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B A BB R AT R (R T AE, 2017),
= R S S Yl 8 VN B el S VA E R
)k, TR TR AT R R INIE A
L LN ZE R RN A P A AL AR AL B, XA ST Y 4258
Tl g 2 P R A AL ) ELAT R R

IR AE(2018)WFFE R, FE AR 4 B MR e A
TRRATY 258 S AR AR AT, ELIG A 1) 96 e mT
3 o AR AR AR ) SR B AR RS o DG T IRBE S gAY
FEEBIMRARZRE, K, EESuetal,
2020), EFRERUE (Kumura et al, 2010; Mizuta et al,
1998) % Z2 Tl ¥1 455 PR 28 1 5 i g 5 6 T M T . Bk
R e R R AN, T f R4 215 (Liining
et al, 1988; Shao et al, 2004) . [t 7% 2 % & (Nimura et al,
2002; Schaffelke et al, 1995)F1 4 T4 1 5k & L H
(C:N)(Harries et al, 1932)t &1 74 & & 1) N ZE R
HZE ., o0, TE TR T2 A 96 PR sk ) 8 355 % TR
9 23 CHIZ BN, SZmEAT RN A & (B
85,2016), fERAE M TRAEB LR, fRHIEE
A B W55 . 0 W AE A 4 5 (Aruga et al, 1990;
Matsuyama et al, 1983; Nimura et al, 2001; Sakanishi
etal, 1991), ¥ ZMHF H(Alstyne et al, 1999)L K&
RNA/DNA R fI(Nimura et al, 2001)% 4= 421
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(R F0LF PR B bR A L 20 e [ R ofR ) gy 2 2
T E AR IR G IR B 2 46 (DGXM-508B) i ffi i 2 L
FABRH FDIE R TG R AT SR . REE RN
V-30 Y R AR .
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i FH IR A RS — D40 (HE Je )R (]
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5.1 BRI FIR R ANZ MR A& F MR L i)
FFREAN A (R B Y LA 5% ) 1 B A il

W JC A0 T 3 25 44 1 98 AR (SA) A 3 1 ol A 6
& 1) 96 K 5 (SB~SE) il HH I A2 R 15~20 min,
BlJ5-80 CARAT . A (TN PR E Rk &, T
HHEABCA ). M4 | 1,5-Z#RA% I (RUBP)
RALEE(RUBP carboxylase, RubisCO). #R % HE F
(superoxide anion)fifi Fi Fb (A3 52, AH &I & 40
T HMBHEEAEDEARGRA R . 8 E 1LY ALl
(SOD) (WST-1 #%). it E L & B CAT) AR EL L) . N
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Changes in morphological characteristics during the sorus formation process of S. japonica

SA: EIRAERKM; SB: ETELFWN; SC:ATERLTHY; SD: MATEMRAM; SE: Wl TR TR
SA: Vegetative stage; SB: Early development stage of sorus; SC: Middle development of sorus;
SD: Sorus maturity stage; SE: Release stage of zoospores. The same as below.
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Fig.2 Changes of tissue structure during the sorus formation of S. japonica

be: FEANMI; cl: fATRIEIRGH; d: MMM DURAETUZ; p: B2Z; s 07 R0 74

be: Basal cell; cl: Cap-like structures of sours; d: Cuticle at the apex of the paraphysis cells;
p: Paraphyses; s: Sporoblast or sporangium.
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Fig.3 Changes of cell length during sorus
development of S. japonica

RERIET F 5B N A5 oA ) Ky B 4 ) — 2 A
ZEILE, F—HARTHERRTE P<0.05 K
HAREZESR

The same subscript number at the letters represent the same

group. The measured value in the same group are compared.

The different letters in the same group represent significant
differences (P<0.05).
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Fig.4 Changes of souluble protein and nitrogen content during different development stages of S. japonica sorus
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Different letters indicate significant difference (P<0.05), the same as below.
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Fig.5 Changes of Chlorophyll-a content during different
development stages of S. japonica sorus
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H%E 5 T SB Fr B (P<0.05), & 6b 1] LIFE !, H,0,
LR BT R G TR 8RR
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(P>0.05), M &FH SC HrEhf, SOD i\ /15 SA By
BUM H B 3 AR (P<0.05), FHHUR AR T R hli il 742
(RS 1 . CAT 5 POD 1% e fl T4 & B aiiiA ir
BN, FETE R 22 40 5 AR AT B (SC) B R [
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Fig.6 Changes of superoxide anion and H,O, content during different development stages of S. japonica sorus
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Fig.7 Changes of malondialdehyde (MDA) content during
different development stages of S. japonica sorus
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Tl #EE 5 (P>0.05), FiEMTHELEFE SD Brk,
RubisCO i 77 i 2 H(P<0.05) HLik B A K 7 i
PRI K. MDH 1§ H7Ef T8k T A fE AR
A .2 (P>0.05).

