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Abstract: To establish a sustainable vegetative propagation system for U. pinnatifida gametophytes and enhance

mycosporine—likeamino acids (MAAs) accumulation, this study systematically investigated the effects of key culture condi-

tions—such as light quality, light intensity, photoperiod, temperature, and nutrient availability—on gametophyte growth

and MAAs accumulation using a combination of single-factor and uniform design experiments. The antioxidant activity of

MAASs extract was evaluated in vitro via DPPH and ABTS" radical scavenging assays, while their anti-inflammatory poten-

tial was assessed in vivo using a zebrafish inflammation model. Results indicated that culture conditions significantly

affected both gametophyte growth and MAAs content. Optimal conditions —red light, 20 °C, a light intensity of
32 umol'm *s”', and a 12L:12D photoperiod—yielded the highest relative growth rate (6.41%=+0.11%) and MAAs content
(327.19£1.59 mg/g). UV-visible spectroscopy confirmed the characteristic absorption profiles of MAAs in the extracts.
The MAAs extract exhibited IC, values of 12.04 and 10.34 mg/mL against DPPH and ABTS" radicals, respectively.
Furthermore, at 100 pg/mL, the extract reduced macrophage aggregation in zebrafish by 52.31%, demonstrating a clear

dose-dependent anti-inflammatory effect. In summary, this work identifies optimal culture conditions for enhancing both

gametophyte growth and MAAs production, and confirms that gametophyte-derived MAAs possess moderate antioxidant

and notable anti-inflammatory activities, thereby providing a theoretical and experimental foundation for their efficient

biosynthesis and potential application.
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tory
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Table 1 Factors and levels of single factor tests
K
1 2 3 4 5
_ L A6(620~ FEE(570~ WL(450~ L456(495~
e It 750 nm)  590nm)  476nm) 570 nm)
BRI
ORIE 2% 30 3 36

(pmol'm2-s™")

JeREWI(L/D) 10:14  12:12 14:10 16:8 18:6
EE(C) 14 16 18 20 22
HIHENO;”

W (mgL) 1) 37 44 75 150
WIHHPO,>

YR (mg/L) 2 35 5 10

1.2.3 Yokttt k20 R MR
KPR SR TR K & MAAs BLRIZEA R, AR
T FR e A AT Ug(5), BEEES 1. 2. 3 3N
ISR, S5 ROGE (A) (IR (B) 5 G RE R &
(C), FFR =N ZFE HARF 5 e Halse . HARGS:

AP ETEWER 2. SR D, EEFRI0ILE NO; Mk
FEEREA 150 mg/L, PO, M AE A 10 mg/L, Y6/E
WAL — 1 S 12L:12D, HAB ISR 4R 1.2.1 77
PITiA o 3BT XTECFAAAXT AR MAAs 5 il
R, S WA R T B HAH] A R Y S A SR EE T
MAAs FRESER, A6 55 55 P e ARk A

#2 kRt

Table 2 Uniform experimental design

L S
e AT BiftJ# (°C) CHEHRHEE (nmol-m2-s™)
1 1(HJ6) 2(16) 5(36)
2 2(415%) 4(20) 4(32)
3 3(EDL) 1(14) 3(30)
4 4(#%) 3(18) 2(24)
5 5(59%) 5(22) 1(20)
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80 HJE Ju ik Pk ik, FH— U M T4 e Akt I
FHICH R AR i 240K o5, IREBL IR E . R
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RGR(%) = In(Wt/Wo)/t x 100

o Wo B pI R & T (g); Wt il I g o)
JEEAREEE (g); t EFFRREN(D) .
1.2.5 MAAs FJHEHC B 1.00 g #7H7 32 il T4 1
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JE B TFEERE R T, 78 45 °C M TR 2 h, %
TEPERE A 1800 r/min. FRHES G, SRS I B2 =G,
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Wo WG URAIMAFAFMAFRY 25% W /KIS, 152
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WAE 45 C 5 F A TR HRAR, SRASMRAG I . FAAK
FREE 401 [mRGER A INATGK 2B, BT —20 °C #E
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JEIT)5, A WS R (B A 2 (AR MAAS
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0.1%(v/v) R ARG, TRBhAH B iy BRI, B B2 pE
FEJF N 0~20 min PN B M 10% £t T2 70%17, i
o 0.8 mL/min. KA 330 nm.
1.2.7 MAAs £ B i A S bt s A i ks il Sy
TEH HE A SENE T MAAs $12 U ik e E A6 1%
Pk, SR DPPH [ HH 5597 B S5 500 a2 s BR e T -
Sy BLH MAAs $EHUI T =N 1. 2. 4. 6. 8.
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J2 N7 25 TR Jm D 78 VR A S MR AE 517 nm &b 1 2 O
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PEBIE ARG, oI Ja T a b G484 T

