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Sequencing of a Segment of a Monilophyte Species Mitochondrial Genome
Reveals Features Highly Similar to those of Seed Plant mtDNAs
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Abstract: A continuous sequence of 20,374 bp has been produced corresponding to an equivalent region of the mito-
chondrial genome of the fern Asplenium nidus. The information content of this sequence includes: several segments from
chloroplast origin, three tRNA genes of probable native type, a couple of inverted repeats, three protein genes and a seg-

ment of a fourth.

Among the tRNA genes trnN, usually from chloroplast origin in the Spermatophyte mitochondrial genomes, shows the

characteristics of a native gene.
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INTRODUCTION

Mitochondrial genomes of land plants have been fully
sequenced and characterized in several species belonging to
the Briophytes (Marchantia polymorpha [1] and Physcomi-
trella patens [2] and Spermatophytes (Arabidopsis thaliana
[3], Beta vulgaris [4], Oryza sativa [5], Brassica napus [6],
Zea mays [7], Nicotiana tabacum [8] and Triticum aestivum
[9D).

The comparison of organization, structure and expression
between Spermatophyte mitochondrial genomes reveals sev-
eral homogeneous features which can be summarized as fol-
lows: i) the presence of repeated sequences, ii) a heterogene-
ous structure, iii) the presence of DNA segments of extra
mitochondrial origin (mainly chloroplastic) carrying in some
cases active genes (usually for tRNAs) [10-12], iv) the edit-
ing of transcription products of structural genes v) an incom-
plete set of tRNA genes. On the contrary not all of these
features can be considered peculiar properties of Briophyte
mitochondrial genomes, in particular: RNA editing, active
in some species but not in all [13], absence of homologous
recombination events; absence of incorporation of foreign
genetic information; absence of chloroplast DNA insertions
[14,15].

As far as the mtDNA of Monilophyte plant species is
concerned, very little is known about their structure and or-
ganization and the expression products of genes encoded on
them. For these plants the sequences of only a few character-
istic mitochondrial genes or of incomplete parts of them are
available up to now in the data banks (nadl, nad2, nad5,
atpl, coxll, coxlll, rrn18, rrn26) [13,16-22]. One of the rea-
sons why no complete gene sequences are available is
mainly due to morphology of these species, which makes it
very difficult to isolate pure mitochondrial fractions and
therefore uncontaminated mitochondrial DNA, on the one
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hand. On the other hand this topic is of relevant interest to
better understand the relative position of Monilophytes,
compared to the more ancient Briophytes and the more re-
cent Spermatophytes.

One of the most recent acquisitions on this topic is the
results of the studies of Pryer [23], who proposed that the
ferns belong to a monophyletic group which is the closest to
seed plants, using combined data (morphological and de-
rived from multigene sequence analysis).

To gain more knowledge on the mitochondrial biogene-
sis of Monilophytes, we chose plants of a filicale family, the
fern Asplenium nidus, available at the Botanical Garden of
the University of Bari.

Using an unusual procedure we were able to obtain a con-
tinuous sequence of DNA (20,374 bp) corresponding, bona
fide, to an equivalent region of the A. nidus mitochondrial
genome. The main results obtained from our investigation
are the following: i) the detection of DNA segments of chlo-
roplast origin; ii) the identification of complete genes for
both proteins and tRNAs (nad4L, nad9, atp9, trnN, trmR,
trnK); iii) a couple of inverted repeats although of small size.

SOURCES OF MITOCHONDRIAL DNA

Two alternative procedures for the isolation of organelles
have been developed depending on the tissue used as starting
material: roots or leaves. In the former the soil contained in
the thick network of roots was removed by hand and washed
in distilled water. This step was followed by drying the roots
on filter paper and weighing and wrapping them with a dou-
ble layer of sterile gauze. After washing several times with
sterile water, the roots were suspended in sterile buffer
(Mannitol 0,4 M, Mops 25 mM, EGTA 1 mM, PVP 1% pH
7,8), and homogenized in a blender with five hits every five
seconds at medium speed. Fractionation, lysis of organelles
and DNA extraction was as reported by Hanson [24].

The isolation of organelles and DNA from green leaves
(leaf-procedure) was carried out using the same protocol
with only a few small modifications [24].
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The mitochondrial DNA isolated by the two alternative
procedures showed significative different levels of chloro-
plast contamination as judged from the amplification of
highly conserved chloroplast regions [25]. Using as a tem-
plate the mtDNA prepared from the roots, where the copy
number of plastid DNA are reduced [26], no amplified prod-
ucts could be detected. The results of these experiments are
reported in Fig. (1).

