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Missing Pieces of an Ancient Puzzle: Evolution
of the Eukaryotic Membrane-Trafficking System
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The membrane-trafficking system underpins cellular trafficking of material in eukaryotes and
its evolution would have been a watershed in eukaryogenesis. Evolutionary cell biological
studies have been unraveling the history of proteins responsible for vesicle transport and
organelle identity revealing both highly conserved components and lineage-specific inno-
vations. Recently, endomembrane components with a broad, but patchy, distribution have
been observed as well, pieces that are missing from our cell biological and evolutionary
models of membrane trafficking. These data together allow for new insights into the history
and forces that shape the evolution of this critical cell biological system.

Amajor feature of eukaryotic cells is subcom-
partmentalization. Specific components are

concentrated within restricted regions of the
cell, necessitating the presence of one or more
targeting mechanisms. The eukaryotic mem-
brane-trafficking system facilitates intracellular
transport of proteins and lipids between organ-
elles and further acts to build the interface be-
tween the cell and external environment. This
system touches, at some level, virtually every
cellular compartment and component; its prop-
er function is crucial for modern eukaryotes.

The establishment of the membrane-traf-
ficking system represented a tremendous mile-
stone in the restructuring that took place during
the transition from the prokaryotic to eukaryot-
ic cellular configuration. As it does today, a
membrane-trafficking system would have en-

hanced the ability of even the earliest eukaryotes
to remodel their cell surface, export proteins
to modify their external environment by exocy-
tosis, as well as acquire nutrients by endocyto-
sis. Subcompartmentalization of the cell and
the ability to direct material to specific com-
partments would have allowed for intracellular
specializations, for example, the sequestration
of metabolic processes. Membrane trafficking
also likely served to integrate fledgling endosym-
biotic interactions (Flinneret al. 2013; Wideman
et al. 2013), regardless of the precise timing of
the mitochondrial endosymbiotic event with re-
spect to the evolution of endogenously derived
organelles (Martin and Muller 1998; Cavalier-
Smith 2002; Martin and Koonin 2006; Forterre
2011). Finally, trafficking could have also facili-
tated a size increase for the proto-eukaryotic
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organisms and enabled their colonization of
novel ecological niches; for example, phagocy-
tosis is a critical function that would have been
made possible by this change in morphology.

In the textbook definition (e.g., Alberts
2002), the membrane-trafficking system con-
sists of the endoplasmic reticulum, the Golgi

body, trans-Golgi network (TGN), various types
of endolysosomal organelles (early, recycling,
and late endosomes and lysosomes/vacuoles),
as well as the plasma membrane (Fig. 1A). How-
ever, recent work has uncovered greater inte-
gration between these classical membrane-traf-
ficking compartments and other organelles
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Figure 1. Eukaryotic endomembrane organelles and evolution. (A) A eukaryotic cell depicting the major
endomembrane organelles and trafficking pathways (denoted by arrows). Figure created from data in Wideman
et al. (2013). (B) Depiction of specificity machinery encoded by multiple components of the vesicle formation
and fusion machinery. For diagrammatic simplicity only the Coats, Rabs, and SNAREs are shown. (C) The
organelle paralogy hypothesis for the evolution of novel endomembrane organelles by duplication and coevo-
lution of identity-encoding genes.
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including the nucleus (Dokudovskaya et al.
2009), peroxisomes (Agrawal and Subramani
2013), and even the endosymbiotic organelles,
particularly the mitochondria (Braschi et al.
2010; Michel and Kornmann 2012; Sandoval
and Simmen 2012). Although the molecular de-
tails of the latter are still being unearthed, much
insight has been gained into the processes of
transport between membrane-trafficking or-
ganelles by vesicle formation and the subsequent
deliveryand fusion of the transport vesiclewith a
target organelle.

