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Abstract

The eukaryotic endomembrane system (ES) is served by hundreds of dedicated proteins. Experimental characterization of the
ES-associated molecular machinery in several model eukaryotes complemented by a recent progress in phylogenomics and
comparative genomics have revealed a conserved complex core of the machinery that appears to have been established before
the last eukaryotic common ancestor (LECA). At the same time, modern eukaryotes exhibit a huge variation in the ES resulting
from a multitude of evolutionary processes operating along the ever-branching paths from the LECA to its descendants. The
most important source of evolutionary novelty in the ES functioning has undoubtedly been gene duplication followed by
divergence of the gene copies, responsible not only for the pre-LECA establishment of many multi-paralog families of proteins
in the very core of the ES-associated machinery, but also for post-LECA lineage-specific elaborations via family expansions and
the origin of novel components. Extreme sequence divergence has obscured actual homologous relationships between
potentially many components of the machinery, even between orthologous proteins, as illustrated by the yeast
Vps51 subunit of the vesicle tethering complex GARP hypothesized here to be a highly modified ortholog of a conserved
eukaryotic family typified by the zebrafish Fat-free (Ffr) protein. A dynamic evolution of many ES-associated proteins,
especially those centred around RAB and ARF GTPases, seems to take place at the level of their domain architectures. Finally,
reductive evolution and recurrent gene loss are emerging as pervasive factors shaping the ES in all phylogenetic lineages.
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Introduction

Although some prokaryotic cells are known to house
relatively complex arrangements of internal mem-
branes with more eukaryote-like features that we would
acknowledge a few years ago (Fuerst 2005,
Lonhienne et al. 2010), none can perhaps compete
in complexity with the elaborated endomembrane sys-
tem (ES) of eukaryotes. Microscopical, biochemical
and genetic investigations by several generations of
biologists have yielded an integrated view of the general
organization and functioning of the eukaryotic ES.
Embodied in innumerable textbook schemes, this
view shows the ES as a series of intracellular compart-
ments delimited by a unit membrane and intercon-
nected by traffic of membranous vesicles budding off
and fusing with the compartments and the plasma
membrane (for general reviews on the molecular
aspects of membrane trafficking see Bonifacino and

Glick 2004, Cai et al. 2007, Pfeffer 2007, Stenmark
2009, and the other reviews in this volume). Impor-
tantly, the compartments can often be homologized
across the whole span of the eukaryotic diversity, indi-
cating that they differentiated early in eukaryotic evo-
lution and have since maintained their identity over
myriads of cell generations (Cavalier-Smith 2004).
Compartments generally considered to be a part of
the canonical Bauplan of the eukaryotic cell include the
endoplasmic reticulum (ER) comprising the nuclear
envelope (NE) as its special domain, the Golgi complex
typically organized as a stack of flat cisternae (the
dictyosome), the trans-Golgi network (TGN), the early
(sorting) endosomes, the late endosomes (also called
the multivesicular bodies), and the lysosomes/vacuoles.
The reach of the ES may, however, be substantially
broader. First, after decades of discussions it now
seems established that peroxisomes (and their variants)
are both evolutionarily and physically connected with
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the ES, specifically with the ER (Tabak et al. 2008,
Gabaldon 2010). Second, it has been recently unveiled
that a specialized and perhaps ancient branch of the
secretory pathway is used for bringing proteins and
membranes to the cilium (flagellum) (Baldari and
Rosenbaum 2010, Rohatgi and Snell 2010), possibly
with the help of the newly described vesicle coat
BBSome (Jin et al. 2010). Third, compartments of
the ES usually neglected by generalized schemes can
occur quite widely in eukaryotes, such as acidocalci-
somes (Moreno and Docampo 2009, Docampo et al.
2010) or autophagosomes (Hughes and Rusten 2007,
Kiel 2010). Fourth, there seems to be continuity
between the outer membrane of mitochondria and
the ES, at least during the biogenesis of the autophago-
some (Hailey et al. 2010). Likewise, plastids are also
actually linked with the ES, be they primary plastids,
which seems to receive some of their proteins via an
incompletely understood pathway traversing the
Golgi (Nanjo et al. 2006, Kitajima et al. 2009), or
secondary plastids, which in some algal taxa (e.g.,
euglenophytes and dinoflagellates) or in apicomplexans
(such as the malaria parasite Plasmodium falciparum)
occupy an independent compartment communicating
with the rest of the ES (Nassoury et al. 2003,
Slavikova et al. 2005, Tonkin et al. 2008). Further-
more, different eukaryotic lineages depart to various
extents from the generalized textbook version by pos-
sessing novel specialized compartments, such as diverse
types of extrusomes (Rosati and Modeo 2003), cortical
alveoli (Gould et al. 2008), contractile vacuoles (Allen
and Naitoh 2002), or the cell plate in dividing plant
cells (Jurgens 2005).

The attention paid to the eukaryotic ES has pre-
dominantly concerned its functional aspects, espe-
cially in a handful of ‘model organisms’ like the
yeast Saccharomyces cerevisiae, some metazoans, Or
the plant Arabidopsis thaliana. However, advances in
reconstructing the eukaryotic phylogeny and a rapidly
growing list of sequenced genomes of phylogenetically
diverse eukaryotes have recently fuelled interest in the
diversity of the ES and its evolutionary sources.
Studying these questions is not only intellectually
appealing per se, but provides a valuable context
and inspiration of functional research, too. Indeed,
transferring the knowledge gained from yeast or meta-
zoan cells onto the ES of other eukaryotic lineages,
typically via bioinformatic identification of homologs
of established metazoan or yeast components of the
ES-associated molecular machinery and their subse-
quent experimental characterization guided by prior
expectations about their properties and function, has
proven extremely productive and led to an amazing
improvement of our understanding of the ES func-
tioning at the molecular level in groups such as plants

(Bassham et al. 2008), trypanosomatids
(Engstler et al. 2007), or ciliates (Plattner 2010).
This is per se a good indication that the ES and the
associated molecular machinery are widely conserved
over the eukaryotic kingdom. However, taking evo-
lution into consideration sheds light on inherent limits
that are associated with using metazoan or yeast cells
as general eukaryotic models. For example, acknowl-
edging the relatively close phylogenetic position of
Metazoa and Fungi (both belonging to the same
eukaryotic branch, the Opisthokonta; Adl et al.
2005) should teach us that features of the ES (or
any other cellular system) ‘conserved from yeast to
man’ may simply be opisthokont-specific evolutionary
innovations irrelevant to non-opisthokont taxa.
Indeed, through the operation of a multitude of
evolutionary processes each phylogenetic lineage of
eukaryotes is expected to bear its own idiosyncratic
features of the ES, not always accessible via a com-
parative approach.

There have recently been a number of reviews and
theoretical discussions published dealing with various
evolutionary aspects of the ES (Dacks and Field 2007,
Field et al. 2007, Gurkan et al. 2007, Hughes and
Rusten 2007, Jékely 2007, Mironov et al. 2007,
Dacks et al. 2009, Field and Dacks 2009,
Brighouse et al. 2010, Cavalier-Smith 2010a). The
purpose of the present paper is to provide an updated
perspective on ES evolution, with special attention to
characteristic evolutionary patterns and processes dis-
cussed in the context of recent advances in phyloge-
nomics and comparative genomics. The review starts
with a summary of current ideas about the phyloge-
netic tree of eukaryotes and the position of its root,
only to use it as a framework for drawing a picture of
the ES of current eukaryotes as an evolutionary deriv-
ative of a complex ES of the last eukaryotic common
ancestor (LECA) through the action of innovative and
reductive evolutionary processes. The rest of the
review is devoted to discussing aspects of these evo-
lutionary processes shaping the eukaryotic ES at its
molecular level, with particular emphasis on the
membrane-trafficking apparatus. Discussion on the
origins of the eukaryotic ES, certainly a crucial ques-
tion of the ES evolution, had to be omitted for the sake
of focus (see Jékely 2007, Cavalier-Smith 2010a, for
recent treatments of this subject).

