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Abstract
Betaphycus Doty, Eucheuma J. Agardh, and Kappaphycus Doty (Solieriaceae, Gigartinales) are the three most commercially
important seaweed genera that produce carrageenan. In the present study we provide mitogenomes of Betaphycus gelatinus,
Eucheuma denticulatum andKappaphycus alvarezii. The mitogenomes of these three species contain a set of 50 genes, including
24 protein-coding genes, 2 rRNA genes, and 24 tRNA genes. The mitogenome length ranges from 25,198 bp (Kappaphycus
alvarezii) to 25,327 bp (Eucheuma denticulatum). As compared with the previous published mitogenomes of Florideophyceae
species, only the species in Gelidiaceae and Pterocladiaceae have smaller mitochondrial genome size than these reported here. At
the junction of two transcription units, we identified a stem-loop structure in six representative Gigartinales species, which is
presumed to play an important role in the replication and transcription of mitochondrial genes. In Gigartinales the difference in
gene order among the four Solieriaceae (B. gelatinus, E. denticulatum,K. alvarezii,K. striatus) and other twoGigartinales species
(Chondrus crispus andMastocarpus papillatus) can be explained by inversion of two tRNA genes. Collinearity analysis of the 12
mitochondrial genomes of Florideophyceae showed considerable sequence synteny across all the species compared, with the
exception of a highly variable region between atp6 and rpl20 genes. Phylogenetic analyses based on 21 shared mitochondrial
genes showed that the four Solieriaceae species form one clade (Solieriaceae clade). Within this clade, B. gelatinae is basal
relative to the other three species. The genus Kappaphycus is more closely related to Eucheuma than Betaphycus.
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Introduction

The family Solieriaceae (Gigartinales: Florideophyceae) con-
sists of approximately 19 genera, mostly distributed in the
warm-temperate and tropical waters throughout the world
(http://www.algaebase.org/). This family of red algae
provide important raw materials for carrageenan production
(Bixler 1996), which is widely used in food and chemical
industries. In Solieriaceae, Betaphycus Doty, Eucheuma J.
Agardh, and Kappaphycus Doty are the three most commer-
cially important genera that predominately produce beta-car-
rageenan, iota-carrageenan, and kappa-carrageenan (Pereira
et al. 2015; Tirtawijaya et al. 2016). These three species are
the main cultivars in Southeast Asia and China. Many studies
on these species focus on the improvement of farming and
culture techniques. However, genomic studies on these spe-
cies are relatively limited.

Species included in these three genera show high pheno-
typic plasticity and lack of diagnostic morphological features;
therefore, all three groups are similarly taxonomically chal-
lenging (Doty and Norris 1985). In addition, the plasticity
often results in the cultivation of mixed populations by local
farmers (Tan et al. 2013), which hinders the processing of the
breeding. In recent years, DNA sequences from nucleus, plas-
tid, and mitochondrion have been utilized for phylogenetic
research and taxonomic study that are changing the traditional
understanding. The application of cox1, cox2–3 spacer
datasets, or rbc L has provided insight into the taxonomy of
Kappaphycus, Eucheuma, and Betaphycus (Fredericq et al.
1999; Zuccarello et al. 2007; Tan et al. 2013; Dumilag et al.
2014; Lim et al. 2017). However, the above researches were
all just based on limited sequence data, which might not ex-
haust the phylogenetic relationship and taxonomic study of
Kappaphycus, Eucheuma, and Betaphycus, and further com-
prehensive probe is still urgently needed.

Mitochondrial genes are considered to be a valuable alter-
native to nuclear genes, for the origin of mitochondria being
probably concomitant with that of eukaryotic cells (Martin
and Müller 1998; Vellai et al. 1998); thus, they facilitate the
investigation of the molecular evolutionary relationship. As
compared with the small fragments containing genes, the
complete mitochondrial genome data contains more phyloge-
netic signals, and it can provide more precise phylogenetic
results than short fragments. Moreover, the mitochondrial
DNA generally characterized by uniparental inheritance, lim-
ited recombination, and compact genome structure (Bonen
1998). Therefore, mitochondrial DNA is considered an effi-
cient molecular marker for phylogenetic studies (Boore and
Brown 1998; Burger et al. 2003).

