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PREFACE 

This book discusses the evolutionary origin and diversification of eukaryotic 
endomembranes and cytoskeleton from a cell biological and comparative genomic 
perspective. The main idea behind this book was to try to convince experimental 
cell biologists to speculate about the evolutionary origin of cell biological processes 
they are working on and are deeply familiar with. By doing so, I expected to gain 
fresh insights into the problem of eukaryote origins from scientists who know a lot 
about how eukaryotic cells function. To my great happiness, many cell biologists 
accepted the challenge and provided in-depth cell evolutionary analyses or by team- 
ing up with bioinformaticians carried out comparative genomic surveys. Their con- 
tributions, together with contributions from paleontologists and evolutionary biolo- 
gists, provide a diversity of viewpoints and a fresh look on many aspects ofeukaryote 
evolution. 

The first two chapters set the stage for discussions about the origins of eukary- 
otic cell biological features by describing the early fossil record of eukaryotic evo- 
lution (Chapter 1) as well as the current status of eukaryote phylogeny and the pos- 
sible rooting of the eukaryotic tree (Chapter 2). The explanandum is therefore 
presented in these chapters: About 1500 million years ago, in a world inhabited by 
prokaryotes, a novel type of cellular organization appeared, characterized by a com- 
plex network of endomembranes, and a dynamic internal skeleton able to protrude, 
constrict and move these membranes. Cells having this architecture subsequently 
diversified into major clades to make up present day eukaryote diversity. All the 
other chapters in this volume attempt to explain certain aspects of this major transi- 
tion and the diversification that followed. Chapters 3-7 discuss endomembrane evo- 
lution from theoretical, cell biological and comparative genomic perspectives. Chap- 
ters 8 and 9 deal with the origin of the actin cytoskeleton and autophagy, whereas 
Chapters 10 and 11 present models on the evolution of centrosomes and sensory- 
motile cilia. 

Many of the chapters present original research data from comparative genomic 
surveys. The presence/absence ofgene families with central roles in endomembrane 
and cytoskeleton dynamics in a variety of eukaryotic taxa and an understanding of 
eukaryote phylogeny allow us to accurately reconstruct the cellular machineries 
present in the last common ancestor of eukaryotes. Such a reconstruction is fun- 
damental if we are to understand eukaryotic diversification since this is the ances- 
tral cell from which all diversity arose. Comparative genomics can likewise tell us 
which lineages expanded or reduced certain gene families and the associated cellular 
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machineries. As an example, Chapter 6 discusses how the expansion of the Rab 
family of membrane traffic regulators paralleled the complexification of 
endomembranes during metazoan evolution and during the evolution of certain para- 
sitic lineages. 

The earlier cell evolutionary history, before the last common ancestor, can also 
be inferred in some cases, mostly from sequence and structural comparison of cellu- 
lar complexes. Chapters 3 and 6, for example, discuss how structural and sequence 
analyses of vesicle coating complexes reveal their common origin from an ancestral 
coat complex during the origin of eukaryotic cellular organization. Chapter 8 on the 
other hand describes how one can infer, based on structural and sequence compari- 
sons, the divergence of cytoskeletal components from ancestral, simpler protein 
complexes. 

The volume is not an attempt to cover all aspects of eukaryotic endomembrane 
and cytoskeleton evolution in an encyclopedic manner. It examines the problem 
along some transects of eukaryote cell biology, but several important issues are not 
touched upon such as the origin of mitosis, syngamy or peroxisomes. The evolution 
of symbiotic organelles such as chloroplasts and mitochondria is also not covered, 
despite their ftmdamental importance. These omissions were necessary due to space 
constraints and also to minimize overlap with other recent volumes. 

GAspdr J~kely, Ph.D. 
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CHAPTER 1 

The Early Eukaryotic Fossil Record 
Emmanuelle J. Javaux* 

Abstract 

T 
he Precambrian era records the evolution of the domain Eucarya. Although the 
taxonomy of fossils is often impossible to resolve beyond the level of domain, their 
morphology and chemistry indicate the evolution of major biological innovations. The 

late Archean record for eukaryotes is limited to trace amounts of biomarkers. Morphological 
evidence appears in late Paleoproterozoic and early Mesoproterozoic (1800-1300 Ma) rocks. 
The moderate diversity of preservable eukaryotic organisms includes cell walls without surface 
ornament (but with complex ultrastructure), with regularly distributed surface ornamentation, 
and with irregularly or regularly arranged processes. Collectively, these fossils suggest that eu- 
karyotes with flexible membranes and cytoskeletons existed in mid-Proterozoic oceans. The 
late Mesoproterozoic-early Neoproterozoic (1300-750 Ma) is a time of diversification and evo- 
lution when direct evidence for important biological innovations occurs in the fossil record 
such as multicellularit)~ sex, photosynthesis, biomineralization, predation, and heterotrophy. 
Members of extant clades can be recognized and include bangiophyte red algae, xanthophyte 
algae, cladophorale green algae, euglyphid, lobose, and filose amoebae and possible fungi. In 
the late Neoproterozoic, besides more diversification of ornamented fossils, florideophyte red 
algae and brown algae diversify, and animals take the stage. 

The record of biological innovations documented by the fossils shows that eukaryotes had 
evolved most cytological and molecular complexities very early in the Proterozoic but environ- 
mental conditions delayed their diversification within clades until oxygen level and predation 
pressure increased significantly. 

Introduction 
The origin of the eukaryotic cell is still not resolved despite the numerous hypotheses pro- 

posed since Margulis I and earlier (reviewed in ref. 2) and tested using electronic microscopy 
and molecular biology. Many hypotheses have been proposed, such as fusion of two 3'4 or three 5 
prokaryotic cells, endosymbiosis or evolution from a proto-eukaryote LCA (last common 
ancestor). 6 Confusion comes in part from the chimeric character of the eukaryotic cell, possess- 
ing attributes of Archaea and Bacteria, but also some specific characteristics. All the 
amitochondriate eukaryotes known so far seem to be highly derived rather than recording a 
primitive step in eukaryotic evolution. 7 Hydrogenosomes and mitosomes are organelles that 
evolved polyphyletically from mitochondria as secondary anaerobic adaptations. 8 The first eu- 
karyote has been suggested to be a phagotrophic heterotroph with a cilium (unikont) and 
facultative 8 aerobe. This eukaryote would have had already all the eukaryotic features; a nucleus, 
an endosplamic reticulum and Golgi apparatus, a cytoskeleton including one or two flagella 
and a mitochondrion capable of oxidative phosphorylation. 9 Thus, the emerging view is that 

*Emmanuelle I. lavaux~University of Li~.ge, Department of Geology, 17 all6e du 6 AoQt B18, 
4000 Li~.ge Sart-Tilman, Belgium. Email: EJ.Javaux@ulg.ac.be 
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the last common ancestor of eukaryotes was aerobic, and mitochondria originated immedi- 
ately following or even during the origin of the nucleus and microtubules 8'1~ instead of a 
stepwise evolution. Plastids were acquired later in evolution by endosymbiosis with a 
cyanobacterial ancestor of the chloroplast (primary endosymbiosis), giving rise to photosyn- 
thetic eukaryotes. Successive endosymbiotic events where an eukaryotic host engulfed another 
photosynthetic eukaryote gave rise to the diversity of photosynthetic eukaryotes with multiple 
membranes around their chloroplasts. 11 Although it has been suggested that only a small frac- 
tion ofeukaryotic diversity was known, and the rest waiting to be discovered, it seems now that 
surveys of environmental (rather than culture) gene sequences have largely overestimated the 
real diversity at the kingdom level and that most sequences discovered are related to known 
groups. 12 Although immense lower-level diversity remains to be characterized, we may have a 
relatively good picture of extant eukaryotic (high-level) diversity, that includes six kingdoms 8'9 
five supergroups 13 or 8 supergroups. 14 (see the chapter by Henner Brinkmann and Herv6 
Philippe). These kingdoms might have diverged into a unikont group (one flagellum) and a 
bikont ~group (two flagella) from the ancestor, based on myosin phylogeny and gene-fusion 
data. 8'19 The existence of extant representatives predating the unikont/bikont divergence can- 
not be excluded but recent studies suggest, as mentioned above, that the first eukaryote was 
already a "complete" eukaryote. Determining the timing of diversification requires a close analysis 
of the fossil record. Recendy, several papers have reviewed the early evolution of the domain 
Eucarya, including criteria for recognizing early eukaryotes, 16 the record of Neoproterozoic 
eukaryotes, 17 and trends and controls of early eukaryote diversification and morphological 
innovations. 18 

In this chapter, I review the geological record of eukaryotes in the Precambrian, and the 
biological innovations recorded in the morphology and chemistry of the fossils. Molecular 
phylogenies provide important information or hypotheses about relationships between king- 
doms and order of branching. However paleobiological data are essential for testing these trees 
and for precising the timing of diversification. They may also record ancestral forms (and steps 
in evolution) that might not have any extant relatives. Regardless of taxonomy, fossils display 
morphological attributes related to major biological innovations. 18 

The Geological Record 
Several lines of evidence can be used to decipher the early record ofeukaryotic cells. Genetic 

material is rarely preserved in the rock record, and thus paleontologists have to rely on other 
features to identify microfossils as members of the domain Eucarya. Geochemists can search 
for phylogenetically informative lipids (biomarkers and biopolymers) preserved in kerogens 
and bitumens, and reconstruct part of the paleodiversity or at least the evolution of biochemi- 
cal pathways. Measurements of isotopic fractionation are useful mostly for tracking effects of 
prokaryotic metabolisms in the early rock record (e.g., see refs. 19-21), but it could help clarify 
the biological affinities of eukaryotes in some cases. Fossils provide direct evidence of early 

18 cells, and document steps in biological and biochemical innovations. Fossils can display mor- 
phological and ultrastructural features showing a degree of complexity and/or particular fea- 
tures unknown in prokaryotic organisms, therefore pointing to a eukaryotic afflnity.16 Indeed, 
the wall structure and ornamentation, the presence of processes that extend from the vesicle 
wall, the presence of excystment structures (openings through which cysts liberate their con- 
tent), the wall ultrastructure and the wall chemistry can clarify the biological affinities of 
organic-walled microfossils at the level of the domain, and even at the level of class in some 

22 cases. The discovery of extant picoeukaryotes or huge bacteria 23 suggests that size itself is not 
a good criterion for differentiating prokaryotic from eukaryotic microbes. However macro- 
scopic size and regular well-defined morphology of some Proterozoic fossils and carbonaceous 
compressions suggest their eukaryotic affinities as well. Microfossils with ornamented walls 
occur in the rock record as far back as the later Paleoproterozoic, documenting early eukaryote 
evolution and implying a preceding history of evolution. The estimated age for the origin of 
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eukaryotes varies widely, ranging from the Archean, as suggested by the biomarker record 24'25 
(see ref. 34 for an opposite view) and molecular clock 27 to the Paleoproterozoic based on mo- 
lecular clocks 28 or the Neoproterozoic (this latter hypothesis discards all fossil evidence prior to 
850 Ma). 26 The diversification of most eukaryotic kingdoms by the late Mesoproterozoic-early 
Neoproterozoic is supported by the fossil record (reviewed in ref. 29) and molecular clocks. 28'3~ 

Chemical Evidence fbr Eukaryotes 
Biomarkers derive from biochemical precursors by reductive or oxidative processes and gen- 

erally include lipids and pigments. Biomarkers in 2.7 Ga kerogens of the Fortescue Group, 
Australia, seem to indicate that contemporaneous cells were able to synthesize sterols. 24'25 Most 
prokaryotes do not synthesize sterols. However sterol pathway seems to share a common ances- 
try between bacteria and eukaryotes. 31 Some of the genes and enzymes for sterol synthesis are 
found in some prokaryotes, but many of the essential genes seem absent. 32 Sterol synthesis has 
been reported in some cyanobacteria, myxobacteria, mycobacteria, and planktomycetes but 
most cases either result from contamination, incorporation of molecules made by 2 e 2u~ot ic  
organisms or synthesis directed by genes transferred laterally from eukaryotic cells. 5,3,33 Rare 
bacteria have been reported to produce methyl-sterols; these, however, differ structurally from 
eukaryotic sterols (reviewed in ref. 25). Therefore, C-24 alkylated sterols, the particular sterols 
found in eukaryotes, might still be used as biomarker of eukaryotic cells in the sedimentary 
record 32 (for an alternative view see ref. 34). Thus, 2.77 Ga biomarkers would seem to set a 
minimum date for the domain Eucarya. However, if they originated in early Archean oceans, 
early eukaryotes probably had a long history of restricted distribution to slightl~ OsXygenated 
niches in early ecosystems when anoxic, sulphidic stratified oceans dominatedY -3 C 27-29 
steranes are preserved in shales of-~ 1.7 Ga estuary environment at the base of the Chuanlinggou 
Fm of China. 39 In 1.64 Ga shales from the Mc~thur Basin, northern Australia, deposited 
offshore below the wave base but still in the photic zone, biomarkers indicate the presence of 
green and purple sulphur bacteria but no eukarya. 38 In the .- 1.5 Ga Roper Group of northern 
Australia, distribution of eukaryotes assemblages range from nearshore to outer platform envi- 
ronments but the diversity of eukaryotic microfossils is higher in nearshore peritidal facies. 4~ 
This restricted distribution of early eukaryotic assemblages could be linked to seaward decreas- 
ing availability of trace elements metabolically important for eukaryotic algae. 41 However whether 
Roper eukaryotes were heterotrophic or autotrophic protists is unknown. 

Archean and Proterozoic rocks have yielded biomarkers of alveolates (which include di- 
noflagellates and ciliates, among other groups). Dinosterane, derived from dinosterol produced 

25 by dinoflagellates and their ancestors, occurs in successions ranging from the Archean through 
42 43 46 43 44 47 the PaleoProterozoic, Mesoproterozoic - and Neoproterozoic. ' ' However the taxo- 

nomic distribution of dinosterol is not well constrained. Gammacerane, derived from 
tetrahymenol produced by ciliates has been found in 1.7 Ga Tuanshanzi Formation of China 42 
and -~ 750 rocks of the Chuar Group, Arizona 48 however it may also be derived from bacteria. 49 

Biopolymers are complex carbohydrate molecules making up biological cell walls. Their 
composition can be determined by microchemical analysis of single microfossils and in some 
cases, related to specific clades (e.g., ref. 50). On the contrary to biomarkers, direct link can be 
made between the source organism and the molecules, and there are no contamination prob- 
lems. 51 Dinosporin-like biopolymer isolated in extant dinoflagellate walls has been detected 
possibly in Neoproterozoic process-bearing acritarchs without tabulation (a spatial organiza- 
tion of organic plates characterizing dinoflagellate wall). 5~ However, the taxonomic distribu- 
tion of this biopolymer is not known. Algaenan, a biopolymer synthesized by green algae 
(chlorophyte and eustimagtophycea, one dinoflagellate vegetative cell wall, ref. 53) has been 
recognized in a late Neoproterozoic acritarch. 5~ These biopolymers record the evolution of 
complex eukaryotic synthetic pathways, and possibly support the fossil and biomarker evi- 
dence for the evolution ofalveolates and chlorophytes in the Proterozoic, if synthesized only by 
these groups. 
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Morphological Evidence: Fossils of Early Eukaryotes 
Two categories of morphological evidence document the evolution of eukaryotes in the 

Proteorozoic: body fossils and carbonaceous compressions. 

Body Fossils 

Archean Record (4 to 2.5 Ga) 
No fossils of eukaryotic cells have been recognized so far in the Archean rock record. Only 

biomarkers may indicate the evolution of a eukaryotic feature, the eukaryotic sterol pathway. 2~1 

Paleoproterozoic Record (2.5 to 1.6 Ga) 
In the late Paleoproterozoic of China, large (up to 240 ~m) sphaeromorphs (unornamented 

organic-walled vesicles) with regular medial splits, similar to the excystment structure of some 
r " 54 �9 p ousts might document early eukaryotes. The ornamented acritarch, Valeria lophostriata, 

appears in the .-1.8 Ga Chuanliggou Formation of China and in the 1.65 Ga Mallapunyah Fm 
(Mc~thur Group, Australia) and records the oldest microfossil evidence for the domain 
Eucarya. 55 Valeria lophostriata is a spherical acritarch easily distinguished by its distinctive or- 
nament of concentric striations (Fig. 1: 5-8). SEM observation shows that these striations 
consist of parallel ridges spaced I gtm apart that traverse the inner surface of the vesicle (Fig. 1: 
6). Valeria has a long stratigraphic range, extending from the late Paleoproterozoic (ref. in 18), 
through the Mesoproterozoic and Neoproterozoic. 56 

Mesoproterozoic Record (1.6 to I Ga) 
In the early Mesoproterozoic, early eukaryotes start to diversify and occupy more niches, 

possibly in relation with rising oxygen levels. The type of ornamentation on the organic-walled 
vesicles includes concentric ridges, polygonal plates, polygonal network, processes (vesicle ex- 
pansions) of various shapes and dimensions. Preserved wall ultrastructure range from mono-to 
multi-layered walls, with layers varying in texture and electron density. Reproduction occurs by 
budding and binary fission. Excystment (opening of a cyst) occurs by medial split and possibly 
opening at the end of a neck-like extension. Resting and vegetative stages are documented. 

Early Mesoproterozoic fossils strongly indicate that eukaryotic organisms of marked cyto- 
logical and genetic complexity existed 1500-1300 million years ago. Relative to earlier assem- 
blages, earl4Y0Mesoproterozoic protists show higher diversity and more obvious ecological het- 
erogeneity. 

At the end of the Mesoproterozoic and beginning of the Neoproterozoic, multicellular or- 
ganisms appear, and some of them can be related to extant dades, such as Bangiophyte red 
algae, Vaucheriales algae, and possibly fungi. 

The oldest process-bearing organic-walled microfossil, Tappaniap/arm, was first described in 
5 7  58- 59 60 the Ruyang Group of China, ' then reported in India and Siberia~ In northern Australia, 

very well preserved populations of Tappania occur in the well-dated (1492 - 3Ma to 1429 +_ 31 
Ma) Roper Group, northern Australia (ref. 40 and refs. therein). Population of Tappaniaplana 
comprises 20 to 160 ~tm vesicles that bear 0 to 20 or more heteromorphic processes (elongated 
extensions with variable morphology and length-25 to 60 ~m) distributed asymmetrically about 
the vesicle surface (Fig. 1: 1-4). Processes communicate freely with the vesicle interior, have dark 
slightly expanded closed ends (Fig. 1: 1-3) and may branch (Fig. 1: 4). Specimens may also bear 
up to 3 bulbous protuberances suggesting reproduction by budding (Fig. 1: 4). Opening at the 
end of neck-like extensions could be a sophisticated excystment structure (Fig. 1: 1). No prokary- 
ote, at my knowledge, produces at once acid-resistant preservable walls, ornamentation and 
large size. The vesicle size; appendage diameter, number, distribution and morphology (branch- 
ing, heteromorphic); and the presence of neck-like extensions in Tappania indicate an early 

40 16 eukaryotic cell with a cytoskeleton. ' Futhermore, the irregular morphology and asymmetric 
distribution of processes and the budding in Tappania suggest that Tappania might have been an 
actively growing cell or germinating cyst rather than a metabolically inert spore as most Paleo- 
zoic acritarchs (organic-walled microfossils) are assumed to represent. 4~ 
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Another fossil, Satkafavosa, also occurs in the Roper Group, and in other Mesoproterozoic 
successions (e.g., see refs. 61,62), has a wall made of interlocking polygonal plates 10-15 ~tm in 
maximum dimension (Fig. 1" 16-17). No prokaryotic cells build comparable walls. 

Among Roper microfossils, three "species" (form taxa) ofleiosphaerids showed multilayered 
heterogeneous wall ultrastructures under TEM (Fig. 1: 18-19). Such fine structure is common 
among extant protists that make acid-resistant preservable walls of comparable size and mor- 
phology, but distinct from the most likely prokaryotic candidates, envelope-forming 
cyanobacteria. 55 

Among Proterozoic ornamented microfossils, the large (100-250 ~tm in diameter) micro- 
fossil Shuiyousphaeridium macroreticulatum from the Ruyang Group, China, has remarkable 
morphology characterized by a reticulated surface (Fig. 1:11) and numerous regularly spaced 
cylindrical processes that flare outward (Fig. 1: 9,12,13). 40'55'57,58,63 Close SEM examination 
of its wall shows that the wall's outer surface is covered with ridges that delimit granular po- 
lygonal fields. The inner wall surfaces show the reverse of the same ornamentationma wall 
structure consisting of closely packed, beveled (2 ~m across) hexagonal plates (Fig. 1: 14). 55 
TEM images show that the ca. 1.5 ~tm wall is multilayered. A 391-586 nm thick, electron-dense, 
homogeneous layer of organic plates lies between an outer layer of debris and sectioned pro- 
cesses and a thin electron-tenuous layer that lines the inner side of the plates (Fig. 1: 15). 

Microchemical analyses and wall ultrastructure ofShuiyousphaeridium macroreticulatum did 
not show evidence for a green algal (as suggested by ref. 64) or a fungal affinity (as suggested by 
ref. 65). 50'55 Recent analysis of whole rock samples containing Shuiyousphaeridium yielded 
dinosterane, 66 although it is unknown if the biomarker came from the microfossils or from 
other, unpreserved, organisms. This species may also show medial split excystment structures, 
suggesting a cyst-like morphology, but whether it was a metabolically inert stage of a unicellu- 
lar (or multicellular ?) organism, or whether it had a phototrophic or heterotrophic metabo- 
lism, is unknown, as underlined by Butterfield. 65 In summary, Shuiyousphaeridium is a unicel- 
lular eukaryote with unknown biological aflqnity and could represent an extinct group, or the 
ancestor of extant taxa, possibly but not condusively related to alveolate ancestors. 

Radiometric dates, and chemo- and litho-stratigraphy suggest that Ruyang shales are older 
than ca. 1250 Ma. 58'66 Other microfossils in the Ruyang assemblage occur also in the well- 
dated 1492+/-3 Ma Roper Group, of northern Australia. 

Prokaryotes can be large, the~ can have ornamentation, and they can have preservable walls 
(at least cyanobacteria sheaths), 6 but no prokaryote currently known has all three (large size, 
ornamentation, preservable acid-resistant walls) at once. And none exhibits the complexity of 
form from light microscopy, SEM, and in some cases TEM, observed in Shuiyouspbaeridium 
macroreticulatum, Valeria lophostriata, Tappania plana, and Satka favosa. Many eukaryotes do. 
Therefore, these microfossils display characters of a eukaryotic grade of organization, and are 
interpreted as eukaryotes with a sophisticated cytoskeleton. 

Towards the end of the Mesoproterozoic, other extraordinary fossils are preserved in cherts 
of the Hunting Formation, Arctic Canada, and consist of population of abundant Bangiomorpha 

67 68 pubescens. ' This fossil includes vertically oriented (15-45 gtm wide) uniseriate and (30-67 
gtm wide) multiseriate unbranched filament up to 2 mm long, surrounded by a translucent 
outer wall, and attached to a firm substrate by a lobate multicellular holdfast structure (Fig. 2: 
1). The ontogeny of Bangiomorpha includes single-celled, double-celled stages, and four-to 
eight-celled stage where the wedge-shaped cells are arranged along a radial symmetry. The 
holdfast starts to differentiate at the 12-16 cell stage and is attached by a single cell to the 
remainder of the filament. At some more mature stage, the cells of some filaments undergo 
longitudinal intercalary division giving rise to multiseriate filaments, followed in some cases ~8 
tertiary division leading to close-packed spheroidal cells interpreted as fertilized carpospores. 

This pattern of longitudinal intercalary cell (or pie-like) division is only known in modern 
Bangia (Bangiales Rhodophytes). Stigonematales cyanobacteria do produce a comparable thick 
sheath and multiseriate filaments, and differentiated multicellular holdfast; but they are also 
characterized by branching, apical growth and differentiated cells (akinetes and heterocysts), 
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characters not found in Bangiomorpha. 68 No cyanobacteria nor green algae show radial interca- 
lary division (one modern prasiolalean chlorophyte does but the radial'cells are not arranged as 
a fourfold symmetry and they are transient, dividing in three planes into parenchymatous 
spheres). 68 Taphonomy also points to a noncyanobacterial afflnity.18 Therefore, on the basis of 
diagnostic fourfold radially symmetrical arrangement of wedge-shaped cells, Bangiomorpha is 
interpreted as a bangiophyte alga, although it differs in some aspects from modern Bangia by 
having a multicellular holdfast rather than rhizoids (but other Fdamentous non bangiales 
bangiophytes do have a comparable holdfast). 68 

Bangiomorpha pubescem is the oldest taxonomically resolved eukaryote so far, and records 
the evolution of complex multicellularity, cell differentiation, and sexual reproduction. It grew 
attached to a firm substrate, in an upright position in the shallow-water to intertidal environ- 
ments. The fossils are preserved in cherts of the Hunting Formation, Somerset island, Arctic 
Canada, correlated with units on nearby Baffin island and Greenland dated at 1198 +- 24 on 
the basis of chemostratigraphy, litho- and bio-stratigraphy. 29 

At 1 Ga, Palaeovaucheria, a xanthophyte from the recently well-dated Lakhanda Formation, 
Siberia 69-71 indicates the appearance ofstramenopiles (which include diatoms, xanthophytes, and 
brown algae) and of secondary symbiosis (involving a red alga-like endosymbiont). Populations 
of Paleovaucheria display morphological traits characteristic of vaucherian xanthophytes such as 
branching at right angles,71 2. sizes of filaments on the same individual," " and terminal pores and 
septae at filament ends (hg. 2: 3). Vaucherians recently discovered in cc.700-800 Ma shales in 
Spitsbergen display a more complete range of vaucherian morphologies 72 (Fig. 2: 4). 

Neoproterozo~ Record (1 to 0.54 Ga) 
The Neoproterozoic records further diversification of multicellular organisms, induding 

fungi, and green, red and vaucheriale algae; and the advent ofbiomineralization and predation. 
The end of the era is marked by the first diversification of animals. 73'74 

The 1100-1005 Ma Lakhanda Fm and the 1000-800 Ma Miroyedikha Fm of Siberia in- 
clude ornamented and process-bearing acritarchs as well as filamentous multicellular microfos- 
sils, networks of cell, and possible fungi. 69 

The 850-750 Ma fossils "Tappania'discovered by Butterfield 65 in the Wynniatt Fm, Canada, 
are remarkable in their exquisite preservation and morphological complexity including features 
such as serial septae in the hollow, branched processes capable of secondary fusion (interpreted 
as hyphal fusion) (Fig. 2: 5-8) possibly forming a character combination synapomorphic of the 
higher fungi. These fossils have been compared to the older 1.5 Ga Roper Group and 1.3 Ga 
Ruyang Group Tappania but these have neck-like extensions unknown in the Wynniatt 
"Tappania" and do not show filaments fusion. 4~ For these reasons, the two Mesoproterozoic 
and Neoproterozoic populations are best regarded as distinct taxa. 18 More detailed work on the 
older material is needed to uncover the range of morphologies displayed by the Neoproterozoic 
fossils, as well as microchemical analyses (C isotopes, biopolymers) of both populations. 

Proterocladus, a siphonodadalean chlorophyte alga (based on long and irregular cell lengths, 
branching, intercellular septae and reproductive structures) (Fig. 2: 2) from the ca. 750 Ma 

75 Svanbergt]ellet Formation of Spitsbergen, suggests that chlorophyte diversification was well 
advanced by the mid-Neoproterozoic. 

Based on aperture and test morphology, vase-shaped microfossils (VSM) have been related to 
filose and lobose amoebae from >742 --- 6 Ma rocks of the Chuar Group, Arizona (Fig. 2: 9), and 
other contemporaneous successions. 76'77 Other VSMs with honeycomb-patterned walls have been 
interpreted as casts of euglyphid amoebae with originally mineralized siliceous scales (Fig. 2: 
10-11). These protists provide a firm calibration point for the supergroup opisthokonts, the dade 
that indudes animals, fungi and the amoebozoans, 77-79 not to mention direct evidence for het- 
erotrophic eukaryotes and eukaryotic biomineralization. 76 Hemispherical holes in some of these 
testate amoebae might record the earliest traces of predation (Fig. 2: 12). 77 Other evidence for 
biomineralization indudes 0.65 Ga siliceous scales of chrysophytes or diatoms. 8~ 
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Figure 2. Neoproterozoic eukaryotic fossils relative of extant clades. (1) Bangiomorpha 
pubescens, from the ~1.2 Ga Hunting Formation, arctic Canada, showing radial division of 
cells within uniseriate filaments, interpreted as Bangiophyte red alga; (2) Proterocladus sp., 
from the 750 Ma Svanbergfjellet Formation, Spitsbergen, interpreted as Cladophorale green 
alga; 3-4) Paleovaucheria clavatafrom the ~1 Ga Lakhanda Formation, Siberia (3), and the 
~750 Ma Svanbergfjellet Formation, Spitsbergen (4) interpreted as a vaucheriacean alga; 5-8) 
"Tappania plana" from the ~800 Ma Wynniatt Formation, arctic Canada, a complex multicel- 
lular form with septate (6), anastomosing processes (8) (light microscopy) interpreted as pos- 
sible fungi; 9,10,12) vase-shaped microfossils form the ~750 Ma Chuar Group, Arizona, testate 
amoebae, 9) Melanocyrilliurn hexodiadema(SEM), interpreted as a Iobose testate amoeba, 10) 
Melicerion poikilorl interpreted as a euglyphid testate amoeba; 11) modern analog Euglypha 
tuberculata; 12)VSM with holes in the test, possibly due to predation. Scale bar in 7 is also for 
6 and 8; in 11 also for 12. Images 1,2,4,5-8, courtesy of N.J. Butterfield; images 9,10,12 
courtesy of S.H. Porter, image 11 courtesy of R. Meisterfeld. 

After the Sturtian (710-725 Ma), the Marinoan (635-600 Ma) and the Gaskiers (580 Ma) 
glaciations, the diversity of acritarchs with symmetrically distributed processes increases in the 
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Ediacarian (632-550 Ma) 82'83 and microscopic animals are preserved in phosphorites, 84 car- 
bonates 85 and sandstones 74 around the world. The Doushantuo Formation of China, recently 
dated at ca. 598 - 2 Ma, 86 hosts multicellular green, red and, possibly brown algae, as well as 
animal embryos, possible stem group cnidarians, and putative sponges. 73'84'87'88 Fossils inter- 
preted as florideophyte red algae have differentiated medullary and cortical tissues with repro- 
ductive structures similar to carposporangia and spermatangia of living red algae. 73 Other 
Doushantuo fossils are attributed to Porphyra-like bangiophytes, to xanthophyte algae and 
possible green algae. The embryos are 500 ~m spheres with an ornamented envelope that 
contains 1, 2, 4, 8 or more closely packed internal bodies with faceted sides and decreasing in 
size as their number increases, suggesting cells dividing by successive binary divisions in cleav- 
ing embryos. 73 

Just before the Cambrian, the late Ediacarian acritarch assemblages include only large (100s 
gtm) unornamented sphaeromorphs, then diversity rises again in the Cambrian. 18 

Carbonaceous Compressions 
Carbonaceous compressions are micrometer-thick remains ofmillimetre to centimetre-sized 

bodies. Their abundance increases through the Proterozoic, especially in the Neoproterozoic. 
Millimetric coiled septate filaments called Grypania are preserved as carbonaceous compres- 
sions in Mesoproterozoic rocks from China and the western United States. 89'91'92 These have 
been interpreted as eukaryotic multicellular organisms, possibly algae, based on their macro- 
scopic size, helical morphology and the presence of transverse septae. Older fossils in the 1.87 
Ga Negaunee Iron Formation, Michigan 93'94 have been related to Grypania based on a broad 
morphological resemblance (coiled shape) however the interpretation has been questioned, as 
there is no preserved microscopic detail. 95 

Prior to 1.2 Ga, besides Grypania mentioned above (also called Sangshuania), several forms 
have been reported in Paleoproterozoic shales from China 96'97 and interpreted as seaweeds. 
However these structures have been reinterpreted as irregular mat fragments (see ref. 18 and 
refs. therein). Bedding-plane structures (Horodyskia) resembling strings of beads occur in 
Mesoproterozoic rocks from Australia 98 and Montana 99'1~176 but their interpretation remains 
problematic, ranging from seaweeds, colonial metazoans, prokaryotic association, or 
nonbiological structures. 

Neoproterozoic rocks yield diverse centimetric blades and closed tubes such as Tawuia, 
sausage-shaped compressions, and Shouhsienia, a ovate to spatulate form, and the blade-shaped 
Longfengshania. 1~ The Ediacarian records casts and compressions of animals and perhaps other 
eukaryotic kingdoms. 74 

Summary o f  Early Eukaryotes Diversity 
In summary, from 1.8-1.3 Ga, the diversity of organic-walled microfossils is moderate and 

includes smooth and ornamented sphaeromorphs, and vesicles with asymmetrically distrib- 
uted processes. From 1.3 to 0.7 Ga, the diversity of protists increases and the assemblages also 
indudes multicellular algae and fungi, and testate amoebae. The late Mesoproterozoic-early 
Neoproterozoic fossil record thus includes members of all extant supergroups: the Opisthokonts, 
the Amoebozoa, the plants, the chromalveolates, and the Rhizaria; except the Excavates. After 
the glaciations, the Ediacarian (632-550 Ma) records a burst in diversity of acritarchs with 
symmetrically distributed processes and macroscopic compressions, and animals are preserved. 
The late Ediacarian (550-542 Ma) yield only large smooth vesicles. In the Cambrian, diversity 
of ornamented and process-bearing acritarchs increases tremendously, in parallel with animal 
diversification. 18 

Dating Biological Innovations 
The morphology of the fossils described above permits in rare cases, when they present 

taxonomically specific traits, to relate them to extant clades. In most cases, only the domain, 
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1 r "  �9 1 6  Eucarya or Bacteria, can be determined based on defined c lterla. However, the morphology 
�9 �9 �9 1 8  �9 of the microfossils can help pinpoint the evolution of major biological mnovauons. This 

information sheds light on early eukaryote evolution, and could permit calibration of molecu- 
lar phylogenies based on genes involved in these functional or biochemical innovations. 

Table 1 summarizes through time the morphological and biomarker evidence for early eu- 
karyotes (some of them are taxonomically resolved based on unique characters), and the bio- 
logical innovations and their implications. Starting in the Archean through the Proterozoic, 
several important biological milestones are documented in the fossil record. Fossils and 
biomarkers provide minimum age for these evolutionary events, since phenotypes might be 
expressed later than genomic changes or might not be preserved in the geological record. 

The Biosynthesis of Eukaryou'e Sterols 
The earliest evidence for the evolution ofeukaryotic-like sterol pathway is dated at 2.77 Ga. 

Debates exists whether these sterols are restricted to eukaryotes (see above). Sterols make the 
cell membrane more flexible, a necessary innovation to permit, with the evolution of a dy- 
namic cytoskeleton, phagocytosis. Phagocytosis was a crucial step for allowing later evolution 
of grazing, predation, and photosynthetic eukaryotes (by endosymbiosis of a chloroplast ances- 
tor). Interestingly, the synthesis of sterols ~5 requires a minimum amount of oxygen. This syn- 
thesis does not mean necessarily the evolution of the nucleus. However, it is also possible, but 
unproven, that early eukaryotic cells were aerobe and had already nucleus and mitochondria. 8 

The Synthesis of Resistant Biopolymers 
Microfossils are extracted from shales using strong acids (HCL, HF) that dissolve the rocks 

and leave the organic-walled fossil intact. Prior to 1.8 Ga, there is no record so far of this type 
of fossils, but microfossils are rather preserved by mineralization in chert, phosphates, carbon- 
ates, from which they can rarely be extracted. 

This feature may indicate that either the fossil record is incomplete, the older fossiliferous 
shales still await to be discovered, or that early cells did not produce acid-resistant walls prior to 
1.8 Ga. In any case, by 1.8 Ga, cells were able to synthesize biopolymers probably resistant to 
a range ofphysicochemical conditions or to survive low nutrient concentration, as extant walled 
organisms do today. These biopolymers resist also to strong acids in the lab and permit micro- 
paleontologists to extract the fossils from rocks. 

Cytoskeleton and Internal Membranes 
Following Cavalier-Smith's 26 (p.37) description of eukaryotic attributes; "cysts with spines 

or reticulate surface sculpturing would probably have required both an endomembrane system 
and a cytoskeleton, the most fundamental features of the eukaryotic cell, for their construc- 
tion". Ornamented walls with polygonal organic plates and/or processes appear in the early 
Mesoproterozoic. The oldest process-bearing microfossil is Tappania plana at -1.5 Ga. The 
irregular morphology and asymmetric distribution of processes, and the presence of budding 
structures, suggest that Tappania was an actively growing vegetative cell or germinating struc- 
ture rather than a metabolically inert spore. 4~ Some specimens with possible excystment struc- 
tures would have been cysts. Prior to 1.5 Ga, the only ornamented fossils are vesicles orna- 
mented with regularly-spaced concentric ridges (Valeria lophostriata). Such wall structure is 
common among extant protists that make preservable walls of comparable size and morphol- 
ogy, but distinct from the most likely.prokaryotic candidates, envelope-forming cyanobacteria 
or other bacteria, to my knowledge. 5~ 

Recent findings show that Bacteria contain cytoskeletal elements. 1~ Distant bacterial ho- 
mologues of tubulin (FtsZ) and actin (MreB and ParM) not only resemble their eukaryotic 
counterparts structurally but also show similar functional characteristics. With the discovery of 
crescentin, a cell-shape-determining protein that resembles eukaryotic intermediate filament 
proteins, the third major cytoskeletal element has now been identified in bacteria as well. 1~ 
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However, motor proteins involved in intracellular transport along the filamentous components 
of the eukaryotic cytoskeleton are unknown in Bacteria. What is determining (and limiting) 
the morphological plasticity of Bacteria (compared to protist)? The molecular mechanisms 
underlying the generation and maintenance of bacterial cell shape remain largely unresolved. 104 
Known bacteria do not produce complex morphologies like protists do. Bacteria can reach 
relatively large size but they cannot produce large ornaments (these are often proteinic or 
nannoscale polysaccharide structures) and preservable walls all at once. 16 

Therefore, the complexity shown by some of the Proterozoic fossils, present in extant pro- 
tists but unknown in prokaryotes, demonstrates the evolution of the eukaryotic cytoskeleton 
by -~ 1.8-1.5 Ga. 

Life Cycle: Vegetative and Resting Stages 
Excystment structures consisting of simple medial split in populations ofleiospheres (simple 

sphaeromorphs) appear in the late Paleoproterozoic (-1.8 Ga). These structures may docu- 
ment the existence of resting stages, thereby implying the evolution of a life cycle of at least two 
(vegetative and resting) stages. Vegetative cells or germinating cysts are represented in early 
Mesoproterozoic populations of Tappania plana, which show budding, variable morphology 
and also possible complex excystment structures (opening at the end of a neck-like expansion). 
In the Neoproterozoic, an ornamented sphaeromorph (T. laufeldit) shows circular opening 
interpreted as excystment structures called pylomes. 1~ Every protozoan phylum is able to pro- 
duce resting cysts, suggesting that it could have been present in the ancestral eukaryote, possi- 
bly for protection against starvation. 1~ 

MultieeUularity and Cell Differentiation 
Multicellularity occurs in prokaryotes and eukaryotes. Multicellularity arose first in aquatic 

environment, possibly resulting from cells failing to separate after division, such as in filamen- 
tous bacteria and algae. 1~176 The next step involves cellular differentiation that permits divi- 
sion of labor. Stigonematales cyanobacteria produce multiseriate filaments, differentiated mul- 
ticellular holdfast, branching filament, apical growth, and differentiated cells. These cyanobacteria 
produce specialized cells (heterocysts) for fixing nitrogen and photosynthesizing cells in the 
same filament. They can also make resistant spores called akinetes, which are preserved in 2.1 
Ga rocks (review in ref. 29). These microfossils provide then a minimum age for cell differen- 
tiation and mtdticellularity. Thus, prokaryotes can exhibit multicellularity and cell differentia- 
tion, but their complexity is limited. Eukaryotic multicellularity permits a larger increase in 
organism size, higher-order emergent structures and development of tissue to accomplish more 
complex functions. 68 The size increase can give advantages such as better protection against 
predation, or increased speed and efficiency of colony locomotion (e.g., Volvox algae, dictyostelids 

108 slime molds), allowing migration to a more favourable environment. With tremendous pos- 
sibilities in morphological complexity and size, multicellular eukaryotes produced a new bio- 
logical environment with complex ecological interactions. 68 

The 1.8-1.4 Grypania (macroscopic coiled filament) might record a coenocytic-grade of 
multicellularity. But the oldest example of complex eukaryotic multicellularity and cell dif- 
ferentiation is a population of -  1.2 Ga bangiophyte red algae (Bangiomorpha), dividing by 
radial intercalary division where the radial cells are arranged as a fourfold symmetry, and 
producing holdfast, uniseriate and multiseriate unbranched filaments and packed cells inter- 
preted as carpospores. 68 The anchoring structure and upright position of this multicellular 
alga implies a new dimension in early ecosystems: tiering, that is, vertical diversification of 
ecological niches (rather that simply horizontal distribution of environments linked mostly 
to varying physicochemical conditions). Later record of eukaryotic multicellularity includes 
1 Ga and 0.85 Ga vaucheriale algae, 0.85 Ga possible fungi, 0.75 Ga cladophorale algae and 
0.75 Ga taxonomically unresolved forms such as Valkyria that has six cell types. 75 The 1 Ga 
Lakhanda Fm in Siberia includes several multicellular filamentous algae and cellular net- 
works of unknown affinities. 69 
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Large fossilized microfossils and some macroscopic compressions, could record coenocytic 
(multinucleate but noncellular) organisms, which could be considered as a primitive or derived 
form ofmulticellularity. Tissue-grade multicellularity or parenchymatous construction appears 
at the end of the Proterozoic, as shown by exquisitely preserved -600 Ma florideophyte red 
algae. 73 Compressions, ichnofossils (traces) and fossils of multicellular organisms, including 
metazoans, abound in Ediacarian rocks in latest Proterozoic. 

