2 0.0 782

(Streblomastix strix)

supported monophyly of kinetoplastids, oxymonads, and Giar-
dia, representing some of the best single-gene support to date
for the unity of the two major excavate clades. Shared LGT
events between oxymonads and both Giardia and Trichomonas
further support the relationship of the Metamonada sensu
Cavalier-Smith (6). Finally, the prevalence of LGT events in
the glycolytic pathway of this nonpathogenic eukaryote, includ-
ing a putative oxymonad-Entamoeba event, further reinforces
the major role of LGT in the evolution of anaerobic glycolysis
and suggests that it is selection for ATP efficiency and not
pathogenicity that drives this phenomenon.

MATERIALS AND METHODS

Isolation of clones and sequencing. Monocercomonoides cDNA clones encod-
ing glycolytic enzyme homologs were identified by using the automated annota-
tion program MAGPIE (http://magpie.ucalgary.ca/) as part of our ongoing ex-
pressed sequence tag survey of this organism (J. Dacks and V. Hampl,
unpublished data). In some cases, the sequence was assembled from reads of
multiple clones, with all sequence derived from a minimum of 2X coverage.
Subsequent to initial transcript assembly using Paracel Transcript Assembler
(Paracel, Inc., Carlsbad, CA), clones were deemed to carry the same gene if they
could be assembled using the program Sequencher (Gene Codes Corp., Ann
Arbor, MI) with a cutoff of 98% nucleotide identity. These criteria also provided
us with the relative expression levels of the glycolytic enzymes because the library
used for this study had not been normalized to remove highly abundant tran-
scripts and thus was representative of mRNA expression at the time of isolation.
In the cases where multiple clones were not available, clones were sequenced on
both strands using T3 or T7 primers that primed within the cloning vector. In a
few cases, walking primers were designed in order to obtain the full open reading
frame. For hexokinase, the forward primer 440SF1 (5'-CGA GCG ATC ATA
TGC TG-3') and reverse primer 440SR1 (5'-GCA ATG GCT GAA AGA
CG-3") were designed; 1279SF1 (5'-ACT GGA ACA TTG TAC GC-3') and
1279SR1 (5'-TCA GTG ACT TCT TTG GC-3') for phosphoglycerate mutase
and PFK-SF1 (5'-GTT TGA GGT TGC TGG AC-3') for phosphofructokinase
were also designed. Sequencing was performed by the University of Calgary Core
DNA Services. Preliminary identification of the enzymes was established by a
BLASTYp search (2) of the conceptually translated coding regions against the
“nr” protein database at the NCBI. For each Monocercomonoides homolog, the

top five BLAST-retrieved sequences were compared in order to ensure consis-
tency of annotation. In all cases, the top hit had an E value of at least 1e-40
(Table 1).

Sequence sampling strategy and alignment. In order to ensure representation
from all of the major prokaryotic and eukaryotic groups possessing homologs of
the enzymes of interest, to allow taxonomic comparability between phylogenetic
analyses of the various enzymes, to avoid issues of hidden paralogy, and to
maintain a taxon cardinality in the analyses amenable to rigorous computational
analysis, an a priori sampling and phylogenetic strategy was employed. Homol-
ogous amino acid sequences of the glycolytic proteins were retrieved from the
main representatives of the major groups of Eukaryota, Bacteria, and Archaea,
listed below. The majority of sequences were retrieved from NCBI (http://www
.ncbi.nlm.nih.gov); in the case of exceptions, the URLSs are given in brackets. A
table listing the accession numbers for proteins used for the phylogenetic anal-
yses can be found in Table SA1 in the supplemental material.

