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The evolution of the eukaryotic endomembrane system

and the transport pathways of their vesicular intermedi-

ates are poorly understood. A common set of organelles

and pathways seems to be present in all free-living

eukaryotes, but different branches of the tree of life have

a variety of diverse, specialized organelles. Rab/Ypt

proteins are small guanosine triphosphatases with

tissue-specific and organelle-specific localization that

emerged as markers for organelle diversity. Here, I char-

acterize the Rab/Ypt family in the kingdom Fungi, a sister

kingdom of Animals. I identify and annotate these pro-

teins in 26 genomes representing near one billion years of

evolution, multiple lifestyles and cellular types. Surpris-

ingly, the minimal set of Rab/Ypt present in fungi is

similar to, perhaps smaller than, the predicted eukaryotic

ancestral set. This suggests that the saprophytic fungal

lifestyle, multicellularity as well as the highly polarized

secretion associated with hyphal growth did not require

any major innovation in the molecular machinery that

regulates protein trafficking. The Rab/Ypt and other pro-

tein traffic-related families are kept small, not paralleling

increases in genome size, in contrast to the expansion of

such components observed in other branches of the tree

of life, such as the animal and plant kingdoms. This

analysis suggests that multicellularity and cellular diver-

sity in fungi followed different routes from those fol-

lowed by plants and metazoa.
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A hallmark of eukaryotic cells is the presence ofwell-defined

membrane-bound organelles, such as the Golgi apparatus

and the endoplasmic reticulum (ER), within its cytosol.

Vesicular trafficking pathways accomplish the movement

of materials and information between cellular compart-

ments, contribute to their biogenesis and are essential for

the normal functioning of the cell. These pathways play

housekeeping roles such as transport of extracellular pro-

teins to the plasma membrane through the secretory

pathway as well as a variety of specialized roles, such as

pigmentation in melanocytes and antigen presentation in

immune cells (1). It is a system of fundamental biological

interest underlying the molecular basis of cellular organiza-

tion and specialization. It is also involved in a variety of

human diseases. Malfunction of its components results in

haemorrhagic disorders, immunodeficiency, mental retar-

dation, blindness and others (2,3). Protein trafficking path-

ways are also frequently exploited by human pathogens to

gain entry and to survive within host cells (4).

Despite the intense interest that protein trafficking has

received, little attention has been devoted to its evolution.

Fungi are well-suited organisms for its study. They are

eukaryotic heterotrophs that digest food outside their

bodies, secreting lytic enzymes to decompose complex

materials into readily available nutrients (5). They form

a sister kingdom to animals, estimated to have diverged

approximately 0.9 billion years ago (6) (Figure 1). This

kingdom is the better-sampled branch of the eukaryotic

tree of life in terms of complete genome sequences,

making them ideal for comparative genomic studies (6).

The genomes of several closely related species and

clusters of species as well as of distantly related species

were sequenced, some specifically to increase phylogen-

etic coverage. The kingdom includes organisms that are

of medical, agricultural or industrial interest as well as

many model organisms. For these, there is a wealth

of functional and morphological information available.

Examples are the industrially important model yeast

Saccharomyces cerevisiae, the human pathogen Candida

albicans and the filamentous fungus Neurospora crassa.

The kingdom Fungi encompass organisms with multiple

lifestyles, such as mushrooms, molds and yeasts. In

these, we find a diverse cell biology with multiple dis-

tinct cell types from the highly polarized hyphal cells

displaying a fungal-specific vesicle organizing centre, the

Spitzenkörper (7), to the appressorium in plant pathogens

like Magnaporthe grisea, a cell type that generates

internal pressures of up to 8 MPa (8,9) by manipulating

the glycerol content of their vacuoles (10). All this di-

versity suggests specialization of the protein trafficking

systems, a hypothesis I test here.

I will focus in this study on Rab/Ypt proteins. These form

a large family of small GTP-binding proteins that regulate

distinct trafficking pathways. Each Rab protein has a dis-

tinct sub-cellular localization, marking individual transport

steps in different transport pathways, and many Rab

proteins have specific patterns of tissue expression
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indicating that they operate in specialized, tissue-specific

pathways. Rab proteins in their GTP-bound, active confor-

mation recruit a multitude of effectors that are also specific

for each organelle and pathway (11). Thus, Rabs and their

effectors represent organelle- and pathway-specific

markers, which can provide insights into which pathways

are present in a given cell type.