Sex 
As mentioned above, based on comparative morphology with extant relative bangiophytes, 

induding the possible presence of carpospores, Bangiomorpha also records the evolution of 
sexual reproduction by 1.2 Ga. 68 Since they are unicellular organisms reproducing sexually, sex 
antedated multicellularity. 67 Sex and multicellularity are independent innovations, that oc- 
curred in several groups, probably by the late Mesoproterozoic-early Neoproterozoic. Sex (or 
syngamy, nudear fusion and meiosis) might have evolved very early in eukaryote evolution, as 
soon as the evolution of a flexible cell membrane and of an internal cytoskeleton would have 
facilitated membrane fusion and cell merger, the basis for syngamy.109 

Photosynthesis 
Earliest evidence for photosynthesis is given again by Bangiomorpha. This fossil is a mul- 

ticellular red alga, implying a preceding evolution of unicellular photosynthetic eukaryotes, 
and thus the evolution of 4Phagocytosis for endosymbiosis of the chloroplast ancestor. 11 Based 
on biomarker evidence, the antiquity of eukaryotes and cyanobacteria may be 2.77 Ga, 
making theoretically possible the evolution of chloroplast by endosymbiosis. Geological evi- 
dence for atmosphere oxygenation and undisputable fossil evidence for cyanobacteria (see 
review in ref. 2) indicate that this endosymbiotic event could have occurred from 2.32- 2.1 
Ga. Therefore, prior to the 1.2 Ga red algae, the rock record preserves several organic-walled 
microfossils since about 1.8 Ga, probably including both heterotrophic and photosynthetic 

rotists Later hotos~nthetic eukaryotes include 1-0.85 Ga Xanthophyte algae, 750 ma 
Cladophorale algae69,/~,75 and p " P 600 Ma acritarch Tanarium with a wall made of the algal 
biopolymer algaenan. 5~ 

Heterotrophy 
Earliest direct evidence come from early Neoproterozoic (0.85 Ga) fungi from the Wynniatt 

Formation, Canada 65 and lobose and filose testate amoebae from the Chuar Group, Arizona. 76 
The record of photosynthetic eukaryotes since 1.2 Ga implies preceding evolution of het- 
erotrophic organisms, most probably preserved among Paleo- and Mesoproterozoic protists. 

Biomineralization 
Biomineralization is first recorded by casts of 0.75 Ga euglyphid amoebae (siliceous scales), 

then 0.65 Ga siliceous scales of chrysophytes or diatoms. In the late Neoproterozoic, animals 
with carbonate skeleton form large reefs, and sponge spicules and calcified tubes are preserved 
(see review in ref. 110). 

Predation 
Hemispherical holes in 0.78-0.75 Ga amoebae might record traces of predation by other 

microorganisms. 77 This would indicate complex microbial food webs. From 600-632 Ma, 
Ediacarian animals added another scale to predation. 

Tissue D~fferentiation 
Another degree of complexity is reached with the arrangement of cells into 3-D parenchy- 

matous tissues, as recorded in ca. 0.6 Ga floridophy~e red algae 111 and in Ediacarian metazoan 
compressions. 74 
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Embryogenesis 
Phosphatized embryos are preserved in 0.6 Ga rocks and record several steps of egg segmen- 

tation up to the stereoblastula stage. 73 These fossils imply the evolution of complex develop- 
mental pathway. 

Conclusions 
Major biological innovations in eukaryote evolution occurred in the Precambrian. Fossils 

and biomarkers record these innovations, showing that clade origination and diversification 
were Proterozoic events. The Phanerozoic sees diversification within the clades, and major 
innovations such as eukaryote invasion of land and intelligence. 

Early eukaryotes had developed many complex and characteristic cellular and molecular 
mechanisms by 1.2 Ga, but reached high diversity of macroscopic forms only at the end of the 
Proterozoic era. The causes of this relatively late or delayed diversification are probably mul- 
tiple, including the chemistry of early atmosphere and oceans and lack of predation pressure 
until the Ediacarian when increased oxygenation permitted the evolution of animals (possibly 
already appeared) and consequently the complexification of ecosystems (see discussions in refs. 
17,18,112). 

Innovative analyses of the fossils using combined microscopic and micro-chemical tech- 
niques (see refs. 50,51,55 and refs. therein, and refs. 113,114) will clarify the biological affini- 
ties of early eukaryotes. Increased resolution of the geochemical and stratigraphical record will 
precise the physicochemical evolution of early environments where eukaryotes appeared and 
diversified. Molecular and cellular biology, looking at genes and ultrastructural elements in- 
volved in these major biological innovations, will provide improved phylogenies to test with 
the fossil record. 

Collaborative research, involving geologists, paleontologists, chemists and biologists, will 
undoubtedly improve our understanding of early eukaryote evolution. 
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CHAPTER 2 

The Diversity of Eukaryotes and the Root 
of the Eukaryotic Tree 
Henner Brinkmann and Herv~ Philippe* 

Abstract 

M 
ore than 15 years ago, on the basis of phylogenetic analyses of a handful of anciently 
duplicated genes and of rRNA, Carl Woese proposed both a eubacterial rooting of 
the Tree of Life and a stepwise evolution of the eukaryotic cell. An important part of 

Woese's paradigm was the assumption that the so-called Archezoa were considered to be 
genuinely primitive because they were lacking mitochondria and several other organelles char- 
acteristic for most eukaryotes. Since then, enormous progress have been accomplished in se- 
quencing technology and in phylogenetic reconstruction. In particular, it is now clear that a 
tree reconstruction artefact, known as Long Branch Attraction, is responsible for the 
early emergence of the fast evolving Archezoa in the eukaryotic tree. The corollary hypothesis 
that all extant eukaryotes are ancestrally mitochondrial is strongly supported by the discovery 
of rudimentary mitochondrial organelles in all analysed Archezoa. Today a consensus that di- 
vides the extant eukaryotes into six major groups is replacing Woese's paradigm, which needs, 
however, further confirmation. Recently, a molecular dating study based on a large phylogenomic 
dataset with a relaxed molecular clock and multiple time intervals yielded in a surprisingly 
recent time estimate of 1085 Mya for the origin of the extant eukaryotic diversity. Therefore, 
extant eukaryotes seem to be the product of a massive radiation that happened rather late, at 
least in terms of prokaryotic diversity. In multiple cases evolution has proceeded via secondary 
simplification of a complex ancestor, instead of the constant march towards rising complexity 
generally assumed. Therefore it is time to reevaluate the origin and evolution of eukaryotes, in 
light of the newly established phylogeny, by further integrating secondary simplification as an 
equal partner to complexification. 

Woese's Paradigm 
The first molecular studies meant to uncover the evolutionary relationships among eukary- 

otes date back to the late eighties and were essentially based on phylogenetic analyses using the 
ubiquitous and highly conserved small subunit ribosomal RNA (SSU rRNA).I'2The eukary- 
otic SSU rRNA tree, generally rooted by the distantly related Archaea, displays several basal 
and deeply diverging lineages that progressively emerge followed by about ten (often 
multi-cellular) apical lineages called the "crown groups". Since the relative order of emergence 
of these latter groups was unresolved with short internal branches connecting them, it was 
suggested that the crown groups originated in a massive radiation. 3 
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The unicellular organisms (often parasites) that emerged at the base of the rRNA tree are 
usually simple and lack organeUes (in particular mitochondria) or systems characteristic for the 
vast majority of eukaryotes (e.g., Golgi apparatus). 4 Therefore they were considered to be 
genuinely "primitive", relicts of an ancient world essentially devoid of oxygen and representing 
ancestral organisation levels in the progressive complexification of the eukaryotic cell. This tree 
was in good agreement with the "Archezoa" hypothesis. 5 Archezoa were defined as primarily 
amitochondrial and peroxisome lacking eukaryotes, which were postulated to have evolved 
under anaerobic conditions before the great oxygenation event, 6 around 2,300 mya. Furthermore, 
the large distances observed within the eukaryotic SSU rRNA, especially for the Archezoa, led 
to the idea of a diversity of eukaryotes similar or even greater than the diversity ofprokaryotes. 4 

The theory of the endosymbiotic origin of mitochondria and plastids, originally proposed 
by Mereschkowsky 7 was revived in the early 70s 8 and increasingly supported by molecular 
data. The identification of the bacterial groups from which they originated was first achieved 
through rRNA-based analyses that demonstrated a specific affinity between plastids and 
cyanobacteria 9 and between mitochondria and alpha Proteobacteria (then called purple 
bacteria). 1~ 

Although rRNA analyses showed the existence of the three domains of life (Archaea, Bacte- 
ria and Eukaryotes), 11 rRNA genes were not suited to address the question of their relationships, 
since there is no outgroup to root rRNA phylogenies. The discovery that a few conserved genes 
exist across all three domains of life as two distinct yet homologous copies allowed circumvent- 
ing this problem. Indeed, being the descendants of an ancient gene duplication that had hap- 
pened before the time of the "Last universal common ancestor" (LUCA) of the three domains, 
and these two paralogous copies could be used as reciprocal outgroup sequences. In 1989, two 
studies based on translation elongation factors EF-Tu and EF-G 12 and F and vacuolar 
H+-ATPases 13 supported a sister-group relationship between Archaea and Eukaryotes, with the 
Bacteria emerging first. A few subsequent studies confirmed this initial result I4-17 but see. 18 
Arguing in favour of an origin of eukaryotes from a "primitive" Archaeon, both the shape and 
the bacterial rooting of the Tree of Life rapidly became widely accepted. 1 However, rather than 
a simple gradual transformation from an archaeon to an eukaryote most scenarios are fusion-based 
hypotheses. 19-22 We call this view of the Tree of Life Woese's paradigm, it has been presented in 
many textbooks. 

The persisting predominance of Woese's paradigm even in light of current data is rather 
surprising, since it is founded on: 1) a low number of genes (less than ten) that provide limited 
guarantee to represent the entire genome, 2) a limited number of species (quite often a single 
representative per major lineage, except for animals, fungi and plants), and 3) simple tree re- 
construction methods, mainly distances computed with an unrealistic model of sequence evo- 
lution. The two latter points were established very early on as seriously decreasing the accuracy 
of phylogenetic inference. 23-25 In this chapter, we will give a rapid overview of progress in 
phylogenetic inference and show which parts of Woese's paradigm are affected by recent im- 
provements and their impacts on biological deductions. Then we will present our current knowl- 
edge of the eukaryotic phylogeny and the most important open questions. Finally we will 
discuss some hypotheses that have been inspired by the new phylogenetic framework. 

Progress in Tree Reconstruction Methods and in Sequencing: 
The Promise of Phylogenomics 

The aim of tree reconstruction methods is to extract phylogenetic signal from a set of ho- 
mologous characters. The basic unit of the phylogenetic signal is simply a substitution (i.e., a 
mutation fixed in the population) from one nucleotide to another. If a substitution has oc- 
curred in an ancestral species, all descendant species share a unique nucleotide that allows 
uniting them into a monophyletic group. The Maximum Parsimony method strictly follows 
this principle by selecting the tree that minimises the number of apparent substitutions. 
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Figure 1. Long Branch Attraction and taxon sampling. A fast-evolving position is shown in (A). 
Because the top and bottom species evolve faster, they are more likely to converge by change 
towards the same nucleotide. Since based on four taxa it is impossible to deduce multiple internal 
substitutions, the inferred tree will likely group together the two fast evolving lineages because 
of the Long Branch Attraction artefact. 29 However, if more species are considered, the evolution- 
ary history of this fast evolving position can be correctly deduced (B). This is why a dense taxon 
sampling by breaking long branches renders the phylogenetic inference less sensitive to artefacts. 24 

The difficulty of phylogenetic inference comes from the fact that many homologous positions 
in an alignment have undergone not a single but several substitutions. Therefore, distantly 
related species will eventually harbour identical character states (Fig. 1) which are not inherited 
from a common ancestor, a phenomenon called homoplasy. The species rich tree (Fig. 1B) 
allows the complete reconstruction of the evolutionary history, where as many as eight substi- 
tutions have occurred. In contrast, the incorrect tree that would be inferred based on four 
species assumes a single homoplastic substitution from T to G (tree not shown) that actually 
never took place. This kind of erroneous interpretation of multiple substitutions by tree 
reconstruction methods generates nonphylogenetic signal, i.e., support for an incorrect tree topoi- 
ogy. The two most common tree reconstruction artefacts will now be introduced. 

The first and most easily understandable artefact is due to the heterogeneity of nudeotide 
or amino acid composition. When two nonspecifically related lineages have independently 
acquired a similar nucleotide composition (for example, extremely A + T rich), they acciden- 
tally share the same nucleotide at numerous positions of the alignment due to their similar 
composition. These homoplasious positions are interpreted as evidence for substitutions in a 
hypothetical, however never existing, common ancestor. In cases when this nonphylogenetic, 
compositional signal is outnumbering the genuine phylogenetic signal, the inferred tree 
incorrectly groups the species sharing the same composition. This compositional artefact was 

27 rapidly identified in the case of rRNA phylogeny for Archeoglobus 26 and Thermus. It consists 
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in an elevated G + C content of the rRNA ofthermophilic organisms 28 and lead to an artefactual 
clustering of GC rich sequences. For example Thermus thermophilus is artefactually grouped 
with the extreme thermophilic organisms Thermotoga and Aquifex instead of being together 
with the mesophilic Deinococcus. However, the addition of the nonthermophilic species, Thermus 
tuber, allows to recover the correct position of this genus, 27 thus overcoming the compositional 
signal. This approach circumventes the artefactual clustering of thermophilic organisms in the 
rRNA tree. 

The second artefact is the well-known Long Branch Attraction (LBA) artefact, in which 
two unrelated species with an elevated evolutionary rate are erroneously clustered together. 29 
Although more difficult to capture, the "rate signal" is similar to the compositional signal, since 
both are the result of a biased substitution process. In the simplified example of Felsenstein 
(1978) 29, two species A and C evolve faster than two other species B and D, with A and B being 
closely related. Because B and D evolve slowly, they have retained numerous ancestral nucleotide 
character states, whereas A and C independently accumulate many substitutions. Due to the 
limited set of nucleotides (only four character states), A and C will often, by chance, acquire 
the same nudeotide at a given position, whereas B and D will essentially remain in the ancestral 
state. These homoplastic positions can be interpreted as evidence for a nonexisting common 
ancestor of A and C. The rate signal predominates over the phylogenetic signal when rate 
(branch length) differences are more pronounced and the internal branch is short, i.e., fast 
rates (long branches) imply many (homoplastic) changes and a short internal branch reflects 
few informative changes. Although first described in 1978, the magnitude of LBA-related 
problems was for a long time largely overlooked. However, they represent major challenges to 
molecular phylogenetic inference. 3~ It is worth to mention a particularly important case of 
LBA, the one where a distant outgroup attracts all fast evolving ingroup species, which 
therefore artefactually emerge in basal positions. 31 

The cause of these two artefacts is a severe underestimate of the true evolutionary distance, 
i.e., the vast majority of the multiple substitutions remain undetected by most phylogenetic 
methods. Therefore, the first approach to deal with multiple substitutions involves the im- 
provement of phylogenetic methods. We will introduce basic facts of the evolutionary process 
and consider their impact on phylogenetic inference. The simple MP approach does not try to 
take into account the fact that two substitutions on long branches may be much more probable 
than a single substitution on a short internal branch, since it gives the same weight to all 
substitutions. Basically, maximum likelihood (ML) and Bayesian methods try to explicitly ac- 
count for this possibility by defining a probabilistic framework. 32 More specifically, for a given 
topology~ the probability of observing the data is computed by analysing all possible substitu- 
tional histories that explain the observed distribution of characters. To obtain an accurate esti- 
mate of this probability, one has to define a mathematical model of sequence evolution. The 
aim is to be able to predict when multiple substitutions have a greater probability to occur by 
chance on the correct topology than a single substitution on an incorrect topology i.e., to avoid 
that these substitutions are wrongly interpreted, thus leading to an increase of the 
nonphylogenetic signal. 

The accuracy of ML is well above the one of MP in the case of LBA, for simulated 33 as well 
as real data, 34 even if a very simple and unrealistic model of evolution is used i.e., all substitu- 
tions are equally likely, positions have the same probability of accepting a substitution, 35 the 
only heterogeneity being that the various branches have different lengths. Several other hetero- 
geneities of the evolutionary process have been incorporated into the models. In particular, (1) 
different probabilities of substitutions from a nudeotide/amino acid to another (e.g., inferred 
from the data in the GTR model, 36 or empirically determined for the WAG matrix), 37 (2) 
different probabilities of substitutions across sites, generally modelled by a F distribution, 38 (3) 

rofiles of subsutuuon robabdmes 39 40 different p " " p "" " across sites, ' or (4) variable nucleotide com- 
position among lineages. 41-43 Despite these progresses that have solved several problems, 44 tree 
reconstruction artefacts still persist, probably because all these heterogeneities are not integrated 
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into a single, highly complex, model and because the real evolutionary process is much more 
heterogeneous. Probabilistic methods (ML and Bayesian) are widely used in current prac- 
tice. Nevertheless, this accuracy depends on the underlying evolutionary model. 45 For example, 
heterotachy, i.e., rate variation of a given site throughout time, is known to generate artefacts 
when ignored, 46'47 but is not yet efflciendy modelled. 

A complementary approach to the use of better phylogenetic methods is the improvement 
of data sets in terms of species and gene sampling. The first and common strategy is simply to 
consider more species for the same overall biodiversity. 24 These additional species will naturally 
reveal multiple substitutions that are hidden when long branches are unbroken (Fig. 1B). Many 

34 48 50 34 51 53- - simulation studies ' " and empirical studies ' - have confirmed that phylogenies based 
on numerous species are more accurate. In the case of animals, the inclusion of the slow-evolving 
nematodes reveals that they are closely related to arthropods, 54 instead of being a basal bilaterian 
phylum as rRNA analyses previously suggested. 55 Therefore, the ideal conditions for phyloge- 
netic inference are a dense species sampling with the sequences under study forming a con- 
tinuum, thus naturally excluding any long branches. However, in reality, beside economical 
reasons that limit the number of sequenced species, there are many cases in which the evolu- 
tionary process has shaped the true phylogeny in a way that long branches do exist. This is 
applicable for a high number of taxa like mammals, birds, tuatara, lungfishes, coelacanths, 
angiosperms and eukaryotes. Therefore, improving species sampling cannot be the only solution. 

A second option became accessible thanks to major progresses in sequencing technology 
that also largely revolutionised the domain ofphylogenetic inference. Large-scale genomic and 
EST sequencing projects provide a huge amount of raw material (in terms of orthologous 
genes). The use of large data sets (> 100 proteins) in molecular phylogenetics is known as 
phylogenomics. The phylogenomic approach has several advantages, the most important being 
the drastic reduction of the sampling (random) error, a major issue in analyses based on a single 
or few proteins. The resolving power of the phylogenetic inference is largely improved, being 
able to solve with high statistical support questions that were not tractable in the recent past. 56-59 
Unfortunately, a 100% bootstrap value does not necessarily mean that the result is correct, 
because of the limitation of tree reconstruction methods. Indeed nonphylogeneticsignals (e.g., 
compositional or rate) can accumulate under certain conditions and become predominant, 
especially if the phylogenetic signal is sparse. In the case of eukaryotes this is currently exacer- 
bated by the fact that only a few completely sequenced model organisms are available for 
phylogenomic analyses. For instance, several studies based on up to 800 genes 6~ significantly 
rejected the Ecdysozoa (moulting animals) hypothesis, in favour of the classical Coelomata 
(animals with a real body cavity) hypothesis. This happened mainly because the outgroup used 
was too distantly related, thus leading to an artefactual attraction of the fast evolving nema- 
todes to the base of animals. 3~ 

An additional option to increase the phylogenetic accuracy is more drastic and perhaps less 
elegant, but appears to be indispensable in certain cases. 65 Since the reconstruction methods as 
aforementioned are not able to efficiently handle multiple substitutions, one can remove the 
part of the data that has a high level of multiple substitutions. The first data removal approach 
was applied to solve problems with compositional bias. It consists in recoding the rRNA se- 
quences in a way that only the rarely occurring transversions (change from a puRine (R = A + 
G) to a pYrimidine (Y = C + T) base) and not the frequent transitions (changes among the two 
purine and pyrimidine bases) are used to infer the phylogeny. 26 This R + Y coding is also 
efficient for DNA sequences 66 and a similar approach has been developed for amino acid se- 
quences. 67 One can also remove from the analysis the fastest evolving species, or the ones that 
have the most biased composition. For instance, removing the thermophilic Thermus thermophilus 
and using only the mesophilic T. tuber reinforces the support for the correct branching pat- 
tern. 27 Finally, the fastest evolving positions can be exduded. The simplest version is the exclu- 
sion of the third codon position. Nevertheless, it is impossible to know a priori the rate starting 
from which a position is too rapid to be correctly analysed. Therefore, in practice, fast evolving 
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sites are progressively removed until the resolution becomes limited; topological changes are 
strong indicators that tree reconstruction artefacts (LBA or any others) affect the inference 
when all positions are used and the topology based on slowly evolving positions should be 
preferred. Several site removal approaches have been developed and successfully applied (for 
review see ref. 44). 

Although the accuracy of phylogenomics is currently restricted by the limited species 
sampling, it is ideal for applying the two other approaches discussed above to improve the 
phylogenetic accuracy.44 First, when more information is available, more parameters can be 
accurately estimated, thus allowing the use of more complex, more realistic models of sequence 
evolution. 68 Second, a large part of the alignments that contain an excess of nonphylogenetic 
signal can be removed without any significant loss in resolution. Although, phylogenomics will 
demonstrate its full potential in the next few years, the conjugate progresses in phylogenetic 
inference methods and in sequencing technology have already seriously challenged Woese's 
paradigm. This is not very surprising because this paradigm was originally based on a single 
gene, with only a few species and simple reconstruction methods, a combination enhancing 
the probability of tree reconstruction artefacts. 

T h e  R o o t  o f  t h e  Tree  o f  L i fe  
The localisation of the root of the Tree of Life is one of the most difficult problems in 

phylogeny; if not the most difficult, because it concerns an extremely ancient event. Accord- 
ingly, the bacterial rooting as a part of Woese's paradigm is a good illustration of an unjustified 
faith Indeed, it was inferred based on very few aralo ous airs of~enes, i e, EF-Tu/EF-G, 12 
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F- and V- ATPases, Ile/Val tRNA synthetases (tgS), 15 hisMhisF, '8 Trp/Tyr tRS, 69 and the 
Sl~d354]Src~ ~6air, 17 as well as an internal duplication in the carbamoylphosphate synthetase 
(CPS) gene. Except for the hisA/hisF pair, all these paralogs support the bacterial rooting. 
However, the number of alignable positions is very low (- 100 per gene) in each study and the 
species sampling was scarce (often a single Archaea). Not surprisingly, genomics and progress 
in tree reconstruction methods seriously challenged these results. 7~ First, the inference of the 
species phylogeny from the gene phylogeny was shown to be impossible for Ile/Val tRS, CPS, 
and to a lesser extent F- V-type ATPase, because of the large extent of horizontal gene 
transfer (HGT). 7~ 

More importantly, the bacterial rooting of the Tree of Life is the archetypal case of the LBA 
artefact (Fig. 2). In comparison to the already elevated distance observed for a given ortholog 
across the three domains, the distance separating two paralogous copies is really enormous. The 
outgroup is thus expected to attract long branches of the ingroup to the base of the tree, espe- 
cially with the rudimentary tree inference methods used at that time. Further, Bacteria haveby 
far the longest branch in all cases except hisMhisF (Fig. 2). In consequence, Bacteria are at- 
tracted by the distantly-related paralogous copy in a systematic way. Such an interpretation 
provides an explanation to the strong statistical support observed for the bacterial rooting 
despite the use of only -100 positions and the antiquity of the node. Interestingly, in trees 
where eukaryotes have the longest branch, like hisA/hisF, an eukaryotic rooting is accordingly 
inferred, Is thus confirming that LBA plays a major role. 

The central question is therefore to know whether (1) the bacterial rooting is an artefact due 
to an accelerated evolutionary rate of Bacteria or (2) if the bacterial rooting is actually correct, 
with the long branch simply reflecting a long period of independent evolution and a possible 
rate acceleration. % adequately address this question, we chose to focus on SRP54/SRcx, be- 
cause these two paralogs are the most similar pair among the anciently duplicated genes. 72 In 
addition, we used the SF method that analyses the most slowly evolving positions and is known 
to eschew the LBA artefact when even complex probabilistic methods fail. 3~ In these condi- 
tions, an alternative rooting of the Tree of Life is obtained, with the prokaryotes (Bacteria and 
Archaea) forming a monophyletic group to the exdusion of eukaryotes. 72 Unfortunately, be- 
cause of the reduction of the number of positions imposed by the SF method, this eukaryotic 
rooting is not significantly supported. 
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Figure 2. Long Branch Attraction and the root of the Tree of Life. The three domains of Life 
(Archaea, Bacteria and Eukaryota) are each represented by their initial letter. O means outgroup 
and corresponds to the second paralog of the anciently duplicated gene. The branch length is 
proportional to the average rate within each domain. Note that the scale is not the same for the 
different genes, since our concern is on the relative branch lengths of A, B, E, and O. The gene 
name corresponds to the unrooted tree. For the three leftmost pairs, the branch of Bacteria is by 
far the longest with respect to Archaea and Eukaryota and is therefore very likely attracted by the 
even longer branch of the outgroup, resulting into the classical bacterial rooting. 1 Importantly, 
for the hisA/F gene pair, the eukaryotic branch is the longest, and accordingly an eukaryotic 
rooting is recovered. 

Another approach, though quite radical, to solve this central question is to remove the 
source of LBA artefacts by discarding the outgroup. In fact a nonreversible model allows to find 
the root of a tree. 73 Although the elimination of a distant outgroup is highly advantageous, its 
benefits are somewhat weakened by the strong assumptions that have to be made about the 
evolutionary process. Such an approach applied to the secondary structural elements of both 

__ 74 large and small subunit rRNAs recovered an eukaryotic rooting. However, the lack of refer- 
ence studies makes the estimation of the reliability of the method difficult. 

In condusion, the bacterial rooting recovered in the early nineties very likely resulted from 
a nonphylogenetic signal due to2ooor species sampling and use of simplistic methods, as dem- 
onstrated by refined studies. 7~ Moreover, the lack of evidence for an archaeal rooting sug- 
gests that such a hypothesis can be ruled out. While the phylogenetic signal seems to design the 
eukaryotic rooting as our best working hypothesis, the weakness of the statistical support prompts 
to additional studies. 

"Primitive" Eukaryotes: A Second Major Paradigm Shift 
All methodological improvements discussed above pointed towards an artefactual nature of 

the base of the rRNA tree, 75-8~ strongly suggesting that Archezoa and other so-called "early" 
emerging taxa belong to the "crown". Indeed, even based on rRNA, better methods (e.g., a 
gamma distribution to model rate across site variation) are able to locate some amitochondriate 
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eukaryotes (e.g., trichomonads) at the top of the tree, albeit without significant support. 81 The 
amitochondriate Microsporidia is the most famous example being convincingly demonstrated 
to be closely related to fungi using protein sequences. 34'82 

An important implication of this paradigm shift is that the last common ancestor of extant 
eukaryotes must have been much more complex than previously thought. The prominent ex- 
ample is the presence ofa mitochondrium in this ancestor. Indeed, even if convoluted scenarios 
involving HGTs can not be formally ruled out, the discovery of typical mitochondrial genes in 
all archezoan groups examined, Entamoeba, 83 trichomonads, 84'85 microsporidia, 86 and 
diplomonads,dZis more parsimoniously interpreted as evidence for the ancestral presence of 
mitochondria in these organisms. Accordingly, the proteins encoded by these genes are localised 
in double-membrane bound organelles known as hydrogenosomes 88 or in the so-called 
mitosomes. 89-91 These organelles are therefore most likely remnants of mitochondria havin~ 
lost their respiratory function. Generally devoid of a genome (except the ciliate Nyctotherus), 9 
hydrogenosomes possess an anaerobic energy metabolism based on hydrogen production and 
are polyphyletically distributed in diverse groups (e.g., trichomonads, ciliates, fungi). Mitosomes 
are not known to be involved in energy metabolism and the reason for their evolutionary 
conservation probab~ lies in other functions fiflf'dled by mitochondria, in particular iron-sulphur 
protein maturation. 91 

In summary, two independent lines of evidence invalidate the Archezoa hypothesis, thus 
seriously challenging Woese's paradigm. Furthermore, the relocation of all former "intermedi- 
ate groups" within the crown creates a huge gap between the root and extant eukaryotes and 
greatly reduces the evolutionary distances among eukaryotes. This suggests that the diversifica- 
tion ofeukaryotes is more recent than previously assumed, and that their evolutionary diversity 
is much less important than the one of prokaryotes. In fact, because mitochondria originated 
from within alpha-proteobacteria and therefore, in terms of elapsed time of evolution, the 
diversity of extant eukaryotes is inferior to the alpha-proteobacterial diversity. 

Current Status of the Eukaryotic Phylogeny 
Despite the amazing increase of available data, the resolution of the eukaryotic phylogeny 

turns out to remain difficult, as predicted by the Big Bang hypothesis. 77 Reasons are a relatively 
rapid diversification and to a lesser extent the obligation to resort to the distant Archaea as an 
outgroup. A consensus (Fig. 3), in which six super-ensembles are recognised, 93-% is neverthe- 
less emerging. It is mainly based on a few multigene analyses, associated with the use of a 
handful of rare evolutionary changes (i.e., insertions/deletions -indels- and gene duplication/ 
fusion/replacement). The attention accorded to rare evolutionary events is based on the (often 
unjustified) assumption that such characters provide a highly reliable information, that can be 
captured even when a simplistic inference method (i.e., maximum parsimony) is implicitly 
used. 31,97 

Opisthokonta, grouping animals, fungi and several protist dades (e.g., choanoflagellates, 
nucleariids, ichthyosporeans, corallochytreans) is the most reliable su er-ensemble. It is su - 
ported by numerous approaches, including indels 98 and multigene in~erence. 99-1~ While t~e 
uniflagellated reproductive stage constitutes a single morphological character shared by most 
animals and some fungi (i.e., chytrids), there seems to be no morphological features uniting all 
opisthokont lineages. 1~ 

Plantae contain the three lineages of primary photosynthetic organisms, i.e., glaucophytes, 
green plants and red algae. Although a solid demonstration was lacking, the monophyly of 
Plantae has been generally accepted, 03 most likely because of the broad consensus for a single 
origin of primary plastids. Recently, phylogenomic analyses provided sound support for the 
monophyly of both primary plastids and primary photosynthetic eukaryotes. 1~ This strongly 
argues for a single primary endosymbiosis with a cyanobacterium (but see ref. 105 for a second 
much more recent independent primary endosymbiosis in the cercozoan Paulinella 
chromatophora). 
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Figure 3. The current consensus of eukaryotic phylogeny. The six proposed super-ensembles of 
eukaryotes including their major constituting groups are shown in different colours. Not solidly 
established connections are indicated by dotted lines. The arrows and the question marks indi- 
cate possible locations of the root of the eukaryotic tree. 

Amoebozoa unites most of the amoeba, induding slime molds, lobose amoeba and anaero- 
bic Archamoebae, but neither filose amoeba nor Actinopoda. Evidence for the monophyly of 
Amoebozoa is rather limited. Indeed, the fusion of coxl and cox2 genes in mitochondrial 
genomes of Acanthamoeba and Dictyostelium 1~ supports this grouping, but needs to be exam- 
ined in additional species. The monophyly of Conosa (i.e., slime molds + pelobiont + 
entamoebids) is found by a phylogenomic approach 1~ and more recently, we recovered the 
monophyly of Amoebozoa with an extended biodiversity (9 species) using - 100 genes (unpub- 
lished results). 

Chromalveolata contains four diverse groups, alveolates (including dinoflagellates, 
Apicomplexa and ciliates), cryptophytes, haptophytes and stramenopiles (including oomycetes, 
brown algae, golden algae, diatoms, among many others). Actually, the Chromalaveolata hy- 
pothesis 1~ implies a single secondary endosymbiosis involving a red alga at the origin of the 
group. Two specific gene duplications, concerning glyceraldehyde-3-phosphate dehydrogenase109 
and fructose bisphosphate aldolase, 11~ support their monophyly. However, the gene for the 
plastid-specific phosphoribulokinase 111 found in all chromalveolates surprisingly seems to be 
of green algal origin. However, the absence of any specific association with red algae for all 
three aforementioned markers is puzzling. Furthermore, a ph[logeny based on six concatenated 
genes does not recover the monophyly of chromalveolates, 11 whereas the analysis of 141 genes 
strongly places alveolates and stramenopiles as sister-groups 1~176 but haptophytes and cryptophytes 
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were missing. Confirmation of the clade chromalveolates is urgendy needed as it has important 
implications on the spread of photosynthesis in eukaryotes. 

If chromalveolates are a genuine monophyletic group, this would imply the occurrence of 
several losses of photosynthetic functions (e.g., in Apicomplexa), but also of all plastid struc- 
tures (e.g., in ciliates and in oomycetes). Nevertheless, the monophyly of chromalveolates can 
be partially tested by using plastid-encoded genes. Such phylogenies (usually excluding very 
fast-evolving apicomplexa and dinoflagellates) lead to contradictory and weakly supported re- 

113 suits: either monophyly in a species-rich and gene-poor study and a rather species-rich and 
gene-rich study, 1~176 or polyphyly in a species-poor and gene-rich study. 114 Tl~e question re- 
mains therefore open. 

Evidence for the monophyly of the last two super-ensembles, Rhizaria and Excavata, is 
much more tenuous. It consists mainly on weakly supported phylogenies based on a single or a 
few genes that unite some, but usually never all, members of these groups, 115-118 as well as 
indels.119 Whereas excavates have been proposed on morphological grounds, there seems to be 
no morphological feature that unites all of them. 12~ Indeed, the particular type of ventral feed- 
ing groove giving its name to the group is only shared by the "core" excavates i.e., diplomonads, 
retortamonads, jakobids, heteroloboseans, Carpediemonas, Trimastix, and Malawimonas. In 
addition, Euglenozoa, oxymonads and parabasalids are associated with excavates by a combina- 
tion of morphological and molecular data. 121 Finally, no morphological character is known to 
be specific to all Rhizaria. 122 

Even if the monophyly of these six assemblages is confirmed, the important question of the 
location of the root remains, because Archaea are too distantly related for a reliable rooting by 
current methods. 34 Given the small distance of proteobacteria to eukaryotes compared to 
Archaea, so far poorly studied eukaryotic genes of mitochondrial origin are a promising avenue 
of research that may ultimately allow to confidently root extant eukaryotic diversity. 

Instead, attention was essentially focused on a few rare evolutionary changes. For instance, 
an enolase indel shared with prokaryotes supports a basal position of Trichomonas. 123 Later 
shown to have been independently lost or gained among prokaryotes, this particular indel is 
now considered to be unreliable. 124'125 One highly debated feature is the gene fusion of 
dihydrofolate reductase (DHFR) and thymidylate synthase (TS) genes. 76'126 This fusion is 
found in all groups that are assumed to be ancestrally with two cilia (bikonts), whereas the 
remaining groups (unikonts) have separate genes (Opisthokonta and Bacteria). However, sev- 
eral species (in particular some amoebozoan, diplomonads and trichomonads) lack the 
orthologous genes, thus preventing their placement based on the DHFR + TS fusion. Two 
other characters, a gene fusion of the first three enzymes of the pyrimidine synthesis path- 
way 127 and an internal duplication in the phosphofructokinase gene, are restricted to opisthokonts 
and Amoebozoa. 128 Furthermore, a recent study based on the taxonomic distribution of myosin 
domain combinations claims that "five innovations (new domain combinations) strongly 
support unikont monophyly and the primary bikont/unikont bifurcations". 129 

While these slowly evolving characters point towards a root between Amoebozoa + 
Opisthokonta and Cercozoa + Chromalveolata + Plantae + Excavata; the replacement of the 
proteobacterial RNA polymerase by a T3/T7-1ike polymerase in mitochondria of all eukary- 
otes except jakobids (e.g., Reclinomonas) strongly supports an incompatible rooting within 
excavates, with jakobids emerging first. 13~ This demonstrates that these rare characters can also 
be affected by convergence, HGT, or reversion. The location of the root of the eukaryotic tree 
remains an open question and the last word will have to wait for congruence of phylogenetic 
inference and rare genomic changes. 

Molecular Dating 
Time estimates based on molecular data vary widely. For example, the origin of Plantae is 

113 131 1 either inferred around 1,600-1,500 mya ' or around 1,000 mya. 32 Beside problems due 
to phylogenetic inference explained above, dating methods have to deal with uncertainty of the 
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fossil record and with rate variation across lineages. 133'134 Interestingly, important method- 
ological progresses have been recendy achieved. 135-137 In particular, calibration dates can now 
be provided in terms of intervals, which allows to account for paleontological uncertainty, 
whereas the use of a fixed time point previously created the illusion of precision in molecular 
dating. 133 In addition, instead of excluding genes that do not have a clockwise behaviour (a 
difficult task given the weaknesses of existing tests), 138'139 rate variation is modelled by so-called 
relaxed molecular clock techniques. 136'137'1~~ 

To obtain the most accurate time estimates, it is primordial to use: (1) a large number of 
genes to reduce the stochastic error, (2) a large number of species to reduce the phylogenetic 
error, (3) multiple calibration intervals to reduce the paleontological error, and (4) relaxed 
clock methods to reduce the dating error. Very few studies have fulfilled all these four crite- 
ria, 132'141 with the only one focused on eukaryotic evolution being the work of Douzery et al. 
(2004) based on 36 species and 129 genes. Virtually identical results are obtained with 131 
species and 107 genes (unpublished results). In that study, the mean age estimate for the sepa- 
ration of the most basal node (i.e., between opisthokonts and bikonts; Amoebozoa being used 
as an outgroup) is 1,085 million years ago (Mya) with a 95% confidence interval of (950,1,259). 
The primary plastid endosymbiosis occurred between 825 and 1,162 Mya (mean: 1,010 Mya) 
while the secondary endosymbiosis with a red alga likely happened at the origin of 
chromalveolates between 767 and 1,072 Mya (mean: 872 Mya). These estimates suggest that 
the events leading to the major groups of extant eukaryotes occurred in a relatively short time 
span (less than 200 My) around 1,000 Mya, in agreement with the Big Bang hypothesis. 77 

According to the fossil record (see chapter of Emmanuelle Javaux) eukaryotes were already 
142 well diversified about 1,500 Mya. However, none of these early eukaryotic fossils can be 

dearly associated with any of the extant groups. 143 Evidence for an older origin of eukaryotes 
indudes the existence ofeukaryotic bio-markers (macromolecules) as far back as 2,700 Mya. 144 

Since this conclusion heavily depends on the assumption that the considered biological macro- 
molecules are specific to eukaryotes, it needs to be taken with caution. At any case, there is a 
gap of at least -400 My (but potentially up to -~ 1,600 My) between the first occurrence of 
eukaryotes (or eukaryote-specific biomarkers) and the last common ancestor of extant eukary- 
otes (LCAEE). Corresponding to a prolonged early (and essentially unknown) phase of eu- 
karyotic evolution, this very long yet unbroken basal branch explains the difficulty of rooting 
the eukaryotic tree. Is the existence of a branch devoid of any detectable speciation event sim- 
ply due to chance (contingency) or is it associated with specific factors, either external (e.g., 
major environmental changes), and/or internal (e.g., major biological innovations)? Being the 
simplest, the first interpretation constitutes the null hypothesis. Indeed, the well-known phe- 
nomenon of coalescence implies that the common ancestor of the extant diversity of genes (or 
lineages) can never be traced back to their origin, as examplified by the recent common ances- 
tor of current humans. 145 This result is due to gene/lineage losses that can be obtained under a 
simple model of a random birth and death process. 146 Nonetheless, the other options are much 
more tempting and are in consequence often favoured. For example, Philippe and Adoutte 77 
proposed that the diversification of eukaryotes was intimately linked to the mitochondrial 
endosymbiosis and that the great increase of the atmospheric oxygen level that started about 
1,000 Mya 147 was a major trigger of the evolution of aerobic eukaryotes. Schematically, the 
mitochondrial endosymbiosis likely occurred well before the diversification of extant eukary- 
otes. This view is supported by the observation that a large number of genes of mitochondrial 
origin is found in the nudeus of all extant eukaryotes (especially in comparison to plastids). 
While their original function had not necessarily to be aerobic respiration (e.g., anaerobic 
photosynthesis, oxygen detoxification or hydrogen metabolism), mitochondria would have 
provided a major selective advantage to their host in the context of a steeply increasing oxygen 
level. In addition to trigger the diversification of mitochondriate eukaryotes, the mitochon- 
drial endosymbiosis and the rise of oxygen level would have simultaneously favoured the 
extinction of the genuinely amitochondriate eukaryotes, thus explaining the current shape of 
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the eukaryotic tree. Nevertheless, the simple coalescent hypothesis has never been rejected and 
formally remains the null hypothesis for explaining the long unbroken basal branch ofeukaryotes. 

From Simple Organism to Simple Processes 
The basic and widespread philosophy underlying Woese's paradigm is that simple organ- 

isms (e.g., prokaryotes and Archezoa) represent genuinely primitive intermediates in the 
progressive construction of complex eukaryotic cells. However, this conclusion is based on a 
phylogenetic framework now known to be erroneous. The rejection of the naive assumption 
"simple organism = primitive organism" is well illustrated by microsporidia, which are simple 
but highly derived, rather than primitive (see chapter by Alexander Mironov). Moreover, 
taking the new eukaryotic phylogeny for granted (Fig. 3), any feature present in some 
opisthokonts (e.g., animals) and in some bikonts (e.g., plants) is necessarily ancestral, i.e., 
inherited from the LCAEE. This implies that the LCAEE was amazingly more complex than 
previously thought. 77'148 Among others, the LCAEE already possessed mitochondria, an 
efficient cytoskeleton associated with several intracellular transport systems, an endo-membrane 
system interconnected by a complicated vesicular transport machinery, including an endoplamic 
reticulum, a Golgi apparatus, a standard nudeus, efficient secretory and uptake pathways, 
recycling of food-vacuoles, peroxisomes, spliceosomal introns, and flagella-dependent motil- 
ity. 77'122"148'149 Therefore, simple extant euk~otes have evolved from a complex LCAEE mainly 
by loss and secondary simplification. 

