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Abstract

Aims The study aims at understanding the effects of feed intake and trample damage on the phenolic acid for-
mation and antioxidant enzyme activities in Artemisia frigida, and elucidating the adaptive mechanisms in A. fri-
gida to grazing in secondary metabolites and their related enzyme activities.

Methods We analyzed the phenolic acid content and the activities of polyphenol oxidase (PPO), phenylalanine
ammonia-lyase (PAL) and protective enzymes in leaves and roots in A. frigida under three levels (light, moderate,
and heavy) of manipulative grazing condition. The measurements of the 9 phenolic acid contents started after 6 h
of the mechanical damage of the plants by using the high performance liquid chromatography (HPLC), and the
enzyme activities in leaves and roots were measured by a spectrophotometry method.

Important findings The light damage treatment induced productions of PPO, PAL and significantly (p < 0.05)
increased antioxidant enzyme activities in the leaves and roots of A. frigida. The contents of PPO, PAL and anti-
oxidant enzymes increased with increasing intensity of mechanical damage. Compared to the control, the content
of free caffeic, syringic, ferulic and cinnamic acid in the leaves A. frigida were significantly elevated (p < 0.05) by
150.4%, 93.5%, 154.4% and 121.7%, respectively. They were significantly (p < 0.05) positively correlated with
PAL activity in the moderate damage treatment. The content of free chlorogenic acid and catechol decreased by
91.1%, and 69.3%, respectively, compared with the control they had a negative correlation with PPO activity in
the heavy damage treatment. The contents of gallic and protocatechuic acids increased (p < 0.05) by 280.6% and
215.7%, respectively, in the heavy damage treatment. With increasing intensity of mechanical damage, the content
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of 9 free phenolic acids significantly increased in roots but the increasing range was less than the one in leaves.
Mechanical damage induced an increasing trend in the total amount of free and bounded phenolic acids in the
leaves but a decreasing trend in the total amount of bounded phenolic acids in the roots of A. frigida. The results
indicated that mechanical damage could firstly induce an increase of antioxidant enzymes and key enzymes in
phenolic metabolism in A. frigida, leading to the accumulation of antioxidant substances of phenolic acids, further
regulate the biosynthesis of lignins, quinones and tannins, and then enhance the resistance to mechanical damage
and improved the tolerance of A. frigida to grazing.

Key words Artemisia frigida; mechanical damage; phenolic acid; antioxidant enzyme; phenylpropanoid path-
way
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PP B AR AR R
BVER, HUbksi f sish P g #2175 SR N
FEAE KR B 1) )5 (Kessler & Baldwin, 2002; van
Poecke & Dicke, 2004). fE4) 18 i R A AR i 45 7= A=
KEFEREAHAAEYI(VOCS). MR, T EFHE
AL BT, SIS I B A e 7T, XA S
A H R N (Agrawal, 2001). R EREAEIA N2
AT — R AR =, HasE g, MREZ,
HEEMRS 5REZAESRE, tdl. HEE
BHEE . TERORBTE . IS S A B 2R 07 1 ) S B 5
(Brandolini et al., 2013), 454 &A1E AR  BYR
A N IS R A e BRI A A i — R
ViR, B2 50D N (Matkowski, 2006).
Z Wy AL B (PPO)FIZR N PR 2 A & i (PAL) =& K A
P BRACENE AR AN B SO, EER IR
AP A= B DI IV N 1R 92 58 PSS T
PALFIPPOYE 1H: ()42 i 2 175 5 B A0 Jo 7= A R o
77 #0677 ) B LA B (Winkel -Shirley, 1999; Latha et
al., 2009). i#ZHIFLRY], Y2 BBh VIR
TG, BRUSIE Y 00T N, 55 4 N PAL AN
PPOE 1 i 2% 71 =5 (Chaman et al., 2003; Koussev-
itzky et al., 2004), & HFF R ZE1LE4(Gogoi et
al., 2001; HHHEIESE, 2009; fEEHSE, 2010). H AL
V)AL B (SOD) i L ¥ il (POD) Al % 1k & g
(CAT) 2 AEY A A 3= B B el H Bl AT M 8T BR 7,
Z 5K 0518 B (Sharma et al., 2012). H |, HLK
P57 FHED G TRAR RPN IS T 7 2 IR T
o By, R, MK R, M BRI R 2
— MR SRR, MNARELR ALK
W TR, AR R 20X A 3 5, 8o Y
AR A B, SERE PR ) (E R BAE,
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2005; Puthoff & Smigocki, 2007).