The core molecular machinery for transport
between endomembrane organelles consists of
proteins and lipids that must, in a combinatori-
al manner, encode the information required
for transport specificity (Cai et al. 2007). The
generally accepted model for packaging of ma-
terial into vesicles at a given organelle involves
GTPases of the Arf/Sar family, along with a
number of activating and effector proteins (Bo-
nifacino and Glick 2004). Further to this is a
requirement for cargo selection, membrane de-
formation, and scission involving one or more
coat protein complexes (COPI, COPII, clathrin/
adaptins, ESCRTs, retromer) to generate the
transport carriers. Delivery of the carrier ini-
tially involves a tethering step involving Rab
GTPases, and their modulating GTPase-activat-
ing proteins (GAPs) and guanine nucleotide
exchange factors, as well as multisubunit tether-
ing complexes (MTCs). The final fusion be-
tween the transport carrier and target organelle
involves additional protein families such as
SNAREs and SM proteins (Bonifacino and Glick
2004). Increasingly, the lines between these var-
ious sets of machineries have been blurring, with
complexes being identified composed of a mix-
ture of proteins initially identified as involved in
either vesicle formation or fusion (e.g., Miller
et al. 2007; Pryor et al. 2008). To add a level of
complexity, many of the aforementioned pro-
teins are, in fact, protein families in which each
paralog performs the same mechanistic role,
but at defined organelles or transport pathways
within the cell (Bonifacino and Glick 2004).
With the number of individual components in-
volved in the membrane-trafficking process, the
interconnectivity between the machineries and

organelles, and with the diversity of eukaryot-
ic organisms possessing membrane-traffick-
ing machinery, understanding the processes of
transport specificity and organelle identity ben-
efits from a more holistic view.

Evolutionary cell biology, one aspect of
which is the application of comparative molec-
ular evolutionary analysis to cell biology (Brod-
sky et al. 2012), is particularly valuable in
addressing such sweeping questions. Using a
toolkit comprising comparative genomics, mo-
lecular phylogenetics, and, more recently, math-
ematical modeling, it has been possible to re-
construct the characteristics and complements
of the membrane-trafficking machinery in early
eukaryotic ancestors. Importantly, it has been
possible to validate some of these in silico pre-
dictions of function and behavior of protein
components through molecular cell biological
characterization in model eukaryotes beyond
mammals and yeast. This provides increased
confidence in predictions of ancient mem-
brane-trafficking systems, rather than being
solely reliant on deduced histories of protein
families. Furthermore, by considering the evo-
lutionary histories of trafficking components as
an integrated set or cohort, it has been possible
to begin deriving mechanistic models of how
nonendosymbiotic organelles may evolve. In-
terestingly, as surveys have advanced in scope,
some unexpected patterns of conservation have
begun to emerge in the machinery of membrane
trafficking that have shed light on the evolution
of the system, but also raised questions as to the
processes that have shaped it.

A SOPHISTICATED ANCIENT MEMBRANE-
TRAFFICKING MACHINERY AND AN
EVOLUTIONARY MECHANISM
OF NONENDOSYMBIOTIC
ORGANELLE EVOLUTION

The availability of genome sequences from di-
verse eukaryotic organisms, and the tools to
sensitively identify genes common between ge-
nomes, have allowed evolutionary investiga-
tions into the history of the membrane-traffick-
ing system back to more than two billion years
ago. The most tractable point of reconstruction
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is the theoretical ancestor of extant eukaryotes,
the last eukaryotic common ancestor (LECA).
Broadbrush surveys of membrane-trafficking
machinery, at the level of the major protein fam-
ilies (Dacks and Doolittle 2001; Dacks and Field
2004), showed that essentially all of the major
players, as defined in mammals and yeast, are
likely common to most eukaryotes and thus
predicted to be present in their ancestor. More
specific investigations into entire trafficking
pathways or specific sets of machineries (e.g.,
Koumandou et al. 2013) also showed the pres-
ence of near complete complements for many of
these systems, as defined in animals and fungi,
in the LECA. For example, the major coat pro-
teins (COPI, COPII, clathrin, adaptins, retro-
mer), Arf GAPs, the small GTPases (Arfs, Sar,
Rabs), Syntaxins, EpsinR, and ESCRTs are all
found in diverse eukaryotes, indicating once
again that the LECA possessed a membrane-
trafficking system at least as complex as that of
most living eukaryotes. Phylogenetic analysis of
paralogous protein families such as Syntaxins,
Longins, Adaptins, Rabs, Arf GAPs, and TBCs
has shown broad conservation of organelle-spe-
cific paralogs (Dacks and Doolittle 2002, 2004;
Vedovato et al. 2009; Hirst et al. 2011; Elias et al.
2012; Gabernet-Castello et al. 2013) suggesting
that these are a part of the plesiomorphic state of
eukaryotes, adding depth to the deduced level of
reconstructed complexity of a membrane-traf-
ficking system in the LECA.