R AE RS, D E TR A W WRAE 734 nm &b 19 W G BE
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ABTS' H HIEETHRR (%) = [1- (A, - A,) /A] X 100

o A, S MAAs Fil ABTS IFHRIRESY) OD,4,s
A, i MAAs FIZETEKIR G % OD,ays Ay S ABTS
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MAAs £ ) Xt DPPH Al ABTS™ [ H1 3 1975
BREE 1 LL 1C s, H 2R, BIERHA M () i 2L 5%
ILF 50% B ETXT R R EE . ICs, THBR/)N, SRS
EALEE TR,
1.2.8 MAAs &I A NPT R IEPER Ao
8 FHHE T SR (02 YRR T E 4 I A 7 S5 DR B0 4 £
Z Tg(zlyz:EGFP), i (AL W I BE e BUAE B &=
72 hpf(/INEFSZ RS J5 ) i fdt B 4 fa A Sy S g X 42 181
BENLT LI, W s fa e 78 2 24 FLEEFRMR, FFLCE:
10 B, IR BHMWANEE L, BfLUISEFR R SRR
2 mL, FbRvEEE L A0 1% 5 R AR N R BE A AR I 7 R
AN, SEEGVEEUN R 434 25 (AT RRZH (N5 B
Bk L BERIZH (4% 20 umol/L CuSO,) . BHPENT g
ZH (% 20 pmol/L M5|WE3Ear ) L K AR 41 (25 pg/mL.
50 pg/mL. 100 pg/mL 1 MAAs /89 . 25
SR PR EALEE St RAEASIIVEA AR TR . RIS
il A SHAPERT BE 25N 24 FLBUR, T 28 C THIERS
FEFATPHUREE 2 ho BEJSIIA 20 pmol/L CuSO, ¥
WP T 2R SE N, SR EIEE 1 he ARPEbRME
PP A R IR, ZR BRI AITE 24 h S AN ANTZ 20T

PR . RIHDOCRIRIREA, LSRR 55 Mg 5L
B, 52 B3 Hr B 2 e (A e 2 P Xl 3
FEAF O o Al R BRE ) £ S8 S N AR ] 5 AR 28
JE BT 1 2 Y5 ey B s, TR AN R

RAE AN ZE (%) = [(C, = C,) /Co] x 100

o, C FRavBE S 4 B9 AN %G C, Fon
LR A A FRLH A 5 s AT 28
1.3 IR

BERES I 3 AVPATER, SCiEdE L
{HARHEZE" FOR, SR SPSS 14.0 BAF3F T AN ZE TT
24387 (One-way ANOVA), R LSD kit f 735
ZHE K, P<0.05 i hEFHASIT*E . B
2 2 {8 FH GraphPad Prism 10 £ OriginPro 2021
SEM, DA BRI RS SER 45 S ) 25 S .
2 HBRESHh
2.1 RBMRENBETRE FAERKN MAAs B2
A

