
Figure 1. A hypothesis for the origin and spread of plastids based on a consensus of molecular, morphological, and biochemical

data. It is widely accepted that all plastids ultimately derive from a single primary endosymbiotic event in which a non-

photosynthetic eukaryote engulfs a cyanobacterium (primary endosymbiosis). Three extant photosynthetic lineages are derived

directly from this event, the glaucophytes, red algae and green algae (the green algae ultimately giving rise to land plants). The

plastids of red and green algae have spread to unrelated eukaryotic lineages through the process of secondary endosymbiosis. The

euglenids and chlorarachniophytes are thought to have acquired their plastids from green algae in two separate secondary

endosymbiotic events, while molecular evidence increasingly suggests that the red algal plastid of cryptomonads, heterokonts,

haptophytes, apicomplexans and dinoflagellates was acquired by a single secondary endosymbiosis in their common ancestor. In

the dinoflagellates Dinophysis, Kryptoperidinium, Karenia and Lepidodinium, the ancestral plastid has been replaced by primary

or secondary plastids from a variety of sources (tertiary endosymbiosis or serial secondary endosymbiosis). The scenario depicted

in this figure has significant implications for the evolution of plastids in a number of eukaryotic groups. For example, several

lineages possess non-photosynthetic members, such as the cryptomonads, heterokonts and dinoflagellates. The apicomplexans

are an exclusively non-photosynthetic lineage in which at least one instance of plastid loss has occurred, and this scenario

demands that ciliates, which are the sister lineage to apicomplexans and dinoflagellates, have also lost photosynthesis, and

perhaps still retain a relict organelle (indicated by a ?). The number of membranes surrounding the plastids in the various

lineages is indicated in the upper left corner of their respective boxes. Red arrows indicate plastid loss in some (dashed) or all

(solid) members of a given lineage. aThe glaucocystophyte plastid still retains the peptidoglycan wall derived from the Gram-

negative cyanobacterial endosymbiont. bThe outermost membrane surrounding the plastid in cryptomonads, heterokonts and

haptophytes is continuous with the outer membrane of the nuclear envelope. cThere is some debate as to whether the 2-

membrane bound cryptophyte-derived plastid in Dinophysis is a permanent fixture in these cells or is a ‘kleptoplast’. For detailed

discussion, see Hackett et al. (65).
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necessary to understand the origin and evolutionary history of

plastids and the cells in which they reside. Photosynthetic

organisms exhibit a bewildering degree of genetic, biochemical

and morphological diversity, yet as amazing as it seems, all

plastid-containing eukaryotes – unicellular algae, redwood

trees and giant kelp included – owe their photosynthetic

prowess to a single, ancient endosymbiosis between a

heterotrophic eukaryote (i.e., a cell dependent on an external

energy source) and a cyanobacterium (13, 15, 16). This

landmark event, referred to as the primary endosymbiotic

origin of plastids, probably occurred over 1.5 billion years ago

(17), and three distinct algal lineages – the glaucophytes, red

algae, and green algae (and their land plant derivatives) –

harbor plastids descended directly from this endosymbiosis

(Fig. 1). The evidence for a single primary origin for all

plastids is strong and diverse, and includes consideration of

the structure and content of modern-day plastid genomes (18,

19), the structure of plastid light-harvesting proteins (20),

phylogenetic trees inferred from nuclear and organellar genes

(e.g., (21, 22)), and most recently, comparative genomics (23).

The plastids of all other photosynthetic eukaryotes were

acquired indirectly in a process called secondary endosymbiosis

(13, 24). This acquisition occurs when a non-photyosynthetic

eukaryote engulfs a primary plastid-containing alga and

retains its photosynthetic apparatus (Fig. 1). The exact

number of times this process has occurred during eukaryotic

evolution is hotly debated, but it is generally accepted that

secondary endosymbiosis has happened at least three times

and has involved both red and green algal endosymbionts.

Two unrelated algal groups, the chlorarachniophytes and

euglenids, acquired their plastids from green algae in what

were most likely two separate secondary endosymbiotic events

(e.g., 14, 25; but see 26).