These analyses also permitted the postula-
tion of a mechanism (Dacks and Field 2007;
Dacks et al. 2008) to explain the evolution of
nonendosymbiotic organelles, the organelle pa-
ralogy hypothesis (OPH). The OPH stems from
the observation that organelle identity is the
product of combinatorial interaction of the traf-
ficking proteins found at a particular organelle
(Fig. 1B) and many of these proteins belong to
paralogous families. The OPH proposes that
novel autogenous organelles arose as the result
of gene duplication and neofunctionalization of
the preexisting trafficking machinery (Fig. 1C).
The strongest evidence in favor of this mecha-
nism was the observation that, whereas many of
the organelle-specific subfamilies of SNAREs,
Rabs, and Adaptins had duplicated pre-LECA,

a few of the paralogs associated with endocytic
organelles had emerged in lineage-specific fash-
ion independently, but with parallel functions
implying a general process for organelle evolu-
tion acting on the system (Dacks et al. 2008).
Recent computer simulations have confirmed
that such a mechanism could indeed produce
an organelle-generating mechanism based on
purely theoretical calculations of protein–pro-
tein interactions and the evolution of specificity
within paralogs (Ramadas and Thattai 2013).

The OPH predicts that, because organelle-
specific paralogs are inferred to track the evolu-
tion of organelles, if the order of paralog dupli-
cation can be resolved, then this sequence would
provide the order of emergence of the organelles
as well. Because many of the identity-encoding
genes, or the homologous regions within the
genes, are themselves relatively short and the
number of paralogs is rather high, phylogenetic
resolution has been elusive until recently. How-
ever, several studies have now provided new data
that can serve to test the OPH and construct
hypotheses for the evolution of endomembrane
organelles. ScrollSaw, a new phylogenetic pipe-
line for handling these difficult-to-analyze pa-
ralogous gene families, was used successfully to
reconstruct the presence of up to 23 ancient
Rab paralogs in the LECA (Elias et al. 2012). A
separate, nearly concurrent, study using dis-
tinct methodology (Diekmann et al. 2011) de-
rived similarly large numbers of pre-LECA Rab
paralogs. Interestingly, ScrollSaw also resolved
around half of the LECA Rab paralogs into
two large clades corresponding to broadly en-
docytic and exocytic functions (Elias et al. 2012)
in the case of Rab proteins in which the function
has been described for extant organisms. This
implies that one of the earliest functional dif-
ferentiations in the trafficking system was into
“in” and “out” pathways, and this may have pre-
dated the emergence of many of the individual
organelles. Furthermore, a concatenated phy-
logeny of adaptin subunits resolved an order
of paralog emergence suggesting that initial sep-
aration of COPI and adaptin subunits may have
served to bridge the secretory system with the
existing phagocytic system with subsequent
emergence of a TGN-like organelle (Hirst
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et al. 2011). Thus far, the phylogenies are con-
sistent in the predictions they make, an impor-
tant prediction of the OPH. As additional res-
olution is obtained for additional membrane-
trafficking protein families, it will be exciting to
see how these data integrate, and thus extend,
validate, or refute the predictions made by the
OPH.

PATTERNS AND PROCESSES: CONSERVED
AND LINEAGE-SPECIFIC PROTEINS

The phylogenetics of membrane-trafficking
proteins gave insight into the possible mecha-
nisms of nonendosymbiotic organelle evolu-
tion, and together with the comparative geno-
mic analyses helped to establish the complexity
of the reconstructed LECA. From these analy-
ses, the membrane-trafficking machinery seems
to fall into three gross categories of conserva-
tion: nearly ubiquitous, narrowly restricted, and
broadly, but patchily distributed. The first two
patterns are naı̈vely predicted a priori and
parsed in a straightforward manner as sugges-
tive of a drive toward complexity. The third pat-
tern is somewhat less obvious and its implica-
tions are still not entirely clear.

