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(1 mmol/L)2 A~ AL B, DLEH R 8% (NH, )5 Mo; O, -
4H, O J BT A 4 IREE .

KB FR WS IR /N Hoh R TR R Y
Hogland # 3 W & A 4 mmol/L Ca (NO,), -
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NN 0.5 20 A TR SN W TH 7 30 min J5
EE K uETd % TIRE E YA 25 C
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5.0 mmol/L #LIR ML FE .250 mmol/L FEMEAI 10 g/L
R OIFM LS LEE (PVP)  JF 36 pH fHZE 7.5,
240 pm (4 JE Je 3 U8 45 5k 18 O A BE T O3 fF 1
THWAE 4 448 r/min T &0 20 min, BF 15 5% iy b
Sy Pt g R B b S 6 D A AR B S 2
#AE 10 896 r/min FAKZEES.L 35 min, TG 5K A Y
S 6L R DL K 240 M 25 20 43 . T e e L W R AT
oy Z A D BRI R AR 4 C TR 3T, K&

pmol/(m?

AR 2H 43 5 IR R (HNO, :+ HCIO, =4 : 1,V/V)
RAEJGTE 180~230 °C FiHfk, H A B FKER T
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JEVERR P WL 1. SRR 4 pL, A SRR
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Table 1 The gradient of mobile phase
N . LB/ WA A/ % WAt B/ %
I} 18] / min i . .
T (mL/min) Mobile Mobile
rme Flow rate phase A phase B
0 0.30 95.0 5.0
2 0.30 95.0 5.0
12 0.30 5.0 95.0
15 0.30 5.0 95.0
17 0.30 95.0 5.0

RS E A ISR 300 °C L Hi B <
15 mL/min, FIFFEARTRH 1 mL/min, §§S 5 EHE 45
mL/min, %55 HL T 3.0 KV, B41E IR E 350 °C.H4%
1 KT 30 %6 s AR AR IR EE 300 °C L A B <
# 15 mL/min, AR HE 1 mL/min, 8N, ¥
45 mL/min, W55 HLE 3.2 kV, BAEIRE 350 C,
7 B8 HL K 60 %6,

1.5 ¥iELIE

#i F} Microsoft Excel 2010 #4745 s« #1155,
Origin 2018 Z: /8, SPSS 20.0 #E47 7 2250t , 45 Ab 31
SEHE Y 2 E R FIT FEAS ¢ R 3 (P <<0.05)

LC-MS %4 ffi i SIEVE 4 ik 47 i b 2 )5 fi
JH Microsoft Excel 2010 #4: 3E47 13— 4k Ak B 15
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EFHAZE (rt_mz) A X4 F & (Comp MW) | M
S CREAO) A58 . 300 H FE A 76 1E 485 20 T 3k 3k
152 146 MFRAEUE 72 BT H 2R45 3 1 394 M4
fiE W, 4% 4 48 o8 B Y BCHE A M 5 A SIMCA-P
(13.0) B A AT J5 2243 17 - 545 3 1y 22 R AR ) =
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CAR A 43 Soluble fraction

B 5 A: i dd/m 2R Protoplast/Chloroplast
SYAMBE+4HE#F Cell membrane+organelle
I 44t 3 B Ceell wall

2.1

Hi & 2 a0, Y BE SR A B b i 4H A i
1 pmol/L ETHE] 1 mmol/L B}, AR # AT i P4 5 2
20 6 BE 240 S - 40 R R D A A v Y B R O
BETET 1.300,1 815,62.,105 4%, Herp Al 35 1 36 43
14 1 5 dk e, 3K 533.0 mg/kg s MBH 7E 45 0 200 0 21
Sy BT BBk R AR AR T L SR 7R 4H M RE AT
VS MR 43 43 B L A8 43 S T 13,3 %6 il 30.2 %6,
b el 3k 22.8 % M 71.8 %, ] UL B AH UK R /)
2 M e s SR 43 1Y) 4 A At A YRV R 44 B BE o
VL 34 T S i = ) i A A

