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The citric acid or tricarboxylic acid cycle is a central element
of higher-plant carbon metabolism which provides, among
other things, electrons for oxidative phosphorylation in the
inner mitochondrial membrane, intermediates for amino-
acid biosynthesis, and oxaloacetate for gluconeogenesis
from succinate derived from fatty acids via the glyoxylate
cycle in glyoxysomes. The tricarboxylic acid cycle is a typical
mitochondrial pathway and is widespread among a-pro-
teobacteria, the group of eubacteria as de®ned under rRNA
systematics from which mitochondria arose. Most of the
enzymes of the tricarboxylic acid cycle are encoded in the
nucleus in higher eukaryotes, and several have been previ-
ously shown to branch with their homologues from a-pro-
teobacteria, indicating that the eukaryotic nuclear genes
were acquired from the mitochondrial genome during the
course of evolution. Here, we investigate the individual
evolutionary histories of all of the enzymes of the tricar-
boxylic acid cycle and the glyoxylate cycle using protein
maximum likelihood phylogenies, focusing on the evolu-
tionary origin of the nuclear-encoded proteins in higher
plants. The results indicate that about half of the proteins
involved in this eukaryotic pathway are most similar to their

a-proteobacterial homologues, whereas the remainder are
most similar to eubacterial, but not speci®cally a-proteo-
bacterial, homologues. A consideration of (a) the process of
lateral gene transfer among free-living prokaryotes and (b)
the mechanistics of endosymbiotic (symbiont-to-host) gene
transfer reveals that it is unrealistic to expect all nuclear genes
that were acquired from the a-proteobacterial ancestor of
mitochondria to branch speci®cally with their homologues
encoded in the genomes of contemporary a-proteobacteria.
Rather, even if molecular phylogenetics were to work
perfectly (which it does not), then some nuclear-encoded
proteins that were acquired from the a-proteobacterial
ancestor of mitochondria should, in phylogenetic trees,
branch with homologues that are no longer found in most
a-proteobacterial genomes, and some should reside on long
branches that reveal a�nity to eubacterial rather than
archaebacterial homologues, but no particular a�nity for
any speci®c eubacterial donor.
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Metabolic pathways are units of biochemical function that
encompass a number of substrate conversions leading from
one chemical intermediate to another. The large amounts of
accumulated sequence data from prokaryotic and eukary-
otic sources provide novel opportunities to study the
molecular evolution not only of individual enzymes, but
also of individual pathways consisting of several enzymatic
substrate conversions. This opens the door to a number of
new and intriguing questions inmolecular evolution, such as
the following. Were pathways assembled originally during
the early phases of biochemical evolution, and subsequently
been passed down through inheritance ever since? Do
pathways evolve as coherent entities consisting of the same

group of enzyme-coding genes in different organisms? Do
they evolve as coherent entities of enzymatic activities, the
individual genes for which can easily be replaced? Do they
evolve as coherent entities at all? During the endosymbiotic
origins of chloroplasts and mitochondria, how many of the
biochemical pathways now localized in these organelles
were contributed by the symbionts and how many by the
host?

One approach to studying pathway evolution is to use
tools such as BLAST [1] to search among sequenced genomes
for the presence and absence of sequences similar to
individual genes. This has been carried out for the glycolytic
pathway, for example [2]. However, the presence or absence
of a gene bearing sequence similarity to a query sequence for
a given enzymemakes no statement about the relatedness of
the sequences so identi®ed, hence such information does not
reveal the evolution of a pathway at all because lateral gene
transfer, particularly among prokaryotes, can, in principle,
result in mosaic pathways consisting of genes acquired from
many different sources [3±5].

In previous work, our approach to the study of pathway
evolution has been based on conventional phylogenetic
analysis for all of the enzymes of an individual pathway and
comparison of trees obtained for the individual enzymes of
the pathway, to search for general patterns of phylogenetic
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similarity or disconcordance among enzymes. This has been
performed for the Calvin cycle (a pathway of CO2 ®xation
that consists of 11 different enzymes [3,6]), the glycolytic/
gluconeogenic pathway [3,6], and the two different path-
ways of isoprenoid biosynthesis [7]. Recently, the evolution
of the biosynthetic pathway leading to vitamin B6 was
studied in detail [8], as was the evolution of the chlorophyll-
biosynthetic pathway [9]. In essence, these studies revealed a
large degree of mosaicism within the pathways studied in
both prokaryotes and eukaryotes. These ®ndings indicate
that pathways tend to evolve as coherent entities of
enzymatic activity, the individual genes for which can,
however, easily be replaced by intruding genes of equivalent
function acquired through lateral transfer. Very similar
conclusions were reached through the phylogenetic analysis
of 63 individual genes belonging to many different func-
tional categories among prokaryotes and eukaryotes [10]
and through the distance analysis of normalized BLAST

scores of several hundred genes common to six sequenced
genomes [11].

In prokaryotes, there are several well-knownmechanisms
of lateral gene transfer, including plasmid-mediated conju-
gation, phage-mediated transduction, and natural compe-
tence [4,5,12,13]. In eukaryotes, by far the most prevalent
form of lateral transfer documented to date is endosym-
biotic gene transfer, i.e. the mostly unidirectional donation
of genes from organelles to the nucleus during the process of
organelle genome reduction in the wake of the endosym-
biotic origins of organelles from free-living prokaryotes
[3,6,14±20]. By studying the evolution of nuclear-encoded
enzymes of pathways that are biochemically compartmen-
talized in chloroplasts and mitochondria and thought to
have once been encoded in the respective organellar DNA,
one can gain insights into the evolutionary dynamics of (a)
pathway evolution, (b) organelle-to-nucleus gene transfer,
and (c) the rerouting of nuclear-encoded proteins into novel
evolutionary compartments.

In eukaryotes, the citric acid cycle (Krebs cycle, or
tricarboxylic acid cycle) is an important pathway in that it is
the primary source of electrons (usually stemming from
pyruvate) donated to the respiratory membrane in mito-
chondria. It is not ubiquitous among eukaryotes, because
not all eukaryotes possess mitochondria [21,22]. In anaer-
obic mitochondria, it occurs in a modi®ed (shortened) form
suited to fumarate respiration [23]. In Euglena it occurs in a
modi®ed form lacking a-oxoglutarate dehydrogenase
(OGDH), a variant also found in the a-proteobacterium
Bradyrhizobium japonocum [24]. The enzymatic framework
of the tricarboxylic acid cycle was formulated by Krebs &
Johnson [25] at a time when endosymbiotic theories for the
origins of organelles were out of style (see [26]). Sixty-four
years later, gene-for-gene phylogenetic analysis can provide
insights into the origin of its individual enzymes.

