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ABSTRACT

Only two mitochondrial (mt) genomes had been reported in members of the red algal order
Batrachospermales, which are confined to freshwater habitats. Additional mt genomes of six representa-
tive members (Batrachospermum macrosporum, Kumanoa ambigua, K. mahlacensis, Paralemanea sp.,
Sheathia arcuata, and Sirodotia delicatula) were sequenced aiming to gain insights on the evolution of
their mt genomes from a comparative analysis with other red algal groups. Mt genomes sequenced
had the following characteristics: lengths ranging between 24,864 nt and 29,785nt, 22 to 26 protein-
coding genes, G+ C contents of 21.3 to 30.7%, number of tRNA of 16 to 37, non-coding DNA from
3.8% to 14.8%. Comparative analysis revealed that mt genomes in Batrachospermales are highly con-
served in terms of genome size and gene content and synteny. Phylogenetic analyses based on COI
nucleotide data revealed high bootstrap support only for the genera usually recovered in the phylogen-
etic analyses but no support for supra-generic groups. The insertion of a group Il intron carrying an
ORF coding for the corresponding intron maturase interrupting the COI gene was observed in
Paralamenea sp. and accounted for its larger genome in comparison to the other Batrachospermales
mt genomes.
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Introduction Members of Batrachospermales are characterized by the fol-
lowing combination of features (Pueschel and Cole 1982;
Garbary and Gabrielson 1990; Kumano 2002; Entwisle et al.
2009): heterotrichous, uniaxial, gelatinous or cartilaginous
plants; axial cells having determinant lateral assimilatory fila-
ments; pit plugs with two cap layers and with an expanded
dome-shaped outer layer; absence of tetraspores and mei-
osis taking place in diploid vegetative cells giving rise to
haploid axes; multiple discoid chloroplasts without pyre-
noids; exclusively freshwater occurrence.

The conservation among organellar genomes, in addition

The red algae (Rhodophyta) consists of a diverse group
(around 7150 species) of photosynthetic eukaryotes, most
inhabiting marine environments (98%), but many restricted to
freshwater habitats (Gurgel and Lopez-Bautista 2007). The
phylum Rhodophyta is currently composed of seven classes
(Bangiophyceae, Compsopogonophyceae, Cyanidiophyceae,
Florideophyceae, Porphyridiophyceae, Rhodellophyeceae, and
Stylonematophyceae) with the order Batrachospermales clas-
sified within the class Florideophyceae and subclass

Nemaliophycidae (Saunders and Hommersand 2004; Yoon
et al. 2006; Yang et al. 2016).

Subclass Nemaliophycidae is the only orders with exclu-
sively freshwater members (Balbianiales, Batrachospermales,
and Thoreales). Recent studies (Lam et al. 2015; Yang et al.
2016) have shown that these three orders are distant phylo-
genetically suggesting independent transitions to freshwater
environments within the Nemaliophycidae. Batrachospermales
is the most diverse in terms of morphology, reproductive char-
acters, and number of taxa among the freshwater red algal
orders (Kumano 2002; Entwisle et al. 2009; Lam et al. 2015).

to the fact that they are predominantly inherited uniparen-
tally, have made organelles prime targets for understanding
evolutionary relationships across and within the eukaryotic
tree of life (Salomaki and Lane 2016). Although there are
some comprehensive studies on mt genomes for some
groups of red algae (e.g. Yang et al. 2016; Salomaki and Lane
2016), only two mt genomes were described for members of
Batrachospermales so far: Sheathia arcuata by Nan et al.
(2017) and Lympha mucosa by Wolf et al. (2017). This con-
trasts with the eight plastid genomes described for species of
the order (Lee et al. 2016; Nan et al. 2017; Paiano et al. 2017).
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This investigation is the first comparative genomic study
for the Batrachospermales based on mt genomes of six mem-
bers of the order including a wide range of vegetative and
reproductive morphology and phylogenetic position. We
aimed to gain insights on the evolution of their mt genomes
from a comparative analysis with other red algal groups.

A simple phylogenetic analysis was also conducted from
COI gene sequences to confirm the position of the sequenced
species.

Materials and methods

Algal materials, protocols and analyses were the same applied
in a previous study on Batrachospermales plastid genomes
(Paiano et al. 2017). Only the methods that are specific to
this study are described here. Six species of the freshwater
red algal order Batrachospermales were sequenced including
a relatively wide range of vegetative and reproductive mor-
phologies (Table S1).

Sequencing of the genomic DNA was performed either on
an lllumina Next Seq or an lonTorrent NGS platform, as indi-
cated in Table S1 (Supplementary Material). Mt contigs were
identified from the total assemblies after sequence similarity

search against a local database of Rhodophyta mt genomes.
Circularity of the mt genomes was confirmed by mapping
back the reads on the assembled mt contigs and by manual
inspection of the mapped paired reads (lllumina) and
lontorrent reads mapped multiple times at the termini of the
mt contigs.

Phylogenetic analysis was based on the widely used mito-
chondrial DNA

COI gene sequences in order to get a more representa-
tive taxon sampling for members of the Batrachospermales,
considering the scarcity of mt genomes available in
GenBank (Benson et al. 2013). The final alignment had 1.588
nucleotides. Maximum Likelihood (ML) phylogenetic analysis
was run with RAXML (Stamatakis 2014) using the following
parameters: 1000 bootstraps and CATGTR substitu-
tion model.

Synteny among mt genomes was evaluated by whole-
genome alignment with the progressive-Mauve 2.3.1 algo-
rithm (Darling et al. 2010) implemented in Geneious 10
(Biomatters, www.geneious.com, last accessed on 28 March
2018) using the full alignment option, automatically calcu-
lated seed weights and automated calculation of locally col-
linear block (LCB) scores.

