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ABSTRACT

Intron patterns in plant mitochondrial genomes differ significantly between the major land plant clades. We here report on a new,
clade-specific group II intron in the rps1 gene of monilophytes (ferns). This intron, rps1i25g2, is strikingly similar to rpl2i846g2
previously identified in the mitochondrial rpl2 gene of seed plants, ferns, and the lycophyte Phlegmariurus squarrosus. Although
mitochondrial ribosomal protein genes are frequently subject to endosymbiotic gene transfer among plants, we could retrieve the
mitochondrial rps1 gene in a taxonomically wide sampling of 44 monilophyte taxa including basal lineages such as the
Ophioglossales, Psilotales, and Marattiales with the only exception being the Equisetales (horsetails). Introns rps1i25g2 and
rpl2i846g2 were likewise consistently present with only two exceptions: Intron rps1i25g2 is lost in the genus Ophioglossum
and intron rpl2i846g2 is lost in Equisetum bogotense. Both intron sequences are moderately affected by RNA editing. The
unprecedented primary and secondary structure similarity of rps1i25g2 and rpl2i846g2 suggests an ancient retrotransposition
event copying rpl2i846g2 into rps1, for which we suggest a model. Our phylogenetic analysis adding the new rps1 locus to a
previous data set is fully congruent with recent insights on monilophyte phylogeny and further supports a sister relationship of
Gleicheniales and Hymenophyllales.
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INTRODUCTION

Complete mitochondrial genome sequences have become
available for five of the six major groups of land plants: liver-
worts, mosses, hornworts, lycophytes, and spermatophytes
with the unique exception of monilophytes (Bock and
Knoop 2012). The latter clade, which comprises horsetails,
whisk ferns, and “true” ferns, has unequivocally been identi-
fied as monophyletic (Pryer et al. 2001). The major hin-
drance for straightforward assemblies of many vascular
plant mitochondrial DNAs is their high recombinational
activity, often producing complex mtDNA structures with
alternative coexisting gene arrangements, made all the
more difficult by the large mitochondrial genome sizes in
many cases. The particular complex heavily recombining
mtDNAs of some lycophytes are an example for the former
(Grewe et al. 2009; Hecht et al. 2011). The mtDNAs of angio-
sperms like Amborella trichopoda, the Cucurbitaceae or in the
genus Silene, which may easily exceed one or even 10 Mbp,

and accordingly the genome sizes of most free-living bacteria,
are an example for the latter (Ward et al. 1981; Alverson et al.
2010, 2011; Rodríguez-Moreno et al. 2011).
On the other hand, plant mitochondrial DNA (mtDNA)

has proven to be an interesting source of phylogenetic infor-
mation. The slowly evolving and highly conserved mitochon-
drial coding sequences of plants are of particular interest
for deep-level phylogenetics and this is similarly true for
the introns in plant mtDNAs (chondromes). Introns in plant
mitochondrial genes are highly conserved within the major
plant clades with the exception of the lycophytes. Mito-
chondrial introns differ, however, significantly between the
major plant clades, indicating a high degree of gains and
losses along the backbone of early plant phylogeny followed
by a later stasis within the individual clades (Qiu et al.
1998, 2006; Pruchner et al. 2002; Qiu and Palmer 2004;
Groth-Malonek et al. 2005; Volkmar et al. 2012). For exam-
ple, not a single one of nearly 100 mitochondrial introns
in bryophytes is shared between all three classes, i.e., the
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liverworts, mosses, and hornworts (Knoop 2010, 2013).
In contrast, 25 of 27 mitochondrial introns in the gymno-
sperm Cycas taitungensis have orthologous counterparts in
the mtDNAs of angiosperms (the only exception being
rps3i249g2 in the rps3 gene and the chloroplast-derived
trnVi36g2).
We identified group II intron rps1i25g2 as a novel, moni-

lophyte-specific intron initially in the fern Gleichenia dicarpa.
This intron is related to its paralog rpl2i846g2, which in
contrast is more widely conserved among tracheophytes.
Although both mitochondrial ribosomal protein genes are
subject to independent nuclear gene transfer in hornworts,
lycophytes, and seed plants, rps1 and rpl2 and their respective
introns are widely conserved among monilophytes. We sug-
gest that rps1i25g2 originated by retrotransposition from its
more ancestral counterpart rpl2i846g2.

