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Summary

e RNA editing in plant organelles is widely regarded as a neutral corrective mechanism, yet it
persists as a complex, energetically costly process, requiring numerous nuclear-encoded pen-
tatricopeptide repeat proteins. Ferns are the most diverse lineage of land plants that uniquely
retain both cytidine-to-uridine (C-to-U) and uridine-to-cytidine (U-to-C) RNA editing in their
plastomes, offering a powerful system to investigate the evolutionary forces shaping both
editing types.

¢ Two distantly related fern lineages — Hymenophyllaceae and Vittarioideae (Pteridaceae) —
each containing sister sublineages with contrasting evolutionary rates, were selected for com-
parative analysis. Genomic and transcriptomic data were combined with bioinformatic and
phylogenetic methods to identify RNA editing sites and investigate the evolutionary dynamics
of both C-to-U and U-to-C editing in fern plastomes.

¢ Nonsynonymous edits were frequently lost, consistent with neutral evolution. By contrast,
C-to-U edits at start codons and U-to-C edits at internal stop codons were evolutionarily con-
served, displaying lower and more variable editing efficiencies that suggest these edits are
regulated.

e C-to-U edits at start codons and U-to-C edits at internal stop codons are evolutionarily con-
served and exhibit signatures of selective regulation, suggesting that they function as molecu-
lar checkpoints. These findings provide the strongest evidence to date that RNA editing in
plants plays an adaptive role in modulating plastid gene expression.

Introduction

Across the tree of life, the central dogma holds that DNA is faith-
fully translated into proteins via RNA intermediates (Crick, 1958).
Eukaryotes, however, have evolved mechanisms that add complex-
ity to this process. The discovery of intron splicing in 1977 (Chow
et al., 1977; Berget & Sharp, 1977) revealed that DNA does not
always directly predict protein sequences but requires introns to be
removed from pre-mRNA during processing. Other modifications,
like 5 capping and 3’ polyadenylation, can further refine the
mRNA transcript, affecting stability and translation efficiency, but
without altering the coding sequence itself. RNA editing, by con-
trast, results in targeted modifications to specific nucleotide
sequences within an RNA molecule, giving rise to transcripts that
differ from their original DNA templates in discrete, often func-
tionally significant ways (reviewed in Knoop, 2011). These edits
may include base substitutions, insertions, or deletions, allowing
organisms to fine-tune RNA stability, localization, or protein func-
tion posttranscriptionally.

Diverse examples of RNA editing can be found across eukar-
yotes. In trypanosomes, for example, RNA editing involves
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extensive uridine insertions and deletions to produce functional
mitochondrial transcripts (Benne ez al., 1986), while in animals
and plants, targeted base substitutions — such as adenosine-to-
inosine (A-to-I) and cytidine-to-uridine (C-to-U) changes —
allow fine-tuning of RNA function and stability. In animals,
RNA editing can provide adaptive advantages by generating func-
tionally specialized proteins. For instance, cephalopods exhibit
extensive A-to-I editing on neural transcripts, allowing them to
adjust protein function in response to changing water tempera-
tures (Birk ez al., 2023).

In plants, however, RNA editing presents a different picture.
Although widespread in both the plastid and mitochondrial gen-
omes, editing does not result in new protein functions but instead
restores evolutionarily conserved amino acid sequences in the
mRNA transcript to faithfully yield functional organellar proteins
(reviewed in Small er 4/, 2020). The number of RNA editing
sites varies greatly across plant lineages. Seed plants typically have
30 to 50 C-to-U edits in the plastome (rarely, higher counts are
reported), while the lycophyte Selaginella uncinata contains more
than 3000 editing sites (Oldenkott ez al, 2014; Fig. 1). Ferns,
the sister lineage to seed plants, range from having hundreds of
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editing sites in species like Adiantum shastense to none in Equise-
tum hyemale (Fauskee et al., 2021; Knie et al., 2016; Fig. 1). Plant
RNA editing is orchestrated by a subclass of nuclear-encoded
pentatricopeptide repeat (PPR) proteins — one of the largest gene
families in land plants (Auborg ez 4/, 2000; O’Toole ez al., 2008;
Li et al., 2018; Schafran et al., 2025). Each PPR protein typically
targets a single editing site or, in some cases, a few sites by bind-
ing to a specific RNA segment located upstream of the editing
site (Barkan & Small, 2014). This highly specific targeting of
RNA editing sites by PPR proteins underscores the complexity
of the plant RNA editing system, requiring a vast and specialized
network of nuclear-encoded factors to maintain organellar func-
tion.

The need for RNA editing to ‘correct’” RNA sequences raises a
unique question: Is there an evolutionary advantage that it con-
fers over simply encoding the conserved amino acids correctly at
the DNA level? Plant RNA editing appears to be more of a main-
tenance mechanism than an adaptive response (Lukes
et al., 2011). The complexity of this process in plants is amplified
by the fact that PPR proteins each typically target a single editing
site (a separate PPR protein for each editing site). For RNA edit-
ing to succeed, both the nuclear-encoded PPR proteins and their
specific upstream RNA binding sites must be conserved, which
surely must require a substantial genetic investment. Mutations
in either the PPR protein or the RNA binding site could disrupt
editing, resulting in failed functional protein translation. Rather
than encode the correct amino acids directly in the DNA, plant
organellar gene expression appears to rely on an intricate interde-
pendency where each edit (numbering in the thousands in some
species; Fig. 1) depends on a match between a dedicated PPR
protein and its unique RNA binding site. Is RNA editing in
plants an overly complicated wrinkle in the gene expression pro-
cess with no clear adaptive benefit, and, if so, why does it persist?

To explain why the evolution of RNA editing in plant organel-
lar genomes apparently lacks an obvious adaptive benefit, Covello
& Gray (1993) proposed a neutral framework, later formalized by
Stoltzfus (1999) as the ‘Constructive Neutral Evolution’ (CNE)
hypothesis. The CNE hypothesis suggests that the capability to
edit organellar RNA arose in the nuclear genome, likely through
the co-option of existing nuclear PPR proteins. Mutations at edita-
ble sites in organellar genomes were then corrected by RNA editing
and became fixed through genetic drift. This editing capability is
hypothesized to be maintained by natural selection, while addi-
tional RNA edits accumulate in the organellar DNA through a
‘neutral evolutionary ratchet’ (Covello & Gray, 1993; Lukes
et al.,, 2011). Under this hypothesis, RNA editing quickly becomes
entrenched, because losing RNA editing entirely would require
each editing site to back-mutate to its pre-edited state — a highly
improbable scenario once multdple RNA editing sites are estab-
lished. Although CNE does not rule out potential adaptive bene-
fits, it does not depend on them either. Importanty, these
hypotheses have been largely based on seed-plant observations,
where only C-to-U RNA editing is present, and very litde is
known about the evolution of U-to-C RNA editing in plants.
Interestingly, recent research has shown that some RNA editing
sites, particularly those that reinstate the start codon for some
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genes, appear to be developmentally regulated (Miyata &
Sugita, 2004; Bentolila et al, 2013; Li et al, 2018) leading to the
suggestion that RNA editing may act as a regulatory switch for
organellar gene expression (Li ez al., 2018).

