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Abstract—The mitochondrial genome of the pleurocarpous moss Brachythecium rivulare has been sequenced and annotat-
ed. The genome consists of 104,460 base pairs and has approximately the same gene set and organization as other bryophyte
mitogenomes. Whole mitochondrial genome comparison between B. rivulare and Physcomitrella patens, Tetraphis pellucida,
Anomodon rugelii, and Anomodon attenuatus was performed. The primary cause of bryophyte mitochondrial gene length vari-
ation was found to be numerous indels in the introns. Bryophyte mitochondrial gene conservation level was estimated, and
it was in a good congruence with the overall phylogeny of bryophytes with the percentage of mitogenome similarity being
proportional to the age estimated by phylochronologic analysis. Annotation discrepancies in the analyzed mitogenome
sequences were identified. The simple sequence repeat (SSR) content was evaluated, and candidate sites of RNA editing

were predicted in the B. rivulare mitochondrial genome.
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Bryophytes sensu lato are the earliest terrestrial group
of plants that still exist on Earth. Bryophyta (sensu stric-
t0), or mosses, branched off from the stem of the
Embryophyta phylogenetic tree after Marchantiophyta
and before the separation of Anthocerotophyta [1-4],
although an alternative topology with Anthocerotophyta
in the basal position repeatedly appears in analyses [5].
Estimates of the date of moss origin vary greatly from 440
to 710 mya [6]. These nonvascular pioneers of land plants
first acquired morphological, biochemical, and physio-
logical adaptations that enabled the transition from
aquatic to terrestrial habitats. The primary terrestrial
biotopes formed by the bryophytes were important spots
for the subsequent colonization of land by other plant
evolutionary lineages. However, there is no comprehen-
sive scenario of this crucial step in plant evolution. One
approach to clarifying some obscurities of evolution is
comparative genomics. Comparative genomics can be

Abbreviations: CDSs, coding sequences; mya, million years ago;
NGS, next generation sequencing; ORF, open reading frame;
SSR, simple sequence repeat.

* To whom correspondence should be addressed.

used to investigate the diversity of genome structure
across different groups of living beings, to identify
genome organization conformities, and to understand the
mechanisms and factors of its evolution.

Recently, the development of next generation
sequencing (NGS) technologies created new opportuni-
ties for genome studies and dramatically changed the
methodology of investigation. As a result, many new
genome sequences of different organisms have been
loaded into the NCBI database. However, bryophyte
genomics remains in the early stages of progress in com-
parison with other groups of plants. Until recently, the
nuclear genome sequence was only available for a single
moss species, namely Physcomitrella patens 7], and for
eight species plastid genomes are known. Mitochondrial
genomes from 39 moss species from 11 orders have been
deposited in the NCBI GenBank (www.ncbi.nlm.nih.gov)
to date. This is significantly fewer than for vascular plants,
for which sequences of 164 mitochondrial genomes are
present in GenBank.

Although moss chondrioms are rather conservative
in structure [3, 8-10], the available data are scarce; six
orders represented by only single species. The largest
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Hypnales order, consisting of 42 families, is represented
by only five species from four families.

In the current study, we performed sequencing,
assembly, and annotation of the mitochondrial genome of
the moss Brachythecium rivulare (Hypnales, Brachythe-
ciaceae) and compared it to the mitogenomes of four
other mosses: two hypnaceous Anomodon rugelii
NC 016121 [8] and Anomodon attenuatus NC_021931 [3]
from Anomodontaceae, and two evolutionarily more dis-
tant Physcomitrella patens NC_007945 (Funariales,
Funariaceae) [11] and Tetraphis pellucida NC 024290
(Tetraphidaceae) [9] from another class, Tetraphidopsida.

MATERIALS AND METHODS

The Brachythecium rivulare Schimp. plant sample
was collected in the Moscow Region in a public park in a
Moscow city suburb where permission to collect plants is
not required. Approximately 1 pg of total DNA was iso-
lated using a Nucleospin Plant Extraction Kit
(Macherey-Nagel, Germany). Two pair-end libraries
with insert sizes ca. 164 and 259 bp were obtained. The
sequencing procedure was accomplished on an Illumina
HiSeq 2000 NGS platform (Illumina, USA). Both library
preparation and sequencing were performed following
standard Illumina protocols.