RESULTS

The studies reported here were initially triggered by the dis-
covery of a novel group II intron in the mitochondrial rps1
gene (encoding the ribosomal protein 1 of the small ribo-
somal subunit) during the characterization of mtDNA-con-
taining fosmids of the fern Gleichenia dicarpa. The novel
group II intron in rps1 is inserted after nucleotide 25 of
the rps1 reading frame (thus disrupting the ninth codon in
phase 1) and is consequently named rps1i25g2 according
to the nomenclature proposal for mitochondrial introns
(Dombrovska and Qiu 2004; Knoop 2004). Surprisingly, the
Gleichenia dicarpa rps1i25g2 intron sequence revealed strong
sequence similarity with group II intron rpl2i846g2 (Fig. 1), a
paralog in the rpl2 gene previously identified in themtDNAof
the lycophyte Phlegmariurus squarrosus (Liu et al. 2012), pre-
viously labeledHuperzia squarrosa and renamed by Field and
Bostock (2013), and in seed plants, including the gymno-
sperm Cycas taitungensis (Chaw et al. 2008). The mitochon-
drial rpl2 gene, encoding protein 2 of the large ribosomal
subunit and its intron rpl2i846g2 were recently found con-
served in a wide sampling of monilophytes (Knie et al. 2015).
We confirmed the functionality of the two mitochond-

rial loci in Gleichenia dicarpa at the RNA level by verify-
ing functional splicing as predicted and detecting several
events of RNA editing in the flanking exon sequences. We
hypothesized that the rpl2 intron is an ancient gain in the tra-
cheophyte lineage and later gave rise to the rps1 intron exclu-
sively in the fern (i.e., monilophyte) lineage (Fig. 2).
To explore this hypothesis, we investigated the rps1 locus

in a phylogenetically wide sampling of 44 monilophyte spe-
cies. The selected taxa ideally overlapped with a previous
rpl2 sampling of early emerging and evolutionary old moni-
lophyte lineages (Table 1). Whereas ribosomal protein genes
are frequently subject to endosymbiotic gene transfer in
angiosperms (Adams et al. 2001, 2002; Adams and Palmer
2003), we were able to consistently retrieve the rps1 gene in
all cases where rpl2 is present with only one exception:

Despite numerous attempts employing different primer
combinations, we were unable to obtain rps1 PCR products
for any of the six Equisetum species tested.

The monilophyte rps1 locus

The rps1 group II intron rps1i25g2 is highly conserved in
length among the fern species (766–826 bp), except in
Tmesipteris elongata which has a size of 1002 bp. The unique
length extension of rps1i25g2 in Tmesipteris is due to the
multiplication of two sequence motifs in the intron domain
I at the orthologous position 328 of Gleichenia dicarpa (Fig.
3). The purine-rich sequence GGAGRGAAGGAGGGATAG
AAGTCGGGAGAG occurs twice in tandem, separated by
only 6 bp. Additionally, a 22-mer motif AGGTACACTC
TCCCGACAAGAT exists in four copies and is separated
by sequences of 3 bp. Otherwise, the Tmesipteris intron
sequence is characterized by a (CACG)3 motif, similar to tan-
dem repetitions of trinucleotide or tetranucleotide motifs
extending intron sequences to small extents in Asplenium,
Azolla, Pteris, or Salvinia. Except for these motif repetitions,
the sequence divergence of rps1i25g2 is, like its length varia-
bility, rather restricted. One unique exception, however, is
the rps1 sequence in the genus Anemia. Like the exon sequen-
ces, and similarly the rpl2 locus, theAnemia sequence shows a
unique sequence drift resulting in long branches in the phy-
logenetic trees.We did not find evidence for the existence of a
second copy of either the rps1 or the rpl2 gene in any of the
investigated species.
Despite numerous attempts with various different primer

combinations, we were not able to amplify rps1 from any
horsetail (Equisetum) species tested. Intriguingly, BLAST
searches in the 1KP database (Matasci et al. 2014) with rps1
queries similarly did not reveal any significant hits, raising
general questions about the fate of the RPS1 protein in mito-
chondrial ribosomes of horsetails.

The rpl2 locus

The mitochondrial rpl2 genes reveal significant variability in
lengths of the encoded proteins, e.g., 464 amino acids in the
moss Physcomitrella patens, 502 in the liverwort Marchantia
polymorpha, 478 in the gymnosperm Cycas taitungensis,
and 584 in the lycophyte Phlegmariurus squarrosus. The
group II intron rpl2i846g2 in the rpl2 gene of P. squarrosus
is conserved in seed plants and in monilophytes but is absent
in bryophytes and accordingly most likely gained in the com-
mon ancestor of all tracheophytes (Fig. 2). The rpl2 gene is
absent altogether from the mtDNAs of the lycophytes
Isoetes engelmannii and Selaginella moellendorffii (Grewe
et al. 2009; Hecht et al. 2011). Alignment of the flanking
exon sequences with a wider sequence sampling allowed
us to label the tracheophyte rpl2 intron as rpl2i846g2 to indi-
cate the insertion site behind the upstream coding nucleo-
tide of Marchantia polymorpha as a reference, as proposed
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previously (Dombrovska and Qiu 2004). We here suggest a
secondary structure model for rpl2i846g2 (Supplemental
Fig. 1), confirming its structural similarity with rps1i25g2.

The size of rpl2i846g2 in monilophytes is near-universally
conserved between 724 bp (in Anemia) and 788 bp (in
Salvinia) except for unique size extensions, mainly in domain
IV, of the Ophioglossaceae, e.g., 1655 bp in Ophioglossum
petiolatum (Knie et al. 2015). Like in rps1i25g2, no traces
indicating a previous existence of a maturase-like reading
frame are discernible in any of the fern intron rpl2i846g2
homologs. Independent losses of intron rpl2i846g2 are hith-
erto only found in Equisetum bogotense (Knie et al. 2015) and
Mimulus guttatus (Mower et al. 2012).

