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Abstract
Background: Spliceosomal introns are an ancient, widespread hallmark of eukaryotic genomes. Despite much
research, many questions regarding the origin and evolution of spliceosomal introns remain unsolved, partly due
to the difficulty of inferring ancestral gene structures. We circumvent this problem by using genes originated by
endosymbiotic gene transfer, in which an intron-less structure at the time of the transfer can be assumed.
Results: By comparing the exon-intron structures of 64 mitochondrial-derived genes that were transferred to the
nucleus at different evolutionary periods, we can trace the history of intron gains in different eukaryotic lineages.
Our results show that the intron density of genes transferred relatively recently to the nuclear genome is similar to
that of genes originated by more ancient transfers, indicating that gene structure can be rapidly shaped by intron
gain after the integration of the gene into the genome and that this process is mainly determined by forces acting
specifically on each lineage. We analyze 12 cases of mitochondrial-derived genes that have been transferred to the
nucleus independently in more than one lineage.
Conclusions: Remarkably, the proportion of shared intron positions that were gained independently in
homologous genes is similar to that proportion observed in genes that were transferred prior to the speciation
event and whose shared intron positions might be due to vertical inheritance. A particular case of parallel intron
gain in the nad7 gene is discussed in more detail.

Background
Many eukaryotic genes contain spliceosomal introns [1]:
segments of non-coding sequences that are excised from
the pre-mRNA by the spliceosome complex [2]. Spliceosomal introns have been found with huge varying rates
in all sequenced eukaryotes and are absent in all prokaryotic genomes sequenced to date [3]. These findings
have been discussed in the context of two alternative
hypotheses. The introns-early hypothesis states that spliceosomal introns were present in the last common
ancestor of prokaryotes and eukaryotes but were subsequently lost in all prokaryotes [4]. In contrast, the
introns-late hypothesis links the origin of spliceosomal
introns to the emergence of eukaryotes. In accordance
to the introns-late hypothesis, spliceosomal introns were
supposed to originate from self-splicing group II introns
during the evolution of eukaryotes [5]. This model is
supported by similarities between group II introns and
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the catalytic snRNA components of the spliceosome,
suggesting that they might have had a common ancestor
[6,7]. The fact that group II introns are found in bacterial and mitochondrial genomes suggests a possible evolutionary connection between spliceosomal introns and
the development of mitochondria [8,9]. These cell organelles originated by endosymbiosis from an alpha-proteobacterial ancestor [10]. In the course of evolution,
their genomes were reduced through gene loss but also
to a large extent through the transfer of many genes to
their host genome [11,12]. These endosymbiotic gene
transfers could have spread group II introns into the
host genome, which, in turn, might have initiated the
evolution of spliceosomal introns and the spliceosome.
Additionally, these influences might have also resulted
in a selective force towards the evolution of a nucleus
which forms physical boundaries between the splicing
and translation processes [9].
The introns-early and introns-late hypotheses have
been discussed in the literature until recently [13,14]
with every new sequenced genome adding more
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information to our understanding of intron evolutionary
dynamics throughout eukaryotic lineages. Nowadays
there is a larger consensus around the introns-late
hypothesis, although the mechanisms and dynamics of
intron gains and loss in eukaryotes are still a matter of
debate. Recently, many studies have focused on inferring
rates of intron gain and loss across the evolution of
eukaryotes. The results reveal large differences in intron
gain and loss rates in different lineages [15-21]. Other
studies have traced the evolution of introns across the
major eukaryotic lineages by using different evolutionary
models [22,23].
One of the difficulties of modeling intron-evolution is
that ancestral gene structures are generally unknown.
Therefore, models rely on certain parameters that are
used to infer ancestral states of intron presence or
absence. We circumvent this problem here by using a
set of nuclear genes that originated by endosymbiotic
gene transfer. These genes did not contain spliceosomal
introns when they were transferred to the host genome,
so that the introns found in these genes must all have
been gained after the integration of the gene. We exploit
the circumstance that nuclear encoded genes with mitochondrial origin can be identified by their sequence
similarity and phylogenetic proximity to their alpha-proteobacterial homologs [11,24]. In particular, we put our
focus on genes with a clear-cut proto-mitochondrial origin, as reported by phylogenetic analyses of mitochondrial ribosomal proteins [25] and protein complexes
from the oxidative phosphorylation pathway (OXPHOS)
[11,26,27]. Our results reveal a highly dynamic speciesspecific intron evolution, which is able to shape relatively rapidly the intron-exon structure of a transferred
gene. Hence, intron density, exon symmetry and intron
phase distribution of recently transferred genes is similar
to other genes in the genome. We find several instances
of independent parallel transfers of genes. Comparing
their ratio of shared intron positions to those of genes
that vertically derive from a single transfer event, our
results indicate that, for our set of genes, the proportion
of shared intron positions between genes that were
transferred independently on more than one occasion is
similar to those that were transferred in a single event.
Finally, we provide an in-depth analysis of clear-cut case
of an intron that was inserted at identical positions in
the nad7 gene which was transferred twice independently in the plant and animal lineages.