The root procedure was also used for establishing accord-
ing to Kawata [27] a partial library of sonified DNA frag-
ments and for the synthesis of two distinct amplification
products (see below).

The leaf procedure was used mainly for the isolation of
total RNA employed for reverse transcription and cDNA
synthesis, an investigation concerning editing of transcripts
of three specific protein genes (nad4L, nad9, atp9).

Fig. (1). Multiple test of amplification performed on nucleic acids
extracted with the two different procedures.

The panels show two groups of three amplifications carried out
with the same pairs of universal primers (BA48557-A49291,
BA49317-A49855, BA49873-A50272, [25] for the detection of
cpDNA in the nucleic acid fractions isolated by the two procedures.
Lanes 1-3 template isolated by the leaf procedure. 5-7 template
isolated by the root procedure. 4 and 8 marker DNA (1 Kb ladder).

DETECTION AND SEQUENCING OF THREE DIS-
TINCT DNA SEGMENTS

The fern mitochondrial DNA library was screened using
a list of probes corresponding to genes usually encoded on
plant mitochondrial genomes. Among them an atp9 probe
led to the identification of a specific clone (10C9). The se-
quence analysis of its insert (of 2,574 bp) revealed the pres-
ence of the atp9 gene together with segments of genes from
chloroplast origin (rps11 and psbA).

The sequence of the insert begins at position 17,800 and
ends at position 20,374 of the continuous sequence (Gen-
Bank accession number AM600641) assembled as described
below.

Using the Tryple Master PCR System (Eppendorf),
particularly suitable for obtaining long PCR products with
high fidelity, two large amplification products were ob-
tained.

Unsuccessful preliminary experiments were carried out
in the presence of direct and reverse primers already used in
previous investigations having as a final goal the identifica-
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tion of tRNA genes or deduced from the sequence of 10C9
clone insert. In further attempts other pairs of oligos having
different sequences were used. Among them the primer
rnREV (5= TTGCTTGCCCCGTTTTTCTG - 3’) deduced
from the sequence of the clone 10C9 was used in combina-
tion with several other different oligos. In all these cases
amplification products of the same size (about 10,000 bp
CLA (Fig. 2)) were obtained.
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Fig. (2). Information content of the continuous 20,374 bp DNA
sequence. Vertical bars indicate the borders of each amplification
product and DNA fragment of clone 10C9. Mitochondrial genes are
indicated by solid bars. Segments of chloroplast origin are indicated
by open bars. Small orizontal arrows indicate the orientation of
genes or of parts of them.

These products had the same sequences, and in particular
at their termini, sequences oriented in opposite direction con-
taining that of primer rtREV, were detected.

This result was interpreted assuming that the amplifica-
tion was due to the presence of these inverted repeats on the
template to which primer rtREV could bind with two differ-
ent orientations as a normal and as a reverse primer at the
same time.

Indeed the sequencing of CLA amplification product
(9,790 bp) confirmed the presence of two inverted repeats at
its termini (from 8,555 to 8,692 and from 18,284 to 18,427

bp).

Another gene usually of mitochondrial origin (nad4L)
and three further segments of chloroplast origin (see below)
were also detected within this amplification product (CLC).

A second amplification product was generated using the
pair of primers (CLAL1R: 5’- TTCTGTAGGGGACCGAA
ACC -3’ deduced from the 5’ terminal side of the CLA seg-
ment and the oligo ND1E4F: 5’-CCTCACTCTCCTA
GTCTGTG -3° deduced from the 3’ terminus of the nadl
gene sequence available in the data bank (GenBank acces-
sion number AY353954).

Further genes (or segments of them) of mitochondrial
and chloroplast origins were detected on this second long
amplified product:

i) in particular a region of 154 bp corresponding to the 3’
terminus of fourth exon of the nadl gene.

ii) a segment of 132 bp of chloroplast origin.

Other than these DNA stretches three tRNA genes were
detected; two of native type and one usually considered be-
ing from chloroplast origin.

Bioinformatic analysis of these three DNA sequences
was carried out using FASTA and BLAST programs to
search for structural genes. tRNA scan-SE for tRNA genes
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and “Repeat search” derived from “Fast PCR” to search for
direct or reverse repeats.

ASSEMBLY OF THREE SEQUENCES IN A CON-
TINUOUS FORM

The sequence of the continuous region described under
the accession number AM600641 was obtained connecting
that of 10C9 insert to CLA amplification product through a
common overlapping region of 601 bp. At the same time the
right border of CLC amplification product could be con-
nected to the left border of CLA through a second common
and overlapping region of 214 bp (Fig. (2)).

