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Abstract

We provide here the first full chloroplast genome sequence, i.e., the plastome, for a
species belonging to the fern order Hymenophyllales. The phylogenetic position of this order
within leptosporangiate ferns, together with the general scarcity of information about fern
plastomes, places this research as a valuable study on the analysis of the diversity of plastomes
throughout fern evolution. Gene content of V. speciosa plastome was similar to that in most
ferns, although there were some characteristic gene losses and lineage-specific differences. In
addition, an important number of genes required U to C RNA editing for proper protein
translation and two genes showed start codons alternative to the canonical AUG (AUA).
Concerning gene order, V. speciosa shared the specific 30-kb inversion of euphyllophytes
plastomes and the 3.3-kb inversion of fern plastomes, keeping the ancestral gene order shared
by eusporangiate and early leptosporangiate ferns. Conversely, V. speciosa has expanded IR
regions comprising the rps7, rps12, ndhB and trnL genes in addition to rRNA and other tRNA
genes, a condition shared with several eusporangiate ferns, lycophytes and hornworts, as well

as most seed plants.
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Introduction

The era of genomics allows not only the untangling of the most recondite details of
nuclear genome composition in eukaryotic cells, but also facilitates the study of the genomes
of cytoplasmic organelles in a relatively simple and time-saving way. Eukaryotic cells contain
mitochondria responsible for cellular respiration and cellular metabolism regulation.
Specifically, plants are characterized by also having chloroplasts that allow plants to convert
light energy into chemical energy through photosynthesis. Both organelles are prokaryotic
endosymbionts in origin and both contain their own genomes, which have been drastically
reduced during evolution. Current organelle genomes are basically composed of genes related
with their function in the eukaryotic cell, so that the plastome contains genes that encode for
proteins involved in photosynthesis and for proteins and RNAs involved in gene expression.

Plastomes of land plants are generally conserved in structure, gene content and gene
order (Wicke et al. 2011; Wolf et al. 2010; Green 2011; Gao et al. 2010; Wolf and Karol 2012;
Ruhlman and Jansen 2014; Xu et al. 2015). Most plastomes are characterized by a
quadripartite structure, including two copies of an inverted repeat (IRA and IRB) and the large
(LSC), and small (SSC) single copy regions. The plastome usually includes 120-130 genes and
varies in size from 120 to 170 Kilobases (kb). However, specific lineages of land plants are
characterized by gene and/or intron losses or duplications changing gene content in the
plastome as well as some rearrangements changing its gene order (Wicke et al. 2011; Wolf et
al. 2010; Green 2011; Gao et al. 2010; Wolf and Karol 2012; Ruhlman and Jansen 2014; Xu et
al. 2015). These changes appear to be phylogenetically informative (Wolf et al. 2010; Gao et al.
2009, 2011, 2013; Karol et al. 2010; Grewe et al. 2013; Kim et al. 2014; Zhu et al. 2016;
Logacheva et al. 2017) and some examples are known in bryophytes (e.g. Wolf and Karol 2012;
Park et al. 2018), lycophytes (e.g. Wolf et al. 2005; Tsuji et al. 2007; Guo et al. 2016),
monilophytes (e.g., Wolf et al. 2003, 2010; Roper et al. 2007; Gao et al. 2009, 2011, 2013;
Karol et al. 2010; Grewe et al. 2013; Kim et al. 2014; Zhong et al. 2014; Lu et al. 2015; Zhu et al.
2016; Logacheva et al. 2017), and seed plants (in both gymnosperm and angiosperm lineages)
(e.g. Wicke et al. 2011; Green 2011; Ruhlman and Jansen 2014; Xu et al. 2015; Zhu et al. 2016;
Sun et al. 2016).

Plastome sequence is thus an useful tool to build phylogenies which have contributed
very much our understanding of plant evolution. It is thus essential to analyze plastome
diversity across all plant lineages, and this is especially crucial in understudied groups such as
ferns (Roper et al. 2007; Wolf et al. 2010; Karol et al. 2010; Gao et al. 2013; Grewe et al. 2013;
Kim et al. 2014; Labiak and Karol 2017). Extant ferns are a lineage of non-seed vascular plants

including 45 families and about 280 genera (PPG | 2016; Schuettpelz and Pryer 2007; Rai and
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Graham 2010; Lehtonen 2011; Rothfels et al. 2015; Knie et al. 2015; Qi et al. 2018). Molecular
phylogenies have revealed a basal dichotomy within the vascular plants (Pryer et al. 2001),
separating the lycophytes (less than 1% of the current vascular plants) from the euphilophytes,
among which there are two major clades, the monilophytes or ferns and the spermatophytes
or seed plants. Monilophyte includes the classes Psilotopsida (orders Psilotales and
Ophioglossales), Equisetopsida (order Equisetales), Marattiopsida (order Marattiales) and
Polypodiopsida (Figure 1). The class Polypodiopsida, also known as leptosporangiate ferns
(sporangia arise from a single epidermal cell and not from a group of cells as in eusporangiate
ferns), includes the vast majority of extant ferns, with more than 80% of about 10,500 fern
species. Conversely, the classes Psilotopsida, Equisetopsida and Marattiopsida comprise the
grade of eusporangiate ferns. The monophyletic group of leptosporangiates is composed of a
total of seven orders (PPG | 2016; Schuettpelz and Pryer 2007; Rai and Graham 2010; Lehtonen
2011; Rothfels et al. 2015; Knie et al. 2015; Qi et al. 2018). Three leptosporangiate orders,
Salviniales (heterosporous ferns), Cyatheales (tree ferns), and Polypodiales (polypods), form
the large monophyletic clade of core leptosporangiates (Smith et al. 2006). The rest of
leptosporangiate species are included within the orders Osmundales, Hymenophyllales,
Gleicheniales and Schizaeales (Figure 1).

