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ABSTRACT. The RAB GTPases, which are involved in regulation of endomembrane trafficking, exhibit a complex but incompletely
understood evolutionary history. We elucidated the evolution of the RAB1 subfamily ancestrally implicated in the endoplasmic reticulum-
to-Golgi traffic. We found that RAB1 paralogs have been generated over the course of eukaryotic evolution, with some duplications
coinciding with the advent of major eukaryotic lineages (e.g. Metazoa, haptophytes). We also identified a unique, derived RAB1 paralog,
orthologous to the Plasmodium RablA, that occurs in stramenopiles, alveolates, and Rhizaria, represented by the chlorarachniophyte
Gymnochlora stellata. This finding is consistent with the recently documented existence of a major eukaryotic clade (‘°‘SAR’’) comprising
these three lineages. We further found a Rab1A-like protein in the cryptophyte Guillardia theta, but it exhibits unusual features among
RAB proteins: absence of a C-terminal prenylation motif and an N-terminal extension with two MSP domains; and its phylogenetic
relationships could not be established convincingly due to its divergent nature. Our results nevertheless point to a unique membrane
trafficking pathway shared by at least some lineages of chromalveolates and Rhizaria, an insight that has implications towards interpreting

the early evolution of eukaryotes and the endomembrane system.
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ECONSTRUCTION of the deepest evolutionary history of

eukaryotes comprises at least two interrelated tasks: (1) de-
fining the topology of the eukaryotic phylogenetic tree; and (2)
identification of evolutionary novelties or apomorphies associated
with the origin of individual monophyletic lineages. The first task
has proven challenging, but the recent applications of large
sequence datasets analysed with improved methods of phyloge-
netic inference suggest that a robust scheme of eukaryotic phy-
logeny may soon be available (Burki et al. 2007; Hackett et al.
2007; Hampl et al. 2009; Keeling et al. 2005; Patron, Inagaki, and
Keeling 2007; Rodriguez-Ezpeleta et al. 2007). One of the most
surprising results of these analyses is the emergence of a novel
strongly supported clade, informally dubbed ‘‘SAR’’, comprising
the stramenopiles, alveolates, and Rhizaria (Burki et al. 2007;
Burki, Shalchian-Tabrizi, and Pawlowski 2008; Hackett et al.
2007; Hampl et al. 2009; Rodriguez-Ezpeleta et al. 2007). There
is no specific cellular or molecular character known to be shared
by these three lineages, and these groups are partially overlapping
with another supergroup hypothesis, the chromalveolates.

The chromalveolate hypothesis postulates the monophyletic
supergroup Chromalveolata uniting stramenopiles and alveolates
with cryptophytes and haptophytes rather than with Rhizaria
(Cavalier-Smith 1999). This hypothesis is based on the presence
in most chromalveolate lineages of a red alga-derived secondary
plastid that is postulated to have been present already in the com-
mon ancestor of the group (and secondarily lost in some repre-
sentatives, e.g. ciliates). Rhizaria lack this plastid, so the potential
close relationship of Rhizaria with stramenopiles and alveolates,
if confirmed, would necessitate major revisions of our understand-
ing of plastid evolution.

Identification of evolutionary novelties specific for many
monophyletic lineages of eukaryotes has also been challenging,
in particular hampered by the paucity of genomic data for many
important groups (e.g. Rhizaria, cryptophytes, glaucophytes, jako-
bids, apusomonads). Several candidate molecular synapomorp-
hies have been suggested for some major groupings (e.g. Elias
2008; Rice and Palmer 2006; Richards and Cavalier-Smith
2005), including the chromalveolates (Harper and Keeling 2003;
Patron, Rogers, and Keeling 2004). However, broad sampling of
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eukaryotic diversity is a prerequisite for defining the actual phylo-
genetic distribution of any such candidate synapomorphies. A
prominent example that has not withstood database expansion is
the class II myosin subfamily, claimed by Richards and Cavalier-
Smith (2005) to be restricted to the eukaryotic supergroups
Opisthokonta and Amoebozoa and thus supporting their union
into a grouping called the ‘‘unikonts’’. However, it has now been
found in a ‘‘bikont’’, the heterolobosean Naegleria gruberi
(Odronitz and Kollmar 2007). Caution is therefore necessary
when interpreting phyletic patterns of presence/absence of partic-
ular genes inferred from a sparse sample of eukaryotic genomes.

One aspect of the eukaryotic cell that might have been shaped
by many lineage-specific evolutionary innovations is the mem-
brane trafficking network. Indeed, the endomembrane system has
proven to be very plastic among different eukaryotic groups
(Becker and Melkonian 1996; Dacks and Field 2004; Field,
Gabernet-Castello, and Dacks 2007). It is not surprising that com-
parative analyses of proteins implicated in endomembrane
dynamics, although still limited in their scope, have suggested
possible molecular idiosyncrasies specific for some eukaryotic
lineages (e.g. opisthokonts Elias 2008; Field et al. 2007; or alveo-
lates Gould et al. 2008).

The RAB family of monomeric GTPases includes central com-
ponents of the vesicle transport machinery. The family is ex-
tremely complex, with number of distinct paralogs ranging to over
60 in human (Pereira-Leal and Seabra 2001) or up to 300 in
Trichomonas vaginalis (Carlton et al. 2007). The RAB proteins
regulate various steps in the trafficking network, including the
budding of vesicles from donor membranes, vesicle transport, and
fusion with the target membrane (see reviews by Grosshans, Ortiz,
and Novick 2006; Zerial and McBride 2001). The evolutionary
relationships within the RAB family and functional specialisation
of individual paralogs are not completely understood, but several
ancient RAB subclasses, each with a specialised function, are
probably conserved across a wide range of eukaryotes (Pereira-
Leal and Seabra 2001).

