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Abstract
Eucheumatoid seaweeds are highly valued globally for their carrageenan. Members of this group are widely distributed and 
cultivated throughout the Indo-Pacific. Despite various molecular studies on this group, mitogenome research in eucheu-
matoids has only recently explored a limited number of species, leaving overall diversity largely unexplored. In this study, 
26 complete mitogenomes of eucheumatoids from the Indo-Pacific were sequenced, including the first complete sequences 
for wild genotypes of Eucheuma platycladum, Kappaphycus striatus, Kappaphycopsis cottonii, and an unidentified species 
of Kappaphycus from Africa. The eucheumatoid mitogenomes range from 25.1 to 25.5 kb in size, containing 50 genes (24 
protein-coding genes, 24 tRNA genes, two rRNA genes, and a single intron) bearing extensive gene synteny across species. 
Phylogenetic analyses using concatenated mitochondrial genes recovered strong clades for each group, with the exception of 
the genus Eucheuma. Apart from atp9, gene marker evaluations showed that all genes could be used for species identifica-
tion. The utility of four genes, atp4, nad3, nad4, and nad6, was found to be effective for resolving intergeneric relationships. 
These findings provide a foundation for comparative analysis useful for resolving phylogenetic relationships and outstanding 
taxonomic issues, cultivar development, and conservation efforts. Expanding species coverage and incorporating plastome 
analyses would contribute to a more complete understanding of the genomic diversity and evolutionary history of this eco-
nomically important group of seaweeds.
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Introduction

Eucheumatoids are tropical red seaweeds belonging primar-
ily to the genera Betaphycus, Eucheuma, Mimica, Kappa-
phycopsis, and Kappaphycus. These seaweeds contain car-
rageenan, a commercially valuable polysaccharide widely 
used in the food and cosmetic industries. By far, only Kap-
paphycus and Eucheuma are cultivated commercially. The 
global carrageenan market reached US$ 967.6 million in 
2024 and is projected to increase to US$ 1, 607.12 million 
by 2033 (Straits Research 2025). Indonesia and the Philip-
pines dominate global carrageenan production, primarily 
supplying China, which has recently emerged as a major car-
rageenan processor and exporter through expanded facilities 
and value-chain integration (Zhang et al. 2024). Eucheuma-
toid farming plays an important role in coastal communities 

of developing countries, providing a source of livelihood and 
contributing to poverty alleviation (Hurtado et al. 2013; Tan 
et al. 2013; Msuya et al. 2022).

Although genetic markers have proven useful for 
addressing key challenges in eucheumatoids, their tax-
onomy remains unresolved due to missing critical infor-
mation from type specimens that originally defined the 
generic and species concepts (Tan et al. 2024). The mor-
phologically plastic nature of eucheumatoids also makes 
them difficult to identify based on morphology alone, and 
this is compounded by the confusing use of commercial 
and vernacular names (Zuccarello et al. 2006; Lim et al. 
2014; Dumilag et al. 2022; Tan et al. 2024). The use of 
genetic markers facilitated the identification of seaweed 
cultivars which improved efficiency in farm management 
and carrageenan processing, while the identification of 
wild specimens provided valuable insights into eucheu-
matoid genetic diversity and conservation, as well as the 
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description of new species (Dumilag et al. 2016a, 2016b; 
Brakel et al. 2021; Roleda et al. 2021; Dumilag and Zuc-
carello 2022; Tan et al. 2022a, 2022b, 2024). While DNA 
barcodes were able to resolve the interspecific phyloge-
netic relationships of most commercial eucheumatoids, 
they still fail to confidently resolve intergeneric relation-
ships (Tan et al. 2012, 2024; Lim et al. 2014).

The characterization of circular, maternally-inherited, 
and rapidly evolving mitochondrial genomes (mitog-
enomes) has yielded valuable insights into the phylog-
eny and evolution of red algae (Boo et al. 2016a, 2016b, 
2020). The extensive gene synteny found across phylo-
genetically diverse red algae lineages underscores its 
significant utility in species delimitation, novel species 
discovery, and resolving complex phylogenetic relation-
ships. While complete mitochondrial genomes have been 
sequenced for several eucheumatoid species (Tablizo and 
Lluisma 2014; Li et al. 2018; Crisostomo et al. 2023), 
many remain largely unknown. Recently, advancements 
in genome-skimming technology have enabled the rapid 
acquisition of mitogenomes from large specimen collec-
tions, facilitating mitogenomic research (Trevisan et al. 
2019; Nagano et al. 2021). Genome skimming employs 
a shallow sequencing coverage relative to deep whole-
genome sequencing methods. It is an efficient method to 
recover high-copy genomic regions, including repetitive 
elements, typically of organellar genomes. This technique 
lowers sample costs, avoids PCR-related bias associated 
with primer mismatch, and is also considered effective for 
degraded or low-quantity DNA from herbarium or ethanol-
preserved samples (Trevisan et al. 2019; Li et al. 2021; Wu 
et al. 2021). Although complete organellar genome data 
have only recently become available for a limited num-
ber of eucheumatoids using next-generation sequencing 
approaches (Li et al. 2018; Zhang et al. 2020), similar 
datasets generated in other red algae have reportedly pro-
vided sufficient resolution for strain-level discrimination 
and organellar phylogenomic inference (Hughey et  al. 
2014; Boo et al. 2016a; Patil et al. 2025; Song et al. 2025).

A clearer resolution of eucheumatoid phylogeny is 
essential in guiding selective breeding and biotechnology 
in developing superior cultivars. This need has become 
increasingly urgent amid increasing industry reports of lower 
growth rates, reduced production yields, poorer carrageenan 
quality, and higher occurrences of pests and diseases (Brakel 
et al. 2021; Cottier-Cook et al. 2022). As such, the objectives 
of the present study are: (i) to sequence the mitochondria of 
commercially and taxonomically important eucheumatoid 
species from Indo-Pacific using genome-skimming, (ii) to 
better resolve the phylogeny of these eucheumatoids, and 
(iii) to identify potentially useful loci for molecular spe-
cies identification and for the investigation of intraspecific 
variation.

Materials and methods

Sample collection and DNA extraction

Eucheumatoid specimens were gathered using haphazard 
sampling from farms and wild seabed locations in Mada-
gascar, Tanzania, Indonesia, the Philippines, and Malaysia. 
Most specimens from Malaysia and Indonesia utilized in 
this study were originally reported from Tan et al. (2022a, 
2022b, 2024) and Lim et al. (2014). Farmed specimens 
were collected directly from the cultivation lines of sea-
weed farms, while wild specimens were gathered through 
snorkelling or diving. The identification of these speci-
mens was initially based on their gross morphology and 
was subsequently confirmed using DNA analysis.

The following genotypes previously reported to be 
genetically distinct from widely cultivated commercial 
strains were also included in the analysis, namely Kappa-
phycus sp. (Africa) relative to the commercial K. alvarezii 
cultivar, wild-type K. striatus from Southeast Asia com-
pared with the commercial K. striatus “cottonii” cultivar 
(Tan et al. 2022a), and the less common Eucheuma den-
ticulatum “cacing” from Malaysia relative to the commer-
cial E. denticulatum “spinosum” cultivar (Lim et al. 2014).