However, the study of the enzymes of the tricarboxylic
acid cycle necessarily also entails the study of the several
enzymes involved in the glyoxylate cycle in plants, because
three enzymatic steps common to both the tricarboxylic acid
cycle and the glyoxylate cycle are catalyzed by differentially
compartmentalized isoenzymes, analogous to the chloro-
plast cytosol isoenzymes involved in the Calvin cycle and
glycolysis in plants. The glyoxylate cycle was discovered in
bacteria byKornberg &Krebs [27] as ameans of converting
C2 units of acetate (a growth substrate) for synthesis of

other cell constituents such as hexoses. The same cycle was
subsequently found in germinating castor beans to convert
acetyl-CoA from fat degradation into succinate and subse-
quently carbohydrates during conversion of fat into carbo-
hydrate [28]. The enzymes of the glyoxylate cycle were later
found to be associated in a novel organelle of plants, the
glyoxysome [29]. The cycle apparently operates in all cells
that have the capacity to convert acetate to carbohydrates,
including eubacteria, plants, fungi, lower animals, and also
mammals [30]. The glyoxylate cycle involves ®ve enzyme
activities that are all compartmentalized in the glyoxysomes
of plants [31], the single exception being aconitase, which is
localized in the cytosol [32,33]. Here we investigate the
evolution of the enzymes of the pyruvate dehydrogenase
(PDH) complex, the tricarboxylic acid cycle, and the
glyoxylate cycle by examining the individual phylogenies
of the 21 subunits comprising the 14 enzymes of these
pathways as they occur in eukaryotes, speci®cally in higher
plants.

M A T E R I A L S A N D M E T H O D S

Amino-acid sequences for individual plant tricarboxylic
acid cycle and glyoxylate cycle enzymes and their constit-
uent subunits were extracted from the databases and
compared with GenBank using BLAST [1]. We were
frequently confronted with more than 400 hits per
enzyme. To be able to make sense out of the data and
in order to make the phylogenies tractable, we had to
limit the number of proteins to be retrieved for analysis.
In selecting sequences, we tried to include at least three
sequences from plants, animals, and fungi, in addition to
a representative sample of gene diversity and ancient gene
families from eubacteria and archaebacteria. In some
cases, homologues were not available from all sources.
Furthermore, in the eukaryotes, particular care was taken
to include sequences for the various compartment-speci®c
isoenzymes (mitochondria, glyoxysomes, plastids and the
cytosol where relevant). Importantly, very few homo-
logues for these sequences from protists or algae were
available in GenBank.

In the bacteria, we tried to include homologues from
a-proteobacteria and cyanobacteria because they are
thought to be the progenitors of mitochondria and
plastids, respectively. However, the spectrum of a-proteo-
bacteria and cyanobacteria available for comparison is
limited. Homologues of these enzymes from achaebacteria
were, in general, extremely scarce and were included
where ever possible. Classes of enzymes were de®ned as
proteins that show marginal (< 25%) amino-acid
sequence identity.

Sequences were aligned using PILEUP from the Wisconsin
package [34] and formatted using CLUSTALW [35]. Regions
of alignment in which more than half of the positions
possessed gaps were excluded from analysis. Trees were
inferred with the MOLPHY package [36] using PROTML with
the JTT-F martix and starting from the NJ tree of ML
distances. We often encountered distantly related genes
encoding related protein families for different enzyme
activities. These were usually included in the analysis if
they helped to elucidate a general evolution pattern within a
gene family, but at the same time, without overloading the
data.
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R E S U L T S

Inferring the evolutionary history of a biochemical pathway
on an enzyme-for-enzyme basis is more challenging than it
might seem at ®rst sight. In the case of the tricarboxylic acid
cycle, many enzymes consist of multiple subunits. The only
way we see to approach the problem is to analyze one
enzyme at a time and, if applicable, one subunit at a time,
describing the reaction catalyzed, some information about
the enzyme, its subunits, and their evolutionary af®nities.
This is given in the following for the enzymes studied here.

Pyruvate dehydrogenase (PDH)

Pyruvate � NAD� � CoASH ! acetyl-CoA

� NADH � CO2

Pyruvate enters the tricarboxylic acid cycle through the
action of PDH, a thiamine-dependent mitochondrial
enzyme complex with several nonidentical subunits. Plants
possess an additional PDH complex in plastids. The
subunits of PDH are designated E1 (EC 1.2.4.1), E2
(EC 2.3.1.12) and E3 (EC 1.8.1.4), and E1 consists of two
subunits, E1a and E1b. The reaction catalyzed by PDH
(oxidative decarboxylation of an organic acid with a keto
group at the a carbon) is mechanistically very similar to the
reactions catalyzed by OGDH and by branched-chain
a-oxoacid dehydrogenases (OADH). It is therefore not
surprising that all three enzymes have an E1, E2, E3 subunit
structure, and that some of the subunits of PDH, OGDH
and OADH are related. The functional and evolutionary
relationships between the subunits of these enzymes are
somewhat complicated. In a nutshell, the E1a subunits of
PDH and OADH are closely related to one another
(� 30% identity) and more distantly related (� 20%
identity) to the E1 subunit of OGDH, which has a single
E1 subunit, rather than an E1a/E1b structure. The E1b
subunits of PDH and OADH are also closely related to one
another (� 30% identity) and more distantly related
(� 20% identity) to the Ôclass IIÕ E1b subunit of several
eubacteria. The E2 subunits of PDH, OGDH and OADH
(dihydrolipoamide acyl transferase; EC 2.3.1.12) share
about 35% identity.

The tree of PDH E1a subunits (Fig. 1A) contains three
branches in which eubacterial and eukaryotic sequences are
interleaved. One branch relates mitochondrial E1a to
a-proteobacterial homologues, a second connects E1a of
chloroplast PDH to cyanobacterial homologues, and a third
branch connects E1a of mitochondrial branched-chain
OADHs to eubacterial homologues. No a-proteobacterial
homologues of mitochondrial OADHE1a were found. The
E1 subunit of mitochondrial OGDH (Fig. 1B) branches
with a-proteobacterial homologues.

The tree of the E1b subunit of PDH and OADH
(Fig. 1C) has the same overall shape as that found for the
E1a subunit. Namely, chloroplast and mitochondrial PDH
E1b branch with cyanobacterial and a-proteobacterial
homologues, respectively, whereas the related OADH E1b
does not. The E1b subunit occurs as a class II enzyme in
some eubacteria (Fig. 1D) that is only distantly related to
the class I enzyme (Fig. 1C). But both the class I and
class II E1b (Fig. 1C,D) are related at the level of sequence

similarity (� 20±30% identity) and tertiary structure [37,38]
to other thiamine-dependent enzymes that perform bio-
chemically similar reactions: transketolase, which catalyzes
the transfer of two-carbon units in the Calvin cycle and
oxidative pentose phosphate pathway, 1-deoxyxylulose-
5-phosphate synthase, which transfers a C2 unit from
pyruvate to D-glyceraldehyde 3-phosphate in the ®rst step of
plant isoprenoid biosynthesis [7], and pyruvate±ferredoxin
oxidoreductase, an oxygen-sensitive homodimeric enzyme
that performs the oxidative decarboxylation of pyruvate in
hydrogenosomes [21,22] and in Euglena mitochondria [39].

