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Abstract 25 

Conservation units are still unclear for the commercially important kelp Saccharina 26 

japonica. Previous analyses of population genetic structure have yielded inconsistent 27 

results regarding the number of clusters, especially in Japan. Thus, the genetic structure 28 

of S. japonica in Japan was studied using the mitochondrial nad3-16S rDNA region. We 29 

detected 88 haplotypes in 483 individuals collected from 46 localities. Unique 30 

haplotypes and one or a few shared haplotypes at a local scale were found in most 31 

localities. The observed genetic structure revealed cryptic invasions of S. japonica 32 

within Japan and the value of the nad3-16S rDNA region for identifying the geographic 33 

origin of kelp. Bayesian Analysis of Population Structure analysis and FST revealed the 34 

genetic divergence of populations in southwestern Hokkaido. The haplotype network 35 

showed a more detailed starburst pattern compared with the results of previous studies 36 

based on mitochondrial COI and trnW-trnI. Accordingly, S. japonica in Japan may 37 

represent one genetic group that experienced a recent expansion. Unique or locally 38 

shared haplotypes and similarity in haplotype diversity on different coasts of Hokkaido 39 

could be explained by refugia during the Last Glacial Maximum on various coasts. 40 

Furthermore, the present study demonstrated inconsistencies between the genetic 41 

structure and distribution of S. japonica varieties. Therefore, further investigations 42 

focused on the taxonomic validation of varieties are needed. 43 
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Introduction 65 

Saccharina japonica (Aresch.) CE Lane, C. Mayes, Druehl & GW Saunders 66 

was originally distributed on the northern coast of Japan, North Korea, and Far Eastern 67 

Russia; however, wild populations introduced via aquaculture have been maintained in 68 

China since 1927 and South Korea since the 1970s (Hwang et al. 2019). In the species, 69 

three varieties, S. japonica var. diabolica (Miyabe) Yotsukura, Kawashima, T. Kawai, T. 70 

Abe & Druehl, S. japonica var. ochotensis (Miyabe) Yotsukura, Kawashima, T. Kawai, 71 

T. Abe & Druehl, and S. japonica var. religiosa (Miyabe) Yotsukura, Kawashima, T. 72 

Kawai, T. Abe & Druehl, are taxonomically accepted (Yotsukura et al. 2008). Although 73 

these varieties were previously treated as independent species based on distinct 74 

morphological features (Miyabe 1902), they were merged based on their independent 75 

distributions but variable morphological characteristics (Yotsukura et al. 2008). 76 

Recently, genetic clusters roughly corresponding to the geographical distribution were 77 

reported (Yotsukura et al. 2016). S. japonica is a commercially important species 78 

particularly in Eastern Asia (Hwang et al. 2019; Hu et al. 2021). In Japan, production in 79 

2022 was 31,691 t through aquaculture and 45,163 t from natural harvest (Japanese 80 

Fisheries Agency 2023). The wild stock is critical even in aquaculture because matured 81 

wild sporophytes are used in seedling production (Hwang et al. 2019). Thus, the 82 

conservation of wild stocks is essential to sustain both production methods. 83 

 Information on genetic structure is fundamental for determining the 84 

conservation unit of wild populations. For S. japonica and its varieties, genetic structure 85 

has been inferred in various studies (Zhang et al. 2015; Yotsukura et al. 2016; Shan et 86 

al. 2017; Zhang et al. 2017, 2019, 2021; Yotsukura et al. 2022). However, inconsistent 87 

results have been obtained, particularly for the genetic structure in Japan (Zhang et al. 88 



2015; Yotsukura et al. 2016; Shan et al. 2017; Zhang et al. 2021; Yotsukura et al. 2022). 89 

Zhang et al. (2015) investigated the population structure for the first time using COI and 90 

trnW-L in mitochondrial DNA (mtDNA); in subsequent studies (Yotsukura et al. 2016; 91 

Shan et al. 2017; Zhang et al. 2019; Yotsukura et al. 2022), fine-scale genetic structure 92 

was evaluated using polymorphic microsatellite markers. One (Zhang et al. 2015, 2019), 93 

two (Shan et al. 2017; Yotsukura et al. 2022), or four (Yotsukura et al. 2016) genetic 94 

clusters were detected in Japanese populations. Despite the inconsistent results, the 95 

existence of four genetic clusters, suggested by Yotsukura et al. (2016), in Japan is 96 

generally accepted, probably because it is consistent with the allopatric distribution of S. 97 

japonica and its varieties and the treatment of the varieties as different brands in the 98 

seaweed market. However, Yotsukura et al. (2016) demonstrated that one out of four 99 

genetic clusters corresponded to a very small bay, Oshoro Bay (about 200 × 100 m2), 100 

where the sample size was 7-fold larger than those at other localities. Furthermore, the 101 

southern isolated population around the Joban region on the eastern coast of Honshu 102 

was not included (Fig. 1). Accordingly, the actual genetic clusters of S. japonica in 103 

Japan are unclear. 104 

 The genetic structure of a wild population can also be useful for PCR-based 105 

identification (Gopi et al. 2019) of the geographic origin of a food product. Among 106 

DNA-based methods used in the food and aquaculture industries, nucleotide 107 

sequencing-based DNA barcoding is preferable because it requires only a query against 108 

a public database, unlike microsatellite and SNP genotyping. Indeed, candidate markers 109 

in mitochondrial genes have been identified (Shimizu et al. 2004, 2010; Yotsukura et al. 110 

2010), including 16S rDNA, trnI, trnM, rps19, ORF41, and atp8-16S, to delimitate S. 111 

japonica and its varieties using PCR-based identification. However, further analyses, 112 



including the validation and practical application of these markers, are lacking. In 113 

Ecklonia, a genus belonging to the same family (Arthrothamnaceae), a clear 114 

geographically related genetic structure was shown using atp8-16S rDNA (Akita et al. 115 