The phylogeny of eukaryotes: A framework for
understanding evolution of the ES

Key to a full understanding of evolution of the ES, like
of any other aspect of the eukaryotic cell, is a robust
phylogenetic scheme bringing an order into the vast
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diversity of eukaryotes. A thorough review of eukary-
otic diversity from the perspective of cell organization
(ultrastructural identity) revealed about 70 distinct
groups that could not be arranged in any higher-
order taxa (Patterson 1999), indicating limited utility
of morphological characters for inferring the global
eukaryotic phylogeny. The recent progress in recon-
structing the eukaryotic phylogenetic tree has thus
relied almost exclusively on molecular phylogenetics,
especially on phylogenomics boosted by important
developments in the theory of phylogenetic inference
and a rapid growth of genome-level sequence data
available for diverse eukaryotes thanks to genome
sequencing projects or EST surveys (Delsuc et al.
2005). Given the limited space available for this
review, readers are encouraged to consult any of
the excellent recent papers to learn details of this
subject (see Simpson and Roger 2004, Keeling
et al. 2005, Parfrey et al. 2006, Brinkmann and
Philippe 2007, Burki et al. 2007, Dacks et al.
2008a, Hampl et al. 2009, Parfrey et al. 2010).
A current estimate of the global eukaryotic phylogeny
is shown at Figure 1 and a detailed hierarchical
taxonomy of eukaryotes (especially protists) largely
reflecting the known phylogeny can be found in a
work of Adl and colleagues (2005). In the current
scheme, a series of some 15 or so clearly monophyletic
lineages consistently supported by multi-gene or even
single-gene phylogenetic analyses can be recognized
in eukaryotes, most of them dominated by diverse and
often poorly studied protists.

Some specific higher-order groupings
(‘supergroups’) of these major lineages have been
proposed (Figure 1), but they remain contentious at
best. Green algae and plants (Chloroplastida), red
algae (Rhodophyta), and glaucophytes sharing a prom-
inent cellular feature — a primary plastid — are hypoth-
esized to form a monophyletic group called the
Archaeplastida (or Plantae) (Adl et al. 2005), but
such a group, if recovered at all, generally lacks signif-
icant statistical support, even in multi-gene phyloge-
nomic analyses (Burki et al. 2007, 2008, Yoon et al.
2008, Hampl et al. 2009, Nozaki et al. 2009). Three
protist lineages, Metamonada (anaerobic flagellates
such as diplomonads and parabasalids), Discoba
(Euglenozoa, Heterolobosea, and Jakobida), and mala-
wimonads may form a common supergroup (Excavata)
with a synapomorphic feeding ventral groove and
associated characteristic arrangement of the microtu-
bular cytoskeleton (actually retained only by some
members of Metamonada and Discoba; Simpson
2003). However, the monophyly of excavates as a
whole has not been convincingly demonstrated even
in the most recent phylogenomic analysis concentrated
specifically on this issue (Hampl et al. 2009). A bulk of
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protist species may belong to a huge hypothetical
assemblage called Chromalveolata or Chromista
(Adl et al. 2005, Cavalier-Smith 2010b), which is
hypothesized to stem from one or potentially two
consecutive endosymbiotic fusions of a host eukaryotic
cell with a red and potentially also a green alga (Elias
and Archibald 2009a, Moustafa et al. 2009, Cavalier-
Smith 2010b). This idea has aroused a lot of
controversy and evidence from phylogenomics and
comparative genomics, speaking for or against it, has
been levelled by different camps (Keeling 2008,
Burki et al. 2009, Bodyt et al. 2009, Baurain et al.
2010). Regardless the uncertainties in the actual his-
tory of endosymbioses in chromist (chromalveolate)
taxa and the monophyly of the whole group, solid
evidence exists for a common descent of three major
subgroups — stramenopiles (= heterokonts), alveolates,
and Rhizaria (the latter previously considered as an
independent ‘supergroup’), constituting the so-
called SAR clade (Burki et al. 2007), recently dubbed
the ‘Harosa’ (Cavalier-Smith 2010b). The remaining
chromists (haptophytes, cryptomonads, and a few
additional minor protist groups) may belong to another
clade called the Hacrobia (Burki et al. 2009,
Okamoto et al. 2009), although it receives less consis-
tent support in phylogenomic analyses that the SAR
clade (Burki et al. 2009, Parfrey et al. 2010,
Baurain et al. 2010).

From the point of interpreting evolution of the ES,
the uncertainties about monophyly of some hypothet-
ical ‘supergroups’ may be less critical than an unre-
solved position of the root of the eukaryotic tree
(Figure 1). Knowing the root position is a prerequisite
for distinguishing ancestral and derived character
states in extant eukaryotes, and hence for ordering
in time the evolutionary events that affected different
cellular systems in individual eukaryotic lineages since
the last eukaryotic common ancestor (LECA). An
apparently attractive idea of the root lying in a pre-
sumably basal and primitively amitochondrial eukary-
otic kingdom ‘Archezoa’ (Cavalier-Smith 1993,
Sogin et al. 1996) has been dismissed due to the
discovery remnant or highly modified mitochondria
in all ‘archezoan’ lineages (Hampl and Simpson 2008,
Hjort et al. 2010) and attributing the basal position of
these lineages in some phylogenies to artefacts of
phylogenetic inference (Philippe 2000, Brinkmann
et al. 2005). A hypothesis that has also been widely
adopted (again perhaps too uncritically) by the bio-
logical community is that placing the root between
two hypothetical principal eukaryotic groups, the uni-
konts and the bikonts (Stechmann and Cavalier-
Smith 2003, Richards and Cavalier-Smith 2005).
I refrain from repeating the arguments behind this
hypothesis and only state that the evidence for the
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Figure 1. A current estimate of the eukaryotic phylogenetic tree. The scheme is a consensus of recent phylogenetic and phylogenomic analyses
[Burki et al. 2007, 2008, 2009, Hampl et al. 2009, Baurain et al. 2010, Glicksman et al. 2010, Parfrey et al. 2010, Yabuki et al. 2010];
relationships with inconsistent support are indicated by dashed branches. The limited molecular data available for Collodictyonida,
Ancyromonadida, and Micronuclearia podoventralis attest to their independence on other lineages, but do not allow for their more precise
placement in the tree. Following a recent proposal [Cavalier-Smith 2010b], the name ‘Chromista’ is here applied in a broader sense as
compared to the original meaning of the name; the newly defined Chromista comprise ‘chromalveolates’ expanded by inclusion of Rhizaria and
some minor previously unplaced lineages (centroheliozoans and telonemids). Three alternative positions of the root of the tree discussed in the
text are marked by wedges. Note that the root R1 as indicated in the tree only approximately corresponds to the ‘unikont-bikont’ rooting
previously advocated by Stechmann and Cavalier-Smith (2003) and Richards and Cavalier-Smith (2005), since the latter assumed
Apusomonadida to be ‘bikonts’, while more recent evidence and the present scheme shows these two groups branching off on the ‘unikont’
side. Two alternative scenarios on the evolutionary path of the GTPase RAB24 implied by the alternative roots R2 and R3 are shown by green
and red arrows, respectively (a scenario for the R1 root is omitted for clarity). Note that the R2 scenario assumes the presence of RAB24 at the
root (i.e., already in the LECA) and secondary loss in the Discoba lineage (among other lineages), whereas the R3 scenario implies post-
LECA emergence of RAB4 and its primary absence in the Discoba. This Figure is reproduced in colour in the online version of Molecular
Membrane Biology.
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monophyly of both the unikonts and the bikonts has
dissolved with new results from phylogenetics and
comparative genomics, as excellently discussed else-
where (Roger and Simpson 2009).

Given this situation, Cavalier-Smith has very
recently offered a new idea arguing that the root
lies between Euglenozoa (euglenoids, kinetoplastids,
and two less well known lineages of marine flagellates)
and remaining eukaryotes (Cavalier-Smith 2010b).
This hypothesis is based on interpreting the phyloge-
netic distribution of some molecular characters, but
since it is in conflict with some other evidence (e.g., a
synapomorphic insertion in a ribosomal protein
shared by Euglenozoa and other Discoba;
Rodriguez-Ezpeleta et al. 2007), and because the
characters of Euglenozoa placing them aside other
eukaryotes may well be secondary modifications, I am
personally rather sceptical as to the possibility of this
hypothesis surviving further scrutiny. Rogozin et al.
(2009) recently took a different and a more systematic
approach to locate the eukaryotic root by analysing a
large collection of insertions/deletions (indels) and
rare substitutions in alignments of proteins sequences
conserved across several distantly related eukaryotic
species. The analysis suffers from absence or poor
representation of some critical lineages in the dataset
analyzed, but the results are interesting and promising
for the future. Specifically, the authors concluded that
the root probably lies between Plantae (= Archae-
plastida) and the remaining eukaryotes, although the
taxon sampling employed actually could not have
excluded the root from within Archaeplastida.