In alphabetical order, with eukaryotes denoted by “(E)” after the strain name,
the taxa sampled were: Aeropyrum pernix K1, Aquifex aeolicus VF5, Arabidopsis
thaliana (E), Archaeoglobus fulgidus DSM 2661, Bacillus subtilis subsp. subtilis
168, Bordetella parapertussis 12822, Borrelia burgdorferi B31, Bradyrhizobium
Japonicum USDA 110, Burkholderia mallei ATCC 23344, Chlamydomonas reinhardtii
(E)  (http://genome.jgi-psf.org/cgi-bin/runAlignment?db=Chlre3&advanced=1),
Chlamydophila caviae GPIC, Cryptococcus neoformans (E) Cyanidioschyzon merolae
(E) (http://merolae.biol.s.u-tokyo.ac.jp/), Cytophaga hutchinsonii, Desulfovibrio de-
sulfuricans G20, Dictyostelium discoideum (E), Drosophila melanogaster (E), Ent-
amoeba histolytica (E), Escherichia coli O157:H7 EDL933, Fusobacterium nucleatum
subsp. nucleatum ATCC 25586, Giardia intestinalis (E), Haemophilus influenzae Rd
KW20, Halobacterium sp. strain NRC-1, Helicobacter pylori 26695, Homo sapiens
(E), Leishmania major (E) (http://www.genedb.org/), Methanocaldococcus jannaschii
DSM 2661, Mycobacterium tuberculosis H37Rv, Nostoc sp. strain PCC7120, Phytophthora
sojae (E) (http:/genome.jgi-pst.org/cgi-bin/runAlignment?db=sojael&advanced=1),
Plasmodium falciparum (E), Pyrobaculum aerophilum IM2, Rhodopirellula baltica
SH1, Rickettsia prowazekii Madrid E, Saccharomyces cerevisiae (E), Streptococcus
pyogenes MGAS315, Streptomyces coelicolor A3(2), Sulfolobus solfataricus P2, Syn-
echocystis sp. strain PCC6, Tetrahymena thermophila (E) (http:/tigrblast.tigr.org
Jer-blast/index.cgi?project=ttg), Thermotoga maritima MSBS8, Trichomonas vaginalis
(E) (http://tigrblast.tigr.org/er-blast/index.cgi?project=tvg), and Trypanosoma brucei
(E). The genomes above were last sampled in March 2006.

The amino acid sequences were aligned using T-Coffee, version 1.37 (27), and
manually adjusted. Only unambiguously aligned regions of homology were se-
lected for final analyses. All alignments are available on request.
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Phylogenetic analyses. For each enzyme, several alignments were constructed
and analyses were performed. An initial phylogenetic analysis was performed in
order to identify lineage-specific paralog sets and to identify long branch se-
quences, which were likely to contribute artifact to subsequent analyses. This
initial analysis involved topology determination by either maximum-likelihood
(ML) or Bayesian phylogeny and support values produced by ML-corrected
distance and either ML or Bayesian analyses. However, due to their large taxon
cardinality, the initial data sets of PFK and PK were analyzed using only ML for
the topology and ML-corrected distances to provide node support values. The
long branch or lineage-specific duplicated sequences were then removed from
the alignment, and a new mask was created, allowing for more alignment posi-
tions to be analyzed and for more intense phylogenetic analysis involving Bayes-
ian, ML, and ML-corrected distance methodologies to be performed. Further
subalignments were created and analyzed as additional taxon sampling was
required, as described in Results. In cases where the M. balamuthi or S. strix
homologs were available in the nr protein database, these were added to the
alignment after the initial a priori sampling and lineage-specific duplicate phy-
logenies were performed.

The model of sequence evolution for each data set was determined using
Tree-Puzzle, version 5.2 (35), based on initial neighbor-joining trees and incor-
porating either an eight-category gamma or a gamma plus invariant correction
for rates among sites. Trees were then built using MrBayes, version 3.1.2 (29), for
Bayesian analysis to determine optimal tree topology and posterior probability
(PP) values for the nodes, with 500,000 Markov chain Monte Carlo generations
and the burn-in value determined graphically by removing trees before the
plateau; PHYML, version 2.4.4 (13), was used to obtain maximum-likelihood
bootstrap values; and Fitch or Neighbor, version 3.6a3 from the PHYLIP pack-
age (9), was used to obtain ML-corrected distance bootstrap values from distance
matrices generated by Tree-Puzzle based on 1,000 (for neighbor joining) and 100
(Fitch) pseudoreplicate data sets. Nodes with a posterior probability greater than
0.95 and bootstrap support better than 80% were considered robust, although on
tree figures, all nodes with support values greater than 0.80 for posterior prob-
ability and 50% for bootstrap are shown. The figures illustrating the results of all
preliminary analyses and analyses stated as “data not shown” are available upon
request.

