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ABSTRACT Although mitochondrial DNA is known to
encode a limited number (<20) of the polypeptide components
of respiratory complexes I, III, IV, and V, genes for compo-
nents of complex II [succinate dehydrogenase (ubiquinone);
succinate:ubiquinone oxidoreductase, EC 1.3.5.1] are con-
spicuously lacking in mitochondrial genomes so far charac-
terized. Here we show that the same three subunits of complex
II are encoded in the mitochondrial DNA of two phylogeneti-
cally distant eukaryotes, Porphyra purpurea (a photosynthetic
red alga) and Reclinomonas americana (a heterotrophic
zooflagellate). These complex II genes, sdh2, sdh3, and sdh4,
are homologs, respectively, of Escherichia coli sdhB, sdhC, and
sdhD. In E. coli, sdhB encodes the iron-sulfur subunit of
succinate dehydrogenase (SDH), whereas sdhC and sdhD
specify, respectively, apocytochrome bsss and a hydrophobic
13-kDa polypeptide, which together anchor SDH to the inner
mitochondrial membrane. Amino acid sequence similarities
indicate that sdh2, sdh3, and sdh4 were originally encoded in
the protomitochondrial genome and have subsequently been
transferred to the nuclear genome in most eukaryotes. The
data presented here are consistent with the view that mito-
chondria constitute a monophyletic lineage.

Mitochondrial DNA (mtDNA) encodes a limited number
(usually <20) of the protein components of the functional
mitochondrion, among which are subunits of key complexes
involved in electron transport and oxidative phosphoryla-
tion—namely, complexes I (NADH:ubiquinone oxidoreduc-
tase), III (ubiquinol:cytochrome c oxidoreductase), IV (cyto-
chrome ¢ oxidase), and V (ATP synthase) (1, 2). In all of these
cases, the mitochondrially encoded and synthesized polypep-
tides interact with proteins that are encoded in the nuclear
genome, synthesized in the cytosol, and imported into the
organelle. Given the accumulated evidence that the mitochon-
drial genome was acquired in evolution from a eubacteria-like
endosymbiont (3-6), it is usually assumed that the low coding
capacity of contemporary mitochondrial genomes reflects a
massive loss of genes originally encoded in the protomitochon-
drial genome or their transfer to the nucleus (5, 6). The latter
assumption draws support from specific examples of mitochon-
drial genes that have been relocated to the nucleus relatively
recently in evolutionary history, including genes coding for
components of the respiratory chain (7, 8).

Usually, a given mitochondrial function will be found to be
encoded in the nuclear DNA in some organisms but in the
mtDNA in others (5). In particular, animals and fungi have
nuclear DNA counterparts for a number of genes that are
encoded in the mtDNA of other eukaryotes. An example is the
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gene for the largest subunit (NAD11) of the NADH dehydro-
genase of complex 1. Until recently, only nuclear genes for
NAD11 had been described; however, this gene has now been
identified in the mitochondrial genomes of the oomycete
Phytophthora infestans (9), the cellular slime mold Dictyoste-
lium discoideum (10), and the amoeboid protozoon Acan-
thamoeba castellanii (11). Such examples strengthen the infer-
ence that particular nuclear genes were once encoded by, and
have been acquired from, the mitochondrial genome.

In contrast to the situation with respiratory complexes I, III,
IV, and V, genes for components of complex II [succinate
dehydrogenase (ubiquinone); succinate:ubiquinone oxi-
doreductase, EC 1.3.5.1] have not been found in any animal or
fungal mtDNA (1, 2, 5), and, until very recently, there was also
no evidence for such genes in plant or protist mitochondrial
genomes. Complex II comprises the tricarboxylic acid cycle
enzyme succinate dehydrogenase [SDH; succinate:(acceptor)
oxidoreductase, EC 1.3.99.1] plus polypeptides that anchor
SDH to the inner mitochondrial membrane (12-14). A number
of nuclear genes for components of complex II have been
identified and characterized (15-30), as have the homologous
genes in both eubacteria (31-38) and archaebacteria (39). In
Escherichia coli, the genes sdhA (32) and sdhB (31) encode the
two subunits of SDH (the flavin protein and the iron-sulfur
protein, respectively), whereas sdhC and sdhD (32) specify
apocytochrome bssg and a hydrophobic 13-kDa polypeptide,
the two integral membrane components of complex II. These
membrane-anchoring proteins play an important role in elec-
tron transfer to ubiquinone (30, 33, 34).