i (Artemisia frigida) A% L 8 2 442 /N2
VER, Tz 00 A0 T N 5 B M S B B R AT, A
FRBEVR I R B RER . EIES 2R UL
TR IR Y LA 8 B BRI (F
JE4E, 1996; VEFF4E, 2001). VTAESR, XA E
T BN E R R S5 MR E (BT 5, 2011, X
AE B Vs, 2014) & TR A (CRIERERSE, 2014).
HIBAE H (5K T &, 2010; Ao BT 4, 2010)BA R4
R R K & R B 52 (Zhang et al., 2014)%5 5
[, {H2 0T S B AL DL Iy R A0 A P AR s
X TBCHCAR A P e SEATL ) 6 DL ARE o AHIE 7 LAYA A
ISR, BT T AN (] 5 FEE A LA £ 0T ¥4 185 s v A
R RO B AL &AM IR & ' rsm, LUK
KRB RRAC I 12 B (PPO. PAL) FIFT % L (SOD.
PODFICAT) & PE A4k, 48 7= ¥4 v R 1 f
F 40 I R G RO 0 S A T 1 A 8 e 9 2 ML
CL VA i PO LA AR A3 (103 BT 3 (RN i i &
HFIH . B HIRE . FHAY 2 AR DL
AR A IR LS %

1 #rRFnEE

1.1 R

IR HEHA R B N E G B8 XSGR &
BN S KA A S, A
44.17° N, 116.48° E, #1160 m. 4N
04 C, A HAA)FHRIE-223 C, mHMH®T
H)FE#518.8 'C, = 0 CAHEMIE A2410 C,
= 10 CAR AN1597.9 C, LFEMOLK, HEH
WK NS0 R e 47 4E B /K 7 4365.6 mm,
T6-9H, HAEFEMKERB%NAF . T NTL
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+ o AW ST X I 3 R E Y N SE BE (Leymus
chinensis). k& ¥ % (Cleistogenes squarrosa). v, [
%3 (Stipa sareptana var. krylovii). k4t 3 (Stipa
grandis). [ X (Saposhnikovia divaricata). & . i
KA (Thalictrum  petaloideum). B /R Z& % 1 18
(Heterop- appus altaicus)%s.
1.2 #ei4tE

201446 H A A7 KA 42 BUAE K AgH: 194 &
TR, FEMRS20 em, FRAE T B R R e
(E1£18 cm, 1520 cm)H, FFALIM, & A10-15/)
o BRRMEME TR R E S, B,
FHXHRE (30 + 2)%, ARSIEERS5 £ 2) C, W
Rim(20 £ 2) Co fEHMRAEK20K G TR A3 .
EHOR R — 8 AR R, o REFAE 2048, B
By A, CLBY 4540 (B /NS R /3K B ) ATk
277 R OH F /M B34k, K/t HE88) A
AU 7 0 V8 TS B R B AN BRI, R v AL
VAR 5 N B, 3K 2 AP A, 4b
PRURB SN RIS, MU B e i, B4
SRAEAFES T, REALNMALESE . A6 hf5 o
IPRE VR AR R AT R, AR BT
-80 ‘CARILUKH N RAT -
1.3 EAEIRENAIE ENE

iy i 2 B 2 2% Brandolini < (2013) /1) 5 72: - i 1
B TR RRIEE: HERIRRIL offdh, S ok
K, JIAN10 mLIZBGR(HEE. B, KRRy
7:7:6), ANELLAREHHZE20 min, 10 000 x g&.0210
min (8 °C), WafE LG, UivE FH FAE ik E E 1R
2R, & FF BB FIEWT35 CHEAWY R KL
10 mL, #RJE A4 mol-L™ NaOH 10 mL, 7£ % i Al
BB AET M4 h, FFH6 mol-L™ HCIifpH
{H%1.5-2.0, JNIA20 mLZLFR ZFEREIBIR. LR 4
s AH S B T ek R R A K, . 30 CHA
WA T, HEsai R e A 22 mL, 331
Bg o WE I 2 HUSLIENR(0.45 pm)id JE .

SEE TR PRI 7E T 55 My R 2 T vE M) i
4 mol-L™" NaOH 10 mL, 7EZ BB HE T
Wfi4 h, FiH6 mol-L™ HCIiApHI{E £1.5-2.0, A
20 MLZFR B8R 3IR « L BR L BsAHTEEN) A i T
IKERBRENIK, €. 30 CEZTRSG 2T, Atk
A ERE2 mL, HEEEHmR. WERN 2441
TFLIEMEE(0.45 um)id 38, BT A TR BT A2 45 75 B .