Among the nearly 2,000 complete plastome sequences available in the GenBank
database, only a few tens belong to monilophytes (Kim et al. 2014; Lu et al. 2015; Zhu et al.
2016; Logacheva et al. 2017; our own look-over to the NCBI web page
https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/). In addition, the information
about fern plastomes is limited to a few representatives of most, but not all, fern orders. And,
within the different orders, only a few representative species have been analyzed from some
families (Lu et al. 2015). This clearly indicates that the diversity of plastome structures in ferns
has insufficiently been explored, precluding a comprehensive study of plastome evolution in
this group (Grewe et al. 2013; Logacheva et al. 2017). Furthermore, among complete plastome
sequences, there are no representatives from the order Hymenophyllales, a key lineage within
non-core, early leptosporangiates. Thus, the recent phyloplastomic analysis of ferns carried
out by Lu et al. (2015) included at least one representative species of each Monilophyte order
except for the order Hymenophyllales.

Our aim here is to fill this gap by analyzing the full sequence of the plastome of
Vandenboschia speciosa (Hymenophyllaceae, Hymenophyllales). The family
Hymenophyllaceae, with about 600 species, has its origin in the Triassic and its highest degree
of diversification took place about 160 mya during the Jurassic (Pryer et al. 2004). This family is

characterized by the "filmy" aspect of its sporophytes (fronds constituted by a translucent
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sheet with a single layer of cells). Although this family shows pantropical distribution, with high
diversity in morphology and habitat occupation (Dubuisson et al. 2003; Ebihara et al. 2007), V.
speciosa constitutes a rare Macaronesian-European endemism, as it is the only representative
in the area and one of the most vulnerable fern species in Europe, restricted to places
considered as refuges of tertiary flora. The two phases of its life cycle are perennial and
capable of reproducing by vegetative propagation (Rumsey et al. 1999). The sporophyte is
rhizomatous and able to spread by fragmentation of its rhizome. The gametophyte is very
different from the typical heart-shaped prothallus, it is characterized by being epigeous and
narrowly talose or filamentous (to such an extent that it is often confused with the protonema
of a bryophyte), and produces geminiferous buds. All these characteristics add valuable
scientific interest to the selection of this species as representative of the order

Hymenophyllales for plastome sequencing.

Materials and Methods
Materials

Vandenboschia speciosa specimens were collected at the Canuto de Ojén-Quesada
(OJEN) population located in the Alcornocales Natural Park (Cadiz, Spain), geographical
coordinates: N36.127°/W5.585° (for voucher reference, see Ben-Menni Schuler et al., 2017).
Sporophytes were frozen in liquid nitrogen in the field and were stored at -80°C. Genomic
DNA (gDNA) was isolated from five individuals of this population using the DNeasy plant Mini
kit (Quiagen). A pool of DNA was generated from this five specimen DNAs and Next Generation
Sequencing of the pool was carried out based on the Illumina HiSeq 2000 PE 2x101 nt yielding
about 16 Gb data. 16 Gb represent a ~1,5x coverage of the nuclear genome (10.496 Gb;
Obermayer et al. 2002) and ~923x coverage of the chloroplast genome (146.874 bp and 0,85%
of the Illumina reads; see also Figure S1). Illumina sequencing data can be accessed at Short
Read Archive (SRA) Genbank database in the BioProject PRINA387541 under the accession
number SRX2844191.

Genome assembly

The absence of the complete sequence of a plastome in the GenBank for a relative
species, except two partial sequences belonging to Vandenboschia radicans of about 16 kb
(Wolf et al. 2010; accession number HM021800) and 9 kb (Gao et al. 2011; accession humber
HQ658104), lead us to get a reference sequence of V. speciosa to be used as a seed in later
steps. For this, we performed a clustering of lllumina reads and a de novo assembly of

repetitive elements by means of the RepeatExplorer (RE) pipeline (Novak et al. 2013). This
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software groups similar reads in clusters, assembles the reads of each cluster to generate
contigs for repetitive elements, and annotates the contigs. We ran RE with 2x500,000 V.
speciosa gDNA lllumina reads and then selected the longest contigs showing the highest
number of reads annotated as “plastid”. We then checked the homology of this sequence with
other plant plastomes performing a BLASTN (Altschul et al. 1990) search against the NCBI’s NR
database. Once confirmed the homology with plastomes, we used this partial sequence as a
seed to assembly the remaining sequence of the V. speciosa plastome using a random
selection of 2x2,000,000 reads with the MITObim v1.8 software (Hahn et al. 2013) with the “--
quick” option. A single run of MITObim was unable to assembly the full sequence, for which
reason we used the assembled sequence for a new run with this same software in order to
lengthen the assembly. We ran MITObim four times to complete the full sequence.