The ES of extant eukaryotes derives from a
surprisingly complex ES of the LECA

The uncertainties about the actual relationships
among major eukaryotic lineages and about the posi-
tion of the root notwithstanding, the recent achieve-
ments of eukaryotic phylogenetics allows for far more
accurate interpretations of evolutionary trends relat-
ing to various cellular systems, including the ES, than
it was possible a decade ago. One crucial insight is that
it is misleading to distinguish ‘lower’ and ‘higher’
extant eukaryotes, as there are probably no living
eukaryotes that would primitively lack major charac-
teristic features of the eukaryotic cell such as the
mitochondrion, the Golgi apparatus, or the peroxi-
some (Dacks et al. 2008a). We should rather view
each eukaryotic species as a mixture of primitive (i.e.,
ancestral) and derived characters, with the latter
including results of ‘innovative’ as well as reductive
evolution. Indeed, the lineages previously considered
primitive, e.g., the ‘archezoans’ Mircosporidia or
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diplomonads, seem to actually belong among the
most advanced eukaryotes, in terms of the number
of evolutionary events that have occurred in these
lineages since the LECA. A high number of evolu-
tionary changes have impacted also the ES of these
two groups, including the loss of the peroxi-
some (Gabaldén 2010) and an extreme modification
of their Golgi (Beznoussenko et al. 2007, Abodeely
et al. 2009, Mowbrey and Dacks 2009, Stefanic et al.
2009).

The second and related implication of the current
view of the eukaryotic phylogeny is a strikingly com-
plex nature of the LECA, which was very likely a fully-
fledged eukaryote with a characteristically organized
genome, cytoskeleton and the ES, with a mitochon-
drion and the cilium, and with a modern-like com-
plexity of the associated molecular machinery and
regulatory circuits (Fritz-Laylin et al. 2010, Koonin
2010a, 2010b, Cavalier-Smith 2010a). The notion of
a genetically complex LECA comes from comparative
genomics revealing that there are thousands of ortho-
logous genes with phylogenetically wide, though
sometimes punctuated, distribution indicating an
ancient origin of these genes in early eukaryotes.
Considering specifically LECA’s ES, it seems to
have resembled the ES of modern eukaryotes in
embracing the complete array of the ‘standard’ com-
partments and transport pathways underpinned by a
molecular machinery including several vesicle coat
complexes and the related nuclear pore complex
(NPC), small GTPases of the RAB and ARF/
SARI1 families (master regulators of vesicle budding
and fusion) and their specific regulators (GEFs and
GAPs), several different tethering complexes (devices
involved in tethering vesicles to the membrane of their
target compartments), SNAREs (a family of mem-
brane proteins directly responsible for membrane
fusion), SM family proteins (regulators of SNARE
function), ESCRT I to ESCRT III complexes
(involved in sorting of proteins destined for degrada-
tion and in formation of the MVB), and numerous
other components (Dacks and Field 2004, 2007,
Kloepper et al. 2007, Koumandou et al. 2007, Field
and Dacks 2009, DeGrasse et al. 2009,
Brighouse et al. 2010). It is now also clear that the
LECA very likely exhibited a Golgi apparatus in the
typical form of stacked cisternae, which has been
retained in the vast majority of extant eukaryotes
but secondarily modified in at least eight independent
lineages exemplified by the yeast S. cerevisiae or the
whole group of Heterolobosea (Mowbrey and Dacks
2009).

Naturally, assuming different position of the root of
the eukaryotic tree leads to different versions of the
LECA inferred, especially concerning the set of its
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genes and proteins. For example, the RAB24 paralog
of the RAB family (probably involved in the mem-
brane traffic accompanying autophagy; Munafé and
Colombo 2002) appears to exhibit a scattered distri-
bution across eukaryotic phyla (Figure 1; M. Elias, J.
B. Dacks, M. C. Field, unpublished work). Such a
distribution at any rate implies a number of indepen-
dent losses, but whether RAB24 was present already
in LECA (and its absence from modern organisms is
always due to loss) or whether it was invented in a
post-LECA ancestor of only a subgroup of extant
eukaryotes (meaning that some eukaryotes lack
RAB24 primarily) depends on the actual position
of the root. Thus, the ‘unikont-bikont’ or the
‘Archaeplastida-first’ root hypotheses are consistent
with the former possibility, whereas the ‘Euglenozoa-
first’ rooting leads to the inference of a post-
LECA origin of RAB24 and its primary absence in
the whole (paraphyletic) Discoba group (Figure 1).
However, one should be very careful with claims
about absence of a particular gene in any eukaryotic
lineage, since these may need revision with a single
new genome sequenced. Consider, for instance, the
case of the SNARE of the Npsn type, which had
seemed to be missing from opisthokonts despite
many opisthokont genome sequences available, only
to be eventually found in chytrid fungi (Kienle et al.
2009). Indeed, as will be argued below, gene loss has
been one of the major processes of post-
LECA evolution. Hence, two avenues of future
research must be followed to enable reconstruction
of the LECA and its ES precise in detail: (1) Clari-
fying the position of the root of the eukaryotic tree
(which may prove to be a real challenge), and (2)
establishing patterns of presence/absence of individ-
ual genes in extant eukaryotes based on a much
denser sampling of genome sequences. Nevertheless,
my personal bet is that the current view of the LECA
as a complex creature with modern-like gene reper-
toire will withstand the test of time.

The emerging complexity of the LECA and its ES
does not diminish the magnitude of evolutionary
changes that have affected the ES in each eukaryotic
lineage. While we are aware of the ES diversity result-
ing from all this intricate history, we are currently
hardly able to establish precisely the order of individ-
ual evolutionary steps and map them onto the eukary-
otic phylogeny. Putting aside inherent limitations of
any historical analysis, this is largely because of our
poor knowledge or even complete ignorance about
molecular details of the ES in most species. For whole
major lineages, including Rhizaria, Preaxostyla, cryp-
tomonads, glaucophytes, jakobids, or ancyromonads,
there are even no reference genome sequences cur-
rently available. In contrast, the major eukaryotic

group Opisthokonta, constituted by multicellular ani-
mals (Metazoa), fungi (including yeasts), and their
protist relatives (e.g., choanoflagellates), contains
most species serving as models for studies on molec-
ular processes underlying the function of the ES
(above all, S. cerevisiae, mammalian cells, Drosophila
melanogaster, Caenorhabditis elegans). Not surprisingly,
it has also been showered by attention paid to it by
genome sequencers. Opisthokonts thus offer a plenty
of examples of ES-associated novelties, sometimes
with a well-understood relation to organismal phy-
logeny (Figure 2). These examples comprise a range
of categories, including:

(1) The emergence of new paralogs by gene dupli-
cation, such as the RAB9 GTPase (participating in
transport from late endosomes to the TGN) that
evolved in the Holozoa clade (Metazoa and their
closest protist relatives) from a duplicated
RAB7 gene (Mackiewicz and Wyroba 2009); this
is probably the most prevalent type of evolutionary
novelties associated with the ES.

(2) The origin of proteins with novel domain
architectures, exemplified by the vacuole-
associated Vam7 SNARE protein, which arose in
the stem lineage of fungi as a new paralog modified
by adding an N-terminal phospholipid-binding PX
domain and deleting the C-terminal trans-mem-
brane region (Kienle et al. 2009).

(3) The origin of ‘novel’ proteins, actually repre-
senting proteins that have diverged substantially
from their relatives up to the point where recog-
nition of homologs may be difficult or impossible;
good examples are metazoa-specific proteins of the
stonin family of sorting adaptors functioning in
endocytosis, which still bear signs of their probable
origin from the ancient and ubiquitous [ subunit of
the AP-2 adaptin complex (Field et al. 2007,
Maritzen et al. 2010), or the caveolae-
associated caveolin family, for which homologs
outside Metazoa could not be found (Field et al.
2007; see also the Caveolin Pfam entry, http://
pfam.sanger.ac.uk/family/PF01146].

(4) Simplification of the ES due to loss of its
components, e.g., of centaurin-beta (an ArfGAP
protein) in the lineage leading to dikaryan fungi
(Ma et al. 2009). Other examples of evolutionary
changes in the ES-associated machinery having
happened in the course of the opisthokont phylog-
eny are shown in Figure 2.

