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Summary

¢ RNA editing is a crucial modification in plants' organellar transcripts that converts cytidine
to uridine (C-to-U; and sometimes uridine to cytidine) in RNA molecules. This
post-transcriptional process is controlled by the PLS-class protein with a DYW domain, which
belongs to the pentatricopeptide repeat (PPR) protein family. RNA editing is widespread in
land plants; however, complex thalloid liverworts (Marchantiopsida) are the only group
reported to lack both RNA editing and DYW-PPR protein.

e The liverwort Cyathodium cavernarum (Marchantiopsida, Cyathodiaceae), typically found
in cave habitats, was newly found to have 129 C-to-U RNA editing sites in its chloroplast and
172 sites in its mitochondria.

e The Cyathodium genus, specifically C. cavernarum, has a large number of PPR editing fac-
tor genes, including 251 DYW-type PPR proteins. These DYW-type PPR proteins may be
responsible for C-to-U RNA editing in C. cavernarum.

e Cyathodium cavernarum possesses both PPR DYW proteins and RNA editing. Our analysis
suggests that the remarkable RNA editing capability of C. cavernarum may have been
acquired alongside the emergence of DYW-type PPR editing factors. These findings provide
insight into the evolutionary pattern of RNA editing in land plants.

proteins, RNA editing.

Introduction

RNA editing is an important post-transcriptional modification to
maintain essential functions at the RNA level (Small ez 2/, 2020;
Knoop, 2023). Diverse RNA editing systems were found in
viruses, protozoa, metazoans, fungi, and land plants (Takenaka
et al., 2013; Xin et al., 2023; Zhang et al., 2023). In land plants,
RNA editing is suggested to be a general correction mechanism
that restores conserved amino acids whose codons have been
changed by mutations and plays crucial roles in organelle biogen-
esis and plant physiology (Small ez 4/, 2020). Recent progresses
have demonstrated that the pentatricopeptide repeat (PPR) pro-
tein family, especially the PLS-class protein that harbors the
DYW domain on the C terminus, contributes to this
post-transcriptional process (Small ez al., 2023). Two types of
RNA editing transitions occur in plant organellar transcripts: the
more common conversion of cytidine to uridine (C-to-U) and
the less frequent conversion of uridine to cytidine (U-to-C)
(Gray, 2012; Takenaka er 4/, 2013; Small er al., 2020). Cur-
rently, the latter is known only from hornworts, lycophytes, and
ferns (Takenaka et al, 2013; Gerke et al., 2020). The complex
thalloid liverworts (Marchantiopsida), one of the three major
extant lineages of liverworts (Bowman et al., 2022), are the only
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land plant group that is reported to lack RNA editing, whereas
the remaining major lineages of liverworts (Haplomitriopsida
and Jungermanniopsida) harbor RNA editing capability but exhi-
bit remarkable variations in the abundance of RNA editing
(Malek et al., 1996; Freyer et al., 1997; Steinhauser ez al., 1999;
Groth-Malonek ez al., 2007; Ridinger et al., 2008, 2012; Dong
et al., 2019). The absence of RNA editing in the Marchantiop-
sida was hypothesized to be a secondary loss (Takenaka ez a/,
2013; Knoop, 2023).

Marchantiopsida is the second-largest class of Marchantio-
phyta, with 330-340 species in 35 genera in 18 families belong-
ing to three orders (Soderstrom er al, 2016; Villarreal er al,
2016; Xiang et al., 2022). Cyathodium Kunze ex Lehm., the only
genus of Cyathodaceae in the Marchantiopsida with only 12
species, is known for its luminescent nature, typical cave habi-
tats, and the presence of operculum (a lid-like structure on the
sporophyte capsule), which are unique characteristics among
liverworts (Fig. 1; Srivastava & Dixit, 1996; Bischler-Causse
et al., 2005; Salazar Allen & Korpelainen, 2006; Duckett &
Ligrone, 2006). Recent phylogenetic studies have revealed
Cyathodium is a relatively recent offshoot within the Marchan-
tiopsida, with a notably high substitution rate and a long branch
in both nuclear and organellar gene markers (Villarreal
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Fig. 1 Cyathodium cavernarum Kunze ex Lehm. (a) Cave habitat with populations on rock in cave (white arrow). (b) Habit. (c) Dorsal view of thallus
showing simple air pores. (d) Elaters and spores. (e) Apex of capsule showing operculum. (f) Spore. (g) Aseptic populations in Petri dish. (h) Transverse
section of thallus. (i) Chloroplasts in epidermal cells. Bars: (b, ¢, h) 200 pm; (d, €) 100 um; (f) 25 um; (g) 2 cm; (i) 50 pum.

et al., 2016; Xiang er al., 2022; Bechteler ez al., 2023) or the sec-
ond split within Marchantiales using coalescence approach
(Bechteler et al., 2023: appendix S3). Furthermore, the GC con-
tent, which has been found to have a positive relationship with
RNA editing abundance (Schallenberg-Riidinger & Knoop, 20165
Dong ez al., 2019), was significantly higher in Cyathodium chlor-
oplasts compared with chloroplasts in other species of Marchan-
tiopsida (Xiang ez al, 2022). These initial investigations suggest
that the exceptional lineage of the Marchantiopsida may undergo
RNA editing.

