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Summary

CoxI genomic and cDNA sequences from gymnosperms and angiosperms were used to study the effects of RNA
editing on gene evolution and phylogeny reconstruction. In six gymnosperms harboring editedcoxI gene the
number of nucleotide substitutions at 1st, 2nd and 3rd codon positions was similar. In contrast, in angiosperms, the
number of nucleotide substitutions at 1st and 2nd codon positions was much lower than at the 3rd. ThecoxI gene
in long-lived gymnosperms evolved much faster than in annual angiosperms. This accelerated rate of nucleotide
substitution in gymnosperms is due to accumulation of T-C substitutions at edited sites that can randomly appear
at all three codon positions. Editing predominantly occurred at 1st and 2nd codon positions as a result of selection
against nonsynonymous T-C substitutions and other types of mutations. The tree topologies for the investigated
species based on genomic DNA data were in concordance with their taxonomic positions. The trees based on
polymorphic edited sites agreed with trees derived from complete sequence information. This indicates that edited
sites are reliable sources of phylogenetic information especially for species that contain many edited sites. However,
the fast evolution rate ofcoxI gene in gymnosperms has caused the long branches in the phylogenetic trees. The
inclusion of the species with a processed paralog i.e., edited form of thecoxI gene, affected the topology of
phylogenetic trees, especially when the taxon with a processed paralog was closely related to the other species
analyzed.

Introduction

Slow rate of evolution has made plant mitochondrial
gene sequences not useful for phylogenetic studies at
lower taxonomic levels (Laroche et al., 1995). Con-
sequently, there are very few studies addressing vari-
ation of mitochondrial coding regions among closely
related species. In plants, mitochondrial and chloro-
plast genetic information is modified by RNA editing
resulting in mRNAs that are different from those en-
coded by the corresponding genes in the genomic (g)
DNA (Araya et al., 1994; Freyer et al., 1997; Han-
son et al., 1996). In both organelles, specific cytidines
(C’s) in the primary transcripts are changed to uridines
(U’s) in the mature mRNAs (Maier et al., 1996; Stein-
hauser et al., 1999). The occurrence of editing has
raised concerns about the effect of this phenomenon

on the evolution of edited sequences and their use-
fulness for phylogenetic reconstruction (Bowe & de-
Pamphilis, 1996; Hiesel et al., 1994; Lu et al., 1998;
Pesole et al., 1996).

Recently, we have sequenced and characterized ge-
nomic and cDNAs of the mitochondrialcoxI gene in
several closely related gymnosperm species (Lu et al.,
1998). Most species included in our study possessed a
large number of edited sites ranging between 25 and
34 in a 648 base pairs (bp) region of thecoxI gene.
We also found that thecoxI gene in gymnosperms
evolves nearly five times faster than in angiosperms.
In two taxa,Gingko bilobaandLarix sibirica, thecoxI
gene did not contain any edited sites and resembled
an edited transcript (Lu et al., 1998). Such sequences
are usually regarded as processed paralogs and have
been found to affect phylogeny reconstruction (Bowe
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& dePamphilis, 1995; 1996). Taking into account the
presence of closely related species, the large number
of edited sites and the presence of two putative para-
logs, ourcoxI data are particularly useful for analysis
of the potential effects of RNA editing on the evolution
of coxIgene and on phylogeny reconstruction.

Three phylogenies of land plants have been con-
structed using mitochondrial genomic and cDNA se-
quences (Bowe & dePamphilis, 1996; Hiesel et al.,
1994; Pesole et al., 1996). Although these studies
agreed that mitochondrial sequences would be useful
for phylogenetic analyses, Hiesel et al. (1994) have
pointed out that the differences introduced by RNA
editing might distort evolutionary similarities of mi-
tochondrial genomic sequences. On the other hand,
Bowe & dePamphilis (1996) have argued that cDNAs
may provide fewer informative sites and therefore less
resolution on a phylogenetic tree. The previous studies
on evolution of edited mitochondrial genes included
distant species and very few conifers (Bowe & de-
Pamphilis, 1996; Hiesel et al., 1994; Laroche et al.,
1997; Pesole et al., 1996). Therefore, it is uncertain
how RNA editing would affect phylogenetic analysis
of closely related taxa in this group of plants. Fur-
thermore, the number of edited sites in the previously
investigated mitochondrial genes was relatively low,
which further limits the detailed evaluation of RNA
editing effects upon gene evolution and phylogenetic
reconstruction.

