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Abstract 17 

Inconsistency in maturation of saccharinan kelp due to changes in the marine 18 

environment is a problem in terms of securing seedlings for aquaculture. In Hokkaido, 19 

the main producing area of Saccharina japonica, it has become a challenge to stably 20 

secure the parental algae of the species for aquaculture. When maturation was induced 21 

by short-day conditions in naturally collected S. japonica sporophytes as well as in the 22 

sporophytes collected from them and cultivated, sorus formation began in 23 

approximately three weeks and spread to 0.4–16.8% on the upper side area and 23.2–24 



41.1% on the underside area after about five weeks, with the highest rates, 23.2–59.5%, 25 

observed around the base part of the underside. Sorus formation began from the base 26 

and middle parts in the top-intact thalli and from the marginal part in the top-cut thalli. 27 

The released zoospore germlings grew steadily as aquaculture seedlings, and the blade 28 

width and wet weight of the seedlings collected in August and subjected to mariculture 29 

in November were significantly larger after approximately five and a half months 30 

compared to those of thalli cultivated using a conventional method (i.e., thalli collected 31 

just prior to the mariculture). Seedling production through maturation induction in 32 

sporophytes would be a feasible option for seedling production facilities and would be 33 

helpful for stably producing seedlings without the effect of the natural environment. 34 

 35 

Keywords: aquaculture, maturation induction, Saccharina japonica, seedling 36 
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 38 

INTRODUCTION 39 

Saccharina japonica (Areschoug) C.E. Lane, C. Mays, Druehl & G.W. Saunders grows along 40 

the northern coasts of Japan and surrounding waters (Yotsukura et al., 2008); in Hokkaido, the 41 

main producing area of the species, it has been harvested mainly as foodstuff for more than 42 

1000 years (Oishi, 1987). However, full-scale aquaculture of S. japonica in Hokkaido only 43 

began in 1966, and its yield, which has become increasingly stabilized thanks to advances in 44 

technology, has compensated for the progressive decline in wild catches of the species. 45 

Generally, this species is cultivated using a method in which zoospores released from the 46 

sporophytes (parental algae) are attached to seedling threads for seedling production in indoor 47 

tanks, and the seedling are then cultivated in coastal area (Kawashima, 1984; Su et al., 2017). In 48 



Japan, to produce the seedlings, an important process for aquaculture, high-quality wild mature 49 

S. japonica sporophytes are collected from the periphery of the aquaculture sites in autumn as 50 

parental algae (Kawashima, 1984). However, in recent years, disruption in maturation of kelp 51 

sporophytes due to changes in the marine environment has become serious. For example, in the 52 

Oyasu district of Hakodate City, Hokkaido, the seedlings were formerly produced in mid-53 

September but were only produced on September 29 in 2019 and October 11 in 2020, indicating 54 

the increasing difficulty in stable seedling production. This would be related to the slow decline 55 

in water temperature during that season in recent years. 56 

Saccharina japonica has also been cultivated in China, Korea, and Russia (Sohn, 1998; 57 

Kawai et al., 2015; Shan et al., 2017; Hwang et al., 2019). Although not native to Chinese 58 

waters, S. japonica aquaculture began in the mid-1950s using local populations originated from 59 

Japan, and yield recently reached approximately 1.4 Mt (dry weight), well above Japan’s yield 60 

(4319 t in 2018), making China the largest producer (Hwang et al., 2019). In China, a “summer 61 

sporeling technique” was developed in which seedling threads are made using farmed 62 

sporophytes that mature in early summer, and now more than 90% of the S. japonica products 63 

are produced using this technique (Tseng et al., 1955; Shan et al., 2011). This aquaculture 64 

technique, which allows seedling production in summer, has various advantages over autumn 65 

production techniques (Tseng et al., 1955; Shan et al., 2011) and is expected to increase the 66 

quality of cultivated kelp products, which are generally lower in industrial value compared to 67 

wild counterparts, since more time can be spent on the culture of seedlings, particularly in 68 

indoor tanks and the sea. This technique is expected to also become widespread in Japan. In 69 