In contrast, the picture emerging from the synthesis of

biochemical, cell biological and molecular data is that a

single ancient endosymbiotic event involving a red algal

endosymbiont and a non-photosynthetic host spawned a

lineage that gave rise to some of the most prolific aquatic

photosynthesizers on the planet – haptophytes (e.g.,

Emiliania huxleyi), heterokonts (including diatoms and

multicellular forms such as kelp), and dinoflagellates – as

well as lesser-known groups such as cryptomonad algae and

apicomplexan parasites (Fig. 1). This evolutionary scenario,

referred to as the chromalveolate hypothesis (26), is somewhat

controversial, in large part because it demands that plastid

loss (or at least loss of photosynthesis) has occurred

numerous times in eukaryotes that, until recently, were not

thought to have possessed a plastid in the first place (Fig. 1).

These include the ciliates (which, together with the dino-

flagellates and apicomplexans, make up the alveolates) and a

variety of non-photosynthetic members of the heterokonts,

dinoflagellates and apicomplexans. The intricacies surround-

ing the merits and shortcomings of the chromalveolate

hypothesis will not be elaborated here, but readers are

encouraged to refer to recent reviews on the topic (e.g., 14,

15, 27, 28 and references therein).

The cryptomonads and chlorarachniophytes, which har-

bor plastids of red and green algal origin, respectively (Fig.

1), are of special interest with regard to the origin and

evolution of plastids. This is because they are the only

secondary plastid-containing algae known to still retain the

nuclei of their eukaryotic endosymbionts. These organelles

are referred to as nucleomorphs, and analysis of their

genomes has provided fascinating insight into the process

of secondary endosymbiosis. Nucleomorphs possess the

smallest nuclear genomes known: the nucleomorph genome

of the model cryptomonad, Guillardia theta, is a mere

551 Kb in size, and that of the chlorarachniophyte Bigelo-

wiella natans is even smaller (373 Kb). Both have been

completely sequenced ((29); G. I. McFadden, personal

communication) and exhibit a state of extraordinary compac-

tion, with overlapping genes, pigmy introns and very little

repetitive DNA. Curiously, the nucleomorph genome of both

groups consists of three similarly sized chromosomes. This

represents a remarkable case of convergent evolution, since

the nucleomorphs in these two lineages are the product of

independent evolutionary trajectories (Fig. 1) and have

converged upon a similar three-chromosome structure from

endosymbiont nuclei that presumably possessed dozens of

chromosomes. The cryptomonad and chlorarachniophyte

genomes are also similar in that they both have ribosomal

DNA operons internal to the telomeric repeats on each

chromosome end (although the operons are in opposite

orientations; 30, 31). Contrary to early expectations, both

genomes possess relatively few genes with plastid-specific

functions, and are instead comprised of an incomplete set of

housekeeping genes for canonical cellular activities such as

transcription, translation, protein folding and degradation,

mitosis and cell cycle regulation (31). The significance of the

similarities in the cryptomonad and chlorarachniophyte

nucleomorph genomes – and why nucleomorphs persist in

these groups but have vanished in all other secondary

plastid-containing lineages – is far from clear, although

exploration of nucleomorph genome structure in diverse

nucleomorph-containing species should provide clues. What

is clear is that in the process of genome reduction, hundreds

of nucleomorph-encoded genes were either lost or shunted to

the nuclear genome of their respective hosts. As is the case

for other secondary plastid-containing algae, the protein

products of genes for plastid and endosymbiont functions are

translated on host cytosolic ribosomes and imported back to

the organellar compartment using bipartite amino-terminal

leader sequences (reviewed in 32, 33).

The most recent (and complicated) chapter in the story of

plastid evolution involves the dinoflagellates, a diverse group

of photosynthetic and heterotrophic unicellular algae infa-

mous for their connections to toxic shellfish poisoning and ‘red

tides’. Most photosynthetic dinoflagellates possess a peridinin-
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pigmented plastid stemming directly from the ‘chromalveolate’

ancestor (Fig. 1), but some have swapped their ancestral

plastid with that of another lineage by taking up another

secondary plastid-containing alga (tertiary endosymbiosis) or

one with a primary plastid (serial secondary endosymbiosis).

