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Abstract Saccharina japonica gametophytes can survive a long period under unfavorable environmental conditions, while they
also delay in growth and/or reproduction. Although the reproduction in delayed gametophyte of S. japonica was known to be strong-
ly influenced by light intensity, light quality, and photoperiod, no previous studies have evaluated their interactive effects on game-
togenesis. To evaluate these effects, we used an orthogonal experiment to expose delayed gametophytes of S. japonica to different
light intensities, light qualities, and photoperiods for 12 days. The results showed that changes in light intensity rather than light qua-
lity and photoperiod significantly affected the relative growth rates of the delayed gametophytes. Blue light had the greatest promo-
tion on reproduction rate. The optimal light conditions in the early vegetative growth phase in gametogenesis induction for the delay-
ed gametophytes were at 60—80 pmol photons m>s ' with daylength of 12 or 16 hours under white or blue light. When the delayed
gametophytes were maintained in a constant light condition from delayed state to gametogenesis, the beneficial photoperiods for
vegetative growth and reproductive rate were both 16L (16 hours of light): 8D (8 hours of dark). However, when the delayed S. japo-
nica gametophytes achieve the optimal growth state during the first 6 days and then they were cultured at different light conditions
for the following 6 days, the reproduction rate increased as the daylength decreased and attained a peak value in group of 8L:16D
photoperiod, indicating that photoperiod adjustment at the transition period is crucial in the gametogenesis induction process of de-
layed gametophyte of S. japonica.
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ring extended periods of poor environmental quality (e.g.,
unsuitable irradiance and temperature, and poor nutrients),
delaying growth and/or reproduction (Fang et al., 1978; Lii-
ning, 1980; Yang et al., 2007). Thus, the delayed gameto-

1 Introduction

Saccharina japonica, which has been cultured with a

large-scale in Northeast Asian countries, is one of the im-
portant economic seaweeds (Tseng, 2001; Buschmann et al.,
2017; Liu et al., 2017). It exhibits an obligate heteromor-
phic life history that alternates between two generations of
macroscopic sporophyte and microscopic gametophyte (Lii-
ning, 1990; Schiel and Foster, 2006). In general, the micro-
scopic gametophyte generation can be divided into three
stages from the liberation of the zoospores to the forma-
tion of zygotes in 10—13 days, including gametophyte for-
mation stage (about 2—3d), gametophyte vegetative growth
stage (about 6d), and gametophyte reproduction stage (2—
3d) (Lining, 1980; Tseng, 1987). Some studies have de-
monstrated that gametophyte of S. japonica can survive du-
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phytes can be considered as ‘seed bank’ and has evolved
as an effective way for long-term preservation of the S. ja-
ponica germplasm (Carney et al., 2006; Yang et al., 2007).
Moreover, the delayed gametophytes are the parental re-
sources of the Saccharina variety and hybrid breeding,
which have been often used in the commercial production
of sporeling-raising of S. japonica (Cui et al., 2017). There
is a trade-off between the vegetative growth and reproduc-
tion of kelp gametophyte, and the induction of gametoge-
nesis showed a contrasting pattern to gametophyte vege-
tative growth (Izquierdo et al., 2002; Bartsch et al., 2008;
Mohring et al., 2013; Karasov et al., 2017; Liu et al., 2017).
For example, the optimum temperature range for gameto-
phyte vegetative growth is wider than that for reproduction,
and the minimal demand of light intensity and nutrient le-
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vel for vegetative growth is lower than that for reproduc-
tion (Liining and Neushul, 1978; Liining, 1980; Martins
et al., 2017; Wang et al., 2020). Many studies have report-
ed that the transition between a vegetative growth phase
and the reproduction phase in seaweed is a way to control
the life cycle of seaweed (Cock et al., 2014; Charrier et al.,
2017; Martins et al., 2017; Ratcliff et al., 2017).