RNA editing in the intron paralogs rps1i25g2
and rpl2i846g2

Several plant mitochondrial introns have been shown to be
subject to RNA editing and at least some cases of intron edit-
ing are very likely required to restore the ability for splicing
(Lippok et al. 1994; Carrillo and Bonen 1997; Carrillo et al.
2001; Castandet et al. 2010; Bégu et al. 2011; Farré et al.
2012; Oldenkott et al. 2014). Using a combined strategy to
obtain cDNAs of intron sequences, we identified several
events of RNA editing in the two introns under investigation
(Fig. 3; Supplemental Fig. 1; Supplemental Table 1). In
Gleichenia dicarpa we found eight sites of RNA editing in

FIGURE 1. Alignment of the rps1i25g2 and rpl2i846g2 sequences highlighting regions important for secondary structure folding. The six domains of
the introns are indicated. Nucleotides shaded in black (65%) are identical, similar nucleotides explained by transitions (A/G and C/U) are shaded in
gray (13%). Intron internal interaction sites (Greek letters) are marked with blue boxes, exon/intron binding sites with red boxes, and the branching
adenosine with a green box. The corresponding intron binding sites in the 5′ exons are shown on top. Two indels in the EBS1 loop of rps1i25g2
versus rpl2i846g2 may have targeted the new intron to the rps1 gene as discussed in the text. The shaded sequence alignment was created with
GeneDoc (http://genedoc.software.informer.com/2.7/).
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rpl2i846g2 and 15 editing sites in rps1i25g2. Many edits
restore conserved A–U or G–C binding sites in stem regions.
One RNA editing site in the λ′ interaction site in domain V is
particularly interesting because it is present in both introns
(Fig. 3; Supplemental Fig. 1).
The aligned sequences of the Gleichenia dicarpa introns

rpl2i846g2 and rps1i25g2 reveal 65% identical and 13% sim-
ilar nucleotides (Fig. 1). The biggest differences are mainly
found in unstructured regions of domain IV and in some
regions of domain I, whereas domains V and VI of the two
paralogous introns are nearly identical. The secondary struc-
ture models (Fig. 3; Supplemental Fig. 1), which took into
account the edited cDNA sequences, reveal a high degree of
structural conservation, most notably also in the stem–loop
structures of the exon binding sites (EBS).

A model for the origin of rps1i25g2

From an evolutionary perspective, intron rpl2i846g2 likely
originated in the tracheophyte stem lineage and would be
phylogenetically older than rps1i25g2, emerging later either
in the monilophyte stem lineage or very early in monilo-
phytes after the split from horsetails (Fig. 2). Assuming an
intron-copying via reverse-splicing, this evolutionary sce-
nario suggests that rpl2i846g2 gave rise to rps1i25g2 rather
than the other way around.
Exon binding sites are very likely to play a key role in target-

ing new transcript regions for intron propagation via reverse
splicing. Intriguingly, the EBS regions (exon binding sites) of
rpl2i846g2 match the heterologous rps1 target nicely, assum-
ing a 1-nt shift in the EBS1 loop (Figs. 1, 4). The heterologous
interaction and insertion of rpl2i846g2 into the new site by
reverse splicing would be facilitated by a perfect match of
EBS2 and an additional base pair at the 3′-end of EBS1 with
the newly emerging IBS2 and IBS1 sequences, respectively,
in rps1 (Fig. 4B). We assume that the shift in the base-pairing
nucleotides in EBS1 was subsequently stabilized by upstream
insertion of a cytidine nucleotide (Fig. 4A,B). The deletion of
the terminal guanosine nucleotide in the original EBS1 se-
quencemay have subsequently compensated for the upstream
C insertion and stabilized the EBS1 loop structure (Fig. 4B,C).
Three additional nucleotide substitutions (all of them purine
transitions) would ultimately have strengthened the new
rps1 EBS1–IBS1 interaction and the stem of the EBS1 loop,
respectively, by creating a proper G–C base pair and convert-
ing weak G–U into A–U base pairs (Fig. 4B,C). Accordingly,
the ancestral EBS1 of rpl2i846g2 would have changed from
5′-GAGAGG-3′ to 5′-UGGGAA-3′ in the newly created
rps1i25g2 intron in the course of evolution.