Interestingly, a growing list of ES-associated features
appear to be novel for opisthokonts as a whole, that is
shared by at least some metazoans and fungi (the two
principal opisthokont lineages) but missing outside
opisthokonts. This category includes the GGA family
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Figure 2. Examples of evolutionary events affecting the ES-associated machinery in the eukaryotic ‘supergroup’ Opisthokonta. The scheme
shows a non-exhaustive selection of events with a well-understood relation to the organismal phylogeny. The events are mapped on a schematic
opisthokont phylogeny according to the following published surveys: SNARE proteins (Vam7, Npsn, Sec22, Syx6, Syx7, SN47, and Gs15) —
Kloepper et al. (2008), Kienle et al. (2009), Sec2 — Elias (2008), BBSome — Hodges et al. (2010), GGA, Epsin, Eps15, caveolins, stonins —
Field et al. (2007), ESCRT 0 — Leung et al. (2008), RAB7 — Mackiewicz and Wyroba (2007). The change affecting Vps51 is reported below in
this review, the remaining events in the fungal branch are shown according to analyses reported in Ma et al. (2009). The fate of RAB40 and
AP-4 in metazoans is based on my own BLASTP searches against the non-redundant protein database at NCBI.

(monomeric clathrin adaptors that mediate the sorting
of mannose-6-phosphate receptors between the trans-
Golgi network and endosomes) or Epsin and
Epsl5 (adaptor proteins important in clathrin-
mediated endocytosis) (Field et al. 2007), the hetero-
dimeric complex ESCRT 0 initiating the assembly of
the whole ESCRT machinery at the nascent MVB by
recognising ubiquitylated cargo (LLeung et al. 2008), or
the family of Sec2-related guanine exchange factors
(GEFs), acting together with certain RAB GTPases to
regulate exocytosis (Elias 2008). These observations,
although needing to be tested with a far better sampling
of non-opisthokonts genomes to reduce the possibility
of pre-opisthokont origin of the proteins listed above,
suggest that a wealth of novel features of the ES might
have evolved in stem opisthokonts (Figure 2). This
would be a significant conclusion, since nothing is
know that would define ke opisthokont ES at the level
of morphology or overall organization, indicating that
there might be a lot of ‘hidden’ evolutionary novelty
associated with the emergence of other major eukary-
otic groups.

Hence, the analysis of opisthokont ES evolution
provides important lessons about general evolutionary
processes moulding the ES in eukaryotes. Indeed,
operation of both main processes, i.e. inventing of
novel components of the ES-associated proteome and
its reduction, has been demonstrated in other eukary-
otic lineages, too. The rest of this review offers rumi-
nation on different facets of these processes using
selected illustrative examples (mainly related to the
membrane-trafficking machinery).

Gene duplication as the major source of ES
elaboration

Ever since the seminal book by Susumu Ohno on the
role of gene duplication in evolution (Ohno 1970), this
process is seen as one of the most important sources of
evolutionary novelty (Koonin 2009). This is especially
the case when one of the paralogs resulting from a gene
duplication event gains a new function, which can be
accompanied by dramatic divergence of its sequence
up to an extent leading to the emergence of a ‘new
gene’. Extensive gene duplications marked the origin of
eukaryotes (Makarova et al. 2005, Koonin 2010a,
Zhou et al. 2010) and footprints of this duplication
burst are readily apparent on the ES-associated protein
machinery as well (Dacks et al. 2009, Field and Dacks
2009). It is impossible to enumerate here all building
blocks of the ES-associated machinery exhibiting
ancient paralogous relationships, but beside those
commonly mentioned in this context, such as RAB
and ARF/SARI families, SNAREs, SM proteins, some
ESCRT III subunits, or several families of NPC,
COP I, COP II and AP-clathrin components (Dacks
et al. 2009, Field and Dacks 2009), the following can
also be noted: (1) The Bet3 and the sedlin family, each
comprising several subunits of the vesicle tethering
complex TRAPP (Sacher et al. 2008); (2) the REP/
GDI family comprising two ancient paralogs critical for
a proper RAB function (see above; Hala et al. 2005); or
(3) the two ancient paralogous ArfGEFs, BIG/
SEC7 and GBF/GEA (Cox et al. 2004). Other families
of paralogous proteins or proteins sharing paralogous
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domains, such as the Pral/Yip3 family of the putative
RAB-specific GDI displacement factors or ArfGAP
and RabGAP (TBC) domain proteins can each also
have many members in individual species in diverse
eukaryotic lineages (Bernards 2003, Vernoud et al.
2003, Alvim Kamei et al. 2008, Field and O’Reilly
2008), but it has yet to be investigated whether this
diversity at least partly tracks back to multiple paralogs
differentiated already in the LECA or whether it stems
solely from post-LECA lineage-specific duplications.
Finally, weak sequence similarity was detected among
subunits of the tethering complexes COG, GARP,
Exocyst, and Dsll (Whyte and Munro 2002,
Koumandou et al. 2007) and interpreted as either
evidence for common descent (Whyte and Munro
2002, Pei et al. 2009) or convergent evolution
(Koumandou et al. 2007). Recent structural studies
on several COG, Exocyst and Dsll subunits
(Croteau et al. 2009, Richardson et al. 2009,
Tripathi et al. 2009) provide strong evidence for
true evolutionary ties between at least some subunits
(or their parts) of these three complexes (no subunit of
the GARP complex has been characterized yet).

As crucial as gene duplication was in laying the
foundations of the archetypal eukaryotic ES, it has
been just as important and pervasive in post-
LECA lineage-specific ES elaboration (Dacks and
Field 2007, Dacks et al. 2008b, 2009), meaning that
any attempt of an exhaustive review of all the dupli-
cation events is doomed to fail. The sheer volume of
duplications affecting the ES-associated protein
machinery has also serious implications towards
reconstructing the actual history of the duplications,
especially those accompanied by extensive sequence
divergence. For instance, we succeeded in showing
the existence of a novel RAB paralog (RablA)
shared by the three groups of the SAR (Harosa)
clade of chromists, but this was only thanks to
very careful phylogenetic analyses designed in a
way mitigating adverse effects of divergent
sequences (Elias et al. 2009). Even the care taken
to the analyses, however, did not help decide
whether a certain divergent cryptomonad RAB pro-
tein is, or is not, an ortholog of RablA in the SAR
clade. So it is presently unclear whether Rab1lA is a
synapomorphy of the SAR clade or a more ancient
invention predating the divergence of the SAR clade
and cryptomonads. Such lack of resolution is prob-
ably rather a rule than an exception in analyses of
complex gene families like RABs or SNARESs, and
novel methodological approaches combined with a
much better genome sampling might be needed for
overcoming these limitations.

Looking more closely on the distribution of dupli-
cation rates across the different components of the

membrane-trafficking machinery, we see an obvious
pattern with some categories systematically more prone
to duplicate than others. This pattern actually has
quasi-fractal properties: It is true that the RAB GTPase
family exhibits far greater propensity toward duplica-
tion than the ARF GTPase family, but the same
distinction applies on different lineages within the
RAB family. To document this, I present a phyloge-
netic tree of a set of RAB sequences from three ancient
subfamilies, RAB11, RAB18, and RAB23, each stem-
ming from a separate paralog differentiated before the
LECA (Figure 3). Itis evident that the RAB23 paralog,
which seems to have a role in trafficking to the cilium
(Wang et al. 2006, Boehlke et al. 2010), does not form
post-LECA in-paralogs. The RAB18 subfamily, with
(at least in mammalian cells) a role in the ER-Golgi
trafficking (Dejgaard et al. 2008) and lipid droplets
functioning (Martin et al. 2005), remains in a single
gene in most species, with the exception of the green
alga Chlamydomonas remhardui and the moss Physco-
mitrella patens, which each acquired separately multiple
RAB18 in-paralogs. Finally, the RAB11 subfamily,
which is probably generally implicated in the post-
Golgi trafficking (Chow et al. 2008), has experienced
multiple independent lineage-specific duplications
resulting in multiple in-paralogs in most species
(some of them quite divergent, as witnessed by their
long branches in the tree at Figure 3). The same trend,
i.e., the lack of duplications of the RAB23 paralog,
duplications of the RAB18 paralog restricted to only
some lineages, and widespread duplications of the
RABI11 paralog, holds even if a wider sample of taxa
is analyzed (M. Elias, J. B. Dacks, M. C. Field,
unpublished work).