NG O A D O Il o o S o
(1 pmol/L) T 3K « ] ¥ 1 35 43 = 40 M B+ 41 i
A > I SRR > 41 i RE 5 3 KT (1 mmol /L) R 3
PR < AT R > 20 i BE > 20 i+ 40 g >

100 — —
S5 2 AN G KT T B T I 2 4 T B
so} B, WA CE RO P AR 1 pmol /L E
s F+3] 1 mmol/L B}, 7] 3% V156 43 40 I B | 40 i s+
Lo = SR 7 T S5 o 0B Ak 43 1T T 19,355,
H % 12 05 A T R A o R 36 18,76
g § mg/ kg IAITE 45 T 41 ML 2153 T of He 0ok 6 A 5 1
L = = BT A T R O ) B9 4 I L 8 T
§ L = 8.0% » WK 5 1L ik 88.5% . LTI L 7E 2 AN H
- .n, Ll IR §H/IN 2 #1305 0% i 0 R 34 2 T 4 8 W
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Fig.1 Subcellular distribution of molybdenum in winter wheat ﬁﬁ*ﬁﬁ*ﬁﬁi%ﬁ Xﬁgd‘iﬁﬁj SR 7T€
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Table 2 Subcellular Mo content in winter wheet mg/kg
bl /1% 4 B - 4 oy
Chloroplast organelle

JRTE Root 1 ],lmOl/L 0.093 0.235 0.246 0.410

1 mmol/L 168.810 24.690 15.340 533.000

H5 3 Shoot 1 pmol/L 0.022 0.033 0.123 0.734

1 mmol/L 0.771 0.401 0.609 13.760

H LC-MS J 367 7 1E% 43 (1 pmol/L) Fl i & 4
(1 mmol/L) &L BN & /N2 i A o i 28 4k, 4 ]
OPLS-DA B 1€ 22 5 AU 90, 76 1E 45 2 3k
B3N ERSE 1 AHIEZWIT R, =0.67,R} =
0.99,Q° =0.58; FE MM X T AR 6 ™ E W45
1 MEAZ A R: =0.873,R2=1,Q°=0.756 ., & ¥