Despite the unusual procedure used for the production of
the 20,374 bp DNA continuous sequence (part belonging to a
clone and part to amplification products), we think that it can
be considered, bona fide, as it corresponds to that of a region
of A. nidus mitochondrial DNA for several different reasons:
i) the 2,574 kbp insert of clone 10C9 is most probably a mi-
tochondrial segment because the atp9 gene has always been
detected among genes of that origin; ii) the amplified seg-
ment of 9,790 bp region contains a segment of 601 bp com-
pletely overlapping for the same extent to part of the 2,574
kbp insert of clonel0C9 and two further genes of mitochon-
drial origin (nad4L and nad9); iii) the amplified product of
8,794 bp overlaps perfectly the CLA product for 214 bp,
contains tRNA genes highly similar to those detected on
other plant mitochondrial genomes and a segment of another
gene of mitochondrial origin: the nadl gene (the fourth
exon); iv) the results of the editing studies carried out on the
transcripts of the genes detected on the continuous DNA
region of 20,374 bp. These studies revealed in all cases high
levels of both C-U and U-C substitutions (see below). This
analysis strongly supports the hypothesis that they are of
mitochondrial origin and therefore that the region of 20,374
bp is part of the A. nidus mitochondrial genome.

This conclusion can be also drawn in consideration that
in the plant kingdom the transcript editing is active exclu-
sively in the mitochondria.

The sequence produced has been confirmed by control
experiments of amplification carried out using three different
preparations of DNA isolated by the root-procedure and
various pairs of primers. They were different from those
used to generate CLC and CLA products; in particular some
of them were selected to confirm the sequences of the over-
lapping regions. All the amplification products (about ten)
gave sequences almost identical to those corresponding to
the continuous sequence.

SEQUENCE ANALYSIS OF THE 20,374 BP DNA
SEGMENT

Detection of Segments from Chloroplast Origin

About 20% of the 20,374 bp segment contains sequences
from chloroplast origin. They account for regions of various
sizes of chloroplast genes such as rspll [28] and psbA and
rpoB [29] encoded on the Adiantum capillus veneris and
Goebeliella cornigera chloroplast genomes respectively.
Further short stretches of rrn23 and of the second exon of
trnA gene [29] and of part of Pteridium aquilinum rrnl6
gene (GenBank accession number Z81323) were also identi-
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fied (Table 1). For further details about these gene segments
see also its legend.

Table 1. The accession numbers of A. capillus veneris and of
partial sequences of G. cornigera and P. aquilinum
chloroplast genome are AY178864, AY607944 and
Z81323. The coordinates of the segments of the chlo-
roplast genes are as follows: psbA: 19712-19835;
rpsll: 18621-18772; rpoB(b): 15686-16240; rpoB (a):
16294-16683; trnA: 13863-13899; rrn16: 432-564.

Dimension of Similarity
Element Compared Segments
Detectedon | |dentity | Positivity
20374 BP
bp aa % bp % aa
psbA G. cornigera 123 47 85 95
rpsll A. capillus veneris 153 41 71
rpoB (b) A. capillus veneris | 555 185 79
rpoB (a) A. capillus veneris | 389 114 67
fragment (trnA, rrn23) 361 (37, 21) 87 (97, 95)
A. capillus veneris
rrnl6 P. aquilinum 132 100

The segments psbA and rps11 are oriented in opposite di-
rections (Fig. (1)). The former starts at nucleotide 19,712 and
ends at nucleotide 19,835. The coordinates of the latter are
from 18,621 to 18,772.

The segments b and a of the rpoB gene coding for the
beta subunit of chloroplast RNA polymerase are located at
nucleotide number 15,686 to 16,240 and from 16,294 to
16,683, respectively.

The relative position of segments rpoB-b and rpoB-a
suggests that their insertion could be related to two distinct
transfer events. Indeed the rpoB-b segment corresponding to
amino acid 887-1,071 precedes the second segment (rpoB-a)
which codes for the first 145 amino acids of the correspond-
ing protein and is located at a distance of only 53 nucleotides
from sequence b.

The position on the 20,374 bp sequence of the other three
short stretches similar to chloroplast sequences are: rrnl6
from 432 to 564, rrn23 from 13,673 to 13,694, second exon
of the trnA gene from 13,863 to 13,899.