Dinophysis, for instance, now possesses a two-membrane-

bound plastid derived from a cryptomonad (34, 35), itself a

member of the chromalveolates, and Karenia harbors a plastid

of haptophyte origin (36). Kryptoperidinium has converted its

peridinin plastid into an eyespot (37) and taken up a diatom

endosymbiont, which still possesses its nucleus and mitochon-

dria (38, 39), and the plastid of Lepidodinium is derived from

the uptake of a green alga (40; Fig. 1). Perhaps not

surprisingly, the genomes of dinoflagellates are unusual in

the extreme – their ‘canonical’ peridinin plastid has a highly

reduced genome comprised of single-gene minicircles (41)

while their nuclear genomes are enormous, in some cases more

than 100 times larger than that of humans (!) (42).

In sum, a significant fraction of the diversity of photo-

synthetic eukaryotes, including many of the key players in the

regulation of carbon cycling in the world’s oceans, acquired

their autotrophic capabilities through what amounts to

repeated bouts of phagotrophy and indigestion. Gene and

genome sequence data from primary, secondary and tertiary

plastid-containing organisms are becoming increasingly avail-

able, and the picture emerging from analysis of these

sequences is that endosymbiosis leads to a situation where

anything can – and does – happen.

ENDOSYMBIOTIC GENE REPLACEMENT DRIVES
EVOLUTIONARY INNOVATION

The first indication that the molecular dynamics accom-

panying endosymbiosis in photosynthetic organisms were

anything but straightforward came from anomalies in the

evolution of nuclear genes encoding metabolic enzymes in

plants. Phosphoglycerate kinase (PGK), for example, is an

enzyme for which higher plants possess plastid and cytosolic

isoforms, servicing the Calvin cycle and glycolysis, respec-

tively. Surprisingly, phylogenetic analysis revealed that both

the cytosolic and plastid isoforms are cyanobacterial in origin,

despite the different evolutionary histories of the cellular

compartments in which they now function (43, 44). The best

explanation is that during plant evolution the cyanobacterial

PGK gene duplicated and the protein product of one copy

took over the role of the noncyanobacterial cytosolic protein,

a process known as endosymbiotic gene replacement (44). A

similar replacement, this time in the opposite direction,

generated a plastid-targeted fructose-1,6-bisphosphatase iso-

zyme in plants and algae that is cytosolic in origin, not

cyanobacterial (45). Reports of such replacements and

recompartmentalizations are becoming increasingly common

(e.g., 46, 47), and have the potential to improve our under-

standing of the evolutionary history of plastids and their hosts.

For example, a striking instance of ‘reverse’ endosymbiotic

gene replacement in the metabolic enzyme glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) has provided strong

evidence in support of the chromalveolate hypothesis, i.e., the

notion that the plastids of cryptomonads, haptophytes,

heterokonts, dinoflagellates and apicomplexans share a

common origin (48, 49; Fig. 1). An independent gene

replacement involving the plastid-targeted fructose-1,6-bi-

sphosphate aldolase has lent further support to this idea (50).

Not surprisingly, the most convincing demonstrations of

the scope and significance of endosymbiotic gene replacement

have come from genome-scale analyses. As mentioned above,

the study by Martin et al. (8) of the Arabidopsis genome

revealed that fewer than half of the *4,500 Arabidopsis

nuclear genes touted as cyanobacterial in origin appear to

encode proteins that are targeted to the plastid, and the

predicted cellular activities of these proteins fall into every

conceivable functional category, including transcription, cell

growth and division, metabolism and intracellular transport

(8). The early stages of the primary endosymbiosis that gave

rise to the plastid was apparently a period of considerable

evolutionary experimentation, facilitated on one hand by

functional redundancy at the level of enzymes and metabolic

pathways, and on the other by combining the genetic potential

of two very different cell types. The result was a situation in

which host-derived genes were co-opted to take on plastid-

specific functions and conversely, endosymbiont genes jumped

to the nucleus and took on new roles for the host cell (Fig.

2A).

An example of the genetic mixing and matching that

happened early in the integration of host and endosymbiont is

the origin of the plastid import machinery. This apparatus is a

complex set of more than a dozen proteins that direct the

import of nucleus-encoded plastid proteins (51) and is

arguably one of the most important biochemical features to

have evolved in the ancestral photosynthetic eukaryote (32).