The central aim of this study was to investigate whether plant
RNA editing might confer a selective advantage. We focus here
on fern plastomes because ferns, in contrast to their sister group,
the seed plants, not only exhibit higher levels of C-to-U RNA
editing but also possess U-to-C editing, which is absent in seed
plants (Fig. 1). This allows us to explore whether there are evolu-
tionary pressures that differ between C-to-U and U-to-C editing,
as has been suggested by Fauskee er al. (2021). Given the rapid
evolution of RNA editing sites in fern plastomes (Guo
et al., 2015; Fauskee et al., 2021), we mitigate potential satura-
tion effects by focusing on two fern lineages, each with sister sub-
lineages that exhibit significant substitution rate heterogeneity:
the Vittarioideae subfamily within Pteridaceae (Rothfels &
Schuettpelz, 2014) and the Hymenophyllaceae (Schuettpelz
& Pryer, 2006). Within Vittarioideae, the genus Adiantum is sis-
ter to a clade of epiphytic ferns, the vittarioids, that have under-
gone a marked substitution rate acceleration relative to Adiantum
(Rothfels & Schuettpelz, 2014). A similar pattern is exhibited in
Hymenophyllaceae, where the sister subfamily Trichomanoideae
displays a much higher substitution rate than the Hymenophyl-
loideae (Schuettpelz & Pryer, 2006). By expanding the available
data for these two lineages, we report here on the plastid RNA
editing sites for 10 Adiantum species and eight vittarioids in Vit-
tarioideae, and for four species in Hymenophylloideae and seven
in Trichomanoideae within Hymenophyllaceae.

We employ a novel integrative approach, combining genomic
and transcriptomic data with several rigorous phylogenetic meth-
ods to investigate whether selective pressures may be influencing
the evolution of RNA editing in plastomes. To address these
questions, we more than triple the available data on plastid RNA
editing in ferns. In addition, because little is known about U-
to-C RNA editing in natural systems, our work provides a signifi-
cant opportunity to understand this unique process. Utilizing an
integrative analysis framework, we explore whether the evolution-
ary patterns of RNA editing sites (both C-to-U and U-to-C) in
ferns are consistent with expectations under CNE or whether cer-
tain subsets of edits may have been co-opted for adaptive roles.
By examining RNA editing within a comparative phylogenetic
context, we aimed to shed light on an atypical evolutionary phe-
nomenon that has puzzled researchers for decades.

Materials and Methods

Sampling, DNA extraction and sequencing, plastome
assembly, and annotation

Genomic data were collected from frozen or silica-dried tissue for
10 Adiantum species, eight vittarioids, seven species of Trichoma-
noideae, and four from Hymenophylloideae (Supporting Infor-
mation Table S1). Most of these data were newly generated as
part of this study, but some plastome assemblies were leveraged
from available data (but only when the specimen vouchers were
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Fig. 1 Number of plastid RNA editing counts reported from across a representative selection of land plants. Phylogenetic relationships drawn to match
previously published studies. Blue bars/numbers indicate the number of C-to-U) edits, and orange bars show the number of U-to-C edits reported for each
taxon. Major land plant clades are outlined to the right of the phylogeny, each indicating a rough percentage estimate they represent of the entire c.

500 000 species that comprise land plants. Superscript letters following taxon names denote publications that report the RNA edit numbers for each taxon
shown here: (a) Ishibashi et al. (2019), (b) Mirzaei et al. (2018), (c) Huang et al. (2013), (d) Wang et al. (2015), (e) Kahlau et al. (2006), (f) Jiang

etal. (2012), (g) Ruwe et al. (2013), (h) Guzowska-Nowowiejska et al. (2009), (i) Chen et al. (2011), (j) Wolf et al. (2004), (k) Fauskee et al. (2021), (I)
This study, (m) Li et al. (2018), (n) Guo et al. (2015), (o) Knie et al. (2016), (p) Oldenkott et al. (2014), (q) Kugita et al. (2003), (r) Miyata & Sugita (2004),

and (s) Rudinger et al. (2008).

the same as for our transcriptomic data, described later). Namely,
the plastome assemblies of Antrophyum semicostatum Blume,
Scoliosorus ensiformis (Hook) T. Moore, Vaginularia junghubnii
Mett., and Vittaria graminifolia Kaulf. were previously published
by Robison ez al. (2018). For all other samples, DNA was extracted

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

using the E.Z.N.A. SP Plant and Fungal DNA Extraction Kit from
Omega Bio-Tek (D5511, Norcross, GA, USA).

DNA was quantified on the Qubit 2 Fluorometer (Thermo
Fisher Scientific Inc., Walden, MA, USA) using the Qubit
dsDNA High Sensitivity Quantification Assay Kit (Q32851;
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Thermo Fisher Scientific Inc.). DNA libraries for Illumina
sequencing were constructed using the NEBNext Ultra II DNA
Library Prep Kit for Illumina (E7645; New England Biosciences,
Ipswitch, MA, USA) following the manufacturer’s default proto-
col for 200 base pair insert sizes. To enable multiplexing, each
sample was given a unique barcode using the NEBNext Muld-
plex Oligos for Illumina (E6609; New England Biosciences).
Libraries were then sequenced on the Illumina Novaseq X Plus
by Novogene Co., Ltd (Beijing, China) using 150 base pair,
paired-end chemistry. Demultiplexing was also performed by
Novogene Co., Ltd.

Paired-end DNA reads were then uploaded to the Duke Com-
pute Cluster (Duke University, Durham, NC, USA) where adap-
ters and low-quality reads were trimmed using TRIMMOMATIC
v.0.39 (Bolger ¢t al.,, 2014) with the following settings: LEAD-
ING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36.
Plastomes were then assembled de novo from the trimmed reads
using NOVOPrLasTY v.4.3.3 (Dierckxsens et al, 2017). rbcL
sequences from closely related individuals were obtained from
GenBank and used as seeds for the assemblies (Table S1). Draft
plastome assemblies were then polished using PiLoN v.1.24
(Walker et al., 2014). Plastomes were iteratively polished for two
rounds or until Pilon suggested no further changes. Polished plas-
tomes were then annotated in GEeNEIOUS v.2022.0.2 (Kearse
et al., 2012) using the Brast (Altschul ez 2/, 1990) plugin, fol-
lowed by manual adjustment. Here, annotations from previously
published and closely related fully assembled plastomes were used
as reference (Table S1).

Transcriptome sequencing

Transcriptome data were generated from the same specimen vou-
chers from which plastome sequences were generated (Table S1).
RNA was extracted from green leaf tissue that was either fresh or
flash-frozen. The RNA extractions were performed using the
E.ZN.A. Plant RNA Kit from Omega Bio-Tek (R6827, Nor-
cross, GA, USA) or the CTAB-column approach (RNA spin col-
umns from Spectrum Total Plant RNA Kit; Millipore Sigma,
Darmstadt, Germany) described in Pelosi ez al. (2024). During
RNA extraction, samples were treated with Millipore Sigma
DNase I to reduce DNA contamination (69 182; Millipore
Sigma). The resulting RNA extractions were then quantified on
the Qubit 2 Fluorometer (Thermo Fisher Scientific Inc) using
the Qubit RNA High Sensitvicy Quantification Assay Kit
(Q32852; Thermo Fisher Scientific Inc).