The identity of nucleotide sequences between regions of
the 20,374 segment and the various chloroplast DNA coun-
terparts range from 85% for psbA segment to 100% (segment
of the rrn16 gene) whereas amino acid similarities range
from 67% for the segment “a” of RpoB protein to 95% for
the segment of PsbA protein (Table 1).

The overall conclusion that can be drawn from the analy-
sis of results described in this section is that the transfer of
genetic material from chloroplast to mitochondria was al-
ready active in Monilophytes. Moreover this investigation
shifts for several millions of years in the past the appearance
of this event during plant mitochondrial evolution.

The detection of this feature which is also peculiar to
mtDNAs of Spermatophytes plant species is in agreement
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with the proposal of Pryer [23] concerning the position of the
ferns being close to the Spermatophytes.

tRNA Genes

Three tRNA genes were detected on the 20,374 bp se-
quence: the first two (trnR and trnK) show high similarities
with corresponding genes of the native kind encoded on
other plant mitochondrial genomes [3-8]. This comparison
has led to the conclusion that they both have the same origin.

The analysis of the trnN gene is of particular interest.
Usually it is in most of the higher plant mitochondrial ge-
nomes studied so far from chloroplast origin. To speculate
about its possible genetic origin the sequence was aligned
with the corresponding gene encoded on the A. capillus ven-
eris plastid genome (the only available among fern chloro-
plast genomes) and those detected on the N. tabacum cp ge-
nome [30] and the Z. mays mt genome [7] (Fig. (3)).

Multi-alignment reveals that the similarity between the A.
nidus mitochondrial and A. capillus veneris chloroplast gene
is very low (about 68%). In contrast similarity between A.
capillus veneris choloplast genes and the Z. mays mitochon-
drial gene is high (about 87%) as it is between N. tabacum
chloroplast and Z. mays mitochondrial genes (about 96%).
Therefore, this analysis suggests that the trnN gene is most
probably of native origin. This conclusion is also supported
by considering that A. nidus and A. capillus veneris are taxo-
nomically closer than Z. mays and N. tabacum [30].

This is the first case showing the existence of a native
trnN gene encoded by a plant mitochondrial genome.

cp-trnN(A.c.v.)  TCCCCGGTAGCTCAG-CGGTAGAGCGGTCGGCTGTTAACCGATTGETCGTACGTTCGRATCCTATCCGGEAG

nt-tznN(A.n.) TTCGGATTAGCTCAGTCGGTAGAGCAGTGGACTGTTARTCCATGGGCCGCAAGTTCGAGTCTTGCATCCGGAG
CP-trnN(N.t.) TCCTCAGTAGCTCAGT - GBTAGAGCGGTCGGCTGTTAACCGATTGRTCGTAGGTTCGARTCCTACTTGEEGAG
mt-trnN(Z.m.) TCCTCAGTAGCTCAGT-GGTAGAGCGGTCGGCTGTTAACTGACTGGTCGTAGGTTCGRATCCTACTTGEGG-G

Fig. (3). Multi-alignment of several mitochondrial and chloroplast
trnN genes.A.c.v. A. capillus veneris; A.n. A. nidus; N.t. N. taba-
cum; Z.m. Z. mays.

Detection of Protein Genes

Sequence analyses of the 20,374 bp segment revealed the
presence of three protein genes of mitochondrial origin:
atp9, nad4L and nad9.

Identification of Editing Sites on the Transcripts of three
Mitochondrial Protein Genes

ClustalW program was used to determine editing sites,
aligning DNA and cDNA sequences.

The overall analysis of results obtained in this investiga-
tion shows several specific features for the genes coded on
A. nidus mtDNA compared with the same genes studied on
other angiosperm genomes: i) editing levels on A. nidus tran-
scripts are always higher (quite often twice as much). See
also legends of Fig. (3) and Fig. (4); ii) reverse editing
events (U-C) are present only in transcripts of A. nidus
genes; iii) in particularly critical positions editing events of
both types generate transcripts which can be translated as
functional proteins.
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Analysis of Editing Sites on atp9 transcripts

The multi-alignment of cDNAs of five different plant
species [3, 5-7] produced from atp9 transcripts and described
in Fig. (3) reveals some relevant features mainly related to A.
nidus transcripts. In particular, a direct editing event gener-
ates a stop codon as detected only for O. sativa cDNA
(codon 75).

As previously anticipated, no reverse editing sites are de-
tectable on Spermatophyta cDNAs whereas three of them
have been detected on A. nidus mitochondrial atp9 cDNA.
Two of them in particular have critical consequences be-
cause they suppress two stop codons within the gene: codons
37 and 44.

