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ABSTRACT
We examined sequence conservation and signatures of selection in Rab7 proteins across 11
Paramecium aurelia species, and determined the localization patterns of two P. tetraurelia Rab7
paralogs when expressed as GFP fusions in live cells. We found that, while there is a variable
number of Rab7 paralogs per genome, Rab7 genes are highly conserved in sequence and appear
to be under strong purifying selection across aurelias. Additionally, and surprisingly based on
earlier studies, we found that two P. tetraurelia Rab7 proteins have virtually identical localization
patterns. Consistent with this, when we examined the gene family of a highly conserved Rab
binding partner across aurelias (Rab-Interacting Lysosomal Protein, or RILP), we found that
residues in key binding sites in RILPs were absolutely conserved in 13 of 21 proteins, representing
genes from 9 of the 11 species examined. Of note, RILP gene number appears to be even more
constrained than Rab7 gene number per genome.
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Rab7 genes are both essential and highly conserved in
the majority of eukaryotic genomes [1]. Additionally, the
Rab7 subfamily does not appear to have undergone the
large expansions that other subfamilies of Rab GTPases
have. Why some genes or proteins follow certain evolu-
tionary trajectories with regard to duplicate retention,
sequence constraint, and/or functional innovation is still
little-understood for most gene families. We wanted to
better understand the evolutionary constraints that these
proteins are under, particularly at the subcellular level.

Members of the Rab family of small GTPases control
fusion steps in eukaryotic membrane trafficking; subfami-
lies of Rabs are further associated with specific subcellular
trafficking pathways. Proteins in the Rab7 subfamily are
key regulators of endosomal maturation, as well as lyso-
some biogenesis [2]. Concomitant with this integral role in
endosome-to-lysosome maturation, at least one Rab7 is
highly conserved in virtually every eukaryote examined
thus far [1,3–5]. This trafficking step is also one of the
most-well-characterized at the molecular level: the cascade
of activation and deactivation that leads to the handoff
from active Rab5 (and early endosome identity) to active
Rab7 (to the acquisition of late endosome identity) through
the SAND effector homolog in C. elegans is particularly

elegantly characterized [6]. Interestingly, this interaction is
conserved in plants, but has been co-opted for vacuolar
transport [7]. In mammalian cells, Rab7 also has direct
roles in: controlling acidification of lysosomes by organiz-
ing the assembly and function of V-ATPases on lysosomal
membranes [8,9]; both plus andminus-end-directed trans-
port of late endosomes and phagosomes [10]; late endoso-
mal and phagosomal positioning near to the microtubule
organizing center (MTOC) [11,12]; and in mediating traf-
fic between lysosomes and various degradative compart-
ments, as they mature, including those involved in
autophagy,mitophagy and lipophagy (extensively reviewed
in [3]). For most of these functions, the extent of functional
conservation beyond mammalian cells remains to be
determined.

The ancestor of all eukaryotes possessed a single Rab7
gene [1]. While Rab7 is one of the most retained and
essential members of this gene family, study of both
recent and ancient Rab7 duplications has indicated that
duplication of Rab7 genes has led, in several cases, to
functional diversification over time. One of the oldest
examples was the duplication of an ancestral Rab7 gene
that led to the creation and diversification of Rab9 in the
opisthokont lineage, and involved in lysosome-to-trans
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golgi network traffic [13]. Other well-studied Rab7 dupli-
cates, or paralogs include human Rab7b [14], the
Entamoeba Rab7 paralogs [4], fission yeast Ypt7 and
Ypt71 [5], the eight Arabidopsis Rab7 genes [15], and
Paramecium octaurelia Rab7a and Rab7b [16,17].
However, only the latter study focuses on a functional
comparison of relatively closely-related duplicates, that
have high sequence similarity. The existence of multiple
Rab7 paralogs in a genome also appears to correlate with
recent whole genome or large-scale duplications. This
indicates that, over time, most Rab7 duplicates are lost.
For example, in a recent survey of kinetoplastid traffick-
ing proteins, it was found that most kinetoplastids have
only one Rab7 gene, while Bodo saltans and Trypanosoma
borreli have two and three paralogs respectively, with the
B. saltans duplicates correlating with a possible whole
genome duplication event [18].

