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glutarate dehydrogenase activities, but inhibited glutalte decarboxylase activity under
both control and drought conditions, resulting in an increae in endogenous glutamate
(Glu) and GABA content. Besides, exogenous GABA could wellcaelerated PAs

synthesis and suppressed PAs catabolism, which lead to the xremely enhanced
different types of PAs content (free Put and Spd, insoluble dund Spd and Spm,

soluble conjugated Spd and Spm, and total Put, Spd and Spm) uder drought

stress. In addition, exogenous GABA application further atvated drought-induced

1 1-pyrroline-5-carboxylate synthetase and proline dehydmenase activities, but
suppressed drought-facilitated ornithine d-amino transferase activities, leading to a
higher Pro accumulation and metabolism in GABA-pretreateglants in the middle and
last period of drought. The results suggested that increasgé endogenous GABA by
exogenous GABA treatment could improve drought tolerance fowhite clover associated
with a positive regulation in the GABA-shunt, PAs and Pro mabolism.

Keywords: g-aminobutyric acid, polyamines metabolism, proline accumulati on, drought stress, white clover

INTRODUCTION

Drought stress is one of the most severe limiting factors tiegatively a ects plant growth and
development in perennial forage species around the wakleh(cchiarico and Piano, 2004The

scarcity of available water restrains plant productivity doerought-induced cellular membrane
damage, nutritional imbalance, and metabolic disorderswidver, plants have evolved a range
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of physiological, biochemical, and metabolic responses tm the loss of GABA transaminase (GABA-T) israbidopsis
drought stress including the synthesis or degradation opop2mutant lines,Arabidopsigyenerally showed more sensitive
phytohormone, plant growth regulators (PGRs), osmolytes, antb various abiotic stressesAl{Quraan and Al-Share, 20)5
antioxidants defense associated with drought toleranceeiRlyc  Moreover, the functions of GABA closely linked with PAs and
the exogenous application of PGRs is an e ective strategy tBro in plants when response to abiotic stress. The catabolism
alleviate drought damage in plant, such as glutamic (Glu)ipeo of PAs is an important origin of GABA production and Pro
(Pro), polyamines (Pagjamaguchi et al., 2007; Li et al., 20)1.6b shares the common synthetic precursor glutamic acid with
and g-aminobutyric acid (GABA;Hu et al., 201h GABA is GABA. Hu et al. (2015)demonstrated that exogenous GABA
a four-carbon non-protein amino acid which could rapidly application positively facilitated PA biosynthesis and enhdnce
accumulate when plants su er from environment stresggs/(n  endogenous GABA level, which e ectively alleviated CagihO
and Shelp, 1997; Medina et al., 2009; Narsai et al.,)20he stress damage in muskmeloghang et al. (2011proposed
biosynthesis of endogenous GABA is mainly involved in twahat GABA treatment could well accumulate the content of
pathways: one is the decarboxylation of Glu from the catalytiendogenous GABA and proline, which was useful to protect
action of glutamate decarboxylase (GAD) in the cytosol drel t peach fruit suering from chilling injury. However, these
other was from the degradation of PAs through diamine oxelasresearches only partly illustrate probable relationships betwe
(CuAO) and polyamine oxidase (PAOBatnagar et al., 2001  GABA and other PGRs (Glu, PAs, or Pro), itis still scarce about a