The apparent absence of mtDNA-encoded genes for com-
plex II components raises questions about the evolutionary
origin of the corresponding nuclear genes—i.e., were they
originally present in the nuclear genome of the amitochon-
driate eukaryote that served as host to the eubacteria-like,
protomitochondrial endosymbiont, or were they brought into
the eukaryotic host by the endosymbiont and subsequently
transferred to the nuclear genome? Recently, Daignan-
Fornier et al. (28) characterized the yeast (Saccharomyces
cerevisiae) nuclear gene SDH3, a homolog of E. coli sdhC,
noting that this gene is also homologous at the amino acid level
to an unidentified open reading frame, orfl137, that had
previously been found by Ohyama et al. (40) in the mitochon-
drial genome of the liverwort Marchantia polymorpha. Here we
show that three sdh genes are encoded in the mtDNA of two
evolutionarily distant eukaryotes, Porphyra purpurea, a multi-
cellular red alga (thodophyte) and Reclinomonas americana, a
unicellular, early diverging bacterivore, a member of a group
of protists known as the jakobid flagellates (41). Comparison
of the derived amino acid sequences of these three mtDNA-
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encoded sdh genes with their nuclear and prokaryotic ho-
mologs allows us to draw conclusions about the evolution of
nuclear SDH genes in eukaryotes, as well as about the origin
of the mitochondrial genome itself.

MATERIALS AND METHODS

mtDNAs from P. purpurea and R. americana (ATCC 50394)
have been sequenced under the auspices of the Organelle
Genome Megasequencing Program (OGMP). Details of
growth conditions for these organisms and isolation and
cloning of mtDNA will be presented in conjunction with a
description of the complete sequences of the P. purpurea and
R. americana mitochondrial genomes (unpublished data).
DNA sequencing, data entry, and sequence analysis were
performed as described (11). Information about OGMP as
well as detailed experimental protocols may be obtained from
WWW site URL http://megasun.bch.umontreal.ca/. The Pro-
tist Image Data Base at this site provides additional informa-
tion about P. purpurea and R. americana, including comments
on their phylogenetic positions.

Searches for and retrieval of sequences were carried out
using the services of the National Center for Biotechnology
Information (NCBI). Multiple alignments of the deduced
protein sequences were generated with CLUSTAL v and w (42)
using the PAM250 matrix (43). The mitochondrial SDH2,
SDH3, and SDH4 protein sequences from P. purpurea and R.
americana have been deposited in the Swiss-Prot data bank
(accession nos. P80477-P80482).

RESULTS AND DISCUSSION

Homologs of E. coli sdhB, sdhC, and sdhD (here designated
sdh2, sdh3, and sdh4, respectively) were encountered in the
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course of determining the complete primary sequences of the
mitochondrial genomes of P. purpurea and R. americana. In P.
purpurea mtDNA, the three sdh genes are widely separated in
the orientation ... -rpslI-sdh3-trnG- ... -rnl-sdh2-trnL- . ..
-nad4-sdh4-nad3- . . . (transcription from left to right in all
cases). In marked contrast, sdh genes in R. americana mtDNA
are tightly linked in the cluster ... -sdh3-sdh4-sdh2-nad4L-

., with these genes also all transcribed in the same direction
(from left to right). Physical linkage to respiratory chain genes
(nad2, nad4, nad4L) and to the mitochondrial large subunit
rRNA gene (rnl) indicates that these sdh genes reside in
mtDNA rather than in contaminating nuclear or bacterial
DNA. This conclusion has been verified by complete (P.
purpurea) or nearly complete (R. americana) sequencing of the
respective mitochondrial genomes (to be reported in detail
elsewhere).