The E2 subunit of PDH contains the dihydrolipoamide
transferase activity. The mitochondrial form of the E2
subunit for PDH is related to the E2 subunits of OADHand
OGDH. All three E2 subunits in eukaryotes are encoded by
an ancient and diverse eubacterial gene family which is
largely preserved in eukaryotic chromosomes (Fig. 1E).
Mitochondrial PDH E2 and OGDH E2 branch very close
to a-proteobacterial homologues, whereas chloroplast PDH
E2 branches with the cyanobacterial homologue. Mito-
chondrial OADH branches with eubacterial, but not
speci®cally with, a-proteobacterial homologues (Fig. 1E).

The E3 subunit of PDH contains the dihydrolipoamide
dehydrogenase activity. Mitochondrial PDH, OGDH and
OADH all use the same E3 subunit [40]; it branches with
a-proteobacterial homologues (Fig. 1F). The chloroplast
PDH E3 subunit branches with its cyanobacterial homo-
logue (Fig. 1F). The E3 subunit is related to eubacterial
mercuric reductase and eukaryotic glutathione reductase.

In general, one can conclude that all four nuclear-
encoded subunits of the mitochondrial PDH complex are
acquisitions from the a-proteobacterial ancestor of mito-
chondria, whereas the four subunits of nuclear-encoded
chloroplast PDH are acquisitions from the cyanobacterial
ancestor of plastids. The E1a and E1b subunits of
chloroplast PDH are even still encoded in the chloroplast
genome of the red alga Porphyra [41], the genes having been
transferred to the nucleus in higher plants (Fig. 1A,C).

Citrate synthase (CS)

Oxalacetate � acetyl-CoA ! citrate � CoASH

In eukaryotes, CS (EC 4.1.3.7) is usually found as iso-
enzymes in mitochondria and glyoxysomes, respectively
[42,43]. They usually have a molecular mass of � 90 kDa
and are typically homodimers of 45-kDa subunits [44,45]. In
the presence of Mg2+, glyoxysomal CS of plants also forms
tetramers [43]. However, there are also a number of bacteria
for which the molecular mass of the enzyme has been
reported to be � 280 kDa or even more [46]. Many
regulatory compounds [NADH, a-oxoglutarate, 5,5¢-dithi-
obis-(2-nitrobenzoic acid), AMP, ATP, KCl, aggregation
state] can in¯uence the CS activity from various sources
[46±48].

The tree of CS enzymes is shown in Fig. 2A. The
mitochondrial enzymes of plants, animals, and fungi in
addition to the fungal peroxisomal CS enzymes are
separated from the remaining sequences by a very long
branch. The peroxisomal enzyme of fungi arose through
duplication of the gene for the mitochondrial enzyme
during fungal evolution. By contrast, the glyoxysomal
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Fig. 1. Phylogenetic results. Protein maximum likelihood trees for PDH and OGDH subunits (see text). Color coding of species names is: metazoa,

red; fungi, yellow; plants, green; protists, black; eubacteria, blue; archaebacteria, purple. Protein localization is indicated as is organelle-coding of

individual genes (for example, a and b subunits of Porphyra PDH E1.
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enzyme of plants branches within a cluster of eubacterial
enzymes, suggesting that this gene was acquired from
eubacteria; however, it branches with neither a-proteo-

bacterial nor cyanobacterial homologues. Notwithstanding
the fact that long branches are notoriously dif®cult to
place correctly in a topology, the position of the long

Fig. 2. Phylogenetic results. Protein maximum likelihood trees for CS, aconitase, ICDH (NADP+), ICDH (NAD+) and the a and b subunits of
STK (see text). Color coding of species names is as in Fig. 1.
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branch bearing the eukaryotic genes for the mitochondrial
(and fungal peroxisomal) enzymes is notable, because it
places these enzymes within a tree of eubacterial genes.
Thus, the eukaryotic enzymes seem to be more similar to
eubacterial than to archaebacterial homologues (which
exist for this enzyme), although a speci®c evolutionary
af®nity for a particular group of eubacterial enzymes is
not evident.

Aconitase

Citrate ! isocitrate

Aconitase (EC 4.2.1.3) contains a 4Fe)4S cluster and is
usually a monomer. There are two isoenzymes in eukary-
otes: mitochondrial and cytosolic. Another activity of
cytosolic aconitase, at least in animals, is that of an iron-
responsive element-binding protein (IRE-BP), which binds
to mRNA of ferritin and the transferrin receptor and thus
participates in regulating iron metabolism in animals
[49,50]. The latter activity is accomplished by a transition
from the 4Fe)4S state of the protein (active form of
aconitase) to a 3Fe)4S state (inactive as aconitase, but
active as IRE-BP). Two forms of aconitase are known in
eubacteria, aconitase A and aconitase B [51±53]. They are
differently expressed [54]. Isopropylmalate isomerase
(IPMI), which is involved in the biosynthetic pathway to
leucine, is related to the aconitases.

The sequences of aconitase, IRE-BP and IPMI belong to
a highly diverse gene family (Fig. 2B). The true aconitases,
which include IRE-BP, are large enzymes (780±900 amino
acids). The bacterial IPMI genes encode much smaller
proteins (about 400 amino acids) than the fungal IMPI
genes (about 760 amino acids). Cytosolic aconitase/IRE-BP
from plants and animals is closely related to the eubacterial
aconitase homologues termed here aconitase A. The
sequences for eubacterial aconitase B proteins fall into a
separate gene cluster and are only distantly related (� 20%
identity) with the eubacterial aconitase A enzymes, but
share � 30% identity with archaebacterial IPMI, indicating
a nonrandom level of sequence similarity. Although we
detected genes for three different aconitase isoenzymes in
the Arabidopsis genome data, we did not detect one with a
mitochondrion-speci®c targeting sequence. Although the
eukaryotic cytosolic enzymes (aconitase and IRE-BP) do
not branch speci®cally within eubacterial aconitase A
sequences, they branch very close to them, and a case could
be made for a eubacterial origin of the cytosolic enzyme,
homologues of which were not found among archaebacte-
ria. Database searching revealed no clear-cut prokaryotic
homologue to the mitochondrial enzyme, the sequences of
which have a very distinct position in the tree (Fig. 2B).
IPMI from fungi is more closely related to eubacterial than
to archaebacterial homologues, and appears to be a
eubacterial acquisition.