Independent expansions of this protein family were

observed in a variety of branches of the tree of life. For

example, whereas the model unicellular organisms

S. cerevisiae and Schizosaccharomyces pombe have only

11 and 7 described Rab/Ypt proteins, respectively (12),

animals have near 70 (12,13), the closely related unicellular

amoebas can have more than 100 proteins (14,15) and

multicellular plants have near 60 (16) – see Figure 1 for

evolutionary relationships of the taxonomic groups men-

tioned. It is clear that the expansion of the Rab family in

mammals is associated with the emergence of a variety of

specialized pathways and compartments. In other organ-

isms, there is little functional information. In plants, the

expansion of the family followed different routes, and the

little functional information available suggests the emer-

gence of novel subclasses and functionalities (16).

Not all branches of the eukaryotic tree display Rab ex-

pansions. For example, the Chromalveolata Plasmodium

falciparum has only 11 Rabs (17). Furthermore, these

expansions are not necessarily taxon specific – whereas

Trichomonas vaginalis (excavate) has 65 Rabs (18), the

human pathogen Trypanosoma brucei, also a unicellular

excavate, has 16 Rabs (19). Thus, the relationship between

expansions of the protein trafficking repertoire and the cell

biology and lifestyle of these organisms is still unclear.

Here, I identify and annotate the complete Rab family in 26

fungi with a completely sequenced genome. Surprisingly,

the diversity of fungal cellular types and near one billion

years of evolution are not accompanied by diversification in

the protein trafficking machinery in these organisms, even

when I consider other protein trafficking-related families.

My results suggest that the ancestor of fungi and animals

had already a complex endomembrane system and that

the evolutionary history of protein trafficking in fungi is

one of loss rather than that of gain.

Results and Discussion

The Rab family in fungi

I identified the full complement of Rab/Ypt proteins in 26

fungi with a completed genome sequence (Table 1). These

organisms represent the Ascomycota, Basidiomycota and

Microsporidia lineages, with a strong bias to Ascomycota

(Figure 2). I identified these Rab/Ypt families using

sequence similarity searches of a set of query Rab

sequences from S. cerevisiae and Homo sapiens (12)

against complete genome sequences. I used previously

defined criteria (20), together with phylogenetic analysis,

to annotate each Rab family mapping orthologues and

paralogues. Figure 2 illustrates the evolutionary relation-

ships of the fungi studied as well as the Rab proteins I

identified and annotated in each organism.

The Rab family is very stable in size. Of the 26 genomes

characterized, the family in 24 ranges from 8 to 12 proteins,

whereas the genomes vary in size from less than 2000

genes to near 17 000 genes (Phaeosphaeria nodorum – 10

Table 1: Fungal species used in this study and reference of the

complete paper describing the complete genome or to the web

page of the genome project when a publication is not available

Species name Genome sequence

Aspergillus fumigatus (78)

Cryptococcus neoformans (79)

Aspergillus nidulans (80)

Phanerochaete chrysosporium (81)

Fusarium graminearum (82)

Magnaporthe grisea (83)

Phaeosphaeria nodorum (84)

Neurospora crassa (6)

Trichoderma reesei (85)

Ustilago maydis (86)

Candida albicans (87)

Debaryomyces hansenii (88)

Encephalitozoon cuniculi (21)

Candida glabrata (88)

Ashbya gossypii (89)

Kluyveromyces lactis (88)

Kluyveromyces waltii (90)

Schizosaccharomyces pombe (91)

Saccharomyces cerevisiae Saccharomyces

Genome

Database – (92)

Saccharomyces bayanus (90,93)

Saccharomyces castellii (93)

Saccharomyces kluyveri (93)

Saccharomyces kudriavzevii (93)

Saccharomyces mikatae (90,93)

Saccharomyces paradoxus (90)

Yarrowia lipolytica (88)

Opisthokota

Amoebozoa

Plantae Chromalveolata

Rhizaria

Excavata
Animals

Fungi

Prokaryotes

900MY
1500MY

2200MY
>4000MY

1
2
3

Figure 1: The eukaryotic tree of life adapted from (75). Taxa

labelled 1, 2 and 3 are, respectively, Choanoflagellates, Ichthyo-

sporea and Nuclearidid amoebae. Estimates of divergence time,

in millions of years (MY), were from (76,77) and are only for

illustration purposes.
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Rabs). If we consider the number of distinct subfamilies

instead of total number of Rabs, the picture remains

unchanged. Furthermore, there is no obvious relationship

between the number of Rab proteins and their distinct

subfamilies with lifestyle (e.g. yeast versus filamentous), or

taxonomical grouping. Thus, the size of the Rab family in

fungi is kept at a relatively small and constant size rather

than expanding in a neutral fashion.

Encephalitozoon cuniculi is the only fungus that shows clear

correlation between Rab family size and lifestyle having

undergone extensive gene loss. It belongs to a phylum that

includes a diverse group of intracellular parasites, charac-

terized by an extreme genome compaction and reduction

(21,22), typical of the parasitic lifestyle. This is consistent

with the loss of some trafficking functions.

