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Abstract
Background Many species of red algae belonging to the phylum Rhodophyta are consumed by humans as raw materials for 
nutrition and medicine. As the seaweed market grows, the importance of the laver species has increased. The classification 
of red algal species has changed significantly, and the accuracy of this classification has improved significantly in recent 
years. Here, we report the complete circular genomes of the chloroplasts (cp) and mitochondria (mt) of three laver species 
(Neoporphyra dentata, Neoporphyra seriata, and Neopyropia yezoensis).
Objective This study aims to assemble, annotate, and characterize the organization of the organelle genomes of three laver 
species, conduct comparative genomic studies, and develop molecular markers based on SNPs.
Methods We analyzed organelle genome structures, repeat sequences, sequence divergence, gene rearrangements, and 
phylogenetic relationships of three laver species.
Results The chloroplast genomes of the three species contained an average of 212 protein-coding genes (PCGs), while the 
mitochondrial genomes contained an average of 25 PCGs. We reconstructed the phylogenetic trees based on both chloroplast 
and mitochondrial genomes using 201 and 23 PCGs (in cp and mt genomes, respectively) shared in the class Bangiophyceae 
(and five species of Florideophyceae class used as an outgroup). In addition, 12 species-specific molecular markers were 
developed for qRT-PCR analysis.
Conclusions This is the first report of Neoporphyra seriata complete organellar genomes. With the results, this study provides 
useful genetic information regarding taxonomic discrepancies, the reconstruction of phylogenetic trees, and the evolution of 
red algae. Moreover, the species-specific markers can be used as fast and easy methods to identify a target species.
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Introduction

Humans have long consumed various seaweeds, such as 
green, brown, and red algae, especially in northeast Asia, 
including Korea, Japan, and China (Mouritsen et al. 2013; 
Brown et al. 2014). In addition, seaweeds can be used for 

various purposes such as nutrition, medicine, and food (Kan-
dale et al. 2011; Cui et al. 2019). Although the use of sea-
weed in Western countries has been very limited, consumers 
have recently begun to consume seaweed as food. The sea-
weed market is growing, and marine crops have become one 
of the most commercially important vegetables. In Korea, 
several laver species (i.e., Neopyropia spp. and Neoporphyra 
spp.) are cultivated and exported to 114 countries world-
wide, becoming the most exported agricultural and fishery 
products (Park 2023).

Previously, the phylum Rhodophyta was reported to have 
two classes: Bangiophyceae and Florideophyceae (Garbary 
and Gabrielson 1990; Yoon et al. 2006). As morphological 
and genetic research on Rhodophyta progressed, red algae 
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were divided into seven classes (Bangiophyceae, Comp-
sopogonophyceae, Cyanidiophyceae, Florideophyceae, 
Porphyridiophyceae, Rhodellophyceae, and Stylonema-
tophyceae) (Saunders and Hommersand 2004; Yoon et al. 
2006). Recently, the Bangiophyceae class and some fami-
lies have been redefined (Yang et al. 2020; Necchi Jr and L 
Vis 2021; Park et al. 2023). The database such as NCBI or 
algal specific ‘AlgaeBase’ are updated by reflecting the latest 
research results. Unfortunately, old classifications and sci-
entific names of some species are still used in some studies.

The most of eukaryotic cells have endosymbiotic orga-
nelles, and the organelles have their independent genomes. 
Mitochondria, whose primary role is to synthesize ATP, can 
be found in most eukaryotic cells, whereas chloroplasts, 
whose primary role is to carry out photosynthesis, can be 
found in most plants and algae. According to the endosym-
biotic theory, proteobacteria and cyanobacteria evolve into 
mitochondria and chloroplasts, respectively. These orga-
nelle genomes are key targets for reconstructing phyloge-
netic relationships; in particular, the matK and rbcL genes 
are frequently used in chloroplast-based plant phylogenetic 
tree reconstruction (Gagnon et al. 2019; Costa et al. 2019). 
Recently, the rapid development of next-generation sequenc-
ing (NGS) technology has made it possible to exploit orga-
nellar genome sequence data. These changes have expanded 
the phylogenetic analysis methods. Recently, numerous 
sequence polymorphisms and genetic variations were iden-
tified. The family Bangiaceae contains over 170,000 species 
in AlgaeBase (https:// www. algae base. org/), but only a few 
complete organelle genome sequences have been published 
and registered in the NCBI GenBank despite the develop-
ment of sequencing technology.