For each specimen, a small section (~ 2 cm) was excised 
from the thallus and preserved in silica gel or 95% etha-
nol for future molecular analysis. The remaining part of 
the specimen was dried, pressed, and preserved as an 
herbarium voucher. Genomic DNA isolation was carried 
out at three different laboratories by using the i-genomic 
Plant DNA Extraction Mini Kit (iNtRON Biotechnology; 
Korea) for samples from Malaysia and Indonesia, and 
CTAB extraction for samples from Madagascar, Philip-
pines and Tanzania. The latter uses CTAB and Proteinase 
K for lysis, chloroform, and isoamyl alcohol for separa-
tion, and the NucleoMag (Macherey–Nagel; Germany) kit 
for the final DNA purification, typically yielding 30–60 ng 
of high-quality DNA.

Herbarium specimens were deposited at the University 
of Malaya Seaweeds and Seagrasses Herbarium (KLU), 
Pusat Unggulan Biosains dan Bioteknologi (PUBB) Mata-
ram University, Sorsogon State University Herbarium Sor-
sogonense (HS), and University of the Philippines, The 
Marine Science Institute (UP-MSI). Details of the species 
used in the study are summarized in Table S1.

Genome skimming, mitogenome assembly 
and annotation

The extracted DNA was submitted for whole genome 
amplification using the Repli-g Mini-kit (Qiagen, UK) 
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according to the manufacturer’s instructions. Thirty μL 
of each sample (with a DNA concentration ranging from 
500 to 880 ng μL−1) were then submitted to Novogene 
for library preparation using the NEBNext Ultra II DNA 
Library Prep Kit, followed by shotgun sequencing on an 
Illumina NovaSeq platform in order to generate an aver-
age of 10 Gb of 150 bp-long paired-end reads for each 
sample, corresponding to an estimated 50 × coverage of a 
200 Mb genome.

After standard quality-control, deduplication and trim-
ming steps using MultiQC and Trimmomatic with default 
parameters, the genome skimming data was first analyzed 
using Phyloflash (Gruber-Vodicka et al. 2020) using default 
parameters, which reconstructed 18S rRNA sequences to 
investigate the phylogenetic composition of the sequenced 
specimen. The genome skimming data of red algal speci-
mens devoid of any contaminating DNA sequences were 
then subjected to Getorganelle (Jin et al. 2020a, 2020b) to 
assemble the mitochondrial genome. This was performed 
using default parameters (1 thread, 10 rounds) with the 
Embryophyta plant mitochondria genome (i.e., embplant_
mito) as reference, while the mitogenome of related spe-
cies, i.e., Kappaphycus alvarezii (NC_031814), K. striatus 
(NC_024265), K. malesianus (NC_068226), Eucheuma 
denticulatum (NC_036432) and Betaphycus gelatinus 
(NC_036431) were used as the seed (Tablizo and Lluisma 
2014; Li et al. 2018; Crisostomo et al. 2023).

The results were accessed using Geneious Prime 2024.0.7 
(https://​www.​genei​ous.​com), which was also employed for 
genome circularization, annotation, and editing using the 
aforementioned reference genome sequences. Secondary 
structure prediction was performed using default parameters 
in RNAstructure (Reuter and Mathews 2010). Translation 
frames for protein-coding sequences (CDS) annotations 
were verified by visual inspection of amino acid sequences 
to detect frameshifts and premature stop codons. The final 
genome map was generated using OGDRAW (Greiner et al. 
2019) and edited using Adobe Photoshop 2025 (https://​
www.​adobe.​com/​produ​cts/​photo​shop.​html). Gene synteny 
was visualized by aligning the mitogenomes of selected 
taxa representing nine different eucheumatoid species uti-
lized in this study. Default alignment parameters, including 
automatic seed weight calculation and minimum Locally 
Collinear Block (LCB) scores, were set using the MAUVE 
alignment plugin v1.1.3 (Darling et al. 2004) in Geneious 
Prime.

Phylogenetic analysis

Specimens with complete genomes consisting of 24 mito-
chondrial protein-coding sequences (CDS; i.e., atp4, atp6, 
atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, 
nad4L, nad5, nad6, rpl16, rpl20, rps3, rps11, rps12, sdh2, 

sdh3, sdh4, and tatC) and two ribosomal RNA genes (rns 
and rnl), herein defined as the concatenated dataset, were 
selected for phylogenetic analysis. A separate, more inclu-
sive analysis was performed by incorporating incompletely 
sequenced specimens that contained at least 15 mitochon-
drial CDS, with any gaps in the DNA sequences substituted 
with ambiguous N nucleotides. Multiple sequence alignment 
was performed for all individual, protein-coding (i.e., 24 
CDS) and concatenated dataset (i.e., 24 CDS + 2 rRNA) 
sequences using MUSCLE (Edgar 2004). An additional 
cox2–3 spacer dataset was also analyzed considering its vast 
use in eucheumatoid phylogeny. The outgroup taxa Chon-
drus crispus (Gigartinales) and Gracilaria vermiculophylla 
(Gracilariales) of the subclass Rhodymeniophycidae were 
chosen based on their genetic relatedness to eucheumatoids 
(Tan et al. 2024).

Optimal partitioning schemes and substitution models 
of each dataset were generated using the default “greedy” 
algorithm in Partition Finder v2.1.1 (Lanfear et al. 2018). 
Each rRNA gene was treated as a single block without defin-
ing code positions. IQTREE web server (Trifinopoulos et al. 
2016) at http://​iqtree.​cibiv.​univie.​ac.​at/ was used to construct 
ML trees over 2,000 ultrafast bootstrap replicates using the 
best-fit models of substitution suggested for each partition.

Bayesian Inference (BI) analysis was conducted using 
MrBayes v3.2.6 (Ronquist et al. 2012), applying the rec-
ommended partitions and substitution models identified by 
Partition Finder. The analysis employed the Markov chain 
Monte Carlo (MCMC) method, comprising two independent 
runs of 20,000,000 generations, with each run utilizing four 
Markov chains and sampling trees at every 100th generation. 
Convergence of log-likelihood values was assessed using 
Tracer v1.7 (Rambaut et al. 2018), with the first 25% of 
samples discarded as burn-in. All phylogenetic trees were 
subsequently visualized and annotated using Figtree v1.3.1 
(http://​tree.​bio.​ed.​ac.​uk/​softw​are/​figtr​ee/).

Marker assessment for molecular identification 
and phylogeny

The MSA genetic information of the 24 mitochondrial pro-
tein-coding sequences and 2 rRNA sequences was retrieved 
from Geneious Prime. Individual marker trees were com-
pared to that of the concatenated tree to evaluate similarities 
in topology and resolution. The ability of individual trees in 
accurately identifying species was assessed using the tree-
based assessment approach from Tan et al. (2024).