The ancestral lineage that led to the Paramecium
aurelia species complex underwent at least two whole
genome duplications (WGDs) in its evolutionary history
[19]. After the most recent WGD, WGD1, the species
radiated into the 16 characterized species that we observe
today. The duplicates have experienced ongoing loss, but
on average each species has retained ~50% of the dupli-
cates in sum from both recent WGDs, with differential
loss experienced among specific duplicates [20]. While
three Paramecium aurelia species and one pre-duplica-
tion outgroup species, P. caudatum, have been previously
sequenced and published [20,21]., other P. aurelia gen-
ome sequencing efforts (both macronuclear and micro-
nuclear) are in progress. We obtained Rab7 and RILP
sequences from 11 genomes across the aurelia complex,
as well as from two outgroups (the published P. cauda-
tum and the as-yet-unpublished P. multimicronucleatum)
by requesting that the authors search the unpublished
genomes for us (Olivier Arnaiz and Jean-François Gout,
personal communication). With this larger set of dupli-
cates from across the species complex, as well as the two
outgroups, we were able to observe larger patterns of
retention and loss, and examine the extent of sequence
conservation within this subfamily of essential proteins.
Additionally, functional diversification was recently
reported between Rab7 duplicates for one species,
P. octaurelia [16,17]. To test whether this functional
diversification extended to other sets of Rab7 paralogs
in the P. aurelia complex, we localized the corresponding
Rab7s in P. tetraurelia.

Results

Rab7 paralog sequences were retrieved from each gen-
ome through blastp analysis of the predicted protein
sequences. Each genome contains between one and four

Rab7 genes, for a total of 28 genes, representing 11 of the
16 recorded P. aurelia species (Table 1). In the 11 P.
aurelia genomes analyzed, 6 contain three Rab7 paralogs.
While it is possible that a paralog has been missed due to
an incomplete genome assembly or missed genes in
genome annotation, this is unlikely to significantly affect
this study. Indeed, genome assembly sizes are highly
conserved across the aurelia species studied here, sug-
gesting that most of the genomes were captured and only
a very small fraction of genes might be missing from each
assembly. P. jenningsi, with four Rab7 paralogs, has the
highest number among the 11 genomes; interestingly, it
is likely that this species harbors an additional whole or
partial genome duplication, which may explain the addi-
tional one or two Rab7 duplicates in its genome (Jean-
François Gout, personal communication).

To better understand the evolutionary history of
Rab7s in P. aurelia species, we constructed both max-
imum likelihood (ML) and neighbor joining (NJ) phy-
logenies by aligning the nucleotide coding sequences
each Rab7 gene (Figure 1 and S1; alignment files figure
S2 and S3). In both trees, many branching relationships
have only low bootstrap support; this reflects that these
genes are very closely related and have only a few
nucleotide changes between them, making strong
branching relationships difficult to decipher. Overall,
the gene sequences group into roughly two major
clades, which we have named the Rab7a clade and the
Rab7b clade, consistent with previous naming [22]. The
clade with the strongest bootstrap support in both
phylogenies is the Rab7b clade, as well a subset of the
7a clade, with clear outgroups of often-paired Rab7a
paralogs from different species. The most closely

Table 1. Paramecium aurelia genomes contain a variable num-
ber of Rab7 genes. Number of Rab7 and RILP genes in each
genome; number of RILP paralogs with invariant conserved
amino acid residues, out of a possible 17 sites.

Organism

Rab7
paralogs
in genome

RILP
paralogs
in genome

# of RILP paralogs
with invariant
conserved
residues

Paramecium primaurelia 2 2 1
Paramecium biaurelia 3 2 1
Paramecium tetraurelia 3 2 2
Paramecium sexaurelia 2 1 0
Paramecium septaurelia 1 2 1
Paramecium octaurelia 3 2 1
Paramecium novaurelia 3 2 2
Paramecium decaurelia 3 2 2
Paramecium dodecaurelia 3 2 2
Paramecium
quadecaurelia

1 2 1

Paramecium jenningsi 4 2 0
Outgroup species
Paramecium caudatum 1 1 0
Paramecium
multimicronucleatum

