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Flt MAAs B8 5148 5 8 5 (14728 Ak AR X Al 57 Sinha ')
TEXF LT3 (Gracilaria cornea) 5% Hh & BE, MAAs X
UV-B il ik 55 PR8I 36 R 7 BLAT 3 e i AR e 1 o ()
B AR & B, MAAs 6 -5 UV-B [ 7] fe £ 78
G ERIEZST R

BT RAF AT S o v v, VR Y B R
HFUSIAE S B SRR P i MAAs 16 BLAT R AF A B
AALTEME . RAF AP0 S IR S NPT E A R P AR R
SRR IMNIAL B MAAs FIAE R4 BE 5 b (3 7 4%
AU SR, A 5%H) MAAs(E B &FA
Prophyra-334 Fl Shinorine) i 55, H:Bi4&4M A
BF 1%UV-A JEE 5 4%UV-B 1B sk )y, it
HERE L AT H T i A M,

OGS, b MAAs B0 B B[] Al
SEHMSOGTE, AT LUSE ) R 1 B AR 2R S Y
MAAS!"SFEATFFE R, FRATT B4 R S5 1 A6l 434,
F T H T 55 B 0T 3% (Electrospray ionization mass
spectrometry, ESI-MS)J3 T 4 i 2508 AH 233 25 v DLAE
il 2 ARl A O ERR B SRR MAASs, FRIERE
SRS AT LU TR 50 MAAs 456 i 2R Wik (2,
- 3% 6 FH (Liquid chromatograph-mass spectrometer,
LC-MS) £ AR A Bl T 46 M %5 5 #F ah b 2 M 250 1Y
MAAs, [a] it T 4 5180 & B MAAs (258120

1 AR5 7%

1.1 @Rk A

AAIF G 18 IR =k R A St 40 ok A b AR T
N R 28 58, DR AR 1Y B A oK v 0 s Al Ak
RO — R &3 REM UK 3 (Chlamydomonas sp. 1CE-L);
M H AR R 22 (NTES) W 3K 1) SR A b Ay T B 1) 748 o
LR T 223 (Raphidonema nivale Lagerheim, NIES-
2290) Fl 2 B ¥ (Coccomyxa subellipsoidea E.Acton,
NIES-2166).
12 BHRZUV-BiRAE

P A KR B B TR O R M A K R R T
Provasoli /K KE IR, B F ARSI TR D,
IRE 5°C, J5% 40 pmol photons/(m™ s), YEIRJEW] 14 h
J6/10 h W, BEFR RSB, 22 KR
Bigerik: C B3R EE 20°C, JGH#EH 40 pmol
photons/(m® s), JGREJEWI N 10 h /14 h i, FEHEE
X HAE R

UV-B fi lRA B8 2 OCHR 23] M1[24]. E2 0

BEIE NS L SR ST W 7E 3 h N R TR IR, £S5 TS
KR ST, mA&WE UV-B IR K 0.35 W/m?,
SRR 3 h, FEIZSAAE T SRR AR R R 5 Y
TR o B 3R B XTECE KISR0 & 4R, 38
SrIRE Y 0.5 g FIPEEGy, 30 mL $5 3R IR )1
AR EAE 10 em WEEFRILp, 43508 FHEA R
5T (PAR)HI PAR+UV-B (0.35 W/m?) BB 5445 T 4b
B 3 h, UV-B 5 JEiE o S AMR T . SClE R 3
K, F STATISTIC #4552 ey 5 4im aHEA 7 5 N -y 22
ki %6 (One-way ANOVA),
1.3 MAAs #$R

8 000 r/min Z5.0> 5 min WCEEBEIR, ZEIR/K PR 3
o MM 20 mL A3 40 FH Pk 88 75 B % 20 min,
4°CiFRARIL, 8 000 r/min 5.0 5 min B 75K, 45°C
ek %, KR EYIET 10 mL Z5187K . 8 000 r/min
B0 5 min, B EIH B TAR TR E YT 1 mL 2848K,
VEWGE T 0.2 pm JEAR, B F-20CIRAFR .
1.4 MAAs &) LC-MS 427