China, the precocious sporophytes obtained from aquaculture are used as parental algae, which 70 

allows stable production of seedlings (Su et al., 2017). However, along the Japanese coasts, it is 71 

difficult to collect mature sporophytes of the species, which release zoospores most actively in 72 



early summer (Kawashima, 2012). To obtain parental algae in this season, the zoospores need to 73 

be obtained by artificially inducing maturation in the sporophytes. 74 

It has been reported that maturation in sporophytes of Saccharina kelp can be induced by 75 

removing the meristematic tissue followed by cultivation under favorable conditions (short-day 76 

and dark conditions, water temperature around 10°C, and high nutrient salt concentration) 77 

(Luning, 1988; Nimura and Mizuta, 2002a; Skriptsova and Titlyanov, 2003; Pang and Luning, 78 

2004; Forbord et al., 2012; Boderskov et al., 2021). In S. latissima, a species widely distributed 79 

around the world, sorus formation and zoospore release were confirmed after a six-week 80 

cultivation of sporophytes, collected in August in Norway, under low-light and short-day 81 

conditions. When zoospores derived from the sori formed during the tank-cultivation of fertile 82 

sporophytes, obtained in December, under running seawater and low-light/short-day conditions 83 

were pre-cultured in a hatchery for 42 days, germlings grew notably well in subsequent 84 

deployment (Forbord et al., 2020). In regard to the sporophytes of S. japonica, a species found 85 

in limited sea areas and is an important ingredient in Japanese food, it has found in a Chinese 86 

cultivar and a Chinese hybrid cultivar that sorus formation was induced under short-day 87 

conditions in sporophytes from which a blade part, not adjacent to the meristematic tissue, was 88 

removed and that in the latter, the release of zoospores was also confirmed (Su et al., 2020). In 89 

contrast, the only study conducted on maturation induction in sporophytes of Japanese S. 90 

japonica using wild thalli as parental algae for aquaculture, reported that sori were formed in 91 

young thalli (thalli not subjected to artificial removal of parts except for a marker bore) after 92 

approximately one month of cultivation at 5–20°C under a short-day condition (light 9 h: dark 93 

15 h), and at 15°C under a day-neutral condition, in a tank through which filtered seawater 94 

flowed (Kirihara et al., 2003). However, the release of zoospores from sori was not confirmed. 95 

To incorporate seedling production technique in which maturation is artificially induced into 96 



existing aquaculture production systems in the future, it will be necessary, using candidate thalli, 97 

to investigate their detailed maturation mechanisms and the growth of seedlings obtained from 98 

them. Therefore, in this study, in order to examine the possibility of producing seedlings by 99 

inducing maturation in the sporophytes and ultimately achieving stable seedling production and 100 

high-quality products, maturation was induced in an indoor tank in wild thalli and thalli 101 

cultivated from their zoospores. The formation process of sori was examined, and the germlings 102 

were grown from the zoospores obtained, thereby investigating the possibility of producing 103 

aquaculture seedlings through maturation induction. 104 

MATERIALS AND METHODS 105 

Materials used for this experiment are eight thalli of Saccharina japonica: seven sporophytes 106 

originated from 2-year-old wild kelp collected the year before and cultured in the sea and one 107 

wild sporophyte (Table 1). Within them, the four were collected in Hakodate City, on July, 2018 108 

(Nos. 1 & 2, with sori formed on the top part; and Nos. 3 & 4, without sori) and immediately 109 

transported to the Fisheries Institute, Aomori Prefectural Industrial Technology Research Center 110 

in a refrigerated condition after seawater was wiped off their surfaces. The arrived sporophytes 111 

were bored using a cork borer 15 cm above the blade base and cultivated in a 1400-l tank 112 