2020). Therefore, this mitochondrial region is a candidate DNA marker to elucidate the 116 

genetic structure and to identify geographic origins. The purpose of this study was to 117 

reveal the genetic structure of S. japonica in Japan using the nad3-16S rDNA region, 118 

which includes atp8-16S rDNA. The value of the region as a genetic marker was 119 

evaluated using publicly available sequences. 120 

 121 

Materials and Methods 122 

Sample collection 123 

Sporophytes of S. japonica were collected at 46 localities from 2022 to 2023, 124 

covering various regions of its distribution (Fig. 1, Table 1). Two to twenty-three thalli 125 

were collected at each site. The samples were transported to the laboratory under cool 126 

conditions and rinsed with sterilized fresh water. A clean part of the thallus was excised 127 

and stored at -30 °C until DNA extraction. All specimens were identified to the variety 128 

level based on the distribution described in Yotsukura et al. (2016). With respect to the 129 

southern isolated population on the eastern coast of Honshu, which was not included in 130 

previous studies, two morphological types, S. japonica and S. japonica var. religiosa, 131 

were reported (Kawashima 2012). However, in the present study, we provisionally 132 

treated the specimens from the area as S. japonica var. religiosa, because this was 133 

geographically closest population, distributed in northeastern Honshu according to 134 

Yotsukura et al. (2016). In addition, we distinguished S. japonica var. religiosa in 135 

Hokkaido and Honshu as S. japonica var. religiosa 1 and S. japonica var. religiosa 2, 136 



respectively (Fig. 1, Table 1). 137 

 138 

DNA extraction, PCR, and sequencing analysis 139 

In total, 483 individuals were used to detect genetic clusters. A freeze-dried 140 

small fragment from each sample (ca. 2 × 2 cm2) was cut out and ground with metal 141 

beads using Shakeman 6 (Bio Medical Science Inc., Tokyo, Japan). DNA was extracted 142 

using a HEPES/CTAB method described by Shepherd and McLay (2011), which was 143 

developed for polysaccharide-rich terrestrial plants. PCR amplifications of the 144 

mitochondrial nad3-16S rDNA region (total 2,019 bp), which includes partial nad3 (110 145 

bp), rps14 (291 bp), atp8 (162 bp), trnS (88 bp), trnD (73 bp), rps10 (333 bp), trnS (85 146 

bp), and rpl31 (212 bp) and a non-coding spacer (669 bp), were performed using the 147 

KOD One™ PCR Master Mix (Toyobo, Osaka, Japan), primer sets designed in this 148 

study (nad3-16s_F32863: ATCCGTATGAAGATGCTCGTA, nad3-16s_R35073: 149 

CTTATAGCCTTCACTCTGAGC), and the GeneAtlas K02 (Astec, Fukuoka, Japan) 150 

under the following conditions: pre-denaturation at 98 °C for 5 min, followed by 5 151 

cycles of denaturation at 98 °C for 10 s, annealing at 60 °C for 10 s, and elongation at 152 

68 °C for 1 min, 35 cycles of denaturation at 68 °C for 10 s, annealing at 55 °C for 10 s, 153 

and elongation at 68 °C for 1 min, and a final elongation at 68 °C for 5 min. The PCR 154 

mix was prepared using KOD One™ PCR Master Mix, following the manufacturer’s 155 

protocol. After purification using ExoSAP-IT (Thermo Fisher Scientific Inc., Waltham, 156 

MA, USA), PCR products were used as templates for the cycle sequencing reaction 157 

using the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and 158 

3130xl DNA Analyzers (Thermo Fisher Scientific). For cycle sequencing, another 159 

primer designed in this study (nad3-16s_R34517: TGCCATAAACCACTCGAC) was 160 



also used to cover the middle region of the amplified fragment. The obtained sequences 161 

were aligned manually using AliView ver. 1.28 (Larsson 2014). 162 

 163 

Detection of genetic diversity and structure 164 

To acquire genetic characteristics for each locality, the number of haplotypes 165 

(h), haplotype diversity (Hd), nucleotide diversity (Pi), and haplotype distribution were 166 

detected using ARLEQUIN ver 3.5.1.3 (Excoffier and Lischer 2010). A statistical 167 

parsimony network was inferred using TCS ver.1.21 (Clement et al. 2000). In addition, 168 

population structure was assessed using Bayesian Analysis of Population Structure 169 

(BAPS) ver. 6 (Corander et al. 2008) with the “clustering for linked loci” method, which 170 

determines the most likely number of genetic clusters. In the analysis, ten replicates 171 

were run for each K-value of 2–20. The result with the highest log marginal likelihood 172 

was selected among the runs. 173 

 To evaluate population demography, Tajima's D (Tajima 1989) and Fu's Fs (Fu 174 

1997) neutrality tests were performed. Significance of each value was assessed using 175 

10,000 coalescence simulations, implemented in ARLEQUIN v3.5 (Excoffier and 176 

Lischer 2010). 177 

 178 

Evaluation of the nad3-16S rDNA region as a molecular marker 179 

 To evaluate the effectiveness of the nad3-16S rDNA region for identification, 180 

we determined the haplotype of S. japonica from Japan deposited in GenBank. The 181 

results were compared with those for previously established markers, COI and trnW-L 182 

(Zhang et al. 2015, 2019). The region was manually retrieved from five complete 183 

mtDNA sequences for S. japonica (S. japonica: AP011493, S. japonica var. religiosa: 184 



AP011494, S. japonica var. ochotensis: AP011495, S. japonica var. diabolica: 185 

AP011496, and S. longipedalis [currently synonymized to S. japonica var. diabolica]: 186 

