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PG, A WF 5 A0 R €0 3% — I 35 1k 4%
AR(LC-MSYE L T IAG A T I Y R (JA
MeJA. 12-OPDAFI13-HpOTE)¥ 5 £ 46 I 4 A |
DAl 1 i rh ARP Y B AR O I, BT AN
AT S EZES . IFLLRAUE(Gracilariopsis
lemaneiformis)f¥x 48 3 (Pyropia haitanensis) N ¥
B, WAL 05 B 38 T 4R 1k & P Y & R
b, S B R AL S BT 2 ] A O &
RftZ%

R U E SRS RES

L1 seiamtet, Wi S0

e 255 SR B F A R AT T e 20 T K R A Sk
Mo, IRECRRETFWILL LR, HILH
(Gracilaria asiatica)>% 5 T Wi VL i M I Sk 3% 4 Kk
Hb o S0 I TR RO R AR, DR AR TS
F—20 °CURFEIRAT

FrE i MeJARITA (4 >98%) g A 3 [
Sigma-Aldrich/y &, 12-OPDAFI13-HpOTE(4k
J&>98%)It 1 3 [E] Cayman/A w .

B AR TR €5 1% -SCIEX TripleQuad — 5 PU
FEER B A 25 B BT 155K FH 450053 B 2 48 (Agilent
Technologies’A /), XBridge™ C,¢ff i (150
mmx4.6 mm, 5um, Waters/A ),

*=1

1.2 fREMZKEN

#IA . MelJA. 12-OPDAFI13-HpOTEFF i
Bl R EE 1. 5. 10, 50, 100. 50011 000
ng/mLEY— RN FRIERT , MKIKEALC-MSHHT o
FEARE S ERE3 U, T LN 5 AR S AH O R

S RE B E—BUE &M

SR AH s 45 F . SR HIXBridge™ C g fa i
FE(150 mmx4.6 mm, 5 pum); 3t 8l AH y 100% H i
(A)FI S K B (B) s RMEVEBL AR . 730
minly, AN T70% ETFE100%, 7£1 min
JG, XTRERIT70%, 1A+F4 min; W EHHHBLE30
minJ K30% FFER0, 7E£1 minJg, X [ 73
30%, fR¥F4 min; HFERFS pL, FEIR30 °C, i
#4200 pl/min,

JEE 2 43 )R I ESTIR H 158 2% 1F 1 1 1
AR, WS L 300l o 5 500114 500 V, K
5 241.15 kPa, & FIHIRE450 °C, BIZE R
275.60 kPa, B iN#<275.60 kPa, iR H
PR T aHMA T B R E, FE
JE T3 HT R FH 22 SO S - R A = (MRM) - 47
SR T 2 ) ST o i X RV 1) 5 3 3 Al 9
HILEL

1.3

AT REMRMER TH SIS ERR BT

Tab.1 Characteristic fragment ions obtained from 4 standards in MRM mode

ST o A = JEIE b BEE/(x107° 1)
analytes detection mode transition collision energy
KA JA T 209.21<59.20 32
KA FE MeJA EEF 225.22<151.21 24
12-58 - 1) )& 12-OPDA HEF 291.13<165.21 48
13- AL RRER  13-HpOTE T 309.21<111.20 40

1.4 HmAOIBRIERGE

W e 2= T35 135 KB 3 em /N B,
P75 23R 0 4 mmx4 mmPY B, #0040 )5 1Y e A
BT K E KT, 20 °)CRE 55375 min, 10 min,
30min, 1h, 3h, 6 h, 12h., 24 hfl148 h,
A B R A5 A A i B VR RS RS T 20 °CYKAE
TR