As early as in 1943, secondary simplification was already recognised as a fundamental mode 
of evolution by Andr~ Lwoff in his insufficiently known book "U6volution physiologique. 
E r " " " ~ " ~ ~ tude des pe tes de foncuons chez les microor~anlsmes (The physiological evolutmn: Study 
of functional losses in microorganisms). Lwoff 5o not only demonstrates that simplification is 
a major evolutionary process, but also explains why scientists are so reluctant to accept the 
importance of secondary simplification. The current notion of evolutionary change is strongly. 
associated with human concepts of progress and of evolution towards higher complexity) 51 
This is linked to an unfortunate analogy between the upward trend characteristic of cultural 
evolution and natural evolution. Hence, conflicting with the powerful ideology of never-ending 
progress, evolution by secondary simplification has always been largely discarded. Neverthe- 
less, recent molecular studies of eukaryotes have confirmed Lwoff's ideas about secondary sim- 
plification, as best illustrated by the numerous losses of oxygenic respiration in mitochondria 
or of plastid-based photosynthesis. 

The rejection of simplification, combined with the strong underlying influence of the Scala 
Naturae of Aristotle, lead most researchers to confuse simple states with simple processes. From 
an evolutionary perspective, the division into simple steps that may eventually lead toward a 
complicated characteristic/structure (e.g., eye development) is primordial to its realisation. 
However, extant species, irrespective of whether they are simple or complex, do not allow any 
a priori deduction of their complexity relative to their ancestors; such deductions can only be 
made through a phylogenetic tree. Indeed, because evolution fundamentally proceeds through 
tinkering, 152 it is likely that a new function will be first achieved by the modification of an 
existing system, thus resulting in a rather complex and less efficient solution, which may even- 
tually be secondarily simplified and become more effective. 153 We therefore strongly urge to 
abandon the inherent bias towards complexification and to reevaluate the origin and evolution 
of eukaryotes open minded. 
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CHAPTER 3 

Origin of Eukaryotic Endomembranes: 
A Critical Evaluation of Different Model Scenarios 
G ~ p ~  J~kely* 

Abstract 

A 
ll cells can be assigned to one of two categories based on the complexity of cellular 
organization, eukaryotes and prokaryotes. Eukaryotes possess, among other distinguishing 
features, an intracellular dynamic membrane system through which there is a constant 

flow of membranes scaffolded by an internal cytoskeleton. Prokaryotes, however, can have 
internal membranes, entirely lack a system that resembles eukaryotic endomembranes in terms 
of dynamics, complexity and the multitude of functions. How and why did the complex 
endomembrane system of eukaryotes arise? Here I give a critical overview of the different cell 
biological model scenarios that have been proposed to explain endomembrane origins. I argue 
that the widely held symbiotic models for the origin of the nuclear envelope and other 
endomembranes are cell biologically and evolutionarily highly implausible. Recent findings 
about the origin of nuclear pore complexes also severely challenge such models. I also criticize 
a scenario of de novo vesicle formation at the origin of the endomembrane system. I contrast 
these scenarios to traditional and revised autogenous models according to which eukaryotic 
endomembranes evolved by the inward budding of a prokaryotic cell's plasma membrane. I 
argue that such models can best satisfy the major constraints of membrane topology, mem- 
brane heredity and straightforwardly account for selection pressures while being consistent 
with genomic findings. 

I n t r o d u c t i o n  
Much has been written about the origin of the eukaryotic cell. Interestingly, despite the fact 

that it is a genuine problem of evolutionary cell biology, a problem of the origin of novel 
cellular structures, processes and networks, most attention has been focused on phylogenetic 
aspects, in the most simplistic cases single gene trees. A quick look at the eukaryotic and prokary- 
otic organellar network (Fig. 1) makes one realize that in order to understand the origin of the 
novel nodes and connections in the eukaryotic network we need a profound understanding of 
cell biology. Most scenarios on the origin of eukaryotes are not suf~ciently detailed in terms of 
cell biology, but carry numerous hidden assumptions about how cells function and evolve. A 
careful analysis of such implicit assumptions from a cell biological perspective can help to 
decide between the numerous and disparate models of eukaryogenesis. 

This chapter and most other chapters in this book deal with the biology and origin of 
eukaryotic endomembranes. There is overwhelming evidence and a general consensus that an 
internal and dynamic endomembrane system comprising a nuclear envelope (NE), endoplas- 
mic reticulum (ER), Golgi system, endosomes, phagosomes, lysosomes, autophagosomes, 
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Figure 1. Comparison of the prokaryotic and eukaryotic organellar network. Realistic models 
of eukaryogenesis have to account for the origin of all novel nodes and the connections 
between them. 

peroxisomes, and mitochondria were present in the last common ancestor of eukaryotes. On 
the contrary, there is no consensus on how, why and in what order these organelles evolved. 
What were the underlying molecular and cellular mechanisms? What selection pressures were 
operating? What was the significance of symbiosis? 

Central to all models of endomembrane origins is the problem of the origin of the nucleus. 
Based on how different model scenarios envisage nuclear origins I will here distinguish and 
discuss three major model types. (i) Symbiotic scenarios posit that the nucleus evolved from a 
symbiont (an archaebacterium or enveloped virus) and its envelope is a vestige of either the 
symbiont's membrane or the host's engulfing membrane. (ii) De novo membrane genesis sce- 
narios propose that the NE and other endomembranes formed by spontaneous lipid vesicle 
assembly. (iii) Autogenous scenarios state that the NE and other endomembranes evolved via 
the inward budding of a prokaryotic ancestor's plasmamembrane. 

In contrast to the origin of the nucleus and other endomembranes the symbiotic origin of 
mitochondria and chloroplasts is universally accepted. 1 The evolution of these organdies and 
other complex endomembrane structure by secondary symbiotic events during eukaryote his- 
tory will not be dealt with here. The reader is referred to a recent book extensively covering 
these important subjects. 2 This omission is necessary in order to have a more extensive coverage 
of other aspects of membrane evolution. It has to be noted, though, that mitochondria in 
particular had a major and early influence on eukaryote cell evolution, both in terms of ge- 
nome structure and endomembrane organization. Later symbiotic events had similar 
wide-ranging effects in specific eukaryote lineages and greatly contributed to the origin of 
major eukaryotic groups. 

Physico-Chemical Constraints of Membrane Topogenesis 
Before discussing different models of endomembrane origins it is important to summa- 

rize the major constraints of membrane evolution. Membranes are composed ofamphipathic 
molecules that in most cases form bilayers with a hydrophobic interior and two hydrophilic 
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surfaces. The hydrophobicity of the inner core guarantees that no membrane edges can be 
exposed to the aqueous solvent. Any membrane compartment in cells has therefore a con- 
tinuous surface. Topological discontinuity between membranes can arise by the budding off 
of vesicles or the scission of tubules and sacks. The topologically segregated compartments 
then form distinct membrane surfaces where the orientation of membrane lipids and pro- 
teins is inherited from the mother membrane. Membrane proteins are inserted into the lipid 
bilayer from the cytoplasmic side by the action of a cytoplasm-oriented protein machinery, 
the protein conducting channel (see the chapter by T. Schwartz). The self-sustained asym- 
metry of membrane proteins, besides membrane continuity and discontinuity, is a crucial 
aspect of membrane topology. Membrane evolution is strongly constrained by the physico- 
chemistry of lipid bilayers and by membrane topology. When considering the evolutionary 
origin of discontinuous membrane domains these aspects of membrane heredity cannot be 
neglected. 3 As the reader will see, these constraints, when properly considered, can help to 
decide between conflicting scenarios. 

Symbiotic Scenarios for the Origin of the Nucleus 
and Endomembranes 

The recognition of the mosaic nature of the eukaryotic genome (consisting of genes of 
either archaebacterial or eubacterial affinity) stimulated the development of a new generation 
of symbiotic models for the origin of eukaryotes. Although symbiotic scenarios have been 
proposed long before, 4'5 the recent expansion of genomic data allowed more precise sugges- 
tions regarding the nature of the host and its symbiont(s). Some of the symbiotic models have 
direct relevance to the origin of eukaryotic endomembranes and will be discussed from this 
perspective. I will argue that the elaboration of these models is not without major cell biologi- 
cal problems. 

Sogin 6 hypothesized that eukaryotes evolved from an anuclear proto-eukaryotic lineage 
distinct from archae- and eubacteria. According to this model the nudeus originated when this 
proto-eukaryote engulfed an archaebacterium. 

Gupta and Golding 7 proposed that a Gram-negative eubacterium that lacked a cell wall 
engulfed an archaebacterium and endomembranes evolved from the membrane infolds of the 
host. The plasma membrane of the symbiont that became redundant was eventually lost. 

Moreira and L6pez-Garcfa 8 developed a similar model in terms of cell biology but with a 
special emphasis on the mutually advantageous metabolic coupling (syntrophy) of a 
8-proteobacterium (similar to Myxobacteria) and a methanogenic archaebacterium. In their 
scenario, following extensive membrane loss and fusion events the 8-proteobacterial mem- 
brane is eventually transformed into the ER and the NE. 

Wiichtershiiuser 9 proposed that eukaryotes evolved when a eubacterium formed a symbi- 
otic merger with a hypothetical precell (a cell not yet completely segregated genetically from 
other cells). In this model the inner NE is derived from the symbiont's membrane and the 
outer NE from the engulfing eubacterial membrane. NPCs are thought to have evolved by de 
novo insertion into these two membranes and the ER is thought to have appeared from the NE 
because of the faster growth of the outer envelope. 

Horiike et al 1~ also interpreted results from homology-hit analysis as supporting the symbi- 
otic origin of the nucleus although they don't propose any model scenario on how and why 
such symbiosis could have happened. 

The above models have some key features in common. They posit the nonphagotrophic 
uptake of a prokaryote (or a preceU) by another prokaryote and the loss or radical transformation 
of the symbiont's plasma membrane to form the NE. Besides, they also require the complete 
transfer of the host's genome into the symbiont's genome. Below I point out some cell biologi- 
cal difficulties with such transitions and also discuss recent findings that seriously challenge 
these types of symbiotic models. 
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Nonphagotrophic Uptake of the Symbiont 
The internalization of a bacterium by another prokaryotic cell devoid of a dynamic cytosk- 

eleton and endomembrane system is highly problematic. It is immensely more probable to 
acquire internal symbionts (the putative proto-nucleus, mitochondria and chloroplasts) for 
phagotrophic cells that have already evolved endomembrane dynamics. This argument is not 
challenged by sporadic examples of prokaryotic symbionts within prokaryotes. Even if such 
internalization is not entirely impossible under certain conditions (e.g., in bacteria that are 
themselves endosymbionts of eukaryotic cells) Ix the odds are clearly in favor of a phagotrophic 
host. Phagocytosis-early models of eukaryogenesis fell out of fashion when it became realized 
that all extant amitochondriate protists once harbored mitochondria. As these amitochondriate 
phagotrophs do not represent the primitive condition, as formerly assumed, they cannot be 
considered as 'missing links' in eukaryogenesis. However, this by no means implies that 
amitochondriate phagotrophs had never existed in the eukaryotic stem lineage and that 
phagotrophy models are discredited, as often argued (see e.g., refs. 12,13). 

The newly emerging rooting of the eukaryotic tree (see refs. 14,15 and the chapter by H. 
Brinkmann and H. Philippe) indicates that the last common ancestor of eukaryotes was a 
phagotroph, not an osmotroph. 16 Every model of eukaryogenesis therefore has to account for 
the origin of phagotrophy. However, none of the symbiotic scenarios is sufficiently developed 
to explain why a prior endosymbiosis triggered the development ofphagotrophy. If the order of 
origins is reversed, the problem disappears. Phagotrophy can easily account for the acquisition 
of symbionts. 

Loss of the Symbiont's Membrane 
One of the major problems with a symbiotic origin of the nucleus is topological. To arrive 

at the present topology of the NE from a symbiotic event is extremely di~cult and one has to 
posit improbable membrane losses, folding and fusion events. Figure 1 shows four possible 
transitions, each of them highly dubious regardless of whether the symbiont's plasma mem- 
brane contributed or not to NE formation. If it did, membrane topology and the origin of 
nuclear pore complexes becomes an insurmountable problem (see below). If it did not, it had 
to be lost, but it is doubtful that the cell could have survived such a drastic and sudden event. 
Membrane loss couldn't have occurred gradually and loosing the membrane would also have 
meant the immediate loss of all membrane-associated functions including transport, trans- 
membrane protein insertion, and DNA segregation. Although membrane loss can occasionally 
occur during cell evolution (e.g., at the origin of Gram positive bacteria or during the evolution 
of euglenoids, where the periplastid membrane was lost) 3 such events should severely constrain 
eukaryogenic models. The extreme conservative nature of membranes and the problems of 
membrane heredity are rarely appreciated and in some scenarios membranes fuse and disap- 
pear with incredible liberty and without any topological constraints (see e.g., Fig. 3 in ref. 7). 

Tran~er of the Host's Genome into the Symbiont's Genome 
Although the transfer from a symbiont's genome to the host genome is well documented 

(e.g., in the case of mitochondria and chloroplasts), gene transfer is much less efficient in the 
other direction. 17 As Martin and Russell argue convincingly, 18 gene transfer can best occur 
when the symbiont (present in multiple copies) lyses and liberates DNA into the cytoplasm 
that can integrate into the host's genome. The reverse process, the lysis of the host would mean 
the immediate death of the cell and prevent any gene transfer to the symbiont. Even if gene 
transfer was possible (e.g., via mRNAs and reverse transcription) any scenario of complete 
genome transfer in conjunction with the loss or rearrangement of the symbiont's plasma mem- 
brane is highly unlikely. Genome transfer in principle can be completed either before or after 
the loss of the symbiont membrane. In the former case (or if the symbiont's membrane is never 
lost, Fig. 2B) the host cytoplasm has to be maintained entirely by the novel fusion genome, still 
surrounded with an archaebacterial membrane. To achieve this, the cell has to evolve a 
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Figure 2. Four possible models for the symbiotic origin of the nucleus. Each scenario is highly 
problematic and requires drastic topology-breaking membrane rearrangements (see also Table 
1). A) The host engulfs the symbiont that later looses its plasmamembrane. The engulfing 
membranes then have to break and refuse to create the NE and ER membranes. B) The host 
engulfs the symbiont and fuses its engulfing membrane with the symbiont's membrane. The 
formation of nuclear pores and the ER requires the breaking of both membranes, their subse- 
quent refusion and outward budding. C) The symbiont is fully internalised and later sur- 
rounded by membranes from the host plasmamembrane. The symbiont's membrane is subse- 
quently lost. D) The symbiont is fully internalised and buds off membrane tubules to form the 
ER. For NE evolution the membrane has to break and refuse with itself. 

sophisticated system of mRNA and ribosome export and protein import across the symbiont's 
membrane. It has to evolve NPCs and a nuclear transport system. However, it is almost impos- 
sible to do so from the symbiont's archaebacterial membrane, due to the constraints of mem- 
brane topology (Fig. 2). The origin of NPCs from vesicle coats 19 also contradicts such scenarios 
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Table 1. Cell biologically difficult evolutionary transitions encountered in the 
different symbiotic model scenarios shown in Figure I as contrasted to 
autogenous scenarios (see text for details) 

Symbiotic; Symbiotic; Symbiotic; Symbiotic; 
A B C D Autogenous 

Loss of Gram negative Yes Yes Yes Yes No 
host's outer membrane 

Nonphagocytic uptake Yes Yes Yes Yes No 
of the symbiont 

Loss or unlikely Yes Yes Yes Yes No 
rearrangement of 
symbiont's plasma 
membrane 

Total transfer of host's Yes Yes Yes Yes No 
genome into the symbiont 

Fusion and partial Yes Yes No No No 
loss of host's engulfing 
membrane 

SecY in opposite No No No Yes No 
orientation 

Fusion of No Yes No No No 
archaebacterial and 
eubacterial membrane 

Problems concerning NPC Yes Yes Yes Yes No 
and secretory membrane 
origins 

(see below). We are therefore left with the other possibility: the symbiont membrane had to be 
lost before the completion of the genome transfer. This results in a cytoplasm with two ge- 
nomes, two types of DNA segregation machines, and two sets of ribosomes. It is highly dubi- 
ous how such a chimeric cytoplasm can ever be viable and evolvable. 

Origin of the Nuclear Pore Complex 
Nothing in recent years was so illuminating with respect to endomembrane origins than the 

discovery that NPCs and vesicle coat complexes are evolutionarily related. 19'2~ This recogni- 
tion introduced a novel, inescapable constraint that immediately and elegantly refuted a num- 
ber of symbiotic models. It was found based on structural predictions and comparative analyses 
that components of the Nup 107-160 (Nup84 in yeast) subcomplex of the NPC are related to 
subunits of COPI, COPII, and clathrin vesicle coats. These proteins all share a unique combi- 
nation and arrangement of two distinct structural modules: an N-terminal 13-propeller and a 
C-terminal a-solenoid. Based on the structural similarity it has been suggested that the corre- 
sponding complexes evolved from a prototypic membrane-curving module, the protocoatomer, 
in an early eukaryote. 19 

The protocoatomer model not only links all veside coats and the NPC through a common 
ancestor but also argues for the evolutionary continuity of the corresponding membrane do- 
mains; i.e., the ER, the Golgi, and the nuclear envelope. According to the protocoatomer 
model a primary secretory/endocytic compartment and its actively budding coated vesicles 
predated the origin of the nucleus. NPCs can therefore be understood as defective vesicle coats 
that prevented vesicle fusion around the secondarily forming nuclear compartment. 21 
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The origin of NPCs from vesicle coats directly refutes models where NPCs are thought to 
have evolved by the insertion of channels or pores into a preexisting double nuclear membrane 
(e.g., ref. 9). Other variants of symbiotic scenarios can also hardly account for the early origin 
of membrane trafficking and the link between NPCs and vesicle coats. These models would 
then have to posit that the membranes surrounding the symbiont were actively budding off 
coated vesicles and had secretory or endocytic function while internalizing a foreign cell. How- 
ever, if these assumptions are made, we are back to phagotrophic models that symbiotic models 
originally tried to challenge. 

Interestingly, the intraflagellar transport complex that assembles and maintains eukaryotic 
cilia has also been shown to be a protocoatomer derivative. 22'23 This clearly refutes symbiotic 
scenarios that posit a common origin of cilia and the nucleus from Spirochete ancestors. 24 

Table I summarizes the cell biological difficulties encountered in differimt symbiotic model 
scenarios and contrasts them to autogenic ones (see below). Taken together, the week aspect 
of symbiotic models for the origin of eukaryotic endomembranes is in their cell biology. The 
idea of such hypothetical cellular mergers had rather been stimulated by genomic data, than 
cell biological considerations. They therefore elegantly explain the origin of the chimeric 
eukaryotic genome (that autogenous scenarios also do), but not that of eukaryotic 
endomembranes. 

Origin of Endomembranes by de novo Vesicle Formation 
Martin and Miiller proposed that eukaryotes evolved as a result of a hydrogen 

exchange-driven symbiosis between an archaebacterium and an r the 
ancestor of mitochondria. 12 As an extension to this 'hydrogen hypothesis' Martin proposed 
that eukaryotic endomembranes evolved de novo in the archaebacterial cytoplasm as the 
ot-proteobacterial genes for fatty acid ester lipid biosynthesis got transferred into the host's 
genome. 25 The activity of these genes led to the sudden appearance of a novel lipid synthesis 
pathway in the host's cytoplasm (bounded by the archaebacterial isoprenyl ether lipid mem- 
brane). The freshly synthesized fatty acid ester lipids spontaneously formed lipid micelles that 
gradually differentiated into the eukaryotic endomembrane system. The eubacterial lipids even- 
tually replaced the host's archaebacterial membrane lipids. 

This model is topologically workable yet it has severe cell biological and evolutionary short- 
comings. First, it is problematic why the eubacterial lipids formed vesicles de novo and didn't 
integrate into either the host's or the symbiont's plasma membrane. It is not dear what physico- 
chemical barrier would have prevented the formation of membranes with mixed lipid compo- 
sition. But even if one assumes that de novo vesicle formation had occurred, it is unclear why 
this had not been selected against (newly formed functionless lipid vesicles must have repre- 
sented a severe disadvantage). Selection could either have prevented the transfer of the whole 
biosynthetic pathway or attenuated enzyme expression to a level that suffices to sustain the 
growth of the ot-proteobacterial plasmamembrane. 

Another serious problem concerns the origin from these lipid vesicles of a functional secre- 
tory compartment. Secretion and transmembrane protein synthesis cannot work without a 
system of transmembrane protein insertion and translocation (see the chapter by Thomas 
Schwartz). In most cellular membranes where secretion and transmembrane protein insertion 
occurres (including eubacteria, archaebacteria, and eukaryotes) the process is mediated by the 
universal protein conducting channel, the trimeric Sec61/SecY complex. 26 It is hard to con- 
ceive how and why this machinery got inserted into the newly formed endomembranes devoid 
of any protein component. A protein conducting channel can only be inserted into membranes 
where other protein conducting channels are already present to mediate such insertion. This 
severe constraint is a chief argument against de novo membrane generation that probably only 
happened once, at the origin of the first cellular membranes, before the divergence of all extant 
cellular life. 
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Autogenous Scenarios 
None of the cell biological difficulties discussed above is encountered in autogenous mod- 

els. Such models state that eukaryotic endomembranes evolved by the inward folding (invagi- 
nation, tubulation, or vesiculation) of the host cell's plasma membrane. 19'27-32 The host ac- 
quired the proto-mitochondrium after it had evolved an endomembrane system sufficiently 
complex to support the internalization of entire cells. Assuming as host a cell descending from 
the immediate common ancestor of the sister groups archaebacteria and eukaryotes (or, less 
likely, a full-fledged archaebacterium) as well as extensive gene transfer from phagocytic prey 33 
and the ot-proteobacterial symbiont such models can account for the chimeric nature of the 
eukaryotic genome. These models also provide a cell biologically realistic framework for the 
understanding of the functioning and topology of the endomembrane system such as a con- 
tinuous NE and secretory ER. They also provide selection pressure (increased efficiency of 
predation) and molecular mechanisms (e.g., coated vesicle origins and diversification) that 
could have operated during endomembrane evolution. 

Different versions ofautogenic models disagree about the mechanism and order of transfor- 
mations that allowed more efficient predation and phagocytosis. For example, the develop- 
ment of secretory endomembranes, and not direct cell internalization, has recently been pro- 
posed to have initiated endomembrane evolution. 32 Regardless of these differences, the reader 
has to keep in mind that the selection pressure assumed to operate,,thein all autogenic models is 
the same: to digest and eat other cells. As expressed by Stanier: 28 progressive evolution of 
the eukaryotic cell received its initial impetus from the acquisition of a novel cellular property, 
the capacity to perform endocytosis. The capacity for endocytosis would have conferred on its 
early possessors a new biological means for obtaining nutrients: predation on other cells." 

Membrane Topogenesis in Autogenous Models 
Autogenous models propose that eukaryotic endomembranes evolved from the plasma 

membrane by inward budding and subsequent topological separation. Different autogenic 
models disagree about the nature and function of the first endomembranes but agree about the 
major steps of membrane topogenesis. All autogenous models have the following cell biological 
constraints: i) No intraceUular compartment could have segregated before the origin of trans- 
port between the topologically segregated membranes. Only this could have allowed balanced 
membrane growth and turnover, ii) As the secretory endomembrane system segregated topo- 
logically from the plasma membrane it had to contain the ribosome docking apparatus. The 
topological segregation and the redirection ofcotranslational protein transport from the plasma 
membrane to these topologically segregated endomembranes was a key event during the origin 
of eukaryotes. 

According to autogenous scenarios the nudeus evolved as vesicles and tubules of secretory 
endomembranes surrounded the cell's chromatin. The imperfect fusion of ER-derived vesicles 
and tubules around chromatin resulted in the double-membrane topology of the NE with 
continuity between the inner and outer nudear membranes. The continuous membrane con- 
nections between the two NE leaflets are covered by NPCs from the cytoplasmic side. NPCs 
therefore cover the same side of the membrane in nuclear pores as the related vesicle coats in 
coated vesicles (see above). The topology of SecY/Sec61 channels at the rough ER and the 
outer NE also agrees with the topology of NPCs and coated vesicles. 

The relatively late origin of the NE is also clear from simple topological considerations. 
'Primary compartments' (ER, Golgi, endosomes) are surrounded by a single membrane and 
their lumenal content is" developmentally continuous with the outside medium (ectoplasm).27 
The nudeoplasm on the other hand is continuous with the cytoplasm (endoplasm). The 
nucleus is a 'secondary compartment' that is generated by the imperfect fusion of membrane 
domains of primary compartments (ER vesides). The intra-NE space is therefore developmen- 
tally continuous with the ectoplasm of the ER lumen and also the outside medium. 
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Nature o f  the First Endomembranes 
The first detailed autogenous models proposed that the origin of nutrient uptake, either by 

endocytosis or phagocytosis (i.e., the complete internalization of other cells) was the initial step in 
the evolution of the endomembrane system. 28'34 The suggestion of the early origin of a true phago- 
cytic compartment is very appealing and comes into ones mind first. However, phagocytosis, the 
engulfment and digestion of entire cells, requires the coordination of at least three processes: i) 
sensing and binding of prey, ii) membrane remodeling around the prey, iii) secretion of digestive 
enzymes and food uptake. The question arises in what order did these elementary steps evolve. 
Clearly, membrane remodeling is useless if the prey is not digested and absorbed. On the contrary, 
prey binding, digestion and food uptake can happen, even if not very e~ciendy, without the 
internalization of prey. Such considerations led to the idea that the elaboration of a membranous 
secretory system was the first step in the origin ofeukaryotic endomembranes. 32 Christian de Duve 
expressed similar views about the early nature of eukaryotic endomembranes. 29'35 According to 
him endomembranes evolved by"infolding of the cell membrane, allowing the formation of inter- 
nalized extracellular pockets into which captured food and secreted enzymes were trapped to- 
gether". These infoldings "made larger membrane areas available for nutritive exchanges and al- 
lowed such exchanges to take place efflciendy with deep-seated portions of the cell". A possible 
autogenous scenario via membrane tubulation and topological segregation is shown in Figure 3. 

Figure 3. A possible autogenous scenario for the origin of eukaryotic endomembranes. A) Secre- 
tory membranes evolved first by membrane tubulations. B) Topological separation from the 
plasma membrane occurred by the fission of the tubules. Vesicular trafficking evolved to sort 
proteins and recycle lipids. C) Phagocytosis evolved later and led to the endosymbiotic origin 
of mitochondria. D) The nuclear membrane evolved when secretory membranes surrounded 
chromatin. Representative members of the small GTPase family are shown in proximity to the 
respective compartment where they act. 
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Figure 4, viewed on following page. Bayesian tree of eukaryotic small GTPases. The tree was 
rooted with the G~s subunit of eukaryotic trimeric G-proteins. The major function carried out 
by the different subfamilies is shown on the right. Nodes marked with an arrowhead have a 
posterior probability of 1. 

The early origin of secretory endomembranes is supported by the evolutionary history of 
eukaryotic small GTPases. These proteins are central regulators of endomembrane and cytosk- 
eleton dynamics and diversified during early eukaryote evolution, in the eukaryotic stem lin- 
eage. 32 Given the poor taxon sampling in my original trees 32 I repeated the analysis with a 
much broader sampling using Bayesian estimation of phylogeny 36 (Fig. 4). For rooting I used 
the c~ subunit of trimeric G proteins that are more closely related to Ras-like small GTPases 
than eubacterial GTPases. The tree shows the early divergence of secretory small GTPases 
including Sarl, and Arfs. SR~ (not included here because of its derived sequence), a regulator 
ofeukaryotic cotranslational ribosome targeting to the ER, also belongs to the Sarl/Arfclade. 32 
Besides suggesting an early origin of secretory membranes the small GTPase tree also indicates 
the origin and diversification of major eukaryotic innovations, 32 including the nucleus and 
cilia (see also ref. 23). 

Mechanisms of Endomembrane Generation 
The development of discontinuous membrane compartments requires the generation of 

high membrane curvature and subsequent fission. These events are mediated by cytoplasmic 
protein machineries and by the chemical modification of membrane composition. For ex- 
ample amphipathic peptides that partially penetrate the lipid bilayer can directly deform mem- 
branes. 37'38 Eukaryotes evolved a spectacular capacity to physically curve and fuse lipid bilay- 
ers. The origin of these capacities was a necessary prerequisite for the evolution of 
endomembranes. 

In vitro studies revealed that even single proteins can deform membranes. For example 
Epsin and endophilin, regulators of clathrin-mediated endocytosis, can directly bind and con- 
vert liposomes into tubules. 37'39 The small GTPase Sarl, in its active GTP-bound form can 
also transform liposomes into tubules. 4~ This effect is dependent on the N-terminal amphipathic 
helix of Sarl. Membrane tubulation can also be induced by molecular motors bound to and 
pulling on membranes. 41'42 Interestingly, tubule formation also leads to lipid phase separation 

~3 1 1 1on f if a mixture of different lipids is used. For a detai ed d'scuss" 0 the evolutionary signifi- 
cance of membrane tubulation see the chapter by Alexander Mironov et al. 

Experiments with in vitro systems have immediate relevance for models of membrane evo- 
lution. Such studies first of all constrain models by showing what is physically possible. On the 
other hand they also indicate how minimal systems may have looked like and gradual changes 
occurred during evolutionary transitions. 32 Membrane tubule formation could in principle 
have evolved following cell wall loss and a few mutations in a single molecule (e.g., origin of an 
amphipathic helix). The phase separation of lipids in membrane tubules hints at how mem- 
brane domains may have differentiated during early endomembrane evolution. 

Coevolution of Eukaryotie Endomembranes and Cytoskeleton 
The autogenous origins of eukaryotic endomembranes cannot be understood without un- 

derstanding the evolution of the cytoskeleton. The endomembrane system necessarily evolved 
in synergy with the cytoskeleton since membrane dynamics requires the action of molecular 
motors and the cytoskeleton scaffold. 

The precursors of the microfilament and microtubule systems (actin, tubulin) can be found in 
prokaryotes. The prokaryotic FtsZ protein, a tubulin homologue, assembles into dynamic poly- 

44-46 mers and forms a contracting ring during cell division. MreB and ParM resemble actin in 
47 48 their atomic structure and also form filaments. ' MreB is important for the maintenance of cell 

9 shape whereas ParM drives movement of plasmids in the cell. Membrane dynamics is strongly 
limited in prokaryotes became of the rigid exoskeleton. This changed radically after the loss of the 
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Figure 4. Please 
see legend on 
previous page. 
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cell wall and the elaboration of the endoskeleton and endomembrane system. As the physical 
constraints imposed on the plasma membrane by cell wall rigidity were released an almost unre- 
stricted exploration of new avenues ensued. The plasma membrane could be tubulated, vesicu- 
lated, protruded, intracellular membrane dynamics and lamellipodial motility evolved. The novel 
physical properties of the plasma membrane provided a novel environment for the filament and 
motor systems. This could have triggered the rapid evolution of these systems as well, to internally 
stabilize the cell, and scaffold and move endomembranes. A relatively brief period of quantum 
evolution can explain the low similarity to prokaryotic homologs and the nonclock-like evolution 
of the eukaryotic f'dament system. 

Understanding how the complex cytoskeleton of eukaryotes evolved also requires the un- 
derstanding of functional minimal systems and possible gradual evolutionary steps. In vitro 
and in silico studies ofcytoskeletal components can be very informative also in this case, e.g., to 
understand the evolution of microtubule asters and mitotic spindles 5~ or beating cilia. 52 

Interspecific Interactions at the O r i g i n  

of Eukaryotic Endomembranes 
Several models lay great emphasis on interspeciflc interactions during eukaryote origins. 

The presumed interactions in putative ecological settings range from H2 exchange-driven 
syntrophy to predation or parasitism. In the syntrophy hypothesis ~methanogenic archaebacteria 
and sulfate-reducing 8-proteobacteria form permanent consortia driven by interspecific H2 
transfer. The dose interspecific cell-cell interactions are thought to have led to extensive mem- 
brane development and the formation of a proto-nudeus. In the hydrogen hypothesis 12 inter- 
specific association of an anaerobic, H2-dependent archaebacterium and a H2-producing 
eubacterium drives cellular merger. In phagotrophy models 2842 the interspecific interaction 
that drives endomembrane development is predation, through capture, internalization and 
digestion of other cells. In the framework of these models the origin of mitochondria is a 
consequence of phagotrophic cell internalization and the evolution of intracellular enslave- 
ment or mutualism. 

All of the above ecological models have parallels in extant microorganisms. For example H2 
transfer is known to drive the formation of symbiotic consortia in prokaryotes. 8'53 Phagotrophy 
is also widespread in eukaryotes and the cenancestor must have exercised it. 15 The problem 
with syntrophy models (besides topological ones pointed out above) therefore is that they have 
to presume the operation of two entirely different ecological driving principles - syntrophy and 
phagotrophy. Phagotrophy models are more elegant in this respect, as they explain eukaryote 
origins as a result of one ecological principle, one that is immensely important and widespread 
in extant eukaryotes (quite contrary to H2 syntrophy). 

The origin of an efficient endomembrane-based digestion and internalization system opened 
up an entirely new niche in the history of life and largely explains the origin of eukaryotes, 
including the origin of mitochondria. One may even look at it as an unavoidable evolutionary 
transition. In agreement with simple ecological principles, abundant microbial life led to the 
development of professional heterotrophic predators. Clearly the most efficient way of preda- 
tion is to fully ingest and digest prey. The transition might not have been easy and straightfor- 
ward but the selection pressure was constant and eventually the most efficient feeders won the 
day: the eukaryotes. 
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CHAPTER 4 

Origins and Evolution of Cotranslational 
Transport to the ER 
Thomas U. Schwartz* 

Abstract 
ll living organisms possess the ability to translocate proteins across biological membranes. 
This is a fundamental necessity since proteins function in different locations yet are 

nthesized in one compartment only, the cytosol. Even though different transport sys- 
tems exist, the pathway that is dominantly used to translocate secretory and membrane pro- 
teins is known as the cotranslational transport pathway. It evolved only once and is in its core 
conserved throughout all kingdoms of life. The process is characterized by a well understood 
sequence of events: first, an N-terminal signal sequence of a nascent polypeptide is recognized 
on the ribosome by the signal recognition particle (SRP), then the SRP-ribosome complex is 
targeted to the membrane via the SRP receptor. Next, the nascent chain is transferred from 
SRP to the protein conducting channel, through which it is cotranslationally threaded. All the 
essential components of the system have been identified. Recent structural and biochemical 
studies have unveiled some of the intricate regulatory circuitry of the process. These studies 
also shed light on the accessory components unique to eukaryotes, pointing to early events in 
eukaryotic evolution. 

Introduction 
A system to integrate or translocate proteins into or across lipid bilayers is a fundamental 

requirement for all autonomous cellular life forms. Proteins destined for membrane transloca- 
tion are synthesized with an N-terminal signal sequence composed of about 10 hydrophobic 
residues. 1 The signal sequence of a nascent protein is recognized as it emerges from the exit 
tunnel of the ribosome by the signal recognition particle (SRP), a large RNA-protein complex. 
Next, the SRP-bound ribosome-nascent-chain complex (SRP-RNC) is targeted to the mem- 
brane through the SRP receptor (SR). Once localized to the membrane, the nascent chain is 
transferred from the SRP to the protein conducting channel (PCC). Secretory proteins are 
threaded through the PCC and adopt their native structure on the other side of the membrane, 
whereas the PCC can open laterally to insert membrane proteins into the lipid bilayer. In 
cotranslational transport protein synthesis and translocation are temporally closely coupled. 
Such synchronization needs regulation, which is provided by guanine nucleotide binding 
proteins (G proteins) acting as molecular switches. 

Cotranslational transport has been studied extensively over the past 30 years. 2 After identi- 
fying the essential molecules governing the process we have learned a great deal in recent years 
from x-ray crystallographic and cryo-electron microscopic studies. These structural 
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characterizations have provided snapshots of components of the system in various functional 
states and gradually unveil the mechanistic underpinning. The reader is referred to excellent 
recent reviews on the subject. 3-6 This review focuses on differences between the mediators of 
cotranslational transport in the three kingdoms of life. Even though universally conserved, 
cotranslational transport has become increasingly more sophisticated over time. Some features 
are only found in eukaryotes and it is likely that these features point to early events in 
eukaryogenesis. 

Mediators of Cotranslational Transport 

The Signal Recognition Particle 
Signal recognition particles are conserved throughout all kingdoms of life 7 and were ini- 

tially discovered in mammalian cells. 8 In mammals and other metazoans, SRP consists of a 
-300nt (90kD) elongated and largely double-stranded RNA scaffold structure to which six 
proteins bind. These proteins are named according to their apparent molecular mass (in kD) 
SRP9, 14, 19, 54, 68 and 72. SRP is organized in two functionally distinct regions, the Alu- 
and the S-domain, that form two ends of the SRP RNA (Fig. 1). The S-domain, in addition 
to the architectural proteins SRP 19, 68 and 72, also harbors the regulatory G protein SRP54. 
SRP54 recognizes the signal sequence of an emerging nascent chain at the exit site of the 
ribosome and also targets SRP-RNC to the membrane via interaction with SR. SRP54 is 
made of two functional domains and belongs to the small GTPase superfamily. 9 The 
N-terminus of SRP54 contains a composite domain made of a four-helix bundle (N do- 
main) tightly connected to a G domain. The NG domain is universally conserved in SRP54, 
repeated in the SRs, but is not found in any other cellular context. The second functional 
domain of SRP54 is C-terminal, flexibly linked to the NG domain, and called the M do- 
main for its methionine-rich composition. The M domain directly binds SRP RNA (Fig. 
1A, B) as well as the signal sequence. The SRP RNA Alu domain binds heterodimeric SRP9/ 
14 and is responsible for attenuating elongation by blocking the elongation-factor binding 
site upon SRP binding of RNC. 1~ 

Figure 1, viewed on next page. Components of the cotranslational transport pathway. A) 
Composite structure model of the eukaryotic signal recognition particle based on cryo-electron 
microscopic data (PDB code 1RY1). The SRP-RNA helices are labeled h3 through h8. SRP 
proteins for which crystal structures exist are included. SRP68 and SRP72 are missing and are 
expected to bind in the h5 region. SRP54 is the only universally conserved protein of SRP and 
its domains are labeled N, G, and M. In Gram-positive bacteria, like Bacillus subtili~ SRP-RNA 
helices h6/h7 and SRP19 are missing (purple region) and SRP9/14 is functionally replaced by 
HBsu (not shown). In Gram-negative bacteria, like Escherichia colg the SRP is solely composed 
of the SRP-RNA segment shown in red and SRP54. B) Crystal structure of SRP54 bound to its 
cognate SRP-RNA helix h8 (PDB code 1QZW). The M domain is responsible for RNA binding 
and signal peptide recognition. The composite NG domain is a regulatory GTPase. The inser- 
tion box domain (orange) and the N domain are the unique features of this GTPase family. C) 
Structure of the archaeal Ffh-FtsY NG domain complex (PDB codes 1 RJ9 and 1OKK). This 
so-called engagement complex is the regulated interface between SRP and SR. Stable interac- 
tion of the two domains is GTP-dependent (red). Both GTP molecules are also necessary for 
mutual hydrolysis and subsequent separation of both domains. Ffh is the archaeal ortholog of 
SRP54, FtsY-NG the ortholog of SRcz-NG. D) Structure of the eukaryotic SRP receptor (PDB 
code 1 NRJ). SR[3 is a G protein and unique to eukaryotes. SRa interacts with SR[~ through its 
N-terminal SRX domain (yellow) in GTP-dependent fashion. SR[3 is anchored to the ER mem- 
brane via an N-terminal TM helix not part of the crystal structure. E) Structure of the closed 
archaeal protein conducting channel (PDB code 1RH5) viewed from the cytosol. The a-subunit 
is the core of the structure and forms two half shells that are clamped together by the y-subunit. 
The TM-helix of the [3-subunit is peripherally attached to the ~-subunit. A short helix of the 
c~-subunit is positioned in the center of the structure and forms a plug that is proposed to move 
away during translocation of a peptide chain through the central pore. 
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Figure 1. See figure legend on previous page. 

The composition of SRP is largely conserved among all eukaryotes, however some irregu- 
larities occur in fungi and protozoans. In Saccharomyces cerevisiae SRP-RNA contains addi- 
tional insertions in the Alu domain of yet unknown function. 11 In several fully sequenced 
eukaryotic parasites some of the architectural SRP proteins have not been identified. For ex- 
ample, in Leishmania major, Trypanosoma cruzi, and Giardia lamblia no SRP9 or SRP14 is 
found. Encephalitozoon cuniculi appears to lack SRP68 and SRP72. 