One recent analysis of the evolutionary history of the RABS
subfamily showed a number of independent gene duplications
leading to RABS paralogs restricted to only particular eukaryotic
subgroups (Dacks, Poon, and Field 2008). Here, we describe a
detailed analysis of the RAB1 subfamily. The RAB1 subfamily as
understood here corresponds to the ‘‘RAB functional group I’
defined by Pereira-Leal and Seabra (2001) as comprising the Rab1
and Rab35 paralogs from Metazoa, Yptl genes from yeasts, and
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the RabD group from Arabidopsis thaliana. Despite the different
naming conventions, all these RABs appear to represent one
orthology group, characterised by a conserved common function
in the anterograde transport between the endoplasmic reticulum
(ER) and the Golgi complex (Batoko et al. 2000; Dhir, Goulding,
and Field 2004; Grosshans et al. 2006; Morsomme and Riezman
2002). The RAB1 orthologs have since been found in an array of
diverse eukaryotes (Ackers, Dhir, and Field 2005; Eisen et al.
2006; Lal et al. 2005; Langford et al. 2002; Montsant et al. 2007;
Quevillon et al. 2003; Saito-Nakano et al. 2005; Weeks, Gaudet,
and Insall 2005). However, some taxa are known to possess mul-
tiple RAB1 paralogs whose evolutionary origin has not yet been
addressed. Based on a broad phylogenetic analysis of the RAB1
subfamily, we find a unique RAB1 paralog typified by RablA
from Plasmodium falciparum. The paralog has an intriguing
phylogenetic distribution that further supports close relationship
of Rhizaria to stramenopiles and alveolates.

MATERIALS AND METHODS

Assembling the sequence dataset. The sequences analysed in
this study came from our extensive database of RAB sequences
(ME., unpubl. data) derived from completed and ongoing genome
projects and expressed sequence tag (EST) surveys including an
ongoing EST survey of the chlorarachniophyte Gymmnochlora
stellata (for the list of sequences and the source databases see
the Supporting Information Table S1). The full-length coding
sequence of the RablA gene from Guillardia theta (EU069499)
was assembled using EST sequences from our own survey and
from EST sequences kindly made available by the DOE Joint
Genome Institute. Reads of ESTs or whole-genome shotgun
(WGS) from the same species likely representing the same gene
(i.e. sharing > 96% identity) were clustered using the CAP3
Sequence Assembly Program (Huang and Madan 1999; pbil.univ-
lyonl.fr/cap3.php) and the assemblies were manually refined
whenever necessary; in several cases the sequences were cor-
rected after inspecting the original sequencing chromatograms
available from the Trace Archive (http://www.ncbi.nlm.nih.gov/
Traces/) or TBestDB (http://amoebidia.bcm.umontreal.ca/pepdb).
Clones corresponding to several incomplete ESTs were fully
sequenced; the sequences were deposited at GenBank under the
accession numbers EU069499-EU069504. The exon—intron struc-
ture of previously un-annotated genes was determined relying on the
information from EST/cDNA sequences (if available) and conser-
vation of intron positioning and encoded protein sequences. If
evidence from homology or transcript sequences argued for the less
common GC-AG intron borders, they were allowed in addition to
the canonical GT-AG borders. We rechecked our predictions as well
as predictions retrieved from databases after inspecting protein mul-
tiple alignments and corrected the gene models before producing
final alignments used for phylogenetic analyses. New and corrected
protein predictions and sequences inferred from assembled ESTs
and WGS reads are available upon request from M.E.

Sequence analyses. To obtain a starting set of potential RAB1
orthologs, we compared all RAB sequences to all RAB GTPases
from Homo sapiens using BLASTP (BLOSUMG62 scoring matrix,
low-complexity filter off; Altschul et al. 1997). All sequences giving
known RAB1 subfamily members (i.e. Rabla [NP_004152.1],
Rablb [NP_112243.1], or Rab35 [NP_006852.1]) as best hits were
retrieved and aligned together with representatives of several other
conserved RAB subfamilies (RAB8, RAB18, RAB2, RABII,
RABS) using Clustal X (Thompson et al. 1997). The alignment
was further manually edited in GeneDoc (Nicholas and Nicholas
1997; http://www.psc.edu/biomed/genedoc/) following experimen-
tally determined secondary structures of RAB1 subfamily proteins.
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Poorly conserved regions were removed yielding 160 positions in
the final alignment used in phylogenetic analyses.