Species delimitation was conducted using Assemble 
Species by Automatic Partitioning (ASAP) and Automatic 
Barcode Gap Discovery (ABGD) on concatenated mito-
chondrial coding sequences (CDS) to rapidly generate ini-
tial exploratory groupings based on distance-based methods. 
Both analyses were performed using the ASAP and ABGD 

https://www.geneious.com
https://www.adobe.com/products/photoshop.html
https://www.adobe.com/products/photoshop.html
http://iqtree.cibiv.univie.ac.at/
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extensions implemented in iTaxoTools (https://​itaxo​tools.​
org/) (Puillandre et al. 2012, 2021; Vences et al. 2021).

Genetic distance

Uncorrected pairwise genetic distances (GD) were estimated 
for the concatenated dataset using PAUP 4.0b10 (Swofford 
2003).

Results

A total of 26 complete mitochondrial genomes (Fig. 1; 
Fig. S1–S6) were successfully recovered from the 46 speci-
mens subjected to genome-skimming, with 8 specimens 
achieving 90% sequencing coverage (Table S1). The mitog-
enomes of E. platycladum, Kappaphycus sp. (Africa), K. 
striatus (wild genotype) and K. cottonii were fully sequenced 
for the first time (Fig. 1). A summary of the mitogenome 

Fig. 1   Maps of novel mitochondrial genomes sequenced in this study A. Eucheuma platycladum (UPA2); B. Kappaphycus sp. Africa (BHK4V); 
C. Kappaphycus striatus (Wild genotype; OMD69); D. Kappaphycopsis cottonii (MSI187)

https://itaxotools.org/
https://itaxotools.org/
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characteristics of sequenced species from this study is pre-
sented in Table 1. Complete representation was achieved 
for all eucheumatoid genera defined in this study (Betaphy-
cus, Eucheuma, Mimica, Kappaphycopsis, and Kappaphy-
cus). The sequenced taxa represent approximately 60% of 
the currently accepted species of Kappaphycus, ~ 0.1% of 
Eucheuma, 50% of Mimica, 50% of Betaphycus, and 100% 
of the monotypic Kappaphycopsis (Guiry and Guiry 2025).

All examined taxa contained identical genomic features: 
two transcriptional units oriented in opposite transcrip-
tional directions, 50 total genes comprising 24 protein-
coding genes, 24 tRNA genes, two rRNA genes, and one 
intron (inserted in the tRNA-Ile gene), with extensive gene 
synteny across species (Fig. S7). GC content ranged from 
29.7% to 31.4%, while spacer content varied between 4.03% 
and 7.78%. A stem-loop was identified at the trnA–trnS or 
trnA–trnS2 region and a short hairpin structure (cob–trnL) 
in the opposite stem-loop.

In coding sequences (CDS), all species except B. gelati-
nus and E. denticulatum had 23 ATG and one TTG start 
codons. TAA and TAG were the exclusive stop codons. 
The sizes of most genes were identical across all tested 

eucheumatoid species, except for atp6, atp8, cob, cox1, 
cox2, nad5, nad6, sdh2, rpl20, rps3, rps12, and both rRNA 
(Table S1). No overlapping genes were identified except for 
three distinctive cases: (i) tatC–rps12 overlaps were exclu-
sively observed in M. arnoldii (35 bp), B. gelatinus (35 bp), 
and E. denticulatum (50 bp); (ii) cox1–cox2 overlaps of 8 bp 
observed in all tested eucheumatoids except E. denticulatum; 
and (iii) nad4L–rnl overlaps of 3 bp exclusive to B. gelati-
nus, E. denticulatum and E. platycladum.

Despite having 24 tRNA genes and a conserved gene 
order, all samples exhibited increased variability in tRNA 
sequences, particularly at the junction of the two transcrip-
tional units. Specific amino acid tRNAs are missing in vari-
ous species. For example, glycine (Gly), methionine (Met), 
and threonine (Thr) are absent in K. alvarezii, while only 
Gly and Thr are missing in K. striatus. Threonine alone is 
absent in K. malesianus, Kappaphycus sp. Indonesia, K. cot-
tonii, Mimica arnoldii, B. gelatinus, and E. platycladum. 
Finally, arginine (Arg) and Thr are missing in both E. den-
ticulatum and E. platycladum.

The genetic details of incompletely sequenced mitog-
enome specimens are also summarized in Table  S1. 

Table 1   Complete mitogenome features of nine eucheumatoid species sequenced in this study

Asterisks indicate start and stop codons for protein-coding sequences (CDS) only

Betaphycus 
gelatinus

Eucheuma 
denticulatum

Eucheuma 
platycladum

Kappa-
phycopsis 
cottonii

Kappaphy-
cus alvarezii

Kappaphycus 
malesianus

Kappa-
phycus sp. 
(Africa)

Kappaphy-
cus striatus

Mimica 
arnoldii

No. of 
sequenced 
sample

2 4 1 3 2 7 2 4 1

Genome size 
(bp)

25,330–
25,370

25,102–
25,520

25,274 25,221–
25,340

25,198–
25,314

25,213–
25,434

25,231–
25,260

25,225–
25,296

25,200

GC content 
(%)

29.7–29.8 30.3–30.4 30.4 31.4 29.8 30.2–30.3 29.8–30.0 30.1 30.5

Spacer con-
tent (%)

4.04–7.80 4.03 4.17 4.19–4.21 4.10–4.21 4.11–5.58 4.09–5.44 4.10–5.16 5.35

Total no. of 
genes

50 50 50 50 50 50 50 50 50

Protein-cod-
ing genes

24 24 24 24 24 24 24 24 24

tRNA genes 24 24 24 24 24 24 24 24 24
rRNA genes 2 2 2 2 2 2 2 2 2
Intron 1 1 1 1 1 1 1 1 1
Start Codons*
ATG​ 22 24 23 23 23 23 23 23 23
GTG​ - - - - - - - - -
TTG​ 1 0 1 1 1 1 1 1 1
ATA​ 1 - - - - - - - -
Stop Codons*
TAA​ 22 21 19 21 22 22 22 22 20
TAG​ 2 3 5 3 2 2 2 2 4
TGA​ - - - - - - - - -
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Although incomplete, 21 out of the 24 protein-coding genes 
(atp6, atp8, and nad5 genes not sequenced) from an unde-
scribed species of Kappaphycus (ARW8) from Indonesia 
were characterized. The genetic distinction of ARW8 was 
supported by both ASAP and ABGD species delimitation 
models (Fig. S8).

Phylogeny and species delimitation

The concatenated phylogenetic tree was constructed using 
24 CDS and 2 rRNA sequences (Fig. 2). The topology 
of this concatenated tree is largely consistent with those 
derived from only the 24 CDS (Fig. S9) and the tree featur-
ing only the 26 specimens with complete genome sequences 

(Fig. S10). All three trees supported the monophyly of the 
eucheumatoids characterized by generally strong nodal 
support.

Although the monophyly of every genus was well sup-
ported (Figs. 2, S9 and S10), Eucheuma was paraphyletic, 
albeit based on a notably small sample size of specimens 
involving two Eucheuma species. Two subclades were iden-
tified in K. alvarezii, corresponding to the global cultivar 
and African genotypes. Kappaphycus striatus was also 
divided into two clades: one consisting of wild specimens 
collected from Malaysia, and the other comprising cultivars. 
An exception was a wild specimen from Malaysia (SBK71) 
which grouped with the latter. Although K. malesianus 
appears to be closely related to the clade comprising K. 