In recent years, more and more studies have indicated thatomprehensive understanding of the e ects of exogenous GABA
GABA plays a special role in the regulation of the tolerancen GABA shunt, PAs, and Pro metabolic pathways when plants
to abiotic stress in plants rather than just a metabolite. dadh encountered abiotic stress.
been widely demonstrated that exogenous application of GABA White clover (rifolium repenyis an important cool-season
successfully enhanced the tolerance to various abiotessés forage and turfgrass, which has been widely planted in gradsl
in plants. It was reported that exogenous application of GABAand landscaping owing to its high crude protein content,
positively regulated the antioxidant defense and photosgsith nitrogen xation ability, and excellent ornamental charedstics.
in pepper Capsicum annuuirseedlings under low light streds(  However, white clover is very sensitive to limited water supply
et al., 201). Also, GABA pre-treating could alleviate the damagdn production (Annicchiarico and Piano, 2004; Mercer and
induced by chilling stress in tomatd.ycopersicon esculentum Watson, 200y. Therefore, it is critical for increasing the drought
seedling, peactPfimus persidafruit as well as wheaflfiticum  resistance of white clover through economic and e ective
aestivum seedlings $hang et al., 2011; Al-Quraan et al., 2013strategy. In this study, white clover “Ladino” was pretreatith
Malekzadeh et al., 20L.4GABA-treated rice Qryza sativh  exogenous GABA in roots before exposed to Polyethylene glycol
su ered less heat stress due to the accumulation of increas¢®EG, a widely used drought inducer similar to natural water
osmolytes and the up-regulation of antioxidant abilityigyyar  shortage in plants) induced drought stre§s( and Blake, 1997;
et al., 2013 What's more, exogenous GABA improved theComeau etal., 2010; Kautz et al., 20The objectives were (1) to
resistance to saline-alkaline in muskmelo@ugcumis melon examine whether application of exogenous GABA could alleviate
involved in the protection of photosynthesis apparatus andlrought damages, (2) to assess the e ects of exogenous GABA
the alleviation of stress-related photoinhibitiorKiéng et al., on GABA shunt, polyamines, and proline metabolic pathway.
2019. For the drought stress/ijayakumari and Puthur (2015) Such information will be beneted to better understand the
indicated that GABA application could signi cantly enhance physiological adaptability to environmental stress in plaztsl
the drought tolerance through alleviating lipid peroxidatiand  develop e ective cultivation measures to protecting plantsir
inhibiting photosynthetic and mitochondrial activity in &tk  drought stress.
pepper Piper nigrum. In addition, application of exogenous
GABA also improved drought resistance of creeping bentgra‘cﬁlATERlALS AND METHODS
(Agrostis stolonifejassociated with the increased accumulation
of amino acids, organic acids, and other osmotic substancd3lant Materials Culture
related to secondary metabolismi et al., 2016 Moreover, it  The same size and grain plumpness seeds of white clover cv.
is proved that the reduction of GABA content closely in radati  “Ladino” were selected in this study and all seeds werdligtzdi
to a decreased resistance to drought Amabidopsismutant  with 0.1% HgCJ for 3 min and then rinsed 3 times with distilled
by the knock-out of glutamate decarboxylase geelonnen water. 0.1 g seeds were sown in each seedlings tray (24 cth,leng
et al., 201} In conclusion, it is suggested that GABA plays a20 cm width and 15 cm deep) with pre-sterilized quartz sand and
positive role in physiological modulation when plants su erifiio  then placed all trays in growth chamber (16 h photoperiod, 75%
unfavorable environment stresses and the manipulation oBBA relative humidity, and 23/1% day/night) with distilled water
levels could be a potential method in enhancing stress eggist for germination 7 days. In subsequent stage, the seedliegs w
in plants. watered with fresh Hoagland's solutiofl¢agland and Arnon,

In plants, GABA shunt exhibits particular roles in the 195() in roots every 2 days.
maintenance of carbon/nitrogen balance, regulation obsgtic
pH, scavenging of reactive oxygen species, osmoregulatidn, aGABA Pretreatment and Drought Stress
signaling transduction coupling with TCA cycl&érraj et al., After 30 days (the second leaves fully expanded), the plarts we
1998; Bouché and Fromm, 2004; Shi et al., 2010; Krishnaxposed to four treatments: (1) Control (well watering plamii
et al., 2013; Mekonnen et al., 201n GABA shunt, owing Hoagland's solution in roots); (2) GABA (pretreating plants #
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days with 8 mM GABA in roots, watering GABA solution once of bubbles). The mixture was centrifuged at 10,000 g for X0 mi
every 2 days); (3) PEG [watering 15% PEG-6000 (W/V) solutioithe absorbance of the supernatant was determined at 532 and
in roots]; (4) GABACPEG (pretreating the plants with GABA 600 nm. MDA content was expressed as nmol/g DW.