In this study, we generated the complete circular chlo-
roplast and mitochondrial genomes of three red algal laver 
species, Neoporphyra dentata, Neoporphyra seriata, and 
Neopyropia yezoensis, using an Illumina sequencing plat-
form. A previous study reported the circular organelle 
genomes of N. dentata (Choi et al. 2020, 2022), but compar-
ative analysis using other Bangiaceae species showed miss-
ing annotations; therefore, we improved the sequences and 
annotations of the organelle genomes of N. dentata in this 
study. Here, we report the first complete organelle genome 
sequence of N. seriata. Our analysis focused on the orga-
nelle genome structures, phylogenetic relationships across 
Bangiophyceae species, and genetic diversity. Additionally, 
we report a strategy for designing species-specific molecular 
markers to identify different species using organelle genome 
sequences and nucleotide diversity and developed a total of 
12 species-specific markers (four markers per species).

Materials and methods

Plant materials and DNA isolation

The fresh samples of two Neoporphyra species, N.dentata 
and N.seriata were collected from Doripo, Jeollan-
amdo, Republic of Korea (35°8′52.8″N, 126°20′18″E), 
and Hwangsan-myeon, Jeollanamdo, Republic of Korea 
(34°32′25.6″N, 126°25′22.5″E), respectively. The fresh 
sample of Neopyropia yezoensis was collected from Dan-
gin-ri, Jeollanamdo, Republic of Korea (34°18′36.1″N, 
126°36′37.1″E). Permission to collect samples was 
granted by the Ministry of Ocean and Fisheries, Repub-
lic of Korea. Our studies were complied with local and 
national regulations and following Kangwon National 
University (Chuncheon, Republic of Korea) and the Min-
istry of Oceans and Fisheries (Sejong, Republic of Korea) 
regulations.

Total genomic DNA was isolated using the  Exgene™ 
Plant SV Kit  (GeneAll®, Seoul, Korea) according to the 
manufacturer’s protocol. Paired-end sequencing of the 
genomic DNA was performed using the Illumina NovaSeq 
6000 platform.

Organelle genomes assembly, mapping, 
and annotation

To construct complete circular organelle genomes, we used 
two assemblers (GetOrganelle and NOVOPlasty) (Dierck-
xsens et al. 2017; Jin et al. 2020) and Geneious Prime 
software for mapping as previously described (Lee et al. 
2022), with some modifications. The raw reads obtained 
from Illumina sequencing were quality-and adapter-
trimmed for GetOrganelle assembler and Geneious Prime 
mapping, and adapter-trimmed for NOVOPlasty as rec-
ommended by the developer using Trimmomatic (Bolger 
et al. 2014). The closely related species Neoporphyra hai-
tanensis (NC_021189 for the cp genome and NC_017751 
for the mt genome) was used as a reference for the assem-
bly and mapping of the two Neoporphyra species, and 
Neopyropia yezoensis (NC_007932 for the cp genome and 
NC_017837 for the mt genome) was used as reference for 
the N.yezoensis in this study. Complete circular organelle 
genomes were constructed by comparing the results of two 
assemblers and Geneious Prime mapping.

The constructed organelle genomes were annotated 
using GeSeq (Tillich et al. 2017) and Geneious Prime 
using Bangiophyceae reference genomes (Table S1). tRNA 
genes were identified using tRNAscan-SE (Chan and Lowe 
2019) v2.0.7. Maps of the cp and mt genomes were gen-
erated using OGDRAW (Greiner et al. 2019). After the 
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complete genomes of the three species were constructed, 
we modified the sequence starting point and provision-
ally re-annotated the reference genomes (Table S1) to 
standardize gene names for comparative and phylogenetic 
studies.

Structural and comparative analyses

CodonW (http:// codonw. sourc eforge. net) was used to analyze 
codon usage for all protein-coding genes (PCGs). Simple 
sequence repeats (SSRs) and long repeats were detected using 
MISA (Beier et al. 2017) (10 > for mono-, 5 > for di- and tri-, 
and 3 > for tetra-, penta-, and hexanucleotides) and REPuter 
(Kurtz et al. 2001) (Hamming distance 3, sequence identity 
≥ 90%, and minimum repeat size ≥ 30bp), respectively. The 
mVISTA program (Frazer et al. 2004) with Shuffle-LEGAN 
mode was applied to perform multiple alignments and analyze 
the divergences among the organelle genomes using N. haitan-
ensis organelle genome as a reference. The progressiveMauve 
(Darling et al. 2004) alignment plugin tool in Geneious Prime 
was used to analyze gene rearrangements and synteny.