Despite the pervasiveness of such a highly uneven
rate of duplications across genes, we are rather igno-
rant about its causes. One factor that might generally
affect the propensity towards duplication is whether
the protein is or is not a part of a stable heteromeric
complex with a defined stoichiometry of its subunits.
The gene dosage balance hypothesis predicts that
genes coding for subunits of such complexes are
less likely to duplicate, since duplication of one of
them causes imbalance among the component with
possible deleterious effects on fitness (Papp et al.
2003, Liang and Fernandez 2008). Predictions of
this hypothesis seem to fit quite well the actual situ-
ation of the membrane-trafficking machinery, since
genome surveys indeed indicate infrequent duplica-
tion of genes coding for subunits of complexes
such as the various multisubunit tethering factors
(Koumandou et al. 2007) or ESCRT complexes
(Leung et al. 2008), at least relatively to the extent
of duplication within categories of proteins engaged in
only transient complexes (such as RABs or SNARES).
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Figure 3. Ancestral RAB paralogs exhibit different propensity to generating lineage-specific in-paralogs. The tree was inferred using the
maximum likelihood method (WAG + I' + I substitution model) as implemented in RAXML-HPC (7.2.6) run at the CIPRES portal (http://
www.phylo.org/portal2/). Bootstrap values (based on 100 replicates) only higher than 50 are shown. Note the lack of significant bootstrap
support for the RAB11 clade, probably due to the inclusion of several rather divergent sequences (exhibiting long branches in the tree).
Sequences selected for the analysis come from nine phylogenetically diverse eukaryotes (Homo sapiens, the chytrid fungus Spizellomyces
punctarus, the amoebozoan Dictyostelium discoideum, the heterolobosean Naegleria gruberi, the metamonad Trichomonas vaginalis, the moss
Physcomitrella patens, the green alga Chlamydomonas reinharduii, the oomycete Phytophthora sojae, and the haptophyte Emiliania huxleyi) and
represent members (in-paralogs) of three particular ancestral paralogous RAB groups (RAB11, RAB18, RAB23; the assignment of the
sequences is based on large-scale phylogenetic analyses of the RAB family, M. Elias, J. B. Dacks, M. C. Field, unpublished work). Sequences
from the same species are highlighted in the same colour. The sequence identifiers provided refer to the NCBI protein database (http://www.
ncbi.nlm.nih.gov/), except Phytophthora and Spizellomyces, where the sequences come from the JGI (http:/genome.jgi-psf.org/Physol_1/
Physol_1.home.html) and Broad Institute (http://www.broadinstitute.org/annotation/genome/multicellularity_project/MultiHome.html)
databases, respectively. This Figure is reproduced in colour in the online version of Molecular Membrane Biology.

However, exceptions do occur, including an unprece-
dented case of an extreme lineage-specific duplication
burst of a component of the membrane-
trafficking machinery documented from plants. The
Ex070 subunit of the exocytosis-specific tethering
factor Exocyst is generally encoded by a single gene
throughout eukaryotes (Koumandou et al. 2007), but
several rounds of duplications of the ancestral gene
encoding the Exo70 subunit occurred in the land
plant lineage, resulting in 23 Exo70 paralogs in Ara-
bidopsis and up to 41 in rice (Synek et al. 2006,
Chong et al. 2010). Evolutionary forces driving this
duplication and its functional consequences remain a
mystery pending functional characterization of the
proteins encoded by the expanded plant EXO70
gene family.

The pattern of expansion of the membrane-
trafficking machinery is punctuated also along the
axis of the organismal phylogeny, with different
lineages exhibiting different duplication activity in
different times of their history. Let us take just a
few examples. Phylogenetic analyses of the SNARE
superfamily revealed its significant expansion in
metazoans and land plants, suggesting potential
connection to multicellularity (Sanderfoot 2007,
Kloepper et al. 2008). However, multicellular fungi
do well with a relatively simple complement of
SNARE proteins conserved throughout the whole
fungal kingdom (Kienle et al. 2009). A similar pattern
seems to be followed also by the RAB family, being
highly expanded in metazoans and land plants but not
in multicellular fungi or the stramenopile seaweed
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Ectocarpus siliculosus (Pereira-Leal and Seabra 2001,
Pereira-Leal 2008, Cock et al. 2010, M. Elias, J. B.
Dacks, M. C. Field, unpublished work). Multicellular
fungi or Ectocarpus are arguably simpler organisms
than metazoans or land plants with multiple tissue
types, but these observations still suggest that multi-
cellular body organization per se is not necessarily
dependent on an exceptionally expanded mem-
brane-trafficking machinery (see also Dacks and Field
2007). Indeed, the complexity of this machinery in
some unicellular eukaryotes can exceed that of mul-
ticellular groups, consider, for instance, the parasitic
parabasalid Trichomonas vaginalis with its expanded
set of proteins of the membrane-trafficking machinery
including the largest complement of RAB GTPases
(some 300) ever reported for a single organism
(Carlton et al. 2007). The amoebozoan genera Enz-
amoeba and Dictyostelium are remarkable for each
possessing an array of RAB genes that is not only
highly expanded, but also evolutionarily dynamic, as
shown by genomic comparisons of different species
within the genera (E. histolytica and E. invades,
D. discoideum and D. purpureum) revealing an accu-
mulation of many species-specific paralogs, perhaps
mainly due to RAB gene duplications postdating the
evolutionary divergence of the species (Nakada-
Tsukui et al. 2010, Sucgang et al. Comparative geno-
mics of the social amoebae Dictyostelium discoideum
and Dictyostelium purpureum, under revision). Given
the morphological uniformity of both genera, such
differences are unexpected and raise a question on
what their evolutionary causes (or functional implica-
tions) might be.

Sequence divergence: The limits of the BLAST
algorithm and the case of obscure orthologs of
the yeast GARP complex subunit Vps51

It is trivial to say that the basic sources of evolutionary
change are mutations of DNA sequences resulting in
divergence of corresponding protein sequences. The-
oretical modelling and empirical research on real
protein sequence data over the past few years have
contributed greatly to understanding the general
principles governing protein sequence evolution
(Goldstein 2008, Zeldovich and Shakhnovich 2008,
Lobkovsky et al. 2010, Povolotskaya and Kondrashov
2010, Sleator 2010). Sequence evolution of proteins
of the ES-associated machinery probably does not
obey any special rules. One important point is that
divergence with functional consequences probably
more often accompanies evolution of duplicated
genes (discussed in the previous section) than of
orthologs in different species. Indeed, much of the

sequence variation between orthologous proteins
probably results from neutral evolution and is func-
tionally silent (Dolinski and Botstein 2007, Koonin
2009), as evidenced by countless instances of suc-
cessful complementation of a disrupted gene in one
organism by an orthologous gene from even a dis-
tantly related organism. Thus, a mutation in a yeast
gene coding for a RAB-specific GDP dissociation
inhibitor (GDI) that is essential for recycling RAB
proteins between ES compartments can be comple-
mented by a GDI ortholog from Arabidopsis
(Zarsky et al. 1997), despite the only 52% amino
acid identity of the yeast and Arabidopsis GDI and
despite the fact that the most recent ancestor shared
by the yeast and Arabidopsis may well have been the
LECA itself (see above). On the other hand, a muta-
tion in a yeast gene encoding a GDI paralog called
REP (RAB escort protein required for geranylgera-
nylation of RAB GTPases) cannot be complemented
by its Arabidopsis ortholog (Hala et al. 2005). How-
ever, this is not due simply to a lower similarity
between the yeast and Arabidopsis REPs (26%), but
because of a unique plant-specific substitution of a
single amino acid residue probably abrogating inter-
action of the Arabidopsis REP protein with the yeast
geranylgeranyl transferase. Changing this position in
the Arabidopsis REP back to the ancestral state makes
the Arabidopsis REP capable of complementing the
function of the mutated yeast REP (Hala et al. 2005).

Instead of delving further into sequence divergence
between orthologs in functional terms, I would like to
contemplate its implications towards the central exer-
cise of any evolutionary analysis, that is, identification
of sequence homology. Extensive sequence diver-
gence can pose serious challenges to this task. BLAST
searches, as the most widely employed method for
identification of homologous genes and proteins,
become ineffective beyond some degree of sequence
divergence between homologs. This may lead to erro-
neous claims about the ‘absence’ of true homologs in
particular species. Fortunately, more sensitive meth-
ods have been developed enabling recognition at the
sequence level of less obvious cases of homology,
including PSI-BLAST (position-specific iterated
BLAST; Altschul et al. 1997), comparing sequences
with sequence profile HMMs (hidden Markov
models; Eddy 1998) or HMM-HMM comparisons
(S6ding et al. 2005) (not to mention comparing
protein tertiary structures as an obvious pinnacle of
remote homology-detection methods). The power of
these methods, still perhaps too much neglected for
answering evolutionary questions related to the ES,
can be demonstrated, e.g., by the detection of previ-
ously unrealized homology between the Muncl3/
Uncl3 family of proteins important for exocytic
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neurotransmitter release and some subunits of the
vesicle tethering complexes GARP, Exocyst, COG,
and Dsl1, revealing their common evolutionary origin
(Pei et al. 2009).