We assessed the quality of the resulting assembly by mapping the Illumina reads on it
with the Bowtie2 (Langmead and Salzberg2012) software considering only read pairs
completely mapped (--no-mixed) and maximum insert size of 1000 nt (--maxins 1000). Then,
we plotted the coverage along the whole plastome using the output of Pysamstats
(https://github.com/alimanfoo/pysamstats) and manually checked the uniformity of the
mappings and the presence of complete reads in truncated genes using IGV (Thorvaldsdaottir et

al. 2013), a visualization tool for genome-scale datasets (Figure S1).

Annotation and related studies

Annotation of the V. speciosa plastome was performed using a combination of GeSeq-
Annotation of Organellar Genomes (Tillich et al. 2017) and DOGMA (Dual Organellar GenoMe
Annotator) (Wyman et al. 2004). From this initial annotation, putative starts, stops, and intron
positions were determined by comparisons with homologous genes in other plastomes and by
considering the possibility of RNA editing, which can modify the start and stop positions. tRNA
genes were annotated using GeSeq, DOGMA, tRNAscan-SE v2.0 (Lowe and Chan 2016) and
ARAGORN (Laslett et al. 2004). The circular gene map of the V. speciosa plastome was drawn
by OGDRAW (Lohse et al. 2013) located at the GeSeq plataform (https://chlorobox.mpimp-
golm.mpg.de/index.html) and subsequent minor manual modification to indicate the
quadripartite structure of the plastome.

Plastome structure, gene content, and other general characteristics were then
compared with the published fern plastomes available in the NCBI website
(http://www.ncbi.nlm.nih. gov/) and in the literature.

The EMBOSS suite of bioinformatics tools (Rice et al. 2000) was used for the detection

of short internal repeats (direct or inverted), as well as palindromes, in the intergenic spacer
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sequences, using the programs MATCHER, ETANDEM, EINVERTED, POLYDOT and
PALINDROME.
The annotated plastome of V. speciosa was deposited in GenBank under accession

number MH648610.

3. Results and Discussion

3.1. Assembly and Genome structure

The RE analysis clusterized 49% of the Illumina reads in 538 clusters, eight of which
were annotated as chloroplast DNA sequences. We selected the cluster no. 217, composed of
815 reads and its longest contig with 4626 nt to be used as a seed for MITObim assembly.
After four consecutive MITObim runs, we obtained the full plastome sequence. Bowtie2
mapping yielded a uniform profile across all the sequence.

The plastome of V. speciosa consists of 146,874 bp (Figure S2) and shows a typical
quadripartite structure including a large single-copy (LSC) region of 89,620 bp and a small
single-copy (SSC) region of 21,398 bp, separated by a pair of identical inverted repeats (IRA
and IRB) of 17,928 bp each (Figure 2). The overall structure of the V. speciosa plastome is
typical of vascular plants although several rearrangements were detected (see below). Table 1
compares the structure of V. speciosa plastome with that of different fern species, as well as
those of lycophytes and bryophytes. Sequenced fern plastomes have lengths ranging between
131.760 bp (Equisetum hyemale) and 157.260 bp (Lygodium japonicum), likewise in other land
plant groups (Table 1). Specifically, within this range, the V. speciosa plastome shows an
intermediate size.

Plastome size is a feature that depends on lineage-specific expansions and
contractions (see Table 1). More than half of the V. speciosa plastome is composed of non-
coding regions (79,835 bp; 55.36%) including introns and intergenic sequences, and has an
overall G+C content of 37.5%, similar to other vascular plant plastomes, but higher than that in
non-vascular land plant plastomes (Table 1) (reviewed in Park et al. 2018). As in other cases
(for example, see Gao et al. 2009), the G+C content is unevenly distributed across the
plastome depending on location and functional group (Figure 2): 54.76% in rRNA genes,

53.62% in tRNA genes, 38.40% in protein coding regions and 34.46% in intergenic spacers.

3.2. Gene content



Table 2 lists the genes found in the plastome of V. speciosa, a repertoire of genes
typical of land plant plastomes. We identified four rRNAs genes (rrn4.5, rrn5, rrn16 and rrn23,
all of them being duplicated within the IR regions), 31 tRNAs genes (six of them being
duplicated within the IR regions) and 85 protein-coding genes, three of which are duplicated
within the IR regions and four are truncated at the 5' end suggesting a process of
pseudogenization (Table 2). As mentioned above, Bowtie2 mapping yielded a uniform profile
across all the sequence and we did not find truncated reads in regions comprising these four
genes, meaning that their truncations were not assembling artifacts (Figure S1). There are 17
intron-containing genes, including six tRNA genes and 11 protein-coding genes, summing up 21
introns since three genes have more than one intron (Table 2). rps12 is a trans-spliced gene
showing two exons, one located in the LSC region (3' end) and the other placed, in two copies,
within the IRs (5' end).