RNA (cDNA) libraries were then constructed using one of two
library preparation kits: the Zymo-Seq RiboFree Total RNA
Library Kit (R3000; Zymo Research, Irvine, CA, USA) or the
NEBNext Ultra II Library Prep (E7775; New England Bios-
ciences) with ribosomal depletion probes designed for plant sam-
ples supplied by New England Biosciences as part of a beta test
agreement. Library preps for both kits were done following sug-
gested manufacturers’ protocols. In each library preparation,
unique barcodes were tagged to each sample to enable multiplex-
ing. The resulting libraries were then sequenced by Novogene Co.,

Ltd (Beijing, China) and Genomics Corp. (New Taipei, Taiwan)
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using 150 base pair, paired-end chemistry on the Illumina HiSeq
or the Illumina NovaSeq X Plus or HiSeq X Ten. Novogene and
Genomics Corp. conducted all the library quality control, data
quality control, and demultiplexing. Newly generated transcrip-
tomic and genomic data for this project are available from the
Sequence Read Archive (SRA), BioProject no.: PRJNA1216602
(specific BioSample and SRA accession numbers in Table S1).

RNA editing detection

Protein-coding genes were extracted from plastome assemblies
together with 100 base pairs flanking the beginning and end of
each gene sequence. For each species, all relevant protein-coding
genes (and flanking sequences) were placed into one multi-fasta
file. A custom RNA editing detection pipeline, modified from
Edera & Sanchez-Puerta (2021) was constructed to identify puta-
tive RNA editing sites. An example script is available on GitHub
(hteps://github.com/bfauskee/fauskee-fern-rna-editing-scripts).
Briefly, RNA reads were trimmed using TRIMMOMATIC v.0.39
(Bolger et al., 2014) with the following settings: LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36 to
remove adapters and low-quality reads. RNA reads were then
trimmed again in TriMmmoMmaTIC (Bolger e al, 2014) in
single-end mode to remove the first 13 bases in each read,
where the GC content was nonuniform (HEADCROP:13).
For each species, trimmed RNA reads were then mapped to the
multi-fasta file containing the plastid protein-coding gene
sequences using BowTiE2 v.2.2.4 (Langmead & Salz-
burg, 2012). SamTooLs v.1.14 (Li ez al., 2009) was used to con-
struct a BAM file that was used as input to BAM-READCOUNT
v.0.8.0 (Khanna ez al., 2022) along with custom Linux com-
mands that were then used to count the total number of RNA
reads mapped to each site in each gene and the number of reads
with each nucleotide mapped to each site. The output of this
step is a TSV file showing the reference base, the number of
reads mapped to the reference base, and the number of mapped
RNA reads displaying each of the four nucleotides.

A custom R pipeline was developed to detect and characterize
each RNA editing site and is available on GitHub (https://github.
com/bfauskee/fauskee-fern-rna-editing-scripts). A site was recog-
nized as an RNA editing site if it met the following criteria: At
least 10 reads mapped to the site and at least three reads and 10%
of the total mapped RNA reads displayed the edited base (a T
mapped to a reference C for a C-to-U edit and vice versa for a U-
to-C edit). Manual inspection was performed in rare regions with
very low RNA read coverage. This R pipeline also outputs the
type of edit (C-to-U vs U-to-C), its position, its codon position,
the induced amino acid change, the editing efficiency, and several
other features. RNA editing efficiency was calculated by dividing
the number of mapped reads displaying the edited base (e.g. a T
for a C-to-U edit) by the total number of mapped RNA reads.

Evolutionary and phylogenetic analyses of RNA editing

To investigate how RNA editing sites are conserved across species
in each independent dataset (Vittarioideae and Hymenophyllaceae),
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we created sequence alignments for each protein-coding gene using
MAFFT v.7.505 (Katoh & Standley, 2013). Here, only the coding
sequences were aligned; flanking regions and introns were excluded.
Alignment position was then used to compare the presence or
absence of each unique RNA editing site across all species within
each dataset.

For each dataset, we estimated a maximum likelihood (ML)
phylogeny from a concatenated supermatrix of all plastid
protein-coding genes. This totaled 87 genes for Hymenophylla-
ceae and 85 genes for Vittarioideae, which lack psaM and ycf66
that are present in Hymenophyllaceae. Based on previously pub-
lished phylogenetic topologies across all ferns (Testo & Sun-
due, 2016; Nitta e al., 2022), one outgroup for each dataset was
also included: Osmundastrum cinnamomeum (L.) C. Presl for
Hymenophyllaceae and Myriopteris lanosa (Michx.) Grusz &
Windham for Vittarioideae. Gene alignments were carried out
again to include outgroups using Marrr v.7.505 (Katoh &
Standley, 2013), and alignments were then concatenated using
AMAS (Borowiec, 2016) and partitioned by gene. Maximum
likelihood tree estimation was carried out in IQ-TREE2 v.2.2.2.7
(Minh ez al., 2020) with 1000 ultrafast bootstrap replicates. Sub-
stitution model selection and optimal partitioning schemes were
automated using the MFP + MERGE option in IQ-TREE2,
and the Bayesian information criterion (BIC) was the metric used
to select the best models and partitioning schemes. Each tree was
then rooted with the outgroups described above, and the out-
groups were then pruned.

A phylogenetic generalized least squares (PGLS) analysis was
conducted to explicitly test the relationship between the number
of RNA edits of each type (C-to-U and U-to-C) and the branch
length, expressed as the root-to-tip distance. Root-to-tip distance
was extracted for each species from the ML plastome trees using
the distRoot function in the ADEPHYLO R package (Jombart
et al., 2010). The PGLS analysis was then conducted in R using
the following packages: APE (Paradis & Schliep, 2019), GEIGER
(Pennell et al., 2014), NLME (Pinheiro et al., 2024), and PHYTOOLS
(Revell, 2012).

For genes whose best-fitting nucleotide substitution model, as
determined by BIC, contained an among-site rate heterogeneity
parameter, site-specific substitution rates were calculated in IQ-
TREE2 v.2.2.2.7 (Minh et al., 2020). Using custom scripts, the
rate category assigned to each RNA editing site was extracted.
Rate categories were used to enable comparisons across genes.
Rate categories for each unique edit were then color-coded to dis-
tinguish whether they were a nonsynonymous C-to-U edit, a
nonsynonymous U-to-C edit, an edit that restores a start codon,
or an edit that corrects an internal stop codon, and were plotted
using the GGWAFFLE R package (Gilbey, 2022).