(internal dimensions: 100 cm × 300 cm × 50 cm) inside a land facility, taking into consideration 113 

the results of a preceding study (Kirihara et al., 2003). The seawater used was pumped from the 114 

nearby sea, filtered, adjusted to 15 ℃, and flushed at 500 l/h. The temperature of the seawater in 115 

the tank was recorded at 10-min intervals. The tank was covered with a blackout curtain, and a 116 

fluorescent light was placed above the tank so that the photon flux density below at the water 117 

surface was 117 μmol m−2 s−1 (short-day conditions of 9/15 h of light/dark). An ultra-miniature 118 

data recorder (MDS-MkV, Alec Electronics Co., Ltd.) was used to measure the water 119 

temperature and the light intensity. The cultivation was continued from July 25 to August 28, 120 



2018, and blade length and the position of the marker hole were measured periodically during 121 

the period. In addition, the presence or absence of sori was investigated for the blade and three 122 

equal parts of the blade (i.e., top, middle, and base parts), and the percentage of sori area to 123 

blade area was calculated using the image measurement support tool TouchDeMeasure 124 

(Enomoto et al. 2017). 125 

Two samples (Nos. 5 & 6) collected on June, 2019, in Hakodate City, with their top ends 126 

being cut so that their blade length became 600 cm; one sample (No. 7, an immature sporophyte 127 

collected from wild kelp the year before last and cultivated in the sea) collected on June, 2019, 128 

in Rishirifuji Town; and one sample (No. 8) collected on July, 2019, in Rausu Town (Table 1), 129 

were cultivated in the tank and measurements taken using the same method as in the previous 130 

year. The cultivation period was June 26 to August 16, 2019, for Nos. 5 and 6; June 26 to 131 

August 5, 2019, for No. 7; and July 8 to August 5, 2019, for No. 8. Six wild mature sporophytes 132 

(Nos. 9–14) collected on December 16, 2019, in the Oniwaki district of Rishirifuji Town were 133 

used for comparison. After the measurements were taken, the samples were turned upside-down, 134 

and cultivation continued. 135 

Among the cultivated samples, No. 8 was taken out of the tank at the end of the cultivation 136 

period, and a piece (ca. 15 cm × ca. 30cm) was then cut from the mature portion. After being 137 

washed with filtered seawater, the piece was wrapped in a paper towel and stored overnight in a 138 

constant-temperature chamber at 10 °C. The next morning, the piece was placed gently in a 2-l 139 

Petri dish filled with sterile filtered seawater (10 °C) to induce the release of zoospores. The 140 

zoospores released in the dishes were then observed under a microscope (150×) after 15–20 min 141 

following the placement of the piece, and the piece was removed from the dish after confirming 142 

the release of more than 10 zoospores within the field of view. After being filtered using 143 

bleached cotton, the liquid in the dish was poured into a 12-l tank, and the seedlings were 144 



collected using a seedling collector wrapped with 50 m of Cremona thread. This tank was then 145 

transferred into a constant-temperature chamber maintained at 10 °C, allowed to stand for 24 h 146 

in darkness, and then subjected to aeration culture under medium day conditions (12/12 h of 147 

light/dark) with a photon density of 25–65 μmol m−2 s−1. The culture medium was PESI medium 148 

(Tatewaki, 1966), which was changed every week. Cultivated seedlings were subjected to 149 

mariculture at an aquaculture facility located at the shore where the original samples were 150 

collected (44°12′28.60″N, 145°20′ 28.09″E) from November 7, 2019, to June 29, 2020. The 151 

shape, length, and width of the blade, as well as the wet weight, were measured for the 10 152 

samples for comparison with control samples attached to seedling threads just prior to the 153 

mariculture (i.e., samples cultivated using the conventional method), and the means of each trait 154 

were compared by t-test after confirming equal variance by F-test. Between November 19, 155 

2019, and May 2, 2020, the aquaculture rope was dropped to near the seafloor (to a water depth 156 

of about 6 m in a 30-m depth area) to avoid flow-ice damage and the growth of sporophytes was 157 

suppressed. 158 

This work does not contain any experiments involving animals performed by any of the 159 

authors. And so, ethical approval is not required. 160 

RESULTS 161 

No noticeable increases in blade length and width were observed in the top-intact thalli 162 

during the cultivation period. The blades of Nos. 2 and 4 and No. 8 were shortened about one 163 

week and about two weeks after the start of cultivation, respectively, via the loss of the top part. 164 