MAAs F 5 B (3% 0 BT 55 1 S Al 25,
K% 1 330 nm, XDB-C18 ##(5 pm, 4.6 mmx250 mm),
WA Ar 1 mmol/L BSRE+0.1% LR (V/V); B: {4
i 2, WE 0.6 mL/min, M 0 F] 30 min, A HLH
CIEVEBARFIN 5% ] 70%, 30 min £ 40 min £,
EIRBURRFTE 70% . BRI Z 18] 10 min.
WAH LT PE A 1 L2 1

x1 REBERELRSFY

Tab. 1 Conditions for liquid chromatography mobile-
phase elution
S} 1] /min TR A/% s B/%
0 95 5
30 30 70
40 30 70

MAAs Ff 5 19 B35 53 B 254 ESIORSE L mE 25
HLEDIR, ER TR, BAE R 4500 V, Bi% SR
3.10x10° pa, THRIREF 325°C, T4 % 11.0 L/min,
WeiEr R 135V, 4 far Bt Fe w2 100~1000,
1.5 UV-B 3R Ahid T R EERSER

f& 77 A )
PSII fix KOt fk 2% &t 7 &t [Optimal/maximal

photochemical efficiency of PSII in the dark; F\/F,=
(Fu—Fo)/Fu], AT LA PSIT 2 Hr 0 G BERE R A%,

38 TEVERLZE/ 2018 4F /45 42 3% /45 12



e IRkE REPOATS

JoR 38 25 A NS AR I T RS, TR AT]
F FoJF o (BRAF B 28352 2] UV-B s iR

W 35 % 2 B0 K UL = Bl e Ak v I A
20 min Ji7, 7EREAL 4% 23 96 6L (AquaPen-C100,
Photon Systems Instruments)illl % I £¢ & % Y6 S 44
WIRDE G (Fo) i KO i (F), IR RIS
B Fo/F BRI SRIEE TR 0.35 Wm®
[ UV-B R IREAF T IS 3 h, W F, F1F, ER 3
Ko F STATISTIC HA-%F 52 56 B8 14 7 B H 7 )y 22
K % (One-way ANOVA), /N [A] I Ax 7 2 7 Ak 2 i
25 .3 (P<0.05).

2 HEREGHM
2.1 HMEET MAAs 6952

K FH VAR €0 3% - J5 1% B 12 (LC-MS) 0 Hir i 48 5
R ok i TP AL A SR B A MAAs., T4k

F2 ZFERGEDPENE A MAAs

MAAs BRI, LAFE (3 1] 1T i W 8 g 0é
B, ARG T (A3% 7 (Extracted ion chroma-
tography, EIC)>K 45 7E F 4% ' B MAAs.

TE =T R W i b g3 A T 3] 1 AN [ A 2 Y
MAAs(FK 2). TERRUKEE(E 1, 2)rh, &IE] 1 5 Ffh
MAAs: Usujirene/Palythene, Palythenic acid, Palythine,
Mycosporine-glycine, Mycosporine-taurine #1 Gadusol,

Hrh Gadusol HA7E UV-B $& S 4 HL A I 2], W
UV-B f@ 4 FIBEA'S: T Gadusol 94 B (14 2). 7E
frezwa(E 3, ANE T 4 F MAAs: Palythinol/
Mycosporine-2-glycine, Mycosporine-taurine, Prophyra-
334 Fll Mycosporine-glycine, 7EiRERE (K 4)H, [RIEE
K2 T 4 A MAAs: Usujirene/Palythene, Myco-
sporine-taurine, Gadusol #1 Mycosporine-glycine .
Mycosporine-glycine J& iX — F' B % 2% % L A 1
MAAs, 1EHSAIRE WA Hul, RULZF MAAs
TEARSF (B AT RS IZ AR AE 2728,