From an evolutionary point of view, V. speciosa plastome shows a gene content that is
characteristic of early leptosporangiate ferns (Kim et al 2014). Notwithstanding, there were a
few singularities in this species concerning some tRNA and protein-coding genes (Figure 3)

examined in detail in the following subsections.

tRNA genes

The set of 31 tRNAs genes of the V. speciosa plastome is assumed to be sufficient for
the translation of chloroplast mRNAs (Gao et al. 2009). However, it lacks the tRNA gene for
lysine (trnK). Thus, although chloroplast tRNAs could read most codons by using two-out-of-
three and wobble mechanisms (Pfitzinger et al. 1990; Gao et al. 2009), the absence of trnK
genes for reading any of the two lysine codons suggests that cytosolic tRNAs may be imported
into chloroplasts, despite a lack of experimental evidence (Gao et al. 2009). The trnK-UUU
gene of land plants has a large intron in which is nested the matK gene, a gene that encodes
the protein maturase involved in splicing type Il introns (Kuo et al. 2011; Wicke and Quandt
2009). This structure is conserved in eusporangiate ferns as well as in the leptosporangiate
Osmunda cinnamomea plastome (Osmundaceae, Osmundales). However, the trnK-UUU gene
was lost in V. speciosa whereas the matK gene was still maintained, likewise in the remaining
leptosporangiate ferns. This supports the loss of trnK-UUU after the divergence of Osmundales
(Kuo et al. 2011; Grewe et al. 2013) (Figure 3), but not the loss of the intron-encoded matK. In
plants, matK preferentially catalyzes splicing of the trnK intron but, in ferns, it may also have
maintained an ancient and generalized function as a maturase that catalyzes the splicing
reactions of other group Il introns in the chloroplast genome, even after the loss of its co-

evolved group Il intron splicing (Hausner et al. 2006; Duffy et al. 2009).



In addition, V. speciosa plastome lacks two more tRNA genes (trnS-CGA and trnT-UGU)
which are usually present in the plastomes of other land plants (Figure 3). The loss of trnS-CGA
is shared with other leptosporangiates except, again, with Osmunda cinnamomea which still
preserves this gene (Kim et al. 2014; Grewe et al. 2013; Gao et al. 2013). The trnT-UGU gene
was also lost independently in the eusporangiate Ophioglossum californicum (Grewe et al.
2013; Gao et al. 2013), but not in other eusporangiates such as Equisetum, Psilotum or
Angiopteris (Grewe et al. 2013; Karol et al. 2010; Roper et al. 2007).

Other specific feature is that the trnL-CAA gene, placed close to the ndhB gene, has
mutated in V. speciosa to trnL-CAG while, in most leptosporangiate ferns, it has been lost,
although it is still conserved in Gleicheniales (Kim et al. 2014; Grewe et al. 2013). Conversely,
the trnL-UAA gene, placed between the rps4 and the ndhJ genes, has mutated to trnL-CAA
after the divergence of Osmundales (Kim et al. 2014), including V. speciosa (this paper).

Figure 3 shows that the loss of the trnV-GAC gene occurred in the common ancestor of
core leptosporangiates and the Schizaeales (Grewe et al. 2013; Kim et al. 2014; Labiak and
Karol 2017) but not in the rest of leptosporangiates represented by V. speciosa. On the other
hand, the trnR-CCG gene is preserved in all leptosporangiate ferns but has undergone several
sequential anticodon changes, in some species, leading to alternative anticodons,
pseudogenes or even trnR-UCA genes (Wolf et al. 2003, 2004; Grewe et al. 2013). It has been
suggested that trnR-UCA might recognize internal UGA stop codons acting as a failsafe
mechanism to ensure that arginine is correctly inserted into the protein at any internal UGA
codons that were not properly converted by U-to-C RNA editing into CGA (Grewe et al. 2013).
However, that is not the case for V. speciosa which has UGA stop codons interrupting 12

genes, but lacks the trnR-UCA mutation (see section 3.3).

Protein-coding genes

Protein-coding gene content of V. speciosa plastome is similar to that of most ferns,
which conserve about 86 of these genes, although there are some lineage-specific differences
(Figure 3). In the case of V. speciosa, we have found the partial loss of the sequences of four
protein-coding genes (ycf1, ycf2, rps16 and rpl22). We assume that these genes are going
through a process of pseudogenization that probably would lead to their complete lost. In fact,
we have found a few additional indels (short deletions of one or a few nucleotides) both in
ycf1 and ycf2 genes although not in the other two cases. These four genes have important
roles in chloroplast gene expression and function; therefore, it is likely that these functions are

supplied by other means such as those found in other species with missing plastid genes.



Thus, the rps16 has been lost in several lineages of ferns such as Ophioglossales,
Psilotales and Equisetales (eusporangiate ferns) (Grewe et al. 2013; Kim et al. 2014) and it
seems that it will be lost in one specific lineage of leptosporangiates (V. speciosa) (Figure 3).
Furthermore, several parallel losses of the rpsi6 gene have occurred along land plant
phylogeny (Xu et al. 2015). Missing genes in specific plant lineages might have been relocated
from the plastome to the nuclear genome or, alternatively, these functions were supplied by
other means (Gantt et al. 1991; Gao et al. 2009; Jansen et al. 2011; Ruhlman and Jansen 2014;
Keller et al. 2017; Park et al. 2018). In the genus Lupinus (Leguminosae), the functional role of
this gene in the chloroplast has been replaced by the nuclear rps16 gene (Keller et al. 2017;
Ruhlman and Jansen 2014). And it has been shown that the rpl22 gene has been transferred to
the nucleus in different flowering plant lineages (Gantt et al. 1991; Jansen et al. 2011; Ruhlman
and Jansen 2014).