2 N/A N/A

Tetrahymena thermophila 1 N/A N/A
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related pairs or triplets of P. aurelia species [23] share
the same numbers of Rab7 paralogs: octaurelia and
tetraurelia (with 3 Rab7 genes); and novaurelia, dode-
caurelia and decaurelia (with 3). Otherwise, there is not
a strong trend in Rab7 expansion or loss across the
species complex. Two sets of P. jenningsi Rab7 paralogs
group together, consistent with more recent WGDs in
this lineage. Generally, since the whole genome dupli-
cation events predate the speciation events in these
species, orthologs should be more closely related by
descent than paralogs. However, multiple pairs of
intraspecies paralogs group together, including the
Rab7a1 and a2 pairs in P. biaurelia, tetraurelia, sexaur-
elia, octaurelia, novaurelia, decaurelia, dodecaurelia;
this is consistent with previously detected gene conver-
sion in these species [20]. In general, relationships
between orthologs track species relationships, with the
exception of the P. biaurelia Rab7 genes. Two outgroup
species, which speciated before the two recent WGDs,
were also analyzed. Outgroup species P. caudatum har-
bors just one Rab7, and P. multimicronucleatum has an
additional more divergent gene that, when reciprocally
blasted, yields Rab7 genes as the closest hits. The long
branch of P. mm Rab7b appears to be affecting the
branching relationships in the trees, in different ways
depending on the method used.

The Rab7 subfamily is highly conserved across the
aurelias, both at the nucleotide and protein level. When
the 28 genes are aligned, 60.9% (380 sites) of the 624
nucleotide sites are absolutely conserved, with an

average pairwise identity of 91.6%. The protein
sequences are similarly conserved, with 59.7% (123
sites) of the 208 sites absolutely conserved across all
34 proteins, and an average pairwise identity of 96.9%.
When compared to previous whole-genome analysis of
conservation between paralogs in P. tetraurelia, this
amount of conservation is higher than the majority of
both WGD1 and 2 paris in the genome [19]. In many
cases, there are only one, two or three amino acid
differences across the entire protein between a pair of
paralogs or orthologs. This is remarkable for genes that
have been diverging for millions, often tens of millions,
of years [20]. This indicates high purifying selection
across the entire protein. To test this further, we esti-
mated the dN/dS for these genes among orthologs
using the Mega7 program [24]. We used a Z-test in
Mega7 to test the hypotheses that first, the sequences
are evolving neutrally (dN = dS, or non-synonymous
changes are equal to synonymous changes) and second,
that the sequences are under positive selection
(dN > dS, or that there have been significantly more
non-synonymous changes). We were able to reject both
of these alternative hypotheses to purifying selection,
with P-values of 4.58 x 10−5 and 1.9 x 10−5, respectively,
while the hypothesis of purifying selection could not be
rejected.

Rab-Interacting Lysosomal Protein, or RILP, is a
canonical effector of Rab7, linking Rab7 to dynein
motors, which direct minus-end-directed transport on
microtubules [10]. RILP genes are conserved across

Figure 1. Maximum likelihood phylogeny showing evolutionary relationships between 28 P. aurelia Rab7 coding sequences. Rab7s
appear to form two major clades, and roughly follow species relationships, with several exceptions. Genes localized in this study are
marked with green arrows.
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eukaryotes [25]. We asked if the number of RILP para-
logs in a genome correlated with the number of Rab7
genes. We used the BLAT algorithm to search the
P. aurelia and P. caudatum genomes for RILP homo-
logs, retrieving 21 RILP genes in the 11 P. aurelia
genomes surveyed. We found that, somewhat surpris-
ingly, the number of RILP genes in a given P. aurelia
genome did not correlate strongly with the number of
Rab7s (Table 1). Indeed, the number of RILP genes
seems to be more constrained than the number of
Rab7 genes: every aurelia genome examined has two
RILP paralogs, with the exception of P. sexaurelia,
which has one. We also found that the RILP protein
sequences overall were less conserved than the Rab7
protein sequences; when aligned, among the 21 genes,
56.6% of the sites (289 sites out of a total of 517) were
absolutely conserved across the aurelia complex, with
an average pairwise identity of 88.7% between the pro-
tein sequences. We also examined specific residues in
the RILP proteins known to be involved in lysosome
biogenesis [26] and interaction with dynein [27,28];
across the 17 sites posited to be important for canonical
RILP function [25], the vast majority of the sites were
conserved; indeed, in the majority (9 out of 11 exam-
ined) of aurelia genomes, at least one paralog contains
absolutely conserved residues at these 17 sites (Table 1,
specific sites in the proteins marked on figure S4). On
the other side of the binding interface, RILP-interacting
residues in Rab7 proteins are absolutely conserved
across aurelias [28], even in the species that have diver-
gent RILP genes, indicating that there have not been
compensatory, or even equivalent, divergent changes in
the Rab7 proteins with regard to RILP function.

