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Abstract: The mitochondrial genome (mitogenome) is essential for identifying species and tracing
genetic variation, gene patterns, and evolutionary studies. Here, the mitogenome of Grateloupia
turuturu was sequenced on the Illumina sequencing platform. This circular mitogenome (28,265 bp)
contains 49 genes, including three rRNAs, twenty transfer RNAs (tRNAs), and twenty-six protein-
coding genes (PCGs). Nucleotide composition indicates biased AT (68.8%) content. A Group II
intronic sequence was identified between two exons of the cox1 gene, and this sequence comprises
an open reading frame (ORF) that encodes a hypothetical protein. The gene content, annotation,
and genetic makeup are identical to those of Halymeniaceae members. The complete mitogenome
sequences of the Grateloupia and Polyopes species were used in a phylogenetic analysis, which revealed
that these two genera are monophyletic and that G. turuturu and G. elliptica are closely related. This
newly constructed mitogenome will help us better understand the general trends in the development
of cox1 introns in Halymeniaceae, as well as the evolution of red algal mitogenomes within the
Rhodophyta and among diverse algal species.

Keywords: cox1 intron; Grateloupia turuturu; intronic ORF; red algae; Halymeniales; phylogenetic
analysis; mitochondrial DNA

1. Introduction

Rhodophyta algae (red algae) are an evolutionarily significant eukaryotic lineage
which inhabit marine and freshwater. Rhodophyta species are mostly multicellular, pho-
toautotrophic, and abundant in marine habitats (around 98%) and rare in freshwater, with
a few rare terrestrial or sub-aerial representatives [1]. The red alga have photosynthetic
pigments, chlorophylls a and d, and characteristic red colors due to the phycoerythrin
pigment. In the evolutionary sense, red algae are plant-like because they have a single
shared parent with green algae (Chlorophyta) and higher plants (Embryophyta) [2,3].
Rhodophytes are divided into seven classes with around 7538 species, and among them,
the Florideophyceae class possesses the maximum number of species (7141), which are
mostly marine, multicellular algae including seaweeds [4].

A marine-habituated red macroalga, Grateloupia turuturu (Y. Yamada, 1941), classified
under the phylum, Rhodophyta; class, Florideophyceae; subclass, Rhodymeniophyci-
dae; order: Halymeniales; family, Halymeniaceae; and genus, Grateloupia [5]. There are
69 Grateloupia species that have been classified, and 36 species are still unclassified, and out
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of these, only 5 complete Grateloupia mitochondrial genomes are available on the National
Center for Biotechnology Information (NCBI) website (https://www.ncbi.nlm.nih.gov,
accessed on 15 June 2023). These species are found all around the world, including in
the Atlantic islands, Caribbean islands, Europe, North and South America, Africa, Asia,
Australia, and New Zealand [4]. Furthermore, there are 227 species listed under the family,
Halymeniaceae, but to date, only 7 species (Grateloupia angusta, G. cornea, G. elliptica, G.
filicina, G. taiwanensis, Polyopes affinis, and P. lancifolius) with complete mitogenome have
been reported [6-11], as listed in Table 1.

Table 1. An overview of the complete mitogenomes utilized in this study.

Algae G. turuturu  G.angusta  G. cornea G. elliptica G. filicina G. taiwanensis P. affinis P. lancifolius
GenBank no. 0Q972988 KC875853 0Q910480 OP479979 MG598532 KM999231 OM960741 MW292567
Size (bp) 28,265 27,943 30,595 28,503 29,274 28,906 25,988 26,132
Nucleotide composition
A (%) 36.1 36.7 35.3 36.2 35.6 36.0 379 36.1
T (%) 32.7 33.1 31.6 32.6 324 32.6 34.6 329
G (%) 16.1 15.4 16.8 15.9 16.4 16.2 14.3 15.8
C (%) 15.1 14.7 16.3 15.3 15.5 15.3 13.3 15.2
AT (%) 68.8 69.8 66.9 68.8 68.0 68.6 72.5 69.0
GC (%) 31.2 30.1 33.1 31.2 31.9 31.5 27.6 31.0
AT-Skew 0.049 0.052 0.055 0.052 0.047 0.050 0.046 0.046
GC-Skew 0.032 0.023 0.015 0.019 0.028 0.029 0.036 0.019
Group of genes (numbers)
rRNA 3 2 3 3 2 2 3 2
tRNA 20 18 23 20 24 24 23 23
PCGs? 26 26 25 26 26 26 25 25
Other features
Intronic ORF Yes Yes Yes Yes Yes Yes No No
Intronic cox1 Yes Yes Yes Yes Yes Yes No No
Intronic tRNA No Yes No No Yes Yes No Yes
. orf641, Gang5, orf632, cox1-intronic cox1-intronic
Unique genes 0rf173 Gang}35 0rfl73 orfo34 ORE, orf174 ORE, 0rf172 orf164 orf165
In this
Reference study [6] - [7] [8] [9] [10] [11]

Note: ? Including the intronic ORF and hypothetical protein genes.

