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Abstract Undaria pinnatifida is grown for food and indus-
trial materials worldwide; therefore, advanced breeding is
needed to meet quality and productivity requirements. In this
study, we examined regional lines of U. pinnatifida from five
cultivation sites in Japan with different environmental condi-
tions: Oga (OGA, the northern Sea of Japan coast), Hirota Bay
(HRT, the northeastern Pacific coast), Matsushima Bay (MAT,
the northeastern Pacific coast), Naruto (the Seto Inland Sea
coast) and Shimonoseki (SIM, the southern Sea of Japan
coast). The sporophytes of these lines were cultured in a tank
culture system under controlled environmental conditions,
and their morphological characteristics, nutrient uptake kinet-
ics (Vmax, Ks and Vmax/Ks), and carbon, nitrogen and phospho-
rus contents were determined. Sporophytes from MAT grew
faster, whereas those from SIM were smaller than those from
the other sites. Although the blade thickness of sporophytes
cultivated in the sea significantly differs among cultivation
sites in the previous study, there was no significant difference
in blade thickness among the regional lines cultivated in the

tank. Sporophytes from OGA had the greatest Vmax/Ks values
and significantly greater nitrogen contents than the other lines.
Therefore, the morphological characteristics of MATand SIM
sporophytes, and the nutrient uptake kinetics of OGA sporo-
phytes may have a genetic origin. This indicates that these
lines may represent useful resources for selective breeding,
with MAT sporophytes providing faster growth and OGA
sporophytes being well-adapted to low-nutrient conditions.
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Introduction

The majority of macroalgal species that are globally used as
industrial resources are used because they contain abundant
minerals, polysaccharides and antioxidant compounds, mak-
ing them a valuable component of fertilisers, chemicals and
animal feed (Holdt and Kraan 2011). Furthermore,
macroalgae have recently been considered an ideal feedstock
for biofuel production because they do not require arable land,
fertiliser applications, or fresh water resources and therefore
do not have an adverse impact on food supplies (Aitken and
Antizar-Ladislao 2012). The inorganic nutrient uptake ability
of macroalgae has also been utilised in ‘Integrated Multi-
Trophic Aquaculture’, whereby the amount of waste generat-
ed by the fish aquaculture industry is reduced through the
aquaculture of bivalves and seaweeds (Buschmann et al.
2001; Troell et al. 2003; Holdt and Edwards 2014).
Therefore, macroalgae are an important resource that can con-
tribute to increased food production both directly and
indirectly.
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Undaria pinnatifida (Wakame) is one of the major species
of brown macroalgae cultivated in northeastern Asia; it is
commonly used as edible foods (Yamanaka and Akiyama
1993). Although the industrial demand for U. pinnatifida
has been increasing globally, its annual production in Japan
has been declining (MAFF, Ministry of Agriculture, Forestry
and Fisheries 2013). In the coast of Sanriku Region which is a
major cultivation centre of U. pinnatifida in Japan, the pro-
duction decreased from 49,872 t in 1999 to 22,358 t in 2014,
and the price fluctuated from 89 Japanese Yen (JPY) kg−1 in
2001 to 239 JPY kg−1 in 2016 (Japan Fisheries Cooperative
2016). In addition, the aging of fishermen has been another
major factor responsible for this reduction. For example, the
number of fishermen has decreased by approximately 50%
during the last 15 years, while the percentage of fishermen
aged 65 years and older has increased from 23 to 35.5%
(MAFF, Ministry of Agriculture, Forestry and Fisheries
2013). The variable yield, quality and raw material prices
are considered to be major factors contributing to the reduc-
tion of the market share. Therefore, the use of new cultivars is
required to facilitate the development of improved cultivation
techniques.