The derived amino acid sequences of the sdh2 genes from P.
purpurea and R. americana mtDNAs are shown in Fig. 1,
aligned with their eubacterial (E. coli, Coxiella burnetii) and
nuclear (Ustilago maydis, S. cerevisiae, Caenorhabditis elegans,
and Homo sapiens) homologs. Within a well-aligned region
encompassing amino acid residues 40-228 of Reclinomonas
SDH2 (corresponding to 79% of this sequence), the mitochon-
drial sequences share a high degree of sequence identity with
their nuclear homologs, ranging from 62% to 77%; however,
they display a substantially lower level of identity with the two
eubacterial representatives (51-55%) and particularly with the
single known archaebacterial sequence, that of Thermoplasma
acidophilum (38-39%). Notably, the T. acidophilum SDHB
sequence (NCBI gi:479545) is about equally distant in these
comparisons from the eubacterial, mitochondrial, and nuclear
sequences. At their N termini, the mitochondrial sequences
more closely approximate their eubacterial homologs in
length; indeed, Reclinomonas and Coxiella SDHB begin at
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Fig. 1. Alignment of SDH2 protein sequences. Abbreviations used for organism names (with NCBI gi: identifiers for each SDH2 sequence
indicated in brackets) are as follows: Eco, E. coli (118615); Cbu, C. burnetii (541241); Ram, R. americana (this paper); Ppu, P. purpurea (this paper);
Uma, U. maydis (416903); Sce, S. cerevisiae (yeast) (118619); Cel, C. elegans (642191); Hsa, H. sapiens (human) (118616). The single lowercase letter
indicates which genome encodes SDH2 in a particular organism (e, eubacterial; m, mitochondrial; n, nuclear). In the case of human nucleus-encoded
SDH2 (Hsa n), codon 29 of its gene corresponds to the known N terminus of the mature protein (indicated by [1] in the figure). Alignment gaps
are denoted by dashes. In columns where >67% of the residues are the same, these identical residues are emphasized by shading. Columns in which
all of the residues are chemically similar (e.g., all aromatic or basic) are denoted by a colon, whereas those in which >67% of the residues are of
the same chemical type are marked by a dot. Asterisks delineate highly conserved, cysteine-rich regions that form the iron-sulfur centers of the

protein.



2330 Evolution: Burger et al.

Escherichia (e) Nejisseria (e)

Bacillus (e) Coxiella (e)
Ustilago (n)
N -
Reclinomonas(m) ™ porphyra(m)

FiG. 2. Phylogenetic tree of SDH2 protein sequences. Data set
comprises 222 amino acid positions within unambiguously aligned
sequence blocks (alignment available upon request from B.F.L. at
email address langf@bch.umontreal.ca). Data were analyzed by a
distance approach (PROTDIST, Dayhoff PAM matrix option, and FITCH)
(44, 45) and submitted to bootstrap analysis (45). Alternative trees (not
shown) were constructed with a maximum likelihood algorithm
(PROTML) (46), using an exhaustive tree optimization procedure with
the jf parameters. No significant differences were observed when the
distance matrices created by PROTDIST were combined with either a
NEIGHBOR Or FITCH algorithm. e, Eubacterial; n, nuclear; m, mitochon-
drial. Branch leading to the mitochondrial and nuclear SDH2 se-
quences (horizontal bar) is supported by a bootstrap value of 100%.
NCBI gi: identifiers for all sequences are listed in Fig. 1 with the
exception of Bacillus (B. subtilis; 118613), Neisseria (N. gonorrhoeae;
150368), and Drosophila (D. melanogaster; 508849).

precisely the same position and share evident primary se-
quence similarity within the first 20 residues. The longer
N-terminal extensions of the nuclear SDHB sequences un-
doubtedly reflect a requirement for mitochondrial targeting of
these proteins. Nevertheless, consideration of the sequence
alignment and pairwise identities clearly indicates that the
mitochondrial and nuclear SDHB sequences are more closely
related to one another than to the two eubacterial sequences.