The pseudogenization of the ycfl gene has also been documented in Angiopteris
evecta (Roper et al. 2007). Both ycf1 and ycf2 genes have been designated as essential genes
because their targeted disruption results in unstable mutant phenotypes (Drescher et al. 2000;
Ruhlman and Jansen 2014). However, both ycfl and ycf2 genes appear to be missing or
pseudogenized in distinct land plant lineages (Ruhlman and Jansen 2014). The ycf66 gene have
been lost in many fern species (Gao et al. 2011), including V. speciosa (this paper) although it is
present in the partial sequence of the plastome of V. radicans (Gao et al. 2011). In fact, we
have detected a residual fragment of this gene in the plastome of V. speciosa. In addition, this
fragment has stops codons and several indels. Specifically, this gene has been lost or is
pseudogenized in at least four times in fern lineages Ophioglossales, Psilotales, Equisetales,
and core leptosporangiates, suggesting that the occurrence of this gene is highly unstable and,
probably, that this ORF is irrelevant for an hypothetical and, up to now, uncharacterized,
protein.

Other lineage-specific protein-coding gene losses included in Figure 3 were not found
in V. speciosa: the psaM gene is missing from all sequenced plastomes of the order
Polypodiales (Wolf et al. 2003; Gao et al. 2013; Grewe et al. 2013), and it was lost in parallel
also from some species in other lineages (Labiak and Karol 2017). Events of recurrent losses
were also found for other genes such as the chl genes (chIB, chiL and chIN), which were lost in
Psilotum nodum (Psilotales) (Grewe et al. 2013) and Actinostachys pennula (Schizaeaceae,
Schizaeales) (Labiak and Karol 2017), but also in some angiosperm plastomes (Chaw et al.
2004; Jansen et al. 2007).

The ndhB gene merits here a specific commentary as it may be duplicated or not

depending on whether it is located within the IR or the LSC regions. Furthermore, according to
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Gao et al. (2013), there are three types of ndhB genes in ferns: one copy of exon 1 plus one
copy of exon 2 (1:1 type), one copy of exon 1 plus two copies of exon 2 (1:2 type), and two
copies of exon 1 plus two copies of exon 2 (2:2 type) (Gao et al. 2013). In heterosporous ferns
(core leptosporangiates) ndhB is single copied and located in the LSC (1:1 type) (see Gao et al.
2013). However, the second exon is duplicated in the plastome IRs of the two other orders of
core leptosporangiates, the tree ferns and the polypod ferns (1:2 type; see Gao et al. 2013).
ndhB gene resides in IRs in two out of the four orders comprising the eusporangiate ferns, the
psilotales and the marattioids (2:2 type) (Gao et al. 2013). In contrast, the ndhB is 1:1 type in
ophioglossoids and equisetales (Gao et al. 2013). Remarkably, the copy status of ndhB in the
non-core leptosporangiate fern lineages is highly variable, as V. speciosa (Hymenophyllales)
shows a 2:2 type ndhB gene (this study), while Osmunda cinnamomea (Osmundales) shows a
1:1 type, but Diplopterygium glaucum (Gleicheniales) and Lygodium japonicum (Schizaeales) a
1:2 type (Gao et al. 2013). These data support the existence of parallel changes among major
fern lineages that have occurred in a region (IR) prone to rearrangements and
expansions/contractions (see next section).

Recently, Song et al. (2018) have reported a novel chloroplast protein-coding gene
(ycf94) of probable functional significance in ferns and, potentially, bryophytes and lycophytes.
This ORF is located between the rps16 and the matK genes. We have not found evidence for
the presence of this ORF in the intergenic sequence between rps16 and matK genes in V.

speciosa.

3.3. Non-canonical start codons and internal stop codons

Examination of start and stop codons (internal and terminal) in the V. speciosa
plastome resulted in 27 protein-coding genes with one (most of the 27 genes) or a few internal
stop codons that required U-to-C RNA editing to overcome the premature end translation by
the incorporation of the appropriate amino acid (Table 3). U-to-C editing in the first codon
position has been proved that might be involved in the repair of internal stop codons to either
arginine or glutamine (Kugita et al. 2003; Wolf et al. 2004; Sugiura 2008; Guo et al. 2015; Knie
et al. 2016). In fact, in V. speciosa, the stop codons came from mutations from CGA (arginine)
to UGA or from CAA (glutamine) to UAA, according to the results of BLAST search among
homologous genes from other fern species.

U-to-C editing appears to be restricted in occurrence in most land plants but, it has
been found that, in some fern lineages, U-to-C editing even exceeds the canonical C-to-U
editing (Knie et al. 2016). In contrast, the reverse process, RNA editing by C-to-U conversions

to reconstitute conserved codon identities has been extensively documented in ferns (Wolf et
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al. 2004) and is common in land plant chloroplasts and mitochondria, except in some
liverworts which have secondarily lost this type of RNA editing (Sugiura 2008; Guo et al. 2015;
Knie et al. 2016; Groth-Malonek et al. 2007; Riidinger et al. 2012).

In addition to the safeguard role against premature stopping, RNA editing occasionally
can create an AUG initiation codon from an ACG codon by C-to-U edit (Wolf et al. 2004;
Sugiura 2008). We have found that the atpH, the ndhG and ndhH the genes of V. speciosa
begin with ACG. But we also found two other genes beginning with non-canonical AUG start
codon (AUA), specifically the petD and the rps15 genes (Table 3). It is known that translation
can initiate at codons other than AUG (Kearse and Wilusz 2017) and that some organelle and
prokaryote genomes use GUG and AUA as alternate start codons for some of these genes

(Wolf et al. 2004; Kuroda et al. 2007; Guo et al. 2015).

3.4. Gene order

There are four key rearrangements that characterize the evolution of fern plastomes
and mark differences between fern and the rest of land plants as well as among different fern
groups (Gao et al. 2011).