Using the recently sequenced nuclear genome of the uni-

cellular red alga Cyanidioschyzon merolae (10) as a launch

point, McFadden and van Dooren (23) compared the plastid

import machinery encoded in the Cyanidioschyzon genome to

that in Arabidopsis and other eukaryotes. Their analysis

revealed considerable overlap in the components of the import

machineries of both red and green algal plastids and showed

that two proteins present in both systems, Tic 110 and Toc 34,

do not have identifiable cyanobacterial homologs (see also 51),

suggesting that they are eukaryotic inventions that occurred in

the common ancestor of red and green algae (23). Together,

these results provide strong evidence for the common origin of

all plastids and underscore the role of necessity and invention

in the endosymbiotic process. It will be interesting to further

assess the evidence for such ancient mosaicism using the

genomes of other primary plastid-containing algae, such as

Chlamydomonas reinhardtii, Volvox carteri (http://genome.jgi-

psf.org/chlre2/chlre2.home.html) and Ostreococcus tauri (52).
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A WAVE OF GENOMIC DATA – PRELIMINARY
ANSWERS AND A HOST OF NEW QUESTIONS

Secondary and tertiary endosymbioses have the potential to

push the envelope of endosymbiotic gene replacement even

further. This is because in both instances, the endosymbiont

brings with it a nuclear genome as well as a plastid genome

(Fig. 2B). Gene transfers in organisms with such plastids are at

present very poorly understood (although a specific instance of

nucleomorph-to-host-nucleus transfer has been demonstrated

(53)), yet the fact that nucleomorphs have been lost in all

secondary plastid-containing algae except cryptomonads and

chlorarachniophytes makes it clear that hundreds of transfers

must have accompanied each endosymbiotic event (26).

Sequence data from secondary and tertiary plastid-containing

organisms represent the final frontier in the genomic explora-

tion of plastid endosymbiosis, and complete nuclear genome

sequences combined with expressed sequence tag (EST)

datasets are providing the information with which to elucidate

the complex evolutionary history of these cellular ‘Russian

nesting dolls’.

The first nuclear genome sequence of a secondary plastid-

containing organism came not from a photosynthetic alga but

from the malaria parasite, the apicomplexan Plasmodium

falciparum (54). Plasmodium has only factored in discussions

of plastid origins relatively recently. Contrary to what one

would predict from its lifestyle, this organism harbors a relict

plastid (55) considered by most workers in the field to be

derived from a red algal endosymbiont (Fig. 1; see (14, 56) for

detailed discussion). The Plasmodium genome has shed

considerable light on the process of protein targeting in

secondary plastid-containing organisms and provided an

answer to the question of why the plastid has been retained

in this highly derived parasite: while all traces of photosyn-

thetic genes in its plastid and nuclear genome have vanished,

the nucleus does encode plastid-targeted enzymes for the

biosynthesis of heme, fatty acids and isopentyl diphosphate

(57, 58). In this respect, the recently published genome of

another apicomplexan, Cryptosporidium parvum (59), is an

interesting companion to that of Plasmodium. This organism

has been thought not to possess a plastid (60), and the genome

sequence (59) essentially confirms this – there is a complete

Figure 2. Endosymbiosis and gene flow in photosynthetic eukaryotes. (A) A generic primary plastid-containing alga whose

plastid genome is highly reduced – most of the genes have been transferred to the host cell nucleus or lost. The protein products

of both host and endosymbiont-derived genes are, in principle, able to acquire functions in the cytosol and plastid (see text). (B)

A generic secondary plastid-containing alga, still harboring the nucleus of its eukaryotic endosymbiont. In such organisms,

many (or all) of the genes in the endosymbiont nucleus have been transferred to the secondary host nucleus or lost. Some

dinoflagellate algae have replaced their ancestral secondary plastid with that of another primary or secondary plastid-containing

eukaryote (see text). Plastids appear to have been lost in a number of ancestrally photosynthetic organisms (e.g., the

apicomplexan Cryptosporidium; see text). Evidence now suggests that genes can be acquired by secondary plastid-containing

organisms independent of, or in conjunction with, endosymbiosis, through phagotrophy (‘cell eating’). The protein products of

genes from the secondary host, as well as those acquired through endosymbiosis and phagocytosis, have the potential to acquire

functions in the host or endosymbiont cytosol and in the plastid. In both (A) and (B), gene transfer/flow involving mitochondrial

genes is omitted for simplicity. Genes/chromosomes and proteins are color-coded according to their evolutionary origin (blue/

orange=nuclear; green=plastid; red=exogenous). Abbreviations: H, host; E, endosymbiont.
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absence of genes for plastid-targeted proteins. A phyloge-

nomic analysis of Cryptosporidium has, however, revealed

genes of endosymbiotic origin (61), lending credence to the

idea that Cryptosporidium, and apicomplexans as a whole,

evolved from plastid-bearing ancestors (Fig. 1). Even though

its plastid has completely disappeared, the genetic legacy of

past endosymbiosis appears to still be present in the

Cryptosporidium genome (61).