AP011497). We queried the five sequences in our dataset. 187 

S. japonica var. diabolica (AP011496) was collected at the same locality in the 188 

present study, which was Aikappu (locality code: 2). The others were collected at sites 189 

neighboring our sampling sites. S. japonica (AP011493), S. japonica var. religiosa 190 

(AP011494), S. japonica var. ochotensis (AP011495), and S. longipedalis (AP011497) 191 

were collected at sites close to locality codes 24, 10, 7, and 2 in the present study, 192 

respectively. 193 

 194 

Results 195 

Genetic diversity 196 

We detected 88 haplotypes (GenBank accession numbers: LC820751–197 

LC820838, corresponding to haplotype numbers H01–H88) in the 483 individuals of S. 198 

japonica. H22, H51, and H53 contained a deletion of 28 bp in the upstream region of 199 

16S rRNA in comparisons with the other haplotypes. Among the 88 haplotypes, 19 (i.e., 200 

H03, H04, H05, H06, H10, H22, H23, H30, H32, H35, H50, H55, H57, H58, H65, H68, 201 

H75, H77, and H78) were shared haplotypes. H04 and H05 showed extensive 202 

distributions, and the other haplotypes were shared at neighboring or regional scales (for 203 

example, H03 in northeastern Hokkaido, H22 in southern Hokkaido, and H30 in locality 204 

codes 12 and 13). The remaining 69 haplotypes were unique to each locality (Fig. 1, 205 

Table 1). The most frequent haplotype was H05, found in 168 individuals, and dominant 206 

in southern Hokkaido to Honshu, representing 34.7% of the total sample. The second 207 

most frequent haplotype was H04, which accounted for 8.9% of the total sample; it was 208 



observed in northern and eastern Hokkaido (locality codes: 01, 02, 03, 06, 08, and 09), 209 

except in Miyako, Iwate Pref. (locality code: 30) (Fig. 1, Table 1). Disjunct haplotype 210 

distributions were found for H04, H05, H10, H22, H50, H58, and H65. For example, 211 

H22 was the dominant haplotype in southern Hokkaido, but it was also detected in 212 

western Hokkaido in locality code 9. 213 

The number of haplotypes (h) in each locality ranged from one to seven, 214 

haplotype diversity (Hd) ranged from 0 (locality codes: 01, 31, 36, 39, 42, 43, 45, and 215 

46) to 1.000 ± 0.272 (locality code: 33), and nucleotide diversity (Pi) ranged from 0 216 

(locality codes: 01, 31, 36, 39, 42, 43, 45, and 46) to 0.00824 ± 0.00442 (locality code: 217 

21). Unique haplotypes were found in only 2 (localities codes: 40–41) out of 7 218 

(localities codes: 40–46) localities in Joban (Hd: 0.302 ± 0.009), while 7 out of 14 219 

localities (locality codes: 25–39) had unique haplotypes in the other region in Honshu 220 

(Hd: 0.780 ± 0.037). In Hokkaido (locality codes: 1–24), unique haplotypes were found 221 

in 20 out of 25 localities (Hd: 0.914 ± 0.077). 222 

Genetic divergence was higher in spacer regions (Hd = 0.774 ± 0.018, Pi = 223 

0.00621 ± 0.00342) than in coding regions (Hd = 0.392 ± 0.029, Pi = 0.00036 ± 224 

0.00034) in nad3-16S rDNA. Diversity (Hd = 0.404 ± 0.028, Pi = 0.01456 ± 0.00837) 225 

was highest in the spacer after rpl31, among the genes and spacers (Table S1). 226 

 227 

Genetic structure 228 

A statistical parsimony method detected a starburst type network centered on 229 

H05. Thirty-three haplotypes showed a single-nucleotide difference from H05. In 230 

addition to the large starburst from H05, several small starbursts centered on H03, H04, 231 

H22, H23, H30, H32, H35, H41 and H65 were obtained (Fig. 2). 232 



BAPS inferred that the most likely number of genetic clusters in Japan was K = 233 

3 (log marginal likelihood of optimal partition = -2062.6665, probabilities of two 234 

clusters = 0.14179 and three clusters = 0.85821, Fig. 3a, b). The haplotypes included in 235 

cluster 1 were dominant in most of the localities. For clusters 2 and 3, by contrast, the 236 

dominance was limited to the localities 4–6, 10–13, 15, 25, 26, 32, 35, and 40 (Fig. 3b). 237 

Although the haplotypes in cluster 2 were detected in various localities, haplotypes in 238 

cluster 3 were found specifically within the distribution of S. japonica var. religiosa 1. A 239 

list of haplotypes for each cluster is shown in Table S2. FST values for all pairs of 240 

localities indicated relatively strong genetic divergence between localities 10–15 and the 241 

others and between 21–25 and the others (Fig. 4). 242 

 243 

Neutrality tests 244 

 We obtained negative Tajima's D values for 30 localities and all individuals, 245 

including significantly negative values for three localities (codes: 14, 18 and 21) and all 246 

individuals. Fu's Fs was negative for 26 localities and all individuals. Values were 247 

significantly negative for ten localities (codes: 4, 5, 12–15, 17, 18, 40, and 41) and all 248 

individuals (Table S3). 249 

 250 

Evaluation of the nad3-16S rDNA region as a molecular marker 251 

The haplotypes in the nad3-16S rDNA region differed among the five samples. 252 

The haplotypes of AP011496, AP011493, and AP011494 were matched to H04, H47, 253 

and H23 in the present study. The other haplotypes obtained from AP011495 and 254 

AP011497 were not matched; however, these two new haplotypes had a single bp 255 

difference from H04. For COI, AP011493-6 had the same sequence as those of 256 



KT963115 KT963119, and KT963135, and AP011497 matched MK227363. For trnW-257 

trnI, AP011493 matched KT963107, and AP011494, -6, and -5 were identical to 258 

KT963094. No match was obtained for AP011495; however, the haplotype differed by 1 259 

bp from KT963094 (Table 2). 260 

 261 

Discussion 262 

We revealed the population genetic structure of S. japonica based on the nad3-263 