Isocitrate dehydrogenase (ICDH)

Isocitrate � NAD� ! a-oxoglutarate � NADH

Isocitrate �NADP�! a-oxoglutarate � NADPH

Two distinct types of ICDH (EC 1.1.1.41) exist which differ
in their speci®city for NAD+ and NADP+, respectively,
and which share � 30% sequence identity. Both enzymes
are found in typical mitochondria, but the NADP+-
dependent enzyme can be localized in other eukaryotic
compartments as well. The NAD+-dependent enzyme is
typically an octamer consisting of identical or related
subunits [55,56]; however, dimeric forms have been charac-
terized in archaebacteria [57]. Sequences of eukaryotic
NAD-ICDH and NADP-ICDH share about 30% identity;
the former shares about 40% identity with prokaryotic
NADP-ICDH homologues and with isopropylmalate
dehydrogenase, which is involved in leucine biosynthesis.
Thus, in the case of aconitase/IPMI and NADP-ICDH/
isopropylmalate dehydrogenase, consecutive and mechanis-
tically related steps in the tricarboxylic acid cycle and leucine
biosynthesis are catalyzed by related enzymes.

The evolutionary trees of class II NADP-ICDH
(Fig. 2C) and NAD-ICDH plus class I NADP-ICDH
(Fig. 2D) are somewhat complicated. The mitochondrial,
peroxisomal, chloroplast and cytosolic forms of class II
NADP+-dependent ICDH in eukaryotes seem to have
arisen from a single progenitor enzyme, with various
processes of recompartmentalization of the enzyme having
occurred during eukaryotic evolution. Direct homologues
of this enzyme in prokaryotes are rare, one having been
identi®ed in the Thermotoga genome (Fig. 2C). Yet there is
a clear but distant relationship with the NAD+-dependent
and class I NADP+-dependent ICDH enzymes, which are
found in eubacteria, archaebacteria and eukaryotes
(Fig. 2D). The mitochondrial NAD-ICDH of eukaryotes
has about as much similarity to an a-proteobacterial
homologue as it does to the homologue from the archae-
bacterium Sulfolobus (Fig. 2D), so the evolutionary origin
of this enzyme remains unresolved. The mitochondrial
isopropylmalate dehydrogenase of fungi is clearly descended
from eubacterial homologues (Fig. 2D).

a-Oxoglutarate dehydrogenase (OGDH)

a-Oxoglutarate � NAD� � CoASH

! succinyl-CoA � NADH � CO2

Like PDH and its relative OADH, OGDH consists of
several nonidentical subunits. Subunit E1 (EC 1.2.4.2) is
involved in substrate and cofactor (thiamine pyrophos-
phate) binding, subunit E2 (EC 2.3.1.61) is a dihydrolipo-
amide succinyl transferase, and subunit E3 (EC 1.8.1.4) is a
dihydrolipoamide dehydrogenase. E1 and E2 are different
proteins in OGDH, PDH, and OADH, but all three
enzymes use one and the same E3 subunit. In eukaryotes,
OGDH is thought to be located exclusively in the
mitochondria.

The tree of OGDH E1 indicates that the eukaryotic
sequences of animals, plants and fungi are most similar to
homolgues in a-proteobacteria (Fig. 1B). As mentioned in
the section on PDH above, the OGDHE1 subunit is related
to the E1a subunit of PDH and OADH. The tree of
eukaryotic OGDH E2 subunits also indicates a very close
relationship to a-proteobacterial homologues (Fig. 1E).
The OGDH E2 tree also indicates an early differentiation
within eubacteria of PDH-speci®c, OADH-speci®c and
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OGDH-speci®c subunits. Archaebacteria, which preferen-
tially use the distantly related ferredoxin-dependent pyru-
vate±ferredoxin oxidoreductase and a-oxoacid±ferredoxin

oxidoreductases instead of the corresponding NAD-depen-
dent dehydrogenases, seem to lack clear homologues for E1,
E2 and E3 subunits. The tree for OGDH E3 (Fig. 1F)

Fig. 3. Phylogenetic results. Protein maximum likelihood trees for the a and b subunits of SDH, class I and class II fumarase,MDH, ICL, andMS

(see text). Color coding of species names is as in Fig. 1.
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differs from the trees for E1 and E2 in that it contains
branches encoding additional enzyme activities, glutathione
reductase and mercuric reductase. Eukaryotic OGDH E3 is
most similar to a-proteobacterial homologues. The eukar-
yotic glutathione reductases are roughly 30% identical with
OGDH and are cytosolic enzymes, except in plants where
an additional plastid isoenzyme exists. The cluster of
glutathione reductases has split in early eukaryote evolution
to produce plant and animal sequences. The two isoenzymes
in the plant kingdom originated from a gene duplication in
early plant evolution.

Succinate thiokinase (STK)

Succinate � GTP�orATP� � CoASH

! succinyl-CoA � PPi � GMP�orAMP�
STK (EC 6.2.1.5) is also known as succinyl-CoA
synthase; it consists of a and b subunits. It is usually an
a2b2 heterotetramer, but in some Gram-negative eubacte-
ria it can have an a4b4 structure. The b subunit carries the
speci®city for either ATP (EC 6.2.1.5) or GTP
(EC 6.2.1.4). In eukaryotes, the enzyme is localized only
in mitochondria or hydrogenosomes anaerobic forms of
mitochondria that are found in some amitochondriate
protists [21,22].

The sequences of STK a and b subunits have no
sigini®cant sequence similarity to each other. Homologues
are found in eukaryotes, eubacteria and archaebacteria for
both STKa (Fig. 2E) and for STKb (Fig. 2F). In the tree of
the b subunits (Fig. 2F), a common ancestry for the GTP-
speci®c and ATP-speci®c eukaryotic sequences is seen. In
both trees (a and b), the eukaryotic STKs branch with a-
proteobacterial homologues, with the single exception of the
hydrogenosomal STKa, which, unlike STKb, shows a
slightly longer, and thus perhaps unreliably placed, branch.
The STKa subunit is related to theC-terminus of eukaryotic
cytosolic ATP-citrate lyases, which are homotetrameric
proteins, and the STKb subunit is related to the N-terminus
of ATP-citrate lyases [113].

Succinate dehydrogenase (SDH)

Succinate � FAD ! fumarate � FADH2

SDH (EC 1.3.5.1) is located inmitochondria and is attached
to the inner membrane, where it is a component of complex
II, which contains a cytochrome b, an anchor protein, and
several additional subunits in the inner mitochondrial
membrane. SDH consists of nonidentical subunits. The
a subunit (SDHa) is a 70-kDa ¯avoprotein and possesses a
[2Fe)2S] cluster. The b subunit is 30 kDa in size and has a
[4Fe)4S] cluster. The electrons that are donated to the ¯avin
cofactor of SDH are ultimately donated within complex II
to quinones in the respiratory membrane. SDH is related to
fumarate reductase. In some prokaryotes and eukaryotes,
under anaeorbic conditions, there is a preference for
fumarate reductase to produce succinate, because of the
presence of different kinds of quinones (with redox poten-
tials better suited to fumarate reductase) in the respiratory
membrane under anaerobic conditions [23]. Structures for
fumarate reductase have been determined [58]. The SDH

a subunit is also related to aspartate oxidase found in some
prokaryotes.