Because the Wyroba group [16,17] found localiza-
tion changes between P. octaurelia Rab7a1 and Rab7b
proteins, and correlated the localization changes with
specific amino acid changes, we predicted that the
corresponding (and closely-related, see Figure 1)
P. tetraurelia orthologs of each of those genes would
also have divergent localization patterns when
expressed as full-gene GFP fusions in live cells.
However, we found that the P. tetraurelia Rab7a2
and Rab7b paralogs had virtually identical localization
patterns when expressed in live cells as N-terminally
tagged GFP fusions (Figure 2). This identical localiza-
tion pattern appears to be consistent with the cano-
nical Rab7 role in controlling transport between late
endosome-to-lysosomal trafficking, and between dif-
ferent types of lysosome-related compartments. For
both paralogs, the Rab-GFP signal targets small vesi-
cles in the cytoplasm, as well as the outer membrane
of maturing phagosomes. To identify acidified com-
partments that Rab7 proteins might target to, we also

treated the cells with LysoTracker Red (LT Red) dye,
which labels acidified lysosomes, phagosomes, and
other acidic compartments in the cell. The GFP signal
on small cytoplasmic vesicles overlaps with LT Red
signal sometimes, but not always, indicating partial or
dynamic overlap with acidified lysosomes. The GFP
signal on the outer membrane of phagosomes
(Figure 2, arrows and details) is consistent with vesi-
cles that are docking onto phagosomes and mediating
interactions with the lysosomal pathway as well.
Importantly, the phagosomes ringed with GFP-labeled
vesicles are either not LT Red-stained or only slightly
red, indicating targeting of Rab7 to the membrane or
membrane-associated vesicles of either pre-acidified
or post-acidified phagosomes. Essentially, both
fusions had patterns consistent with a conserved
canonical function, including overlap with lysosomes
and phagolysosomes. Lastly, GFP-Rab7 protein loca-
lizes to and overlaps with LT Red in irregularly-
shaped (possibly tubulated) compartments (Figure 2)
that appear to be shaped like the structures in which
Rab11s proteins overlap with LT Red [29]. There is
not enough evidence to determine for certain what
these structures represent; an identity as sorting or
late endosomes would be consistent with the canoni-
cal Rab7 function in late endosome-to-lysosome traf-
ficking. Rab7-GFP and LT Red also label what appear
to be undocked trichocysts (Figure 2).

The Wyroba group proposed that specific amino
acids, and in particular specific post-translational mod-
ifications (PTMs) of those residues, drive localization
differences between the paralogs [16]. We examined
these sites across the aurelia Rab7 phylogeny and
could not find a clear phylogenetic association, within
either the Rab7a or Rab7b clade, between the Thr200
residue that Wyroba et al. suggested was responsible for
the localization change, and either clade (Figure S4B).
This does not mean that it does not drive a functional
difference between the two proteins; however, in our
live cell experiments, we were unable to detect a differ-
ence in localization between two paralogs carrying the
two different residues, Thr200 in P. tetraurelia Rab7b
and Ala200 in Pt Rab7a2 (marked in Figure S4B).

Discussion

Recent studies have shown that gene family and sub-
family size is a product of sculpting, or loss of, dupli-
cates, as much as it is an expansion of specific clades of
genes [30]. In line with this finding, we wanted to
better understand how a smaller clade of essential
genes might be constrained, especially when compared
with more expanded, apparently dynamic protein
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clades in the same gene family. In other recent work,
we explored the evolution of duplicates within the
expanded Rab11 clade in P. aurelias [29].We next
chose to focus on a smaller, potentially more con-
strained subfamily, the Rab7 genes, for which there
were also indications that there might be functional
diversification occurring between some paralogs.