Table 1. Overview of genome metrics of the Batrachospermales mitochondrial genomes sequenced in this study.

Species GC% Genome size (nt) # Protein coding genes # ORFs # tRNAs # Introns % Noncoding DNA
B. macrosporum 304 24,864 22 1 22 0 8.1
K. ambigua 26.9 25,862 22 0 16 0 14.8
K. mahlacensis 21.3 25,069 23 0 19 0 7.9
Paralemanea sp. 324 29,785 247 2 20 1 10.2
S. arcuata 284 25,036 23 1 19 0 54
S. delicatula 30.7 25,150 26 1 18 0 3.8

?Including the intron maturase.
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Figure 1. Whole genome MAUVE alignments showing the conserved structure and the collinearity between the Batrachospermales mitochondrial genomes
sequenced in this study and available in GB. Locally Collinear Blocks (LCB) are indicated by corresponding coloured (or with similar pattern if black and white) boxes.
Within each LCB a sequence similarity profile is reported. Annotations are reported below the LCBs: protein-coding genes and tRNAs are represented by white boxes,
while rRNAs genes are represented by red (or darker if black and white) boxes. The portion of the boxes above or below the line refers to the orientation of

the gene.
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Results and discussion

All the sequenced Batrachospermales mt genomes mapped
as circular molecules (Supplementary Figures 1-3) and their
lengths ranged from 24,864 nt (B. macrosporum) to 29,785 nt
(Paralemanea sp.). The sequenced mt genomes encoded for
22 to 24 protein-coding genes, most of them (91.7%) shared
among all genomes, and had 16 (K. ambigua) to 37 (B. macro-
sporum) tRNAs, (Table 1, Table S2, Supplementary Material).
The G+ C contents varied between 21.3% (K. mahlacensis)
and 30.7% (S. delicatula.) and non-coding DNA ranged from
3.8% (S. delicatula) to 14.8% (K. ambigua) of the assembled
genomes (Table 1). The G+ C content of the sequenced mt
genomes ranged from 21.3% (K. mahlacensis) to 30.7% (S. del-
icatula), while non-coding DNA constituted from 3.8% (S. deli-
catula) up to 14.8% (K. ambigua) of the assembled genomes
(Table 1).

The metrics of the sequenced mt genomes in this study
(Table 1) are within the ranges of other species of
Batrachospermales (Nan et al. 2017; Wolf et al. 2017), as well
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as of the other Florideophyceae mt genomes (Yang et al.
2015; Salomaki and Lane 2016). Overall, mt genome organiza-
tion among members of Batrachospermales are shown to be
highly conserved in terms of genome size, gene content, and
synteny, as typically reported for other groups of red algae
(Salomaki and Lane 2016).

One notable exception is represented by Paralemanea sp.
mt genome, where we found that a group Il intron carrying
an ORF coding for the corresponding intron maturase inter-
rupted the COI gene. It accounted for its larger size when
compared to the other Batrachospermales mt genomes
sequenced in this study (Table 1, Figure 1, Suppl. Figures
1-3). Groups | and Il introns are sometimes found in red
algae mt genomes (Hancock et al. 2010; Yang et al. 2016). In
addition to protein-coding genes, introns can also be found
in tRNAs of mt genomes (e.g. Chondrus crispus, Hancock et al.
2010; Vertebrata lanosa, Salomaki and Lane 2016) and rrL
gene (e.g. Palmaria palmata, Yang et al. 2016; Porphyra pur-
purea, Burger et al. 1999). Interestingly, while in the mt
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Figure 2. ML tree based on COI mitochondrial gene sequences showing the relationship among members of the Batrachospermales sequenced in this study (in
bold) and available in GenBank with their respective accession numbers. Thorea hispida was used as an outgroup. Support values are shown as bootstrap; branches

with no values had support levels <70%.
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genomes of the genus Pyropia sequenced so far the COI
gene (Harden et al. 2015) is interrupted by two group Il
introns, both in Paralemanea sp. and in the unrelated species
Grateulopia taiwanensis (Depriest et al. 2014) a single group I
intron interrupt the COI gene at position 1,159 nt, indicating
a favourable disposition for an intron insertion at this pos-
ition of this gene.

There are no relevant gene losses in the mitochondrial
genomes of members of the order Batrachospermales, and
the gene content is similar to the mt genomes of other
Florideophyceae (Table S2, Supplementary Material). Lympha
mucosa (Wolf et al. 2017) and S. delicatula (this study) had
the lowest proportion of missing genes (3, 11.1%), whereas
the highest proportion (5, 18.5%) was found in four species
(B. macrosporum, K. ambigua, and Paralemanea sp. - this
study; and S. arcuata - Nan et al. 2017). Whole-genome align-
ment revealed that Batrachospermales mt genomes are con-
stituted by a single collinear block (Figure 1), except for two
tRNAs genes in Paralamena sp. that seems to be inverted
when compared to all other Batrachospermales mt genomes.
The ML phylogenetic tree for the COI gene (Figure 2)
revealed high bootstrap support (>90%) for the genera usu-
ally recovered in the phylogenetic analyses for the order
(Entwisle et al. 2009), e.g. Kumanoa, Lemanea, Sheathia, and
Sirodotia, whereas B. macrosporum formed a long and early
divergent branch. The remaining members were poorly sup-
ported and no major clade indicating a supra-generic group
was evident in the analysis, which can also be attributed to
limited taxon sampling.
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