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RNA editing is a vital step in the RNA maturation process of plas-
tid and mitochondrial transcripts in nearly all land plants (Knoop, 
2011). The majority of RNA- editing events in organellar mRNA act 
as a correcting mechanism that restores evolutionarily conserved 
amino acid sequences. RNA editing also occurs in tRNAs (Binder 
et al., 1994; Grewe et al., 2009), noncoding regions of the mRNA, 
including introns (Castandet et al., 2010; Oldenkott et al., 2014) 
and untranslated regions (UTRs) (Schuster et al., 1990), and rRNAs 
(Hecht et al., 2011), where it operates to restore base pairing that 
is involved in secondary or tertiary structures of RNA molecules. 
Therefore, RNA editing is critical to ensuring the accurate biological 
function of both coding and noncoding RNAs.

Between transcription and translation, RNA editing converts spe-
cific cytidines to uridines (C- to- U) or uridines to cytidines (U- to- C), 
as reviewed by Chateigner- Boutin and Small (2011) and Ichinose 
and Sugita, (2017). Forward (C- to- U) RNA editing is prevalent in the 
organellar genomes of all land plants, with one known exception: 
the marchantiid liverworts, for which a secondary loss has been inferred 

(Rüdinger et al., 2008). In contrast, reverse (U- to- C) RNA editing is ap-
parently restricted to hornworts (Kugita et al., 2003), some lycophytes 
(Grewe et al., 2011), and ferns (Wolf et al., 2004; Guo et al., 2015), but is 
absent in seed plants (Tillich et al., 2006). Although a few studies have 
proposed that U- to- C editing may occur in angiosperm mitochondria 
at low frequency (Gualberto et al., 1990; Ong and Palmer, 2006; Picardi 
et al., 2010), others have more recently challenged the notion that U- 
to- C editing occurs in seed plants at all (Guo et al., 2015).

Several RNA- editing studies have exposed striking varia-
tion in the extent of RNA editing among different groups of land 
plants and also between the two organellar genomes. In angio-
sperms, the number of RNA- editing sites in plastids ranges from 
23 in Cucumis melo (Guzowska- Nowowiejska et al., 2009) to 184 
in Amborella trichopoda (Ishibashi et al., 2019) and from 313 in 
Populus to 755 in Liriodendron (Edera et al., 2018) in mitochon-
dria. In seed- free plants, however, the range of variation in RNA- 
editing sites is even more remarkable. In plastids, the number of 
C- to- U edits varies from none in Equisetum hyemale (Knie et al., 
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2016) and marchantiid liverworts (Rüdinger et al., 2008) to more 
than 3400 in Selaginella uncinata (Oldenkott et al., 2014); in mi-
tochondria, limited data suggest that the total number of edits (C- 
to- U and U- to- C) ranges from 885 in Salvinia cucullata (Li et al., 
2018) to 2139 in Selaginella moellendorffii (Hecht et al., 2011). With 
approximately 10,000 species (PPG I, 2016), ferns are the most di-
verse lineage of plants with both C- to- U and U- to- C RNA editing. 
Guo et al. (2015) detected remarkable variation in the number 
of plastid edits across three distantly related ferns (one leptospo-
rangiate fern, Adiantum capillus- veneris, and two eusporangiate 
ferns, Ophioglossum californicum and Psilotum nudum) and more 
recently, Li et al. (2018) recovered substantial variation between two 
heterosporous leptosporangiate fern genera, Azolla and Salvinia, 
with only about 22% of edited sites conserved between them.

Less is currently known about the extent of variation in the 
number of RNA- editing sites at more shallow taxonomic levels (i.e., 
among congeneric species or across multiple genera belonging to 
the same family). Recent studies by Kawabe et al. (2019) and Smith 
(2020) demonstrated significant variation in the number of C- to- U 
plastid RNA- editing sites among three species (and one subspecies) 
of Arabidopsis and across three Selaginella species, respectively. In 
the present study, we examined Adiantum L. (Pteridaceae) to as-
sess the amount of variation in RNA- editing sites within a single 
fern genus. We directly compared genomic DNA and transcriptome 
sequences to determine the number of RNA- editing sites across 
the complete plastomes of three distantly related species within 
Adiantum: A. aleucitum (Rupr.) C.A.Paris, A. shastense Huiet & 
A.R.Smith, and A. capillus- veneris L. (Huiet et al., 2018; Regalado 
et al., 2018). The first two species are only known as diploids, and 
although A. capillus- veneris is both diploid (Old World) and tetra-
ploid (New World), the voucher used by Wolf et al. (2004) is from 
Japan and also presumed to be diploid. We generated novel RNA- 
editing estimates for A. aleuticum and A. shastense to compare with 
the previously published edit estimate for A. capillus- veneris (Wolf 
et al., 2004). Regalado et al. (2018) estimated that A. aleuticum and A. 
shastense together diverged from A. capillus- veneris approximately 
60 million years ago (Ma), whereas A. aleuticum and A. shastense 
diverged from one another about 20 Ma (Fig. 1). We report striking 
variation in the number and location of RNA- editing sites across 
all three species and a high degree of conservation among certain 
editing sites, particularly those involving start and stop codons.