The raw sequencing data consisted of approximately
187 and 175 million of 101-bp paired reads. After trim-
ming low-quality read positions and the removal of
sequencing adapters, the read quantity was 136.4 and
117.9 million read pairs, respectively. Ten million read
pairs from each library were extracted and assembled
using Velvet [12] with a k-mer length equal to 91. The
assembly consisted of 617 contigs with a total length of
573,364 bp, and the longest contig (104,474 bp in length)
was the complete mitochondrial genome with partially
overlapping ends and 61x coverage.

After clipping the overlapping contig ends to verify
the correctness of the nucleotide sequence ends, we
closed it into circular form and then mapped the initial
read subset to the genome end junction sequences with
Bowtie 2 [13] and used Tablet [14] for SAM file visualiza-
tion. For multiple nucleotide alignment and analyses of
whole moss mitochondrial genomes, the Geneious soft-
ware package [15] was utilized. For annotation of the
assembled B. rivulare mitogenome, the annotated mito-
chondrial genome sequences of A. attenuatus, A. rugelii,
T. pellucida, and P. patens were downloaded from the
NCBI website (http://www.ncbi.nlm.nih.gov) and used as
references.

For predicting RNA-editing sites in B. rivulare
mitochondria, the BLASTx method in PREPACT 2.0
[16] was used. As references, species of 11 angiosperms,
two lycopods, and the moss P. patens were used. For sim-
ple sequence repeat (SSR) loci identification, IMEx [17]
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and GMATo [18] tools were applied. Artemis [19],
BLAST [20], BioEdit [21], genoPlotR [22], and the
CGView Server [23] (http://stothard.afns.ualberta.ca/
cgview_server) were also used in data analyses.

RESULTS AND DISCUSSION

Overall structure of the B. rivulare mitochondrial
genome. The B. rivulare mitogenome was assembled as a
single circular molecule (Fig. 1) and was deposited in the
NCBI GenBank under accession number KR732319.
The genome consists of 104,460 bp, and it was in the
range of values from other studied mosses, except for
Sphagnum palustre KC_784957, which has the largest
mitogenome (141,276 bp) [3]. The comparison of select-
ed features of the five bryophyte mitochondrial genomes
is presented in Table S1 (see Supplement to this paper on
the site of the journal (http://protein.bio.msu.ru/
biokhimiya) and Springer site (Link.springer.com)).

The B. rivulare mitochondrial genome has the same
gene set and order as other known bryophyte
mitogenomes. The genome contains three genes for
rRNAs, 24 genes for tRNAs, 10 genes for the small sub-
unit ribosomal proteins, five genes for the large subunit
ribosomal proteins, nine, two, one, three, and five genes
for mitochondrial respiratory chain complexes I, I, III,
IV, and V, respectively, four genes involved in cytochrome
¢ biogenesis, one gene for the sec-independent protein,
three pseudogenes (reverse transcriptase-like protein,
rps§ and rps10), and six different ORF genes.

Refinements of annotations of some known bryophyte
mitogenomes. Despite the high similarity in the gene con-
tent of the compared mosses, some discrepancies in their
annotations were identified. For example, the ORF134
gene is not annotated in the P. patens, T. pellucida, and A.
attenuatus genomes. Interestingly, there are two insertions
of 8 and 1 bp in this locus of P. patens that are spaced by
a 100-bp nucleotide sequence. The last insertion returns
the translated protein product to the correct reading
frame, thus suggesting a functional role for this genome
region. In contrast, the substitution of the tryptophan
codon (TGG) in B. rivulare for the stop codon (UAG) in
A. rugelii, A. attenuatus, and P. patens and the presence of
multiple internal stop codons and indels in 7. pellucida
may indicate pseudogenization of ORF134.

The ORF101 and ORF124 genes are also not anno-
tated in A. atfenuatus, P. patens, and T. pellucida. In A.
attenuatus, the ORF124 locus has a 17-bp deletion at its
3’ end, resulting in a reading frame shift. Thus, the func-
tional activity and correct annotation of the locus
remains unresolved.