WA FRIBOCREAE bl (B 0.2 g, IR AT J5
A1 mLHEE, WHEIRT1 min, VK710 min,
4 I 2% 40 LA 7% 10 min(6 500 r/min, 15sx2, 15s,
10/MEFR) 5 B T —20 °CYKA#2 12 h; 74 °C.,
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12 000 /minEj.(> 10 min, H W, 57 H5H0.5 mL
HERI), AIFLER, BHREOERSE R
T, PRAFT—20 °CoKAH o 4B i fim A 300 pL H B
B, 12022 umJERE, LC-MSH#Hr. #EEUR+
B A 100 mg/LI BHTHL &AL
1.5 B ERANE

h T E SRR IE A R, S e e
ERES, B6Y0.2 g, $REMm AL B 4R U
FEHL . BRI 34300 pLiy HEE, 53341
TN pg/mLAY IR A AR HER 300 uL, EHLHT, 4

http://www.scxuebao.cn

1)


http://www.scxuebao.cn

786 KorE ¥R

44 %

S A B S 5 D m MmN B AR I
5 i myo 4% T T A 2 2R AW B Rd [
e

[ % (recovery rate, %) = 2

M2 100%
ms3

1.6 BUIEDT

S5 BT A B LA Y (B AR 1E 2% (mean+SD)
R, LISPSS 24.040 T A A7 B R T 2247
H7(One-Way ANOVA), 25 3% ¥ 17 DuncanfX
LI, n=3, P<0.05HEAREELSR,

2 HEiH

21 FEFHEERE

JA. 12-OPDAF113-HpOTEZE 1 & THE X T
HEATE B M, MeJATEIE B T #0475 &
J3Hr. JA. 12-OPDAFI13-HpOTEM #i /> T 5 1
I [M-H]™ m/z43 5% 4 209.21, 291.13/1309.21,
MeJARYHESN 1 B T IE[M+H] m/z4225.22, HLI
Z LB BT AR FTIR & AH iz e b & Wb
T b 1 s ] i 3 S BT R 40

100 0 .
. 8 g0 5920 ]
cc = 44u
% 'g 60 lS(iy m/(z’(;g‘l).}‘O _
= i _-coom| — 1
H‘ ":?s 165.21 m/z 59.20
ﬂp'_{ © 40 L o m/z 165.21
m -2 209.21
z |
0 200 400 600
JFL A b /(m/z)
mass to charge
(a)
o 100 165.21 i
5 - .
< £ 80 C;lOH
«* bl o m/z 291.13
g 60 | 46u .
3 1B N
# 8 40
j’,’}; g I 247.20 /2 347,20
3 2 | 29113 \= e T
8 | m/z 165.21
0 200 400 600
i faf BE/(m/z)
mass to charge
(©

PEHCE B feoi 1) T 5 Fm/z 59.20, 16521, 111.20
151214 TA . 12-OPDA ., 13-HpOTEFIMeJA

Y 0 5 (15T 1)
22 flIEREEATIERE

K EAEVERE T K XTTA . MeJA. 12-OPDA
MI13-HpOTEW W HEAT 20 i /» M o Wil 1% fig
HIE N0~48x107" T, MR T A AR 5
I« T R R 2 R A v ) D A 3 3 A i
wHERE . VERE32x10° IIAR AR RE R, B
24x107" PAMeJ AR He ARl 8 e &, pEFE48x107"
I} 12-OPDAM S AR fE R 1, #E4540x107° TR
13-HpOTERY i fE Al 1 fiE 72 (1€12)

23 BEFHHMRK

WFEXTEE T JUFP 35T, 2Rk HXBridge™
Cigt R Bk AR T, /B ROR KT, £ 58T
WEFRAE A HF, HWIEXTFR, £ B4 B ] (1513).
[ A% 28 THEE/K . ZIE/K . K (70.1%
FIHER) . CIE/K(E0.1% I ER) . B/ /K (7% 10
mmol/LI R EZ) . LM /7K (% 10 mmol/LiY H iR
By, WEEIK(ET0.1%MZK) . SHEIK(E0.1%1