16S rDNA region in mtDNA. The key to this type of study is the adoption of an 264 

informative marker (Yow et al. 2013; Chan et al. 2014). In the present study, unique 265 

haplotypes and one or a few shared haplotypes on a local scale were found in most 266 

localities. This fine genetic structure was not detected in previous phylogeographic 267 

studies of S. japonica using mtDNA regions, COI and trnW-trnL (Zhang et al. 2015, 268 

2019). Furthermore, similar to a previous study using microsatellite markers (Yotsukura 269 

et al. 2016), individuals with genotypes distributed in northern Hokkaido (H04) were 270 

detected in the same locality, Miyako, Iwate Pref. (locality code: 30). These findings 271 

suggest that the marker employed in this study provided enough information to discuss 272 

the genetic structure of S. japonica. In the genus Ecklonia, which also belongs to the 273 

family Arthrothamnaceae, a highly similar resolution in population structure was 274 

observed based on the nad3-16S rDNA region and microsatellite markers (Akita et al. 275 

2020). This mtDNA region is a potential marker for studies of population structure in 276 

the family using a DNA sequencing-based strategy. 277 

Maternal inheritance of mitochondria has been described in Laminariales 278 

(reviewed by Motomura et al. 2010). As an exceptional inheritance of mitochondria, 279 

apomixis is observed in many species under laboratory conditions, including Alaria 280 



crassifolia Kjellman (Nakahara and Nakamura 1973), Lessonia berteroana Montagne 281 

(Müller et al. 2019), Laminaria pallida Greville (Liboureau et al. 2024), and S. japonica 282 

(Yue et al. 2024). However, few sporophytes are found in the wild thalli (Oppliger et al. 283 

2007; Klochkov et al. 2017). Accordingly, the unusual inheritance of mitochondria can 284 

be ignored for the genetic structure obtained here. 285 

Previous studies indicated the existence of one (Zhang et al. 2015, 2019), two 286 

(Shan et al. 2017; Yotsukura et al. 2022), or four (Yotsukura et al. 2016) genetic clusters 287 

for S. japonica in Japan. These studies mainly used thalli from Hokkaido. In the present 288 

study, we included a number of samples from populations in Honshu, Japan. Unique or 289 

locally shared haplotypes were detected, and a distinct genetic cluster was detected for 290 

locality codes 10–15 based on BAPS and pairwise FST. However, the haplotype network 291 

showed a more detailed starburst pattern compared with previous results (Zhang et al. 292 

2015, 2019). This pattern of network strongly suggests that this kelp underwent a recent 293 

expansion. Neutrality tests also supported this expansion. Combining these results, a 294 

reasonable phylogeographical interpretation of Japanese S. japonica is that a single 295 

population underwent a recent expansion. Although the genetic structure differs among 296 

studies (Zhang et al. 2015; Shan et al. 2017; Zhang et al. 2019; Yotsukura et al. 2022; 297 

this study), genetic clusters do not correspond to the distribution of varieties, excepting 298 

in Yotsukura et al. (2016). Accordingly, it is presumable that the genetic clusters do not 299 

match to the current distribution of varieties. Further investigation is needed for the 300 

taxonomic validation of varieties, including analyses of gene flow based on nuclear 301 

markers. In the order Laminariales, an inconsistency between morphological traits and 302 

genetic clusters has been described in various genera (Ecklonia: Rothman et al. 2015; 303 



Akita et al. 2020, Macrocystis: Coyer et al. 2001; Demes et al. 2009, Undaria: Uwai et 304 

al. 2007, 2023). 305 

Several haplotypes with disjunct distributions, such as H04 at locality code 30, 306 

were detected. In kelp species, the dispersal distance is usually a few meters (Coyer et 307 

al. 1997; Kusumo et al. 2006; Alberto et al. 2011; Parada et al. 2016; Mooney et al. 308 

2018; Suzuki et al. 2024). Thus, genetic divergence is generally observed on a regional 309 

scale (e.g., Breton et al. 2018; Neiva et al. 2020; Chimura et al. 2022). Considering this 310 

nature of dispersal in kelp, haplotypes with disjunct distributions could represent 311 

intraspecific cryptic invasions, which are invasions of another lineage within a species 312 

into an area where the species already exists (Morais and Reichard 2018). Examples of 313 

intraspecific cryptic invasion have been reported in various kinds of organisms (Morais 314 

and Reichard 2018). We found the unexpected distributions of H04 at locality code 30, 315 

H05 at locality codes 4, 5, and 7, H10 at locality code 4, H22 at locality code 9, H50 316 

and H58 at locality code 40, and H65 at locality code 44. As an exception, for H04, 317 

locality codes 6, 8, and 9 are probably within the original distribution of the haplotype 318 

because a number of sister haplotypes (H17–19, H20–21, and H24) were detected at 319 

locality codes 8 and 9. The vector of the invasion is indeterminable; however oyster 320 

aquaculture (Fletcher and Manfredi 1995; Miller et al. 2011), aquaculture of invaded 321 

species (Miller et al. 2011; Hwang et al. 2019), and boats (Voisin et al. 2005) are 322 

candidates, in line with previous studies on invasive species. In Japan, this is the second 323 

reported case of cryptic invasion in seaweed species, following the genera Undaria 324 

(Uwai et al. 2006, 2024). 325 

The isolated population in Joban was first mentioned in the literature in the 326 

1890s (Suyama 1890; Okamura 1896). Thereafter, Kawashima (2012) reported that this 327 



population has been maintained only inside of fishing ports and recognized S. japonica 328 

and S. japonica var. religiosa morphotypes in this region (Kawashima 2012). In the 329 

present study, we found evidence of cryptic invasion at locality codes 40 and 44 in the 330 