The original dataset contained 377 sequences including many
potentially RAB1-unrelated and/or highly divergent ones, which
might negatively influence phylogenetic analyses. To identify
such sequences and to reduce the extent of the dataset so that it
can be analysed with computationally demanding methods, we
constructed a working BioNJ (Gascuel 1997) tree based on dis-
tances calculated with the JTT matrix using PROTDIST (PHYLIP
3.6 package; Felsenstein 2004). We placed the root of the tree
arbitrarily on the branch leading to the RABS subfamily, which is
distantly related to the RAB1 subfamily (e.g. Pereira-Leal and
Seabra 2001). We then defined RAB1 subfamily sequences as
those belonging to the most inclusive clade including the human
Rabla but excluding the RABS8 subfamily sequences. In addition,
we identified and removed divergent or long-branch sequences,
which were defined as those with a cumulative branch length from
the root to the leaf longer than a threshold arbitrarily selected as
the leaf of the P. falciparum RablA sequence (CADS51503.1;
Quevillon et al. 2003). Finally, we excluded sequences from
several metazoan and fungal species having other close relatives
in the dataset and highly similar paralogs from the same species.
This selection procedure yielded a final alignment of 160
sequences that were subjected to a maximum likelihood (ML)
phylogenetic analysis implemented in PhyML-aLRT vl.1
(Anisimova and Gascuel 2006; Guindon and Gascuel 2003) us-
ing the WAG+G+1 substitution model with eight rate categories
and all parameters estimated from the data. Replicates for boot-
strap analysis were produced with the SEQBOOT program from
the PHYLIP 3.6 package and bootstrap trees were inferred with
the ML method with PhyML-alLRT using the WAG+G+I
substitution model with parameters as estimated for the original
dataset. Bootstrap support for the tree topology was also assessed
with the rapid ML bootstrapping algorithm (-x option, PROT-
GAMMAIWAG substitution model) implemented in RAXxML
7.0.3 (Stamatakis, Hoover, and Rougemont 2008). Consensus
trees with bootstrap values were obtained using the program
CONSENSE from the PHYLIP 3.6 package. Trees with extra
sequences added to the core dataset (see ‘‘Results’” and ‘‘Discus-
sion’’) were inferred with the same procedure as described above.

RESULTS

A complex evolutionary history of the RAB1 subfamily. We
noted by reciprocal BLASTP searches a possible relationship
between certain RABI1-like sequences from stramenopiles and
alveolates, including the Rab1 A gene from P. falciparum. This sug-
gested there might exist a specific RAB subfamily that is unique to
alveolates and stramenopiles, a possibility that we sought to test
using phylogenetic analyses. Figure 1 shows the result of a ML
analysis of a broad set of RAB1-related sequences. Even with the
exclusion of the most divergent sequences (see ‘‘Materials and
Methods’’), the tree still suffers from extensive ranges of evolution-
ary rates. Because RABs are small proteins that provide a limited
number of positions for phylogenetic inference, only 160 positions
in our case, there is low bootstrap support for most nodes. Never-
theless, the tree topology reflects a tendency of sequences from most
eukaryotic groups to branch together.

Hence, all fungal RAB1 sequences, except the more divergent
sequence from the yeast Saccharomyces cerevisiae, form a single
clade, although without bootstrap support (Fig. 1). Metazoan
sequences except the derived Rab35 paralog (see below) and a
handful of other sequences (some from species known to harbour
rapidly diverging sequences such as nematodes or Schistosoma)
branch together with genes from the related unicellular opistho-
konts (i.e. Monosiga, Capsaspora, Amoebidium), though again
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Fig. 1. Maximum likelihood phylogenetic analysis of the RAB1 subfamily of RAB GTPases. The tree was inferred from an alignment of 160 amino acid
positions of RAB1 sequences using PhyML-aLRT 1.1 (WAG+G+I1, eight rate categories, loglk = — 13914.99831, oo = 0.642, proportion of invariable
sites = 0.017). Bootstrap values based on 100 replicates were calculated with the ML method employing PhyML-al.RT 1.1 with the WAG+G+1 model with
parameters as estimated for the original tree and with the rapid bootstrap algorithm as implemented in RAXML 7.0.3. Note that only values higher than 50%
are shown. Taxonomic affiliation of sequences is indicated with different colours. Only generic names are shown for most taxa, full species names and source
databases are provided in Table S1. For genes that have been previously given specific names, these are inserted between the taxon names and accession
numbers. The root of the tree is placed between the RAB1 subfamily and representatives of the closely related RABS8 subfamily.
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without bootstrap support and with two amoebozoan sequences
nested within the group. The Rab35 paralog forms a strongly
supported cluster comprising sequences only from Metazoa.
Several apparently derived signatures are conserved in all
Rab35 sequences (e.g. a deletion of one residue in the loop con-
necting the helix2 and strand5; data not shown), and the long stem
of the Rab35 clade indicates an accelerated evolution before
metazoan radiation.

RABI sequences from the green lineage (Chloroplastida, includ-
ing Embryophyta and several green algae) form two clusters (both
without support). One comprises at least one gene per each species
examined, whereas the other is restricted only to sequences from
spermatophytes (Arabidopsis, rice, pine). Three of four rhodophyte
RABI sequences analysed in our study cluster weakly together, but
that from Cyanidioschyzon is displaced toward the base of the tree
occupied mostly by rapidly evolving sequences (Fig. 1). Two se-
quences from Cyanophora and Glaucocystis, species representing
the remaining lineage of the supergroup Archaeplastida, also form a
weakly supported cluster (Fig. 1).

Sequences from other supergroups are more scattered. Amoe-
bozoan RABI1-related sequences are found throughout the tree
(Fig. 1). In all species with the genome sequences or extensive
EST collections available, multiple RAB1 paralogs occur. For
example, five RABs (Rabl A—Rab1E) from Dictyostelium discoid-
eum have been assigned to the Rab1 group by Weeks et al. (2005)
and other genes that have been excluded from the present analysis
because of their divergence are perhaps also related to the RAB1
subfamily (not shown). Some paralogs appear to be shared by
distantly related amoebozoans (e.g. the Rab1B gene from Dic-
tyostelium and Hyperamoeba or Dictyostelium Rab1D and one of
the paralogs from Mastigamoeba).

Sequences from trypanosomatids, Euglena, jakobids, hetero-
loboseans, Malawimonas (two paralogs), Trimastix (two paralogs),
and Giardia each form a unique group that do not display any sup-
ported relationship to each other or to any other sequences (Fig. 1).
Some other RAB1 sequences from these taxa and all RAB1 ortho-
logs identified in Trichomonas by Lal et al. (2005) were discarded
from the tree analysis due to their high rate of substitution.