Origins and Evolution of Cotranslational Transport to the ER 55 

The SRP repertoire of prokaryotes is much simpler then in eukaryotes. In archaea, only 
SRP19 and SRP54 are found. 12 Gram-negative bacteria, such as Escherichia coli, possess the 
simplest version of SRP. Here the particle contains a -110 nt RNA and only the SRP54 ortholog 
Ffh. E.coli SRP can functionally replace its mammalian counterpart in vitro indicating the 
essential role of the G protein SRP54 for cotranslational transport. 13 

The SRP Receptor 
SRs are an essential component of cotranslational transport pathways 14 and are thus phylo- 

genetically well conserved. In bacteria and archaea, neither of which contain intracellular or- 
ganelles, SR is a single-subunit protein termed FtsY. FtsY homologs share a C-terminal NG 
domain, which directly interacts with the NG domain of Ffh (the SRP54 ortholog) in the 
targeting reaction (Fig. 1C). The N-terminal region of FtsY is not strongly conserved. E. coli 
has a glutamate-rich region called A domain, which is able to reversibly attach to the plasma 
membrane. 15 Instead of an A domain homolog, some Gram-positive bacteria carry a trans- 
membrane (TM) helix at the N-terminus of FtsY, thus permanently anchoring the receptor to 
the cytoplasmic membrane. 16 Replacing the A region of E.coli FtsY with a TM helix of an 
unrelated protein resulted in a fully functional receptor. 17 

In contrast to the single-subunit prokaryotic SR, eukaryotic SR is a heterodimer of an 
a-subunit (SRct) and a 13-subunit (SRI3). SRa is homologous to FtsY in that it also contains a 
C-terminal NG domain. However, instead of the N-terminal membrane attachment domain, 
all eukaryotic SRc~s contain a conserved domain SRX that directly interacts with SRI~ (Fig. 
1D). 18'19 SRI3 is exclusively found in eukaryotes and is permanently anchored in the mem- 
brane of the endoplasmic reticulum (ER) via an N-terminal TM helix. SRI3 is itself a G protein 
and it has been shown that stable interaction with SRc~ is GTP dependent, 19 suggesting a 
regulatory mechanism that involves reversible attachment of SRct to the membrane. 

The Protein Conducting Channel 
Passage of the nascent chain through the cytoplasmic membrane of prokaryotes or the ER 

membrane of eukaryotes is mediated by the highly conserved PCC. 2~ PCC core components 
are the transmembrane proteins SecY and SecE in the cytoplasmic membrane of bacteria, and 
the orthologs Sec6 l a  and Sec61~, in the eukaryotic ER membrane. In addition, a nonessential 
small integral membrane protein is part of the channel, SecG in bacteria or Sec6113 in eukary- 
otes, which appears not to be well conserved. 21 The recently solved crystal structure of the 
archaeal PCC of Methanococcusjannaschii reveals its fundamental architecture 22 (Fig. 1E). 10 
TM helices of Sec6 let arrange as two symmetrical halve rings made of helices 1-5 and 6-10 that 
together form a cylinder. The two helices of Sec617 form a clamp that holds both Sec6 let 
halves together, and the single TM helix of Sec6113 is at the periphery of the assembly with 
weak contacts to Sec6 la .  The center of the structure has an hourglass-like shape with a central 
constriction made of highly conserved residues. It is proposed that the central constriction seals 
the closed pore through which the nascent polypeptide would pass in an open conformation. 22 
The side of the channel not clamped by the 7-subunit (between TM helices 2 and 7) could 
possibly be pried apart to open the pore allowing membrane proteins to laterally exit the chan- 
nel into the lipid bilayer. Although the crystal structure suggests that only one Sec61 heterotrimer 
is sufficient for protein translocation, oligomerization of the PCC has been observed in vitro 
by single-particle reconstructions using cryo-electron microscopy and also crystallographic studies 

23 26 on 2-D lattices. - With the crystal structure of the disengaged channel at hand, it is now 
possible to design structure-based experiments to address the remaining mechanistic questions. 

The Control of Cotranslational Targeting 
Cotranslational protein targeting depends in all organisms on the synchronized interplay 

of at least two GTPases, namely SRP54 and SRct, that regulate the process and ensure direc- 
tionality. Eukaryotes in addition use a third G protein, SRI3. The superfamily of G proteins 
is the largest and most important class of regulatory proteins. Fundamentally, G proteins 



56 Eukaryotic Membranes and Cytoskeleton: Origins and Evolution 

Figure 2. Model for the G protein controlled regulation of cotranslational protein transport in 
eukaryotes. SRP binds via SRP54 to the signal sequence of a nascent peptide chain, emerging 
from the ribosome exit site. Protein translation is concurrently arrested. The ribosome-nascent 
chain (RNC)-SRP complex is targeted to the ER membrane by SR. The NG domains of SRP54 and 
SRc~ have to be GTP-bound in order to form a stable complex. Further, SRI3 has to be GTP-bound 
in order to stably interact with SRa through SRX. After or concomitantly with transfer of the 
nascent chain to the protein conducting channel in the ER membrane, SRP54, SRc~ and SR[3 
hydrolyze GTP and become available for a new targeting cycle. 

cycle between GTP and GDP bound states, which result in specific conformational changes 
in the protein. 27 In the GTP bound state, G proteins bind to effector molecules to transmit 
a signal and are thus commonly referred to as 'switched on'. Hydrolysis of GTP is the 'off 
switch'. Frequently, accessory proteins are necessary to complete the cycle; GTPase activat- 
ing proteins (GAPs) accelerate GTP hydrolysis whereas guanine nucleotide exchange factors 
(GEFs) reset the switch by facilitating the release of GDP and the rebinding of GTP. What 
do we know about the regulation of cotranslational targeting? 

The initial step is the sampling of the emerging signal sequence at the exit tunnel of the 
28 29 ribosome by the M domain of SRP54 ' (Fig. 2). Conceptually, it is appealing that this inter- 

action triggers a conformational change in the NG GTPase domain of SRP54, loading GTP as 
a result. 3~ Despite a considerable repertoire of crystal structures of SRP54 this mechanism is 
not yet confirmed (see discussion in refs. 4,31). Concurrent to signal peptide binding, the Alu 
domain of SRP is positioned into the elongation factor binding site on the ribosome arresting 
translation. 1~ GTP-binding of SRP54 enables interaction with the NG domain of SRa, which 
in turn binds GTP with increased affinity. 31 The interaction of SRP54 and SRot is exclusively 
mediated via a quasi-symmetrical interaction of the homologous NG domains. Crystal struc- 
tures of this so-called engagement complex have been solved recently and reveal the fascinating 
atomic details of the GTPase mechanism. 32'33 In unprecedented fashion, both GTP molecules 
are part of the NGs~54-NGsRa interface and form a composite nucleotide binding site. 

After SRP54/SRot binding the SRP-RNC-SR complex is stalled. In prokaryotes, the com- 
plex now accumulates on the cytoplasmic membrane until a translocation-competent PCC is 
found. 34 Signal peptide transfer from SRP54 M domain to the PCC triggers mutual hydrolysis 
of GTP at the NG domains, disengaging SRP and SR and making them available for a new 
round of targeting. 

In eukaryotes the situation is less clear since the role of the additional [3-subunit of SR is 
yet only partially understood. With its N-terminal transmembrane helix SRI3 is permanently 
anchored in the ER membrane. In order to stably interact with SRot, SRI3 needs to be GTP 
bound. Consequently, GTP hydrolysis by SI~ should dissociate the complex. Regulated ER 
membrane recruitment of SRot might be an additional regulatory mechanism specific for 
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eukaryotes. One important step toward elucidating the potential regulatory role of SRI3 is 
the identification of its GAP, since SRI3 itself is catalytically inactive. 35 Noteworthy in any 
case is experimental evidence suggesting that possible SRI3-GTP hydrolysis does not occur 
prior to signal peptide transfer since in the absence of PCCs stalled SRP-RNC-SR com- 
plexes accumulate on the membrane just as is the case for prokaryotes. 36 

Evolutionary Considerations 
Protein translocation across membranes is a basic necessity for all autonomous life forms. 

Besides the protein synthesizing ribosome the most important component of the translocation 
system is the PCC. Universal conservation of the essential PCC subunits Sec61 a and-~' indi- 
cates that the channel evolved from a common ancestor. Coupling translation and transloca- 
tion is a sophistication of the transport process that is not trivial. As oudined above, it requires 
a synchronized control mechanism. In fact, a simpler, post-translational transport pathway 
that converges on the PCC also exists. In this system the synthesized protein is kept in an 
unfolded, translocation-competent state by chaperones and delivered to the PCC. 
Post-translational transport is less efficient than cotranslational transport, since it requires 
additional energy in form of an ATP-driven motor that either pushes (SecA in E.coh) or pulls 
(BiP in S.cerevisiae) the chain through the PCC. 37 Cotranslational transport does not require 
energy in addition to that required for protein synthesis provided by the translation machinery. 38 
Interestingly, post-translational transport is a frequendy used pathway for secretory proteins in 
E.coli and S.cerevisiae, yet is only of marginal importance in higher eukaryotes. Unfortunately 
there is insufficient data for a classification of archaea in this respect, 39 but it is tempting to 
speculate that posttranslational evolved prior to cotranslational transport. 

All cotranslational systems share the twin-GTPase mechanism involving the NG domains 
of SRP54 and SRct or their orthologs. Abundance of structural and genomic information as 
well as the relative ease with which G proteins can be detected, due to strongly conserved 
signature motifs, have revealed detailed insight into their phylogeny.9 Based on structural and 
sequence conservation the NG domain constitutes a unique G protein family. Apart from its 
role in cotranslational transport the NG domain has not been detected in any other cellular 
context. 

The functional implications of variations in the composition of SRP in different species are 
not straightforwardly explained. The absence of the Alu domain in E. coli SRP most likely 
explains why in this organism no translation arrest occurs during targeting. However, the ap- 
parent absence of individual architectural SRP proteins in certain parasitic eukaryotes and 
archaea could have several explanations. Interestingly, experimental evidence suggests that in 
B. subtilis the SRP9/14 heterodimer in the Alu domain is functional replaced by histone-like 
HBsu, 4~ a protein with a substantially different structure. It is conceivable that replacement of 
SRP proteins by proteins with other functional annotations could extent beyond B.subtilis and 
SRP9/14. Another possibility is that the architectural SRP proteins do not have detectable 
sequence signatures and might therefore be very difficult to find by comparative genome analy- 
sis. This is not an uncommon phenomenon and has recently been observed many times in 
crystal structures that turn out to be well-known domain folds, despite having marginal 
sequence identity. 41,42 

Phylogenetic analysis of SR is less ambiguous. Apart from the universally conserved NG 
domain in SRcz, a clear distinction can be drawn between the SR of prokaryotes and eukary- 
otes. Only eukaryotes contain the additional G protein SR[3. This statement can indepen- 
dently be tested by searching for SRczs that contain an SRX domain, which is necessary and 
sufficient for stable interaction with SR[3.18'19 SRots with an SRX domain are found exclu- 
sively in eukaryotes as well (unpublished data). SR[3 belongs to the superfamily of small 
monomeric G proteins. 43 Members of this superfamily are widespread regulators of many 
cellular functions that characterize eukaryotic cells, i.e., vesicle trafficking, cytoskeleton re- 
modeling and nuclear transport. Because of small G protein diversification especially in 
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eukaryotes, phylogenetic analysis of this protein class might provide clues on the evolution- 
ary history of specific eukaryotic features. 44 SRI3 is structurally and on the primary sequence 
level closely related to Arf/Sar-type G proteins, a family of vesicle transport regulators. 45 
This is in close agreement with the phylogenetic analysis, 44 showing that Arf/Sar/SRI3 branched 
off early from all other small G proteins. Despite their similarity, significant functional 
differences exist between Arf/Sar and SRI3. Arf/Sar are mechanistically characterized by re- 
versible membrane attachment facilitated by an amphiphilic N-terminal helix that can be 
inserted into one leaflet of a lipid bilayer in nudeotide-controlled manner.46 SR~ instead 
contains a bona fide TM helix at its N-terminus that permanently anchors the protein in the 
ER membrane. In addition, SRI3 has a characteristic, highly conserved extension of helix 4 
of the central G protein fold, 19 the function of which is enigmatic. These distinct features 
show that SRI3 constitutes a separate G protein family. 

Why did eukaryotes develop SRI3 so early in their evolution? A plausible scenario is realized 
if one considers that the development of an endomembrane system may have been the earliest 
event during eukaryogenesis. 44 Before phagocytosis was developed, only small nutrients were 
transported through the membrane. Secretion of digestive enzymes was likely advantageous 
under such circumstances, but not necessarily when secreted into the free environment so that 
neighboring cells would profit equally. Recent evidence suggests that the common ancestor of 
Arf/Sar/SRI3 might have been the protein that facilitated the initial engulfment of the cytoplas- 
mic membrane. In a remarkable study it was shown that simple incubation of liposomes with 
Sarl-GTP led to deformation of the vesicles into long, tubular structures, strictly dependent 
on the presence of the exposed, N-terminal membrane-penetrating helix. 47 With GDP-bound 
Sarl, in which the N-terminal helix is retracted and folds into the protein core, no veside 
tubulation was observed. A mechanism to localize protein secretion to these engulfed mem- 
branes instead of the outer cytoplasmic membrane becomes necessary if the cell is to benefit 
from their presence. SRI3 may have originated in eukaryotes as a means to target cotranslationally 
translocated proteins to these engulfed membranes through recruitment of the SRP-RNC com- 
plex. Eventually the engulfed membranes separated from the cytoplasmic membrane and formed 
the endomembrane system of modern eukaryotes. In the extant eukaryotes SRI3 is functionally 
important to ensure targeting of SRP-RNC complexes to the ER, where PCCs are exclusively 
localized. In contrast to prokaryotes, eukaryotes modify proteins extensively through 
glycosylation and disulfide bond formation before they leave the cell, processes that only take 
place in the ER and the Golgi apparatus. Thus, the evolution of SR~ as a mechanism to target 
protein secretion to the endomembranes may have been a critical step for a defining process in 
eukaryogenesis. 
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Evolution of the Endoplasmic Reticulum 
and the Golgi Complex 
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Viacheslav V. Dolgikh, Alberto Luini and Galina V. Beznoussenko 

Abstract 

B 
y analyzing the morpho-physiological features of the Golgi complex, its relationship with 
the endoplasmic reticulum in different species, and the molecular machineries involved 
in intracellular transport, we conclude that; (1) all eukaryotic cells have either Golgi 

complexes or remnants thereof; (2) all eukaryotic cells have a large minimal set of proteins that 
are involved in intracellular transport; and (3) several indispensable molecular machines are 
always present in secreting eukaryotic cells. Using this information, our data about mecha- 
nisms of intra-Golgi transport and phylogenetic analysis of several molecular machines, we 
propose a model for the evolution of the Golgi complex and the endoplasmic reticulum. 

Introduction 
Understanding how eukaryotic cells transport newly synthesized proteins from the endoplas- 

mic reticulum (ER) to their specific cellular destinations has been a central goal in cell biology 
since the beginning of this discipline several decades ago. Progress throughout this period has 
been uneven, however, and the traffic field has gone through various different stages and shifts of 
focus. These notable changes in the way we view intracellular trat~c have been driven by work 
from several laboratories over the last few years, and they have been brought about by a reexami- 
nation of the morpho-functional organization of the transport pathways in vivo. The key feature 
of the most informative studies is the use of new morphological tech~ai4ques that have been 
combined with a more precise synchronization of intra-Golgi transport. - 

The Golgi complex is the central station along the secretory pathway. It receives newly 
synthesized proteins and lipids from the ER, and then distributes them to the plasma mem- 
brane and to the endosomal/lysosomal system. In polarized cells (e.g., epithelial cells and neu- 
rons), it sends proteins and lipids to the correct surface domains. The Golgi complex also serves 
as a "factory" for the posttranslational modification of proteins and lipids (mostly by 
glycosylation). 

The Golgi complex (or its derivates) and the ER are present in all eukaryotic cells. The 
Golgi is indeed extremely complex, and varies significantly in cells from different species (see 
Table 1). Our current knowledge relating to the structure and function of the Golgi complex 
has been described in detail recendy 5 along with an excellent introduction to the secretory 
pathway 6 and our own exhaustive overview of how we see the Golgi complex functioning. 7 
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Table 1. Features of the Golgi in cells f rom dif ferent species (based on refs. 32,33,67) 

Feature Presence of the feature 

Mammals Insects Plants Protozoa Yeast Others 
Simple Complex S.c P.p M-sp.  Worms 

Segregation + + + + + + + + + 

f rom the ER 

N e t w o r k  of  + + + + + + + + + 

smooth and 

var icose tubu les 

Presence of  + + + + + + + + + 

t w o  compar tments  

Per iod ica l  cont -  + + + + + + + + + 

inu i t y  w i t h  the ER 

Per iod ica l  c o n t i n u i t y  + + + + + + + + + 

w i t h  the post -Golg i  

H+-ATP p u m p  + + + + + + + + + 

Go lg i  g lycosidases + + + + + + + + + 

Nuc leo t i de  + + + + + + + -? + 

transporters 

Mat r i x  prote ins + + + + ? ? + ? ? 

M o v e m e n t  by act in + + + + +_ + +_ - _ 

( f ragmented Golg i )  

M o v e m e n t  by + Central  + . . . . . .  _+ 

m ic ro tubu les  Go lg i  

Stacked d isk- l ike + + + + - + + - + 

cisternae 

Sar l /COPI I  + + + + + + + Reduced + 

ARF/COP! + + + + + + + Reduced + 

COPI vesicles + + ? ? ? + + - ? 

AP/c la th r in  + + + + + + + No  c la thr in  + 

C la thr in  vesicles + + + + ~ ? + - ? 

SNAREs + + + + + + + Reduced + 

S.c. = S. cereviseae; P.p. = P. pastoris; M-sp.  = m ic rospor id ia  

We have demonstrated previously that large (at least bigger than coat protein, 
CO PI-dependent vesicles) macromolecular aggregates ofprocoll~en-I are transported through 
the Golgi complex without the participation of COPI vesicles. Post-Golgi carriers are also 
not just small coat-dependent vesicles, but are instead much larger structures of irregular 
shape. 9 Comparing the transport of a small protein, the G protein of the vesicular stomatitis 
virus (VSVG), with that of the much larger aggregates of procollagen-I in the same cells, we 
demonstrated that VSVG and these aggregates move synchronously through the Golgi com- 
plex at rapid and indistinguishable rates. Both VSVG and these aggregates traverse a Golgi 
stack without leaving the cisternal lumen and without entering COPI vesicles in function- 
ally relevant amounts. 2 

Furthermore, we have demonstrated that ER-to-Golgi carriers arise through cargo concen- 
tration and direct en bloc protrusion of specialized ER domains near COPII-coated exit sites, in 
a COPII-dependent manner and without the involvement of fusion of COPIi_dependent vesicles. 
Fully protruded saccules then move centripetally.3 Several independent lines of evidence have 
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also suggested that the Golgi enzymes are depleted in COPI-coated buds and in 50-60-nm 
COPI-dependent vesides, 1 and we have recently shown that the arrival of cargo at the Golgi 
triggers the formation of tubules connecting the Golgi cisternae. 4 These connections are perme- 
able to the Golgi enzymes, but not to procollagen-I, ~as procollagen-I is obviously too big to fit 
inside such small tubules; VSVG tends to be mostly excluded because it forms aggregates in the 
plane of the cisterna 2'1~ that will probably strongly limit its diffusion ability. Indeed, we have 
seen a rather strong exclusion of VSVG from tubular-elongated profiles surrounding the Golgi, 
as compared to the adjacent cisternae. 4 

As indicated, several different grou s have demonstrated the depletion of the Golgi en- 
zymes in peri-Golgi round profile~, 1,4,1~-13 with only one report finding that they are nt, t de- 
pleted in such peri-Golgi, COPI-coated, round profiles. 14 However, most of the 50-60 nm 
vesicles in the Golgi area are not coated. 15 A recent study by Cosson et al also clearly showed 
that Golgi enzymes are exduded from cisternal rims, 12 and we have confirmed the depletion of 
galactosyl transferase with nano-gold technology and antibodies against its cytosolic domain. 1 

Next, the in vitro isolated vesicle-like membranes that contained Golgi enzymes 16 are not 
able to fuse with Golgi cisternae. 17 Moreover, although this fraction is enriched in the Golgi 
enzymes, this appears to be because it also contains many small fragments of Golgi cisternae, 
such that the actual 50-60-nm vesicles in this fraction are indeed depleted of Golgi enzymes. 1 
Finally, there is a recent report that a small (10% input) fraction of 60-nm vesicles enriched in 
CASP, giantin, mannosidase (Man)I and ManlI can be seen after an incubation of isolated 
Golgi membranes with purified coatomer, recombinant myristoylated ARF1, GTP and an 
ATP regeneration system. 18 However, in the absence of ARF-GAP, this assay system is similar 
to in vitro systems based on the addition of GTP~,S, and thus an artificial vesiculation of the 
perforated zones of the Golgi cisternae could have been induced. 19 Moreover, the same 
intra-Golgi transport rate is obtained in vitro in the presence of COPI- or ARF-depleted cyto- 
sol 2~ indicating that COPI vesicles are not necessary for transport at least in cell free assay. 

There are several additional unsolved questions that render less favorable the classical cis- 
terna maturation/progression model of intra-Golgi transport that is based on the assumption 
that Golgi enzymes recycle by COPI vesicles: 1. All of the cisternae should have COPI-coated 
buds for Golgi enzyme recycling; however, there are only clathrin-coated buds on the last trans 
cisterna, where Golgi enzymes such as sialyltransferase and fucosyltransferase have been de- 
tected. 21 In this case, we should assume that clathrin-coated vesicles mediate the retrograde 
movement of Golgi enzymes; this is apparendy not the case. 2. The role of COPI in intra-Golgi 
transport in vitro is also in doubt, since the depletion of COPI does not affect the rate of 
intra-Golgi transport. 2~ 3. According to the classical cisterna maturation model, 22 the observed 
steady-state localization of the enzymes in the Golgi complex is dependent  on 
COPI-vesicle-mediated retrograde transport. Recent studies have raised doubts regarding the 
role of COPI in this process. The presence of an activated, GTP-bound form ofARF, ARF-Q71 L, 
did not affect the polarization of the Golgi stack after the washout ofbrefeldin A, an inhibitor 
of ARF activation. 23 

At present, most of the data available argue against a role for COPI and COPII vesicles as 
transport carriers, although COPI and COPII are extremely important for the transport of 
most of the cargoes. Thus, one of the main problems of the models of intra-Golgi transport 
based on COPI-vesicle-mediated transport of cargo or Golgi enzymes is the depletion of both 
cargo and Golgi enzymes in COPI-dependent vesicles. If COPI vesicles have no transport 
function, one still has to explain their abundance and the observations showing a block of 
transport when the functions of ARF/COPI are blocked. 7'24 The COPI machinery is essential 
for secretory traffic and COPI vesides should have a significant role in intra-Golgi transport. 
The vesicles are abundant in ribbon stacks, where they represent up to 20% of the surface area 
of the Golgi, 21 although COPI vesicles are scarce in cells deprived of microtubules. 4 Two coun- 
teracting machineries, those of ARF/COPI and the SNAREs, contribute to the equilibrium 
between the formation and consumption of COPI-dependent vesicles: when the ARF/COP 
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machinery is blocked, the number of 52-nm vesides decreases; if the SNARE machinery is 
inhibited, the number of COPI vesicles increases. Finally, when both machineries are sup- 
pressed, the shape of the Golgi becomes particularly stable. 1 

There is accumulating evidence that temporal inter-compartment membranous connec- 
tions have a significant role in intracellular transport. 7'22 The cargo-dependent formation of 
intercisternal connections has been described recently, with these membrane connections be- 

25 r 1 in seen between the ER and the cis-Gol i at stead -state, between diffe ent Gol " cister- 
g4 g Y 2 g 

nae,  ,26 between the most trans cisterna and the TGN, 7 and between different domains of 
endosomes 28 after a 15 ~ temperature block. These connections have an important role espe- 
cially in the transport of soluble cargo proteins that undergo significant concentration within 
the Golgi complex (Trucco et al unpublished observations). 

Given that connection-based models of intra-Golgi transport do not require the direct par- 
ticipation of COPI vesicles, the questions regarding their functional role remain open. One 
possible functional role would relate to their ability to concentrate certain SNARE molecules, 
and in this way to control fusion events occurring between different Golgi cisternae. Indeed, 
GOS28 29 and membrin 4'29 are enriched within round profiles in the Golgi, as compared to the 
cisternae. This suggests that COPI vesicles could regulate the ability of Golgi cisternae to fuse 
with each other. 3~ 

Schemes describing mechanisms of intracellular transport have significantly affected the 
modern theories of Golgi complex evolution. For instance, the phagotrophy theory of the 
origin of eukaryotes 31 clearly reflects the necessity for coat-dependent small vesicular carriers. 
On the other hand, no reasonable model of Golgi complex evolution can be formulated with- 
out taking into consideration our knowledge of the mechanisms of intra-Golgi transport. 

The goal of this review is not to describe the peculiarities of the Golgi complex in different 
species. Instead, we use comparative analysis to understand the manner of Golgi complex and 
ER evolution in eukaryotes, and to build an evolutionary scenario that fits all of the constraints 
present in evolutionary trees and in current views of transport mechanisms. On one hand, we 
will use this knowledge to propose a model of Golgi complex evolution. On the other hand, 
our evolutionary model will also help us to check and correct models ofintracellular transport. 

Common and Peculiar Features of the Golgi Complex in Different 
Eukaryotic Cells 

The appearance of Golgi stacks and the number of cisternae within a stack show consid- 
erable variation in different eukaryotes, with the simplest forms of the Golgi being a tubular 

32 33 network. ' Even in microsporidia, which are obligate intracellular parasites that possess 
the smallest (only 2-3 MB) genome among eukaryotes, 34'35 the remnants of a Golgi complex 
can be seen. In the early stages of microsporidia development, the Golgi appears as tubular 
networks without any buds and coat-dependent vesicles (our unpublished observations), 
with cisternae appearing only in the late stage of their development. 36 The Golgi of the 
microsporidia Paranosema gryUi appears as 300-nm networks of thin (25-40-nm diameter), 
branching and varicose tubules that display histochemical features of a Golgi, but that do 
not have buds and vesicles. Vesicles are not formed even if membrane fusion is inhibited. 
These tubular networks are connected to the ER, the plasma membrane and the forming 
polar tube. The sporewall and polar-tube proteins are transported from the ER to the target 
membranes through these tubular networks, within which they undergo concentration and 
glycosylation. 37 

One can divide the features of the Golgi into common and species-speciflc ones (Table 1). 
The common features include the segregation of the Golgi from the ER and from endosomes, 
the presence of two types of tubular networks, the first composed of smooth tubules and the 
second of varicose tubules. 27'38'39 Other common features include the presence of transient 
continuities with either the ER or the post-Golgi, 22 and the presence of the COPI and COPII 
machineries, glycosidases and matrix proteins (Table 1). 
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However, some features of the Golgi differ in different cells. The stacked, disk-like cisternae 
are absent in the simplest yeast, in microsporidia and in some other intracellular parasites. 
COPI-dependent vesides have not been seen in microsporidia, but they are present in mammal, 
plant and insect cells, although it is still unclear whether these vesides are present in yeast and 
other minimal intracellular parasites. The manner of Golgi movement is different in different 
species. For instance, in mammalian cells, worms and some insect cells, the Golgi undergoes 
centralization by microtubule-dependent dynein, whereas in yeast, plants and some insect cells, 
movement of the Golgi occurs with the help of an actin/myosin motor system. In microsporidia 
and other intracellular parasites there is no evidence of motor-dependent Golgi movement (Table 
1). In contrast, the ER is similar in different species and in most cases; it is composed of rough 
(with attached ribosomes) and smooth ER. 40/11 Thus, the most simplified cells usually have a 
simpler Golgi, and in cells that are more complicated, the Golgi is more diversified. 

The Minimal Set of Genes Involved in Intracellular Traf~c 
The reconstruction of the ancestral nature of intracellular trafficking depends on the topoi- 

ogy and rooting of the eukaryotic tree. 42 Besides reconstructing ancestral states, another prom- 
ising way to gain insights into the evolution of intraceUular transport is to use minimal cellular 
systems. Comparative analyses with the genome of microsporidia, the minimal known eukary- 
ore, could thus help us to determine what might be the minimal set of genes that are sufficient 
for intracellular traffic. Similarly, they could be very useful to show what compartments are 
essential for eukaryotic endo-membranes. However, we have to keep in mind that microsporidia 
do not represent the primitive condition, the ancestral state of eukaryotic ER and Golgi. 

As indicated, microsporidia are the smallest eukaryotic intracellular parasites with a physi- 
cal size of 2-3 grn in diameter, (depending on species) and a genome size of 2-3 Mb, on aver- 
age. According to data from the genome project of the human microsporidian Encephalitozoon 
cuniculi 34 these cells possess, just as all other eukaryotes, all of the most important and 
well-characterized protein machineries that are involved in cotranslational translocation of 
polypeptide chains into the ER lumen, as well as in intracellular transport, although some of 
these machineries do apparendy lack nonessential components. The presence of these (some- 
times reduced) protein machines shows that in microsporidia the process of protein secretion 
should be similar to that in mammalian cells. 

Analysis of the minimal genome of microsporidia has revealed that to perform intracellular 
transport, any eukaryotic cell has to possess a considerable number of genes that appear essen- 
tial for intracellular trans ort 34,43,44-Recend , we have demonstrated that micros oridia os- P37 " Y' P P 
sess intracellular transport. Microsporidia lack mitochondria and peroxisomes, and were first 
considered to be a deeply branching protist lineage that diverged before the endosymbiotic 
event that led to mitochondria. The discovery of a gene for a mitochondrial-type chaperone 
combined with molecular phylogenetic data later implied that microsporidia are atypical fungi 
that have actually lost their mitochondria during evolution) 4 

This most simplified representative ofeukaryotes has a very limited number of proteins that 
are involved in intracellular transportY which indude those responsible for the incorporation 
of polypeptide chains into the ER lumen (two subunits of Sec61) and seven enzymes involved 
in glycosylation. Among these, five are glycosyltransferases. Among their six SNARs there 
are two R-SNAREs (SNC2 and synaptobrevin) and four Q-SNAREs (syntaxin 5, VAMP, Bosl 
[2 different copies] and Vtil). It is also important to stress that these SNAREs in microsporidia 
are very similar to those in yeast. In turn, the SNAREs in yeast show a high degree of sequence 
conservation to the mammalian SNAREs, and they can be replaced by mammalian SNAREs 
without the generation of functional disorders. For example the human homolog can function- 
ally replace the yeast v-SNARE Vtil p.45 

The machinery responsible for the dismantling of SNARE complexes 46 has only one pro- 
tein in microsporidia, Secl 8 (homologous to mammalian NSF), although there are no proteins 
that are homologous to SNAPs. 34 This means that the SNARE machinery in microsporidia 
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might work slower than that in mammalian cells. The minimal set of Rab proteins (Yptl, 
Rablb, Rab5, Ytp6 and Rabl0) and the Rab-GDP dissociation inhibitor are present. 

Instead of the seven subunits of COPI that are typical for mammalian and plant cells, 
microsporidia have only six, with the missing one known to be 8-COPI. In mammalian cells, 
E-COPI is important for the generation of COPI vesicles. 34 In cells containing a 
temperaturesensitive E-COPI subunit (ldl F cells); after 6 h of incubation at the restrictive 
temperature there are no vesicles and the uncoating of COPI is inhibited. 47 The lack ofe-COPI 
from microsporidia and the requirement for this subunit to form COPI vesicles in mammalian 
cells is in agreement with the lack of Golgi vesicles from microsporidia. The ARF machinery in 
microsporidia is also limited with only two ARFs and one exchange factor for ARE Another 
important gene missing, besides 8-COPI, is ARF-GAP. However, the genome does contain an 
ARF-like protein that can partially replace ARF-GAP. 48 

On the other hand, among four known subunits of the COPII machinery, only three, 
Secl3, Sec23 and Sec31, are found in microsporidia. 34 Although Sarlp is present, Secl2 that 
operates as a Sarl exchange factor is absent. Finally, microsporidia lack dathrin. The reason for 
the absence of dathrin might be that microsporidia lack lysosomes (no lysosomal enzymes and 
no machinery responsible for such enzyme phosphorylation, and no dathrin have been found; 
however, H+-ATPases are present) 34 and endocytosis, and therefore they do not need to trans- 
port lysosomal enzymes or internalize proteins from the PM. 

These findings, together with the limited effect of COPI mutations on transport and sur- 
vival in yeast 49 suggest that the ancestral vesicle coating complex from which COPI, COPII 
and clathrin coats evolved was initially not able to generate coated vesicles, although its func- 
tion as a protein complex that is able to bind the lipid bilayer through a small GTPase and 
participate in protein sorting could have been important for the proto-cell. For instance, the 
primary function for this proto-coatomer complex might have been the regulation of the lat- 
eral diffusion of proteins and their segregation along the lipid bilayer with the ability to bud off 
vesicles only evolving later. 

Models of Evolution of the ER and the Golgi Complex 

The Formation of the Nucleus and Eukaryotic Endo-Membranes 
In most prokaryotes membrane-associated processes like the biosynthesis of membrane pro- 

teins, membrane lipids, and the attachment of the single chromosome to a membrane are 
associated with the plasma membrane. In contrast, in eukaryotes, these processes are associated 
with the nuclear/ER membrane system, while the plasma membrane serves other functions 
(e.g., exocytosis and endocytosis). Any hypothesis explaining the evolution of eukaryotes from 
a prokaryotic ancestor has to explain the origins of this segregation, i.e., the evolutionary ori- 
gins of the endo-membrane system and the nuclear envelope. The development of the nuclear 
envelope of the proto-eukaryotic cell can be envisaged as an invagination of the plasma mem- 
brane that isolated the nuclear substance into the nudear envelope by surrounding it with two 
lipid bilayers with a space between them. Indeed, it has also been hypothesized that the ER also 
originated as an infolding of the plasma membrane, which later became separated. 5~ Re- 
moval of certain functions from the plasma membrane during evolution could have facilitated 
the adaptation of this membrane for other processes (e.g., exocytosis and endocytosis). For 
reasons of membrane topology, we can exclude such mechanisms for the formation of the 
nuclear envelope as the penetration of a proto-prokaryotic cell (or its spore) into another 
proto-prokaryotic cell (chronocyte, etc 59 see the chapter by G. Jekely). 

The Appearance oft be Golg~ and the Small G TPases 
The issue of Golgi development is a matter of debate. According to one model the forma- 

tion and fusion of transport carrier vesicles was the main mechanism of Golgi evolution. 31 Our 
model differs significantly from this scheme. We propose that the development of tubular 
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invaginations and the evolution of a tubular network was the primary means of Golgi origin 
and vesiculation only evolved secondarily. The basis for our model is our knowledge about the 
function of the Golgi complex and a recent phylogenetic analysis of the Ras super family that 
led to the hypothesis that the emergence ofeukaryotic membranes predated that ofphagocyto- 
sis. 53'54 This was based on the early splitting off of secretory GTPases, Sarl, ARF and SRI3, 
from all other eukaryotic small GTPases. Members of the Ras, Rab and Rho families are requir- 
ing for phagocytosis, and thus phagocytosis may have appeared later than secretion. 54 

Sarl, a small GTPase, seems to be the most ancestral member of the small GTPase family. 
The attachment of Sarl to a membrane induces the tubulation of the membrane due to an 
augmentation of membrane curvature. 55 This small GTPase cenancestor could have been re- 
sponsible for the generation of tubular invaginations from specific domains of the plasma 
membrane, having a similar activity than that of modern Sarl. 

The formation of plasma membrane invaginations could have happened by a process re- 
lated to the recendy established activity of Sarl. A Sarl-like activity could have been respon- 
sible for the production of primary internal curvature. These invaginations could sort the Sec 
translocation machinery into this domain, and the site of chromosome attachment could be 
segregated into these internal protrusions of the plasma membrane. Sarl can also induce in- 
vaginations based on its interaction with microtubules, because it recruits kinesin to ER mem- 
branes. 56 ARF/COPI could have had a role in the constriction of tubules connecting different 
compartments. 

Membrane tubulation was followed by the development of a proto-coatomer to provide a 
mechanism for membrane protein concentration and sorting. In addition, the proto-coatomer 
could have been responsible for the generation of ER processes from the original nuclear enve- 
lope by the introduction of membrane curvature. 

We propose that continuity between the lumen of the nuclear envelope/ER and the envi- 
ronment could have been a disadvantage. This lead to the development of mechanisms to 
prevent the formation of a direct lumenal continuity between the nuclear envelope and the 
environment. This could have happened e.g., by the generation of immediate fission proxi- 
mal to the fusion, as has been proposed in the framework of the carrier maturation model. 7 
Thus, the next stage could be the isolation of the lumen of the ER and the Golgi complex 
from the environment. This was achieved by the development of the machineries that are 
able to constrict tubules connecting the plasma membrane and the ER via the Golgi com- 
plex. One of the possible candidates for such a machinery could be COPI and maybe TRAPE 
In fact, analysis of the minimal protein machineries in microsporidia revealed that COPI is 
indispensable, and although reduced by elimination of e-COP, it is still present in the ge- 
nome of the minimal eukaryotes like microsporidia. One could envisage that COPI can 
form a rigid spherical cage, and that the assembly of these cages along membrane tubules 
could induce the formation of constriction sites and varicosities along the tubules. The abil- 
ity of ARF/COPI to regulate the width of tubules connecting different organelles has made 
it possible to use physicochemical mechanisms for the concentration of cargo proteins within 
the Golgi complex. 

Although we cannot deny the importance of COPI and COPII vesides, their origin served, 
we would suggest, not for the production of transport carriers; these vesicles were rather the 
result of fission of varicose tubules connecting the proto-plasma membrane and the proto-ER. 
Thus, the main original function of the coat could have been to induce fission and then to 
pinch off membranous proto-tubules from the plasma membrane, thus dividing the ER and 
the plasma membrane. 

It has been suggested that all membrane coats have a common ancestral origin, and re- 
constructions argue that COPI and COPII were present in the last common ancestor of 
eukaryotes. 31 Indeed, most of the components of COPI, COPII and clathrin/AP may share 
the same structural domains. 57 Phylogenetic studies have demonstrated an evolutionary link 
between the components of COPI and the adaptor protein complexes (APs) 1, 2 and 3.58. 
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However, the clathrin/AP coat is not based on any small GTPases. This indicates that this 
coat emerged later than other coats. As such, one would conclude that COPI is more ancient 
than clathrin, which is not vitally important in eukaryotes. At least, microsporidia have no 
clathrin genes at all. The secondary reduction of the secretory pathway in microsporidia 34 
suggests that endocytosis and COPI and COPII vesicles were not essential for intracellular 
transport in primitive eukaryotic cells, whereas COPI, COPII and the SNARE machineries 
per se were necessary. The example of microsporidia also shows that clathrin is not essential for 
the minimal transport machinery, and thus it originated later than COPI and COPII. 

Similarly, deletion of clathrin is not lethal in yeast and mammalian cells. 59'6~ If we compare 
the development of the endocytic system in yeast and in some intraceUular parasites with that 
in mammalian cells, it seems that most of the development in evolutionary terms occurred 
within the endocytic pathway. In contrast, the protein machineries involved in ER-to-Golgi 
transport are one of the most conserved systems. The elaboration of the endocytic system could 
have been linked to the formation of multicellular organisms (see below). As such, phagocyto- 
sis appeared later than intracellular secretion. Similar suggestions relating to the limited neces- 
sity for clathrin for transport can be derived following clathrin deletion. ~~ 

The next stage in the development of an endo-membrane system was the segregation of the 
Golgi from the network of membrane tubules. The selective advantage of its formation could 
have been to ensure that all of the secretory and membrane proteins are glycosylated by their 
obligatory passage through the Golgi. The generation of a compartment, situated along the 
membrane continuity between the ER and the plasma membrane, could have been the solu- 
tion. This new compartment segregated most of glycosidases from the ER, and during evolu- 
tion, these enzymes were selected from mostly type II proteins. Our comparative analysis of the 
structure of the modern Golgi complex (Table 1) indicates that membrane tubulation is prob- 
ably an ancestral and essential (i.e., it cannot be lost even in parasites) mechanism and it was 
the first step in endo-membrane origin. 

On the other hand, transformation of the plasma membrane into thick sterol-rich mem- 
branes could lead to the necessity to improve the uptake of substances from the outside and the 
emergence of phagocytosis, and then endocytosis. 

The Evolution of the SNAREs 
The next stage in endo-membrane development could have been the evolving of the SNARE 

machineries that are responsible for the restoration of membrane continuity broken by the 
activity of COPI or other constrictors. Recently, it has been shown that various syntaxin ho- 
mologs are present in a wide range of eukaryotic lineages, prompting speculation of the pres- 

61 ence of a primitive syntaxin in an early eukaryotic ancestor. These findings suggest that the 
SNARE machinery involved in the acceleration of membrane fusion appeared in the early 
eukaryotic ancestor. 

Examination of the microsporidian genome suggests that the SNAREs are indispensable 
for protein traffic since at least five different SNAREs are present and two of these are 
R-SNAREs. 34 Thus, in microsporidia there should be at least two fusion events. Indeed, in 
our study, we have revealed two states of the tubular network of Golgi remnants: one connect- 
ing with the ER, and the other with the plasma membrane. 37 The SNARE proteins were 
probably formed from the coiled-coil proteins remaining between varicosities, with the most 
plausible candidate being actin. 