Joban region. In addition, Hd was clearly lower in Joban (Hd: 0.302 ± 0.009) than at 331 

other sites in Honshu (Hd: 0.780 ± 0.037) and Hokkaido (Hd: 0.914 ± 0.077). Such low 332 

genetic diversity is usually seen areas with recently established populations (Kwai et al. 333 

2016; Hanyuda et al. 2016). Indeed, aquaculture of the kelp using seedlings purchased 334 

from Hirota Bay (neighboring locality code 32) and Shiriya (neighboring locality code 335 

26) is recorded by fisheries cooperatives of this area (D. Fujita personal 336 

communication). This aquaculture dates back to the 1700s. Initially, the grandson of the 337 

Edo shogun tried aquaculture using sporophytes from southern Hokkaido (Inagaki 338 

1943). Based on the haplotype at locality code 40, seedlings from southern Hokkaido 339 

were also likely used. Thus, on this coast, the population was likely established by an 340 

introduction via aquaculture from various regions of Japan. This type of introduction is 341 

also observed in the kelp growing in China and Korea (Hwang et al. 2019). 342 

The S. japonica population expanded after the Last Glacial Maximum (LGM) 343 

from putative refugia on the coast of southern Hokkaido and northern Honshu (Zhang et 344 

al. 2019), which corresponds to locality codes 11–39 in this study. In the area, haplotype 345 

diversity was 0.572 ± 0.264, on average. Similar diversity was also detected in northern 346 

and eastern Hokkaido, such as locality codes 2 (Hd: 0.756 ± 0.130), 6 (Hd: 0.625 ± 347 

0.069), and 10 (Hd: 0.524 ± 0.209), even excluding the locality with cryptic invasion. 348 

Invasion usually increases genetic diversity by providing new haplotypes (Morais and 349 

Reichard 2018). The haplotype network also included several small starbursts (e.g., 350 

centered on H03 or H04, which were dominant haplotypes in northern and/or eastern 351 



Hokkaido). These findings suggest that refugia of S. japonica in the LGM were 352 

established on various coasts on Hokkaido. In the Sea of Japan, Zhang et al. (2019) 353 

hypothesized a post-LGM expansion of the population originating from southern 354 

Hokkaido northward to Sakhalin. However, the dominant haplotypes differed clearly 355 

among locality codes 8–9, 10–11, and 12–13. This pattern is inconsistent with a signal 356 

of recent population expansion, in which shared or related haplotypes are generally 357 

found (Hoarau et al. 2007; Hu et al. 2011; Neiva et al. 2014). It is possible that the 358 

population on the coast of the Sea of Japan persisted in each region since at least the 359 

LGM. 360 

The nad3-16s rDNA region is a potential marker to identify the geographic 361 

origin of S. japonica, as unique and shared haplotypes at a regional scale were detected. 362 

Using sequences deposited in GenBank, we determined the geographic origins of 363 

AP011493 and AP11494. However, we could not identify the geographic origin of 364 

AP011495-7 because of emerging new haplotypes or a ubiquitous haplotype (H04). The 365 

enrichment of the nad3-16s rDNA database would improve the identification accuracy, 366 

except in the case of ubiquitous haplotypes (H04 and H05). The potential of this genetic 367 

region was also suggested in previous studies (Shimizu et al. 2004, 2010; Yotsukura et 368 

al. 2010). Indeed, the power of identification using COI and trnW-trnL was very weak 369 

because four of five individuals and three of five individuals had the same COI and 370 

trnW-trnL sequences, respectively. Of note, we found a critical misidentification of a 371 

deposited sequence. A complete mitochondrial genome deposited as Saccharina 372 

longissima (Miyabe) C.E. Lane, C. Mayes, Druehl & G.W. Saunders (JN099684: Zhang 373 

et al. 2013) showed 100% identity to H22 in this study. The sequence is derived from 374 

the Culture Collection of Seaweed at the Ocean University of China. Although H22 375 



includes a deletion of 28 bp in the region upstream of 16S rRNA, the same deletion was 376 

also recognized in a sample from a site close to locality no. 22 (Shimizu et al. 2004). 377 

The nad3-16S rDNA sequence of S. longissima (LC834026, newly determined in the 378 

present study) differs by 134–158 bp from the corresponding S. japonica sequences. 379 

In the present study, we inferred the genetic structure of S. japonica on the 380 

coast of Japan. The results suggested that one genetic cluster underwent a recent 381 

expansion, with various refugia during the LGM and cryptic invasions on several 382 

coasts. Further, nad3-16s rDNA was identified as a candidate marker. Unlike previous 383 

phylogenetic studies (Zhang et al. 2015, 2019), fine-scale regional genetic variation in 384 

the kelp species was detected. Conservation efforts on each coast are needed to preserve 385 

locally unique genes, and further cryptic invasions via human activity should be 386 

avoided. Furthermore, studies aimed at the taxonomic validation of the varieties are 387 

needed because the distribution of varieties and genetic clusters were inconsistent. To 388 

solve this issue, gene flow among varieties should be investigated using highly 389 

polymorphic markers. 390 

 391 

Acknowledgment 392 

We are grateful to Messrs. Daisuke Kobayashi, Takayuki Arai, and the staff of fisheries 393 

cooperatives who helped with the sampling of Saccharina japonica. The present study 394 

was supported by JSPS KAKENHI (Grant no. 22K05781 to DF & SA, 24K17948 to 395 

SA). 396 

 397 

References 398 

Akita S, Hashimoto K, Hanyuda T, Kawai H (2020) Molecular phylogeny and 399 



biogeography of Ecklonia spp. (Laminariales, Phaeophyceae) in Japan revealed 400 

taxonomic revision of E. kurome and E. stolonifera. Phycologia 59:330–339. 401 

Alberto F, Raimond PT, Reed DC. Watson JR, Siegel DA, Mitarai S, Coelho N, Serrão 402 