A reduction in the Rab repertoire

With the catalogue of Rab proteins compiled and classified

in the previous section, we can determine which Rabs are

necessary to make a fungus and which changes occurred

in the Rab repertoire in the evolution of fungi from the

ancestral eukaryote.

The set of Rab subfamilies common to all free-living fungi

is composed of Ypt1, Sec4, Ypt3, Ypt5 and Ypt7 (Figure 3A).

Their function and localization (in S. cerevisiae) is repre-

sented in Figure 3B and reviewed in 23–25. Briefly, Ypt1

localizes to ER and cis Golgi and works in the early steps of

the secretory pathway, mediating ER–Golgi transport;

Ypt3, like its orthologue Rab11, is involved in deep endo-

cytic recycling (26) – earlier results suggest that it may also

play a role in intra-Golgi traffic and in the budding of post-

Golgi vesicles from the trans Golgi (27); Ypt5 mediates

Golgi–endosome and plasma membrane–endosome trans-

port; Ypt6 is involved in retrograde Golgi–ER and intra-Golgi

transport; Ypt7mediates vacuole fusion; and Sec4mediates

the delivery of trans Golgi network-derived vesicles into the

bud, representing a form of polarized transport reminiscent

of that mediated by its putative orthologue Rab8 (24,25).
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Figure 2: The Rab family in fungi. A) The tree illustrates the evolutionary relationships of the fungi studied here. The tree is loosely

adapted from (70). Organisms in red and green are human and plant pathogens, respectively. The dollar and the M in front of the names

highlight organisms of industrial interest and model organisms, respectively. The asterisk indicates a whole genome duplication event

(37,94). B) Each column represents one Rab subfamily found in fungi. The filled circles in each column in front of the species name indicate

the presence of the subfamily in that species. Multiple circles in each column indicate that the subfamily has multiple members in that

organism.White circles indicate singleton Rab proteins – those that were not possible to assign to any subfamily. The red boxes overlaid on

the columns with the Rab proteins highlight distinct Rab profiles. C) Boxes indicate cell division mode, taxonomy and lifestyle, illustrating

that the Rab profiles are independent of these three factors.
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This set of fungal Rab proteins is similar to the one

common to most free-living organisms in which the Rab

family was studied. In fact, C. albicans and Debaryomyces

hansenii are restricted to this minimal set, indicating that

such minimal Rab machinery is compatible with fungal life.

Thus, the canonical secretory pathway appears to be

sufficient for a saprophytic lifestyle. Candida albicans and

D. hansenii emerge thus as particularly interesting model

organisms in the study of protein trafficking as they may

represent the minimal protein trafficking machinery that is

compatible with free life (not parasitic). Furthermore, both

organisms show dimorphic behaviour, existing both as

yeast and as a filamentous form (hyphae). This strongly

suggests that morphological diversity in fungi can be

achieved without the need for elaborate protein trafficking

pathways. Alternatively, trafficking diversity may have

been achieved by Rab-independent means – below, I will

show that other trafficking-related protein families display

the same behaviour as the Rab family, which makes this

hypothesis less likely.

It is surprising that fungal life did not require the specific

gain of any Rab subfamily. It is equally surprising that it

may have involved several secondary losses. The ancestral

eukaryote is predicted to have included Rabs 1, 4, 5, 6, 7, 8

and 11 (28). This is based on the presence of orthologues

of all these subfamilies in different eukaryotic crown

groups. For example, even though Rab8 was not found

in T. brucei and T. vaginalis, its presence in plants, alveolata

and animals is easier to explain by their emergence in the

ancestral eukaryote, followed by gene losses in the former

two lineages. Otherwise, it would be necessary to invoke

independent, convergent evolution in different lineages or

lateral gene transfer between eukaryotes. On the same

grounds, we can extend this set to include Rab18, present

in plants, alveolata, excavates and animals, and Rab2

present also in amoebas (Figure 3A). It is thus apparent

that the evolution of fungi was accompanied by secondary

losses of Rab2 and 18. Rab2 is involved in the early steps

of the secretory pathway, mediating ER–Golgi transport as

well as Golgi–ER retrograde transport (29), whereas Rab18

is involved in early endosome–plasmamembrane recycling

in polarized cells (29). Rab4, a regulator of rapid endocytic

recycling was also lost in several branches, notably the

Hemiascomycota.

In summary, the minimal set of Rabs in fungi revealed no

fungi-specific proteins, indicating that the saprophytic life-

style andmulticellularity can be achievedwith only aminimal

Rab repertoire. It is the same Rab repertoire common to all

studied free-living organisms, smaller than the one pre-

dicted to have emerged in the ancestral eukaryote.

Taxon-specific Rabs: Novel functions?