Results and discussion
Proto-mitochondrial derived genes are not different from
other genes in terms of their intron structure

We compiled a list of 64 nuclear-encoded human genes
of proto-mitochondrial origin [11,25-27]. These include
44 genes that encode for proteins of the mitochondrial
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ribosome and 20 genes of the oxidative phosphorylation
(OXPHOS) pathway (Additional file 1). The intron-exon
structure of these genes and their homologs across a
broad set of 18 eukaryotic organisms was determined by
comparing each protein sequence with the respective
genomic sequence (see Methods). The set of eukaryotic
genomes includes three plant/green alga genomes, five
fungi, six metazoans and four protists (Additional file 2).
The distribution of intron densities, intron phases, and
symmetric and asymmetric exons in proto-mitochondrial derived OXPHOS and ribosomal genes are shown
in Figure 1. Intron densities range from 0 to 6 introns/
kb of coding sequence and always show ranges that are
within the normal values of the species considered [14].
The same can be observed for other characteristics such
as the prevalence of phase 0 introns and symmetrical
exons. A bias of phase 0 introns is a frequent observation, which is often linked with the preference of newly
gained introns [28,29]. A ratio of 5:3:2 of phase 0, phase
1 and phase 2 introns as found in this study for the considered proto-mitochondrial genes is in accordance with
results reported for genes of different origins [30,31].
Finally, our finding that 0-0 exons account for the
majority of symmetrical exons is also in line with general observations in eukaryotic genomes [30]. Thus,
according to their intron densities, exon symmetries and
phase distributions, proto-mitochondrial derived
OXPHOS and ribosomal genes are undistinguishable
from other genes in eukaryotic genomes. In a similar
study with chloroplast-derived genes in plant genomes,
Basu et. al. [32], found significant, but only slightly
lower intron densities in those genes transferred from
the chloroplast than in ancestral eukaryotic genes. In
contrast, in a study by Roy et al. [33] little intron gain
was detected in genes acquired by lateral transfer from
prokaryotic donors.
Lack of correlation between time of endosymbiotic gene
transfer and intron density

Mapping the relative time of endosymbiotic gene transfer from the mitochondrion (see Methods) onto the
phylogenetic tree of eukaryotes [34], and considering a
parsimonious scenario, we can approximate the history
of endosymbiotic gene transfers to the nuclear genome,
and thereby establish a relative ordered timing of the
events (Figure 2). It must be noted, that a parsimonious
approach might be affected by incomplete taxonomic
sampling and errors in the species tree. To limit such
effects we used all available data on mitochondrial genomes available at NCBI database and left unresolved
those transfers that could not be placed with confidence
due to multifurcations in the tree of eukaryotes. This
approach served to establish a relative timing of endosymbiotic gene transfer events for some genes and
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Figure 1 Intron densities and distributions of intron phases and exon symmetry are shown for all proto-mitochondrial genes of the
oxidative phosphorylation pathway and the ribosomal mitochondrial proteins and their homologs. The intron density is given as the
number of introns per 1 kb of coding sequence for each species for the groups animals (cel: Caenorhabditis elegans, dme: Drosophila
melanogaster, dre: Danio rerio, hsa: Homo sapiens, rno: Rattus norvegicus), fungi (afu: Aspergillus fumigatus, spo: Schizosaccharomyces pombe, sce:
Saccharomyces cerevisiae, yli: Yarrowia lipolytica, cgl: Candida glabrata), protists (ddi: Dictyostelium discoideum, tps: Thalassiosira pseudonana, lma:
Leishmania major, pfa: Plasmodium falciparum), and plants/green alga (cre: Chlamydomonas reinhardtii, osa: Oryza sativa, ath: Arabidopsis thaliana).
The average intron densities for the different species are indicated by horizontal lines, values were taken or computed from the literature
[38,57-59]. Intron phases are presented in percentages for all genes. The percentages of exon symmetry are shown separately for symmetric and
asymmetric exons, in which all possible symmetries are considered.

taxonomic groups that are in resolved parts of the tree
for which mitochondrial genomes are well sampled. In
particular, for genes transferred within the metazoan
lineage, which is densely sampled in terms of mitochondrial genomes, we could classify genes into relatively
more ancient and more recent transfers. In order to test
the variation of intron gain over time, we compared the
intron densities of early and late transfers in genomes of

four metazoan species: the vertebrates Homo sapiens
and Danio rerio, the insect Drosophila melanogaster and
the nematode Caenorhabditis elegans (Figure 3). Our
results show no correlation between intron density and
the time of the gene transfer. Instead, differences
between the densities of the corresponding genes in different species are generally larger than the differences
observed between genes transferred at different

Ahmadinejad et al. BMC Evolutionary Biology 2010, 10:57
http://www.biomedcentral.com/1471-2148/10/57

Page 4 of 11

Figure 2 The tree represents current view of phylogenetic relationships between the lineages sampled in this analysis, as summarized
by Roger and Simpson [60]. Inferred timing for the transfers of genes from the mitochondrion to the host nucleus is labeled at the branches.
The timing of each transfer depends on the presence or absence of each gene in the mitochondrial genome and the phylogeny. Protomitochondrial genes of a) the oxidative phosphorylation pathway, b) ribosomal mitochondrial proteins.

