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ABSTRACT

Theoretical arguments suggest that mutation rates influence the proliferation and maintenance of RNA
editing. We identified RNA editing sites in five species within the angiosperm genus Silene that exhibit
highly divergent mitochondrial mutation rates. We found that mutational acceleration has been
associated with rapid loss of mitochondrial editing sites. In contrast, we did not find a significant
difference in the frequency of editing in chloroplast genes, which lack the mutation rate variation
observed in the mitochondrial genome. As found in other angiosperms, the rate of substitution at RNA
editing sites in Silene greatly exceeds the rate at synonymous sites, a pattern that has previously been
interpreted as evidence for selection against RNA editing. Alternatively, we suggest that editing sites may
experience higher rates of C-to-T mutation than other portions of the genome. Such a pattern could be
caused by gene conversion with reverse-transcribed mRNA (i.e., retroprocessing). If so, the genomic
distribution of RNA editing site losses in Silene suggests that such conversions must be occurring at a local
scale such that only one or two editing sites are affected at a time. Because preferential substitution at
editing sites appears to occur in angiosperms regardless of the mutation rate, we conclude that
mitochondrial rate accelerations within Silene have ‘‘fast-forwarded’’ a preexisting pattern but have not
fundamentally changed the evolutionary forces acting on RNA editing sites.

IN the organelle genomes of land plants, a variable
but often large number of sites undergo C-to-U

RNA editing in which a cytidine is converted to uridine
by deamination (Yu and Schuster 1995; Giege and
Brennicke 1999). A generally much smaller number of
sites undergo ‘‘reverse’’ U-to-C editing (Steinhauser

et al. 1999). RNA editing is believed to be essential for
organelle gene function in plants. Editing sites are
preferentially located in protein genes and, within
them, at first and second codon positions (Gray 2003).
Editing at these sites generally results in the restoration
of phylogenetically conserved (and presumably func-
tionally constrained) amino acids in mitochondrial and
chloroplast protein sequences (Gray and Covello

1993; Mower 2005; Yura and Go 2008). Therefore,
there are obvious selective pressures for plants to
maintain RNA editing in the short term. In contrast,
the origin and long-term maintenance of RNA editing
pose an evolutionary puzzle, as it is unclear what if any
benefit this seemingly cumbersome process confers

over direct encoding of the edited sequence in the
genomic DNA. This puzzle mirrors broader evolution-
ary questions about the origin, maintenance, and
function of a number of major features of gene and
genome architecture (Lynch 2007).

Various adaptive effects of RNA editing have been
proposed, including a role in gene regulation (Hirose

et al. 1999; Farajollahi and Maas 2010), maintenance
of alternative functional protein isoforms (Gott 2003;
Farajollahi and Maas 2010), generation of genetic
variation (Tillich et al. 2006; Gommans et al. 2009),
optimization of genomic GC content (Jobson and Qiu

2008), nuclear control of selfish organelle genes (Burt

and Trivers 2006), and mutational buffering (Borner

et al. 1997). In humans, there is evidence for divergent
functional roles for products of the edited and unedited
forms of apolipoprotein B (Powell et al. 1987), but there
is little evidence for the aforementioned adaptive
mechanisms in plant organelles. Moreover, replace-
ment of edited C’s with T’s at the genomic level appears
to occur readily across lineages with no obvious detri-
mental effect (Shields and Wolfe 1997; Mower 2008).
Accordingly, neutral and nonadaptive models for the
proliferation of RNA editing have also been proposed
(Covello and Gray 1993; Fiebig et al. 2004; Lynch

et al. 2006).
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C-to-U RNA editing appears to have evolved in a
recent common ancestor of land plants, but the
frequency of editing varies dramatically across lineages
and between genomes (Turmel et al. 2003; Salone et al.
2007; Grewe et al. 2009). Seed plants experience
relatively frequent editing in mitochondrial genes with
�400 sites per species (.1% of all coding sequence) in
the few angiosperms examined so far (e.g., Giege and
Brennicke 1999) and even higher rates inferred in
gymnosperms (Lu et al. 1998; Chaw et al. 2008; Ran et al.
2010). The rate of editing in seed plant chloroplast
genomes is over an order of magnitude lower (Tillich

et al. 2006). Outside seed plants, the moss Physcomitrella
patens has only 11 edited sites in the mitochondrial
genome, and the liverwort Marchantia polymorpha appears
to have lost RNA editing altogether (Rüdinger et al. 2008,
2009). In contrast, other bryophytes, lycophytes, and
ferns exhibit frequent mitochondrial editing (Malek

et al. 1996; Grewe et al. 2009; Li et al. 2009), while the only
two nonseed plant chloroplast genomes examined (from
one hornwort and one fern) also have high levels of
editing (Kugita et al. 2003; Wolf et al. 2004).

Mutation rate variation is one proposed mechanism
to explain phylogenetic variation in the occurrence and
frequency of RNA editing. Plant mitochondria tend to
have very slow point mutation rates as evidenced by their
low rate of synonymous substitution (Wolfe et al. 1987;
Palmer and Herbon 1988; Mower et al. 2007; Drouin

et al. 2008). Lynch et al. (2006) have argued that high
mutation rates intensify selection against RNA editing
because of the increased probability of disrupting
sequences necessary for editing site recognition [the
mutational burden hypothesis (Lynch 2006)]. This led
them to conclude that the low mutation rates in plant
mitochondrial genomes have created a permissive
environment in which RNA editing sites have been able
to proliferate by nonadaptive processes. Recent studies
have documented a handful of angiosperm lineages
that have experienced dramatic accelerations in synon-
ymous substitution rate [and presumably the underly-
ing mutation rate (Cho et al. 2004; Parkinson et al.
2005; Mower et al. 2007; Sloan et al. 2008, 2009)]. In one
extreme example, RNA editing sites appear (based on a
sampling of relatively few genes) to have been almost
completely eliminated in Pelargonium hortorum, which
has experienced a series of two successive �10-fold
increases in mitochondrial mutation rate (Parkinson

et al. 2005). While these results are grossly consistent
with the role of selection proposed by Lynch et al., the
data have also been interpreted as evidence for poten-
tially frequent conversion of reverse-transcribed mRNA
back into the genome. Parkinson et al. (2005) suggest
that such ‘‘mutagenic retroprocessing’’ could explain
both the high overall rate of mutation (because of the
very high error rates in reverse transcription) and the
loss of RNA editing (because the edited sequence is
being incorporated into the genome).