There are two complementary groups of taxon-specific

subfamilies, i.e. proteins that appear in only a specific

branch of the fungal tree but not in others. The first cluster

is formed by Ypt10 and Ypt11 and is specific to a subset of

Ascomycetes (Figure 2). Ypt10 appears to be involved in

ER–Golgi transport. Overexpression results in growth

defects and an overabundance of vesicular and tubular

structures, suggesting alterations in the function of the

Golgi apparatus (30). A variety of results from large-scale

studies support such a role: Ypt10 has a reported genetic

interaction with the Golgi Ypt6p exchange factor Ric1p–

Rgp1p (31) and physical interactions with Yip3 (32). Yip3

localizes to COPII vesicles and is proposed to participate in

ER–Golgi transport (33). Thus, Ypt10 appears to participate

in a very early step in the secretory pathway.
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T. vaginalis

E. histolytica

P. falciparum

A. thaliana

Fungi

Animals

Ypt1 Sec4 Ypt3 Ypt5 Ypt7Ypt6
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Vacuole LE

Nucleus

TGN

RE
Ypt1

Sec4

Ypt3

Ypt5

Ypt6

Ypt7

EE

ER

A B
Rab2 Rab18

RabB RabC

Ypt4

Ypt4

Figure 3: Rab repertoires in fungi and other eukaryotes. A) On the left is represented a simplified eukaryotic tree with the organisms

for which the Rab family has been studied using the same colour scheme as that of Figure 1. Coloured circles are read vertically and

represent putative orthologous subfamilies. Only those Rab subfamilies that are common to several lineages are shown, and the dots on

the right indicate that the Rab family is larger than shown for that organism. When the putative orthologues are annotated differently in

other species, the specific annotation is shown for that subfamily. B) Cartoon representing the localization and function of the common set

of fungi Rabs. EE, early endosome; ER, endoplasmic reticulum; LE, late endosome; RE, recycling endosome; TGN, trans Golgi network.

Full species names areEntamoeba histolytica, Trypanosoma brucei, Thrichomonas vaginalis, Plasmodium falciparum andArabidopsis thaliana.
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The second protein, Ypt11, localizes to the sites of bud

emergence, the emerging bud tip and the bud neck during

M phase (34). Like mammalian Rab11 and Rab27, it

interacts with a class V myosin, specifically with myo2

(34,35). Its exact function is unclear, but overexpression of

Ypt11 leads to aberrant distribution of mitochondria and

cell growth arrest (34), while Ypt11 deletion leads to

deficient retention of mitochondria during cell division

(35). Thus, Ypt11 is a regulator of mitochondrial distribution

and contributes to segregation of mitochondria in mitotic

cells. Recent analysis suggests that it may function in the

traffic of mitochondrial retention factors from the mother

cell to the bud tip (35). There is no functional information

for YptB, which only appears in three organisms (Figure 2).

Candida albicans and D. hansenii are two yeasts that do

not display any of the above-mentioned proteins. They

have instead a duplication of Ypt7, which may implicate all

or some of the proteins discussed above in endocytic or

vacuolar fusion.

A second taxon-specific group of Ypt proteins is observed

in Basidiomycota, Euascomycetes and partially in Archias-

comycetes: Ypt4, 8 and A. Ypt4 was originally identified

in S. pombe, but no functional information has been

advanced for it. The closest homologue in mammals of

these two subfamilies is Rab4, and it is possible that Ypt4

is the ortholog of Rab4. They are bidirectional best hits, but

phylogenetic support is weak (not shown) with difficulty in

resolving the fungal sequences from Rab4, Rab2 and

Rab14, all members of a functional group. A functional

group is composed of Rab proteins that are more similar

within the group than to other Rabs that have related

functions and that we speculate represent cases of

duplication and specialization of the same basic Rab

function (12). Rab4 mediates rapid endocytic recycling

(36); so, it is tempting to speculate that Ypt4 is involved

in similar recycling events.

Ypt8, identified in this study, is a new Ypt4-related sub-

family, but is not sufficiently related to Ypt4 to be classed as

its isoform (20). YptA is another conserved subfamily of

unknown function. The abundance of plant pathogens in the

taxonomic groups where Ypt4, 8 and A are present as well

the presence of some industrially relevant organismsmakes

these three Rab proteins attractive targets for research.

In conclusion, there are two groups of taxon-specific

proteins, but little functional information. They have com-

plementary profiles, i.e. organisms have either one or the

other but never both – they seem to be mutually exclusive.

The functional significance of this is unclear, and so is the

evolutionary route that gave rise to these profiles, as these

profiles conflict with the taxonomical groupings (Figure 2).

The Hemiascomycetes-specific proteins (Ypt10, 11 and B)

may be involved in secretory events, whereas the other

cluster (Ypt4, 8 and A) may be associated with the

endocytic pathway. Surprisingly, these taxon-specific

proteins appear to have general functions rather than

specialized ones.

