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Abstract

Background: In plant mitochondria, the post-transcriptional RNA editing process converts C to
U at a number of specific sites of the mRNA sequence and usually restores phylogenetically
conserved codons and the encoded amino acid residues. Sites undergoing RNA editing evolve at a
higher rate than sites not modified by the process. As a result, editing sites strongly affect the
evolution of plant mitochondrial genomes, representing an important source of sequence variability
and potentially informative characters.

To date no clear and convincing evidence has established whether or not editing sites really affect
the topology of reconstructed phylogenetic trees. For this reason, we investigated here the effect
of RNA editing on the tree building process of twenty different plant mitochondrial gene sequences
and by means of computer simulations.

Results: Based on our simulation study we suggest that the editing ‘noise’ in tree topology
inference is mainly manifested at the cDNA level. In particular, editing sites tend to confuse tree
topologies when artificial genomic and cDNA sequences are generated shorter than 500 bp and
with an editing percentage higher than 5.0%. Similar results have been also obtained with genuine
plant mitochondrial genes. In this latter instance, indeed, the topology incongruence increases
when the editing percentage goes up from about 3.0 to 14.0%. However, when the average gene
length is higher than 1,000 bp (rps3, matR and atpl) no differences in the comparison between
inferred genomic and cDNA topologies could be detected.

Conclusions: Our findings by the here reported in silico and in vivo computer simulation system
seem to strongly suggest that editing sites contribute in the generation of misleading phylogenetic
trees if the analyzed mitochondrial gene sequence is highly edited (higher than 3.0%) and reduced
in length (shorter than 500 bp).

In the current lack of direct experimental evidence the results presented here encourage, thus, the
use of genomic mitochondrial rather than cDNA sequences for reconstructing phylogenetic events
in land plants.
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Background

The term RNA editing was coined for the first time almost
20 years ago to describe the specific posttranscriptional
transformation of the genetic message in the kinetoplast,
the specialized mitochondrion of trypanosomes[1]. Since
its initial discovery, RNA editing has been found to
involve many apparently unrelated biochemically proc-
esses and to occur in a variety of eukaryotes, including ani-
mals, plants, some unicellular organisms and, in viruses
as well (for a recent comprehensive review see[2] and ref-
erences therein).

RNA editing specifically alters the nucleotide sequence of
an RNA transcript, making it different from that of the
DNA template. Therefore, the discovery of this process
challenged the long-accepted dogma of a colinear genetic
information flow.

On the basis of nucleotide by nucleotide sequence coline-
arity between the edited transcript and the DNA template,
the RNA editing systems have been categorized into two
major types [2].

In the ‘insertion/deletion’ editing type, nucleotide resi-
dues are added to and/or taken away from the gene-spec-
ified sequence. These insertions or deletions have been
found mainly in mitochondria of the parasite Trypano-
soma[1] and of the slime mold Physarum [3].

In the second RNA editing type, termed ‘substitution’ edit-
ing, the sequence of the edited transcript and its gene are
colinear, but not identical. Different cases of simple base
substitution such as the deamination reaction in which a
cytosine (C) or an adenosine (A) is converted to an urid-
ine (U) and an inosine (I) have been described in a wide
range of species [2]. If such base changes occur in the cod-
ing region of mRNAs, the amino acid specificity, unpre-
dictable from genomic codons, can be altered resulting in
the synthesis of polypeptides more evolutionarily con-
served and functionally competent.

In land plant mitochondria, mRNA editing is extensive in
terms of both the range of transcripts affected and the den-
sity of editing per transcript. For instance, in mitochon-
dria of Arabidopsis thaliana the rps4 gene requires 15 C to
U transitions at the mRNA level to express a functional S4
polypeptide, while 8 editing events occur in the cox3 tran-
scripts [4]. By contrast, in the Magnolia mitochondria 28
and 22 edits have been found in the rps4 and cox3 tran-
scripts, respectively [5,6]. This restoration of evolutionar-
ily conserved amino acids, as well as the creation of
translation initiation codon by conversion of ACG into
standard AUG start codons, has been interpreted as a
strong support for the functional significance of the plant
organellar RNA editing [7].
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Mitochondrial genomes of land plants have an exception-
ally low rate of substitutions compared with the counter-
part of most other eukaryotes [8]. In reference to this
scenario, editing sites might strongly affect the evolution
of plant mtDNAs, representing an important source of
sequence variability and potentially informative charac-
ters.

Previous comparative analyses on different mitochondrial
genes across angiosperms revealed that, at genomic “edit-
able sites”, C to T transitions are more frequent than any
other potential substitution [9,10]. A similar evolutionary
dynamic has also been confirmed for the coxI gene in
gymnosperms [11]. Furthermore, these editing positions
display at the mtDNA level characteristic nucleotide pat-
terns composed almost exclusively of pyrimidines. Conse-
quently, the editing sites of plant mitochondrial genes
might represent a significant source of phylogenetic
incongruence.

As emphasized by Hiesel et al. [12] cDNA rather than
genomic DNA sequences of plant mitochondrial genes,
should be preferred in phylogenetic analysis especially
because the translation of the genomic DNA is not per-
fectly colinear with the corresponding sequence of the
functional protein. Bowe and dePamphilis [13], accord-
ing to their results on the evolution of plant mitochon-
drial cox genes affirmed, instead, that genomic sequences
undergoing RNA editing are appropriate to be included in
phylogenetic inferences, because the editing process oper-
ates at the transcriptional level and, thus, should not affect
the historical information stored in the DNA sequences.
Although the debate about the effect of RNA editing on
phylogenetics is still ongoing as set forth earlier by Pesole
et al. [9] and most recently by Szmidt et al. [11], no exten-
sive study has been done up to now to test how much the
RNA editing (C to U) actually affects the topology of the
reconstructed phylogenetic trees.

In order to test the performance of the mitochondrial
mRNA editing sites in phylogenetic inference, a controlled
in silico environment in which the accuracy of tree recon-
struction was checked on artificially generated multiple
alignments has been set up.

Finally, the results of simulation data have been con-
trasted with those from twenty different multiple align-
ments of plant mitochondrial genes.

