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Abstract

Aims The aim of this study was to investigate the effects of drought stress on primary, secondary metabolites
and metabolic pathways in the leaves of wheat, these parameters were evaluated to determine the physiological
adaptive mechanisms by which wheat tolerates drought stress at the jointing-booting stage.

Methods A pot experiment was carried out in rain-proof shelter. The relative growth rate, photosynthetic char-
acteristics and metabolism seedlings exposed to stresses lasting 12 days at jointing-booting stage were measured.
Important findings The results displayed that the photosynthesis decreased under drought stress, causing the
decreases of relative growth rate and dry matter mass. Profiles of 64 key metabolites produced by wheat including
organic acids, amino acids, carbohydrates, purine, etc. were examined, 29 of them were changed significantly un-
der drought stress. Principal component analysis (PCA) showed that 64% variations can be explained by the two
principal components. One-way ANOVA analysis results revealed that long term drought stress decreased malic
acid, citric acid and aconitic acid significantly, indicating inhibited tricarboxylic acid cycle. We further found that
prolonged drought stress led to accumulation of progressive amino acids (proline, serine, valine) and carbohy-
drates (myo-inositol, fructose, clucose) in wheat leaves and depletion of transamination products (asparagine,
glutamine, y-aminobutyric acid). These results imply wheat may enhance its drought tolerance mainly by increas-
ing amino acid biosynthesis and glycolysis under water-deficit conditions. Our findings suggest that drought con-
dition altered metabolic networks including transamination, the tricarboxylic cycle, gluconeogenesis/glycolysis,
glutamate-mediated proline biosynthesis, and the metabolisms of choline, pyrimidine and purine. This study
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provides new insights into the metabolic adaptation of wheat to drought stress and important information for de-

veloping drought-tolerant wheat cultivars.
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K HIARAL B s 5EAZIN A /N Z2 AR A B
IR . AT, /N2 T T R 7t 2 24
MR ZEEEE, WU BE B LM,
BIan 2R Sl i) & AR AL, 141 AR SuHh it
FONFARCTTZAREI T 5 aa S R 4R IE H R
AR o AW TR 3 - 511 (GC-MS) A
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Fig. 1 Effects of drought stress on the relative growth rate (RGR) (A) and relative water content (WC) (B) of shoots and roots of
wheat at the jointing-booting stage (mean * SE, n = 5). Different lowercase letters indicate significant difference between treatments

(p < 0.05, t-test).

RL FREMHANENZNEZH(Pa, G), KIESE(FFm, e, ETR)HI 472 & £(Chl a, Chl b, Car) {15201 (FHHARHER %, n = 5)
Table 1 The photosynthetic indices (Pn, Gs), chlorophyll fluorescence (F./Fm, gr, ETR), chlorophyll and carotenoid contents and Chl a/Chl b of wheat seedling

leaves under drought stress at the jointing-booting stage (mean + SE, n = 5)

K34k B HEZH WIS H HERRE R
Water treatment Photosynthetic indices Chlorophyll fluorescence Chlorophyll content
e AL PSIEI G RE Jetk PSIEILE MRS R Ral
Pn Gs L3 &S K ZBigp LN SULES Chlorophyll 42D
(umol-m2.s)  (umol-m2.s7h Fuo/Fim ETR contents chl a/Chl b
(9-kg™ fresh mass)
X Control 14.98 +0.63° 0.29 +0.01° 0.73+£0.02* 0.22 +0.05° 28.28 + 3.36° 4,29 +0.88° 2.16 £0.23"
T it 3.15+0.37° 0.04 +0.00° 0.31+0.03° 0.09 + 0.00° 12.49 +1.33° 2.01+0.63° 1.31+0.14°
Drought stress

AEING TR R A B R 2 57 2.3 (p < 0.05, t-test)

Different lowercase letters indicate significant difference between treatments (p < 0.05, t-test). P, net photosynthetic rate; G, stomatal conductance; F,/F, the
maximal PSII quantum yield; gp, photochemical quenching; ETR, apparent photosynthetic electron transport rate; Chl a, chlorophyll a; Chl b, chlorophyll b.
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Table 2 Relative concentration and the change of major metabolites in leaves of wheat seedlings under drought stress (DS) treatment at the jointing-booting stage