This existing body of work raises two questions that we
address in the present study: (1) Do major losses of RNA
editing sites always accompany mutation rate accel-
erations in angiosperms? And (2) if so, to what extent
can this correlation be explained by selection (Shields

and Wolfe 1997; Lynch et al. 2006; Mower 2008) as
opposed to the mutational bias introduced by retropro-
cessing [RNA-mediated gene conversion (Parkinson

et al. 2005; Mulligan et al. 2007)]?
The genus Silene (Caryophyllaceae) offers a particu-

larly valuable system for investigating the consequences
of mitochondrial mutation rate variation. Multiple
species within the genus exhibit increases of .100-fold
in synonymous substitution rate (Figure 1; Sloan et al.
2009). These changes appear to have occurred very
recently (,5–10 million years ago), allowing for close
phylogenetic comparisons between accelerated and
nonaccelerated species (Mower et al. 2007; Sloan

et al. 2009). The recent timing of these accelerations
enables tests of molecular evolution based on synony-
mous site divergence, which has yet to approach
saturation despite the extreme substitution rates. In-
terestingly, a previous study found little difference in the
predicted frequency of mitochondrial RNA editing sites
between accelerated and nonaccelerated Silene species
(Mower et al. 2007). This analysis, however, was re-
stricted to a small sample of five relatively lightly edited
Silene mitochondrial genes.

We performed cDNA sequencing to empirically iden-
tify RNA editing sites for all mitochondrial protein-
coding genes in Silene latifolia, which exhibits a slow rate
of mitochondrial substitution typical of most plants, and
a close relative, S. noctiflora, which has experienced a
mitochondrial rate acceleration of .100-fold. We also
analyzed a smaller sample of genes for three additional
species including S. conica, which has a mitochondrial
substitution rate comparably high to that of S. noctiflora.
We find that the mitochondrial mutational accelera-
tions in Silene have been associated with substantial loss
of RNA editing sites via C-to-T substitutions. We explore
these results along with previously published data in the
context of competing models to infer the potential role
of both adaptive and nonadaptive forces in the evolu-
tion of RNA editing.

MATERIALS AND METHODS

Plant material and RNA and DNA extraction: Silene
contains hundreds of predominantly herbaceous species,
some of which are widely used in studies of ecology and
evolution (Bernasconi et al. 2009). Seeds for each of five
Silene species (S. latifolia, S. noctiflora, S. conica, S. vulgaris, and
S. paradoxa) were grown in the greenhouse under a 16-hr–8-hr
light–dark cycle. Fresh leaf tissue was collected from plants
that were .10 weeks old for both RNA and DNA extraction.
Total cellular RNA was purified using the RNeasy Mini Kit
(QIAGEN, Valencia, CA). Contaminating genomic DNA was
removed by digestion with RNase-free DNase I (QIAGEN) for
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30 min at room temperature, and postreaction cleanup was
performed with a second RNeasy spin column. Genomic DNA
was extracted using a modified CTAB method (Doyle and
Doyle 1987).

Reverse transcription, PCR, and sequencing: cDNA was
produced by reverse transcription of purified RNA primed
with random hexamers, using M-MulV reverse transcriptase
(New England Biolabs, Beverly, MA) in accordance with
manufacturer’s recommendations.

PCR primers were designed to amplify overlapping frag-
ments of up to 700 bp for all mitochondrial protein genes
on the basis of draft mitochondrial genome assemblies for
S. latifolia and S. noctiflora (our unpublished data). We also
designed additional primers that were conserved across Silene
species for portions of seven mitochondrial genes (ccmFn, cob,
nad2, nad5, nad6, nad7, and nad9) and five chloroplast genes
(ndhB, psbL, rpoB, rpoC1, and rps2). Primer sequences were
chosen to exclude predicted RNA editing sites to avoid
enriching for unedited transcripts (Mower 2005; Mower

and Palmer 2006). cDNA was amplified using standard PCR
techniques. We also PCR amplified genomic DNA when the
corresponding genomic sequence was not already available.
PCR products were cycle sequenced directly on both strands as
described previously (Barr et al. 2007). Primer sequences are
provided in Supporting Information, File S1. Sequences
generated in this study were deposited in GenBank under
accessions HM099771–HM099885.

Identification of RNA editing sites: RNA editing sites were
identified by comparing aligned genomic and cDNA sequences
and verified by manual inspection of sequencing electrophero-
grams. Partially edited sites were identified and scored only
when peaks for both the edited and the unedited bases were
substantially above background on both strands. In some genes,
all edited sites exhibited a degree of incomplete editing (see
File S2 and File S3), which could reflect true partial editing but
may also result from preferential amplification of immature
transcripts or contaminating genomic DNA (Mower and
Palmer 2006). In such cases, only editing sites that clearly
differed from the observed baseline level of incomplete editing
were classified as partially edited. This conservative approach is
likely to underestimate the number of partially edited sites in
favor of unedited or completely edited classifications (Mower

and Palmer 2006).

Analysis: The mitochondrial coding sequences of all five
Silene species as well as Beta vulgaris, Arabidopsis thaliana, and
Oryza sativa were aligned using ClustalW and adjusted manu-
ally. Regions that could not be reliably aligned in frame were
excluded from subsequent analyses. RNA editing data for
outgroup species were taken from REDIdb (Picardi et al.
2007). RNA editing data for matR in O. sativa were not
available, so another monocot, Triticum aestivum, was used in
its place.