MY IR 5 8 (I K T ACQUITY ™ i 2 A
a4 (Waters, Milford, USA)IEByig & & . (il
FENACQUITY UPLC BEH Cygft(1.7 pm, 1.0 mm x
100 mm), FEEAER, HH R RES] (PDA) K
&, R K280 nm, HEAEREL pl. WBIAHE: AR
0.5%Z. 1%, BN ZHE, #iiE0.1 mL-min™. SEHRAM
B ER SN2 0 min, 95%; 10 min, 90%; 12 min, 85%;
15 min, 80%; 18 min, 77%; 22 min, 30%; 28 min,
95%.
7y PR A 5 T A1) B A v i 2 1) 52 O Y R B AR
BETER. LR, SRER. 482K @ i
MERR . TR &SRR, FIELR. WEERRIYIE B
SigmaA & o 43 AR EUE BR bR AEAE fhl mg, F €kl
HE 5 225 mLECRR I BRVE A Ar e BRR (M2 54,
2010). KB FREL0MS . 2065, 50f%. 100f%.
20015, BCR— RPN ETREARFE, MG FR AR
RS AF EFE, 15 BIbRAER R OIS B AE R, bRpE
BRI o SRJE LS P T R Ve 1 AR D AL R,
M RV FE Ryt AR B AT Bt IR, 4533 [ 7 R
WEE TR JFLRIR. SRIERE . A58 .
MNMERR . TR WA EER. FIEERR. WEERRIIAH
K 2K 9°40.993 3, 0.989 4. 0.987 4. 0.994 7.
0.993 4. 0.992 1. 0.987 2. 0.992 6. 0.986 2, #*Hf
Fo 47 06 T AR R B 2 T) B A I I 3 4 MR A O O
Fo NRHRRY B ARV ity (1) DR B B[] 22 L1280 nmf) 4%
AR ST B S A ot P R 1, FH Waters (23 T
PRSI € 2EFE Ja, A4 A b il Ze TH S I R 1) 7% &=
(ng-g ) .

14 EEi%RE

PALFIPPOREFEI: FREN0.2 g/ VRFEM, N5
mLFBER 223 (100 mmol-L™, pH 8.0) vk &1t R
JEA5]9, 1E10 000 x g5.0220 min (4 C), LiEW
FF-PPOTE 1 FIPALE P 5E

SOD. PODAMICATHEgEHZE: FREN0.2 gi¥ ¥4 FF
SRR B, s mLBERR 2% v (50 mmol L7
pH 7.8)2]%, 10 000 x g&5.0»10 min (4 C). Li&M
F11-SOD. PODFNCAT & 14 & A1 2 11 ot &5 & o
1.5 BEEMENE

PPOE Ml & 2% TanfilHarris (1995) %) J5 ¥
AR EL . 7£2.9 mLJ B3 (0.05 mol- L B 2% v
pH 7.4, £0.02 mol-L ™48 % — ) rh i A 100 pLiEH
B, TR21)5T420 nmARIlE2 min Py IR B AE
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A LARE S B  BEAE A2 400,015 7= LA BHE 77 5
A, PPOEH I FHU-g ™ Pro-min™ %75 .

PALJE 1 ¥l 52 2= 2% Jiang Al Joyce (2003) 1) J5 7%
FFMEEETL. #£2.9 mLR B (0.1 mol- L iR 22
WipH 8.0, %3 mmol-L™" L-2E & 8R) A 100 pL
B, TR2)JE 1290 nmibh e o FEAE AR 1k, [H)
FEZAET, KA —43 mLie vk R7E30 C IR
hJg F290 nmill 5& W% FE A . PALYE PEFH U-g™
Pro-min™ 5.

SOD i P4l 52 2 i Giannopolitis fIRies (1977)
) J7 % ; CAT F1POD i 4 | 5& 2 I Fu #1 Huang
(2001) 1 77 ¥
16 ZEARSENE

ATV R 5 &l E 2 B Bradford (1976) 1)
Jiikis
1.7 BRI

JIr A E s 3 N5 IR E S P S E bR R 2 . F
FOrigin 8Ht4T it /- AT AIPEE, Seit 72k F B
K& 07 2 0 Mt AT R 3%, IF k47 Fisher LSDZ H L
#(p < 0.05).