Relatively little is known about the mitogenome of Rhodophytes, and due to advance-
ments in software and molecular technologies, more and more detailed studies are being
reported. In fact, red algal mitogenomes are more complete than previously reported [12],
and it has also been reported that red algae, Strylonematophyceae, contain multiple minicir-
cular mitochondrial genomes that encode one or two genes [13]. These studies are made
possible by applying bundles of software tools. The red algal mitogenomes have less
molecular weight than other algae, and because of their maternal inheritance, they are a
useful tool for evolutionary and phylogenetic studies. In addition, mitogenomes have a
specific sequence that gives reliable data for studying the gene order, makeup, contents,
and secondary structures of the encoded RNA [14,15], and it is also useful for making
molecular kits (barcoding markers) for economically important species identification [16].
The Grateloupia species contain a characteristic intronic cox1 gene (Table 1), and such fea-
tures are useful to understand evolutionary and phylogenetic studies [3,6-9,17]. Algae
mitogenomes consist of introns in the genic region, tandem repeats, and large intergenic
repeats, which create challenges for assembling complete circular mitogenomes [15] but
due to revolutionary advances in sequencing technologies and bioinformatics tools, such
issues can be overcome. So, utilizing modern, next-generation sequencing methods and
bioinformatics tools, we provide here the full mitochondrial genome of red algae as well as
a phylogenetic relationship based on the complete mitogenome sequence.
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In this study, we used de novo assembly on the Illumina platform to sequence the
complete circular mitogenome of G. turuturu. Gene annotation, genetic makeup, and gene
order were confirmed using several bioinformatics tools and phylogenetic studies based on
complete mitogenome sequencing. This study’s data were submitted to the NCBI GenBank
and will be useful for future research on the evolution and phylogeny of red algae species.

2. Materials and Methods
2.1. Sample Collection and DNA Isolation

A deep-sea diver from the Marine Eco-Technology Institute in Busan, South Korea,
collected Grateloupia turuturu from the coast of Gijang (35°28' N, 129°25" E) and then
deposited it there under the voucher number PU-T01-S-MA-04 (contact person: Dr. Young-
Ryun Kim, yykim@marine-eco.co.kr). Total DNA was extracted using the QITAGEN DNEasy
Blood and Tissue Kit (QIAGEN, Hilden, Germany) as per the manufacturer’s protocol, and
the purity and concentration of DNA were confirmed via a NanoDrop spectrophotometer
(Thermo Fisher Scientific D1000, Waltham, MA, USA). Purified total genomic DNA samples
were kept at —20 °C until required.

2.2. Whole Genome Sequencing

G. turuturu genome was sequenced using the Illumina Platform (Illumina Inc.,
San Diego, CA, USA). The library preparation and sequencing processes were carried
out by the Macrogen Company in Daejeon, South Korea. Sequencing libraries were pre-
pared using the TrueSeq Nano DNA Kit according to the manufacturer’s protocol, and
sequencing was performed on the Illumina HiSeq 2500 Platform in paired-end 150 bp
mode. Before downstream analysis, raw data initially underwent quality checks to obtain
clean reads. The low-quality bases (phred quality score, Q < 20), empty reads, and Illumina
adapters were removed to mitigate the analytical bias by Trimmomatic [18]. After filtering,
12,903,396 total reads (GC = 40.05%, Q20 = 99.26%) were produced from a total of 14,873,050 raw
reads (GC = 40.23%, Q20 = 97.33%). The overall quality of the produced sequencing
reads was verified using FastQC v0.11.5 (Babraham Institute, Bioinformatics) [19], and
mitogenome de novo assembly was finished using various k-mers [20] and the SPAdes
v3.13.0 program [21].

2.3. Mitogenome Assembly and Annotation

Mold /Protozoan Mitochondrial was selected for the genetic code; red algae belonging
to the Florideophyceae and Bangiophyceae classes have demonstrated this method of
codon translation [3,6-11]. The mitogenome annotation was performed using the MFannot
tool (https://megasun.bch.umontreal.ca/apps/mfannot/, accessed on 10 May 2023) with
genetic code 4 (Protozoan Mitochondrial Code) [22]. The final annotation was checked
and verified using ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on
10 May 2023), and predicted open reading frames (ORFs) were checked manually and an-
notated accordingly. Protein-coding genes (PCGs) were verified with previously sequenced
red algal mitogenomes by BLAST homology searches against the NCBI database [23]. Trans-
fer RNA was identified using tRNAscan-SE v2.0 (http:/ /lowelab.ucsc.edu/tRNAscan-SE/,
accessed on 10 May 2023) with the default setting (with Model: Mold & Protozoa Mito) [24].
The tRNA genes, rRNA genes, and introns were identified using RNAweasel (https://
megasun.bch.umontreal.ca/apps/rnaweasel/, accessed on 10 May 2023) [25]. Tandem Repeat
Finder (TRF) was used to identify and annotate the repeats in the mitogenome sequence [26].
The assembled contig was analyzed for identification by querying BlastN [23,27] for known
red algae mitogenomes and comparing mitogenome sizes.

A physical map of the mitogenome was designed with OrganellarGenomeDRAW v. 1.3.1
(https:/ /chlorobox.mpimp-golm.mpg.de/OGDraw.html, accessed on 15 June 2023) [28]. The
nucleotide composition of the mitogenome was estimated using MEGA11 v.11.2.8 [29].
Codon usage and relatively synonymous codon usage (RSCU) for collected ORFs of
PCGs were analyzed by the Sequence Manipulation Suite (SMS) tool with genetic code 4
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(http:/ /www.bioinformatics.org/sms2/codon_usage.html, accessed on 10 May 2023) [30].
The following formula was used to calculate the asymmetric base composition of the mito-
chondrial genome: GC — skew =[G — C]/[G + C] and AT — skew =[A — T]/[A + T] [31].