Methods

Simulation of plant mitochondrial genomic-like and
cDNA-like sequences

The evolution of plant mitochondrial genomic-like
sequences under increasing percentages of RNA editing
was performed by the EdiPy program appropriately
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designed and written in Python programming language
and executed on a Linux cluster (see Appendix A in Addi-
tional file 1) [14].

EdiPy program [15] takes as input a rooted phylogenetic
tree with branch lengths expressed as mean number of
substitutions per site, and a text file containing both the
positions to be simulated in an editable fashion and the
corresponding nucleotide equilibrium frequencies. The
total number of editable sites per data set is calculated
using a fixed percentage in the range from 1.0 to 10.0%.

Nucleotides subjected to RNA editing at the DNA level are
supposed to follow the Tamura and Nei (TrN) model
[16]. Remaining positions, defined as background sites,
were in parallel simulated according to one of the follow-
ing evolutionary models: Jukes-Cantor (JC) [17] or Haseg-
awa-Kishino-Yano (HKY) [18]. The high evolutionary rate
for editing sites was set up according to previous results by
Shields and Wolfe [10].

When HKY substitution models was selected, a transition/
transversion rate ratio of 3 was assumed (corresponding
to the mean value estimated by maximum likelihood
from different plant mitochondrial genes analyzed in this
work). In addition, the following equilibrium nucleotide
frequencies were used: gA=gC=gG=gT=0.25 for the JC
model, and gA=0.30, gC=0.20, gG=0.20, gT=0.30 for the
HKY model.

EdiPy program was also employed to generate cDNA-like
data sets by in silico transcription of the corresponding
genomic-like sequences. During the transcription, EdiPy
assumes that the C-to-T edit would work randomly taking
into account the species-specificity and, thus, processed
paralogs due to reverse transcription and reinsertion into
the mitochondrial genome [14]. In our opinion, the
assumption that all C's labelled as editable at genomic
level would be replaced by U's in the mRNA might, in
effect, be too restrictive or conservative and valid only for
genes belonging to closely related plant species.

Automated analysis of simulated data sets

Maximum likelihood (ML) trees were estimated from sev-
eral mitochondrial genes belonging to various land plants
(including data from Bowe and dePamphilis [13]) using
PHYML program [19] under the general time reversible
model (GTR) [20]. The corresponding average branch
lengths were, then, employed to generate three different
topologies of 12, 18 and 24 taxa using the stochastic spe-
ciation process described by Kuhner and Felsenstein [21].
Because this generating process makes trees molecular-
clock-like, every branch length of each tree was multiplied
by a gamma distributed factor, following the methodol-
ogy of Guindon and Gascuel [22] (see Appendix B for

http://www.biomedcentral.com/1471-2105/9/S2/S14

details about topologies and the relative branch lengths in
Additional file 1).

Each set of genomic and cDNA sequences was simulated
100 times and each replicate was submitted to PHYML
program to estimate the ML phylogenetic tree under the
HKY model of evolution [18,19]. Differences between
inferred and ‘true’ trees were quantified by the topological
distance using the Treedist program of the PHYLIP pack-
age [23]. The accuracy values of tree reconstruction were
calculated for each data set as the proportion of correctly
inferred topologies over the total number of detected
trees. The general scheme of the methodology is shown in
Figure 1.

< Starting tree

EdiPy program
(Simulation of 100 data sets)

e

‘Genomic’ ‘cDNA’ ‘Control’
alignment alignment alignment

oy

Tree reconstruction by PHYML
—> Topological distance by TreeDist

oy

Accuracy

Figure |

Methodology overview. Schematic overview of the meth-
odology to in silico evaluate the effect of RNA editing on
reconstructed tree topologies.
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Retrieving and analyzing real plant mitochondrial genes

Sequences of plant mitochondrial genes and their corre-
sponding cDNAs, with editing sites experimentally deter-
mined via direct cDNA sequencing, were downloaded
from our specialized RNA editing database, REDIdb
[24,25]. Each set of genomic and cDNA sequences was
successively aligned using the ClustalW program with the
default parameters and, manually adjusted, when neces-
sary [26]. From a total of 42 collected plant mitochondrial
protein-coding genes, any alignment that had less than 7
sequences was removed from the analyzed data sets. In
this way, 20 alignments were kept for the purpose of the
present work (more details are in the Additional file 1).

For each gene and cDNA alignment the editing percent-
age, the total number of variable sites and the correspond-
ing evolutionary model, by AIC criterion [27,28], was
obtained. The PHYML program was, then, used to recon-
struct ML genomic and cDNA phylogenetic trees accord-
ing to the detected models of nucleotide substitution [19].

The comparison between genomic and cDNA inferred
trees was made by topological distance using the Treedist
program [23]. This distance is currently defined as twice
the number of interior branches at which sequence parti-
tion is different between the two trees compared. Yet, it is
closely related to the number of internal branches and,
thus, to the number of the analyzed sequences.

In order to compare results among all plant mitochon-
drial genes under study, a new simple measure was intro-
duced. If maxDt was the maximum value of the
topological distance and Dt was the truly detected topo-
logical distance, the ratioDt was then defined as:

Dt
maxDt

ratioDt =

This ratio ranges from 0 to 1, depending on how much the
inferred genomic and cDNA phylogenetic trees are topo-
logically different. It approaches to 0 for identical trees
and increases as the match worsens.

Results

Effect of editing at the genomic level

Given that the editing machinery acts directly on mRNAs,
the information essential to direct the editing activity
must be present at the mitochondrial genomic level [2].
For this reason, we investigated the effect of editing on
phylogenetic inference at the genomic level, simulating
around 200,000 sequences for approximately 140 million
of nucleotides.

Five different sequence data sets of 200, 300, 500, 800 and
1,000 base pairs (bp) were generated along a tree of 12
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taxa with percentages of editing sites ranging from 1.0 to
10.0% (see Appendix B for topology and relative branch
lengths in Additional file 1). Background sites evolved
under the JC model [17], whereas editing sites were simu-
lated according to the TrtN model of nucleotide substitu-
tion [16].

Table 1 summarize results of our in silico analyses (see
‘Genomic’ line), where the accuracy is shown as the prob-
ability of obtaining the correct tree.