In the macroalgae industry, breeding purposes differ be-
tween countries and regions and need to be assessed from
the perspectives of fishermen, buyers, and customers. For in-
stance, cultivars with early or late growth and higher yield
variation would be useful for extending the harvesting pe-
riods, thereby avoiding a concentrated work requirement. In
addition, nutrient depletion in early spring recently caused
serious damage to sporophytes of U. pinnatifida, resulting in
discoloration and reduced quality (Dan et al. 2015). Therefore,
the introduction of a cultivar that is tolerant to low-nutrient
conditions is also desired.

To improve macroalgal breeding, it is important to distin-
guish genetic differences from environmental differences be-
tween species (Kuckuck et al. 1985). Due to annual fluctua-
tions in natural environmental conditions, it is difficult to de-
termine whether the variation in the morphological character-
istics of macroalgae is caused by genetic factors or environ-
mental factors in macroalgae. It also remains unclear whether
the characteristics of macroalgae species result from the adap-
tation or acclimatisation to the environment. In terms of breed-
ing methods of U. pinnatifida, heterosis (Hara and Akiyama
1985) and selective breeding (Pang et al. 1997; Kato et al.
2010; Niwa 2015; Tanada et al. 2015; Niwa and Harada
2016; Shan et al. 2016) have been previously examined.
Although the selection of parental sporophytes is important
for obtaining a new cultivar with the desired characteristics,
the current understanding of the genetic characteristics of re-
gional cultivation lines of U. pinnatifida is limited. We previ-
ously developed a tank culture system named ‘circulation and
floating culture system’ (CFCS), which allows macroalgae to
be cultivated under controlled environmental conditions,

including a constant water flow velocity (Sato et al. 2017).
This system would therefore also be suitable for common
garden experiments in order to understand the morphological
and physiological characteristics of U. pinnatifida.

In the present study, we aimed to investigate whether mor-
phological differences observed in elite lines ofU. pinnatifida
from five regions are caused by plasticity or inheritance. The
morphological characteristics and nutrient uptake kinetics of
U. pinnatifida sporophytes cultivated at six major aquaculture
sites in Japan have been previously examined to improve un-
derstanding of the differentiation of these characteristics (Sato
et al. 2016). We cultivated sporelings induced from the spo-
rophylls of sporophytes cultivated as elite lines at five of these
sites in the CFCS as common garden experiments to compare
their morphological characteristics and nutrient uptake kinet-
ics under the same environmental conditions. Faster growth
and an adaptation to low-nutrient conditions in the fields were
suggested to be predetermined by genetic characteristics;
therefore, their applications in selective breeding are
discussed.

Materials and methods

Algal sampling The following five cultivation sites that are
major areas for industrial production ofU. pinnatifida in Japan
were selected on the basis of differences in their environmen-
tal conditions (Fig. 1): (1) Hirota Bay (HRT, the northeastern
Pacific coast, 38° 98′ N, 141° 71′ E), Iwate Prefecture; (2)
Matsushima Bay (MAT, the northeastern Pacific coast, 38°
32′ N, 141° 31′ E), Miyagi Prefecture; (3) Naruto (NAR, the
Seto Inland Sea coast, 34° 20′ N, 134° 63′ E), Tokushima
Prefecture; (4) Haedomari, Shimonoseki (SIM, the southern
Sea of Japan coast, 33° 95′ N, 130° 88′ E), Yamaguchi
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Fig. 1 The geographic origin of the five regional lines of Undaria
pinnatifida
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Prefecture; and (5) the Unosaki Coast, Oga (OGA, the north-
ern Sea of Japan coast, 39° 86′ N, 139° 80′ E), Akita
Prefecture. At each cultivation site, an elite line screened from
the wild population was used for open sea cultivation.
Sporophyte cultivation of an elite line originating from each
prefecture from October to December 2013 was conducted
using the method described in Sato et al. (2016). The mature
sporophytes were harvested from April to June 2014, and one
average-sized individual was selected from each site.