One question regarding small, constrained clades of
proteins is whether it is the possession of a particular
function in the cell that constrains their evolution, or
whether it is some character of the molecule itself that
limits its potential evolutionary paths. Further evolu-
tionary analysis combined with structural analysis at
the level of individual residues is required to under-
stand how evolutionarily ‘rigid’ the Rab7 proteins
themselves are; however, it is clear that Rab7 duplicates
diversified or specialized in function at least several
times over eukaryotic evolution. One clue from the
plant lineage is that even while Rab7 protein function
has changed, some of its key binding partners have not
[7]. Consistent with this observation, we also found

that, while the number of RILP effectors in the genome
has stayed relatively constant, and that the majority of
RILP effectors studied contained absolutely conserved
residues in key binding sites, many genomes contained
at least on paralog with divergent binding site residues.
In the future, it will be interesting to see whether the
RILP paralogs with divergent binding site residues
have also diverged in binding or other functions.
Comparisons within and between gene families of
other binding partners that are involved in the same
processes in the cell, but may be differentially con-
strained, can give further insight into these questions
as well.

The extent of diversification between paralogs that
have diverged for longer times – as compared to
shorter timescales – has not been fully explored, but
recent studies of two closely related Rab7 duplicates
in P. octaurelia [16,17] extensively tracked functional
diversification at the protein and post-translation
modification (PTM) level. This group found that
while one of the P. octaurelia Rab7 paralogs localizes

tetraurelia 7a2-GFP

tetraurelia7b-GFPtetraurelia7b-GFP

LysoTracker Red Merge with brightfield Brightfield

Green and red merge

tetraurelia 7a2-GFP
LysoTracker Red

Detail

tetraurelia7b-GFP
LysoTracker Red

Detail

Figure 2. Representative localization patterns for P. tetraurelia Rab7a2 and Rab7b, respectively. Green signal is that of the protein-
GFP fusion (green) as expressed in P. tetraurelia cells. Red signal is LysoTracker Red; areas of overlap are yellow. In each fluorescing
cell image: arrows mark representative non-acidified food vacuoles ringed by GFP signal, and arrowheads mark representative
acidified food vacuoles. In brightfield images: arrows mark the base of the oral apparatus. Each cell image represents >10 identical
localization patterns recorded for each fusion.
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as expected to phagosomes and lysosomes, the other
differs in both localization pattern and post-transla-
tional modifications (PTMs), and that one of these
PTMs, glycosylation of a single residue, Thr200, is
sufficient to drive a localization change [16]. In our
localization studies of the orthologs of these protein
in P. tetraurelia, we found virtually identical patterns
between the two paralogs, in contrast to the earlier
study. The two studies were conducted in different
species, so they are not directly comparable.
Additionally, the other study was conducted in situ
on fixed cells, while in our study, we injected fusion
genes rather than proteins into P. tetraurelia indivi-
dual cells, creating multiple independent lines, and
then imaging the resulting cell lines expressing the
GFP-Rab fusion proteins in live cells.

Overall, much of this data is complementary; it is
quite interesting that the different Rab7 paralogs have
different PTMs, particularly in their C-terminal HVDs.
However, whether these varying PTMs lead to func-
tional changes between the proteins in live cells
remains to be shown. The different localization results
between the studies highlight issues with defining func-
tion and the large amount of work necessary to say
something definitive about the function of a protein,
rather than its biochemical activity in vitro, or its loca-
lization pattern in live cells. Also, based on our evolu-
tionary analysis of the phylogenetic pattern of these
residue differences, the residue(s) that Wyroba et al.
posit as the source of changes in PTMs leading to
changes in localization do not correlate with either
the Rab7a or Rab7b clade in the phylogeny, which
might be predicted if their evolutionary history
included functional changes occurring as a result of
different PTMs. Instead, this suggests that overall
sequence evolution is not correlated with changes at
this residue. Based on our localization results, it is
unlikely that each of these amino acid changes corre-
sponds to a localization change. In any case, further
functional work of other orthoparalogs across the P.
aurelia species complex is needed, in order to better
understand the patterns of functional conservation and
innovation.

