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Abstract

Euglena gracilis has a chimeric gene collection in which some genes were inherited from its heterotrophic host and others were acquired from
a photoautotrophic endosymbiont during secondary endosymbiosis. The evolutionary reconstruction of such a hybrid genome poses a challenge
for standard phylogenetic tools that produce bifurcating trees because genome evolution by endosymbiotic gene transfer is a non tree-like process.
We sequenced 2770 ESTs from E. gracilis, of which 841 have homologues in a sample of other eukaryotes. Most of these homologues are found
in all of the eukaryotes in our sample, but 117 of them are specific to photoautotrophic eukaryotes. A phylogenetic tree fails to account for this
observation but the distribution of homologues and a phylogenetic network clearly show the common origin of E. gracilis from both kinetoplastid
and photoautotrophic ancestors.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Most photoautotrophic eukaryotes acquired their photosyn-
thetic lifestyle from a cyanobacterial endosymbiont (McFadden,
2001). The genome of the endosymbiont itself has since then
been reduced and the endosymbiont evolved into a DNA
possessing organelle – a primary plastid – as found in green and
red algae, land plants and glaucocystophytes (Adl et al., 2005).
Several independent eukaryotic lineages have acquired their
photosynthetic lifestyle from a secondary endosymbiont — a
eukaryotic alga that became engulfed by another eukaryote
(Gibbs, 1978; Stoebe and Maier, 2002). Both primary and
secondary endosymbiosis were accompanied by endosymbiotic
gene transfer (EGT) — the relocation of genes from the
organelle to the chromosomes of the host (Martin et al., 1993;
Archibald et al., 2003; Timmis et al., 2004). Estimations for the
frequency of EGT during the primary endosymbiosis range
between 18% of the Arabidopsis thaliana genome (Martin
Abbreviations: BBH, Best blast hit; EGT, Endosymbiotic gene transfer; EST,
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et al., 2002) and 11% of the Cyanophora genome (Reyes-Prieto
et al., 2006).

Euglena gracilis is well suited for the study of endosymbi-
osis and endosymbiotic gene transfer because its plastid was
acquired by a secondary endosymbiosis, but it includes no
remains of the endosymbiotic nucleus (McFadden, 2001).
Moreover, E. gracilis shares a common ancestor with the
Kinetoplastida (Adl et al., 2005), none of which seem to have
experienced a secondary endosymbiosis (Rogers et al., 2006).
Hence, by the sequence similarity criterion, the genome of E.
gracilis is expected to be a hybrid composed of four main gene
classes: (i) Euglena-specific genes, (ii) Kinetoplastida-specific
genes, (iii) eukaryotic genes that are spread in other eukaryotes,
and (iv) genes acquired during the secondary endosymbiosis.
Clear candidates for the latter group are genes that have
homologues only in photoautotrophic eukaryotes. In some cases
the acquired gene replaced an orthologous gene within the host
(Henze et al., 1995). Such genes have homologues in both
photoautotrophic and heterotrophic eukaryotes, but are closely
related to the former. Because of these distinct gene origins, a
single bifurcating tree cannot accurately describe the chimeric
gene collection of E. gracilis because genome evolution by
endosymbiotic gene transfer is a non tree-like process. Here, we
describe the genome composition of E. gracilis as estimated
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Fig. 1. The distribution of homologues to E. gracilis genes in genomes of
photoautotrophic eukaryotes, Kinetoplastida, and heterotrophic eukaryotes.
Columns indicate Euglena gracilis proteins, rows indicate reference genomes,
amino acid identity in pairwise protein sequence comparisons is color-coded as
shown in the scale. A Venn diagram at the bottom presents the distribution of
common genes for E. gracilis and the reference genomes.
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from random cDNA sequences while investigating methods for
reconstructing the genomic history of symbiotic hybrids.

2. Materials and methods

From E. gracilis cDNA libraries prepared from cells grown
under aerobic and anaerobic conditions (Rotte et al., 2001),
10,793 clones (5450 from aerobically and 5343 from anaero-
bically cultured cells) were sequenced. That fell into 2667
unique sequences (accessions EL579575–EL582344 in
dbEST). The ESTs were BLASTed (Altschul et al., 1997)
against 14 eukaryotic genomes (Table S1) using BLASTX.
Reading frames were determined by BLASTX alignment.
Forty-one ESTs harbored conflicting reading frames and were
corrected manually. ESTs were translated into proteins using the
EMBOSS package (Rice et al., 2000) and classified into
functional categories according to their BBH in the Swiss-Prot
database (Boeckmann et al., 2003).