100 . 0 .
80 L 151.21 &\_/\—l o
COOCHQWH

60 | 165\/ m/z225.22

AR F %
relative abundance

-COOCH, | miz 15121
40 L m/z 60.21
20 _60‘|21 225.22
0 200 400 600
JF i H/(m/z)
mass to charge
(b)
100 ¢ 11120 4
o {
\o :é 80 L 194.93 o™ 18u} m/73(]9_gClOOH
= "‘é \ N P COOH
%;(B 60 B o /m/2291.20 96u
; 103u -
?;’ § 40 201 m/:lll.;;] /\mm&-{
o =
== 2 ¢t 309.21
e [
0 200 400 600
Jii A L6/ (m/z)
mass to charge
(d)

E1 mEEZREEXTHMRRFREREXEERCAMITERN ZREEE
() FATIR: (b) FRARR T B (o) 12-F MY = MER: () 13-500d AL TR IR

Fig.1 MS/MS spectrum of four standard materials under electrospray ionization

(a) JA; (b) MelJA; (c) 12-OPDA; (d) 13-HpOTE
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& 2 MOFhirHEmEGESREM L
(@) RFTER: (b) KA FEE; (o) 12-5- WY _IHER: (d) 13-20d E A WKL

Fig. 2 Energy collision curves of 4 standard compounds

(a) JA; (b) MeJA; (c) 12-OPDA; (d) 13-HpOTE

100

AT /%
relative abundance
i
()
=

ﬂ‘ |

0 L L |JI|I‘\1 || |||I:|l L

0 4 8 12 16 20 24 28 32
FJ 18] /min
time

3 MERAMRMER RBEFRE
a KA b KHERFEE: o 12-A-HY B8 d13-2Ud Sk
. R R
Fig. 3 MRM mode chromatograms of standards
a. JA; b. MeJA; c. 12-OPDA; d. 13-HpOTE
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K)SH AR AL T s Al o & B 24 3 sl AH S H
B/ K, W A1 mg/LIJJA . MeJA. 12-OPDA
F113-HpOTEME & brifE il AT AR5 R 4F 115 5 il
N, 4 A& W oe e or e, PR GE 0
JEXTFR . PRI, 356 4% R 2 7K A S i 3 A
(#13),

24 REGEHMK

DL 200 Ry S X 4, 4 Sl i B 7 R
PRI AT T %55

K HIENEE © 7K « R (2 : 11 0.002).
80%MHEE ., ZJE 7K « HFR(80 = 19 : 1)F1100%H
B AFR P EU %, IR R BICR (R2). MR
100% AR Sk 32 IO IS J 2 R 4, Il iR A v
AT DL A I 52K, DRIk FH 100% Y A A 42
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Tab.2  Recoveries of four compounds extracted by different extraction solutions %
IETARE @ K IRERR M K R8O 191 1
oty I K IR 8% WK CEEREO 195 1) g0 iy
(2:1:0.002) acetonitrile . water . formic
compounds . . 80% methanol . 100% methanol
N-propanol : water : HCI acid
HKFM JA 66.28+20.58 82.4143.67 63.04+19.49 97.13+4.36
FHRFEE  MelA 52.12+3.21 119.25+18.26 53.25+7.27 86.52+6.34
12-F- Y % 12-OPDA 68.32+5.34 113.43423.16 82.2548.32 76.35+3.21
13- AL TERRER  13-HpOTE 47.28+3.54 56.23+7.24 71.38+2.39 80.23+2.98

W )

DAH AR SR S IO R, R 54N 1= B2 1 )
(0. 4. 8. 12, 16 h)XK LbE 4R b & W i 1l i
R, R BARB2 WS B R R AR, 4R TR
() [ R AR TE 75% LA b, TATE#197.52%, KA
SR FH 12 W S 4R A6 P i S U 8] (23)

25 HEMNRHEEE—EEERE

A3 SIHE 0. 1~1 000 ng/mL Y TR A A5 HE VA W
Yz AL S A AT A3 M1 o AP AL B W0 bs o A 7E 1
W P2t R AT, HHOCRE(R)IHF0.995 0,
U A T A A o T 2T A (R 4) . XTIV Y 45 W i
%) K6 T B 7 0.04~0.56 ng/mL(S/N=3), & &N
0.13~1.69 ng/mL(S/N=10), 15 B 7 J5 ¥k 46 ) 3 44

& Wi SRR &5 (R 4) .

