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Apicomplexan parasites, including the hu-
man pathogens Toxoplasma and Plasmodi-
um, contain a vestigial plastid, the apicoplast.
This chloroplast-derived organelle is the rem-
nant of a secondary endosymbiosis between
an ancestral apicomplexan and a photosyn-
thetic organism whose origin is moot (/—4).
We have identified two distinctive apicom-
plexan nuclear genes that suggest a green
algal ancestry for the apicoplast.

COXII, a subunit of the mitochondrial
cytochrome oxidase, is usually encoded by a
mitochondrial cox2 gene. However, members
of at least three genetic lineages lack cox2 in
the mitochondrial DNA (mtDNA). Some le-
guminous plants express full-length COXII
from the nucleus (5). Members of the algal

predicted that this alga would also have a nuclear
cox2b (7) and have confirmed this (fig. S1) (9).
The frequency of cox2a and cox2b in Chloro-
phyceae suggests an ancestral chlorophyte cox2
split in the mtDNA, before independent transfers
of cox2a and cox2b to the nucleus. S. obliquus
appears as an intermediate, retaining cox2a in the
mtDNA. The incompatibility between the S.
obliquus mitochondrial and nuclear genetic
codes (8) may have developed after the transfer
of cox2b to the nucleus, preventing the subse-
quent migration of cox2a.

The third group lacking mtDNA-encoded
cox2 is the Apicomplexa (/0). We identified
cox2a and cox2b cDNAs from Toxoplasma
gondii and cloned the corresponding nuclear
genes (fig. S1). We also identified nuclear
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Fig.1. Maximum likelihood (ML) analyses showing the position of apicomplexan parasites based on
cytochrome b (CYB) and COXIIA + COXIB sequences. COXIIA and COXIIB (excluding MTS and
extensions) were fused in silico as a single polypeptide and aligned with orthodox mitochondrial
COXIl sequences. Bootstrap support >50% is indicated above branches. See materials and methods

in supporting online material (9).

class Chlorophyceae also lack cox2 in the
mtDNA (6). Two such algae, Chlamydomonas
reinhardtii and Polytomella sp., have two dis-
tinct nuclear cox2 genes: cox2a encodes
COXIIA, corresponding to the NH,-terminal
membrane domain of orthodox COXII, and
cox2b encodes COXIIB, corresponding to the
COOH-terminal domain (7). COXIIA and
COXIIB are imported into the mitochondrion
(7). A truncated cox2 in the mtDNA of the
chlorophyte alga Scenedesmus obliquus (8) has
been recognized as a cox2a homolog. We
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cox2a and cox2b in the apicomplexans Plasmo-
dium falciparum, P. yoelii, Theileria annulata,
T. parva, and Eimeria tenella.

Several lines of evidence suggest a common
ancestry for apicomplexan and green algal cox2
genes. Both algal and apicomplexan cox2 genes
appear to have been split in identical locations
(fig. S1). All predicted COXTIA proteins have a
125- to 170-amino acid NH,-terminal exten-
sion that is a cleavable mitochondrial targeting
sequence in algal COXTIA (7). COXIIB proteins
have shorter NH,-terminal extensions (43 to 60

residues), not cleaved in algae, with no equiva-
lent in conventional COXII (7). The conserved
PxxxPxxY motif in this region of COXIIB also
implies a common origin for apicomplexan and
chlorophyte cox2b genes (fig. S1). In phyloge-
netic analyses of the available COXIIA and
COXIIB sequences and representative orthodox
COXII sequences, apicomplexans group with
chlorophytes (Fig. 1). In contrast, apicomplexan
sequences of mtDNA-encoded cytochrome b
group independently from green algal sequences.
The data strongly argue that apicomplexan cox2a
and cox2b derive from green algae, not from an
independently split apicomplexan cox2. T. gon-
dii cox2a has an intron that is conserved in
location and phase with introns in cox2a of C.
reinhardtii and Polytomella sp. (figs. S1 and S2).
This suggests a lateral transfer of cox2a and
cox2b from the green algal nucleus to the api-
complexan nuclear genome.

Previous analyses have favored either a green
algal (2) or a red algal (Z, 4) apicoplast precur-
sor. Because the mtDNAs of a wide variety of
red algae contain a single conventional cox2 (6),
the nuclear cox2a and cox2b genes of the Api-
complexa indicate a green algal endosymbiont
(2) from the class Chlorophyceae. This is a re-
markable example of lateral gene transfer, in that
a single apicomplexan cytochrome oxidase sub-
unit (COXTI) has been replaced by two proteins
(COXIA and COXIIB) of green algal origin.
The use of functional split genes as atypical
molecular markers has helped to clarify the com-
plex evolution of the causative agents of malaria
and toxoplasmosis.
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