as treatment (2) before PEG treatment). Three hundred and

fty milliliter Hoagland's solution with appointed concenation ~ Glutamic, GABA Content and Metabolism Enzyme

of GABA or PEG were changed every 2 days in treatmenfctivity

The GABA concentration was determined by our preliminaryGlu content and Alpha ketone glutarate dehydrogenase (
experiment. Each treatment had four independent biologicaKGDH) activity were determined by using Assay Kits (Suzhou
replicates, there were 16 pots plants in total. leaf samples we@®min Biotechnology Co., Ltd., China) according to the

collected at the 0, 10, 17 days of PEG treatment. manufacturer's protocol.
. . . . The endogenous GABA content was determined by Berthelot
Chemicals Treatment in Vitro Condition reaction with some modi cations Guijin and Bown, 199y

To further explore whether a higher GABA concentration playg eaves (0.1 g) were ground with methanol at room temperature.
a positive role in white clover responsing to drought stressthe homogenate was centrifuged at 5,000g for 15min and
the plant leaves were directly collected and tredteditro for  giscarded the supernatant (2-3 times). The sediment was re-
16h as follows: (1) Control; (2) 4N (GAD activity inhibitar) gissolved in 1.5mL distilled water. Subsequently, the sesnpl
(3) AG (CuAO and PAQ activity inhibitor); (4) 4BPEG; (5) \ere heated in water bath at 8D for 2 h, and then centrifuged
AGCPEG; (6) PEG; (7) GABBPEG. Six independent replicates at 7,000g for 15min. One milliliter supernatant was added
were applied for each treatment. 0.1 mL 2 mol/L AIC4 and oscillated. The mixture was cooled to

. . room temperature and then centrifuged at 12,000 g for 10 min.
Phys_lologlcal Parameters . The supernatant (0.5mL) was shaken for 5min with 0.3mL
Relatlvg Water Content, Electrolytic Leakage, and KOH and centrifuged at 12,000g for 5min. The resulting
Malondialdehyde

supernatant was used to measure the content of GABA based

0.1g fresh leaves (FW) from each treatment were wrapped i, the following procedure: 0.3mL supernatant was added

gauze and completely immersed in distilled water, and then puf, e reaction solutions [including 0.5mL 0.1 mol/L sodium
into refrigerator at 4C for 24 h. Saturated weight (SW) were ;oirahorate (PHD 10.0), 0.4mL 6% phenol and 0.6mL 5%

weighed after the leaves were removed from distilled watelr a gqiym hypochlorite]. The mixture was put into a boiling water
gently dried. Subsequently, leaf samples were putinto Krg#pa ¢4 10 min and rapidly placed in ice bath for 5min. Finally, the

bags in oven, then inactivated at 1@for 30 min and dried at 5| tion was shaken with 2 mL 60% ethyl alcohol and measured
75 C for 48 h to determine dry weight (DW). Leaf relative watery, o absorbance in 645 nm.

content(RWC)was determined by using the following formula sAD and GABA-T activities were determined according

(Barrs and Weatherley, 1952 to Bartyzel et al. (2003)and Ansari et al. (2005)with
EW DW some modi cations, respectively. 0.1 g leaves were ground to
RWC(%)D SW DW 100% (1) homogenate with 100 mM Tris-HCL (pH 7.5) (including 1 mM

EDTA, 1mM PMSF, and 10% glycerol). The mixture was

For the measurement of electrolyte leakage (EL), 0.1g fre§§ntrifuged at 12,0009 for 20 min at@. The supernatant was
leaves were put into the tube with deionized water (15 mL)f Ledransferred to a new tube and used for determination of GAD
samples were incubated for 24 h at room temperature and initic"d GABA-T activities. Enzyme activity was presented as mmol
conductivity of the solution (G) Were determined by using 9 *proteinh *.

a conductivity meter (YSI Model 32, Yellow Spring, OH). After ) ] o

that, leaf samples were boiled at 100for 30 min and cooled Polyamines Content and Metabolic Enzyme Activity

to room temperature to measure the nal conductivity (g). Free insoluble bound and soluble conjugated PAs (inclgdfat,

EL was calculated by using the following formulalm and SPd and Spm) were quanti ed according fouan et al. (2008)
Ebercon, 1981 with some modi cations. Leaves (0.1 g) were homogenized wit

1 mL perchloriv acid (precool, 5%, v/v) and incubated &t 4or
Cinitial 100% @) 1 h. And then the mixture was centrifuged at 12,000 g for 30 min
Chal at4 C. The supernatant was benzoylated as the following process:

500m supernatant was blended with 2 mL NaOH (2M) andrtiO
Malondialdehyde (MDA) was measured obeying method obenzoyl chlorides and incubated 37 for 30 min. Two milliliter
Dhindsa et al. (1981)Leaves (0.1g) was ground on ice bathsaturarted NaCl solution was used to terminate the reaction.
with 1.5mL 150 mmol/L phosphate bu er saline (PBS, iH In order to extract benzoyl PAs, 2mL cold diethylether was
7.8). The homogenate was centrifuged at 15,0009 for 40 madded into the solution and 1 mL ether phase was evaporated to
at 4 C. 0.5mL MDA crude enzyme solution (the supernatantdryness. The dried product were re-dissolved in 1 mL methanol
after centrifugation) and 1.0 mL mixture [including 20% w/v to determine the content of PAs.
trichloroacetic acid (TCA) and 0.5% w/v thiobarbituric dgi Polyamines biosynthetic enzyme (including ADC, ODC and
were incubated at 9% for 15min, and then rapid cooled to SAMDC) activities were assayed accordingto et al. (2012)
room temperature on ice bath (shaken to prevent the formatiorD.1 g leaves was ground with 5mL extract solution (including

EL(%)D

Frontiers in Physiology | www.frontiersin.org 3 December 2017 | Volume 8 | Article 1107


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Yong et al. Exogenous GABA Improves Drought Tolerance

50 mmol/L PBS, pHD 6.3, including 5 mmol/L EDTA, 0.1 5 mmol/L a-ketoglutaric acid and 0.05 mmol/L pyridoxal
mmol/L PMSF, 40mmol/L pyridoxal phosphate, 40mqmol/L  phosphate, pHD 8.0) and put into water bath for 20 min
insolubility ployvinylpynolidone, 5 mmol/L dithiothreitolnd at 37 C. Followed, the mixture with perchloric acid and 2%
24 mmol/L Vc) on ice bath. After centrifugation at 12,000 gninhydrin were heated in boiling water for 5 min and centrifed
for 40 min at 4 C, the supernatant was dialyzed against 3 mlat 13,000 g for 30 min. The sediment was redissolved in atesolu
of 100 mmol/L PBS (pH 8.0) (including 0.05 mmol/L PLP, lethylalcohol. The absorbance of the solution was measured at
mmol/L DTT and 0.1 mmol/L EDTA) for 24 h in darkness at 510 nm.
4 C. 0.3mL dialyzed enzyme extract solution were mixed with Proline dehydrogenase (ProDH) activity was analyzed
1.5mL of reaction system included 1 mL 100 mmol/L Tris-HClaccording to Rena and Splittstoesser (197%ith some
buer (pH D 7.5, containing 5 mmol/L EDTA, 5 mmol/L DTT modi cations. Leaves (0.1 g) were ground with 100 mmol/L PBS
and 40mmol/L L-Arg for determination of ADC, 40mmol/L  (including 1 mmol/L cysteine and 0.1 mmol/L EDTA-MNapH
L-Orn for determination of ODC or 40mmol/L determination 8.0) and centrifuged at 15,0009 for 30 min. The supernatant
of S-adenosylmethionine for SAMDC n). Enzyme activity wasvere mixed with enzyme reaction solution (containing 100
presented asmol g ! proteinh 1. mmol/L NapCO3z-NaHCO3; and 20 mmol/L L-Pro, pHD 10.3)
PAO and CuAO (Polyamines catabolism enzyme) activitieand then incubated at 3Z for 5min. 50 mL nicotinamide
were determined according t&u et al. (2005with some adenine dinucleotide (NAD) was added into reaction mixture
modi catuions. 0.5g leaves were homogenized with 1.5mland immediately monitored with a UV detector at 310 nm.
100 mM potassium-PBS (pH 6.5) and centrifuged at 10,0009
for 20min at 4C. The reaction mixture contained 0.2mL Quantitative Real-time PCR (qRT-PCR) Analysis
supernatant, 2.5mL 100mM potassium-PBS (@Bl 6.5), Total RNA of white clover leaves were extracted by using Plant
0.2mL  4-aminoantipyrine/N, N-dimethylaniline, 0.1 mL RNA Kit (GBCBIO Technologies Inc., China) according to the
horseradish peroxidase and Sp8Spm (20 mmol/L) for PAO speci cation. An iScriptTM cDNA Synthesis Kit from USA Bio-
determination or Put (20 mmol/L) for CuAO. The absorbanceRad Laboratories was used for revers-transcripting RNA to rs
values were measured at 550nm for calculating enzynm@hain of cDNA. The ampli cation of -Actin was used as an