Multiple, independent duplications

The relative constancy of the Rab family in fungi could be

a consequence of this protein family being relatively

immune to duplication or the net result of a dynamic

duplication – loss process with a net result of little change.

To gain an insight into this question, I analyzed the

evolutionary relationships in subfamilies that have multiple

isoforms in fungi and in animals (Figure 4).

Ypt5 has two or three isoforms in most fungi as well as in

animals (e.g. Rab5a, b and c in H. sapiens). Ypt53 is

a recent acquisition deriving from Ypt51 as a consequence

of a whole genome (37). Ypt52 and Ypt54 display a com-

plementary phylogenetic profile, i.e. when one appears,

the other one does not. This type of complementary profile

is typically the outcome of scenario where an early

duplication of an ancestral gene was followed by asym-

metric gene loss – some organisms lost one duplicate

(e.g. Ypt52), whereas the other organisms lost the other

duplicate (e.g. Ypt54). The multiple isoforms of Ypt5 that

appear in Basidiomycota are all derived from lineage-

specific duplications. Finally, Ypt51 is present in most

Ascomycota and is likely a duplication of either Ypt52 or

54 at the base of the Ascomycota branch. This expansion

is independent from the mammalian Rab5 subfamily (not

shown). An independent expansion of the Rab5/Ypt5 sub-

family was described previously between metazoa and the

distantly related T. brucei (38). Thus, at the root of the fungi

metazoan branch, I anticipate that there was one Rab5/

Ypt5 that expanded independently in metazoa and fungi.

The Ypt3 subfamily, like Ypt5, expanded independently of

the orthologous Rab11a and b/Rab25 subfamily (not

shown) and displays multiple duplication events in its

history (Figure 4). Ypt32 resulted from a whole genome

duplication (37). Independent duplications led to the

multiplicity in different branches, e.g. Gibberella zeae and

Candida glabrata. Just as Ypt5, I also observe a complemen-

tary phylogenetic profile in Ypt31/32 versus Ypt3, sugges-

tive of asymmetric gene loss after an initial duplication.

Thus, these two Rab subfamilies with multiple isoforms are

the result of independent duplication processes. Such

duplications appear to have happened frequently in the

fungal genomes, but always converging on a similar number

of isoforms. This means that the constancy of size of the

Rab family in the evolution of fungi is not a consequence of

this family being immune to duplication – in fact, there is

frequent duplication but clearly a pressure to keep the

whole family and the subfamilies at relatively constant sizes.

What drives the independent expansion of these sub-

families? Distinct functionalities were reported for Rab5

isoforms in mammals (39–41) and Rab5 isoforms in

T. brucei (42). Similarly, Rab11a and b in mammals were
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reported to have distinct function (43). Thus, taxon-

specific functional specialization appears to be the driving

force for these expansions. However, in S. cerevisiae, the

results are less clear. Ypt31 and 32 appear to be redundant.

Single deletions of Ypt31/32 are phenotypically neutral, but

double knock out is lethal (27). Similarly, there seems to be

some redundancy between Ypt51 and Ypt52 (44). Further

supporting at least partial redundancy is the copurification of

the three isoforms in the context of a large-scale proteomics

screen (45). The role of Ypt53 is however less clear, and

there seems to be a dosage effect limiting their genetic

interactions – Ypt53 is expected to be the least abundant

isoform, which would be consistent with a more specialized

role (44). Thus, available evidence suggests that expansions

of these subfamilies are associated with functional special-

ization, but the specific functions of the isoforms in the

model organism S. cerevisiae remain elusive.

Other traffic-related protein families

I described above how the Rab family was kept at

a relatively small, constant size in the evolution of fungi,

independently of genome expansion, and that this is

despite frequent duplications, which are balanced by gene

losses. This is surprising as expansion of Rab families was

observed in the context of cellular diversification, and fungi

display diverse cell types and can exist as unicellular and/or

multicellular forms. One possibility to account for this is

that possible fungal innovations in protein trafficking were

not mediated by expansions in the Rab family, but involved

other molecular actors.

S. cerevisiae

S. paradoxus

S. mikatae

S. kudriavezii

S. bayanus

C. glabrata

S. castellii

S. kluyveri

E. gossypii

K. lactis

K. waltii

C. albicans

D. hansenii

Y. lipolytica

G. zeae

H. jecorina

M. grisea

N. crassa

A. fumigatis

E. nidulans

P. nodorum

S. pombe

F. neoformans

P. chrysosporium

U. maydis

E. cuniculi

Ypt5 Ypt3

52 54 51 53 31 32 34 3 33

A B C

Figure 4: Duplication dynamics of

Rab/Ypt subfamilies. A) The tree illus-

trates the evolutionary relationships of

the fungi studied here. The tree is

loosely adapted from (70). Panels B

and C are the subfamilies Ypt5 and

Ypt3, respectively. The trees on top

illustrate the Neighbour-Joining dis-

tance trees of the members of the

family. Each column represents one

putative orthologous group, and a filled

circle in that column indicates that the

species has one member of that group.