Methods

Sequence and evolutionary analysis

Blastp analysis was performed using the predicted pro-
tein sequences in Wyroba et al., 2007 as queries to
search the predicted protein sequences from each
Paramecium genome; the BLAT program was used to
search for the RILP homologs; the default parameters

of the algorithm were used, except that to retrieve all
putative proteins, we reduced the cutoff to return hits
that cover ≥30% of the length of the protein.
Unpublished P. aurelia genomes were assembled and
annotated using the Eugene pipeline [31], and were
graciously shared by the researchers assembling and
analyzing the genomes (personal communication,
Jean-François Gout and Olivier Arnaiz). Rab7 and
RILP alignments and neighbor joining and maximum
likelihood phylogenies were made using the Muscle
algorithm in the Geneious software program (http://
www.geneious.com). Full nucleotide alignments can
be found in Figures S2 and S3. The neighbor-joining
(NJ) tree was made using the Jukes-Cantor substitution
model and 100 bootstrapped replicates to construct the
consensus tree in Figure S1. P. tetraurelia Rab32 was
the the outgroup used for this tree. The maximum
likelihood tree was constructed using the PhyML pro-
gram [32]; the TN93 substitution matrix was used, and
the Subtree Pruning and Regrafting (SPR) topological
moves algorithm [33] was used to search the tree space
and determine the best topology. Rabs were named
according to phylogenetic grouping with existing pub-
lished P. octaurelia Rabs [22]. RILP analysis was con-
ducted using a protein sequence alignment (Figure S5),
due to lower overall sequence homology between the
the proteins.

For the codon-based tests for selection using the
Mega7 program, the following parameters were used:
500 bootstrap replications, the Kumar model/method
for substitutions, and the complete deletion treatment
of gaps/missing data.

Rab-GFP expression in live cells

Paramecium tetraurelia cells were grown in wheat
grass medium infused with Klebsiella bacteria [34].
Two N-terminally tagged gene fusions to green fluor-
escent protein (GFP) were constructed by molecular
cloning: P. tetraurelia Rab7a2- GFP and P. tetraurelia
Rab7b-GFP. Rab-GFP gene fusions were cloned using
the Gateway system (ThermoFisher). PCR-amplified
Rab genes were TOPO cloned into the pENTR-D-
TOPO entry vector. CACC was added to each forward
primer to enable directional cloning into pENTR-D.
The expression vector for constitutive expression
under the calmodulin promoter was obtained from
Jean Cohen as pPXV [35] and converted into a
Gateway destination vector using the Gateway conver-
sion kit (ThermoFisher). The genes were recombined
into this final destination expression vector using the
Clonase reaction (ThermoFisher), and screened by
diagnostic digest and Sanger sequencing. Linearized
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Rab-GFP expression constructs containing
Paramecium telomeres on each end were injected
into the macronucleus of the relevant Paramecium
species using a Nikon Diaphot inverted microscope
and a Narishige IM300 microinjector. Single cells were
immobilized under silicon oil using an Eppendorf
CellTram Vario manual microinjector, injected,
re-mobilized and recovered into single cell culture.
Needles for injection and immobilization were pulled
using a Sutter Model P-87 micropipette puller. Each
resulting line was screened for either rescue, by injec-
tion of an Nd7 gene-containing construct, of a tricho-
cyst release phenotype in the P. tetraurelia in an
Nd7- mutant [36] and GFP expression, or solely for
GFP expression (all other Paramecium species) on a
Zeiss Axioplan widefield epifluorescent microscope.
Several GFP-positive lines for each construct were
screened to check for consistency of expression pat-
tern at different expression levels. Cellular organelles,
including contractile vacuoles and the oral apparatus,
were identified by correlating the brightfield channels
of each Z series of sections taken through the cell with
the green fluorescent channel. Localization patterns
were virtually all consistent, although different levels
of expression, or brightness of GFP signal, were
observed. GFP-expressing cell lines were grown up
without allowing starvation, as triggering autogamy
and the ensuing remaking of the macronucleus
would discard the exogenous expression vector. For
confocal imaging, cells were dyed with a 5 µM final
concentration of LysoTracker red acidic dye
(LysoTracker Red DND-99 from ThermoFisher) for
5 minutes and immobilized by centrifuging a 500 µl
culture into 30 µl of a 2% methyl cellulose solution.
The supernatant was then removed, and the live cells
embedded in the methyl cellulose were transferred
onto a Fisher SuperFrost slide under a 22 × 22 mm
no. 1 coverslip, and immediately imaged on a Leica
SP5 laser scanning confocal microscope. Post-proces-
sing of images was performed using the public
domain program ImageJ (http://imagej.nih.gov/ij/).
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