Phylogenetic analysis

Published organelle genomes of Bangiophyceae species and 
five Florideophyceae species used as outgroups were collected 
for phylogenetic analysis of the newly constructed organelle 
genomes in this study. The PCG sequences of 201 cp genes and 
23 mt genes were aligned using MAFFT (Katoh and Standley 
2013), trimmed using trimAl (Capella-Gutiérrez et al. 2009), 
and concatenated in PhyloSuite (Zhang et al. 2020). Phyloge-
netic analysis was performed based on maximum-likelihood 
(ML) using IQ-TREE 2 with 1000 bootstrap replicates and 
1000 Sh-aLRT replicates. The best-fit model, GTR + F + I + 
G4, was chosen according to the Bayesian Information Crite-
rion (BIC).

Development of molecular markers 
for distinguishing the three laver species

Species-specific markers were developed as previously 
described (Lee et  al. 2022). The CDSs of the organelle 
genomes constructed in this study were aligned using 
ClustalW, and species-specific primer pairs were designed 
based on the polymorphic sites using Beacon  Designer™ 
(PRIMER Biosoft, Palo Alto, CA, USA).

Results

Complete organelle genomes of three species

Illumina sequencing produced an average of 16 Gb of 
paired-end sequencing data of average 108,290 k raw 
reads. After trimming the low-quality raw reads, we com-
pared the results of GetOrganelle assembly, NOVOPlasty 
assembly, and Geneious Prime mapping to construct the 
complete circular organelle genomes of the three laver 
species (Fig. 1). Here, we provide the complete organelle 
genomes of three laver species, including the first report 
of Neoporphyra seriata cp and mt genomes.

The average cp genome size was 193,735 bp (196,617 
bp for N. dentata, 192,614 bp for N. seriata, and 191,974 
bp for N. yezoensis), with a GC content of 33% (33.1% 
for N. dentata, 32.7% for N. seriata, and 33.1% for N. 
yezoensis). The cp genomes of the three species contained 
an average of 212 protein-coding genes (212, 211, and 213 
genes in N. dentata, N. seriata and N. yezoensis, respec-
tively). N. dentata and N. yezoensis have six rRNA genes 
(two sets of rrf, rrl, and rrs), whereas N. seriata has four 
rRNA genes (one rrs and one rrl are missing). Two tRNA 
genes (trnI and trnA) were located between rrs and rrl, and 
N. seriata also lost these two tRNA genes (37 tRNA genes 
in N. dentata and N. yezoensis cp genomes and 35 tRNA 
genes in N. seriata cp genome) (Table 1). The chloroplast 
genes were involved in the genetic system, photosystem, 
ATP synthesis, metabolism, transport, RNA genes, and 
unknown genes (Table S2).

The complete mt genomes of N. dentata, N. seriata, 
and N. yezoensis were 25,543, 32,498, and 35,863 bp in 
length with GC contents of 30, 31.9, and 32.4%, respec-
tively (Fig. 1 and Table 1). The mt genomes contained 24, 
25, and 26 protein-coding genes (in N. dentata, N. seriata, 
and N. yezoensis, respectively). All mt genomes contained 
24 tRNA genes and two rRNA genes. Genes were divided 
into five categories (Table S2) according to their functions 
(oxidative phosphorylation, genetic systems, RNA genes, 
transport, and unknown).

Codon usage patterns

The organelle genomes of the three species were compared 
in terms of codon usage. Overall, 50,236 codons encoding 
212 PCGs, 50,216 codons (211 PCGs), and 50,252 codons 
(213 PCGs) were detected in the cp genomes of N. dentata, 
N. seriata, and N. yezoensis, respectively. The three most 
commonly used codons were AUU (encoding Ile), AAA 
(encoding Lys), and UUA (encoding Leu2), all of which 
were composed of A and U. All codons with RSCU > 1 
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ended with A and U in the cp genomes (Fig. 2a). In the 
mt genomes, 6045 codons (24 PCGs), 6037 codons (25 
PCGs), and 6164 codons (26 PCGs) were detected in N. 
dentata, N. seriata, and N. yezoensis, respectively. The 
codons in mt genomes showed a pattern similar to that of 
the cp genomes. Codons consisting of A and U accounted 
for the top seven frequencies (UUU, UUA, AUU, AUA, 

AAA, AAU, and UAU), and all codons with RSCU > 1 
ended with A and U (Fig. 2b).