RevBayes estimation of RNA editing site transition rates

Using sequence alignments, binary presence/absence matrices were
generated to catalog RNA editing sites across species in each data-
set. Data were divided into four subsets: nonsynonymous C-to-U
edits, nonsynonymous U-to-C edits, C-to-U edits restoring start
codons, and U-to-C edits correcting internal stop codons. These

© 2025 The Author(s).
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matrices were then converted into NEXUS files using the APE pack-
age in R (Paradis & Schliep, 2019). The ML plastid phylogenies
for each dataset, with outgroups removed, were transformed into
ultrametric trees — where all extant taxa are equidistant from the
root — using the chronos function in the ape R package (Paradis
& Schliep, 2019). This ensures that the branch lengths represent
relative time rather than genetic change, providing a starting tree
for molecular clock-based analyses.

A combined analysis of molecular and RNA editing characters
was conducted to estimate branch-specific rates of evolution on a
fixed ML tree topology. The RNA editing site data consisted of
nonsynonymous C-to-U RNA editing sites, while the molecular
data comprised the alignment of the plastid gene 7bcL, which is
thought not to contain any RNA editing sites in most fern lineages
and was confirmed to lack such sites in our datasets. All analyses
were conducted in REVBAYES v.1.2.3 (Hohna et 2/, 20106).

RNA editing data were modeled using a continuous-time Mar-
kov chain model with a Jukes—Cantor transition matrix (fnJC
(2)) to specify equal substitution probabilities (Lewis, 2001).
Among-site rate heterogeneity was accounted for by discretizing a
gamma distribution with four rate categories, where the shape
parameter was drawn from an exponential prior with a rate para-
meter of 1.0 corresponding to a mean of 1.0 (dnExponen-
tial(1.0)). RNA editing site branch rates were modeled
using an uncorrelated lognormal (UCLN) relaxed clock (Drum-
mond ez al., 2006). The mean and SD of the lognormal distribu-
tion were assigned exponential priors (dnExponential
(2.0) for the mean, dnExponential (3.0) for the SD),
and individual branch rates were sampled across the tree. RNA
editing site data were clamped to this model.

We used the general time-reversible (GTR) model (Tavaré,
1986) with gamma-distributed rate variation across sites (Yang,
1994) and a proportion of invariant sites (Sidow et al, 1992;
Steel et al., 2000; GTR + I + G) to model molecular evolution.
Exchangeability rates and equilibrium frequencies were assigned
Dirichlet priors (dnDirichlet(1,1,1,1)). The shape
parameter for the gamma distribution was drawn from an expo-
nential prior with a rate parameter of 1.0, corresponding to a
mean of 1.0 (dnExponential (1.0)). The proportion of
invariant sites was modeled as a probability value ranging from 0
to 1, drawn from a beta distribution with alpha and beta shape
parameters both set to 1 (dnBeta (1, 1)). This configuration
creates a uniform distribution across the interval (0,1). The Beta
(1,1) distribution reflects maximum uncertainty about the pro-
portion of invariant sites, allowing the data to determine the final
estimate. Branch-specific molecular rates were modeled under a
UCLN clock, with the mean and SD of the lognormal distribu-
tion assigned exponential priors (dnExponential (2.0) and
dnExponential (3.0), respectively). The rbcL molecular
dataset was clamped to this model.

A constant-rate birth-death process (Kendall, 1948; Nee
et al., 1994; Gernhard, 2008) was used to model the diversifica-
tion dynamics of the phylogeny. Speciation and extinction rates
were assigned exponential priors (dnExponential (10)),
and the probability of sampling extant taxa (tho) was fixed at
0.03, roughly reflecting the proportion of sampled species in the
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study. An arbitrary prior root age of 1 was assigned because our
goal was not to date these trees, but to estimate informative
branch lengths in relative time units for comparative analyses.
The input ML tree topology was fixed, and only node ages were
estimated using a time-scaling move. We ran two independent
Markov chain Monte Carlo (MCMC) runs, each running for
2000 000 generations with 227 moves performed each genera-
tion, to estimate posterior distributions of model parameters.
Trees were sampled every 100 generations and logged to a file for
downstream analyses. Convergence was assessed using the effec-
tive sample sizes of parameters and visual inspection of trace plots
in TRACER v.1.7.1 (Rambaut ez 2/, 2018).

Following the MCMC analysis, we summarized the posterior
distribution of trees for each dataset by calculating a maximum
clade credibility (MCC) tree. This tree was obtained from the
posterior tree trace and represents the topology with the highest
posterior probability of its clades. Node ages in the MCC tree
were summarized using the mean heights from the posterior dis-
tribution. The resulting tree, now containing branch rates esti-
mated by our models, was used for downstream estimates of
RNA editing site transition rates.

We estimated transition rates for each of the four RNA editing
subsets (nonsynonymous C-to-U edits, nonsynonymous U-to-C
edits, C-to-U edits restoring start codons, and U-to-C edits cor-
recting internal stop codons) on the MCC trees generated from
our branch rate analysis. These trees, estimated in RevBayes using
birth-death and relaxed-clock models, have biologically meaningful
branch lengths such that the distance between two nodes represents
the relative divergence time. For each dataset, two models were
tested: a free-rate model (FreeK) and an equal-rate model.

In the FreeK model, the rates of gain and loss of RNA editing
sites were allowed to differ, with each transition rate drawn inde-
pendenty from an exponential prior. A rate matrix was con-
structed from these rates, and root state frequencies were drawn
from a Dirichlet prior. In the equal-rate model, all transition rates
were constrained to be equal, and a single rate parameter was
drawn from the same exponential prior. RNA editing matrices
were clamped to the fixed MCC trees for each dataset. Both mod-
els were run twice independently using MCMC for 1000 000 gen-
erations, sampling parameters every 100 generations. Convergence
was assessed by visual inspection of trace plots in TRACER v.1.7.1
(Rambault ez al,, 2018). Representative RevBayes scripts for all the
analyses are on GitHub (https://github.
com/bfauskee/fauskee-fern-rna-editing-scripts).

To compare the FreeK and equal-rate models for each dataset,
we performed Bayes factor analyses (Jeffreys, 1961) using both
stepping-stone sampling (Fan ez al, 2011; Xie ez al., 2011) and
path sampling (Lartillot & Philippe, 2006; Baele ez 4/, 2012) to
estimate marginal likelihoods. Stepping-stone sampling approxi-

above available

mates the marginal likelihood by incrementally raising the poster-
jor distribution to fractional powers (power posteriors) and
integrating over these intermediate distributions. Path sampling
follows a similar logic but uses a continuous path through the
power posteriors to calculate the marginal likelihood. We applied
both approaches in RevBayes, using 63 power posterior distribu-
tions with 1000 MCMC generations per power posterior after an

New Phytologist (2025)
www.newphytologist.com

New
Phytologist

initial burn-in of 2000 generations. Marginal likelihoods were
calculated as log values for both models. The Bayes factor was
then computed as the exponentiated difference between the log-
marginal likelihoods of the FreeK and equal-rate models. A Bayes
factor close to 1 indicates no strong evidence favoring one model
over the other (Jefferys, 1961). A Bayes factor much > 1 suggests
that the FreeK model provides a better fit to the data, while a
Bayes factor much < 1 suggests the equal-rate model is more con-
sistent with the data. Consistent marginal likelihood estimates
between stepping-stone and path sampling were assessed to con-
firm the robustness of the Bayes factor calculations.