Let me document the wusefulness of ‘post-
BLAST’ approaches on my own example of the
Vps51 subunit of the GARP protein complex, which
works as a vesicle tethering factor at the late Golgi/
TGN (Conibear and Stevens 2000, Oka and Krieger
2005). The complex was originally described in the
yeast S. cerevisiae, where it consists of four subunits
(Vps51, Vps52, Vps53, and Vps54). While orthologs
of three subunits have been easily identified in diverse
eukaryotic lineages (Koumandou et al. 2007), and at
least in mammals shown to form a complex function-
ally equivalent to the yeast GARP complex (Liewen
et al. 2005, Pérez-Victoria et al. 2008, Pérez-Victoria
and Bonifacino 2009), no Vps51p has been reported
outside yeasts [note that the human Vps51 ortholog
claimed to exist by Koumandou et al. (2007) has
eventually turned out to be a false BLAST hit; J. B.
Dacks, personal communication]. Indeed, when a
standard BLLASTP search is conducted against the
non-redundant protein database at NCBI (National
Center for Biotechnology Information; http://blast.
ncbi.nlm.nih.gov/) with the S. cerevisiae Vps51p
sequence as a query (using the default setting of
search parameters), only hits representing protein
sequences from some other yeasts (Saccharomyce-
tales) receive E-values low enough (<0.01) to be
considered as probable Vps51p homologs. However,

Saccharomyces cerevisiae NP_012945 (VpsSilp) e:
Vanderwaltozyma polyspora XP_0D1643938

Zygosaccharomyces rouxii XP_ 002498513 lG
Candida glabrata XP 447082 67
Klupvercmyces lactis XP_453166 101

Ratibgji jgoasipit WP 0NV 54

Pichia pastoris XP_ 002!9!1]3 Bl HLTEE-TFOTFLE--
Clavispora lusitanias XP_002617184 106 LEDPE-QLNK!

Pichia guilliermondii EDK39418 89  ASVDF-EDAESIK
Candids albicans XP_719247 163 I SNLN-DIDNLIX
Pichia stipitis XP 001384412 89 LODPA-ELASFVX

Debarycmyces hansenii XP_456594 B4 NNVNFNDPEQLLE-FMES
Yarrowia lipolytica XP 500348 T8  EAGSF-DAEEIARDILSS
Neurospora crassa XP_S55546 248 DEPDF-SAQPYLAELLQSST
Gibberella z XP_ 386496

Selerctinia selerotiorum XP 001586823
Aspergillus niger XP 001337520
Ajellomyces dermatitidis XP_002627303
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the yeast Vps51p has been proposed to contain a
region homologous to some other subunits
(Cogl and Ex084) of the related vesicle tethering
complexes COG and the Exocyst (see below), and
this region is annotated as the Vps51 domain
(PF08700) in the Pfam database (http://pfam.san-
ger.ac.uk/family/PF08700; Finn et al. 2010). Using
the S. cerevisiae Vps51p as a query in a PSI-
BLAST search against the NCBI protein database
(with the default PSI-BLAST threshold of 0.005)
yields with the second iteration additional hits with
the E-value < 0.005, including proteins from other
yeast species and some non-yeast fungi. With the third
iteration a large number of additional hits from
diverse eukaryotes is recovered with E-values <
0.005. Closer inspection of these hits (by searching
against the Pfam database) reveals that the region
identified by the PSI-BLAST search as homologous
to the Vps51p query corresponds to the Vps51
domain (Figure 4). Importantly, neither of these
proteins appears to be an ortholog of Cogl or
Ex084 and the only characterized entry among
them is a protein from the zebrafish Danio rerio
(NP_001036200.1) encoded by the locus fat-free (ffr).

Experimental characterization of the zebrafish Ffr
protein revealed that it is localized to the perinuclear
region and TGN and is implicated in vesicle traffick-
ing and protein sorting at the Golgi (Ho et al. 2006).
The authors noted similarity of the Ffr protein to the
COG complex subunit Cog8, which in fact contains a
domain (Dorl) classified by Pfam in the same clan
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Figure 4. A multiple alignment of the Vps51 domain sequences of putative Vps51 orthologs. The Vps51 domain of representative sequences
identified by PSI-BLAST and BLASTP searches with the yeast Vps51p (NP_012945) and the zebrafish Ffr (NP_001036200), respectively, as a
query (see text for details), were aligned using the hmmalign program of the HMMER 2.3.2 package and the Pfam Vps51 (PF08700) profile
alignment as a template. Sequence IDs correspond to the NCBI protein database, with the exception of the sequences from Batrachochytrium,
Mucor, and Emiliania taken from the respective databases at JGI (http://genome.jgi-psf.org/Batde5/Batde5.home.html, http://genome.jgi-psf.
org/Mucci2/Mucci2.home.html, http://genome.jgi-psf.org/Emihul/Emihul.home.html). This Figure is reproduced in colour in the online
version of Molecular Membrane Biology. An alignment of complete sequences of the Ffr-like group is available as Figure S1 in Supplementary

data, available online.
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(CL0295) as the Vps51 domain. My BLASTP anal-
yses show that the Ffr protein belongs to a family of
orthologs readily identifiable in a wide array of eukar-
yotes, including chytrid and zygomycete fungi, and is
characterized by a Vps51 domain close to the
N-terminus followed by much longer region
(600700 residues) with good conservation across
the whole breadth of eukaryotic diversity (Figure 4
and Figure S1 in Supplementary data, available
online). This Ffr-like family actually comprises the
hits identified with the third PSI-BLAST iteration
with the S. cerevisiae Vps51p as a query. The zebrafish
Ffr also gives significant BLASTP matches (E-value
of >1e-15) to proteins from ascomycete (except Sac-
charomycetales) and basidiomycete fungi (collectively
called Dikarya), which are also among these identified
by PSI-BLAST with the yeast Vps51p, but in this case
the region of homology is restricted only to the
Vps51 domain, since these fungal proteins (and
also Vps51p homologs in Saccharomycetales) have
only a very short (0-150 residues) and poorly con-
served region C-terminal to the Vps51 domain. The
only candidate Ffr homolog suggested by BLASTP in
Saccharomycetales (E-value of 0.002) is a Yarrowia
lipolytica protein also found in the PSI-BLAST search
with Vps51p. When the regions of the Ffr protein
downstream to the Vps51 domain is used as a query in
PSI-BLAST searches, potential homology to the Exo-
cyst subunit Sec5 and the COG complex subunit
Cog8 is detected. In light of the functional charac-
terization of the zebrafish Ffr and the results of
sequence analyses described above, 1 suggest that
the Ffr protein and its homologs in other eukaryotes
are Vps51p orthologs most probably serving as sub-
units of the GARP complex in these species. Next, it
seems that the Vps51 protein underwent a drastic
modification in the lineage leading to Dikarya due
to loss of the region C-terminal to the Vps51 domain.
Third, even the sequence of the Vps51 domain itself
has diverged in the Saccharomycetales lineage to an
extent making recognition of the actual homology
impossible with BLASTP. Ffr-like proteins outside
dikaryan fungi thus represent the ‘prototypical’
eukaryotic form of the Vps51 subunit, more similar
to the ancestral form of the protein.

Evolution of the ES at the layer of protein
domain architecture

Proteins do not evolve only by accumulation of local
mutations in corresponding genes, but also by shuffling
larger portions of DNA sequences, typically coding for
structurally and functionally independent protein
domains (Basu et al. 2008, Moore et al. 2008, Chothia

and Gough 2009). Proteins associated with the ES are
no exception, although a systematic analysis of domain
evolution in this protein cohort is wanting. One point
that is quite clear is a very different propensity towards
experimenting with the domain architecture exhibited
by different protein classes. Indeed, some ES-
associated proteins are build from multiple modules
(domains) that combined before LECA and have
remained in the same arrangement up to our time,
for instance some components of coat complexes and
the NPC represented by a conserved combination of
an N-terminal B-propeller domain with a C-terminal
o-solenoid domain (Devos et al. 2004, Field and
Dacks 2009).