TEASHIFGE R, ASEDG L ' B AR B A %
WA SENC TR B A KA MAAs Sl =2k T 35
W, ANl 1A TS, ASTR] G5 X S B AR i AH
XA MAAs & R = A5 m . 78T a 6k
AbFR, FGLE P BT AR T AR K R e, 38 3.75%,
Sy A G AN CLH A 1.52 /%A 1.27 £%. HHER
ZF, 0 GHH M AR Kt 85, A AR RN 2.07%+
0.15%. £ MAAs &7, #CHFRIEAN, 155
242.9 mg/g, & (P<0.05) & T HABANFRL ; FHk Sk
WOLH (214.8 mg/g), LI GLH I MAAs &R HAK, 1L
S 137.5 mg/g, ¥R AN [RG5S ] BEAE IR I
TR R AR SR D R E2E R ER . 7R
PSR 7 T, ASUTIT A SR BN, AR SR L TALE 24~
32 umol-m *-s7' FAEK S MAAs & #HRIA R4 =k
S, T 2GRS INZE 36 pmol-m 2-s™' Bsf, (B ELAH R
BE(E 1B) . X 5 HAh AR 45 R HAT — 2.
Bn, AERRE ARG (5~30 pmol-m 25 ) 254
BE4EFRFAE I, MITE 60~90 pmol-m s~ B A= < i 35k
o, Y EIRE—2E T 2 120 wmol-m 2-s™! B HY
BLYGHD ] B U, SRl B St 7E 2 B EE e
PARPOV FN G H g Rl vhgloli gk ], AT,
ARG PR SR B FARTEOE N ORRE T —E AT
AR, R HEAE— 5 RO CARTE, (BXEEDE
MAAs i N, $2 HoE N ae ) il ge 55 1 gLy
%) e Nl o TR

SRS IS 25 Rt — s T B KOG IR A
(a4 A AR ZERR A7 S e AR A K5 MAAs Sk,
T R s = A I E A . X — RS2
sl AP0 RS H g ll AR (ST 4l A
felo FEIXeeEadsrh, vhAER BES R R RC AR
B REMAHA R, TS EWIIE R 3 200:4D B,
JAEFRST RIS T T A B R, (A WA E RE Y
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= 100 :"E’ 16 °C 4b¥ZH, Horp 20 °C AbFRLH AR KR 2 IR AL
= S LAY 1.5 1%, 52, MAAs & BEZERG IR i 4
0 TS BUR, Hd 16 °C 4bFR4] MAAs & BEfk e
FOt e E#ok Bk bt (265.13 mg/g), 14 C IRz . L5REH, KEEER
TR T AR ST 5 7 2 K T2 I UL DU 5
= HIGE O & MAASs &8 SRV, SRR T4 K 5 E A

B 5, == MAASEI a 250 "
b, ab R S22 R

< 200 g SR 4 TR R TR P P L b R R 5 v
g 150 & A7 RS . AN, REFEIE THATE 15~25 °C X[l 3
% - ﬁ; HLH D A I, T 15 °C e B M, w5
£ < T 25 °C WA T RGO, 2 P PO 9 B o
- 50 = HE RV AT s VEFE P [RVRE ., RS T
0 PRTE 27 °C FHBLGUE K, T 21~24 C 4 40F F 2=

20 24 30 32 36
BT

C 6+ = HIXMERKF 250
2 BB MAAsT i
a a
< a F200 %
< 4 2
3 150 <
N4 ]
H 100 <€
&2 p
= <
50 =
O il = . =1 “ 0
10:14  12:12 1410 168 186
JEIE M (L/D)
D81 = fiiafe 300
mm MAAs _
64 =
< 200 £
‘m_ ~
W4 4 ]
& &
+
=, 100 £
= =
0

14 16 18 20 22
R (°C)
K1 AEDEET(A) SEIEEREE(B) | SLEMI(C)FIRLEE (D)X
AR TR E RS MAAs & 3 (520
Fig.1 Effects of different light qualities (A), light intensities
(B), photoperiods (C) and temperatures (D) on relative growth
rate and MAAs content of U. pinnatifida gametophytes

e B LI EEREE R . BPRRING PR R R 22
FHAG AR L(P<0.05), K 2 [F,

FEIT . B ARSI K AIE DL, 52X E, A
WFFE & PRARAYSEAE 121:12D., 14L:10D 1 16L:8D 45
A BRI S N R, 17 18L:6D R HCF-
PRAEACZR R, PRI JEHA R e e =R 5 A4S
AT —E 225, e S A R R ARIE A R i 43l
BEAA G, b, ISR R WIE B CRNERSAAE T, #3HT
FEMCFARSS BB, X AR TP A