2 HERMOR

2.1 HWIRAXHS SRR & 87
BREENUMRAA AL B B R IS, IR B TR
AR LR &R BN, SIERMARK & E
B N (p < 0.05), 1HAZ LTS R & &5 0 AT
H 2 F AR (p > 0.05) (K1), A IZA U572
SR B R & B ARA RS R . R R
P B TR AR LR W] LUE B T, A2 i Ui e
BV, B 500 B R e, BT IR AN L
BRI, ANWTRR R, HE R A A B LR R 43 )
4107 280.6%H1215.7% (p < 0.05), ik FUE(H; HP
I TR B Iy IR 7 5 B BT 3% 1) PR 8] 7240, Re X hn ke )
Y MBE (P BRSE, NMERR . TR FUERER A AR
O BB U I IR T RGN, b R A AL B LG R
43I0 7 150.4%. 93.5%. 154.4%F1121.7% (p <
0.05), Bl J&5 & & T FE; 4% IR R A1 AT 28 — 1 Al LA
PPO%UML il S, B8 JB2 451 1 A 3 LE o R 43 il T B T
91.1%77169.3% (p < 0.05), F& =i 1 1 (1 N5
MR FE, BE A B DI SR & =, b
BRI, HABEANWIG I, o R A
Eb X6 8 43 531148 i1 T 61.4%1166.5%, & E N, i
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B e AT B AR AL BE LA B T S M.
MEEETIRKE, 5 BEAU AR A b BV T A v
G, WETFIR. FEILKRER. SRR, WR. T#&F
B XA G PBRER AN S5 A AR & B TR,
HExTHRAE M Z R I9A B3 (p > 0.05), Ui
X 4 MR S ERA B E S RE. ME
BUBRA 1 56 B 38, 2% FR IR 28 o 1 JiL ) L3S R R 4% S
Qe B E N, AR A B L R A B T
57.2%F111.5%; 2K P R B o R0 7 2 R AN BT 2R iR
FENINEE, AR S O R4 A T
32.0%M134.2%. MELEAEMHIRE, T EEAE S
45 5 Ty IR B oo HE 3 0 39 0 T 26.8% 41118.6% (p <
0.05), B H FE AN EE BE 4 Ab B L2 0A B T 15 T
B Z5RRM, BB i B R4 S R AT
HUMAS 1 i o7 S R B R, e B b S R A 5
FEYIAER, H R EE R 447 A B LT S
A B AN R R FE N A B S, R &R
OFfJife B8 R 7 | R A 0 AR (3K 2) . R FE ML AR
Paib B, HR & P By R o B R N R LA
B DNHERR . XA GER. WEER LGSR, BEE 5
Pattrhnag, AR R ORI SR & E AR E I, F
il AR AT, My IR E RO HE Y 38 in80% A |,
JOH R LR &GN 7 6.24%; MamiRS &,
RS R R A L R4 S 3G T 161.3% A
195.3%. ViU FENUARR 15 A0 VIR ) T 15 5
{8, ARSI 2 R RGE, M FE S50
FE TR R SR & & 3 = TR .
ERAS, MBHLEEESTHFR. NEHELR.
o] 51 T RN T g v T B, LA 6 AR R = I
TR, RPRARTAERELE EERMIER. WA
W25 A AT R 2 B BE A WU 1 B R b, BREE
R B R R B TR SIER. AR .
XA TR AR IR . AR R R R
35.6%—76.1%, & 25K TR, 100 BH 5 B 4 405 Ak B
CARBERESRE. RATLEEEMRS RN
A, R g A SRR S R .
2.2 WIS EPPORMPALSE M AYEME
PALZ RN KR R E L, =5
FR AU 22 A A B, Bk PP AN
BUBRAS 477 74 5 AR N PALYE AR AL DL L. B2
FVEE AL EE, R P ALYE P B B 20 i T T 2.88
5. 3.8817f14.921%( p < 0.05), KW L4115 Ab BB
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Fig. 1 Effect of mechanical damage on the activity of
phenylalanine ammonia-lyase (PAL) in Artemisia frigid (mean
+ SE, n = 5). Different uppercase letters indicate significant
differences of leaves and different lowercase letters denote
statistically significant differences of roots from Artemisia fri-
gida (p < 0.05, according to LSD test). ", p < 0.05; ™, p < 0.01;
ns, non-significant. CK, control; LD, light damaging; MD,
moderate damaging; HD, heavy damaging.