Pre-culture Zoospores were obtained from sporophylls in the
laboratory, andmale and female gametophytes were cultivated
separately for 80 days. Pre-culture for sporophyte induction
was performed according to the procedure described previous-
ly by Sato et al. (2017). In brief, one male and one female
gametophyte were selected and homogenised at 5000 rpm for
2 min using a microblender (T 18 digital Ultra-Turrax; IKA,
Japan). Further, to promote maturation, fragments of the ga-
metophytes were then incubated under a 10-h light:14-h dark
cycle at 50 μmol photons m−2 s−1 at 20 °C for 2 weeks. Next,
germinated sporophytes were cultivated in 3-L Erlenmeyer
flasks containing 2 L of quarter-strength PESI medium
(Tatewaki 1966) with aeration under a 12-h light:12-h dark
cycle at 90 μmol photons m−2 s−1 at 15 °C. The culture me-
dium was changed at 3-day intervals. Once the total length of
the sporophytes of each line reached 20 mm, they were sent to
Iwate Fisheries Centre in Kamaishi City, Iwate Prefecture and
cultivated in a 7-L aquarium with running seawater and aera-
tion. In the present study, this period was defined as day 1 of
cultivation.

Cultivation method using the tank system After 23 days,
the 30 longest individuals from each line were selected, tagged
with a plastic plate on the holdfast for individual identifica-
tion, and transferred to the CFCS (Sato et al. 2017) in a vol-
ume of 2000 L. The cultivation conditions in the CFCS com-
prised seawater at a temperature of 10 °C, illumination of
approximately 200 μmol photons m−2 s−1, and natural photo-
periods. The nutrient levels ranged from 5.2 to 8.0 μM of
NO3

-−N, an undetectable level of NH4
+−N, and from 0.3 to

0.5 μM of PO4
−-P, which were the average concentrations at

the Iwate Prefecture site during the U. pinnatifida cultivation
period. The water velocity was regulated at 12–15 cm s−1

(Sato et al. 2017), which was also the same as that recorded
at the U. pinnatifida cultivation site in Iwate Prefecture
(Nanba et al. 2011). The water velocity in the CFCS was
determined to be the sum of the horizontal and vertical veloc-
ities, measured using an electromagnetic current meter
(Infinity-Em, JFE Advantec, Nishinomiya, Japan).

Morphological measurement All sporophytes cultivated in
the CFCS were collected approximately once every 15 days
from day 23 of cultivation, and their total lengths and

sporophyte weights were measured. The sporophytes were
then returned to the CFCS, and the cultivation was continued
until the next measurement interval. On day 133, the blade
thickness was measured with an electronic calliper (NTD13,
Mitsutoyo, Kawasaki, Japan) using the method previously
described in Sato et al. (2016, 2017).

Measurement of nutrient uptakeOn day 89, the five longest
sporophytes of each regional line were collected and leaf discs
(4.15 cm2) were excised using a cork borer. These were used
to measure nutrient uptake rates and to estimate parameters
using the methods of Sato et al. (2016). Discs from each re-
gional line were pre-incubated in 1-L flasks containing aerated
sterilised seawater at 10 °C and provided with a light intensity
of 100 μmol photons m−2 s−1 and a 12-h light:12-h dark pho-
toperiod for 48 h to allow recovery from the shock caused by
cutting (Hurd and Dring 1990; Sakanishi and Iizumi 1998). The
seawater used for pre-incubation was collected from the Sea of
Japan by the Akita Prefectural Institute of Fisheries and
contained natural nutrient concentrations that were close to the
limits of detection. The seawater was changed at 12 h intervals.