evolutionary stages. This indicates that intron densities
are governed by lineage-specific constraints and are
independent of the time of the transfer event. This is
consistent with previous findings. For instance, an
extensive lineage-specific loss of introns in an intronrich ancestor is suggested to happened in some chromalveolate lineages [35]. Our results suggest that intron
gain and not just reduced intron loss could be responsible for the current high densities found in plant and
animal genomes. In fact, intron gain is the only process

that can explain the current high intron densities in
recently transferred genes. Nevertheless, the existence of
an intron-rich ancestor of eukaryotes is strongly supported by a high rate of shared intron positions between
animals, fungi and plants [22,23,36].
Significant inter-kingdom conservation of plant-animal
intron positions

To assess the extent of shared intron positions we
aligned the protein sequences of transferred genes in
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Figure 3 The intron density is shown for genes that were transferred at different time scales during evolution from the
mitochondrion to the nucleus in Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans and Danio rerio. a) proteins of the
oxidative phosphorylation pathway, b) ribosomal mitochondrial proteins. Although the most ancient class of transfers (nad8, nad10, rpl32, rpl19)
is unassigned in Figure 2 we consider them to be relatively more ancient than nad11, rps10 and rps3 because the latter are nuclear only in
unikonts and the former are nuclear in most eukaryotic groups.
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Table 1 Number of species-specific and shared intron positions in proteins of the oxidative phosphorylation pathway.
Animals1

Plants2

Fungi3

Dictyostelium
discoideum

Leishmania
major

Plasmodium
falciparum

Thalassiosira
pseudonana

Animals1

287

60 (8.62)

12 (1.72)

4 (0.58)

-

-

1 (0.14)

Plants2
Fungi3

4 (0.58)
1 (0.14)

285
-

1 (0.14)
78

-

-

-

3 (0.43)
-

Dictyostelium
discoideum

1 (0.14)

-

-

15

-

1 (0.14)

-

Leishmania major

-

-

-

-

-

-

-

Plasmodium
falciparum

-

-

-

-

-

7

-

Thalassiosira
pseudonana

-

-

-

-

-

-

24

Species specific intron positions are shown in the diagonal. Shared intron positions between the different groups of species within the complete multiple protein
alignments are shown above the diagonal, shared intron positions only within conserved regions of the alignments are shown below the diagonal. Percentage of
shared positions is indicated in brackets. 1Homo sapiens, Mus musculus, Rattus norvegicus, Danio rerio, Caenorhabditis elegans, Drosophila melanogaster,
2
Arabidopsis thaliana, Chlamydomonas reinhardtii, Oryza sativa, 3Aspergillus fumigatus, Schizosaccharomyces pombe, Saccharomyces cerevisiae, Candida glabrata,
Yarrowia lipolytica.

the different lineages included in the study (see Methods). Consistent with previous results [36], most intron
positions are shared between the most divergent groups
animals and plants (Tables 1 and 2). The distribution of
the number of species-specific introns reflects the overall intron density in each species. Comparing only those
intron positions in highly-conserved alignment regions
identified with Block Maker [37], the numbers of shared
intron positions are reduced but still show the same
trend (Tables 1 and 2). Only few introns are found at
the same position across more than two groups of
organisms. Three intron positions are shared between
animals, plants and fungi. Also three introns at the
same positions are shared between animals, fungi and
Dictyostelium discoideum. Two shared intron positions
are found in animals, plants and Dictyostelium
discoideum.
The timing of the transfer events reveals independent
transfers in different species, mostly involving the green
alga Chlamydomonas reinhardtii and other groups (Figure 2). For instance, the genes nad7, nad9 and atp1 of

the oxidative phosphorylation, were transferred twice
independently in animals, fungi and in Chlamydomonas
reinhardtii (Figure 2a). The same observation is made
within the timing of gene transfer events of the mitochondrial ribosomal proteins (Figure 2b). Five gene
transfers took place independently in Chlamydomonas
reinhardtii, Leishmania major, Plasmodium falciparum,
and before the split of animals and fungi (rpl2, rpl5,
rpl16, rps4, rps7). A list of putative independent transfers is provided in Table 3.
The large number of independently transferred genes
in the green algal lineage allows us to compare the
occurrence of shared intron positions between genes
transferred independently and those derived from a
common nuclear-encoded ancestor. The observation
that most shared intron positions are found between
distantly-related species can be explained either by conservation of intron positions from a common ancestor
or by parallel intron gain. Different evolutionary models
infer different rates of parallel intron insertion. For Qiu
and colleagues most shared intron positions should be

Table 2 Number of species-specific and shared intron positions in Ribosomal mitochondrial proteins.