As far as the reproducibility of cDNA analysis for the
atp9 gene is concerned, it must be stressed that 100% of
cDNA clones (fifty) showed the same sequences and there-
fore revealed the same editing pattern.

-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1

ATG ACA AAG CGT GAG TAT AAT TCT CAA CCC GAG -33
B.napus s
O.sativa
Z.mais
A.nidus

A.thaliana

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
A.thaliana ATG TTA GAA GGT GCA AAA TtA ATA GGT GCC GGA GCT GCT ACA ATT GCT TtA GCG GGA GCT 60bp
B.napus ATG TTA GAA GGT GCA AAA TtA ATA GGT GCC GGA GCT GCT ACA ATT GCT TtA GCG GGA GCT 60
O.sativa ATG TTA GAA GGA GCT AAA TtA ATA GGT GCC GGA GCT GCT ACA ATT GCT TTA GCG GGA GCT 60
Z.mais ATG TTA GAA GGA GCT AAA TtA ATA GGT GCT GGA GCT GCT ACA ATT GCT TTA GCG GGA GCT 60
A.nidus ATG tTA GAA GGT GCA AAA TTG ATT GGA GCA GGA GCG GCT ACC ATA GCC TTA GCA GGA GCA 60

21 22 23 24 25 26 27 28 29 3031 32 3334 35 36 37 38 39 40
A.thaliana GCT ATC GGT ATT GGA AAC GTA TTC AGT TCT TTG ATT CAT TCT GTG GCG CGA AAT CCA TCA 120
B.napus GCT ATC GGT ATT GGA AAC GTC TTC AGT TCT TTG ATC CAT TCT GTG GCG CGA AAT CCA TCA 120
O.sativa GCT GTC GGT ATT GGA AAC GTt tTC AGT TCT TtG ATT CAT TCC GTG GCG CGA AAT CCT TCA 120
Z.mais GCT GTC GGT ATT GGA AAC GTT tTC AGT TCT TtG ATT CAT TCC GTG GCG CGA AAT CCT TCA 120
A.nidus GCA GTA GGT ATT GGA AAC GTA TTT AGT TCT TTG ATA AGC TCT GTG GCG cGA AAT CCA TCA 120

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
A.thaliana TTG GCT AAA CAA TtA TTT GGT TAT GCC ATT TTG GGC TTT GCT CTA ACC GAA GCT ATT GCA 180
B.napus TTG GCT AAA CAA TtA TTT GGT TAT GCC ATT TTG GGC TTT GCT CTA ACC GAA GCT ATT GCA 180
O.sativa TTG GCT AAA CAA TTA TTT GGT TAT GCC ATT TTG GGC TTT GCT CTC ACC GAA GCT ATT GCA 180
Z.mais TTG GCT AAA CAA TtA TTC GGT TAT GCC ATT TTG GGC TTT GCT CTC ACC GAA GCT ATT GCA 180
A.nidus TTA GCT AAA cAA TTA TTC GGT TAT GcT AET TtA GGC TTT GCC TTA ACG GAA GCT ATT GCC 180

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

A.thaliana TTG TTT GCC CtA ATG ATG GCC TTT TTG ATC TTA TTC GTA TTC TGA- 225

B.napus TTG TTT GCC CtA ATG ATG GCC TTT TTG ATC TTA TTC GTA TTC TGA- 225

O.sativa TTG TTT GCC CtA ATG ATG GCC TTT TG ATT TtA TTC GTT TTC tGA- 224

Z.mais TG TTT GCC CtA ATG ATG GCC TTT CTG ATC TtA TTC GTT TTC TAA- 225

A.nidus CTG TET GCT TTA AtG AtG GCC TTC TtA ATT TTA TTC GTA TTT tGA- 225
Fig. (4). Comparison of cDNAs from atp9 transcripts in five plant
species. Direct and reverse editing sites are reported in small letters.
The percentage of editing sites for the four angiosperm species
ranges from 1.6 % (A. thaliana) to 3.6 % (O. sativa). The same
value for A. nidus is 4.9 %. Data from other papers in which editing

sites are reported as a whole have not been considered.

Analysis of Editing Sites on nad4L Transcripts

Fig. (4) describes the comparison of cDNAs [3,5,6], pro-
duced from nad4L transcripts. Again editing events show a
higher frequency on A. nidus transcripts. Their location in
critical positions generates mRNA molecules able to direct
the synthesis of functional proteins. In particular two direct
events generate the initiation and the stop codon whereas
two reverse editing events, always absent in the transcripts of
other species, suppress internal stop codons present on two
genomic sequences at codons 59 and 85.