In the present study, we analyzed genomic DNA
and cDNA sequences of thecoxI gene from rep-
resentatives of several lineages of gymnosperms and
angiosperms. We address the following questions: (i)
what are the patterns of evolution of highly editedcoxI
sequences in gymnosperms? (ii ) can mitochondrial
genomic and cDNA sequences resolve phylogenetic
relationships at low taxonomic levels? (iii ) do edited
sites provide the same phylogenetic information as the
sites that are not affected by RNA editing? (iv) what
are the effects of a faster evolution of thecoxI gene
in gymnosperms than in angiosperms upon phylo-
geny? (v) what are the effects of processed paralogous
sequences upon phylogeny?

Material and methods

The DNA and mRNA isolation, the PCR and RT-
PCR amplification ofcoxI fragments from genomic
DNA and mRNA, and the sequencing of the PCR
products were described in our previous study (Lu

et al., 1998). The genomic and cDNA sequences of
the coxI gene used in the present study came from
eight gymnosperm species belonging to four differ-
ent families: Ginkgoaceae –Ginkgo biloba(EMBL
accession # AJ000352); Pinaceae –Pinus sylvestris
(AJ000354),Pinus sibirica(AJ000355),Picea abies
(AJ000356),Larix sibirica (AJ000351); Taxaceae –
Taxus baccata(AJ000353); and Cuppressaceae –Ju-
niperus procera(AJ000357),Thuja plicata(X64833)
(Glaubitz & Carlson, 1992; Lu et al., 1998). In addi-
tion, coxI genomic DNA sequences from four angio-
sperm species:Pisum sativum(X14409),Oenothera
berteriana (X05465), Oryza sativa(X15990), Zea
mays (X02660), and fromMarchantia polymorpha
(M68929) retrieved from EMBL database were in-
cluded in the analysis. The cDNA sequences of the
four angiosperm species andM. polymorphawere
obtained by replacing all the non-synonymous T-C
substitutions in the genomic sequences with Ts, for
encoding the consensus amino acids (Covello & Gray,
1990).

To investigate the effect of the putative processed
paralogs inL. sibirica and G. biloba as well as the
effect of edited sites upon the phylogeny reconstruc-
tion we analysed 11 different data sets (Table 1). The
sets I, III, V and VII included genomiccoxI DNA
sequences for gymnosperm and angiosperm species
and differed by the presence or absence ofG. biloba
and/orL. sibirica. The sets II, IV, VI and VIII had the
same species composition but includedcoxIcDNA se-
quences. At some edited sites both edited and unedited
C’s were present in different species. To discrimin-
ate between these two situations, the edited C’s at
these sites were coded as a fifth nucleotide. To better
explore the effects of RNA editing on phylogeny re-
construction analysis was also carried out using three
additional data sets comprising only six gymnosperm
species that possessed edited sites (Table 1). First of
these three sets (IX), comprised complete genomic
coxI sequences. The next data set (X) comprised only
the edited sites of thecoxI gene. As before, the edited
Cs were coded as a fifth nucleotide. Finally, the last
data set (XI) contained unedited portion of thecoxI
gene.

To assess the sequence dynamics in gymnosperms
and angiosperms we used thecoxIdata for six gymno-
sperms possessing edited sites and four angiosperms.
Comparative analysis of the patterns of nucleotide
substitutions was carried out separately for gymno-
sperms and angiosperms as well as usingM. poly-
morphaas a reference taxon. Calculations were made
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Table 1. Data sets analyzed in the present study

Data Set I II III IV V VI VII VIII IX X 1 XI2

DNA gDNA cDNA gDNA cDNA gDNA cDNA gDNA cDNA gDNA gDNA gDNA

P. sylvestris + + + + + + + + + + +

P. sibirica + + + + + + + + + + +

P. abies + + + + + + + + + + +

L. sibirica + + + +

T. plicata + + + + + + + + + + +

J. procera + + + + + + + + + + +

T. baccata + + + + + + + + + + +

G. biloba + + + +

P. sativum + + + + + + + +

O. berteriana + + + + + + + +

Z. mays + + + + + + + +

O. sativa + + + + + + + +

M. polymorpha + + + + + + + + + + +

1 Edited sites.
2 Unedited sites.

using the DAMBE (Xia, 1999) and the MEGA pro-
grams (Kumar et al., 1993).