The tree for the SDH a subunit (Fig. 3A) shows that the
nuclear-encoded mitochondrial protein in eukaryotes is
most similar to a-proteobacterial homologues. Proteins
related to both the a and b subunits of SDH are also found
in archaebacteria. The SDH b subunit in eukaryotes is also
most closely related to the homologue from a-proteobac-
teria (Fig. 3B), indicating a mitochondrial origin for the
eukaryotic gene. Very unusually for tricarboxylic acid cycle
enzymes, the SDH b subunit it still encoded in the
mitchondrial DNA, but only in a few protists [59]. Although
their proteins branch slightly below the a-proteobacterial
homologues in Fig. 3B, the genes for SDHb from plants
and Plasmodium were very probably also acquired from the
mitochondrion.

Fumarase

Fumarate � H2O ! l-malate

Fumarase (EC 4.2.1.2) catalyzes the reversible addition of a
water molecule to the double bond of fumarate to produce
L-malate. The enzyme occurs as class I and class II types
which have no detectable sequence similarity. Class I
fumarases have only been found in prokaryotes to date
whereas class II fumarases, the more widespread of the two
enzymes, are found in archaebacteria, eubacteria and
eukaryotes. The class II fumarases are typically homo-
tetramers of � 50-kDa subunits [60,61]. In eukaryotes the
enzyme is almost exclusively restricted to mitochondria. In
some vertebrates, such as rat, there is an additional cytosolic
enzyme, which is encoded by the same gene as the
mitochondrial enzyme and which is produced by an
alternative translation-initiation site [62].

The class II fumarases represent a group of highly
conserved sequences; the mitochondrial enzyme in the
eukaryotic tricarboxylic acid cycle is most closely related to
a-proteobacterial homologues (Fig. 3C), indicating that the
genes were acquired from the mitochondrial symbiont.
More distantly related to the class II fumarases are genes in
Escherichia coli and Corynebacterium encoding aspartate
ammonia lyase activity. Class I fumarases and related
sequences, including the b subunit of the heterotetrameric
tartrate dehydrogenase fromE. coli, are found in eubacteria
and archaebacteria (Fig. 3D).

Malate dehydrogenase (MDH)

Malate � NAD� ! oxalacetate � NADH � H�

Malate � NADP� ! oxalacetate � NADPH � H�

MDH catalyzes the reversible oxidation of L-malate to
oxalacetate.NAD+-dependent (EC 1.1.1.37) andNADP+-
dependent (EC 1.1.1.82) forms of the enzyme exist.MDH is
a homodimeric enzyme and it is well known for the many
cell compartment-speci®c isoenzymes that have been char-
acterized from various organisms [63,64]. There is a
mitochondrial MDH that functions in the tricarboxylic
acid cycle which is usually NAD+-dependent. There are
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two chloroplast enzymes in plants, one NADP+-dependent
and one NAD+-dependent. Most eukaryotes that have
been studied also have a cytosolicMDH isoform, andmany
microbodies contain MDH activity, for example yeast
peroxisomes [65], plant peroxisomes [64] and Trypanosoma
glycosomes [66]. Among other functions, these compart-
ment-speci®c isoforms help to shuttle reducing equivalents
in the form of malate/oxalacetate across membranes and
into various cell compartments where they are needed.
Whereas the NADP+-dependent MDH from chloroplasts
has long been known for its role in a mechanism for
exporting reducing equivalents during photosynthesis [67],
the NAD+-dependent enzyme was only discovered recently
[68] and is known to be induced during root nodule
formation in legumes [69].

The gene tree of MDH (Fig. 3E) is very complex because
of various cell compartment-speci®c isoenzymes and
because the gene family is also related to genes of lactate
dehydrogenase, which are tetrameric proteins located in the
cytosol of eukaryotic cells. There are three main MDH
clusters. The ®rst (cluster I, Fig. 3E lower right) contains
sequences of some eubacterial MDHs, including Rhizobium
leguminosarum (a-proteobacteria) and Synechocystis
(cyanobacteria), and the sequences for lactate dehydrogen-
ases from archaebacteria, eubacteria, animals and plants.
This seems to represent the oldest branch of the tree. We
found no lactate dehydrogenase sequences for fungi in the
databases.

MDH cluster II (Fig. 3E, top) contains eukaryotic
NAD+-dependent MDH of mitochondria, glyoxysomes
and plastids of eukaryotes and Saccharomyces cerevisiae
(the latter also including a cytosolic enzyme). Several
homologues from c-proteobacteria are interdispersed in
this group. The three isoenzymes of S. cerevisiae and the
two isoenzymes of Trypanosoma brucei are excellent
examples of cell-compartment-speci®c isoenzymes that have
evolved by gene duplicationwithin onemajor phylum.Also,
the close grouping of the mitochondrial, glyoxysomal and
plastid MDHs of plants support this idea. The origin of the
eukaryotic mitochondrial MDH is not clear, but that the
closest homologues of the eukaryotic enzymes are found in
proteobacteria, albeit c-proteobacteria instead of a-proteo-
bacteria, suggests a eubacterial origin. The glyoxysomal
enzymes have evolved several times independently by gene
duplication of apparently mitochondrial-speci®c forebears.

The most complex MDH cluster from the phylogenetic
standpoint is designated here as cluster III (Fig. 3, left),
which contains the cytosolic isoenzymes of animals and
plants, the plastid NADP+-speci®c isoenzymes of plants,
and several interleaving eubacterial homologues. In contrast
with fungi, the cytosolic MDHs of animals and plants fall
into a cluster different from that of the mitochondrial and
glyoxysomal enzymes. Also, the NADP+-dependent
enzymes of plants seem to descend from cytosolic NAD+-
dependent progenitors and not from the respective gene for
the plastidNAD+-speci®c isoenzyme, indicating thatMDH
gene evolution is, to a degree, independent from cofactor
speci®city. That a group of eubacterial sequences interrupts
the sequences of the cytosolic MDHs and the NADP+-
dependent MDHs underscores the complexity of MDH
gene evolution.

A problem with the MDH tree is sequence divergence
between groups. Some MDH sequences show as little as

20% identity and, in some, individual comparisons appear
not to be related at all. However, calculating the identity
between closest neighboring sequences, all sequence mem-
bers form a continuum of clearly related sequences, which
includes some lactate dehydrogenase isoforms. A similar
situation was also observed for the aconitases (see above).
Rather than convergent gene evolution, it seems that the
sequence divergence from a common ancestor and func-
tional specialization of these enzymes underlies the overall
spectrum of MDH (and lactate dehydrogenase) sequence
diversity [70].

