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NMR spectroscopy based metabolomic analysis of Thellungiella salsuginea under

salt stress
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1 College of Life and Environmental Science, Wenzhou University, Wenzhou 325035, China

2 Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China

Abstract; Soil salinity is a critical environmental problem that disrupts plant metabolic homeostasis and requires adjustment
of metabolic pathways in plant cells, a process that is usually referred to as acclimation. Metabolomics technologies have
made significant contributions to the study of plant stress biology through identification of different compounds, such as
signaling molecules and metabolic by-products in response to stress conditions, as well as small molecules involved in the
plant acclimation processes. Thellungiella salsuginea is a close relative of Arabidopsis thaliana. It has been proposed as an
ideal model for studying molecular mechanisms of salinity tolerance in plants because of its ‘ extremophile’ characteristics
manifested by extreme tolerance to high salt conditions. To obtain a better understanding of the molecular mechanisms
underlying the response of T. salsuginea to salt stress, an Nuclear Magnetic Resonance ( NMR)-based metabolic profiling
approach was used to profile metabolite changes in T. salsuginea after treatment with 150 mmol/L or 300 mmol/L NaCl for
24 h. In general, metabolomic studies should be designed to detect as many metabolites as possible in an organism, and a
solvent that can extract a diverse group of metabolites should be employed. In our experiments, metabolites were extracted
from the leaf tissues using a solvent system of methanol/water (1/1), known to extract many different metabolites. 'H-
NMR spectroscopy of samples from control, 150 mmol/L and 300 mmol/L NaCl treatment was performed separately.
Spectral data were analyzed and interpreted using multivariate statistical analyses. Overall, the original NMR spectra were

dominated by one of the organic acids, malate (8 2.38 and 2.68), which is a T. salsuginea metabolite to maintain the
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osmotic balance in the cells and was approx. 10—100 times higher than other metabolites found in the 'H-NMR spectra.
Principal components analysis ( PCA) was used in this work for the separation of control from different concentrations of
NaCl-treated groups. PCA is an exploratory unsupervised pattern recognition method since it calculates inherent variation
within the data sets without use of the class membership. Following PCA, the PC scores plot indicated highly significant
separations ( P<0. 05) between control and salt treatments, suggesting huge differences in metabolite profiles between
control and NaCl-treated samples. In order to understand the origin of the differences between the control and NaCl
treatments, the metabolites were identified and quantified. A total of 23 intracellular metabolites, comprising 11 amino
acids, 4 sugars, 6 organic acids and 2 others were identified in leaf extracts of T. salsuginea. All of the 23 metabolites
showed reproducible and statistically significant changes in NaCl-treated samples compared to control samples. Most
metabolites exhibited significant increases in response to NaCl treatment except aspartate and fumarate. To evaluate the
connections of these metabolic changes under salt stress, the measured metabolite variations were mapped onto the plant
biosynthetic pathways. Metabolites involved in carbohydate metabolism, amino acid biosynthesis, TCA cycle and betaine
biosynthesis played an important role in response to salt stress. It is notable that a potentially powerful strategy of salt
tolerance in the halophyte T. salsuginea is to increase the TCA cycle intermediates and accumulate the osmoregulatory solute
proline. This information, together with quantitative kinetic indices, can be used to model and simulate metabolic
pathways. This study has further highlighted the value of the metabolic profiling approach in discovering and validating plant

metabolic mechanisms in response and acclimation to salt stress.

Key Words: Thellungiella salsuginea; metabolomics; salt stress; NMR

TAAEBHEYIERTT ( Thellungiella salsuginea ) E AR5 T £E BE 71 (7T 7E 300 mmol/L NaCl 14 55 1 5¢ i,
AR ) HAS BRI R I 0 R 2 00 R AR WL, VR S 3R A B 5 DR WF 58 3 G T 0F T e 1 R F
FE BB SE PR A SE T R AR S o 36 15 5 B R AR R ST PR 4 R 3K 1Y, G Fe-SOD  PSCS \PDF1. 2
AtNCED | P-protein .3-glucosidase .SOS1 SEFLP AR M0 &4 N EEER I ok LA E K - 3R A y 0] BE 5 R IF = FE ARGt
AR IARE Y Pang 551 HE— 2L XU H UK (2-DE) | 8] 38 b3 e AH X R 46 %) 2 Bk (iTRAQ ) 2 11 i 4
SRR ST S E T ERITER A 25 5 3RA B WA PR AR VRN K AR 1 I T T I R e A 32 A A
A,