Is RNA editing truly absent in the Marchantiopsida, especially
in Cyathodium? To investigate whether RNA editing occurs in
the Marchantiopsida, specifically in Cyathodium, we conducted a
comprehensive study here. First, we established a sterile culture
system for Cyathodium cavernarum Kunze ex Lehm. (Fig. 1),
which is the type species of Cyathodium. Then, we sequenced and
assembled its chloroplast and mitochondrial genomes from axe-
nic samples. By analyzing the transcriptomic data, we identified
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RNA editing events and a remarkable expansion of the
DYW-type PPR proteins in this intriguing plant. Our findings
present compelling evidence of RNA editing in C. cavernarum,
which contradicts the previous belief that complex thalloid liver-
worts lack this mechanism. Two competing hypotheses to explain
the presence of RNA editing in Cyathodium are proposed.

Materials and Methods

Plant culture

Plants bearing mature spore capsules of C. cavernarum were
collected from a natural population in a cave in Guilin City,
Guangxi, China on 20 August 2019 (Fig. 1). The sporophytes of
C. cavernarum were rinsed with distilled water at least five times,
sterilized in 75% alcohol solution for 5's, and subsequently
rinsed with distilled water three times. Spore suspension was
further sterilized in 0.05% sodium hypochlorite for several
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seconds. Disinfected spores were spread onto the Knop agar med-
ium for germination and growth in Petri dishes in an incubator
(Percival 1-36VL) under 16 h: 8 h, 22 4+ 1°C : 18 £+ 1°C,
light : dark. The well-grown thalli were selected for DNA and
RNA extractions. The genome skimming data and transcrip-
tomes of two other species of Cyathodium (C. aureonitens (Grift.)
Mitt. and C. tuberosum Kashyap) were generated from the field
materials collected from Yunnan, China (Supporting Informa-
tion Notes S1). The voucher specimens (Zhu et al. 20220827-7
for C. aureonitens, Shen 20190820-5 for C. cavernarum, and Zhu
et al. 20220829-8 for C. ruberosum) were deposited in the Her-
barium of East China Normal University (HNSU).

DNA extraction and sequencing

Total genomic DNA was extracted using the modified CTAB
method (Allen ez al.,, 2006). The DNA library with an insert size
of 350 bp was constructed using the NEBNext”™ library kit
according to the standard protocol provided by Illumina and was
sequenced on HiSeq Xten PE150 sequencing platform at
GrandOmics Wuhan, China.

RNA extraction and sequencing

Total RNA was extracted using the TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA). RNA was processed
using the RiboMinus Plant Kit for RNA-Seq (Thermo Fisher
Scientific) to deplete ribosomal RNAs (rRNAs). Subsequently,
the depleted RNA was used to prepare a stranded
RNA-sequencing library (TruSeq mRNA library kit). The
paired-end reads (2 x 150 bp) were generated on the Illumina
HiSeq Xten platform at Novogene, Beijing, China.

Assembly and annotation of organelle genomes

GETORGANELLE v.1.7.5.1 (Jin et al, 2020) was used to assemble the
plastid and mitochondrial genome (cpDNA and mtDNA) of C.
cavernarum with default settings. The assembled graph was visua-
lized in BANDAGE v.0.9.0 (Wick et al, 2015). The assembly of
cpDNA revealed a complete architecture represented by a standard
graph (Fig. S1), similar to that of land plants. However, the
mtDNA graph was more complex, consisting of four connections
mediated by short repeats (SRs), specifically repeat9, repeatl0,
repeatl1, and repeatl2 (Fig. S2). Except for repeatl2, the remain-
ing SRs can be grouped into two conditions. Therefore, a maxi-
mum of eight potential architectures may occur in the
mitochondrial genome of C. cavernarum (Fig. S2). With the prior
settings where repeat10 and repeatl2 were untied in the putative
circular mtDNA, four configurations were identified (Fig. S3). The
configuration of circlel was selected for RNA editing analyses.
Whole-genome alignment of these four configurations was per-
formed in Mauve (Fig. S4; Darling ez al, 2004), and the genome
recombination of C. cavernarum mtDNA was detailed in Notes S2.

The cpDNA and mtDNA were annotated using CPGAVAS2
(Shi et al., 2019) and GeSEQ (Tillich et al., 2017), respectively.

The resulting annotations of organelle genomes were manually
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checked and edited in GENEOIUS PRIMER v.2022.0.1 (Kearse
et al., 2012) with the organelle genomes (cpDNA: NC_037507;
mtDNA: NC_037508) of Marchantia polymorpha L. as refer-

ence.

Determination of RNA editing event

RNA reads of C. cavernarum were mapped against the organelle
genomes using TOPHAT2 (Kim ez al., 2013) with default settings,
and then, the bam results were sorted by Samroors (Li
et al., 2009). The final bam files together with their correspond-
ing genome sequences were imported into GENEIOUS PRIMER
v.2022.0.1 (Kearse et al., 2012). The ‘Find Variations” function
implemented in GENEIOUS PRIMER v.2022.0.1 (Kearse et al.,
2012) was employed to search for RNA editing sites in
protein-coding transcripts with the following thresholds: mini-
mum coverage = 3, minimum variant frequency = 0.1, maxi-
mum variant P-value = 107°, and minimum strand-bias
P-value = 10> when exceeding 65% bias (Wu & Chaw, 2022).
DNA reads were also used to map against the corresponding
organelle genome and identify genomic variations in order to ver-

ify the edited sites.

Validation for C-to-U RNA editing sites in Cyathodium

Total RNA was extracted using the TRIzol reagent (Thermo
Fisher Scientific), and first-strand cDNA was synthesized using a
HiScript III 1st strand ¢<cDNA Synthesis Kic (+gDNA wiper)
(Vazyme, Nanjing, Jiangsu, China). We chose six RNA editing
sites in five chloroplasts (azpl, ndhj, petD, psaA, and psaB) and
seven sites in four mitochondrial (a#p1, cob, cox3, and nad2) tran-
scripts for PCR validation. The primers were designed in GEN-
EIOUS PRIMER v.2022.0.1 (Kearse ez al., 2012), and specific cDNA
fragments containing RNA editing sites were amplified and
sequenced directly. The edited uridine was compared with its
template base in the genome. The primer sequences are listed in

Table S1.