Parsimony analysis was performed using the com-
puter program PAUP 3.1.1 (Swofford, 1993) using
Branch and Bound searches with furthest addition se-
quence. The autapomorphic characters were ignored
in all analyses. TheM. polymorphawas used as an
outgroup species. To examine the confidence inter-
vals for the clades obtained for all data sets, boot-
strap values (Felsenstein, 1985) were calculated. The
bootstrap analysis involved 1000 replicates, and fur-
thest sequence addition. To evaluate the strength of
the parsimony result, we calculated the consistency
index (CI) (Kluge & Farris, 1969), retention in-
dex (RI) (Swofford, 1993) and decay index (Bremer,
1988; Donoghue et al., 1992). In addition, trees were
also constructed based on pairwise distances (Kimura,
1980) using the neighbor-joining method of Saitou &
Nei (1987). The trees were constructed using MEGA
program (Kumar et al., 1993).

Results

Characteristics of genomic and cDNA sequences

There were distinct differences between gymnosperms
and angiosperms with respect to the number of nucle-
otide substitutions at individual codon positions and
the effect of editing. In six gymnosperms harboring
editedcoxI gene the number of nucleotide substitu-
tions at first, second and third positions of the codons

Table 2. Number and type of nucleotide substitutions at indi-
vidual codon positions in genomic and cDNA (in parentheses)
sequences of thecoxI gene in gymnosperms and angiosperms

Codon position Gymnosperms Angiosperms

A G C A G C

1st G 0 13

C 0 0 3 0

T 0 9 173 (26) 0 0 11 (0)

2nd G 0 3

C 0 0 0 0

T 0 0 222 (0) 0 3 24 (0)

3rd G 27 16

C 31 9 18 8

T 0 5 155 (151) 30 3 43 (43)

was similar (182, 222 and 227 respectively). In con-
trast, in angiosperms, the number of nucleotide substi-
tutions at first and second positions of the codons was
much lower (27 and 30 respectively) than at the third
codon position (118). Furthermore, the two groups
differed with respect to the type of substitutions at
the first codon position (Table 2). In gymnosperms,
the majority of substitutions at the first codon po-
sition involved T-C transition and T-G transversion.
Most (147/173) of the T-C substitutions were elim-
inated by editing. In angiosperms, however, all the
observed substitutions at the first codon position were
G-A transitions and C-A transversions. At the second
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Table 3. Characteristics ofcoxI sequences and phylogenetic trees. NT = number of most parsimonious trees, NS =
number of steps, CI = consistency index; RI = retention index

Data set Variable sites Informative sites Edited sites Unedited sites NT NS CI RI

I 187 116 56 65 1 184 0.810 0.869

II 129 70 – – 5 121 0.727 0.781

III 186 113 56 62 1 176 0.830 0.883

IV 128 66 – – 2 110 0.755 0.810

V 186 115 56 62 1 181 0.818 0.874

VI 128 68 – – 2 115 0.739 0.795

VII 185 112 56 59 1 172 0.843 0.889

VIII 127 64 – – 2 104 0.769 0.825

IX 160 63 45 22 1 84 0.893 0.917

X 67 42 42 – 1 56 0.875 0.900

XI 93 21 – 21 1 28 0.929 0.949

codon position all observed substitutions in gymno-
sperms involved T-C transition that was eliminated
by editing. In angiosperms, most substitutions at the
second codon position also involved C-T transition
that was eliminated by editing. At third codon posi-
tion, the gymnosperms showed total lack of the T-A
transversion, which was very frequent in angiosperms
(30/107, 28%). In both groups, the most frequent
substitution at the third codon position was the T-C
transition. However, only four out of 155, and none
out of 43 T-C substitutions at the third codon posi-
tion were eliminated by editing in gymnosperms and
angiosperms respectively.

In gymnosperms, all the edited sites at first and
second positions of the codons contained either T or
edited C. In contrast, some of the edited sites at third
codon position contained T, as well as both edited and
unedited C. However, all these differences were syn-
onymous. In angiosperms edited sites were found only
at the first and second codon positions. The unedited
coxI sequences fromL. sibirica andG. bilobahad Ts
at all the non-synonymous edited sites found in other
species.