However, growth (distance from the blade base to the marker hole) during the cultivation period 165 

was longest in No. 6 at 4 cm; followed by No. 7 at 3.5 cm; No. 3 at 1.5 cm; Nos. 1, 5 and 8 at 1 166 

cm; No. 2 at 0.5 cm; and No. 4 at 0 cm. 167 

As shown Table 2, among the first-year cultivated thalli where a small number of sori were 168 



confirmed on both sides of their blades at the start of the experiment, in No. 1, noticeable 169 

expansion of sori occurred after the 19th day of the cultivation, especially in the base part on the 170 

upper side and the entire area on the underside (Figure 1-A). In No. 2, sori were observed in the 171 

whole area of both sides after the 13th day, and sori expansion afterward was remarkable on the 172 

underside, especially near the base. The percentages of sori area to blade area after the 19th, 26th, 173 

and 33rd days follow: for the upper side of No. 1, 12.2%, 14.3%, and 16.8%, respectively; and 174 

correspondingly for the underside of No. 1, 22.8%, 39.4%, and 41.1%; for the upper side of No. 175 

2, 1.2%, 4.1%, and 4.9%; and the underside of No. 2, 22.8%, 32.0%, and 29.6%.  176 

However, among the first-year cultivated samples that were immature at the beginning of the 177 

experiment, in No. 3, sori appeared clearly at the base part on the underside on the 19th day and 178 

also appeared slightly at the top part on the underside and the base part on the upper side. By the 179 

26th day, sori had spread to the entire areas on both sides, except for the top and middle parts on 180 

the upper side. In No. 4, sorus formation started on the underside by the 19th day and spread to 181 

the upper side by the 26th day. The percentages of sori area to blade area after the 19th, 26th, and 182 

33rd days follow: for the upper side of No. 3, 1.3%, 7.7%, and 8.3%, respectively; and 183 

correspondingly for the underside of No. 3, 4.4%, 37.7%, and 39.0%; for the upper side of No. 184 

4, 0%, 4.2%, and 4.0%; and for the underside of No. 4, 11.2%, 26.9%, and 40.0%. 185 

Among the first-year top-cut cultivated samples that were immature at the beginning of the 186 

experiment, in No. 5, on the 21st day, sori were confirmed near the cut site on the underside and 187 

also on the upper side to a lesser extent (Figure 1-B), and by the 28th day, spread to both sides. 188 

In No. 6, on the 21st day, sori were confirmed in the whole area on the underside and near the 189 

cut site on the upper side and, by the 28th day, spread to the whole area on the upper side. The 190 

percentages of sori area to blade area after the 21st, 28th, and 37th days follow: for the upper side 191 

of No. 5, 0.7%, 1.6%, and 0.8%, respectively; and correspondingly for the underside of No. 5, 192 



4.1%, 20.8%, and 25.1%; for the upper side of No. 6, 1.7%, 2.9%, and 3.1%; and for the 193 

underside of No. 6, 7.7%, 16.1%, and 23.2%. In No. 7 (second-year cultivated thallus), sori, on 194 

the 28th day, were confirmed in the middle and base parts on the underside and the top and 195 

middle parts on the upper side and, by the 37th day, spread to the whole area on the underside 196 

and the top and middle parts on the upper side (Figure 1-C). The percentages of sori area to 197 

blade area after the 21st, 28th, and 37th days follow: for the upper side, 0%, 0.1%, and 0.4%, 198 

respectively; and for the underside, 0%, 21.6%, and 28.8%, respectively. In No. 8 (second-year 199 

wild thallus), sori were confirmed in the middle and base parts on the underside on the 16th day 200 

and also in the middle and base parts on the upper side on the 25th day (Figure 1-D, E). The 201 

percentages of sori area to blade area on the 16th and 25th days follow: for the upper side, 7.6% 202 

and 11.7%, respectively; and for the underside, 24.6% and 37.2%, respectively. Partial damage 203 

of blade, especially in the base part, occurred in most samples and a slight decrease in the 204 

percentages of sori are to blade area was seen. For the control samples (wild thalli), the 205 

percentages of sori area to blade area follow: for the upper side of Nos. 9–14, 0%, 0%, 0%, 206 