Perhaps the most expected and easy to in-
terpret of these three classes of protein conser-
vation are those that are completely conserved
across eukaryote diversity. Such proteins are
found in most, if not all, eukaryotes regardless
of habitat or lifestyle and are considered neces-
sary to the basic functions and survival of the
organism. Their presence gives us confidence in
many aspects of the cell biological models for
membrane trafficking, with the presence of core
sets of machinery in the diversity of taxa-pos-
sessing endomembrane organelles. Also, given
their wide distribution and near ubiquity across
the diversity of eukaryotes, they are considered
to have been present in the LECA simply on the
basis of parsimony. This type of conservation
was the overwhelming observation at the level
of the protein families that initially suggested a
sophisticated LECA (Dacks and Doolittle 2001;
Dacks and Field 2004). It is seen when investi-
gating many key trafficking complexes (Fig. 2A)
such as the late endosome ESCRTs (Leung et al.

2008), and the MTCs (Koumandou et al. 2007;
Klinger et al. 2013), as well as much of the
membrane deformation machinery, for exam-
ple, COP and clathrin coat complexes (Dacks
and Field 2004; Neumann et al. 2010).

Perhaps even more instructive for under-
standing the evolutionary forces shaping the
membrane-trafficking machinery are the cases
of paralogous proteins families that show all
three of the observed patterns of conservation.
One excellent example is the Arf GAP family of
proteins. Arf GAPs are GTPase-activating pro-
teins for the Arf small GTPases and, more
recently, have also been shown to act as Arf ef-
fectors, that is, transducing information to
downstream processes (East and Kahn 2011).
Originally, 10 subfamilies had been defined in
humans based on the domain architectures
and primary structures of the ArfGAP domain
(Kahn et al. 2008). More recently, compara-
tive genomic analysis was undertaken to assess
whether or not all 10 subfamilies were conserved
across euakaryotes (Schlacht et al. 2013). Of the
10 defined subfamilies ArfGAP1, ArfGAP2/3,
ACAP, and SMAP were very well conserved.
These families are involved in a broad range of
trafficking steps, with experimental evidence
from animals and yeast that both ArfGAP1 and
ArfGAP2/3 are involved in retrograde traffic
from the Golgi-to-ER, ACAP is involved in
general endocytosis, and SMAP is involved in
transport within the endosomal system (e.g.,
Kahn et al. 2008). A second example returns
to the Rab phylogeny discussed earlier. Of the
identified 23 rab paralogs likely present in the
LECA (Elias et al. 2012), nine (Rab 1, 2, 4, 5, 6,
7, 8, 11, and 18) are highly conserved with only
occasional losses. The majority of these (Rab 1,
2, 4, 8, 11, and 18) are involved in exocytosis,
whereas the others are involved in endocytosis
(Rab 5), intra-Golgi transport (Rab 6), and
degradation/phagocytosis (Rab 7) (Stenmark
2009). The conservation of machinery across a
breadth of processes, whether paralogous pro-
tein families or individual complexes such as the
MTCs, is further suggestive of the functional
complexity in the trafficking system in the LECA.

The second major pattern of conservation is
lineage specificity, that is, genes are found with a
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restricted taxonomic distribution, suggestive of
more recent paralogous expansions. Such com-
ponents are therefore not validly included in
generalized models of eukaryotic membrane-
trafficking and, furthermore, are more recently
derived (Fig. 2A). Examples of such gene prod-
ucts identified in the earliest surveys of en-
domembrane evolution occur for individual

components (caveolin, stonins, GGAs) and nov-
el paralogs of well-conserved proteins families
(Boehm and Bonifacino 2001; Field et al. 2007;
Kirkham et al. 2008; Diekmann et al. 2011). Two
examples from the Arf GAP are ARAP and
GIT, which are only found in the Filozoa (met-
azoa þ choanoflagellatesþCapsaspora owczar-
zaki) (Schlacht et al. 2013). Both are involved in

ExcavataA
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CCTH

Land plants
Green algae

Alveolata

Rhizaria

Haptophyta

Cryptophyta

Discoba
Metamonada

Fungi
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TbCAPs
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ESCRT-1–4
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Stramenopiles