First, euphyllophytes (ferns and seed plants) have differentiated plastomes with
respect to lycophytes and non vascular plants (hornworts, mosses and liverworts) (Raubeson
and Jansen 1992). The rearrangement consists in a 30-kb inversion comprising the region
between the ycf2 and the psbM genes (Figure 4). As expected, V. speciosa shares this syntenic
rearranged region with the rest of ferns.

Second, monilophytes (ferns) have a unique rearranged region consisting in a 3.3-kb
inversion known as the trnG/trnT inversion in which the genes between these two tRNA genes
have the trnG-psbZ-trnS-psbC-psbD-trnT gene order while in the rest of land plants, the order
is the inverse (Wolf et al. 2003, 2010). Also expectedly, V. speciosa has the trnG-psbZ-trns-
psbC-psbD-trnT gene order characteristic of ferns (Figure 4).

Third, according to gene order, the fern plastomes can be classified into two main
types (Gao et al. 2009, 2011, 2013; Zhu et al. 2016) (Figures 4 and 5). One comprising the
plastomes of taxa diversifying before the separation of the Schizaeales, which shares the
ancestral gene order (Wolf et al. 2010), and the other comprising the plastomes of Schizaeales
and of core leptosporangiates, which has a derived gene order (Wolf et al. 2010; Gao et al.
2013; Labiak and Karol 2017). The derived gene order consists of highly rearranged inverted
repeats (IRs) with the rRNA genes arranged in reverse order in comparison to all other plants,
generated by two partially overlapping inversions spanning LSC and IR regions (Hasebe et al.

1990, 1992; Wolf et al. 2003, 2010) (Figure 5). An additional difference between the ancestral
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and derived gene order is the region comprised between the rpoB and psbZ, which includes
the trnD inversion (Figure 4). This characteristic gene order is exclusive of Polypodiopsida (Gao

et al. 2009).

Inverted Repeat (IRs) Region Expansions

The presence of inverted regions (IRs) within the plastomes is a common feature to
most plants with a few exceptions among seed plants (Guisinger et al. 2011; Guo et al. 2014;
Zhu et al. 2016). This region comprises mostly four genes for the four chloroplastidial
ribosomal RNAs, several tRNA genes and, depending of the species, a few protein-coding
genes. Figure 5 shows an inference of the ancestral inverted repeat (IR) content during land
plant evolution, based on a previous proposal by Zhu et al. (2016), but with some
modifications. Our table includes not only the V. speciosa data but also the reordered IR region
of Polypodiopsida and that of Schizaeales. The rearrangement consisted in a pair of partially
overlapping inversions in the region of the inverted repeat that occurred in the common
ancestor of Schizaeales and Polypodiopsida (most ferns) (Wolf et al. 2010). Figure 5 includes
the structure of these ferns in a separate frame because these lineage-specific changes
comprising the inversion of the IR gene order have no accommodation in the ancestral
reconstruction. Furthermore, the IRs of Polypodiales plastomes are dynamic, driven by such
events as gene loss, duplication and putative lateral transfer from mitochondria (Logacheva et
al. 2017).

As can be seen in Figure 5, seed plants (both, gymnosperms and angiosperms) show a
derived condition apparently resulting from an expansion of the IRs that include not only rRNA
and tRNA genes but also protein coding genes commonly found in the LSC region in ferns,
lycophytes and bryophytes. Furthermore, there are some specific gains and/or losses in certain
lineages. Major losses occurred in Erodium and Medicago or in Pinaceae or Cupressophytes
where plastomes retains only residual inverted repeats or lack IRs (reviewed in Zhu et al.
2015). Some lycophytes and fern lineages have also expanded IRs like seed plants, although in
a less extension. For example, this occurred in V. speciosa (this paper), but also in some
eusporangiate ferns as well as in some lycophytes and non vascular plants such as hornworts.
The length of the expansion depends of the species. In V. speciosa for example, the expansion
includes the rps7, rps12 and ndhB genes, which is the more common situation in some
eusporangiate ferns and in lycophytes as well as hornworts with expanded IRs. Interestingly,
this gene order and organization at IRs, define the plastome of V. speciosa as one of the
species that experienced the recurrent IR expansion. Notwithstanding, the possibility remains

that what we have defined as parallel expansions of the IR regions might be the result of a
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preservation of the ancestral condition while recurrent contractions might explain the smallest
inverted regions found in non seed plants. This is also supported by the fact that the IRs of
Polypodiales, even reordered, also contains the protein-coding genes found in expanded IRs

(Figure 5).

3.5. Repeat sequences in the plastome of V. speciosa

Table 4 shows all the tandem and inverted short repeats found within the intergenic
spacers of the V. speciosa plastome. There are 2 direct repeats and 5 inverted repeats. The two
direct repeats are interestingly localized in the rpoB/psbZ region. Specifically, one of them (a
27-bp repeat) was previously described in V. radicans (Gao et al 2011). Likewise V. speciosa
(this study; see Figure S2), V. radicans shows a 27-bp tandem repeat within the trnY-trnE
intergenic spacer which shows strong sequence similarity with the anticodon domain of trnY,
the tRNA gene for tyrosine (Gao et al 2011). While the 27-bp repeat of V. radicans is repeated
17 times expanding approximately 3-fold in length the spacer (Gao et al 2011), this repeat
appears only 5 times in the V. speciosa plastome (this paper). These repeats have the potential
to form stem-loop structures which point to a significant functional relevance and to play a
major role in the expansion of the trnY-trnE intergenic spacer (Gao et al. 2011).