Fig. 2   Bayesian tree of eucheu-
matoids reconstructed from 
the concatenated data of 24 
mitochondrial protein-coding 
sequences (CDS) and two 
ribosomal RNA. Numbers at 
nodes indicate ultrafast UFML 
bootstrap support and Bayes-
ian posterior probabilities. 
Asterisks indicate ML = 100%; 
PP = 1.00. Letters in paren-
theses indicate cultivar (C) or 
wild specimen (W). Letters in 
square brackets indicate locality 
of origin: ID, Indonesia; Mg, 
Madagascar; My, Malaysia; 
Pp, Philippines; Tz, Tanzania. 
Scale bar represents number of 
substitutions per site
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alvarezii, Kappaphycus sp. (Africa), and K. striatus, this 
relationship is weakly supported (50/0.81) and therefore 
remains unresolved.

The genetic distinctiveness of the Indonesian speci-
men ARW8 was strongly supported. K. cottonii, B. gelati-
nus and M. arnoldii were each inferred to be monophyletic, 
with the latter two clades containing haplotypes which were 
genetically distinct from each other.

Species delimitation using ASAP and ABGD (Fig. S8), 
based on mitochondrial genes excluding atp6, atp8, and 
nad5, delimited 12–13 putative species, with ASAP being 
able to differentiate the wild and cultivar genotypes of K. 
striatus. Both species-delimitation models also consistently 
identified two putative species within M. arnoldii and B. 
gelatinus, respectively.

Marker performance

The phylogenetic trees reconstructed from every individual 
marker and cox2–3 spacer is provided as Figs. S11–S37. 
Results of individual marker performance in tree-based 
identification and phylogenetic resolution are summarized 
in Table S2. Out of the 26 markers tested, nad5, rnl and 
nad2 recorded the highest number of parsimony-informative 
sites, at 810, 647 and 615, respectively. All markers except 
for atp9 could be used to delineate species into monophyletic 
clades. However, only atp4, nad3, nad4 and nad6 resulted 
in phylogenetic tree topology similar to that of the concat-
enated tree (Fig. 2) albeit with relatively lower resolution. 
Most individual markers were unable to resolve the place-
ments of B. gelatinus, M. arnoldii, E. denticulatum and E. 
platycladum.

Genetic distance

Genetic distance data of eucheumatoid species (except 
Kappaphycus sp. from Indonesia) based on the 24 CDS 
and 2 rRNA mitochondrial genes is summarized in 
Table 2 (and Table S3). Intergeneric distance was ranged 
from 14.05–19.43%. Interspecific distance within Kappa-
phycus and Eucheuma were recorded as 2.51–6.66% and 
17.58–17.60%, respectively. Notably, a genetic difference of 
1.41–1.45% was observed between the "wild" and "cultivar" 
genotypes of K. striatus (see Fig. 2). Meanwhile, K. male-
sianus HS1579 showed a genetic difference of 1.23–1.29% 
compared to other K. malesianus specimens from Malaysia 
and the Philippines. Additionally, E. denticulatum "cac-
ing" (specimen  0041 A) exhibited a genetic difference of 
0.71–0.86% from the rest of the E. denticulatum specimens. 
Relatively large intraspecific genetic distances were also 
observed within both B. gelatinus (0.13–3.61%) and M. 
arnoldii (7.96%). Ta
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Discussion

Mitogenome data

The results of this study represent the largest dataset to 
resolve the phylogeny of eucheumatoids, involving the 
sequencing of complete mitochondrial genomes from 
common eucheumatoid species from the Indo-Pacific, B. 
gelatinus, E. denticulatum, E. platycladum, K. cottonii, 
K. alvarezii, K. malesianus, Kappaphycus. sp. (Africa), 
K. striatus, and M. arnoldii. The gene composition and 
arrangement of these mitogenomes were consistent with 
each other, as well as reports from earlier mitogenome 
studies (Tablizo and Lluisma 2014; Li et al. 2018; Crisos-
tomo et  al. 2023). The mitogenome sizes range from 
approximately 25,100 to 25,500 bp, with size differences 
mostly caused by indels in intergenic regions. The stem-
loop (trnA–trnS or trnA–trnS2) is similar to the displace-
ment-loop (D-loop) in other higher organisms and could 
potentially be a promoter region or origin of transcription 
(Boore 1999; Li et al. 2018). The observed gene overlaps 
in tatC–rps12, cox1–cox2, and nad4L–rnl regions could 
reflect an evolutionary strategy  to maximize essential 
protein encoding while maintaining genomic compactness 
and efficiency. Similar overlapping gene arrangements 
have been documented in other red algae (e.g., Fushit-
sunagia and Porphyra species), although these involve 
different gene combinations (Cai and Scofield 2020; Patil 
et al. 2024). The generally higher tRNA sequence vari-
ability observed at the junction of the two transcriptional 
units of the mitogenome corroborated Li et al. (2018) 
who reported that region to be variable region comparing 
between several species of the order Gigartinales.

The complete mitogenome dataset excludes the Indo-
nesian Kappaphycus sp. (ARW8) as only 88% of genes 
sequenced. Kappaphycus sp. Hawaii (ARS 02860, ARS 
03513 and ARS 08101), a genetically distinct species 
identified using five DNA regions (UPA, rbcL, ITS, cox3, 
and cox2–3 spacer) (Tan et al. 2024) was also excluded 
because genetic data could not be retrieved. This result 
suggested that sequencing success may vary among her-
barium specimens, influenced by factors such as speci-
men age, preservation quality and DNA degradation. The 
species is inferred to be related to K. alvarezii, Kappaphy-
cus sp. (Africa), and K. striatus, although its exact phy-
logenetic position remained poorly resolved. The current 
dataset is notably deficient in eucheumatoids like K. iner-
mis, E. perplexum and E. serra, and lacks many species 
known only from their original descriptions. As such, the 
inclusion of these overlooked species in future genomic 
studies is recommended.

Eucheumatoid phylogeny

The concatenated mitogenome CDS-based phylogeny of 
eucheumatoids (Figs. 2, S9 and S10) corroborated previous 
phylogenetic frameworks (Zuccarello et al. 2006; Dumilag 
et al. 2014; Lim et al. 2014) and demonstrated significantly 
stronger nodal support across all examined taxa. Despite 
the limited sampling of Eucheuma in this study, the basal 
placement of E. denticulatum is congruent with its position 
in the plastid phylogeny of Zhang et al. (2020). The inclu-
sion of further Eucheuma species mitogenomes would be 
valuable in confirming this finding. Additionally, the sub-
stantial genetic divergence between E. denticulatum and E. 
platycladum (17.58–17.60%), in combination with the des-
ignation of E. denticulatum as the type species of Eucheuma, 
suggests that E. platycladum may represent a distinct genus. 
The observed paraphyly of the genus Eucheuma indicates 
the need for more data, including the inclusion of a wider 
range of species identified as Eucheuma and additional plas-
tid data. Efforts are currently underway to obtain sequence 
data from the Linnaean type of E. denticulatum to resolve 
the placement of the genus.