Isocitrate lyase (ICL)

Isocitrate ! succinate � glyoxylate

ICL (EC 4.1.3.1) catalyzes the cleavage of isocitrate into
succinate and glyoxylate. The reactions catalyzed by ICL
and malate synthase (MS) do not occur in the tricarboxylic
acid cycle. They are usually catalyzed by separate enzymes
in higher plants, fungi and animals, but they are encoded as
a fusion protein with two functional domains in Caeno-
rhabditis elegans. Both enzymes are located in microbodies.
ICL is typically a homotetramer of � 64-kDa subunits
[71,72]. Using eukaryotic ICL sequences as a query,
eubacterial but no archaebacterial sequences were detected,
as indicated in the gene tree (Fig. 3F). The eukaryotic ICLs
fall into two groups: (a) one that contains the eukaryotic
sequences from Caenorhabditis and Chlamydomonas and is
very similar to homologues in c-proteobacterial genomes
and (b) one that encodes the glyoxysomal enzymes of plants
and fungi.

Malate synthase (MS)

Glyoxylate � H2O � acetyl-CoA! malate � CoASH

MS (EC 4.1.3.2) catalyzes the transfer of the acetyl moeity
of acetyl-CoA to glyoxylate to yield L-malate. The glyoxy-
somal enzyme has been isolated as an octamer of identical
� 60-kDa subunits in maize [73] and other plants [74], as a
homotetramer in the fungus Candida [75], and as a
homodimer in eubacteria [76]. In C. elegans, MS is fused
to the C-terminus of ICL, yielding a single bifunctional
protein [77]. Relatively few sequences of MS are available
from prokaryotes. None were found from archaebacteria,
and MS activity is extremely rare in archaebacteria, but the
activity is present in Haloferax volcanii [78].

The tree of MS sequences (Fig. 3G) indicates the
distinctness of the plant, fungal and C. elegans enzymes,
but the available sequence sample is too sparse to generate a
solid case for the evolutionary history of the enzyme, other
than the ®nding that the eukaryotic sequences emerge on
different branches of a tree of eubacterial gene diversity,
with no detectable homologues from archaebacteria.

D I S C U S S I O N

For the 14 different enzymes involved in the higher-plant
PDHcomplex, tricarboxylic acid cycle, and glyoxylate cycle,
there are 21 different subunits involved, the sequence
similarity patterns of which can be summarized in 19
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different trees. The trees that we have constructed and
shown here do not explain exactly how these enzymes
evolved, rather they describe general patterns of sequence
similarity. In no case have we analyzed all the sequences
available, and in no case have we performed exhaustive
applications of the various methodological approaches that
molecular phylogenetics has to offer (for example, substi-
tution rate heterogeneity across alignments, signi®cance
tests, parametric bootstrapping, topology testing, and the
like). Thus, it is possible to perform a more comprehensive
analysis of the evolution of these enzymes than we have
performed here. However, our aim was not to perform an
exhaustive analysis but to obtain an overview of the patterns
of similarity for the enzymes of these pathways in plants and
the relationships of their differentially compartmentalized
isoenzymes. Condensing the information from many indi-
vidual trees into a single ®gure that would summarize these
patterns of similarity at their most basic level for the plant
enzymes, we obtain a simple schematic diagram that will ®t
on a printed page (Fig. 4). Despite its shortcomings, a few
conclusions can be distilled from the present analysis, in
particular the relatedness of several of the enzymes inves-
tigated to other enzyme families (Table 1).

Higher-plant tricarboxylic acid cycle and glyoxylate cycle:
eubacterial enzymes

All of the plant enzymes surveyed here, except cytosolic
aconitase (Fig. 2B) and mitochondrial NAD-ICDH
(Fig. 2E), are clearly more similar to their eubacterial

homologues than they are to their archaebacterial homo-
logues. This is not only true for the plant enzymes, but for
almost all of the eukaryotic enzymes studied. Only for about
half of the enzymes surveyed were archaebacterial homo-
logues even detected. This is important because many
archaebacteria use the reductive tricarboxylic acid cycle,
which contains most of the same activities as the tricar-
boxylic acid cycle, as a major pathway of central carbon
metabolism [79]. In no case were the eukaryotic enzymes
speci®cally more related to archaebacterial homologues
than to eubacterial homologues.

This is a noteworthy ®nding becausewhen thinking about
the relatedness of eukaryotic archaebacterial and eubacte-

Fig. 4. Schematic summary of similarites of

tricarboxylic acid cycle and glyoxylate cycle

proteins. Subunit sizes are drawn roughly

proportional to molecular mass subcellular

compartmentalization. Color coding of sub-

unit sequence simlarities as inferred from the

phylogenies indicated. The multimeric nature

of the PDH complex is indicated by brackets.

FP, ¯avoprotein; FeS, iron-sulfur subunit. An

asterisk next to the glyoxysomal CS indicates

that its sequence is highly distinct from that of

the mitochondrial enzyme. All of the enzymes

in the ®gure are nuclear encoded in higher

plants. Double and single membranes around

mitochondria and glyoxysomes, respectively,

are schematically indicated. Enzyme and sub-

unit abbreviations are given in the text.

Table 1. Activities related to tricarboxylic acid cycle and glyoxylate

cycle enzymes.

Enzyme Related activity

Aconitase IRE-BP, IPMI

NAD-ICDH NADP-ICDH, isopropylmalate dehydrogenase

Fumarase Aspartate ammonia lyase

NAD-MDH NADP-MDH, lactate dehydrogenase

PDH, E1 OADH, acetoin dehydrogenase

OGDH, E2 OADH, PDH

OGDH, E3 Glutathione reductase, mercuric reductase

STK ATP-citrate lyasea

SDH, a subunit Fumarate reductase, aspartate oxidase

SDH, b subunit Fumarate reductase

a See [113].
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rial genes (and proteins), most biologists still tend to
envisage, by virtue of a prior knowledge default, the rRNA
tree in its most classic form [80] depicting eukaryotes as
being more closely related to archaebacteria than to
eubacteria [81,82]. In this view, the a priori expectation of
the relatedness of a given eukaryotic gene is that it should be
more similar to its archaebacterial homologues than to its
eubacterial homologues. This pattern was not found for any
of the 21 proteins studied here, nor has it been reported for
any of 40 other enzymes (and their subunits) (with three
exceptions, see below) involved in central carbon metabo-
lism in eukaryotes (glycolysis, gluconeogenesis, the Calvin
cycle or the oxidative pentose phosphate cycle) that we have
previously studied [3,83±85] (reviewed in [6]). In these
analyses, we found no evidence to support the occasionally
entertained notion [86,87] that microbodies, to which the
glyoxysomes belong and which are surrounded by one
membrane rather than two as in the case of chloroplasts and
mitochondria, might be descendants of endosymbiotic
bacteria.