Whether the kelp gametophyte reproduce sexually or de-
lay development can be substantially influenced by abiotic
factors such as light (e.g., light intensity, photoperiod, and
light quality), temperature, and nutrient availability (Lii-
ning and Neushul, 1978; Xu et al., 2009; Sui et al., 2011;
Martins et al., 2017; Ratcliff ez al., 2017). Gametogenesis
was successfully induced by broad light intensity gradients
(Lining, 1980; Lee and Brinkhuis, 1988). Optimal light in-
tensity for gametogenesis was different between kelp spe-
cies, which is closely related to their geographical distribu-
tion (Liining and Neushul, 1978; Liining, 1980). Gameto-
genesis could not be induced under extremely low light in-
tensity (e.g., 2—4.5 umol photons m >s ') in most cases in
the kelp species (Bartsch et al., 2008). Studies have shown
that blue light is an inductive condition necessary for the
reproduction of some kelps (Liining and Dring, 1972; Lii-
ning and Neushul, 1978; Liining, 1980). Only a small
amount of gametophyte can reproduce at red light (Lii-
ning and Dring, 1972). In a general way, long photoperiod
is conducive to the vegetative growth of gametophytes, whe-
reas optimal photoperiod for gametogenesis was different
between kelp species. For example, long photoperiod was
conducive to the gametogenesis of Laminaria digitata (Mar-
tins et al., 2017), while short photoperiod was beneficial
to the gametogenesis of S. japonica (Zhang et al., 2008).
Hence, light intensity, photoperiod, and light quality all are
prime candidates as abiotic filters potentially capable of in-
fluencing the growth and reproduction of kelp gametophy-
tes.

Delayed development of gametophytes is likely impor-
tant for the recruitment of some kelp sporophyte (Carney
and Edwards, 2006, 2010; Carney, 2011). It was reported
that the meiospores releasing from sori of kelp sporophyte
show a higher fecundity than pre-cultivated red-light grown
gametophytes with delayed development (Izquierdo ef al.,
2002). Carney and Edwards (2010) found that delayed ga-
metophytes can produce sporophytes 30% faster than ga-
metophytes that had never been delayed once development
is resumed. These results indicated that the optimal condi-
tions for the reproduction of delayed gametophytes might
be different from general gametophytes without delaying.
How the terrestrial plants that form long-lived seed or seed-
ling banks during unfavorable periods resume development
when resources are renewed has been studied extensively
(Grime, 2001; Makana and Thomas, 2005). However, the
effects of environmental factors on the vegetative growth
phase, reproduction phase, and the transition between these
two phases of delayed gametophytes of S. japonica remain
to be further researched.

Previous studies have commonly examined the effects
of a single factor of light (e.g., light intensity), or dual fac-
tors of light (e.g., light intensity and light quality, or light

intensity and photoperiod) on the vegetative growth and
reproduction of kelp gametophytes (Choi et al., 2005; Ebb-
ing et al., 2020). However, to the best of our knowledge,
the combined effect of all light intensity, light quality, and
photoperiod has never been investigated in an orthogonal
design for the reproduction of delayed gametophytes. In
addition, considering that the induction of gametogenesis
showed a contrasting pattern to vegetative growth of game-
tophyte, culture conditions of light during the transition pe-
riod may need to be further determined. Here, we design-
ed an experiment to evaluate how the interaction of three
environmental factors related to light influences the vege-
tative growth and reproduction of delayed gametophytes
of S. japonica, aiming to seek the optimal light variables
for commercial production of sporeling-raising of S. japo-
nica.

2 Materials and Methods

2.1 Gametophyte Culture

Mature sporophyte of S. japonica ‘Yudai No. 1’ strain,
which had a prolonged harvest period with higher yield,
was collected from a S. japonica farm in Dalian city, Chi-
na, in July 2018. Sporophyte blade in wet condition was
put in sterile and sealable plastic bags in situ and trans-
ported to the laboratory in a cooler (<10°C) in dark within
4h. The sample was rinsed three times in plastic tray with
filtered (0.22 um pore size) and autoclaved seawater to re-
move any attached fouling organisms. Zoospore release was
induced by immersing sori tissue in filtered seawater at
10°C. The zoospores attached to the glass microscope slides
and germinated there. Female and male gametophytes were
picked up separately when their gender was distinguishable.
The selected gametophytes were transferred into NaNO;
(4mgL™' NO5 -N) and KH,PO, (0.4mgL™" PO, -P) en-
riched seawater, and cultured to a desirable amount of bio-
mass. Then, the vegetative gametophytes were maintained
in f/2 nutrient solution in artificial seawater without iron
at low red light intensity (2—4 pmol photonsm s ') under
a 12h:12h light/dark (L:D) cycle at 4°C for at least 1 year
to obtain reproduction-delayed S. japonica gametophytes.