MATERIALS AND METHODS

Data acquisition

Raw Illumina RNA reads for the A. shastense and A. aleuticum plas-
tomes were obtained from Song et al. (2018) and the 1000 plant 
transcriptome project (Carpenter et al., 2019), respectively. The 
raw reads were uploaded from the NCBI Sequence Read Archive 
to the Minnesota Supercomputing Institute’s High Performance 
Computing cluster (MSI HPC) using the sratoolkit programs 
prefetch and fastq- dump (Leionen et al., 2011). The RNA reads 
for both A. shastense and A. aleuticum were sequenced on the 
Illumina HiSeq platform (Song et al., 2018; Carpenter et al., 2019). 
Assembled and annotated DNA plastomes for A. shastense (Song 
et al., 2018) (GenBank accession MG432483) and A. aleuticum 
(Robison et al., 2018) (GenBank accession MH173079) came from 
the same voucher specimens as the RNA data used in this study and 

were also transferred from GenBank to the MSI HPC. The plasto-
mes for A. shastense and A. aleuticum were both assembled using 
NOVOPlasty (Dierckxsens et al., 2016), whereas the A. capillus- 
veneris plastome was assembled manually (Wolf, 2003).

RNA- editing analysis

Adapters and low- quality sequences were trimmed from the 
transcriptomic reads of A. aleuticum and A. shastense with 
Trimmomatic version 0.33 (Bolger et al., 2014) using the follow-
ing parameters: ILLUMINACLIP:TruSeq3- PE.fa:2:30:10:2:true– 
SLIDINGWINDOW:4:20– MINLEN:70. Bowtie2 indices were built 
for the A. aleuticum and A. shastense plastomes using the bowtie2- 
build command in Bowtie2 version 2.3.4.1 (Langmead and Salzburg, 
2012). RNA reads from each species were then mapped to their 
respective plastomes using Tophat v. 2.0.13 (Trapnell et al., 2009) 
with the following parameters used in the editing pipeline by Guo 
et al. (2015): – N – – 4 read- gap- length – – 3 – – read- edit- dist 5 – I 
5000 – – no- coverage- search. The resulting BAM file was then used 
to call DNA/RNA variants. First, the FASTA files for the plastomes 
of A. aleuticum and A. shastense were indexed using the faidx pro-
gram in the samtools version 1.9 program suite (Li et al., 2009). The 
BAM output from Tophat was then used in combination with the 
indexed reference plastome sequences to find DNA/RNA variants 
using the mpileup and call features of the bcftools version 1.9 pro-
gram suite (Narasimhan et al., 2016) to generate a variant call format 
(VCF) file containing all DNA/RNA variants detected by bcftools.

The resulting VCF file was filtered using a custom script to in-
clude only DNA/RNA variants representing likely RNA edits. The 
script was modified from the edit detection pipeline used in Guo 
et al. (2015). For putative C- to- U edit sites, only C:T and A:G vari-
ants were accepted (for sense and antisense strands, respectively). 
Similarly, only T:C and G:A variants were accepted to represent 
putative U- to- C edit sites. At each variant site, read depth and the 
percentage of RNA reads showing the putative edit were calculated. 
To account for possible sequencing errors, variants with less than 
3× read depth or variants that were supported in fewer than 5% 
of the RNA reads mapped to that particular site were discarded; 
only variants meeting this threshold were considered to be putative 
edit sites. Edits were then manually inspected in Geneious version 
10.2.6 (Kearse et al., 2012) and characterized based on the amino 
acid change produced and their location in the plastomes (i.e., what 
gene/tRNA/UTR/intron the edit affected).