Recently, owing to decreasing costs of high-throughput
sequencing, the next-generation sequencing (NGS) and
third-generation sequencing technologies have facilitated the
efficient production of genome-scale data (Heather and Chain

2016). Analysis of the genome-scale data could provide infor-
mation on gene content, structure, and organization, and pro-
vide an opportunity of resolving complex phylogenetic rela-
tionships (Zhang et al. 2012; Ma et al. 2014). Several recent
surveys have used mitochondrial genome reconstructions and
phylogenetic relationships of red algae species, and summa-
rized various aspects of mitochondrial genome structure
(Yang et al. 2015; Boo et al. 2016; Ng et al. 2017).

In the present study, we first determined the complete mi-
tochondrial genome sequences of three species of Solieriaceae
(Betaphycus gelatinus, Eucheuma denticulatum, and
Kappaphycus alvarezii). Thereafter, we obtained information
about gene content, structure, and organization of these mito-
chondrion genomes, and compared themwith previously pub-
lished mitochondrial genomes of Florideophyceae species.
Further, we used the novel mitochondrial genome data for
the reconstruction of phylogenetic relationships and taxonom-
ic study about red algae species with emphasis on relationship
of Solieriaceae species.

Materials and methods

Sample collection and DNA extraction

One individual from each species (Betaphycus gelatinus,
Eucheuma denticulatum, and Kappaphycus alvarezii), collect-
ed from Hainan Province (Table S1), was used to sequence the
mitogenome.GenomicDNAwas extracted from approximately
1 g of frozen tissue using a modified cetyltrimethylammonium
bromide (CTAB) method (Sun et al. 2011). DNA quality and
quantity were determined by the Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, USA).

High-throughput sequencing, assembly,
and mitochondrial genome annotation

Three short-insert libraries were constructed from approxi-
mately 5 μg of purified DNA for each species. Paired-end
reads were extracted from Illumina’s HiSeq × Ten system
(Illumina, USA). Approximately 9 Gb of paired-end (125
bp) sequence data was randomly extracted from the total se-
quencing output, as input into NOVOPlasty (Dierckxsens
et al. 2017) to assemble the mitochondrial genome.
Kappaphycus striatus (GenBank accession KF833365) was
used as the seed sequence. The protein-coding genes and ri-
bosomal RNA of the three species were annotated from
K. striatus using Geneious R10 (Biomatters Ltd., New
Zealand; available from http://www.geneious.com/). To
predict tRNA genes, the mitochondrial genome sequences
were submitted to the tRNAscan-SE ver. 1.21 (http://
lowelab.ucsc.edu/tRNAscan-SE/) (Schattner et al. 2005).
The physical map of the mitogenomes was prepared for
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visualization using Organellar Genome DRAW (OGDRAW)
(Lohse et al. 2007). Secondary DNA structures were predicted
by using RNAfold webserver (http://rna.tbi.univie.ac.at//cgi-
bin/RNAWebSuite/RNAfold.cgi).

Comparative genome analysis

Comparisons of the mitogenome sequences with previously
published Florideophyceae mitogenome sequences were gen-
erated using progressive Mauve genome aligner version
2.4.037 (Darling et al. 2004) at the default settings.

Estimation of substitution rates

To test the selection pressures and gene evolution rates of the
four Solieriaceae species (B. gelatinus, K. striatus,
K. alvarezii, and E. denticulatum), ratios of nonsynonymous
(dN) and synonymous (dS) substitutions were analyzed using
PAML v4.4 package (Yang 2007), with Chondrus crispus as
the reference. The program yn00 was employed to estimate
dN, dS, and dN/dS under the F3 × 4 substitution matrix using
the Nei-Gojobori method. Kruskal-Wallis tests were conduct-
ed using the R software package (http://www.r-project.org).