Nucleotide sequence accession numbers. Novel sequence data reported in this
paper have been deposited in GenBank under accession numbers DQ665852 to
DQ665863. Details of sequence accession numbers and annotation are given in
Table 1.

RESULTS

Sequence characterization and expression levels. From our
ongoing expressed sequence tag survey of Monocercomonoides
(J. Dacks and V. Hampl, unpublished), we were able to iden-
tify cDNA clones putatively encoding glycolytic enzyme ho-
mologs. The nucleotide sequence of each gene was obtained
either by assembling independent sequencing reads from mul-
tiple clones of the same gene (defined as sharing 98% or
greater nucleotide identity) or, if multiple clones were not
available, by double-strand sequencing of the clone of interest.
Preliminary identification of the gene was determined by
BLASTDp.

As detailed in Table 1, enzyme homologs for 9 of the 10
steps in glycolysis were found to be present. Although we did
not identify a GPI homolog, we did identify both PK and
PPDK homologs. In comparing the predicted conceptual
amino acid sequences of the oxymonad enzymes to that of the
top returned BLASTp hit for each respective homolog, the
oxymonad enzymes were as long as or longer than the pre-
dicted sequences in all but two cases and, thus, it is likely that
we obtained the entire, or at least most of the, open reading
frame for the oxymonad genes.

From the number of randomly obtained clones encoding
each enzyme homolog (Table 1), we were able to deduce two
points regarding the relative expression of the enzymes in the
glycolytic pathway of oxymonads. Firstly, the enzymes for the
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FIG. 2. Phylogeny of glucokinase and hexokinase. This phylogeny
shows the robust separation of glucokinase and hexokinase sequences
into separate clades (demarked by the vertical bars). Monocer-
comonoides possesses two homologs of hexokinase; Giardia has glu-
cokinase. Support values for these three results are in bold. In this
figure and all subsequent phylogenetic analyses shown, the best Bayes-
ian tree topology is presented. Posterior probability values, PHYML
bootstrap values, and ML-corrected distance bootstrap values are pro-
vided in that order for all nodes with values better than 0.80 for
posterior probability and 50% for ML and ML-corrected distance
bootstrap values. Sequences from putative excavate taxa are presented
in bold, Monocercomonoides sequences are boxed, and anaerobic eu-
karyotes are denoted by an asterisk. Multiple sequences from the same
organism are denoted by numbers preceded by a period (.1, .2, etc.).
Accession numbers for all sequences used in the analyses are provided
in Table SAl in the supplemental material; accession numbers for
Monocercomonoides sequences are shown in Table 1.

last five steps of the pathway are more abundant than those for
the first five steps (except GPI, about which we have no infor-
mation) and, secondly, we found that there were 10 times more
clones encoding PPDK than PK (Table 1).

Phylogenetic analyses. While BLASTp analysis was suffi-
cient in many cases to identify the Monocercomonoides se-
quence to its protein family and the step in glycolysis with
which it is likely associated, phylogenetic analyses were re-
quired to more specifically classify the genes to the class or
subclass level and to investigate their evolutionary histories.
Therefore, phylogenetic analyses were performed on all 10
enzyme homologs that we obtained, corresponding to steps 1
and 3 through 10 of the glycolytic pathway.

Step 1: hexokinase. At least two different glucokinases can
be found in eukaryotes, and two proposed relatives of oxy-
monads, Giardia and Trichomonas, are thought to have a
shared LGT of glucokinase from cyanobacteria (16). Prelimi-
nary analyses using ML and ML-corrected distance methods
and with bootstrap partitions (BP), given in that order, show
three distinct clades: the eukaryote-specific hexokinases (BP,
100 and 100), the bacterial glucokinases also found in
Trichomonas and Giardia (BP, 73 and 70), and the ROK sugar
kinases (BP, 71 and 40). After removal of long branch se-
quences and lineage-specific duplicates, the monophyly of the
ROK kinases was supported by 73% BP in ML analyses and



2142

LIAPOUNOVA ET AL.