EA (2011) Isolation by oceanographic distance explains genetic structure for 403 

Macrocystis pyrifera in the Santa Barbara Channel. Mol Ecol 20:2543–2554. 404 

Breton TS, Nettleton JC, O'Connell B, Bertocci M (2018) Fine-scale population genetic 405 

structure of sugar kelp, Saccharina latissima (Laminariales, Phaeophyceae), in 406 

eastern Maine, USA. Phycologia 57:32–40. 407 

Chan SW, Cheang CC, Yeung CW, Chirapart A, Gerung G, Ang P (2014) Recent 408 

expansion led to the lack of genetic structure of Sargassum aquifolium populations 409 

in Southeast Asia. Mar Biol 161:785–795. 410 

Chimura K, Akita S, Iwasaki T, Nagano AJ, Shimada S (2022) Phylogeography of a 411 

canopy-forming kelp, Eisenia bicyclis (Laminariales, Phaeophyceae), based on a 412 

genome-wide sequencing analysis. J Phycol 58:318–329. 413 

Clement M, Posada D, Crandall K (2000) TCS: a computer program to estimate gene 414 

genealogies. Mol Ecol 9:1657–1660. 415 

Corander J, Marttinen P, Sirén J, Tang J (2008) Enhanced Bayesian modelling in BAPS 416 

software for learning genetic structures of populations. BMC bioinformatics 9:1–14. 417 

Coyer JA, Olsen JL, Stam WT (1997) Genetic variability and spatial separation in the sea 418 

palm kelp Postelsia palmaeformis (Phaeophyceae) as assessed with M13 419 

fingerprints and RAPDS. J Phycol 33:561–568. 420 

Coyer JA, Smith GJ, Andersen RA (2001) Evolution of Macrocystis spp. (Phaeophyceae) 421 

as determined by ITS1 and ITS2 sequences. J Phycol 37:574–585. 422 

Demes KY, Graham MH, Suskiewicz T (2009) Phenotypic plasticity reconciles 423 



incongruous molecular and morphological taxonomies: the giant kelp, Macrocystis 424 

(Laminariales, Phaeophyceae), is a monospecific genus. J Phycol 45:1266–1269. 425 

Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5: a new series of programs to 426 

perform population genetics analyses under Linux and Windows. Mol Ecol Resour 427 

10:564–567. 428 

Fu YX (1997) Statistical tests of neutrality of mutations against population growth, 429 

hitchhiking and background selection. Genetics 147:915–925. 430 

Fletcher RL, Manfredi C (1995) The occurrence of Undaria pinnatifida (Phaeophyceae, 431 

Laminariales) on the south coast of England. Bot Mar 38:355–358. 432 

Gopi K, Mazumder D, Sammut J, Saintilan N (2019) Determining the provenance and 433 

authenticity of seafood: A review of current methodologies. Trends Food Sci Techno 434 

91:294–304. 435 

Hanyuda T, Heesch S, Nelson W, Sutherland J, Arai S, Boo SM, Kawai H (2016) Genetic 436 

diversity and biogeography of native and introduced populations of Ulva pertusa (U 437 

lvales, Chlorophyta). Phycol Res 64:102–109. 438 

Hoarau G, Coyer JA, Veldsink JH, Stam WT, Olsen JL (2007) Glacial refugia and 439 

recolonization pathways in the brown seaweed Fucus serratus. Mol Ecol 16:3606–440 

3616. 441 

Hu ZM, Shan TF, Zhang J, Zhang QS, Critchley AT, Choi HG, Yotsukura N, Liu FL, Duan 442 

DL (2021) Kelp aquaculture in China: a retrospective and future prospects. Rev 443 

Aquaculture 13:1324–1351. 444 

Hu ZM, Uwai S, Yu SH, Komatsu T, Ajisaka T, Duan DL (2011) Phylogeographic 445 

heterogeneity of the brown macroalga Sargassum horneri (Fucaceae) in the 446 

northwestern Pacific in relation to late Pleistocene glaciation and tectonic 447 



configurations. Mol Ecol 20:3894–3909. 448 

Hwang EK, Yotsukura N, Pang SJ, Su L, Shan TF (2019). Seaweed breeding programs 449 

and progress in eastern Asian countries. Phycologia 58:484–495. 450 

Japanese Fisheries Agency (2023) online statistics (https://www.e-stat.go.jp/stat-451 

search/files?page=1&layout=datalist&toukei=00500216&tstat=000001015174&cy452 

cle=7&year=20210&month=0&tclass1=000001015175&tclass2=000001201760&t453 

class3val=0) 2024/2/21 accessed. 454 

Inagaki K (1943) Tougen Iji: Mito Mitsukuni Seiden. Shimizu-Shobo, Tokyo. (in 455 

Japanese) 456 

Kawai H, Kogishi K, Hanyuda T, Arai S, Gurgel CF, Nelson W, Meinesz A, Tsiamis K, 457 

Peters AF (2016) Phylogeographic analysis of the brown alga Cutleria multifida 458 

(Tilopteridales, Phaeophyceae) suggests a complicated introduction history. Phycol 459 

Res 64:3–10. 460 

Kawashima S (2012) Morphology and Taxonomy of the Laminariaceous Algae in cold 461 

water area of Japan. Seibutsu-Kenkyusha, Tokyo. (in Japanese) 462 

Klochkova TA, Klochkova NG, Yotsukura N, Kim GH (2017) Morphological, molecular, 463 

and chromosomal identification of dwarf haploid parthenosporophytes of Tauya 464 

basicrassa (Phaeophyceae, Laminariales) from the Sea of Okhotsk. Algae 32:15–28. 465 