LAy A e 7 13 o7 6 P30 A A o T AN ) B 52 2 A R 2 SR iy R ST N B R S AP A, %)
XSS HEAT WD 5 A T3 AT, P LASE 7R AR 0 B 458 DR B 1 22 AL, A 2 B AR 19 L B R A i Sy
X7 R T — N & . BREIHR IS (NMR) 2 # R EE T A2 —7 ) FA&E S
B IEIRFE AR T T SR E B ) ——3h TP AR A X SR 38 A R 257, s T Fh I i A G i L AR R A
ke SRR AR
1 #RFTTE
1.1 fWs R IR Bk

FIt FHER T ( Thellungiella salsuginea ) A1 AR 255 (ecotype Shandong, China) , Fi—F- i LU ZR VT 29K 25 2L
P2 Hm R Hoagland & 380K N TAMEE H 3% (8 h/16 h JEJEH] 25 «C/20 °C, 651 150 wmol -m™>s™"
TR 509% —70% ) . EKFE 4 JEIE, 2051212 150 300 mmol/L NaCl ) Hoagland & 37 W& EAT R i Ab 3 1E
Hoagland ¥ R IR BURERRAE Sy IR AR B 24 b J5 R AE
1.2 ERITARHHERE R AR

PRI 200 mg ERTT 3 eI, 30 P B A B T /K (10 1) $2BGR (3. 33 mL/g) , A BEERAI A
45 18 5 2 AL (Qiagen TissueLyser, USA) R EIH . I3 30 000 g 4 °C B0 10 min, LR BRI Z0E U
BLOWRAR R GE TR TR VKAE PR AE T NMR 2387, 76 NMR A 20 B i, 5 SR EAT T B, 4%
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FIRVRTFEM A 600 wL 100 mmol/L H /KB R 527 Mk ( Na, HPO, Fl1 NaH, PO, , 1% 0.5 mmol/L TSP, pH {A
7.0) FE43VES# LA 30 000 g 4 CESL 10 min, B EIEW 550 Wl BT 5 mm BRI,
1.3 BRI H-NMR 5 550000 40 B

ARG RE S 2 #T 7E Bruker AV 500 NMR 3% 4% ( Bruker BioSpin, Canada) F#EF7,'H WAL % A 500. 18
MHz , I 298 K, %58 6009. 6 Hz, A WFE] 0.1 s, SR AEIRINFA] 0. 3 s, 75574 22 AR A 19 8] 5% )
TR Ay AN K & 1D NOESY kof 5 81 A AR UE7E $ 60 F0 il K i A 15 00 A5 B4 A i Rl i e 2k 2
UEL 128 K, B FEA L RE T R X WAR 21 16384 /N EdiE A, SR 58 R 0.3 Hz MYH8 5 v pR B0HE A 7 4 B AR
e, 345 " H-NMR % F, $'H-NMR i & 2% A TopSpin # 14 (version 2. 1, Bruker BioSpin, Canada) , X} iF A
B H-NMR % B304 T NS AL I AR A%, I LA AR TSP Ak 2E i i 5 ik