Even such ancient and seemingly rigid mergers can
however occasionally show readiness to evolutionary
change. SNARE proteins from the longin group have
a conserved architecture with the longin domain
(actually occurring in many other ES-associated pro-
teins; Kinch and Grishin 2006) N-terminally fused to
the SNARE core region (Rossi et al. 2004). Three
longin paralogs (Ykt6, VAMP7 and Sec22) inherited
from the LECA has retained this original domain
architecture, but a new paralog (‘phytolongins’)
emerged within the VAMP7 paralog in the land plant
lineage by extreme divergence of the SNARE region
or its replacement by another domain (Figure 5A;
Vedovato et al. 2009). Two fused domains — an
ATPase related to the dynamin GTPase superfamily
and the EH domain — define the EHD/RME-1 family
of proteins with an important role in the endocytic
transport (Grant and Caplan 2008). Whereas meta-
zoan EHD proteins exhibit the ATPase-EH domain
order, a reverse domain order (EH-ATPase) was
found in flowering plants (Bar et al. 2008). Extending
the survey (M. Elias, unpublished work) reveals that
the ATPase-EH type is widespread across diverse
eukaryotic lineages, whereas the EH-ATPase type is
exclusive for plants and green algae (Chloroplastida;
Figure 5B). The most likely evolutionary scenario is
that that the ATPase-EH type is ancestral and the EH-
ATPase type arose by a rearrangement of the domains
in the stem lineage of Chloroplastida (this would then
be one of the first known ES-associated features
synapomorphic for the whole Chloroplastida group).

A frequent result of evolutionary domain shuffling
is accretion of accessory domains, here exemplified
with two cases from the RAB family. RAB proteins
typically represent just a GTPase domain with an
unstructured hypervariable C-terminal tail modified
by one or two geranylgeranyl residues. However,
occasionally this core has been decorated by extra
domains, as in an unusual RAB of the cryptomonad
Guillardia theta that seems to have orthologs in other
chromists but differs from them by the absence of a
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Figure 5. Domain architecture of the membrane-trafficking machinery. (A) Origin of the land plant-specific phytolongin proteins from a
SNARE protein of the VAMP7 family via replacement or extreme sequence divergence of the SNARE region (TMD - trans-membrane
domain). Adopted from Vedovato et al. (2009). (B) Two different domain architectures of the EHD/RME-1 protein family. (C) Sequence
features and domain organization of ‘standard’ RAB proteins and a unique RAB from the cryptomonad Guillardia theta. Note the two
geranylgeranyl moieties attached to two cysteine residues occurring (in various arrangements) near the C-terminus of the standard RABs. The
Guillardia RAB lacks these C-terminal cysteine residues and instead has an N-terminal extension with a pair of MSP domains. (D) The
diversity of taxon-specific domain architectures of proteins serving as regulators of RAB and ARF GTPases. The cartoon shows examples of
proteins with ArfGAP, SEC7 (= ArfGEF), TBC (= RabGAP), or VPS9 (= GEF for RAB5-related RABs) domains combined with any of an
array of ‘promiscuous’ domains reoccurring in many other proteins. The domain architecture of the proteins shown was determined using
SMART (http://smart.embl-heidelberg.de/), Pfam (http://pfam.sanger.ac.uk/search), and CDD (http:/www.ncbi.nlm.nih.gov/cdd) search
tools. Sequence IDs correspond to the NCBI protein database, with the exception of the protein from Emuliania huxley: taken from the
Emiliania JGI genome database (http://genome.jgi-psf.org/Emihul/Emihul.home.html).

C-terminal geranylgeranylation motif and the pres-
ence of a unique N-terminal projection including two
MSP (major sperm protein) domains (Figure 5C;
Elias et al. 2009). The MSP domain is known as a
protein-protein interaction device (Tarr and Scott
2005). It is, therefore, conceivable that the pair of
the MSP domains mediates an expected membrane
association of the G. thera RAB via binding to a
membrane-anchored protein(s), opportunistically

providing an alternative solution for RAB membrane
attachment compensating the missing C-terminal ger-
anylgeranylation. Another notable case is the human
RAB45 and related RABs so far found only in Meta-
zoa (Shintani et al. 2007; M. Elias, unpublished
work). Here the RAB domain represents just a
C-terminal end of a larger protein including also
one or two EF-hand domains near the
N-terminus and a coiled-coil region in the middle.
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Given its distribution, this RAB subfamily very likely
represents a metazoan-specific innovation that came
into being through two consecutive processes — dupli-
cation and divergence of a RAB gene (the RAB part of
the proteins seems to be a novel Metazoa-
specific paralog) and fusion with a DNA segment
encoding the extra N-terminal regions (whose ulti-
mate origin remains obscure).

The RAB45 subfamily is also interesting in that it
directly combines a module from the conserved core
of the membrane-trafficking machinery (the RAB
domain) with a module (EF-hand) from an extensive
category of promiscuous domains re-occurring in
diverse functional contexts as devices sensing inputs
from cellular regulatory circuits and signalling path-
ways (Basu et al. 2008, 2009). Although no compre-
hensive analyses have yet been published, preliminary
surveys (M. Elias, unpublished work) suggest that, in
the context of the membrane-trafficking machinery,
such domains most often occur in combinations with
domains regulating the function of RAB and ARF
GTPases, i.e., GEFs (GDP/GTP exchange factors
such as the VPS9 and SEC7 domain) and GAPs
(GTPase-activating proteins, i.e., TBC and ArfGAP
domains). Moreover, it seems that evolution of these
proteins may be very dynamic with a plethora of
lineage-specific domain architectures. For instance,
beside the universal and highly conserved ArfGEFs of
the BIG/SEC7 and GBF/GEA subfamilies, other
types of ArfGEF proteins combining the SEC7
domain with various other domains (PH, F-box,
Ankyrin repeat) were found restricted to particular
eukaryotic lineages (Cox et al. 2004; M. Elias, unpub-
lished work). An ArfGEF subfamily (TBS) so far
specific for ciliates is interesting in bringing together
the SEC7 domain and a TBC (RabGAP) domain,
physically demonstrating a cross-talk between ARF-
and RAB-mediated regulation of membrane traffick-
ing (Mouratou et al. 2005). Figure 5D shows a
number of other proteins with the GTPase-
regulating domains combined with other domains
in an arrangement potentially representing evolution-
ary innovations of particular eukaryotic groups (pin-
pointing the origin of these architectures will need a
careful analysis of a comprehensive set of eukaryotic
genomes).

The omnipresent reductive evolution

Scattered phylogenetic distribution of homologous
genes may be indicative of horizontal gene transfer
(HGT), but such a pattern may be also generated by
gene loss (Elias and Archibald 2009b), an important
but perhaps underestimated evolutionary process.

Reductive evolution is often being associated with
parasitic organisms, but parasites can actually display
hypertrophy, rather than reduction, of their cellular
systems (see above the case of 7. waginalis and
E. histolytica). On the other hand, there are a growing
number of examples demonstrating the pervasiveness
of gene loss in non-parasitic organisms. Loss of
ancestral features of the eukaryotic ES has accompa-
nied, for example, evolution of the fungal kingdom,
particularly the yeast lineage including S. cerevisiae
(Figure 2); components of the ES secondarily missing
in the budding yeast due to losses at different points of
the fungal evolutionary history include, for example,
the adaptin complex AP4, the BBSome coat complex,
several paralogs of the RAB family, at least one
ArfGEF and ArfGAP, several RabGAP proteins,
the Golgi-associated ARL5 GTPase, the EHD/
RME-1 family, or subunits of the BLOC-I1,
BLOC-2 and BLOC3 complexes implicated in bio-
genesis of lysosomes-related organelles (Boehm and
Bonifacino 2001, Pereira-Leal 2008, Ma et al. 2009,
Cheli and Dell’Angelica 2010, Hodges et al. 2010).
Such reductions have also occurred throughout Meta-
zoa, as exemplified, for example, by the absence of the
AP4 adaptin complex and the endocytic protein
Epsl5 in C. elegans and D. melanogaster (Boehm
and Bonifacino 2001, Field et al. 2007), by numerous
losses of different SNARE proteins in many metazoan
lineages (Kloepper et al. 2008), or by the loss of the
Sec2 RabGEF from dipteran insects (Elias 2008).
Interestingly, there is a paucity of reported ES-
affecting secondary losses specific for the human
lineage, suggesting that the human ES may be a quite
‘complete’ derivate of the archetypal eukaryotic ES.
However, our own unpublished analyses revealed at
least one ancestral RAB paralog secondarily missing
from the human genome (M. Elias, J. B. Dacks, M. C.
Field, unpublished work) and future investigations
will undoubtedly uncover additional reductive events
in the human lineage.