Comparison of homologous sites in representative
Marchantiopsida organelle genomes

C-to-U RNA editing has been explained as a mechanism to
restore T-to-C mutations at the DNA level, to preserve the con-
served function of proteins (Freyer er al, 1997). However,
whether RNA editing in Cyathodium follows such a rule is
unknown. Here, we employed published organelle genomic data-
sets of nine Marchantiopsida species (Table S2) to compare the
genomic DNA  bases of C-to-U RNA editing sites in
C. cavernarum and their homologous sites in other species of
Marchantiopsida. To do this, we extracted 48 and 27 RNA
editing-affected protein-coding genes (CDS) from cpDNA and
mtDNA, respectively. The CDS sequences were aligned by
Marrr (Katoh & Standley, 2013) and visualized in GENEIOUS
PRIMER v.2022.0.1 (Kearse ez al., 2012). The synonymous RNA
editing sites and ndhFeU2024SL, which is likely a recent lineage-

specific insertion of C. cavernarum, were ignored in this analysis,
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Table 1 DNA base information and quantity statistics of homologous sites
of RNA editing sites in organelle genomes of Cyathodium cavernarum and
nine Marchantiopsida species without RNA editing.

Homologous base

Base to be edited in  in nine Marchantiopsida

C. cavernarum without RNA editing Count Location
C T 114 CpDNA
@ C 3 CpDNA
cC cT 1 CpDNA
C A/T 1 CpDNA
C T 149 MtDNA
CcC T 7 MtDNA
C C 7 MtDNA
CcC CT 1 MtDNA

and thus, 119 sites in cpDNA and 164 sites in mtDNA of nonsy-
nonymous RNA editing were included. Then, we compared the
bases between the sites to be edited in C. cavernarum and their
homologous sites in other Marchantiopsida species, and then
compared the amino acids derived from C-to-U RNA editing in
C. cavernarum and the corresponding amino acids on homolo-
gous sites in other Marchantiopsida species. The summary of the
comparison is listed in Table 1.

Comparison of RNA editing sites in other lineages of
bryophytes

According to the phylogenetic positions and data availability,
eight other bryophytes (one Haplomitriopsida liverwort, four
Jungermanniopsida liverworts (two simple thalloid and two leafy
liverworts), two mosses and one hornwort; Table S2) were chosen
to investigate the presence of shared RNA editing sites between
C. cavernarum and these representative bryophytes using the mul-
tiple alignment method, for the 301 RNA editing sites identified
in C. cavernarum. These datasets, containing organelle genomes
and their respective RNA editing sites, were obtained from pre-
vious studies (Riidinger ez al., 2009; Ichinose ez al., 2014; Dong
et al., 2019; Gerke et al, 2020; Hu et al., 2023).

Identification of PPR DYW proteins as candidate RNA
editing factors

An online PPR finder tool (https://ppr.plantenergy.uwa.edu.
au/fasta/) (Cheng ez al., 2016) was used to identify the candidate
RNA editing factors in the genome assembly of C. cavernarum
(unpublished data) based on the reassessment of PPR motifs.
The numbers of different types of PPR proteins were counted
based on the category of motif on the C terminus. Other pub-
lished genomic and transcriptomic data of Marchantiopsida were
also selected to identify PPR proteins in the same manner
(Table S3).

We aligned the protein sequences of C. cavernarum DYW
domains that are longer than 120 amino acids using the hmma-
lign function in the HMMER package (Potter et al., 2018) with the
profile HMM in Gutmann ez 4l (2020). We then filtered the
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domains that lack the cytdine deaminase signature
(HxEx,5CxxC). The conservation plot of the 245 DYW domains
in C. cavernarum was drawn using the WEBLOGO service
(Crooks ez al., 2004). In bryophytes, only the DYW domains of
the model plant Physcomitrium patens (Hedw.) Mitt. have been
experimentally investigated and confirmed their functions in
RNA editing (Rudinger et al, 2011; Yang ez al., 2023). There-
fore, we compared the sequence similarity between C. caver-
narum and P. patens.

To trace the evolution of the DYW domain in C. cavernarum,
two other DYW domain datasets were used: (1) the DYW
domain matrix developed from the OneKP dataset where the
DYW : KP variant sequences were eliminated (Gutmann
et al., 2020); (2) the DYW domain matrix derived from Haplo-
mitriopsida representing the first branching clade in liverworts,
which were not sampled in the OneKP dataset. The DYW
sequences of the latter dataset were obtained from the previous
study (Dong et al., 2022). These two DYW domain matrix were
combined with the C. cavernarum DYW domain matrix using
the ‘Consensus Align’ function in GENEIOUS PRIMER v.2022.0.1
(Kearse er al, 2012). Subsequently, an alignment containing
13 977 sequences was used to construct an approximate
maximum-likelihood tree using FASTTREE 2 (Price et al., 2010)
with the JTT model. The resulting tree was visualized using
TVBOT online (Xie et al., 2023).