Nutrient uptake was measured on the basis of difference
between the initial and final concentrations in the vessels
(Hurd and Dring 1990; Li et al. 2007, 2009). Each disc was
transferred to a 200-mL flask containing 100 mL of sterilised
and filtered (GF/F filters; Whatman, UK) seawater, while
flasks that contained seawater without sporophyte discs were
used as the control. NO3

−-N and NH4
+-N were added to the

flasks as NaNO3 and NH4Cl, respectively, to provide six ini-
tial concentrations: 0.5, 2, 5, 10, 15, and 30 μmol L−1. The
flasks were then incubated at 10 °C and shaken at 80 rpm on a
multi-shaker (MMS-4010; Tokyo Rikakikai, Japan) under an
irradiance of 180 μmol photons m−2 s−1 provided by white
fluorescent lamps. The incubation time was 60 min because
Dean and Hurd (2007) reported no change in the rates of
nitrate or ammonium uptake by U. pinnatifida during the first
90 min in time-course experiments (0–3 h).

After 60 min of incubation, seawater samples were collect-
ed in plastic tubes and frozen until analysis. The blade discs
were dried in a convection oven (NDO–600ND; Tokyo
Rikakikai, Japan) at 80 °C for 48 h, following which their
dry weights were measured. The uptake rates [V; μmol g−1

dry weight (dw) h−1] of NO3
−-N and NH4

+-N were calculated
for each disc according to the difference in the concentration
between the control and experimental flasks at each of the six
nutrient levels. The nutrient concentrations were determined
in an autoanalyser (QuATtro 2-HR; BLTEC, Japan). The sea-
water used in these experiments was also collected from the
Sea of Japan by the Akita Prefectural Institute of Fisheries.

NO3
−-N and NH4

+-N uptake rates were plotted against
the mean nutrient concentrations in the control flasks (S,
μM) for the five discs from each of the regional lines. A
rectangular hyperbola was then fitted to each plot for each
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line. The curves were fitted using a least-squares regres-
sion procedure with JMP software (SAS Institute, USA).
The Michaelis–Menten parameter for each individual was
also calculated using the following equation:

V ¼ VmaxSð Þ Ks þ Sð Þ−1

where V (μmol g−1 dw h−1) is the uptake rate, Vmax (μmol g−1

dw h−1) is the maximum uptake rate at the saturating concen-
tration, S (μmol L−1) is the saturating concentration and Ks

(μmol L−1) is the substrate concentration at Vmax/2. Vmax, Ks

andVmax/Ks are effective indicators of nutrient uptake dynamics
that may be used to make cross-comparisons between popula-
tions (Harrison et al. 1989). High Vmax and Ks values are indic-
ative of rapid nutrient uptake at high concentrations (Harrison
and Hurd 2001), low Ks values are indicative of a high affinity
at low nutrient concentrations (Hurd et al. 2014) and high
Vmax/Ks values are indicative of an enhanced uptake capability
at low nutrient concentrations (Healey 1980; Bracken et al.
2011; Bracken and Williams 2013, Hurd et al. 2014).

Measurement of carbon (C), nitrogen (N) and phosphorus
(P) contents For measurement of tissue contents of C, N,
and P, the five longest (total length) sporophytes were
selected from each regional line on day 89 of cultivation.
Using a 2.3-cm-diameter cork borer, one disc (4.15 cm2)
per sporophyte was punched from the mid-portion of each
divided blade at the point of the maximum width. The
discs were dried at 80 °C for 48 h, ground and weighed
to determine their dry weights. After weighing, the C and
N contents were determined using a CHN analyser (Flash
2000 with Eager Xperience v.1.02 software; Thermo
Fisher Scientific, USA). The total P content was analysed
according to Menzel and Corwin (1965); the P in a dried
sample was extracted by wet persulfate digestion in an
autoclave (120 °C, 30 min), and solutions with ammoni-
um molybdate and ascorbic acid were added, followed by
measurement of absorbance at a wavelength of 880 nm
using a microplate reader (Infinit F200 with I-control soft-
ware, Tecan, Switzerland).