Eubacterial genes for eukaryotic enzymes of energy
metabolism: why?

Not only the cytosolic rRNA, but also most of the
proteins involved in the gene-expression machinery in
eukaryotes are more similar to their archaebacterial
homologues than they are to their eubacterial homo-
logues, including RNA polymerase [88], transcription
factors [89], proteins involved with DNA replication
[90], ribosomal proteins [91], and the like. In contrast,
eukaryotic proteins involved in basic metabolic functions,
in particular core carbohydrate metabolism and ATP
synthesis, are more similar to eubacterial homologues
(cited above). This general pattern is also supported at the
level of genome-wide phylogenies for yeast in comparison
with eubacerial and archaebacterial reference genomes
[11,92]. The observation of genomic chimerism in
eukaryotes has been a very surprising one for biologists.
There are currently about four biological models that
could, in principle, account for this ®nding.

Onemodel includes the notion that, before the separation
of eukaryotes, eubacteria and archaebacteria several billion
years ago, there was widespread lateral gene transfer among
all organisms, and one combination of such transfers gave
rise to the eukaryotic lineage, which some time later
obtained mitochondria (the Ôgenetic annealingÕ or Ôtransfer
earlyÕ model [93]). Another model supposes that eukaryotes
are an ancestrally phagocytosing lineage, and that, during
the course of eating prokaryotes to survive, they ended up
incorporating many genes from their food prokaryotes into
their chromosomal genes, and that this process continued
when eukaryotes later obtained their mitochondria (the Ôyou
are what you eatÕ or Ôtransfer lateÕmodel [94]). A thirdmodel
envisages the origin of eukaryotes as involving the cellular
union of an archaebacterium and a eubacterium, in various
formulations with the archaebacterium giving rise to the
nucleus [92,95±98], yielding a nucleated cell with chimeric
chromosomes that later acquired mitochondria (the ÔfusionÕ
or ÔnucleosymbiosisÕ model). A fourth model posits that the
host of the endosymbiont that became the mitochondrion
was not a eukaryote, but rather an autotrophic archaebac-
terium that acquired roughly a genome's worth of eubac-

terial genes (and the heterotrophic lifestyle) from the once
free-living ancestor of mitochondria; it addresses the
common origin of mitochondria and hydrogenosomes
(H2-producing organelles of anaerobic ATP synthesis in
eukaryotes that lack typical mitochondria; the ÔhydrogenÕ
model [83]).

Taken at face value, the ®rst threemodels would predict a
patchwork of eubacterial and archaebacterial genes in
eukaryotic central carbon metabolism, whereas the hydro-
gen model speci®cally predicts a eubacterial origin for the
enzymes of eukaryotic energy metabolism, of which central
carbon metabolism is the backbone. Although the present
data do not unambiguously discriminate between these
models, it is a noteworthy ®nding that all of the roughly 40
enzymes involved in central carbon metabolism in eukary-
otes that have been studied to date, now including those of
the tricarboxylic acid cycle and the glyoxylate pathway in
plants, are more similar to eubacterial homologues than
they are to archaebacterial homologues. Known exceptions,
in which the eukaryotic enzymes are more similar to
archaebacterial homologues, are enolase (except Euglena)
[99], the acetyl-CoA synthase of several mitochondrion-
lacking eukaryotes [100,101], and transketolase of animals
[8,102], all of which are more similar to their homologues
from ÔeuryarchaeotesÕ (methanogens and relatives) than they
are to homologues from ÔcrenarchaeotesÕ (the remaining
archaebacteria). Such ®ndings are directly accounted for by
the hydrogen model, which posits that the host of
mitochondrial symbiosis was a methanogen [83], but not
by the other three. As discussed elsewhere [39,103], other
traits also link eukaryotes to methanogens, for example
histones [104]. Notwithstanding phylogenetic links between
eukaryotes and methanogens, the ®nding that eukaryotes in
general possess eubacterial genes for enzymes of carbohy-
drate and energymetabolism is a striking observation that is
usually given insuf®cient attention in models designed to
account for the origins of eukaryotes and their genes.

The eukaryotic tricarboxylic acid cycle: an inhertance
from eubacteria, but from which?

The tricarboxylic acid cycle is a speci®cally mitochondrial
pathway in eukaryotes and in some lineages, some of the
genes for its enzymes are still encoded in mitochondrial
DNA [59]. Furthermore, those tricarboxylic acid cycle genes
that are encoded in mitochondria are most closely related to
their homologues from a-proteobacteria (Fig. 3B), the
lineage of prokaryotes from which mitochondria are
thought to descend [105]. However, in most eukaryotes,
all of the enzymes of the tricarboxylic acid cycle are encoded
in the nucleus. (A very similar situation exists for the Calvin
cycle in plastids, where almost of the genes of this typically
eubacterial pathway are encoded in the nucleus [3]). This is
not completely surprising, because it is known that mito-
chondrial genomes (and, analogously, plastid genomes) are
very highly reduced compared with the genomes of their
free-living eubacterial relatives, a-proteobacteria (and
cyanobacteria in the case of plastids), and that many genes
have been transferred from organelle genomes to the
nucleus during the course of evolution [19,20,84].

Thus, one might expect all of the proteins of the
tricarboxylic acid cycle to re¯ect an a-proteobacterial
origin, even though they are encoded in the nucleus.
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Previous phylogenetic studies focusing on yeast have
revealed that several enzymes of the tricarboxylic acid cycle
do indeed branch with their a-proteobacterial homologues
[106], these cases are relatively easy to explain as above. But
if one considers the evolution of all of the enzymes of the
pathway (Fig. 4), it is clear that only about half of the
enzymes of the tricarboxylic acid cycle, the major pathway
of carbon metabolism in mitochondria of oxygen-respiring
eukaryotes, can be traced speci®cally to an a-proteobacte-
rial donor. These enzymes are shaded light blue in Fig. 4.
The remaining enzymes are either equivocal (ICDH) or they
are most similar to eubacterial, but not speci®cally
a-proteobacterial, homologues (MDH, CS and aconitase
in the tricarboxylic acid cycle, and all of the enzymes of the
glyoxylate cycle.

There are two general patterns among the Ôeubacterial
but not speci®cally a-proteobacterialÕ proteins observed
here and elsewhere [10,39] that deserve explanation. The
®rst (pattern I) are those eukaryotic proteins that branch
very close to eubacterial homologues, for example subtree
II of MDH (Fig. 3E, top). The second (pattern II) are
those eukaryotic proteins that branch within a broader
cluster of eubacterial gene diversity, but are somewhat
removed from the remaining eubacterial homologues and/
or tend to reside on a long branch separating them from
eubacterial homologues.