In addition, the plastome of V. speciosa contains one more tandem direct repeat,
being short (6 bp) and repeated 12 times in the petN-psbM intergenic spacer (also the
rpoB/psbZ region). Extensive rearrangements in the plastome of different species have been
associated with the concentration of direct repeats and tRNA genes (Chumley et al. 2006;
Haberle et al. 2008; Guisinger et al. 2011). In fact, the rpob/psbZ region is characterized by
notable structural rearrangements through fern evolution directly related with the
accumulation of tRNA genes as well as by highly variable intergenic spacers in some lineages
which includes gene losses and intergenic expansions throughout direct repeats (Gao et al.
2011).

Additionally, the V. speciosa plastome shows five short inverted repeats in five
different intergenic spacers (Table 4). Pairwise comparisons between the two components of
four of the inverted repeats revealed 100% identity, while the identity was 84% between the
two components of the fifth inverted repeat. Additionally, this latter inverted repeat is
duplicated because it is within the IR regions between the ndhB and the trnL-CAG genes.
Inverted repeats have the potential to form cruciform structures, which are fundamentally
important for a wide range of biological processes, including replication, regulation of gene
expression, nucleosome structure and recombination (Brazda et al. 2011) and might be

involved in plastome rearrangements (Kolb et al. 2009; Inagaki et al. 2013).
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Figure 1. Schematic representation of currently accepted ordinal fern phylogeny (PPG | 2016)
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Figure 3. Presence (+) or absence (-) of different protein-coding and tRNA genes in the
plastomes of representative species of each of the eleven fern orders. W = pseudogene. Blue
labeled lines include eusporangiate ferns while green lines include leptosporangiate ferns
(darker for core leptospornagiate ferns).
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Figure 4. Linear gene map of V. speciosa plastome compared to those of a hornworth,
Marchantia polymorpha (NC_001319.1), a seed plant, Arabidopsis thaliana (NC_000932.1),
and a core leptosporangiate fern, Alsophila spinulosa (NC_012818.1). Numbers represent the
inverted regions described in the text: between euphyllophytes and the rest of land plants (1);

between ferns and the rest of land plants (2); and the inversion that characterizes core

leptosportangiates (3). Blue arrows indicate the inversion ends. Red arrows indicate a change

of location for the region comprising the trnD-trnY-trnE genes (that it is not inverted) as a
consequence of the double inversion in the two region flanking it. A box stands out the

rearranged IR regions in Alsophila spinulosa (the box also includes the LSC region). Genes with
introns are labeled with asterisks.
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Figure 5. Inverted repeat (IR) gene content during land plant evolution. Rearranged IR regions
of Core Leptosporangiates and Schizaeales are represented below. Shaded cells indicate an
inverse order of these genes in this species due to an inversion. Genes in square brackets are
those partially encoded in the IR. Pseudogenes are represented by W. Blue labeled lines
include eusporangiate ferns while green lines include leptosporangiate ferns (darker for core
leptospornagiate ferns). *There are some specific losses/gains in specific lineages some of
which have been represented below. **ndhB and trnT genes are pseudogenized in most

species analyzed within this order, but not in Adiantum capillus-veneris.
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Table 1. Main features and GenBank accession numbers of plastomes from different bryophyte, lycophyte, monylophyte and seed plants species.

Accession number  Size (bp) LSC (bp) SSC (bp) IRs (bp) %GC  Genes Protein-coding tRNAs rRNAs
Angiosperms Arabidopsis thaliana NC_000932.1 154478 84170 17780 26264 36.30 113 79 30 4
Asparagus officinalis NC_034777.1 156699 84999 18638 26531 37.76 112 78 30 4
Glycine max NC_007942.1 152218 83175 17895 25574 34.00 111 77 30 4
Erodium carvifolium* NC_015083.1 116935 - - - 39.00 108 76 28 4
Gymnosperms Cycas taitungensis NC_009618.1 163403 90216 23039 25074 39.50 118 83 31 4
Ginkgo biloba NC_016986.1 156945 99221 22258 17733 39.60 120 81 35 4
Welwitschia mirabilis NC_010654.1 119726 68556 11156 20007 38.00 101 66 31 4
Pinus bungeana™** NC_028421.1 117861 65373 51538 475 38.80 111 71 36 4
Polypodiales Pteridium aquilinum NC_014348.1 152362 84335 21259 23384 41.53 117 84 29 4
Adiantum capillus-veneris NC_004766.1 150568 82282 21392 23447 42.01 117 84 29 4
Cyatheales Alsophila spinulosa NC_012818.1 156661 86308 21623 24365 40.43 117 85 28 4
Salviniales Marsilea crenata NC_022137.1 151628 87828 22210 20795  42.22 117 85 28 4
Schizaeales Lygodium japonicum NC_022136.1 157260 85448 21652 25080  40.64 118 86 28 4
Gleicheniales Diplopterygium glaucum NC_024158.1 151007 99857 21982 14584 40.16 119 84 30 4
Hymenophyllales Vandenboschia speciosa MH648610 146874 89620 21398 17928  37.50 120 85 31 4
Osmundales Osmunda cinnamomea NC_024157.1 142812 100294 22300 10109 40.23 121 84 33 4
Marattiales Angiopteris evecta NC_008829.1 153901 89709 22086 21053 35.48 121 85 32 4
Psilotales Psilotum nudum NC_003386.1 138829 84617 16304 18954 36.03 118 81 33 4
Ophioglossales Ophioglossum californicum NC_020147.1 138270 99058 19662 9775 42.15 120 84 32 4
Equisetales Equisetum arvense NC_014699.1 133309 93542 19469 10149 33.36 121 84 33 4
Equisetum hyemale NC_020146.1 131760 92580 18994 10093 33.74 121 84 33 4
Lycophytes Isoetes flaccida NC_014675.1 145303 91862 27205 13118 37.94 120 84 32 4
Huperzia lucidula NC_006861.1 154373 104088 19657 15314 36.30 119 86 29 4
Hornworts Anthoceros formosae NC_004543.1 161162 107503 22171 15744  32.90 120 84 32 4
Mosses Physcomitrella patens NC_005087.1 122890 85211 18501 9589  28.50 119 84 31 4
Liverworts Marchantia polymorpha NC_001319.1 121024 81095 19813 10058 28.80 124 89 31 4