Results

The plastome

The chloroplast genome of C. cavernarum follows the typical
quadripartite structure found in land plants (Fig. 2). It consists of
a large single-copy (LSC, 79683 bp) region and a small
single-copy (SSC, 19479 bp) region, separated by a pair of
inverted repeats (IRs, 9795 bp x 2), resulting in a circular mole-
cule with a total length of 118 752 bp. The C. cavernarum
cpDNA contains the expected gene complements found in other
taxa of Marchantiopsida. A total of 135 genes were annotated,
including 89 protein-coding genes, 38 tRNA genes, and 8 rRNA
genes (Fig. 2). However, C. cavernarum lacks introns in pafl
(y¢f3) and rpl16 genes, unlike other liverworts (Dong ez al., 2021;
Xiang et al., 2022). The ffs gene, an essendal signal recognition
particle pathway component located between pez/V and #nC in
bryophytes (Trager ez al., 2012), was also found in C. cavernarum
cpDNA.

The mitochondria and potential rearrangement

The mtDNA assembly graph produced by GETORGANELLE
v.1.7.5.1 (Jin et al., 2020) displays a complex and interconnected
structure. It is comprised of eight contigs and four pairs of SRs,
with lengths ranging from 160 to 281 bp (Fig. S2a; Table S4).
These SRs potentially facilitate the mitochondrial genome
recombination (detailed in Notes S2).

After simplifying the graph using BANDAGE v.0.9.0, four con-
figurations were identified (Fig. S3). The configuration named
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Fig. 2 Chloroplast genome of Cyathodium cavernarum with RNA editing site. The map of chloroplast DNA (cpDNA) was generated using OGDRAW
(Lohse et al., 2013). Gene categories are indicated in the key. The numbers given for protein-coding sequences indicate the count of cytidine to uridine

(C-to-U) RNA editing sites within this gene coding region.

‘circlel” exhibits the same gene order as the published mtDNA of
M. polymorpha (NC_037508) and was used for RNA editing
analyses. The mtDNA of C. cavernarum forms a circular mole-
cule with a total length of 175 523 bp and is the smallest among
the published species of Marchantiopsida owing to the lack of a
long noncoding region. It contains a conserved gene content
observed in liverworts, including a pseudogene, nad7. In total, 73
genes were annotated, consisting of 40 protein-coding genes, 2
pseudogenes, 28 tRNA genes, and 3 rRNA genes (Fig. 3). The
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gene contents of mtDNA are distributed across different contigs,

as listed in Table S4.

RNA editing events in chloroplasts

After analyzing the stranded transcriptome, we ultimately identified
129 sites of C-to-U RNA editing in the protein-coding region of
C. cavernarum chloroplast with a coverage threshold of 3
(Table S5). We followed the nomenclature proposed by Rudinger
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Fig. 3 Mitochondrial genome of Cyathodium cavernarum with RNA editing sites. The map of mitochondrial DNA (mtDNA) was created using OGDRAW
(Lohse et al., 2013). Gene categories are shown in the key. Pseudogenes are denoted by . The numbers given for protein-coding sequences indicate the
count of cytidine to uridine (C-to-U) RNA editing sites within this gene coding region.

et al., (2009) to designate RNA editing sites. For example, in the
case of ‘psbMeU74PL’, ‘psbM’ represents the affected gene, ‘eU74’
indicates the conversion of cytidine (C) to uridine (U) at position
74 in that transcript, and ‘PL’ signifies a change in the amino acid
from proline (P) to leucine (L) at the mature transcript.

The identified RNA editing sites are distributed among 48
protein-coding genes (Fig. 2), with gene pezB harboring the

New Phytologist (2024) 242: 28172831
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largest number of nine edited sites. No RNA editing site was
found in the remaining 41 genes. However, the reads overlap and
coverage on several long transcripts, such as y¢f2 and 7poC2, are
very low (Table S6). Therefore, our determination of the number
of RNA editing sites in C. cavernarum chloroplast may have been
underestimated, and the true number may exceed 129. In the
present study, we also identified 174 and 116 RNA editing sites
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in the chloroplast genomes of two other Cyathodium species (C.
aureonitens and C. tuberosum), which suggests that the most
recent common ancestor (MRCA) of Cyathodium may possess
the RNA editing capability (detailed in Notes S1; Fig. S5).

The editing events mainly occur at the second codon position
(106 sites, 82.2%), followed by the first codon position (13 sites,
10.1%; Fig. S6; Table S5), resulting in significant changes to the
amino acids. Changes at the third codon position (nine sites,
7.0%) are synonymous. In addition, this study also discovered a

Researchi282

relatively rare editing event — atpEeU176TT (see Table S5), where
editing occurred at both the second and third positions within
the same codon. In total, three stop codons and two translation
start codons (Fig. 4a) are created by C-to-U RNA editing. Apart
from the synonymous edited events and stop codon-created sites,
we discovered 10 different formats of amino acid changes in C.
cavernarum chloroplast (Fig. 4a). The most frequent changes are
serine to leucine (S to L), serine to phenylalanine (S to F), and
proline to leucine (P to L), with 48, 25, and 30 occurrences,
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atpleU344PL ndhJeU284SL petDeU323SL/petDeU326SL psaAeU1427SL
aONAICCAACEBIAGG AATCEBAGAA ATATETGGT| CCATEGGGT
cDNA|ICCAACTAGG AATCTAGAA IATATTTGGT| |CCATTGGGT
psaBeU1001PL atp1eU200PL atp1eU230SF cobeU638SL
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DNAGCTTTTGCA| ACGTTTTTT| TTCTTCTCG| | TATTTATGT

cobeU716SF

cox3eU599SF

nad2eU764SF

nad2eU1024HY

Fig. 4 Distribution of amino acid changes resulting from cytidine to uridine (C-to-U) RNA editing in Cyathodium cavernarum. (a) Amino acid changes in
chloroplast DNA (cpDNA). (b) Amino acid changes in mitochondrial DNA (mtDNA). (c) Sanger sequencing chromatogram displaying 13 RNA editing sites
in C. cavernarum. In each plot, the top section represents the bases of DNA, while the bottom section represents the bases of transcripts. Bases of C on
DNA labeled with purple, and changed bases of T on transcripts labeled with light blue.
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respectively. These three formats of amino acid change account
for 85.8% of the nonsynonymous editing events. Additionally,
RNA editing tends to increase or maintain the hydrophobicity of
proteins (Fig. 4a), with the exception of only two edited sites
with a proline to serine (P to S) amino acid change.