Losses of mitochondrial group II introns in the basal
monilophyte lineages

Investigating rpl2 and rps1, we detected only two cases
of intron losses in our taxon sampling: rpl2i846g2 is absent
in Equisetum bogotense and rps1i25g2 is absent in the
genus Ophioglossum. Initially observing the absence of
rps1i25g2 in O. petiolatum we investigated three additional
Ophioglossum species: O. palmatum, O. pedunculosum, and
O. vulgatum. The absence of rps1i25g2 in all of them indi-
cates an early loss, likely a molecular synapomorphy of the
genusOphioglossum. This observation is particularly interest-
ing given that O. palmatum has alternatively been placed as
Cheiroglossa palmata in a genus of its own (Hauk et al.
2003) and that the related species Helminthostachys zeylanica
and Botrychium lunaria within the Ophioglossales have
retained the intron rps1i25g2.
We noted that another mitochondrial intron,

nad5i1242g2, present in most monilophytes, has previously
also been found to be lost in Ophioglossum and Equisetum
(Vangerow et al. 1999). This raised the question if intron

  

FIGURE 2. Phylogenetic overview on the mitochondrial rpl2 and rps1
genes and their respective introns in land plants. The rpl2 gene is
present in the mitochondrial genomes of liverworts, mosses, the lyco-
phyte Phlegmariurus squarrosus (Liu et al. 2012), in monilophytes
(Knie et al. 2015), and in most spermatophytes (Adams et al. 2001,
2002; Adams and Palmer 2003). In hornworts (Li et al. 2009; Xue
et al. 2010), lycophytes Isoetes engelmannii (Grewe et al. 2009, 2011)
and Selaginella moellendorffii (Hecht et al. 2011) rpl2 genes are absent
from the mtDNA, indicating transfer to the nucleus. Intron rpl2i846g2
is present in all tracheophytes where rpl2 is retained in the mtDNA
with the exception of independent losses in Mimulus guttatus
(Mower et al. 2012) and Equisetum bogotense (Knie et al. 2015).
Liverworts carry the unrelated intron rpl2i28g2 in their mitochondrial
rpl2 genes. The rps1 gene is likewise conserved in liverworts, mosses,
and many spermatophytes. No homologs or only pseudogene frag-
ments exist in hornworts and lycophytes. Monilophytes, except
Equisetales, have conserved rps1 genes featuring the unique intron
rps1i25g2 except for the genus Ophioglossum where the intron is secon-
darily lost (this study).
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TABLE 1. Taxa and loci

Order Species
Botanical garden
accession numbers

Accession
ex1 - rps1i25g2 - ex2

Accession
ex1 - rpl2i846g2 - ex2

Polypodiales Adiantum capillus-veneris xx-0-BONN-22292 KU352806
2 - 813 - 354∗

KP757852
362 - 727 - 598

Asplenium nidus xx-0-BONN-17303 KU352807
2 - 826 - 336∗

KJ944513
356 - 729 - 576

Blechnum gibbum xx-0-BONN-9775 KU352808
2 - 791 - 345∗

KP757853
362 - 727 - 598

Polypodium cambricum TR-0-BONN-15737 KU352809
2 - 778 - 342∗

KJ944512
362 - 739 - 576∗

Pteridium aquilinum CA-0-BONN-35285 KU352810
2 - 778 - 342∗

KP757854
356 - 727 - 598

Pteris quadriaurita xx-0-BONN-17387 KU352811
2 - 807 - 348

n.d.

Woodwardia radicans xx-0-BONN-3522 KU352812
2 - 795 - 345∗

KJ944514
362 - 727 - 576

Cyatheales Alsophila smithii NZ-0-BONN-17753 KU352813
2 - 778 - 342

n.d.

Cyathea dealbata xx-0-BONN-20039 KU352814
2 - 779 - 342

KJ944511
356 - 733 - 576

Dicksonia antarctica xx-0-BONN-20037 KU352815
2 - 774 - 342∗

KJ944510
356 - 733 - 576

Dicksonia squarrosa xx-0-BONN-22141 KU352816
2 - 778 - 342

n.d.

Salviniales Azolla filiculoides xx-0-BONN-16921 KU352817
2 - 800 - 342∗

KJ944507
362 - 767 - 576∗

Marsilea drummondii xx-0-BONN-225 KU352818
2 - 770 - 342

n.d.

Marsilea hirsuta xx-0-BONN-282 n.d. KJ944509
347 - 734 - 576

Pilularia globulifera xx-0-BONN-24350 KU352819
2 - 776 - 342∗

n.d.

Salvinia molesta xx-0-BONN-14459 KU352820
2 - 791 - 342

KJ944508
362 - 788 - 576∗

Schizaeales Anemia mandiocana xx-0-BONN-26067 KU352821
2 - 766 - 342∗

KJ944515
347 - 725 - 567

Anemia mexicana xx-0-BONN-24965 KU352822
2 - 766 - 342∗

KJ944516
347 - 724 - 570∗

Anemia phyllitidis xx-0-BONN-17376 KU352823
2 - 766 - 342∗

KJ944517
347 - 724 - 570

Gleicheniales Gleichenia dicarpa xx-0-BONN-172 KU352824
2 - 776 - 342∗

KJ944518
362 - 734 - 576∗

Matonia pectinata BG Ulm KU352825
2 - 773 - 342

KJ944519
356 - 733 - 576

Hymenophyllales Hymenophyllum trichomanoides xx-0-BONN-20042 KU352826
2 - 777 - 342

KJ944521
356 - 735 - 576

Vandenboschia radicans PT-0-BONN-17818 KU352827
2 - 781 - 342

KJ944520
347 - 734 - 576∗

Osmundales Leptopteris superba xx-0-BONN-17760 KU352828
2 - 776 - 342

KJ944523
359 - 737 - 576

Osmunda regalis xx-0-BONN-34851 KU352829
2 - 776 - 342

n.d.