2.4. Phylogenetic Analysis

The phylogenetic tree was made by using the complete circular mitogenome sequences
of eight red algae from the family Halymeniaceae (Table 1) and one alga from the family
Glaucocystaceae (Glaucocystis nostochinearum, GenBank accession number HQ908425) as
an out-group member. All mitogenomes utilized in this investigation were obtained from
the NCBI GenBank. The dataset was initially processed by ClustalW for multiple sequence
alignment in MEGA11 [32]. Multiple sequenced aligned datasets were used to generate a
maximum-likelihood phylogenetic tree using the Tamaru—-Nei model and 1000 replicated
bootstraps in MEGA11 with the default parameters [29,33].

2.5. Data Availability

The mitogenome sequence and related data were submitted to the NCBI GenBank
(http:/ /www.ncbinlm.nih.gov/, accessed on 12 May 2023 and 16 June 2023). The complete
mitogenome sequence is available for the public under the accession number OQ972988,
along with associated data including Sequence Read Archive (SRA), BioProject, and BioSample
with the assigned numbers PRINA984428, SAMN35767756, and SRR24947511, respectively.

3. Results and Discussion
3.1. Genome Size and Organization

The contig with a length of 28,265 bp was identified as the mitochondrial genome;
based on BlastN analysis, it matches the reference species of Grateloupia, and the mi-
togenome size is comparable to that of other red algal mitogenomes (Table 1). The mi-
togenome sequence of Grateloupia turuturu is available in GenBank with accession number
0Q972988. The complete circular mitogenome map with gene arrangement is shown in
Figure 1. The contig is 28,265 bp long and is composed of A = 36.1%, T = 32.7%, G = 16.1%,
and C = 15.5%, with a bias of 68.8% A + T contents. The G. turuturu mitogenome contains
3 rRNA, 20 tRNA, and 26 PCGs (including intronic and hypothetical protein genes), includ-
ing 14 respiratory chain subunits (complexes 1-4), four ATP synthase subunits (complex 5),
two each of LSU and SSU ribosomal proteins, one independent protein translocase (tatC),
and two hypothetical protein genes (0rf641 and orf173). Among these genes, 24 (12 PCGs,
10 tRNAs, and 2 rRNAs genes) are found on the heavy strand (H-strand), while the rest
(14 PCGs, 10 tRNA, and 1 rRNA gene) are found on the light strand (L-strand). The posi-
tive AT skew (0.049) and GC skew (0.032) were observed in this study with the presence of
more A and G than T and C, respectively (Table 1). In comparison to Grateloupia [6-9] and
Polyopes [10,11] species with complete mitogenome features, the mitogenome of G. turuturu
demonstrates no significant gene losses; however, G. elliptica (OP479979) [7] has closer
mitogenome features in terms of nucleotide composition, bias AT content, and gene com-
positions. In Halymeniales, the typical complete mitogenome was circular and approxi-
mately 25 to 30 kb in length with correspondingly conserved gene content, which encoded
24 PCGs (excluding intronic and hypothetical genes), 2-3 rRNAs, and 18-23 tRNAs with
A + T bias nucleotides (Table 1) [6-11].
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Figure 1. Gene map of the Grateloupia turuturu (0Q972988) mitochondrial genome. Different categories
of genes are represented by abbreviations and arrows outside and inside the circle, which indicates the
direction of gene transcription. A gene (cox1) containing group Il introns is denoted with an asterisks. The
map was drawn using OrganellarGenomeDRAW (https:/ /chlorobox.mpimp-golm.mpg.de/OGDraw.
html, accessed on 15 June 2023).

3.2. Protein-Coding Gene Features

The PCG area, which included intronic and hypothetical genes, made up 71.53% of
the G. turuturu mitogenome and was 20,220 base pairs long. nad5 is the longest PCG with
1998 bp, while atp9 is the smallest with 231 bp. Each PCG was initiated by a canonical ATG
codon, except for tatC, which was initiated by a TTG codon (Table 2). Similar results have
been demonstrated in G. cornea (0Q910480), G. elliptica [7], and P. affinis [10]. Furthermore,
out of 26 PCGs, 21 terminated with the TAA codon, except 5 PCGs (sdh2, cox2, atp8, atp6,
and rps11) which terminated with the TAG codon, which was typical for Grateloupia [6-9]
and P. lancifolius [11]. The G. turuturu mitogenome was analyzed for intergenic nucleotide,
and it was noted that junctions of three gene pairs have an overlap; 1 bp each between
trnL (number 2)-nad6 and trnH-sdh2, and 51 bp between cox3-ymf39. Furthermore, the
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intergenic gaps differ from 1 bp to 650 bp in length, with the longest gap of 650 bp between

cob—trnL (number 2) (Table 2).

Table 2. Sequence characteristics of G. turuturu (0Q972988) mitochondrial genome.