RNA editing events in mitochondria

We identified 172 sites of C-to-U RNA editing in the
protein-coding region of mitochondria using the same thresholds
as in chloroplast (Table S5). The number of edited sites in
mtDNA is higher than in cpDNA, showing a similar pattern of
RNA editing abundance between cpDNA and mtDNA as
observed in most land plants (Edera ez al, 2018; Dong et al.,
2019; Huang et al., 2022; Wu & Chaw, 2022).

The identified RNA editing events occur in 27 out of 40
protein-coding genes in the mitochondrial genome (Fig. 3).
Similar low overlapping and coverage of transcriptomic reads
was observed as in cpDNA (Table S6), hence, our determina-
tion of C-to-U RNA editing in mtDNA may be also underesti-
mated. Of the mt-RNA editing events, 107 sites (62.2%) occur
at the second codon position, followed by 50 sites (29.1%) at
the first position, and seven sites (4.1%) at the third position
(Fig. S6; Table S5). Notably, we detected eight events (4.7%)
where two specific sites were successively edited within one
codon (Fig. S6; Table S5), with five occurring at the first and
second codon positions, and three at the second and third posi-
tions. Among these events, eight sites (4.7%) were found to be
synonymous (Fig. 4b), including one first-position edited site
(sdh3eU199LL) and all seven third-position edited sites. The
remaining 164 sites out of the 172 edited sites at the first and
second positions are nonsynonymous. RNA editing resulted in
the creation of four stop codons and one translation start codon
(Fig. 4b).

The most frequent amino acid changes observed in mtDNA
are Sto F, Sto L, and P to L, with 36, 27, and 39 occurrences,
respectively, accounting for a total of 62.2% of the nonsynon-
ymous RNA editing sites in C. cavernarum mtDNA (Fig. 4b).
Additionally, two amino acid changes, proline to phenylalanine
(P to F) and arginine to cysteine (R to C), were observed in
mtDNA but not in cpDNA (Fig. 4a,b; Table S5). These changes
result from successive editing at the first and second codon posi-
tions of CCU, and editing at the first position of CGU, respec-
tively. Furthermore, the nonsynonymous C-to-U RNA editing in
mtDNA has a preference for increasing or maintaining the
hydrophobicity of proteins (Fig. 4b), with the exception of 23
edited sites with amino acid changes from P to S and R to C.

The validation of C-to-U RNA editing by PCR sequencing

Here, we selected six sites in ¢cpDNA and seven sites in mtDNA for
PCR validation. The Sanger sequencing results indicate that the
bases of RNA editing sites are Ts on the cDNA of these 13 C-to-U
RNA editing sites in C. cavernarum, while the bases are Cs on the
genomic DNA (Fig. 4¢). These results provide strong evidence sup-
porting the presence of C-to-U RNA editing in C. cavernarum.
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Homologous sites in other non-RNA editing species of
Marchantiopsida

We compared the bases between the sites to be edited in C. caver-
narum and their homologous sites in nine representative Marchan-
tiopsida species. For nonsynonymous C-to-U RNA editing sites in
C. cavernarum, the bases of their homologous sites in all nine
non- Cyathodium species are Ts for 114 (95.8%) of 119 sites in
cpDNA and 156 (95.1%) of 164 sites in mtDNA (Fig. S7; Table 1).
At the amino acid level, most cases (110 sites in cpDNA and 151
sites in mtDNA) show the same amino acid as the one derived from
C-to-U RNA editing in C. cavernarum and the one encoded in the
homologous sites in other nine Marchantiopsida species (Fig. S7).

A total of 110 sites in cpDNA and 150 sites in mtDNA follow
a set of rules: (1) in C. cavernarum, the base of editable site in
genomic DNA is a C, which is altered to a U in transcripts
through the editing process, and the corresponding base in geno-
mic DNA of non-RNA editing species of Marchantiopsida is a
T; (2) the amino acid derived from RNA editing in C. caver-
narum is the same as that encoded in the homologous site in
non-RNA editing species of Marchantiopsida. These findings
suggest that C-to-U RNA editing in C. cavernarum likely restores
T-to-C mutations at the first and second codon positions,
thereby increasing the conservation of the amino acid. Further-
more, the absence of RNA editing in non- Cyathodium Marchan-
tiopsida species may be attributed to the fixation of C-to-T
mutations in their genomic DNA.

The shared RNA editing sites in other lineages of
bryophytes

All 301 identified RNA editing sites in C. cavernarum were exam-
ined for the presence of shared sites with the eight representative
bryophytes. It shows that C. cavernarum shares RNA editing sites
with each of the representative bryophytes (Fig. 5). In total, C.
cavernarum shares 137 RNA editing sites with at least one of the
tested bryophytes, with 49 sites located in the cpDNA and 88 sites
in the mtDNA (Fig. 5; Table S7). The remaining 164 RNA edit-

ing sites in C. cavernarum could be considered putatively unique.