Of the 216 codons analyzed in this study, 56
(25,9%) codons contained edited sites in gymno-
sperms while only nine (4.2%) edited codons were
found in angiosperms. For the six gymnosperms, ex-
cludingG. bilobaandL. sibirica, we observed a total
of 179 editing events, mostly occurring at the second
(94, 52.5%) and first codon positions (71, 39.7%).
Only fourteen edited sites (7.8%) were observed at the
third codon position. In angiosperms, there were 35
edited sites of which 11 (32%) and 24 (68%) occurred

at first and second positions of the codons respectively.
In gymnosperms, the ts/tv ratio was 10.69 for gDNA
and 3.77 for cDNA. In angiosperms the corresponding
ratio was 1.69 and 1.15 respectively. When the spe-
cies were compared toM. polymorpha coxIgene the
ts/tv ratio was 2.28 and 1.52 for gymnosperms and
1.25 and 1.20 for angiosperms genomic and cDNA,
respectively.

Effects of RNA editing and processed paralogs on
phylogeny reconstruction

The number of variable and informative nucleotides
in the 648 bpcoxI region for individual data sets ana-
lyzed in our study are given in Table 3. When all 13
species were considered (data set I), the number of
informative nucleotides was 116, and nearly half of
them (56) included edited sites. At the cDNA level
(data set II), the number of informative sites in the
investigated 13 species was reduced to 70. When only
six gymnosperms andM. polymorphawere included
in our analysis (data set IX), the number of informative
sites was 63 and as many as 45 (ca. 70%) of them
were edited. In other words, the majority of the ob-
served sequence divergence among gymnosperms was
associated with nucleotides affected by RNA editing.

When both processed paralogs fromL. sibiricaand
G. biloba were included in the analysis of genomic
DNA (data set I), a single most parsimonious tree re-
quiring 184 steps (CI = 0.810, RI = 0.869) was found
(Table 3). The two species formed separate basal
branches in the gymnosperm clade (Figure 1A). The
tree topology for the remaining species agreed with the
generally accepted taxonomic relationships inferred
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Figure 1A. Single most parsimonious tree found in analysis ofcoxI genomic DNA for gymnosperm and angiosperm species using data set I;
refer to Table 3 for more information. Branch length (above) and bootstrap values with corresponding decay indices (d) (below). Species with
paralogs are marked with arrows.

Figure 1B. One of the five most parsimonious trees found in analysis ofcoxI cDNA for gymnosperm and angiosperm species using data set II;
refer to Table 2 for more information. Branch length (above) and bootstrap values with corresponding decay indices (d) (below). Species with
paralogs are marked with arrows.

from morphological and other molecular characters
(Chase et al., 1993; Stefanovic et al., 1998). A mono-
phyletic gymnosperm clade, a monocot clade and a
dicot clade were clearly formed and separated. The
species from the same family were grouped together,
and different families were well separated within each
clade. For instance,P. sylvestris, P. sibirica and P.
abiesfrom Pinaceae family,J. proceraandT. plicata

from Cuppressaceae family, formed separate clades.
Taxus baccatafrom Taxaceae family was positioned
closer to Cuppressaceae species than to the Pinaceae.
All clades were supported by high bootstrap and decay
index values. Compared to the angiosperm clade, the
gymnosperm clade had longer branches in the phylo-
genetic tree (Figure 1A). For instance, the branch
of the clade includingT. baccata, J. proceraand T.
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Figure 2. Single most parsimonious tree found in analyses ofcoxI genomic DNA for gymnosperms using data set X; refer to Table 3 for more
information. Branch length and bootstrap values with the corresponding decay indices (d) are given above and below the nodes respectively.

plicatawas nearly two times longer than the branch of
the dicot clade.