Animals1

Animals1

Plants2

Fungi3

Dictyostelium
discoideum

Leishmania
major

Plasmodium
falciparum

Thalassiosira
pseudonana

318

12 (2.49)

4 (0.83)

3 (0.62)

-

-

2 (0.42)

Plants2

6 (1.25)

105

1 (0.21)

-

-

-

-

Fungi3

1 (0.21)

1 (0.21)

17

-

-

-

-

Dictyostelium discoideum

1 (0.21)

-

-

6

-

-

-

Leishmania major
Plasmodium falciparum

-

-

-

-

-

11

-

1 (0.21)

-

-

-

-

-

3

Thalassiosira pseudonana

See legend of table 1 for indications
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Table 3 Genes that are independently transferred and which could be identified with their mitochondrial gene names.
Gene

Independent Transfers

nad7

C. reinhardtii

Animals, Fungi

nad9

C. reinhardtii

Animals, Fungi

nad11

Animals, Fungi

L. major

D. discoideum

rps2

C. reinhardtii

Plants and green alga
A. thaliana

Animals, Fungi

L. major

P. falciparum

rps11

C. reinhardtii

A. thaliana

Animals, Fungi

L. major

P. falciparum

rps14

C. reinhardtii

A. thaliana

Animals, Fungi

L. major

P. falciparum

rpl2

C. reinhardtii

Animals, Fungi

L. major

P. falciparum

rpl16
rpl7

C. reinhardtii
C. reinhardtii

Animals, Fungi
Animals, Fungi

L. major
L. major

P. falciparum
P. falciparum

rpl12

C. reinhardtii

Animals, Fungi

P. falciparum

rpl11

Plants and green alga

Animals, Fungi

L. major

P. falciparum
T. pseudonana

rpl14

Plants and green alga

Animals, Fungi

L. major

P. falciparum

The first three genes (nadx) are genes of the oxidative phosphorylation pathway, the other nine genes (rpsx/rplx) are genes of ribosomal mitochondrial proteins
of the small and the large ribosomal subunit, respectively.

gained independently [31], whereas most other models
provide lower estimates (5-18%) for the fraction of
shared intron positions that result from independent
insertions [23,38,39].
Shared positions between distant species such as animals and plants have been considered ancient positions
[22,23], considering that the probability for an independent gain of two introns at the same position is very
small. Our data, however, show that this is not necessarily the case. In both, the proto-mitochondrial genes
nad7 and nad11 which were independently transferred in
the eukaryotes under consideration (Table 3) and the
gene sdh2 which was transferred in the basal eukaryotic
lineage (Figure 2a; transfer at the root of the tree) shared
intron positions were identified between the green alga
Chlamydomonas reinhardtii and some of the animals
(Homo sapiens, Mus musculus, Rattus norvegicus). A
comparison of the percentage of those shared intron
positions between these groups reveals almost a double
amount of positions in the genes that were transferred
independently (4.38%) in contrast to shared positions in
the other genes (2.52%). This means that at large evolutionary distances shared positions are not always indicative of the prevalence of ancestral intron positions. The
percentage of shared positions between Chlamydomonas
and animals in these genes is remarkably lower than previous reports that set a ~23% of shared introns between
human and Arabidopsis genes [36]. However, it must be
noted that the specific nature and reduced size of our
dataset makes it difficult to extrapolate our findings to a
general case. For the gene nad7, the phylogenetic distribution in nuclear and mitochondrial genomes and its
evolutionary history which includes a parallel intron gain
was reconstructed in detail.

An unambiguous parallel intron gain at identical sites in
two independently transferred nad7 genes

To gain a more detailed insight into the parallel insertion
of introns at identical positions we present here in detail
a particular example from our dataset, that of a parallel
intron in the nad7 gene. The gene nad7 was transferred
independently before the split of animals and fungi and
in the green alga Chlamydomonas reinhardtii and the
only shared intron position was found between animals
and the green alga. To gain a more detailed view of the
evolution of the gene nad7, we added to the phylogenetic
analysis also the mitochondrial encoded homologs of the
two protists Dictyostelium discoideum, Thalassiosira
pseudonana, the plants Arabidopsis thaliana, Oryza
sativa, the green algae Pseudendoclonium akinetum,
Ostreococcus tauri and the moss Physcomitrella patens,
as well as the nuclear encoded nad7 gene of the green
alga Volvox carteri. The presence of the gene nad7 in the
mitochondrial genome in all other plants, the moss and
the two green algae Pseudendoclonium akinetum [40]
and Ostreococcus tauri [41] supports the evolutionary
scenario of independent transfer in the two green algae
Chlamydomonas reinhardtii, Volvox carteri, and the animal/fungi split. These at least two independent transfer
events are also supported by the reconstructed phylogenetic tree that contains both, nuclear and mitochondrial
genes as well as alpha-proteobacterial nad7 homologs as
the outgroup (Figure 4).
The nuclear encoded Chlamydomonas reinhardtii nad7
gene possesses 11 introns. A single shared intron position is
found in a conserved region of the alignment between the
green alga Chlamydomonas reinhardtii and the animals.
The introns are all of phase 0 at exactly the same position
of the gene as shown in Figure 4. In all sequences, the
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Figure 4 A comprehensive phylogeny of the gene nad7 including mitochondrial and nuclear encoded homologs. The tree is rooted by
alpha-proteobacterial homologs. The two independent gene transfers of nad7 from the mitochondrion to the nucleus are labelled at the tree.
The nucleotide region of the shared intron position is shown. The different lengths of the intron sequences are indicated in parentheses, the
splicing sites are marked in bold.