Expansion of PLS-DYW protein genes

A total of 497 PPR protein genes were identified in the C. caver-
narum genome (unpublished data) in this study (Fig. 06a;
Table S8), containing 67 in the P-class and 430 in the PLS-class,
based on different motifs of PPR protein. Additionally, the
PLS-class includes 76 PLS-type proteins, 19 El-type proteins, 61
E2-type proteins, 22 E+-type proteins, 1 SS-type protein, and
251 DYW-type proteins (Fig. 6a; Table S3). In other
non- Cyathodium Marchantiopsida species, the numbers of P-class
proteins were comparable to those in C. cavernarum. By contrast,
no DYW-type protein was found in any of the species and the
remaining subtypes of PLS-class proteins were rare, limited to
PLS-type and El-type proteins (Fig. 6a; Table S3). These results
suggest a significant expansion of PLS-class protein genes, espe-
cially the DYW-type proteins in Cyathodium.
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Fig. 5 Presence of shared RNA editing sites between Cyathodium cavernarum and tested bryophyte species. The numbers in the first column following the
species names indicate the abundance of cytidine to uridine (C-to-U) RNA editing for that species (Riidinger et al., 2009; Ichinose et al., 2014; Dong

etal., 2019; Gerke et al., 2020; Hu et al., 2023). The numbers in the second column indicate the number of shared RNA editing sites between C.
cavernarum and that species. The blue block indicates a shared common RNA editing site between C. cavernarum and each of the representative

bryophytes.
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Fig. 6 Features of pentatricopeptide repeat (PPR) proteins in Cyathodium cavernarum. (a) Distribution of PPR protein genes in the class Marchantiopsida.
The topology was derived from Xiang et al. (2022). The heatmap indicates the abundance of different types of PPR proteins from low to high, with the
color red varying from light to deep. An asterisk following the species name indicates a genomic dataset, otherwise a transcriptome. The schematic
structure at the top refers to a standard DYW-type PPR protein architecture in C. cavernarum. (b) Sequence conservation of DYW domains between
Physcomitrium patens (Ppa) and C. cavernarum (Cca). Three crucial characteristics of the DYW domain were labeled with shadowed orange blocks.

The DYW domain in C. cavernarum exhibits a protein
sequence structure similar to that found in other land plants
(Cheng et al.,, 2016; Gutmann et al., 2020), which includes the
PG box, HxEx,sCxxC deaminase signature, and residues of the
C-terminus DYW. Here, we compared the sequence similarity of
DYW domains between C. cavernarum and the model moss
P. patens (Fig. 6b), whose DYW-type PPR proteins have already
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been functionally characterized in C-to-U RNA editing (Ichinose
et al., 2013; Schallenberg-Riidinger ez al., 2013). The three cru-
cial characteristics (PG box, HxEx25CxxC, and C terminus) in
the DYW domain (Gutmann et al., 2020; Takenaka et 4/, 2021)
between C. cavernarum and P. patens are highly conserved
(Fig. 6b), suggesting that these DYW sequences potentially con-
tribute to the C-to-U RNA editing in C. cavernarum.
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Additionally, 244 of the DYW-type PPR editing proteins have
full PPR motifs (Table S8), indicating that the cis interaction
process, which is governed by the PPR motifs of editing factors,
is likely dominant in RNA editing of C. cavernarum.

Given the complexity of alignments and phylogenetic infer-
ences caused by the modularity and highly repetitive nature of
PPR sequences, we aimed to focus on tracing the evolutionary
trajectory of the DYW domain, because this DYW domain has

been well recognized as a deaminase enzyme involved in C-to-U
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RNA editing. The phylogenetic analysis yielded a topology simi-
lar to that of Gutmann et 4/. (2020) (Fig. 7a). In the present ana-
lysis, all the DYW domain sequences of C. cavernarum are
clustered together, forming a single clade with a high bootstrap
value of 0.956. This clade is nested within the moss DYW
domain sequences and is most closely related to a group compris-

ing 13 DYW domain sequences of Bryopsida with moderate sup-
port (Fig. 7b). These results suggest that the expansion of the
DYW domain in C. cavernarum is clade-specific.

Tree scale 02

Fig. 7 Maximum-likelihood tree of DYW domain sequences of land plants reconstructed by FastTree 2. (a) 13 977 DYW sequences longer than 120 amino
acids were included. The tree was unrooted. The branch colors of the tree are color-coded based on the clade of origin, as indicated by the colored labels.
(b) A cladogram showing DYW domains of Cyathodium cavernarum and their most closely related clade comprising 13 moss DYW domains. The 13 moss
DYW domains are marked with light green blocks. DYW domains of C. cavernarum are collapsed into a yellow triangle and the remaining DWW domains
of land plants are collapsed into a black triangle. The decimals are support values of nodes pointed by arrows.
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Discussion

Hypotheses on the presence of RNA editing in Cyathodium

Complex thalloid liverworts (Marchantiopsida) have been
thought to be the only land plant group that lacks RNA editing
among land plants (Ridinger ez al, 2008; Dong et al., 2019;
Knoop, 2023). The absence of RNA editing in the Marchantiop-
sida was hypothesized to be a secondary loss (Takenaka
et al., 2013; Knoop, 2023). The presence of RNA editing in
Cyathodium complicates our understanding of the evolutionary
pattern of RNA editing in Marchantiopsida. Although most stu-
dies revealed Cyathodium as a relatively recent lineage in March-
antiopsida, sister to Corsiniaceae (Villarreal er a/, 2016; Flores
et al., 2021; Xiang et al., 2022), Bechteler er al. (2023) suggested
a different phylogenetic position, placing it as the second split
within Marchantiales. However, regardless of the inconsistent
opinions on the phylogenetic position of Cyathodium within the
Marchantiopsida, we can propose two hypotheses. Naturally, one
hypothesis is that the presence of RNA editing in Cyathodium
may be the result of a secondary acquisition event within the evo-
lutionary history of Marchantiopsida. This scenario, where the
loss of RNA editing capability at an ancient node is followed by
an acquirement in a more recently diverged clade, is reported for
the first time and is likely to be unique across the broad evolu-
tionary timescale of land plants. An alternative hypothesis sug-
gests that the RNA editing capability of Cyathodium may derive
from the uninterrupted inheritance of the MRCA of Marchan-
tiopsida, while other lineages within Marchantiopsida may inde-
pendently lose RNA editing ability during evolution. The
presence of shared RNA editing sites between Cyathodium and
the bryophyte species that do possess RNA editing seems to sup-
port this idea (Fig. 5). The shared common RNA editing sites
could be the outcome of natural evolutionary processes in dis-
tantly related groups, or parallel evolution in closely related
groups. This is probably due to the significant divergence and
variability of RNA editing across and within different levels of
terrestrial plant groups (He ez al., 2016; Knie ez al., 2016; Dong
et al., 2019; Fan er al., 2019). Currently, we do not have enough
evidence to definitively support any one hypothesis about the
evolution of RNA editing in Marchantiopsida.