F1H] Matlab ProMetab 4%f%: (ver 7.0; MathsWorks, Natick, MA, USA) % & 0.2—10.0 P E LL 0. 01
T 58 AT 70 BOTRRUY ) B 25 7K 6 BT 7E 9 A 2 (0 3% DX (8 4. 70—5.20) ¥ & 8.32—8. 35,8 8.26—38.28,
58.24—8.26 .5 8.18—8.20.5 7.97—8.01.8 7. 70—7. 85 .8 7. 52—7.56 .8 6. 53—6. 58 & I LA — 1y, L)
THPR pH SRR TS I 22 . 10— LT A% B A 35 04 T R A FL i 06 2 [H] BB 25 5% . 208 e 2 00, 76
VTG A R 5 X B Ak Ak B L8 I 5 B 0 A R, R R4 S 80 107°, il 4t Chenomx Suite $1{:
(Chenomx Inc. , Canada) ZMAT I 1) A 240 B8 78 A5 T 2 AR = 1) S 8 A T i
2 ZER551

MAERR SN IE A E , 48 150 mmol/L NaCl b3 i £h 57 32 #h a5 ma A Y g, AR 5 X I R, 4 300
mmol/L NaCl 23R ER I+ I AR AE bkt AR R RR B A 2275
2.1 ERIFCIHA H-NMR 3355007

"H-NMR 350 54 5 &A= i &R — — X B, B b b B — > U7 R 3 R AR A LA O 0
PEI3E P 55 B AR DR 5 555 B At it v 2% 2 40 AR X 3 i, BRI R VA S8 Y 23 R ), A4 11 Fh
1% 4 PO 6 Rl HLRR A 2 FhILALAIE = (K 1) .

14 9

! ! ! ! ! !
6 5 4 3 2 1

A4 A% Chemical shift ()

B 1 E#IFEEM RS 500 MHz /&R LR — 4 5tk
Fig.1 'H-NMR spectrum of the metabolites identified in Thellungiella salsuginea leaves
(1) %W Leucine; (2) 752l Isoleucine; (3) 4% R Valine; (4) 77 & 2 Threonine; (5) N R Alanine; (6) L& Acetate; (7) &R
Proline; (8) A& MR Glutamate; (9) A& MEHE Glutamine; (10) 3% Malate; (11) BEFARE Succinate; (12) Fil% R 2-oxoglutarate; (13 ) F745
iR Citrate; (14) KAE R Aspartate; (15) A% Choline; (16) HIZEHH Betaine; (17) H &R Glycine; (18) Z % 2 Serine; (19) M Sucrose;
(20) Bl Fructose; (21) Hi4iHF Glucose; (22) 2 24 Maltose; (23) ZEHZR MR Fumarate

http ; //www. ecologica. cn



4740 A ¥ IR 2 &
2.2 I ER A AR RS b
F AT (PCA) B AL A 57 A —Fh i FH 40 - —

3

@ 150 mmol/L NaCl
r M 300 mmol/L NaCl

T BRI O s, PCA B4 R 0 I e — 2L 7%
i EMETA R BAE T B2 A 18 AR B 5 (PC)
I R PC ORI B 5 N ER S5 1, 2By R E
BARBEAEAE R . AR, % H-NMR 3% 25 16 52 i)
KAHY 2 A F 4 (PCL F PC2) By 7 kR 2 3 A
58.86% M120.16% , & 2 AI UL, kb3 2 5 %} 18 21 6
58443 B JF, 150 mmol/L NaCl Ab 3 41 300 mmol/L
NaCl &b 3 41 5 % B35 45 W % 22 5 (P <0. 05), 150
mmol/L NaCl £ 745 43 B v i B s 2 76 PC2 L i
B IRZH T 300 mmol/L NaCl Ab B ZH 754543 18] v ) %k
P AE PC1 I 52 35 0 25 6 BB, PIFP IR NaCl 4b B
XFERITACT AL ) 52 i AN AR [R] , P Ab BEZEAE PCL LR AR B A s
2.3 ERIFm R R ) S EA Y A AR e