WG LRI, 4Rk & 9 09 s el
K }81.23%~90.25%, FH X5 i 22 (K T6.00%(n=
6)(#£5). Rz 4 Uy vk B A2 e AR A i vh
AFP AL A e R K

26 REUTERIMUAVNEE

4Pk B WA TR 203 v 1 & i AR AR AR R 22
5o IR IR KD # JAFI13-HpOTE,  12-
OPDAF HAEH AL, (HIZEK P MeIAF B HAEH
W, 1K265.30 ng/g. AR EHILE 4R LG
YIARTT LIRS 2], BT E T A ITARI13-HpOTE R
R, SR TP 12-OPDA 7 i it 5 (#6).

&3 TERBEE T EML &80 B

Tab.3  Recoveries of four compounds extracted by different time %
YE FE T H H
I E IRHEAFTE  extraction time
compounds 0h 4h 8h 12h 16h
KHIE  JA 80.25+4.92 82.26+5.34 86.54+3.73 97.52+3.26 89.45+4.01
RAMR A MelA 57.24+2.45 60.12£10.24 73.24+5.25 85.67+2.12 87.24+5.15
12-5-#8Y) MR 12-OPDA 40.57+4.35 56.23+4.38 67.32+4.26 77.67+3.22 67.24+4.17
13-Z0 A4 WRRER  13-HpOTE 60.35+7.21 67.23+5.34 75.89+5.19 83.67+2.68 75.2743.15
T4 MHAHHCEMNEMESTE. RNRFEZR
Tab.4 Calibration curves for four compounds and their LODs and LOQs
R T VT ST R
RAEY LTI (R /(ng/mL) /(ng/mL)(S/N=3) zgv=1 0 Uik 0L SN ’
compounds linear equation correlation  linear minimum detection . intraday daytime . ...
. .. limit of .. .. inhibition
coefficient  range limit ... _ precision precision
quantitation rate
RHIFE  JA y=(1.83e+004)x—1.81e+003  0.9964 0.1~1 000 0.17 0.52 2.51 433 4.81
IR MeJA y=(2.56e+004)x—4.25¢+003  0.9968  0.1~1 000 0.56 1.69 3.22 5.12 1.63
125109 —J%BE  12-OPDA 1=(3.47¢+004)x—8.88¢+003  0.996 6 0.1~1 000 0.04 0.13 4.65 6.71 3.67
13-Z0d FACTERRER  13-HpOTE y=(3.48e¢+004)x—8.40e+003  0.9959  0.1~1 000 0.05 0.15 1.82 3.26 2.15
e BT IRETIAL: N BT IR T K B (ng/mL)
Notes: y is the peak area of the analyte; x is the mass concentration of the analyte (ng/mL)
http://www.scxuebao.cn HHE K= %4 E 75 sponsored by China Society of Fisheries
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Tab.5  Recoveries of four compounds n=6
wEw P& &g JE R FE/(g/mL) /% FHRBRAE IR 22 /%
compounds content concentration recovery relative standard deviation
FHME  JA 0.1 1 90.25+3.25 3.60
KA FE MelA 0.1 1 81.2343.89 4.79
12-5-%) —J&12  12-OPDA 0.1 1 85.45+4.89 5.72
13-E AAL W RE  13-HpOTE 0.1 1 89.24+4.23 4.74
Fx6 —MABOEFIMULENHNESE
Tab.6  Contents of four compounds in three species of red algae ng/g