Compared to apicomplexans, the nuclear genome of the

diatom Thalassiosira pseudonana (11) provides a much clearer

glimpse into the process of secondary endosymbiosis.

Diatoms are photosynthetic heterokonts with secondary

plastids of red algal origin (Fig. 1). Analysis of the

Thalassiosira genome in conjunction with that of Arabidopsis,

the red alga Cyanidioschyzon, and the nucleomorph genome

of the cryptomonad Guillardia has, as anticipated, revealed

the complex history of photosynthetic genes in such

organisms – numerous examples of primary- to secondary-

host nucleus gene transfer have been identified (e.g., cpn60,

ftsZ, cbbX), as well as a convincing case of a recent transfer

from the plastid directly to the secondary host nucleus

(psbW; reviewed in (62)). More generally, a large number of

Thalassiosira genes encode proteins with no obvious homolog

in the complete proteomes of plants, red algae, cyanobacteria

and animals (11), pointing to the huge gulf between

heterokonts and other organisms for which genomic data

are currently available. From an evolutionary perspective,

the full impact of the diatom genome should become

apparent when the genomes of additional chromalveolate

species are released. Indeed, genomic data from two species

of non-photosynthetic heterokonts (Phytophthora) are now

accessible through the GenBank Trace Archive (http://

www.ncbi.nlm.nih.gov/Traces/trace.cgi?), and sequencing of

the genomes of another heterokont, Phaeodactylum tricornu-

tum, and of a haptophyte (Emiliania huxleyi) is in progress

(http://www.jgi.doe.gov/sequencing/seqplans.html). The time

will soon be ripe for genome-scale analyses of the sort

performed by Martin et al. on the Arabidopsis genome (8).

EST data are becoming an increasingly useful addition to –

and in some cases, substitute for – genomic sequences.

Dinoflagellate algae are a prime example. Preliminary mole-

cular data from these unusual organisms have been

instrumental in elucidating some of the important features of

the evolutionary scenario depicted in Fig. 1, but the prohibitive

size of their nuclear genomes (42) means that a complete

genome sequence will probably not be available any time soon.

ESTs have filled the void nicely, and have also produced some

surprises. For instance, recent EST surveys of the dinoflagel-

lates Alexandrium tamarense (63), Lingulodinium polyedrum

and Amphidinium carterae (64) indicate that plastid-to-host

nucleus gene transfer has occurred in these organisms to an

unprecedented extent, apparently leaving only a handful of

mini-circle-encoded genes in the plastid (see (65) and references

therein for detailed discussion). In addition, analysis of ESTs

encoding plastid-target proteins in Heterocapsa triquetra has

revealed the presence of two distinct classes of transit peptides

in their N-terminal leader sequences (66), suggesting that the

process of targeting proteins to the dinoflagellate plastid is even

more complex than previously anticipated.

Perhaps the most intriguing finding in the Alexandrium

EST dataset is the presence of a handful of plastid-targeted

genes of green algal origin (63). Strictly speaking, this

observation flies in the face of the chromalveolate hypothesis,

which posits that the ancestral dinoflagellate plastid was

derived from a red alga. However, when one considers the

tumultuous history of endosymbiosis in these organisms (Fig.