BRI A A I 2 fg 23 AR T SRR i e, ORI AT AU R . PR R AR E T R IR
Z AR A T TSN, AR & 2 SR e 5 S AN (R RE B2 T v, 2R e ol RE R0 T R A &R AN
FESH RTINS RSO LA A, 2380 S & mE s A v LIRS Wi s, — SR & E R Mk A 1Y
B T WS A R S oe A R AR AR N AR AR H AR R SRR R R, R
A RES X Lo AR R AR A Y R I R R B R 5 —JSIEAE 150 mmol/L NaCl Zb PR i 2% &
X REAKSF | T 7E 300 mmol/ L NaCl Ab R4 55 T X FEAKEAR T 150 mmol/L NaCl AbFRA W45 2 1R 45 24 Ik
W 22 R AT RWE 2PN SRR AR e SHSEO , B Fh Uk B T ax Le Wy T R R A
PRV FE AN AT AR X e R A R (R 1)

%3
(=4

PC21343
Scores on PC2 (20.16%)

PC1434)
Scores on PC1 (58.86%)

HITER A E R 51" H-NMR i€ 2 ER PCA 55 E
PCA score plots derived from 'H-NMR spectra of

&2
Fig. 2

Thellungiella salsuginea samples

F1 HMBHRFEEHFTERGFHEEZN (wml/g)

Table 1 The content of the main metabolites in Thellungiella salsuginea samples after salt treatment
R SERIR I EIR SRR HAMR NER i =R BRI A
Metabolites Leucine Isoleucine Valine Threonine Alanine Proline Glutamate Glutamine
XF B Control 0.03+£0.0la  0.03+0.0la 0.05+0.00a 0.24x0.03a 0.31+0.0la 2.83+0.19a 1.66x0.17a 1.67+0.15a
150 mmol/L 0.05+0.00b  0.07+0.00a 0.13+0.01b  0.49+0.04b  0.35+0.07ab 4.74+0.58b  2.92+0.40b 2.88+0.46b
300 mmol/L 0.14£0.0lc  0.23+0.04b  0.35+0.05¢  0.55+0.08b  0.43+0.05b 4.83+1.14b  2.31x0.47b 1.60+0. 16a
(NViE7] KERMR HEmR 22 7R HEWE AR b &P [N
Metabolites Aspartate Glycine Serine Sucrose Glucose Fructose Maltose Acetate
% H& Control 0.90+0.10a  0.14+0.02a 0.47+0.17a  0.46+0.06a 3.22+0.66a 0.80+0.05a 0.43+0.08a 0.04+0.0la
150 mmol/L 0.88+0.08a 0.33+0.07b  1.51+0.09b  1.89+0.28b 7.65+0.49b 5.87+0.88b 1.71x0.21b 0.04x0.00a
300 mmol/L 0.66+0.14b  0.32+0.05b  0.89+0.07¢ 2.24x0.51b 4.09+0.59a 3.27+0.76c¢ 1.18+0.09¢ 0.07+0.00b
R PR SRR R SEWRIR JIE (e i )3, — 1
Metabolites Succinate Malate Citrate Fumarate Choline Betaine 2 -oxoglutarate
X} H8 Control 0.10£0.0la 12.11+1.8la 0.51x0.07a 0.05+0.0la  0.505+0.04a 0.105+0.02a 0.06+0.01a
150 mmol/L 0.13+0.01b 30.42+1.78b 1.44x0.31b  0.03+0.01b  0.685+0.06b 0.225+0.02b 0.07+0.0la
300 mmol/L 0.16+0.04b 17.89+4.99a 0.93%0.11c¢  0.03+0.01b  0.535+0.09a 0.115+0.03a 0.13+0.02b

TP AR (n=4) | Al — 4L LA PR [A) P REFROR 22 5 .35 (P<0. 05)

3 it

AR AN A AR A 2, AT o SR R AR A A DA A ) 2R 9 0 ik TRl B 35 728 1 1) e 4 )
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B R e AT BRI BB T T RGBTSR VANTED #0E" Zim 1 EhIF E2AR
AR T R o3 R R | TR B AR AR IR AR LR A R | SRR IS A S A s R (K 3) R
143 AT