activity. internal control to normalize all data. Primer sequences fer
Actin, ADC, ODC, CuAO, GAD, PA@nd SMADCwere showed
Proline Content and Its Metabolic Enzyme Activity in Table 1 The conditions of the PCR protocol for all genes were

Pro content was measured by the ninhydrin method accordings follows: 30 s at 9& and 30 repeats of denaturation at @4for
to Bates et al. (1973)0.1g leaves were extracted in 5mL30s, annealing at 58 ( -Actin, ADC, ODCandCuAQ) or 63 C
3% sulfosalicylic acid and then heated in boiling water fo{GAD, PAOand SMADQ for 30's, 1 min at 72C, followed 72C
20min. The samples were cooled to room temperature anébr5min.
then 1 mL extract was mixed with 2mL glacial acetic acid
and 3mL ninhydrin reaction mixture. The reaction solution Statistical Analysis
was heated in boiled water at 1@ for 40 min and then The data was analyzed by using SPSS 19.0 (IBM, Armonk, New
put into ice bath mixing with 2.5mL toluene. Chromophore- York, USA). The statistical signi cance among treatmentseve
containing toluene was used for nal determine the absordmn determined using Fischer's least signi cance di erencelf) &t
at 520 nm. the 0.05 probability level.

1 L-pyrroline-5-carboxylate synthetase (P5CS) activity was
determined according to hydrochloric acid amine colorimet
method (Wi”iams and Frank, 19% Leaves (0-19) were TABLE 1 | All primers used in this experiment.
homogenized with 0.5 mol/L Tri-HCI (pHD 7.5), 10 mmol/L
MgC1,, 2 mmol/L Benzyl phthalein uorine, and 2% PVP in ice Gene Geneno.  Primer sequence(5 %39 Tm( C)
bath. The homogenate was centrifuged at 20,000 g for 20 min at

4 C. The supernatant were mixed with 3 mL reaction mixtureGAD KX856932 GCAGCTAGTGGCGGCTTCAT 63
(including 50 mmol/L Tri-HCI, 20 mmol/L MgCI2, 10 mmol/L CGATTCCAGCATAGACAAGACCATA
ATP, 100 mmol/L Hydroxamate-HCl, and 50 mmol/L L-Glu, pH “P¢ KXB56933  ATCTGCTGCTACCCTTCGTCG 58
D 7.0) and immediately incubated in 3Z water bath for 15 min. GCTGTTCAATCCCTAAAGTGCC
In order to terminate the reaction, 3mL reaction terminatio ©°¢ KX856934  AACTTCCAACAGTCAAGCCTTTCT 63
bu er (including 0.5 mmol/L HCI, 5% FeGiland 12% TCA) GGTTGGCATAGATGATTCGGTC
were added into the solution. Subsequently the absorbaftbeo SAMPC  KX856936  GCAGCCAAGATGACCAACAAC 63
reaction solution was measured at 535 nm. GAAACAGCAGCACCTTCAACAG