M, DRI BIE T RAE, WO T PALYE T,
fd RN, AR RPALIEYEE R R, 4
RGN, R R A eIk BIAR RPALE M
FEFRBME . RARHPALIE R T &, ikt
B, A PALYE PEIE N EL AR R IRGE, R
I e PAL Y P S5 30 J8 i R TR, 17 AR R R e R R
D% o WUBEAR A7 RE 8 (L A o 1 R P 65 o

PPO R A1 2 S A BRSSP o, By 1
BRI Ge . EI20RR T AN RIS R 6 VA ¥ 44 P PPOYE
eI . B, A E AL, AP PPOYE
P L IR 20 3 T 1 41.7%. 103.7%411197.8% (p <
0.05), T 4R FPPOYE 1443 7l Ft 5 17.0% . 99.3% Al
163.9%, R EH LA ER Y, CAEIEA
BN FEME, BUEH AR R HPPO, A HE MR
B, S AHE R PPOIE I E TR R, HZE RN
0%, RBMPPOAMIMFRIIRE I TR R, TEM&
BRI & TR, W 7 R Ry 6e
2.3 MR xHL S E HEE MRS

B 5 LA 1 58 B2 (1) 35 i, SOD. CATHIPOD
TG R SR (KI3), FREE . bR R E R A A B,
K - SOD T 4 Lb kot HE 43 7 4 n 1 1.96 4% . 2.364% Al
4.98f%(p < 0.05); HEEFIEFEH, R R SODIE
P Eb X R 23 i 38 7 68.3%A1147.2% (p < 0.05)
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Fig. 2 Effect of mechanical damage on the activity of poly-
phenol oxidase (PPO) in Artemisia frigid (mean + SE, n = 5).
Different uppercase letters indicate significant differences of
leaves and different lowercase letters denote statistically sig-
nificant differences of roots from Artemisia frigida (p < 0.05,
according to LSD test). , p < 0.05 ™, p < 0.01; ns,
non-significant. CK, control; LD, light damaging; MD, moder-
ate damaging; HD, heavy damaging.
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fH. SAFEAFE I SODENERE & TR R, R
It SOD ¥ M X HLA AR £ 1) e B B 2 v TAR R, Y B
O, IIfE S1 1R .

WAV FERR G )5, B AR R CATIE P 554
FEAF LU V2 25 3 5 (1 3B), s i A ELxof R 23 il 38 o 17
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763.7%#1173.3% (p < 0.05), 2 H rf BE 45475 &b R R
WL AL, HHCATIEME S THLAR, Koy
FrHL0.88 1 TR &R .

B, R ERMEEAESE, i PODYE 4
SELXF IR T 1.624% . 2.514%M13.18f%(p < 0.05);
MR 220 ) Eb X R B n1.224% . 2.1545% A12.401% (p <
0.05) (KI3C), KR EM A AW IERIFE R
B, Hr A PODIE M TR R . 1B PODE
PEXT HLBRAR A e B e T AR R, A R B8 s 2L
HbLYH a4 3 4 L P 22 AR FTHL 0,6

B2, MM RE 8 5 54 B Rk I SOD. CAT
FPODIE L2 i, 3PP EBG i FI/E A, LA
FIERIE AR B, PALIETER E TS, BE K
BWMIRE R, PPOTEMET &, 55 KEBRIEY
i, BEMAHRE J7; T PALFIPPOYE P i AL 451
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Fig. 3 Effect of mechanical damage on activity of antioxidant
enzyme in Artemisia frigid (mean = SE, n = 5). Different up-
percase letters indicate significant differences of leaves and
different lowercase letters denote statistically significant dif-
ferences of roots from Artemisia frigida (p < 0.05, according to
LSD test). *, p < 0.05; ™, p < 0.01; ns, non-significant. CK,
control; LD, light damaging; MD, moderate damaging; HD,
heavy damaging.