1323

ﬁiﬁﬁﬁﬁ_ﬁ ﬁiﬁif*‘% HHX ¥ & Relative concentration {3 Rate of change
gﬁ;?,?g;c Metabolite XIHE4H Control (CK)  TRpa4 DS Log: (DS/CK)
BN AEREN iR Oxalic acid 1.85 1.03 -0.84
The tricarboxylic acid cycle FelER: Citric acid 6.39 224 1517
53k Aconitic acid 3.37 1.65 -1.03"
SR 1socitric acid 1.01 0.64 -0.66
A-BiI% —# o-Ketoglutaric acid 0.31 0.12 -1.37"
BRI Succinic acid 1.46 0.99 -0.56
WEHHER Fumaric acid 0.59 0.27 -1.13"
W HE Malic acid 44.28 15.78 -1.49"
PEmEAR Glycolysis AR Pyruvate 0.36 0.42 0.21
W% R U AR Phosphoenolpyruvate 0.00 0.00 152
W BE-6-THR Fructose-6-phosphate 0.00 0.01 1.05"
FHE-6-HZ Glucose-6-phosphate 0.05 0.11 1.09”
HwHE Glucose 0.02 0.05 141
LRI Amino acids Jii% [’ Proline 1.76 58.64 5.06"
AR Alanine 3.13 2.93 -0.10
KRR Phenylalanine 0.88 1.14 0.38
RAZH Aspartic acid 14.38 6.41 -1.17"
RAMif% Asparagine 0.11 0.39 1.83"
HZ Glycine 0.26 0.53 1.03"
# 5] Serine 5.90 11.90 1.01"
7&R Threonine 0.01 0.01 0.59
BHEM Glutamate 0.47 1.41 1.60"
BEMif% Glutamine 141 0.37 -1.93
48 Valine 3.62 12.09 1.74"
F:f B Cysteine 0.03 0.05 0.72
25 1soleucine 1.61 7.09 2.14
TEHEM Leucine 0.36 1.52 2.06"
R Lysine 0.46 0.48 0.07
HHi % Methionine 0.50 0.38 -0.40
%% Tryptophan 0.05 0.05 0.05
Fix %2 Tyrosine 0.01 0.01 -0.12
5% ® Ornithine 0.22 0.19 -0.18
JREE: Citrulline 0.06 0.10 0.85
S EH HEFE Sucrose 12.77 6.37 -1.00"
Sugars and polyols A Fructose 1.09 221 103"
A Galactose 0.19 0.29 0.63
AKE Xylose 0.06 0.09 0.62
HESEHE Trehalose 0.02 0.04 0.97"
JULEE Myo-inositol 15.06 30.85 1.03"
H#&FE Mannose 21.27 20.53 -0.05
14— F% Cellobiose 0.04 0.03 -0.48
FLpE Altrose 1.03 1.34 0.39
i PEFE Glucoheptose 0.38 0.48 0.35
KHE Fucose 0.08 0.09 0.13

doi: 10.17521/cjpe.2016.0107
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%2 (4%) Table 2 (continued)

A [NV AA%T £ Relative concentration {L# Rate of change
Pty Metabolite FTE Control (CK)  Thimnain ps 0% (PS/CK0)
LB E N F-FLpETF Galactinol 157 1.34 -0.23
Sugars and polyols JEfL—#} Gentiobiose 0.09 0.20 114"
FLHE Lactose 0.07 0.05 -0.68
J7HE Threose 0.03 0.03 0.15
SKI5HE Lyxose 20.14 27.01 0.42
S RBERE Sedoheptulose 0.02 0.04 1.04"
HEHHE Tagatose 1.74 2.73 0.65
BETRATA) JREEE Uridine 0.03 0.03 -0.06
Nucleotides derivatives Jig i EnE Thymidine 1.82 0.68 -1.42
91204 Guanosine 0.27 0.17 -0.65
YKEEMERS Hypoxanthine 0.25 0.11 -1.14"
AL K% F A A =4 y-2 5T y-aminobutyric acid 28.23 15.43 -0.87"
Organic acids and others JE 8 Shikimic acid 11.89 12.61 0.08
Z R Quinic acid 2.77 2.70 -0.04
ZFEER Glyceric acid 1.34 1.42 0.09
Z.Bilf% Ethanolamine 0.81 0.36 -1.16"
AR Cinnamic acid 0.03 0.04 0.25
£LJRER Chlorogenic acid 0.28 0.18 -0.66
Fi#EfR Ferulic acid 0.06 0.06 0.12
BRIAER % Succinate semialdehyde 0.04 0.06 0.63

AR =X & AR 10V AE M S B M E P, R WAEECR B T2 2og, (T FWpia/xf i), *&R % 7 8.3 (p < 0.05).
The relative concentration of each metabolite is the average of data from 10 biological replicates obtained by gas chromatography-mass spectrometry. The rate
of change was calculated using the formula log, (DS/CK). * indicates significance different (p < 0.05).