Ornithine -d- amino transferasekOAT) activity was analyzed CuAO KX856931  CGAACAAAGCGTTGCGATAGA 58
based onKim et al. (1994) Leaves (0.1g) were ground with GTACTCTTCTCTTCTCCAAACCACC
100 mmol/L PBS (pHD 7.9, including 1 mmol/L EDTA- PAO KX856935 ~ GAGGTTGCGGGTTCCTGTAGAT 63
Naz, 10 mmol/L b-mercaptoethanol and 15% glycerinum) and GGCAGCCATTGTTCCAGTAGAGTAT
centrifuged at 15,000 g for 15 min. The supernatant were mixedActin JF968419 TTACAATGAATTGCGTGTTG 58
with 50 mmol/L Tris (containing 50 mmol/L L-ornithine, AGAGGACAGCCTGAATGG
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RESULTS (Figure 2A). PEG-induced drought stress caused a rapid
accumulation of endogenous GABA contents, however,
Phenotype, RWC, EL, and MDA Content of GABACPEG treatment showed signi cantly 33.33 and 23.08%
White Clover Plants higher GABA contents compared with PEG treatment at 10
No signicant dierences were observed in appearanceand 17 days of drought, respectively. The activities of GABA-
performance, RWC, EL, and MDA content among all treatmentsind a-KGDH between di erent treatments had no signi cant
under control conditions in white cloverHigure 1). Exogenous dj erences under well-watered conditions. Drought induced
application of GABA e ectively mitigated drought-induced fea g gradual increase in GABA-T and-KGDH activities, but
wilting (Figure 1A). PEG treatment gradually decreased leahigher GABA-T anda-KGDH activities were observed in GABA
RWC, however, GABA-pretreated plants showed signi cantlypretreatments than in non-GABA pretreatments under drought
higher RWC compared with PEG treatment alone duringstress, except an opposite GABA-T activity at 10 days of drought
PEG-induced drought stress=igure 1B). Meanwhile, EL and (Figures 2B,§. Compared with PEG treated planta;KGDH

MDA content continually raised with the duration of drought, activities of GABAZPEG treated plants increased by 50.71% at
but GABA application observably inhibited the rising trend 17 days of drought stress.

(Figures 1C,D. Glu content, GAD activity andGAD gene expression all
gradually increased with prolonged drought stress, and GABA

Endogenous GABA Content and pretreated plants maintained signi cantly higher Glu conten

GABA-Shunt Metabolism than non-pretreated plants along with a visibly suppression

Exogenous application of GABA greatly enhanced endogenois GAD activity under both control and stressful conditions
GABA content in white clover under non-stress condition (Figures 2D—F. GAD activity in GABACPEG treated plants was

§ 8d § o %\
g 2 ol %\
174 (8 2 Ll %§

P zsttlzg: [ IControl .

50+ ZAGABA
sl XY PEG
I GABA+PEG

Relative Electrolytic Leakage (%) ©

MDA Content (nmol/g DW)

§
§
\
.
.
.
§

N

0 10 1
Days of Treatment Days of Treatment

%

~
(=]
—_
(=T

7
—_
3

FIGURE 1 | Appearance performance(A), RWC (B), EL (C), and MDA content (D) of white clover in different treatments. Vertical columnsidicate Mean std (n D
4). The same letter indicates no signi cant difference and th different letter indicate signi cant difference under a pdicular day of treatment. P < 0.05).
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FIGURE 2 | GABA content (A), GABA-T activity(B), a-KGDH activity (C), Glu content (D), GAD activity(E), and GAD gene relative expressioifF) of white clover in
different treatments. Vertical columns indicate Mean std (n D 4). The same letter indicates no signi cant difference and th different letter indicate signi cant
difference under a particular day of treatment.R < 0.05).

210.71% lower than that in PEG-treated plants at 17 days &pd at 10 days, 15.62% higher conjugated Spd at 17 days than
drought (Figure 2B. GAD gene expression was signi cantly up- PEG-treated plants, respectively.

regulated by exogenous GABA under well-watered conditions Exogenous application of GABA signicantly decreased
A signi cantly higher of GAD gene relative expression levelsfree and total Spm contents, and had no signicant

in GABACPEG treated plants were detected at 17 days whilalteration to bound and conjugated Spm content under
lower at 10 days when compared to only PEG-treated plantwell-watered conditions. PEG-induced drought stress

(Figure 2PB. greatly promoted free, bound, conjugated and total Spm
accumulation in leaves. However, GABA pretreated plants
Endogenous Polyamines Contents showed signi cantly lower free Spm content, higher bound

Under well-watered conditions, treatments with GABA hadand conjugated Spm contents compared with non-treated
higher free, insoluble bound and total Put contents thanGABA plants at 10 and 17 days of drought stress. As a
treatments without GABA, accompanied by no signi cantresult, there was no signicant dierences in total Spm
Changes for soluble Conjugated Put content in 4 dierentcontent between GABBPEG treated and PEG-treated plantS
treatments. Increased free, insoluble bound, solubleugatpd ~ (Figures 3C,FLD.

and total Put contents were detected under drought stress.