Gene Three Location Size No. of Start Sto Anti- Intergenic
Group Group of Genes 1/ 1o Letter Start End (bp) ~ Amino Strand & 400 Codl())n Codon Nucleogtides a
Code Acid
Largg subunit of a l B 20 2615 2596 _ H _ - - 23
ribosome
rRNA Small subunit of a rrnb - 15281 15388 108 - L - - - 15
ribosome rms - 26545 27911 1367 - H - - - 48
trnD Asp 3760 3831 72 - H - - GTIC 51
trnG Gly 10054 10128 75 - H - - TCC 49
trnQ Gln 10178 10249 70 - H - - TTG 7
truL Leu 10257 10341 85 - H - - TAA 40
trnL Leu 12178 12259 82 - L - - TAG —1
trnG Gly 12886 12957 72 - L - - GCC 5
trunH His 12963 13037 75 - L - - GTG -1
truF Phe 14214 14286 73 - L - - GAA 4
trnS Ser 14291 14375 85 - L - - TGA 15
{RNA Transfer RNA trnP Pro 14391 14464 74 - L - - TGG 11
genes trnC Cys 14744 14814 71 - L - - GCA 7
trnM Met 14822 14895 74 - L - - CAT 4
trnW Tr 23819 23891 73 - L - - TCA 7
trnA Ala 24444 24518 75 - L - - TGC 140
truN Asn 24659 24731 73 - H - - GTT 2
trnV Val 24734 24805 72 - H - - TAC 13
trnR Arg 24819 24893 75 - H - - ACG 17
trnK Lys 24911 24983 73 - H - - TTT 21
trnE Glu 26106 26178 73 - H - - TTC 3
trnM Met 26182 26254 73 - H - - CAT 15
nadé - 12259 12867 609 202 L ATG  TAA - 18
NADH nad3 - 15404 15769 366 121 L ATG  TAA - 2
dehydrogenase nadl - 15772 16752 981 326 L ATG TAA - 18
S buoiis nad? - 16771 18258 1488 495 L ATG TAA - 14
(complex 1) nad4 - 18529 20004 1476 491 L ATG  TAA - 477
p nads - 20582 22579 1998 665 L ATG  TAA - 18
nad4L - 27960 28265 306 101 H ATG  TAA - 19
Succinate sdh? - 13037 13789 753 250 L ATG TAG - 1
dehydrogenase sdh3 - 13791 14174 384 127 L ATG TAA - 39
(complex 2) sdhd - 18273 18512 240 79 L ATG TAA - 16
Apocytochromeb - 10382 11527 1146 381 H ATG TAA - 650
(complex 3)
3883 5041 H ATG - - -
Cytochrome ¢ ¢ox7 b 7299 7738 1599 532 H - TAA ] 3
OXIdlase cox2 - 7742 8539 798 265 H ATG  TAG - 144
5 (complex 4) cox3 - 8684 9502 819 272 H ATG  TAA - ~51
Cbs ymf39 - 9450 10049 600 199 H ATG TAA - 4
ATP synthase afp9 - 14476 14706 231 76 L ATG TAA - 37
(complex 5) atp8 - 22598 23008 411 136 L ATG TAG - 24
atp6 - 23033 23794 762 253 L ATG  TAG - 24
SSU ribosomal rps3 - 2639 3334 69 231 H ATG TAA - 2
e rps1l - 14900 15262 363 120 L ATG  TAG - 18
protens rps12 - 25735 26100 366 121 H ATG  TAA - 5
LSU ribosomal rpl16 - 3337 3753 417 138 H ATG TAA - 6
proteins rpI20 - 26270 26503 234 77 H  ATG TAA - 41
Independent
protein tatC - 25005 25733 729 242 H TTG  TAA . 1
translocase
Hypothetical orf641 - 5084 7009 1926 641 H ATG TAA - 289
proteins orfl73 - 23899 24420 522 173 L ATG  TAA - 23

Note:  The number of nucleotides between the given and previous gene, with a negative value indicating an
overlap; b cox1 gene-exon number 1 (3883-5041), intron (5042-7298), and exon number 2 (7299-8539); H and L
indicate that the genes are transcribed on the heavy and light strands, respectively.

Analysis of the complete mitogenome sequence of G. turuturu revealed the presence of

a group II intron segment (position: 5042-7298) between two exons of cox1, which encodes
an ORF (orf641; position: 5084-7009). Hypothetical genes 0rf641 and orf173 (Table 2) with
an unknown function were identified and encoded hypothetical proteins. Similar outcomes
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have been documented for all G. angusta, G. cornea, G. elliptica, G. filicina, and G. taiwanensis,
but not for P. affinis and P. lancifolius (Table 1) [6-11]. Group Il intronic cox1 and trnl are the
unique features of red algal mitogenomes [12,13,15]. The ymf39 gene is transcribed between
cox3 and trnG genes in the mitogenome of G. furuturu and encodes an ATP synthase B
chain precursor. Similar annotations were reported for Grateloupia species [6-9] and P.
lancifolius [11], but the annotation for P. affinis is atp4 [10]. In recent studies, a reanalysis of
red mitogenome sequences revealed that the atp4 gene was annotated with the name, ymf39,
instead of its original name [12,34]. It is suggested that the ymf39 ORF encodes for ATP
synthase chain b; therefore, Florideophyceae mitogenome annotation should change ymf39
to atp4 to avoid further confusion [35]. Likewise, the conserved sequence of PCG encodes
a sec-independent protein translocase protein annotated (identified) with tatC [7,10] and
secY [6,8,9,11] names within the species of Florideophyceae. In the review of red algae,
scientists noted that secY is not found in the algal mitogenome and recommended that the
secY annotation be changed to tatC [12,34-36]. The rpl20 gene is located between rrs and
trnM in the G. turuturu mitogenome (Figure 1). The gene content of the mitogenomes of
G. turuturu and other species of Grateloupia [6-9] and Polyopes [10,11] is identical, with the
exception of the absence of rpl20 in G. cornea (0Q910480).

Codon usage analysis of the 26 PCGs of the G. turuturu mitogenome (intronic and
hypothetical ORFs included) showed that 6714 amino acid triplets were expressed (Table 3),
not including stop codons. Leucine (N = 990, 14.74%) and cysteine (N = 85, 1.27%) are
the most and least abundant amino acids, respectively. Furthermore, the most frequently
used codons in PCGs include TTA (N = 544, 8.10%, Leu), TTT (N = 507, 7.55%, Phe), ATT
(N =390, 5.80%, Ile), AAA (N =291, 4.33%, Lys), and GTT (N =199, 2.96%, Val). The present
study results are in line with the mitogenome of G. cornea (0Q910480).