1; (13, 14, 27)), the result is perhaps not unexpected. The

apparent mosaic composition of plastid-associated genes in

Alexandrium is intriguingly similar to the pattern observed in

an unrelated secondary plastid-containing alga with a green

plastid, the chlorarachniophyte Bigelowiella natans. An EST

survey of genes encoding plastid-targeted proteins in B. natans

revealed that while the majority of genes for plastid-targeted

proteins were, as expected, green algal in origin, *21% were

not, and apparently have been acquired by lateral gene

transfer (LGT) from red algae (and their derivatives) and

bacteria (67). One of the salient characteristics of both

dinoflagellates and chlorarachniophytes is that they are

mixotrophic, i.e., they are phototrophs and heterotrophs. It

therefore seems likely that these organisms have supplemented

their existing set of photosynthetic genes (and non-photosyn-

thetic ones?) with genes taken from their prey (Fig. 2B), an

example of Doolittle’s ‘you are what you eat’ gene transfer

ratchet (68). Of course, transient endosymbioses with multiple

distinct organisms cannot be ruled out as the possible source

of ‘foreign’ genes in these organisms, but at a certain level the

distinction between endosymbiosis and phagotrophy, in terms

of their potential as a source of novel genetic information for

the host, becomes trivial.

Molecular investigations of dinoflagellate species with

plastids of tertiary or serial secondary endosymbiotic origin

are still in their infancy, but there is already reason to

believe that the genetic complement of plastid-associated

genes in these organisms is similarly complex. The first

instance of a tertiary endosymbiosis driven gene replacement

was identified in the haptophyte plastid-containing dino-

flagellate Karenia brevis: the ancestral nucleus-encoded gene

for the thylakoid lumen protein PsbO in Karenia has been

replaced by a haptophyte version of the same gene from the

tertiary endosymbiont nucleus (69). More recently, it has

been demonstrated that the plastid-targeted GAPDH in

Karenia is also haptophyte in origin (70, 71). No doubt,

these examples are just the tip of a very large iceberg.

Studies of the dinoflagellate Kryptoperidinium will be

particularly interesting in this respect, as preliminary data

suggest that its diatom endosymbiont (Fig. 1) was acquired

very recently, and is in the early stages of its integration with

the host cell (72, 73).
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PROSPECTUS

One potentially significant type of gene transfer/replacement

that, if prevalent, should reveal itself in the genome sequences of

secondary and tertiary plastid-containing algae is that involving

nuclear genes for proteins with non-plastid functions. As

discussed above, the secondary endosymbiont brings with it a

nuclear genome that has the potential to donate thousands of

genes to the host nucleus, not only those involved in

photosynthesis but for all manner of cellular processes (9). A

possible instance of such a replacement is the presence of a red

algal-like actin gene, presumed to be of endosymbiotic origin, in

the nuclear genome of the cryptomonad Pyrenomonas helgo-

landii (74). Additional examples have, however, been slow in

coming, largely because of the difficulty of identifying this type

of transfer. Unlike cyanobacterial genes, which stand out in

nuclear genomes, eukaryote-to-eukaryote transfers are much

more transparent because of the fact that the donor and

recipient genomes are – by definition – much more closely

related to one another. Our understanding of the phylogenetic

origins of the endosymbiont and host components of secondary

plastid-containing cells is at present cursory, and the situation is

not likely to resolve itself until sequence data are available from

a much broader sampling of eukaryotes. Nevertheless, given

enough data it will be interesting to compare and contrast the

ways in which the various endosymbiont nuclear genomes have

melded with their host nuclei across the tree of photosynthetic

eukaryotes. Thenext fewyears shouldbe exciting times for those

with an interest in the basic biology of photosynthetic

eukaryotes, and, in particular, the evolutionary history of their

plastids. There is certain to be something for everyone.

ACKNOWLEDGEMENTS

W. F. Doolittle, M. W. Gray, and C. E. Lane are thanked for

helpful comments on this manuscript, and apologies are made

to those whose work could not be cited due to constraints on

space. JMA is a Scholar of the Canadian Institute for

Advanced Research, Program in Evolutionary Biology.

Research in the Archibald Laboratory is supported by

Genome Atlantic, an operating grant from the Natural

Sciences and Engineering Research Council of Canada, and

a New Investigator Award from the Dalhousie Medical

Research Foundation.

REFERENCES
1. Gray, M. W., and Spencer, D. F. (1996) Organellar evolution. In

Evolution of Microbial Life (Roberts, D. M., Sharp, P., Alderson, G.,

and Collins, M. A., eds). pp. 109 – 126, Cambridge University Press,

Cambridge.

2. Timmis, J. N., Ayliffe, M. A., Huang, C. Y., and Martin, W. (2004)

Endosymbiotic gene transfer: organelle genomes forge eukaryotic

chromosomes. Nat. Rev. Genet. 5, 123 – 135.