Phylogenetic analysis

Phylogenetic analyses were conducted based on the following
dataset: 21 conserved protein-coding genes (atp4, atp6, atp8,
atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4L,
nad5, nad6, rpl16, rps3, rps12, sdh2, sdh3, sdh4) from 41 red
algal mitochondrial genomes available at the NCBI GenBank
(including three species included in the present study)
(Table S2). Three protein-coding genes (including rpl20,
rps11, and tatC) were not used to construct the phylogenetic
tree because they were pseudogenes or lost from the
mitogenomes of some red algae (Table S2). The protein se-
quences were aligned using MEGA 5.0 software (Tamura
et al. 2011) and subsequently edited and trimmed manually
using BioEdit version 7.0.5.3 (Hall 1999). The concatenated
alignments were generated and poorly aligned regions were
removed using the Gblocks server (http://phylogeny.lirmm.fr/
phylo_cgi/one_task.cgi?task_type=gblocks) (Castresana
2000), and the alignment was reduced from 5913 to 4246
position. The best-fit model for maximum likelihood (ML)
was selected using ProtTest 3.4.2 (Darriba et al. 2011) based
on Akaike Information Criterion (AIC). The phylogeny was
inferred by the ML search and ML bootstrap analysis using
RAxML (Stamatakis 2006). Bootstrap probability values
were run with 1000 replicates under the CpREV +G + I + F
model. The Bayesian inference (BI) was performed using
MrBayes v. 3. 1.2 (Huelsenbeck and Ronquist 2001). The
phylogenetic analysis was performed using two independent
runs with four Markov Chains Monte-Carlo for 1000,000

generations. Output trees were sampled every 100 genera-
tions. The phylogenetic analysis was run until the average
standard deviation of split frequencies was below 0.01 and
the first 25% of samples was removed as burn-in. The protein
sequences of Cyanidioschyzon merolae (NC_000887) was
used as outgroup.

Results and discussion

Genome composition and structure

The mitogenomes of B. gela t inae (MF680514) ,
E. denticulatum (MF680515), and K. alvarezii (NC_031814)
were assembled as a single circular molecule using NGS
methodologies. Genes are encoded on both the heavy and
light strands, with approximately the same encoding propor-
tion on each strand in two opposite but major transcriptional
directions (Fig. S1–S3). The composition and structure of the
four representative species in Solieriaceae are summarized in
Table 1. All four Solieriaceae mitogenomes contain a set of 50
genes, including 24 protein-coding genes, two rRNA genes,
and 24 tRNA genes. One intron is inserted in the tRNA-Ile
gene (Table 1; Fig. S1–S3). The number of genes in
B. gelatinae, K. alvarezii, K. striatus, and E. denticulatum is
the same, but different from that of C. crispus and
Mastocarpus papillatus (Table 1; Fig. S1–S3).

The mitogenome length ranges from 25,198 bp
(K. alvarezii) to 25,327 bp (E. denticulatum) (Table 1). As
compared with the C. crispus (family Gigartinaceae),
Gracilaria changii (Gracilariaceae) andM. papillatus (family
Phyllophoraceae), both from the order Gigartinales, the four
Solieriaceae species show smaller mitochondrial genome size
(Table 1). Compared with the previously published mitochon-
drial genome of Florideophyceae species, the mitochondrial
genome length of Solieriaceae are relatively smaller. Only one
species each in Gelidiaceae and Pterocladiaceae show smaller
mitochondrial genome sizes than that of the ones reported in
the present study (Table S4). The overall GC content ranges
from 29.70% (B. gelatinae) to 30.3% (E. denticulatum),
which is comparable to the other Florideophyceae species
(Table S4). In addition, the mitogenome of K. striatus is
44 bp longer than that of K. alvarezii, mainly because of dif-
ferences in length of the intergenic regions. The intergenic
regions of K. alvarezii is 4.96% whereas that of K. striatus
5.13% (Table 1).

Protein-coding gene

All protein-coding genes use the mold genetic code, which
differs from the universal code only in the use of TGA as
tryptophan (Trp). The protein-coding gene lengths of all
24 protein-coding genes in K. striatus and K. alvarezii are
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identical (Table 2). Significant difference in gene length
was observed among B. gelatinae, E. denticulatum, and
the two Kappaphycus species. Fifteen of the 24 protein-

coding genes differ in length among B. gelatinae,
E. denticulatum, and the two Kappaphycus species
(Table 2).