2.2 Experiment 1

Previous researches have reported that gametogenesis in-
duction for most kelp gametophytes performed well in the
light intensity range of 20—80 umol photonsm *s ' within
daylength of 8—16h under white or blue light (Akiyama,
1965; Hsiao and Druehl, 1971; Choi et al., 2005; Sui et al.,
2011). Therefore, based on the previous studies, an ortho-
gonal experiment (experiment 1) was made to determine the
tentative ranges of light intensity, light quality, and photo-
period in gametogenesis induction for the delayed S. japo-
nica gametophytes, and the experimental levels were 3 light
intensities (40, 50, and 60 umol photonsm s "), 3 light qua-
lity (white, red, and blue light), and 3 photoperiods (L:D=
8:16, 12:12, 16:8). An orthogonal array with totally 9 treat-
ments was conducted as shown in Table 1. Three biologi-
cal replicates were carried out for each treatment.

a) Springer
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Table 1 Orthogonal design in gametogenesis induction
for the delayed S. japonica gametophytes

Light intensity Photoperiod

Treatment (umol photons 2 s’l) Light quality (L:D)
1 40 White light 8:16
2 40 Red light 12:12
3 40 Blue light 16:8
4 50 White light 12:12
5 50 Red light 16:8
6 50 Blue light 8:16
7 60 White light 16:8
8 60 Red light 8:16
9 60 Blue light 12:12

The female and male delayed gametophytes were mix-
ed (fresh weight ratio of female:male=2:1) and smashed
by blender, then filtered with 200-mesh sieve. A total of 27
petri dishes (9cm in diameter) were used for the above 9
treatments, each containing a glass microscope slide and en-
riched seawater (supplemented with 4mgL ™' NO; -N and
0.4mgL™" PO, "-P). The petri dishes were inoculated with
the fragmented gametophytes (40— 100 um) to make a set-
tlement density of 15—-20 fragmented gametophytes in a
field of view of 100x magnification and cultured at 10°C
for 12 days. The seawater was renewed with 50% fresh ma-
terial every three days. The gametophytes were observed
using the microscope (Nikon E200) at the beginning of cul-
ture and then on days 2, 4, 6, 8, 10, and 12 during the cul-
ture, and ten fields of view (100x magnification) were se-
lected randomly and photographed for each microscope
slide in each observation.

From the above microscopic observations, we found that
the oogonium did not appear until the 8th day of culture.
Therefore, we divided the process of gametogenesis induc-
tion into two phases: early vegetative growth phase (repre-
sented by Phase I, when delayed gametophytes enhance their
number of cells and increase their cell volume, which is from
the beginning to the 6th day of culture) and reproductive
phase (represented by Phase II, when gametophytes form
gametangium and gametes, finally resulting in sporophyte
recruitment).

The photographs were analyzed using ImageJ software
(developed by Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA) to respectively measure the female
and male vegetative gametophytes’ sizes on the 6th day of
culture. Then, the number of vegetative gametophyte (N;),
oogonium (N,), eggs or zygotes (N3), and sporophytes (Ny)
were counted on the 12th day of culture.

The relative growth rates (RGR) of the female and male
vegetative gametophytes were calculated using the cell area,
respectively. The formula was as follows:

RGR (%d™")=

In(S,) —In(S,) %100

2-T
where S, and S| were the gametophyte cell area at 7, and
T) respectively.

Reproduction percentage of S. japonica gametophyte
was calculated by the formula:

a) Springer

N,+N; +N,
N, +N,+N; +N,

Reproduction (%) = x100.

2.3 Experiment 2

The results of the experiment 1 showed that the growth
rate of delayed S. japonica gametophyte was the lowest un-
der photoperiod of 8L:16D and 40 umol photonsm s, and
increased with the increase of light time and light intensity
in the Phase I, suggesting that longer daylength and high-
er light intensity may be more conducive to the growth rate
in the Phase 1. Therefore, in order to obtain the optimum
light intensity and photoperiod in the Phase I for the delay-
ed S. japonica gametophytes, more treatments with various
light intensities (60, 80, and 100 umol photonsm *s ') and
different photoperiods (12L:12D, 16L:8D, and 24L:0D) un-
der white light were further conducted. Three replicates were
carried out for each treatment. The other culture conditions
and RGR calculation method were the same as those in Sec-
tion 2.2.