Opisthokonta

Figure 2. Examples of membrane-trafficking proteins mapped on a schematic tree of eukaryotes. (A) Examples
of pre-LECA and lineage-specific membrane-trafficking proteins mapped on a schematic tree of eukaryotes.
Relationships are based on the sum of molecular and morphological evidence (e.g., Walker et al. 2011; Adl et al.
2012; Burki et al. 2012). (B) The patterns of loss deduced under a hypothesis of ancient origin for six membrane-
trafficking proteins. Distribution data based on Herman et al. (2011) for Tom1-esc, Koumandou et al. (2011) for
DSCR3, Hirst et al. (2011) for AP-5, Schlacht et al. (2013) for AGAP, Gabernet-Castello et al. (2013) for TBC-
Root A, and Elias et al. (2012) for RabTitan.
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cell adhesion through regulation of focal adhe-
sions and cell movement (e.g., Kahn et al. 2008).
Although the roles of these proteins in multi-
celluarity have primarily been studied in animal
systems, homologs of these proteins have been
identified in nonmetazoan systems. For exam-
ple, the choanoflagellate Monosiga brevicollis
displays the ability to attach to substrates
through extracellular matrix proteins that are
relatives of adhesive proteins in humans (King
et al. 2008), suggesting that substrate adhesion
is important to these organisms and possibly
predisposes Monosiga and its relatives toward
multicellularity.

Much of our understanding of how the
membrane-trafficking system functions is de-
rived from work in opisthokont (animal and
fungal) model organisms and so there is a seem-
ingly disproportionate wealth of opisthokont-
specific machinery to cite. This is essentially a
problem of asymmetry. There may be unidenti-
fied components in other eukaryotes, but
because evolutionary studies have been biased
toward searching for the functionally character-
ized opisthokont machinery, nonopisthokont
machinery is viewed as undetected, missing
pieces. Improved methodology and recognition
of the bias is allowing headway. Earlier phylo-
genetic analyses allowed for the identification of
the independent duplications giving rise to the
beta subunits of adaptins 1 and 2 in plants and
kinetoplastids (Dacks et al. 2008), whereas the
many expansions of Rabs in vascular plants are
well established (Rutherford and Moore 2002).
Furthermore, the ScrollSaw methodology (Elias
et al. 2012) allows the identification of paralogs
absent from opisthokonts, either ancient but
lost in our line, or lineage specific. Examples
here (Fig. 2A) include the Rab GAP TBC-ExA
in excavates, TBC-PlA and TBC-PlB in plants,
and many additional lineage-specific Rab para-
logs (Elias et al. 2012; Gabernet-Castello et al.
2013). Moreover, as molecular cell biological
investigations in nonopisthokont models be-
come more sophisticated and depart from the
simple validation of opisthokont models, excit-
ing examples are being found in the other su-
pergroups as well. For example, trypanosomes
are pathogens of the supergroup Excavata and

responsible for a variety of diseases including
African sleeping sickness and Chagas’ disease
(Barrett and Croft 2012). To maintain infection,
trypanosomes constantly recycle surface anti-
gens to evade the host immune system (Allen
et al. 2003). They, therefore, depend greatly on
endocytosis so much so that its inhibition is
lethal. Multiple adaptations have now been re-
ported for the trypanosome endocytic system,
including loss of the AP-2 complex (Manna
et al. 2013) and presence of apparently trypano-
some-specific proteins that associate with clath-
rin and regulate the budding of clathrin-coated
pits from the plasma membrane (Adung’a et al.
2013). Although the function of these novel
factors is not yet well characterized, this find-
ing raises the possibility of new aspects of endo-
cytic regulation that are not found in other eu-
karyotes.

Both the highly conserved and lineage-spe-
cific proteins are important for what they tell us
functionally and evolutionarily. They provide
context for what machinery, which has been
defined in the well-characterized model sys-
tems, can be generalized to the cell biological
process in all eukaryotes. Finding many of the
known protein families in other eukaryotes sug-
gests to us that many of the basic cell biological
features present in animals and fungi are likely
present in other organisms. Moreover, and per-
haps paradoxically, these similarities can pro-
vide a platform from which we can begin to
study differences between organisms to under-
stand how natural selection affects different or-
ganisms. For proteins with a restricted distribu-
tion, the opposite is true; because these proteins
are not found everywhere, they are immensely
informative of the cell biology of the organisms
in question and show us how they diverge from
the general model.

PATTERNS AND PROCESS: PATCHY
PROTEINS

More recently, a third intermediate pattern of
taxonomic conservation in membrane-traffick-
ing proteins has been reported. A hybrid of the
two classes described above, these are proteins
with broad retention across eukaryotes, but
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which are present in only a limited number of
extant taxa, resulting in a “patchy” distribution.
Even more significant, in some cases, these are
proteins that are lost from animals and fungi
and therefore at risk of omission from general
models of cellular function.