As expected, the presence of editing sites decreased the
accuracy of reconstructed phylogenetic trees. In particular,
the effect of editing sites was pronounced in the 200 and
300 bp data sets, even when only 1% of positions was sub-
jected to RNA editing, that is, when only two nucleotides
out of 200 were evolving in an editable fashion. However,
in all cases examined the accuracy of the tree reconstruc-
tion was not less than 0.7, indicating that the presence of
editing sites at the genomic level was not dramatically rel-
evant at least for 7 out of 10 inferred trees.

When sequences were longer than 800 bp, the potential
phylogenetic incongruence due to editing was hardly
noticeable. Accuracy values close to 1 were, indeed, always

Table |: Accuracy of data sets generated along a 12 taxa tree (JC
model). Accuracy of ML inferred trees from data sets generated
along a 12 taxa tree and under a growing percentage of editing
positions. Background sites evolved according to JC model [17].
Results from multiple alignhments without editing sites are also
shown as control.

12 taxa tree - JC model
% editing 0 1 3 5 7 10

200 nucleotides

Genomic I 073 073 071 0.70 0.71*
cDNA I 072 066 0.6l 0.60 0.57
Control I 073 072 069 0.63 0.65
300 nucleotides
Genomic I 091 091 08% 089 0.88*
cDNA I 09 085 0.78 0.76 0.71
Control I 091 088 088 0.90 0.89
500 nucleotides
Genomic I 099 099 098 0.99*%  0.96*
cDNA I 099 097 094 0.91 0.86
Control I 099 099 098 0.97 0.96
800 nucleotides
Genomic I 099 099 099 0.99 0.99
cDNA I 099 099 097 0.96 0.95
Control I 099 099 098 0.99 0.99
1,000 nucleotides
Genomic I 099 099 099 0.99 0.99
cDNA I 099 099 099 0.99 0.97
Control I 099 099 099 0.99 0.99
* indicates that the comparison between genomic and cDNA
accuracy is significant (Py2, < 0.05)
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found for alignments of 800 and 1,000 bp even when a
high percentage of editing sites was simulated.

In a more realistic simulation, five additional data sets of
200, 300, 500, 800 and 1,000 bp were generated under
the HKY evolutionary model [18]. As shown in Table 2
(see ‘Genomic’ line), the effect of fast evolving editing
sites at genomic level did not significantly affect the tree
reconstruction at least for sequences longer than 500 bp.
Moreover, accuracy values were always higher than 0.80
even when genomic-like sequences were less than 500 bp
and the editing percentage higher than 5.0%.

As clearly shown in Tables 1 and 2 (see ‘Genomic’ lines),
the simulations performed under the more complex evo-
lutionary model, HKY [18], rather than JC [17] gave the
highest tree accuracy values. Moreover, the presence of
editing sites at genomic level slightly affected the tree
inference process when the number of simulated charac-
ters per data set decreased from 1,000 to 200 bp.

In Tables 3 and 4 (see ‘Genomic’ lines) are shown the
results for the case of 1,000 bp data sets generated along
18 and 24 taxa trees under both JC and HKY evolutionary
models (see Appendix B for topologies and relative
branch lengths in Additional file 1). As previously

Table 2: Accuracy of data sets generated along a |12 taxa tree
(HKY model). Accuracy of ML inferred trees from data sets
generated along a |12 taxa tree and under a growing percentage
of editing positions. Background sites evolved according to HKY
model [18]. Results from multiple alignments without editing
sites are also shown as control.

12 taxa tree - HKY model
% editing 0o 1 3 5 7 10

200 nucleotides
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observed in Tables 1 and 2 for alignments 800 and 1,000
bp long, the phylogenetic reconstruction was hardly
affected even when the complexity of evolutionary mod-
els increased from JC to HKY (Tables 3, 4 and 5; Py2,<
0.05). Furthermore, similar results were observed when
data sets longer than 1,000 bp were simulated along the
18 taxa tree and according to the simpler JC model [17]
(Table 5; see ‘Genomic’ line).

Differences between genomic and cDNA sequences

As shown in Table 1 (see ‘Genomic’ and ‘cDNA’ lines) for
the case of alignments generated along the 12 taxa tree
and under the JC model [17], accuracy values from
genomic and cDNA inferred trees were roughly the same
for sequences longer than 800 bp. On the contrary, the
effect of RNA editing on tree reconstruction became rele-
vant when the percentage of editing sites was higher than
5.0% and alignments were shorter than 500 bp (Table 1).
Unlike results from artificial genomic data sets, the accu-
racy of trees deduced by ¢cDNA sequences could also
assume values below 0.6 (Table 1).

When artificial alignments were generated according to
the HKY evolutionary models [18] slight differences
between genomic and cDNA accuracy values could be
recovered, especially for data sets longer than 500 bp
(Table 2; see ‘Genomic’ and ‘cDNA’ lines). However, sig-
nificant accuracy reduction for the cDNA inferred trees
was found in data sets of 200 and 300 bp, but only for
editing percentages higher than 5.0% (Table 2).

Interestingly, as reported in Tables 3 and 4 (see ‘Genomic’
and ‘cDNA’ lines), a major effect of RNA editing on phyl-
ogenetic inference process was established when cDNA

Table 3: Accuracy of data sets generated along a 18 taxa tree (JC
and HKY models). Accuracy of ML inferred trees from data sets