2.4 Experiment 3

In the experiment 1, the S. japonica gametophytes were
maintained under a constant light condition from delayed
state to gametogenesis during the 12-day gametogenesis in-
duction process in each treatment. However, the previous
studies showed that the light need between the early vege-
tative growth phase and the subsequent reproductive phase
was different during gametogenesis induction process (Bar-
tsch et al., 2008; Mohring et al., 2013; Liu et al., 2017).
Thus, culture conditions of light in the transition period be-
tween Phase I and Phase II were changed in this experiment
design. Based on the results of the experiment 1, the game-
tophytes were cultured at relatively appropriate light condi-
tions (i.e., light intensity of 60 umol photonsm s, photo-
period of 12L:12D, and white light) for 6 days to make the
delayed S. japonica gametophytes to achieve the optimal
growth state in Phase 1. Then, these delayed gametophytes
were cultured at different light conditions for the follow-
ing 6 days (Phase II). These experimental conditions were
as follows: 1) three light intensities (60, 80, and 100 umol
photonsm *s ") with photoperiod of 12L:12D under white
light; 2) three light qualities (white, red, and blue light) with
photoperiod of 12L:12D at light intensity of 80 pumolpho-
tonsm s '; 3) four photoperiods (8L:16D, 12L:12D, 16L:
8D, 24L:0D) with light intensity of 80 umol photonsm *s™'
under white light. Three replicates were carried out for each
treatment. The other culture conditions and reproduction
rate calculation method were the same as those in Section
2.2.

2.5 Statistical Analysis

Data were analyzed using the SPSS 19.0 statistical soft-
ware packages. All values are presented as the means+stan-
dard deviation (mean=+SD). Statistical variance analyses
were performed using one-way ANOVA (Analysis of Va-
riance) and compared with Duncan Multiple Comparisons
Test. The statistical significance was set at P<0.05.
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3 Results

3.1 Microscopic Observation of Delayed Gameto-
phytes During the Gametogenesis Induction

The morphological changes of delayed S. japonica game-
tophytes during the gametogenesis induction process were
showed in Fig.1. During the stage of Phase I (from the be-
ginning to the 6th day of culture), the cell number (from 2
—3 to 7-9) and cell volume of the fragmented gametophy-

(a) ¢ (b) (c)

25 pm

(e) e () (2)
63

25 um

tes increased as showed in Figs.1c and 1d. The color of cy-
toplasm deepened and cytoplasmic inclusions became more
homogeneous. The width of the female gametophyte cells
increased from 9.3 um to 15.2 um. In the stage of Phase II,
the color of cytoplasm became deeper and the female ga-
metophyte developed a single large oogonium which pro-
duced one egg (Figs.le and 1f). The eggs were fertilized,
producing the fertilized zygotes as shown in Fig.1g. The
zygotes germinated and developed into young sporophy-
tes (Fig.lh).

(d

25 um
(h)
250! 25 um

Fig.1 Microphoto of delayed S. japonica gametophyte during the gametogenesis induction process at 60 pmol photonsm s '
under a 12h:12h white light/dark cycle at 10°C. Scale bar=25pum. (a), fragment of delayed female gametophyte; (b), frag-
ment of delayed male gametophyte; (c), vegetative female gametophyte; (d), vegetative male gametophyte; (¢), developing
oogonium; (f), discharged egg attached to oogonium; (g), mature oogonium and zygote; (h), sporelings.

3.2 RGR of Delayed Gametophyte in Phase I in
Experiment 1

ANOVA showed that both RGR of female and male ga-
tophytes in Phase I were affected significantly by light in-
nsity (P<0.05) rather than light quality and photoperiod.
Moreover, according to the max-min values in Table 2 and
Table 3, it was found that the light intensity had a greater
impact on RGR, followed by light quality. As Table 2 and
Table 3 show, both RGR of female and male gametophytes
increased with the increase of light intensity in Phase I,
reaching a peak value at 60 umol photonsm s ' under white
orblue light. When gametophytes were cultured at 40 pumol
photonsm s ™" and with a photoperiod of 8L:16D, both RGR
of female and male gametophytes were significantly de-
eased (P<0.05).