The phylogenetic relationships suggested by the results of
pairwise comparison are further emphasized in the unrooted
phylogenetic tree shown in Fig. 2, which incorporates addi-
tional eubacterial sequences (Bacillus subtilis and Neisseria
gonorrhoeae). In this tree, the nuclear and mitochondrial
sequences form a clade to the exclusion of the bacterial
sequences. Bootstrap analysis indicates that the topology
within this clade is not robust, so the relative branching order
cannot be inferred with confidence; however, the branch
leading to the cluster of nuclear and mitochondrial sequences
is strongly supported (100%), and the same tree topology was
obtained using a maximum likelihood approach (PROTML).
From these results, we conclude that the nuclear SDH2 genes
originated by evolutionary transfer from a mitochondrial
genome in which they were originally resident rather than
directly and more recently from eubacteria. In addition, our
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data do not support an ancient acquisition of these genes from
eubacterial or archaebacterial donors that may have contrib-
uted substantially to the initial formation of the eukaryotic
nuclear genome (47).

Although the selection of eubacterial SDH2 sequences
available for comparison is limited, it is notable that the three
Proteobacteria (Escherichia, Neisseria, Coxiella) form a tight
clade that is well separated from B. subtilis (a Gram-positive
eubacterium). Moreover, as a group the proteobacterial se-
quences appear more closely related to the mitochondrial/
nuclear clade than does the Bacillus sequence. This relation-
ship is consistent with much molecular data that support the
view that mitochondria originated in evolution from within the
a-proteobacterial phylum of eubacteria (5, 6).

Our analysis of SDH2 amino acid similarities does not
support the recent hypothesis (48) that the ancestor of the
animal mitochondrial genome was a prokaryotic endosymbi-
ont sharing specific ancestry with either Sulfolobus (an archae-
bacterium) or Mycoplasma (a close relative of Gram-positive
eubacteria such as B. subtilis; see ref. 49), rather than with an
a-proteobacterium. Instead, our data clearly indicate that
animal SDH2 protein sequences not only form a monophyletic
grouping with their mitochondrion- and nucleus-encoded
counterparts from other organisms but that they are more
closely related to proteobacterial SDH2 sequences than to
those of Gram-positive eubacteria or archaebacteria.

An SDH3 alignment (Fig. 3) shows that these sequences
display a substantially lower level of conservation than do
SDH2 sequences, although sequence similarities within short
N-terminal and C-terminal regions clearly indicate that these
sdh3 genes are homologs of one another. In this case, quan-
titative pairwise comparisons (results not shown) were re-
stricted to regions within which relatively few deletions have to
be assumed in optimizing the alignment (~80 residues total).
Although the values obtained parallel the pattern observed in
SDH2 comparisons, the phylogenetic conclusions are less
compelling because of the lower overall level of sequence
identity among SDH3 proteins. As expected for a membrane-
associated protein, the inferred SDH3 sequences are consid-
erably more hydrophobic than the SDH2 ones (54% vs. 33%
hydrophobic residues, P. purpurea; 54% vs. 32%, R. ameri-
cana).