The finding that K. striatus  consisted of two distinct 
subclades, one comprising the commercial cultivar and the 
other primarily consisting of wild specimens from Southeast 
Asia, agreed with earlier studies (Lim et al. 2014; Tan et al. 
2024). The genetic analysis also showed that the wild speci-
men SBK71 from Sebangkat, East Malaysia, was closely 
related to the commercial K. striatus cultivar. The absence 
of K. striatus specimens from its purported type locality in 
Tanzania, Africa (Doty 1988), combined with this finding, 
raises questions about the cultivar’s origin and emphasizes 
the need for rigorous species surveys in the region to clarify 
its biogeographic history and distribution.

The molecular results also indicated the necessity for 
taxonomic updates of several taxa, including unidenti-
fied Kappaphycus species from Africa and Indonesia, 
while supporting recent genus elevations of M. arnoldii 
and K. cottonii (Santiañez and Wynne 2020; Dumilag 
and Zuccarello 2022). Although the two genotypes of K. 
striatus were found to be genetically distinct, their genetic 
difference of 1.41–1.45% is significantly lower than the 
interspecific divergence of 2.51–6.66%. This suggests that 
they are not sufficiently genetically divergent to be con-
sidered distinct species. Similarly, E. denticulatum “cac-
ing” and the common E. denticulatum “spinosum” exhibit 
a genetic difference of only 0.71–0.86%, supporting the 
conclusion by Tan et al. (2024) that they are conspecific. 
Additionally, the results also hint at unsuspected species 
diversity within both Betaphycus and Mimica, although 
this hypothesis would need being investigated with a better 
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sampling of both clades. These findings were further sup-
ported by preliminary species delimitation using Assem-
ble Species by Automatic Partitioning (ASAP), although 
Automatic Barcode Gap Discovery (ABGD) suggested 
that the wild and cultivar K. striatus are conspecific. 
Notably, these species delimitation methods are primarily 
exploratory tools relying on genetic distance thresholds, 
which are suitable for datasets with little or no gene tree 
discordance (as observed here) (Puillandre et al. 2012; 
Zhang et al. 2013).

Individual marker performance

The rapid and cost-effective identification of eucheumatoid 
species is crucial for cultivar selection and development, 
germplasm preservation, bioinvasion detection and conser-
vation efforts (Halling et al. 2013; Dumilag et al. 2016a, 
2016b, 2018; Brakel et al. 2021; Tan et al 2022a, 2022b). 
All 26 coding sequences, except atp9, accurately identi-
fied species using a tree-based approach. This finding was 
consistent with earlier reports, which also indicated that 
atp9 exhibits the lowest substitution rates across the family 
Solieriaceae and Geliadiales (Boo et al. 2016b; Li et al. 
2018). These data offer a valuable and updated reference 
database for rapid and accurate tree-based species iden-
tification, particularly in industrial contexts, leveraging 
genetic markers like cox1, cox2, the cox2–3 spacer, and 
rbcL which were already in use (Tan et al. 2012, 2024; 
Lim et al. 2014; Dumilag et al. 2022). Primer information 
for these markers is provided in Table S4. These resources 
are important because GenBank entries may be misidenti-
fied or outdated due to limitations in sequence accuracy, 
barcode resolution, or database coverage (Sherwood et al. 
2010; Jin et al. 2020a, b; Gabriel et al. 2024).

On the other hand, the atp4, nad3, nad4 and nad6 trees 
were similar to the concatenated tree (Fig. 2), suggest-
ing their potential utility in inferring intergeneric rela-
tionships. This pattern was further supported by analyses 
combining these four markers (Fig. S38–S40); however, 
relationships among Betaphycus, Eucheuma, and M. arnol-
dii were recovered only under Bayesian inference and not 
under Maximum Likelihood. Nevertheless, the potential 
utility of these markers, whether applied individually or 
in combination, is noteworthy, as commonly used mito-
chondrial DNA barcodes or genetic markers (e.g., cox1 
and the cox2–3 spacer) often exhibit limited resolution 
for such relationships (Zuccarello et al. 2006; Tan et al. 
2013, 2024), a challenge also evident in the present results 
(Figs. S30 and S37). Genes encoding NADH dehydro-
genase and cytochrome c oxidase have been reported to 
exhibit greater genetic variation (Boo et al. 2016a, 2020; 
Lee et al. 2018), making them suitable for future molecular 

phylogenetic analysis of eucheumatoids (Li et al. 2018; 
Tan et al. 2024).

Conclusion

This study provides the most comprehensive phylogenetic 
analysis of eucheumatoids to date by sequencing and ana-
lysing complete mitochondrial genomes from key species 
across the Indo-Pacific. The results revealed consistent 
gene arrangements and strong support for monophyletic 
clades, although the paraphyly of Eucheuma underscores 
the need for further taxonomic investigation. Genetic 
divergences between wild and cultivated specimens, as 
well as among geographically distinct populations, empha-
size the importance of conserving genetic diversity for 
long-term population viability, as well as supporting cul-
tivar development.

The phylogenetic framework generated in this study offers 
a valuable reference for future taxonomic studies, cultivar 
development programs, and conservation efforts. Individual 
marker assessments highlight the effectiveness of most mito-
chondrial genes for species identification, with implications 
for industrial use and conservation efforts. Future studies 
should expand sampling efforts, increase species coverage, 
and conduct plastome analyses to fully capture the genetic 
diversity and elucidate the evolutionary pathways of these 
economically important seaweeds.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10811-​026-​03784-1.

Acknowledgements  The authors thank the PCIA Intensive Comput-
ing and Algorithmic Platform, National Museum of Natural History, 
National Center for Scientific Research, UAR 2047 DoHNÉE, CP 26, 
57 rue Cuvier, F-75231 Paris Cedex 05, France for server support. 
The authors would like to dedicate this paper in memory of the late 
Dr. Flower E. Msuya.

Author contributions  J. Tan: data analysis, drafting and editing manu-
script; S-W. Poong: sampling, labwork, data analysis, reviewing manu-
script, J. Brakel: labwork, data analysis, reviewing manuscript; E. S. 
Prasedya: sampling, reviewing manuscript; F. E. Msuya: sampling, 
reviewing manuscript; C. Gachon: original concept, reviewing manu-
script, funding acquisition; M.Y. Roleda: sampling, labwork, review-
ing manuscript; R. V. Dumilag: sampling, reviewing manuscript; P. 
Joanne: sampling, reviewing manuscript; F. Pascal: sampling, review-
ing manuscript; J. Brodie: original concept, reviewing manuscript, 
funding acquisition; A.S. Buriyo: sampling, reviewing manuscript; S. 
Rusekwa: sampling, reviewing manuscript; S. Mustapha: sampling; 
P-E. Lim: original concept, reviewing manuscript, funding acquisition.