The C-to-U RNA editing events in C. cavernarum exhibit
similarities to those observed in liverworts and other land plants
(Edera er al., 2018; Dong ez al., 2019; Wu & Chaw, 2022).
These events are characterized by the following features: (1) the
average number of RNA editing sites per gene in mtDNA is typi-
cally higher than in cpDNA. (2) The editing events mainly occur
at the second codon position and then at the first position, result-
ing in changes to the amino acid. The synonymous RNA editing
at the third position, which appears to be ‘evolutionary noise’, is
rare, but it can play important roles in regulating gene expression,
protein folding, and other aspects of protein functions (Bentolila
et al., 2008; Sloan ez al., 2010; Sloan & Taylor, 2010; Duan
et al., 2023). (3) Amino acid changes caused by nonsynonymous
C-to-U RNA editing tend to increase or maintain the hydropho-
bicity of proteins. (4) The most notable feature is that most
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C-to-U RNA editing sites in C. cavernarum seem to correct unfa-
vorable T-to-C mutations when compared with other species of
Marchantiopsida without RNA editing.

In simpler terms, RNA editing in C. cavernarum likely serves
to restore ancestral states for alleles and amino acids. The major-
ity of nonsynonymous RNA editing cases, specifically 110 out of
119 sites in cpDNA and 150 out of 164 sites in mtDNA, align
perfectly with the restorative hypothesis. This hypothesis has
been used to explain the biological significance of nonsynon-
ymous editing in vascular plants (Jiang & Zhang, 2019; Duan
et al., 2023). Hence, these nonsynonymous RNA editing sites in
C. cavernarum can be considered to be evolutionarily adaptive.
Now, the question arises: what drives this evolutionary adapta-
tion? Naturally, the primary focus lies on the distinctive charac-
teristics of Cyathodium species, which is their capability to adapt
to low-light conditions and even cave habitats. However, cur-
rently, there is no direct evidence linking the significance of RNA
editing to low-light adaptation in C. cavernarum. This is an
important aspect that should be explored in future research.

The significant expansion of PPR editing factors likely
contributing to RNA editing in C. cavernarum

In land plants, PLS-class PPR proteins, specifically DYW-type
RNA editing factors, are the principal enzyme factors executing
the RNA editing events (Yagi er al., 2013; Cheng er al., 2016;
Knoop, 2023; Small e al, 2023). The upstream arrays of PPR
motifs play a crucial role in binding specifically to transcripts,
with one PPR motif per ribonucleotide. This is what determines
which cytidines are targeted for editing (Shen ez al., 2016; Yan
et al., 2019; Gerke et al., 2020; Small et al, 2023). The C-
terminal DYW domain has been identified as a cytidine deami-
nase, containing a highly conserved signature HxEx,;sCxxC
motif, which catalyzes cytidine deamination in the C-to-U RNA
editing process (Oldenkott er al, 2019; Takenaka et al., 2021).
The DYW domains in C. cavernarum exhibit a conserved
sequence structure compared with that of validated editing fac-
tors in P. patens (Fig. 6b), and thus, they are largely the candi-
dates of cytidine deaminases responsible for C-to-U RNA editing
events in C. cavernarum. Moreover, it has been extensively docu-
mented that there is a direct correlation between the quantity of
nuclear DYW-type protein genes and the abundance of organel-
lar RNA editing (Rudinger ez al, 2012; Schallenberg-Riidinger
& Knoop, 2016). It is reasonable to assume that the 251
DYW-type RNA editing factors (244 DYW-type proteins have
full PPR motifs) in the nuclear genome may account for the 301
C-to-U RNA editing sites in C. cavernarum organelles. The num-
ber of RNA editing events slightly surpasses the number of
DYW-type editing factors, possibly because one editing factor
can target multiple editable cytidines (Rudinger ez al, 2011;
Hein et al., 2020).