EUKARYOT. CELL

Bradyrhizobium japonicum USDA 110

1.00 mr:hac stis sp. PCC6 .1
100 3 Arosrogsp I%C‘ 7120.2
_|I 00/99/6

100

0.85

71
85

—{1L00799/

‘szocsp PCC7120.1

Synechocystis sp. PCC6 .2
Aquifex aeolicus VIS
Thermotoga maritima MSBS

Trich as vaginalis*
Dictyostelium discoiceum

Sﬂ'('( “har OMYCES cerevisiae

1.00 1.00/99/95

PFK

Cryptococcus neoformans

1007 {00 85"
dms ila melanogaster

Cuiophaga hutchinsonit

Fusobacterium nucleatum subsp. nucleatum ATCC 25586

Bacillus subtilis subsp. subtilis str. 168

Streptococcus pyvogenes MGAS315

1.00/93 /80 Escherichia coli O157:H7 EDL933
1.00 1.00 / 1007 100! Haemophilus influenzae Rd KW20
89 _@- Streptomyces coelicolor A3(2)
85 2 22 Mycobacterium tuberculosis 137Ryv
Rhodopirellula baltica SHI .2
Borvelia burgdorferi B31 .2
L.00 Entamoeba histolytica*
100 Chlamydophila caviae GPIC .2
100 Arabidopsis thaliana .8
0.82 0.82 Giardia intestinalis*
65 67 Arabidopsis thaliana .i
77 60 Cyanidioschyzon merolae .3
Chiamydophila caviae GPIC .1
Plasmodium falciparum
Trich 1as vaginalis*
TG S8 7 e e MSES
= 1.00 /100 / 100y Mastigamoeba balamuthi*
Rhodopirellula baltica SH1 .1
Entamoeba histolvtica
Y ——— T PFP
1.00
: oma brucei
fo ‘f’ 100 ;
Desulfovibwio desulfiricans G20
Borrelia burgdorferi B31 .1
Ambxdup.s is thaliana .4
1.00/98/9 Chlcamydomonas reinhardtii
Phytophthora sojae
: Cyamichioschyzon meralae .2
0.92/65/6
28 S abidogists thalionas 1
Arabidopsis thaliana .6
%7 Tetrahy mmph? 1 !
- etralymena il .
- 60 1.00/87/92 Tewahy P phila.2

FIG. 3. Phylogeny of PFK and PFP. This phylogeny shows the robust separation of PFK and PFP sequences into separate clades (demarked
by the vertical bars). Monocercomonoides possesses a homolog of PFP, as do Trichomonas, Giardia, and the kinetoplastids. Trichomonas also
possesses a homolog of PFK. Sequences from putative excavate taxa are presented in bold, Monocercomonoides sequences are boxed, and
anaerobic eukaryotes are denoted by an asterisk. Multiple sequences from the same organism are denoted by numbers preceded by a period (.1,
.2, etc.). Values separating PFP and PFK as well as embedding the Monocercomonoides sequence in a subclade of PFP are in bold.

70% BP in ML-corrected distance analyses (data not shown).
Since this class of transcription regulators, homologous to glu-
cokinase and hexokinase, is specific to Bacteria and Archaea
(15) and thus irrelevant to the question of oxymonad hexoki-
nase evolutionary affinity, the ROK kinases were removed
from subsequent phylogenies.

The resulting analyses (Fig. 2) robustly resolved the glucoki-
nases and hexokinases with a PP of 1.00 and bootstrap support
of 100% with both ML and ML-corrected distance methods
(all subsequent values are given in the same order). The two
Monocercomonoides homologs are resolved together as lin-

eage-specific duplicates and both are clearly embedded within
the hexokinase clade (Fig. 2). This is in contrast to the ho-
molog from Giardia intestinalis, a glucokinase specifically re-
lated to the cyanobacterial homologs (PP, 1.00; BP, 78 and 76).