Table 3. Codon usage of PCGs in the mitogenome of G. turuturu (0Q972988).

AATiidr;o Codon Number Fraction ngidnso Codon Number % Fraction ir;liidnso Codon Number % Fraction
GCG 42 0.626  0.12 al GGT 139 2070  0.39 AGT 122 1.817 023
Ala GCA 130 1.936 0.38 y GGC 39 0.581  0.11 AGC 50 0.745  0.09
GCT 150 2234 044 Hi CAT 100 1489  0.74 Ser TCG 41 0.611  0.08
GCC 20 0298  0.06 18 CAC 36 0.536  0.26 TCA 153 2279 029
AGG 17 0253  0.09 ATA 194 2889 029 TCT 131 1951  0.25
AGA 57 0.849 030 Ile ATT 390 5.809  0.59 TCC 37 0551  0.07
Arg CGG 8 0.119  0.04 ATC 75 1117  0.11 ACG 40 0596  0.11
CGA 33 0492  0.17 TTG 122 1.817 0.12 Thr ACA 111 1.653  0.31
CGT 52 0775 027 TTA 544 8.102  0.55 ACT 176 2621 049
CGC 26 0.387 0.13 Leu CTG 35 0521  0.04 ACC 35 0521  0.10
A AAT 214 3.187  0.69 CTA 117 1.743  0.12 T TGG 28 0417 0220
sn AAC 96 1430 0.31 CTT 153 2279  0.15 p TGA 110 1.638  0.80
Asp GAT 111 1.653  0.67 CTC 19 0283  0.02 Tyr TAT 169 2517  0.60
GAC 55 0.819 033 Lys AAG 67 0.998  0.19 TAC 113 1.683  0.40
Cys TGT 55 0.819  0.65 AAA 291 4334 081 GTG 38 0.566  0.09
TGC 30 0.447 035 Met ATG 166 2472 1.00 Val GTA 140 2085 0.34
al CAG 35 0521 0.18 Ph TIT 507 7551  0.84 GIT 199 2964 048
n CAA 159 2368  0.82 € TTC 97 1.445  0.16 GTC 39 0.581  0.09
al GAG 39 0571  0.19 CCG 24 0357  0.11 . TAA - - -
u GAA 165 2458  0.81 Pro CCA 73 1.087  0.33 TAG - - -
al GGG 36 0.536  0.10 CCT 104 1549  0.48
y GGA 143 2130  0.40 CcccC 17 0253  0.08

Note: Amino acids—three-letter code; %—Percentage of each amino acid specified by a given codon in the
G. turuturu mitogenome; *—asterisks denote termination codons (excluded from analysis).

3.3. Ribosomal RNA and Transfer RNA

The mitogenome of G. turuturu consists of three rRNAs (Table 4): two small subunits
(rns = 1367 bp and rrn5 = 108 bp) and one large subunit (11! = 2596 bp). Two rRNAs (rnl and
rns) are transcribed on the H-strand and separated by the nad4L gene. However, the rrn5 gene
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is located between nad3 and rps11 and is transcribed on the L-strand. Similar annotations have
been reported for the mitogenomes of Grateloupia [6-9] and Polyopes [10,11] species, except
for the absence of rrn5 in the mitogenomes of G. angusta [6], G. filicina [8], G. taiwanensis [9],
and P. lancifolius [11].

Table 4. Mitochondrial rRNA and tRNA in Halymeniaceae.

Algae

G. turuturu
(0Q972988)

G. angusta G. cornea G. elliptica G. filicina G. taiwanensis P. affinis P. lancifolius
(KC875853) (0Q910480) (OP479979) (MG598532) (KM999231) (OM960741) (MW292567)

rrn5
ms
rnl

1

1

trnA (TGC)
trnC (GCA)
trnD (GTC)
trnE (TTC)
trnF (GAA)
trnG (TCC)
trnG (GCC)
trnH (GTG)
trnl (GAT)
trnK (TTT)
trnL (TAA)
trnL (TAG)
trnM (CAT)
trnN (GTT)
trnP (TGG)
trnQ (TTG)
trnR (ACG)
trnR (TCT)
trnS (GCT)
trnS (TGA)
trnV (TAC)
trnW (TCA)
trnY (GTA)

ORI OO = N R e O b b e e e e e |

CORPROORRPR PR FWOR PR FRORREREEFEORF| | ==O0
PR RPRRPRRERPERRPRRPRRNRRRORRRRRRPERR|RRR
OFRRFROORRFEFRNRPRPORRREERERERE| =

P e e e e e e e e N R R e e e e e e e e e e | e O
e el el ) ' L e e e e el B e =)
PR RPRRPRRRPRRPRRPRRNRRRORRRRREPERR| R,
PR R R ORRRERPRRNNRRRREREREREREREEReO

Total tRNA

20

—
[e ]
N
[¢%)
N
(=)
N
N
N
N

23 23

Ref.

In this study

,—
™
Ao
1
—
|
)
—
=)
—
)
)

[10] [11]

Twenty tRNAs were identified in the mitogenome of G. turuturu (Table 2), accounting
for 5.23% (1495 bp) of the total length of the mitogenome; the length of individual tRNAs
ranges from 70 (trnQ-TTG) to 85 bp (trnL-TAA and trnS-TGA). In addition, an equal
number of tRNAs were transcribed on both strands (H- and L-strands). The number
of tRNAs ranged from 18 to 24, with small variations in the tRNA gene content among
the Halymeniaceae family members shown in Table 4. The mitogenome of G. turuturu
contains double copies of three tRNA (trnG, trnL, and trnM), of which two tRNA (trnG,
trnL) use different anticodons. Additionally, the mitogenome lacks trnl and trnY, and there
is no intronic tRNAs. The trul is the intronic tRNA gene, present in the G. angusta [6],
G. filicina [8], G. taiwanensis [9], and P. lancifolius [11]. At least two copies of trnM-CAT
(except three copies in G. angusta [6]) were present in all examined species, suggesting a
major role for this tRNAs in Halymeniaceae mitogenomes. It should be noted that trnR-TCT
(Arg) and trnS-GCT (Ser) were absent in G. turuturu although they could be found in other
known Rhodophyte mitogenomes.