To determine whether C-to-T substitutions occur preferen-
tially at RNA editing sites, we compared the frequency of C-
to-T substitutions at both RNA editing sites and twofold
synonymous (nonedited) sites. The latter were chosen as a
basis for comparison because they should be under the same
pattern of selective constraint as editing sites with respect to
protein sequence. In each case, C-to-A and C-to-G substitu-
tions result in amino acid replacement, but C-to-T substitu-
tions are silent. We analyzed two pairs of species, S. latifolia–S.
noctiflora and A. thaliana–B. vulgaris. In each case, we used an
outgroup (B. vulgaris and O. sativa, respectively) and an
unweighted parsimony criterion to infer the ancestral state
for each site. C-to-T substitutions were then identified by
comparing the sequence of each species against the inferred
ancestral state. Beta and Arabidopsis were chosen as a slowly
evolving species pair to contrast with the rapid divergence
observed within Silene. As members of the Caryophyllales and
rosids, respectively, Beta and Arabidopsis span one of the
deepest splits in the eudicot phylogeny (Wikström et al.
2001). Therefore, they were expected to exhibit relatively
substantial sequence divergence despite their slow substitu-
tion rates. Codons for which the amino acid was not conserved
between the two ingroup species were excluded from this
analysis. We used Fisher’s exact test to assess the statistical
significance of differences between frequencies of C-to-T
substitutions at edited and synonymous sites.

To determine whether C-to-T substitutions at RNA editing
sites are clustered within the S. noctiflora mitochondrial
genome, we employed the method previously described by
Roy and Gilbert (2005) for analyzing spatial patterns of
intron loss. We calculated the probability distribution for the
expected number of pairs of adjacent losses (i.e., C-to-T
substitutions) given the number of lost and retained sites in
each gene and the assumption that each loss occurs as an
independent event. We compared the observed number of
pairs of adjacent losses to this distribution to assess whether
the lost editing sites were significantly clustered relative to a
random expectation. For this analysis, we excluded 24 editing
sites that were inferred to be lost in S. noctiflora by a change
other than a C-to-T substitution.

Retroprocessing is expected to result in the loss of both
introns and RNA editing sites. To determine whether observed
intron losses were significantly associated with losses of
flanking editing sites, we compared the observed number of
losses to the following null distribution,

P n½ � ¼ ðn 1 1Þ r

r 1 l

� � r � 1

r 1 l � 1

� �Yn�1

i¼0

l � i

r 1 l � i � 2
ð1Þ

where P[n] is the probability of observing n lost flanking
editing sites around a given intron, and r and l are the total
number of retained and lost editing sites in the genome,
respectively. The n 1 1 term in Equation 1 represents the
number of possible ways to obtain n flanking editing site losses.
For example, there are three ways to lose two flanking sites
(i.e., with the intron positioned to the left, to the right, or in
between the two sites). The rest of the expression on the right
side of Equation 1 represents the probability of a single one of
those patterns occurring.

Figure 1.—Mitochondrial rate accelerations in Silene.
Branch lengths correspond to the number of synonymous
substitutions per site for mitochondrial DNA (A) and chloro-
plast DNA (B). Analyses were performed in PAML v4.1 (Yang

2007) on concatenated data sets (see Table 2), using a codon-
based model of evolution and constrained topology as de-
scribed previously (Sloan et al. 2009).
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RESULTS

Mitochondrial RNA editing in Silene: The mitochon-
drial genomes of S. latifolia and S. noctiflora contain 26
and 27 putatively functional protein-coding genes,
respectively (Table 1). The sole difference in intact
gene content between the two species is rps13, which is
intact in S. noctiflora but contains an internal stop codon
in S. latifolia. Comparison of mitochondrial cDNA and
genomic sequences revealed a total of 287 C-to-U edited
sites in S. latifolia but only 189 sites in the rapidly
evolving S. noctiflora genome—a 34% difference (Table
1; File S2 and File S3). No other types of editing (e.g.,
U-to-C) were detected. The total number of editing sites
in either Silene genome is lower than in any other
angiosperm mitochondrial genome analyzed to date
(Giege and Brennicke 1999; Notsu et al. 2002; Handa

2003; Mower and Palmer 2006; Alverson et al. 2010;
Picardi et al. 2010). This pattern results from both a
reduced number of mitochondrial genes in Silene and a
lower average density of editing sites within each gene
(Table 1).

By contrast, the substantial difference in RNA editing
content between S. latifolia and S. noctiflora is caused
entirely by a change in the density of editing sites rather
than gene loss. The difference in editing site density
derives mostly from sites that have been lost in S.
noctiflora rather than gained in S. latifolia. There are
111 sites that are edited in S. latifolia but not edited in S.
noctiflora. Of these, 106 sites (95.5%) are edited in Beta
and/or Arabidopsis, suggesting that editing was the
ancestral state. In contrast, there are only 13 sites that
were edited in S. noctiflora but not in S. latifolia, and only
3 of these (23.1%) were edited in Beta and/or Arab-
idopsis. By far the most common pattern of editing site
loss was C-to-T substitution at the genomic level, which
obviates the need for editing (Figure 2). Although the
total number of editing sites is reduced in S. noctiflora,
the proportional distribution among genes is quite
similar to that in S. latifolia and other angiosperms,
indicating a genome-wide loss of mitochondrial RNA
editing sites (Figure 3, Table 1).