150155 S4E H LB #1455 (SOD . CATHIPOD)#UE, 7
U155 5 T PALAIPPOTE 11 45 e (R e R e K.
B B AR e 77 8RB TR &R
24 AERRNEBERSES5EEMHMBEXR M
ik — A A I R ER AR RN B S L
PR3 50 P 5% &R, WFORH I R A B I R & = 5
PPO. PALVEVEIAIEAT A 4. HHER3WT L, #
A AR E TR JFLAER. Byl s & AR 2L
i WMMERR . PRVEERR & 5 5 PALER IS A3 W 5 3% 1E
FHORANG  IEAH G OC R, R WIPALBEIE 38 hn, {2
X LA AR, SRS ER R, PALEEA

ST, SRR AL IR & B 5 PPOR’SIE I &
W2 25 AR 920 2R, 2% W PPOREIE 14 A 18 A2 i3k 4
JER BN A1 2R — Wy 3 AL BB S A 5T, PPOA ¥ 3 DT iR
Ko e SR LA TR . PR AR R IR . AR —
M. FIERRER . STHEIR. THEK. MRLAELPAL
s VR A 3 IEAH OGN IEAR DG R R, R PALEGTE
PERIIG M, (REX PG MR G, FEEE
R, PALBEA DTk, ZRIATR . QUK I IR & SR
5 PPORE I I £ . & IEAH R K &R, WH TR 5PPO
MIPALEGEME R AR R . MRATTLUR H, A
MRS AR LR ER AN TR ol 200 R Ty R
i 5 PAL PG & 14 2 0 50 35 1E AH DG AR 3 TR A O ok
&, UNHERR . TAEMR. WEER. WHER 5PALEY
WMEE B R R, R WIPALRE VG P 13 e 3k ix
JIMmRR &, SHEHEERER, PALEEE L
ik, R TR BRI, SER. R H.
WA G BTERIR . PRI A M R et 5 PPO RS
PEEREE IEAKKR, T HRS5PPONE 2
FHIEMKR KR, RWX LA R & &3, 4
WRR . 455 SHITREER 5 PALFIPPOTE M S 4 5
FZHHHRMEZE AR KR, R UM R 3T
TR, SRR,
3 iR

TEICE K I B AR Btk Ab 5 PR A AR
IR R TR BTEALE], DA SE N A A B
AR, WA TERS . 28R RTZH S 4 R 1 97 i (B A 3
B ) LA S 3 3k 358 0 W S 40 Jo 5 6 AR B Il v 12 7
A S AR (B AL 22 B ) o P TR 2 AR A 25 BT
() E B AR o, LR B IO A J
R G35 m] LA SR NI BRI & R, B4 a4 1)
Pt 14 (Dixon & Paiva, 1995; Dicke et al., 2003;
Kestring et al., 2009). 14 A BA BEAE H K5
RMEEZ ., SES R, EHTAWAR. %
(Larix gmelinii)&FmH7ENLARR A7 5, 7T LLIS S 2K H
TR MHERR . KO BHR. TERMEE TR
& B I i (Campos-Vargas & Saltveit, 2002; ]
HOMESE 2009; TS, 2010). (EAHFFULE R,
AER UG S, BRENEESEE TR,
JRJLAER . WIHERR . T &R PSR &85 L
IR W GRR. RS B hn, Ui L
PR IR AT R A V4 8 A - 1R B [ AR 5
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R3S AHA B & SRS TR WA b

Table 3 Correlation analysis between the content of phenolic acids and related enzyme activities in the leaves of Artemisia frigid

g BETE JRILRER SR AW iR TEER NESR O FMAR RER &t
Enzyme Gallic Protocatechuic Chlorogenic Pyrocatechol  Caffeic  Syringic  P-coumaric  Ferulic  Cinnamic  Sum
TR PPO 0.968 0.861 —0.835 —0.871 0548  0.556 —0.194 0.723°  0.559 0.831
Free phenolic acid PAL 0.859™ 0763~  -0785"  —0.793" 064" 0531  -0.069 0600° 0688 0752
CELTN G PPO  -0.635" 0.564 0.670" 0.742" -0.493  -0.050 0579 0.487  0.480 0.559
Bounded phenolicacid g 646" 0576 0.413 0542 0489 0126 0572 0551  0617° 0558
PAL, KNARERGH; PPO, £ LR,
PAL, phenylalanine ammonia-lyase; PPO, polyphenol oxidase. *, p < 0.05; **, p < 0.01,
4 AEIR R S8 G W I AR S BT
Table 4 Correlation analysis between the content of phenolic acids and related enzyme activities in the roots of Artemisia frigid
fify WETER R SRR Al undkER  TEER SEEER MR WER 4
Enzyme Gallic Protocatechuic Chlorogenic Pyrocatechol Caffeic  Syringic P-coumaric Ferulic  Cinnamic Sum
B YR PPO 0.974 0.953 0.782 0.861 0.113  0.696 0.797 09337 0.711 0.933
Free phenolic acids PAL 0678°  0.774" 0.478 0511 0254 0346  0.483 0618" 0473 0.622"
LELTNRE PPO -0.7577 -0.581" -0.977" -0.912" 0419 07727 -0938"  -0.611" -0529  -0.709"
Bounded phenolicacids pn) 540 0465 0725"  —0561 0106 0425 -0789" 0635 -0544  —0.689"

PAL, HENARAN G, PPO, LW L.