Osmundastrum cinnamomeum xx-0-BONN-17855 KU352830
2 - 776 - 342∗

KU352804
356 - 737 - 576∗

Todea barbara xx-0-BONN-20306 KU352831
2 - 776 - 342∗

KJ944522
359 - 738 - 576

Marattiales Angiopteris evecta ID-0-BONN-1203 KU352832
2 - 775 - 390

878 - [661] - 582

Angiopteris madagascariensis SC-0-BONN-17551 KU352833
2 - 775 - 390∗

KJ944524
878 - 736 - 559∗∗

Marattia laevis xx-0-BONN-10812 KU352834
2 - 780 - 348

KJ944525
881 - 735 - 582

Continued
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losses may be a characteristic feature of basal (eusporangiate)
fern lineages, especially in the genusOphioglossum. We there-
fore exemplarily checked the intron status of three other
selected mitochondrial group II introns—cox2i373g2,
cox2i691g2, and rps3i249g2—by PCR analysis in Equisetum
giganteum, Botrychium lunaria, Ophioglossum petiolatum,
Psilotum nudum, Tmesipteris elongata, Angiopteris evecta,
and Gleichenia dicarpa (Fig. 5).
Intron cox2i691g2 is absent in all fern lineages, suggesting

that the loss of this intron is a molecular synapomorphy of all
monilophytes. Intron cox2i373g2, however, is present in the
investigated taxa including Tmesipteris elongata (Psilotales),
but absent in Ophioglossum and Psilotum nudum, providing
a further example of mitochondrial intron loss in Ophioglos-
sum (and Psilotum).
Group II intron rps3i249g2 is present in Phlegmariurus

squarrosus (Liu et al. 2012), Adiantum capillus-veneris
(Bonavita and Regina 2016), and in gymnosperms (Ran
et al. 2010; Regina and Quagliariello 2010), but it has been
lost at least three times among the latter (Ran et al. 2010).
The absence of this intron was also reported for Psilotum

nudum (Regina and Quagliariello 2010). According to our
analysis, however, rps3i249g2 is present in most ferns in-
vestigated including Psilotum. Instead, we find it lacking
in Ophioglossum. To check the previously reported absence
of rps3i249g2 in Psilotum, we performed a BLAST search
with the annotated sequence (EU516362) and found that it
reveals strong similarities to gymnosperm sequences but
not to the fern homologs.
Taken together we indeed find evidence for an enhanced

loss of mitochondrial introns in the early-branching monilo-
phytes and in particular in the genus Ophioglossum (Fig. 5).

Monilophyte phylogeny incorporating rps1 as new
phylogenetic locus

The rpl2 gene and its intron have recently been included
in a multigene analysis together with five chloroplast (atpA,
atpB, matK, rbcL, rps4) and three mitochondrial loci (atp1,
nad2, nad5) to infer the phylogeny of monilophytes (Knie
et al. 2015). In that study it was shown that the horsetails
(Equisetales) are sister to all other ferns and that the

TABLE 1. Continued

Order Species
Botanical garden
accession numbers

Accession
ex1 - rps1i25g2 - ex2

Accession
ex1 - rpl2i846g2 - ex2

Ophioglossales Botrychium lunaria VTK006/HM KU352835
2 - 767 - 318

KJ944530
344 - 786 - 582

Helminthostachys zeylanica xx-0-BONN-31893 KU352836
2 - 769 - 318

KJ944529
344 - [1007] - 598∗∗

Ophioglossum palmatum xx-0-BONN-17794 KU352837
2 - 0 – 339

329 - [1067] - 591

Ophioglossum pedunculosum xx-0-BONN-17946 2 - 0 - [219] KJ944528
341 - 1624 - [540]

Ophioglossum petiolatum xx-0-BONN-167 KU352838
2 - 0 - 354∗

344 - [1655] - 588

Ophioglossum vulgatum xx-0-BONN-26135 KU352839
2 - 0 - 354∗

344 - [1634] - 588

Psilotales Psilotum nudum JP-0-BONN-36430 KU352840
2 - 789 - 417

KJ944526
324 - 777 - 562∗∗

Tmesipteris elongata xx-0-BONN-20040 KU352841
2 – 1002 - 423

KJ944527
353 - 785 - 585

Equisetales Equisetum bogotense xx-0-BONN-30057 n.d. KP757855
917 - 0 - 613∗∗

Equisetum giganteum xx-0-BONN-3965 n.d. 917 - [724] - 648
Equisetum hyemale DE-0-BONN-34991 n.d. KJ944531

917 - 763 – 648
Equisetum hyemale var. japonicum local market n.d. KJ944532

917 - 763 – 648
Equisetum scirpoides DE-0-BONN-26136 n.d. KU352805

911 - 776 - 648
Equisetum telmateia DE-0-BONN-36556 n.d. 917 - [581] - [624]