3.3 RGR of Delayed Gametophytes in Phase I in
Experiment 2

As Fig.2 shows, both RGR of female and male game-
phytes reached a peak value at 80umol photonsm s ' un-

der photoperiod of 16L:8D on the 6th day of culture. Un-
der photoperiod of 12L:12D, both RGR of female and male
gametophytes decreased significantly (P<0.05) at 100 umol
photonsm s~ when compared with groups of 60 and 80
pmol photonsm *s . There was no significant difference in
RGR of female gametophyte among the treatment groups
of 24L:0D photoperiod (P>0.05). Significant decreases in
RGR of 24L.:0D photoperiod groups were observed as com-
pared with 16L:8D photoperiod groups (P<0.05) when cul-
tured at the same light intensity.

3.4 Reproduction Rate of Delayed Gametophyte in
Phase II in Experiment 1

ANOVA results showed that light intensity, light quality,
and photoperiod all had a significant impact on the repro-
duction rate of delayed female gametophyte (P<0.05). Ac-
cording to the max-min values in Table 4, it was found that
the light quality had a greater impact on reproduction rate,
followed by photoperiod. As Table 4 shows, the reproduc-
tion rate of female gametophyte increased with the increase
of daylength. The reproduction rate of gametophyte reach-
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ed a peak value when cultured at blue light, while it was zero
under red light. Meanwhile, the reproduction rate of game-

tophyte was higher at 60 pumol photonsm *s ' than those at
40 and 50 pmol photons m *s .

Table 2 RGR of female S. japonica gametophyte on the 6th day of culture in the orthogonal experiment

Light intensity . . Photoperiod
Treatment (umol photons m *s™") Light quality (L:D) 5?1{21
Factor A Factor B Factor C Cad?)

1 40 (Level 1) White light (Level 1) 8:16 (Level 1) 10.39+£1.18*
2 40 (Level 1) Red light (Level 2) 12:12 (Level 2) 13.24+1.16°
3 40 (Level 1) Blue light (Level 3) 16:8 (Level 3) 12.18+1.16™
4 50 (Level 2) White light (Level 1) 12:12 (Level 2) 11.88+1.31*
5 50 (Level 2) Red light (Level 2) 16:8 (Level 3) 12.26+0.84"
6 50 (Level 2) Blue light (Level 3) 8:16 (Level 1) 13.34+0.96
7 60 (Level 3) White light(Level 1) 16:8 (Level 3) 13.64+0.25°
8 60 (Level 3) Red light (Level 2) 8:16 (Level 1) 12.99+0.12°
9 60 (Level 3) Blue light (Level 3) 12:12 (Level 2) 13.48+0.59
Mean 1 11.93 11.97 12.23

Mean 2 12.50 12.83 12.87

Mean 3 13.37 13.00 12.70

Max-min 1.44 1.03 0.64

Notes: The different letters in the superscript of RGR values represent significant differences (P <0.05). Data of RGR are the
mean=+SD (n=30). Mean i (i=1, 2, 3) is defined as mean value of the indexes of level i for factor j (j=A, B, C). Max-min is
defined as the range between the maximum mean value and minimum mean value in the column of the corresponding factor.

Table 3 RGR of male S. japonica gametophyte on the 6th day of culture in the orthogonal experiment

Light intensit . . Photoperiod
Treatment (umol%)hotons m—}é Sil) Light quality (L:]?)) :j C;Ij
Factor A Factor B Factor C Cad?)
1 40 (Level 1) White light (Level 1) 8:16 (Level 1) 11.53+£0.31*
2 40 (Level 1) Red light (Level 2) 12:12 (Level 2) 13.89+£0.72°
3 40 (Level 1) Blue light (Level 3) 16:8 (Level 3) 11.67+1.64™
4 50 (Level 2) White light (Level 1) 12:12 (Level 2) 11.82+1.07"
5 50 (Level 2) Red light (Level 2) 16:8 (Level 3) 12.47+0.38°°
6 50 (Level 2) Blue light (Level 3) 8:16 (Level 1) 13.81+0.10°
7 60 (Level 3) White light (Level 1) 16:8 (Level 3) 14.24+£1.18°
8 60 (Level 3) Red light (Level 2) 8:16 (Level 1) 12.83+0.10™
9 60 (Level 3) Blue light (Level 3) 12:12 (Level 2) 14.00+0.02°
Mean 1 12.37 12.50 12.70
Mean 2 12.70 13.07 13.23
Mean 3 13.67 13.17 12.80
Max-min 1.30 0.67 0.53
Notes: Same as those in Table 2.
O 60 pmol photonsm s~ O 60 pmol photonsm *s ™!
S0r (a) B 80 umol photons m s 507 (b) B 80 pumol photons m™ 57!
a5t O 100 pmol photons m2s™ 45t O 100 pmol photons m2s™!
i 3 I; AGI.B: i i ot N
2350 ab, a, g _t:,_ 2 5 g e Ll B KB b o AB, B
b~ —— 3 - LA i : a; A
2 30 S 3 8 b, b, a, .
= 25t e 257 '
S 20p 2 20t
15+ 15
10F 10F
5F 51
0 12:12 16:8 - 24:0 ' 0 12:12 I 16:8 I 24:0