3.6%, 6.6%, and 7.6%, respectively; and correspondingly for the underside, 50.0%, 50.7%, 207 

77.7%, 31.3%, 31.7%, and 70.9%. 208 

In the mariculture experiment, there were no significant differences in blade length between 209 

the experimental and control samples (p = 0.05), but there were significant differences in blade 210 

width and wet weight (p = 0.002 and p = 0.003, respectively) (Figure 2). 211 

DISCUSSION 212 

In this study, under the short-day conditions set based on the results of a preceding study 213 

(Kirihara et al., 2003), in all experimental samples, sori were formed in approximately three 214 

weeks after the start of maturation induction and spread to the whole area in approximately five 215 

weeks, at which point the percentage of sori area to blade area did not significantly differ 216 



between the experimental and wild thalli at the end of seedling production. A large number of 217 

zoospores were obtained from the experimental thalli on the 29th day as well as from the wild 218 

thalli, and their germlings grew healthily. Thus, the zoospores obtained using maturation 219 

induction could be used for stably supplying seedlings for aquaculture as they were not 220 

influenced by the natural environment. Note that in S. japonica, one study reported cultivation 221 

of immature sporophytes of a Chinese hybrid cultivar with their blade lengths cut to a uniform 222 

length of 1.5 m (using a recirculation system within a facility, which enabled the supply of 223 

nutrient salts, but otherwise with conditions similar to those of the present study) (Su et al., 224 

2020). The blades were covered with sori after one month of cultivation and zoospores were 225 

released from the sori 44 days later. However, the authors did not discuss what percentages of 226 

the blade area were covered with sori one month after the start of cultivation or whether it was 227 

possible to produce seedlings at this stage. We used wild thalli for our study, which have 228 

maturation characteristics in the sea different to those of hybrid cultivars, and cultivated thalli 229 

derived from wild thalli (e.g. Kawashima, 2012; Su et al., 2020). Although the percentages of 230 

sori area to blade area varied among sample parts, the percentages around the base part of the 231 

underside – the part with the highest formation rate – on days 26–37 of cultivation were higher 232 

than about 50% in all thalli, showing that they were suitable as parental algae for cultivation. In 233 

this study, between the seedlings produced using maturation induction and the seedlings using a 234 

conventional method, significant differences were found in blade width and wet weight but not 235 

in blade length. It is suggested that growth of the experimental seedlings was suppressed 236 

because they were cultivated in the two-year aquaculture area, and the culture net was dropped 237 

to a greater depth during winter. Since it is one-year aquaculture that would enjoy the benefits of 238 

early marine input of seedlings, this technique needs to be verified in the future at southern sea 239 

areas in Hokkaido where this type of aquaculture is practiced. 240 



As mentioned above, in China, precocious sporophytes obtained from aquaculture are used as 241 

parental algae, which allows the stable supply of seedlings (Su et al., 2017). However, as a 242 

result of repeated aquaculture, a decrease in productivity and quality of products resulting from 243 

the crossing of closely related seedlings may occur (Li et al., 2016; Zhao et al., 2016). 244 

Therefore, in areas where S. japonica naturally occurs, it is desirable that wild thalli be used to 245 

produce seedlings (in this case, the presence or absence of sori at the onset of maturation 246 

induction is not an issue). However, in Hokkaido, the adherence of Hydrozoa (e.g., Plumularia), 247 

Bryozoa (e.g., Membranipora), and Amphipoda (e.g., Ceinina) to kelp becomes more 248 

pronounced from late summer (cf. Figure 2-D), and their effects on seedling production have 249 

become serious (e.g., Akaike et al., 2002). We believe that systematically producing parental 250 

algae for aquaculture in indoor facilities under suitable conditions will protect them from these 251 

periphytons and would be very effective from the viewpoint of securing parental algae. 252 