One of the five most parsimonious trees found in
analysis of data set II containing cDNAcoxIsequences
from 13 species is presented in Figure 1B. The trees
required fewer steps and had lower CI and RI values
than the corresponding tree based on genomic DNA
(Table 3). On two of these five treesL. sibirica and
G. biloba again formed separate basal branches in
the gymnosperm clade. On the remaining three trees
L. sibirica branched withP. abiesoccupying differ-
ent positions in the clade containing the remaining
species from the Pinaceae family (trees not shown).
Furthermore, for the remaining 11 species, only the
main clades representing gymnosperms, dicots and
monocots were resolved and in concordance with their
taxonomic positions. Individual gymnosperm species
from the Pinaceae family were not resolved at all, and
the position ofJ. proceraand T. baccatafrom the
Cupressaceae and Taxaceae respectively, did not agree
with their taxonomic relationships (Figure 1B).

When G. biloba was excluded from the analysis
of genomic DNA (data set III), again a single most
parsimonious tree was found (Table 3).Larix sibirica
formed a separate but relatively short basal branch
outside the clade containing other species from the
Pinaceae family (tree not shown). Similarly, whenL.
sibirica was replaced byG. biloba (data set V) one
most parsimonious tree was found (Table 3). Similar to
L. sibirica, G. bilobaformed a separate relatively short
branch in the gymnosperm clade (tree not shown). The
clustering of other taxa remained unaffected. Analysis
of the corresponding data sets containing cDNA se-
quences (sets IV and VI) each produced two most
parsimonious trees (Table 3). The topology of these
trees (trees not shown) was nearly the same as the

topology of cDNA trees obtained with all 13 species
(Figure 1B). When bothG. bilobaandL. sibiricawere
excluded from analysis (data sets VII, VIII), parsi-
mony search with genomic DNA sequences yielded
a single most parsimonious tree requiring 172 steps
(CI = 0.843, RI = 0.889), whereas two trees each re-
quiring 104 steps (CI = 0.769, RI = 0.825) were found
with cDNA sequences. All these trees were identical
in topology to corresponding genomic and cDNA trees
respectively obtained with all 13 species (Figures 1A
and B) and are therefore not presented.

Parsimony analysis including genomiccoxI se-
quence for six gymnosperm species andM. poly-
morpha(data set IX) gave a single most parsimonious
tree requiring 84 steps (CI = 0.893, RI = 0.917). The
overall order of individual species was the same as in
analysis including both gymnosperm and angiosperm
taxa and individual clades were supported by high
bootstrap and decay index values (tree not shown).
When only edited sites were used (data set X) we
found a single most parsimonious tree (Figure 2, 56
steps, CI = 0.875, RI = 0.900). The topology of this
tree was identical with the topology of the tree ob-
tained with the entire genomiccoxI sequence. The
taxa were split into two distinct clusters supported by
high bootstrap and decay index values. The first cluster
comprised all three species from the Pinaceae family
and was further split into two groups corresponding to
the genusPinus and Picea respectively. The second
cluster included species from the Cupressaceae and
Taxaceae families. Also in this cluster the two species
from the same family (Cupressaceae) were grouped
together. The topology of a single tree recovered from
analysis of unedited sites was similar, however, the
members of the Pinaceae family were not resolved
(tree not shown). Results obtained using the neighbor-
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joining method were nearly identical to those revealed
by parsimony analysis and therefore are not presented.

Discussion

Effect of editing on coxI evolution

A common feature of most coding regions studied so
far is a lower rate of substitution at first and second
codon position than at the third (Li, 1997). Contrary
to this expectation, the edited genomiccoxIsequences
in gymnosperms analysed in our study had very sim-
ilar rate of substitution at all three positions of the
codons. Similar result was reported for sequences of
two other edited mitochondrial genes (Pesole et al.,
1996). Therefore, it has been suggested that the evolu-
tionary analysis of edited mitochondrial genes can be
performed by grouping together first, second, and third
codon positions, which, evolve following comparable
dynamics (Pesole et al., 1996). However, we found
that thecoxI gene in angiosperm species analyzed in
our study had much fewer nucleotide substitutions at
the first and second codon positions than at the third.
It thus appears that this advantage applies only to
intensively edited sequences.