3. Huang, C. Y., Ayliffe, M. A., and Timmis, J. N. (2003) Direct

measurement of the transfer rate of chloroplast DNA into the nucleus.

Nature 422, 72 – 76.

4. Stegemann, S., Hartmann, S., Ruf, S., and Bock, R. (2003) High-

frequency gene transfer from the chloroplast genome to the nucleus.

Proc. Natl. Acad. Sci. USA 100, 8828 – 8833.

5. Richly, E., and Leister, D. (2004) NUMTs in sequenced eukaryotic

genomes. Mol. Biol. Evol. 21, 1081 – 1084.

6. Richly, E., and Leister, D. (2004) NUPTs in sequenced eukaryotes

and their genomic organization in relation to NUMTs. Mol. Biol.

Evol. 21, 1972 – 1980.

7. Martin, W. (2003) Gene transfer from organelles to the nucleus:

frequent and in big chunks Proc. Natl. Acad. Sci. USA 100, 8612 –

8614.

8. Martin, W., Rujan, T., Richly, E., Hansen, A., Cornelsen, S., Lins, T.,

Leister, D., Stoebe, B., Hasegawa, M., and Penny, D. (2002)

Evolutionary analysis of Arabidopsis, cyanobacterial, and chloroplast

genomes reveals plastid phylogeny and thousands of cyanobacterial

genes in the nucleus Proc. Natl. Acad. Sci. USA 99, 12246 – 12251.

9. Archibald, J. M., and Keeling, P. J. (2003) Plant genomes:

cyanobacterial genes revealed. Heredity 90, 2 – 3.

10. Matsuzaki, M., Misumi, O., Shin, I. T., Maruyama, S., Takahara, M.,

Miyagishima, S. Y., Mori, T., Nishida, K., Yagisawa, F., Nishida, K.,

Yoshida, Y., Nishimura, Y., Nakao, S., Kobayashi, T., Momoyama,

Y., Higashiyama, T., Minoda, A., Sano, M., Nomoto, H., Oishi, K.,

Hayashi, H., Ohta, F., Nishizaka, S., Haga, S., Miura, S., Morishita,

T., Kabeya, Y., Terasawa, K., Suzuki, Y., Ishii, Y., Asakawa, S.,

Takano, H., Ohta, N., Kuroiwa, H., Tanaka, K., Shimizu, N.,

Sugano, S., Sato, N., Nozaki, H., Ogasawara, N., Kohara, Y., and

Kuroiwa, T. (2004) Genome sequence of the ultrasmall unicellular red

alga Cyanidioschyzon merolae 10D. Nature 428, 653 – 657.

11. Armbrust, E. V., Berges, J. A., Bowler, C., Green, B. R., Martinez, D.,

Putnam, N. H., Zhou, S., Allen, A. E., Apt, K. E., Bechner, M.,

Brzezinski, M. A., Chaal, B. K., Chiovitti, A., Davis, A. K.,

Demarest, M. S., Detter, J. C., Glavina, T., Goodstein, D., Hadi,

M. Z., Hellsten, U., Hildebrand, M., Jenkins, B. D., Jurka, J.,

Kapitonov, V. V., Kroger, N., Lau, W. W., Lane, T. W., Larimer, F.

W., Lippmeier, J. C., Lucas, S., Medina, M., Montsant, A., Obornik,

M., Parker, M. S., Palenik, B., Pazour, G. J., Richardson, P. M.,

Rynearson, T. A., Saito, M. A., Schwartz, D. C., Thamatrakoln, K.,

Valentin, K., Vardi, A., Wilkerson, F. P., and Rokhsar, D. S. (2004)

The genome of the diatom Thalassiosira pseudonana: ecology,

evolution, and metabolism. Science 306, 79 – 86.

12. Grossman, A. R. (2005) Paths toward algal genomics. Plant Physiol.

137, 410 – 427.

13. Delwiche, C. F. (1999) Tracing the thread of plastid diversity through

the tapestry of life. Am. Nat. 154, S164 – S177.

14. Keeling, P. J. (2004) Diversity and evolutionary history of plastids and

their hosts. Am. J. Bot. 91, 1481 – 1493.

15. Archibald, J. M., and Keeling, P. J. (2005) On the origin and evolution

of plastids. In Microbial Phylogeny and Evolution (Saap, J., ed).

pp. 238 – 260, Oxford University Press, New York.