On the basis of the divergence between S. noctiflora
and S. latifolia, we found a significantly higher C-to-T
substitution rate at editing sites (dRE) than at twofold
synonymous sites (dS2) (dRE/dS2¼ 3.05; P , 0.001). This
pattern, however, was not unique to these two rapidly
diverging Silene species. Comparison of two slowly
evolving lineages (B. vulgaris and A. thaliana) also
revealed a faster C-to-T substitution rate at RNA editing
sites (dRE/dS2¼ 3.55; P , 0.001), and a similar analysis of
monocot–eudicot divergence previously showed a com-
parable (�3.9-fold) excess of C-to-T substitutions at
editing sites (Shields and Wolfe 1997). When we
restricted our analysis to synonymous RNA editing sites
(dSRE), we still found rate elevation, but it was less
pronounced. With so few synonymous editing sites, the

rate increase was not significant in either the Silene
comparison (dSRE/dS2 ¼ 2.29; P ¼ 0.096) or the Beta–
Arabidopsis comparison (dSRE/dS2 ¼ 1.84; P ¼ 0.27). A
similar (�2.4-fold) excess was previously found on the
basis of monocot–eudicot divergence (Shields and
Wolfe 1997).

We did not find any evidence for an increase in the
frequency of incomplete editing associated with the
history of mutational acceleration in the S. noctiflora
mitochondrial genome. Both Silene species exhibited
similar frequencies of partial editing (7.7 and 6.9%
of editing sites in S. latifolia and S. noctiflora, respec-
tively). As previously observed (Mower and Palmer

2006), partial editing was common at synonymous sites
(File S2 and File S3). Synonymous editing sites were 49
times more likely to be partially edited than nonsynon-
ymous sites in S. latifolia and 24 times more likely in
S. noctiflora.

Analysis of other angiosperms has shown that editing
sites are distributed in a clustered fashion along the
length of mitochondrial genes (Mulligan et al. 2007).
This pattern is also evident in Silene, but the observed
losses of editing sites in S. noctiflora are not highly
clustered (after taking into account the ancestrally
clustered distribution of editing sites; Figure 4). We
found only 21 adjacent pairs of lost editing sites specific
to S. noctiflora (counting only sites that were lost by C-to-
T substitution), which is not significantly different from
the random expectation (P ¼ 0.31) (Roy and Gilbert

2005). This test for clustering of lost editing sites was
similarly nonsignificant when the data were analyzed as
individual exons (P ¼ 0.40) or as separately transcribed
and trans-spliced fragments (P ¼ 0.42) rather than as
whole genes.

However, there are two genes in Silene that exhibit
clear examples of intron loss, and in each of these cases,
losses are associated with multiple C-to-Tsubstitutions at
RNA editing sites in flanking exons. First, S. latifolia and
S. noctiflora lack both cox2 introns as well as the five
surrounding editing sites present in Beta (Figure 5A).
Although the second cox2 intron is also absent in Beta, it
is retained in other species within the Amaranthaceae
(our unpublished data), suggesting that it has been lost
independently in the Beta and Silene lineages. There-
fore, additional RNA editing sites surrounding the
second cox2 intron may have been lost in parallel
between these lineages (Figure 5A). Overall, the cox2
introns appear to have been lost independently numer-
ous times during angiosperm evolution (Figure S1)
(Joly et al. 2001). In the second case of intron loss, S.
noctiflora lacks the third nad7 intron along with two
adjacent editing sites (Figure 5B). These two cases
suggest that retroprocessing led to the simultaneous
loss of introns and flanking editing sites. For both genes,
the observed number of lost flanking sites exceeds the
random expectation. This difference is significant for
cox2 (P , 0.001) but not for nad7 (P ¼ 0.23).
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S. conica, another species exhibiting dramatic mito-
chondrial rate acceleration, contains even fewer RNA
editing sites (28) than S. noctiflora (34) in a sample of

seven mitochondrial genes (Figure 6, Table 2). The
number of shared losses between S. noctiflora and
S. conica (13) was significantly higher than expected at

TABLE 1

RNA editing sites in the mitochondrial protein genes
of four eudicots

Length (bp)a Arabidopsis Beta S. latifolia S. noctiflora

Complex I
nad1 978 24 (4) 20 (2) 19 (2) 11 (1)
nad2 1467 32 (8) 24 (4) 21 (3) 18 (3)
nad3 357 12 (2) 12 (2) 8 (1) 5 (1)
nad4 1488 32 (5) 19 (2) 16 (0) 11 (0)
nad4L 303 9 (0) 10 (0) 9 (0) 6 (1)
nad5 2019 27 (3) 17 (0) 18 (0) 15 (0)
nad6 570 10 (0) 11 (2) 10 (2) 6 (0)
nad7 1173 27 (7) 20 (0) 19 (1) 9 (1)
nad9 579 7 (0) 5 (0) 5 (0) 1 (0)

Complex III
cob 1164 7 (0) 13 (3) 9 (1) 6 (0)

Complex IV
cox1 1572 0 (0) 0 (0) 0 (0) 0 (0)
cox2 777 15 (4) 9 (1) 3 (0) 2 (0)
cox3 798 8 (1) 4 (2) 1 (0) 1 (0)

Complex V
atp1 1509 5 (1) 3 (0) 3 (0) 0 (0)
atp4 555 8 (2) 12 (2) 11 (1) 6 (0)
atp6 720 1 (0) 12 (0) 11 (1) 7 (0)
atp8 492 0 (0) 2 (1) 2 (1) 2 (1)
atp9 225 4 (0) 5 (1) 4 (1) 1 (0)

Cytochrome C biogenesis
ccmB 621 39 (7) 30 (6) 27 (4) 19 (2)
ccmC 666 28 (3) 28 (6) 23 (3) 15 (1)
ccmFc 1341 16 (2) 13 (2) 12 (1) 8 (1)
ccmFn 1743 34 (2)b 23 (1) 22 (0) 16 (2)

Ribosomal proteins
rpl2 1050 1 (1) NP NP NP
rpl5 558 10 (1) 5 (0) 6 (0) 4 (0)
rpl16 405 5 (0)c NP NP NP
rps3 1050 13 (5) 6 (0) 4 (0)d 3 (0)d

rps4 1089 15 (1) 11 (1) NP NP
rps7 447 0 (0) 3 (1) NP NP
rps12 378 8 (2) 6 (0) NP NP
rps13 351 NP 2 (1) 1 (0)e 0 (0)