Database accessions are given for the sequences of the two mitochondrial introns investigated in this study. Accession numbers in bold indi-
cate new sequences obtained in this study, “n.d.” indicates that no data are available. The sizes of the introns rps1i25g2, rpl2i846g2 and the
partial exons 1 and 2 are also shown. Numbers in brackets are from sequences which are incomplete due to sequencing problems, e.g.,
because of hairpins. Sequences with one asterisk (∗) are in fact longer because of the use of a more downstream binding primer. For compara-
bility the length shown is analogous to the sequences with the standard downstream primer. Sequences with two asterisks (∗∗) are shorter
because the respective amplicon is smaller. The plant material has been collected in the Botanic Gardens Bonn and Ulm and the accession
numbers of the Botanical Garden Bonn are also shown.
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Ophioglossales/Psilotales clade is sister to a joint clade of
Marattiales and leptosporangiate ferns. This and previous
studies, however, were not able to conclusively resolve the
positions of the Hymenophyllales and Gleicheniales along
the backbone phylogeny of monilophytes. The phylogeny
of Gleicheniales, Hymenophyllales and the well-supported
clade comprising the “core leptosporangiate” ferns and the
Schizaeales had previously remained as an unresolved poly-
tomy. We have now added the new rps1 data obtained
here to the previous nine-gene data set. The phylogenetic
analysis of the new 10-gene data set now places the Hymeno-
phyllales and Gleicheniales as sister to each other into a joint
“G(M)H” clade, i.e., Gleicheniales incl. Matoniaceae and
Hymenophyllales, with a reasonable bootstrap support of
74% (Fig. 6).

DISCUSSION

Monilophytes (i.e., ferns sensu lato including horsetails) are
the only one of the six major land plant clades still lacking a
complete mitochondrial genome sequence. A fosmid cloning

approach for Gleichenia dicarpa proved insufficient in our
laboratory to reveal its complete chondrome and is currently
being complemented with a next-generation sequencing
approach (F Grewe, V Knoop, and JP Mower, unpubl.).
While apparently retaining a large ancestral mitochondrial
gene set, the mtDNA of Gleichenia dicarpa seems at the
same time to be affected by an unparalleled amount of DNA
recombination, possibly even surpassing what has been
observed for the lycophytes Isoetes engelmannii and Selaginella
moellendorffii (Grewe et al. 2009; Hecht et al. 2011).
Consequently, our insights into the structure of fern

mitochondrial genomes are rather limited so far. Only the
mitochondrial loci nad5 (Vangerow et al. 1999), atp1
(Wikström and Pryer 2005), and rpl2 (Knie et al. 2015)
have previously been studied for broader samplings of ferns.
Some monilophytes have also been included in a wider taxo-
nomic sampling investigating evolution of the nad1 gene
(Dombrovska andQiu 2004). Moreover, a study in the horse-
tail Equisetum arvense reported on the atp9, cob, cox1, and
cox2 gene structures (Bégu and Araya 2009), revealing the
novel group II intron cox1i747g2 in Equisetum arvense.

FIGURE 3. Secondary structure model of rps1i25g2, exemplarily shown for Gleichenia dicarpa, featuring all structural elements typically con-
served in group II introns (Michel et al. 1989; Michel and Ferat 1995; Qin and Pyle 1998; Toor et al. 2001; Simon et al. 2008; McNeil et al.
2016). The six intron domains are labeled with Roman numerals (I–VI) and the tertiary interaction sites with Greek letters. Exon binding sites
(EBS) and corresponding intron binding sites (IBS) in the 5′ exon are indicated. All nucleotide positions that are identical to the rpl2i846g2
paralog are shown in green. Differences in nucleotide sequences that can be explained by transitions (A/G and C/U) are shown in yellow and
all other nucleotides are shown in gray. Experimentally verified RNA editing sites in the intron are marked with blue (C-to-U RNA editing)
or red (reverse U-to-C RNA editing) circles. The branch point adenosine for lariat formation is encircled. The intron folding was drawn with
the VARNA software (Darty et al. 2009).
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Another fern-specific intron is atp1i361g2 (Wikström and
Pryer 2005), which may have been gained in the common
ancestor of leptosporangiate ferns and the Marattiales
(Grewe et al. 2013; Knie et al. 2015).
We here report on yet another novel monilophyte-specific

group II intron, rps1i25g2, present in all monilophyte orders.
We were unable to retrieve rps1 sequences via PCR or in the
transcriptome data from horsetails (Equisetales). Hence, it
remains unclear at present whether the gain of rps1i25g2

occurred in the monilophyte stem lineage or after the earliest
dichotomy in the monilophyte phylogeny separating the
Equisetales (Fig. 2).
One possible explanation for gain of a new mitochondrial