Tab.2 Summary of MAAs detected in three Antarctic green algae

LES R MR AR IEB T ([M+H]) {4 B 5 [E] (RT)/min

Usujirene/Palythene 285 3.9

Palythenic acid 329 4.2

A VKPR Palythine 245 43
Gadusol 205 14.7

Mycosporine-glycine 246 24.6

Mycosporine-taurine 296 4.4

b 2o Palythinol/Mycosporine-2-glycine 303 13.1
Prophyra-334 347 24.4

Mycosporine-glycine 246 24.9

Usujirene/Palythene 285 3.9

N Mycosporine-taurine 296 4.4
Herki Gadusol 205 14.7
Mycosporine-glycine 246 24.9

2.2 HMEEET MAAs 3t UV-B 38R 6970 &
2 UV-B &MU, Btk UKEE T Usujirene/
Palythene } Palythine 1Y) &% & Ft &, #H/X Palythenic
acid & Mycosporine-glycine A & w4 T, H
Usujirene/Palythene Fll Mycosporine-glycine Y 7 & 7t
o TR UK o At 3 F MAAS(E 5). IE41, UV-B
WAL IS 'S T Gadusol Y=, Rt VK
MAAs St 75 ] 44 42 T Gadusol G U 2
2234 UV-B i AL BLS MAAs SORERE BN
k%, H.r Mycosporine-taurine 7 15 fix = (EIC U4 fj FH

1.41x107), 1fii Palythinol/Mycosporine-2-glycine 15
HH(EIC MR AL 5.42%10%), #F 2294 UV-B filR
b PRJS Mycosporine-glycine 7 . 3 T F#(P<0.01),
IL4h Prophyra-334 i th g K T XF B 4H (P<0.01),
T Palythinol/Mycosporine-2-glycine & Mycosporine-
taurine [ 7 12t YW = 0 BEZH (18] 6).

JRER#EAE UV-B 8 I8 AL BEJS, Mycosporine- gly-
cine [ & & g 3 7 55 (P<0.01), Usujirene/Palythene %
Mycosporine-taurine [ % & 7E UV-B 48 MAb 5 34T
%, Gadusol 5 B fLE . EBREEF MAAs BTt
1= 1Y LR AT & Mycosporine-glycine 25 5 T+ (K 7).
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| ‘ ” 3011 325.1 345 367.0
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ayt €nic acl
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BRI
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o«
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x10* i . i c
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BT IR
(=3
o«

2227

] 386.8
02 127 15|2Ao 13|9A2 | || 2699 23|0.9|30f-9 365.0
1

<10"[+ F14f (RT: 24.613 min) Mycosporine-glycine d

4.0 246.2

140.7 167.1 218.9 269.0 288.3 313.1 353.0 378.5
120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
JBeAis LY (miz)
K1 KB A B MAAs 19 MS &%
Fig. 1 MS spectra of MAAs detected in Chlamydomonas sp. ICE-L

x10" |+ 14 (RT: 14.651 min, PAR) a

2251 216.1
2.001

1.75 314.1

0251 1242 187.8 230224 285.9 330.0
[ 1 I I ! ool 33939
0 I T 1 o Lyl | N

7.
Lol
x10* |+ F14#i (RT: 14.651 min, PAR+UV-B) b

9.2
I 267.2
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216.1
188.1

0.4 20321 Gadusol

111.9 | 2863 3254 401.3
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JFinf L (mlz)

K2 {REISELE 14.6 min B, FIHOKEEAE PAR, PAR+UV-B AR (9 MS Jitik ]
Fig. 2 MS spectra of Chlamydomonas sp. ICE-L under PAR and PAR+UV-B treatments at 14.6 min retention time
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x10°| + #14# (RT: 4.353 min) a
2.51 Mycosporine-taurine

2.0
1.54
1.04

296.0

0.5 1042 323.0

236.1

122.1 1751 1982 "} 261.9285.0) 372.1 3949

x10°[+ ¥4 (RT: 13.106 min) b

Palythinol/mycosporine-2-glycine

71 303.1

—_ N
s

|
x10* |+ F14# (RT: 24.449 min) c
1.2
1.0
0.8

4 252

31 241.1 3387 421.0

355.0

T

139.6
Tt

| M 1l 2|8!7'|2|| Tlﬂgizh |

Prophyra-334
3473

0.64 256.7

0.4
0.2 114.4 134.