SSR and repeat sequence analysis

In the present study, 18 (N. yezoensis) and 21 (N. dentata) 
SSRs were detected in the chloroplast genome (Fig. 3a). 

Fig. 1  The chloroplast genome maps (a) and mitochondrial genome 
maps (b) of three laver species (Neoporphyra dentata, Neoporphyra 
seriata, and Neopyropia yezoensis, from left to right). The genes 

on the outside of the maps are transcribed in a clockwise direction, 
whereas the genes on the inside of the maps are transcribed in a coun-
terclockwise direction

Table 1  General features of 
complete organelle genomes of 
three laver species

Organelle Characteristic Neoporphyra 
dentata

Neoporphyra 
seriata

Neopy-
ropia 
yezoensis

Chloroplast Genome size (bp) 196,617 192,614 191,974
GC content (%) 33.1 32.7 33.1
Protein coding genes no. 212 211 213
tRNA genes no. 37 35 37
rRNA genes no. 6 4 6

Mitochondria Genome size (bp) 26,543 32,498 35,863
GC content (%) 30 31.9 32.4
Protein coding genes no. 24 25 26
tRNA genes no. 24 24 24
rRNA genes no. 2 2 2
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Fig. 2  The RSCU (relative synonymous codon usage) of chloroplast genomes (a) and mitochondrial genomes (b)

Fig. 3  Repeat analysis of organelle genomes of the three species. a 
The SSR analysis of organelle genomes of the three species. x-axis: 
repeat unit; y-axis: frequency, b Longer repeat analysis of chloroplast 

genomes. x-axis: repeat length; y-axis: copy number, c Longer repeat 
analysis of mitochondrial genomes. x-axis: repeat length; y-axis: copy 
number
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The most abundant SSRs were dinucleotide repeat units 
AT/AT, whereas mono- and hexanucleotide repeat units 
were not found. In the mitochondrial genomes, the A/T 
mononucleotide repeat unit was the most abundant SSR 
in all the three species.

In the cp genomes of the three species, REPuter 
detected five (N. dentata), 43 (N. seriata), and nine (N. 
yezoensis) long (> 30 bp) forward repeats and 15 (N. den-
tata), seven (N. seriata), and 16 (N. yezoensis) palindromic 
repeats (Fig. 3b). Most of the forward repeats of over 100 
bp were found in the rRNA-containing region (from rrs to 
rrf gene) in all chloroplast genomes of the three species. 
The mt genomes had 2, 2, and 23 long forward repeats 
and 5, 3, and 10 long palindromic repeats in N. dentata, 
N. seriata, and N. yezoensis, respectively (Fig. 3c). Each 
mitochondrial genome had one long palindromic repeat 

of over 100 bp, and these were found in the same regions 
(between cob and nad6 gene) in all three species.

Analyses of genomic synteny and rearrangements

The mVISTA program was used to identify the organellar 
genome divergence of the three species, using the genome 
sequence and annotation of Neoporphyra haitanensis orga-
nellar genome as an alignment reference (Fig. 4). Gene 
organization was highly conserved across the cp genomes 
of all four species. Gene-coding regions tended to be more 
conserved, whereas conserved non-coding sequences 
(CNS) showed large variations. As illustrated in this study, 
N. seriata had a missing region in one set of rRNA genes, 
and the rRNAs were also highly conserved, except for this 
region. In the mt genomes, the coding regions were gen-
erally conserved, except for some orf genes. However, 

Fig. 4  Sequence Alignment and divergence analysis using mVISTA 
in chloroplast genomes (a) and mitochondrial genomes (b). Neopor-
phyra haitanensis cp and mt genomes were used as alignment refer-

ences. UTR: untranslated region (rRNAs and tRNAs); CNS: con-
served non-coding sequence
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the mt genomes varied more than the chloroplast genome 
sequences.

To check for gene rearrangements based on co-linear 
analysis of the organelle genomes, we selected 18 species, 
including the newly sequenced species in this study, and 
conducted MAUVE alignment (Fig. 5). The results showed 
that the organelle genomes (both cp and mt genomes) of the 
Bangiaceae family had no structural rearrangements.