intron could be an event of horizontal gene transfer (HGT),
as previously shown for the transfer of nad1 intron
nad1i477g2 into Gnetum (Won and Renner 2003) and of
nad5 intron nad5i230g2 in Pinus canariensis (Wang et al.
2015). These cases, however, included flanking exon se-
quences creating paralogous gene copies and the affected
introns seem to be nonfunctional. We did not observe any
evidence for a coexistence of different copies of rpl2 or rps1
in our broad sampling of monilophytes. Yet another case
of HGT are the multiple independent transfers of cox1 intron
cox1i729g1, likely originating from a fungal source in diverse
angiosperms (Vaughn et al. 1995; Cho et al. 1998). We did
not find any evidence that a similar scenario could explain
the existence of rps1i25g2 in monilophytes, but a one-time
intron transfer from an as yet unidentified source very early
in monilophyte evolution remains a remote possibility.
As a yet further alternative hypothesis, intron rps1i25g2

could have been gained by a recombination event placing
a copy of the rpl2i846g2 intron at the 5′ end of the rps1
gene creating a new small upstream exon. However, there
is no discernible sequence similarity outside of the paralo-
gous introns. The rps1 amino terminus is highly conserved
in comparison to mosses and liverworts (Supplemental Fig.
2), whereas no similarity to rpl2 upstream of rpl2i846g2 is
discernible, either on nucleotide or amino acid level or after
the necessary frameshift shifting the new intron from phase 0
to phase 1. Moreover, no traces of rpl2 similarity are identi-
fied in the available mitochondrial DNA sequences upstream
of rps1 in Gleichenia dicarpa.
Given the striking similarity of rps1i25g2 to its paralog

rpl2i846g2, we find a scenario invoking a reverse-splicing
copying of the rpl2 intron into the rps1 locus much more
likely. The case of rps1i25g2 and its likely donor source
rpl2i846g2 reveal particularly strong similarities of two paral-
ogous group II introns both in primary sequence and in their
secondary structures. We assume that an ancient version of
rpl2i846g2 with exon binding sequences promiscuously tar-
geting the rps1 gene at the new insertion site was reverse
spliced (Fig. 4), followed by reverse transcription and integra-
tion into the mtDNA via recombination. Using mobile group
II introns in yeast mitochondria, it has been shown pre-
viously that restoring a conserved nucleotide in the IBS1 of
a retrohoming-deficient strain led to a transfer of the mobile
intron in a process of retrohoming (Eskes et al. 1997).
Neither rpl2i846g2 nor rps1i25g2 reveal any evidence for
intron-encoded maturases (frequently carrying reverse tran-
scriptase domains). It is unclear at present whether nuclear-
encoded maturases or other proteins could have played a role
and identifying any candidates is currently still hampered
by a lack of high-quality genomic or transcriptomic data for
monilophytes.

FIGURE 4. Model for an ancient retrotransposition of rpl2i846g2 into
the rps1 gene creating the rps1i25g2 paralog. The transposition is medi-
ated by permissive heterologous EBS-IBS interactions (exon/intron
binding sites 1 and 2) and a subsequent adaptation of rps1i25g2 by point
mutations. (A) Interaction of rpl2i846g2 EBS sequences with the orthol-
ogous rpl2 IBS sequences in the upstream exon. The two terminal posi-
tions of the upstream rpl2 exon are affected by C-to-U editing (italics).
The IBS1–EBS1 interaction may be extended by a further A–U base pair
at the expense of the terminal A–U base pair in the EBS1 stem (dotted
line). (B) A heterologous interaction of rpl2i846g2 with the rps1 target
may initially have been based on a 1-nt shift in the EBS1–IBS1 recogni-
tion subsequently stabilized by the insertion of an upstream cytidine
(underlined and shaded gray under A). As in the orthologous rpl2 in-
teraction, a further A–U base pair may extend the EBS1–IBS1 inter-
action at the expense of the terminal EBS1 stem base-pairing (dotted
line). (C) Functional adaptation of the newly created rps1i25g2 paralog
has likely been facilitated by deletion of a guanosine (gray shaded and
underlined in B) to compensate for the initial upstream cytidine inser-
tion and three purine transitions (gray shading in B and C) that stabi-
lized the base pairings in the EBS1–IBS1 interaction and in the EBS1
stem in the course of evolution.
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While we found that the intron rps1i25g2 is well conserved
among monilophytes, it is absent in the genus Ophioglossum
as an exception. Observing that another mitochondrial
intron, nad5i1242g2, likewise highly conserved among ferns,
had also previously been found to be absent in Ophioglossum
and Equisetum (Vangerow et al. 1999), we checked whether
the early-branching monilophyte lineages are generally
prone to mitochondrial intron losses. Indeed, we found evi-
dence for a loss of intron rps3i249g2 in Ophioglossum and
for a loss of cox2i373g2 in Ophioglossales and Psilotum
nudum. Intron rpl2i846g2 has previously been lost in Equise-
tum bogotense (Knie et al. 2015). Taken together, the obser-
vations may indeed indicate that the earliest-branching
monilophyte orders, Equisetales, Psilotales, and Ophio-
glossales, and in particular the genus Ophioglossum, may be
particularly prone to independent losses of mitochondrial
introns, similar to what has previously been observed for
the genus Silene among the angiosperms (Sloan et al. 2010)
or Welwitschia mirabilis among the gymnosperms (Guo
et al. 2016).