Other protein genes
matR 1986 9 (0) 9 (1) 8 (1) 6 (1)
mttB 753 24 (3) 19 (0) 15 (0) 11 (1)
Total 430 (64) 353 (41) 287 (23) 189 (16)
Coding genes 31 30 26 27
Editing sites/100 bp 1.49 1.27 1.13 0.73

The number of synonymous editing sites is in parentheses. NP indicates that a functional copy of the gene is
not present in the mitochondrial genome of that species (although putative pseudogenes are still present in
some cases)

a The reported length for each gene is based on a multiple sequence alignment and is therefore affected by
both internal alignment gaps and trimming of nonhomologous 59 and 39 ends. Editing sites in unalignable
regions were included in species counts.

b The ccmFn gene in Arabidopsis is divided into two separate genes.
c The annotations for rps3 and rpl16 overlap in Arabidopsis. The overlapping region contains three editing

sites, which were excluded from the rpl16 count.
d Both Silene species lack a substantial 59 portion of rps3 relative to other angiosperms. It is possible that rps3 is

a pseudogene in Silene.
e The rps13 gene in S. latifolia contains an internal stop codon and is most likely a pseudogene.
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random (P ¼ 0.042; Fisher’s exact test), perhaps re-
flecting a shared phylogenetic history between the two
species and/or variable selection and mutation pres-
sures across sites. On the other hand, S. noctiflora and
S. conica also exhibited a large number of unique losses
(7 and 10, respectively), indicating that the specific sites
being lost were largely (if not entirely) independent
between the two lineages.

In contrast to their rapidly evolving congeners, S.
vulgaris (51) and S. paradoxa (53) maintain a set of
editing sites that is nearly identical to that of S. latifolia
(53) for the same seven-gene sample. These three
slowly evolving species share an identical core set of 51
editing sites. In addition, S. latifolia and S. paradoxa
share a nad5 editing site that has been lost from S.
vulgaris, while S. latifolia and S. paradoxa each have a
unique site not found in the other two species. In
comparison, Beta, Arabidopsis, and Oryza respectively
maintain a total of 56, 62, and 67 editing sites in this
same gene sample.

Chloroplast RNA editing in Silene: We sequenced
both cDNA and genomic DNA for portions of the
chloroplast genes ndhB, psbL, rpoB, rpoC1, and rps2.
These loci represented all chloroplast genes that were
both predicted to undergo RNA editing in Spinacia
(Tsudzuki et al. 2001) and had genomic sequence
available for at least one species of Silene to aid in
primer design. In contrast to the mitochondrial pattern,
S. noctiflora and S. conica did not exhibit higher
synonymous substitution rates than their congeners
for these chloroplast genes (Figure 1). S. latifolia, S.
vulgaris, and S. paradoxa share an identical set of 14
chloroplast RNA editing sites across these five genes
(Figure 6, Table 2). S. noctiflora and S. conica each lost

one site by C-to-T substitution (in rpoB and psbL,
respectively). The loss of 1 of 14 chloroplast editing
sites (7%) represents a significantly lower rate of loss
than observed in the mitochondrial genome for both S.
noctiflora (35.8%; P ¼ 0.040; Fisher’s exact test) and S.
conica (45.1%; P ¼ 0.011; Fisher’s exact test). All five
Silene species lacked the RNA editing site in rpoC1 that
is present in other eudicots.

DISCUSSION

We found that recent increases in mitochondrial
synonymous substitution rates within the genus Silene
have been associated with substantial reductions in the
frequency of RNA editing, adding further evidence for a
relationship between mutation rate and the mainte-
nance of RNA editing. These findings provide insight
into the forces that guide the evolution of RNA editing.
For example, as noted previously (Lynch et al. 2006),
the negative relationship between mutation rate and the
frequency of editing runs directly counter to predictions
arising from the hypothesis that editing acts as a
mutational buffer (Borner et al. 1997; Horton and
Landweber 2002). In addition, these findings raise
central questions about the relative importance of
adaptive and nonadaptive processes in the evolution
of RNA editing, which we discuss below.

Elevated C-to-T substitution rates at RNA editing
sites—the role of selection vs. retroprocessing: More
than a decade ago, Shields and Wolfe (1997) found
that mitochondrial RNA editing sites undergo elevated
rates of divergence among angiosperms. Mower (2008)
subsequently showed that the high divergence rates are
the result of frequent loss (rather than gain) of editing

Figure 2.—The distribution of nucleotide states at 106 po-
sitions where a C-to-U RNA editing site was inferred to be lost
in S. noctiflora. Shaded bars indicate sites of amino acid con-
servation between S. latifolia and S. noctiflora, while solid bars
indicate amino acid difference.

Figure 3.—Loss of RNA editing sites in rapidly evolving mi-
tochondrial genes of S. noctiflora. Each point represents a sin-
gle gene. Genes falling below the 1:1 line have fewer editing
sites in S. noctiflora than in S. latifolia.
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sites by C-to-T substitution. This loss appears to be
driving a general decline in the frequency of mitochon-
drial RNA editing across the angiosperm phylogeny.
This pattern has been interpreted as evidence for
selection acting against RNA editing by preferentially
favoring the fixation of C-to-T mutations at editing sites.
This interpretation, however, rests on the assumption
that RNA editing sites experience the same mutation
rates as other sites in the genome (Shields and Wolfe