Genomic I 092 092 084 082* 0.80* of 1,000 bp generated along a 18 taxa tree and under a growing
cDNA I 089 0.85 0.80 0.74 0.72 percentage of editing positions. Background sites evolved
Control I 095 091 08 08 079 according both JC and HKY models [17,18]. Results from
300 nucleotides multiple alignments without editing sites are also shown as
Genomic I 096 095 094 0.92* 0.90* control.
c¢DNA I 093 093 09I 0.83 0.77
Control I 096 095 094 092 090 18 taxa tree - JC model
500 nucleotides % editing 0 | 3 5 7 10
Genomic I 098 098 098 0.97 0.97
cDNA I 098 098 09 095 0.92 1,000 nucleotides
Control I 098 098 098 097 0.96 Genomic I 091 090* 093* 092 0.88*
800 nucleotides cDNA I 086 0.75 0.65 0.52 0.46
Genomic I 099 099 099 099 0.99 Control I 091 0.88 0.94 0.89 0.88
cDNA I 099 099 099 098 0.97 18 taxa tree — HKY model
Control I 099 099 099 099 0.99 % editing 0 | 3 5 7 10
1,000 nucleotides 1,000 nucleotides
Genomic I 099 099 099 099 0.99 Genomic I 093 096% 096* 0.94% 0.93*
cDNA I 099 099 099 098 0.98 cDNA I 087 0.86 0.85 0.73 0.71
Control I 099 099 099 099 0.99 Control I 091 090 0.95 0.83 0.83
* indicates that the comparison between genomic and cDNA * indicates that the comparison between genomic and cDNA
accuracy is significant (Py2, < 0.05) accuracy is significant (Py2,< 0.05)
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Table 4: Accuracy of data sets generated along a 24 taxa tree (JC
and HKY models). Accuracy of ML inferred trees from data sets
of 1,000 bp generated along a 24 taxa tree and under a growing
percentage of editing positions. Background sites evolved
according both JC and HKY models [17,18]. Results from
multiple alignments without editing sites are also shown as
control.

24 taxa tree - JC model
% editing 0 | 3 5 7 10

1,000 nucleotides

Genomic I 092 086 0.88* 0.80* 0.79*
cDNA | 088 082 077 064 058
Control I 095 088 09I 090 0.86
24 taxa tree — HKY model

% editing 0 1 3 5 7 10
1,000 nucleotides

Genomic I 094 094 091* 0.90* 0.90*
cDNA I 093 092 083 078 0.73
Control I 094 090 087 0.8l 0.70

* indicates that the comparison between genomic and cDNA accuracy
is significant (Py2,< 0.05)

sequences were generated along trees of 18 and 24 taxa
and according to both the JC and HKY models. In partic-
ular, relevant effects emerged when cDNA sequences were
simulated under editing percentages higher than 3.0%.

Moreover, as reported in Table 5, the extension of
sequence length to 1,500 bp led to a very low reliability of
cDNA inferred trees. In all cases examined differences in
accuracy values between genomic and ¢cDNA deduced
topologies were significant (Py2,< 0.05).

As a control of both editing effect on tree inference and
simulation analysis, additional data sets were generated
excluding editing sites. In these cases shown in Tables 1,2,
3, 4 and 5 (see ‘Control’, ‘Genomic’ and ‘cDNA’ lines),

Table 5: Accuracy of data sets generated along a 18 taxa tree (JC
model). Accuracy of ML inferred trees from data sets of 1,500 bp
generated along a 18 taxa tree and under a growing percentage
of editing positions. Background sites evolved according to the
JC model [17]. Results from multiple alighments lacking editing
sites are also shown as control.

18 taxa tree - JC model
% editing 0 1 3 5 7 10

1,500 nucleotides

Genomic I 098* 0.95% 095 095 0.93*
cDNA I 089 0.81 0.77 0.65 0.56
Control I 097 0.95 0.97 0.96 0.91

* indicates that the comparison between genomic and cDNA
accuracy is significant (Py2,< 0.05)
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accuracy values of tree topologies estimated from data sets
without editing sites were closely related to those
obtained from trees deduced by genomic-like sequences.

RNA editing on real plant mitochondrial genes

Genomic and cDNA sequences of 42 different plant mito-
chondrial genes have been retrieved from our specialised
RNA editing database, REDIdb [24]. Since in many cases,
the number of available sequences was very small, we
excluded from our study any plant mitochondrial gene
with less than 7 sequences in the corresponding multiple
alignment. Only a total of 20 genes (Table 6) were found
to conform to this condition and were retained for the
analysis. As shown in Table 6, 5 mitochondrial genes are
longer than 1,000 bp (atp1, matR, rps3, nad5, cob), whereas
4 genes are shorter than 500 bp (rps12, rps13, nad3, atp9).
The most edited gene is the nad3 with 14% of its coding
region altered by C to T post-transcriptional conversions.
In contrast, the mitochondrial atp1 gene is the least edited,
with only 0.85% alterations.

Furthermore, for each genomic and cDNA multiple align-
ment the best model of nucleotide substitution has been
detected by the AIC criterion [27,28]. In 14 out of 20 cases
shown in Table 6, genomic DNA sequences followed the
same evolutionary model identified for cDNA sequences.

Genomic and cDNA inferred trees have been compared by
topological distance. In addition, since our multiple
alignments have a variable number of sequences per gene
and, thus, a different maximum value of topological dis-
tance, we chose to define the ratioDt as main measure to
compare DNA and cDNA deduced trees. This ratio is eas-
ily calculated from the observed topological distance
divided by the maximum value that it could assume. In
this way, a ratioDt of 0 is expected for completely identical
inferred genomic and cDNA topologies, whereas a ratioDt
equal to 1 is expected for trees in which the match is rad-
ically lost (Figure 2).

According to the ratioDt, the maximum number of differ-
ences between deduced genomic and cDNA trees was
observed for nad9 gene.

In general, as shown in Table 6, the ratioDt increased
when the editing percentage went up from about 3.0 to
14.0%. In particular, when the average gene length was
higher than 1,000 bp (rps3, matR and atp1) no differences
could be detected in the comparison between inferred
genomic and ¢cDNA topologies. On the contrary, genes
shorter than 1,000 bp showed heterogeneous ratioDt val-
ues depending on the editing percentages and the total
number of variable characters.
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Table 6: Plant mitochondrial genes used in this study and ratioDt values. For each gene, the number of sequences (N), the mean length
(L), the editing percentage (E), the number of variable sites (Vg for genomic and Vc for cDNA), the evolutionary model (Mg for

genomic and Mc for cDNA) and the ratioDt are shown.