Photoperiod (L:D) Photoperiod (L:D)

Fig.2 RGR of female (a) and male (b) S. japonica gametophytes at different light intensities and photoperiods under white
light on the 6th day of culture. The groups with the same subscript of uppercase letters were compared, and the groups with
the same subscript of lowercase letters were also compared. The different letters represent significant differences (£<0.05).
Data are the mean=SD (n=30).
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Table 4 Reproduction rate of delayed female gametophyte of S. japonica on the 12th day of culture

in the orthogonal experiment

Light intensity . . Photoperiod )

Treatment (umol photons m s ") Light quality (L:D) Reprodl(l)ctlon rate
Factor A Factor B Factor C ()

1 40 (Level 1) White light (Level 1) 8:16 (Level 1) 13.01+1.11°
2 40 (Level 1) Red light (Level 2) 12:12 (Level 2) 0°
3 40 (Level 1) Blue light (Level 3) 16:8 (Level 3) 34.97+4.22°
4 50 (Level 2) White light (Level 1) 12:12 (Level 2) 19.96+1.73¢
5 50 (Level 2) Red light (Level 2) 16:8 (Level 3) 0*
6 50 (Level 2) Blue light (Level 3) 8:16 (Level 1) 23.02+2.28°
7 60 (Level 3) White light (Level 1) 16:8 (Level 3) 24.97+1.68°
8 60 (Level 3) Red light (Level 2) 8:16 (Level 1) 0*
9 60 (Level 3) Blue light (Level 3) 12:12 (Level 2) 29.96+3.31
Mean 1 16.00 19.33 12.00
Mean 2 14.33 0.00 16.67
Mean 3 18.33 29.33 20.00
Max-min 4.00 29.33 8.00

Notes: Same as those in Table 2.

3.5 Reproduction Rate of Gametophyte in
Experiment 3

As Fig.3a shows, the reproduction rate of the group with
light intensity of 100 umol photonsm *s™' was significant-
ly lower than those of the groups with light intensities of
60 and 80 pmol photonsm *s ™' (P<0.05). In addition, there
was no significant difference in reproduction rate between
the treatment groups with light intensities of 60 and 80 umol

photonsm s (P>0.05). As Fig.3b shows, the gameto-
phyte cultured at blue light had significantly higher repro-
duction rate than that cultured at white light (P<0.05).
Moreover, the reproduction rate of gametophyte cultured
at red light decreased significantly compared to that cul-
tured at blue light or white light (P<0.05). As Fig.3c shows,
the reproduction rate increased as the daylength decreas-
ed and attained a peak value in group of 8L:16D photope-
riod.

S50, 70 C 60F
a) b

_ 45-“ B - (b) ES o (LJC
S s L B 9 B @ sop © 5
@ 35} o 50t >
£ 30t A E ok E
& o5 : g £ 30f
5 20f g 30r 5 A
.= S 2 20t A
2 °r 2 20 2
S 10F & 10l 5 10f ﬂ
&2 5t o A o2

0 ) I 0 -

60 80 100 White light  Red light  Blue light 8:16 12:12 16:8 24:0
Light intensity (umol photonsm~=s™") Light quality Photoperiod (L:D)

Fig.3 Reproduction rate of S. japonica gametophyte at different light intensity (a), light quality (b), and photoperiod (c) on
the 12th day of culture. Different letters above the bars indicate significant differences (P<0.05). Data are the mean+SD

(n=30).