Statistical analyses Differences in the total lengths and spo-
rophyte weights between cultivation periods and regional
sites, and differences in the blade thickness, C, N, and P con-
tents, and nutrient uptake kinetic parameters (Vmax, Ks and
Vmax/Ks) for NH4

+-N and NO3
−-N between regional lines,

were analysed using Kruskal–Wallis test followed by post
hoc Scheffe’s test for multiple comparison test (SPSS
Statistics v. 23, IBM, USA). A nonparametric procedure was
used because not all of the data were normally distributed or
homoscedastic.

Results

Morphological characteristics When U. pinnatifida sporo-
phytes of five regional lines were cultivated in the CFCS,
MAT and SIM sporophytes eroded during the cultivation
and their morphological characteristics could not be measured
on day 152. There were significant differences in the total
length between the cultivation periods of all regional lines
(Fig. 2a, b; p < 0.01; Supplemental Table 1). The total length
reached its maximum on days 133–152 in all lines except for
MATsporophytes, in which the maximum length was reached
on day 89, following which the length significantly decreased
and the weight remained stable until day 133 (Fig. 2a, b;
Supplemental Table 1). In addition, there were also significant
differences in the total length between the regional lines in all
the cultivation periods (Fig. 2a, b; p < 0.01; Supplemental
Table 2). The total length of MAT sporophytes was signifi-
cantly higher than for the other lines from day 41 to 89
(p < 0.01; Supplemental Table 2), with the exception of
HRT sporophytes on day 68 (p > 0.05; Supplemental
Table 2), and the total length of SIM sporophytes was signif-
icantly smaller than that of the other lines on days 89 and 111
(p < 0.05; Supplemental Table 2), with the exception of OGA
sporophytes on day 89 (p > 0.05) and HRT sporophytes on
day 111 (p > 0.05; Supplemental Table 2). The total lengths of
NAR and OGA sporophytes on day 152 were significantly
higher than those for HRT sporophytes (p < 0.05;
Supplemental Table 2).

There were significant differences in sporophyte weight
between cultivation periods of all the regional lines (Fig. 2a,
b; p < 0.01; Supplemental Table 1). Similar to the total length,
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the sporophyte weight reached the maximum value on days
133–152 in all lines except MAT sporophytes, which reached
amaximum on day 89, followingwhich the length significant-
ly decreased and the weight remained stable until day 133
(Fig. 2a, b; Supplemental Table 1). There were also significant
differences in sporophyte weight between the regional lines in
all the cultivation periods (Fig. 2a, b; p < 0.05; Supplemental
Table 2). The sporophyte weight was significantly higher in
MAT sporophytes than in the other lines on days 41 and 89
(p < 0.01; Supplemental Table 2), reaching a value approxi-
mately twice as high as that of the weight (64.2 vs. 20.9–
37.3 g). In addition, the total sporophyte weights of NAR
and OGA sporophytes on day 152 were significantly higher
than those for HRT sporophytes (p < 0.05; Supplemental
Table 2). The blade thickness of the five regional lines ranged
from 0.18 to 0.25mm on day 133 (Fig. 3). This difference was
significant according to the Kruskal–Wallis test (p < 0.05;
Supplemental Table 3), but not according to the multiple com-
parison test (p > 0.05; Supplemental Table 3). The blade of
SIM sporophytes had a harder texture and a more undulated
surface with wrinkles than other lines. Photographs of the five
lines cultivated in the CFCS for 89 days are shown in Fig. 4.
These results demonstrate that the SIM sporophytes were
smaller than those of the other lines.