Results

Phylogenetic inference of Hymenophyllaceae and
Vittarioideae

Our ML phylogenetic estimates were based on concatenated plas-
tid supermatrices of 85 protein-coding genes shared across 18
Vittarioideae species and 87 genes shared across 11 Hymenophyl-
laceae species. We recovered robustly supported phylogenies for
each lineage (Fig. 2) with topologies that are congruent with pre-
vious taxonomic studies (Schuettpelz et al, 2016; Huiet
et al., 2018; Kuo er al.,, 2018). Additionally, both phylogenies
reveal a robust signal of nucleotide substitution rate heterogene-
ity, consistent with earlier findings for each of these lineages by
Schuettpelz and Pryer (2006), Hymenophyllaceae, and Rothfels
and Schuettpelz (2014), Vittarioideae, whereby species in the
subfamily Trichomanoideae have longer branches than their sis-
ter subfamily Hymenophylloideae and vittarioids are found on
longer branches than their sister Adiantum species (Fig. 2).

Plastid RNA editing analyses

Notable trends were observed in RNA editing patterns across
both fern clades (Fig. 2). Within Hymenophyllaceae, the number
of C-to-U edits is higher in the slower evolving Hymenophylloi-
deae (HYM), ranging from 155 to 124 (Hymenophyllum fujisa-
nense Nakai— H. holochilum (Bosch) C. Chr.), whereas the faster
Trichomanoideae (TRI) show a lower number of C-to-U edits,
ranging from 115 to 44 (Abrodictyium obscurum (Blume) Ebihara
& K. Iwats.—Didymoglossum tahitense (Nadeaud) Ebihara &
K. Iwats.). The lower number of U-to-C edits across the Hyme-
nophyllaceae overlap, ranging from 69 to 48 in the Hymenophyl-
loideaec ((H. pallidum (Blume) Ebihara & K. Iwats.—H.
holochilum) and from 59 to 32 in the Trichomanoideae
(A. obscurum—D. tahitense). In Vittarioideae, the number of
C-to-U edits is higher in the slower evolving Adiantum (ADI),
ranging from 539 to 299 (A. shastense Huiet & A.R. Sm.—A. davi-
dii Franch.), whereas the faster vittarioids (VIT) consistently
show a lower number of C-to-U edits, ranging from 221 to 182
(Haplopteris yakushimensis CW. Chen & Ebihara—V. junghuhnii).
The lower number of U-to-C edits across the Vittarioideae is very
similar, ranging from 43 to 31 in Adiantum (Adiantum caudatum
L. —A. tenerum Sw.) and from 39 to 29 in the vittarioids
(H. yakushimensis—Vittaria lineata (L.) Sm.).

© 2025 The Author(s).
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Fig. 2 Maximum likelihood phylogenetic estimates for Hymenophyllaceae and Vittarioideae (Pteridaceae) showing the distinct rate heterogeneity (slow vs
fast) between the sister lineages within each respective group: Hymenophylloideae (slow; HYM) and Trichomanoideae (fast; TRI); Adiantum (slow; ADI)
and the vittarioids (fast; VIT). Plastid RNA editing counts are represented as blue bars/numbers for cytidine-to-uridine (C-to-U) edits and orange bars/
numbers for U-to-C edits. Trees in the top left corner show the phylogenetic position of each group in the broader fern topology and the rate
heterogeneity patterns previously reported for Hymenophyllaceae (Schuettpelz & Pryer, 2006) and Vittarioideae (Rothfels & Schuettpelz, 2014). Branch
lengths are in substitutions per site.

In both Hymenophyllaceae and Vittarioideae, C-to-U edits  of both editing types acted on third-codon positions (Fig. 3).
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Fig. 3 RNA editing by codon position in Hymenophyllaceae (left) and Vittarioideae (right). Colored bars depict the number of edits for each species at each
codon position. Species names are abbreviated at the bottom. Cytidine-to-uridine (C-to-U) edits are shown on the top and U-to-C edits are shown on the

bottom.

restoring a start codon (Fig. 4). Most of the U-to-C edits cor-
rected an internal stop codon to a sense codon (usually an argi-
nine or glutamine) in each species studied here (Fig. 4).
Relatively fewer U-to-C edits resulted in nonsynonymous amino
acid changes, and even fewer in synonymous changes (Fig. 4). U-
to-C edits that corrected internal stop codons occurred primarily
in the 5’ half of the transcript sequence, whereas other U-to-C

New Phytologist (2025)
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edits were more evenly distributed across the transcript (Fig. 4).
For both datasets, a Mann—Whitney test revealed that U-to-C
edits correcting internal stop codons to sense codons are signifi-
cantly biased toward the 5 '-end of the transcript compared with
both nonsynonymous and synonymous edits, whereas no signifi-
cant difference in transcript position was observed between non-
synonymous and synonymous edits (Fig. 4).
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Fig. 4 Proportion of RNA editing sites resulting in nonsynonymous (light blue) and synonymous (gray) codon changes, as well as cryptic start codon
restoration (green, cytidine-to-uridine (C-to-U) only) and internal stop codon correction (orange, U-to-C only). Hymenophyllaceae species are shown on
the left and Vittarioideae on the right. The top panels (a, b) show the proportions of C-to-U edits by codon change type, while the middle panels (c, d)
show the proportions of U-to-C edits. The bottom panels (e, f) display the relative genic locations of U-to-C edits, grouped by codon change type. Middle

lines in each box represent the median, while the left-most and right-most lines represent the 25t and 75" percentiles, respectively. Whiskers show the

lowest and highest values within 1.5x the interquartile range. Significant differences in relative genic locations between codon change classes are marked
with asterisks denoting increasing P-value thresholds, and nonsignificant P-values are reported. Species abbreviations are as follows: Ac, A. caudatum; Ad,
A. davidii; Af, A. formosanum; Ah, A. hispidulum; Aj, A. jordanii; Am, A. macrophyllum; Ao, A. obscurum; Ap, A. peruvianum; Ar, A. reniforme; As, A.
shastense; Ase, A. semicostatum; At, A. tenerum; Av, A. capullis-veneris; Ca, C. apiifolia; Cj, C. javanicum; Ct, C. thysanostomum; Dt, D. tahitense; He,
H. elongata; Hf, H. fujisanense; Hh, H. holochilum; Hp, H. pallidum; Hs, H. semialatum; Hy, H. yakushimensis; Se, S. ensiformis; Va, V. auriculatum; Vg,

V. graminifolia; Vj, V. junghuhnii; VI, V. lineata; Vm, V. maxima.

RNA editing efficiency (defined as the proportion of edited
RNA transcripts) was calculated separately for each edit and spe-
cies. In both datasets, synonymous edits occurred with a signifi-
cantly lower efficiency than nonsynonymous edits, as did edits
that restore start codons (C-to-U) or correct internal stop codons
(U-to-C; Fig. 5). For U-to-C edits, internal stop codon edits
occurred with a significantly lower efficiency than nonsynon-
ymous edits in both datasets (Fig. 5). For C-to-U edits, start
codon edits occurred with a significantly lower efficiency than

© 2025 The Author(s).
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nonsynonymous edits in Vittarioideae, but this difference was
not significant in Hymenophyllaceae (Fig. 5).