3.4. Phylogenetic Analysis

The mitogenome maximum-likelihood (ML) phylogenetic tree was constructed using
a complete mitogenome sequence of Halymeniaceae members obtained from GenBank and
G. nostochinearum as an out-group member (Figure 2). Results indicate that G. turuturu is
positioned next to G. elliptica, suggesting a close relationship. All members of the Haly-
meniaceae family are monophyletic, and the clade is strongly supported (99-100 percent
bootstrap values). The ML phylogenetic relationships based on complete mitogenome se-
quences [7,10] and PCGs [8,11] indicate that the Grateloupia (intronic cox1 gene-containing)
and Polyopes species are monophyletic. Our phylogenetic analysis results are consistent with
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previous studies. The findings of this study will be helpful for taxonomic and phylogenetic
research on red algae.

100 Grateloupia turuturu (0Q972988)
100 Grateloupia elliptica (OP479979)
Grateloupia angusta (KC875853)
Grateloupia cornea (0Q910480)
99 Grateloupia taiwanensis (KM999231)
100 Grateloupia filicina (MG598532)

99

100
Florideophyceae

Polyopes lancifolius (MW292567)
Polyopes affinis (OM960741)

0.10

Glaucocystis nostochinearum (HQ908425)| Out group

Figure 2. Maximum-likelihood (ML) phylogenetic tree based on complete mitogenome sequences
indicating the relationship between red algae (family Halymeniaceae). A alga from the Glaucocys-
taceae family was used as an outgroup member. Bootstrap support values are indicated at nodes.
NCBI GenBank accession numbers are listed next to the corresponding species names.

4. Conclusions

In this study, we reported the complete mitogenome of G. turuturu (0Q972988), which
is circular, 28,265 bp in length, with AT bias (68.8%) composition, encoding 49 genes
including 26 PCGs, 20 tRNA, and 3 rRNA genes. This mitogenome contains the intronic
cox1 gene with functional ORF similar to those in G. angusta, G. cornea, G. elliptica, G. filicina,
and G. taiwanensis. The G. turuturu mitogenome lacks the intronic tRNA-Ile (trnl) that is
present in the mitogenomes of G. angusta, G. filicina, G. taiwanensis, and P. lancifolius. We may
learn more about the evolution of red algal mitogenomes within the Rhodophyta species
and across different algal species with the help of this newly constructed mitogenome, as
well as about the general patterns in the development of cox1 introns in Halymeniaceae.

Author Contributions: M.PP. and ].-O.K. performed the experiments, analyzed the data, were
involved in the data analysis and the drafting of the paper, and approved the final draft. Y.-R.K.,
S.Y. and K.K. were involved in data analysis, organizing the results, and preparing figures. J.-O.K.
and K.K. were involved in the conception and design of the work, funding acquisition, revising it
critically for intellectual content, and the final approval of the version to be published. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the National Institute of Fisheries Science, Korea
(R2023005) and the Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education (Grant 2021R111A306037411).

Institutional Review Board Statement: Not applicable. This study did not involve humans or animals.
Informed Consent Statement: Not applicable. This study did not involve humans.

Data Availability Statement: The mitogenome sequence data that support the findings of this study
are openly available in GenBank of NCBI at https:/ /www.ncbi.nlm.nih.gov/ under accession number
0Q972988.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.ncbi.nlm.nih.gov/

Life 2023, 13, 1642 10 of 11

References

1.  Gurgel;, C.ED.; Lopez-Bautista, J. Red algae. Encyclopedia of Life Sciences; John Willey & Sons, Ltd.: Hoboken, NJ, USA, 2007.
[CrossRef]

2. Adl SM.; Simpson, A.G.; Farmer, M.A.; Andersen, R.A.; Anderson, O.R,; Barta, ].R.; Bowser, S.S.; Brugerolle, G.U.Y.; Fensome,
R.A.; Fredericq, S.; et al. The new higher level classification of eukaryotes with emphasis on the taxonomy of protists. J. Eukaryot.
Microbiol. 2005, 52, 399-451. [CrossRef] [PubMed]

3. Burger, G.; Saint-Louis, D.; Gray, M.W,; Lang, B.F. Complete sequence of the mitochondrial DNA of the red alga Porphyra purpurea:
Cyanobacterial introns and shared ancestry of red and green algae. Plant Cell 1999, 11, 1675-1694. [CrossRef] [PubMed]

4. Guiry, M.D.; AlgaeBase. World-Wide Electronic Publication, National University of Ireland, Galway. 2017. Available online:
https:/ /www.algaebase.org (accessed on 15 June 2023).

5. Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya, R.; Leipe, D.; Mcveigh, R.; O'Neill, K,;
Robbertse, B.; et al. NCBI Taxonomy: A comprehensive update on curation, resources and tools. Database 2020, 2020, baaa062.
[CrossRef] [PubMed]

6. Kim, S.Y,; Yang, E.C.; Boo, S.M.; Yoon, H.S. Complete mitochondrial genome of the marine red alga Grateloupia angusta
(Halymeniales). Mitochondrial DNA 2014, 25, 269-270. [CrossRef] [PubMed]

7. Patil, M.P; Kim, ].O.; Kim, K.; Kim, Y.R. The complete sequence of the mitochondrial DNA and phylogenetic analysis of the
marine red alga Grateloupia elliptica (Rhodophyta: Halymeniales). Mitochondrial DNA Part B Resour. 2023, 8, 222-223. [CrossRef]
[PubMed]

8. Li, Y; Meinita, M.D.N.; Liu, T.; Chi, S.; Yin, H. Complete sequences of the mitochondrial DNA of the Grateloupia filicina
(Rhodophyta). Mitochondrial DNA B Resour. 2018, 3, 76-77. [CrossRef] [PubMed]

9.  DePriest, M.S.; Bhattacharya, D.; Lopez-Bautista, ]. M. The mitochondrial genome of Grateloupia taiwanensis (Halymeniaceae,
Rhodophyta) and comparative mitochondrial genomics of red algae. Biol. Bull. 2014, 227, 191-200. [CrossRef]

10.  Patil, M.P,; Kim, J.O.; Kim, K.; Kim, Y.R.; Yoon, S. Complete mitochondrial genome and phylogenetic analysis of the marine red
alga Polyopes affinis (Rhodophyta: Halymeniales). Mitochondrial DNA Part B Resour. 2022, 7, 1387-1388. [CrossRef] [PubMed]

11. Kim, S.Y,; Cho, C.H,; Yang, E.C.; Yoon, H.S.; Kim, M.S. Complete mitochondrial genome of Polyopes lancifolius and comparison
with related species in Halymeniales (Rhodophyta). Mitochondrial DNA Part B Resour. 2021, 6, 1365-1366. [CrossRef] [PubMed]

12.  Salomaki, E.D.; Lane, C.E. Red algal mitochondrial genomes are more complete than previously reported. Genome Biol. Evol. 2017,
9, 48-63. [CrossRef]

13. Lee, Y.; Cho, C.H,; Noh, C; Yang, ].H.; Park, S.I; Lee, Y.M.; West, J.A.; Bhattacharya, D.; Jo, K.; Yoon, H.S. Origin of minicircular
mitochondrial genomes in red algae. Nat. Commun. 2023, 14, 3363. [CrossRef] [PubMed]

14. Kim, J.IL; Yoon, H.S.; Yi, G.; Shin, W.; Archibald, ]. M. Comparative mitochondrial genomics of cryptophyte algae: Gene shuffling
and dynamic mobile genetic elements. BMC Genom. 2018, 19, 275. [CrossRef] [PubMed]

15. Kim, D.; Lee, J.; Cho, C.H.; Kim, E.J.; Bhattacharya, D.; Yoon, H.S. Group II intron and repeat-rich red algal mitochondrial
genomes demonstrate the dynamic recent history of autocatalytic RNAs. BMC Biol. 2022, 20, 2. [CrossRef] [PubMed]

16. Guo,M.; Yuan, C.; Tao, L.; Cai, Y.; Zhang, W. Life barcoded by DNA barcodes. Conserv. Genet. Resour. 2022, 14, 351-365. [CrossRef]

17.  Fang,].; Xu, X,; Chen, Q.; Lin, A.; Lin, S.; Lei, W.; Zhong, C.; Huang, Y.; He, Y. The complete mitochondrial genome of Isochrysis
galbana harbors a unique repeat structure and a specific trans-spliced cox1 gene. Front. Microbiol. 2022, 13, 966219. [CrossRef]

18. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef] [PubMed]

19. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data; Babraham Institute: Cambridge, UK, 2010.

20. Chikhi, R.; Medvedev, P. Informed and automated k-mer size selection for genome assembly. Bioinformatics 2014, 30, 31-37.
[CrossRef] [PubMed]

21. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, VM.; Nikolenko, S.I.; Pham, S.;
Prijibelski, A.D. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 2012,
19, 455-477. [CrossRef] [PubMed]

22.  Beck, N.; Lang, B. MFannot, Organelle Genome Annotation Webserver; Université de Montréal: Montréal, QC, USA, 2010; Available
online: https://megasun.bch.umontreal.ca/apps/mfannot/ (accessed on 10 May 2023).

23.  Gish, W, States, D.J. Identification of protein coding regions by database similarity search. Nat. Genet. 1993, 3, 266-272. [CrossRef]
[PubMed]

24. Lowe, T.M,; Chan, PP. tRNAscan-SE On-line: Search and Contextual Analysis of Transfer RNA Genes. Nucl. Acids Res. 2016, 44,
W54-W57. [CrossRef]

25. Lang, B.F; Laforest, M.].; Burger, G. Mitochondrial introns: A critical view. Trends Genet. 2007, 23, 119-125. [CrossRef] [PubMed]

26. Benson, G. Tandem repeats finder: A program to analyze DNA sequences. Nucleic Acids Res. 1999, 27, 573-580. [CrossRef]

27.  Altschul, S.F; Madden, T.L.; Schiffer, A.A.; Zhang, ].; Zhang, Z.; Miller, W.; Lipman, D.]. Gapped BLAST and PSI-BLAST: A new
generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389-3402. [CrossRef] [PubMed]

28. Greiner, S.; Lehwark, P.; Bock, R. OrganellarGenomeDRAW (OGDRAW) version 1.3.1: Expanded toolkit for the graphical
visualization of organellar genomes. Nucleic Acids Res. 2019, 47, W59-W64. [CrossRef] [PubMed]