Multiple RAB1 paralogs were uncovered also in haptophytes.
Majority of them fall into two strongly supported clusters, each
comprising representatives from both major haptophyte classes
(i.e. Pavlovophyceae and Prymnesiophyceae, Fig. 1), indicating
that both paralogs were present in the common ancestor of extant
haptophytes.

A RABI1 paralog shared by stramenopiles, alveolates, and
Rhizaria. The most important result of our analysis is the obser-
vation that RAB1 sequences from stramenopiles, Myzozoa
(a subgroup of alveolates comprising apicomplexans, perkinsids,
and dinoflagellates), and the chlorarachniophyte G. stellata fall
into two broad categories. One category represents RABs that are
similar to non-divergent RAB1 sequences of other eukaryotes and
cluster with them in the tree in a manner mirroring the species
groupings (with the exception of a sequence from the parasitic
stramenopile Blastocystis and two highly divergent RABs from
piroplasmids Babesia and Theileria; Fig. 1). The second category
corresponds to a strongly supported clade closer to the base of the
RAB1 subfamily comprising one sequence from each completely
sequenced stramenopile genome, one sequence from majority of
completely sequenced apicomplexan genomes (except Theileria,
see below), one gene from the genome of Perkinsus marinus, an
EST from the dinoflagellate Oxyrrhis marina, and an EST from
Gymnochlora (Fig. 1). Because this clade includes a gene from
P. falciparum previously designated as RablA (Quevillon et al.
2003), we refer to it as ‘‘Plasmodium RablA-like cluster’’.

Inspecting the RAB1 alignment showed sequence signatures
unique Plasmodium RablA-like proteins: positions 49, 50, 79,

351

and 85 (as in the human Rabla) are typically occupied by K, I, S,
and H residues, respectively, but R, F, A, and D residues are found
at these positions in all sequences of the Rab1A cluster (Fig. 2).

The presence of RablA in most myzozoans raises a question
whether it is conserved in alveolates in general. Because for the
analysis presented above (Fig. 1) we had omitted a number of se-
quences forming long branches in a preliminary distance tree, in-
cluding a sequence from the piroplasmid Theileria and sequences
from ciliates, we asked whether any of those divergent sequences
could be related to the Rab1A cluster. Indeed, when we added the
Theileria sequence to the dataset, it was robustly resolved as a
sister of the RablA sequence from another piroplasmid, Babesia
(Fig. 3a). This sequence also shares three of the four RablA
signature substitutions (Fig. 2), suggesting that it is indeed or-
thologous to RablA from other myzozoans. Next, we added a
group of relatively divergent sequences from the ciliates Para-
mecium, Tetrahymena, and Oxytricha, which were sistergroup to
the RablA cluster in the preliminary distance tree (not shown).
The resulting tree again shows the ciliate sequences as a divergent
sister to the ‘‘core’” RablA cluster with weak support (Fig. 3b).
Inspecting individual bootstrap trees shows that the low bootstrap
values (i.e. below 50%) for the core RablA cluster in this tree are
because it is often disrupted either by the ciliate Rab1A-like sequences
or by the relatively divergent Babesia RablA sequence branching
with the ciliate Rab1A sequences elsewhere in the tree. Most of the
ciliate sequences also share the four signature residues with RablA,
with the exception of a few sequences from Paramecium deviating at
one or two positions (Fig. 2).

After the analyses reported here were completed, a draft ge-
nome assembly from the on-going sequencing project for another
chlorarachniophyte became available, Bigelowiella natans (see
http://www.jgi.doe.gov/sequencing/why/50026.html). The Bige-
lowiella genome encodes a protein highly similar and apparently
orthologous to the Gymmnochlora RablA: it contains all four
RablA signature residues, and branches with the G. stellata
RablA with 100% bootstrap support and within the Rab1A clus-
ter with 98% support in ML analysis (using RAXML: data not
shown). These preliminary results thus indicate wider conserva-
tion of the RablA paralog in the chlorarachniophytes.

A structurally unique RablA-like protein in the crypt-
ophyte Guillardia theta. Searching for possible relatives of
RablA among the RAB1 sequences omitted from the core anal-
ysis (Fig. 1), we noticed that one sequence from the cryptophyte
G. theta exhibits higher BLASTP similarity to the stramenopile
Rab1A sequences than to any other RABs in our database. It also
features three of the four RablA signature residues, with the
fourth signature position occupied by a W rather than an F resi-
due, which can be considered as a conservative substitution (Fig.
2). When we added this Guillardia sequence to the main dataset,
we found that it indeed branches as sister to the core Rab1A clus-
ter with weak support (Fig. 3c). As with the ciliate RablA
sequences, the Guillardia sequence either nested within RablA
or the Babesia RablA sequence grouped with Guillardia else-
where in the tree in individual bootstrap replicates, weakening the
support for RablA (data not shown). Overall, the Guillardia
Rab1A-like sequence appears to be an ortholog of the strameno-
pile, alveolate, and rhizarian Rabl1A. Two more Gullardia RAB1
paralogs cluster together with an EST from another cryptophyte,
Rhodomonas salina, and represent less divergent members of the
RABI1 subfamily (Fig. 1).