Comparative phylogenetic analyses of RNA editing sites

A PGLS analysis was used to test the relationship between
evolutionary rate (as the root-to-tip distance on the ML plastid
phylogeny) and the number of RNA edits of each type (C-to-U
and U-to-C). A significant negative relationship between the
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Fig. 5 Summary of RNA editing efficiencies across Hymenophyllaceae (left, lilac) and Vittarioideae (right, yellow). Efficiencies are grouped by codon
change type. Cytidine-to-uridine (C-to-U) edits are shown on the top and U-to-C on the bottom. The middle lines in each box plot represent the median,
while the top and bottom lines represent the 25" and 75™ percentiles, respectively. The whiskers of each box plot extend to the highest and lowest values
within 1.5x the interquartile range. Significant differences in efficiencies between codon change classes are marked with asterisks denoting increasing P-

value thresholds. Nonsignificant P-values are reported.

root-to-tip distance and the number of C-to-U edits was detected
in both fern lineages (Fig. 6; 2= 0.001 for Vittarioideae and
P = 0.002 for Hymenophyllaceae). A negative relationship was
also observed between the number of U-to-C edits and root-to-
tip distance in Hymenophyllaceae (P = 0.043); however, a simi-
lar correlation was not supported for Vittarioideae (P = 0.42;
Fig. 6).

Sequence alignments for each gene were used to identify
shared RNA editing sites across species within the independent
datasets. To systematically compare the presence or absence of
RNA editing sites across taxa, each RNA editing site was
assigned a unique identifier by combining the gene name with
the alignment position where an edit occurs. This unique tag
allowed for a direct comparison between RNA editing site pre-
sence and absence across species. The distribution of shared
editing sites was visualized using UpSet plots, providing a
detailed overview of editing site conservation within each
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dataset. The analyses revealed that nonsynonymous C-to-U
RNA editing sites were predominantly taxon-specific, with few
edits shared across multiple species in either dataset (Fig. 7).
Nonsynonymous U-to-C edits showed slightly higher conserva-
tion, particularly in Vittarioideae, but the majority were not
shared by many taxa (Fig. 7). Notably, C-to-U edits that restore
start codons and U-to-C edits that correct internal stop codons
were widely shared across many species within each dataset
(Fig. 7).

To investigate the rate at which RNA editing sites evolve, site-
specific substitution rates were calculated for each site in genes
where the best-fitting substitution model (according to BIC) con-
tained an among-site rate heterogeneity parameter. Out of 85
genes for Vittarioideae, 73 had best-fitting models accommodat-
ing an among-site rate heterogeneity parameter, while 68 out of
87 genes for Hymenophyllaceae qualified. For applicable genes,
the rate category for each unique edit site was plotted. Rate
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categories were used to enable comparisons across genes within
datasets. These analyses reveal that most RNA editing sites fall
into high-rate categories (Fig. 8). However, a large proportion of
U-to-C edits, both nonsynonymous edits and edits on internal
stop codons, fall into low-rate categories (Fig. 8). Additionally, a
significant proportion of C-to-U edits at internal stop codons
occupy low-rate categories for Vittarioideae, while all three
unique start codon edits (within genes with suitable models for
this analysis) for Hymenophyllaceae occupy the highest rate cate-
gory (Fig. 8).

Transition rates for RNA editing sites were estimated using
comparative  phylogenetic models in RevBayes (Hohna
et al., 2016). Both an equal-rate model (where rates of gain and
loss are the same) and a two-rate (FreeK) model (where rates of
gain and loss differ) were implemented and compared using
Bayes factors. Our analyses showed that the two-rate model was
preferred for nonsynonymous edits (both C-to-U and U-to-C)
and internal stop codon edits (Fig. 9; Table S2). By contrast, the
equal-rate model was favored for RNA edits on cryptic start
codons. These patterns were consistent across both datasets. Non-
synonymous edits (both C-to-U and U-to-C) were found to be
lost at a significantly higher rate than they were gained (Fig. 9).
Start codon edits, however, were gained and lost at the same rate.
By contrast, U-to-C edits at internal stop codons were gained at a
significantly higher rate than lost, suggesting that these edits accu-
mulate over evolutionary time.

Discussion

The role of RNA editing in plant organellar genomes has long
been a fascinating evolutionary puzzle (Knoop, 2011; Lukes
et al, 2011; Small et al, 2020). Despite its high level of

© 2025 The Author(s).
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complexity, plant RNA editing has largely been viewed as a com-
pensatory mechanism. This process enables the correction of spe-
cific deleterious mutations by restoring evolutionarily conserved
amino acid sequences posttranscriptionally, without generating
novel protein functions. The mutational buffer that RNA editing
can provide may then allow these otherwise deleterious mutations
to become fixed in populations through genetic drift. However,
this raises critical questions as to why plants rely on an ostensibly
overly complex and resource-intensive system for organellar gene
expression. The scale of this investment is underscored in lineages
such as ferns and hornworts, where up to 10% of expressed
protein-coding genes encode for PPR RNA editing factors (Gut-
mann et al., 2020), highlighting the substantial genetic and meta-
bolic cost required to maintain this process. The CNE hypothesis
(Covello & Gray, 1993; Lukes er al., 2011) provides a compel-
ling explanation for how such a costly and complex system could
become entrenched without a direct adaptive benefit, but is it
truly the only explanation? Is RNA editing a purely neutral pro-
cess or might it be more dynamic with many sites evolving neu-
trally, while some are evolutionarily conserved due to an as-yet
undescribed adaptive function?

To explore these possibilities, we focused on two independent
fern plastome datasets from the subfamily Vittarioideae (Pterida-
ceae) and the family Hymenophyllaceae. Ferns present a unique
opportunity to investigate the evolutionary dynamics of plant
RNA editing because, unlike seed plants, they retain both C-to-
U and U-to-C editing—allowing for an explicit comparison of the
evolutionary dynamics of both types of editing. Moreover, both
fern lineages include sister subgroups with markedly different
molecular evolutionary rates. This allows us to infer the
directionality of RNA editing site evolution by comparing fast-
(vittarioids in  Vittarioideae and

evolving  sublineages
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Trichomanoideae in Hymenophyllaceae) to their slower evolving
sister taxa (Adiantum in Vittarioideae and Hymenophylloideae in

Hymenophyllaceae).

Specifically, we sought to determine
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whether certain edits were more evolutionarily conserved than
others, potentially reflecting an adaptive significance that con-
trasts with the expectation that most RNA edits evolve neutrally.