29. Tamura, K,; Stecher, G.; Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 2021, 38,

3022-3027. [CrossRef] [PubMed]


https://doi.org/10.1002/9780470015902.a0000335
https://doi.org/10.1111/j.1550-7408.2005.00053.x
https://www.ncbi.nlm.nih.gov/pubmed/16248873
https://doi.org/10.1105/tpc.11.9.1675
https://www.ncbi.nlm.nih.gov/pubmed/10488235
https://www.algaebase.org
https://doi.org/10.1093/database/baaa062
https://www.ncbi.nlm.nih.gov/pubmed/32761142
https://doi.org/10.3109/19401736.2013.800500
https://www.ncbi.nlm.nih.gov/pubmed/23789773
https://doi.org/10.1080/23802359.2022.2160667
https://www.ncbi.nlm.nih.gov/pubmed/36755875
https://doi.org/10.1080/23802359.2017.1419097
https://www.ncbi.nlm.nih.gov/pubmed/33474071
https://doi.org/10.1086/BBLv227n2p191
https://doi.org/10.1080/23802359.2022.2101399
https://www.ncbi.nlm.nih.gov/pubmed/35923632
https://doi.org/10.1080/23802359.2021.1908866
https://www.ncbi.nlm.nih.gov/pubmed/33889751
https://doi.org/10.1093/gbe/evw267
https://doi.org/10.1038/s41467-023-39084-2
https://www.ncbi.nlm.nih.gov/pubmed/37291154
https://doi.org/10.1186/s12864-018-4626-9
https://www.ncbi.nlm.nih.gov/pubmed/29678149
https://doi.org/10.1186/s12915-021-01200-3
https://www.ncbi.nlm.nih.gov/pubmed/34996446
https://doi.org/10.1007/s12686-022-01291-2
https://doi.org/10.3389/fmicb.2022.966219
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/btt310
https://www.ncbi.nlm.nih.gov/pubmed/23732276
https://doi.org/10.1089/cmb.2012.0021
https://www.ncbi.nlm.nih.gov/pubmed/22506599
https://megasun.bch.umontreal.ca/apps/mfannot/
https://doi.org/10.1038/ng0393-266
https://www.ncbi.nlm.nih.gov/pubmed/8485583
https://doi.org/10.1093/nar/gkw413
https://doi.org/10.1016/j.tig.2007.01.006
https://www.ncbi.nlm.nih.gov/pubmed/17280737
https://doi.org/10.1093/nar/27.2.573
https://doi.org/10.1093/nar/25.17.3389
https://www.ncbi.nlm.nih.gov/pubmed/9254694
https://doi.org/10.1093/nar/gkz238
https://www.ncbi.nlm.nih.gov/pubmed/30949694
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491

Life 2023, 13, 1642 11 of 11

30.

31.

32.

33.

34.

35.

36.

Stothard, P. The Sequence Manipulation Suite: JavaScript programs for analyzing and formatting protein and DNA sequences.
Biotechnigues 2000, 28, 1102-1104. [CrossRef]

Perna, N.T.; Kocher, T.D. Patterns of nucleotide composition at fourfold degenerate sites of animal mitochondrial genomes. J. Mol.
Evol. 1995, 41, 353-358. [CrossRef] [PubMed]

Thompson, ].D.; Gibson, T.J.; Higgins, D.G. Multiple sequence alignment using ClustalW and ClustalX. Curr. Protoc. Bioinf. 2003,
1, 2-3. [CrossRef]

Felsenstein, J. Evolutionary trees from DNA sequences: A maximum likelihood approach. J. Mol. Evol. 1981, 17, 368-376.
[CrossRef] [PubMed]

Yang, E.C.; Kim, KM.; Kim, S.Y.; Lee, J.; Boo, G.H.; Lee, ].H.; Nelson, W.A; Yi, G.; Schmidt, W.E.; Fredericq, S.; et al. Highly
conserved mitochondrial genomes among multicellular red algae of the Florideophyceae. Genome Biol. Evol. 2015, 7, 2394-2406.
[CrossRef] [PubMed]

Burger, G.; Lang, B.F.; Braun, H.P; Marx, S. The enigmatic mitochondrial ORF ymf39 codes for ATP synthase chain b. Nucleic
Acids Res. 2003, 31, 2353-2360. [CrossRef] [PubMed]

Burger, G.; Nedelcu, A.M. Mitochondrial Genomes of Algae. In Genomics of Chloroplasts and Mitochondria (Advances in Photosynthesis
and Respiration); Bock, R., Knoop, V., Eds.; Springer: Dordrecht, The Netherlands, 2012; pp. 127-157. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2144/00286ir01
https://doi.org/10.1007/BF01215182
https://www.ncbi.nlm.nih.gov/pubmed/7563121
https://doi.org/10.1002/0471250953.bi0203s00
https://doi.org/10.1007/BF01734359
https://www.ncbi.nlm.nih.gov/pubmed/7288891
https://doi.org/10.1093/gbe/evv147
https://www.ncbi.nlm.nih.gov/pubmed/26245677
https://doi.org/10.1093/nar/gkg326
https://www.ncbi.nlm.nih.gov/pubmed/12711680
https://doi.org/10.1007/978-94-007-2920-9_6

	Introduction 
	Materials and Methods 
	Sample Collection and DNA Isolation 
	Whole Genome Sequencing 
	Mitogenome Assembly and Annotation 
	Phylogenetic Analysis 
	Data Availability 

	Results and Discussion 
	Genome Size and Organization 
	Protein-Coding Gene Features 
	Ribosomal RNA and Transfer RNA 
	Phylogenetic Analysis 

	Conclusions 
	References