The vast majority of RABs possess a hypervariable C-terminal
tail bearing two (or infrequently one) cysteine residues that are
modified by geranylgeranyl moieties anchoring the RAB protein
in membranes (Pereira-Leal and Seabra 2001; Pfeffer and Aivaz-
ian 2004). The Guillardia Rab1A-like sequence, however, lacks a
C-terminal cysteine geranylgeranylation motif and instead con-


http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html
http://www.jgi.doe.gov/sequencing/why/50026.html

352 J. EUKARYOT. MICROBIOL., 56, NO. 4, JULY-AUGUST 2009

(7]

Saccharomyces NP_116615
CAG80749
charomyces NP_596205

OITWDTHGOERFR
OTWDTHGOERFR
OTWDTEGOERFR

a 1564 OIWDTAGOERFR C,
Coprinopsis EAU88348 OTWDTAGOERFR
183731 OTWDTHGOERFR
ARWA6571 OIWDTAGOERFR
ERK84719 OTWDTHGOERFR
pus RO3G_00820.1 OTWDTAGOERFR
izopus RO3G_01990.1 OTWDTRGOERFR
izopus RO3G_12274.1 OTWDTHGOERFR

yces AML00000458
chytrium BDEG_07546

OTWDTHGOERFR
OTWDTHGOERFR
OTWDTHGOERFR
OTWDTHGOERFR
OTWDTHGOERFR

> MNL00000018 OIWDTRGOERFR
0 Rabla NP_004152 OTWDTHGOERFR
o Rablb NP_112243 IQIWDTHGOERFR
712200 OTWDTHGOERFR

713528 OTWD THGOER
753000 OIWDTHGOERFR
Takifugu 746188 OTWDTRGOERFR
Ciona 203641 OTWDTRGOERFR
2 276199 OTWDTRGOERFR

trotus Xp_781611 OTWDTHGOERFR
OTWDTEGOERFR

967
Rabl NP_732610

R N Rl R R R RN

IQIWD!' QERFR
a 223052 OTWDTAGOERFR
gia EDP29503 OTWDTRGOERFR
bditis rab-1 NP_503397 OITWDTHGOERFR
ella 177262 R OIWDTAGOERFR
a 201174 IQIWDTHGOERFR
tosoma Smp_072290 OTWDTRGOERFR
IQIWDTAGOERFR

OIWDTRGOERFR apg i3S

Nematostella 229065
oplax 49844
medon 933389921
> Rab35 NP_006852
597421

OTWDTHGOERFR
W TREOTWDTRGOERFR
4 TREOTWDTAGOERFR
32 VREO TWDTRGOERFR
$AVREQ IWDTRGOERFR TH

]
| Z mmin im0 mn n moimn moimoim n m o imomn o imimon n moim o in i mom i nomomon momoin

UMMUOUMUUUZZUOU@WZZ2Z2ZHU0RNZO0Z2Z200000Z000Z000U0000000000MU0MBARAAMEMERMODNEOD

]
o H % O M2 H % 0% H O % % R0 % HO AR K E % E R EZ 000N 000 M EOH MR DS HO MR RGO HO M E RO MM EEEEEEEEEEEE R RS

743987 ER) IQIWD!' QERFR INTH
ona 254960 11 VRROTWD THGOERFR TH
1 EK) IQIWD!' QERFR TH
25 VERO TWD THGOERFR TH
5003736 o 42 VREO TWD THGOERFR TH
phila Rab35 NP_608373 1 3VEEO TWD THGOERFR TH
Daphnia 195992 ER) IQIWD!' QERFR TH
(9 VEROTWDTHGOERFR TH
Caenorhabditis rab-35 NP_499454 OR) IQIWD!' QERFR TH
Capitella 21277 131 VRROTWD THGOERFR TH
Lottia 187701 425 VERO TWD THGOERFR TH
11 VRRO TWD THGOERFR TH
2 1REO TWD THGOERFR TH
125 VERO TWD THGOERFR TH
EAL65493 by TREO TWDTHGOERFR H
B EAL68106 31 TREO TWDTAGOERFR H
C EAL71937 IC K} IQIWDTAGOERFK! H
EAL64956 by TREO TWDTHGOERFR Q
1 RablE EAL69441 P TR0 TWD T Y GORRFRYNNSHY H
Hyperamoeba dachnaya EC854517 T/ -D NK= VI BOVWD THGOERFR N
peramoeba sp. HSL00000712 J3R T RO TWD TRGOERFR H
PPL00000165 ID: )3 TKEO IWDTHGOERFR H
Mastigamoeba MBL00001855 D T} IQIWDTHGOERFR H
Mastigamoeba MBL00003064 D [©5)VRY T REO TWD TAGOERFR Q
Entamoeba RablA EALA45948 D IEK N VEEO TWD THGOERFR Q
eba RablB EAL43647 D \GR» T KEOTWDTHGOERFR H
ACL00002297 D N, 'ND .V IQIWDTAGOERFR H
ACL00000169 D D IOIWDTAGOERFR H

00001343 D DD 'S} IQIWD!' QEKFR H A
VL00003640 ) D T) IQIWDTAGOERFR H
(VL00003233 D DES IQIWDTAGOERFR H
\ D ES IO IWDTHGOERFR H
Trypanosoma brucei Rabl ARX69377 gy ERY T KHOTWD THGOERFR H
1 i EAN85763 D D IQIWDTAGQERFR H
D $5ERY T KEO TWD THGOERFR H
Nae, a 55383 ) PIER:: TREO TWDTHGOERFR H
Sawyeria SML00000417 D DD T IQIWDTHGOERFR H
Jakoba JLL00000638 D Dc ) IOIWDTAGOERFR H
Reclinomonas RAL00001453 ) EK:: TKEO TWD THGOERFR H
Seculamonas SEL00000687 D DGR TREOTWDTHGOERFR H
Giardia AAG12239 D KDNT) IQIWDTAGOEKFR H
x TPL0O0000115 D D| IO IWDTHGOERFR Q
x TPL00001290 D Ec T IQIWDTAGOERFR N,
monas MJL00000257 D 326Ky T KEOTWD THGOERFR H
vimonas MJL00004461 D De T IQIWD!' QERFR N,
Foke * *

Cyanophora EC66031
Glaucocystis GNL00000340

OIWDTHGOERFR
OTWDTHGOERFR
OIWDTHGOERFR
OIWDTHGOERFR
OIWDTRGOERFR
OTWDTRGOERFR

OIWDTRGOERFR

OIWDTHGOERFREES!