FIGURE 1. Divergence date estimates for the three Adiantum species in 
this study. Node ages based on Regalado et al. (2018).
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Comparing RNA- editing sites

RNA- editing sites were compared across each of the three Adiantum 
species by individually aligning each plastid gene that underwent 
RNA editing using Geneious version 10.2.6 (Kearse et al., 2012) to 
first extract the gene sequences subject to RNA editing using the 
Extract Annotation tool, then to align DNA for each plastid gene 
from each of the three species that underwent a putative RNA edit, 
enabling us to accurately assess the homology of each edited site. 
RNA- editing sites occurring in the recently discovered ycf94 gene 
(Song et al., 2018) were excluded from comparison due to a lack of 
transcriptomic data from A. capillus- veneris. Additionally, the sec-
ond exon of ndhB was also excluded from comparison due to a lack 
of sufficient read depth in A. aleuticum transcriptomic data. These 
were the only RNA- editing sites not included in the analyses.

RESULTS

RNA- editing analyses from our study revealed 509 plastid RNA- 
editing sites in A. shastense and 505 in A. aleuticum (Table 1, Fig. 2).  
Wolf et al. (2004) documented 350 RNA- editing sites present in 
the A. capillus- veneris plastome. Of the RNA- editing sites that we 
compared among the three species, 234 were found in all three plas-
tomes, and an additional 177 were found in A. aleuticum and A. 
shastense, but not in A. capillus- veneris (Fig. 3). Adiantum capillus- 
veneris exclusively shared only 22 editing sites with A. aleuticum 
and 24 with A. shastense (Fig. 3). The number of RNA- editing sites 
found to be exclusive to A. shastense, A. aleuticum, and A. capillus- 
veneris were 70, 68, and 58, respectively (Fig. 3). In total, 653 distinct 
RNA- editing sites were found in the three Adiantum plastomes 
examined.

Overall, U- to- C RNA- editing sites were more conserved than C- 
to- U sites (Fig. 4A, B). Of the 51 distinct U- to- C RNA- editing sites 
found, 32 (62.7%) were present in all three species (Fig. 4B), whereas, 
of the 602 distinct C- to- U RNA editing sites documented, only 202 
(33.6%) were shared (Fig. 4A). We also compared the conservation 

of editing sites between nonsynonymous and synonymous edits of 
the coding regions. Of the nonsynonymous edits, 220 of a total 592 
distinct nonsynonymous edits (37.2%) were present in each species 
(Fig. 4C); in contrast, only 3 of the 76 distinct synonymous edits 
(3.9%) were shared by all species (Fig. 4D). Finally, edits involved 
in creating or removing start or stop codons showed elevated levels 
of conservation, with 29 (69%) of the 42 total RNA- editing sites as-
sociated with stop codons found in all three species (Fig. 4E), and 
an additional nine editing sites shared between A. shastense and  
A. aleuticum. Only A. aleuticum possessed distinct RNA- editing 
sites (4) that removed premature stop codons (Fig. 4E). Of the 23 
edits involved in creating start codons, 19 (82.6%) appeared in all 
three species (Fig. 4F).

We found the majority of RNA- editing sites in all three species 
at the first and second codon positions, with U- to- C edits almost 
exclusively at the first codon position (Fig. 5). Therefore, the bulk 
(nearly 75%) of edits in coding regions for each species results in a 
nonsynonymous amino acid change (Fig. 6), with less than 10% of 
edits being synonymous in any species (Fig. 6). A small proportion 
of edits were also found in noncoding regions (UTRs and introns) 
and tRNAs (Fig. 5, Table 1).

In addition, changes in the hydrophobicity of the encoded 
proteins before and after RNA editing was investigated. The 
vast majority of nonsynonymous RNA edits convert a codon for 
a hydrophilic amino acid to one that is hydrophobic (Fig. 7A). A 
smaller proportion convert between two different hydrophobic 
amino acid codons, and still fewer convert hydrophobic amino 
acid codons to hydrophilic amino acid codons (Fig. 7A). This 
trend was also examined within three specific plastid protein 
classes: cytosolic proteins (proteins in the stroma or lumen), ex-
trinsic proteins (those partially spanning a membrane), and inte-
gral proteins (those fully imbedded in the membrane). We found 
that similar patterns exist in all three protein classes, namely, 
that an increase in hydrophobicity is brought on by RNA editing  
(Fig. 7B). No C- to- U or U- to- C changes are capable of producing 
a change between two hydrophilic amino acid codons; therefore, 
these types of changes were not considered.

TABLE 1. Summary of plastid RNA editing frequencies for three Adiantum species.