A notable aspect of reductive evolution is that the
same event can happen recurrently, that is indepen-
dently in different lineages, as exemplified by multiple
independent losses of phagocytosis (Cavalier-Smith
2002). This pattern seems to hold true also for
many individual proteins or protein complexes. For
example, of the four paralogous adaptin complexes,
AP1 is conserved in all eukaryotes investigated, while
AP2, AP3, and AP4 complexes have been lost each
independently in several eukaryotic lineages
(Field et al. 2007, Dacks et al. 2008b); multiple
independent losses of AP3 are evident even within
the single group of Apicomplexa (Nevin and Dacks
2009). Recurrent loss was also noted for a component
of the machinery mediating macroautophagy
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(Rigden et al. 2009), and it would be possible to cite
many other examples (see also above the case of
RAB24), but I add just one more. Atlastins form a
group of GTPases of the dynamin superfamily
recently shown to be involved in generating tubular
ER network and homotypic fusion of ER membranes
in metazoan cells (Hu et al. 2009, Orso et al. 2009,
Park and Blackstone 2010). Atlastins were claimed to
be restricted to metazoans while having functional
orthologs represented in all other eukaryotes by a
related yet apparently distinct group of dynamin-
related GTPases of the Seyl/RHD3 family
(Hu et al. 2009). Although no explicit evolutionary
scenario was raised by the authors, it would be tempt-
ing to speculate that atlastins evolved through a rad-
ical sequence modifications in the metazoan stem
lineage from the broadly occurring and hence prob-
ably ancestral Seyl/RHD3 family. However, this idea
is very likely incorrect, since our recent investigation
revealed that atlastin orthologs exist in at least one
non-metazoan lineage — the distantly related strame-
nopiles, with at least one stramenopile (the brown alga
E. siliculosus) possessing both an atlastin and a Seyl/
RHD3 gene (Cock et al. 2010). Provided that atlastins
were not exchanged between the metazoan and stra-
menopile lineages via HGT, it is likely that atlastins
and Seyl/RHD3 are paralogs (rather than ‘functional
orthologs’) that probably separated early in the evolu-
tionary history of eukaryotes (potentially already in
the LECA) and have been later selectively retained or
lost by most species with the exceptions like
Ectocarpus.

In contrast to the proteins experiencing recurrent
losses through the eukaryotic phylogeny, there are
categories of protein more recalcitrant to loss, probably
because they are more tightly interwoven within the
cellular fabric. In the very core of the ES-associated
machinery there are proteins that even have probably
never been lost, since such an event would be fatal. For
example, the GTPase Sarl regulating the assembly of
the COP II coat complex in the course of vesicle
budding at the ER can be found encoded by every
single draft or complete eukaryotic genome sequence
available (M. Elias, unpublished work). Based on
published surveys of eukaryotic genomes (Dacks and
Field 2004, Field et al. 2007, Kloepper et al. 207,
Koumandou et al. 2007, Dacks et al. 2008b), other
candidates for components of the essential core of the
ES-associated machinery include, for example, some
of the coat complexes (COP I, COP II, AP1/clathrin),
some RABs and the ARF GTPase, the tethering com-
plex TRAPP I, the four paralogs of the SM
(Secl-related) family and multiple SNARE proteins.
However, the diversity of life exceeds our imagination
and one can never be certain that an organism lacking
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either of these components is found one day. As a good
example, take the GTPase SR, a eukaryote-
specific membrane-anchored subunit of the signal
recognition particle (SRP) receptor that arose early
in eukaryotic evolution and recruits the soluble SRa.
subunit to the ER (Schwartz 2007). SRf is readily
identified in genomes of all sequenced eukaryotes, with
the striking exception of Microsporidia (M. Elias,
unpublished work), an extremely divergent and
reduced parasitic group of the former ‘Archezoa’ actu-
ally representing highly derived fungi (Corradi and
Keeling 2009). No microsporidian SRP orthologs
are discernible even with the use of sensitive PSI-
BLAST searches, indicating that the absence may be
genuine and raising the question as to how microspor-
idia have managed to modify their apparatus for pro-
tein import into the ER keeping it functional without
the SRP subunit.

Further perspectives

The evolutionary history of the endomembrane sys-
tem is far richer than I could have expounded in this
essay, having been limited by the lack of space,
expertise, or sufficient information available. For
example, a growing body of evidence points to the
importance of HGT and endosymbiotic gene trans-
fer (EGT) in eukaryotic evolution (Timmis et al.
2004, Lane and Archibald 2008, Andersson 2009,
Keeling 2009), but apart a few anecdotal and incon-
clusive cases (e.g., a hypothetical HGT or EGT
event to explain the presence of the plant-
type vacuolar sorting receptor in stramenopiles
and alveolates; Becker and Hoef-Emden 2009),
the real impact of these processes on the ES is
essentially unknown. Another neglected aspect of
evolution of the ES is the role of convergence, a
pervasive pattern of evolution in general (Conway
Morris 2003). A form of evolutionary convergence is
the recurrent loss of some of the ES-associated
components discussed above. However, ‘positive’
convergence seems to affect the ES as well, as argued
for the multiple independent origins of dense core
granules (specialized secretory vesicles) in diverse
eukaryotic lineages (Elde et al. 2007). Another
example might be potentially independent recruit-
ment of dynamin-superfamily proteins to clathrin-
mediated endocytosis, originally thought to be
unique for metazoans, but then found in ciliates
(Elde et al. 2005) and plants (Fujimoto et al.
2010). Finally, the characteristic behaviour of the
nuclear envelope during mitosis, i.e., its breakdown
by vesiculation at prophase and reassembly at telo-
phase by vesicle fusion (open mitosis), may not be
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the prototypical property of the eukaryotic cell, but a
feature convergently evolved in several independent
lineages (metazoans or streptophyte plants, among
others) from the presumably ancestral state repre-
sented by closed mitosis (Cavalier-Smith 2010a). It
would be extremely interesting to compare the
molecular determinants of open mitosis in different
lineages to see whether the morphological conver-
gence transpires down to the molecular level.

Evolution is not only about mutations in DNA or
changing allele frequencies within a population
(Jablonka and Lamb 2005). This statement is espe-
cially pertinent to the evolution of the ES (Cavalier-
Smith 2004), since the ES may have something like a
DNA-independent heredity, i.e., irreducible informa-
tion built-in to the spatial organization of membranes
and proteins and maintained through a self-sustaining
network of interactions. If this view is correct, it is then
a question how much of the evolutionary change of the
ES is triggered by physical reconfigurations of this
network rather than by the ‘standard’ evolutionary
mode of mutation in a gene encoding an ES-
associated protein. This brings us to a more general
question of evolutionary patterns and processes at the
systems-biology level. Indeed, proteins function
embedded in a network of interactions with other
proteins, so evolution of any cellular system cannot
be understood fully without touching questions such
as: What are the evolutionary dynamics and phyloge-
netic pattern of physical interactions between compo-
nents of the ES-associated machinery? How the whole
system reacts (in evolutionary terms) on the appear-
ance of a new component? What is the extent of
correlation in loss of interacting components of the
same complexes or modules? We essentially do not
know yet, but the progress in genome sequencing and
proteomics, captured by the emerging discipline of
evolutionary systems biology (Koonin and Wolf
2006), brings hopes for answers coming soon.

Note

The homology of the Ffr-related proteins to the yeast
Vps51p subunit of the GARP complex, suggested in
this paper on the basis of bioinformatic analyses, has
been very recently demonstrated experimentally, see
Pérez-Victoria et al. Ang2/Fat-free is a Conserved
Subunit of the Golgi-associated Retrograde Protein
(GARP) Complex. Mol Biol Cell, 21:3386-3395.
In addition, the very recently solved structure of
the C-terminal fragment of the Vps53 subunit of
the GARP complex (Vasan et al. Structure of a
C-terminal fragment of its Vps53 subunit suggests
similarity of Golgi-associated retrograde protein

[GARP] complex to a family of tethering complexes.
Proc Natl Acad Sci USA 107, 14176-14181) brings
further support for the idea of a common evolution-
ary origin of the GARP, COG, Dsll and Exocyst
complexes.
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