Gene N L E Vg Vc Mg Mc ratioDt
atpl 7 1527.86 0.85 199 202 HKY+I HKY+I 0
matR 8 2023.50 1.24 360 356 K80+G K80+G 0
atp8 8 504.00 2.58 143 142 HKY+G HKY+G 0
rps3 7 1670.14 2.93 483 472 GTR+I GTR+I 0
nadl 7 980.57 490 71 63 HKY+I HKY 0
ccb3 7 735.43 6.66 16 107 HKY+I HKY+I 0
atpb 9 962.00 3.43 510 485 HKY+G+I HKY+G+I 0.16
cox3 9 802.67 3.86 71 70 GTR+I GTR+G 0.16
rpsl2 14 377.79 4.24 79 74 HKY+G HKY+G 0.18
nad5 7 2012.14 1.99 139 124 HKY+I HKY+I 0.25
rpl5 8 568.13 2.46 186 182 GTR+I HKY+G 0.25
atp4 7 602.57 3.65 153 157 HKY+G HKY+G 0.25
nadé 7 642.43 4.05 124 119 F8I1+l F81+l 0.25
rpsl3 8 350.25 2.86 45 45 F81+G F81+G 0.4
cob 10 1183.50 3.72 135 129 HKY+I HKY+I 0.43
cox2 16 774.75 426 176 160 HKY+G HKY+G 0.5
ccb2 7 621.00 11.27 75 72 HKY HKY+G 0.5
nad3 19 363.00 14.05 86 72 GTR+G GTR+G 0.5
atp9 16 234.19 6.41 8l 72 K80+G HKY+G 0.54
nad9 9 606.00 2.8l 58 52 HKY+I HKY+G 0.6

Notes. K80, Kimura; F81, Felsenstein 1981; HKY, Hasegawa-Kishino-Yano; GTR, General time reversible; |, invariant sites; G, gamma correction.
The editing percentage is calculated for each multiple alignment as the proportion of site patterns containing at least one editing event over the

total number of site patterns.

Surprisingly, we detected ratioDt values greater than 0 for
the mitochondrial genes nad5 and cob, in which the mean
sequence length was higher than 1,000 bp and the editing
percentage was 1.9 and 3.7%, respectively.

Finally, while comparing the number of variable sites for
each gene and the corresponding cDNA, it became evident
that in general genomic sequences generate a higher phy-
logenetic signal than their transcripts. Nonetheless, in
none of the investigated cases the increased genomic phy-
logenetic signal was statistically significant (Py2,> 0.05).

Discussion

Phylogenetic incongruence and editing simulation

RNA editing in plant mitochondria remodels mitochon-
drial precursor mRNAs via specific C to U conversions
[2,29]. As a consequence, the genetic information in the
transcript may differ from that one of the gene [29] lead-
ing to conflicting phylogenetic tree topologies. Although
there are several reasons to account for the phylogenetic
incongruence caused by the RNA editing process, three of
them should at least be invoked.

The first and foremost among these is that plant mito-
chondrial sites subjected to RNA editing might negatively
alter and affect sequence nucleotide stationarity because
they are exclusively constituted of pyrimidines [30]. This
might be especially true when editing sites within the

same gene are heterogeneously distributed across differ-
ent land plants or in instances of massive RNA editing
reduction. As an explanatory example, the mitochondrial
cox3 gene in Magnolia requires 22 edits to yield a func-
tional protein product, whereas only 13 and 10 editing
events have been observed in the same gene of wheat and
olive tree mitochondria, respectively [5,31].

Second, editing sites tend to have a more accelerated evo-
lutionary rate than sites not subjected to RNA editing as
demonstrated by the comparison of the substitution
number per site in different land plant mitochondrial
sequences [10]. Therefore, mitochondrial genomic and
cDNA sequences exhibit different evolutionary dynamics.
[9]. Third, over great evolutionary distances, editing sites
might conceivably become saturated for multiple
changes, given the rapid turnover of pyrimidines [10].

Nonetheless, the edited plant mitochondrial sequences
are currently used in phylogenetics to provide insights
into relationships at all levels in the green plant hierarchy
of life [32-35]. The question remains, thus, as to how
much the presence of editing sites will affect phylogenetic
analysis of mitochondrial sequences and which sequences
should be used, genomic or cDNA?

According to Hiesel et al. [12] cDNA sequences should be

used in phylogenetics of land plants, because they are
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Examples of genomic and cDNA trees from plant mitochondrial genes. Genomic and cDNA tree topologies for
three plant mitochondrial genes with different ratioDt values. A, B) Genomic and cDNA inferred trees for the atp/ gene where
ratioDt is equal to 0; C, D) genomic and cDNA topologies deduced for the atp4 gene where there is a moderate editing bias
(ratioDt equal to 0.25); E, F) genomic and cDNA trees for the ccb2 gene where there is a strong editing effect (ratioDt equal to

0.50).

sequenced from mRNA and predict the true protein
sequence. Unfortunately, Hiesel et al. [12] did not show
trees deduced from genomic DNA sequences, omitting a
discussion about the effect of editing on phylogenetic
analysis.

By contrast, Bowe and dePamphilis [13] as well as Szmidt
etal. [11], argued that genomic DNA sequences are at least
as useful as cDNA sequences for reconstructing phyloge-
netic events. The editing effect was qualitatively evaluated
comparing deduced mitochondrial genomic and cDNA
trees [11,13].

A major question to be considered is the potentially mis-
leading choice of which data set, genomic or cDNA, has to
be used in phylogenetic analysis if plant mitochondrial
genomic and cDNA trees are not similar. It became diffi-
cult, indeed, to judge which tree, genomic or cDNA4, is

closer to the correct one when it is not possible to estab-
lish with confidence the true phylogenetic relationships
between homologous sequences.

Currently numerical simulations are employed for study-
ing the accuracy of different molecular biological proc-
esses under idealized conditions, which are especially
useful to exhaustively explore the effect of multiple
parameters affecting the performance of methods of phy-
logenetic inference [36]. In particular, the simulation of
plant mitochondrial genes subjected to RNA editing
allows us to establish either the editing effect on tree
reconstruction is more extensive at the genomic than the
cDNA level or the number of topological differences
between deduced genomic and cDNA trees.

The basic assumption of our simulation is that sites sub-

jected to RNA editing evolve differently than the remain-
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ing sites, defined as background, evolving specifically
according to the TrN nucleotide substitution model [16]
(see the Methods section).