In the sequence similarity approach, the nearest neighbor
was inferred as the best BLASTX hit (BBH) of the gene in
question, where only hits of e-value ≤10−10 and ≥25%
identities were considered. Each E. gracilis protein with BBHs
in at least 4 taxa (615 genes) was aligned with its BBHs using
CLUSTALW (Thompson et al., 1994) and all gap-containing
sites were removed. Phylogenetic trees by maximum-likelihood
approach were reconstructed with FastML (Pupko et al., 2000).
This left us with 587 ML gene-trees. The same alignments were
used to calculate protein distances with PROTDIST (PHYLIP;
Felsenstein, 2005), and neighbor-joining trees with NEIGH-
BOR (PHYLIP; Felsenstein, 2005). To identify the nearest
neighbor by the phylogenetic approach we extracted the tree
splits using CONSENSE (PHYLIP; Felsenstein, 2005). The
nearest neighbor was then classified according to the members
of the smallest clade that includes E. gracilis.

A consensus phylogenetic tree was reconstructed from the
gene-trees of the 259 globally distributed genes using CON-
SENSE (PHYLIP; Felsenstein, 2005). The 259 alignments were
concatenated to form a 36,570 amino acids long alignment that
was used to reconstruct a neighbor-joining tree (Saitou and Nei,
Fig. 2. A distribution of the nearest neighbors to E. gracilis genes across the
three tested groups by the similarity and phylogenetic approaches. When the
nearest neighbor could not be determined the gene was classified into the
“Various” group.



Fig. 3. A phylogenetic tree of 259 globally distributed genes. The number of gene-trees concordant with the topology are indicated on the nodes (left) as well as the
number of bootstrap replications supporting the node (right).
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1987) with CLUSTALW (Thompson et al., 1994). For the
phylogenetic network pairwise distances were computed with
LDDist (Thollesson, 2004), splits were calculated with
NeighborNet (NNet; Bryant and Moulton, 2004), and repre-
sented as a planar graph with SplitsTree v4.2 (Huson and
Bryant, 2006).
Fig. 4. A phylogenetic network reconstructed for the concatenated alignments of
3. Results and discussion

We sequenced a sample of 2770 E. gracilis ESTs, of which
841 sequences had homologues in a sample of 14 other
eukaryotic genomes. One approach to examine the genomic
history of symbiotic hybrids is to examine patterns of shared
259 globally distributed genes. The relevant splits are enlarged on the right.
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genes. We classified the 841 genes into the following gene
classes: genes that have homologues in Kinetoplastida,
homologues in heterotrophic eukaryotes (animals and fungi),
homologues in photoautotrophic eukaryotes (a plant, a green
alga and a diatom) and all of the combinations thereof (Fig. 1).
About 14% of the genes have homologues only in photoauto-
trophic eukaryotes; of these 31 (25%) genes are involved in
photosynthesis. This proportion is significantly above the
background similarities as measured by the share of photosyn-
thetic genes in the rest of the sample (1%; pb0.05 using χ2

test). Only 36 (4%) of the E. gracilis genes are Kinetoplastida-
specific, most of them are ORFs with unknown function
(Fig. 1).

3.1. Nearest neighbor analysis

Another method for classifying the genes into the above
three groups is by the nearest neighbor method. In this
approach, the gene is classified into the group of its closest
related (i.e., most similar) sequence. We employed the nearest
neighbor method by two approaches, first by using only
sequence similarity — the nearest neighbor is the homologue
with the highest amino acid identity. Second we reconstructed
phylogenetic trees in which the nearest neighbor is the taxon or
taxa that branch with the E. gracilis gene. In the similarity
approach we tested the identity of the best blast hit (BBH) of the
E. gracilis gene and in addition the most similar protein in a
protein distance matrix that was calculated from the multiple
sequence alignment of all homologues found for the E. gracilis
gene. Both similarity approaches resulted in similar distribution
of nearest neighbors where Kinetoplastidan homologues are the
minority, while the proportion of photoautotrophic and
heterotrophic nearest neighbors is similar (Fig. 2). Hence in
this case, the BBH results, which may not always imply
phylogenetic relationship (Koski and Golding, 2001), are
supported by similar results of the protein distances. By
contrast, inference of the nearest neighbors using the phyloge-
netic approach with both ML and NJ trees yields different
distributions where most of the nearest neighbors are in the
Kinetoplastida and the remainder are distributed among
photoautotrophic and heterotrophic eukaryotes (Fig. 2), where-
by the difference between the similarity and phylogenetic
approaches is independent of the tree reconstruction method
(ML vs. NJ) in the present case.