Arabidopsis RabDl NP_187779 EQDc T IQIWDTAGQOERFR!
Oryza OsUMg0000022 128V BR T REO TWD THGOERFR
Oryza 0505901490 1o GRs \VREO TWD THGOERFR
Pinus TAL0419_3352 )4 G TR0 TWD THGOERFR
us TNR46‘;7?ﬁL‘7 E/Dc | IQIWDTAGQOERFK]
sis RabD2a NP_171715 h{GR TREO TWD THGOERFR
dopsis RabD2b NP 568678 )e) Gy TREO TWD THGOERFR by

0501908450 )o{e) G TR0 TWD THGOBRFR
0s01g37800 EQD ¢ T IQIWDTAGQOERFR!
TA3823_3352 (e G TREO TWD THGOERFR
TA12411_3352 E/Dc T| IQIWDTAGQOERFR!
TA553_3352 X ERY TREO TWD THGOERFR
228158 T IQIWDTAGQOERFR!
la 186523 M TREO TWD TRGOERFR!
V) IQIWDTAGQOERFR!
N TREQ TWDTHGOERFR
b \VREO TWD THGOERFR
Ostreococc y: G TREO TWDTHGOERFR!
Chondrus C0653013 T IQIWDTAGOERFR!
ra AV436487 W TREOTWD TRGOERFR
58900.1 T IQIWDTAGQOERFR
CMF181C V) IQIWDTAGQERFR

T

by

T

OTWDTRGOERFR
OTWD TRGOERFR
OIWDTHGOERFR
OTWDTRGOERFR
OTWDTAGOERFR
OTWDTRGOERFR
(GOERFR!
OIWDTRGOERFR
OIWDTRGOERFR
OTWDTRGOERFR

2 va PLL00001408
Pavlova PLL00001323

RHL00000071
50

O EEO E00 HM©000 OEEOREERERD®EMER
AR AR RN AR R RN N R AR RN R R AR R R RR ]

Phaeodactylum 22

=]
Lo}
[~}
0

RN RN RN NN NN N- NN NeN-N=|
[]
g

x-.ap.n.nn.%%%xononp.%nn.p.nnnaanaaannnaannzmmmwmmomm:n:nu::n::m:c:n:nm:n:nmmzmm::::nm:c:nmm:::nm:n::m:n:n:nm:c:nmm:::nm:n::m
o H

Aureococcus 71 EI'E] OIWDTRGOERFR
Ectocarpus 1306135103 E/'DS OTWDTRGOERFR
hora 108764 E!'D| OIWDTRGOERFR
onospora 603930 E/'D OIWDTHGOERFR
EC643674 DI'D OIWDTRGOERFR
ytrium EH403254 E. D OTWDTRGOERFR -
um RablB CAD5149 E/'ED OIWDTRGOERFR
Babesia Contigd161 BN TREO TWD THGOERFR
Thei a AAD51132 B TREO TWD TRGOERFR
contig 00029016 DIB G \VEEO TWD THGOERFR
B ER: VREO TWD TRGOERFR
SRR VEEO T WD TRGOERFR]
32153 8K TREO TWD TRGOERFR
BV GK:VEEO TWD THGOERFR
FFIRENID R VRE O I WD THGOERFR aj S
PRIV e VREO TWD THGOBRFR! aj 7
SRRV ») By VIREIO T WD! RFR! a) 3
PRIV W BK VREQ TWD TRGOERFR! a) 2
PRIV o) (K« VIRE O T WD RFR} al :T(
r£0 KHDN T\ < (ohaun] RFR a) =
T2 ARV ) Y {VIREO T WD RFR a) &
odium RablA CAD51503 PRI W KeVREQ TWD THGOERFR! a £
Babesia Contig4164 P2 ARIT AWVEGR 2 VEEO TWD RFR a) 32
Toxoplasma 995366 r £ NDNEI) < (ehdu] RFR a 2
Eimeria contig_00021013 PRIV WK VREO TWD THGOERFR! aj 2
Cryptospor. m cgd6_3830 £ Ki DD 1| IQIWD' RFR al a
PRI =A») Ry TREO T WD THGOERFR! al g
PESRID VI e VRO TWD TRGOERFR aj o
T F KD OIWDTHGOERFR
P2IRTLe) NKS:H OTWD TRGOERY RIS &
x£: - THMD) x<~ OTWDTHGOER Y REEEE &
1 B R VO TWD THCOBRFR a) ]
1 Tetrahymena PRI\ ERAVEEQ TWD THGORRFREEH IS R
1 Parameciur PRI )N K(e LREO T WD TAGOER FRIMD &Y g:
Paramecium GSPATP00034706001 P AREN AT ER SVREQ TWD TAGOERFR a) Sy
§ Paramecium GSPATP00037527001 P2 ERIN AN ER VREQ TWD THGOERFR! aj S
PATP00016465001 PERSE W\ Eole VREO TWD THGORRFRYEDY: Z
TP00012358001 PRIREN:W Elele VREO TWD THGOER FRABD b4 :
ATP00018328001 FalB 3 GRe LK O TWD THGOER FRESM 2
ATP00018782001 3l 3ol BK(e L. KO TWD THGOER FREID Y o
GSPATP00013499001 PRAREE W e L KO TWD TRGOER FRIGM <1
ATPO0O PRIRTN 1) QIWDTHGOERFR aj 2 :
r£:40/PiiD OTWDTAGOERFR aj oy
n GSPATPOO rf PiD. IQIWD' QERFR al S
GSPATP00030031001 P IREN AT GR SVREQ TWD TAGOERFR a) 3
EERRR o 12 ST iy o ool <SGk S A S
*