Following our experimental design, the ‘noise’ introduced
by a growing percentage of editing sites should be evident
in terms of reduction of topological accuracy. The varia-
bility range for the percentage values of editing sites was
fixed from 1.0 to 10.0% because these values are roughly
the same detected for real plant mitochondrial genes (see
Table 6). Moreover, percentage values higher than 10.0%
might not mimic real plant mitochondrial editing pat-
terns and, thus, substantially alter the nucleotide compo-
sition per sequence.

Our results show that when background sites are gener-
ated under the simpler JC evolutionary model [17], the
editing bias at genomic level is more evident for short and
highly edited sequence data sets (Table 1). Nonetheless, a
slight reduction of tree accuracy is also manifest when
background sites are simulated according to a more com-
plex substitution model as the HKY [18] (Table 2). This
finding is not surprising given that the tree reconstruction
is performed under the ML criterion using the more com-
plicated HKY model that takes into account variable
nucleotide frequencies and different rates for transitions
and transversions. In all cases, including also simulations
along the 18 and 24 taxa trees, the accuracy of tree recon-
struction at genomic level is comparable with that one
obtained in previous simulation studies performed to
evaluate the ability of different methods in phylogenetic
tree inference [37,38] (Tables 3, 4 and 5). However, in
function of the number of simulated editing sites, a mini-
mal decrease of efficiency in tree reconstruction is often
found, indicating that the editing ‘noise’ is generally
present and associated with high editing percentages, even
though it is not so relevant at genomic level. It is likely
that editing ‘noise’ is partially due to the reduction of the
character-state space at level of editing sites. It has been
clearly demonstrated that a relatively little increase in
character-state space can provide enormous benefits for
the accuracy of phylogenetic inference [39].

On the other hand, simulation results for data sets lacking
editing sites clearly indicate that the elimination of edits
lead to tree topologies close to those inferred by genomic-
like data sets (Tables 1, 2, 3, 4 and 5).

However, it should be noted that our simulations greatly
rely on the model tree topology used to generate the
sequence data. Since only few randomly generated topol-
ogies have been used, our observations may be limited to
topologies of the same type. Furthermore, the complexity
of the actual nucleotide substitution pattern poses the
problem of the model choice. Even sophisticated models

http://www.biomedcentral.com/1471-2105/9/S2/S14

tend to oversimplify the real evolutionary patterns. There-
fore, given the limiting nature of the numerical simula-
tions, our results represent only the simplest expectation
of the RNA editing effect on tree reconstruction.

Comparison between artificial and real data sets

In contrast with previously published studies by Bowe
and dePamphilis [13], Pesole et al. [9] and Szmidt et al.
[11], in which only a limited number of characters and
taxa was investigated to verify the effect of editing on phy-
logenetic reconstruction, here 20 different plant mito-
chondrial genes have been analyzed.

As shown in Table 6, when the model describing the proc-
ess of nucleotide substitutions for genomic and cDNA
sequences is valuated separately, in 14 out of 20 genes,
genomic and cDNA sequences followed the same evolu-
tionary model, suggesting that most likely the number of
editing events per gene is not adequate to improve signif-
icantly the likelihood scores and, thus, to affect the choice
of the best-fit evolutionary model [28].

Differently to the previous works of Bowe and dePamphi-
lis [13] and Szmidt et al. [11], the phylogenetic bias due
to RNA editing sites has been quantitatively valuated com-
paring ML genomic and cDNA inferred trees by means of
the ratioDt. In a large number of plant mitochondrial
genes analysed here the ratioDt assumes higher values
when the percentage of editing sites increases (Table 6). If
we consider that genomic and cDNA sequences diverge
only by editing sites, conflicting tree topologies are most
likely due exclusively to the presence of RNA editing sites
(Figure 2). On the other hand, bearing in our mind that
the aim of our work was to quantify the conflict between
genomic and ¢cDNA inferred topologies, any discussion
about the systematic correctness of each deduced tree has
been here deliberately omitted. Moreover, it should be
mentioned that our inferred trees, technically called gene-
trees, represents only the evolutionary relationships
among genomic or cDNA sequences of each specific gene
that, thus, might not be completely comparable with spe-
cie-trees (Figure 2).

As predicted by our in silico analyses (Tables 1, 2, 3, 4 and
5), when mitochondrial gene sequences are shorter than
or around 500 bp the ratioDt values range from 0.18 to
0.54, indicating from moderate to serious corruption of
tree reconstruction. In contrast, when analyzed gene
sequences are longer than 800 bp (atpl, matR, rps3 and
atp6) the ratioDt is close to 0, indicating a perfect accord
between genomic and cDNA inferred trees. Only in few
examples where the number of sequences per gene is
more than 14, as cox2, nad3 and atp9, the ratioDt assumes
the highest values ranging from 0.5 to 0.54 (Figure 2).
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Although computer simulation model let us predict a
potential effect of editing on the topology of many plant
mitochondrial genes, misleading predictions might still
be experienced. Indeed, artificial sequences are generated
under simplified conditions and even when more com-
plex models of evolution are invoked it is difficult to per-
fectly describe the real biological world. Other factors
such as site rate variation and interdependence among
sites should be taken into account [40,41]. For example,
5'- sequences adjacent to the editing sites might be
required for RNA editing [42].

Misleading results could also emerge during the process of
tree reconstruction, because the efficiency of ML methods
of tree building depends also on the number of characters
and taxa analyzed and on the number of variable sites
[38]. In effect, when total site variability was not sufficient
to reconstruct phylogenies, as for nad5, cob and nad9
genes, the behaviour of editing sites might not be easily
predictable by simulation.

Above all Bowe and dePamphilis emphasized [13] that
processed paralogs, i.e. sequences due to reverse transcrip-
tion and reinsertion into either the mitochondrial or
nuclear genome as edited cDNA, critically affect the tree
building process.

If processed paralogs become inserted into the mitochon-
drial genome, they certainly generate variability in the
total number of editing sites per gene, a phenomenon also
well known as species-specificity of RNA editing. In the
latter event, the phylogenetic editing ‘noise’ can be
straightforwardly evaluated by either the in silico or the in
vitro approach according to the methodology described in
the Methods section of this paper.