3 it

TR A0 7 FE 00 & B TR RE A I 22 40 M 5 1 1 R 41
MM TE i (Abe et al, 1939), ARG LB, TR
KB, WL, sond, FMas & 44
b, RN IR R AR B EE TR R, E 2R R
e SR, B2z 4 BERF LRI I, S JE 20 TP %
fiFEEAM MO, 6 FRE A0 M TE R 22 s ORI A, HL
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Fig.8 Enzyme activity of antioxidant enzymes during different stages of S. japonica sorus development
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Fig.9 The activities variation of RubisCO and MDH during
different stages of S.a japonica sorus development
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I A FH 345 (Aruga et al, 1990; Matsuyama et al, 1983;
Nimura et al, 2001; Sakanishi et al, 1991), 1 F3&%4)
FERME S T . TE1EAY RubisCO 7E— e 2% [ hg
FOEDOCEERRBRES . ABFFE R, RubisCO 1 HETE
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RARRE RS GE BT 4, 2009), ABF5E k¥, MDH
TR E BB P AR, {UFE SE BrBiE
PEA TR, AT RS RO 45 A an 16 2 7 EE e i
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REMER AT RERIE SO D TR A, T RAE
BFA] 7 S 90 R G AR KRR FE A 5 R (Mizuta
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#4%H (Kumura et al, 2010), A AI, 7EMTRET
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WEWZ . SD Ml SE M BAFE A Rk AT IR,
(L. longissimiytl -3 A 0T . BR BT RS B it
T HAE Ay, M A 2 R O/N AR, &E
{07 %% (Harries et al, 1932; Hosoda et al, 1970), %
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ROS fff B 54('0,) . A F(0,). H,0,
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FY A (Fry et al, 1998; Liszkay et al, 2004;
Potikha et al, 1999), Jf-7E 1 T3 % B I 2 40 g i fh
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The Morphological Structure, Physiological and Biochemical Changes
During Sorus Development of Saccharina japonica
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Abstract The reproductive characteristics of some hybrids from crosses of cultivated strains with
wild populations are more similar to their wild parents. These hybrids form sorus twice a year in spring
and autumn, unlike the conventional cultivars, which formed sorus once a year in summer. The
S japonica seedling industry begins in August in the north of China. However, hybrids form sorus in
September or later. Therefore, these hybrids cannot be used as parental stock in the cultivation of summer
seedlings in the north of China, hindering the promotion and application of these hybrids with excellent
traits. Unfortunately, very few studies have focused on the induction and mechanism of sorus formation in
kelp. It was of great significance to explore artificial induction technology for sorus formation of kelp
hybrids and ensure the timely formation of sorus when the summer seedling cultivation based on an
understanding of the biological process of sorus development. At present, research on the biological
processes and characteristics of hybrid kelp sorus were limited. This study investigated the hybrid variety
"Yudai No. 1". Discs from the kelp sporophytes were cultured in inflatable bottles. The sorus development
process was divided into five stages (SA~SE) based on the appearance and morphological changes of the
sorus. Samples for each stage were collected separately. The appearance, morphology, and tissue structure
changes during the formation and development of sorus were systematically observed. Changes in the
physiological and biochemical characteristics at different stages were also quantitatively studied. During
sorus development, the surface of the sporophyte was smooth at stage SA, frosted in stage SB, noticeably
protruded at stage SC, the cuticle at the apex of the paraphysis cells broken at stage SD, and the cuticle
was smooth again in stage SE. The process was accompanied by the protrusion of epidermal cells (SB),
the elongation of paraphysis cell (SC), the differentiation and development of sporoblast (SC, SD), and
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the formation and release of zoospores (SE). The cells (paraphysis cell and sporoblast) varied significantly
and were constantly elongating at all stages (P<0.05). The cells were especially elongated during the
stage of zoospore formation and release (SE), zoospore cells were nearly 1-fold longer than the zoospores
that were not released at stage SD. During the development of S japonica sorus, the accumulation of
nitrogen by sorus continued to increase, and there was little change after reaching the maximum level at
stage SD. The formation of sorus was accompanied by the accumulation of nutrients. The protein content
increased significantly in the early stages of sorus development and decreased at the stage of zoospore
release. The protein content was significantly higher in the SC stage than that at stage SA (P<0.05).
Subsequently, the decline began after the SC stage, indicating the development of the sorus was the main
biological activity, and the metabolic level was gradually reduced. Unlike that in previous studies, we
identified a significant increase in the chlorophyll content during sorus development, which probably
ensured all zoospores include chloroplasts. Meanwhile, hydrogen peroxide (H,0O;) and superoxide anions
showed similar trends of initially increasing at the beginning of sorus formation and decreasing in the
later stages. Changes in the H,O, content were highly significant in sorus formation. There were
differences in the activity of different antioxidant enzymes in the process of sorus formation, among
which superoxide dismutase (SOD) activity had a general downward trend, while ascorbate peroxidase
(APX), peroxidase (POD), and catalase (CAT) showed a trend of rising in the early stages and then
declining in the later stages. Moreover, POD, APX, and CAT activity had the significantly lowest levels at
stage SC, SD, and SE, whereas the maximum levels of POD and APX were at stage SB, and maximum
CAT levels were at stage SD. However, the malondialdehyde (MDA) content did not vary significantly
during the whole development process. SOD activity gradually decreased throughout development, and
the H,O, content continued to increase, suggesting kelp sorus development may require hydrogen
peroxide involvement. The activities of various antioxidant enzymes changed dynamically at different
stages of sporangia development, and accurately regulated the oxygen species (ROS). The ROS increase
in the process of sorus development did not harm any cells and ROS participated as a signaling molecule
in the molecular regulation process of sorus development. In sorus development, the activity of RuBP
carboxylase (RubisCO) initially decreased at stage SB and SC and then increased. There was no
significant variation in the plant malate dehydrogenase activity. This study deepened the understanding of
the hybrid kelp sorus formation process, physiological, and biochemical characteristics, and provided a
theoretical basis for the artificial induction of hybrid kelp sorus formation in the future.

Key words Saccharina japonica; Sorus; Development process; Morphological structure; Physiology
and biochemistry