Furthermore, GABAPEG treated plants showed remarkablyPolyamines Biosynthesis

higher free and total, but lower bound and conjugated PutUnder well-watered condition, ADC and SAMDC activities
contents than PEG treated plants alonkigures 3A,D,G,J. had no signi cant di erences in four treatments, and GABA
GABACPERG treated plants showed 41.65 and 92.69% higher fréreatment signi cantly increased ODC activitidsigures 4A-Q.

Put content than PEG treated plants at 10 and 17 days of drougi®tDC and SAMDC activities were increasingly induced by
stress, respectively. PEG-induced drought stress, and GABA pretreatment further
Treatments with GABA had lower free and total Spdenhanced this two enzymatic activities during drought s#re

contents than treatments without GABA under well-wateredbut ODC activity only at 10 days of droughFigures 4A-Q.
conditions, meanwhile bound and conjugated Spd contents diGABA induced a signicant decrease in botADC and

not signi cantly changed. Free, bound, conjugated andlt8gd = SAMDCgene expression, and had no e ect @DC expression
contents obviously increased under PEG-induced drouglesst under well-watered conditions. Drought stress generated a
and exogenous application of GABA further enhanced di erentincrease and a decrease in both ADC and SAMDC gene
forms and total Spd contents$-igures 3B,E,H,§. GABACPEG expression at 10 and 17 days respectively, and a continuous up-
treated plants showed 30.34 and 10.03% higher free and boungulation in ODC expression Kigures 4D—-F. GABA treated
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FIGURE 3 | Polyamines content of white clover in different treatmentd=ree Put content(A), free Spd content(B), free Spm content(C), insoluble bound Put content
(D), insoluble bound Spd content(E), insoluble bound Spm content(F), soluble conjugated Put content(G), soluble conjugated Spd content(H), soluble conjugated
Spm content (1), total Put content (J), total Spd content (K), and total Spm content (L). Vertical columns indicate Mean std (n D 4). The same letter indicates no
signi cant difference and the different letter indicate sigi cant difference under a particular day of treatment.® < 0.05).

plants showed a signi cantly lower and higher expression irand higher expression level of this two genes than non-
three genes at 10 and 17 days of drought stress, respectivelyated plants atl0 and 17 days of drought stress, respsctivel
(Figures 4D-H. (Figures 5C,D.

Polyamines Catabolism Proline Metabolism

Exogenous application of GABA signi cantly inhibited PAO Proline contents had no observable di erence in all treattsen
and CuAO activity under both well-watered and stressfulalong with signi cantly reducedOAT and ProDH activity but
conditions. PEG-induced drought stress up-regulated PA@ anincreased P5CS activity in GABA treatments before PEG-d4adu
CuAO activities and genes expression. Compared with PE@rought stress Kigure 6). Drought quickly induced proline
treatment, GABA pretreatment decreased PAO activity byB0.8accumulation corresponding to boostingOAT and P5CS
and 12.06%, CuAO activity by 39.10 and 27.13% at 10 arattivity involved in proline synthesis, but restraining ProDH
17 days of drought, respectivelfFigures 5A,B. GABA had activity responsible for proline degradatiorFigures 6A-D).
no e ect on PAO and CuAOgenes expression under normal GABA still showed a remarkably restraining e ect on AT
conditions, but GABA pretreated plants showed a greatly loweactivity, but a stimulative e ect on both PSCS and ProDH aitjiv
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FIGURE 4 | Activities of key enzymes that catalyze polyamine synthesiADC (A), ODC (B), SAMDC (C) and relative expression of genes ADED), ODC (E), and
SAMDC (F) in white clover leaves under different treatments. Vertitgolumns indicate Mean std (n D 4). The same letter indicates no signi cant difference and &
different letter indicate signi cant difference under a parcular day of treatment. P < 0.05).

under PEG-induced drought stress, resulting in a 55.76%drtig of GABA were found successively. It was reported that drought
proline content in GABA-pretreated plants compared to non-could increase the activities of ProTs and AAP3 (GABA

pretreated plants at 10 days of drought strésgires 6A-D transporters) which regulate GABA entering into plant cells
. across cell membranéréntsch, 1998; Ramesh et al., 2017
Effects of Exogenous Inhibitor of GABA addition, GABA could regulate the release of?€drom the
Biosynthesis on Physiological Variation intracellular C&C store by bounding to its receptors (GLRs and
under Drought Stress ALMTs) and then modulate the activity of GADCQiolewa et al.,