Normally, second-year thalli are used as parental algae for aquaculture in Hokkaido. In this 253 

experiment, when the first-year and the second-year thalli were compared, sorus formation 254 

began earlier in the former but the extent of the spread of sori at the height of sorus formation 255 

was similar between the two. Since the second-year thalli are larger than the first-year thalli and 256 

have a larger sori area, which makes it easier to judge their useful characteristics as marine 257 

products, it would be more efficient to use the second-year thalli for maturation-induced 258 

seedling production. 259 

At the seedling production facilities of the Oyasu branch of the Toi Fisheries Cooperation, 260 

Hakodate City, the main aquaculture area of this species in Hokkaido, the total length of 261 

seedling threads used for one production event is 23,400 m (Mr. N. Azuma, Toi Fisheries 262 

Cooperation, personal communication). Assuming 127 young thalli per centimeter of thread (set 263 

based on the authors’ preliminary observations [N = 10]) at the onset of marine aquaculture, the 264 



total number of young thalli is approximately 300 million, which is usually obtained from 40–265 

50 parental algae. No more than 100 mature parental algae are needed to obtain 500 million 266 

young S. japonica seedlings for aquaculture (Zhao et al., 2016), and despite any differences in 267 

expectations toward aquaculture seedlings between the two countries, the seedlings needed 268 

would basically be the same. In this study, the maturation of four samples could be induced in 269 

one tank, which means that at the industrial level, one seedling production facility would need 270 

around 10 tanks. This scale is feasible for existing facilities – e.g., the aforementioned Oyasu 271 

facilities have 10 tanks. 272 

In this study, in all experimental thalli and outdoor wild thalli, sorus formation started from 273 

the underside of the blade and spread to their upper side. Wild S. japonica has a distinct phase 274 

when sori are formed on one side of their blades during early maturation (Kawashima, 2012), 275 

whereas few maturation-induced thalli showed such a phase. In this species, both sides of blade 276 

pieces matured at the same time when both sides were cultivated under a uniform environment 277 

(Nimura and Mizuta, 2002b), and we suggest that the results of our study were influenced by 278 

the thalli being turned upside-down regularly. 279 

In wild S. japonica, sorus formation starts from the base part (Kawashima, 2012). In this 280 

study, sorus formation began near the cut side in the top-cut thalli, whereas it predominantly 281 

occurred near the base and middle parts in the top-intact thalli. It has been speculated that in 282 

saccharinan kelp, auxin, when transported from the base part to the marginal part, suppresses 283 

sorus formation during the growth period (Buchholz and Lüning, 1999; Lüning et al., 2000; 284 

Pang and Lüning, 2004; Kai et al., 2006). The fact that sori are formed near the cut site when a 285 

part away from the base is removed supports this hypothesis (Su et al., 2020). However, there 286 

have been no reports in intact S. japonica plants that compare the sorus formation process 287 

between the top-cut and top-intact thalli. It is suggested that in this study, sorus formation 288 



occurred as a result of the loss of the sorus formation inhibitor from the cut site, supporting the 289 

said hypothesis. For Nos. 3 and 4, during tank cultivation, the loss of the top part was negligible 290 

in the former but significant in the latter; however, there were no differences in sorus formation 291 

sites between the two samples. In Hokkaido, when this species is cultivated, sori are formed in 292 

the top parts of the blade during the growth period, and the margin of top parts are severely lost 293 

in these algae. Movement of resources associated with growth from the marginal part to the 294 

median and base parts has been suggested as well as the limitation of resources necessary for the 295 

maturation of the marginal parts (Mizuta et al., 1999), but knowledge on the effect of the loss of 296 

the marginal part on sorus formation is scarce. There is some indication that the localization of 297 

an abscisic acid-like substance, a sori induction promotor, is involved in the maturation of S. 298 

japonica (Nimura and Mizuta, 2002b, c). To be able to handle parental algae in an optimal 299 

manner, detailed studies on the loss and artificial removal of the top part are required from the 300 

viewpoints of both the inhibition and promotion of sorus formation. 301 
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Table 1  The sporophytes of Saccharina japonica  that was conducted maturation induction in this study.