Unlike the fundamental importance of high-
ly conserved proteins or the novelty encoded
by lineage-specific expansions, patchy proteins
represent more of a challenge to understand.
Initially, this type of distribution could be ex-
plained by sampling error or as an anomaly.
However, there is now a sufficient weight of ex-
amples that this distribution needs to be con-
sidered more seriously. One example lies within
the ESCRT endosomal system responsible for
internal budding of vesicles within the multi-
vesicular body (Henne et al. 2011). Subcom-
plexes I–IV are well conserved, whereas the
ESCRT-0 subcomplex is restricted to opistho-
konts (Leung et al. 2008; Herman et al. 2011).
Intriguingly, a separate protein Tom1-esc has
been suggested as serving some overlapping
functions, binding ubiquitin, and interacting
with components of the ESCRT-I subcomplex
(Puertollano 2005; Blanc et al. 2009). Although
not present in all taxa (Herman et al. 2011),
Tom1-esc has much broader distribution than
ESCRT-0 (Fig. 2B). Still within the endosomal
system, DSCR3 is a second duplicate of the ret-
romer subunit Vps26 (Hu et al. 2006). Although
the retromer complex is involved in recycling of
vacuolar receptors from the early endosome
back to the TGN (Seaman 2012), the function
of DSCR3 is unclear beyond an association
with Down’s syndrome. Vps26 is a highly con-
served protein, whereas DSCR3 is found widely,
but not frequently (Fig. 2B) (Koumandou et al.
2011).

Examples of proteins with a patchy distribu-
tion also occur within large paralogous gene
families. Adaptin proteins are cargo regulators
in the late secretory and endocytic pathways.
Adaptin-1 is highly conserved, whereas adaptins
2 to 5 show decreasing frequency (Hirst et al.
2011), with the newly discovered AP-5 complex,
involved in trafficking from the late to the early
endosome, being the least frequent (Fig. 2B). In
the ARF GAP family, AGAP, which functions

with AP-1 and AP-3 within the endocytic system
(Nie et al. 2005), is found in at least three super-
groups (Kahn et al. 2008; Schlacht et al. 2013),
but apparently has been lost from some archae-
plastids, stramenopiles, metamonads, and apu-
somonads (Fig. 2B). Additional examples in-
clude members of the Rab GTPase GAPs, the
TBC family. Similar to AGAP, many of the
TBC subfamilies (i.e., TBC-F through TBC-N)
are found in multiple supergroups, but also
seem to be absent from the majority of taxa
(Elias et al. 2012; Gabernet-Castello et al. 2013).
More strikingly, there are Rab GAPs and Rab
GTPases, for example, TBC-RootA and RabTi-
tan, respectively (Fig. 2B), that are present in
multiple lineages but absent from humans and
presumably possess roles in other eukaryotes,
but are lost from our biology. There is frequently
no functional data available for many of these
paralogs and it will be intriguing to see whether
these proteins have novel functionality that does
not exist in their human counterparts or are in
some manner redundant or convergent with
other cellular factors.

COMPLEXITY OR THE APPEARANCE
THEREOF?

The overall interpretation of the data from com-
parative genomics of intracellular transport, as
well as other systems (Koumandou et al. 2013),
is of high complexity in the LECAwith losses in
some lineages and continued expansion in oth-
ers. Following this interpretation, on diversifi-
cation, the complex cell biology of the LECAwas
either retained or trimmed back to a core de-
pending on drift or selection for various niches.
Complexity may have also been replenished in
many cases by lineage-specific expansions. An
implication is that the LECAwas more complex
than some prominent modern eukaryotes, and
that the “patchy” proteins are remnants, essen-
tially echoes resonating down the ages.

The pattern of patchy proteins is further
consistent with the idea that the individual
components of a complex assemblage may not
be selective, but that complexity itself may be
(Lukes et al. 2011). Conventionally the cost of
retaining a specific system, or of elaborating
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one, is used as an argument to support second-
ary loss, essentially a “use it or lose it” mantra in
which energetic cost is the major driver. How-
ever, under weakly selective environments, it
may be favorable to retain redundant machin-
ery, thus reducing the impact of mutations dis-
rupting a complicated system. Under these cir-
cumstances, the predicted outcome is a system
with complexity and redundancy, but that gets
trimmed back and newly expanded by birth and
death processes in the machinery, that is, the
overall pattern of conservation that is observed
with membrane-trafficking machinery, both at
the broad-scale or with in-depth analyses of
specific components (e.g., Koumandou et al.
2013) and more narrow taxonomic breadth
(Pereira-Leal 2008). Further, as Lynch has
shown (Lynch 2007; Sung et al. 2012), neutral
changes can rapidly become fixed in small pop-
ulations and many organisms, for example, par-
asites, experience frequent and extreme bottle-
necks so that losses or retention may arise more
from stochastic processes rather than true selec-
tion. Of course, natural selection still exerts an
influence on the resultant genotype.