Funding  Open access funding provided by The Ministry of Higher 
Education Malaysia and Universiti Malaya. This work is part of the 
GlobalSeaweedSTAR project supported by the UK Research and 
Innovation – Global Challenges Research Fund (GCRF), Biotechnol-
ogy and Biological Sciences Research Council Grant 2017 No. (BB/
PO27806/1). Part of the study was funded by the Safe Seaweed Coa-
lition SSC 2021 – Project Gateway (LS248520; IF054-2022). The 

https://doi.org/10.1007/s10811-026-03784-1


	 Journal of Applied Phycology

authors acknowledge infrastructure and resources support from the 
Higher Institution Centre of Excellence (HiCOE) Programme (HICoE 
IOES-2023F) by Ministry of Higher Education Malaysia. Specimen 
collection in the Philippines was further supported by research grants 
awarded to RVD from the Nagao Natural Environment Foundation 
(NEF) and the Department of Science and Technology–Philippine 
Council for Agriculture, Aquatic and Natural Resources Research and 
Development (DOST–PCAARRD). The DOST–PCAARRD grant also 
supported MYR.

Data availability  Sequence data that support the findings of this study 
are currently being submitted to Genbank and the accession numbers 
will be provided in due course.

Declarations 

Competing interests  . PE Lim and MY Roleda are editorial board 
members of Journal of Applied Phycology and co-authors of this arti-
cle. They were excluded from editorial decision-making related to the 
acceptance of this article for publication in the journal.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://​creat​iveco​
mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

References

Boo GH, Hughey JR, Miller KA, Boo SM (2016a) Mitogenomes from 
type specimens, a genotyping tool for morphologically simple spe-
cies: ten genomes of agar-producing red algae. Sci Rep 6:e35337

Boo GH, Nguyen TV, Kim JY, Le Gall L, Rico JM, Bottalico A, Boo 
SM (2016b) A revised classification of the Gelidiellaceae (Rho-
dophyta) with description of three new genera: Huismaniella, 
Millerella, and Perronella. Taxon 65:965–979

Boo GH, Zubia M, Hughey JR, Sherwood AR, Fujii MT, Boo SM, 
Miller KA (2020) Complete mitochondrial genomes reveal pop-
ulation-level patterns in the widespread red alga Gelidiella fanii 
(Gelidiales, Rhodophyta). Front Mar Sci 7:583957

Boore JL (1999) Animal mitochondrial genomes. Nucleic Acids Res 
27:1767–1780

Brakel J, Sibonga RC, Dumilag RV, Montalescot V, Campbell I, Cot-
tier-Cook EJ, Ward G, Le Masson V, Liu T, Msuya FE, Brodie 
J, Lim PE, Gachon CM (2021) Exploring, harnessing and con-
serving marine genetic resources towards a sustainable seaweed 
aquaculture. Plants People Planet 3:337–349

Cai G, Scofield SR (2020) Mitochondrial genome sequence of Phy-
tophthora sansomeana and comparative analysis of Phytophthora 
mitochondrial genomes. PLoS One 15:e0231296

Cottier-Cook EJ, Cabarubias JP, Brakel J, Brodie J, Buschmann AH, 
Campbell I, Critchley AT, Hewitt CL, Huang J, Hurtado AQ, 

Kambey CSB, Lim PE, Liu T, Mateo JP, Msuya FE, Qi Z, Shax-
son L, Stentiford GD, Bondad-Reantaso MG (2022) A new pro-
gressive management pathway for improving seaweed biosecurity. 
Nat Commun 13:7401

Crisostomo BA, Dumilag RV, Roleda MY, Lluisma AO (2023) The 
complete mitochondrial genome of a wild-collected Kappaphy-
cus malesianus (Solieriaceae, Rhodophyta). Mitochondr DNA B 
8:359–363

Darling AE, Mau B, Blattner FR, Perna NT (2004) Mauve: multiple 
alignment of conserved genomic sequence with rearrangements. 
Genome Res 14:1394–1403

Doty MS (1988) Podromus ad systematica Eucheumatoideorum: a 
tribe of commercial seaweeds related to Eucheuma (Solieriaceae, 
Gigartinales). In: Abbott IA (ed) Taxonomy of economic sea-
weeds with reference to some Pacific and Caribbean species, vol 
2. California Sea Grant College Program, La Jolla, pp 159–207

Dumilag RV, Liao LM, Lluisma AO (2014) Phylogeny of Betaphycus 
(Gigartinales, Rhodophyta) as inferred from COI sequences and 
morphological observations on B. philippinensis. J Appl Phycol 
26:587–595

Dumilag RV, Orosco FL, Lluisma AO (2016a) Genetic diversity of 
Kappaphycus species (Gigartinales, Rhodophyta) in the Philip-
pines. Syst Biodivers 14:441–451

Dumilag RV, Salvador RC, Halling C (2016b) Genotype introduction 
affects population composition of native Philippine Kappaphycus 
(Gigartinales, Rhodophyta). Conserv Genet Resour 8:439–441

Dumilag RV, Gallardo WGM, Garcia CPC, You YE, Chaves AKG, 
Agahan L (2018) Phenotypic and mtDNA variation in Philippine 
Kappaphycus cottonii (Gigartinales, Rhodophyta). Mitochondr 
DNA A 29:951–963

Dumilag RV, Zuccarello GC (2022) Phylogeny and genetic diversity of 
the Philippine eucheumatoid genus Mimica (Solieriaceae, Rhodo-
phyta), and the proposal for Kappaphycopsis gen. nov. to include 
the anomalous species of Kappaphycus, K. cottonii. Phycologia 
61:496–503

Dumilag RV, Lin SM, Zuccarello GC, Kraft GT (2020) The identity 
of Eucheuma perplexum (Solieriaceae, Gigartinales) and its dis-
tinction from Eucheuma serra as exemplified by a proposed new 
epitype. Phycologia 59:497–505

Dumilag RV, Crisostomo BA, Aguinaldo ZA, Hinaloc LAR, Liao LM, 
Roa-quiaoit HA, Dangangalon F, Zuccarello GC, Guillemin M, 
Brodie J, Cottier-Cook EJ, Roleda MY (2022) The diversity of 
eucheumatoid seaweed cultivars in the Philippines. Rev Fish Sci 
Aquacult 31:47–65

Edgar RC (2004) MUSCLE: multiple sequence alignment with high 
accuracy and high throughput. Nucleic Acids Res 32:1792–1797

Gabriel D, Schmidt WE, Micael J, Moura M, Fredericq S (2024) DNA 
barcode-assisted inventory of the marine macroalgae from the 
Azores, including new records. Phycology 4:65–86

Greiner S, Lehwark P, Bock R (2019) Organellargenomedraw 
(OGDRAW) version 1.3.1: expanded toolkit for the graphi-
cal visualization of organellar genomes. Nucleic Acids Res 
47:W59–W64

Gruber-Vodicka HR, Seah BKB, Pruesse E (2020) PhyloFlash: rapid 
small-subunit rRNA profiling and targeted assembly from metage-
nomes. mSystems 5:e00920-20