363.1
2 1387 60 2174 2410 2912 3253 ’ J‘ 3022
T P e e e T YR M T

x10*| + F1# (RT: 24.913 min) d

4.5 Mycosporine-glycine
4.0 246.3

3.5
3.04
2.5
2.0
1.54

256.9

1143
0.5 BP9 s 2269 | 2682 3010 3470 3332 4149

. |,l., | i T I T YR PRI

100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
A LE (m/z)

Bl 3 gh223E i3] MAAs 19 MS 3%
Fig. 3 MS spectra of MAAs detected in Raphidonema nivale Lagerheim

«10°[+ FIH (RT: 3.935 min) a
104 225.0
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285.0

0.4 141.0 3829
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5
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3
2

02] 1238 JL 2659 L reo
73250 345.1 367.0
| osss oz | § ||

[+ F1# (RT: 4.390 min) b
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x10" [+ F1H# (RT: 14.733 min) c
6
5] 188.0
g 4] 205.2 Gadusol
2
14
146.4 |
x10° |+ ¥4 (RT: 24.913 min) d
14 Mycosporine-glycine
246.2
" 1.2
EIO
% 0.8
6]
041
0.2 1
1568 1808 2178  [2%67 339.1 387.5
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JAar LG (mlz)
P4 ek P AR MAAs (19 MS &%
Fig. 4 MS spectra of MAAs detected in Coccomyxa subellipsoidea E. Acton
. ik FR R P R R, 3 eh o 22 052 T 5 0
=z mm Mycosporine-glycine N
50 - [ ] Gadwsol B FJF FIIRTE 0.61 FEZ 0.14, (ORI
g Lox1U Palythi . b S T2 Fe s
g Pl thonc acid 22.3%. SR, MMV BRERBEN Fo/F,, (5550
#L1.0x107 + i N
g mm Usujirene/palythene Wjﬁﬁﬁ 0.48 ﬂ] 0.74 F%i 0.33 ﬁ] 0.39, /\DIJj?%IJﬁA{E
M 5.0x10° | . N g
§5-0 10 (1 70%F1 52.5%(1& 8), 7 B P Al A5 B R AR AL
i 0 Y =R b R4k
% TR T AT B 05 UV-B e 7, JE g vk o 5
IbEmAAE UV-B IR AE 1 2

K5 PAR FIPAR+UV-B 45 8 AL # 20 Bl 0K 38 TP 45 MAASs
) 1 T £ 0 1 LR

Fig. 5 Sums of various MAA EIC peak areas in Chlamydo-
monas sp. ICE-L under PAR and PAR+UV-B treatments
L Eza
B 30410 N
E\ = Mycosporine-glycine
Mycosporine-taurine
%“' 2.0x107 - - m Palythinol/mycosporine-2
T -alyci
P! glycine
E Lox107 == Prophyra-334
0
= 0 : :
= PAR PAR+UV-B

AbFRAA

Kl 6 PAR Fl PAR+UV-B flAb BT B 22 B b 4 MAAS
PR 2 TR 5 €2 i 0 T ARURT
Fig. 6 Sums of various MAA EIC peak areas in Raphido-

nema nivale Lagerheim under PAR and PAR+UV-B
treatments

2.3 HREE UV-B 88504 TF

RAE
ZEoR AR 0.35 W/m? ) UV-B #8183 h 5, =

REHER

JheEkie

mm Mycosporine-glycine

*E‘é 8.0x107}+ Gadusol

fims . mm Usujirene/palythene
gy 6.0x10°F = mycosporine-taurine
k5 4.0x107}
N
EE 2.0x10"+
= 0 ! —