T Ry AR A R R T QS A Y Y T R
— B T 1% B RO T 0.4 B ED AT U0 B 3% R 8 AT AR
(Kl 2), 22 5 AW 0% 0 1 45 ffE 8 . VIP (variable
importance in the projection) {f>1.P<C0.05.%5 1k
%% (fold change)=1.50 5§ <C0.67, i & 3K 15 i) 25
S AU N2 3 FR
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Fig.2 Score plots of OPLS-DA of normal molybdenum and excess molybdenum treatment
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Table 3 Discriminatory metabolites of winter wheat under excess-Mo
fl2FFh 2k Py (=) A X 43 F o i VIP  1-Test AT EL
-les
Chemical taxonomy Matter(Mode) Comp MW Fold change
B-TH &M B-Alanine(+) 89.05 1.37 0.039 2.78
5% Ornithine(+) 132.09 1.46 0.025 1.58
. L-22%R L-Serine(+) 105.04 1.37 0.040 1.89
AT K AT A
Amino acids and amino L*@’ﬁ%ﬁf L-Glutamine(+) 146.07 1.65 0.008 1.91
acids derivatives Y4 3L T v-Aminobutryic acid(+) 103.06 1.63  0.009 1.67
AR Glutamate(—) 147.05 1.66 0.045 0.29
L-# &% L-Threonine(+) 119.06 1.44 0.028 1.67
L-#JE/: L-Phosphatidic acid(+) 596.37 1.48 0.023 1.70
F73EWR Citramalic acid(—) 148.04 1.65  0.045 1.67
H B Organic acids SER R Malic acid(—) 134.02 1.79 0.027 2.08
FEHH Z R Fumaric acid(—) 116.01 1.84 0.021 2.07
WA R Tartaric acid(—) 150.02 1.65 0.046 0.65
X &R p-Coumaric acid(—) 164.05 2.07 0.007 2.65
9S-$3-10E . 127, 15Z- 1\ Bk = IR
294.22 1.75 0.004 1.85
9(S)-HOTrE(+) ’
Wil BEE Linoleamide(+) 279.26 1.45 0.027 1.93
AR BENE Oleamide(+) 281.27 1.41 0.034 0.64
BAREILH W MG(0:0/18:4(62,92,127Z,152)/0:0)(+) 350.24 1.54 0.017 1.85
i 17 e e HAT 74 L MG(0:0/18:3(62,92,122)/0:0) (+) 350.24 154 0.017 1.85
Fatty acids and fatty w0 e 40 o MG(18.0/0:0/0:0) () 358.31 147 0.024 1.54
acid derivatives
BAFEIEH I MG(0:0/20:3(5Z.82,112)/0:0) (+) 380.29 1.47 0.024 1.54
AR L H I MG(0:0/22:5(472,72,10Z,1372.,162)/0:0)(—) 404.29 1.71 0.037 3.04
cis-9-FER MR cis-9-Palmitoleic acid(—) 254.22 2.69 0 0.53
AP BRI R Stearidonic acid(—) 276.21 2.39  0.001 0.40
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fh2FFh 2 Wy I () AH T 43 F o o VIP iTest A AEEL
Chemical taxonomy Matter(Mode) Comp MW " Fold change
-y i 3 : : 642,72, s s ,
JiE Bt H ol DG (14:1(92)/22:6 (42,7Z,10Z, 132,162 610,46 76 0.004 Lss
192)/0:0) (+)
ZFEEBEH I DG(18:3(92,127,152)/16:1(92)/0:0) (+) 588.47 1.53 0.017 1.67
g i DG (14:0/20:5(52,82,112,14Z,17Z)/0:0
(EH)MH’H] ¢ / ¢ 20200 cee 46 1.58 0.013 1.77
WENEIEH W PG(13:0/15:1(92)) (+) 664.43 1.57 0.014 2.11
WEREEEH I PG(15:1¢92)/0:0)(+) 468.25 1.64 0.009 2.01
Wil Phospholipids WEIEEEH 3 PG(15:0/13:0) (4 666.45 1.71 0.005 2.13
Wi BB H I PG(18:4(6Z,92,12Z,152)/0:0)(—) 504.25 1.94 0.014 0.52
WEIEEEH 9 PG(18:3(92,12Z,152)/0:00(—) 506.26 2.58 0 0.45
WEAEBEH I PG(18:2(92,122)/0:0)(—) 508.28 1.73 0.034 0.55
WENEEEH I PG(16:0/0:0)(—) 484.28 2.49 0 0.53
WEBEWEH I PG(18:1(92)/0:0)(—) 510.30 1.73 0.034 0.34
WG E 2 BERY LysoPE(0:0/20:3(11Z.,14Z.,172))(—) 503.30 1.89 0.017 0.66
WK HE I Hypoxanthine(+) 136.04 1.86 0.001 2.78
R 3 cGMP(—) 345.05 2.10 0.006 0.64
¥ H R Nucleotide B A cAMP(—) 329.05 1.86 0.020 0.57
2-lE A -D-# Bl 2-Deoxy-D-ribose(—) 134.06 1.87 0.019 2.35
Sz IR EA Corticosterone(—+) 346.21 1.97 0 2.86
S Androsterone( ) 290.22 1.86 0.001 3.59
mIEFL R Indolelactic acid(+) 205.08 1.56 0.014 2.97
T E T ati 212.14 2.1 0 1.74
H b Others @bj?ﬁf{% rat‘Jmn‘m(Jr) 6
512 Colnelenic acid(+) 292.20 1.87 0.001 2.07
W2 A8 Phosphocholine(+) 183.07 1.68 0.007 1.62
A7 % Traumatin(—) 212.14 2.67 0 1.50
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Fig.3 Discriminatory metabolites of winter wheat under excess-Mo
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FE WX AH A I AR L AN /N L EOR Y
1 000 mg/kg [ 4 A K, 0k 5 v (9 40 2 53 il
A3k 4 000 mg/kg M1 400 mg/kg. MifEW & K ok
FEIH A B RS R B TR B S
P IR L AR AR R B S R T L e
TIHEHS T 1000 mg/kg W, /N2 AR AR AH 7 & 02 b
EBI 3 A% M TE EOK VK E VR RS Y L aE
W22 F A [R] () A A0 AR a0 3L T R ) 4 R
B & /N AR RS I =538 1 000 mg/ kg i 3
BT IEH = m g R RE T 100
mg/ LAY a8 4 K 5538056 DUFR 78 /N 22 (0 i SR ML) o 2%
R AT o i 0 A0 R MR 3 1/
AR AN A A 4 B E, A0 BE T A MR 4 LAl
g AR AR /i SR A B B iy R M R A
AL 5 ) 219.38.25 1 62 fi5, AT ATE KRG, E
KSR Lt R B, S A R A K
YEYIAR 22 80 & 140 I e A B M bR 4H & 219 49.3
H1 5 st o e gl B I NS AR R 7 O A 3
BN BRSO R R 2 04, 3% 2 FH Ik A A 1)
M F RS Y 5 — B R B