T2 Wrig P RORE IR, BRI
BR. RAWNG. HER. 228 . 528, HER.
FEEABRMEER(E2, p<0.05). HETEHHES
BN R IR ), R AT ATk
e Fy-28 5 TR, DA RAX B RRATAYD, T i Ji v g
A v R ETH#E (322, p < 0.05).
3 g
31 FEEXNEZEKFEMEEF RN
RGRANIWCH] sz BB 4 44 52 3] 4 5 8 853 iy 3 N
HHREA A 3 [ Vi (Yang et al., 2008). AS2ih 4l B3
B, T 5 e RN 22 2R R RGRATWC 52 3|
TR, Hoe 2R s B R TR R, X
VLN b B R T R a v e A E AN
frma B (L) TRl S 8N i SR
TR, HEERGENEVERE AR KOt &
GNSAENEEZ 240, 5 hE 'R 1 obE
1 F B L 74 33 A1 CO, [RI AL i F5 (2 2) (Lawlor &
Cornic, 2002; 57K 5%, 2004).
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FERIAM A FE AR AR A7 1 R I AN S 4
FAFFEAE— A, T 5 20 8 2 W 1 S A
MEIEEA. YA REC A B H 2 R & 2 AR
AHTHLE, & S A S e B AT R T A 22
FER), B2z REANBE W EEMARERE. 1
A 2 o AT AR T DA 4 T b s AR T N Pl A PR
PRI HHEIE 4 o 4 RTHF 5 GC-MSAR T 2H 27
SINT T, RGURAR T A T A A R ) AR
10 DL S A I R R K (AR A3 B R IR B 1) AT R
(AR RE . ARG R, T REha g
TR, BT 2R REuEEERM.
TCAVEFR . FEREARINE 7 A2 AN B R A

T2 a3 &7 R R ETEEA(ROS)
PR E AR, SEUEYIANM A A B IINH,,
T D20 38 8 24 2 R IINH, il i 75 200 FH 3 4k
B E IR R W, B 8 A R T S B
o~ 1% it ATCAJEHA (Cui et al., 2008; Dai
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B2 FEpPha FAEN RSB ENE SR, 2EREEEERN, SaARDEERK (p<0.05).
Fig. 2 Proposed changes of metabolic network of wheat leaves under drought stress. Red boxes denote significant increases while green ones denote

significant decreases (p < 0.05).

et al., 2010). AHFFLLE KL, FEPTT AR
I v P i R e T SR e 12K 25 A T 84k B A B
SRR, 5] A E AR Bl 22, 4
7 R S S R 11155% (FR2)(E 4RSS, 2006; il
JREE, 2014). i Bl ZURE I A A BE o B A T i
VA G JHe R R A SR AR LA B R A i 1 38

T, 3K A A g I A U ) 5% 1 i 2 R A e A
LA — B g s i M o R 5 B 1 S o DA K
BRI, FTREME S 1 W g A A 7 ) d
HOARBAEMREEAR, KENSRAREL
AL-PEE P IR -5 TR B A g I 2 T 4 T A0 32 M R 1)
A Hi(F2)(LaRosa et al., 1991). & EH S S AE)
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FEEE T 1 53 — MR EAH BB E R, A0t
FOIHBAAE/NFE W P v R BILRH SR B H A= & BT
R, X AT e A DR D S B A T A N AR B R, fE
T 5 30 410 ) SR R T B R
K. SRR FRRARNTEARE T AR, £
Z 5 NIRRT B 2 2 1R, e AT W) v
INA] B s A L P I A A N g AR, T34 EAT
2 RS PIETR, AT CME AR b
AR (8545, 2002). 22 5 R A H 2082 7] e
SRR IR T AR A R, TR e
TEATE BRI INE A T s pE R AR, 2t
TN BT RIE (R 2) . BBA, AR LR B+ 5
30 B S ) — R AR S A A R y- R A T IR &,
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