4 Discussion

The technology of sporeling-raising using gametophyte
clones has been developed in some kelp species such as S.
Japonica, Lessonia trabeculata and Macrocystis pyrifera re-
cently (Li et al., 2002; Westermeier ef al., 2006; Zhang et al.,
2008; Xu et al., 2009), which needs two basic prerequisites
for application in commercial production: 1) enough bio-
mass of gametophyte accumulated by rapid vegetative
growth; 2) efficient induction of gametogenesis by culture
condition regulation (Zhang et al., 2008). The delayed ga-
metophytes can remain viable for up to many years dur-
ing conditions that are not conducive for sexual reproduc-
tion, and keep highly sensitive to changes in environment

quality (Edwards, 2000; Carney and Edwards, 2006; Zhao
et al., 2016). How environmental factors regulate the delay
and resumption of microscopic development was one of the
scientific mysteries that are necessary to investigate for sea-
weed (Hoffmann and Santelices, 1991). Moreover, the me-
chanism that regulates the trade-off between vegetative
growth and reproduction in response to the changes of en-
vironmental conditions is critical to understand how seaweed
integrate environmental signals and adjust its life cycle ac-
cordingly (Suda and Mikami, 2020).

Light exerts major impacts on the growth, photosynthe-
tic activity, biochemical processes, and reproduction in sea-
weed, and seaweed have evolved to deal with the environ-
mental fluctuations by regulating metabolism, changes in
pigment concentration, enzyme activity, and so on (Kim ef al.,
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2011; Bischof and Rautenberger, 2012). As a generic abio-
tic factor controlling gametogenesis, light has been the fo-
cus in many studies in regulating the delay and resumption
of microscopicdevelopment. For example, the delayed Des-
marestia gametophytes grown under low light levels and
short-day photoperiods could resume growth when trans-
ferred to higher light and longer photoperiods (Edwards,
2000). The developments of most macroalgae at microsco-
pic stages were able to be delayed for at least 60 days and
resume growth due to increasing light intensity and day-
length (Santelices et al., 2002). The interaction of tempe-
rature and light intensity can make the delayed gametophy-
tes of S. latissima with more than one year of vegetative
growth reproduce sexually reliably (Ebbing et al., 2021).

According to Table 2 and Table 3, we found thatlight in-
tensity rather than light quality and photoperiod significant-
ly affected the RGR of the delayed gametophytes, indicat-
ing that light intensity is the primary factor that determines
whether the delayed S. japonica gametophytes can grow ra-
pidly in the early vegetative growth phase of the process of
gametogenesis induction. According to Fig.2, RGR of ga-
metophytes reached a peak value when the light intensity
was at about 80 umol photonsm *s ', which was consistent
with the findings of previous studies in other kelp species
(Yang et al., 2002; Ebbing ef al., 2020). Combining the re-
sults of Table 2, Table 3 and Fig.2, we proposed that the op-
timal light conditions in the early vegetative growth phase
of gametogenesis induction for the delayed S. japonica ga-
metophytes were 60—80 pumol photonsm s ', 12L:12D or
16L:8D, and white light or blue light. Once sufficient bio-
mass has accumulated, the initiation of reproductive struc-
tures development of gametophytes can be triggered (Rat-
cliff et al., 2017). It has been proved that blue light is a ne-
cessary factor for sexual reproduction in Laminaria game-
tophytes, and the gametophytes will delay in a vegetative
state without blue light (Liining and Dring, 1972; Liining,
1981). The light quality results of this study (Table 4) show-
ed that blue light had the greatest promotion effect on re-
production rate of S. japonica gametophyte as compared
to white light and red light, and red light inhibited gameto-
genesis, which is consistent with the previous reports (Mi-
zuta et al., 2007; Sui et al., 2011).

In the commercial production of sporeling-raising of S.
Japonica based on gametophyte, the delayed gametophytes
might first undergo large-scale vegetative growth for a pe-
riod of time, then the culture condition was changed to make
them enter the transition period, and enter the gametoge-
nesis stage afterwards. Therefore, it is crucial to understand
the culture conditions of light during the transition period

between the vegetative growth phase and reproduction phase.