3 i 4 B AT 40 X B Tk DA R AR U 5 0
& B TR R ZALE 2 —, — YA
P I A A ot 4 DX B T A0 B RE L A AR RE AR o
HERIAEE TR 69.8 %0 147 [ A2 7E 40 i BE v, kg L
5 IR RN 1 Y 2 45 A T V0 DU 2 A ) X B 4
BB T — AT R Y R AR
Flrael S Z R AR AMMEYE AR RE /)G
B 3m A A7 76 40 B W Y, a0 Vogeli-Lange
SR RE T R A R AT A0 b Y 4 e
S5HMEEGRHZ AR RE2Wih . Ak,
IEH AR KT T R B AE 4 /N2 AR 2R T b b B T s
BB v 4 B EL A9 23 9 R 41.6 %6 F1 80.5 %%, 24 £H K -
MIEH (1 pmol/L) b F+ % 3d & (1 mmol/L) A, 4
TEMS ZR St b3 0% Al s PR 43 43 e Lo ) A3 ) A T
30.2 Fll 8.0 A 43 a5, ik 5] 71.8 %6 F1 88.5% . i B TG
IR TEIEH HHKF i 2 i B AR KO R, v A e &
/INFZ R Y T A AR AL . HL A K R B R TR
W B REAE L) R, Xu PR K& E I FSE 45
R R Y EFRWF R E N 1 mg/L B FHTER
FR K Hby LRI Ar H BR  BE L B Ry 26,400 ~
46.3 %, EF WA BT RN 1 meg/L EF+3] 100
mg/L B, $H7E K G AR R K 0 7 mT s 1 o3 v i A

il ik %) 66.3 % ~72.2% . Qin SV AR B 0F
TR R, Y EFR WP HEEMN 1 pmol/L LT
#) 200 pmol/L B}, 5H 76 HiE Z W3 Y 43 B LE 451 DA
47.3% B FEE) 59.5% , 76 I R Wi Y 4 i L 8 DA
41.2% T3] 62.8% . Zi A5 458, /N 2 76 T X
i F B W 38 R B R A 1 Ao B [ R AR S LA B Lk
L b, 1 RA2 i, I R 43 1) 5 B A2 it AE AR AR B
AT T A B A AR B /0N 22 B TR I 9 %
i i A X B AE