If processed paralogs become instead inserted into the
nuclear genome they evolve in accordance with nuclear
sequences, that is much faster than plant chloroplast and
mitochondrial sequences [43]. Either way paralogs may
really cause a critical phylogenetic incongruence [13].

Conclusions

Studying the correlated rates of synonymous site evolu-
tion across plant genomes, Eyre-Walker and Gaut [44]
wrote “RNA editing is a potential complication in the
analysis of plant mitochondrial and chloroplast genes....
caution must be taken to ensure that ... all edited sites are
excluded from an analysis.”

In light of this statement and agreement with our results
from simulated and genuine mitochondrial data sets, we
conclude that:

http://www.biomedcentral.com/1471-2105/9/S2/S14

¢ The editing ‘noise’ in the tree inference is mainly mani-
fested at the cDNA level.

e Editing sites can contribute in generating misleading
phylogenetic trees if the analyzed mitochondrial gene
sequence is highly edited (higher than 3.0%) and reduced
in length (shorter than 500 bp).

Although the removal of editing sites can contribute to
reduce confusing the tree inferences when the plant mito-
chondrial genomic and ¢cDNA sequences are combined
[13], to the best of our knowledge, there is no evidence up
to now that mitochondrial DNA sequences are misleading
in phylogenetic analyses. Therefore, our findings favour
the conclusion that mitochondrial genomic rather than
cDNA sequences should be used for reconstructing phylo-
genetic events in land plants.

Competing interests
The authors declare that they have no competing interests

Authors' contributions

EP and CQ conceived this study. EP wrote the Python
script used in this study, performed all the analyses and
drafted the manuscript (text and figures).

CQ contributed substantially to the final manuscript.
Both authors read and approved the final manuscript.

Additional material

Additional file 1

Portable Document FormatAdditional_file1.pdf contains info about genes
used in this study and two Appendices (A and B) with supplementary
details related to EdiPy program and tree topologies used in simulations.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2105-9-S2-S14-S1.pdf]

Acknowledgements

We are grateful to the Linux laboratory (LinuxLab) of the Physic Depart-
ment (Universita della Calabria) for improving the computer performance
and computation. T.M.R. Regina and A.O. Richardson are also acknowl-
edged for their always helpful comments. A special thank is also addressed
to the Goldman group at EBI (European Bioinformatics Institute) for their
invaluable suggestions about the simulation of biological sequences.

This article has been published as part of BMC Bioinformatics Volume 9 Sup-
plement 2, 2008: Italian Society of Bioinformatics (BITS): Annual Meeting
2007. The full contents of the supplement are available online at http:/
www.biomedcentral.com/1471-2105/9%issue=S2

References
l. Benne R, Van den Burg J, Brakenhoff P, Sloof P, Van Boom JH, Tromp
MC: Major transcript of the frameshifted coxll gene from

Page 10 of 11

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2105-9-S2-S14-S1.pdf
http://www.biomedcentral.com/1471-2105/9?issue=S2
http://www.biomedcentral.com/1471-2105/9?issue=S2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3019552

BMC Bioinformatics 2008, 9(Suppl 2):S14

15.
l6.

20.

21.

22.

23.
24.
25.
26.

27.

trypanosome mitochondria contains four nucleotides that
are not encoded in the DNA. Cell 1986, 46:819-826.

Gray MW: Diversity and evolution of mitochondrial RNA
editing systems. |UBMB Life 2003, 55:227-233.

Mahendran R, Spottswood MR, Miller DL: RNA editing by cytidine
insertion in mitochondria of Physarum polycephalum. Nature
1991, 349:434-438.

Giege P, Brennicke A: RNA editing in Arabidopsis mitochondria
effects 441 C to U changes in ORFs. Proc Natl Acad Sci USA 1999,
96:15324-15329.

Perrotta G, Cavallotti A, Quagliariello C: Reduced requirement
for RNA editing in the mitochondrial cox3 transcript of Olea
europaea L. Curr Genet 1997, 31:185-189.

Regina TM, Lopez L, Picardi E, Quagliariello C: Striking differences
in RNA editing requirements to express the rps4 gene in
magnolia and sunflower mitochondria. Gene 2002, 286:33-41.
Brennicke A, Marchfelder A, Binder S: RNA editing. FEMS Microbiol
Rev 1999, 23:297-3 6.

Palmer JD, Herbon LA: Plant mitochondrial DNA evolves rap-
idly in structure, but slowly in sequence. | Mol Evol 1988,
28:87-97.

Pesole G, Ceci LR, Gissi C, Saccone C, Quagliariello C: Evolution of
the nad3-rpsl2 gene cluster in angiosperm mitochondria:
comparison of edited and unedited sequences. | Mol Evol 1996,
43:447-452.

Shields DC, Wolfe KH: Accelerated evolution of sites undergo-
ing mMRNA editing in plant mitochondria and chloroplasts.
Mol Biol Evol 1997, 14:344-349.

Szmidt AE, Lu MZ, Wang XR: Effects of RNA editing on the coxl
evolution and phylogeny reconstruction. Euphytica 2001,
118:9-18.

Hiesel R, von Haeseler A, Brennicke A: Plant mitochondrial
nucleic acid sequences as a tool for phylogenetic analysis.
Proc Natl Acad Sci USA 1994, 91:634-638.

Bowe LM, dePamphilis CW: Effects of RNA editing and gene
processing on phylogenetic reconstruction. Mol Biol Evol 1996,
13:1159-1166.

Picardi E, Quagliariello C: EdiPy: A resource to simulate the
evolution of plant mitochondrial genes under the RNA edit-
ing. Comput Biol Chem 2006, 30:77-80.

EdiPy program. . [http://biologia.unical.it/py script/]

Tamura K, Nei M: Estimation of the number of nucleotide sub-
stitutions in the control region of mitochondrial DNA in
humans and chimpanzees. Mol Biol Evol 1993, 10:512-526.
Jukes TH, Cantor CR: Evolution of protein molecules. In Mam-
malian Protein Metabolism Edited by: Munro HN. New York: Academic
Press; 1969:21-132.