Nutrient uptake kinetics The nutrient uptake kinetic param-
eters for NO3

−–N and NH4
+–N of the leaf discs from the five

regional lines cultivated in the CFCS are shown in Fig. 5. All
of these parameters significantly differed among regional lines
(p < 0.05; Supplemental Table 4), with the exception of the
Vmax of NO3

−–N (p > 0.05; Supplemental Table 4). The Vmax

for NH4
+–N in SIM sporophytes was significantly higher

(212.2 μmol g−1 dw h−1) than the other regional lines
(p < 0.05; Supplemental Table 4). The Ks values for NO3

−–
N and NH4

+–N uptake were also not significantly different
according to the multiple comparison test (p > 0.05;
Supplemental Table 4). However, the Vmax/Ks ratio for
NO3

−–N in OGA sporophytes was 6.33, which was signifi-
cantly higher than all other regional lines (p < 0.01;

Supplemental Table 4), except MAT sporophytes (p > 0.05;
Supplemental Table 4). The Vmax/Ks ratio of NH4

+–N for
MAT sporophytes was 10.89, which was significantly higher
than the other regional lines (p < 0.05; Supplemental Table 4).

C, N and P contents There was no significant difference in
the C content of sporophytes among the regional lines
(p > 0.05; Supplemental Table 5), and the all lines had values
within the range of 0.31–0.34 μg mg−1 dw (Fig. 6a). In contrast,
the N content of OGA sporophytes was higher than the other
lines (p < 0.05; Supplemental Table 5), reaching a maximum
value of 0.037 μg mg−1 dw, compared with a minimum value
of 0.028 μg mg−1 dw for HRT sporophytes (Fig. 6b). The C/N
ratio of OGA sporophytes was significantly lower than that of
HRTandMATsporophytes (p < 0.05; Fig. 6c and Supplemental
Table 5). There was no significant difference in the P content
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and N/P ratios of the sporophytes between the regional lines,
which ranged from 2.74 to 3.6 μg mg−1 dw and from 8.5 to
12.24 μg−1 mg dw, respectively (Fig. 6d, e).

Discussion

Morphological characteristics Five regional lines of
U. pinnatifida were cultivated under the same environmental
conditions in the CFCS, and significant differences were ob-
served in their total lengths and sporophyte weights (Fig. 2,
Supplemental Table 2). The sporophytes of MATwere signif-
icantly larger than those of the other regional lines during the
early growing period, and their total length and sporophyte
weight reached the maximum values on day 89, which was
the earliest among the lines. The parent plant of this line was
collected from Kinkazan (38° 30′N, 141° 55′ E), the southern
limit of the perturbed area between approximately lat. 38° and
41°. This area lies between the Oyashio and Kuroshio
Currents and the axis of the Kuroshio Extension, where steep
temperature and salinity gradients prevail (Kawai 1972;
Takemoto and Oda 1997; Fig. 1). Therefore, it is likely that

the early growth of MAT sporophytes is an adaptation for
survival in these unstable environmental conditions, allowing
reallocation of resources from the blade to the sporophylls
(Skriptsova et al. 2004) in order to enable earlier sporophyll
development (Sato et al. 2016). In contrast, on days 89 and
111, the SIM sporophytes cultivated in the CFCS were signif-
icantly smaller than those of the other regional lines (Figs. 1
and 4; Supplemental Table 2). The same characteristics were
observed in sporophytes cultivated in the open sea, the sporo-
phyte size of SIMwas obviously smaller than other lines (Sato
et al. 2016; Supplemental Fig. 1). Furthermore, they also had
considerably different morphological features, such as a hard
texture of the blade and an undulated surface with wrinkles,
which are similar to those of the sporophytes collected from
the Kagoshima Prefecture, south of Kyushu (Tanada et al.
2015). Therefore, the morphological characteristics of the
SIM line also appear to be genetically determined.

There were no significant differences in blade thickness
among the five regional lines cultivated under the same water
velocity in the CFCS (Fig. 3). The morphological features and
biomass of U. pinnatifida are strongly controlled by the hy-
drodynamic conditions at the cultivation site (Nanba et al.
2011; Peteiro and Freire 2011). This is evidenced by the
higher blade thickness of sporophytes cultivated in a commer-
cial cultivation area exposed to wave action than that of spo-
rophytes in an uncultivated area protected from wave action
(Nanba et al. 2011). Therefore, we concluded that the differ-
ences in blade thickness among regional lines in open sea
cultivation were caused by morphological plasticity depend-
ing on the wavemotion conditions. Because blade thickness is
one of the major quality indicators of U. pinnatifida (Saito
1972; Ishikawa 1991; Nanba et al. 2011; Sato 2015), the se-
lection of cultivation sites on the basis of the hydrodynamic
environment is important for the production of higher quality
sporophytes.