16. Delwiche, C. F., and Palmer, J. D., (1997) The origin of plastids and

their spread via secondary endosymbiosis. In Origins of Algae and

Their Plastids (Bhattacharya, D., ed). pp. 53 – 86, Springer-Verlag,

New York.

17. Yoon, H. S., Hackett, J. D., Ciniglia, C., Pinto, G., and Bhattacharya,

D. (2004) A molecular timeline for the origin of photosynthetic

eukaryotes. Mol. Biol. Evol. 21, 809 – 818.

18. Martin, W., Stoebe, B., Goremykin, V., Hansmann, S., Hasegawa,

M., and Kowallik, K. V. (1998) Gene transfer to the nucleus and the

evolution of chloroplasts. Nature 393, 162 – 165.

19. Stoebe, B., and Kowallik, K. V. (1999) Gene-cluster analysis in

chloroplast genomics. Trends Genet. 15, 344 – 347.

JUMPING GENES AND SHRINKING GENOMES 545



20. Durnford, D. G., Deane, J. A., Tan, S., McFadden, G. I., Gantt, E.,

and Green, B. R. (1999) A phylogenetic assessment of the eukaryotic

light-harvesting antenna proteins, with implications for plastid

evolution. J. Mol. Evol. 48, 59 – 68.

21. Burger, G., Saint-Louis, D., Gray, M. W., and Lang, B. F. (1999)

Complete sequence of the mitochondrial DNA of the red alga

Porphyra purpurea: Cyanobacterial introns and shared ancestry of red

and green algae. Plant Cell 11, 1675 – 1694.

22. Moreira, D., Le Guyader, H., and Phillippe, H. (2000) The origin of

red algae and the evolution of chloroplasts. Nature 405, 69 – 72.

23. McFadden, G. I., and van Dooren, G. G. (2004) Evolution: red algal

genome affirms a common origin of all plastids. Curr. Biol. 14, R514 –

516.

24. Archibald, J. M., and Keeling, P. J. (2002) Recycled plastids: a green

movement in eukaryotic evolution. Trends Genet. 18, 577 – 584.

25. Leander, B. S. (2004) Did trypanosomatid parasites have photosyn-

thetic ancestors? Trends Microbiol. 12, 251 – 58.

26. Cavalier-Smith, T. (1999) Principles of protein and lipid targeting in

secondary symbiogenesis: euglenoid, dinoflagellate, and sporozoan

plastid origins and the eukaryote family tree. J. Eukaryot. Microbiol.

46, 347 – 366.

27. Bhattacharya, D., Yoon, H. S., and Hackett, J. D. (2003)

Photosynthetic eukaryotes unite: endosymbiosis connects the dots.

Bioessays 26, 50 – 60.

28. Palmer, J. D. (2003) The symbiotic birth and spread of plastids: how

many times and whodunnit? J. Phycol. 39, 4 – 11.

29. Douglas, S. E., Zauner, S., Fraunholz, M., Beaton, M., Penny, S.,

Deng, L., Wu, X., Reith, M., Cavalier-Smith, T., and Maier, U.-G.

(2001) The highly reduced genome of an enslaved algal nucleus.

Nature 410, 1091 – 1096.

30. Gilson, P. R. (2001) Nucleomorph genomes: much ado about

practically nothing. Genome Biol. 2, R1022.1 – 1022.5.

31. Gilson, P. R., and McFadden, G. I. (2002) Jam packed genomes – a

preliminary, comparative analysis of nucleomorphs. Genetica 115,

13 – 28.

32. Cavalier-Smith, T. (2003) Genomic reduction and evolution of novel

genetic membranes and protein-targeting machinery in eukaryote-

eukaryote chimaeras (meta-algae). Philos. Trans. R. Soc. Lond. B Biol.

Sci. 358, 109 – 133.

33. McFadden, G. I. (1999) Plastids and protein targeting. J. Eukaryot.

Microbiol. 46, 339 – 346.

34. Hackett, J. D., Maranda, L., Yoon, H. S., and Bhattacharya, D.

(2003) Phylogenetic evidence for the cryptophyte origin of the plastid

of Dinophysis (Dinophysiales, Dinophyceae). J. Phycol. 39, 440 – 448.
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