codon before the intron position codes for the amino acid
glutamine. With one exception each, two different codons
are used in the nuclear and the mitochondrial encoded
genes for glutamine. There is a CAA found in the mitochondrial genes and a CAG in the nuclear genes, in agreement with a different average codon usage in mitochondrial
and nuclear genes (Additional file 3). The codon before the
intron together with the first nucleotide G after the intron
correspond to a classical proto-splice site (C|A)AG - (A|G)
(Figure 4) [42].
Interestingly, the shared intron position is surrounded
by two group II introns in the mitochondrial sequences
of the moss Physcomitrella patens and the plants Arabidopsis thaliana and Oryza sativa, 15 codons
upstream and eight codons downstream, respectively
(Additional file 4). Although it might be tempting to
speculate on a possible role of these surrounding
group-II introns in the formation of the spliceosomal
intron after the transfer, the fact that such introns are
rare, if not completely absent in most mitochondrial
genomes, implies that most introns in recently transferred genes have been formed by alternative mechanisms. Altogether, our observations indicate that the
gene nad7 was transferred twice independently and
subsequently adapted its codon usage to that of nuclear
genes. This originated the presence of a proto-splice
site in the sequence of the nad7 gene, which, in turn,
enabled the insertion of an intron at the same position
in the different lineages.

Conclusions
Arguments in favor of intron antiquity at identical
intron positions are generally founded in weighing the
relative probabilities of massive intron loss versus a few

parallel intron gains [14,23]. Although several clear-cut
cases of parallel intron gains have been previously
described [43], this process is still considered a rarity.
Our results present several independent intron gains in
homologous genes that were transferred independently
from the mitochondrion to the nucleus, showing that
independent acquisition of introns have been relatively
frequent in this group of genes. In fact, for the cases we
have examined in more detail, the number of parallel
intron gains is similar to the fraction of conserved
shared positions at the same evolutionary distance.
These results, albeit based on a limited sample of a specific set of genes, indicate that shared intron positions
can, in some instances, arise independently by parallel
insertions in distantly-related lineages.

Methods
Sequence data

All human nuclear encoded genes of the oxidative phosphorylation pathway and mitochondrial ribosomal proteins were obtained from the SwissProt database [44].
Genomic nucleotide and protein sequences of 18 completely sequenced eukaryotes were downloaded from
GenBank [45] and JGI http://www.jgi.doe.gov/ databases
as of March 2007. For both the nucleotide and the protein sequences, local databases were created. Three
plant/green alga genomes were included in the analyses,
Arabidopsis thaliana, Oryza sativa, and Chlamydomonas reinhardtii. Five fungal genomes, Aspergillus fumigatus, Candida glabrata, Saccharomyces cerevisiae,
Schizosaccharomyces pombe, and Yarrowia lipolytica and
six animal genomes, Danio rerio, Drosophila melanogster, Caenorhabditis elegans, Homo sapiens, Mus musculus, and Rattus norvegicus. Four different protist
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genomes were chosen, Thalassiosira pseudonana, Plasmodium falciparum, Leishmania major, and Dictyostelium discoideum (Additional file 2).
Proto-mitochondrial genes

The information about the proto-mitochondrial origin
of the mitochondrial ribosomal proteins was taken from
[25]. The proteins of the oxidative phosphorylation
pathway were downloaded from SwissProt [44] based on
the information for the proteins of complex I [27]. To
assign the corresponding mitochondrial gene names and
to test again the proto-mitochondrial origin of the
human genes of the oxidative phosphorylation pathway
a BLAST [46] search was performed against the genome
of the alpha-proteobacteria Rickettsia prowazekii. If the
search resulted in a significant hit, annotated with a
function in the electron transport chain, a second
BLAST was performed against the mitochondrial genome of the protozoon Reclinomonas americana which
has the largest number of mitochondrial-encoded proteins [47]. With the information about an existing
homolog in Reclinomonas americana, the mitochondrial
gene name could be assigned in some cases to the
human nuclear encoded mitochondrial proteins.
To find eukaryotic homologs of the proto-mitochondrial genes, we used BLAST with each human protein
as query and the protein database consisting of the 18
species. Resulting hits with an e-value < = 1e-06 were
considered. For each set of homologs, a multiple protein
sequence alignment was reconstructed using MUSCLE
[48].
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corresponding species. The result of BLAT is an alignment of the protein sequence to the exonic regions in
the genome sequence without overlapping ends, where
putative introns are not aligned. To identify the intron
positions the following filtering steps were implemented
in Perl scripts. The putative intron region had to be
longer than 20 nucleotides and consists of a canonical
splicing site, which means that nucleotides GT and AG
are found at the beginning and the end of the sequence,
respectively. To verify this inference, 18 nucleotides of
the genomic region surrounding the putative splicing
site were translated into protein sequence and compared
with the query protein. If the translation was identical to
the query sequence, the intron positions were identified
together with the phase of each intron. A similar
method for intron identification was recently published
[50].
Comparing intron positions

Presence/absence matrices of introns were built for each
alignment to compare their positions. Shared intron
positions are defined as introns that are found at exactly
the same amino acid within the multiple protein
sequence alignment. In addition, we determined shared
intron positions only in conserved regions of the alignments. Therefore, conserved regions in each alignment
were determined with Block Maker [37], a feature at
Blocks database [51]. The intron density of a gene is
given as the number of introns per 1 kb of coding
sequence.
Phylogenetic reconstruction of the nad7 gene