Plastome location Editing event A. shastense Percent of edits A. aleuticum Percent of edits A. capillus- veneris Percent of edits

Total 509 505 350
C- to- U 468 91.93 457 90.50 315 90.00
U- to- C 41 8.07 48 9.50 35 10.00

Protein coding 481 480 332
1st codon 

position
122 25.36 131 27.29 86 25.90

2nd codon 
position

308 64.03 308 63.96 226 68.07

3rd codon 
position

51 10.60 42 8.75 20 6.02

Start codon 
creation

21 4.37 23 4.58 20 6.02

Stop codon 
creation

6 1.25 7 1.46 3 0.90

Stop codon 
removal

32 6.65 35 7.29 26 7.83

tRNA 2 0.39 1 0.20 1 0.29
Noncoding regions 25 4.92 25 4.95 17 4.86

Intron 13 2.56 9 1.78 6 1.71
UTRs 12 2.36 14 2.97 11 3.14

The bold values are from where the percentages are derived. The second set of bold values in the "protein coding" row are from where the percentages for the 6 rows below come from.
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DISCUSSION

Ferns are an appealing focal group for studies of RNA editing— they 
are one of the only major plant lineages to exhibit both forward (C- 
to- U) and reverse (U- to- C) RNA editing, and they are rich in spe-
cies diversity. Adiantum, in particular, has a wealth of genomic and 
transcriptomic resources available, making it an excellent model 
genus for the first infrageneric comparison of the plastid editome 
in ferns.

Our analyses revealed striking variation in the number of RNA- 
editing sites in the plastomes of Adiantum (Table 1, Fig. 2). The 
total number of plastid RNA- editing sites ranged from 509 in A. 
shastense to 350 in A. capillus- veneris, a range of more than 150 
sites. To the best of our knowledge, other than the extreme exam-
ples documented from Selaginella (Smith, 2020), this infrageneric 

difference in chloroplast RNA- editing sites is the largest reported 
for land plants. We found no evidence to suggest that differences 
between the Sanger sequencing method used by Wolf et al. (2004) to 
generate the A. capillus- veneris data set and the Illumina sequenc-
ing method used for A. shastense and A. aleuticum contributed to 
the observed differences in RNA- editing frequency. In almost all 
cases where an edit was present in A. shastense and A. aleuticum, 
the nucleotide produced by RNA editing was already present in the 
genomic sequence of A. capillus- veneris (i.e., if A. shastense and A. 
aleuticum shared a cytosine [C] position that underwent C- to- U 
RNA editing, a thymine [T] was almost always present at that posi-
tion in the plastome of A. capillus- veneris).

In total, we recorded 653 distinct plastid RNA- editing sites (C- 
to- U and U- to C) across three species of Adiantum (Fig. 3). Of 
these, 602 are the C- to- U type, and 51 are U- to- C edits (Fig. 4 A, 
B). The number of distinct C- to- U RNA- editing sites detected in 
sampled members of the genus Adiantum (602) is almost three 
times more than the 227 C- to- U plastid RNA- editing sites re-
ported so far across all angiosperms (Ishibashi et al., 2019). This 
result is particularly striking considering that the length of time 
since these three species of Adiantum shared a common ancestor 
(ca. 60 Myr, Fig. 1) is less than half the estimated divergence time 
that spans the angiosperm clade (ca. 140 Myr, Magallón et al., 
2015). A point of focus for further research will be to investi-
gate why Adiantum, and likely ferns as a whole, possess such a 
diverse repertoire of plastid RNA- editing sites, especially when 
compared to angiosperms.

Although the number of RNA- editing sites is highly variable 
in Adiantum, similar patterns emerge in the editomes of the three 
species. For example, the majority of edits are concentrated at the 
first and second codon positions (Fig. 5, Table 1), reflecting the 
role of RNA editing in restoring function to conserved amino acid 
codons. More specifically, U- to- C edits in each species are almost 
exclusively found at the first codon position, whereas C- to- U edits 
are most often at the second codon position (Fig. 5). For each spe-
cies, roughly 75% of the RNA- editing events result in a nonsynony-
mous amino acid change that does not involve a start or stop codon 
(Fig. 6). Furthermore, we found that each species studied here has 
similar proportions of RNA- editing sites associated with noncoding 
regions (UTRs and introns), tRNAs, as well as edits that created stop 
codons (Fig. 6, Table 1).