PAL, phenylalanine ammonia-lyase; PPO, polyphenol oxidase. *, p < 0.05; **, p < 0.01,

MY IR 73 il B T RS ST AP, T IR
EET RS ER T EEE, HEWRE R, A7
TEAE ARG T, HREES g AR, A
HRAPLEALRE ), AT LA ORI R ED . A
My lR e ARG . B, MRS oS g0 oA
Y AR 45 & it 30 (Robbins, 2003; #5145,
2008), LbEifa e, Rl RIAEIIR & & &, K
(Oryza sativa). = >K(Zea mays) fil K Z (Hordeum
vulgare) 1 &5 & Wy B8 & & = T B Y R (Adom &
Liu, 2002). TEA)1A A i 5 My 16 FH 25 Iy R T DAAH B
Ak, Vi AT AP (ARIT S, 2010). ASHEF
S5, UMD J5 72 v ARl - vl g I 1R A
S GRS B E NN, SN IR A R
T EEmREE. i, AR TR E IR,
SR LR & B W G S (R L), W0 7 SR i
TR, TR PRI T BR TR PR
WAERR & B3, B9 7 B R . R IR AR
115 T Ui B Ty IR RN &5 S Ty IOV & B, KT R R
B B A R EORE, SR AR BRE 7. IRR
AW, B DR 0 B g, AT AR R Y- 4
R RBATEL, B 7 H P R, HEERR S &
BEE, SGEMKREE TRER2). RATHEN, X4
T2 24500 5, MR 2 0 T b IR AR U Y iR
Vi, ReE AN A PR, 7EAN A P H BRI B —
ISR, IR I 3 4 A T R e A i S T IR,
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R BIRN &8, RS amRSE. RUH
MR AT A N OIRES T 2 R AR, 455351
HFREAFAL, DL AR A IR A5 -
PRI BB R g8 EBAR, B Y)
MIAR IR AR, BRI NI H 20 5 P . HE
EE#AT e AR R RIGEROK G, HEERH
AR AR SR 73 A s k2 3t By . W SR Bt
PgAEE, HEBURIEE G, Hfot &b
TR, T A BE SRR, MR BRI,
e (et it =R 85 2 oKL &1, #h T i
PO T 5 L A SRR BE (R iF 4%, 2003; Zhao &
Baoyin, 2014). [t id s hnit b &R vl koK
WEVEAT AT . AR IR AR ARl P ke
IKACE PR, AT B REh BB 57 A K
2o R, HUBAR I, A B il B B IR AN 2 5
PR BRAE N RLEIR, & B RN, BT H
G T M FR 23k AT PR OKAL S b, AR R B
Z R R, R I R A A R 7 2
A RER I I IR . R WA v il 2 I R AT 4
B HRAE U R A A B AT S, TR &R
W BRI FR, R BERE RSG5 M BROR K N iy 25 I R
DASE N4 75 AT e, 0T b 23R40 £ A8 s v
2 WIIURY, i B S EHIR AR A IR R PR
HERE, REATROMIRER B Ak, S0 B e S A
AR EEE, PR NE S R A R & AT
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2 ) AH 2% 5% & (Matkowski, 2006; Brandolini et al.,
2013; X455, 2014). FEP AR BRSO AR 2
—, MRS R LET E, HYZANE . R R
I S RRIS SR N I R 2 E R s i, DA i
YIHIFEHTEE /7 (Nicholson & Hammerschmidt, 1992;
Campos & Saltveit, 2002; Kovacik et al., 2010). #t—
R BN, 15544 2 (Solanum  tuberosum) i 4
R I EETTIRE R SRR . B TR WNHERR
MLFZR, MENSREMNEETRERAETR
(Lachman et al., 2009; Meng et al., 2012). 7P #GHR
Ky E g s TR R IR, nTe2H
F 2K 5 i W 25 P A7 /E CH—CH—COOH, Tiij ¥ 5 2K
RIS AFECOOH, Rl # 2 I H B o i) it & gy
THERREHEERRE . B, NHERR . B BRER A A
SIRMPUEAE T IR LRIR . A BRI e
X HIR(Meng et al., 2012) . AHF 5 Bow, WU S
A TR MR 2 rh e oK PR R AR T IR TR SR I T2
A N, R E RN TR TR EIR 5