Timing of endosymbiotic gene transfer events

The presence of genes in the mitochondrial genomes of
the 18 species used in this study and other species was
checked with the mitochondrial gene content tables in
NCBI http://ncbi.nlm.nih.gov. The phylogenetic relationship between the 18 species [34] was used to assign the
relative time of gene transfers regarding to speciation
events. The relative timing of endosymbiotic gene transfer events were specified for both sets of proteins, the
oxidative phosphorylation and the mitochondrial ribosomal proteins. Combining gene presence/absence information with the taxonomic relationships of the species
results in a reconstruction of gene transfer events from
the mitochondrion to the nucleus. Due to the uncertainty in some nodes of the eukaryotic tree and a sparse
presence pattern of some genes in mitochondrial genomes, the timing for several transfer events were considered unresolved.
Identification of intron positions

In the first step, BLAT [49] was used to align the protein sequence to the genomic sequence of the

Protein sequences were aligned with MUSCLE [48], and
all gapped sites were removed. Because the nad7 data
sample includes eukaryotic nuclear sequences, mitochondrial sequences, and prokaryotic sequences, the
phylogenetic reconstruction method has to take into
account different evolutionary rates [52]. Therefore the
ProtTest [53] program was used to estimate which substitution model fits the data best. The program computes maximum likelihood trees using phyml [54] under
different substitution models and outputs the most likely
tree according to different criteria. The maximum likelihood values for the trees are then used to perform a
goodness of fit test with the AICc (Akaike Information
Criterion with a second order correction for small sample sizes [55] and the BIC (Bayesian Information Criterion). In all cases the WAG [56] substitution model with
an estimated proportion of invariable sites and a Γ-distribution (WAG+I+G) was chosen to explain the evolution of nad7 best. Bootstrap values were calculated
using this model with 100 bootstrap replicates. The phylogenetic tree is rooted by the clade of alpha-proteobacterial nad7 genes.
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8.

Additional file 1: Table of all human proto-mitochondrial genes of
the a) oxidative phosphorylation pathway and the b) mitochondrial
ribosome with their SwissProt ID and the corresponding
mitochondrial gene name if it could be identified by BLAST against
the mitochondrial genome of Reclinomonas americana.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2148-1057-S1.PDF ]

10.

Additional file 2: Database sources of the complete genome and
protein sequences.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2148-1057-S2.PDF ]

13.

Additional file 3: Percentage of codon usage for the amino acid
glutamine in a) the mitochondrial genomes and in b) the nuclear
genomes of the species that are included in the analysis of the
parallel intron gain in the gene nad7.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2148-1057-S3.PDF ]
Additional file 4: Part of the multiple protein alignment of the gene
nad7.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2148-1057-S4.PDF ]

9.

11.
12.

14.
15.
16.

17.
18.

19.
20.
21.

Acknowledgements
TG research is funded in part by grants from the Spanish Ministry of Science
and Innovation (GEN2006-27784-E) and Ministry of Health (CP06/00213). WM
gratefully acknowledges grants from the European Research Council
(Networkorigins) and from the Deutsche Forschungsgemeinshaft (SFB-TR1).
Author details
1
Institut für Botanik III, Heinrich-Heine Universität Düsseldorf, Universitätsstr 1,
40225 Düsseldorf, Germany. 2Max Planck Institute for Plant Breeding
Research, Dept. Plant-Microbe Interactions, Carl-von-Linné-Weg 10, 50829
Köln. Germany. 3Bioinformatics and Genomics Programme, Centre for
Genomic Regulation (CRG), Dr Aiguader, 88 Barcelona 08003, Spain.

22.

23.

24.

25.
Authors’ contributions
NA contributed to acquisition, analysis and interpretation of data and
drafting the manuscript. TD contributed to conception and design of the
work, analysis and interpretation of data and drafting the manuscript. NG
contributed to acquisition, analysis and interpretation of data. WM
contributed to conception and design of the work, interpretation of data
and critical revision of the manuscript. TG contributed to conception and
design of the work, interpretation of data and drafting and critical revision
of the manuscript. All authors read and approved the final version of the
manuscript.
Received: 12 May 2009
Accepted: 23 February 2010 Published: 23 February 2010

26.

27.

28.

29.
30.

References
1. Gilbert W: Why genes in pieces?. Nature 1978, 271(5645):501.
2. Nilsen TW: The spliceosome: the most complex macromolecular machine
in the cell?. Bioessays 2003, 25(12):1147-1149.
3. Collins L, Penny D: Complex spliceosomal organization ancestral to
extant eukaryotes. Mol Biol Evol 2005, 22(4):1053-1066.
4. Gilbert W, Glynias M: On the ancient nature of introns. Gene 1993, 135(12):137-144.
5. Cech TR: The generality of self-splicing RNA: relationship to nuclear
mRNA splicing. Cell 1986, 44(2):207-210.
6. Valadkhan S: The spliceosome: a ribozyme at heart?. Biol Chem 2007,
388(7):693-697.
7. Toor N, Keating KS, Taylor SD, Pyle AM: Crystal structure of a self-spliced
group II intron. Science 2008, 320(5872):77-82.

31.

32.

33.

34.