In contrast with the cDNA clones analyzed for transcripts
of the atp9 gene, not all of them detected for the nad4L gene
revealed the same pattern of editing. Only 50% of them (out
of 75 clones) showed the distribution of editing sites re-
ported in Fig. (4). Although these results are difficult to in-
terpret, several different hypotheses can be proposed: i) The
A. nidus mitochondrial genome contains other copies of
nad4L gene transcribed and edited with different efficiency.
This hypothesis is apparently possible if the presence of in-
verted repeats can really generate two different orientations
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of the nad4L gene on the genome, ii) the kinetics of editing
for sites of genes with different orientations are different; iii)
finally, a combination of the events considered in the two
hypotheses can generate the complex editing pattern de-
scribed in this section.

codons 1 2 3 4 5 6 7 8 9 10 11 12 1314 15 16 17 18 19 20

A.thaliana  ATG GAT CTT ATC AAA TAT TTC ACA TTT TCT ATG ATT ATT TtT ATT TTA GGT ATT tGG GGA 60bp
B.napus ATG GAT CtT ATC AAA TAT TTC ACA TTT TCT ATG ATT ATT TtT ATT TTA GGT ATT tGG GGA 60
O.sativa ATG GAT CET ATA AAA TAT TTC ACT TTT TCT ATG ATC ATC TtT ATT TTA GGT ATT tGG GGA 60
A.nidus AtG GAT CTG GTt AAA TAT TTG ACA TTt TCC ATG ATT CTC TET CTT TtA GGT ATT tGG GGA 60

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
A.thaliana  ATC CTC CTT AAT AGA CGA AAT ATT CtT ATT ATG TtA ATG tCA ATT GAA TtA ATG TTA TTA 120

B.napus ATC CTC CTT AAT AGA CGA AAT ATT CET ATT ATG TtA ATG tCA ATT GAA TtA ATG TTA TTA 120
O.sativa ATC CTC CTT AAT AGA CGA AAT ATT CTT ATT ATG TtA ATG tCA ATT GAA TtA ATG TTA TTA 120
A.nidus ATT CTC TTG AAT AGA AGA AAT ATT ALT ATT ATG CtG AtG tcA ATc GAG TtA ATG CtA TTG 120

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
A.thaliana  GCT GTG AAT TCG AAC TTT TTG GTA TTT TCC GTT TCT TtG GAT GAT ATG ATG GGT CAA GTA 180

B.napus GCT GTG AAT TG AAC TTT TTG GTA TTT TCC GTT TCT TtG GAT GAT ATG ATG GGT CAA GTA 180
O.sativa GCT GTC AAT TTG AAC TTT TTG GTA TTT TCC GTT TCT TTG GAT GAT ATG ATG GGT CAA TtA 180
A.nidus GCT GTT AAT TTG AAC TTT CtG GTA TTT TCT GTC TAT TtG GAT GAT ATG ATG GGT cAA TTA 180

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80
A.thaliana  TTT GCT TtA TTG GTT CtA ACG GTG GCA GCT GCG GAA TCC GCT ATT GGG TTA GCC ATT TTC 240

B.napus TTT GCT TCA TTG GTT CCA ACG GTG GCA GCT GCG GAA TCC GCT ATT GGG TTA GCC ATT TTC 240
O.sativa TTT GCT TtA TTA GTT CtA ACA GTG GCA GCT GCG GAA TCT GCT ATT GGA TTA GCC ATT TTC 240
A.nidus tTt GCC TtA CTA GTG TTA ACG GTG GCA GcT GCG GAA TCC GCA ATT GGG CTG GCC ATT CTG 240

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
A.thaliana  GTT ATA ACT TTC CGA GTC CGA GGT ACT ATT GCT GTA GAA TTT ATT AAT AGC ATT CAA GGT 300

B.napus GTT ATA ACT TTC CGA GTC CGA GGG ACT ATT GCT GTA GAA TTT ATT AAT AGC ATT CAA GGT 300
O.sativa GTT ATT ACT TTT CGA GTC CGA GGG ACT ATT GCT GTC GAA TTT ATA AAT TGC ATT CAA GGT 300
A.nidus GTG GTA ACT TcC cGA ATT CGC GGG ACC ATT GCC GTG GAA TTC CtT AAT TGC ATG AAG GGT 300

101
A.thaliana TAA 303

B.napus TAA 303
O.sativa TAA 303
A.nidus tGA 303

Fig. (5). Comparison of cDNAs from nad4L transcripts in four
plant species. Direct and reverse editing sites are indicated as re-
ported in the legend of Fig. (4). The percentage of editing sites
ranges from an almost similar value for angiosperm species (3%) to
8% for A. nidus.