One marked difference we observed, however, was that the plas-
tid editome of A. capillus- veneris was characterized by a relatively 
lower proportion of synonymous edits (Fig. 6). This result is likely 
coupled with the fact that we observed nearly half as many edits at 
the third codon position of A. capillus- veneris (Table 1). Another 
difference we noted was that A. capillus- veneris has a slightly higher 
proportion of editing sites that result in the removal of internal stop 
codons and the creation of start codons than the other two species 
(Fig. 6, Table 1). This result makes sense given the apparently high 
degree of conservation of RNA editing sites associated with start 
or stop codons (Fig. 4E, F), and the significantly lower number of 
total plastid edits in A. capillus- veneris (Fig. 2, Table 1). While other 
RNA- editing sites have been lost in A. capillus- veneris (or gained 
in A. shastense and A. aleuticum), the RNA- editing sites associated 
with start and stop codons persist, suggesting they may confer an 
evolutionary advantage.

C- to- U and U- to- C RNA- editing sites show opposing patterns 
of conservation. While C- to- U sites are generally not well con-
served (Fig. 4A), U- to- C sites show a high degree of conservation 

FIGURE 2. Frequency of C- to- U and U- to- C RNA- editing sites for each 
Adiantum species in this study.
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(Fig. 4B), probably because they are mostly involved in correcting 
internal stop codons— a group of edits also showing a high degree 
of conservation (Fig. 4E). This result suggests that harboring inter-
nal stop codons in the plastomes of these three Adiantum species 

and editing them after transcription may in some way be adaptive, 
possibly by adding an extra layer of control on gene expression as 
suggested by Li et al. (2018). The possibility that RNA editing could 
be advantageous is further supported by our findings that C- to- U 

FIGURE 4. Venn diagram depicting the conservation of specific types of RNA- editing sites among the three Adiantum species in this study. (A) C-to-U 
RNA-editing sites. (B) U-to-C RNA-editing sites. (C) Nonsynonymous RNA-editing sites. (D) Synonymous RNA-editing sites. (E) RNA-editing sites that 
remove or create stop codons. (F) RNA-editing sites that create start codons.
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editing sites that create start codons (Fig. 4F) are also much more 
highly conserved than other C- to- U sites (Fig. 4A) and that edit-
ing events resulting in nonsynonymous amino acid changes (Fig. 
4C) are more conserved than those leading to synonymous changes 
(Fig. 4D). While it has been suggested that creating start codons 
and removing stop codons via RNA editing may be used by certain 

plants (ferns, hornworts, and lycophytes) 
to control organellar transcript transla-
tion, these notions have not been tested 
empirically (Li et al., 2018). Why there 
appears to be a preference for creating or 
removing start and stop codons by RNA 
editing, rather than encoding them at the 
DNA level, remains an area worthy of 
further consideration.

Another trend we observed for each 
Adiantum species, was that RNA editing 
greatly increased the hydrophobicity of 
the proteins arising from edited codons 
(Fig. 7A). This trend is also seen in the 
plastomes of other plant groups, such 
as angiosperms (Ishibashi et al., 2019) 
and the hornwort Anthoceros formosae 
(Kugita et al., 2003) and in the mitog-
enome of Arabidopsis thaliana (Giege 
and Brennicke, 1999). Plant organellar 
genomes contain a significantly large 
proportion of genes encoding membrane- 
bound proteins that are rich in hydro-

phobic amino acids (Covello and Gray, 1993; Gray et al., 1999). 
Increased hydrophobicity in the plastid- encoded membrane- bound 
proteins of Adiantum likely reflects the conservation of these hy-
drophobic residues in membrane- bound proteins, supporting the 
notion that RNA editing confers a selective advantage by main-
taining gene functionality in the plastomes. However, we found the 

FIGURE 6. Percentage of specific sequence modifications produced by RNA editing in sampled taxa. 
Histograms represent 100% of RNA edits detected.
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trend of increased hydrophobicity extends to cytosolic proteins as 
well (Fig. 7B). Furthermore, these findings corroborate those from 
a comparative study by Jobson and Qiu (2008) who demonstrated 
that hydrophobicity was also increased as a result of RNA editing in 
both the plastid editome of Anthoceros formosae and the mitochon-
drial editome of Beta vulgaris.

Our study provides a first glimpse at the variation in frequency 
of plastid RNA editing in Adiantum. By comparing plastid RNA- 
editing frequencies among three Adiantum species, we revealed a 
difference of >150 edits between two Adiantum lineages. By com-
paring the location of these editing sites, we demonstrated that 
there are nearly three times as many distinct C- to- U RNA- editing 
sites in Adiantum than there are across all of angiosperms. Our 
observation that RNA- editing sites associated with start and stop 
codons show a much higher degree of conservation than do other 
sites implies that RNA editing is not only an integral step in gene 
expression for plastid- derived transcripts, but also that the RNA- 
editing process is likely under selection and is not evolutionarily 
neutral.
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