SNAREs probably evolved later than the ER/nuclear envelope and the Golgi complex. 
When the nucleus became massive and separated from the cytosol, its movement could lead to 
the breakdown of tubules, especially after their varicose transformation by ARF/COPI. How- 
ever, the necessity for transport remained, and this was solved by the evolution of the SNARE 
machinery. To regulate SNAREs, the cell needed the Rab proteins that prevented the nonspe- 
cific reassembly of the SNARE complexes in the plane of the same membrane. The SNAREs 
become enriched in sites of fusion through the action of a coat. The COPI and COPII machin- 
eries can concentrate the SNAREs by binding to them. 62 
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Figure 1. A scheme of the origins of the Golgi complex. The sequence of the events can be envisaged 
as the following: 1) Appearance of the small GTPase Sarl (greenish pentagon in the cytoplasm), 
which is able to generate membrane tubules from the plasma membrane due to the insertion of 
curvature into the lipid bilayer. Mitochondria are indicated by M. 2) Attachment of Sarl to the 
plasma membrane. 3) Generation of invaginations from the plasma membrane due to the activity 
of Sarl. The Sarl attached to specific domains of the plasma membrane induces the formation of 
invaginations, seen as tubules protruding into the cytosol. 4) Generation of sterols by mitochondria 
and formation within the plasma membrane of domains with thicker membranes containing sterols 
(represented by a red line). 5) Activity of Sarl lead to the sequestration of thin membrane domains. 
These domains accumulate the Sec translocation machineries and sites with chromosome binding. 
6) Shift of DNA binding sites to inside the membrane protrusions (pro-nucleus) formed by the 
invaginations. Sequestration of the Sec translocation machinery to the outer sides of these membra- 
nous caps (invaginations connected with the plasma membrane). 7) Formation of ARF/COPI ma- 
chinery (blue ring) for the constriction of membranous tubules connecting the pro-nucleus and the 
plasma membrane. 8) Formation of the ER from the nuclear envelope, separation of the nucleoplasm 
from the cytosol, and formation of nuclear pores based on the appearance of Ran. This induces the 
development of mitosis. 9) Separation of the lumen of the ER from the outside by constriction of the 
tubules connecting the nuclear envelope and the plasma membrane. This separation is achieved 
based on ARF/COPI: the activity of ARF/COPI leads to the formation of varicosities along membra- 
nous tubules and the sequestration of the Golgi enzymes nearby. 10) Breakdown of the varicose 
tubules induces the necessity for the generation of a fusion machinery for the transport of secretory 
proteins to the outside. Development of SNARE (light greenish bent lines) for the restoration of 
membrane continuity during the transport of carriers. This leads to the formation of the Rabs for the 
regulation of SNAREdependent membrane fusion. 11 ) Development of the Golgi (indicated by light 
blue lines) at the sites where the fusion machinery is concentrated by Sarl/COPII and ARF/COPI. 
A color version of this figure is available online at http~/www.Eurekah.com. 
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The Diversification o f t  he Golgi Complex 
The Golgi enzymes show very low similarity to each other, and thus most likely emerged 

independently. 63 Once a Golgi-like compartment was initially formed, the various protist groups 
and their descendants optimized this basic system for their own requirements. In examining 
the evolution of the Golgi that followed, we should analyze trees of different proteins before 
coming to conclusions about the appearance of different features, as some of these features 
could be secondary. 

The ancestrally tubular Golgi went through a transformation into stacked Golgi, as can be 
seen for example in Pichiapastoris. The stacked Golgi diverged into forms where its motility is 
based on the actin/m~osin system, as in plants and some insects, or on microtubular motors, as 
in mammalian cells. ~ 

During the evolution of multicellularity, cells with a uniform plasma membrane formed 
multicellular aggregates and polarized their membrane structures. The cells were divided into 
ectoderm and endoderm. The endoderm cells, inside the organism, acquired a basolateral plasma 
membrane. The apical membrane is probably older, although its appearance can be secondary 
in some cells. Once cellular aggregates were formed, the primitive endosomal membrane, which 
may have retained some of its plasma membrane properties, could have fused to the plasma 
membrane at the site of aggregation, forming a specialized plasma membrane domain (maybe 
derived from proto-endosomes) and a protected intercellular space. In yeast, Golgi-derived 
secretory vesicles fuse with the plasma membrane as separate entities. 65 Similarly, in animal 
cells, the secretory granules fuse with the apical plasma membrane as separate membranes. 66 
This means that the plasma membrane of eukaryote ancestors was more similar to the yeast/ 
plant plasma membrane and to the apical membrane of polarized animal cells, than to the 
basolateral membrane of polarized animal cells. 

Conclusions 
To summarize, we have compared the morpho-physiological features of the Golgi complex 

and the ER in different species, and the molecular machineries involved in intracellular trans- 
port. Our analysis allows us to conclude that all eukaryotic cells have either Golgi complexes or 
their remnants. All eukaryotic cells also have at least a minimal set of proteins that are involved 
in intraceUular transport, and this set is indeed particularly large. Several indispensable mo- 
lecular machineries are always present in secreting eukaryotic cells. Using this information, we 
have proposed a model of the evolution of the Golgi and the ER/nudear envelope, where we 
have mostly analyzed the very early stages of Golgi complex evolution; this scheme of Golgi 
evolution is presented in Figure 1. The later steps in the evolution of the Golgi complex have to 
be further studied by analyzing the evolutionary history of different proteins involved in secretion. 
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CHAPTER 6 

An Evolutionary Perspective 
on Eukaryotic Membrane Trai cking 
Cemal Gurkan, Atanas V. Koulov and William E. Balch* 

Abstract 

T 
he eukaryotic cell is defined by a complex set of sub-cellular compartments that 
include endomembrane systems making up the exocytic and endocytic trafficking 
pathways. Current evidence suggests that both the function and communication be- 

tween these compartments are regulated by distinct families of proteins that direct mem- 
brane fission, targeting and fusion. These families include coat protein complexes (CPCs) 
involved in veside formation/fission, Rab GTPases involved in vesicle targeting, and soluble 
N-ethyl-maleimide-sensitive factor attachment protein receptors (SNAREs) involved in 
vesicle fusion. The origins of these gene families and their individual contributions to the 
evolutionary specialization of the membrane architectures of lower and higher eukaryotes are 
now better understood with the advent of powerful phylogenetic, structural and systems biol- 
ogy tools. Herein, we provide a perspective that suggests that while the core CPC and SNARE 
machineries have diversified modestly in the course of eukaryotic evolution, the Rab GTPase 
family expanded substantially to emerge as a key driving force in endomembrane specializa- 
tion. The Rab GTPases appear to have provided the foundation for the intricate membrane 
architectures ranging from those requisite for the distinct amoebic life cycle stage of uni-cellular 
organisms such as the parasitic protozoa to the highly specialized tissue and cell type-specific 
endomembranes of multi-cellular eukaryotes. We propose that Rab-centric interaction 
networks orchestrate the divergent activities of fission and fusion through their capacity to 
control the sequential assembly of protein complexes that mediate endomembrane structure 
and communication. 

Introduction 
The presence of sub-cellular compartments is a truly eukaryotic feature that provides 

spatially distributed chemical micro-environments required for the normal cell and tissue 
function. These compartments are distinguished by the varying lipid composition of the 
encapsulating bilayer as well as unique sets of integral and peripheral membrane proteins. In 
addition to the sub-cellular compartments such as mitochondria and chloroplasts, elaborate 
endomembrane systems also define the exocytic and endocytic vesicular trafficking pathways. 
These include the endoplasmic reticulum (ER) and the contiguous nuclear envelope (NE), the 
Golgi apparatus, as well as post-Golgi compartments such as lysosomes, secretory granules, 
and early/late endosomes. While the endosymbiotic origin of mitochondria and chloroplasts is 
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generally accepted, 1 hypotheses on the evolution of endomembranes from specialized 
invaginations of the plasma membrane largely remain controversial as they fail to account for 
specialized structures such as the nuclear pore complexes (NPCs). 24 

Endomembranes associated with sub-cellular traflqcking are particularly dynamic structures 
that are in continuous communication afforded by the activity of highly-specialized protein 
complexes that harness and regulate the fundamental processes of membrane fission, tethering 
and fusion. For example, coat protein complexes (CPCs) mediate the biogenesis of 
cargo-bearing vesicles from the donor membranes while the Rab GTPases and soluble 
N-ethyl-maleimide-sensitive factor attachment protein receptors (SNAREs) mediate sub-cellular 
targeting and subsequent docking/fusion of these membrane-bound containers to the target 
membranes, respectively. In this respect, a hallmark of eukaryotic evolution has been the emer- 
gence of the Ras superfamily of GTPases that function as central regulators of membrane 
budding and trafficking, as well as cytoskeletal dynamics and the biogenesis of the nucleus. 4'5 

Notably, three out of at least seven major families comprising the Ras superfamily of small 
GTPases directly mediate specific aspects of endomembrane trafficking dynamics: the Sarl/ 
Sara and Arf GTPase families (at least 2 and 6 members in mammalian cells, respectively) 
regulate membrane recruitment and stability of CPCs, while the Rab GTPases (almost 70 
members in mammalian cells) play essential roles in all stages of vesicular trafficking. 5-8 
Intriguingly, a recent phylogenetic analysis of the Ras superfamily led to the unprecedented 
hypothesis that the emergence of eukaryotic endomembranes might have predated that of 
phagocytosis, which is traditionally regarded as a prerequisite for the evolution ofendomembrane 
systems, as well as that for the endosymbiotic organelles. TM For instance, the membrane 
tubulating activity of small GTPases from the Ras superfamily, such as that of Sarl, 9'1~ might 
have provided an alternative means for the first endomembrane biogenesis. 4 

Despite their respectively crucial roles in membrane trafficking, the molecular basis for the 
integrated function of the CPC, Rab, and SNARE machineries has so far been elusive. 
Traditionally, phylogenetic analyses of proteins in a gene family are used to identify potential 
fimctional relationships to other family members, such as in the case of Rabs and SNAREs. 8'11-13 
Computational approaches that apply hierarchical clustering algorithms to systematic tissue 
mRNA expression profiling can be used to complement this phylogenetic annotation by 
providing further insights into the physiological activity of closely related and distant family 

6 14 members, and to different gene families in different cell types. ' Indeed, recent results from 
our laboratory using one such systems biology approach now suggest that Rab-regulated 
activity hubs may constitute an integrated coding system, the membrome network, that 
orchestrates the dynamics of the specialized membrane architecture of differentiated cells. 6 In 
this chapter we will focus on the Rab-centric integration of the eukaryotic membrane traflqcking 
machineries from an evolutionary perspective, and also briefly discuss the origins of the nuclear 
and exocytic/endocytic endomembrane systems. 

Coat Protein Complexes: Cellular Machineries Driving Vesicle 
Formation/Fission 

Biogenesis of transport containers that shutde cargo between endomembranes and/or to 
and from the plasma membrane is mediated by CPCs. These indude the coat protein complex 
II (COPII) that mediates ER-to-Golgi vesicular traf~cking, coat protein complex I (COPI) 
that mediates intra-Golgi and Golgi-to-ER traf~cking, 15 and the clathrin-based CPCs that are 
involved in endocytosis and trafficking between the Golgi, lysosomes and endosomes. 16 The 
core CPC machineries are highly conserved throughout eukaryotic evolution: Saccharomyces 
cerevisiae (6 members, 31 subunits), Caenorhabditis elegans (6 members, 29 subunits), 
Drosophila melanogaster (6 members, 29 subunits), and Homo sapiens (7 members, 53 
subunits). 8 In other words, higher eukaryotes use the same basic modular system (i.e., core 
CPCs) where specificity demanded by the specialized membrane trafficking events and 
increased cargo complexity is achieved through the differential use and specialization of 
subunits (i.e., CPC components) that diversified significandy from yeast to human. 
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Figure 1. Schematic depiction of typical clathrin-based (A), COPI (B), and COPII (C) coat protein 
complexes (CPCs) emphasizing their structural and functional homologies emerging from bio- 
chemical, biophysical, and in silico prediction studies. 16'19'2~ 

Initial evidence towards the shared origins of highly-specialized CPCs emerged from 
phylogenetic studies that demonstrated an evolutionary link between the components of the 
COPI and Adaptor Protein complexes 1, 2 and 3 (AP-1, AP-2 and AP-3), 17 as well as from 
structural 18 and biochemical 19 comparisons of COPI and AP-2 or AP1/AP-3 subunits (Fig. 1A 
and B). In the case of COPI and AP-1/AP-3, a shared structural principle was already evident 
from the observation that the small Arfl GTPase is involved in the membrane recruitment of 
both type of CPCs. 17'19 Moreover, a recent study using computational and biochemical meth- 
ods predicted that most components of COPI, COPII and clathrin-based CPCs may share the 
same basic set of structural domains, namely ~-propeller and ~-solenoid folds that comprise of 
repeating WD-40 containing j3~ and ~-helices, respectively (Fig. 1A~ 2~ While these 
structural folds are common protein domains, the distinctive domain arrangement of an 
N-terminal J3-propeller followed by an c~-solenoid observed in most CPC components is 
absent in eubacteria and archaebacteria. 2~ 

Based on the prediction that an essential step in the evolution of endomembranes must 
have been the emergence of coated vesicle budding, Cavalier-Smith 1 also previously hypoth- 
esized that COPI, COPII and clathrin-based CPCs are likely to have a common ancestral 
origin. Cavalier-Smithl further suggested the following sequence of events for the coated vesicle 
evolution: (1) an ancestral COPII evolved first to drive budding from primitive, rough-ER like 
endomembranes, (2) fusion of some of the COPII-driven vesicles with each other generated a 
smooth endomembrane compartment, a proto-Golgi/lysosome intermediate between the ER 
and the plasma membrane, (3) clathrin-based CPCs evolved allowing the separation of 
lysosomes from the Golgi, with a secondary role in endocytosis, and finally (4) COPI evolved, 
creating the trans-Golgi network as an intermediate compartment between Golgi cisternae and 
lysosomes. This hypothesis remains intriguing as it is consistent with the recent biochemical 
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and computational data (Fig. 1A-C), 20 and the earlier observations of doser phylogenetic, 
biochemical and structural links between the components of the clathrin-based and COPI 
CPCs (Fig. 1A-B). 17-19 Further support for this hypothesis is available from earlier phyloge- 
netic analysis that suggested a more ancestral character for the COPII-mediating Sarl GTPase 
among the members of the Ras superfamily.4 This is also consistent with the fact that Sar 1 has 
the unique capability to complement the sporulation defects of a Myxococcus xanthus strain 
deficient in MgIA, a member of the prokaryotic GTPase family that is the closest relative of the 
eukaryotic Ras superfamily. 21 Finally, the argument that endocytosis might have emerged only 
as a secondary clathrin-based CPC function is suggested by the fact that the endocytic event 
mediated by clathrin/AP-2 is truly unique among CPCs in not requiring a small GTPase (e.g., 
Sarl or Arf) for its membrane recruitment, but instead relies on direct interaction with a 
phospholipid, namely PtdIns(4,5)P2.16 This may reflect a more specialized process that is likely 
to have evolved along with a unique class of lipid effectors mediating cell surface signaling events. 

A clearer picture is now emerging regarding the molecular basis for the overall membrane 
dynamics of coated vesicle formation and the precise role played by the individual CPC 
components. For example, the minimal COPII machinery that mediates ER cargo export 
comprises of the activated Sarl GTPase (GTP-bound) and the Sec23/Sec24 (Sec23/24) and 
Sec 13/Sec31 (Sec 13/31) hetero-oligomers (Fig. 1C). 15'16,22 Here, Sec23 acts as a Sar 1-specific 
GTPase activating protein (GAP) and Sec24 functions as a cargo adaptor specific for the ER 
exit signals, while Sec13/31 largely plays a structural role. The Sarl GTPase may promote the 
initial membrane morphogenesis through its tubulating activity, 9'1~ in addition to its 
well-established role in nucleating the COPII assembly. 22 This initial membrane curvature is 
then likely to be 'captured' by the electrostatic interactions between the concave surface of 
Sec23/24, which is enriched in basic residues and predicted to make an extensive contact with 
the underlying lipid bilayer, 9'23 and presumably further propagated by the polymerizing 
properties of the Sec 13/31 hetero-oligomers. 16 During the biogenesis of clathrin coated vesicles 
(CCVs), the molding of the target membranes into regions of high curvature is also thought to 
be primarily promoted by the accessory proteins rather than the roughly spherical structure of 
the clathrin cage itself.16'24 In general, cognate adaptors provide CPCs with a direct link to 
biosynthetic cargo destined for export and also coordinate cargo selection with vesicle and 
tubule formation. 16'25 

Intriguingly, the j3-propeller and c~-solenoid folds described above, as well as their unique 
N- to C-terminal domain arrangement predicted to constitute some of the CPC components 
(Fig. 1A-C), may also be shared with some of the NPC components. 2'2~ This suggests unprec- 
edented evolutionary links between the components of the NPCs and CPCs. The likelihood of 
these evolutionary links is strengthened by the observations that: (1) the ER and the nuclear 
envelope form a contiguous membrane where the latter is absorbed into the former during 
mitosis, and then subsequently reassembled from the former by membrane tubulation, 16 (2) 
the Secl3 subunit of the COPII coat complex and its larger isoform Secl3 like/Sehl, which 
has no hitherto known function in COPII vesicle biogenesis, play well-established structural 
roles in NPCs, 2y'2s (3) assembly of nuclear membranes and NPCs is regulated by another 
member of the Ras superfamily, the Ran GTPase family, 5 and (4) unlike the conventional 
transmembrane channels, NPCs do not span the lipid bilayer but instead form aqueous chan- 
nels that stabilize the sharp convex curvature formed by the contiguous inner and outer NE 
membranes, reminiscent of the basic CPC function during membrane vesiculation. 29 At the 
molecular level, one of the most fundamental events during the evolutionary leap from prokary- 
otes to eukaryotes must have involved a radical change in membrane topologies associated with 
the emergence of CPC-mediated budding and NPCs. 1 Based on recent computational and 
biochemical data, Devos et al 2~ proposed that early eukaryotes might have had a 'protocoatomer' 
module that induced curvature of endomembranes, and which subsequently gave rise to 
variants with the specialized functions of CPCs and NPCs. In a sense, the primordial NPC 
could then be envisaged as a 'defective' vesicle budding complex enveloping and curving 
membranes linked to the chromatin. 2~176 
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SNARE Proteins: Cellular Machineries Driving Membrane 
Docking/Fusion 

The SNARE family consists of a cognate group of integral and peripheral membrane 
proteins that function in the final stages of vesicular transport. This step involves tethering/ 
docking and subsequent fusion of the transport container with the target membrane. 13'31 The 
core structural feature of all SNAREs is an evolutionarily conserved SNARE motif of about 60 
residues. 32 Based on their highly conserved structural features that contribute to the reversible 
assembly of quaternary docking-fusion complexes, SNAREs are classified into Q- and R-SNARE 
sub-families. 32 Here, each Q- and R-SNARE family member is believed to contribute differen- 
tially to docking and fusion by providing specific information that correctly directs the close 
juxtaposition of two membrane bilayers at specific steps of the exocytic and endocytic 
pathways. Finally, bilayer docking/fusion mediated by the SNARE complexes is highly 
regulated by a variety of pathway-specific effectors that either promote (matchmakers) or 
prevent (matchbreakers) SNARE assembly pathwaysY 

With the completion of major eukaryotic genome projects, it is now clearly evident that 
only a modest increase (-1.5-fold) has taken place in the number of SNARE family members 
with the expanding developmental complexity from yeast to human: S. cerev/s/ae (21 members), 
C. elegans (23 members), D. melanogaster (20 members), and H. sapiens (36 members). 8'13 At a 
first glance, this rather modest increase in SNARE diversification may suggest that multi-cellular 
organisms do not necessarily have an inherently more complex sub-cellular trafficking system, 
and that a core set of SNAREs is largely sufficient for requisite membrane fusion events. 8 This 
is reminiscent of the limited diversification observed for the core CPC machineries from yeast 
to human as discussed in the previous section. However, it is dearly evident that higher eukaryotes 
do indeed have more complex sub-cellular trafficking systems. To accommodate the needs of 
multi-cellular specialization, higher eukaryotes might have used the tissue-specific differential 
expression of an increased number of SNAREs and other additional regulatory membrane 
trafficking components. 6'8 

Rab GTPases: Key Regulators of Membrane Trafficking 
Rab GTPases comprise the largest family of the Ras superfamily of small GTPases and 

function as molecular switches that regulate the dynamic assembly and disassembly of 
563435 multi-protein scaffolds involved in vesicular traffic. " ' Most Rabs are post-translationally 

modified with geranylgeranyl hydrocarbon chains that enable their partitioning into mem- 
branes. 36 Moreover, the membrane association of Rabs is under the control of the Rab-GDI 
recycling system. 37 Fundamentally, Rab proteins can be viewed as simple molecular switches 
('on' and 'off' being their GTP- and GDP-bound states, respectively) that are associated with 
membranes in their activated state. However, Rabs have weak intrinsic guanine nucleotide 
exchange and hydrolysis activities, therefore their interactions with downstream effectors are 
regulated by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) 
that promote the cyclical assembly and disassembly of Rab-mediated protein complexes. 38'39 
Effector complexes formed in response to Rab activation perform diverse functions that in- 
dude coupling ofendomembranes to motors, and hence to the cytoskeleton, as well as long-range 
vesicle docking/tethering interactions that are likely to regulate the membrane fusion activity 
mediated by the SNARE machinery. 6,34,35 

The number of Rab family members closely correlates evolutionarily with increasing 
endomembrane complexity: Schizosaccharomycespombe (7 members), S. cerev/s/ae (11 members), 
C. elegans (29 members), D. melanogaster (29 members), Arabidopsis thaliana (57 members), 
and H. sapiens (63 members). 8'11,12 This nearly 6-fold expansion in the number of Rab family 
members from yeast to human reflects the larger number of specialized trafficking pathways in 
the differentiated cell types forming organ 6 systems of higher eukaryotes. In protozoal parasites 
such as Entamoeba histolytica and Trichomonas vaginalis, the Rab diversity may be as large 
as or even higher than that observed in higher eukaryotes, 4~ which could be due to expanding 
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membrane traflqcking needs associated with their amoebic life cycle phase as in the case of 
Dictyostelium discoidium that may have up to 54 Rabs. 41 

Compared to the 6-fold increase in the number of Rab GTPases from yeast to human, as 
indicated previously, only a marginal and at most modest increase has taken place in the 
number of core CPC modules and SNARE family members, respectively. This raises the 
possibility that Rabs may function as tethering/targeting/fusion activity hub organizers that 
provide the primary diversification element for membrane trafficking pathways by altering the 
combinatorial potential for protein interactions through coupling their GTPase activity with 
effector interacting (switch) domains (Fig. 2). 6,38'42 While SNAREs direct late events leading 
to membrane docking/fusion, Rabs mediate vesicle targeting through the recruitment of 
membrane oriented tethering components that forge links with fusion factors to coordinate 
cargo transport with membrane flow. Moreover, the ability ofRab GTPases to couple transport 
containers to motor proteins can be conceptually viewed as a 'tethering' function that estab- 
lishes the distribution of organelles within the cytoskeletal network. Such Rab-based hubs will 
rely heavily on the unique tissue distribution ofRab GEFs and GAPs as well as general modulators 
such as GDIs that facilitate Rab GTPase recycling. 6 

The above observations suggest that during the course of eukaryotic evolution and the 
accompanying increase in the developmental complexity (i.e., presence of an amoeboid life 
cycle phase, tissue differentiation and organogenesis), the Rab GTPases are likely to have emerged 
as the main regulatory system orchestrating the requisite membrane traf~cking pathways. Given 
the assumption that the dramatic diversification of the Rab GTPases in higher eukaryotes 
reflects the membrane specialization, we have found that mRNA expression profiling provides 
a useful and unbiased bioinformatics approach to understanding Rab-centric organiza- 
tion of the membrane architecture of cells and tissues. 6'14 These Rabs-centric coding systems 
are likely to regulate specific membrane interactions and cargo flow between the sub-cellular 
compartments. We define this general system of Rab-regulated hubs of protein interactions in 
higher eukaryotes as the 'membrome' for a given cell type or transport activity. 6 In this view, 
Rab and SNARE machineries, which are possibly linked through the activity of tethers, consti- 
tute the minimal core components of the membrome and their activity is regulated by cohub 
components that include Rab/SNARE regulators and effectors, which directly or indirectly 
interact with the components of CPCs to define cargo trafficking pathways. In a given cell type 
(or specialized life cycle stage), the membrome varies substantially to reflect the unique expres- 
sion profiles of its components, thereby dictating unique membrane architectures and their 
consequential functionalities. 

How do Rab-based hubs function at the molecular level? Rab function is based on the 
simple chemical reaction of hydrolysis ofa phospho-diester bond in the guanosinetriphosphate 
(GTP) molecule, which results in conformational changes in the GTPase effector/switch 
regions. Analysis of the primary protein sequences within the Rab family of proteins reveals 
strongly conserved motifs, namely RabF motifs, which contain the effector-interacting switch 

I1 12 I and II regions (Fig. 2A and B). ' In addition to the high degree of sequence conservation 
within the switch I and II regions, structural data demonstrate remarkable preservation of the 
three-dimensional fold. 'i3 However, despite this sequence and structural homology between 
the individual Rabs, a dearly divergent course of molecular evolution has taken place within 
the Rab family. Interestingly, phylogenetic analyses allow the arrangement of all Rabs into 
eight functional sub-groups, such as group V -  endosomal, group I I I -  secretory, etc. 12 It is 
now evident that the specificity of the interactions between the Rab GTPases and their corre- 
sponding effector proteins has been finely tuned during evolution through the introduction of 
subtle changes in the amino acid composition that map onto the surface of Rab effector 
regions. Interestingly, these changes have been limited to those preserving the chemical 
properties of the individual amino acid residues. For example, variations in the RabF1 motif of 
human Rabs are largely limited to a substitution of Isoleucine with a Valine, which are both 
alipathic amino acid residues, and/or an Aspartate with a Glutamate, which are both charged 
residues (Fig. 2B). 
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Figure 2. A) The three-dimensional structure of the rat Rab3A GTPase (PDB ID: 3RAB). 48 The 
conserved RabF motifs are highlighted in red. B) Primary amino acid sequence alignment of 50 
human Rab GTPases [see Gurkan et al 6 for a complete list of GenBank| accession numbers for 
the human Rabs]. Only the conserved RabF motifs and the switch regions within (I and II) are 
shown. Amino acid residues are colored by their properties as follows: charged (KRDE)- red, 
polar (NQST)- magenta, aliphatic (ILMV)- green, aromatic (FYW)- yellow, others (APCGH)- 
grey. Short stretches of amino acid residues in Rabl 9b, Rab27a and b excluded for the clarity of 
presentation are shown as 'xxx'. 

Concurrently, the Rab GTPases are promiscuous in their interactions with effectors. For 
example, Rab27a can interact with both melanophilin (Slac2-a) or MyRIP (Slac2-c), which are 
effectors that couple it to the molecular motors MyosinVa and Myosin VIIa, respectively.44 

45 MyosinVa is responsible for the localization of melanosomes in melanocytes, while the same 
46 function in retinal pigment epithelial cells is performed by MyoVIIa. Clearly, this is an 

evolutionary adaptation in response to the different motility needs of the same organelle in 
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Figure 3. Schematic representation of the known Rab GTPase functions. Rabs operate as molecu- 
lar switches in at least two different scenarios: tethering membrane transport vesicles to molecu- 
lar motors (top) or effector molecules (bottom) that mediate the assembly of membrane fusion 
machinery. Both scenarios may be interchangeable depending on the availability of binding 
partners (local concentration, [en], and binding affinity constant, Kd). 

different cell types reflecting myosin specialization. Given that multiple specialized Rabs are 
present across a variety of different tissues, 6 it is very likely that this adaptation is a general 
feature within the Rab family. Thus, evolution has allowed the regulation of related trafficking 
steps using variations in the effector domain function coupled to the availability of different 
ensemble of effectors in each tissue. 

In addition to the above levels of specificity, it is also possible that within the same cell type, 
Rabs may bind different effectors as a function of the spatial sub-cellular distribution of these 
partners. For example, the same Rab GTPase may be responsible for the tethering of an 
organelle to a motor and also for its interaction with the target membrane-bound tethering 
molecules as part of a sequential pathway of effector interactions (Fig. 3). If the function of 
Rab GTPases is to allow tethering of vesicle membranes to molecular motors (or other mol- 
ecules), then a wide variety of biological activities arises from the combinatorial interactions of 
a given Rab with a wide array of downstream effectors and their respective binding partners. 
Such an array of interactions will depend on: (1) availability of each specific effector within the 
given tissue based on its expression levels and local protein concentration, and (2) the binding 
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constant for this interaction. In other words, the biological activity of a Rab GTPase can be 
defined as the following function 6'9: 

Biological activity = ffKdl,[el],Kda,[e2J...Kd~[e,]) 

where K i  n i8 an affinity constant of a given Rab to an effector e,, and [en] is the local 
concentration of the given effector. The nature of this relationship remains to be tested as more 
accurate measurements become available and more effectors are identified. 

The seemingly simple cycle of GTP-/GDP-bound ('on'/'off') state of Rabs that constitutes 
the basis for Rab activity as molecular switches, has also been augmented during evolution by 
multiple layers of regulation. In addition to the Rab-GDI recycling system that mediates the 
membrane recruitment of the Rab GTPases, 37 the specific activity of a given Rab is governed 
by the unique tissue/sub-cellular distribution of its requisite GEFs and GAPs that facilitate 
different Rab/effector exchange reactions. Thus, Nature has managed to respond kinetically to 
the various intracellular traf~cking needs of complex multi-cellular organisms by utilizing these 
multiple regulatory mechanisms to generate a large variety of activities. 6 

Conclusions 
The evolutionary leap from single to multi-cellular organisms did not require a substantial 

increase in the number of the core CPC and SNARE machineries that mediate the fundamental 
events of vesicle fission and fusion, respectively. Rather, they have a limited evolutionary course 
where the core CPC machineries (i.e., the cage-forming modules) and SNARE complexes (i.e., 
the membrane fusion modules) appear to have specialized with expanding cargo complexity 
through the diversification of the adaptor, regulatory factors and accessory proteins instead. In 
contrast, the drastic diversification of the Rab GTPases that regulate the protein interaction 
hubs, such as that orchestrating the tethering and fusion processes, suggests that Rabs are the 
principal evolutionarily element facilitating the expansion and specialization of membrane traf- 
ticking pathways. It now appears that specialization and functional divergence of membrane 
function has arisen through the ability ofRab GTPases to interact with a vast array of effectors 
in a combinatorial fashion. This is further fine-tuned by tissue-specific expression and the 
action of Rab GTPases and their respective regulators. A formidable challenge in the field of 
cell biology will be the elucidation of the molecular mechanisms by which Rab-regulated 
tethering-fusion activity hubs integrate with that of coated vesicle formation/fission to shape 
the unique architectures of eukaryotic cells. 
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CHAPTER 7 

Reconstructing the Evolution 
of the Endocytic System: 
Insights from Genomics and Molecular Cell Biology 
Mark C. Field*, Carme Gabernet-Castello and Joel B. Dacks 

E ndocytosis is an essential process undertaken by most eukaryotic cells. At its most 
general, the term refers to the uptake of material from the cell milieu. 1 Cell biologists, 
however, have come to recognise a number of distinct modes of endocytic transport that 

are accompanied by differences in their underlying molecular mechanisms. Multiple modes 
can coexist in the same cell type and are frequently ongoing concurrently. Broadly, endocytic 
mechanisms can be subdivided based on the size of the ingested particle or cargo. Phagocytosis, 
or cell eating, is the uptake of large particles, including whole cells, and is accompanied by 
transport through large vesicular structures (>250nm in diameter). Pinocytosis, or cell drink- 
ing, involves uptake of rather smaller cargo, typically macromolecules and complexes. The 
study ofendocytic pathways has, for very good technical reasons, focused on a small number of 
taxa, principally metazoa, yeast and a restricted number of protists. This has served well and 
has allowed the definition of a number of pathways in part by virtue of the molecules that are 
required for their operation. 

A more complete understanding of eukaryotic diversity, both with respect to the evolution- 
ary relationships between the major groups, and the availability of an increasingly representa- 
tive taxonomic sampling of genomes now allows for a meaningful survey of the endocytic 
potential ofeukaryotes and the reconstruction of major events in the evolution of the endocytic 
system. From a combination of single and multi-gene phylogenetic studies, along with mor- 
phological data, there are now recognized six major "super-groups" of eukaryotes, :z'3 as shown 
in Figure 1. The use of rare genetic characters, such as gene losses, innovations, and especially 
gene fusions, have also been key in establishing these groups and in rooting the eukaryotic tree. 
The presence of a derived gene fusion between dihydrofolate reductase and thymidilate syn- 
thase shared by the plantae, chromalveolata, excavata and rhizaria, and a unique myosin gene 
fusion in amoebae and opisthokonts have divided the eukaryotes into two groups; the bikonts 
on one side and the unikonts on the other.4'5 Although this is still contentious, being based on 
only few characters and limited taxon sampling, ciliary root patterns and other diverse evi- 
dence 2 appear to support this root (see also the chapter by Brinkmann and Philippe). 

These relationships are important as they allow us to make evolutionary deductions about 
traits within eukaryotes. If a trait (morphological or molecular) is found in representatives of 
most of the super-groups, and in particular in groups on both sides of the eukaryotic root (see 
Fig. 1), then the trait is ancient and any absences due to derived loss. If, on the other hand, a 
trait is found in a single group, then it is likely recently derived. 
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Evolution of the Endocytic System 

Figure 1. Model for major acquisition and loss of selected intracellular trafficking pathways 
during eu karyote evolution. The evolutionary relationships of various eukaryotic taxa are shown 
following the scheme of Simpson and Roger and references therein, 3 as well as evidence from 
Richards and Cavalier-Smith. 5 Positions of acquisitions and losses of gene families are indicated 
(green dots and red triangles respectively). Most lineages above a point of acquisition possess the 
gene, indicating that the last common ancestor of that clade would have had the respective gene, 
whilst all taxa above a red triangle lack this gene. A number of taxa-specific secondary losses are 
likely also present, but these have been omitted for simplicity (see Fig. 3). Taxa represented are 
H.s.; Homo sapiens, D.m.; Drosophila melanogaster, C.e.; Caenorhabditis elegans, C.i.; Ciona 
intestinali~ S.c; Saccharomyces cerevisiae, C.n; Cryptococcus neoformans, E.h.,; Entamoeba 
histolytica, D.d.; Dictyostelium discoidium A.t.; Arabidopsis thaliana, C.r.; Chlamydomonas 
reinhardtii, C.m.; Cyanidioschyzon merolae, P.f.; Plasmodium falciparum, T.t.; Tetrahymena 
therrnophila, G.I.; Giardia lambli4 T.p.; Thalassiosira pseudonana, P.r.; Phytophthora ramorum 
and T.b.; Trypanosoma bruceL Acolor version ofthis figu re is available online at www.eu rekah.com. 

In this article we first consider the overall structures of the endocytic systems of selected 
model eukaryotes and then survey selected genomes for the presence of key factors involved in 
endocytosis and associated trafficking pathways. This latter aspect assumes that the mecha- 
nisms subtending various transport routes are conserved, and implies that the presence or ab- 
sence of a particular factor mirrors the presence/absence of a pathway or process. This approach 
obviously falls short of 100% accuracy, but given high degrees of conservation we have ob- 
served in experimental studies of the deeply divergent trypanosomes 6 as well as detailed in 
silico analysis of restricted gene families across many taxa, / we consider this to be an informa- 
tive strategy. 

Defining Endocytosis 
Phagocytosis has been observed in organisms on both sides of the eukaryotic root and can 

therefore be considered an ancient mechanism. Indeed some authors speculate that phagocyto- 
sis was the founding innovation and the driving evolutionary force for the evolution of the 
eukaryotic state. 8 In organisms such as Paramecium and amoebae (e.g., Entamoeba and 
DictyosteUium) the process serves to supply the cell with nutrients via the ingestion of bacteria 
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and other organic material. Phagocytic mechanisms are retained in multicellular eukaryotes, 
including metazoans, where the ability to ingest whole cells has become coopted for specialised 
functions, including defence against infectious agents as well as for management of programmed 
cell death or apoptosis; in both of these examples specialised phagocytes, macrophages, are 
responsible. At the molecular level, phagocytosis is characterised by a dependence on actin and 
also small GTPases of the Rho subfamily. 9 Beyond noting its obviously critical and ancient 
nature, however, we will not treat phagocytosis further here, in order to focus on the various 
and better characterized molecular components of pinocytosis. 

Pinocytosis has been reported in the majority of eukaryote taxa where direcdy investigated 
and is also therefore an ancient mechanism. There are several types and multiple functions of 
pinocytotic endocytosis, which indudes fluid-phase uptake of the media (which may include 
dissolved solutes) and receptor-mediated endocytosis (RME). Functions include nutrient up- 
take, environmental sampling, turnover of surface components and also cell signalling, whilst 
the various mechanisms can be divided into dathrin-dependant and -independent, reflecting a 
requirement for the conserved heterodimeric dathrin protein. Further, there are several modes 
of dathrin-independent endocytosis, at least one of these involves a cholesterol-binding pro- 
tein caveolin, which can also be differentiated from clathrin-dependant endocytosis based on 
the morphology of endocytic structures associated with the cell surface membrane. Specifically 
caveolin is associated with caveolae, whilst clathrin-mediated mechanisms are associated with 
clathrin-coated pits and vesicles. Additional pathways that require neither clathrin nor caveolin 
are also present in some cells, but the lack of a marker molecule specific to these modes has 
precluded detailed investigation of these systems, and they will not be considered further here. 

The General Structure and Morphological Evolution 
of Endocytic Systems 

The basic architecture of the endocytic system is shown in Figure 2A. The principle features 
are (i) multiple routes from the surface, (ii) several functionally differentiated endosomal struc- 
tures including the early endosome, the recycling endosome and late endosomes, (iii) integra- 
tion with a degradative pathway, variously termed the lysosome, vacuole or reservosome in 
different systems, and (iv) close integration with the Golgi complex and the trans-Golgi net- 
work in particular, and hence exocytic traffic. 1 In general most systems retain these features, 
but there are examples of organisms where one or more aspect has been lost. 

In some eukaryotic supergroups, endocytic specialization is absent, 1~ whether due to a pho- 
tosynthetic lifestyle and thus presumably reduced endocytic activity (Plantae) or due to the 
possible selective advantage of amoebic versatility in being able to phagocytose wherever prey 
may be available (Amoebae). Cercozoans also feed phagocytically by filose pseudopodia and 
lack a truly specialized endocytic region. 1~ Numerous organisms however, demonstrate restric- 
tion in the spatial location of their endocytic apparatus. More extreme examples include Para- 
mecium, where the phagocytic system is associated with a cytopharynx 11 and trypanosomatids 
where all endocytic activity is restricted to the flagellar pocket, 12 but restriction of cell surface 
sites where endocytic activity may occur is also observed in multicellular systems, including 
metazoa. The selective pressures that underpin such polarisation are likely multiple, and in- 
dude segregation of function by control of membrane protein/lipid composition (polarised 
cells in metazoa), feeding efficiency in many excavates, and Chromalveolates, including the 
model ciliate Paramecium and immune evasion (the flagellar pocket in trypanosomes). 

In Opisthokonts (i.e., many metazoan cells and in some fungi including Saccharomyces 
cerevisiae), there is limited differentiation of the plasma membrane, with endocytic activity 
being initiated from most regions of the membrane (Fig. 2D). Microdomains may exist whereby 
small areas of the membrane are marked for preferential endocytic activity, but specialised 
membranous structures are, by and large, absent. Polarised cells, for example epithelia and 
neuronal cell types, are an exception where specific endocytic activity is derived from distinct 
membrane microdomains. 13 In these examples, barriers to diffusion of surface proteins and 
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Figure 2. Schematics of arrangements of endocytic systems at the cell surface. A) general endocytic 
pathway showing the relationship between the Golgi, endosomes, cell surface and the lysosome. 
EE; early endosome, LE; late endosome, RE; recycling endosome. B) Strictly gated configuration. 
One (or more) endocytic mode originates from a sequestered area of the membrane. In this 
example the area of active endocytosis is shown as an invagination, with barriers to diffusion 
designated in red. Only clathrin mediated mechanisms are shown. The structure in green is a 
flagellum. Examples of this configuration can be found amongst the trypanosomes, although 
similar invaginations have been observed in many protists. C) Funnel configuration.Aspecialised 
invagination where endocytosis is restricted. In this example it is not clear if there is a strict barrier 
to diffusion of membrane proteins. A good example of this is the cytopharynx of Paramecium. 
D) Open access configuration. Multiple endocytic mechanisms, as denoted by the dark (clathrin) 
and light (caveolin) gray bars at the plasma membrane, originate from an essentially undifferen- 
tiated membrane. The presence of specific tags on membrane microdomains directing assembly 
of endocytic structures may serve to differentiate the membrane, but at the time of writing the 
presence of such tagged sites has yet to be rigorously established. The two distinct endocytic 
routes are shown converging later within the system, consistent with current knowledge from the 
mammalian system. Examples of this type of system are found in the metazoa. 

lipids serve to maintain a functional division. These latter features are clearly restricted to 
multicellular organisms, and therefore likely represent specific specialisations that have arisen 
during evolution of given multicellular lineages. 

In Paramecium, a well-studied representative of the Chromalveolata, the architecture of the 
cell is much more specialised. From the perspective of membrane transport, two organelles 
deserve specific comment; the cytopharynx and the cytoproct. The former is a specialised in- 
vagination in the plasma membrane that forms a funnel-like structure into which particles are 
guided by the beating of cell surface cilia; from the distal end of this organelle rapid phagocy- 
tosis takes place (Fig. 2C). Phagocytosis is followed by rapid acidification, presumably to aid 
both in digestion of prey and also in killing; acidification is achieved by an unusual process that 
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involves fusion with preexisting acidisomes derived from the Golgi complex. 14 This stands in 
stark contrast to the acidification of endosomes and phagosomes in the Opisthokonta which 
involves a batqlomycin-sensitive membrane H+ pump. Further, Paramecium phagosomes are 
cycled through the cell, and material is ultimately expelled from the cell via the cytoproct, an 
unusual example of exocytosis. In addition, the presence of a large number of trichocysts, 
essentially dense granule vesicles involved in rapid regulated exocytosis, also requires a rapid 
endocytic mechanism to recapture exocytosed membrane at the cell surface. 11 Subtending these 
surface events are several endosomal compartments, many of which appear to have rather un- 
usual morphologies. 11 

In the kinetoplastida, which include free living and parasitic forms, the cell is highly polarised, 
with an invagination (the flagellar pocket) at one end of the cell where the flagellum enters the 
cell body and crosses the membrane (Fig. 2B). In some systems, e.g., Trypanosoma brucei, all 
endocytic and exocytic transport is directed towards the flagellar pocket membrane, which 
functions as a unique membrane domain. Further subdivision of the structure into flagellar 
pocket and cytostome is seen in Trypanosoma cruzi; and may serve to further differentiate the 
surface as the cytostome appears to be dedicated to endocytic activity. 15 It is speculated that the 
flagellar pocket plays a role in immune evasion in parasitic protozoa by sequestering immuno- 
genic determinants. 6 

The sister group to kinetoplastids, the euglenids, also have a flagellar pocket-like structure. 
This, however, is used as an ingestion tubule for feeding, suggesting a more standard endocytic 
role for the flagellar pocket in the past. Strong molecular sequence data links the euglenozoa 
(euglenids plus kinetoplastids) to the heterolobosean amoeboflagellates, 16 which have a much 
more complex ventral feeding groove. 17 The presence of conserved homologous cytoskeletal 
features underlying the ventral groove links these three groups to other ventral groove possess- 
ing taxa, including Malawimonas, Trimastix, "core" jakobids, Carpediemonas and retortamonads. 
The scenario of a nongroove-possessing organism being linked to one possessing the suite of 
homologous ultrastructural characters is repeated several times for the excavate taxa. 17 Indeed, 
the molecular link within the groove containing taxa is the contentious point for this super-group, 
with no analysis uniting all ten proposed excavate groups into a single dade. However, the 
nodes separating the groups are generally poorly supported and rates of evolution for the genes 
used in the analyses vary quite strongly between excavate taxa, possibly explaining the failure to 
resolve them as a group. 2 Nonetheless, based on the molecular evidence linking kinetoplastids 
with feeding groove possessing taxa, as well as on the strong morphological evidence, it seems 
clear that the flagellar pocket is a highly diverged version of the ventral feeding groove. Overall, 
the specialization of endocytic machinery seems to be a wide-spread, if not always homolo- 
gous, feature of eukaryotic cells being found in three of the six major eukaryotic super-groups. 