Multiple circles in each column indicate

duplications within that putative orthol-

ogy group. White circles represent pro-

teins that cannot be assigned with

confidence, and the asterisk indicates

a whole genome duplication.
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I investigated two other protein families, Rab GTPase

activating proteins (RabGAPs) and SNAREs, capturing

distinct aspects of Rab function and traffic in order to test

the above hypothesis. These families are unequivocally

identified by genome-wide structural assignments as

defined in the superfamily database (46,47) (see Data

and methods for details).

I first enumerated members of the RabGAP family. These

proteins interact directly with activated Rab proteins at the

membrane and increase their guanosine triphosphatase

(GTPase) activity, thus switching off the signal that the

activated Rab represented (48). Ten RabGAPs are pre-

dicted in S. cerevisiae, several with experimental support

(49–54). There is scarce experimental information on the

diversity of RabGAPs in other species, but sequence

analysis suggests that this family expanded in parallel to

Rab, for example, 52 homologues of yeast RabGAPs were

detected in the human genome and 24 in the fly genome

(48). Thus, RabGAPs represent a ‘positive control’ in this

analysis. In fungi, I observed that this family is kept

between 8 and 12 elements and its size is independent

of genome size, but is correlated to the number of Rab

proteins at r ¼ 0.49 (Figure 5). Notable exceptions are

S. pombe and D. hansenii that show an increased number

of RabGAPs relative to Rabs. It is interesting to note that

these organisms also have some of the most streamlined

Rab families in fungi, suggesting that some diversification

can occur through RabGAP family expansion.

Next, I enumerated SNARE proteins in fungal genomes.

SNAREs are components of protein complexes that are

critical for membrane fusion in the secretory pathway (55).

They have also been extensively used as markers of

protein trafficking diversity and evolution (13,55–59). In

plants, an expansion in this family appears to correlate with

the emergence of multicellularity (57). Such increase is not

paralleled in metazoa, where the fly and the worm (13)

display similar numbers of SNARES to the unicellular

Leishmania major (56) and Plasmodium falciparum (58). An

expansion is, however, observed in the human genome,with

nearly twice the numbers of fly and worm and appearing to

correlate with an increase in the number of distinct tissues

(13). Thus, SNAREs are not only central components of the

trafficking machinery but also their numbers carry some

evolutionary signal.

Did fungal diversity demand an increase in the numbers

of SNAREs? Gupta and Heath (59) performed previously

a detailed analysis of SNARE proteins in two complete

and four draft fungal genomes. Their preliminary results

suggested little variation in total number of SNAREs as

well as no apparent correlation with genome size. I now

address these questions in the 26 fungal genomes con-

sidered here. To do so, I considered two SNARE-related

structural superfamilies: the ‘SNARE-like’ and the ‘t-SNARE’

superfamilies. The ‘SNARE-like’ superfamily includes

R-SNAREs (60) as well as other proteins involved in

distinct trafficking pathways and complexes. It includes

components of the TRAPP complex, a complex present on

the cis Golgi that acts prior to SNARE complex assembly

(61,62). It also includes subunits of the adaptor protein

complexes, which are components of the protein coats

that associate with the cytoplasmic face of organelles and

are involved in the formation of intracellular transport

vesicles and cargo selection (63), as well as subunits of

the coatomer complex (COPI). The ‘t-SNARE’ superfamily

contains Q-SNARES (60). SNARE proteins were identified
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Figure 5: Protein trafficking-related families in fungi. The

black line represents genome size measured in number of genes

and is read on the bottom axis. The plot is sorted by ascending

genome size. For each of the protein families studied, the number

of genes that can be classified in that family using structural

domain assignments in the Superfamily database (46) is plotted

and read on the top axis. These protein families did not expand in

the evolution of fungi, despite the growth in genome size as well

as the multiple lifestyles these organisms developed.
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in a variety of organisms. Saccharomyces cerevisiae has

21 distinct proteins, Caenorhabditis elegans 23,Drosophila

melanogaster 20 and H. sapiens 35 (13). In the fungi

studied here, there is little variation in the number of either

member of these superfamilies. Yarrowia lipolytica and

D. hansenii have the highest number (23 distinct proteins)

and E. cuniculi the lowest (eight proteins – Figure 5).

Variations in either superfamily size are independent of

genome size variation. They are in fact correlated with Rab

numbers (r ¼ 0.51), suggesting that Rab numbers may be

an accurate indicator of protein trafficking complexity.