1997). Homologous recombination (gene conversion)
with edited cDNA intermediates, i.e., retroprocessing,
could violate this assumption by disproportionately
affecting editing sites (Parkinson et al. 2005; Mulligan

et al. 2007). There is only limited biochemical evidence
of reverse transcriptase activity in angiosperm mito-
chondria (Moenne et al. 1996), but there are numerous
convincing examples of the incorporation of reverse-
transcribed mRNA back into the mitochondrial ge-
nome, reflected by either the simultaneous loss of
introns and editing sites in the flanking exons or the
loss of an entire suite of editing sites across much or all
of a mitochondrial gene. Examples of the former
include the loss of introns and neighboring editing

sites from nad4 in both the Caryophyllales and Asterales
(Geiss et al. 1994; Itchoda et al. 2002), two separate
cases involving rps3 in conifers (Ran et al. 2010), and the
additional cases involving cox2 and nad7 reported in this
study. Examples of editing site losses across much or all
of a gene have been reported in numerous and diverse
seed plant lineages (Krishnasamy et al. 1994; Lu et al.
1998; Petersen et al. 2006; Lopez et al. 2007). Moreover,
it has been suggested that the clustered distribution of
RNA editing sites in angiosperm mitochondrial genes
reflects the elimination of stretches of previously in-
tervening editing sites by retroprocessing (Mulligan

et al. 2007).
The finding of both clustered (Figure 5) and dis-

persed (Figure 4) losses of editing sites in Silene raises
intriguing possibilities with respect to the relative
importance of selection and retroprocessing as forces
acting to purge RNA editing sites. At one extreme, both
forces could be operative but with selection predom-
inating, i.e., with retroprocessing occurring relatively
rarely and only across large regions. At the other
extreme, retroprocessing could be the predominant if
not the sole force driving the loss of RNA editing, acting

Figure 4.—Distribution
of lost and retained RNA
editing sites in Silene nocti-
flora. Vertical lines indicate
ancestral RNA editing sites
that have been retained in
S. noctiflora. Open triangles
indicate ancestral editing
sites that have been lost
in S. noctiflora (but not in
S. latifolia) by C-to-T sub-
stitution at the genomic
level. Editing sites lost by
other mechanisms and pu-
tative editing site gains are
not shown. Solid and shaded
triangles indicate the pres-
ence of cis- and trans-splicing
introns, respectively. Posi-
tion values exclude intron
sequences.
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across a wide range of spatial scales. The latter scenario
would require that gene conversion acts on relatively
short stretches of nucleotides in plant mitochondrial
genomes, because we observed numerous cases where
editing sites were lost by C-to-T substitution with no
change at nearby sites. So-called ‘‘microconversions’’
are known to occur between short stretches of homol-
ogous sequence in other genomes and organisms
(Wheeler et al. 1990; Semple and Wolfe 1999;
Palmer et al. 2003), while recent evidence indicates
that microconversion (presumably DNA mediated)
readily occurs in plant mitochondrial genomes (Hao

and Palmer 2009; our unpublished data). Single-
nucleotide substitutions at editing sites (independent
of retroprocessing) and gene conversion with
cDNA from partially edited transcripts would be ex-
pected to further reduce the clustering of lost editing
sites.

Exactly how selection would act against RNA editing is
not well established, but it would presumably involve
one or both of the following selective pressures: (1)
avoiding the deleterious consequences of failed editing
(Lynch et al. 2006) and (2) eliminating the need
for potentially costly site-specific editing machinery
(Kotera et al. 2005; Hammani et al. 2009; Zehrmann

et al. 2009). Both of these assume that editing is
functionally important. Otherwise, there would be no
cost to failed editing and no need to maintain editing
machinery. Therefore, if selection has been acting to
eliminate RNA editing, we would expect its effects to
vary across sites depending upon the functional con-
sequences of editing at those sites. In particular, we
would predict that synonymous sites that undergo RNA
editing should be relatively free from selection, because
the editing process has no effect on the resulting

protein sequence. Therefore, if selection is the pre-
dominant force in the preferential C-to-T substitution
at RNA editing sites, we would predict this pattern to
be absent at synonymous editing sites. In contrast,
retroprocessing should not discriminate between syn-

Figure 5.—Loss of in-
trons in cox2 (A) and nad7
(B) is associated with loss
of adjacent RNA editing
sites in Silene. Solid trian-
gles and vertical lines in-
dicate introns and editing
sites, respectively. Shading
covers regions surrounding
lost introns in which RNA
editing sites have also been
lost by C-to-Tsubstitution. A
more detailed phylogenetic
distribution of cox2 RNA ed-
iting sites and introns is pro-
vided in Figure S1. RNA
editing data for outgroup
species were obtained from
REDIdb (Picardi et al.
2007). Position values ex-
clude intron sequences.

Figure 6.—Number of RNA editing sites in portions of se-
lected (see Table 2) mitochondrial genes (solid bars) and
chloroplast genes (shaded bars) in five Silene species. The
current understanding of the phylogenetic relationships
among these species is depicted at the bottom (Erixon

and Oxelman 2008; Sloan et al. 2009; A. Rautenberg,
D. B. Sloan, V. Aldén and B. Oxelman, unpublished data).
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onymous and nonsynonymous edits in an mRNA
transcript.

Consistent with previous studies (Shields and Wolfe

1997; Mower 2008), we found a trend suggesting that
synonymous editing sites also experience preferential
C-to-T substitutions, albeit at a lower rate than at
nonsynonymous editing sites. At first glance, the rate
difference between synonymous and nonsynonymous
editing sites might seem inconsistent with a neutral
model driven by retroprocessing. However, because
synonymous editing sites are prone to both partial
editing and frequent evolutionary reversion to unedited
status—unaccompanied by C-to-T substitution—reverse
transcription is less likely to capture the edited state at
synonymous sites than at nonsynonymous sites. Indeed,
using a five-state maximum-likelihood model that
accounted for the transitions between edited and
unedited cytidines within a phylogenetic lineage,
Mower (2008) found that rates of C-to-T substitution
at synonymous edited sites are at least as high as at
nonsynonymous editing sites. Overall then, empirical
RNA editing data at synonymous and nonsynonymous
sites are consistent with a neutral model based on
retroprocessing. Although a role of selection certainly
cannot be dismissed, any argument invoking selection
to account for the elevated C-to-T substitution rates at
RNA editing sites must explain why such selection
similarly affects both nonsynonymous and synonymous
sites.