Several studies on mitochondrial sequences have
suggested that generation time can be a factor that may
account for substitution rate heterogeneity (Bousquet
et al., 1992; Britten, 1986; Gaut et al., 1992; Laroche
et al., 1997; Stephan & Langley, 1992; Wu & Li,
1985). Indeed, woody perennials which have longer
generation times compared with annual taxa, were
found to exhibit lower numbers of nucleotide sub-
stitutions per site (Laroche et al., 1995; Laroche et
al., 1997). However, the previous studies of substi-
tution rates in mitochondrial genes did not consider
the potential effects of editing. The gymnosperms ana-
lyzed in our study are typical representatives of woody
perennials with very long generation time. Therefore,
they were expected to exhibit slower substitution rate
when compared to annual angiosperms. Contrary to
this expectation, we found that thecoxI gene in long-
lived gymnosperms is evolving much faster than in an-
giosperms which have much shorter generation time.
In our opinion, the observed accelerated rate of nucle-
otide substitution on thecoxIgene in gymnosperms is
due to random, free accumulation of T-C substitutions
at edited sites (Lu et al., 1998). This suggestion is
clearly supported by the fact that most sequence di-
vergence among gymnosperms included in our study

was due to T-C transitions that were ‘preserved’ by
editing. Similar ‘quasi-neutral’ mode of evolution was
reported for additional two intensively edited mito-
chondrial genes (Pesole et al., 1996). It thus appears
that accelerated sequence evolution caused by an in-
tensive editing can override slowdown caused by long
generation time.

In the recently studied mitochondrialnad3 and
rps12 genes, there were several cases where both
edited and unedited Cs were found at first codon po-
sition in different species (Pesole et al., 1996). All
except one of these cases were associated with the
two codons (CTG and CTA) where the editing of the
C nucleotide at first codon position did not result in
the amino acid change. On the other hand, thecoxI
gene in gymnosperms analyzed in our study had no
unedited Cs at the first codon position. Unlikenad3
andrps12genes, in allcoxI codons possessing edited
Cs at first codon position the lack of editing would
lead to amino acid change. The same pattern could be
discerned at the third codon position in thenad3and
rps12genes studied by Pesole et al. (1996) and in the
coxI gene analyzed in our study. Namely, edited and
unedited Cs were found only in codons where editing
of C does not result in the amino acid change. The
occurrence of such redundant synonymous editing in-
dicates that edited Cs can randomly appear at all three
codon positions, and that their predominance at first
and second codon positions is due to ‘purifying’ effect
of selection against nonsynonymous T-C substitutions
and other types of mutations. This suggestion is fur-
ther supported by the observed absence of redundant
editing at first codon position on thecoxIgene in gym-
nosperms and by the absence of unedited Cs at the
second position of edited codons in gymnosperms and
angiosperms.

In the recent survey of 15 mitochondrial sequences
in plants, Laroche et al. (1997) have found that trans-
versions occurred more frequently than transitions.
Similar result was reported by Wolfe (1987), who
observed that transitions made up<50% of the substi-
tutions in the plant mitochondrial genome. In contrast,
we found that in thecoxI gene sequence within gym-
nosperms transitions accounted for more than 90%
and 79% of substitutions in genomic and cDNA, re-
spectively. This ratio was lower but still larger than
one whenM. polymorphawas used as a reference
taxon. Furthermore, we observed pronounced differ-
ences between gymnosperms and angiosperms with
respect to the number and type of nucleotide sub-
stitutions at individual positions of the codons. For
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instance, in gymnosperms the most frequent substi-
tution at first codon position was T-C transition and
T-G transversion. In contrast, in angiosperms, all
the observed substitutions at first codon position in-
volved G-A transitions and C-A transversions. These
results provide further evidence for a considerable
heterogeneity of sequence dynamics among different
mitochondrial genes and plant lineages.