Key Factors Involved in Endocytic Systems 
and their Evolutionary Distribution 

Vesicle transport is controlled by a large number of proteins and lipids that interact dy- 
namically to assemble and disassemble specific complexes in a time and location-dependent 
manner. Some of these factors are general, e.g., NEM-sensitive factor, an ATPase that plays a 
role in the majority of vesicle fusion events. However, many are specific to individual pathways, 
including Rab family GTPases, proteins of the SNARE superfamily and many others. Here we 
consider some of the key factors that are required for endocytosis and the associated recycling 
pathways, and by probing 17 genomes covering as wide a range of the eukaryotic tree of life as 
possible attempt to infer the evolutionary distribution of these factors (see results in Fig. 1). 

Rabs and Syntaxins 
The major endocytic and recycling pathways are modulated by one of four Rab proteins; 

Rab5 mediates endocytosis itself, Rab4 and Rab 11 control rapid and deep recycling pathways 
respectively, whilst Rab7 regulates delivery to the lysosome/vacuole (Fig. 2A-see figure legend). 
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Figure 3, viewed on following page. Evolutionary distribution of selected major protein players in 
endocytosis. The presence or absence of endocytic factors, as assessed by BLAST are shown. 
Databases were searched in mid-2005 for the presence of a range of diagnostic protein factors with 
known major roles in a number of important endocytic pathways using translated BLAST. Over 550 
independent BLAST analyses were performed, involving genome specific BLAST using authentic 
query sequences (typically from H. sapiens or fungi), followed by a reverse BLAST to the nr 
database. Whilst such analysis needs to be dealt with the appropriate caution, the presence of a 
factor is a good indicator that a specific pathway is present. Conversely, absence indicates that a 
pathway is likely to be absent. For most databases coverage of the relevant genome is of sufficient 
depth to make prediction reliable; however, several of the taxa discussed here have genome 
datasets that are not sufficient for confident prediction of absence, whilst even completed genome 
projects may lack ,--1% of ORFs. Note that all databases are considered complete except Tetrahy- 
mena thermophila, Giardia lamblia Thalassiosira pseudonana, Chlarnydomonas reinharcltiiand 
Phytophthora ramorum. Also Entamoeba histolytica and Dictyostelium discoidiumgenomes are 
nominally completed but depth of coverage may not be sufficient to ensure all ORFs are included 
in the current data sets. Filled symbols: protein:protein BLAST routines retrieve significant hit 
(---10-1~ most relevant domains are present, predicted protein is of size consistent with orthology, 
and reverse BLAST is successful, open symbols: not returned from database searches, significant 
hit not obtained by BLAST, or inspection of sequence returned indicates nonorthology. We prefer 
the term "not returned" to"not found" as the possibility remains that an orthologue has been missed 
by our analysis. Large taxon groupings as are commonly recognised are subdivided into segments 
for each species within that grouping (if appropriate). Colours used are arbitrary and are for clarity 
only. Taxa represented are H.s.; Homo sapiens, D.m.; Drosophila melanogaster, C.e.; Caenorhabditis 
elegans, C.i.; Ciona intestinali5 S.c; Saccharornyces cerevisiae, C.n; Cryptococcus neoformans, 
E.h.,; Entarnoeba histolytica, D.d.; Dictyosteliurn discoidiurrl A.t.; Arabidopsis thaliana, C.r.; Chlamy- 
dornonas reinhardtii, C.m.; Cyanidioschyzon merolae, P.f.; Plasmodium falciparum, T.t.; Tetrahy- 
mena thermophila, G.I.; Giardia lambli~l T.p.; Thalassiosira pseudonana, P.r.; Phytophthora ramorum 
and T.b.; Trypanosoma bruceL Acolor version ofthis figu re is available online at www.eu rekah.com. 

Rab6 controls retrograde traffic through the Golgi complex. Rab proteins have several roles, 
including modulation of SNARE function and recruitment of effector proteins to specific 
vesicles, which in turn serve to propel transport forward - effectors include lipid kinases, com- 
ponents of the cytoskeleton and tethering factors. Syntaxins are coiled-coil transmembrane 
proteins, of the SNARE superfamily, that can form complexes in trans, i.e., between rnem- 

18 branes. They are functionally involved in various stages of the fusion process. 
Extending condusions from previous work, 19-21 we found that both the Rab and syntaxin 

families are deeply conserved (Fig. 3), and multiple members are present throughout evolu- 
tion. Rab 11 and Rab7 are universal, being found in all taxa sampled; whilst the conserved 
presence of a terminal endosomal compartment, i.e., lysosome/vacuole, was expected, the com- 
plete retention of Rab 11, and hence a deep recycling system, was not so obvious. In addition, 
Rab6 was recovered from all taxa except G. lamblia; therefore Rab6, 7 and 11 represent core 
components of the endocytic system that are likely essential for eukaryotic life. Rab5 was also 
recovered from most taxa, with the only exceptions being C. merolae and again G. lamblia. C. 
merolae has a reduced genome and also lives at high acidity (pill.5). It likely has minimal 
endocytic activity, albeit with retention of the Rab 11/Rab7 pathways. 22 Although the Giardia 
genome database is incomplete and Giardia gene sequences are known to be divergent and thus 
vulnerable to mis-classification by BLAST, our failure to identify various Giardia components 
may be due to true absence. Giardia appears to have a minimal endomembrane system, with 
true early/late endosornes lacking, and a fused endosomal compartment (peripheral vacuole) 

23 24 instead. ' It is clear from multigenome analysis and placement of the eukaryotic root, 2'25 
that whilst this configuration has been suggested to represent a basal state, 23 it has likely arisen 
by secondary simplification. Rab4 is less well retained overall, being lost from representatives of 
the fungi, metazoa, chromalveolates and also all plantae. Hence the Rab4 pathway, whilst 
ancient, has been subjected to secondary loss from multiple taxa and the function of Rab4 in 
recycling is likely, in some circumstances, overshadowed by the Rab 11 pathway. 26 The syntaxins 
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are also highly conserved (Fig. 3), with the representatives of endosomal syntaxins (SynE), 
Syn6 and Syn 16 being near universal. Absences of Syn6 in G. lamblia and SynE in T. thermophila, 
C. reinhardtii and C. merolae are explainable by artefact or secondary loss. 

Two tethering factor complexes that interact with both Rab and SNARE proteins are wor- 
thy of consideration here. The Golgi-associated retrograde protein (GARP) complex is com- 
posed of four vps gene products (vps51, 52, 53 and 54) and acts as a tethering complex for 
Rab6. GARP also links with Syntaxin 10. Its major function appears to be mediating a retro- 
grade pathway from endosomes to the Golgi complex. 27 A second recently described tethering 
complex, the HOPS complex, is involved in vacuole biogenesis, is an effector for Rab7 in yeast, 
and contains a vacuole SNARE protein. 28 Therefore, GARP and HOPS appear to share similar 
mechanisms in their function. 

Both of these complexes are ancient (Fig. 1), but retention of GARP through evolution is 
less strong than for HOPS. Unusual aspects of the Golgi complex structure and function, 29'23 
or the unusually high levels of sequence divergence in both Plasmodium and Giardia could 
equally account for their apparent lack of GARE. The absence of GARP from C. intestinalis was 
confirmed by unsuccessful searches for additional subunits of the complex; the functional im- 
plications of GARP loss in a metazoan genome are unclear. Vps33, a Syntaxin-binding protein 
and component of the HOPS complex, is universal, except in Giardia, where it could have 
been lost from the fused peripheral vacuole. 

Endoeytie Coats 
The major endocytic coat proteins, clathrin and caveolin function in independent path- 

ways but both operate mechanistically via a cooperative assembly process that subtends the 
plasma membrane and also includes the concentration of cargo in a local region or domain. 3~ 
Searches for both the light and heavy chains showed that clathrin is a universal component of 
the eukaryotes; by contrast caveolin, which is primarily involved in endocytosis of lipid-anchored 
proteins, is only found in metazoa (Fig. 3). Therefore the latter pathway is a recent acquisition 
and indicates that the trafficking of lipid-anchored proteins is fundamentally different between 
divergent systems. Significantly this indicates that model systems may not always produce 
universally applicable generalizations regarding trafficking processes, in contrast to recent 
suggestions (e.g., 31). 

D y n a m i n  a n d  Adap t ins  
Assembly of clathrin-coated pits at the plasma membrane results in the recruitment of a 

large number of cofactors, including the large GTPase dynamin and members of the adaptin 
complex family. The dynamin family is extensive, but not all members are components of 
membrane transport systems. Those involved in the endocytic system are responsible for vesicle 
scission from a donor membrane and appear to be defined by the presence of at least three 
domains, the GTPase, the "middle" region and the GTPase effector domain. 32 A ubiquitous 
requirement for dynamin in clathrin-dependent endocytosis has been challenged by the dis- 
covery of dynamin-independent endocytosis in T. brucei. 12 Further, we find the presence of 
dynamins, retaining the same domain configuration as those proteins documented to have a 
role in endocytosis in higher eukaryotes, being restricted to the metazoa, fungi, amoebozoa and 
higher plants and absent from the excavata and chromalveolata (Fig. 3). Based on the current 
understanding of relationships (Fig. 1), instead of invoking secondary loss, it is slightly more 
parsimonious to propose that dynamin is a later addition to the endosomal system, whilst a 
role in mitochondrial membrane biogenesis may be the more primitive function. 

The adaptins are heterotetramers that in part are responsible for cargo recognition and 
retention in clathrin-coated membrane regions. There are four known adaptin complexes, with 
differing roles; AP-2 is the principal player in endocytosis, but AP-3 and 4 likely also have a 
role in the recycling and lysosome targeting portions of the endocytic system. 33 We found all 
adaptins to be widely distributed, indicating an ancient origin for all four complexes (Fig. 3). 
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Both AP 1 and AP2 are universally represented, with the sole absence of AP2 from T. brucei, 
likely due to some novel aspects of endocytosis in that system as the complex is present in 
related kinetoplastids. 6 AP3 and AP4 are less well retained, and their absence is noted from a 
wide range of taxa. This is likely due to a dispensable function, dependant on the niche the 
organism occupies, with such conditions having been met on multiple occasions. Evidence 
from genetic studies in yeast and other systems support the idea that these adaptins are nones- 
sential and not part of the mechanistic machinery. 34 

Distantly related to the adaptins are the GGAs; these modular proteins contain a domain 
related to the "ear' of ~,-adaptin, function in a pathway modulated by ARF-like GTPases, and 
also recognise cargo as well as bind to components of the Rab5 system. A further adaptin-related 
coat complex are the stonins. In metazoa and yeast, the GGAs deliver post-Golgi cargo to the 
late endosome. 35 Our survey shows GGAs and stonins to be recent acquisitions, with GGAs 
found in Opisthokonts whilst the stonins are restricted to metazoan systems only. 

Epsin andAssociated Proteins 
Four further proteins of special note participate in the early steps of endocytosis; epsin, 

eps15, dab2 and AP180. Epsin may be able to function to deform membrane in both the 
presence and absence of clathrin. It has a modular structure: comprising an epsin N-terminal 
homology domain, which binds phosphoinositides; ubiquitin-interaction motifs (UIMs); and 
a flexible region that includes binding sites for clathrin, AP-2 and epsin-homology 
domain-containing proteins such as Eps 15, another UIM-containing endocytic factor. Epsin is 
implicated in mediating a clathrin-independent endocytic pathway as well as conducting inter- 
actions with multiple proteins and membrane lipids involved in the clathrin-dependent route. 3g 
Eps15 is another clathrin-binding protein that forms part of the major network of proteins 
that subtend the clathrin coat; 37 eps15 interacts with a host of other factors including the actin 
cytoskeleton and ubiquitin via UIMs, and data suggests is important for coordination of the 
endocytic system through interaction with the vesicle uncoating system. Both epsin and esp 15 
are restricted to metazoa and fungi, but the closely related epsinR (R for "related") and esp 15R 
are widely distributed (Fig. 3). The major difference between epsin/eps15 and epsinR/eps15R 
is the presence of UIMs in epsin and eps15, but not in epsinR/eps15R, suggesting the recent 
acquisition of a ubiquitin-dependent aspect to endocytosis by the Opisthokonta. 

A further component of this system may also be Dab2; this protein also likely functions as 
an adaptor, recognising cargo molecules via the presence of specific peptide signals and is present 
as part of the clathrin coat; 35 Dab2 is metazoa specific (Fig. 3). The final adaptor molecule, 
AP180, is also implicated in the recognition of membranes in clathrin-dependent transport 
processesY In contrast to Dab2, we found AP180 to be an ancient component of the endocytic 
system, but which appears to have been lost from the Chromalveolate lineage (Fig. 1). 

PI-Kinases 
The control of the endocytic system is mediated in part by the Rab proteins, but is also 

integrated with the protein and lipid kinase system. Specifically, kinases act as effectors to 
transmit information through a pathway, frequently this information is derived ultimately from 
a GTPase such as a Rab protein. In the case of endosomal traf~cking, considerable evidence 
indicates a specific role for phosphatidylinositol (PI) lipid kinases. The most important of these 
appear to be PI-3 and PI-5 kinases, including the vps34 and Fabl gene products. Vps34 inter- 
acts with Rab7, likely controlling vacuolar/lysosomal targeting, 39 and is widely distributed, but 
with secondary losses within the plantae (Fig. 2). Fab 1, also important for vacuolar transport, 
is clearly ancient but has been lost from lineages of the Plantae, Chromalveolates and the 
Excavata (Fig. 2), suggesting a more dispensable function. There is good evidence that, amongst 
other roles, formation of phosphatidylinositol phosphates generates specific binding sites for a 
number of other endocytic factors, including epsin and components of the ESCRT system. 
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ESCRTs 
The ESCRT group of complexes mediate delivery of endocytic cargo to the multivesicular 

body and through to the lysosome. Three ESCRT complexes, each consisting of several 
orthologues of the yeast vps dass E complementation group gene products, have been impli- 
cated in lysosomal delivery of receptors, viral proteins and other factors. 4~ As shown in Figure 
1, the three complexes are also ancient, with some secondary loss of the Tsgl 01/vps23 gene, a 
component ofESCRT I. Importantly, associated complexes are responsible for processing and 
delivery of endocytosed proteins that have been modified by ubiquitin to the multivesicular 
body (MVB), a late stage in the pathway to the lysosome, via ESCRT-dependant pathways. 
One factor important in MVB targeting, Vps27/Hrs, is in fact a recent development and is 
restricted to the fungi and metazoa (Fig. 2). This poses the important question of how proteins 
are targeted to MVBs in the majority of taxa. 

Perspectives 
There is ample evidence for the presence of conserved core vesicle fusion machinery through- 

out the eukaryotic lineage, 7 together with suggestions for retained coat complexes and other 
highly conserved factors. 6'19-21)i1'42 However,-many of these factors are involved in diverse 
pathways. Hence whilst it is no real surprise that these proteins are represented, their presence 
does serve to underscore the ancient origin of the majority of membrane-trafflcking systems. 
An even more ancient origin of the overall system is suggested by the demonstration that 
Secl3p in S. cerevisiae is a component of both the COP II complex that mediates exit from the 
endoplasmic reticulum and also of the nuclear pore complex (NPC), implying the presence of 
a primitive membrane-binding and deforming complex that predates the endomembrane sys- 
tem. 43 The model was further supported by demonstration of considerable secondary struc- 
tural similarity between several core proteins of the vesicle transport system (clathrin, adaptin, 
COP I and II) and members of the NPC Nup84p subcomplex. 4 The NPC, which also binds 
membrane and is responsible for increasing bilayer curvature in a manner akin to vesicle bud- 
ding and membrane trafficking systems may have a common origin predating the emergence 
of a true eukaryotic cell. Hence establishment of the basic mechanisms of membrane traffick- 
ing is very ancient indeed, and the last common eukaryotic ancestor (LCEA) would have pos- 
sessed the machinery to carry out such processes. The question then is not how ancient is the 
general system but, how elaborate had the endocytic system become in the LCEA? 

The presence of multiple Rab and syntaxin family members throughout the eukaryota indi- 
cates that the LCEA likely possessed a differentiated endosomal system, which included at least 
two recycling systems depending on Rab4 and Rab 11. Secondary losses are common, likely 
reflecting significant selective pressures on multiple lineages, and indeed Rab4 appears lost on 
at least two occasions. Hence the endocytic system displays a degree of flexibility and redun- 
dancy, but the core components are highly conserved, with the majority of organisms retaining 
nearly all of the factors we have analysed. Figure 2 illustrates the complex endocytic machinery 
present at the base ofeukaryotes. In addition to the factors surveyed here, we have evidence for 
the ancient presence of the retrograde endosomal recycling coat complex, retromer (JBD et al, 
unpublished). The identification of individual components establishes the genomic presence 
of these genes early on. However, the fact that we can identify multiple members of complexes 
(e.g., The three ESCRTs, or the GARP plus syntaxin 6) suggests conserved functional interac- 
tions and pathways in diverse eukaryotes retained from the LCEA. 

Nonetheless, a number of significant transitions are apparent, particularly associated with 
emergence of the Opisthokonta. For example, the appearance of the epsin/epsl 5 proteins may 
be explained by the transfer of the UIM into these proteins, facilitating exploitation of 
ubiquitination as a mechanism in endocytosis. As well as informing the evolution of the endocytic 
system, these traits also iterate back into understanding of the relationships amongst eukary- 
otic groups, representing novel examples of rare genetic characters. The Opisthokont innova- 
tions (Epsin, EPS15, GGA and Vps27/hrs) help to further cement the monophyly of this 
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supergroup, while" the loss ofAP180 (although45weaker due to its being negative data) supports 
the, sometimes contentious, Chromalveolata. Exploring the evolutionary details of these 
endocytic components, especially amongst unrepresented members of the unicellular relatives 
of Opisthokonts such as nuclearid amoebae 46 or other chromalveolate lines such as haptophytes 
and cryptophytes 45 may help to resolve relationships within the super-groups. 

The great range of trafficking pathways in some of the protozoan systems perhaps suggests 
that there may be truly novel mechanisms at work for membrane transport in these systems. 
However, the comparatively poor experimental tractability of many of these organisms means 
that molecular studies are not very advanced and all evidence so far in fact points to a conser- 
vation of mechanism despite great novelty at the morphological level. The lack of acquisition 
of novel endocytic factors in the Excavata, Chromalveolata and Plantae could reflect a true 
paucity of innovation in these taxa, but an attractive alternative is that the poor current state of 
understanding of endocytosis in these taxa could explain this absence, and further experimen- 
tal examination of tractable systems is dearly called for. These observations also impose limits 
on the validity of a model system, and highlight the need to sample endocytic systems across 
the eukaryota. For example, experimental data coupled with in silico analysis indicates that 
tryanosomes are indeed divergent from fungi and mammals and as such cannot be viewed as a 

6 46 model for processes within the Opisthokonta. ' To understand the endocytic system in di- 
verse taxa requires direct experimental work on representative organisms and cannot be in- 
ferred. The identification of truly novel factors in trypanosomes, Giardia, or any other system, 
will be an exciting and significant challenge. 
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CHAPTER 8 

Origins and Evolution 
of the Actin Cytoskeleton 
Francisco Rivero* and Fatima Cvr~kov~ 

Introduction 

T 
he presence of a complex cytoskeletal system is a hallmark feature of eukaryotic cells, 
distinguishing them from their prokaryotic (bacterial or archaeal) "cousins". No extant 
prokaryote studied so far possesses obvious homologues of major cytoskeletal proteins 

shared universally among eukaryotes, such as e.g., actin or tubulin. However, several proteins 
exhibiting limited sequence similarity with certain cytoskeletal components, as well as the abil- 
ity to form filaments, have been found. 1-3 These indude, among others, relatives of actin and 
actin-associated proteins that will be discussed in detail below, the FtsZ family of bacterial and 
archaeal tubulin-related proteins participating in cell division 4 and an intermediate filament-like 
protein (crescentin) from Caulobacter.- 

Evidence from large-scale genome sequencing indicates that eukaryotic nuclear genomes 
arose as a result of a "merger" of at least two ancestors. 6-8 There are even two subclasses of 
genomic DNA with different compositional characteristics; one of them, resembling recent 
Bacteria, has contributed e.g., the molecular apparatus of the energy metabolism, while the 
other, close to Archaea, brought, among other genes, components of the replication and 
proteosynthetic machinery? The cytoskeleton has been also suggested as a candidate for archaeal 
heritage, 1~ however, its origins remain mysterious. It has even been proposed that genes for 
cytoskeletal proteins come from a third ancestor of eukaryotes, a hypothetical "chronocyte", 
long extinct and surviving only through its eukaryotic descendants. 11 In any case, a 
cytoskeleton-like apparatus must have been present at least at the point of acquisition of endo- 
symbionts that later gave rise to mitochondria. 

Here we focus on a subset of cytoskeletal proteins, namely actin and a core of associated 
proteins participating in the control of actin dynamics, especially filament nucleation (reviewed 
in ref. 12). Identification of components shared by evolutionarily distant eukaryotic lineages 
(such as plants, yeast, Metazoa, slime molds and other selected protists), and in a few cases also 
the discovery of related proteins in prokaryotes, may provide the first step towards reconstruct- 
ing the composition, and possibly also functional characteristics, of the initial set of 
"actin-associated modules" of the common ancestor of eukaryotes (Table 1). 

We shall discuss selected parts of the actin-associated apparatus separately. First, we focus 
on the actin monomer itself, together with a class ofevolutionarily conserved monomer-binding 
proteins that modulate the balance of monomeric and filamentous actin. Next, we will exam- 
ine complexes that serve as "primers" nucleating new actin filaments. We shall then move to 
an assortment of actin-binding proteins that either regulate filament dynamics or mediate 

*Corresponding Author: Francisco Rivero--Center for Biochemistry and Center for Molecular 
Medicine Cologne, Medical Faculty, University of Cologne, Joseph-Stelzmann-Str. 52, 50931 
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association of other cellular structures with actin filaments, including also actin-dependent 
motors. Finally, we shall summarize the potential evolutionarily conserved aspects of the regu- 
latory mechanisms controlling the structure and function of the actin network. 

The Actin Cytoskeleton in the Cellular Context 
While much ofactin's fame derives from studies of metazoan muscle actin/myosin complex, 

nonmuscle actin participates in a range of essential processes ofeukaryotic cell morphogenesis, 
in motility of (nonmuscle) metazoan and amoeboid cells and in intracellular transport. Actin 
fibers contribute to intracellular movement either by providing direct locomotive force through 
filament assembly, or serving as "tracks" along which structures travel, driven by molecular 
motors such as myosins. The polymerization-based mechanisms are believed to be evolution- 
arily older than those involving molecular motors, 13 thus justifying our focus on the actin 
nucleation machinery. 

Actin filament assembly is believed to participate in the "exploratory behavior" of soft-bodied 
cells (typical metazoan cells, such as fibroblasts or neurons, or amoeboid cells), i.e., to the 
formation of filopodia and lamellipodia, as well as membrane ruffles. 14'15 Actin "comets" can 
also propel organelles and intracellular parasites across the cytoplasm, utilizing filament assem- 
bly forces. 16'17 Even in wall-encased cells of plants or fungi fdament assembly contributes to 
cell shape development, as documented for yeast buds, 18 plant trichomes, 19 tip-growing root 

20 21 22 hairs ' and pollen tubes. However, the resulting networks ofactin filaments are believed to 
serve mainly as tracks for motor-driven delivery of exocytotic vesicles to the expanding regions 
of the cell surface (e.g., see ref. 23). Perhaps with the exception of trichomes, even these cases 
can be considered examples of "exploratory behavior", as nonmotile cells indeed can explore 
the environment only by expanding (growing) into it. 

Actin is also indispensable for essential processes of the cell cycle. Cytokinesis usually in- 
volves exocytosis, depending on vesicle delivery along actin tracks, and at least in metazoan and 
amoeboid cells also constriction of a subcortical actomyosin ring. 24'25 Ve2~ recendy, actin has 
been also implicated in chromosome congression during oocyte mitosis. Thus, actin is cen- 
tral to at least two basic functions of life, namely "tactile" interaction with the environment and 
cell multiplication. 

Actin- and Monomer-Binding Proteins 
Actin exists in the cytoplasm of eukaryotic cells either as soluble monomers (G-actin) or as 

filaments (F-actin). The in vivo balance between F- and G-actin, as well as fdament turnover, is 
to a large extent controlled by proteins that regulate the availability and nucleotide-bound state 
of monomers. This, in turn, affects the rate of filament polymerization (predominantly at plus 
or barbed ends) and depolymerization (preferentially at minus or pointed ends), resulting in 
net growth, shrinkage or treadmilling. While some modulators of actin dynamics are restricted 
only to certain eukaryotic lineages, such as e.g., the actin-sequestering proteins I$-thymosin of 
Metazoa (see discussion of WH2 domains below) or toxofilin of Toxoplasma, others are shared 
by most eukaryotes and therefore obviously ancient, in particular profilin and proteins of the 
actin depolymerizing factor (ADF)/cofdin famil)~ which together act as major determinants of 
cytoplasmic actin dynamics. 27'28 

A c t i n  
Actin is a remarkably conserved protein, with overall identity about 85% between the 

most divergent family members. However, most species possess multiple actin isoforms ex- 
hibiting both structural and functional differences. The number of actin genes per genome 
ranges from 1 (in yeasts) to almost 100 in some plants (reviewed in refs. 12,29). The closest 
eukaryotic relatives of actin comprise the family of actin-related proteins (ARPs), 3~ some of 
which will be discussed below. The evolutionary separation between actin sensu stricto and the 
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ARPs apparently occurred already in the ancestral eukaryote. The actin/ARP gene family can 
thus be viewed as a single unit if we are considering the early steps of eukaryotic evolution. 

Distant but undisputable prokaryotic homologues of actin have been found. The MreB pro- 
tein forms f'flaments both inside cells of rod-like bacteria and in vitro. 1'31'32 Both actin and MreB 
are considered members of an ancient superfamily including also the bacterial cell division pro- 
tein FtsA, the ATPase domain of lisp70 and even the enzyme hexokinase. The split between the 
MreB and actin lineages and the rest of the family apparently occurred very early in evolution, 1'2 
presumably before the establishment of molecular mechanisms guaranteeing a relatively low 
mutation rate, and possibly already in the hypothetical era of the RNA-based life. 11 Most prokary- 
otic members of the MreB family are bacterial, with just a handful of homologues identified in 
Archaea (ref. 10 and our database searches). Although this could reflect limited availability of data 
from Archaea, the possibility that actin's ancestors originated in Bacteria and/or arrived into the 
proposed archaeal ancestor by horizontal gene transfer also cannot be excluded. 

Profi l in 
Prof'flin, an abundant small protein that may aid "charging" of G-actin by ATP, promoting 

thereby filament assembly, is ubiquitous in eukaryotes, with the exception of greatly~ reduced 
parasites such as Giardia. Like actin, it exists in multiple isoforms in many organisms. !53'34 How- 
ever, it is somewhat less conserved: prof'dins within a single organism (such as Dictyostelium), may 
share as little as 55% identity. 35 This also complicates searches for possible prokaryotic relatives. 

Profilin is related to members of an ancient family including the Roadblock/LC7-related 
proteins, as well as prokaryotic (both bacterial and archeal) MglB proteins. 36'37 This family 
contains a number of proteins implicated in ATPase or GTPase regulation, including dynein 
light chains (i.e., a subunit of a tubulin-dependent motor complex). MglB is implicated in 
gliding motility of microbial cells. Curiously, in some bacteria it resides in the MglAB operon 
that includes also MglA, a small GTPase, 36 suggesting a very ancient relationship between 
G-proteins and ancestors of the actin module. 

ADF/Cofilin and the Gelsolin Repeat 
Members of the actin depolymerization factor (ADF)/cofilin family preferentially bind 

ADP-associated G- and/or F-actin and increase the G-actin level via filament severing and 
depolymerization. The ADF/cofilin family, defined by the presence of the structurally con- 
served ADF homology domain, is ubiquitous or at least widespread in eukaryotes, 3s suggesting 
that this domain and the associated severing and depolymerizing activity was present in the 
common ancestor of eukaryotes. However, members of the ADF family are relatively poorly 
conserved, and no candidate prokaryotic relatives have been found so far. Bikonts possess only 
proteins with a single ADF domain, usually without extensions, but the domain appears dupli- 
cated or with characteristic extensions in unikonts (Fig. 1). 

Interestingly, the ADF domain shares structural similarity with the gelsolin repeat (includ- 
m the actm bmdm s~te des lte lack of se ue 39 40 �9 g " " " g " ), p" q ncesimilarity. ' The ADF and the gelsolin 
repeat might thus be descendants of an ancient actin-severing protein (see Fig. 1 for a detailed 
description). The gelsolin repeat is found as a tandem of three or more copies in diverse pro- 
teins. The prototype of this family, gelsolin, contains six repeats and acts as a calcium-regulated 
protein that caps the barbed ends of actin filaments, promotes nucleation and severs existing 
filaments. 41 Typical gelsolin repeat proteins are present in bikonts and in plants (Table 1), 
indicating that a gelsolin-like protein must have been present in the common ancestor of eu- 
karyotes. Their absence in other lineages is thus apparently due to secondary loss. Moreover, 
proteins of the Sec23 family, conserved in all eukaryotes, contain a single diverged gelsolin 
repeat at their C-terminus, supporting the ancient status of the ADF/gelsolin domain. Sec23 is 
a component of COPII coated vesicles involved in recruiting and formation of prebudding 
complexes whose interaction with actin has not been investigated so far.4a 
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Figure 1. Reconstruction of the evolutionary history of proteins of the ADF/cofilin and gelsolin 
repeat families. The diagram is based on protein repertoires of selected representatives of each 
lineage: A. thaliana, P. falciparum, D. discoideurn, S. cerevisiae(plus a severin-like protein of 
filamentous fungi absent in yeast) and H. sapiens. The eukaryotic genealogy is based on ref. 56. 
Proteins occurring in multiple isoforms are depicted only once. Based on structural similarity, the 
ADF domain and the gelsolin repeat might be descendants of an ancient actin-severing protein 
(proto ADF/GEL). Subsequent divergence, duplication and shuffling of additional domains and 
extensions gave rise to the diversity of ADF and GEL proteins of extant organisms, particularly 
unikonts. The ADF domain is duplicated in twinfilin, a protein that binds only G-actin and does 
not promote actin filament depolymerization; the duplication occurred apparently early after 
branching of eukaryotes into unikonts and bikonts. Around the same time, the coactosin/drebrin 
and the GMF (glia maturation factor) subfamilies arose. Its members bind only to F-actin and 
sometimes possess a characteristic C-terminal extension, such as the SH3 domain of Abpl. Avery 
ancient multiplication of the ancestral GEL repeat gave rise to proteins with three gelsolin repeats 
such as those of D. discoideum (severin), filamentous fungi and Metazoa (CapG). It is intriguing 
that no proteins with a single (with the exception of Sec23/24 not depicted here; see text) or 
double repeat have subsisted. A further duplication generated proteins with 6 repeats (such as 
gelsolin), which then acquired extensions and additional domains, like leucine-rich repeats 
(LRR) (flightless of Metazoa) or a C-terminal villin headpiece (white rectangle) that conferred 
actin-bundling properties to some of them (villin and related proteins). In Amoebozoa a 
flightless-related protein resulted from the fusion of part of a flightess gene to a villin gene, 
whereas villidin resulted from the fusion of a coronin gene to a villin gene. In Amoebozoa also, 
frequently the first GEL domain of the tandem of six has been lost, and other domains have eroded 
so that they are difficult to recognize. 
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Actin Nucleation Complexes 
Actin can form fdaments in vitro even in the absence of other proteins. However, elongation of 

preexisting filaments at extendable ends (i.e., usually free barbed ends) is more efficient and 
requires lower actin concentration than establishment of new fdaments out of G-actin. Such 
ends can arise either by fragmentation of existing filaments (mediated e.g., by proteins of the 
ADF/cofilin family), by removal of proteins capping a preexisting end, or by de novo nucle- 
ation aided by a specific protein complex. Nucleation of new filaments in vivo may present a 
unique regulatory node where multiple signaling pathways converge, resulting in precise con- 
trol of the actin network structure. So far, two independent nudeation mechanisms have been 
studied in detail - Arp2/3 mediated nucleation and nucleation mediated by formins (for a 
review see refs. 12,43). 

The Arp2/3 Complex 
The Arp2/3-dependent nucleation complex consists of seven subunits (Arp2, Arp3, and 

ARPC1 to ARPC5). Arp2 and Arp3 are members of the ARP family mentioned above. All 
subunits are well-conserved throughout major eukaryotic lineages, although some losses appar- 

�9 44."45 ently occurred, in particular in Parabasalia and Diplomonadida ' (Table1). ARPC 1 is a member 
of the WD40-1ike protein family that has also bacterial and archaeal members but no prokaryotic 
relatives have been found for the remaining four subunits. 

Curiously, at least in some organisms, loss of certain subunits is compatible with survival. In 
Arabidopsis, homozygous mutants lacking single genes Arp2, Arp3, ARPC5 or one out of two 
isoforms of ARPC2, are viable and fertile, although they exhibit a distinct mutant phenotype 

19,46  of distorted trichomes and malformed epidermal cells. ' For the ARPs themselves this may 
reflect a partial complementation of the mutant defect by other members of the family or even 
actin; however, the nonessentiality of ARPC5, together with its absence in several eukaryotic 
lineages suggests that this subunit may be a later addition in the Arp2/3 nucleation complex. 
Alternatively, most of the tasks requiring actin nucleation may have been taken over by formins 
in plants (see below). However, deletion of genes encoding Arp2, Arp3, ARPC1 and ARPC5 is 
lethal in the budding yeast, while loss of ARPC 2, 3 and 4 results in growth defects ofvarying 
severity 47 (see also www.yeastgenome.org); perhaps the ARPC5 subunit might have become 
indispensable in the specific context of the yeast cell, since budding heavily depends on 
establishment of Arp2/3-dependent actin structures. 18 

Fora~i~ 
Formins are defined by the presence of the approximately 400 residues long, predominandy 

or-helical FH2 domain, capable to form a ring-shaped flexible dimer that caps the barbed end 
and allows processive elongation of the actin filament. The FH2 domain can be found in most 
eukaryotes (Table 1) and is usually preceded by the proline-rich FH1 domain that interacts 
with profilin-actin and funnels actin monomers to the nucleation site. The FH1-FH2 combi- 
nation probably constitutes the minimal core fully functional in terms of actin nucleation and 
elongation activity; diverse formins differ in their comparative capping vs. nucleating activities, 
as well as in their requirements for cofactors such as profilin. ~~ Ajglant formin has been 
recendy found to possess an unique ability to bundle actin filaments. 5z 

The FH 1-FH2 core is usually accompanied by additional domains. Diverse formin classes 
differ mosdy in their N-terminal regions, which generally have regulatory and targeting roles. 53-55 
A common architecture characterized by the presence of an N-terminal GTPase binding motif 
(GBD/FH3) and a C-terminal autoinhibition domain can be found among formins of 
Amoebozoa, Fungi and Metazoa. 54 This domain combination, allowing regulation of formin 
activity by activated Rho GTPases, and establishing thereby a direct link between the nude- 
ation machinery and regulatory signaling pathways, apparently arose only within the unikont 
lineage, 56 since it can be found neither in the formins of Apicomplexa, Kinetoplastida and 
Ciliophora, nor in those of plants, which acquired either N-terminal membrane anchors or a 
variant Pten-like domain, possibly also allowing association to membranes. 53 
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Other Actin-Binding Proteins 
In addition to the predominantly or exclusively G-actin binding proteins, there is a growing 

list of proteins that bind to actin filaments and exert actions as diverse as capping, severing, 
crosslinking, attachment to other cellular structures and force transmission. A number of do- 
mains with bona fide actin-binding properties that are shared by many proteins throughout 
various lineages has been identified; duplications and domain shuffling apparently produced 
much of the present diversity of ABPs. We shall briefly discuss several representatives: the 
heterodimeric capping protein, the calponin homology (CH) domain and the small VHP and 
WH2 domains. 

The Heterodimeric  Capping Protein 
Capping proteins bind tightly to the barbed end ofactin filaments and prevent the addition 

or loss of actin subunits. They are composed of two subunits, an ct subunit of 32-36 kDa and 
a 13 subunit of 28-32 kDa. Interestingly, the ct and 13 subunits of chicken skeletal muscle cap- 
ping protein have a strikingly similar folding, despite lacking sequence similarity, so that the 
entire molecule has a pseudo 2-fold rotational symmetry. 57 We suggest that the capping pro- 
tein was initially homodimeric, but a gene duplication followed by substantial divergence re- 
sulted in a heterodimeric protein. The heterodimer must have brought a significant selective 
advantage, because it has undergone relatively little change since the initial diversification of 
the two subunits. This event must have taken place very early, became the heterodimeric cap- 
ping protein can be found in all lineages studied, except in the greatly simplified parasitic 
diplomonads (Table 1). 

The Calponin Homology Domain 
The CH domain is a module of about 100 residues with a globular or-helical fold, present in 

a large family of proteins that can be subdivided into subfamilies according to their domain 
composition. 5s Not all CH domains bind to actin. A typical CH-containing actin-binding 
motif consists of a tandem pair of CH 1 and CH2 domains, although a sole CH 1 domain also 
can bind to actin. CH 1-CH2 proteins are numerous in unikonts, but there are a few examples 
in bikonts (Table 1). Variant domains such as CH3, CHe and CHc apparently do not bind 
actin: the CH3 domain is found in many signaling and a few cytoskeleton proteins of many, 
predominantly multicellular, lineages; CHe binds microtubules and is ubiquitous in eukary- 
otes; 59 the CHc domain is found in choline/carnitine-O-acyltransferases, enzymes involved in 
fatty acid metabolism and transport found in Metazoa, Fungi and Kinetoplastida. 6~ 

The distribution of CH domains suggests that they were present already in the ancestral 
eukaryote. We postulate that the proto-CH domain did not bind actin and diversified already 
very early. An ancient duplication gave rise to the tandem CH 1-CH2. The actin binding prop- 
erties could have appeared either before or after this duplication, and the tandem arrangement 
was dearly advantageous in terms of interaction with F-actin because few proteins have either 
CH 1 or CH2 only; these could have originated by subsequent loss of one of the domains. A 
further duplication of the CH 1-CH2 tandem produced the actin-bundling protein fimbrin, 
documented in lineages as diverse as unikonts, plants (where they constitute the only CH 1-CH2 
proteins) and the chromalveolate Tetrahymena thermophila. 61 In unikonts the CH 1-CH2 fam- 
ily expanded and diversified considerably by domain shuffling, leading to acquisition of tail 
regions composed of spectrin repeats, filamin repeats and other domains. 58 

The VHP and WH2 Domains 
Actin-binding modules such as the villin headpiece (VHP) and the WASP homology do- 

main 2 (WH2) are well documented mainly in multicellular eukaryotes (Table1). However, 
their small size (about 35 residues) hampers reliable database searches, therefore their presence 
in other eukaryotes cannot be ruled out. Also the alleged bacterial VHP or WH2 domains, as 
well as viral proteins with WH2 domains (listed in the InterPro resource 62) have to be inter- 
preted very cautiously in the absence of functional data. 
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The VHP appears at the extreme C-terminus of diverse proteins, alone or in combination 
with other domains, particularly the gelsolin repeat. The VHP binds to F-actin (although there 
are exceptions) and confers actin-bundling properties to villin and related proteins. 63 The WH2 
domain binds preferentially ATP-associated G-actin. It can be found alone as a single domain 
(13-thymosins) or as a tandem of two (actobindin), three (ciboulot) or four (spire) copies. Iso- 
lated WH2 domains such as in 13-thymosins sequester G-actin and maintain it in a 
nonpolymerizable form. In contrast, two or three WH2 domains in tandem as in actobindin or 
ciboulot promote elongation of barbed filament ends similar to profilin, 64 while the four do- 
mains of spire together promote nucleation of new fdaments, independent of"dassical" nude- 
ation complexes. ~5 The WH2 domain may also associate with other domains, as in WASP, 
verprolin-related proteins and cyclase-associated protein. 66 

A similarity between the actin-binding regions of the VI-IP and the WH2 domain has been 
proposed. 39 Both domains might have evolved from a short domain or loop that diverged 
before the unikont/bikont split to accommodate the different properties, F-actin binding vs. 
G-actin binding, of the VHP and the WH2 domain, respectively. Nevertheless, it cannot be 
ruled out that the apparent sequence similarity results from evolutionary convergence. 