Table 1 General features of the mitochondrial genomes in six Gigartinales species

Feature B. gelatinae E. denticulatum K. alvarezii K. striatus C. crispus M. papillatus G. changii

Genome size (bp) 25,275 25,327 25,198 25,242 25,836 25,906 25,729

GC content (%) 29.7 30.3 29.86 30.06 27.9 35 27.7

Protein-coding (%) 70.23 70.15 70.29 70.21 74.64 71.33 70.45

Spacer content (%) 4.85 5.00 4.96 5.13 4.05 6.87 5.84

Total number of genes 50 50 50 50 52 50 50

Protein-coding genes 24 24 24 24 24 25 25

tRNA genes 24 24 24 24 24 23 23

rRAN genes 2 2 2 2 4 2 2

Intron 1 1 1 1 1 0 0

Table 2 Characteristics of the mitochondrial protein-coding genes in six Gigartinales species

Genes Length (bp) Amino acid Start Stop Coding strand

apt6 768a,b,c,d/762e,f 256a,b,c,d/254e,f ATG TAA H

atp8 396a/393b/402c,d/414e,f 132a/131b/134c,d/138e,f ATG TAA H

nad5 2001b,e /2007a,c,d/2004f 667b,e/669a,c,d/668f ATG TAA H

nad4 1473a,b,c,d,f/1479e 491a,b,c,d,f/493e ATG TAAa,b,c,d,e/TAGf H

sdh4 240a,b,c,d,f/255e 80a,b,c,d,f/85e ATG TAAa,b,c,d,f/TAGe H

nad2 1488a,b,c,d/1494e,f 496a,b,c,d/498e,f ATG TAA H

nad1 981 327 ATG TAA H

nad3 366 122 ATG TAAa,b,e,f/ TAGc,d H

rps11 354a,b,c,d/351e/360f 118a,b,c,d/117e/120f ATG TAAa,b,c,d,e/TAGf H

atp9 231 77 ATG TAA H

sdh3 378a,b,c,d/384e/396f 126a,b,c,d/128e/132f ATG TAAa,b,c,d/TAGe,f H

sdh2 759b/756a,c,d/753e,f 253b/252a,c,d/251e,f ATG TAA H

nad6 609a/615b,e/606c,d/618f 203a/205b,e/202c,d/206f ATG TAA H

cob 1152b/1146a,c,d,e,f 384b/382a,c,d,e,f ATG TAA L

atp4 543a,b,c,d/552e,f 181a,b,c,d/184e,f ATG TAAb,c,d,e,f/TAGa L

cox3 819 273 ATG TAA L

cox2 777b/786a,c,d/765e/771f 259b/262a,c,d/255e/257f ATG TAA L

cox1 1611a,b,c,d/1599e/1608f 537a,b,c,d/533e/536f ATG TAAa,c,d,e,f/TAGb L

rpl16 405a,b,c,d/417e/411f 135a,b,c,d/139e/137f ATG TAA L

rps3 699a,b,c,d/723e/693f 233a,b,c,d/241e/231f ATG TAA L

nad4L 306 102 ATG TAAa,c,d,e,f/TAGb L

rpl20 255a/258b/261c,d/285e/264f 85a/86b/87c,d/95e/88f ATG TAAa,e/TAGb,c,d,f L

rps12 375a/369b,c,d/384e,f 125a/123b,c,d/128e,f ATG TAA L

tatC 759a/780b/723c/729d/789e/777f 253a/260b/241c /243d/263e/259f ATGb/TTGa,c,d/GTTe/ATCf TAAb,c,d,e,f/TAGa L

aBetaphycus gelatinae
bEucheuma denticulatum
cKappaphycus alvarezii
dKappaphycus striatus
eChondrus crispus
fMastocarpus papillatus
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The start codon for all mitochondrial genes inE. denticulatum
is ATG. The start codon for nearly all mitochondrial genes in
B. gelatinae, K. alvarezii, and K. striatus is ATG, the exception
being tatC, which uses the TTG as the start codon. There are two
stop codons, the most predominant of which is TAA, with nad3,
atp4, cox1, nad4L, tatC, and rpl20 using TAG.