ORF807 is not annotated in A. attenuatus. Instead, P.
patens and T. pellucida contain ORF622, which is almost
completely located in the ORF807 locus coordinates.
Importantly, the sequence of this ORF is quite conserved
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Fig. 1. Map of the B. rivulare mitochondrial genome. The circular scheme consists of several rings as follows: 1) (outer) forward strand — cod-
ing sequences (CDSs) and introns; 2) forward strand ORFs; 3, 4) the same locuses but located on the reverse strand; 5) GC content distribu-
tion across the sequence. The two latter internal rings show a GC skew for the forward and reverse strands as well as the genome coordinates.

as its identity in B. rivulare and T. pellucida is close to
90%.

ORF108 is 327-bp long in B. rivulare, A. attenuatus,
and A. rugelii, but it is not annotated in A. affenuatus. In
P. patens, this ORF is almost completely lost, with only
63 bp at the 3’ end. In T. pellucida, there are multiple
internal stop codons and indels in its sequence.

ORF533 is not annotated in A. attenuatus.

The rpl10 gene is named ORF187 but not annotated
in P. patens, and this gene is annotated as functional in
other mosses. However, the question of the existence of
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functional rp/10in the P. patens mitochondrial genome is
not completely solved, which was described in detail by
Kubo and Arimura [24]. There is no direct evidence of
activity for this gene in mosses. However, transcripts
from rp/l0 have been detected in the liverwort
Marchantia and the hornwort Megaceros [24]. In mosses,
we found differences both in length and sequence near
the 3’ end of this gene, resulting in shifting of the reading
frame.

In the P. patens, T. pellucida, and A. attenuatus
mitogenomes, the rpsé&, rps 10, and rt/ pseudogenes are not
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Fig. 2. Distribution of B. rivulare mitogenome gene length (a),
exon length (b), and intron length (c). L, length in base pairs; n,
number of corresponding sequences. The length of most of the
genes is in the first interval from 0 to 1000 bp (minimal length is
71 bp). Most of the exons lie in the interval from 0 to 200 bp (with
a minimal length of 8 bp). The most common intron length ranges
from 500 to 1000 bp.

annotated. The rps 10 pseudogene in 7. pellucida is almost
completely lost.

The analysis of the five moss mitogenome alignments
showed additional potential inaccuracies in the annota-
tions. In P. patens and T. pellucida, the cox2 gene intron 3
and exon 4 regions are missing in the annotation. The
atp9 gene in T. pellucida may not have the correct 3’
boundary, because it is 78 bp shorter from its 3’ end with
a C to U RNA-editing site creating the correct stop
codon (UGA). The same situation is evident for the T.
pellucida atp I gene because its size is shorter by 9 bp, with
an additional C to U RNA-editing site. In addition, the
rpl15 gene name of 7. pellucida should be changed to rpl5.
This locus is treated under the name rp/5 in the other
available moss mitogenomes, and introducing a new one
is not necessary.

Characteristics of bryophyte mitochondrial genomes.
Gene lengths. The distributions of the lengths of the B.
rivulare mitochondrial genes, exons, and introns are
shown in Fig. 2. The B. rivulare exon length varies from
8 bp (exon 3 of atp9) to 1314 bp (exon 2 of nad2). The B.
rivulare intron length ranges from 390 to 2639 bp (introns
2 and 3 of cox 1, respectively).

The B. rivulare gene length varies from 71 bp (trnG
and #nC) to 8290 bp (cox) (Fig. 2). Thus, the longest B.
rivulare genes are coxl, nad5 (6341 bp), and cox2
(4550 bp). The same genes are the longest in A. attenuatus
and A. rugelii. In P. patens, the longest genes are coxl/
(7602 bp), nad5 (6095 bp), and nad7 (3210 bp). In T. pel-
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lucida, the longest genes are coxl (9252 bp), atp9
(4372 bp), and atp1 (3281 bp).