& & ®  compound content

13- S AL T RER

red algae IRFIR HFIRE 12-5A- ) IR
JA MeJA 12-OPDA 13-HpOTE
BB G. lemaneiformis 1.26+0.23 2.96+0.43 7.34x1.23 8.77+2.32
JZ4E3E P, haitanensis 265.30+12.5 0.109+0.02
HIT#E G asiatica 3214043 3.19+1.21 6.89+0.89 2321321
2.7 LUEMNAEIRGRNORFARERIERE BEiK, 10 minif 8 i 2 % M4 1 8.55%
S8 B S L (P<0.001), MeJ AN i 0 {E 1)t BLEIR , 7E30
) R minfif H B RN . T L, 4% 4 I 40 BE AR AR M
3 I 0SS T G 4B 9 R O 57 1L N - S
B EFS . e AURERI Ja, L oo DR,
] Al 7N 2 5 7 1 537 AN in} s e
g = 7t o AR M 32 25 52 e W7 AT AR 405 1) A8 4k 5 e 20 S A

12-OPDAFI13-HpOTERY & ¥4 5 Bl e 7
Ja I (K 4-a), BMeJASL, HoAl 350 47 5 4B
7510 minfif H B R N . Hodr, 13-HpOTERY I
MAE B, SXTHRAML, 765 minbf 30 &=
2.65M%(P<0.01), 10 minff F} i £4.036%, 5%
(35.21+2.11)ng/g(P<0.001), JATEJHHif

MelJA .

—=—JA
—a— MeJA

4 12-OPDA
—y— 13-HpOTE

T —
JL\“\

&b
& &
= QO
= =
i S
4
\i“-.k__ —:i
510 30 60 180 360 720 1440 2880
H‘Jllﬂ/mln
time
(@)
B4 435

FF 147 W 7

T E/(ng/g)

content

AR X (K14-b) o 13-HpOTETE i 13 & v f £
WA R R, HIAMEIWBE BT, IF
Bifi Bf (] ZE S, AE 1 hAf 3k 2] e KW R, . 12-OPDA
BRI, MEELH EAHRSE, 30

minf 35 F B (E . 1 MeJ AR Ui iy Fsf [ 378 376 G T
RIS, 24 hoA™ H B R A
1600 ¢ e )
1400 et/ 1 0.40
1200 l —i— 12-OPDA ,r )
1000 | N /N 1035
600 | A\ /Jf Y 1030
I [ I DR
42‘8(0) S [\ 1025 3
40 T / Y | o020 £8
! N . = =
30 ¢ ! I/ ,H\ {o1s = 8
Lo e \ A5 4
20 %/ I \f"'---i---:—l'\-f‘ 0.10
0}/ N
1 0.05
ov— . . . . . . . .
5 10 30 60 180 360 720 1440 2880
i 18] /min
time
(b)

52 Ml [ AL 549 B B9 D BR 4K

Fig. 4 Changes of compounds of red algae in response to mechanical damage

(a) G. lemaneiformis; (b) P. haitanensis
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3 iR

Y RIAR A BGE R AEF I, X T
JUAHH Y R R i 2 45 fie i, WiR A LC-
MSa GC-MS% 5 ik K M JA . MeJAE, 13-HpOTE
SEUOT 213 v R ARG I B A R B i R B A AR
Y, HJEXE T 1 A7 A R F1 BR N HoA5 A G
SRR AAFAE T &E, o Mikami %5 e 21 i P S A
R B TA, A kI A YA R AE G g
. X35 A5 T LC-MSTN 8 R 7 i 5 rp A A )
MR, KIIARTER b g 2], i
f1 2 (Mlua lactuca). FWi3E (Sargassum
fusiforme) FHEH7 (Saccharina japonica)5s ; 1E M X
32 (Chondrus ocellatus) 137 58 323X 2Fh £1 i rh 1 %
AR R, LB R A S TR R JARE G
B HGEAR ARIESR Y, L0 2 0 U A
W, JAMOCH B2 A B8 4k, e & iR R & 3k
Jiria wE, e SR IAS AR RIZL, A BT
R AR EE X IR S e 2 B,
IREFEREH KEMIMIAY, M7 12 )5-3-B
(1-octen-3-ol) B4, MeJAZ: & 2 ma "™, JAR
MIELL BN S 5PN ? 24 M1k, FXfer
BRI &G BGERIASCY BRJA, MelA, 12-
OPDAFII13-HpOTE) M iF 5% it LK .