Nonetheless, a second interpretation for the
observed pattern of patchily conserved proteins
would be horizontal gene transfer (HGT) be-
tween modern eukaryotes, implying that the
LECA was actually much less complex than
commonly reconstructed. This latter interpre-
tation is generally not embraced by the field, but
the arguments in favor of one interpretation or
the other have never been formally rallied. To do
so, we can ask what aspects of the evidence are
consistent with a complex LECAversus a simple
LECAwith HGT, and what predictions might be
made by each hypothesis.

First, it is useful to recall that it is not just
reconstructions of membrane transport that
predict a complex LECA, but also metabolic
processes and the cytoskeleton, as well as inter-
actions and integration with the mitochondrion
(e.g., Koumandou et al. 2013). Second, many of
the cohorts of membrane-trafficking proteins
show a spectrum of conservation from highly
retained to patchily distributed, even within
the same protein family. These paralogs perform
the same task, sometimes redundantly with one

another. The adaptin family is perhaps the best
example (Fig. 2) with AP-1 never being lost and
AP-5, which is infrequently found (Hirst et al.
2011). Although it is possible to invoke HGT to
explain the distribution of patchy proteins, this
becomes unwieldy as a hypothesis when you
also consider highly conserved paralogs. Third,
the pattern of organisms possessing patchily
distributed proteins is incongruent with other
proposed examples of HGTobserved in eukary-
otes. Many examples of HGTwithin eukaryotes
enable novel metabolic functions and are found
in organisms that have moved to a specific new
niche, whether pathogenesis, anaerobiasis, or
photosynthesis (Andersson 2009). In contrast,
the membrane-trafficking proteins with a
patchy distribution tend to be absent from par-
asites or obligate phototrophs, but present in
free-living heterotrophic generalist taxa (Fig.
2). Although the latter lineages might be expect-
ed to also have high levels of HGT caused by
phagocytosis (Doolittle 1998; Archibald et al.
2003; Andersson 2009), the patchy proteins of
interest are also frequently found in multicellu-
lar lineages such as higher plants and animals,
which tend to have very low levels of HGT. These
distributions are far more consistent with a
complex ancestor and a configuration that is
retained if the cell faces complex and changing
environments, but is pared down in cases of
specialization. Again, the population size here
may be significant as, once more, the specializa-
tions are associated with parasitism and bottle-
necks whereas other examples are of lineages
that exist in the environment and, hence, have
a very large effective population size (Lynch
2007; Sung et al. 2012).

A hypothesis directly stemming from the fi-
nal point predicts that if a model of ancient com-
plexity, but with subsequent sculpting, is accu-
rate, then as we improve sampling generalist,
free-living, eukaryote genomes, we should en-
counter a larger set of cellular machinery and
importantly increased retention of the patchy
protein complement. As the first nonparasitic
excavate, the Naegleria genome provided a pow-
erful initial example (Fritz-Laylin et al. 2010;
Koonin 2010). However, the best example thus
far (Fig. 3) has been the membrane-trafficking
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machinery encoded in the genomes of two algal
species, the rhizarian Bigelowiella natans and
cryptophyte Guillardia theta (Curtis et al.
2012). Both organisms are free-living marine
algae, performing photosynthesis using their
unique secondary endosymbiotic organelles