Other Domains and Proteins 
The number of proteins able to interact with actin is very large, and we cannot make a 

comprehensive account on the evolutionary history of all of them. We will not discuss domains 
whose presence in a protein does not automatically correlate with actin-binding properties, 
although they are shared by numerous actin-binding proteins (such as the WD repeat, the 
kelch repeat and the LIM domain), proteins apparendy specific for a limited number of lin- 
eages, or those lacking reliably recognizable domains. Future structural studies may reveal rela- 
tionships among proteins that have passed unnoticed because of apparent absence of sequence 
similarity. This already happened e.g., in case of the j3-trefoil fold, initially described in fascin 
but later discovered in the Dictyostelium membrane-associated protein hisactophilin on the 
basis of structural data. It has been proposed that the J3-trefoil fold arose by duplication of an 
ancestral gene encoding a homotrimeric single-repeat protein. 67 Similarly, the I/LWEQ do- 
main, named after the conserved initial residues in each of four repeated blocks, might have 
originated by duplications of an ancestral single-repeat protein. This domain is characteristic of 
two classes of proteins involved in actin organization, namely the focal adhesion protein talin 
(Amoebozoa, Metazoa) and the polarisome protein Sla2p/HIP- 1 (Amoebozoa, Fungi and Meta- 
zoa), and apparently originated within the unikont lineage, prior to the branching between 
Amoebozoa and Opisthokonta. 68 

Effectors and Regulators of the Actin Cytoskeleton 
The actin-binding proteins discussed in the last section present only a limited selection of 

molecules that serve as "interfaces" ensuring the integration of the actin network into the cellu- 
lar web of interactions. Thorough analysis of all proteins that could be considered "effectors" of 
the actin cytoskeleton, as well as of its regulatory inputs, would exceed the scope of this review. 
Instead, we shall introduce selected examples that can provide additional insights into the early 
stages of cytoskeleton evolution. First, we shall focus on the major actin-dependent motor 
protein, myosin, which is responsible for the movement of a variety of cargoes along the actin 
network; later we shall discuss the evolutionarily conserved aspects of regulatory pathways 
controlling the structure and dynamics of the actin cytoskeleton. 

Myosin, the Prototype Motor 
In terms of sequence, myosins can be recognized by the presence of an ancient, 

well-conserved domain, the myosin head, an ATPase capable of converting the chemical en- 
ergy from ATP hydrolysis into mechanical movement along an actin filament. The myosin 
head has been so far found in nearly all eukaryotes studied (Table 1), indicating that, similar to 
actin itself, it apparently arose no later than in the common eukaryotic ancestor. Indeed, it has 
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been proposed that the myosin motor domain might have originated from a common ances- 
tor with the microtubule-dependent motor kinesin, as they share a similar 3D structure of the 
core. 69 Although no readily identifiable homologue of the myosin head can be found in prokary- 
otes, both myosin and kinesin motor domains are related to proteins of the P-loop NTPase 
superfamily. This superfamily includes both ATPases and GTPases and has also prokaryotic 
members, suggesting the possible evolutionary root of both motor domains. 7~ 

Myosins have blossomed into an abundant and diverse protein family during eukaryote 
evolution. At least 18 myosin dasses have been established on the basis of both myosin head 
sequence and overall domain composition; 72'73 however, a recent detailed analysis of 23 ge- 
nomes covering the whole eukaryotic kingdom distinguishes already 37 myosin classes, with 
representatives of up to 13 dasses found in a single species. 74 

Evolutionary events documented in myosin evolution include mutations, domain shuf- 
fling, domain fusions, partial deletions, duplications, and losses, which makes evolutionary 
studies extremely difficult. Nevertheless, a thorough phylogenetic analysis, based on domain 
structure rather than on sequence analysis only, not only provided supportive evidence for the 
unikont/bikont model of early eukaryote evolution, but also allowed identification of three 

�9 . 7 4  supposed ancestral myosin famdles. One of them corresponds to myosin I, previously sug- 
gested to be one of the oldest myosin classes whose members may have originally functioned as 
generalists, while more recently evolved families, limited to particular lineages, may have been 
optimized for specialized functions. 72 

Regulatory Inputs Controlling the Actin Cytoskeleton 
While a number of cellular components, including the constituents of the actin cytoskel- 

eton discussed above, is well conserved throughout evolution, many others are not. In particu- 
lar, this is often the case of components of the regulatory circuits controlling the function and 
mutual interactions of conserved "core" molecular modules. Such variable regulatory connec- 
tions--or "protocols" sensu Csete and Doyle75mbetween well-conserved molecular assemblies 
may provide means for generating the great diversity of form and funcdon from a relatively 
small set of molecular building blocks, as observed in present cells (see also ref. 12). Pathways 
controlling the structure and function of the actin cytoskeleton provide a good example, since 
they may seem to be almost entirely lineage-specific on the first glance. We shall now focus on 
the control of the actin nucleation machinery to illustrate this point; however, a similar argu- 
ment could be constructed also for other actin-related regulatory pathways. 

The Arp2/3 complex, which alone is inactive, can be activated by a variety of cofactors. 76 
These include e.g., fungal myosin I and Abp lp, metazoan-specific cortactin, the multidomain 
protein CARMIL, found in Amoebozoa and Metazoa, and several proteins of broader distribu- 
tion, such as e.g., coronin (see ref. 12). Prominent among Arp2/3 regulators is the large family 
of conserved WH2 domain-containing WAVE (WASP family verprolin homology) proteins 
that form a core of a large muMprotein regulatory complex. This complex has been long con- 
sidered specific to Metazoa, Fungi and Amoebozoa; however, homologues have been recently 
found also in plants, 19 indicating that the WAVE-associated complex is ancient. It remains 
unclear whether an analogous system can be found also in the remaining deep-branching eu- 
karyotic lineages; sequence searches for homologues are hampered by low sequence complexity 

" I _  1 2 7 7  of this extremely proline-rich protein. Also formins are embedded in complex signal networks. ' 
Despite the evolutionary plasticity of molecular mechanisms controlling the actin nude- 

ation, some common motifs emerge if we follow the regulatory pathways backward from their 
actin targets to the upstream inputs. Remarkably, many regulators ofactin nucleation, including 
WAVE proteins and at least some formins, are themselves controlled by Rho GTPases, a class of 
regulatory proteins with multiple outputs, initially described as major regulators ofactin remod- 
eling but later found to participate also in microtubule dynamics, endocytosis, vesicle traffick- 
ing, gene transcription, the response to oxidative stress, cytokinesis, cell cycle progression and 
apoptosis. 78-8~ Small GTPases of the Rho family are present in all eukaryotes, although the 
"classical" subfamilies of Rho proper, Rac and Cdc42 are probably specific to Metazoa and Fungi. 
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Detailed discussion of Rho GTPases and their cofactors would exceed the scope of this 
review; a thorough evolutionary analysis of small GTPases has been published by others 81 (see 
also chapter by Balch). However, we should at least mention the fact that although the path- 
ways whereby Rho GTPases control their downstream effectors vary greatly across eukaryotic 
lineages (e.g., see ref. 82), the common motif of actin control by a small GTPase appears to be 
almost invariant, despite of the varying molecular implementations (see ref. 12 for more de- 
tailed discussion). Remarkably, roots of this arrangement could be traced to very early stages of 
evolution, since MglB, the prokaryotic relative of profilin, often resides within the same op- 
eron with a small GTPase (see above and ref. 36). 

Conclusions 
We hope that careful evaluation of the above oudined data may allow an attempt at recon- 

structing the microfilament system of the ancestral eukaryote. We can assume that actin-binding 
domains shared by most eukaryotes (in particular those found on both sides of the unikont-bikont 
divide 74) were present in the common ancestor of the eukaryotes. This means that any protein 
found both in a representative of the Fungi/Metazoa/Amoebozoa group (the unikonts) and in 
any of the remaining eukaryotic lineages examined (plants or nonamoeboid unicellular eukary- 
otes) is likely to be of ancestral origin. Quite many such proteins can be found (Tablel); how- 
ever, interpretation of their phyletic distribution is not always straightforward. Only actin itself 
is indeed found in all lineages. However, if we disregard the greatly reduced and incompletely 
characterized genome of the diplomonad Giardia, and allow for occasional gene loss and/or 
divergence beyond recognition in rapidly evolving lineages (in particular the unicellular ones), 
we have to realize that the common eukaryotic ancestor must have had a fairly elaborate 
cytoskeletal apparatus. This could have been expected, since the ancestor must have been al- 
ready able to internalize the prokaryotes that later became endosymbionts and gave rise to 
mitochondria; therefore it must have been capable of some form of phagocytosis. 

The ancestral eukaryote thus already possessed not only actin and myosin, but all relevant 
basic activities required for remodeling of the microfilament system. A profilin-like protein 
sequestered actin monomers and promoted nucleotide exchange, rendering the monomers ready 
for polymerization. Nucleation was achieved both by the Arp2/3 complex and by the dimeric 
FH2 domains. A dimeric capping protein capped the fast growing end of the filaments. This 
protein was initially homodimeric, but a gene duplication followed by substantial divergence 
resulted in the current heterodimeric protein. An ADF/gelsolin-related protein was responsible 
for severing and depolymerization of the filaments. Also proteins responsible for other activi- 
ties, in particular bundling, crosslinking or membrane association of filaments, were probably 
already present; however, it has to be said that the evolutionary fate of these activities is more 
difficult to reconstruct, because in general they cannot be attributed to a single or very few well 
defined domains. These activities apparendy evolved independently several times, frequendy 
by lineage-specific combination and "fine tuning" of preexisting ancient domains (such as the 
CH domain, the VHP, the WH2 domain), or utilizing novel domains evolved in a single 
lineage (such as the I/LWEQ domain, which is restricted to the unikonts). Another universal, 
and most likely ancestral, feature of the actin cytoskeleton is its regulation by means of small 
GTPases. 

Existence of prokaryotic relatives of several components of the actin cytoskeleton may pro- 
vide clues towards reconstruction of its origin. The simplest predecessor of the above-described 
machinery might have consisted of a "core" of just a few proteins. The polymerization dynam- 
ics of MreB-related "protoactin" filaments could have been controlled by an MglB-like 
"protoprofilin", which might have already had some regulatory connection with a small GTPase. 
Nucleation of novel filaments might have first occurred spontaneously, perhaps on broken 
filament ends, later a specific conformation of two protoactin monomers supported by a 
WD40-1ike protein provided a more efficient nucleation core. Gene duplication supplied ma- 
terial for evolution of "nucleation-optimized" protoactin variants, nowadays known as Arp2 
and Arp3, the specific WD40-1ike protein evolved into ARPC 1, and the nucleation complex 
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later acquired additional subunits. All the other components, induding the alternative nude- 
ation complex based on dimeric FH2 domains, could have appeared later (although still prior 
to the acquisition of mitochondria) either de novo or by recruitment of preexisting domains 
(possible in case of the VHP and WH2 domains), perhaps with exception of a motor protein 
that could have interacted already with the protoactin filaments. Such a scenario can in prin- 
ciple be only speculative; however, we hope that at least some of the issues can be resolved by 
future work in the field of molecular phylogenetics, as well as by functional characterization of 
prokaryotic relatives of the recent cytoskeletal proteins. 
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CHAPTER 9 

Origin and Evolution of Self-Consumption: 
Autophagy 
Timothy Hughes and Tor Erik Rusten* 

S u m m a r y  

W~,n ile misfolded and short-lived proteins are degraded in proteasomes located in the 
ucleus and cytoplasm, the degradation oforganelles and long-lived proteins in the 

u u lysosome occurs by the process of autophagy. Central and necessary to the autoph- 
agic process are two conserved ubiquitin-like conjugation machineries. These conjugation 
machineries appear to be specific for autophagy and can together with genetic and morpho- 
logical data be used to trace the natural history of autophagy. Here we discuss the origin and 
evolution of autophagy. 

Introduction 
The term autophagy, meaning eating (phagy) oneself (auto), refers to the transport of cyto- 

plasmic components to the degradative organelle called the vacuole in yeast and plants, and 
lysosome in other eukaryotes. For simplicity we will use the term lysosome in this chapter. The 
transport of cytoplasmic cargo can be membrane-driven or carried out by selective transport of 
certain proteins over the lysosomal membrane (Fig. 1). The latter process, called 
chaperone-mediated autophagy, is unrelated to other autophagy pathways and will not be fur- 
ther discussed. Autophagosomes en route to the lysosome can readily be detected and recognised 
by electron microscopy and have been observed mis-regulated in a number of pathological 
conditions like cancer, myopathies, neurodegeneration and bacterial infections. 1 The relevance 
ofautophagy in these disease conditions has been unclear until recendy since no good markers 
or means of manipulating the activity of the process were known. The ability to study autoph- 
agy was gready increased by the identification of the central autophagy machinery and the 
identification of specific subcellular markers for autophag~ in yeast. Autophagy is currendy 
being intensively studied in a number of model organisms, z 

To gain a better foundation for understanding the mechanism and relevance of autophagy 
to extant eukaryotes, it is useful to look at the evolution and presence of autophagy across 
different groups. In this chapter, we first review the different modes of autophagy and the 
specific molecular machinery involved. To assign the presence or absence of the process in 
different groups of organisms, we rely on positive identification of autophagy based on mor- 
phological and genetic data as well as presence of the autophagy-specific molecular machinery 
within taxa. We then infer the likely origin and subsequent loss of autophagic capacity within 
eukaryotic lineages based on the current understanding of eukaryotic phylogeny. 3'4 Finally, we 
discuss the relationship of autophagy to that of other degradation pathways used for degrada- 
tion of transmembrane proteins (endocytosis) and short-lived proteins (proteasomes). 
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Figure 1. Schematic model of proteasomal and autophagic degradation pathways in pro- and 
eukaryotes. Proteins are degraded in prokaryotes by chambered proteases termed the 19S 
proteasome upon recognition of primary amino acid target sequences (red). The more complex 
26S proteasome in eu karyotes is able to recognise and degrade polyubiquitinated (blue) proteins. 
a) Macroautophagy occurs by enveloping a part of the cytoplasm containing proteins and or- 
ganelles in a cup shaped double isolation membrane (IM). The IM then closes resulting in the 
autophagosome (AP). The limiting membrane of the AP then fuses with the lysosome releasing 
the inner vesicle and its cargo for degradation. The two specific macroautophagic pathways, b) 
cytoplasm to vacuolar targeting (CVT) and c) macropexophagy occur in a similar manner, d) 
Microautophagy occurs by enveloping cytoplasm directly into the lysosome. Sometimes, direct 
uptake of organelles can occur such as during micropexophagy (d). While macroautophagy 
needs both Atg12 and Atg8 conjugation machineries, microautophagy appears to need only 
Atg8. e) The unrelated process of chaperone-mediated autophagy can transport proteins over the 
lysosomal membrane in an ATP-dependent manner. Ub-ubiquitin, 8-Atg8, 12-Atg12. 

Degradation of" Proteins in Chambered Proteases 
in Pro- and Eukaryotes 

Degradation of intracellular proteins and organdies is important for cell homeostasis, as it 
regulates enzymatic activity, removes toxic or misfolded proteins and produces free amino ac- 
ids. Both bacterial and eukaryotic cells degrade proteins by the use of proteases. 5 A set of 
threonine proteases work in concert in a superstructure called the proteasome, with a catalyti- 
cally active lumen. By controlling entry of proteins into the proteasomal lumen, general cyto- 
plasmic proteins are shielded from its activity. Whereas proteins in bacteria destined for degra- 
dation carry degradation signals embedded in their primary sequence, eukaryotes have evolved 
a protein conjugation process which tags proteins with polyubiquitin allowing specific recogni- 
tion and degradation by the proteasome. 

Different Modes of Autophagy Degrade Long-Lived Proteins 
and Organdies in Eukaryotes 

Eukaryotic cells differ from prokaryotes by the presence of membrane bound organelles 
and a nucleus. Turnover and degradation of these structures cannot be performed by the 
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proteasome and instead occurs by the process ofautophagy. Autophagy occurs by the transport 
of cytoplasmic components into the lysosome for degradation. Two modes of autophagy exist, 
macroautophagy and microautophagy (Fig. 1, reviewed in refs. 2,6). Microautophagy is the 
direct engulfment of cytoplasm and organelles by the lysosomal membrane. Macroautophagy, 
on the other hand, involves the isolation of a part of the cytoplasm by a cup-shaped double 
membrane structure and its subsequent degradation in the lysosome. Upon closure of the 
isolation membrane, the resulting autophagosome fuses with the lysosomal membrane releas- 
ing the inner vesicle with the cargo that is ultimately degraded. The capture of cytoplasmic 
components is unspecific and generally consists of endoplasmic reticulum, cytosol and or- 
ganelles like mitochondria. Two variants of macroautophagy called cytoplasm-to-vacuole tar- 
geting (Cvt) and pexophagy differ from macroautophagy by being specific in cargo selection 
and by forming smaller autophagic vesides. The Cvt pathway in the yeast Saccharomyces cerevisiae 
is a constitutive biosynthetic transport pathway for the vacuolar-resident enzyme aminopepti- 
dase I. To date no evidence for this pathway has been found in other organisms than S. cerevisiae. 2 
Pexophagy is, as the name suggests, specific autophagy of peroxisomes and has been studied 
extensively in the yeasts Pichia pastor& Hanensula polymorpha, and Pichia methanolica. 7 
Pexophagy in yeast, is induced by the rapid adaptation from a feeding substrate requiring large 
amounts of peroxisomes to one that does not. Based on biochemical data, selective pexophagy 
has also been suggested to occur in rat hepatocytes. 8 

The Autophagy-Specific Molecular Machinery Involves Two 
Ubiquitin-Like Conjugation Pathways 

Genetic studies in yeast for genes necessary for macroautophagy, Cvt and pexophagy have 
revealed overlapping genetic requirements for all the pathways (reviewed in refs. 6,9). Many of 
the genes involved in completion of autophagy are dearly involved in other cellular processes 
and thus serve as poor indicators for the presence of autophagic capacity. Others, here termed 
the central autophagy machinery, appear specific for autophagy. Yeast mutants for genes of the 
central machinery, and thus autophagy deficient, grow normally under nonstarvation condi- 
tions. Moreover, this apparent nonrequirement in other developmental processes extends to 
metazoa since mouse mutants not capable of performing autophagy develop virtually normally 
until birth, upon which they appear to die from starvation.l~ The central autophagy machinery 
necessary for the membrane dynamics of autophagosome formation, consists of two 
ubiquitin-related conjugation pathways (Fig. 2, reviewed in refs. 11,12). The ubiquitin related 
molecules (Ubl) Atgl2 and Atg8 both share limited sequence identity with ubiquitin but en- 
gage in protein modification systems strikingly similar to that ofubiquitin. The carboxy-terminal 
glycine of Atgl2 is covalently attached to a lysine in the centre of Atg5 (Fig. 2). 13 Like in the 
ubiquitin conjugation pathway the C-terminal glycine of Atgl2 is first activated by an E1 
enzyme, Atg7, creating a high energy thioester bond. Subsequently Atgl2 is transferred to a 
E2-1ike enzyme called Atgl 0 forming a second thioester bond. The conjugation of Atg12 to 
the target Atg5 is necessary for the progression of the second conjugation reaction of Atg8 to its 
substrate phosphatidylethanolamine (PE). A cysteine protease, Atg4, is necessary for activation 
of Atg8 revealing the C-terminal glycine. As for Atgl 2, the E l-like enzyme transferring Atg8 to 
a E2 like enzyme is Atg7 making it the only known E1 like enzyme to be conjugating two 
separate Ubl's. The E2 enzyme ofAtg8, Atg3 transfers the Atg8 to phosphatidylethanolamine. 
Finally, like the case for ubiquitin, Atg8 is deconjugated by a protease and can potentially be 
used for another round of conjugation. The protease responsible is again Atg4. 

The genetic requirements for microautophagy have mostly been studied in the context of 
micropexophagy in Pichiapastor& and overlap with that of macroautophagy in requiring the 

1 4  1 5  Atg8 conjugation machinery. ' Indeed, Atg8 gets recruited to the site ofmicroautgphagy on 
�9 . l z i  �9 the lysosomal membrane and its activation by Atg4 Is needed for mlcropexophagy. It is less 

clear whether the Atgl2 conjugation machinery is needed. To date, neither Ate;5, Atgl 0, nor 
Atg12 has been shown to be required for micropexophagy or the Cvt pathway, u This suggests 
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Figure 2. Comparison of conjugation pathways of selected ubiquitin superfamily members and 
the biosynthetic pathway of thiamine. The ubiquitin-like proteins, Atgl 2 and Atg8 necessary for 
autophagy undergo conjugation reactions closely resembling that of bacterial ThiS and ubiquitin 
itself. Atg7 is analogous to E1 and ThiF enzymes (See text for details, ref. 33). 

that the Atgl 2 conjugation machinery is not strictly required for Atg8 conjugation and inser- 
tion into autophagosomal membranes in all types of autophagy. 

In summary, it appears reasonable to assume that the presence of both the Atg12 and Atg8 
machineries reflects the capacity for both macro and microautophagy and the presence of the 
Atg8 machinery alone reflects a capacity to conduct only microautophagy. 

Is Autophagy a Pan-Eukaryotic Process? 
Since prokaryotes neither have internal membranes nor lysosomes, autophagy necessarily has 

originated at a later point of evolution. The question arises whether autophagy is a pan-eukaryotic 
process and would be present in the last common eukaryotic ancestor (LCEA). Autophagy can 
be positively identified on morphological grounds based on electron microscopy, presence of 
autophagy-speciflc genes and genetic evidence for their necessity for autophagy in the respective 
organisms. The identification of the central autophagy machinery in yeast spurred the molecu- 
lar genetic study of autophagy in other model systems.7 Homologues of many of the central 
autophagy encoding genes like Atg5, Atg7, Atgl0, Atg12 and Atg8 are present in all eukaryotic 
model organisms investigated to date (reviewed in ref. 2). Genetic, morphological and 
sequence-based evidence for autophagy exists from the major eukaryotic groups of plants 
(Arabidopsis thaliana), amoebozoa (Dictyostelium discoideum), fungi (S. cerevisiae, H. polymorpha, 
P. pastoris and P. methanolica), metazoa (Caenorbhabditis elegans, Drosophila melanogaster and 
Mus musculus). 2'16'17 The above findings are all obtained in model organisms used for molecular 
genetic cell biological studies. The situation is less clear when looking at model organisms within 
excavata and chromalveolata. Often, these organisms are chosen because they are important 
parasites relevant to human disease. Based on ultrastructural observations, macroautophagy has 
been suggested to occur in both Leishmania donovani (excavata) and Tetrahymena thermophila 
(chromalveolata) upon induction of cell death. These findings have, however, not been con- 
firmed by molecular m e a n s .  18'19 Since the genome of L. donovani is not being sequenced a 
meaningful search for presence of autophagic genes within this organism is not feasible yet. 2~ 
We searched for homologues of the core autophagic machinery in genomes within excavata and 
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Figure 3. Evolutionary distribution of autophagy. A) The presence or absence of the Atg12 
pathway, Atg8 pathway, and Atg7 needed for both pathways in each taxon, are illustrated (full 
circle: strong evidence of at least one homolog, half circle: weak evidence of a homolog, empty 
circle: failure to detect a homolog). The query sequences of S. cerevisiae, D. melanogaster, and 
A. thaliana were used to search the relevant genomes: G.lamblia, T. vaginali~ C. parvum and T. 
pseudonana atthe NCBI (http~/www.ncbi.nlm.nih.gov/sutils/genom_table.cgi); L. major, T. cruzi, 
P. falciparumat the Sanger Institute; 34 and T. thermophila at the TIGR (http~//tigr.org). The follow- 

22 37 ing genomes are considered complete: T. cruzi, 21 L. majo636 P. falciparum, C parvum, T. 
pseudonana, 38 and T. vaginalis(according to TIGR the sequencing centre). Blast settings: tblastn 
of protein sequences against genome database, BLOSUM62 substitution matrix, gapped blast, 
default gap opening and extension cost. 35 (Intra-intracellular parasite, Extra-extracellular para- 
site, Free-free swimming organism). B) Schematic tree summarising evidence for autophagy 
within each taxon. Evidence for autophagy based on ultrastructural studies (electron 
microscopy-M), functional studies (genetics-G), and genomic presence of genes (sequence-S) is 
plotted. The following genome sequencing efforts are not yet complete: G. lamblia, T. thermophila. 

chromalveolata (Fig. 3A). We find that the genomes of T. thermophila and T. pseudonana, that 
are both free-swimming chromalveolates, encode homologs for the proteins of both the ATG8 
and the ATG 12 pathways. Interestingly, the situation is different in intra- and extracellular 
parasites within both taxa. The genomes of T. cruzi, L major and T. vaginalis, and the 
chromalveolate P.falciparum, encode only homologs for the proteins of the ATG8 pathway. 21'22 
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Thus, there is a dear tendency for parasitic species whether excavata or chromalveolata to have 
lost the ATG12 pathway. G. lamblia appears to have also lost the proteins of the ATG8 pathway. 
This is perhaps not so surprising given that G. lamblia is known to lack organelles, such as 
mitochondria, peroxisomes and lysosomes, normally found in eukaryotes. 23 

The Atg12 machinery is strictly necessary for macroautophagy~ but has to our knowledge 
not been shown to be necessary for microautophagy. By extension, it suggests that 
microautophagic, but not macroautophagic capacity is present within several parasites. 
Interestingly, one of the most studied functions of macroautophagy is to provide free amino 
acids upon starvation conditions by unspecific consumption of cytosol. The extracellular 
parasites G. lamblia and T. vaginalis and the intracellular parasites L. major, T. cruzi, P. 
faliciparum and C. Pavrum all spend parts or all their lifecycle intracellularly, or bathed in 
body fluids of the host(s). Presumably then, they are living in an environment where supply 
of amino acids is not limiting. It could be that macroautophagy for this reason is not strictly 
necessary for these highly specialized parasites. In line with this idea, neither members of the 
Atg12 nor the Atg8 group were found by BLAST analysis of the highly reduced genome of 
the obligate intracellular parasite Encephalitozoon cuniculi, which is considered to be a member 
of a fungi sister group. 24 

In summary, present available genomic information as well as ultrastructural and genetic 
evidence exists for both macro- and microautophagy within bikonts and unikonts (Fig. 3B). 
The core autophagy machinery was therefore present in the LCEA. Partial or complete loss of 
autophagic capacity, most likely have occurred secondarily in parasitic species within both 
bikonts and unikonts. We postulate that macro- and microautophagy will be present in most 
nonparasitic eukaryotes. 

Discussion 
Sampling core molecular machineries used for distinct cellular processes across eukaryotic 

taxa allows deduction of the minimal set of these molecules present in the LCEA. Caution 
should be shown when interpreting the original function of these machineries, since cooption 
of molecules for new functions is one of the main driving forces of evolution. This caveat can 
be partially counteracted by ensuring that the molecules involved perform the same functions 
within both unikonts and bikonts by genetic studies, since it would be less likely that the same 
function would be acquired independently. 

Using this approach, it has been proposed that the LCEA contained a complex 
endomembrane system involved in both exocytic and endocytic events. 25 Autophagy is inti- 
mately linked with endocytosis. Not only do the two pathways end up in the same acidic 
degradative compartment, there is also evidence for fusion ofautophagosomes with late endocytic 
compartments before the cargo is released in lysosomes. 26 It is therefore important to under- 
stand the extent to which the endocytic machinery was present in the LCEA. The core compo- 
nents ofendocytosis including specific components of early endosomal, as well as recycling and 
sorting endosomal compartments were all present in the LCEA (see the chapter by Field, 
Gabernet-Castello, Dacks in this book). Importantly, the HOPS SNARE complex of pro- 
teins necessary for the fusion of autophagosomes with lysosomes was also present. 7 Thus, the 
wide pan-eukaryotic distribution of the core autophagic machinery and the essential endosomal 
machinery with which it interacts argues for the presence of autophagy in the LCEA. 

An interesting and related question is: what was the original function of autophagy? Perhaps 
the most widely known role of autophagy is its involvement in survival under starvation condi- 
tions. Unspecific macroautophagy of cytoplasm can be induced in plants, amoeba, fungi, insects 
and mammals allowing intracellular components to be rapidly recycled and reused during starva- 
tion. 2'10'16 This allows near normal activity of cells even though steady supply of nutrients is 
not available. It is conceivable that keeping up cellular activity rather than forming spores during 
starvation conditions gave a selective advantage in early eukaryotic evolution by allowing cells to 
localise to new foraging locations while consuming intracellular pools of amino acids. 
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Other suggested functions ofautophagy, that have recently gained functional evidence from 
genetic studies, are: immune response to bacterial infections, promotion of longevity, removal 
of intracellular protein aggregates, prevention of neurodegeneration and finally the need for 
autophagy to control cell death and cancer. 2'28'29 While it is hard to speculate how the latter 
roles were relevant to early eukaryotic life it is easier to hypothesise an important role for 
autophagy in preventing infections. Some intracellular bacterial pathogens, like Shigella and 
Streptococcus escape the phagosome or endosome and multiply in the cytoplasm. Autophagy 
can counteract such infections by recapturing and degrading these escaped bacteria. 3~ Thus, 
autophagy may represent a part of the very first innate immune system. 

From a pragmatic point of view, the necessity for autophagy seems to complement the two 
other intracellular degradation pathways, the proteasomal and endocytic pathway. Proteasomes 
degrade intracellular short-lived proteins tagged by polyubiquitin. Endocytic and autophagic 
traflqcking shuttles membrane associated molecules or organelles to be degraded in the lyso- 
some. Endocytic trafficking ensures that the cell is able to digest transmembrane proteins within 
the lysosomal lumen. Some transmembrane cargo, like the Egf receptor, need to be 
monoubiquitinated to follow the degradation route. 32 Finally, autophagy is responsible for 
degradation of long-lived proteins, turnover of intracellular membrane-bound organelles and 
protein aggregates. The appearance of endocytosis and autophagy correlate with appearance of 
the LCEA. Their simultaneous acquisition could have arisen because of the need for degrada- 
tion pathways to deal with complex intracellular membrane compartments not degraded by 
the proteasome. 

The wide distribution of autophagy within unikonts and bikonts argues for a fundamental 
need for autophagy in nonparasitic species. It will be interesting to see to what extent the 
molecular control and use ofautophagy has been adapted to meet different needs in different taxa. 
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CHAPTER 10 

Origin and Evolution of the Centros0me 
Michel Bornens* and Juliette Azimzadeh 

S u m m a r y  

I 
n this brief account we specifically address the question of how the plasma 
membrane-associated basal body/axoneme of the unicellular ancestor of eukaryotes has 
evolved into the centrosome organelle through the several attempts to multicellularity. We 

propose that the connection between the flagellar apparatus and the nudeus has been a critical 
feature for leading to the centriole-based centrosome of metazoa, the Spindle Pole Body of 
fungi, or to the absence of any centrosome in seed plants. We further suggest that the evolution 
of this connection could be reflected in the evolution of the centrin proteins. We then review 
evidence showing that the evolution of the centrosome-based tubulin network has been corre- 
lated with the evolution of the cortical actin-based deavage apparatus. Finally we argue that 
this coevolution had a major impact on the cell individuation process and on the evolution of 
multicellular organisms. We conclude that only the metazoan lineage evolved multicellularity 
without loosing the ancestral association of three basic cellular functions of the basal body/ 
axoneme or the derived centrosome organelle, namely sensation, motion and division. 

Introduction 
The origin of the flagellar apparatus has recendy been discussed in the light of the evolution 

of tubulin, dynein and kinesinl'2 (see chapter by David Mitchell) or in the light of the evolu- 
tion of intracellular coated vesicle transport. 3'4 Many important insights and references can be 
found in these contributions. In the present chapter, we will depart from the models proposed 
in these contributions on one important aspect. Both of these models assume that a cytoplas- 
mic microtubule nucleating centre preceded the flagellum. In this view the evolutionary sce- 
nario reflects what is observed for axoneme growth in contemporary organisms. We will rather 
argue that the microtubule network centred on a cytoplasmic organdie is a secondary type of 
organisation derived from the plasma membrane-associated basal body/axoneme and microtu- 
bule pellide during the evolution of multicellularity. How the plasma-membrane-associated mi- 
crotubule network originated is not addressed here. 

The centriole/basal body structure and the associated (9+2) flagellum are very ancient in- 
ventions, present at the apparition of the early eukaryotic cells. 5 Before being a central body (a 
centro-some) as observed in most metazoan cells, the ancestral organeUe was a plasma 
membrane-associated body from which most of the microtubule cytoskeleton was organized in 
a sub-membrane pellicle in the cell body having a critical role for cell organisation, the other 
part being organized as a (9+2) axoneme in the ciliary or flagellar extension. Contemporary 
examples of such organization include Kinetoplastids, in which the whole cell division process 
relies on the duplication of the centriole/basal body. 6'7 
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Motion, sensation and division are three major functional modules that have been associ- 
ated with the ancestral organelle (see ref. 8 for a discussion of this aspect). Whether each module 
was recruited independently or not is an important question. A detailed analysis of molecular 
pathways participating in the three modules should reveal the extent of their overlap. Whole 
genome evolution might further reveal how the recruitment of the three modules has taken 
place during flagellum evolution. In any case, sensation and motion need to be coupled to be 
efficient. This is observed in bacteria as well, although the bacterial flagellum is quite distinct 
from the eukaryotic flagellum and the coupling between sensation and movement rests on very 
different mechanisms. 9 Motion and sensation are two essential facets of cell polarity in eukary- 
otic cells, a critical feature of cell organisation and activity. The two daughter cells formed by 
cell division must inherit a polarized organization to be viable. A parsimonious solution for this 
requirement is that the basal/body axoneme and the associated cytoskeleton directly control 
the bipolarity of the dividing cell and orchestrate the division process. Recruiting motion, 
sensation and division modules on the centriole/basal body axoneme and the associated polarised 
cortical microtubule array could have given optimal survival value to primitive eukaryotic cells, 
by ensuring them with an efficient and robust machinery for maintaining cell individuation 
through the division process. 8 Any further evolution of the basal body/axoneme would have 
been the result of selective pressure on the genomic wiring involved in the maintenance of 
efficient cell motion, cell sensation or cell division. 

The Centrosome-Nudeus Connection 
An important feature of cell polarity is the positioning of the nucleus. In most unicellular 

organisms, there exists a structural association between the nucleus and the basal body/ax- 
oneme. In the early days of modern cell biology, association between the nudeus and the 
flagellar apparatus was seen as a structure organelle, the karyo-mastigont, involving the basal 
body, the nucleus and the Golgi complex, able to replicate as a unit, together with the genetic 
material. 1~ Interestingly, the nudeus-basal body connection in C reinhardtii was also seen in 
the past as the neuro-motor. 11 Although the whole concept of karyo-mastigont might appear 
odd and without molecular characterization, or perhaps pertinent only for some particular 
unicellular organisms, it is noteworthy that in animal and fungal cells, the centrosome/SPB is 
also associated with the nucleus. 12'13 This feature participates in the control of nucleus posi- 
tioning during cell motion and cell division, which involves a conserved dynein-based pathway 
connecting the centrosome-associated nucleus to the cell cortex. 14 This pathway has important 
physiological implications during development, particularly for brain ontogenesis. 15 The 
centrosome-nucleus association could have additional important implications. It has recently 
been elegantly demonstrated that the maintenance of heterozygous state in S. cereuisiae de- 
pends on a cellular meiotic mechanism, which rests on the conservative replication of the 
nucleus-associated SPB. 16 

In order to address the origin and evolution of the centrosome/SPB of higher eukaryotes 
from the basal body axoneme of the unicellular ancestors, we will investigate the fate of the 
nucleus-basal body connection in the light of the evolution of the centrin family, which partici- 
pates in this connection. 

Centrosome Has Evolved with Multicellularity 
Multicellularity evolved in several lineages independently 17 and has led to very different 

types of multicellular states. There are clades in which all species are multiceUular: their life 
cycle always involves a multicellular state which in some cases can be transient, as a response to 
stringent environmental conditions, whereas in others it is permanent, with a transient unicel- 
lular stage for reproduction. Classically, these groups involve animals, plasmodial and cellular 
slime molds, land plants and red algae. We will see that in each of these dades the multicellular 
state is different from that of the others, either with respect to its genesis or to cell-cell organiza- 
tion. Other clades contain unicellular and colonial/multicellular species. These include 
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numerous dades such as choanoflagellates, the sister group of animals. Finally, in the super- 
group of chromalveolata, diatoms and ciliates are two dades in which most species are unicel- 
lular with rare multicellular species. 17 

Multicellularity is thought to have evolved from a colonial state. The selective advantages of 
multicellularity are the matter of speculations. 17 It has been suggested that escape from preda- 
tion may have favoured a colonial state, with some experimental evidence. Escape from starva- 
tion might also have been a general trigger: cell aggregation, the construction of fruiting bodies 
and the differentiation into stress-resistant spores is a common response to starvation. 1~ A most 
supported proposal, the so-called flagellar synthesis constraint, argues that motion and division 
are mutually exclusive due to the fact that the basal body cannot participate in cell division and 
flagellar swimming at the same time. 19 This rule is not an absolute one, however. Several pat- 
terns have been selected during evolution for the basal/body axoneme to act as a division organ. 
For example, Chlorogonium elongaturn, a Chlamydornonas-related chlorophyte keeps swimming 
during cell division by modifying the anchorage of the beating flagella on the cell body while 
basal bodies dissociate and migrate towards the nucleus. 2~ A different example comes from 
Trypanosoma, in which the flagellar membrane is tighdy associated to the cell body membrane 
in almost all its length. The flagellar apparatus controls cell organisation throughout cell divi- 
sion, which starts at the duplicating basal body and terminates at the tip of the flagellum. 21'22 
Most of the unicellular flagellates, however, loose their flagellum during the division process. 
The colonial state would have allowed some cells to divide while others maintain motility for 
the whole colony. The balance between motile and immotile cells in a primitive multicellular 
organism may even have played a role at the origin of gastrulation. 17 Thus the basal body/ 
axoneme organ essential for the polar organization of unicellular organisms could also have 
been critical for triggering the colonial state. The success of multicellularity has certainly re- 
quired many other features that will not be addressed here. We will only attempt to analyse the 
fate of the basal body/axoneme in the major dades where multicellularity has evolved, namely 
Opisthokonts, Amoebozoa and Plantae. We will not deal with chromalveolata nor with clades 
like Rhizaria in which some unicellular organisms can have a central body without a flagellum, 
as molecular data are lacking. 

The Evolution of the Centrin Genes 
Recent phylogenetic studies indicate that the last common ancestor of eukaryotes was a cell 

with a single cilium (an unikont), possessing an endosymbiont-derived mitochondrion, one 
axoneme, most likely one single centriole with a cone of root microtubules and the cellular 

�9 2 3  �9 machinery to form pseudopodla. This view places the root between unikonts and bikonts, a 
view also supported by a recent extensive analysis of myosin evolution 24 but which is still 
debatable 25 (see chapter by Brinkmann and Philippe). 

To analyse the fate of the basal body/axoneme among divergent species, we will look at the 
evolution of centrin, a very ancient protein closely related to calmodulin and specifically asso- 
ciated with basal body/axoneme or centrosomal structures over a broad range of eukaryotes. 
The centrin and the calmodulin proteins are 'eukaryotic signature proteins' (ESP), which par- 
ticipate in a complex calcium signalling system. ESPs are 347 proteins that have no significant 
homology in Archaea and Bacteria. 26 Centrin proteins are known to be associated with centri- 
ole/basal-body/axoneme structures in many divergent species and could form connecting struc- 
tures between the motile apparatus and most of the cellular compartments, particularly the 
plasma membrane and the nucleus. 27')8 A comprehensive view of their functions within cen- 
trosomes has still to be established as distinct roles have been reported. Centrin proteins are 
required in the SPB/centrosome duplication process. 29-33 They are also constituents of 
calcium-sensitive fibres that connect the basal bodies to one another and to the nucleus in 
diverse flagellate green algae 27 and are implicated in basal body localisation and segregation. 34 
However, they are also present in taxa that lack any type ofcentrosome, like land plants, where 
they could participate in other functions. Centrins have been shown to act as regulators in very 



122 Eukaryotic Membranes and Cytoskeleton: Origins and Evolution 

diverse cellular processes including DNA repair and RNA export, and shown to be present in 
the yeast nuclear pore complex. 35-~1 

The evolution of centrin and centrin-binding proteins has been analysed elsewhere. 8 We 
will briefly summarize it before proposing an interpretation for the origin of the centrosome/ 
SPB. An up-dated tree is shown in Figure 1. 

The two founding members of the centrin family, i.e., CrCenp (C. reinhardtit~ and Cdc31 p 
(S. cerevisiae) define two subfamilies to which many of the known centrin genes belong. The 
first subfamily contains centrins from green algae, lower land plants, insects, and vertebrate 
homologues of the human ubiquitous isoform, centrin 2, and of centrin 1 and 4, two isoforms 
specific for vertebrate ciliated epithelia. 42-47 The second subfamily is formed by fungal, 
ScCdc31p-like centrin proteins and vertebrate homologues of human centrin 3, the other 
ubiquitous human isoform. 48 

The widespread but not universal distribution of ScCdc31 p and CrCenp subfamilies indi- 
cates that the duplication of the common ancestor gene happened early in eukaryotic evolu- 
tion. Both isoforms are present in the bikont protist Giardia intestinalis, showing that the 
absence of one or the other isoform in some taxa is due to secondary loss. The duplication of 
the ancestral centrin gene occurred before the separation of unikonts, which encompass 
amoebozoa and opisthokonts (fungi, animals, choanozoa), and bikonts, which encompass green 
plants and major protozoan groups (Fig. 2). One of the two isoforms has been lost early in 
some taxa, or has become highly divergent, suggesting that functional constraints on that isoform 
have been relaxed in these taxa, while the other isoform is conserved. For example, only the 
ScCdc3 l p-like isoform is present in higher fungi, whereas this isoform has become highly 
divergent in green algae (Cen3' in Fig. 2). Among the chlorobionts, flowering plants have an 
additional divergence: they not only lost the ScCdc31 p-like isoform but have evolved a diver- 
gent subfamily CrCenp-like isoform (Cen2' in Fig. 2). In other taxa, including vertebrates, 
both isoforms have been conserved. Additional divergence seems, however, to have taken place 
in metazoa. In Ecdysozoa the ScCdc31 p-like isoform has been lost in the fly and in nematodes, 
while the CrCenp-like centrin diverged substantially in the worms (Fig. 1). 