Fig. 2. Signature residues defining the Plasmodium RablA-like paralog. The figure shows a part of a multiple alignment of RAB1 subfamily se-
quences corresponding to the strand2 to strand4 region. The four signature positions for Rab1 A are marked with asterisks at the bottom of the alignment;
residues at these positions conforming to the RablA-specific pattern are displayed in lower case (1, f, a, and d, respectively). Sequences forming the
Plasmodium Rab1A-like cluster (see Fig. 1) are boxed with a solid line. Additional sequences related to this cluster, based on other analyses (see Fig. 3)

are boxed with a dashed line.

tains an N-terminal extension of ~ 310 residues (Fig. 3¢), which
according to Search Pfam (Finn et al. 2006) contains a tandem
of two Major sperm protein (MSP) domains (with E-values of
3.9¢ — 10 and 4.4e — 11, respectively) separated by a short linker
(28 residues). The MSP domain is present in a number of proteins
including the mammalian ER-associated VAMP-associated pro-
tein, in which it mediates recruitment of FFAT motif-containing
proteins to the ER membrane (Kaiser et al. 2005). We speculate
that cryptophytes have modified their Rabl A protein by replacing
geranylgeranyl-mediated membrane association with a novel

mechanism involving the interaction of the MSP domains with a
membrane protein (possibly containing the FFAT motif).

DISCUSSION

RABI1 evolution in opisthokonts, plants, and amoebozoa.
Elucidating the phylogenetic relationships within a family of pro-
teins so short as RABs is difficult, but our analyses do neverthe-
less allow some interesting insights. For example, the metazoan
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Fig. 3. Reanalyses of the RAB1 phylogeny with extra sequences added to the core dataset. The analyses were performed with the same approach as
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search (MPS—Major sperm protein domain).

RAB1 subfamily sequences are probably best interpreted as re-
flecting the existence of two conserved RAB1 paralogs ancestral
to multicellular animals, including sponges: the prototypical Rab1
and the derived Rab35. Rab35-related genes are not present in
genomes or ESTs from any non-metazoan eukaryotes sampled,
including other members of the Holozoa (i.e. the choanoflagel-
lates Monosiga brevicollis and Monosiga ovata, the ichthyospor-
ean Amoebidium parasiticum, and Capsaspora owczarzaki) or the
closely related Fungi, suggesting that Rab35 arose via duplication
and rapid divergence of the ancestral RAB1 gene specifically in
the metazoan lineage. The increase in the evolutionary rate of
Rab35 may reflect neofunctionalisation, because Rab35 is no
longer considered to act in ER-to-Golgi traffic (the ancestral func-
tion of the RAB1 proteins), but serves instead in the endosomal
recycling pathway (Kouranti et al. 2006; Sato et al. 2008).
Similarly, we find that the two distinct RAB1 subgroups pre-
viously reported for angiosperms, RabD1 and RabD2 (Rutherford
and Moore 2002), were already present before the radiation of
sperm plants. In this case, the RabD1 paralog is apparently the
derived one, whereas RabD2 sequences have remained more like
the only RAB1 gene in spore plants and algae. Data from ferns
and allies are needed to pinpoint the actual origin of RabD1 within
embryophytes and functional characterisation of RabD1 genes is
necessary to test for their potentially novel cellular function.

Amoebozoan species are characterised by harbouring extended
families of RAB1 paralogs whose evolutionary origin is difficult
to trace from the present analysis. Because there is no evidence
in our tree for a specific relationship of any amoebozoan RAB1
sequence with sequences from other eukaryotic lineages, the most
parsimonious assumption is that the paralogs have emerged from
duplications within this supergroup. The existence of some para-
logs shared by distantly related representatives (e.g. Dictyostelium
and Mastigamoeba) indicates that Amoebozoa may have dupli-
cated their RAB1 genes relatively early in their history, but much
better sampling of the supergroup is required to learn more about
the evolution of its RAB1 subfamily. The same conclusion applies
to the diversity of RAB1 paralogs in Excavata.

A new RABI1 paralog unique to the chromalveolates and
rhizarians. The most interesting result from our RAB1 phylog-
eny is the evidence for a broader occurrence of a RAB1 paralog
typified by RablA from P. falciparum. Our data conclusively
demonstrate orthologs of the RablA gene in other myzozoans,
stramenopiles, and the chlorarachniophyte Gymnochlora, repre-
senting the supergroup Rhizaria. We also found candidate Rabl1 A
genes in ciliates, although the bootstrap support for the relation-
ship is not strong. However, because ciliates are a well-established
sistergroup of Myzozoa and the respective RABs exhibit the
RablA-specific signature residues, we suggest that they are
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divergent but bonafide RablA orthologs. The multiple rounds of
duplications and extensive divergence observed for the ciliate
RablA genes are a fate rather characteristic for ciliate genes in
general (see, e.g. Aury et al. 2006; Zufall et al. 2006). Hence, we
conclude that the RablA paralog has been retained in every
species of alveolates, stramenopiles, and Rhizaria with the
genome sequence available for examination.