K2, X SASHITE 20~22 °C FI4h RIA—3L, Ui
W AR S C AR 3 o) S5 B HA i 3 vk o

SR, AN Z AT — g 25 5% N, 2%
Fiip S e PR AT SR MERC TAAAE 16 °C R R BLEAE,
TMASHFFENZRA] 20 °C AR FAK, X ATRE 5500
s KOS AN R 56, taT GBS e T Hb g
PRI 225 . X E SR AR AE SCHFE t o, R4
57 YN PR I ) A SN AR E O TR AR 25 5,
A1 12 °C F 14 °CPY, X gk — AU B AR [E R
i M TT BB A2 B L HE IR BT S5 PELTT SRR I . 7E
6~20 °C JuFINEBEREN &, (A FERE T4 &
BIEEZES B, BV EAA R PSR T WIER
PEAT, sk segt LG, R AN B D B AR 2
KRR, R s A S BO RN AR 16 s SRR
22 EFRREMNETREFAEKN MAAs B2
ERpA

WE 2A FioR, BeFIARAA T A K SR BRI 4G NO;”
W T R B TR FERI G NOJHR E N
150 mg/L( /=5 &AL B, e 1440 X A= 4 R 1k #)
4.20%, 3 (P<0.05) = T HAANEELH iy At A 2
ZH AR A R R, X — S5 SR, MR Sl A
TEH KA FAAE—E T 24, TR = AR
TR E . (EAREENE, S5RGBT, 14G
NO;HJEXT MAAs & f [ TEFE R B “ IR 2R
RE” o FE 11~44 mg/L JEEIN, BC AR MAAs &5
B TR R A, PR ARG T, deiinT
HE St 5 Y A AR A LU XS 20 B0, AR E
MAAs &S TIR

X — IG5 HA AN A S s a5 R H A —
Btk wan, MERREL FAATEASE] NaNO; e T 2k
RIS TS RS, 24 U E B3k B RS Rt
AR R, Bl B RUK Sl e AR i —2
AP IS ASIIFSE T S IREUK Y N ORE



%478 5 16

PR , 4. BRI TR R 3 2

PR BRSSP IR S DI RE TR A AT - 265 -

_ = XA KR _
A a mm MAAST . a 300
b b

4 ] ~_~~
S 20
< 200 &
- 37 Dt
N i
H &t
=
= 100 5
b =

1 -

11 37 44 75 150
WIHAENO;, MR (mg/L)
B 57 == HIXPAEROR r 300
P =N
== MAASH a a a a a

4 b ~~
S 20
< 200 &
331 ~
K i

Qi

E 100 <
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Fig.2 Effects of initial nitrogen source concentration (A)
and phosphorus source concentration (B) on relative growth
rate and MAAs content of U. pinnatifida gametophytes
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Table 3 Uniform experimental results

i S U MAAsEH  HIXP AR
e Dimk AR (mg/g) (%)
AN (¢)  (pmol'm>s™) nee
1 1A 2016) 5(36) 211.59+7.54  —2.49+0.93
2 204%)  4(20) 4(32) 321.99+13.34  6.20+1.53
3 3(EK) 1014) 3(30) 231.44+12.17  1.18+0.84
4 4GB 3(18) 2(24) 232.69+10.78  2.67+0.92
5 5(gbk) 5(22) 1(20) 168.88+12.14  —1.73+0.89
2.4 MAAs BIE MR

W 3A B, My Sl AR U e 2
Al B R T A S (OB A, A LR Y A S BH
PER R, RUNZIREY PRl S A MAAs b
Y. ARG ST IR (8 3B) o, e F AR I
£ 300 nm BfHUT BB S I IACIEE, S MAAs FUASFIEITR
KX BT, A, 7F 200~270 nm P B IRELE|— 2 5]
Mg, ITHES MAAs BIMARYR IAFAEA <, IR AT RE
SZREIR . B LAY TP, SO A (i
SIATEE SR (E 3C) R, MY SR AL A MAAs $2HUY)
FAFEZ Ao B, iz s E S O SCakEdE
HEATXT L, FI2E R E SR B Rl B ST 2P MAAs.



- 266 - £ Tl B4

2026 4F 8 A

T T T 1
200 250 300 350 400

WK (nm)
C 300
? 200 A
£
o
=100 |
X
0 T T T 1
0 5 10 15 20
FisfE] (min)
K3 MAAs #2BIRTEZZHT(A) L AN (B)
1 HPLC(C) K

Fig.3 Detection of MAAs extracts by thin-layer chromatog-
raphy (A), UV spectral scanning (B) and HPLC (C)
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Fig.5 Intervention effect of MAAs extracts on zebrafish
inflammation model (fluorescently labeled inflammatory
regions)
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