Kusumo HT, Pfister CA, Wootton JT. (2006) Small-scale genetic structure in the sea palm 466 

Postelsia palmaeformis Ruprecht (Phaeophyceae). Mar Biol 149:731–742. 467 

Larsson A (2014) AliView: a fast and lightweight alignment viewer and editor for large 468 

datasets. Bioinformatics 30:3276–3278. 469 

Liboureau P, Pearson GA, Serrão EA, Kreiner A, Martins N (2024) A novel sexual system 470 

in male gametophytes of Laminaria pallida (Phaeophyceae). Eur J Phycol 59: 232–471 

https://www.e-stat.go.jp/stat-search/files?page=1&layout=datalist&toukei=00500216&tstat=000001015174&cycle=7&year=20210&month=0&tclass1=000001015175&tclass2=000001201760&tclass3val=0
https://www.e-stat.go.jp/stat-search/files?page=1&layout=datalist&toukei=00500216&tstat=000001015174&cycle=7&year=20210&month=0&tclass1=000001015175&tclass2=000001201760&tclass3val=0
https://www.e-stat.go.jp/stat-search/files?page=1&layout=datalist&toukei=00500216&tstat=000001015174&cycle=7&year=20210&month=0&tclass1=000001015175&tclass2=000001201760&tclass3val=0
https://www.e-stat.go.jp/stat-search/files?page=1&layout=datalist&toukei=00500216&tstat=000001015174&cycle=7&year=20210&month=0&tclass1=000001015175&tclass2=000001201760&tclass3val=0


241. 472 

Miller KA, Aguilar-Rosas LE, Pedroche FF (2011) A review of non-native seaweeds from 473 

California, USA and Baja California, Mexico. Hidrobiológica 21:365–379 474 

Miyabe K (1902) Laminariaceae Hokkaido suisan chosahokoku. Hokkaido Shokuminbu 475 

3:1–60 (in Japanese). 476 

Mooney KM, Beatty GE, Elsäßer B, Follis ES, Kregting L, O'Connor NE, Riddell GE, 477 

Provan J (2018) Hierarchical structuring of genetic variation at differing geographic 478 

scales in the cultivated sugar kelp Saccharina latissima. Mar Environ Res 142:108–479 

115. 480 

Morais P, Reichard M (2018) Cryptic invasions: A review. Sci Total Environ 613:1438–481 

1448. 482 

Motomura T, Nagasato C, Kimura K (2010) Cytoplasmic inheritance of organelles in 483 

brown algae. J Plant Res 123:185–192. 484 

Müller DG, Murúa P, Westermeier R (2019) Reproductive strategies of Lessonia 485 

berteroana (Laminariales, Phaeophyceae) gametophytes from Chile: Apogamy, 486 

parthenogenesis and cross-fertility with L. spicata. J Appl Phycol 31:1475–1481. 487 

Nakahara H, Nakamura Y (1973) Parthenogenesis, apogamy and apospory in Alaria 488 

crassifolia (Laminariales). Mar Biol 18:327–332. 489 

Neiva J, Assis J, Fernandes F, Pearson GA, Serrao EA (2014) Species distribution models 490 

and mitochondrial DNA phylogeography suggest an extensive biogeographical shift 491 

in the high‐intertidal seaweed Pelvetia canaliculata. J Biogeogr 41:1137–1148. 492 

Neiva J, Serrão EA, Paulino C, Gouveia L, Want A, Tamigneaux É, Ballenghien M, 493 

Mauger S, Fouqueau L, Engel-Gautier C, Destombe C, Valero M (2020) Genetic 494 

structure of amphi-Atlantic Laminaria digitata (Laminariales, Phaeophyceae) 495 



reveals a unique range-edge gene pool and suggests post-glacial colonization of the 496 

NW Atlantic. Eur J Phycol 55:517–528. 497 

Okamura K (1896) On Laminaria of Japan (Concluded). Bot Mag Tokyo 10:95–101. 498 

Oppliger LV, Correa JA, Peters AF (2007) Parthenogenesis in the brown alga Lessonia 499 

nigrescens (Laminariales, Phaeophyceae) from central Chile. J Phycol 43:1295–500 

1301. 501 

Parada GM, Tellier F, Martinez EA (2016) Spore dispersal in the intertidal kelp Lessonia 502 

spicata: macrochallenges for the harvested Lessonia species complex at microscales 503 

of space and time. Bot Mar 59:283–289. 504 

Rothman MD, Mattio L, Wernberg T, Anderson RJ, Uwai S, Mohring MB, Bolton JJ 505 

(2015) A molecular investigation of the genus Ecklonia (Phaeophyceae, 506 

Laminariales) with special focus on the Southern Hemisphere. J Phycol 51: 236–246. 507 

Shan T, Yotsukura N, Pang S (2017) Novel implications on the genetic structure of 508 

representative populations of Saccharina japonica (Phaeophyceae) in the Northwest 509 

Pacific as revealed by highly polymorphic microsatellite markers. J Appl Phycol 510 

29:631–638. 511 

Shepherd LD, McLay TGB (2011) Two micro-scale protocols for the isolation of DNA 512 

from polysaccharide-rich plant tissue. J Plant Res 124:311–314. 513 

Shimizu T, Kato Y, Kato S, Inoue A, Ojima T, Yasokawa D (2010) Technology for 514 

geographic origin identification of edible kelps -development of DNA extraction and 515 

utilization of mitochondrial DNA analysis-. Rep Hokkaido Indust Tech Cen 11:1–4. 516 

(in Japanese with English abstract) 517 

Shimizu T, Ootsubo M, Aoki H, Miyazaki S (2004) Mitochondrial DNA analysis of seven 518 

laminarian species from Hokkaido. Rep Hokkaido Indust Tech Cen 8:75–77. (in 519 



Japanese) 520 

Suyama K (1890) Economic seaweeds. Tokyo Syuseido, Tokyo. 521 

Suzuki H, Aoki T, Mitsuyuki C, Suyama Y, Agatsuma Y, Aoki MN (2024) Local versus 522 

regional patterns in zoospore dispersal of the kelp Eisenia bicyclis (Laminariales, 523 