Of course, synonymous editing could have important
effects on codon usage, mRNA stability, or regulatory
sequence conservation (Chamary et al. 2006). The
pattern of RNA editing at synonymous sites does not,
however, support such adaptive mechanisms. There are
relatively few synonymous editing sites in Silene and

other angiosperms (Table 1) (Gray and Covello

1993), most of which are only partially edited (File S2
and File S3) (Mower and Palmer 2006). The extent of
editing at these sites is much more likely to vary among
individuals and tissue types than at nonsynonymous
sites (Bentolila et al. 2008), and editing is frequently
lost without the C-to-T substitution needed to conserve
its effects (Shields and Wolfe 1997; Mower 2008).
Overall, synonymous editing has all the hallmarks of a
relatively neutral misfiring of the RNA editing machin-
ery (Rüdinger et al. 2009).

The potential for selection on synonymous sites is also
important because, as in previous studies, we have used
divergence at (nonedited) synonymous sites as a base-
line for comparison. The underlying assumption is that
these sites are relatively free from selection and,
therefore, provide a measure of the neutral substitution
rate. If instead synonymous sites are subject to strong
selection pressures based on mRNA function, it is
possible that the apparent excess of substitutions at
RNA editing sites in angiosperms is actually the result of
negative selection acting on synonymous sites rather
than positive selection or retroprocessing acting on
RNA editing sites. In other words, the rate of C-to-T
substitutions at RNA editing sites could better reflect
the true neutral rate, because such changes are silent at
the mRNA level (unlike substitutions at nonedited
synonymous sites). Although the available evidence for
selection on translational efficiency in plant mitochon-
drial DNA is limited (Sloan and Taylor 2010), this
possibility should be considered as an alternative to the
hypotheses analyzed in this study.

An RNA-mediated gene conversion model for the
loss of RNA editing sites: We propose a model in which
double-stranded breaks and gene conversion occur

TABLE 2

Mitochondrial and chloroplast RNA editing in five Silene species

Length analyzed (bp) S. conica S. noctiflora S. latifolia S. vulgaris S. paradoxa

Mitochondrial
ccmFn 221 5 8 7 7 8
cob 508 2 3 6 6 6
nad2 462 7 7 10 9 9
nad5 520 5 7 10 9 10
nad6 470 5 5 9 9 9
nad7 419 3 3 6 6 6
nad9 434 1 1 5 5 5
Total (mt) 3034 28 34 53 51 53

Chloroplast
ndhB 996 9 9 9 9 9
psbL 77 0 1 1 1 1
rpoB 382 3 2 3 3 3
rpoC1 260 0 0 0 0 0
rps2 272 1 1 1 1 1
Total (cp) 1987 13 13 14 14 14

mt, mitochondrial; cp, chloroplast.
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regularly in angiosperm mitochondrial genomes, per-
haps playing a role in DNA repair. Occasional gene
conversion with cDNA produced from edited mRNA
(retroprocessing) would result in preferential C-to-T
substitution at RNA editing sites. The length of DNA
sequence typically affected by gene conversion would
have to be short to explain why C-to-T substitutions at
editing sites frequently occur without any change at
nearby editing sites. Occasionally, however, gene con-
version must affect much larger fragments, explaining
the loss of large stretches of editing sites and interven-
ing introns. Finally, in plant lineages with high mito-
chondrial mutation rates (e.g., S. noctiflora), an elevated
rate of DNA damage and double-stranded breaks would
accelerate the entire process.

While this model provides an attractive explanation
of the data, the available evidence is still insufficient to
fully support it or to exclude a role of selection in
eliminating RNA editing sites in angiosperms. Separat-
ing the effects of selection and mutation bias is one of
the most difficult and important challenges in the field
of molecular evolution, and doing so will require
additional studies that integrate phylogenetic, popula-
tion genetic, and mechanistic data.

Reduced RNA editing content in Silene species with
low substitution rates: Although S. latifolia has a higher
density of mitochondrial RNA editing sites than its
rapidly evolving congeners, it maintains fewer sites than
any other angiosperm analyzed to date (Table 1). The
similarity between S. latifolia and other slowly evolving
Silene species in the number and identity of mitochon-
drial RNA editing sites (see results and Table 2)
suggests that the Silene ancestor likely had a smaller
complement of RNA editing sites than the typical
angiosperm. Like the larger reductions in editing
observed in S. noctiflora and S. conica, this pattern may
be at least partially related to changes in mitochondrial
substitution rate. Although dwarfed by recent acceler-
ations in some Silene species (Figure 1), the ancestral
mitochondrial substitution rate in the genus appears to
be significantly higher than that of related angiosperms.
Comparison of all mitochondrial protein gene sequen-
ces reveals that the S. latifolia lineage has exhibited a
56% higher synonymous substitution rate than the
B. vulgaris lineage (Figure S2), which itself has experi-
enced a higher substitution rate than other fully
sequenced angiosperm mitochondrial genomes
(Alverson et al. 2010). Therefore, the relationship
between RNA editing and evolutionary rates may extend
to finer scales of rate variation (see also Alverson et al.
2010).

Mutagenic retroprocessing and elevated substitution
rates: Parkinson et al. (2005) suggested that, because of
the nearly complete loss of RNA editing sites in the few
mitochondrial genes sequenced in Pelargonium and
the high error rate of reverse transcriptase, an increase
in retroprocessing itself might be at least part of the

cause of mitochondrial mutation rate acceleration in
Pelargonium. On the basis of a previous analysis that
found little change in the frequency of RNA editing
despite the mutational acceleration in S. noctiflora, it
seemed unlikely that this mechanism would apply to
Silene (Mower et al. 2007). However, given the evidence
from the present study that S. noctiflora has, in fact, lost a
substantial fraction of its RNA editing sites, it is worth
reconsidering this possibility. If mutagenic retroprocess-
ing has been a major cause of high mitochondrial
mutation rates in Silene, we would expect to see a
disproportionate increase in C-to-T substitution rate for
sites that are edited in the mRNA sequence. We did
not, however, observe such an effect in S. noctiflora, as
the increase in substitution rate at RNA editing sites
appears roughly proportional to the rate increase at
nonedited sites. Therefore, an increase in the fre-
quency of retroprocessing is unlikely to be the primary
cause of the high mitochondrial mutation rates in
Silene. Whether mitochondrial rate accelerations in
other angiosperms (e.g., Plantago and Pelargonium) are
the result of mutagenic retroprocessing remains an
open question that is subject to testable predictions
(Parkinson et al. 2005).