Nutrient uptake kinetics and C, N, and P contents There
were significant differences in the nutrient uptake kinetics of
U. pinnatifida sporophytes among the regional lines (Fig. 5).
The high Vmax/Ks ratio of NO3

−–N for OGA sporophytes is
likely to be an adaptation to low nutrient concentrations be-
cause this site is located in the Sea of Japan, which is influ-
enced by the nutrient-poor Tsushima warm current. In con-
trast, the high Vmax/Ks ratio for NH4

+–N at MAT is likely to be
an adaptation to the unstable hydrodynamic conditions in this
region. The Vmax value for NH4

+–N of SIM sporophytes was
212.2 μmol g−1 dw h−1, which is even higher than the values
reported for U. pinnatifida grown in Nuevo Gulf, Argentina
(Torres et al. 2004), and Otago Harbour, southern New
Zealand (Dean and Hurd 2007).

The C and N contents ofU. pinnatifida have been shown to
significantly vary between growing periods due to changes in
environmental factors (Dean and Hurd 2007). In the present
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study, there was no significant difference in the C content
between regional lines, the same result was observed in spo-
rophytes cultivated in the sea (Sato et al. 2016). However, the
N content of OGA sporophytes was significantly higher than
that of sporophytes of the other regional lines cultivated with
the same levels of nutrients during the same growing period,
likely due to the observed differences in NO3

−–N uptake ki-
netics in this line. Although the N content was significantly
different among the regional lines, all values of the C/N ratios
were less than 20, the borderline for N limitation for
U. pinnatifida growth (Dean and Hurd 2007). Wheeler and
Björnsater (1992) developed mean indices for nutrient limita-
tion using tissue N/P ratios, whereby N/P greater than 12 ± 4
indicates N limitation and N/P greater than 17 ± 6 indicates P
limitation. Based on these indices, the N/P ratio in the present
study indicates a borderline level of N and P limitation.
Therefore, nutrient concentrations in the CFCS (5.2–8.0 μM
of NO3

-−N and 0.3–0.5 μM of PO4
–-P) were not the limiting

factor in the growth of each regional line of U. pinnatifida.

Genetic differentiation Sato et al. (2016) examined the mor-
phological characteristics of U. pinnatifida sporophytes culti-
vated on six industrial farms across Japan and observed sig-
nificant differences among sites. In particular, they found until
February that the sporophytes of MATwere significantly larg-
er than those of the other sites, suggesting that the combina-
tion of low seawater temperatures and high nutrient concen-
trations in the period from autumn to winter promoted the
growth of sporophytes. During U. pinnatifida cultivation,
NO3

-−N fertilisation of sporelings and juvenile sporophytes
promotes the earlier growth of sporophytes and sporophylls
compared with that of controls (Gao et al. 2013a). The pro-
duction of Saccharina japonica is influenced by hydrographic
conditions; the yield is positively correlated with lower tem-
perature and higher concentrations of dissolved inorganic N
(Nishida 1999). A similar tendency has been reported in
Saccharina religiosa (Yoshimori et al. 1998). Surprisingly,
we observed that MAT sporophytes that were cultivated in
the CFCS also exhibited significantly higher growth than the
other regional lines, although seawater temperature and nutri-
ents concentration were different between the CFCS and cul-
tivation sites in the sea. These results indicate that the growth
of MAT was faster than other lines in the different condition
promoting growth of U. pinnatifida (lower temperature and
higher nutrients concentration). Therefore, it was suggested
that the MAT line has a characteristic of higher growth at an
early growing stage independent of environmental conditions.
SIM sporophytes were significantly smaller than the other
regional lines and had the same characteristics as sporophytes
collected from the cultivation site (Fig. 4; Sato et al. 2016).
Notably, the sporophytes of U. pinnatifida collected from the
southern sites of Japan were smaller and wider than those
collected from the northern sites (Kusaka et al. 2007; Tanada