that retain the nuclear genome of the red or
green algal endosymbiont, in addition to the
plastid genome itself. Importantly, however, at
least B. natans also ingests prey as a heterotroph
and so has a complex lifestyle and exists within
to a changeable environment. G. theta possesses
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a cytostome-like feature (“gullet”) also consis-
tent with a capacity for heterotrophy (Lee et al.
2002). Analysis of the B. natans and G. theta
membrane-trafficking complements (Fig. 3)
confirmed the presence of the major families
involved in vesicle formation and fusion de-
duced as present in the LECA. In contrast to
many other microbial eukaryotic genomes in
which significant reductions, for example, Giar-
dia, Cyanydioschyzon or expansions, for exam-
ple, Trichomonas, of membrane-trafficking ma-
chinery have been observed (Matsuzaki et al.
2004; Carlton et al. 2007; Morrison et al.
2007), there was little evidence of modulation
of paralog numbers of the “core machinery.”
Additionally, both B. natans and G. theta en-
code many of the proteins described above to
have patchy distributions, including Tom1-esc,
DSCR3, Vps10 (Fig. 3), and for B. natans, AP-5
(Curtis et al. 2012). The presence of nearly all of
these membrane-trafficking proteins with a
patchy distribution in B. natans and G. theta is
consistent with the retained complexity inter-
pretation.

Although none of these arguments defini-
tivelyexclude HGTas an explanation fora patchy
distribution, we offer that it is more likely that
we are recovering ancient complexity, with loss
and sculpting. Loss therefore may well make a
larger contribution to evolution of eukaryotic
cells than previous models would imply.

CONCLUSIONS

In the last decade, molecular evolutionary stud-
ies have established a membrane-trafficking
protein machinery core that is present in living
eukaryotes, and further has deduced a likely
quite complex, common ancestor. These studies
also lead to a proposed mechanism for how
the endomembrane organelles evolved, which
is currently being extended and expanded by
computational methods and increased taxo-
nomic sampling of organisms for full genome
sequencing. Lineage-specific components have
also been identified, suggesting ongoing adap-
tations in the cellular machinery.

More recently, components with a “patchy”
distribution have become more commonly ob-

served. These proteins are not only absent from
many eukaryotes, but they have been omitted
from our understanding of eukaryotic mem-
brane-trafficking evolution and function mak-
ing them missing pieces of both our cell bio-
logical and evolutionary pictures. An obvious
question is why this class of proteins was not
immediately apparent. In some cases, this can
be explained by the machinery examined. Initial
evolutionary studies of membrane-trafficking
proteins focused on the presence and absence
of entire families and then, later on, the most
functionally well-studied (and often function-
ally important) paralogs. These fell into the cat-
egories of broadly distributed and retained or
more narrowly distributed. As work progressed,
more sensitive methods were used to explore the
broader scope of all paralogs within protein
families, and machinery that was less function-
ally studied (e.g., Tom1-esc, DSCR3) was in-
cluded in evolutionary analyses. In other cases,
it may be a matter of improved genome se-
quence availability. What may have initially ap-
peared as lineage-specific machinery because of
restricted distribution is revealed as more an-
cient, as the early obtained genomes of parasitic
and strictly autotrophic eukaryotes have been
complemented by the genome sequences of
free-living generalists.

Generally, proteins with a patchy distribu-
tion are often interpreted as having arisen by
HGT, and it is certainly possible that some of
the “patchy proteins” discussed above may have
been transferred between genomes. However,
when considered together with patterns of con-
servation of other membrane-trafficking com-
ponents, a model of a highly complex LECA
cellular system subsequently sculpted by gene
loss as the descendant lineages moved to novel
ecological niches emerges as a more likely ex-
planation for the majority of examples.

Pairing molecular evolutionary analyses
with the rapidly improving capacity for molec-
ular cell biology in nontraditional model or-
ganisms results in a powerful toolkit for study-
ing the evolution and basic cell biology of
membrane trafficking. With these computa-
tional and genomic approaches providing de-
tailed and robust molecular complements, ex-
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perimental characterization in organisms from
multiple and taxonomically diverse lineages can
test assumptions of functional homology, and
establish both the common and unique features
of membrane trafficking in organisms of agri-
cultural, environmental, and medical relevance,
as well as enable reconstructions of ancient cell
biology. This work will be particularly impor-
tant in the case of patchy proteins that have
previously been overlooked because of their ab-
sence or sequence divergence in the key opistho-
kont organisms, or simply ignored because of
emphasis on the higher profile membrane-traf-
ficking families. The more detail that we obtain
through higher resolution maps of gene distri-
bution and examining the functions of these
newly identified trafficking components, the
closer we can come to appreciating both ancient
cellular forms and the forces that have shaped
the diversity of living eukaryotes.
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