The genes that are the most variable in length of the
four moss mitochondrial genomes are a#p9 (from 3253 bp
in A. attenuatus to 4372 bp in T. pellucida), cox1 (from
7602 bp in P. patens to 9252 bp in T. pellucida), cob (from
1753 bp in B. rivulare to 2175 bp in P. patens), cox2 (from
3119 bp in P. patens to 4601 bp in A. attenuatus and A.
rugelii), atp1 (from 2684 bp in A. attenuatus to 3281 bp in
T. pellucida), and nad9 (from 1711 bp in T. pellucida to
2629 bp in A. attenuatus and A. rugelii).

The main reason for the differences in gene size is
the presence of numerous indels in the introns. For exam-
ple, P. patens has two large deletions in intron 4 of cox/
(106 and 500 bp), single deletions in introns 2 and 3 of
nad5 (136 and 73 bp, respectively), three large deletions
in intron 1 of nad4L (271, 45, and 73 bp), and many
smaller deletions. Tetraphis pellucida has long insertions
in intron 1 of cox/ as well as in introns 1 and 3 of afp9.

Gene size variation in ribosomal RNA genes was also
identified in rrn 18 (from 1587 bp in P. patens to 1738 bp
in A. attenuatus) and rrn26 (from 2946 bp in P. patens to
3387 bp in B. rivulare). Anomodon attenuatus has an inser-
tion in the 18S rDNA (16 bp). Moreover, there are two
deletions in the rrn 18 gene of P. patens (131 and 4 bp). In
the 26S rDNA of P. patens, a number of deletions (the
largest deletions were 73 and 365 bp) and one insertion
(3 bp) were found.

RNA editing. The editing of transcripts in mitochon-
dria occurs in all land plants except marchantiid liverworts.
RNA-editing frequencies vary widely across land plants,
see [25-27] and references therein. C—U editing domi-
nates among seed plants, mosses, and nonmarchantiid liv-
erworts, whereas frequent U—C transition by amination is
frequent in mosses, hornworts, lycophytes, and ferns.

Fig. 3. Distribution of SSR repeat unit length in the B. rivulare
mitogenome. The numbers of base pairs in different microsatellite
classes identified in the analyzed genome are on the horizontal
axis. The number of loci in each SSR category (1, 2, 3, 4, and 6) is
shown on the y-axis. The mononucleotide repeats are the majori-
ty of identified SSR sequences (34 loci). Hexanucleotides are the
least represented (only one locus was found).

BIOCHEMISTRY (Moscow) Vol. 82 No. 11 2017
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For predicting RNA-editing sites in B. rivulare mito-
chondria by PREPACT 2.0, species of 11 angiosperms,
two lycopods, and the moss P. patens were used as refer-
ences. As a result, 47 and 189 potential sites were predict-
ed by 100 and 75% of references, respectively. The maxi-
mum number of hits was revealed for the Cucurbitaceae
species Citrullus lanatus (336) and Cucurbita pepo (335).
Using P. patens as a reference, 27 C—U and 75 U—-C
events were identified (Table S2, see Supplement).

SSR content. Following the more stringent criteria of
perfect SSR loci identification (minimal number of
repeating units >10 for mononucleotides, >5 for dinu-
cleotides, >4 for trinucleotides, and >3 for tetra-, penta-,
and hexanucleotides), 63 SSR loci were identified in the
B. rivulare mitochondrial genome. Three SSR loci in
coding regions, and 60 SSR loci are in noncoding regions.
The total perfect SSR length is 734 bp, which is approxi-
mately 0.7% of the total genome size. The average SSR
loci size is 11.65 bp. The distribution of SSR sequences
between different classes is shown in Fig. 3 and Table S3
(see Supplement).