(1) BEEuhER

oKL GRS E Y ) IERI Z — , S 5 MR 2 B0 B RO A ER IFIRIER ., K
FEARI TESR WA T RROK LA P T LIAE R 8 33 081 0 T AR 51 B Qo S o (AR SREE R AR R R b
), DRIt AR A0 A RO AR S5 K S R A B B8 X A4 Wt ) R R AR %o IR R 0T R I R I
BRI A R AR b A S R ) R0 3 Fhad Sl (RO A b (22 200 00 & RS2 B ERBa i s, Al
Py vy R e b AR b TR T AR AR AUZ B S5 Ha) TR B PV A A B LR AT VAR R A R e
VEFH , T A AR E Sk 22 ORIV FH 0 BRI, e R o7 6 103 o A b e AR 50 A SEIE A
FEAEN AR E R ) B B v B A3 D T S 1 A SR 0 D — BIA MY AE 300 mmol/
L NaCl /&b B8 R mg & T % BRZK P (BT 150 mmol/L NaCl ZEBRZHAE . D6 TEh b B Eh T 34 )3 - o2
Wil & i R, 5T TR T UE R K AR AR TN a , 3002 TR R 0 T B, HATie s B ie, AR R
B F T EOK AL B Y o A NUE Tl ok e 5 S S AR B SRR S E S R A
A RETE T4 2 AT MRk K AL & Y R A8 B R B 1 (5 S i

(2) BHER A Mk z

A 3 N Rt s AR R R — AN A IE ) K/ Na® HU X S R a0 i fE 35 o6 2, IR B AR nT L
PET SR K 538, DA B2 i M A0 0k F o A iz 1 R B BRI A IR R A ik 2 2 B R i S
— UG RR I T R AR AR, PR T RAERR , Ay 10 e SE R & it 22 2 Whaa 5 S A AN R AR B (14
MK 5 R I A TR R BE A 56, R 7R SR Wl 250 BE 25 1 T AR R A R 2 — b Rk B Il A
PRI B 11 A EE IR b A s iy, 28R Mha s S mm B 3 . fE I tEs Sy, Il
DT & AR AR T SRENA N, EB B MAZRZ BT, A 2R
RIEA U E R FEORIE ) ZEERIF IR S SRR AN A E L S AR UK TR AR, AR5
Fa i FET S AER M S F A R A A BRI 1 AKX T 4R R A0 S i v 0 sh AT iy g R T
TERR A 25T BT e S A & B ( glutamine synthetase ) 52 AI0HE BE R M0 75 5 W55 R, ik
Eh it B A R BEKE ) iX S AR E R A A R B 1 A AR — 3, fE— R AR
FIZEFREDUE T 8 A4 2= M4 2

(3) =IRIRAEH

A PR — I HA G o E R A &, AR aa R K AL B A MR, il S i Na* 256, NI B
MR EME R, AR AP B -0 A0 pH (AR A" SRITSE T A 2 6 A HLER , Of HLER R =&
PRI BB = (8] 3) . —RMAIGHIEMIE | 2R 1 R AT B, SURBEE UM AR R 1
HXEL , AB ) AT LR Hh o B 2 1 B 9 7 Dhe el 28 AR (%) ), 28 T R R kR i S /N3 SR BIGE N R BE AR
FENIERRASIE I, 5 = RIRIG M A PR & A U0 |, SR IT 72 B0 3 38 ol F v, 9 s AR A e
AR Z B T R, EhIF A MR Y i AR RS

FEER I8 J3E I R 2 A SE SRR , ASAE 6 FhoA HLIR AR =4 b &t dne s , 1T ELZE TG A I 28] 1) 23 AR
e P RS E R E A, SERBRE S RRRRIGH A L BERRIE I R R ANIRIE B TR S S Y O
ST , 82 SRR SFL IR, DR) I 3 SR A 00 3 I 390 5 et A A A s iR i AR &
B, SR WA T T T R SRR A R (HIEA SER R R BE IR OE, 53R B b
FAR— B WG A A IR . FRAE 1986 4F , AT AE T AR AL i & BRUFP B R A AL R K43
YR RO RS ALY AR R R R WS R AE R AR N R R RN B A
FRAEAR R R (E Il B 38 40 1) Ay A T R 3 R o i 0 B 35 B, M R A — R R I A v R A2 21 41
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