The loss of a specific RNA editing site can be explained by the
fixation of C-to-T mutations, which may be induced by gene
conversion with reverse-transcribed mRNA (i.e. retroprocessing)
at potential editable sites on a genomic level (Freyer ez al., 1997;
Sloan et al, 2010; Grewe et al, 2011). In non-Cyathodium
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Marchantiopsida species, the predominant bases at potential edi-
table sites are Ts (Table 1) and the absence of RNA editing cap-
ability in these species corresponds to the lack of DYW-type
protein genes, crucial for C-to-U RNA editing (Fig. 6a) (Bow-
man ¢t al., 2017; Dong ez al., 2019). Instead, a comparative ana-
lysis of homologous sites in the Marchantiopsida suggests that
RNA editing in C. cavernarum probably serves to restore T-to-C
mutations in DNA and maintain protein conservation. The C-
to-U RNA editing is recognized as an innovative adaptive mole-
cular trait exhibited by early land plants in response to increased
mutational stress during their transition from aquatic to terres-
trial environments (Fujii & Small, 2011; Takenaka ez al, 2013).
RNA editing in Cyathodium can also be regarded as a toolkit that
resists mutational stress caused by environmental changes
through the expansion of DYW-type PPR editing factors. How-
ever, Cyathodium species usually occupy sheltered niches, in some
cases dark caves, and are not easily exposed to strong UV radia-
tion that can cause mutational stress. Therefore, further research
is needed to investigate the specific acquisition and adaptive
mechanisms of C-to-U RNA editing in Cyathodium.

The emergence of the DYW domain in C. cavernarum is
obviously clade-specific (Fig. 7a); however, its origin remains
uncertain. One posited scenario is that the appearance of the first
DYW domain in C. cavernarum is the result of new-gene forma-
tion within its nuclear genome. Alternatively, the DYW domains
in C. cavernarum are most closely related to the clade comprising
13 DYW domains of Bryopsida with moderate support (Fig. 7b),
indicating that horizontal gene transfer (HGT) could potentially
explain the origin of the first DYW domain in C. cavernarum. If
so, the RNA editing capability in Cyathodium may derive from
the DYW-type PPR protein genes of HGT, which is a crucial
clue to trace the possibility of the secondary acquisition of RNA
editing in Cyathodium. Indeed, there appear to be no discernible
geographical or ecological relationships between these moss spe-
cies and Cyathodium. Whether the potential moss species show-
ing the closest relationship to Cyathodiun’s DYW domain is not
sampled in our dataset, or whether the ancestors of Bryopsida
and Cyathodium have ever interacted to transfer the DNA in
ancient times remains a question. There are some potential lim-
itations to using the DYW domain as a stand-in for the entire
DYW-type PPR protein, which may not fully capture its true
evolutionary history (Cheng ez al., 2016; Gutmann et al., 2020).
The PPR protein genes are known for their modularity and repe-
tition, which paint a complex picture of their evolution (Cheng
et al., 2016; Gutmann et al., 2020; Knoop, 2023). DYW-type
proteins, as a subset of PPR proteins, pose their own evolutionary
puzzles. This is especially true when considering DYW-type pro-
teins in Cyathodium, which bind to and catalyze deamination of
a wide range of RNA transcript targets. There also seems to be a
pattern of parallel evolution between C. cavernarum and other
bryophytes in terms of shared RNA editing sites. However, the
specifics of the DYW-type PPR proteins underlying this pattern
are still unclear. To shed light on these issues, more comprehen-
sive bioinformatic analyses and experimental investigations using
the culture system and the genetic transformation system of C.
cavernarum will be vital in answering these questions.

New /’/{)'/(l//(ghl (2024) 242: 2817-2831
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Cyathodium cavernarum, an excellent choice for studying
RNA editing in land plants

One of the primary theories regarding the origin of RNA editing in
land plants is that it evolved as a result of their long-term interaction
with the challenges posed by the environment (Fujii & Small, 2011;
Takenaka ez al, 2013). This mechanism of RNA editing is believed
to have emerged through a series of evolutionary events influenced
by natural selection, allowing land plants to overcome the con-
straints of their terrestrial habitat (Takenaka ez 2/, 2013; Small
et al, 2020; Knoop, 2023). Nonetheless, the process by which
plants acquire these RNA editing abilities remains unknown.

The understanding of the molecular mechanism of RNA edit-
ing and the factors that affect it in land plants is primarily based
on discoveries made in angiosperm plants, especially model
plants and crops (Lurin ez al., 2004; Kotera ez al., 2005; Guillau-
mot et al., 2017; Yan er al., 2017; Yang ez al., 2020, 2022; Zu
et al., 2023). Specifically, a complex editosome consisting of PPR
editing factors and other co-factors such as MORF/RIP, ORRM,
OZ1, and PPOL1 performs the process of RNA editing in those
plants (Sun ez al., 2016; Gutmann et al., 2017; Yan et al., 2018).
Among nonseed plants, Physcomitrium patens is the primary sys-
tem for studying plant RNA editing. Experimental evidence has
shown that individual single DYW-PPR proteins in P. patens can
specifically target and catalyze RNA deamination (Rudinger
et al, 2009, 2011; Ichinose et al, 2013, 2014; Oldenkott
et al., 2020; Knoop, 2023; Yang er al, 2023). However, no
research has been conducted on the RNA editing mechanism in
liverworts, likely because the liverwort model M. polymorpha
lacks the RNA editing capability (Bowman ez al., 2022).

Some Cyathodium species flourish in lighter though still continu-
ously shaded habitats, such as along banks and tracks in the pantro-
pics (C. acrotrichum Schiffn.) (Singh & Singh, 2007) and under
dripping recesses in Southern Italy (C. foetidissimum Schiffn.)
(Duckett & Ligrone, 2006) as opposed to the usual restriction of
C. cavernarum to caves. It would now be of interest to investigate
the extent of RNA editing, not only across the genus but also in
deep shade ferns, Selaginella, and mosses like Schistostega pennata
(Hedw.) F.Weber & D.Mohr and Eucladium verticillatum (With.)
Bruch & Schimp. (Atherton ez al., 2010). Cyathodium is so far the
only reported Marchantiopsida genus with RNA editing. Cyatho-
dium cavernarum possesses a large number of RNA editing sites
and DYW-type PPR factors. It may be an ideal candidate model
plant for further research on RNA editing in land plants.
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