The distribution of CrCenp subfamily members strongly suggests that these genes are spe- 
cifically required for basal body/axoneme-related function. ~ Higher fungi have lost the CrCenp 
subfamily secondarily as indicated by the existence of both ScCdc31 p and CrCenp subfamilies 
in Chytridiomycetes fungi, which form flagellated gametes. 49 Thus, similarly to the divergence 
of the CrCenp subfamily in angiosperms, the loss of CrCenp subfamily in fungi correlates with 
the loss of the motile apparatus. The ScCdc3 l p-like centrins are dearly associated with the 
centrosome/SPB duplication in some organisms. However, their precise functions in divergent 
organisms with structurally different centrosomes and specific controls of cell cycle progression 
is far from dear. The loss of the ScCdc31p-like isoform from flies and nematodes is more 
puzzling (Fig. 1). This suggests that centrin's function in centrosome duplication is not con- 
served. If we assume that the core process of centrosome duplication has been conserved, as 
suggested by the conservation of other centrosome-related genes, 5~ one is left with the possibil- 
ity that the ScCdc31 p-like centrins function during centrosome duplication in some organ- 
isms but not in others. 

The Centrosome-Nucleus Connection and the Duplication Process 
As stressed above, the nucleus-basal body connection is a critical element for cell polarity. 

Accordingly, a link between the centrosome and the nucleus has been conserved in many diver- 
gent organisms. The link must be preserved continuously during the cell cycle, also during 
centrosome reproduction. Here we discuss the possibility that centrin requirement for cen- 
trosome reproduction is due to its direct participation in the structures and mechanisms that 
ensure nucleus-centrosome/SPB connection through cell division. This is suggested by the fate 
of centrin-containing structures that connect the basal body/axoneme to the nucleus in many 
unicellular systems during cell division (see for example refs. 51, 52). Several centrin-binding 
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Figure 1. Phylogenetic tree of the centrin family based on the neighbor-joining method (Saitou 
and Nei, 1987) using the CLUSTAL W program (Thompson et al, 1994) and drawn using 
Phylodendron - Version 0.8d (D.G. Gilbert) at www.es.embnet.org. NJ tree was constructed 
from alignment of protein sequences covering the four EF-hand domains (residues 29-162 for 
Chlamydomonas reinhardtii centrin). The following centrin sequences were used" 
OPISTHOKONTS: Metazoa" i)Chordates: Danio rerioCen2 (CF269323, BQ450470), Cen3 
(BM141295); Homo sapiens Cenl, 2, 3 (Q12798, P41208, 015182); Mus musculusCen4 
(NP_665824); ii) Ecdysozoa" Arthropods: Drosophila melanogaster CenA, B (CG17493, 
CG31802); Nematodes: Caenorhabditis elegans (NM_066585); Fungi: i) Ascomycota" Sac- 
charomyces cerevisiaeCdc31 p ($47549); Schizosaccharomyces pombe SpCdc31 p (T41061 ); 
ii) Chytrids: Blastocladiella emersoni Cenl, 2 (Q4F6W6, Q4F6W5); MYCETOZOANS: 
Dictyostelium discoideumCenA, B (Q54X77, Q541Y3); ALVEOLATES: i) Ciliates: Paramecium 
tetraurelialCL1A (CR932086), Cen2a (CR932099), Cen3a (CR932089); Tetrahymena termophila 
Cenl, 2, 3, 4 (41.m00190, 65.m00239, 105.m00148, 51.m00221); ii) Apicomplexans" Plas- 
modium falciparum CenA, B (NP_703273, NP_702332); EUGLENOZOANS- Leishmania 
donovaniiCenl, 2, 4 (LinJ34.1880, LinJ07.0760, LinJ22.1230); Trypanosoma brucei Cenl, 2, 
3, 4, 5 (Tb10.6k15.1830, Tb927.4.2260, Tb927.8.1080, Tb927.7.3410, Tb11.01.5470); 
DIPLOMONADS: Giardia iambliaCenA, B (U59300, U42428); HETEROLOBOSEA" Naegleria 
gruberi (U21725); PARABASALIDS: Trichomonas vaginalis(CAB55607); GREEN PLANTS: i) 
U Ivophytes: Chlamydomonas reinhardtiiCen (P05434), Cen3 (C_1460027); Micromonas pusilla 
(CAA58718); Tetraselmis striata(P43646); ii)Streptophytes: Ferns" Marsilea vestita(U92973); 
Angiosperms: Monocots: Pinus taeda (CX646981.1); Dicots: Arabidopsis thaliana CenA, B 
(CAB16762, T45582); Monocots: Oryza sativa CenA, B (BAC79876). Calmodulins" AtCaM1 
(P25854); CrCaM (P04352); MmCaM1 (AAH54805); PtCaM (P07463); ScCaM (P06787). Boot- 
strap values are displayed as percentages at the principal nodes. Dots indicate bootstrap values 

75 %. Note the very low bootstrap value at the Cen2 node, which could reflect a grouping 
of those sequences due to overall sequence conservation rather than real phylogeny. Dotted 
lines indicate a likely artefactual positioning due to long branch attraction (Gribaldo and 
Philippe, 2002). Range of protein identity within the different subgroups is indicated. 
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Figure 2. Cartoon tentatively illustrating a plausible scenario for the evolution of the connec- 
tion between the basal body/axoneme and the nucleus in opisthokonts (animals and fungi) and 
in flowering plants (see text). Red arrows indicate the swimming direction. A color version of 
this figure is available online at www.Eurekah.com. 
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proteins have now been identified, including nudear proteins participating in DNA repair 
such as XPC. 35'39-41'53-55 Centrin-binding proteins, which apparently participate in functions 
at the centrosome/SPB, include the yeast Sill and related proteins in other species. 55 Sfilp 
contains multiple internal repeats, each repeat being able to bind Cdc31 p. In budding yeast, 
Sfilp colocalises with Cdc31 p to the half bridge, and apparently provides the half-bridge with 
an oriented back-bone structure where Sfilp molecules are aligned side by side in the plane of 
the nudear envelope, the N-termini being associated with the SPB whereas the C-termini form 
the other end of the half-bridge. 56 Remarkably, the half-bridge to bridge transition that pre- 
cedes the formation of the satellite that nucleates the new SPB would correspond to the assem- 
bly of a new half-bridge having a mirror image structure with respect to the other half-bridge. 
Thus the first event in the SPB duplication event would be the duplication of the half bridge 
which connects the SPB to the nucleus. Before nucleating the assembly of a new SPB itself, it 
is the assembly of the new link to the nucleus periphery that would be triggered. This would 
ensure that the new SPB/centrosome is connected to the nucleus. Indeed, the SPB itself is 
inserted into the nuclear envelope in S. cerevisiae, but this is a late event in the process: the new 
SPB assembles in the cytoplasm before inserting into the nuclear envelope. In other systems, 
like the fission yeast S. pombe, the SPB maintains a cytoplasmic location, albeit very close to the 
nuclear envelope. In higher systems, the possibility that centriole nucleation could take place at 
the nuclear periphery has often been suggested in the past from observations in marine or 
amphibian eggs in which centriole assembly was artificially triggered. 57 Since Sfilp has homo- 
logues in many divergent systems, 8'55 it will be important to analyse its precise localisation in 
each case, as a structure functionally equivalent to the yeast half-bridge could exist in other 
centrosomes, as proposed by Adams and Kilmartin. 58 One would expect this potentially con- 
served structure to participate in the centrosome-nucleus connection during interphase. Inter- 
estingly, hSfil p binds both hCen2p and hCen3p in vitro. This could account for the fact that 
both centrins seem to be involved in mammalian centrosome duplication. 32'59 Like for centrin 
genes, Drosophila and C. elegam stand apart for centrin-binding proteins: their genomes do not 
contain identifiable SF11 homologue. Thus they must be compared with some caution with 
other systems: initiation of centrosome duplication might not involve quite the same molecu- 
lar mechanisms than in other opisthokonts (see ref. 8). For the same reason, Ecdysozoa could 
help revealing the real function of Sfil-centrin-containing structures in other systems. 

Centrosome Has Evolved in Unikonts 
If centrin requirement for centrosome reproduction is due to its direct participation in the 

structures and mechanisms that ensure nudeus-centrosome/SPB connection through cell divi- 
sion, the evolution ofcentrin proteins should reflect the evolution of centrin-containing struc- 
tures that connect the motile apparatus to the nucleus in unicellular systems. A plausible sce- 
nario for the evolution of the connection between the basal body/axoneme and the nucleus in 
opisthokonts (animals and fungi) and in flowering plants is summarized in Figure 2. It involves 
a coevolution of the plasma membrane-associated actin system. Amoebozoa also evolved a 
centrosome and a cortical actin network. They are not included in this survey as many ques- 
tions are still unanswered for this clade. 

The ancestral eukaryote possessed one axoneme, one single centriole with a cone of root 
microtubules and the cellular machinery to form pseudopodia. 2-4 We assume the actin-dependent 
machinery for pseudopodia and for endo- or exocytosis was located at the base of the flagellum. 
This is the casein Trypanosoma where the flagellar pocket is the only site for endocytosis, most 
of the cell cortex being covered with a tightly packed corset of microtubules. Can we correlate 
the evolution of the two ancestral isoforms of centrin with the evolution of cell organization 
with respect to motile behaviour? 

We assume that the CrCenp subfamily (Cen2p) is strictly correlated with the presence of 
the motile apparatus whereas ScCdc31p subfamily (Cen3p) has a more specific role in the 
association of the motile apparatus with the nucleus. Admittedly, this is an oversimplification 
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as centrin-binding proteins like Sill can bind both types of centrin isoforms 55 suggesting an- 
other possibility, namely that they both participate in the same structures whose organisation 
could possibly depend on the ratio between centrin isoforms. However the absence of Sill in 
the proteome of the Chlamydomonas flagellum 6~ suggests that Sill does not function with 
CrCenp in axoneme structure or activity, whereas the correlative loss of the ScCdc3 lp isoform 
and Sill proteins observed in some clades (Ecdysozoa, seed plants, see below) suggests a com- 
mon involvement of these two proteins in the same structures or functions. We postulate that 
these structures maintain the association of the motile apparatus with the nudeus. The CrCenp 
isoform can participate in these structures as well, as established in C. reinhardtii. We only 
postulate that the participation ofScCdc31 p isoform brings a specific control on the association of 
the motile apparatus to the nucleus, by providing the connecting structures with properties 
whose precise nature is not important at that stage. ScCdc31 p-like proteins could for example 
allow to establish specific regulatory 1cross-talk with the network involved in dynein-dependent 
nuclear positioning and migration. 3 

From this postulate, we interpret the high divergence of ScCdc31 p subfamily in the unicel- 
lular algae (Cen3'p) as a release of functional constraints on this isoform reflecting a modifica- 
tion of the connection between the motile apparatus and the nucleus. This could be due to the 
transition from uni- to bi-flagellate organisation, to the leading position of the motile appara- 
tus with respect to the direction of swimming, or to the formation of a cell wall. The wall 
formation would be accompanied by a reduction of the cortical actin network which has a 
limited role in this group compared to the others. During the evolution of angiosperms (right 
box in Fig. 2) the basal body/axoneme has been lost, thus releasing the constraints on Cen2p 
leading to the evolution of a new sub-family (Cen2'p), and the loss of connections between the 
cortex and the nucleus. The ~,-tubulin-dependent machinery for microtubule nucleation is 
distributed everywhere on the cell cortex or on the nudear envelope. The conserved gene net- 
work involved in dynein-de~endent nuclear positioning and migration in fungi or during neu- 
ronal migration in humans 3 is lost together with the microtubule nucleating centrosome or 
SPB organelle. 61 Cell polarity and cell motility are lost altogether. Cell division does not take 
place by acto-myosin-dependent fission and cell individuation is not complete: the multicellu- 
lar organism is a symplasm. 

In the opisthokonts, the loss of the flagellum in the branch leading to higher fungi (central 
box in Fig. 2) is correlated with the loss of Cen2p. The basal body structure is lost altogether 
but the connection between a derived dominant microtubule nudeating organ and the nucleus 
in which Cen3p is playing a specific role is preserved together with centrin-binding proteins 
like Karlp and Sfilp. The absence of the flagellum released the SPB-microtubule network 
from its peripheral distribution. It takes a centralized organization, becoming a cytoplasmic 
microtubule network organized about a SPB/centrosome. The gene network involved in 
dynein-dependent nuclear positioning and migration ensures a dynamic microtubule-dependent 
connection between the more centrally located SPB-nudeus complex and the whole cortex 
where the actin system is now located and provides cells with polarity. The presence of a chitin 
wall precludes extensive development of the actin network and cell motility. However, com- 
plete cell division by acto-myosin-dependent fission can take place in unicellular yeasts. In the 
multicellular state, fungi form coenocytic hyphae or septate hyphae with large pores, in which 
cells are not fully separated. 

In the branch leading to metazoa, both centrin isoforms are conserved. A more versatile 
cellular organization of the microtubule network with respect to the cell cortex is observed: 
reversible disassembly of the axoneme can take place without loosing the basal bodies. This 
allows the conversion between centrosome-associated centrioles and axoneme-associated basal 
bodies either in the male germ line at each generation, preserving swimming motility, or in 
somatic cells in a cell cyde-dependent manner to serve sensory or motile functions. The gene 
network involved in dynein-dependent nuclear positioning ensures a dynamic 
microtubule-dependent connection between the more centrally located centrosome-nucleus 
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complex and the whole cortex where the actin-dependent machinery has considerably devel- 
oped, allowing cell migration on solid substrates or on other cells. The cross-talk between the 
actin and microtubule networks sets an elaborate mechanism for maintaining cell polarity, 
allowing a whole spectrum of cell organizations, including the neuronal polarity in which 
nuclear migration is critical for brain development. Ancestral swimming motility is preserved 
in the germ line or in somatic ciliated cells. Cell individuation by fission is complete. Animals 
form cohesive organisms by sequential divisions and have conserved all the functions associ- 
ated with the basal body/axoneme of the ancestral unicellular eukaryote, namely sensation, 
motion and division. 

Interestingly, evolutionary constraints on centrin proteins seem to have been relaxed in 
Ecdysozoa. The worm C. elegans, which has no recognizable centrin genes (Fig. 1), has lost any 
motile flagellum and has only conserved ciliated sensory neurones. The aflagellate sperm cen- 
trioles are reduced in size and organization but form a robust centrosome upon egg fertiliza- 
tion, and the centrosome is essential for triggering egg polarity and organizing successive egg 
divisions. 5~ The fly Drosophila, which has only two CrCenp-like isoforms (Fig. 1), has both 
sensory neurons and flagellate sperm cells. However sperm cells do not swim actively: flagella 

�9 63 are very long and are not compartmentalized. The embryo centrosome is formed around a 
pair of short and incomplete centrioles. Interestingly centrosomes in Drosophila may not be as 
essential as they are in other species: acentriolar cell lines can be isolated 64- and more recently, 
the development of acentrosomal embryos has been demonstrated upon inactivation of the 
PLK4 homologue of Drosophila. 65 

Comparing the biogenesis of the basal body/centriole in Ecdysozoa and in other animals 
might give important insights into cell and tissue morphogenesis. 

Conclusion 
In addition to the microtubule and actin networks the two ancestral centrin sub-families 

and their interacting partners seem to represent a very ancient system linking the motile organ 
to the cell body and the nucleus. The CrCenp sub-family is required for axoneme activity. A 
specific participation of the ScCdc3 lp sub-family in the association between the motile appa- 
ratus and the nudeus could have been critical for the 'invention' of the centrosome/SPB during 
multicellularity. Its involvement in centrosome duplication would reflect the need for ensuring 
that the daughter centrosomes maintain or reestablish an association with the dividing nuclei 
during cell division. 

A coevolution of the centrosome and of the cortical acto-myosin network has taken place 
with a profound impact on cell division and on the evolution of multicellular organisms. Only 
metazoa have conserved all the functions associated with the basal body/axoneme of the ances- 
tral unicellular eukaryote. In Ecdysozoa however, the motile apparatus and its connection to 
the nucleus have undertaken a specific evolution. 
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CHAPTER 11 

The Evolution of Eukaryotic Cilia 
and Flagella as Motile and Sensory 
Organelles 
David R. Mitchell* 

Abstract 
E ukaryotic cilia and flagella are motile organelles built on a scaffold of doublet 

microtubules and powered by dynein ATPase motors. Some thirty years ago, two 
competing views were presented to explain how the complex machinery of these motile 

organelles had evolved. Overwhelming evidence now refutes the hypothesis that they are the 
modified remnants of symbiotic spirochaete-like prokaryotes, and supports the hypothesis that 
they arose from a simpler cytoplasmic microtubule-based intracellular transport system. 
However, because intermediate stages in flagellar evolution have not been found in living 
eukaryotes, a clear understanding of their early evolution has been elusive. Recent progress in 
understanding phylogenetic relationships among present day eukaryotes and in sequence analysis 
of flagellar proteins have begun to provide a dearer picture of the origins of doublet and triplet 
microtubules, flagellar dynein motors, and the 9+2 microtubule architecture common to these 
organelles. We summarize evidence that the last common ancestor of all eukaryotic organisms 
possessed a 9+2 flagellum that was used for gliding motility along surfaces, beating motility to 
generate fluid flow, and localized distribution of sensory receptors, and trace possible earlier 
stages in the evolution of these characteristics. 

Evidence for the Presence of a 9+2, Motile, Sensory Organelle 
in  t he  Las t  C o m m o n  E u k a r y o t i c  Ancestor 

As summarized in Figure 1, typical cilia and flagella (hereafter called flagella, there being no 
consistent structural or functional difference between organelles with these two designations) 
are motile projections oriented perpendicular to the cell surface, but they vary in length, in 
number per cell, and in the patterns of motility that they produce. They are composed of a 
cylinder (the axoneme) of nine doublet microtubules surrounding two single microtubules and 
are covered by the cell membrane. Between each pair of flagellar doublets are rows of axonemal 
dynein ATPases, which power the bending of these organelles, and extending toward the center 
of the cylinder are radial spokes, which touch upon a central apparatus and regulate axonemal 
dyneins. This central element consists of two single microtubules, assembled from a unique 
nucleating site, 1 plus many interconnecting microtubule-associated proteins (reviewed in ref. 
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Figure 1. Diagram of structures common to all motile cilia and flagella. Longitudinal view to the 
left shows the relationship between the axoneme and basal body, and the location of i ntraflagellar 
transport (IFT) motors between axonemal doublet microtubules and the flagellar membrane. 
Transition fibers attached to the basal body separate the flagellar membrane domain from the rest 
of the cell membrane. Cross sectional views to the right show structures in flagella, including the 
nine outer doublet and two single central pair microtubules (top) and the nine triplet microtu- 
bules of basal bodies (bottom). 

2). Together they form a structure that provides a cylindrical surface apposing the ends of the 
radial spokes. 3 The nine doublets assemble from a much shorter cylinder of nine triplet micro- 
tubules, the basal body or centriole, which is anchored to the cell surface and stabilized in the 
cytoplasm by other cytoskeletal elements. Basal bodies that anchor flagella are often inter- 
changeable during the cell cycle with centrioles, 4 and these two names should be considered as 
two functional descriptions for the same structure. Between the doublets and the membrane 
are particles associated with intraflagellar transport (IFT), a process important for flagellar 
assembly and protein traflqcking in this cellular compartment. 5'6 In the outward (anterograde) 
direction, IFT is powered by kinesins of the kinesin2 family; in the inward (retrograde) direc- 
tion, power is provided by dyneins of the cytoplasmic dynein 2 (DHC 1 b) family. Many flagella 
act as sensory antennae through localization of receptors to the flagellar membrane. In extreme 
cases, termed primary cilia or sensory cilia, the motile function has been discarded and with it 
the dyneins, radial spokes, the central pair complex, and other proteins needed for bend forma- 
tion. IFT is still required for the assembly and maintenance of these primary cilia, which play 
important sensory roles in metazoan organisms. 6 

Some attempts have been made in the past to identify intermediates in the evolution of 
flagella by looking within existing branches ofeukaryotes for organisms that may have diverged 
before the complete 9+2 flagellum had evolved. However, improved methods of analysis and 
the recent burst of sequence data are rapidly transforming long-held views of eukaryotic 
phylogeny to new schemes in which there are many branches that diverged within a relatively 
short period of time 7'8 (Fig. 2). Many of these branches are represented today by single-celled 
protists, so that the true diversity of eukaryotes cannot be appreciated without some under- 
standing of the relationships among these often less-studied organisms. Thus the nearest 
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Figure 2. Diagram of probable evolutionary divergence that generated all existing branches of 
eukaryotic organisms. Under the name of each branch or clade is a the name of a representative 
genus in that clade that contains species with typical motile 9+2 flagella. Based on recent studies 
of rare gene fusion events, as well as more traditional sequence comparisons, the entire tree is 
divided into two superclades, unikonts and bikonts. 

relatives of animals (metazoans) are single-celled choanoflagellates. 9'10 Fungi (some of which 
were once considered primitive because of their simplicity) turn out to be another twig of this 
same branch, the opisthokonts or unikonts. Allomyces, a chytridiomycete fungus with 
flagellated gametes and zoospores, is just one example of a fungal cell that swims, like a sperm, 
with a typical 9+2 flagellum. Amoebozoa, containing such amoeboflagellates as Physarum, are 
probably (based on a shared gene fusion and on mitochondrial sequences) the only other unikont 
twig, and branch somewhat earlier than fungi. 1~ The other major superclade of eukaryotes, 
the bikonts, encompasses a great variety of flagellated and amoeboid organisms, including 
green plants and green and red algae (plantae), ciliates, dinoflagellates and their kin 
(chromalveolata), euglenids, trypanosomatids, diplomonads and their sister taxa (excavata), 
and the radiolaria, cercozoa, etc. (rhizaria). 14'15 In the resulting tree (Fig. 2), one should note 
that most of the model organisms under intense study during the past twenty years reside on 
one branch (unikont), but fortunately for studies of flagellar evolution, additional attention 
has been focused on a few flagellated bikont organisms, most especially the green alga 
Ch lamydomonas reinhardtii. 

One striking conclusion of these recent phylogenetic studies is that every extant branch of 
eukaryotes includes organisms with motile, 9+2 flagella. Even proteins of the central pair 
apparatus, such as products of the Chlamydomonas PF6, PF16, PF20, KLP1, and CPC1 genes, 

16 have been conserved between algae and humans. From this we can only conclude that these 
organelles had evolved prior to the divergence of all extant eukaryotic clades from a common 
ancestor. In addition, IFT proteins, which are central to flagellar assembly and to the display of 
sensory receptors and flagellar surface motility, are also present in flagella from distant branches 

17 1-8 19 ofeukaryotic phylogeny (e.g., trypanosomes, insects, and green algae ), and therefore must 
have evolved prior to the beginnings of eukaryotic radiation. 18 The microtubule rootlet 
structures that stabilize basal bodies in the cytoplasm do vary phylogenetically and therefore 
the nature of those that might have been present in the last common eukaryotic ancestor are 
difficult to determine, 2~ but all of the elements of triplet microtubules, and the accessory 
proteins needed for basal body formation, must also have been present at the base of this tree. 

Eukaryotes likely developed the nucleus, endomembrane system, and cytoskeleton, and 
then used the phagocytic ability that was provided by the combined cytoskeletal and 
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endomembrane systems to obtain the precursors to mitochondria, long before the evolution of 
flagella. The framework of doublet microtubules upon which flagella depend must have evolved 
from simpler single microtubules which, as essential elements of the mitotic machinery, would 
have been needed to segregate a genome enclosed in a nucleus. Likewise, dyneins as 
microtubule-based motors undoubtedly functioned as transport motors on cytoplasmic and 
mitotic microtubules long before their use was adapted to flagella. If all of the essential 
elements ofeukaryotic cells were in place for so long before the advent of flagella, one must ask 
why there are no branches of existing eukaryotes that lack flagella. The simplest explanation is 
that the branch of early eukaryotes that first developed a functional 9+2 flagellum possessed a 
tremendous selective advantage over its competitors, and was the only eukaryote whose 
descendants survive today. 

Evolution of Tubulin, Dynein and Kinesin 
The closest prokaryotic relative of tubulins, FtsZ, functions during bacterial septation, and 

FtsZ homologs continue to perform a similar role in chloroplasts and perhaps some mitochon- 
dria. 22-24 In early eukaryotes, FtsZ gene duplication and modification led to alpha and beta 
tubulin, which form a stable dimer that retains FtsZ properties such as polymerization, 
GTP-binding, and GTP hydrolysis-dependent conformational change, but which gained the 
added ability to interact laterally to form tubes. Gamma tubulin is also ubiquitous and likely 
emerged early, to function as a nucleating site that helps determine microtubule polarity and 
distribution. Additional tubulin isoforms delta and epsilon are ubiquitous among organisms 
with triplet microtubules, and the formation of triplet microtubules, essential for the function 
of basal bodies, has been shown to require both delta and epsilon tubulin in Cblamydomo- 
has 25'26 and both epsilon 27 and the less ubiquitous eta tubulin -28 in Paramecium. The presence 
of these tubulin isoforms in members of both the unikont and bikont dades 17'29 argues for 
their evolution prior to the divergence of eukaryotes. 

The dynein motors that power both flagellar beating and retrograde IFT movements are 
members of the superfamily of AAA ATPases. In dyneins, six individual AAA domains have 
become fused into a single large polypeptide, 3~ but only four of these six domains in dyneins 
retain the signature sequences of nucleotide binding pockets. 31 DNA pumping ATPases of 
archaea (HerA) and bacteria (FtstO, also AAA ATPases, are needed during prokaryotic cell 
division for correct daughter chromosome segregation, 32 and it would be tempting to assume 
that an interaction between FtsK and FtsZ could have evolved direcdy into an interaction 
between dynein and tubulin. However, dyneins apparently evolved from an entirely different 
branch of the AAA superfamily from the DNA pumping ATPases. The dosest eukaryotic rela- 
tives of dyneins are midasins, similarly giant eukaryotic AAA ATPases, which function at the 
nuclear pore in 60S ribosome export. The closest prokaryotic homologs ofdyneins and midasins 
are members of the MoxR family, single AAA domain ATPases that function as chaperones in 
the assembly of large protein complexes, such as methanol dehydrogenase and nitric oxide 
reductase. 3~ It would thus appear that dyneins evolved as microtubule motors in the early 
eukaryotic lineage, and that their prokaryotic ancestors were proteins that performed confor- 
mational work linked to ATP binding and hydrolysis. 

Sequence comparisons among extant dynein heavy' chains divide dyneins into two broad 
families, cytoplasmic and axonemal. 33 Most organisms have only two cytoplasmic dyneins, one 
devoted to general cytoplasmic microtubule-based movements, present in all eukaryotes, and 
one for retrograde IFT movement on axonemal microtubules, absent from organisms such as 
Saccbaromyces cerevisiae that lack axonemes. Each is thought to function as a homodimer of 
catalytic heavy chains. Organisms with motile flagella also have a large family of axonemal 
dyneins that can be further divided into three subfamilies, outer row dyneins, I1 inner row 
dyneins, and additional diverse inner row dyneins (reviewed in ref. 34). Outer row dyneins 
diverged before the common ancestor into two isoforms (alpha and beta) that form heavy 
chain heterodimers. A third isoform that diverged more recently is found in Cblamydomonas 
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(plantae) and Tetrahymena (chromalveolata) but not in sea urchins or fruit fies (animalia). 
Outer row dyneins bind in a continuous row with 24 nm spacing (every third 8 nm tubulin 
dimer), whereas inner row dynein isoforms occur once every 96 nm along each doublet micro- 
tubule. 35 The I 1 inner row dynein is a typical heterodimer of two heavy chain subunits, and 
both isoform subfamilies are represented in the genomes of all organisms that retain motile 
flagella. I 1 dyneins appear to have become established early as major targets of signal-dependent 
regulation of flagellar bending parameters. 36 The many additional inner row dyneins present 
in, for example, sea urchins and ciliates, appear to have diverged more recently; several of the 
ciliate inner row dyneins are more dosely related to each other than to any of the urchin inner 
row dyneins. Structural, genetic and biochemical analyses in Cblamydomonas indicate that 
these additional inner row dyneins function as monomers, rather than the dimers typical of all 
other dyneins, and some isoforms may be differentially distributed along the length of the 
organelle. 37 Their sequence relationships suggest that the last common eukaryote may have 
had a single isoform of this monomeric inner row dynein. 

Among the members of the very large and diverse superfamily of kinesin ATPases are at 
least two families with members that function as flagellar proteins. The small kinesin9 family is 
represented by a sequence expressed in ciliated cells of mammals 38 and by the Cblamydomonas 
Kip 1 protein. 39 Kip 1 has been localized to the central pair complex 39 and shown to be impor- 
tant for normal flagellar motility in that organism. 4~ Although evidence for the role ofkinesin9 
members in mammalian cells is not available, their expression patterns support an early evolv- 
ing flagellar function for this protein. The kinesin2 family is larger and functionally more 
diverse. While some members of the kinesin2 family are anterograde motors for IFT, others are 
anterograde motors in other cytoplasmic compartments such as neurons of metazoans. The 
presence of kinesin2 homologs in ciliates and flagellates, but not in nonflagellated fungi, 
suggests that kinesin2 coevolved with axonemes and was only coopted for other transport 
functions in recent metazoan evolution. 6 

The Origins of 9+2 Flagella 
Given the evidence summarized above, the last common eukaryotic ancestor had a motile 

9+2 flagellum, was anchored on a basal body of triplet microtubules, and required IFT for its 
assembly. How did such a complex system evolve? Clearly it must have been preceded by a 
microtubule cytoskeleton with dynein and kinesin motors. Strong arguments have been made 
that the driving force for the evolution of a microtubule cytoskeleton and its associated motor 
proteins was the ability to accurately segregate a large, nuclear membrane-enclosed genome by 
mitosis. Although the complicated checks and balances used to assure mitotic fidelity vary 
widely in extant eukaryotes, some aspects of mitosis have been suf~ciently conserved and are so 
central to the process that they must have been present at an early stage. Other aspects of 
mitosis, assumed to be ancient because of their simplicity, reveal a minimal apparatus but may 
not reflect the ancestral condition. Although model organisms such as fungi have provided 
many details of such minimal systems, the tremendous variety of extant mitotic mechanisms 
(as reviewed in ref. 41) should not be forgotten. Mitosis requires a microtubule organizing 
center (MTOC) that duplicates once per cell cycle, a connection between each chromatid and 
one of the duplicated MTOCs, and separation of the MTOCs with their associated chromatids. 
These MTOCs vary structurally from the simple nuclear membrane-embedded spindle pole 
bodies of some unicellular organisms to the complex centriole-containing centrosomes of many 
metazoan cells. Most organisms form two microtubule arrays during mitosis, one oriented 
toward the chromosomes to link each chromatid to its MTOC, and a second that assembles 
between the two MTOCs to form a scaffold for MTOC separation. In Gi phase of the cell 
cycle, prior to DNA and MTOC duplication, the primitive cell would have had a single MTOC, 
with a single array of microtubules directed away from the nudeus that defined the polarity of 
the cell. It is this cytoplasmic microtubule array that most likely provided the raw material for 
evolution of the flagellar axoneme. 42-44 
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Figure 3. Proposed steps in the transition from an early eukaryote, with a polarized morphology 
based on asymmetric placement of a microtubule organizing center, but lacking flagella (left), 
through an intermediate with a protoflagellum that supported gliding and limited bending (cen- 
ter), to the last common eukaryotic ancestor, with a fully developed, motile 9+2 flagellum (right). 

A polarized array of microtubules projecting from one side of the nucleus, as seen in most 
cells today, need only become linked into a bundle to provide an organelle that could distort 
the cell membrane and form a protoflagellum (Fig. 3). Microtubules radiating from the MTOC 
that were not incorporated into this protoflagellar bundle would continue to provide a cytosk- 
eleton for general cytoplasmic transport and organization of the endomembrane system, and 
the interaction of motors such as kinesin and dynein with this microtubule cytoskeleton would 
provide directed motility of associated vesides. Such movement along the protoflagellar bundle 
could direct exocytosis and endocytosis to a specific region of the cell membrane, creating a 
new membrane domain. The similarity of IFT proteins to proteins involved in vesicle trafflcking 18 
and the similarity of IFT kinesin and dynein to cytoplasmic versions of these motors, argues 
that axonemes evolved from proteins that were already in use in microtubule-based vesicular 
transport systems. 

Early eukaryotes, lacking any other means of locomotion, were presumably benthic 
amoeboid cells and could not yet swim. Microtubule-based motors moving along a parallel 
bundle of microtubules in the protoflagellum would have provided at least two specific advan- 
tages to these organisms. Simple coupling of retrograde movement to transmembrane proteins 
would convert the protoflagellum to a feeding organelle, bringing particles that adhered to its 
surface back toward the cell body by retrograde IFT for subsequent phagocytosis. Alternatively, 
ifsubstrate adhesion through IFT-associated protoflagellar transmembrane proteins was strong, 
and cell body adhesion proportionately weak, retrograde IFT could support gliding motility. 
Flagellar gliding as a means of locomotion is common in many pelagic, benthic and soil 
flagellates today, and such surface motility has also been described for metazoan cilia, suggesting 
that it was either an early adaptation of the IFT system, or one that has happened repeatedly 
during subsequent evolution. 44 As the coupling mechanisms between flagellar adhesion 
molecules and gliding motors have not been widely studied, their evolutionary history remains 
unknown. 

Movement of secretory vesicles along a polarized microtubule bundle would also provide a 
polarized distribution of cell surface molecules, including receptors. While the localization of 
receptors to ciliary and flagellar surfaces has been documented in both protists and in meta- 
zoan sensory cilia, including chemosensory cilia in C. elegans, kidney cilia in vertebrates, and 
the highly modified cilia in sensory neurons of the vertebrate retina, evidence that specific 
receptors have been localized to this membrane domain since before eukaryotic divergence is 
only fragmentary (reviewed in ref. 44). Receptor localization does not require the complex 
structure of a flagellum, but the ability to define a polarized cell surface domain for sensory 
signaling may have been one of the driving forces in early flagellar evolution. 

Flagella are first and foremost organelles that beat, and their complex structure would not 
have evolved without strong selection for motility, as witnessed by the rapid loss of much of 
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this complexity in nonmotile sensory cilia, and the complete loss of flagella in nonmotile 
organisms such as yeasts. However strong this advantage of a beating flagellum might have 
been to early eukaryotes, intermediate stages must have existed that provided intermediate 
levels of motion; a sudden jump from a benthic, amoeboid or gliding organism to one that can 
swim by flagellar beating is not plausible. To understand the advantages of less vigorous 
bending motility, one need only look at flagellar function among existing flagellates. Many 
organisms use flagella to generate feeding currents that increase the frequency with which food 
particles (bacteria, other eukaryotes, or detritus) can be ingested, while others use flagellar 
movements to aid in trapping food particles. 45'46 Feeding currents are common in organisms 
such as choanoflagellates, which attach to the substrate with stalks and use flagellar beating to 
create currents past the stationary cell, in mastigamoebae, which create currents while continuing 
to move by amoeboid activity, and in many biflageUates such as bodonids, which create 
currents with an anterior flagellum and glide on a posterior flagellum. Even a modest ability to 
vibrate or wave a protoflagellum could have provided the initial selective advantage that drove 
further development of single microtubules into doublet microtubules, and favored diversification 
of dyneins that could take advantage of this new doublet microtubule track (Fig. 3). 

Along with increased motility came the increased need to anchor the axoneme, which may 
have driven both centriole/basal body evolution and the development of links between the 
flagellar base and the cell membrane. These links would segregate the flagellar compartment 
from the rest of the cytoplasm, requiring further refinements in the IFT sorting/trafflcking 
mechanism so that standard vesicle fusion occurred at the flagellar base, and IFT movement 
transported both membrane and nonmembrane components to and from the flagellar 
compartment. In addition, such links create a boundary between the flagellar membrane and 
the rest of the plasma membrane, sequestering receptors and adhesion molecules into a unique 
membrane domain. 

The ability to bend does not require an axoneme with 9-fold symmetry, and many 
axonemes have been discovered that depart from this pattern, yet most of these departures 
appear to be more recent modifications of an ancestral 9+2 pattern. As argued in more detail 
elsewhere, I propose that motility regulation by a central apparatus provided a strong selective 
advantage to the organism in which it evolved, and that the most successful regulatory 
mechanism was based on an apparatus built on a scaffold of two central microtubules, with 
regulatory signals transmitted through radial spokes of a defined length. 44'47 The geometry of 
this regulatory mechanism presumably favors an outer cylinder of precisely nine doublet 
microtubules, with the distance between doublets determined by the reach of dyneins that 
must span each interdoublet gap. Whether central pair regulation was based on a fixed central 
pair orientation, as found today in metazoans such as bivalves, 48 sea urchins, 49 and cteno- 

50 51 52 phores and possibly in excavates such as euglenids, or a rotating central pair, as commonly 
3 54- found in green algae such as Chlamydomonas ~ and Micromonas, and chromalveolates such as 

- 55 56 Paramecium and Synura, remains to be determined. Central pair rotation may allow regula- 
tion of bends in different beat planes, and therefore be a more flexible regulatory system for 
organisms whose survival is most highly dependent on rapid changes in flagellar beat param- 
eters. 47'53 The origin of radial spokes remains, at this time, one of the greater mysteries of 
flagellar evolution, as related proteins have not been identified in other microtubule-associated 
regulatory complexes. 

Diversification of Flagellar Structure and Function 
during Eukaryotic Radiation 

Many changes to the basic (if complex) 9+2 flagellum that was present in the last common 
eukaryotic ancestor are seen in some present day organisms, whereas others appear to have 
retained the original model with few alterations. Changes include additions, such as 
mastigonemes that project from the membrane surface and increase effective hydrodynamic 
resistance, and accessory structures that increase axoneme stiffness (paraflagellar rods in 
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euglenoids, outer dense fibers or extra microtubules in spermatozoa; for a more extensive sur- 
vey of structural changes in spermatozoa, see Baccetti, ref. 57). Simplifications or deletions of 
structures no longer used by an organism or cell type include loss of the outer row dyneins, loss 
of the central apparatus and radial spokes (motile 9+0), loss of the central apparatus, radial 
spokes, and some doublet microtubules (6+0, 3+0). In the case of stricdy nonmotile sensory 
cilia, all components necessary for motility (central pair, spokes, dyneins) may be absent, leav- 
ing only the membrane and the nine doublet microtubules to support IFT and receptor local- 
ization. Motile flagella that lack the central pair and radial spokes appear to have a simplified 
bending pattern that only accommodates helical bending waves, and are found on parasitic 
flagellates that do not depend on flagellar motility for locomotion in a complex environment, 58 
on nodal cilia in early vertebrate embryos, where they generate a unidirectional fluid current 
essential for establishing left-right asymmetry,59 and on certain vertebrate spermatozoa. 6~ Some 
insect sperm that lack central pair microtubules have cylinders of 12 or 14 doublets, or spirals 
of hundreds of doublets, 57 suggesting further that the original standard of a cylinder of nine 
doublet microtubules was selected to accommodate the radial spoke-central pair regulatory 
complex, and that if the central pair is not needed, successful axonemes can evolve with alter- 
native doublet patterns. 

More difficult to catalog are modifications of existing parts to meet new demands, often 
observable not at the structural level but as differences in average length, beat frequency; or 
waveform, or as the ability to change beat frequency, beat direction, or waveform in response to 
signaling cascades. These signaling pathways may in turn begin with stimulation of flagellar 
surface receptors, or with cascades that are transmitted from elsewhere in the cell. The evolu- 
tion of some of these changes, especially those affecting signaling pathways, will be difficult to 
trace until many more genomes have been sequenced, and proteomic analysis confirms the 
location and function of putative flagellar gene products. Some changes probably occurred 
only once, and surveying the distribution of organisms that retain such features may clarify 
phylogenetic relationships. Other changes have occurred independendy more than once and 
can be considered convergent evolution. For example, the ability to generate ATP within the 
flagellar compartment has evolved in several independent ways. Glycolysis is an important 
source of energy for sperm motility in mammals ~1 where fermentable sugars come direcdy 
from seminal fluid, 61'62 but has not been reported in vertebrate cilia and flagella other than 
sperm tails and some types of nonmotile cilia (e.g., the outer segments of mammalian photore- 
ceptor cells63). Mammalian sperm-specific isoforms of glycolytic enzymes such as glyceralde- 
hyde 3-phosphate dehydrogenase 64 and enolase 65 have likely evolved recently, as the glycolytic 
enzymes identified in Chlamydomonas flagella 66 are not closely related and appear to have been 
targeted for flagellar use specifically in algae. Completely different methods of flagellar ATP 
eneration occur in other or anisms, includin hos hocreatine/creatine hos hokinase shutdes g 6 g gP P P P 

7 68 69 in sea urchin and mammalian spermatozoa, and in chicken photoreceptor outer segments, 
and a phosphoarginine/arginine phosphokinase shuttle in Paramecium cilia. 7~ Overall, the ba- 
sic motile machinery of 9+2 organelles appears to be ancient and highly conserved, whereas the 
signaling cascades that regulate motility and accessory structures that modify its output have 
changed to suit specific organismal needs. 

S u m m a r y  
Typical 9+2 flagella likely evolved from bundling and extension of cytoplasmic microtubules 

that assembled on a microtubule organizing center and that generated a polarized cellular 
morphology. Close apposition of the plasma membrane created a separate membrane domain 
that could be used to localize receptors for sensory signal transduction, and required 
simultaneous evolution of intraflagellar transport to maintain this polarized structure. 
Membrane-associated IFT-based movement provided a mechanism for gliding motility; and 
addition of axonemal dynein motors allowed this extension to bend and generate currents past 
the cell. Formation of doublet microtubules allowed elaboration of dyneins to improve 
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motility; and the addition of the radial spoke-central pair regulatory system provided responsive 
dynein control. The strong selective advantage of a motile 9+2 flagellum may have resulted in 
rapid diversification of the last common eukaryotic ancestor into all existing branches of 
eukaryotic organisms. 
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