et al. 2015). Therefore, the morphological features of SIM
sporophytes may also be genetically determined. Although
the blade thickness of sporophytes cultivated in the sea signif-
icantly differs among natural cultivation sites, there was no
significant difference in blade thickness among the regional
lines cultivated in the CFCS (Fig. 3), so far the thickness of
HRT blades being approximately twice of that of OGA blades
in the previous experiments (Sato et al. 2016). Therefore, the
thickness of U. pinnatifida sporophytes appears to be an en-
vironmental and plasticity characteristic rather than genetical-
ly determined.

Sato et al. (2016) argued that the NO3
−-N and NH4

+-N
uptake kinetics of sporophytes ofU. pinnatifida indicated that
separate ecotypes exist in different cultivation sites in Japan.
They proposed that the high values of Vmax at Akashi and
Naruto, which are located in the Seto Inland Sea, are adapta-
tions to periodically occurring high levels of nutrients, where-
as the highVmax/Ks ratios of NO3

−-N at OGA,which is located
in the Sea of Japan, are an adaptation to low nutrient concen-
trations. Similarly, although the values of Vmax and Ks of spo-
rophytes of NAR were not significantly different from those
of sporophytes of the other regional lines investigated in the
present study, the Vmax/Ks ratio of OGA sporophytes was sig-
nificantly higher (Fig. 5; Supplemental Table 4), with values
similar to those of the sporophytes cultivated in the sea (Sato
et al. 2016). Therefore, it appears that the adaptation of spo-
rophytes of OGA to low nutrient concentrations is a genetic
rather than an environmental characteristic.

Implications for breeding programmesThe Sanriku Region
(Iwate and Miyagi Prefectures) is the largest U. pinnatifida
production area in Japan. Many studies have been reported
for developing a breeding programme in this region (Hara
and Akiyama 1985; Ishikawa 1991; Kusaka et al. 2007;
Saigusa et al. 2009; Gao et al. 2013b); however, the elite
cultivars available for use on an industrial scale are insuffi-
cient. Based on the genetic differentiation identified in this
study, MAT sporophytes could be used to develop an early
growth cultivar. Based on an industrial cultivation trial with
F4 and F5 populations, Shan et al. (2016) previously devel-
oped an elite cultivar named Haibao No. 1 through gameto-
phyte clone crossing and consecutive selection; the yield of
this cultivar exceeded that of the control by 40%. Therefore, as
prerequisites for the development of an early growth cultivar
suitable for the Sanriku Region in northeastern Japan, MAT
sporophytes originating in Kinkazan should be used as the
mother sporophyte, and trials using the gametophyte clone
crossing method (Shan et al. 2016) will be required. The
OGA sporophytes were found to have a high affinity for nu-
trients at low concentrations, which also appeared to be genet-
ically determined. In recent years, the price and quality of
U. pinnatifida in Japan have decreased after early spring due
to its discolouration as a result of a reduction in the levels of
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seawater nutrients (Dan et al. 2015). Therefore, OGA sporo-
phytes could be used for the development of a cultivar that is
tolerant to low nutrient concentrations, helping to overcome
this issue. An understanding of the genetic characteristics of
every regional line or each cultivar will contribute to the de-
velopment of an improved breeding technique that allows a
reduction in the duration of the breeding period and the pro-
duction of higher quality cultivars. This study demonstrates
that the use of CFCS for cultivation will facilitate the advance-
ment of the development of new cultivars.
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