Step 3: phosphofructokinase. One particularly interesting
question, raised by Slamovits and Keeling (34) regarding the
glycolytic complement of oxymonads, is whether the second
step in the pathway is performed by the irreversible PFK en-
zyme or the reversible, PPi-hydrolyzing PFP. We obtained only
a single homolog for an enzyme encoding this step. After the
preliminary analysis to remove long branch taxa and lineage-
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FIG. 4. Phylogeny of FBA, class II, type B. This phylogeny shows
the excavates Monocercomonoides, Trichomonas, and Giardia as well
as the amoebae strongly embedded within a bacterial clade. Multiple
LGT events between 7. vaginalis and the amoebae as well as between
the oxymonads, diplomonads, and various prokaryotes must be in-
voked to account for the observed phylogeny (relevant nodes are
shown in bold). Sequences from putative excavate taxa are presented
in bold, Monocercomonoides sequences are boxed, and anaerobic eu-
karyotes are denoted by an asterisk. Multiple sequences from the same
organism are denoted by numbers preceded by a period (.1, .2, etc.). A
minus sign indicates that the node is not reconstructed in the ML-
corrected distance bootstrap consensus tree.

specific duplicates, analysis of the reduced data set resolved the
PFP from the PFK homologs with Monocercomonoides ho-
molog appearing as a PFP (Fig. 3). The division between the
PFP and PFK clades is strong (PP, 1.00; BP, 89 and 85), with
the PFP subdivided further into two groups. The Monocer-
comonoides homolog is robustly nested within one of these
(PP, 1.00; BP, 100 and 100).

Steps 4 to 7: fructose-bisphosphate aldolase class II, glyc-
eraldehyde 3-phosphate dehydrogenase (GAP), triosephosphate
isomerase (TPI), and phosphoglycerokinase. BLAST results in-
dicated that the Monocercomonoides FBA homolog is of the
class II family, while a preliminary phylogenetic analysis iden-
tified it specifically as a type B class II FBA. Therefore, a data
set of FBA class II, type B homologs was assembled and ana-
lyzed (Fig. 4). Monocercomonoides appears as a sister taxon to
G. intestinalis (PP, 1.00; BP, 98 and 97), the two grouping
strongly with bacteria (PP, 1.00; BP, 100 and 100). Homologs
from the two anaerobic amoebae, E. histolytica and M. bala-
muthi, grouped with the two 7. vaginalis homologs (PP, 1.00;
BP, 100 and 100).

Analyses of data sets of TPI, GAP, and phosphoglycerate
kinase were largely unresolved (data not shown). While in the
TPI analysis, the Monocercomonoides homolog appeared em-
bedded within a robustly monophyletic eukaryotic clade (PP,
1.00; BP, 87 and 95), the phosphoglycerate kinase data set
yielded little resolution for the placement of the oxymonad
sequence. Likewise, the GAP phylogeny provided little overall
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FIG. 5. Phylogeny of iPGM. This phylogeny shows that Monocer-
comonoides possesses a homolog of iPGM, along with Giardia, kineto-
plastids, and Trichomonas. The Monocercomonoides and Entamoeba
homologs are robustly placed as sisters, strongly suggestive of a eu-
karyote-to-eukaryote LGT (values are shown in bold). Sequences from
putative excavate taxa are presented in bold, Monocercomonoides se-
quences are boxed, and anaerobic eukaryotes are denoted by an as-
terisk. Multiple sequences from the same organism are denoted by
numbers preceded by a period (.1, .2, etc.).

resolution; however, the Monocercomonoides homolog did
group specifically with T. vaginalis with strong support values
(PP, 1.00; BP, 88 and 88).