Fig. 4 shows a multiple alignment of SDH4 protein se-
quences. In contrast to the sdh2 and sdh3 cases, it proved
difficult to identify P. purpurea and R. americana sdh4 as
homologs of bacterial (sdhD) and yeast (SDH4) genes. E. coli
sdhD encodes a protein that resembles in size and amino acid
composition the product of frdD, the fumarate reductase
anchor, suggesting that sdhD may also encode a membrane
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FiG. 3. Alignment of SDH3 protein sequences. With the exception of Rpr (Rickettsia prowazekii), Mpo (Marchantia polymorpha), and Bta (Bos
taurus), abbreviations for organism names are as in Fig. 1. In the case of yeast nucleus-encoded SDH3 (Sce n), codon 51 corresponds to the known
N terminus of the mature protein (indicated by [1] in the figure). In columns where >50% of the residues are the same, these identical residues
are emphasized by shading. Columns in which all of the residues are chemically similar are denoted by a colon, whereas those in which >50% of
the residues are of the same chemical type are marked by a dot. Sequences other than Ram and Ppu were obtained from public domain data bases,
with NCBI gi: identifiers as follows: Eco, 118621; Cbu, 495749; Rpr, 409934; Mpo, 786182 (ORF137); Sce, 313814; Cel, 433177; Bta, 786511.
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FiG. 4. Alignment of SDH4 protein sequences. Abbreviations for organism names are as in Figs. 1 and 3. In the case of yeast nucleus-encoded
SDH4 (Sce n), codon 23 of its gene corresponds to the known N terminus of the mature SDH4 protein (indicated by [1] in the figure). Criteria
for shading of residues and marking of columns (: or .) are as in Fig. 3. Sequences other than Ram and Ppu were obtained from public domain
data bases, with NCBI gi: identifiers as follows: Eco, 118622; Cbu, 495749; Rpr, 729337; Mpo, 786182 (ORF86a); Sce, 585976.

anchor protein (32). As expected for membrane anchor sub-
units, hydrophobic residues predominate in P. purpurea and R.
americana SDH4 (63% and 55%, respectively), and there is the
potential to form three transmembrane domains (30). Bio-
chemical studies and disruption of yeast SDH4 have shown that
the encoded protein is involved in attachment of the iron-
sulfur and flavoprotein subunits of SDH to the inner mito-
chondrial membrane in the formation of complex II (30).

Our analyses further indicate that bacterial sdhD, yeast
nuclear SDH4, and M. polymorpha (liverwort) mitochondrial
orf86a code for homologous proteins (see below), a relation-
ship that has not been recognized previously. Originally, orf86a
was grouped as one of the 31 unassigned ORFs identified in M.
polymorpha mtDNA, whereas bacterial sdhD and yeast SDH4
have been considered to be functional analogs only. Our
discovery of orf86a-like sequences in a number of protist
mtDNAs suggested that this ORF is a conserved gene, and
prompted us to perform a thorough search for similar proteins
in sequence data bases. Several lines of evidence support the
conclusion that bacterial sdhD, yeast SDH4, and liverwort
orf86a are homologous.

(i) Two blocks of significant sequence similarity are found in
the N- and C-terminal regions of all SDH4 sequences. These
similarities can be detected by BLAST data base searches,
especially between ORF86a and bacterial SDHD sequences.
The conserved blocks become more clearly apparent in mul-
tiple alignments that include several representatives of this
protein and that incorporate less highly diverged mitochon-
drial SDH4 sequences from protists (Fig. 4).

(i) In all studied bacteria, sdhD is located immediately
downstream of sdhC, the same order in which the homologous
genes (sdh4 and sdh3, respectively) are found in the mtDNAs
of R. americana and the cryptomonad alga Rhodomonas salina
(unpublished results).

E. coli [sdh3 }{ sdh4 }{sdh1 }{sdh2 }—

[sdh3 {{ sdh4 H sdh1 fsdh2 }—
sdh3 [ sdh4 |{ sdhi

Coxiella

[eualoRq

Rickettsia

Reclinomonas |sdh3 }{ sdh4 |——sdh2 }{nad4L ]
Rhodomonas

Marchantia {sdha }

[elspuoyoOW

FiG. 5. Organization of sdh genes in bacterial and mitochondrial
genomes (figure not drawn to scale). Genes (denoted by rectangles)
are transcribed from left to right in all cases and are separated by
intergenic spacers (horizontal lines connecting rectangles). nad4L,
gene encoding subunit 4L of the NADH dehydrogenase of respiratory
complex L.