TR I A5 R AU = MDA T A 22 B —
ThAT R R, AR R AR A R A28 O B Bl it M
LB A AR 2R T A 1) 22 B T 42 (Puthoff & Smigocki,
2007). 7 SR 4  PALFIPPOSE 1k 77 7E 1) 9 Fil
HENG, PAL IR A e 28 AT 1 5% Bt 1 A PR 1ok il
WK E R TE P EER . WAERR . IR S &
i, A& 4N 5 R 5T 2 AR A O ) D7 4 (Baque et
al., 2010); 1R Z M4 2 RIS 05 0 B v ),
PALJE 717 (814, 2012), PALWT DA 1 £ PR 55
i UV. L0 PR T 55805 (Winkel-
Shirley, 1999; Jiang & Joyce, 2003 ). ZAHf 5t 45 B &
AN, RN S, B T PALYE ) B3 1 hn (&
1), [EEF, ATRAEROR R (FTEEIR . PUAERR . ok
fR), TR T (R E TR LR MR & &
RGN, P HAA W IR AR SN 2 TR A GG
R (K3). RWIPALIETEIG N, REWF R EIANIE
BORE R RS ERMIR, S 5KREEMNE K,
B D H LR 15 BE 0 (RR 2 v B AR AL 5 B AR
[7). PPOJEM KW BT A I B meE, HHEY) 32 24
)5, PPOMEAEN B AT iR, FA B AER B A,
B (AR IR G, M SRR ) R AE /1 (Haruta et al,
2001; Paul & Gooding, 2001; Koussevitzky et al.,
2004) . AWFFKRI, wiEsHR S, RIS
H-PPOYE 14 b T, [F] B I B9 4 S R AN 48K — Iy 5 &

B ERRERL), WEA AR R(#K3). R
PRI B 4 TR RN A1 2 — I B BOK B R B 2R R
B b ARGy TR R AR Z B, ARER
K EFRB Y5, PPOE I 3K Tt . %45
WHRT AW 4 R — 5

WU 7 —Fh AR A M iae, 0h e =45
F [ AR AR P AR K B AT EA(ROS), R
ROSH] LN s A, (R0 Mse, 2R
WO IR RIS A, X4 s st
T (XI55, 2014). HEY)EA & RGERRROSHIALE,
F% A ROS X 411 Jitd () 475 2 (Nordberg & Arner, 2001;
Sharma et al., 2012). SODE R Pk I S I L 25— i
B £k 1 ﬂ?é{%();iﬁiHﬂ)z*ﬂOZ CATNEH
I3 fEEHL0, 1 VE F; PODYE MK 34 m, 77 k241 g Py
T EA IR 2 (Gill & Tuteja, 2010). AHF 5T £ W,
I S AT A3 47 56 B ) 38, YA & /N SOD POD.
CATREEEEIZ BTG58, SFHEEEIRIAEF, HY58 15
ROSIHIAE 1, W8/ T B XTI 5, X4 E
AR — B AR E A, 3E T R I LA 1 fa
BApirE. 245 5N Rss R —i.

EERERIRE T, AETRIEIFIRG e
IR, Frpldermg e MRS, (Rt i B
FBDRAR R AWK, P2 Ry, EREXEA
FIFAERNKIE Y. EYEfR Bt EE
K J(E#SE, 2003). B, eGSR, R
AT PR FH B BRI, A Re AR H ) TR SR F R
&, R E R TIKR R AEE B, WETERZ
BUMERAS AT 5, A PN TR IR S8 7 480 5 I 3R G o Bty o
% S AU S BEPPO . PALFI T AL BV P
Fhim, WEMBRRRE SR, MHpIE . A
X AN [ e P55 ML AD 427 (140385 B SRS AN [R), S B 43405
T I 3G N0 L B P A A AT A R R
05 A0 BE S5, R I e B 0 AA Y B SR AR A R I TR
(FBESMEAER)SE. B FAPEILE RS
TEESLFEE R, HCEHURE G S TR R d
WG EMRE AL, STEAE RS ILH
A . Rk, R RN B SR A R P A VA 8
X TR 48 22 4 vp B B A R oy, P P R,
P v VA W B LR B B 0, 3 A O i AR AR A
VAR
¢ B X B R A F K £ (31270756 4=
31470704). B K Z & Aot 50 K& X1 (973 X)
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