Step 8: phosphoglycerate-independent PGM. Of the two
unrelated classes of PGM, phosphoglycerate (or cofactor)-de-
pendent dPGM and cofactor independent iPGM, BLASTp
results (Table 1) identified the Monocercomonoides homolog
as an iPGM. After preliminary phylogeny to facilitate removal
of long branch taxa and lineage-specific duplicates, the analysis
of the resulting reduced iPGM data set resolved two clades in
the iPGM tree (PP, 1.00; BP, 100 and 99), separating most
eukaryotes from prokaryotes (Fig. 5); however, a few eu-
karyotes, including 7. vaginalis, appear within the prokaryotic
clade. Monocercomonoides groups strongly (PP, 1.00; BP, 100
and 100) with E. histolytica; although G. intestinalis forms part
of the eukaryotic clade, its position is unresolved.

Step 9: enolase. After the initial analysis of enolase ho-
mologs to identify long branch sequences and lineage-specific
duplicates, our analysis with the long branch taxa removed
separated eukaryotes from prokaryotes with moderate support
values (PP, 1.00; BP, 65 and 58). Based on this analysis, and
consistent with previous results (18, 21), a eukaryote-specific
tree was made prior to the addition of the M. balamuthi eno-
lase sequence, uniting representatives of the two major exca-
vate clades with relatively strong support values (PP, 1.00; BP,
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FIG. 6. Phylogeny of enolase. This phylogeny groups the putative
excavates Monocercomonoides, Giardia, and kinetoplastids into a sin-
gle clade. The putative excavate taxa and the values supporting their
monophyly are in bold. Sequences from putative excavate taxa are
presented in bold, Monocercomonoides sequences are boxed, and an-
aerobic eukaryotes are denoted by an asterisk. Multiple sequences
from the same organism are denoted by numbers preceded by a period
(.1, .2, etc.).

61 and 73). In order to avoid long branch attraction and to
improve resolution, we removed long branches, including 7.
vaginalis; although it is an excavate, the enolase gene in this
organism has been previously shown to have had a uniquely
complex evolutionary history (4, 18, 20).

This final data set (Fig. 6) placed the excavate representatives
into a single clade (PP, 0.99; BP, 52 and 70); within this clade the
kinetoplastids group together (PP, 1.00, BP, 100 and 100), as do
Monocercomonoides and G. intestinalis (PP, 0.95; BP, 52 and 70).
Opverall, the resolution of the two groups of excavates in this data
set is among the more robust support seen for excavate mono-
phyly to date in a single gene phylogeny.

Step 10: pyruvate kinase and pyruvate phosphate dikinase.
Slamovits and Keeling (34) previously raised the question of
whether PPDK and PK coexist in oxymonads. Our analysis iden-
tified homologs of both enzymes. The phylogeny of PK was gen-
erally poorly resolved. Although the PPDK tree has better reso-
lution, the positions of the excavates are still unresolved (Fig. 7).
The two oxymonads Streblomastix strix and Monocercomonoides
appear together with very strong support values (PP, 1.00; BP, 100
and 100). For both oxymonad lineages, the two genes identified
for each of the oxymonads appear to be lineage-specific dupli-
cates (PP, 1.00; BP, 100 and 100).

DISCUSSION

Our analysis has allowed us to (i) reconstruct the glycolytic
pathway of Monocercomonoides sp., (ii) identify both single-
gene trees and shared derived LGT events that provide evi-
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FIG. 7. Phylogeny of PPDK. This phylogeny groups the two oxy-
monads, Monocercomonoides and Streblomastix, into a single strongly
supported clade. However, independent lineage-specific duplication
events have occurred in both taxa. Relevant support values for these
points are in bold. Sequences from putative excavate taxa are pre-
sented in bold, Monocercomonoides sequences are boxed, and anaer-
obic eukaryotes are denoted by an asterisk. Multiple sequences from
the same organism are denoted by numbers preceded by a period (.1,
2, etc.).

dence for the monophyly of excavates and the Metamonada
sensu Cavalier-Smith (6), and (iii) identify LGT events in the
oxymonad glycolytic pathway, reinforcing previous conclusions
that anaerobic glycolysis has been shaped by extensive lateral
as well as vertical gene transfer.