Analysis of Editing Sites on nad9 Transcripts

As well as atp9 and nad4L for nad9, editing events have
a higher frequency on A. nidus transcripts. For the transcripts
of nad9 gene the direct editing events (1,6%) and the reverse
editing events (1,5%), are almost equivalent. Again they
have a high relevance because suppress three stop codons
within the nad9 gene (Fig. (6)). One interesting point has to
be highlighted: the A.nidus nad9 gene is longer than what
usually found in any other plant species. In particular it has a
3’ extension of 105 nt (35 amino acids on carboxil-terminus
as deduced protein) longer than that of B. napus, (accession
number BAC98862) O. sativa (BAC19900), Z. mais
(ABE98687) and almost similar to that of M. polymorpha
(NP_054446): 87 bp (29 a.a.). This observation implies fur-
ther studies because the extension has been detected in other
plant mitochondrial genes. In particular in wild beet the
NAD?9 subunit has a C-terminal extension of 14 amino acids,
which has been related to the male sterile G cytoplasm [31].

Repeated Sequences

Several direct and inverted repeats were detected within
the 20,374 bp segment. Most of them are very small in size
and located short distances apart.

As described above, the use of a single primer (rtREV)
made possible the amplification of a large region (of 9,790
bp). Sequencing of this segment revealed at a distance of
9,592 bp, two inverted repeats of 137 bp and 143 bp.

The relevance of the presence of these repeats remains to
be understood although, the possibility that the region in-
cluded between them could be present in the genome in two
different orientations, cannot be at the moment completely
ruled out.
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M T CSPLE*
nad9 GAAACCAATGCTCAACGCGAAACCCTTCGATTTCTC ATGACTTGCAGTCCACTTGAATAA 60
nad9cDNA GAAACCAATGCTCAACGCGAAACCCTTCGATTTCTC ATGACTTGCAGTCCACTTGAACAA 60
P L E
FAILVLLVSKRTIHRE®*TSKTKE
nad9 TTTGCTATTGTTCTATTGGTTTCCAAACGGATACATAGATTTTGAACATCAAAGAAAGAA 120
nad9cDNA TTTGCTATTGTTCCATTGGTTCCCAAACGGATACATAGATTTCGAACATCAAAGAAAGAA 120
FAILVPLVPKRTIHREFR RTSKTKE
*
nad9 AACATATTATGCGCCACTCCGGACTATCTATTCTAATTACCGTGGTTTTTGAGGTGCCAT 180
nad9cDNA AACATATTATGCGCCACTCCGGACTATCTATTCCAATTACEGTGGTTTTTGAGGTGCCAT 180
N1 LCATPDILTFGQLLWFTLT RTCH
NTRFG
nad9 ATCAATACACGTTTCGGAATTTCGATCGATATTCGCGGAGTTGATTACCCCTCCCAGAAA 240
nad9cDNA ACCAATACACGTTTCGGAATTTGATCGATATTEGCGGAGTTGATTACCCETCCCAGAAA 240
I' NTRFG I LIDICGVDYFPSQK
R F GV YV
nad9 CGAAGATTCGGAGTAGTTTATAATTTACCAAGCATTCAATATAACTCATGCATTCGTATA 300
nad9cDNA CGAAGATTCGGAGTAGTTTATAATTTACEAAGCATTCAATATAACTCACGCATTCGTATA 300
RRFGVVINLLSTIQINSRTIR RI
R 1 GVDETITSRSSYV
nad9 AGAATCGGTGTAGACGAAATCACTTCTGCAAGTTCGGTAATCAGTATATTTCCATCAGCC 360
nad9cDNA AGAATCGGTGTAGACGAAATCACTCCTGEAAGTTCGGTAATCAGTATATTTCCATCAGCC 360
R 1 GVDETITPVSSVISIFFPSA
EVWDTFGLIPSH
nado GGTTGGTGGGAACGAGAAGTGTGGGATACGTTTGGTCTAATTCCTTCCCATTATCATGAT 420
nad9cDNA GGTTGGTGGGAACGAGAAGTGTGGGATALGTTTGGTCTAATTEETTCCCATCATCATGAT 420
GWWETRTEVWDMEFGLTIFSHTHTHD
R R 1STDYGFEGETPLT REKTSDEFFP
nado TTACGCCGTATTTCAACCGATTACGGGTTCGAGGGTCACCCATTAAGAAAAGACTTTCCC 480
nad9cDNA TTACGCCGTATTTAACCGATTACGGGTTCGAGGGTCACCCATTAAGAAAAGACTTTCCC 480
LRRILTDYGFEGETPTLE RTEKT DTFFP