An example of discrepancy between nearest neighbor
relationships as assessed by phylogenetic and similarity
approaches is found in the case of the E. gracilis β-tubulin
protein. Homologues for the gene were found in all of the
genomes in our analysis, and their multiple sequence alignment
is highly reliable with 94% of the aligned columns and 99% of
the pairs resulting in identical head and tail alignments by the
HoT method (Landan and Graur, 2007). The distances of E.
gracilis sequence from the photoautotrophs are smaller than the
distance from the Kinetoplastida, yet E. gracilis branches with
kinetoplastids in the β-tubulin phylogenetic tree (Supplemen-
tary Figure 1). Accordingly, we have presented the results of
both approaches here (Fig. 2).
3.2. Phylogeny of globally distributed genes

A phylogenetic tree reconstructed using the concatenated
alignments of 259 globally distributed genes with neighbor-
joining approach (Saitou and Nei, 1987) shows a clear grouping
of E. gracilis with the Kinetoplastida (Fig. 3). However, using a
concatenated alignment averages the signal of all genes, even
though some genes may have fundamentally different gene-
trees (Huson and Bryant, 2006). Therefore we reconstructed the
phylogenetic tree of each gene independently using maximum-
likelihood approach. Only 127 (49%) gene-trees have a
topology in which E. gracilis branches with the Kinetoplastida
(Fig. 3), whereas in 57 (22%) of the gene-trees E. gracilis
branches with one or more photoautotrophic eukaryotes. For
example, in the phylogenetic gene-trees of chloroplast enolase
and GAPDH, E. gracilis and the photoautotrophs form a
monophyletic group. These two cases are documented as
orthologous replacements by endosymbiotic acquired genes
(Hannaert et al., 2000; Henze et al., 1995). In a phylogenetic
network reconstructed for the concatenated alignments of the
globally distributed genes E. gracilis shares a strong split with
the Kinetoplastida, but also a split with the photoautotrophic
eukaryotes (Fig. 4). The weight of the Kinetoplastida split
(0.03) is much larger than the photoautotroph split (0.005), and
this reflects the circumstance that in most of the globally
distributed genes the Kinetoplastida are the closest relatives
of E. gracilis, but in some of them the gene from the
photoautotrophs is the closest relative.

3.3. EGT during secondary endosymbiosis

Estimates for the proportion of EGTs following secondary
endosymbiosis are lacking. In our sample, E. gracilis shares
most of its genes with both photoautotrophic and heterotrophic
eukaryotes. About 13% (by the similarity measure) or 10%
(by the phylogenetic measure) of E. gracilis genes had their
nearest neighbors in the genomes of photoautotrophic eukar-
yotes, but only 4.5% of the genes had homologues exclusively
in that group. We consider the latter proportion as a conservative
estimate for the percent of genes that were acquired by E.
gracilis during the secondary endosymbiosis. An EST-based
survey focusing on 78 secondary plastid-targeted genes in the
alga Bigelowiella natans identified 49 likely secondary EGT
events using gene-trees (Archibald et al., 2003), which would
represent 1.2% of the B. natans genes in that sample, but that
value was estimated only using proteins that were predicted to
plastid-targeted.

4. Conclusions

The genome of E. gracilis is a hybrid of photoautotrophic
and heterotrophic genomes as the nearest neighbors of its genes
attest. However, no phylogenetic tree can illustrate this
evolutionary history because phylogenetic trees are designed
to reflect only scenarios of vertical evolution with descent from
a single common ancestor (Dagan and Martin, 2006), whereas
the E. gracilis genome has two distinct ancestors. The
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phylogenetic tree reconstructed for the globally distributed
genes in our sample results in a monophyletic clade of Euglena
and Kinetoplastida that is supported by high bootstrap
proportions, and the majority rule of consensus gene-trees.
But this topology shows only half of the evolutionary history of
E. gracilis; the other half – the contribution of the endosym-
biont to the host genome – is not represented by the bifurcating
tree. The alternative narrative is being told by the distribution of
the homologues to E. gracilis genes over the eukaryotic domain
(Fig. 1) or the nearest neighbors by both approaches (Fig. 2).
But the most telling single-graph analysis would appear to be
the phylogenetic network that is able to uncovers conflicting
signals in molecular data (Fitch, 1997; Bryant and Moulton,
2004; Holland et al., 2004). Our network uncovers the
conflicting phylogenetic signals linking E. gracilis with both
the Kinetoplastida and the photoautotrophs.
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