Glycolytic enzymes of Monocercomonoides and their biolog-
ical implications. Based on the preliminary identification from
the BLASTp and the phylogenetic analyses of the various
sequences of glycolytic enzymes, it is possible to reconstruct
the components of the glycolytic machinery in Monocer-
comonoides sp. (Fig. 1). While most of the standard eukaryotic
versions of glycolytic enzymes were found, the alternative ver-
sions PFP, FBA class II (type B), iPGM, and PPDK were also
present, making this pathway a mosaic similar to that of other
anaerobes characterized to date (for examples, see references
26 and 36). Based on the relative number of clones for each of
the glycolytic enzymes, the expression levels of the enzymes in
the second half of the pathway are, on average, 10 times larger
than those in the first half (Table 1). This result may reflect the
fact that the pentose phosphate pathway feeds into the bottom
half of the EMP pathway, requiring a higher expression of
those enzymes as they do double duty in essentially two met-
abolic pathways (5).

Questions have also been raised in the past regarding the
coexpression of PK and PPDK in the oxymonads and whether
PPDK is accompanied by PFP (34); we found all three en-
zymes in Monocercomonoides as well as in all the other exca-
vates sampled (7. vaginalis, G. intestinalis, and the kinetoplas-
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tids). T. vaginalis has both PFK and PFP enzymes. This
highlights the possibility that, while the Monocercomonoides
sequence that we identified was a PFP homolog, a PFK ho-
molog may yet exist. We note that, while the fructokinases
from kinetoplastids are evolutionarily directly homologous to
PPi-dependent PFK (PFP), enzymatically they are ATP depen-
dent (24). Therefore it remains to be determined by biochem-
ical studies whether the related Monocercomonoides enzyme is
PPi or ATP dependent.

Moreover, PPDK is expressed more than PK by an order of
magnitude (Table 1). Because PPDK is more efficient than PK
in terms of ATP conservation and reversibility, its high expres-
sion level relative to that of PK suggests that PPDK is an
important enzyme in the glycolytic pathway of Monocer-
comonoides. That the ATP-conserving enzyme for this step in
the pathway is expressed preferentially over the irreversible
enzyme suggests that the drive for ATP efficiency may be
acting at the cellular as well as the genomic level. We expect
that, if PFK is found in this organism, its expression level
would also be significantly below that of PFP. Enzymatic or
genomic analyses will be useful in exploring the issue further.
The presence of both PPi-utilizing enzymes in addition to the
ATP-dependent PK underlines the potential importance of
energy conservation to Monocercomonoides.

In examining the mosaic composition of the glycolytic com-
plement of Monocercomonoides, we also identified numerous
LGT events which have implications for both the evolution of
oxymonads as a lineage and for the role of LGT in the evolu-
tion of anaerobic glycolysis.

Support for Excavata monophyly. Although it is one of the
six recognized eukaryotic supergroups (1), the composition
and monophyly of the Excavata is still a matter of contention
(19). While a sophisticated argument based on homologous
cell structures and molecular phylogenetics has been used to
knit together the various excavate taxa (31, 33), no analysis of
single genes has yet been able to demonstrate excavate mono-
phyly. Although a single concatenated analysis has recently
united the kinetoplastids strongly with Trichomonas and Giar-
dia (28), most analyses fail to find robust support for excavate
monophyly (31). To the best resolution to date, the oxymonads
were found to be the outgroup to a clade of parabasalids and
diplomonads which form the Metamonada sensu Cavalier-
Smith (6), representing one of the two major clades of exca-
vates. The second clade is composed of the Euglenozoa, jako-
bids, and Heterolobosea (32).