It has been noticed already that Plasmodium RablA is a spe-
cialised, derived paralog compared with Plasmodium Rab1B and
prototypical RAB1 sequences from other eukaryotes (Quevillon
et al. 2003). This is consistent with our results, as the non-Rabl A
sequences from stramenopiles, myzozoans, and Gymnochlora
have generally shorter branches. The Rab1A paralog is also differ-
entiated by several unique substitutions. Interestingly, they map to
regions of the RAB protein mediating its interaction with specific
effectors (e.g. see Ostermeier and Brunger 1999). The RablA pa-
ralog may thus use a new set of effectors and potentially serves a
new function compared with the prototypical Rab1B paralog. The
intracellular localisation of RablA in Plasmodium (Quevillon
et al. 2003) is consistent with a function in the early secretory
pathway (as it is expected for a RAB1 subfamily member), so
additional experimental data are needed to test for the predicted
functional differences between RablA and Rab1B, and how con-
sistent the function is between RablA proteins in different taxa.

The specific relationship of the chlorarachniophyte RablA to
genes from stramenopiles and alveolates is not without prece-
dents. Several previous studies showed that a number of genes
from Bigelowiella natans, most of them encoding plastid-targeted
proteins, are closely related to genes from stramenopiles/alveo-
lates, and this phylogenetic pattern was interpreted as indicating
horizontal gene transfer (HGT) to the chlorarachniophyte lineage
(Archibald et al. 2003; Li et al. 2006; Obornik and Green 2005;
Petersen et al. 2006; Rogers et al. 2007; Teich et al. 2007). How-
ever, recent results from phylogenomic analyses demonstrating
that stramenopiles, alveolates, and Rhizaria (including chlorar-
achniophytes) form a clade (Burki et al. 2007, 2008; Hackett et al.
2007; Hampl et al. 2009; Rodriguez-Ezpeleta et al. 2007) have
raised the possibility that at least some of these genes were ver-
tically inherited from the common ancestor of this ‘““SAR’’ clade
(see the discussion in Lane and Archibald 2008). The two
chlorarachniophyte Rab1A genes could still be due to HGT, but,
notably, they do not exhibit a specific relationship to any str-
amenopile or alveolate sublineage in our analysis, so the donor
group in the case of HGT scenario remains hypothetical at pres-
ent. We therefore prefer the explanation invoking vertical inher-
itance from an ancestor shared with stramenopiles and alveolates,
in agreement with the phylogenomic evidence for the SAR clade.
Better sampling, especially of additional rhizarian lineages (for-
aminiferans, radiolarians, cercomonads etc.), will help to distin-
guish between the alternative explanations for the occurrence of
RablA in chlorarachniophytes.

In addition to species of the SAR clade, we found potential or-
tholog of the Plasmodium Rab1lA in the cryptophyte G. theta, but
elucidating the relationship of this gene to other RAB1 genes is
complicated by its divergent nature and the lack of genome data
from other cryptophytes. The occurrence of an ortholog of the
stramenopile/alveolate RablA in cryptophytes would be appeal-
ing given the fact that it would add support to relationship of these
taxa postulated by the chromalveolate hypothesis (Cavalier-Smith
1999). Recent evidence indicates that cryptophytes are specifi-
cally related to haptophytes (Burki et al. 2007; Hackett et al. 2007;
Patron et al. 2007; Rice and Palmer 2006) and a few more poorly
studied lineages (kathablepharids, Telonema, and perhaps
picobiliphytes; Kim, Simpson, and Graham 2006; Not et al. 2007;
Okamoto and Inouye 2005; Shalchian-Tabrizi et al. 2006), but the
position of this clade in relation to alveolates and stramenopiles re-
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mains contentious (Burki et al. 2008; Hampl et al. 2009; Kim and
Graham 2008). If the cryptophyte RAB1A-like gene were truly
orthologous to RablA of the SAR clade, we would expect the
RablA paralog in haptophytes, too. However, the draft genome
sequence of the haptophyte Emiliania huxleyi apparently lacks it,
necessitating a secondary loss or divergence beyond recognition
in at least this haptophyte representative, or some model involv-
ing HGT.

We tried to find among the divergent RAB1 sequences addi-
tional candidates for Plasmodium Rab1A-like genes but have not
found any BLASTP searches, looking for the Rab1A-specific sig-
nature sequences, or phylogenetic analyses. The Guillardia gene
thus remains as currently the only candidate for the Plasmodium
Rab1A-like paralog outside the SAR clade in the available sample
of RAB sequences.

Concluding remarks. Phylogenetic analysis of the RAB1 sub-
family suggests that the multiple RAB1 paralogs in most eukaryo-
tic species stem mainly from independent, lineage-specific
duplication events. This finding reflects considerable evolution-
ary dynamics of the RAB1 subfamily and flexibility with which
regulation of the endomembrane trafficking has been modified
over the course of eukaryotic evolution. The best understood lin-
eage-specific expansion within the RAB1 subfamily is the dupli-
cation resulting in Rab1 and Rab35 early in metazoan evolution.
We now present evidence that the Plasmodium RablA and Rab1B
may also derive from an ancient duplication possibly taking place
before the radiation of stramenopiles, alveolates, Rhizaria (i.e. the
SAR clade), and perhaps also cryptophytes. The shared possession
of two clearly distinct RAB1 paralogs points to a shared traffick-
ing route mediated by the specialised RablA paralog. Increasing
the taxonomic sampling of RAB1 data will be needed to deter-
mine whether RablA is widespread in Rhizaria, whether the di-
vergent Guillardia Rab1A-like sequence is indeed orthologous to
the RablA, and whether such an ortholog has been indeed lost
from haptophytes.
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