PAR PAR+UV-B

SbFRIEAT

’l 7 PAR Il PAR+UV-B f Hiib BEA E BR B P 45 MAAS
F18 i 2 (2 3 0 T AR
Fig. 7 Sums of various MAA EIC peak areas in Coccomyxa

subellipsoidea E.Acton under PAR and PAR+UV-B
treatments

3 itk

FE =P e e P AR I 2] T MAAs, {HA[FE
P A ) MAAs IIFFZEHEAAEIE, Hp Myco-
sporine-glycine J&iX =PRItk 2k 3 AT MAAs (B
1,3, 4)., Portwich A Fll Garcia-Pichel FP I 57 F B
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SR 15—
< ekl
g 0.6 W G223
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i .
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|
5 ool .
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Z
& 00 ' !

PAR UV-B PAR UV-B PAR UV-B
WP

K8 sk s R VOCS B F/F, 42 UV-B A BT S
FYAE Ak ; *7R 55 REAH bL i 35 M 2% 7 (P < 0.05)

Fig. 8 Changes in F,/F,, of three Antarctic green algae before

and after UV-B treatment; the asterisk indicates a

significant difference between each treatment and
the control(P<0.05)

Mycosporine-glycine & H fll %k 2% MAAs 1) H {4,
Mycosporine-glycine A ZIEHABIKHE MAAs 1A
A E S A4- (5 a0 Shinorine), bAb, 7E R VKB B
BRI KN R T Gadusol (& 2/ 4), H Rk
7 Gadusol Z7F UV-B {EIRIAES T =4, Gadusol
FEAE T Z Rl e AN A A= Wy v, v 028 1 D 3N
RE PR 4 4 Gadusol
(i, H7E 528 il WA A OCHRIE . Gadusol &
MAAs &I, EIFRIREERhE™=Y 3-
Sl (3-dehydroquinate, DHQ) % 1k #11*, Gadusol
() FH R AR AT B2 e A e N U'V-B 48 5 1T 35 58 MAAs
BRI LER . Ah, Gadusol H A K UFAY 5405 ik Al
PLEALER, Eb)E B Gadusol HAG 2 THUIR 1ML R
R R Y, B A 8 SR 28 K 2 (reductive quenching
reactivity) fifi 15 B A 0 S A B SR Ak B T AR BIL AR B,
Gadusol XJ7K M H o1 3 S LA AL e ) i A5 & &
Fow 0 A O A AN ZETH T AT Re PR B A AR 7 Y TR
R PRBH

Eh 2232 UV-B 1 MAAs B SRR,
Fy/F (HAL K IE TR, H Prophyra-334 J Myco-
sporine-glycine & & & I, W HILHT UV-B i
BRE RS, AIRETEIZAR B AY UV-B B T ¥k
ZITHRAET . IR A I VK 22 UV-B i MAAs
ST, RUIX PR R R S AR B T A 2 A
BT UV-B ra i aE 7, FRATHEN Gadusol Y& 1K
FIER B2 AT B 2 e 1R v T R AR oK o LA R A58 A1 R i
RE T Y i R 22— o P AR e R LD B 3R BT UV-B
MEE T, ATEMZL UV-B B )5, mitkokiE$

Mycosporine-glycine & Palythenic acid {555 | [%,
5 Palythine } Usujirene/Palythene [ &t F i A7 1E
— X R A RS O, R AN ] MAAS [H]
(1) Bl 25 2 Ak AL AT RE 2 R A K e B R A Bt P 1 i
[z —, Palythine il Usujirene/Palythene [ & 1= Ft /5
AT REXT R AR oK B 0 2 A 5 R G SR .