As compared with C. crispus (family Gigartinaceae) from
the same order Gigartinales, the gene content of the protein-
coding gene of the four Solieriaceae species are almost the
same as that of C. crispus (Table 1). Besides the 24 protein-
coding genes mentioned above, the mitochondrial genome of
M. papillatus (family Phyllophoraceae) possesses one tatA
gene, which is not observed in the other Gigartinales species.
All protein-coding genes had the same ATG start codon in
G. changii mitochondrial genes. The start codon for nearly
all mitochondrial genes in C. crispus and M. papillatus is
ATG, whereas that of the tatC gene is GTT in C. crispus and
ATC in M. papillatus. The most predominant stop codon is
TAA, whereas sdh3 and sdh4 uses TAG in C. crispus, and
nad4, rps11, sdh3, and rpl20 uses TAG in M. papillatus.

Secondary structure

Consistent with previously published mitochondrial genomes
of Gigartinales, such as C. crispus (Leblanc et al. 1995),
K. striatus (Tablizo and Lluisma 2014), and M. papillatus
(Sissini et al. 2016), the mitochondrial genome of
B. gelatinae, E. denticulatum, and K. alvarezii consists of two
obvious transcriptional units oriented in opposite transcriptional
directions (Fig. S1–S3). At the demarcation points of these two
transcriptional units, located within the intergenic regions of the
mitogenome, we identified a long stable stem-loop (trnA-trnS)
(Fig. 1). These structures are complete inverted-repeat se-
quences containing polymers of A and T (Fig. 1). This second-
ary structure is similar to the displacement-loop (D-loop),
which is known to be a control region in the mitochondrial
genome of mammals (Clayton 1982; Taanman 1999), wherein
it is located at the junction of two transcriptional units and is
presumed to activate the initiation of DNA replication.
Moreover, it contains the major promoter for transcription. In
addition, a short hairpin structure (cob-trnL) can be found in the
opposite stem-loop.

Among all the sequenced mitochondrial genomes of brown
and green algae, no similar sequences have been identified. Thus,
it appears that such stem-loop structures occur only in algal spe-
cies of the phylum Rhodophyta. At present, mitochondrial se-
quences from nearly 80 red algae species have been published.
Similar stem-loop and hairpin structures have been identified in
the mitochondrial genomes of in orders Ceramiales, Gelidiales,
Gracilariales, Palmariales, Halymeniales, Plocamiales,
Rhodymeniales, Batrachospermales, and Bangiales (Figs. S4
and S5). As indicated by Zhang et al. (2012), such stem-loop
structures can lead to the deletion or base mutation of DNA

fragments during PCR, thus creating gaps in the whole-genome
sequence. Therefore, homologous amplification and long-PCR
strategies have been widely used in previous attempts to obtain
complete mitochondrial DNA sequences. This might be a possi-
ble reason for the incomplete nature of the sequences obtained.
However, high-throughput sequencing can effectively avoid this
problem. Due to its high sequence coverage, this approach can
correct random mismatches during the PCR process (caused by
the instability of Taq DNA polymerase). In addition, it can facil-
itate the complete sequencing of fragments containing compli-
cated secondary structures. Moreover, the sequence determined
in the present study will provide an important source of data for
future research on the mitochondrial genome of Solieriaceae.

Gene order

In Gigartinales the difference in gene order between the four
Solieriaceae and the other two Gigartinales species (C. crispus
and M. papillatus) in this region can be explained by the
inversion of two tRNA genes: trnY (gua) and trnR (ucu)
(Fig. 2). Detailed characterization of the gene order based on
synteny analyses for 12 mitochondrial genomes of
Florideophyceae showed strong collinearity among species
in most of regions, with all 12 genomes showing similar gene
numbers and genomic organizations (Fig. S6). A highly vari-
able region was identified between the atp6 and rpl20 genes
(Fig. S6). Moreover, it was not surprising that this region is
located at the junction of two transcription units. Within this
variable region, there are considerable differences in the type,
number, and order of tRNA genes among the different species
(Fig. S6). In general, the mitochondrial genomes of
Florideophyceae species are highly conserved and there is
considerable sequence synteny across all the species. The re-
gion near the junction of the two transcriptional units is the
only highly variable region in the mitochondrial genomes.