However, simple enumerations of members of protein

families need to be considered with care as they may miss

functional information. For example, although L. major has

comparable numbers of SNARE proteins to metazoa, it

misses some of the subfamilies present in humans

(e.g. SNAP-25 like) but has others that appear to be species

or taxon specific (56).

I further investigated two other protein families involved

in trafficking that were not expected to have expanded,

representing thus a type of ‘negative control’ in this

analysis. The first clathrin heavy chain – most organisms

have a single gene, with the exception of the human

genome that has a specialized muscle-specific isoform

(64). As expected, I found that all fungi have a single gene

for clathrin heavy chain, except for E. cuniculi that has none

(not shown). The other family was class I myosins, motor

proteins involved in a variety of trafficking events (65,66).

In S. cerevisiae, two type I myosins (Myo3 and Myo5)

localize to endocytic sites and are essential for endocyto-

sis. They are thought to be partially redundant. In all fungi

analyzed, I observed that only C. glabrata had two – all

other fungi have a single myosin type 1 gene (not shown).

In summary, the traffic-related protein superfamilies con-

sidered here display the same trend in the evolution of

fungi. That is, there is little variation of family size in the

organisms studied, and this variation is uncorrelated to

genome size, taxonomy or lifestyle or between any

combinations of these families (not shown), but RabGAPS

and SNARE numbers are correlated with Rab numbers.

This observation supports the picture that emerged from

the detailed analysis of Rab proteins: the diversification

of the cellular biology of fungi does not appear to have

required an expansion of the protein trafficking machinery.

It is possible, however, that there were expansions in

other protein families not investigated here. Only an

exhaustive enumeration of all protein families involved in

protein trafficking could clarify this point.

Reconstructing the evolutionary history of the

Rab family

In order to understand how the different Rab profiles

highlighted in Figure 2 could have emerged, I now attempt

to reconstruct the evolutionary history of the Rab family in

fungi. This serves the additional purpose of identifying those

proteins likely to have been present in the ancestral fungus.

Evolutionary reconstructions always rely on a number of

assumptions. The present one relies on the assumption

that those proteins that exist in most organisms were

present at the base of the tree. Supporting this assumption

is the observation by Kunin and Ouzounis that in bacterial

and archaeal genomes, gene losses are more frequent

than gene gains (gene genesis in the original) and horizon-

tal gene transfer (67). In eukaryotes, horizontal gene

transfer is poorly understood. It is clearly possible as shown

recently by Friesen et al. in the case of Stagonospora

nodorum’s ToxA toxin that was laterally transferred from

the fungus Pyrenophora tritici-repentis (68). However,

there is no evidence that such events are frequent. Thus,

in this reconstruction, I will consider horizontal gene

transfer between eukaryotes unlikely. I consider scenarios

that involve small number of events more likely than those

that involve multiple ones.

Figures 2 and 4 illustrate that species-specific duplications

are very frequent. The whole genome duplication that

happened in the Saccharomyces lineage created the iso-

forms Ypt53 and Ypt32, but had otherwise little impact in

the evolution of Rabs in fungi. Thus, segmental duplication

appears to be the most important type of duplication in the

evolution of Rab proteins and the generation of novel

functions.

The most parsimonious scenario is the one presented in

Figure 6. Ypt4, Ypt8 and YptA were present in the ances-

tor of Basidiomycota and Ascomycota and were retained

as the two lineages separated. As the Ascomycota sep-

arated, seven gene losses could account for the present

constellation of Rab proteins, accompanied by the appear-

ance of three novel Rabs in the Saccharomycetaceae

family (Ypt10, 11 and B) (Figure 6). As Ypt10, 11 and B

are not monophyletic, they are likely independent dupli-

cates of distinct genes.

This complicated scenario is required to account for the

Rab family of Y. lipolytica, which although belonging to a

Hemiascomycete appears to be more similar to the Rab

family of Euascomycetes and Basidiomycota than that of

other Hemiascomycetes. In fact, this early diverging Hemi-

ascomycete has other features that are more akin to

Euascomycetes than to Hemiascomycetes. One example

is ribonuclease III processing signals present in all studied

Hemiascomycetes except for Y. lipolytica (69). Any alter-

native scenario, in which Ypt4, 8 and A are not present at

the base of the tree, requires several lateral gene transfer

steps as well as several gene losses. In the absence of any

other data and considering that the phylogenetic position

of Y. lipolytica is not in doubt as it was recently confirmed

by several groups (70,71), I must at present opt for the

most parsimonious scenario.

It seems, thus, clear that the evolution of the Rab family in

fungi is a story of frequent duplications within subfamilies,

contrasting with several losses of whole subfamilies. The
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ancestral of fungi had an elaborate endomembrane system

that was likely similar to that of extant Basidiomycota and

Euascomycota. It included all housekeeping functions that

have been found in other distantly related eukaryotes.