Phaeophyceae). Phycol Res. https://doi.org/10.1111/pre.12563 524 

Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by DNA 525 

polymorphism. Genetics 123:585–595. 526 

Uwai S, Arai S, Morita T, Kawai H (2007) Genetic distinctness and phylogenetic 527 

relationships among Undaria species (Laminariales, Phaeophyceae) based on 528 

mitochondrial cox3 gene sequences. Phycol Res 55:263–271. 529 

Uwai S, Nelson W, Neill K, Wang WD, Aguilar-Rosas LE, Boo SM, Kitayama T, Kawai 530 

H (2006) Genetic diversity in Undaria pinnatifida (Laminariales, Phaeophyceae) 531 

deduced from mitochondria genes–origins and succession of introduced populations. 532 

Phycologia 45:687–695. 533 

Uwai S, Saito D, Sato Y (2024) Evaluation of cryptic invasion in Japanese Undaria 534 

populations based on mitochondrial haplotypic analysis. Bot Mar 67:411–419. 535 

Uwai S, Takagi S, Sekiguchi T, Emura N, Morita T, Kurashima A, Sato Y (2023) 536 

Inconsistency between morphological diversity and genetic structuring: proposal for 537 

one species of Undaria in Japan. Bot Mar 66: 81–90. 538 

Voisin M, Engel CR, Viard F (2005) Differential shuffling of native genetic diversity 539 

across introduced regions in a brown alga: aquaculture vs. maritime traffic effects. 540 

PNAS 102:5432–5437. 541 

Yotsukura N, Kawashima S, Kawai T, Abe T, Druehl LD (2008) A systematic re-542 

examination of four Laminaria species: L. japonica, L. religiosa, L. ochotensis and 543 

https://doi.org/10.1111/pre.12563


L. diabolica. J Jpn Bot 83:165–176 544 

Yotsukura N, Liu C, Terai M, Klimova A, Galanin D, Klochkova N, Suzuki T (2022) 545 

Genetic relations among wild populations of Saccharina japonica in the western 546 

North Pacific. Reg Stud Mar Sci 53:102357. 547 

Yotsukura N, Maeda T, Abe T, Nakaoka M, Kawai T (2016) Genetic differences among 548 

varieties of Saccharina japonica in northern Japan as determined by AFLP and SSR 549 

analyses. J Appl Phycol 28:3043–3055. 550 

Yotsukura N, Shimizu T, Katayama T, Druehl LD (2010) Mitochondrial DNA sequence 551 

variation of four Saccharina species (Laminariales, Phaeophyceae) growing in Japan. 552 

J Appl Phycol 22:243–251. 553 

Yow YY, Lim PE, Phang SM (2013) Assessing the use of mitochondrial cox 1 gene and 554 

cox 2-3 spacer for genetic diversity study of Malaysian Gracilaria changii 555 

(Gracilariaceae, Rhodophyta) from Peninsular Malaysia. J Appl Phycol 25:831–838. 556 

Zhang J, Wang X, Liu C, Jin Y, Liu T (2013) The complete mitochondrial genomes of 557 

two brown algae (Laminariales, Phaeophyceae) and phylogenetic analysis within 558 

Laminaria. J Appl Phycol 25:1247–1253. 559 

Zhang J, Wang X, Yao J, Li Q, Liu F, Yotsukura N, Krupnova TN, Duan D (2017) Effect 560 

of domestication on the genetic diversity and structure of Saccharina japonica 561 

populations in China. Sci Rep 7:42158. 562 

Zhang J, Yao J, Hu ZM, Jueterbock A, Yotsukura N, Krupnova TN, Nagasato C, Duan D 563 

(2019) Phylogeographic diversification and postglacial range dynamics shed light 564 

on the conservation of the kelp Saccharina japonica. Evol Appl 12:791–803. 565 

Zhang J, Yao JT, Sun ZM, Fu G, Galanin DA, Nagasato C, Hu ZM, Duan D (2015) 566 

Phylogeographic data revealed shallow genetic structure in the kelp Saccharina 567 



japonica (Laminariales, Phaeophyta). BMC Evol Biol 15:1–12. 568 

Zhang J, Yotsukura N, Jueterbock A, Hu ZM, Assis J, Nagasato C, Yao J, Duan D (2021) 569 

Detecting no natural hybridization and predicting range overlap in Saccharina 570 

angustata and Saccharina japonica. J Appl Phycol 33:693–702. 571 

  572 



Figure Captions 573 

Fig. 1. Distribution and ratio of haplotypes (H01–H88) at each location. Shared 574 

haplotypes are shown with color, and unique haplotypes to each location are shown in 575 

white. The locality codes indicated in parentheses correspond to the numbers shown in 576 

Table 1. The distribution of varieties of Saccharina japonica described by Yotsukura et 577 

al. (2016) is shown on the map. 578 

 579 

Fig. 2. Haplotype network of Saccharina japonica distributed in Japan. The colors of 580 

haplotypes are identical to those in Fig. 1. 581 

 582 

Fig. 3. Genetic structure of Saccharina japonica inferred by BAPS. (a) The genetic 583 

cluster for each individual is indicated with a vertical bar, and (b) the ratio of clusters at 584 

each locality are shown in a map. The locality codes indicated in parentheses 585 

correspond to the numbers shown in Table 1. 586 

 587 

Fig. 4. FST values among all pairs of localities. Cross marks indicate no significance. 588 

Bars of different colors show the varieties distributed at each locality based on 589 

Yotsukura et al. (2016). 590 
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