Gene conservation level in bryophyte mitogenomes. Liu
et al. [3] demonstrated a great conservation of both struc-
ture and sequence of mitochondrial genomes of mosses,
and our data agree with this finding. To estimate the vari-
ability of the different loci in the B. rivulare mitogenome,
we compared the different loci in terms of the Geneious
similarity measure to orthologous loci (excluding pseudo-
genes, RNA, and ORF genes) from P. patens, A. attenua-
tus, A. rugelii, and T. pellucida (table). The most conserva-
tive gene is rpl16 when performing pairwise mitogenome
comparisons of B. rivulare with P. patens, A. attenuatus,
and A. rugelii, and the most conservative gene is rp/6 when
comparing B. rivulare and T. pellucida. The most variable
gene when comparing B. rivulare with A. rugelii and A.
attenuatus is cob (as mentioned above because of the pres-
ence of a deletion in intron 1 in B. rivulare) encoding the
ubiquinol-cytochrome ¢ oxidoreductase subunit. Com-
pared to the P. patens gene set, the most variable gene is
nad4L (encoding the NADH dehydrogenase 4L protein)
because of the existence of multiple deletions in the P.
patens nad4L intron 1. Compared to 7. pellucida, the most
variable gene is the afp9 gene.

The gene similarity between B. rivulare and A. rugelii
varies from 64.57% (cob) t0 99.56% (rpl16), and the mean
similarity is 97.62%. The gene similarity between B. rivu-
lare and A. attenuatus ranges from 64.65% (cob) to
99.56% (rpl16), and the mean similarity is 97.54%. When
comparing B. rivulare and P. patens, the gene similarity
varies from 53.61% (nad4L) to 98.24 (rpl16), and the
mean similarity is 88.56%. Finally, the gene similarity
between B. rivulare and T. pellucida varies from 37.26%
(atp9) to 94.71% (rpl6), and the mean similarity is
78.87%.

Thus, similarity of the Hypnales species
mitogenomes is 97.6%, whereas for species from different
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Similarity of nucleotide sequences of B. rivulare genes
with corresponding orthologs in four other mosses (%)

Gene | A. rugelii | A. attenuatus | P. patens | T. pellucida
atpl 97.08 97.14 91.20 58.92
atp4 98.70 98.70 96.09 91.85
atp6 98.29 98.29 92.94 65.91
atp§ 98.63 98.63 93.50 88.00
atp9 97.58 96.64 66.24 37.26
ccmB 97.61 97.61 92.16 85.34
cemC 98.17 98.10 91.82 83.76
cemFC 98.13 97.81 91.18 76.95
cemFN 97.03 97.13 85.17 74.41
cob 64.57 64.65 61.04 47.09
coxl 97.70 97.79 75.23 56.21
cox2 96.28 96.28 87.77 68.96
cox3 98.34 98.34 95.69 91.24
nadl 98.49 98.49 83.98 73.69
nad?2 98.89 98.89 93.43 84.56
nad3 97.48 97.48 91.93 86.39
nad4 98.57 98.57 92.58 83.93
nad4L 96.99 96.99 53.61 66.63
nad5 98.38 97.90 84.77 74.99
nad6 99.41 99.41 95.84 92.59
nad7 98.03 98.03 90.27 NA
nad9 97.47 97.54 61.17 46.84
rpll0 97.77 97.77 NA 87.70
pl5 99.36 99.36 96.47 NA
rpll6 99.56 99.56 98.24 94.26
pl2 98.06 98.06 90.17 62.42
rpl6 99.41 98.82 96.47 94.71
rpsl 98.91 98.91 92.13 85.33
rpsll 98.49 98.49 96.97 92.94
rpsl2 99.53 99.53 96.69 93.86
rpsl3 99.51 99.51 96.59 90.24
rpsl4 99.40 99.40 95.80 94.00
rps19 99.36 99.36 96.17 88.51
rps2 99.50 99.50 96.78 90.33
rps3 98.33 98.33 89.76 82.65
rps4 98.78 98.78 96.02 90.20
rps7 97.64 98.43 85.75 77.13
sdh3 97.94 97.67 83.32 71.83
sdh4 98.62 98.62 95.86 91.03
tatC 96.57 96.57 92.90 84.88

Note: NA, absence of gene annotation in the compared genomes.
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orders it is 78.9-88.6%. This result is in good agreement
with the overall phylogeny of bryophytes, and the per-
centage of mitogenome similarity is correlated to the age
estimated from the phylochronologic analysis [28].
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