Conclusions

I identified and annotated the Rab family in 26 fungi

genomes. These represent three major fungi lineages,

includes several human and plant pathogens as well as

organisms of scientific and industrial interest. I observed

that there is little variation in the Rab repertoire of these

species, despite the large evolutionary distance covered in

the analysis and large range of genome sizes. Surprisingly,

the minimal fungal Rab set is similar to, perhaps even

smaller than, the set of Rabs speculated to have been

present in the last eukaryotic common ancestor. This is

surprising because it means that the specialized sapro-

phytic lifestyle of fungi as well as the highly polarized

secretion associated to hyphal growth did not require

expansions of Rab repertoires, as could have been pre-

dicted by previous analysis (59). It also means that

multicellularity in fungi was achieved without resource to

Rab family expansions, unlike what was observed for two

other types of multicellularity – the metazoa (12,13) and

plants (12,16). An enumeration of SNARE proteins showed

that SNARE numbers do not vary much in fungal genomes,

which is also in contrast with the notion that multicellularity

implies expansion of this family, at least in plants (57).

I found two clusters of completely taxon-specific Rab

proteins displaying complementary phylogenetic profiles.

Surprisingly, these proteins have mostly unknown func-

tions and have had little experimental attention, even

though their specificity makes them attractive targets in

several fungi that are human or plant pathogens.

Overall, this analysis of Rab proteins, and of other protein

trafficking-relatedprotein families, suggests thatcellulardiver-

sity in fungi did not evolve the same routes as taken in other

branches of the tree of life, notably in animals and plants.

Data and Methods

The organisms used in this study are listed in Table 1

together with the reference to the genome source.

Sequence similarity searches were performed using

Smith–Waterman algorithm, as implemented in a Time

Logic Decypher� machine, at a significance threshold of
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Figure 6: Evolution of Rabs in fungi. The whole figure repre-

sents the major evolutionary steps predicted in the emergence of

extant Rab families in Fungi. It starts with a cartoon representing

the putative cellular compartments of the ancestor of Basidiomy-

cota and Ascomycota, with the Rab complement it is expected to

have possessed. The core Rabs, present in all fungi, are shown in

red, whereas the two groups of taxon-specific Rabs are shown in

green and blue. Below this cartoon is a simplified evolutionary tree

in which the grey rectangles show the constellation of Rab

subfamilies present or predicted to be present in the taxon. Gene

losses are represented by crosses (3), and gene gains, i.e. Rabs

that appear for the first time, are represented outside the grey

boxes and highlighted with a star (w). EE, early endosome; ER,

endoplasmic reticulum; LE, late endosome; RE, recycling endo-

some; TGN, trans Golgi network. Question marks next to protein

names indicate that no information on their localization and/or

function is available.
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p < 0.02, requiring an overlap of at least 40 residues, an

alignment score of at least 100. All sequences were

masked for low-complexity regions using Seg (72). Rab

proteins were identified as all those that were more similar

to a reference set of Rab proteins than to other small

GTPases. The Rab reference set included S. cerevisiae and

H. sapiens families and were compiled in (12). All sequen-

ces are available from the author’s website: http://eao.igc.

gulbenkian.pt/CGL/.

Classification of Rab proteins was based on protein

sequence analysis and performed in three stages. The

first was to define putative orthologous sequences as

bidirectional best hits using the human and yeast families

as reference (12). All other sequences were classified as

related to their best reference sequence hit. We then

aligned all the reference sequences using CLUSTAL W 1.83

(73) and calculated a Neighbour-Joining, bootstrapped tree

using the same program and used these trees to assign

a classification to the sequences not automatically as-

signed in the previous step. All situations that were not

clear by the combination of these two approaches were

further investigated using phylogenetic analysis by maxi-

mum likelihood, implemented in TREE-PUZZLE (74).

Annotated Rab families from other organismswere obtained

from the following references: the animals Homo sapiens,

Drosophila melanogaster and Caenorhabditis elegans and

the plant Arabidopsis thaliana from (12). The four unicellular

eukaryotes, representing three crown eukaryotic groups and

their source are Trypanosoma brucei (19), Trichomonas

vaginalis (18), Entamoeba histolytica (15) and Plasmodium

falciparum (17).

The identification of other protein families was made using

Superfamily automated genome-wide domain assign-

ments. The Superfamily database compiles structural

domain assignments that are based on profile Hidden

Markov Models derived from known protein structures

(46,47). The Superfamily accession codes of the families

we considered are RabGAP (47923), SNARE like (64356),

t-SNARES (47661), clathrin heavy chain (50989) and myosin

type II (52540 and 50044).
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