£ UV-B fEBANHT, =FRgHLEEH Myco-
sporine-glycine 7 &AL (Kl 5, 6, 7), XTI HE
JEH T Mycosporine-glycine > Fif 14 5 H A 1k 4%
MAAS M E6 025 . Tnamura E 229515 014
2k MAAs &8 AE(#1UN Shinorine 1 Palythene)
JERN MAAs iR ALy HAB R 9 MAAs, HTEAR
W ANRIE R, X2 MAAs AR A B T K
MAAs Xt S5

4 Zi

ASBIF 5 G I ) P B 0K BE RS A A MAAS:
Usujirene/Palythene . Palythenic acid . Palythine . Myco-
sporine-glycine 1 Gadusol, 7' Gadusol /& UV-B 4&
WO S A2 19 it 22385 Hh 3G DU AP MAAS: Palythinol/
Mycosporine-2-glycine . Mycosporine-taurine ., Prophyra-
334 F1 Mycosporine-glycine . fi Bk ¥ op & 45 U F
MAAs: Usujirene/Palythene . Mycosporine-taurine .
Gadusol £ Mycosporine-glycine, = Fh g % 45 3 1Y
MAAs fZIF AR, If HAE UV-B f& 50 T =Fh
LR B AR MAAs (193 R AVR AR, R W]
RIFEI P RE SR 8 MAAs [FPZEFT MAAs X UV-B
R ST Ry 1 AT P R SR R AR AN, FRATEIK
7 P A 2 T (P A DK S RS BR 6 T R 2 T Gadusol
ROFELE, 1 Gadusol fEH MAAs BI-& AR, BERE
JIG R SR AR A5 A 1 7 1 DK B 5 1Y) e A0 K 9 R 3R e 2
A RAFRPT UV-B FRSTRE J1 o el vk B oA dweoi:
BT EESME ), X ATHERF 4 T AR MAAs [8] 19 )2
%4k, Palythine fil Usujirene/Palythene F & Ft i 1]
REXT R 1 K8 B 52 A1 B i ke 3 B B4 . 72 UV-B
i N ANERZE MAAs BRI EhESEA o EE, R
KA Ry it — PRI s PR [R] MAAs (8] 32
Fe AL X UV-B ik 5w AL i

Bt RMEREERE —BEERARITEHER AR
S ik
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Abstract: The destruction of the ozone layer over Antarctica has led to an increase in UV-B radiation, and Antarc-
tic green algae possess a series of defense mechanisms to cope with this enhanced UV-B radiation, of which
photo-protective mycosporine-like amino acids (MAAs) are one of the most important. In this study, we used three
Antarctic green algae (Chlamydomonas sp. ICE-L, Raphidonema nivale Lagerheim and Coccomyxa subellipsoidea
E.Acton) to investigate the response of MAAs to UV-B radiation. To delineate the qualitative and quantitative fea-
tures of MAAs under UV-B radiation (0.35 W/m?, 3 hours), we used a liquid chromatograph—mass spectrometer
(LC-MS). Mycosporine-glycine is a common MAA among the three Antarctic green algae. The mycosporine- gly-
cine content varies in the three algae under UV-B radiation stress, which indicates species-specific responses of
MAAs to UV-B radiation. The existence of gadusol was detected for the first time in Antarctic green algae (Chla-
mydomonas sp. ICE-L and Coccomyxa subellipsoidea E.Acton). Gadusol is a synthetic MAA precursor, and its ac-
cumulation might contribute to the UV-B radiation resistance in Chlamydomonas sp. ICE-L and Coccomyxa subel-
lipsoidea E.Acton. Dynamic transformation between different MAAs might account for the most significant UV-B
radiation resistance of Chlamydomonas sp. ICE-L. The increased contents of palythine and usujirene/palythene are

likely to play important roles in the UV shielding of Chlamydomonas sp. ICE-L.
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