PLSGYREVRYDDILETKR RVVSE
nad9 CCCTTAAGTGGATACGCGGAAGTACGTTACGATGATTTGGAAAAACGTGTGGTTTCTGAA 540

nad9cDNA CCCTTAAGTGGATACGCGGAAGTACGTTACGATGATTCGGAAAAACGTGTGGTTTCTGAA 540
L SG6GYREVRYDDSETKTRVVSE
PV EMTO QEFRTI SDLASPWQLWM
nad9 CCGGTAGAAATGACTCAAGAGTTTCGCTATTCTGATTTAGCTAGTCCTTGGCAACTAATG 600
nad9cDNA CCCGTAGAAATGACTCAAGAGTTTCGCTATTETGATTTAGCTAGTCCTTGGCAACTAATG 600

PVEMTO QETFRIFDLASPWQLWM

PSRSLSRTSSLTSSV ARNIL S
nad9 CCGTCCAGATCTTTGAGTAGAACTAGTTCTTTGACAAGCTCTGTGGCGCGAAACCTATCA 660
nad9cDNA CCGTCCAGATCTTTGAGTAGAACTAGTTCTTTGACAAGCTCTGTGGCGCGAAACCTATCA 660
S RSLSRTSSLTSSVARNTLS

L 1 LPKRNRNFZ CSSSSGG K L *
nad9 TTAATCTTACCGAAGCGGAACCGTAACTTCTGTAGT TCGAGT TCGGGGGGAAAGCTCTGA 720
nad9cDNA TTAATCTTACCGAAGCGGAACCGTAACTTCTGTAGTTCGAGTTCGGGGGGAAAGCTCTGA 720

L 1 LPKRNRNFZ CSSSSGG K L *
nad9 AGGGGAAAACTCTGAAGGGGGAAAGCTCTGACTTGATTCAGGTACTCTGACAGAAGTGGA 780
nad9cDNA AGGGGAAAACTCTGAAGGGGGAAAGCTCTGACTTGATTCAGGTACTCTGACAGAAGTGGA 780
nad9 GTGCCCAAGTCGATACGCTGAAATCGGGT
nad9cDNA GTGCCCAAGTCGATACGCTGAAATCGGGT

Fig. (6). Detection of editing sites on nad9 gene transcripts: 11
direct editing sites and 10 reverse editing sites have been detected.
The alignment reported in Fig. (6) concerns only A. nidus gene and
its transcript. Indeed in other plant species the gene has been se-
quenced, but for none of them the editing events have been de-
tected.

CONCLUSIONS

The availability of the sequence of an A. nidus mtDNA
segment has made it possible for the first time to describe
some of the features of the mitochondrial genome of plant
species belonging to the fern family. In particular three of
them are common to seed plant mtDNASs i) the presence of
DNA segments from chloroplast origin togheter with mito-
chondrial genes; ii) the presence of inverted repeats; iii) the
editing of protein gene transcripts. Among them the only
feature already known for Monilophyte mitochondrial genes
was, as anticipated in the section introduction, the partial
knowledge of structures of some gene and the editing (quite
often incomplete) of some of their transcripts.

The first two elements of novelty listed above, togheter
with the full characterization of editing for three gene tran-
scripts can be considered further elements to assert that
Monilophytes and plant cells are relatively close to each oth-
ers as proposed using different criteria by other authors [23].

Another novel element is the identification of a trnN gene
of probable native origin and the presence of inverted re-
peats, although it is currently impossible to state their effec-
tiveness.
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Unfortunately the unusual procedure used in this paper
can not answer further questions concerned with the study of
plant mitocohondrial genomes. The most relevant are the
following: the size and shape of the genome and the position
of 24,374 bp segment related to the reminder of genome part.
The reasons for why no suitable answers are available at the
moment for the above mentionated questions depends on the
incompletion of library which makes not yet possible to
draw a complete map of the mtDNA master chromosome.

Our next goal will be to demonstrate whether cp-like
tRNA genes are on the A. nidus mitochondrial genome. The
results of preliminary experiments (Panarese unpublished)
demonstrate the existence of 24 tRNA genes on this genome,
5 of which are likely from chloroplast origin. However, no
direct evidence is available at the moment, although the ap-
proach used in this paper should help in finding tRNA genes
inserted in full mitochondrial contexts, as reported for other
cp-like genes [10-12].
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