No. 1 July 24. 2018 Oyasu, Hakodate City 1st year *

No. 2 July 24. 2018 Oyasu, Hakodate City 1st year *

No. 3 July 24. 2018 Oyasu, Hakodate City 1st year

No. 4 July 24. 2018 Oyasu, Hakodate City 1st year

No. 5 June 24. 2019 Oyasu, Hakodate City 1st year *

No. 6 June 24. 2019 Oyasu, Hakodate City 1st year *

No. 7 June 24. 2019 Oniwaki, Rishirifuji Town 2nd year

No. 8 July 6. 2019 Kuzurehama, Rausu Town 2nd year wild

originated

from 2-year-

old wild kelp

collected the

year before

and cultured

in the sea

noteSample No. Collection site
Artificial cutting

of balade
Age

Maturity at the

time of collection
Collection date

Table 2  The percentages of sori area to blade area  on each part of blade of experimental thallus (No. 1-8) with maturation induction.  

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8

13 1.4 16 - - -

19 6.3 10.1 21 2.0 2.0 -

26 16.7 4.5 8.9 3.2 25 - - -

33 21.0 4.5 9.3 3.5 28 3.2 2.9 0.8 -

13 0.1 37 0.1 3.1 5.0 -

19 5.3 0.1 0.1 16 - - - 0.6

26 7.4 4.5 4.0 1.4 21 -

33 8.2 5.4 2.8 1.2 25 - - - 1.2

13 0.7 28 1.4 3.9 0.2 -

19 16.2 1.2 0.3 37 2.0 2.9 0.4 -

26 19.9 1.7 7.4 6.6 16 - - - 17.6

33 21.3 1.3 9.9 4.9 21 -

13 8.1 25 - - - 34.4

19 36.0 12.1 0.4 0.5 28 0.5 0.8 -

26 46.2 18.3 26.0 20.1 37 0.2 2.9 -

33 53.8 19.1 25.4 18.6 16 - - -

13 4.7 21 11.8 5.4 -

19 16.4 10.2 0.8 25 - - - 1.6

26 24.4 23.8 26.4 12.0 28 14.4 8.7 -

33 23.3 23.2 27.2 14.0 37 14.2 7.7 11.5 -

13 18.1 16 - - - 11.9

19 51.6 44.3 14.5 24.3 21 8.2 -

26 55.8 52.6 59.5 47.1 25 - - - 19

33 54.3 49.6 59.5 48.2 28 17.4 19.0 13.2 -

37 25.2 24.1 18.1 -

16 - - - 37.7

21 8.7 -

25 - - - 67.7

28 31.1 23.1 37.8 -

37 50.7 44.4 46.5 -
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Top part

Middle

part

Base part

Top part

Middle

part

Base part

Middle

part

Base part

Upper

side

Underside

Sample No.
Side Part of blade
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Top part

Sample No.
Elapsed daysElapsed days
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Side Part of blade

Upper

side
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 423 

Figure legends 424 

Figure 1  Sori formed on the underside of experimental thalli (A-E) and of a wild 425 

thallus (F) of Saccharina japonica. The sori were processed green with 426 

TouchDeMeasure. A: No. 1 after 19th day of the cultivation, B: No. 5 after 21th day of 427 

the cultivation, C: No. 7 after 37th day of the cultivation, D: The underside of No. 8 after 428 

16th day of the cultivation, E: No. 8 after 25th day of the cultvation, F: Wild thallus 429 

collected on December 16, 2019, in the Oniwaki district of Rishirifuji Town. 430 

Scale=10cm. 431 

Figure 2 Averages of total length (A), blade length (B), blade width (C), and wet 432 

weight of thalli of Saccharina japonica brought up in the sea. a: Experimental thalli 433 

derived from seedlings obtained using maturation induction, b: Thalli derived from 434 

seedlings obtained by the conventional method. **: p<0.01. 435 
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