Summary: We have found that increases in mitochon-
drial mutation rate in Silene are correlated with a rapid
loss of RNA editing sites. However, rather than funda-
mentally altering the evolutionary forces that act on
RNA editing, the high mutation rates in these lineages
appear to have simply accelerated a preexisting pattern
in angiosperm evolution, a pattern that might depend
more on a neutral model involving RNA-mediated gene
conversion than on selection. Stephen Jay Gould (Gould

1990) famously asked what would happen if we were
able to rewind and replay the tape of evolution. The
mutational acceleration in some Silene mitochondrial
genomes may instead allow us to effectively fast-forward
that tape and thereby provide a glimpse into the future
of RNA editing in angiosperms.
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FIGURE S1.—Phylogenetic distribution of  cox2 introns and RNA editing sites in the angiosperms. Vertical lines indicate RNA editing sites, 

while black triangles indicate introns. When available, empirical RNA editing were used (REDIdb, GenBank). For species with no empirical 

RNA editing data (underlined), editing sites were predicted with PREP-mt (Mower 2009. Nucleic Acids Res. 37: W253-W259), using a C 
value of  0.5. Family-level phylogenetic relationships are based on the Angiosperm Phylogeny Website (

http://www.mobot.org/mobot/research/apweb/). Intra-family relationships are based on the following sources: Fabaceae (Adams et al. 1999. 

PNAS. 96:13863-13868), Brassicaceae (Yang et al. 1999. Mol. Phylogenet. Evol. 13:455-462), Poaceae (Buckler and Holtsford 1996. Mol. Biol. 

Evol. 13:612-622), Solanaceae (Angiosperm Phylogeny Website).
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Silene latifolia 

Beta vulgaris 

Arabidopsis thaliana 

d
S
 d

N
 

0.026 

0.017 

0.008 

0.004 

A 

More Substitutions in S. latifolia atp1, atp6, atp8, atp9, ccmB, ccmC, 
ccmFc, ccmFn, cox1, cox3, matR, 
mttB, nad1, nad4, nad5, nad7, rps3 

Equal Number of Substitutions nad3, nad4L, nad6, nad9 

More Substitutions in B. vulgaris atp4, cob, cox2, nad2, rpl5 

B 

FIGURE S2.—Comparison  of  mitochondrial substitution rates between Silene latifolia and Beta vulgaris, using Arabidopsis thaliana as an 

outgroup. (A) The trees depict rates of  synonymous (left) and non-synonymous (right) substitution based on a concatenated dataset 

of  all protein genes. The values above each branch indicate branch length in terms of  number of  substitutions per site, which were 
estimated using codeml (PAML) as described previously (Sloan et al. 2009). The rate difference between S. latifolia and B. vulgaris for 

the concatenated dataset was highly significant based on both a molecular clock test implemented in codeml ( 2
df=1 = 24.75; p < 

0.0001 ) and a relative rate test implemented in MEGA ( 2
df=1 = 23.96; p < 0.0001 ). These tests included both synonymous and 

non-synonymous sites. The branch lengths estimated in this 3-species analysis are very similar to estimates from a larger 

phylogenetic analysis of  fully sequenced seed plant mitochondrial genomes (data not shown). (B) The table summarizes the results 
of  relative rate tests performed on individual protein genes in MEGA (including both synonymous and non-synonymous sites). 

Genes shown in bold exhibited a significant difference in rates between the two species at the p = 0.05 threshold. No corrections for 

multiple tests were performed. For all analyses, codons that are edited in any of  the three species were excluded to ensure that 

substitutions at RNA editing sites themselves do not account for estimated rate differences.
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FIGURE S2.—Comparison  of mitochondrial substitution rates between Silene latifolia and Beta vulgaris, using Arabidopsis thaliana 
as an outgroup. (A) The trees depict rates of synonymous (left) and non-synonymous (right) substitution based on a concatenated 

dataset of all protein genes. The values above each branch indicate branch length in terms of number of substitutions per site, 

which were estimated using codeml (PAML) as described previously (Sloan et al. 2009). The rate difference between S. latifolia and 

B. vulgaris for the concatenated dataset was highly significant based on both a molecular clock test implemented in codeml ( 2
df=1 

= 24.75; p < 0.0001 ) and a relative rate test implemented in MEGA (( 2
df=1  = 23.96; p < 0.0001 ). These tests included both 

synonymous and non-synonymous sites. The branch lengths estimated in this 3-species analysis are very similar to estimates from 

a larger phylogenetic analysis of fully sequenced seed plant mitochondrial genomes (data not shown). (B) The table summarizes 

the results of relative rate tests performed on individual protein genes in MEGA (including both synonymous and non-

synonymous sites). Genes shown in bold exhibited a significant difference in rates between the two species at the p = 0.05 

threshold. No corrections for multiple tests were performed. For all analyses, codons that are edited in any of the three species 
were excluded to ensure that substitutions at RNA editing sites themselves do not account for estimated rate differences. 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/185/4/1369/6063753 by guest on 25 M

ay 2023



D. B. Sloan et al. 4 SI 

 

FILE S1 

Primer Sequences 

File S1 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.118000/DC1. 
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FILE S2 

Silene latifolia RNA Editing Sites 

File S2 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.118000/DC1. 
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FILE S3 

Silene noctiflora RNA Editing Sites 

File S3 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.118000/DC1. 
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