*This species has lost the IRs
**This species has residual IRs



Table 2. Catalogue of genes identified in the plastome of V. speciosa classified according to gene class. Superscript numbers indicate the number of introns. Asterisk

indicates that the gene is truncated at the 5’ end.

Gene class Genes
ATP synthase atpA atpB atpe atpF? atpH atpIl
Chlorophyll biosynthesis chlB chlL chlNn
Cytochrome petA petB petD petG petL petN
Hypothetical protein ycfi1t” ycf2t” ycrf3? ycf4
Miscellaneous proteins acch cemA CCSA c lpP? infA matK
NADH dehydrogenase ndhA? ndhB? ndhC ndhD ndhE ndhF
ndhG ndhH ndhIl ndhJ ndhK
Photosystem | psaA psaB psacC psal psad psaM
Photosystem Il pSbA psbB psbC psbD pSbE pSbF
psbH psbI psbJ pSbK psbL psbM
pbf1(psbN) psbT psbz psb30(ycfi2)
RNA polymerase rpoA rpoB rpoCi* rpoC2?
Rubisco rbcL
Ribosomal protein rpl2* rpli4 rplié rpl2o rpl2i rpl22’
rpl23 rpl32 rpl33 rpl36
rps2 rps3 rps4 rps7 rps8 rpsii
rpsi2 rpsi4 rpsis rpsié*” rpsi8 rpsi9
tRNA genes trnA-UGC* trnC-GCA trnD-GUC trnE-UuC trnF-GAA trnG-GCC
trnG-UCC* trnH-GUG trnI-CAU trnI-GAU* trnL-CAA* trnlL-CAG
trnL-UAG trnfM-CAU trnM-CAU trnN-GUU trnP-GGG trnP-UGG
trnQ-UUG trnR-ACG trnR-ACG* trnR-CCG trnR-UCU trnS-GCU
trnS-GGA trnS-UGA trnT-GGU trnV-GAC trnV-UAC* trnW-CCA
trnY-GUA
rRNA genes rrn23 rrnlé rrns rrn4.5




Table 3. List of genes with stop and non-canonical start codons.

Gene Stop codon Start codon
accD CGA to UGA/CAA to UAA

atpB CAA to UAA

atpH ACG
atpl CAA to UAA

cemA CAA to UAA

chlB CAA to UAA

chIN CAA to UAA

clpP UAU to UAA

matK CGA to UGA

ndhA CAA to UAA

ndhF CGA to UGA

ndhG ACG
ndhH ACG
petA CAA to UAA

petD AUA
rpoA CAA to UAA

rpoB CGA to UGA and CAA to UAA

rpoC1 CGA to UGA

rpoC2 CGA to UGA and CAA to UAA

rpl2 CGA to UGA

rpl20 CAA to UAA

rpl23 CGA to UGA

rpl33 CGA to UGA

rps2 CAA to UAA

rps3 CGAto UGA

rps4 CAA to UAA

rps7 CGA to UGA

rps8 CAA to UAA

rps12 CAA to UAA

rps15 AUA
rps18 CGA to UGA

ycf4 CGA to UGA/CAA to UAA



Table 4. Features and sequences of short direct and inverted repeats found in intergenic spacers of the V. speciosa plastome.

Direct repeats

Flanking genes Size Repeats Identity (%) Consensus
petN/psbM 6 12 70.8 ATTTAT
trnY-GUA/trnE-UUC 27 5 84.4 GAACGGATTTAGAGTCCGTCTCCCATC

Inverted repeats

Flanking genes Size Identity (%) Repeat

ndhB/ trnL-CAG 25 88 GATTTACAAATTGACTCAGTAAAAG/CTAAATGTATAACTAAGTCATCTTC
trnL-CAA/trnF-GAA 27 100 CTGAAACGAACCCATTCAAGGAATCCA/GACTTTGCTTGGGTAAGTTCCTTAGGT
trnM-CAU/atpE 21 100 AAAACTTATTGGATGCCATAT/ATATGGCATCCAATAAGTTTT

rpl14/rpl16 19 100 ATAGGAAGAGATAGTTCCA/TATCCTTCTCTATCAAGGT

ycf1/chIN 22 100 TAGATTTATTAACCATAAAGGA/ATCTAAATAATTGGTATTTCCT