Our analysis of glycolytic enzymes from Monocercomonoides
uncovered evidence consistent with Metamonada and Exca-
vata monophyly. Robust relationships were observed between
excavate taxa in several of the phylogenies of glycolytic en-
zymes. While more complex scenarios of eukaryote-to-eu-
karyote LGT or phylogenetic artifact could be invoked, we
interpret these phylogenetic results most parsimoniously as
shared LGT events. Such evidence was found uniting Monoc-
ercomonoides and Giardia (FBA) (Fig. 4) as well as Monocer-
comonoides and Trichomonas (GAP). The hexokinase analysis
is consistent either with a shared replacement from bacteria to
the ancestor of Trichomonas and Giardia or with multiple
replacement events (Fig. 2). Finally, it appears that the ki-
netoplastids and oxymonads share an LGT of their PFP en-
zymes (Fig. 3). This may be explained most simply by a re-
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FIG. 8. Cartoon illustrating proposed evolutionary history of gly-
colytic enzymes within the excavates. The arrows show gain or replace-
ment of enzymes, and crosses represent enzyme loss after the split
from the last common excavate ancestor. Kinetoplastids are proposed
to have diverged first, followed by the oxymonads, with parabasalids
and diplomonads diverging last. The various events are most parsimo-
niously interpreted as evidence consistent with the proposed relation-
ships shown.

placement to the common ancestor of all excavates with
subsequent replacements into Giardia and Trichomonas. The
monophyly of excavates is further supported by the enolase
tree, which places representatives of both major excavate
clades (32) into one relatively well-supported clade (Fig. 6).
Although, on their own, none of these pieces of data would be
enough to claim Metamonada or Excavata monophyly, when
taken with previous evidence (14, 31), these data are most
consistent with a relationship of oxymonads with the other
Metamonada, with this clade related to the other excavates
and LGT continuing to both lay down and erase phylogenetic
signal in this eukaryotic supergroup (Fig. 8). However, given
the complex history of eukaryotic enolase and the possible
alternate explanations of the phylogenies that we have inter-
preted as shared LGTs, additional support from either single-
gene or multigene analyses will be needed before the excavate
controversy is laid to rest. Nonetheless, since the analysis of
glycolytic enzymes seems to have shed some light on the rela-
tionships within the proposed Excavata, studying the glycolytic
pathway of Malawimonas may also help place this organism
into its proper clade.

Role of LGT and selection in the evolution of anaerobic
glycolysis. Regardless of how one interprets the various LGT
events observed in our analyses, it is clear that this phe-
nomenon has had a significant role in shaping the glycolytic
complement of anaerobic eukaryotes. From our research and
previous investigations, both prokaryotic-to-eukaryotic and in-
traeukaryotic LGT must be invoked.

The simplest explanation for the FBA class II, type B phy-
logeny (Fig. 4) involves at least two separate LGTs from
bacteria to anaerobic eukaryotes as well as a possible intraeu-
karyotic transfer between 7. vaginalis and the amoebozoans E.
histolytica and M. balamuthi. An LGT between two eukaryotes,
E. histolytica and Monocercomonoides, is evident in the iPGM
tree (Fig. 5). As eukaryote-to-eukaryote LGTs are rarely ob-
served, it is also not impossible that these organisms received
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the same gene from the same bacterium, as opposed to from
one of the eukaryotes to another.

There is a question as to whether the presence of ATP-
conserving enzymes in certain anaerobic eukaryotes was a re-
sult of their pathogenicity or the anaerobic environment that
they inhabit. We observed a number of shared LGT events to
the common ancestor of two anaerobes, one of which is patho-
genic and one that is not. One such example is the FBA class
II tree (Fig. 4), which shows an LGT to the ancestor of the
pathogenic Giardia and the commensal Monocercomonoides as
well as an LGT to the ancestor of the pathogenic Entamoeba
and the free-living Mastigamoeba. This, together with the pres-
ence and a higher expression level in Monocercomonoides of
the ATP-conserving glycolytic homologs, suggests that it might
be pressure towards energy conservation in a low-oxygen en-
vironment, rather than the parasitic nature of the anaerobes,
that is driving the acquisition of alternate glycolytic enzymes
via LGT.

Clearly, the evolution of anaerobic glycolysis is a muddy
question. As more genomic data becomes available from di-
verse eukaryotic taxa, determining the evolutionary history of
this pathway should be both fruitful and exciting.
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