Cavalier-Smith T: Intron phylogeny: a new hypothesis. Trends Genet 1991,
7(5):145-148.
Martin W, Koonin EV: Introns and the origin of nucleus-cytosol
compartmentalization. Nature 2006, 440(7080):41-45.
Gray MW, Burger G, Lang BF: Mitochondrial evolution. Science 1999,
283(5407):1476-1481.
Gabaldón T, Huynen MA: Reconstruction of the proto-mitochondrial
metabolism. Science 2003, 301(5633):609.
Timmis JN, Ayliffe MA, Huang CY, Martin W: Endosymbiotic gene transfer:
organelle genomes forge eukaryotic chromosomes. Nat Rev Genet 2004,
5(2):123-135.
Belshaw R, Bensasson D: The rise and falls of introns. Heredity 2006,
96(3):208-213.
Roy SW, Gilbert W: The evolution of spliceosomal introns: patterns,
puzzles and progress. Nat Rev Genet 2006, 7(3):211-221.
Sharpton TJ, Neafsey DE, Galagan JE, Taylor JW: Mechanisms of intron gain
and loss in Cryptococcus. Genome Biol 2008, 9(1):R24.
Roy SW, Penny D: Patterns of intron loss and gain in plants: intron lossdominated evolution and genome-wide comparison of O. sativa and A.
thaliana. Mol Biol Evol 2007, 24(1):171-181.
Roy SW, Hartl DL: Very little intron loss/gain in Plasmodium: intron loss/
gain mutation rates and intron number. Genome Res 2006, 16(6):750-756.
Knowles DG, McLysaght A: High rate of recent intron gain and loss in
simultaneously duplicated Arabidopsis genes. Mol Biol Evol 2006,
23(8):1548-1557.
Coulombe-Huntington J, Majewski J: Intron loss and gain in Drosophila.
Mol Biol Evol 2007, 24(12):2842-2850.
Stajich JE, Dietrich FS, Roy SW: Comparative genomic analysis of fungal
genomes reveals intron-rich ancestors. Genome Biol 2007, 8(10):R223.
Coulombe-Huntington J, Majewski J: Characterization of intron loss events
in mammals. Genome Res 2007, 17(1):23-32.
Sverdlov AV, Csuros M, Rogozin IB, Koonin EV: A glimpse of a putative
pre-intron phase of eukaryotic evolution. Trends Genet 2007,
23(3):105-108.
Sverdlov AV, Rogozin IB, Babenko VN, Koonin EV: Conservation versus
parallel gains in intron evolution. Nucleic Acids Res 2005,
33(6):1741-1748.
Esser C, Ahmadinejad N, Wiegand C, Rotte C, Sebastiani F, Gelius-Dietrich G,
Henze K, Kretschmann E, Richly E, Leister D, et al: A genome phylogeny for
mitochondria among alpha-proteobacteria and a predominantly
eubacterial ancestry of yeast nuclear genes. Mol Biol Evol 2004,
21(9):1643-1660.
Smits P, Smeitink JA, Heuvel van den LP, Huynen MA, Ettema TJ:
Reconstructing the evolution of the mitochondrial ribosomal proteome.
Nucleic Acids Res 2007, 35(14):4686-4703.
Gabaldón T, Huynen MA: Lineage-specific gene loss following
mitochondrial endosymbiosis and its potential for function prediction in
eukaryotes. Bioinformatics 2005, 21(Suppl 2):ii144-ii150.
Gabaldón T, Rainey D, Huynen MA: Tracing the Evolution of a Large
Protein Complex in the Eukaryotes, NADH:Ubiquinone Oxidoreductase
(Complex I). J Mol Biol 2005, 348(4):857-870.
Long M, Deutsch M: Association of intron phases with conservation at
splice site sequences and evolution of spliceosomal introns. Mol Biol Evol
1999, 16(11):1528-1534.
Lynch M: Intron evolution as a population-genetic process. Proc Natl
Acad Sci USA 2002, 99(9):6118-6123.
Ruvinsky A, Ward W: A gradient in the distribution of introns in
eukaryotic genes. J Mol Evol 2006, 63(1):136-141.
Qiu WG, Schisler N, Stoltzfus A: The evolutionary gain of spliceosomal
introns: sequence and phase preferences. Mol Biol Evol 2004,
21(7):1252-1263.
Basu MK, Rogozin IB, Deusch O, Dagan T, Martin W, Koonin EV:
Evolutionary dynamics of introns in plastid-derived genes in plants:
saturation nearly reached but slow intron gain continues. Mol Biol Evol
2008, 25(1):111-119.
Roy SW, Irimia M, Penny D: Very little intron gain in Entamoeba
histolytica genes laterally transferred from prokaryotes. Mol Biol Evol
2006, 23(10):1824-1827.
Keeling PJ, Burger G, Durnford DG, Lang BF, Lee RW, Pearlman RE,
Roger AJ, Gray MW: The tree of eukaryotes. Trends Ecol Evol 2005,
20(12):670-676.