Hymenophyllaceae Vittarioideae (Pteridaceae)
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Fig. 7 Proportion of shared RNA editing sites for Hymenophyllaceae (left) and Vittarioideae (Pteridaceae; right). Nonsynonymous cytidine-to-uridine
(C-to-U) edits are shown in blue (top panel), nonsynonymous U-to-C edits in yellow (second panel), C-to-U edits at start codons in green (third panel),
and U-to-C edits at internal stop codons in dark orange (bottom panel). Horizontal bars to the left of species abbreviations show the number of edits
present in each species. Vertical bars denote how many edits are shared by an exclusive group of taxa, defined by the connected dots. For Vittarioideae,
sets of taxa sharing two or fewer edits are omitted, and sets of taxa sharing one or fewer edits are omitted for Hymenophyllaceae. Species abbreviations
are as follows: Ac, A. caudatum; Ad, A. davidii; Af, A. formosanum; Ah, A. hispidulum; Aj, A. jordanii; Am, A. macrophyllum; Ao, A. obscurum; Ap,

A. peruvianum; Ar, A. reniforme; As, A. shastense; Ase, A. semicostatum; At, A. tenerum; Av, A. capullis-veneris; Ca, C. apiifolia; Cj, C. javanicum; Ct,
C. thysanostomum; Dt, D. tahitense; He, H. elongata; Hf, H. fujisanense; Hh, H. holochilum; Hp, H. pallidum; Hs, H. semialatum; Hy, H. yakushimensis;
Se, S. ensiformis; Va, V. auriculatum; Vg, V. graminifolia; Vj, V. junghuhnii; VI, V. lineata; Vm, V. maxima.

C-to-U and U-to-C RNA editing in plastids display distinct
evolutionary patterns

Levels of C-to-U RNA editing in slow-evolving groups (Adian-
tum and Hymenophylloideae) far exceeded those of their faster
evolving sister clades (Vittarioideae and Trichomanoideae,
respectively; Fig. 2). Notably, some Hymenophyllaceae species
possess among the lowest numbers of C-to-U edits known for
ferns, particulatly Didymoglossum tahitense (44 C-to-U edits) and
Crepidomanes  thysanostomum (Makino) Ebihara & K. Iwats.
(62 C-to-U edits). While very early diverging eusporangiate fern
lineages like Equisetum and Psilotum have even fewer C-to-U
edits (0 and 27, respectively; Fig. 1), they lack U-to-C editing
entirely (Guo er al, 2015; Knie er al, 2016). This positions
Hymenophyllaceae as the leptosporangiate fern family with the
lowest reported number of C-to-U edits across ferns that retain
both editing types. U-to-C editing, however, followed a different
pattern: U-to-C edit numbers remained relatively stable among
the fast and slow-evolving groups within each dataset, but Hyme-
nophyllaceae exhibited higher overall U-to-C editing levels than
Vittarioideae (Fig. 2). Thus, it initially appears that C-to-U and
U-to-C RNA editing may not evolve in concert, as the plastomes
of Hymenophyllaceae retain far fewer C-to-U edits but signifi-
cantly more U-to-C edits than Vittarioideae (Fig. 2).

Another indication that C-to-U and U-to-C edits are shaped
by different evolutionary pressures is their distinct codon position
biases, functional consequences, and variability across species. C-
to-U edits primarily occur at second-codon positions (Fig. 3),
producing mostly nonsynonymous amino acid changes, although
a subset restores cryptic ACG start codons to AUG (Fig. 4). By
contrast, U-to-C edits occur almost exclusively at first-codon
positions (Fig. 3) and predominantly correct internal stop codons
to sense codons (arginine or glutamine; Fig. 4). Additionally, C-
to-U edits show considerable variation in number across species,
while U-to-C edits are more stable in frequency within each line-
age but occur at higher overall levels in Hymenophyllaceae than
in Vittarioideae (Fig. 2).

Levels of editing efficiency suggest RNA editing is
regulated at start and internal stop codons

For both C-to-U and U-to-C editing, most nonsynonymous
edits occurred with relatively high efficiency, whereas synon-
ymous edits — those that produce no amino acid change — took
place with significantly lower efficiency (Fig. 5). Notably, U-to-C

© 2025 The Author(s).
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edits that correct internal stop codons and C-to-U edits that
restore start codons occurred with lower efficiencies than nonsy-
nonymous edits of the same type, although the difference in
restoring start codon edits for Hymenophyllaceae was not signifi-
cant (Fig. 5). This unanticipated pattern challenges the notion
that RNA editing functions solely as a compensatory corrective
mechanism. If editing served purely to restore function, one
would expect the sites with the most profound functional impact,
such as edits to restore start codons and to correct premature stop
codons, to occur with the highest efficiency. Instead, the lower
and more variable efficiencies of these edits, compared with non-
synonymous edits, suggest they are regulated, potendally acting
as a gene regulatory ‘switch’, as has been previously proposed for
start codon edits (Miyata & Sugita, 2004; Bentolila ez al., 2013;
Li et al., 2018). Our findings extend this concept to edits correct-
ing internal stop codons. That these edits are significantly posi-
tioned toward the 5’-end of the transcript further supports our
hypothesis that they may act as gene regulatory checkpoints
(Fig. 4). These types of edits (restoring start codons and correct-
ing stop codons) may enable the nucleus to exert fine control over
plastid gene expression, ensuring proper coordination between
nuclear and plastid components — an essential aspect of cellular
homeostasis given the interdependence of these systems in plant

cells (Figs 4, 5).

Start and stop codon edits are evolutionarily conserved
whereas nonsynonymous edits are progressively lost

Across both datasets, the number of C-to-U edits was strongly
and inversely correlated with substitution rate, even when
accounting for phylogenetic relatedness (Fig. 6), indicating an
evolutionary trend of progressive loss of C-to-U editing sites.
This aligns with previous findings in angiosperms, where C-to-U
edits have been shown to also be progressively lost over time
(Mower, 2008; Ishibashi ez 4l., 2019). By contrast, U-to-C edits,
which predominantly correct internal stop codons, did not show
consistent patterns relative to evolutionary rate (Fig. 6). No sig-
nificant correlation between U-to-C editing and evolutionary rate
was detected (Fig. 6) in Vittarioideae; however, in Hymenophyl-
laceae, a significant inverse correlation was observed between U-
to-C editing and branch length (P = 0.043; Fig. 6), though very
close to the 0.05 threshold for significance. This discrepancy may
stem from the types of U-to-C edits present. Hymenophyllaceae
harbors more nonsynonymous U-to-C edits than Vittarioideae
(Fig. 4). Fauskee er al. (2021) proposed that U-to-C edits that
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Fig. 8 Distribution of RNA editing sites across five rate categories in Hymenophyllaceae (left) and Vittarioideae (Pteridaceae; right). Rate categories 1-4
were estimated using either a discretized gamma distribution or a free rateheterogeneity model where rates are inferred independently without an
underlying parametric distribution. Among these, rate Category 1 represents the slowest evolving sites, with rates increasing up to Category 4, which
represents the fastest evolving sites. Category O corresponds to invariant sites. Each box represents a unique RNA editing site. Nonsynonymous cytidine-to-
uridine (C-to-U) edits are shown in blue, nonsynonymous U-to-C edits in yellow, C-to-U edits at start codons in green, and U-to-C edits at internal stop
codons in dark orange. The lower panel displays summary treemaps, illustrating the overall proportion of rate categories occupied by RNA editing subeset.

correct stop codons are selectively retained, whereas nonsynon-
ymous U-to-C edits are far less conserved. The significant corre-
lation in Hymenophyllaceae may be driven by a progressive loss
of nonsynonymous U-to-C edits that are more abundant in this
group than in Vittarioideae.