Gene substitution rates

With the inclusion of the results of the present study, the se-
quences of only four mitochondrial genomes in the family
Solieriaceae have been published to date. We calculated and
compared the gene substitution rates of all the 24 protein-
coding genes in the four species based on nucleotide se-
quences. The dN/dS values differed significantly (P < 0.001)
among each gene (Fig. 3). The dN/dS values of all the protein-
coding genes in the four species were far below one, suggest-
ing the existence of purify selection on these genes. The atp9
genes have the lowest substitution rates (0.0034), and the
same situation is observed in previous studies on Gelidiales
species (Boo et al. 2016). Generally, if a gene has a low sub-
stitution rate, this indicates that the gene is important or the
gene-related function is more conserved. Our results
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confirmed the amino acid sequence stability of the atp9, and
the gene product indicates that this gene is highly conserved.

Within the ATP synthase group, atp8 (0.3897) had higher
mean dN/dS ratios than atp4 (0.3248), atp6 (0.0695), and atp9
(0.0093), suggesting that there has been differential selection,
and that each gene evolved independently within the function-
al group.

Additionally, cytochrome oxidase genes (cox1) show lower
substitution rates than that of the other genes. This explains
why cox1 is widely used as an ideal tool for phylogenetic
analysis (Conklin et al. 2009). Cox2, cox3, nad1, nad2, and
nad3 show similar dN/dS ratios as that of cox1, which indi-
cated that they show a more stable rate of variation at both the
nucleotide and amino acid levels. They may thus be suitable
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markers for detecting molecular evolution and phylogenetic
structure in red algae.

Phylogenetic analysis

Figure 4 presents the maximum likelihood (ML) and Bayesian
inference (BI) tree of 43 Rhodophyta species based on 21
shared mitochondrial protein-coding genes. The topological
structure of the phylogenetic trees inferred by ML and BI
methods are concordant, with the exception of the branch with
low bootstrap support in the Gigartinales clade (see below).
The taxa are clearly separated into two clades representing
Bangiophyceae and Florideophyceae with high bootstrap

and posterior probability values. The Bangiophyceae clade
contains 10 species, among which six Pyropia species are
divided into two small clades. The Florideophyceae clade
containing 32 species can be divided into 16 orders. The
phylogenetic relationship of Florideophyceae in this study is
corresponded well with the one in Yang et al. (2015) and
supported the currently accepted relationships of Rhodophyta.

The most notable finding of the phylogenetic analysis was
related to the resolution of the relationship among Gigartinales
species. Gigartinales species separate into two clades. Four
Solieriaceae species, E. denticulatum, K. alvarezii, K. striatus,
and B. gelatinae form one clade (Solieriaceae clade). Within
this clade, B. gelatinae is basal relative to other three species. In
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addition, K. alvarezii forms a cluster with the congeneric
K. striatus. Eucheuma denticulatum emerged as the branch
closet to Kappaphycus clade. The phylogenetic relationship of
Solieriaceae species constructed by mitochondrial data is well
supported by morphological characteristics of the Solieriaceae
species (Fig. S7). The second clade consists of C. crispus
(Gigartinaceae) and M. papillatus (Phyllophoraceae).
However, the position of this clade is uncertain; it is clustered
with the Solieriaceae clade in the ML tree (bootstrap support =
48), but clustered with Riquetophycus sp. (KJ398161) in the BI
tree (posterior probabilities = 0.57). These phylogenetic rela-
tionships were not fully resolved because of the low bootstrap
and posterior probability values. Further investigations not only
on molecular phylogeny of all members within the genus but
also on the cytology and molecular biology will be necessary to
test and refine the above research.
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