MATERIALS AND METHODS

Plant material and molecular work

Monilophyte material came from the Botanical Garden of the
University of Ulm (Vangerow et al. 1999) or from the University
of Bonn Botanical Garden (see Table 1). Total DNA was isolated
using the CTAB method (Doyle and Doyle 1990) followed by
RNA digestion with RNase A (Thermo Scientific/Fermentas). The
mitochondrial loci were amplified by Touchdown-PCR with initial
annealing temperatures starting at 55°C or 45°C and lowered to
45°C or 42°C, respectively. Elongation time varied between 1 min
30 sec and 2min 30 sec. PCR-products were separated by gel electro-
phoresis using a 0.8% agarose gel, recovered with the NucleoSpin
Extract II Kit (Macherey Nagel) and cloned into the pGEM-T
Easy Vector (Promega). Sequencing of plasmids was performed
by Macrogen Europe or GATC Biotech AG. All new sequences

obtained for this study were submitted to
GenBank (Table 1). PCR primer sequences
are listed in Supplemental Table 2.

RNA editing analysis

For RNA editing analysis of intron sequences,
two different methods were used. Total RNA
was isolated by DNase I digestion (Thermo
Scientific/Fermentas) of the CTAB extracts.
For routine analysis the synthesis of cDNA
was performed using the RevertAid First
Strand cDNA Synthesis Kit (Thermo Scien-
tific/Fermentas) in the presence of random
hexamer primers. The RT-PCRs were per-
formed using primer pairs (Supplemental
Table 2) with one primer binding in the
intron and one binding to editing sites in
the flanking exon in order to enrich for parti-

ally matured/edited pre-mRNAs. Two amplicons per gene with pri-
mers binding in the up- and downstream exons were analyzed to
cover the full length of the introns.

In an alternative analysis, “branch” primers were designed to
bridge across the adenosine branch site in domain VI and the neigh-
boring nucleotides of the spliced out lariat. The 5′ end of these
primers are reverse complementary to the 5′ end of the intron
and the 3′ end binds to the branching adenosine and 6- to 8-nt up-
stream (Supplemental Table 2). With these lariat-specific primers,
cDNA synthesis was performed with the thermostable MaximaRT

Gleichenia dicarpa

Angiopteris evecta

Tmesipteris elongata

Psilotum nudum

Ophioglossum petiol.

Botrychium lunaria

Equisetum bogotense

Equisetum hyemale

FIGURE 5. Losses of mitochondrial introns in early-branching fern lineages. The absence of the
six mitochondrial introns rps1i25g2, rpl2i846g2, cox2i373g2, cox2i691g2, rps3i249g2, and
nad5i1242g2 is parsimoniously explained by losses along branches as indicated by arrows in
the respective colors.

0,05

FIGURE 6. Phylogeny of monilophytes with the new rps1 locus added
to a nine-gene data set (atpA-atpB-matK-rbcL-rps4-atp1-nad2-nad5-
rpl2) from a previous study (Knie et al. 2015). Bootstrap values from
1000 pseudoreplicates are shown when exceeding 70.
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(Thermo Scientific/Fermentas) and incubation temperatures be-
tween 60°C and 65°C. High temperatures were used to improve
the specificity of the primer and to denaturize secondary structures.
For the following RT-PCR we used the lariat-specific primer and a
second primer that binds near the 5′ end of the intron. As a negative
control we used DNA as a template in the RT-PCR to rule out that
the lariat-specific primer may bind to unspliced mRNA during the
cDNA synthesis (Supplemental Fig. 3). One species per monilo-
phyte order was analyzed by both methods. All experimentally pro-
ven RNA editing sites are listed in Supplemental Table 1. RT-PCR
attempts were only successful for the species listed.

Sequence handling and phylogenetic analyses

Sequence handling and alignment analyses were done using the
alignment feature of MEGA 5.05 (Tamura et al. 2011). The new
rps1 sequences were fused to a previously established nine-gene
data set of five chloroplast (atpA, atpB, matK, rbcL, and rps4) and
four mitochondrial (atp1, nad2, nad5, and rpl2) loci (Knie et al.
2015). Gaps and missing data in the alignment were treated with
the partial deletion option and a site coverage cut-off set to 12%.
With these settings, every character that was not present in at least
five taxa was excluded from the phylogenetic analyses. Phylogenetic
trees were obtained by the maximum likelihood method using the
GTR+Γ+I substitutionmodel (Rodríguez et al. 1990) proposed after
model test runs using Bayesian information criterion (Schwarz
1978) and the corrected Akaike information criterion (Burnham
and Anderson 2004). Node support was determined with bootstrap-
ping using 1000 alignment pseudoreplicates. Group II intron secon-
dary structures were folded manually and graphic displays were
produced with the VARNA software (Darty et al. 2009).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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