Hasegawa M, Kishino H, Yano T: Dating of the human-ape split-
ting by a molecular clock of mitochondrial DNA. | Mol Evol
1985, 22:160-174.

Guindon S, Gascuel O: A simple, fast, and accurate algorithm
to estimate large phylogenies by maximum likelihood. Syst
Biol 2003, 52:696-704.

Tavaré S: Some probabilistic and statistical problems in the
analysis of DNA sequences. In Some mathematical questions in biol-
ogy-DNA sequence analysis Edited by: RM. M.. Providence: Am. Math. Soc;
1986:57-86.

Kuhner MK, Felsenstein J: A simulation comparison of phylog-
eny algorithms under equal and unequal evolutionary rates.
Mol Biol Evol 1994, 11:459-468.

Guindon S, Gascuel O: Efficient biased estimation of evolution-
ary distances when substitution rates vary across sites. Mol
Biol Evol 2002, 19:534-543.

Felsenstein |: PHYLIP (Phylogeny Inference Package). Depart-
ment of Genome Sciences, University of Washington, Seattle 2004.
Picardi E, Regina TM, Brennicke A, Quagliariello C: REDIdb: the
RNA editing database. Nucleic Acids Res 2007, 35:D173-177.
REDIdb: the RNA Editing Database. . [http://biologia.unical.it/
py_script/search.html]

Thompson |D, Higgins DG, Gibson TJ: CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res 1994, 22:4673-4680.
Akaike H: A new look at the statistical model identification.
IEEE Trans Autom Contr 1974, 19:716-723.

28.
29.
30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

http://www.biomedcentral.com/1471-2105/9/S2/S14

Posada D, Crandall KA: Selecting the best-fit model of nucle-
otide substitution. Syst Biol 2001, 50:580-601.

Giege P, Brennicke A: From gene to protein in higher plant
mitochondria. CR Acad Sci lll 2001, 324:209-217.

Foster PG, Hickey DA: Compositional bias may affect both
DNA-based and protein-based phylogenetic reconstruc-
tions. | Mol Evol 1999, 48:284-290.

Perrotta G, Malek O, Heiser V, Brennicke A, Grohmann L, Quagliari-
ello C: RNA editing in the cox3 mRNA of Magnolia is more
extensive than in other dicot or monocot plants. Biochim Bio-
phys Acta 1996, 1307:254-258.

Malek O, Lattig K, Hiesel R, Brennicke A, Knoop V: RNA editing in
bryophytes and a molecular phylogeny of land plants. Embo |
1996, 15:1403-1411.

Nickrent DL, Parkinson CL, Palmer JD, Duff R]: Multigene phylog-
eny of land plants with special reference to bryophytes and
the earliest land plants. Mol Biol Evol 2000, 17:1885-1895.
Beckert S, Steinhauser S, Muhle H, Knoop V: A molecular phylog-
eny of bryophytes based on nucleotide sequences of the
mitochondrial nad5 gene. Plant Syst Evol 1999, 218:179-192.
Barkman TJ, Lim SH, Salleh KM, Nais J;: Mitochondrial DNA
sequences reveal the photosynthetic relatives of Rafflesia,
the world's largest flower. Proc Natl Acad Sci USA 2004,
101:787-792.

Hillis DM, Huelsenbeck JP, Cunningham CW: Application and
accuracy of molecular phylogenies. Science 1994, 264:671-677.
Hall BG: Comparison of the accuracies of several phyloge-
netic methods using protein and DNA sequences. Mol Biol Evol
2005, 22:792-802.

Piontkivska H: Efficiencies of maximum likelihood methods of
phylogenetic inferences when different substitution models
are used. Mol Phylogenet Evol 2004, 31:865-873.

Simmons MP, Reeves A, Davis JI: Character-state space versus
rate of evolution for phylogenetic inference. Cladistics 2004,
20:191-204.

Yang Z: Among-site rate variation and its impact on phyloge-
netic analyses. Trends Ecol Evol 1996, 11:367-372.

Yang Z, Kumar S: Approximate methods for estimating the
pattern of nucleotide substitution and the variation of substi-
tution rates among sites. Mol Biol Evol 1996, 13:650-659.
Mulligan RM, Williams MA, Shanahan MT: RNA editing site recog-
nition in higher plant mitochondria. | Hered 1999, 90:338-344.
Wolfe KH, Li WH, Sharp PM: Rates of nucleotide substitution
vary greatly among plant mitochondrial, chloroplast, and
nuclear DNAs. Proc Natl Acad Sci USA 1987, 84:9054-9058.
Eyre-Walker A, Gaut BS: Correlated rates of synonymous site
evolution across plant genomes. Mol Biol Evol 1997, 14:455-460.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 11 of 11

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3019552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3019552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12880203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12880203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1825131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1825131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10611383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10611383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9021137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9021137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9021137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11943458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11943458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11943458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10371035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3148746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3148746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8875858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8875858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8875858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9066800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9066800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7507251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7507251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8896368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8896368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16321571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16321571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16321571
http://biologia.unical.it/py_script/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8336541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8336541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8336541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3934395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3934395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14530136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14530136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8015439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8015439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11919295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11919295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17175530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17175530
http://biologia.unical.it/py_script/search.html
http://biologia.unical.it/py_script/search.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12116655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12116655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11291307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11291307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10093217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10093217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10093217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8688456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8688456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8635473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8635473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11110905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11110905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11110905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14715901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14715901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14715901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8171318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8171318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15590907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15590907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15120384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15120384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15120384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8676739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8676739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8676739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10355119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10355119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3480529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3480529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3480529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9100375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9100375
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Simulation of plant mitochondrial genomic-like and cDNA-like sequences
	Automated analysis of simulated data sets
	Retrieving and analyzing real plant mitochondrial genes

	Results
	Effect of editing at the genomic level
	Differences between genomic and cDNA sequences
	RNA editing on real plant mitochondrial genes

	Discussion
	Phylogenetic incongruence and editing simulation
	Comparison between artificial and real data sets

	Conclusions
	Competing interests
	Authors' contributions
	Additional material Acknowledgements
	References