(iif) In eubacteria and eukaryotes, the three largest subunits
of complex II are each clearly homologous at the level of amino
acid sequence among eubacteria and eukaryotes. In all cases,
the fourth and smallest subunit is a hydrophobic protein, is of
similar size.among the compared species, and is the least
conserved member within both the eubacterial and mitochon-
drial classes. For example, E. coli and C. burnetii SDHA share
61% sequence identity, as do the SDHB proteins of these
organisms; in contrast, the SDHD proteins from these two
proteobacteria display only 37% identity (38).

The selective loss of single sdh genes from a presumed
eubacterial sdh gene cluster, sdhC(3)-sdhD(4)-sdhA(1)-
sdhB(2), is evident when comparing the order of sdh genes in
various bacterial and mitochondrial genomes (Fig. 5). The
eubacterial order sdh3-sdh4 occurs in the mtDNA of R
americana and R. salina (unpublished results), indicating a
common origin for this cluster. In addition, nad4L is found
immediately downstream of the sdh gene cluster in these two
cases, as well as immediately downstream of sdh4 in liverwort
(M. polymorpha) mtDNA, consistent with the idea of a single
origin of the protomitochondrial genome.

Although sdh genes are dispersed in the mitochondrial
genome of P. purpurea, it is notable that the same three genes
(sdh2, sdh3, and sdh4) are present in the mtDNA of both P.
purpurea and R. americana, two phylogenetically distant eu-
karyotes. Taken together with the results of comparisons of the
derived SDH2 protein sequences, this observation adds to the
recent molecular evidence supporting the view that mitochon-
dria constitute a monophyletic lineage (5, 6). Although the
branching position of the red algae within the eukaryotic
lineage is still controversial, the available data suggest that
these organisms constitute a relatively late diverging clade that
branches close to the terminal eukaryotic clades that include
animals, fungi, and land plants (50). In fact, recent analyses of
nuclear (51) and particularly mitochondrial (ref. 52; B.F.L,,
unpublished results) protein-coding genes strongly suggest that
red algae constitute a sister group to the green algal/land plant
clade. In contrast, ultrastructural data indicate that R. ameri-
cana and other jakobid flagellates are early diverging protists
that have many features in common with amitochondriate
retortamonads such as Giardia (41). Considering that sdh
genes are absent from many other mtDNAs that have been
completely sequenced, their presence in the mitochondrial
genomes of P. purpurea and R. americana likely represents a
shared character. The simplest explanation of our data is that
a single, protomitochondrial genome originally contained sdh
genes in addition to the other respiratory chain genes and
protein synthesis genes commonly found in mtDNA and that
these sdh genes were subsequently transferred to the nucleus
in most but not all eukaryotes. Moreover, the selective reten-
tion of the same three sdh genes in the phylogenetically distant
lineages leading to Reclinomonas on the one hand and Por-

phyra on the other suggests that multiple, independent mito-
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chondrion-to-nucleus transfers of sdh2, sdh3, and sdh4 must
have occurred in the course of mitochondrial genome evolu-
tion. This also appears to have been the case for other
respiratory chain genes encoded in mtDNA, such as cox2, cox3,
and various nad genes (5).

Genes specifying components of the tricarboxylic acid cycle
(of which the iron-sulfur protein encoded by sdh2 is an
example) have not previously been found in mtDNA. In view
of the results reported here, it seems probable that sequencing
of additional mitochondrial genomes (particularly protist
ones) will reveal a wider distribution of sdh genes in mtDNA.
In fact, sequence data obtained recently indicate the presence
of the same three sdh homologs in the mitochondrial genome
of R. salina (G.B. and B.F.L., unpublished results) and of both
sdh2 and sdh3 in the mtDNA of Cyanidium caldarium (S.
Viehmann; GenBank accession no. Z48930) and Chondrus
crispus (53), two other red algae. The latter genome is also
reported to encode a homolog of M. polymorpha mitochondrial
orf86a, which we identify here as sdh4.
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