The effects of processed paralogs on phylogeny
reconstruction

Several studies have demonstrated the occurrence of
the so called ‘edited’ paralogs (Covello & Gray, 1992;
Nugent & Palmer, 1991), which represent the ed-
ited forms of mitochondrial genes. Such sequences
are not orthologous to the other mitochondrial DNA
sequences and tend to cause problems in phylogeny
reconstruction (Bowe & dePamphilis, 1996). ThecoxI
gene in G. biloba and L. sibirica included in the
present analysis gave some new information about
this issue. Similar to results reported by Bowe & de-
Pamphilis (1996), inclusion of these putative paralogs
has affected the topology of both genomic and cDNA
trees. This was particularly evident forL. sibirica,
which sometimes appeared outside the clade contain-
ing other members of the Pinaceae family. However,
in contrast to the previous results, where the pro-
cessed paralogs gave long branches, the branches for
G. biloba and L. sibirica were relatively short. This
discrepancy is probably associated with the different
evolutionary histories of the processed paralogs used
in our analysis. The paralogs used by Bowe & de-
Pamphilis (1996) were located in the nuclear genome,
which evolved faster than their counterparts located in
mitochondrial genome. The genomic location of the
coxI sequence ofG. biloba is not known. However,
Southern analysis ofLarix species with probe specific
for thecoxI gene revealed maternal inheritance of the
hybridizing fragments (DeVerno et al., 1993). This
result confirms that at least inLarix the coxI gene is
located in the mitochondrial genome. The relatively
short branches obtained withcoxI sequences fromG.
bilobaandL. sibirica suggest that they evolve slowly.
At least two hypotheses can be put forward to explain
this result. First, it is possible that in bothG. biloba
and L. sibirica the coxI gene is located in the mito-
chondrial genome and the slow rate of evolution is
associated with the lack of edited sites. Second, the
coxI gene inG. biloba is located in the nuclear gen-
ome but the transfer occurred only recently. It has

been suggested that if a processed paralog is a res-
ult of a recent event, or if reinsertion was into the
same genomic compartment as the original sequence,
its detection through analysis of tree topology may
be difficult if possible at all (Bowe & dePamphilis,
1996). Our present results lend additional support to
this suggestion. Without the prior knowledge of the
coxIsequence inG. biloba, detection of this particular
paralog in our trees would not be possible as the place-
ment of this taxon did not deviate from its expected
position.

Phylogenetic informativeness of edited sites

Bowe & dePamphilis (1996) and Pesole et al. (1996)
have studied the behavior of genomic and cDNA se-
quences in phylogenetic analysis. Both studies have
suggested that cDNAs may provide fewer informative
sites and therefore less resolution in a phylogenetic
tree. Results from our present comparative analysis
of genomic and cDNAcoxIsequences provide further
support for this suggestion. Analysis of genomiccoxI
sequences from 11 gymnosperm and angiosperm taxa
gave expected topology and better statistical support
for all resolved nodes than cDNA sequences.

Previous analyses of cDNA from unrelated species
have produced fully resolved trees (Hiesel et al., 1994;
Bowe & dePamphilis, 1996). Our present results sug-
gest, however, that the cDNA sequences appear to be
of little use for resolving tree topologies at lower taxo-
nomic levels. The cDNA trees obtained in our study
were not only poorly resolved at the family level, but
also some species (T. baccataand J. procera) were
not placed in their expected position on the tree. Fur-
thermore, while all analyses using genomic sequences
yielded only a single most parsimonious tree, the num-
ber of trees found with cDNA sequences was higher
and ranged from one to five.

The previous studies of the effects of RNA editing
upon phylogeny reconstruction involved comparison
between cDNA and genomic DNA sequences that in-
cluded both edited and unedited polymorphic sites
(Bowe & dePamphilis, 1996; Hiesel et al., 1994;
Pesole et al., 1996). In our opinion, this approach
provides only indirect information about the effect of
the editing upon tree topology as it includes com-
bined effect of both edited and unedited sites. In the
present study, we analyzed the direct impact of ed-
ited sites upon phylogeny reconstruction by inclusion
of edited sites only. We found that it was possible to
recover correct topology when only the edited inform-
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ative sites were included in the analysis. This result
provides further evidence that edited sites not only
contain important phylogenetic information, but also
that in taxa with a large number of edited sites, such
as some gymnosperms, these sites are critical for good
tree resolution especially at lower taxonomic levels.

Bowe & dePamphilis (1996) have considered po-
tential problems that may arise when phylogenetic
analysis is carried out using sequences with many and
only a few edited sites. The authors concluded that
T for C substitutions associated with edited sites are
not any less reliable than other types of substitutions.
In our opinion, this suggestion will be valid for most
phylogenetic comparisons. However, we found that
the faster evolution of thecoxI gene in gymnosperms
than in angiosperms has caused generally longer tree
branches in the former group of taxa, although the gen-
eral tree topology remained intact. This indicates that
simultaneous analysis of sequences containing vari-
able number of edited sites may sometimes present a
problem in estimation of the divergence time.
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