In the present study, we changed the light conditions in the
transition period between Phase I and Phase II in the ex-
periment of Section 2.4. It was interesting to find that the
gametophytes which had received an inductive signal du-
ring white light cultivation were able to become fertile even
transferred to non-inductive red light conditions (Fig.3),
which was different from that in the orthogonal experiment
with reproduction rate being zero in group of red light. Phy-
tohormones act as vital switchers in the regulation of va-
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rious aspects of development in plant (Weyers and Pater-
son, 2001; Saidi and Hajibarat, 2021). Mizuta et al. (2007)
found that light quality influences internal IAA metabolism
in the sporophytic stage of S. japonica. In Laminariales
plants, the IAA content is higher in younger tissues or the
vegetative parts (Williams, 1949; Kai et al., 2006). There-
fore, we hypothesized that the interrelationship between light
quality and internal [AA metabolism may also exist in the
gametophytic stage, i.e., blue/white light probably reduced
IAA content in the gametophyte thus promoting gameto-
genesis while IAA content was probably at a high level un-
der red light. Phytohormone is regarded as an enduring mes-
sage, which possibly remains active long after the immedi-
ate and possibly temporary stimulus has disappeared (Wey-
ers and Paterson, 2001). This may be the reason why game-
togenesis can still occur in some degree when the gameto-
phytes are transferred from white light (cultured for 6 days)
to red light (Fig.3). Pearson et al. (2019) found that a switch
in culture irradiance from red to white light activated a core
set of genes, involving rapid activation of ribosome bioge-
nesis, as well as transcription- and translation-related path-
ways. These genes and pathways probably can provide foun-
dation for the future understanding of the inhibition of red
light on gametophyte reproduction.

The S. japonica gametophytes were generally maintain-
ed under a constant light condition from delayed state to ga-
metogenesis in the whole gametogenesis induction process
in some previous studies, which obtained different photo-
period conditions for gametogenesis. For example, Hsiao
and Druehl (1971) found that long period of light (16L:8D)
was beneficial to the reproduction of Laminaria saccha-
rina, but continuous light can significantly reduce the re-
productive rate. Martins et al. (2017) also found that the
reproductive rate of L. digitata gametophytes under long pe-
riod of light (16L:8D) was significantly higher than that
under short term of light (8L:16D). However, some studies
have found that shortening light time was beneficial to the
transition from vegetative growth to reproductive develop-
ment for S. japonica gametophytes (Zhang et al., 2008; Xu
et al., 2009). Moreover, short daylength has been applied
to commercial production of sporeling-raising of S. japo-
nica based on gametophyte (Xu ef al., 2009).

When the S. japonica gametophytes were maintained un-
der a constant light condition from delayed state to game-
togenesis in the study (Tables 2, 3, 4), the beneficial pho-
toperiod condition for vegetative growth and reproductive
rate was both at photoperiod of 16L:8D. We hypothesized
that rapid vegetative growth may promote the gametogene-
sis since the delayed gametophyte need to undergo vegeta-
tive growth before gametogenesis. However, it was worth
emphasizing here that, when the delayed S. japonica game-
tophytes achieve the optimal growth state in Phase I (first
6 days) and then they were cultured at different light con-
ditions for the following 6 days, the reproduction rate in-
creased as the daylength decreased and attained a peak va-
lue in group of 8L:16D photoperiod as showed in Fig.3,
which was different from that in the orthogonal experiment
with reproduction rate increasing as the daylength increased
(Table 4). Our results suggest that light time shortening at
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the transition period from vegetative growth phase to re-
production phase is crucial in the gametogenesis induction
process of delayed gametophyte of S. japonica.

5 Conclusions

The light intensity had the greatest impact on RGR of de-
layed gametophytes of S. japonica, followed by light qua-
lity. RGR reached a peak value at 60—80 umol photons m 2
s ' under white/blue light. The light quality had the great-
est impact on reproduction rate of delayed gametophyte of
S. japonica, followed by photoperiod. The gametophyte re-
production rate was considerably higher when cultured at
the blue/white light than that at the red light. Rapid vegeta-
tive growth may promote the gametogenesis. When the de-
layed S. japonica gametophytes achieve the optimal growth
state in vegetative growth phase, short daylength was bene-
ficial for them during the transition from vegetative growth
phase to reproduction phase.
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