Phylogenetic analysis

The phylogenetic trees were reconstructed based on aligned, 
trimmed, and concatenated nucleotide sequences of 201 
PCGs shared by 66 cp genomes (63 accessions downloaded 
from NCBI GenBank and three constructed cp genomes 
in this study) and 23 PCGs shared by 57 mt genomes (54 
accessions downloaded from NCBI GenBank and three con-
structed mt genomes in this study), including five species of 
Florideophyceae, which are sister taxa of the Bangiophyceae 
class, as the outgroup (Fig. 6). Based on the phylogenetic 
analysis, the Bangiaceae family species were clearly distin-
guished from other families (Porphyridiaceae, Phragmone-
mataceae, Galdieriaceae, Cavernulicolaceae, Cyanidiaceae, 
and Cyanidioschyzonaceae) in both phylogenetic trees 
reconstructed using cp and mt genomes. Bangiaceae species 
were separated into five clades. Wildemania schizophylla 

formed a single clade, whereas two species of Bangia and 
two species of Porphyra formed another clade. The other 
three clades were clearly divided by genera (Neoporphyra, 
Neopyropia, and Pyropia).

Development of molecular markers for identifying 
three laver species

To validate the SNPs in genes across the three species, we 
aligned the complete cp genomes and compared the PCG 
sequences. We developed 12 species-specific markers (four 
markers per species) based on the SNPs of the chloroplast 
genes (Fig. 7) with cut-off Ct values ranging from 18 to 22 
(Table S3).

Discussion

In this study, the complete chloroplast and mitochondrial 
genomes of three laver species, Neoporphyra dentata, Neo-
porphyra seriata, and Neopyropia yezoensis from the family 
Bangiopyceae were characterized, and especially, this is the 
first report of the complete organelle genome sequence of N. 
seriata. To construct complete circular organelle genomes, 
NGS technology was applied and the three assembly or 
mapping results (two assemblies and one mapping) were 

Fig. 5  Gene rearrangement of 18 species including three newly 
sequenced species in this study. a Gene rearrangement of chloroplast 
genomes across the species, b Gene rearrangement of mitochondrial 

genomes across the species. Local collinear blocks were colored to 
indicate syntenic regions
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compared. Two species (N. dentata and N. yezoensis) had 
two sets of rRNAs (rrsA and rrsB, rrlA and rrlB, and rrfA 
and rrfB) in their chloroplast genomes, whereas the N. 
seriata chloroplast genome lacked rrsB and rrlB. Accord-
ing to our assembly and mapping results, the two assemblers 
(NOVOPlasty and GetOrgenelle) showed the same results 
in the absence of regions including the two rRNA genes 
(rrsB and rrlB), while mapping to the N. haitanensis ref-
erence sequence using Geneious Prime software generated 
continuous but ambiguous sequences. Thus, we determined 
that the results of the two assemblers were correct. Loss of 
the region, including rrsB and rrlB didn’t occur only in N. 
seriata, but also in Neoporphyra perforata. Compared to 
other species, the two species lost about 2.9 kbp (N. seriata) 
and 3.3 kbp (N. perforata) of rRNA regions in similar loca-
tion. Except for some orf genes (such as orf32 and orf35), 
the cp genomes of the three species had the same PCGs and 
gene orders. Owing to the loss of the rRNA region in the cp 
genome, N. seriata also lost two tRNA genes (trnI and trnA) 
located between rrsB and rrlB in other species. Except for 
the missing regions, the rRNA and tRNA genes were the 
same across the three species. The mean similarity of the 

whole cp genome sequences was 85.67% (88.19% between 
N. dentata and N. seriata, 85.14% between N. dentata and N. 
yezoensis, and 83.68% between N. seriata and N. yezoensis). 
The mt genomes showed the same PCGs and order of genes, 
except for some orf genes (orf72, orf88, and orf729) similar 
to the cp genomes. The mitochondrial genome contained the 
same number of rRNAs and tRNAs. Mitochondrial genes 
with intron sites were differentially occurred across the three 
species. The rnl genes of N. seriata and N. yezoensis have 
two intron sites, whereas the rnl gene of N. dentata has no 
introns. The cox1 gene in N. seriata had one intron site (and 
the orf729 predicted gene was encoded in the intron site), 
whereas the other two species had no intron site in their 
cox1 gene. The mean similarity of the whole mt genome 
sequences was 62.71% (68.09% between N. dentata and N. 
seriata, 56.99% between N. dentata and N. yezoensis, and 
63.06% between N. seriata and N. yezoensis).