To further investigate differences in evolutionary histories
within each type of editing (C-to-U and U-to-C), we categorized
edits into four groups: nonsynonymous C-to-U, nonsynonymous
U-t0-C, C-to-U edits restoring start codons, and U-to-C edits
correcting  internal  stop While
edits were largely not conserved across species, start and stop

codons. nonsynonymous
codon edits stood out as notably conserved, particularly in Vittar-
ioideae (Fig. 7). This pattern suggests that these subsets of edits
may serve functional roles, contrasting with the expectation that
RNA editing sites evolve neutrally. Together with our PGLS
results (Fig. 6), these findings indicate that nonsynonymous edits
are rapidly lost, while start and stop codon edits follow distinct
evolutionary trajectories and are more conserved. However, the
simultaneous presence of specific RNA editing sites in several
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species does not necessarily indicate strict ancestral retention —
some gains may have occurred recently and independently in clo-
sely related species. To clarify whether conserved edits reflect
long-term maintenance or recurrent gains, we estimated site-
specific substitution rates as well as rates of gain and loss for
RNA editing sites in a comparative phylogenetic context, provid-
ing direct insights into their evolutionary dynamics.

Our phylogenetic analyses reveal distinct evolutionary his-
tories for the different classes of RNA editing sites. Nonsynon-
ymous C-to-U and U-to-C RNA editing sites predominantly
occupy high-rate categories relative to other sites in the same
gene and are lost at a higher rate than gained (Figs 8, 9), align-
ing with expectations under CNE. By contrast, edits that restore
start codons (C-to-U) and correct internal stop codons (U-to-
C) display evolutionary patterns inconsistent with neutral loss.
Edits restoring start codons exhibited a mixed evolutionary sig-
nal. In Hymenophyllaceae, only three start codon edits were
found in genes with among-site rate heterogeneity, and all fell
within the highest substitution rate category (Fig. 8). However,

© 2025 The Author(s).
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Fig. 9 Marginal densities of rate estimations for gain and loss of RNA editing sites for Hymenophyllaceae and Vittarioideae (Pteridaceae). Cytidine-to-
uridine (C-to-U) edits are shown in the top panel and U-to-C edits in the bottom panel. Rate of gain is shown in blue, and rate of loss is shown in orange.
Bayes factor (BF) values indicate support for a two-rate model over a one-rate model, with BF, and BF,, representing values obtained from sampling
marginal likelihoods with stepping-stone and path sampling methods, respectively.

in Vittarioideae, a greater proportion of start codon edits occu-
pied low-rate categories than other nonsynonymous C-to-U
edits (Fig. 8), suggesting some degree of conservation. Unlike
nonsynonymous C-to-U edits, start codon edits follow an evo-
lutionary model where gains and losses occur at equal rates
(Fig. 9), indicating that they are not progressively lost over time.
Strikingly, U-to-C edits that correct internal stop codons exhi-
bit strong evolutionary conservation. These edits are dispropor-
tionately found in low-rate categories (Fig. 8), reinforcing their
selective retention. Moreover, internal stop codon edits are
gained at a higher rate than they are lost (Fig. 9), meaning even
edits found at high-rate sites are progressively gained rather than
lost — a pattern that starkly contrasts with nonsynonymous
edits. This suggests that edits correcting internal stop codons
are not only selectively retained over time, but are also continu-
ally introduced into the plastomes, further supporting their
functional significance.

Nonsynonymous edits evolve via CNE while start and stop
codon edits represent adaptive co-options

Overall, our findings reveal a duality in the evolutionary
dynamics of RNA editing in plant chloroplast genomes.

2025 The Author(s).
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Nonsynonymous edits (both C-to-U and U-to-C), which consti-
tute most RNA editing events, align with CNE, evolving neu-
trally and being progressively lost over time (Figs 6-9). The
observed progressive loss is a signature of RNA editing evolving
under CNE since losing an RNA editing site via back mutation is
far more likely than gaining a novel RNA editing site. By con-
trast, RNA edits that restore start codons and correct internal
stop codons evolve in patterns inconsistent with expectations
under CNE. Edits correcting start codons have equal rates of gain
and loss and, in Vittarioideae, more often occupy low substitu-
tion rate categories (Figs 8, 9). Edits correcting internal stop
codons disproportionately occupy low-rate categories across both
datasets, indicating strong selective retention. Additionally, inter-
nal stop codon edits exhibit a pattern of progressive gain rather
than loss, further distinguishing them from nonsynonymous edits
and reinforcing their functional significance. Their lower and
more variable editing efficiencies, combined with their tendency
to occur near the 5’-end of transcripts, suggest that these edits
are not simply compensatory but are instead regulated, likely act-
ing as molecular checkpoints for plastid gene expression. As sche-
matized in Fig. 10, editing at internal stop codons may function
as gene expression ‘checkpoints’, while start codon edits may act
as ‘switches’ that control the initiation of translation.
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Fig. 10 Schematic of how RNA editing may regulate plastid gene expression. Red codons represent un-edited start or stop codons. Green codons

represent edited start or stop codons. lllustrations by Tessa Patton.

These findings suggest that while most RNA editing sites
arise and persist as neutral byproducts of CNE, a subset — spe-
cifically edits at internal stop codons, and to a lesser extent,
start codons — may have been co-opted for regulatory func-
tions. The progressive accumulation and selective retention of
internal stop codon edits, coupled with their lower and more
variable editing efficiencies, align with a model in which these
edits play a role in modulating gene expression rather than sim-
ply restoring conserved protein sequences. Their positional bias
near the 5’-end of transcripts further supports this interpreta-
tion, as edits occurring earlier in translation would provide a
more efficient mechanism for controlling protein synthesis and
reducing the metabolic cost of producing defective polypep-
tides. This is especially relevant in plastids, which lack
nonsense-mediated decay (NMD) — a eukaryotic nuclear
mechanism that degrades transcripts with premature stop
codons (Baker & Parker, 2004). Without NMD, plastids
would otherwise translate truncated proteins, making stop
codon edits near the start of transcripts a potentially efficient
means of minimizing wasteful translation. As illustrated in
Fig. 10, such edits may serve as regulatory ‘checkpoints’ that
fine-tune translation in the absence of transcript-level quality
control. Notably, the regulation of these edits may enable the
nucleus to exert fine-scale control over plastid gene expression,
ensuring proper coordination between nuclear- and plastid-
encoded components. While these patterns strongly suggest a
functional role for start and stop codon edits, further experi-
mental work — including plastid transformation and targeted
knockouts of specific editing factors — is necessary to directly
test their regulatory significance. Similarly, while the evolution-
ary trajectory of start codon edits is less conclusive, their dis-
tinct substitution rate patterns and lower editing efficiencies
suggest that they, too, may be subject to regulatory control.
Together, these patterns challenge the notion that RNA editing
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in plants is strictly a neutral process and instead point to a
more dynamic evolutionary landscape where neutral and adap-
tive forces interact to shape RNA editing site evolution.
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