V00T 2 A0 L v A% B A BL TR L SR TR M 45 R A R
BTNt AR AR Y ESREA
ML SR 5EE &R S TR EEAE
FH 3O A T 32 84 R 1 5 — A EEHLH L MR
WAL S BT 25 S W FE A M 38 R &N FE R SRR
A A A TCA 1 3 B ok o F e ik, 2 5%
PR RR L 4 # R R & & 40 9 BT 2.08 £ 0
2.074% , M VF 24 ML WY A6 TR L SE SRR L I8 ] R TR
FERAFREME A Mo Ni.Cd F & B E FEA™ .5
HNATIE 5% 38 %2 PR o A A B A N 2R BTN ER
L-22 %R\ L-F7 2 R . L-7% & Bt e 1 % &4 1 B 7
T 2.78.1.89.1.67 A 1.91 15, B A K& WF 58 F WM
P N 1 T 2008 L A5 S Tk e 45 S L IR B 2K B Zn. Cd
GEBEF B IRERVLVHSL- 28R .
L-NE R L-75 & R . L-K 4 & TR 2 & JE R A 1A ok
RN REIE BB A . DRk, FR AT I N 2
FEIT B IREE T BN A S G A R R SRR -4
SR L-NEA TR L-75 2 R fg A6 Wt b 55 SR R AR B8
F ST L A s DT e AL ek 2t B 6T /DN 22 4 i 1Y
BE.

TE 5 B AR B L /N A2 40 M b B A 32 A A
T 40 R R ATV S . LRSS A TR A o R
[ 4 2o A o R R AR A AR O TN R
B AR S TCA 163 o 2 L % B 4% rh 2 Fp & 3L R
(B-NEM . L- 28 . L- &AW L- & B Mfa
BILIR S PR | A8 5 2% TR ) 119 5 0 S 8 1 , 4 00 5
Se S B R 5 A HLIR BE 5 BH AT 4 A I 18 2 7E W
Hh, DT 34 58 /N 2 X6 2o e A Y T A7 RE .
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Metabolic response and molybdenum tolerance mechanism
of winter wheat to excess molybdenum stress

LI Qibiao' ,LI Lu"*,HU Chengxiao' , TAN Qiling' , SUN Xuecheng'

1.College o f Resource & Environment of Huazhong Agricultural University
Microelement Research Center sWuhan 430070,China ;
2.Institute of Agriculture Product Quality Standard and Testing Research ,
Tibet Academy of Agriculture and Animal Husbandry Sciences ,Lhasa 850032 ,China

Abstract Molybdenum (Mo) is one of the essential nutrient element for the plant growth, but ex-
cess Mo will cause physiological toxicity to plant. With the increase of mining area, many events of Mo
pollution have been reported in the world. Meanwhile, many studies have found that some plants show
strong tolerance to excessive Mo, but there are few studies on the Mo tolerance mechanisms. Therefore,
we analyzed the changes of Mo content in subcellular components and leaf metabolites of wheat under
excess Mo supply,and to further explore the physiological mechanism. The Mo content in cell wall,solu-
ble part,organelle, protoplast/chloroplast of root subcellular components was 219, 38,25 and 62 times
higher than that in shoot respectively; The accumulation proportion of Mo in soluble fraction of root and
shoot was 71.85% and 88.54%. Under excess Mo, the contents of malic acid and fumaric acid in wheat
leaves were increased by 2.08 and 2.07 times,and the contents of B-alanine, L-serine, L -threonine and L-
glutamine were increased by 2.78,1.89,1.67 and 1.91 times,respectively. These results indicate that root
system can prevent and control the transportation of excess Mo to shoot,and vacuole can be the main
storage site of excess Mo,and organic acids and amino acids produced may chelate with Mo in vacuole to
reduce its biological toxicity. This study provided theoretical basic for the mechanism of plant tolerance
to excess Mo stress,and supplied the technical support for plant remediation of soil Mo pollution.

Keywords molybdenum stress; winter wheat; subcellular; molybdenum pollution; metabolomics
analysis; phytoremediation; tolerability mechanism; OPLS-DA
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