Comparative analysis of rearrangements using the Mauve 
program revealed that the organelle genomes of Bangiaceae 
family (or Bangiales order) species were more highly con-
served than those of other families or orders in the Bangio-
phyceae class. Gene rearrangements rarely occurred in both 

Fig. 6  The phylogenetic tree of 66 chloroplast genomes (including 
63 accessions with 5 Florideophyceae species as outgroup and 3 new 
chloroplast genomes in this study) constructed by 201 shared PCGs 
(a) and the phylogenetic tree of 57 mitochondrial genomes (including 

54 accessions with 5 Florideophyceae species as outgroup and 3 new 
mitochondrial genomes in this study) constructed by 23 shared PCGs 
(b)
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chloroplast and mitochondrial genomes of the Bangiaceae 
family. The cp genome sizes of the Bangiaceae species were 
almost identical. In contrast, species belonging to the Por-
phyridiaceae family showed high variation in gene order and 
genome size in organelle genomes.

The classification of red algae was previously unclear. 
For instance, the scientific name Neoporphyra dentata 
has been misused as Pyropia dentata (Kim et al. 2019; 
Choi et al. 2020) or Porphyra dentata (Yang et al. 2022a, 
b). Advancements in sequencing technologies and the 
accumulation of genetic and phenotypic data have made 
the classification of red algae more accurate and precise. 
In the reconstructed phylogenetic trees in this study, 

Cyanidioschyzonaceae and Cyanidiaceae species clustered 
together. Recently, Park et al. suggested a new classifica-
tion system for certain families of red algae (Park et al. 
2023). The names of three species of the Cavernulicol-
aceae family registered in the NCBI have been changed 
(from Cyanidiales sp. SPark-2023b to Cavernulicola 
chilensis, from Cyanidiales sp. SPark-2023c to Grono-
coccus sybilensis, and from Cyanidiales sp. SPark-2023d 
to Sciadococcus taiwanensis). They also suggested that 
some Cyanidiales species should be classified under the 
taxonomic order Cyanidioschyzonale. Based on these sug-
gestions, the phylogenetic tree classification in this study 
is clear. Although we reconstructed the phylogenetic trees 

Fig. 7  Development of molecular markers based on the quantitative real-time PCR using SNPs of chloroplast genomes. Lane 1: Neopyropia 
yezoensis, 2: Neoporphyra seriata, 3: Neoporphyra dentata, M: DNA ladder
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based on information registered in the NCBI taxonomy 
(Fig. 6), we fully agree with the researcher’s suggestions. 
Similarly, the classification of species belonging to the 
Bangiaceae family is becoming more accurate. Previously, 
most phylogenetic trees based on nucleotide sequences 
were constructed using specific genes such as rbcL in 
the chloroplast genome or cox genes in the mitochon-
drial genome; however, recently, many researchers have 
attempted to construct phylogenetic trees using concate-
nated PCG sequences. We cannot determine which method 
provides the correct answer, but the accumulation of vari-
ous data would be helpful in reconstructing more accurate 
phylogenetic trees. In this study, we reported the complete 
organelle genome sequences of N. dentata and N. yezoen-
sis, and the first complete organelle genome sequence of 
N. seriata and reconstructed phylogenetic trees using the 
concatenated sequence of 201 shared PCGs and 23 shared 
PCGs in cp and mt genomes, respectively.

SSRs are frequently used to develop molecular mark-
ers; however, in this study, it was difficult to use SSRs 
to develop markers because of the high frequency of A 
and T in SSRs. In addition, codon usage analysis revealed 
that codons composed of A and U were used extensively. 
Because of the high AT content, we used SNPs in PCGs 
as species-specific markers and developed four markers 
per species for chloroplast genes (accD, atpA, atpF, and 
rpoC2 for N. dentata and accD, atpF, rbcL, and rpoC2 for 
N. seriata and N. yezoensis).

Laver species of Bangiaceae are highly valued in Korea, 
Japan, and China, especially in Northeast Asia. As laver 
gains popularity owing to its texture and flavor, the sea-
weed market, including laver, is growing, and the eco-
nomic importance of laver species is also growing. Con-
sequently, accurate species authentication has become 
important. Most species of edible algae, including laver, 
can be mixed during the processing stage of food mate-
rials. It is important to develop species discriminating 
markers to prevent such mixing or contamination for 
consumer’s health and rights. To accurately distinguish 
between species, we analyzed the organelle genomes of 
three laver species and developed species-specific markers. 
The results of this study contribute to our understanding of 
plant biodiversity, phylogeny, and evolution.
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