Guiry MD, Guiry GM (2025) AlgaeBase: World-wide electronic pub-
lication. Natl. Univ. Ireland, Galway. Accessed 22nd December 
2025. https://​www.​algae​base.​org

Halling C, Wikström SA, Lilliesköld-Sjöö G, Mörk E, Lundsør E, Zuc-
carello GC (2013) Introduction of Asian strains and low genetic 
variation in farmed seaweeds: indications for new management 
practices. J Appl Phycol 25:89–95

Hughey JR, Gabrielson PW, Rohmer L, Tortolani J, Silva M, Miller 
KA, Young JD, Martell C, Ruediger E (2014) Minimally 
destructive sampling of type specimens of Pyropia (Bangiales, 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.algaebase.org


Journal of Applied Phycology	

Rhodophyta) recovers complete plastid and mitochondrial 
genomes. Sci Rep 4:5113

Hurtado AQ, Critchley AT, Neish IC, Bleicher-Lhonneur, G (2013). 
Social and economic dimensions of carrageenan seaweed farm-
ing. FAO Fisheries and Aquaculture Technical Paper No. 580. 
FAO, Rome

Jin JJ, Yu WB, Yang JB, Song Y, dePamphilis CW, Yi T, Li D (2020a) 
Getorganelle: a fast and versatile toolkit for accurate de novo 
assembly of organelle genomes. Genome Biol 21:241

Jin S, Kim KY, Kim MS, Park C (2020b) An assessment of the taxo-
nomic reliability of DNA barcode sequences in publicly available 
databases. Algae 35:293–301

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B (2018) 
Partitionfinder 2: new methods for selecting partitioned models of 
evolution for molecular and morphological phylogenetic analyses. 
Mol Biol Evol 34:772–773

Lee JM, Song HJ, Park SI, Lee YM, Jeong SY, Cho TO, Kim JH, Choi 
H-G, Choi CG, Nelson WA, Fredericq S, Bhattacharya D, Yoon 
HS (2018) Mitochondrial and plastid genomes from coralline red 
algae provide insights into the incongruent evolutionary histories 
of organelles. Genome Biol Evol 10:2961–2972

Li F, Xie X, Huang R, Tian E, Li C, Chao Z (2021) Chloroplast genome 
sequencing based on genome skimming for identification of Erio-
botryae folium. BMC Biotechnol 21:69

Li Y, Liu N, Wang X, Tang X, Zhang L, Meinita MDN, Wang G, Yin 
H, Jin Y, Wang H, Liu C, Chi S, Liu T, Zhang J  (2018) Com-
parative genomics and systematics of Betaphycus, Eucheuma, and 
Kappaphycus (Solieriaceae: Rhodophyta) based on mitochondrial 
genome. J Appl Phycol 30:3435–3443

Lim PE, Tan J, Phang SM, Nikmatullah A, Hong DD, Sunarpi H, 
Hurtado AQ (2014) Genetic diversity of Kappaphycus Doty and 
Eucheuma J. Agardh (Solieriaceae, Rhodophyta) in Southeast 
Asia. J Appl Phycol 26:1253–1272

Msuya FE, Bolton JJ, Pascal F, Narrain K, Nyonje B, Cottier-Cook 
EJ (2022) Seaweed farming in Africa: current status and future 
potential. J Appl Phycol 34:985–1005

Nagano Y, Kimura K, Kobayashi G, Kawamura Y (2021) Genomic 
diversity of 39 samples of Pyropia species grown in Japan revealed 
by organellar genome sequences. PLoS ONE 16:e0252207

Patil MP, Oktavitri NI, Kim YR, Yoon S, Lee IC, Kim JO, Kim K 
(2024) Complete mitochondrial genome and its phylogenetic posi-
tion in red algae Fushitsunagia catenata from South Korea. Life 
14:534

Patil MP, Kim J-O, Kim Y-R, Nirmal N, Kim G-D, Kim K (2025) 
Characterization of the complete mitochondrial genome of the 
red alga Ahnfeltiopsis flabelliformis (Rhodophyta, Gigartinales, 
Phyllophoraceae) and its phylogenetic analysis. Biology 14:638

Puillandre N, Lambert A, Brouillet S, Achaz G (2012) ABGD, auto-
matic barcode gap discovery for primary species delimitation. 
Mol Ecol 21:1864–1877

Puillandre N, Brouillet S, Achaz G (2021) ASAP: assemble species by 
automatic partitioning. Mol Ecol Resour 21:609–620

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA (2018) Pos-
terior summarization in Bayesian phylogenetics using Tracer 1.7. 
Syst Biol 67:901–904

Reuter JS, Mathews DH (2010) RNAstructure: software for RNA sec-
ondary structure prediction and analysis. BMC Bioinform 11:129

Roleda MY, Aguinaldo ZZA, Crisostomo BA, Hinaloc LAR, Projimo 
VZ, Dumilag RV, Lluisma AO (2021) Discovery of novel haplo-
types from wild populations of Kappaphycus (Gigartinales, Rho-
dophyta) in the Philippines. Algae 36:1–12

Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A, Höhna 
S, Larget B, Liu L, Suchard MA, Huelsenbeck JP (2012) MrBayes 
3.2: efficient bayesian phylogenetic inference and model choice 
across a large model space. Syst Biol 61:539–542

Santiañez WJE, Wynne MJ (2020) Establishment of Mimica gen. nov. 
to accommodate the anaxiferous species of the economically 
important red seaweed Eucheuma (Solieriaceae, Rhodophyta). 
Phytotaxa 439:167–170

Song H, Gao Z, Chen H, Zhu S (2025) Comparative analysis of the 
chloroplast genomes of different strains of Pyropia haitanensis. 
Aquat Bot 198:103854

Sherwood AR, Kurihara A, Conklin KY, Sauvage T, Presting GG 
(2010) The Hawaiian Rhodophyta biodiversity survey (2006–
2010): a summary of principle findings. BMC Plant Biol 10:258

Straits Research (2025) Carrageenan market size, share and trends 
analysis report by type (Kappa, Iota, Lambda), by application 
(food and beverage, cosmetic industry, pharmaceutical) and by 
region (North America, Europe, APAC, Middle East and Africa, 
LATAM) forecasts, 2023–2031. https://​strai​tsres​earch.​com/​report/​
carra​geenan-​market

Swofford DL (2003) PAUP*. Phylogenetic analysis using parsimony 
(* and other methods), version 4. Sinauer Associates, Sunderland

Tablizo FA, Lluisma AO (2014) The mitochondrial genome of the 
red alga Kappaphycus striatus (‘Green Sacol’ variety): complete 
nucleotide sequence, genome structure and organization, and com-
parative analysis. Mar Genomics 18:155–161

Tan J, Lim PE, Phang SM, Hong DD, Sunarpi H, Hurtado AQ (2012) 
Assessment of four molecular markers as potential DNA bar-
codes for red algae Kappaphycus Doty and Eucheuma J. Agardh 
(Solieriaceae, Rhodophyta). PLoS ONE 7:e52905

Tan J, Lim PE, Phang SM (2013) Phylogenetic relationship of Kappa-
phycus Doty and Eucheuma J. Agardh (Solieriaceae, Rhodophyta) 
in Malaysia. J Appl Phycol 25:13–29