Ahmadinejad et al. BMC Evolutionary Biology 2010, 10:57
http://www.biomedcentral.com/1471-2148/10/57

35. Csuros M, Rogozin IB, Koonin EV: Extremely intron-rich genes in the
alveolate ancestors inferred with a flexible maximum-likelihood
approach. Mol Biol Evol 2008, 25(5):903-911.
36. Rogozin IB, Wolf YI, Sorokin AV, Mirkin BG, Koonin EV: Remarkable
interkingdom conservation of intron positions and massive, lineagespecific intron loss and gain in eukaryotic evolution. Curr Biol 2003,
13(17):1512-1517.
37. Henikoff S, Henikoff JG, Alford WJ, Pietrokovski S: Automated construction
and graphical presentation of protein blocks from unaligned sequences.
Gene 1995, 163(2):GC17-26.
38. Carmel L, Rogozin IB, Wolf YI, Koonin EV: Patterns of intron gain and
conservation in eukaryotic genes. BMC Evol Biol 2007, 7:192.
39. Nguyen HD, Yoshihama M, Kenmochi N: New maximum likelihood
estimators for eukaryotic intron evolution. PLoS Comput Biol 2005, 1(7):
e79.
40. Pombert JF, Otis C, Lemieux C, Turmel M: The complete mitochondrial
DNA sequence of the green alga Pseudendoclonium akinetum
(Ulvophyceae) highlights distinctive evolutionary trends in the
chlorophyta and suggests a sister-group relationship between the
Ulvophyceae and Chlorophyceae. Mol Biol Evol 2004, 21(5):922-935.
41. Robbens S, Derelle E, Ferraz C, Wuyts J, Moreau H, Peer Van de Y: The
complete chloroplast and mitochondrial DNA sequence of Ostreococcus
tauri: organelle genomes of the smallest eukaryote are examples of
compaction. Mol Biol Evol 2007, 24(4):956-968.
42. Dibb NJ, Newman AJ: Evidence that introns arose at proto-splice sites.
Embo J 1989, 8(7):2015-2021.
43. Tarrio R, Rodriguez-Trelles F, Ayala FJ: A new Drosophila spliceosomal
intron position is common in plants. Proc Natl Acad Sci USA 2003,
100(11):6580-6583.
44. Boeckmann B, Bairoch A, Apweiler R, Blatter MC, Estreicher A, Gasteiger E,
Martin MJ, Michoud K, O’Donovan C, Phan I, et al: The SWISS-PROT protein
knowledgebase and its supplement TrEMBL in 2003. Nucleic Acids Res
2003, 31(1):365-370.
45. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL: GenBank.
Nucleic Acids Res 2003, 31(1):23-27.
46. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ: Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res 1997, 25(17):3389-3402.
47. Lang BF, Burger G, O’Kelly CJ, Cedergren R, Golding GB, Lemieux C,
Sankoff D, Turmel M, Gray MW: An ancestral mitochondrial DNA
resembling a eubacterial genome in miniature. Nature 1997,
387(6632):493-497.
48. Edgar RC: MUSCLE: a multiple sequence alignment method with reduced
time and space complexity. BMC Bioinformatics 2004, 5(1):113.
49. Kent WJ: BLAT–the BLAST-like alignment tool. Genome Res 2002,
12(4):656-664.
50. Keller O, Odronitz F, Stanke M, Kollmar M, Waack S: Scipio: using protein
sequences to determine the precise exon/intron structures of genes and
their orthologs in closely related species. BMC Bioinformatics 2008, 9:278.
51. Henikoff S, Henikoff JG: Automated assembly of protein blocks for
database searching. Nucleic Acids Res 1991, 19(23):6565-6572.
52. Bruno WJ, Halpern AL: Topological bias and inconsistency of maximum
likelihood using wrong models. Mol Biol Evol 1999, 16(4):564-566.
53. Abascal F, Zardoya R, Posada D: ProtTest: selection of best-fit models of
protein evolution. Bioinformatics 2005, 21(9):2104-2105.
54. Guindon S, Gascuel O: A simple, fast, and accurate algorithm to estimate
large phylogenies by maximum likelihood. Syst Biol 2003, 52(5):696-704.
55. Akaike H: Information theory and extension of the maximum likelihood
principle. Proceedings of the 2nd international symposium on information
theory: 1973; Budapest, Hungary 1973, 267-281.
56. Whelan S, Goldman N: A general empirical model of protein evolution
derived from multiple protein families using a maximum-likelihood
approach. Mol Biol Evol 2001, 18(5):691-699.
57. Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB,
Terry A, Salamov A, Fritz-Laylin LK, Marechal-Drouard L, et al: The
Chlamydomonas genome reveals the evolution of key animal and plant
functions. Science 2007, 318(5848):245-250.
58. Armbrust EV, Berges JA, Bowler C, Green BR, Martinez D, Putnam NH,
Zhou S, Allen AE, Apt KE, Bechner M, et al: The genome of the diatom
Thalassiosira pseudonana: ecology, evolution, and metabolism. Science
2004, 306(5693):79-86.

Page 11 of 11

59. Ivens AC, Peacock CS, Worthey EA, Murphy L, Aggarwal G, Berriman M,
Sisk E, Rajandream MA, Adlem E, Aert R, et al: The genome of the
kinetoplastid parasite, Leishmania major. Science 2005, 309(5733):436-442.
60. Roger AJ, Simpson AG: Evolution: revisiting the root of the eukaryote
tree. Curr Biol 2009, 19(4):R165-167.
doi:10.1186/1471-2148-10-57
Cite this article as: Ahmadinejad et al.: Evolution of spliceosomal introns
following endosymbiotic gene transfer. BMC Evolutionary Biology 2010
10:57.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