R, ABFge ekt 7RI R, ik TLC-
MK JLAP 9 BT A I J7 ik, B IR SEBE T 4%
JAS W& AR SC W 5T ) [e) 250 5, 4RA5 TR
100% FH e 4 12 hiw i fb 5 ik, 7RIz AL 25 1F
T, JA. MeJA. 12-OPDAFI13-HpOTEiX 4Ff 1k
SYAERRE T RIS, JF A BRI R
BORE S T LA T Y O kR g i A AR A S R
FGC-MSI & , si# SIS, 522 [ AH il A2
BOPBE, XIS, A . R ¥
e FIHIZ SRR, A e R A B VLS s
MB] T X ARG P AFAE s (BAEIR 5230 h A0k
HEZBIAMI13-HpOTE, R 7] g K H & BAK
TR, X 55X FAH IS R — 2 O
H, #2534 12-OPDARY & i AR H A%, iz ik
TH AR, (HIE IR 5P Me AR & AR H
W, JETI AR BB RCE A RN P 3 s
JAG IR AR I 4T OCHE ) S 7 Je 505 Fl L VL v
HRREFR A, UL 2FPEE I IAS s AR AT e S
T AL Widn S A Bk T H iy 2Ry ot
H T AE ) T TA ) & B A2 02 DA R R oA 5t
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(), T 2 5850 v 0 SRR R 75 FE AR AR, P RE 3
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Key compounds in the synthesis pathway of jasmonic acid in
several economic red algae

WANG Siqi, CHEN Juanjuan, YANGRui, LUO Qijun,
WU Wei, CUI Xiaoshan, CHEN Haimin "

(Key Laboratory of Marine Biotechnology in Zhejiang Province, School of Marine Science,
Ningbo University, Ningbo 315211, China)

Abstract: This study was designed to research the key compounds of jasmonic acid synthesis pathway in several
economic red algae. A liquid chromatography-mass spectrometry (LC-MS) was used to establish the detection
method of compounds involved in the biosynthetic pathway of jasmonic acid, and the changes of these compounds
were detected in Gracilariopsis lemaneiformis and Pyropia haitanensis when they were subjected to mechanical
damage. Jasmonic acid (JA), methyl jasmonate (MeJA), 12-oxy-phytodienoic acid (12-OPDA) and 13-
hydroperoxylinolenic acid (13-HpOTE) were extracted with 100% methanol, and the four compounds were
separated by XBridge™ C,4 chromatographic column with methanol/water as mobile phase. The results showed
that the four compounds could be separated well under optimal conditions. The recoveries of the four compounds
were 81.23%-90.25%, and the detection limits of the method were between 0.04 and 0.56 ng/mL, indicating that
the high sensitivity of this method. These four compounds in G. lemaneiformis, P. haitanensis and Gracilaria
asiatica were analyzed. In addition to no JA and 13-HpOTE detected in P. haitanensis, four compounds were
detected in the other two species of red algae. The content changes of these compounds in G. lemaneiformis under
mechanical damage stress were analyzed, and it was found that when the alga was stressed, the contents of them
were accumulated within a short time, and the responses of them were rapid. After P. haitanensis was
mechanically damaged, JA production was detected, but the response rates of these compounds were slower than
G. lemaneiformis. These results suggest that some red algae may have a similar pathway of jasmonic acid synthesis

to that of plants, and also may participate in the stress response to mechanical injury.
Key words: red algae; jasmonic acid biosynthesis pathway; mechanical damage; stress response; LC-MS
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