Tan J, Tan PL, Poong SW, Brakel J, Gachon C, Brodie J, Sade A, Kas-
sim A, Lim PE (2022a) Genetic differentiation in wild Kappaphy-
cus Doty and Eucheuma J. Agardh (Solieriaceae, Rhodophyta) 
from East Malaysia reveals high inter- and intraspecific diversity 
with strong biogeographic signal. J Appl Phycol 34:2719–2733

Tan PL, Poong SW, Tan J, Brakel J, Gachon C, Brodie J, Sade A, Lim 
PE (2022b) Assessment of genetic diversity within eucheumatoid 
cultivars in east Sabah, Malaysia. J Appl Phycol 34:709–717

Tan J, Tan PL, Poong SW, Brakel J, Rad Menendez C, Prasedya 
ES, Sherwood AR, Msuya FE, Gachon C, Brodie J, Kassim A, 
Lim PE (2024) Assessment of nine markers for phylogeny, spe-
cies and haplotype identification of Kappaphycus species and 
Eucheuma denticulatum (Solieriaceae, Rhodophyta). Eur J Phy-
col 59:472–489

Trevisan B, Alcantara DMC, Machado DJ, Marques FPL, Lahr DJG 
(2019) Genome skimming is a low-cost and robust strategy to 
assemble complete mitochondrial genomes from ethanol-pre-
served specimens in biodiversity studies. PeerJ 7:e7543

Trifinopoulos J, Nguyen L, Von HA, Minh BQ (2016) W-IQ-TREE : 
a fast online phylogenetic tool for maximum likelihood analysis. 
Nucleic Acids Res 44:W232–W235

Vences M, Miralles A, Brouillet S, Ducasse J, Fedosov A, Kharchev V, 
Kumari S, Patmanidis S, Puillandre N, Scherz MD, Kostadinov I, 
Renner SS (2021) ITaxotools 0.1: kickstarting a specimen-based 
software toolkit for taxonomists. Megataxa 6:77–92

Webb P, Somers NK, Thilsted SH (2023) Seaweed’s contribution to 
food security in low- and middle-income countries: benefits from 
production, processing and trade. Glob Food Secur 3:100686

Wu X, Zhang P, Zhang Y, Wang T (2021) The complete chloroplast 
genome of Sargassum hemiphyllum var. chinense (Sargassaceae, 
Phaeophyceae) and its phylogenetic analysis. Mitochondr DNA 
B Resour 6:278–279

Zhang J, Kapli P, Pavlidis P, Stamatakis A (2013) A general species 
delimitation method with applications to phylogenetic placements. 
Bioinformatics 29:2869–2876

Zhang J, Liu N, Meinita MDN, Wang X, Tang X, Wang G, Jin Y, Liu 
T (2020) The complete plastid genomes of Betaphycus gelatinus, 

https://straitsresearch.com/report/carrageenan-market
https://straitsresearch.com/report/carrageenan-market


	 Journal of Applied Phycology

Eucheuma denticulatum, and Kappaphycus striatus (Solieriaceae: 
Rhodophyta) and their phylogenetic analysis. J Appl Phycol 
32:3521–3532

Zhang J, Waldron S, Langford Z, Julianto B, Komarek AM (2024) 
China’s growing influence in the global carrageenan industry and 
implications for Indonesia. J Appl Phycol 36:639–660

Zuccarello GC, Critchley AT, Smith J, Sieber V, Lhonneur GB, West 
JA (2006) Systematics and genetic variation in commercial 

Kappaphycus and Eucheuma (Solieriaceae, Rhodophyta). J Appl 
Phycol 18:643–651

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Ji Tan1 · Sze‑Wan Poong2 · Janina Brakel3,4,5 · Eka Sunarwidhi Prasedya6,7 · Flower E. Msuya8 · Claire Gachon3,9 · 
Michael Y. Roleda10 · Richard V. Dumilag11,12 · Paul Joanne13 · Fred Pascal13 · Juliet Brodie14 · Amelia S. Buriyo15 · 
Sadock Rusekwa15 · Shuhadah Mustapha16 · Phaik‑Eem Lim2

 *	 Sze‑Wan Poong 
	 szewan@um.edu.my

 *	 Phaik‑Eem Lim 
	 phaikeem@um.edu.my

1	 Department of Agricultural and Food Science, Faculty 
of Science, Universiti Tunku Abdul Rahman, Perak, 
Malaysia

2	 Institute of Ocean and Earth Sciences, Universiti Malaya, 
50603 Kuala Lumpur, Malaysia

3	 Scottish Association for Marine Science, Scottish Marine 
Institute, Oban, UK

4	 Helmholtz Institute for Functional Marine Biodiversity 
at the University of Oldenburg (HIFMB), Ammerländer 
Heerstrasse 231, 26129 Oldenburg, Germany

5	 Alfred‑Wegener‑Institute, Helmholtz Center for Polar 
and Marine Research, Am Handelshafen 12, 
27570 Bremerhaven, Germany

6	 University of Mataram International Tropical Seaweed 
Center (UM‑ITSC), University of Mataram, Mataram 83115, 
Indonesia

7	 Department of Biology, Faculty of Mathematics and Natural 
Sciences, University of Mataram, Mataram 83115, Indonesia

8	 Zanzibar Seaweed Cluster Initiative, Zanzibar, Tanzania

9	 Unité Molécules de Communication Et Adaptation Des 
Micro-Organismes, UMR 7245, Muséum National d’Histoire 
Naturelle, CNRS, Paris, France

10	 Algal Ecophysiology Laboratory (AlgaE Lab), The Marine 
Science Institute, University of the Philippines, Diliman, 
1101 Quezon City, Philippines

11	 Graduate School, Sorgoson State University, Sorsogon State 
University, Sorsogon City Campus, Magsaysay St., Salog 
(Poblacion), 4700 Sorsogon City, Philippines

12	 Biology Department, College of Health and Science, 
Sorsogon State University, Sorsogon City Campus, 
Magsaysay St., Salog (Poblacion), 4700 Sorsogon City, 
Philippines

13	 Ocean Farmers, Avenue de France BP 212, Mahavatse II, 
601 Tolliara, Madagascar

14	 Natural History Museum, Research, London, UK
15	 Department of Botany, University of Dar Es Salaam, 

P.O.Box 35091, Dar Es Salaam, Tanzania
16	 Department of Fisheries Sabah, 88624 Kota Kinabalu, Sabah, 

Malaysia


	Mitochondrial phylogenomics of eucheumatoids (Solieriaceae, Rhodophyta) from the Indo-Pacific
	Abstract
	Introduction
	Materials and methods
	Sample collection and DNA extraction
	Genome skimming, mitogenome assembly and annotation
	Phylogenetic analysis
	Marker assessment for molecular identification and phylogeny
	Genetic distance

	Results
	Phylogeny and species delimitation
	Marker performance
	Genetic distance

	Discussion
	Mitogenome data
	Eucheumatoid phylogeny
	Individual marker performance

	Conclusion
	Acknowledgements 
	References