Pattern I. The Ôpattern IÕ protein phylogenies, taken at face
value and notwithstanding the vagaries of inferring the
ancient past from trees, would tend to indicate that
eukaryotes acquired these genes through independent
lateral gene transfers from various eubacterial donors
(OGDH E1, Fig. 1B; glyoxysomal CS, Fig. 2A; MDH,
Fig. 3E; MS, Fig. 3G). However, the eukaryotes sampled
here seem, in most cases, all to possess the same acquired
gene. Thus, if these kinds of acquisition involved donor(s)
that were not the ancestor of mitochondria, then the
acquisitions must have occurred very early, and only very
early, in eukaryotic evolution (for a discussion see
[39,107,108]). However, this is not the only possibility,
because it is also possible that the ancestor of mitochondria
(or chloroplasts, in the case of plant-speci®c acquisitions)
donated these Ôpattern IÕ genes, even though they do not
branch with their homologues found in a-proteobacterial
genomes today. The reason for this is simple. Lateral gene
transfer is known to occur today among prokaryotes,
particularly eubacteria [5,12,13]. Therefore we can assume
that it also occurred in the distant past.

Thus, if the free-living descendants of the a-proteobac-
terium that became mitochondria happened to exchange
genes with other free-living eubacteria in the roughly 2
billion years [109,110] that have elapsed since the origin of
mitochondria (which is not unlikely), then some (or many)
of the genuinely (at that time) a-proteobacterial genes that
were in fact donated to eukaryotes by the mitochondrial
ancestor would no longer be encoded in a-proteobacterial
genomes today [4,20]. As there is very strong evidence to
indicate that horizontal transfer occurs today (pathogenicity
islands are an excellent example), the principle of uniform-
itarianism would require us to assume that it existed in the
past as well. Thus, if we embrace this assumption (which we
should), then the a priori expectation for the phylogeny of
eukaryotic genes that come from mitochondria would no

longer be that they branch speci®cally with homologues
found on the same contemporary eubacterial chromosomes
as 16S rRNA genes, which possess the sequence character-
istics necessary to be called a-proteobacterial (the current
working de®nition of Ôan a-proteobacterial geneÕ).

Pattern II. The Ôpattern IIÕ protein phylogenies depict the
eukaryotic proteins as being (a) somehow related to the
eubacterial proteins, (b) not speci®cally related to any
eubacterial homologue sampled (this of course can easily
change as more sequences are included and as more become
available), and (c) on long branches (cytosolic aconitase,
Fig. 2B; glyoxysomal ICL, Fig. 3F; mitochondrial CS,
Fig. 2A). As the simplest possibilities, this could re¯ect one
of two things. First pattern II might re¯ect the genuine
phylogenetic relationships of the respective proteins and
their cellular lineages. However, looking at these trees, this
somehow seems unlikely because of the overall failure of
pattern II proteins to re¯ect interpretable evolutionary
history. The second possibility, which is well worth
considering, is that these patterns re¯ect sequence similarity
that is due to factors other than processes of gene lineage
sorting, i.e. that there have been major discontinuities in the
evolutionary mode of these proteins during their transition
from prokaryotic to eukaryotic chromosomes.

As a speci®c example of what is meant by the very general
foregoing statement, we can consider the fate of a gene that
is transferred from the genome of the ancestral mitochon-
drial symbiont to the genome of its host. Although the term
Ôendosymbiotic gene transferÕ is well established to designate
this process, the genes are not really transferred; they are
copied, because a functional copy has to remain in the
organelle until the nuclear copy obtains the proper expres-
sion and routing signals needed to produce a protein that is
functional in the organelle, and hence can relieve the
organelle copy from selection so that it can become lost to
complete the transfer process [84]. However, when genes for
symbiont-speci®c functions become incorporated into the
chromosome of their host (bywhatevermeans [19]), they are
usually not incorporated in such a way as to immediately
acquire the proper expression and targeting signals (current
genome data indicates this to be true [19]), and the inevitable
process of mutation sets it. At that point, there are basically
four things that can happen [3,19,84]. (a) As mutations at
otherwise conserved positions are accumulating, the gene
acquires (by recombination) the proper expression signal
(promoter) but no targeting sequence (transit peptide), and
it thus ends up expressing a cytosolic protein (one that thus
cannot compete in the organelle with the organelle-encoded
protein). (b) As mutations at otherwise conserved positions
are accumulating, the gene acquires (by recombination) the
proper expression signal (promoter) and targeting sequence
(transit peptide) to enable the protein to be imported into
the organelle so that it can begin to compete with the
organelle-encoded copy. (c) It eventually acquires expres-
sion signals and mutates or recombines in a manner so as to
acquire a new function. (d) It never acquires the proper
expression signals and becomes a pseudogene.

In all of the above cases, by virtue of lacking selection
(release from functional constraint), the gene copy in the
host's chromosomes will acquire mutations at positions that
are otherwise conserved in the copy encodedand functioning
in the organelle's (symbiont's) genome. In terms of molec-
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ular phylogenetics, this will lead to an accelerated number of
substitutions, hence a long branch in the trees, and
furthermore it will lead to the mutation of conserved motifs
otherwise common to the sequence family to which the
gene belonged at the time of endosymbiosis. The dissolution
of family-de®ning motifs through relaxed constraint at the
time of relocation to the host's chromosomes more than a
billion years ago will have a very concrete impact on the
molecular phylogenetic inference of today's sequences; the
expectation in such cases would be a long branch separating
the eukaryotic sequences from their eubacterial homologues
and a placement of that branch markedly removed from
(below) its eubacterial progenitor cluster. In essence, this is
what is observed in the pattern II phylogenies.

Endosymbiotic gene transfer as it occurred
in the beginning

Today, nuclear-encoded mitochondrial proteins are import-
ed into the organelle with the help of the protein translo-
cation apparatus of the inner and outer mitochondrial
membrane [111]. However, during the very earliest phases of
mitochondrial origins, theremust have been a timewhen the
symbiont livedwithin the cellular con®nes of its host but had
not yet evolved a molecular machinery to import proteins
from the host cytosol. During that phase of evolution,
symbiont genes that managed their way to the host's
chromosomeswould have been completely unable to encode
products that could compete with the organelle-encoded
copy, and thus they only could have been maintained as
active genes if their products performed selectable functions
in the cytosol. In this way, many pathways once germane to
the symbiont could have been transferred to the cytosol of
the host [3,83]. For the tricarboxylic acid cycle, a complete
transfer of the pathway to the cytosol would not work,
because some of its enzymes are intergral components of the
inner mitochondrial membrane (for example SDH in
complex II), hence inextricably linking the pathway to
the organelle (for a more detailed discussion, see [112]). For
the enzymes common to the tricarboxylic acid cycle and the
glyoxylate cycle, gene-transfer events that did not immedi-
ately result in proper targeting of the protein to the
mitochondrion may underly the origin of these highly
diverse compartment-speci®c isoforms.
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