To further verify the e ect of increased endogenous GABAL997; Malho, 1999; Lancien and Roberts, 30Athough these
concentration on eliminating drought stress, a pharmacidag ~ ndings, the metabolic e ects of GABA on drought tolerance
assay was designed. As showRigure 7, both 4N (GAD activity is still not fully understood in plants. Therefore, this study
inhibitor) and AG (CuAO and PAO activity inhibitor) could Was designed to explain how the GABA concentration a ects
signi cantly reduce endogenous GABA content of treatmentdhe metabolic pathway associated with GABA synthesis and
under water and PEG conditions, but the treatment combinecfatabolism in white clover response to drought stress

GABA with PEG showed signi cant higher endogenous GABA . .

content than other treatmentsrgure 7D). RWC, EL, and MDA GABA Accumulation Could Effectively

content of treatments without PEG had no signi cantdi ereee.  Relieve Drought Damage of Plants

Treatment combined PEG with 4N or AG exhibited signi cantly Increased EL and MDA accumulation were considered as
lower RWC, higher EL and MDA content than only PEG the indicators of membrane damage and lipid peroxidation
treatment. Meanwhile, treatment combined PEG with GABAinduced by excessive ROS generation during stress. Whiterslov
showed the opposite pattern compared with only PEG treatmergradually showed the symptom of wilting accompanied by the

(Figures 7A-Q. decrease of RWC as well as the increases of EL and MDA content
during PEG-induced water stress. However, pretreatmenty wit
DISCUSSION GABA e ectively alleviate drought-induced leaf wilting and

improve membrane stability (decreases in EL and MDA
In plants, GABA was rstly discovered in potatdcSélanum content) under drought stress. The positive e ects of exogsnou
tuberosum tubers in 1949 $teward et al., 1939Subsequently, supply of GABA on mitigating drought damage through
more and more literatures reported that endogenous GABAhe maintenance of membrane stability were also found in
obviously accumulated when plant su ering from various stes  perennial ryegrasd plium perenngand black pepperi{rishnan
(Alan and Frank, 2000 Meanwhile, transporters and receptorset al., 2013; Vijayakumari and Puthur, 2015 hese results
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FIGURE 5 | Activities of key enzymes that catalyze polyamine catabsin, PAO (A) and CuAO (B) and relative expression of genes, PAQC) and CuAO (D) of white
clover at different treatments. Vertical columns indicatéean std (n D 4). The same letter indicates no signi cant difference and th different letter indicate
signi cant difference under a particular day of treatment.R < 0.05).

suggested that GABA played an important role in protectingGABA concentration. In addition, a higher endogenous GABA
plants from oxidative stress. The pharmacological assafidurt concentration and a lower GAD activity were also found under
con rmed the bene cial e ects of elevated endogenous GABAboth control and drought conditions, implicating a feedback
level on the alleviation of drought-induced damage in whiteinhibition between GABA and drought-induced GAD activity.

clover. A similar result has been found in hypoxin-stressed melon soot
) (Wang etal., 2004 A direct suppression of GAD activity induced
GABA Shunt and Stress Tolerance in Plants by exogenous GABA might make a greater contribution to the

Three enzymes involved in GABA shunt are detected in thisncrease in Glu content due to the decrease in Glu consumption
study. GAD is a cytosolic acidi cation-activated enzymeieth for GABA synthesis.

catalyzes irreversible decarboxylation of glutamate toegse Interestingly, the pathway of GABA catabolism was further
GABA. The other two steps of GABA shunt proceed inaccelerated by exogenous GABA application due to higher
mitochondria associated with TCA cycle. GABA is reversibhactivities of GABA-T and a-KGDH. Particularly, GABA-T
converted into SSA by GABA-T and then SSA is oxidized t@atalyzes GABA to glutamate or alanine at the rst step of
produce succinate by SSADH linking with TCA cycle. TheGABA degradation. In addition, a-ketoglutarate dehydnogge
potential functions of GABA shunt involved in the balance(a-KGDH) which catalyzes a-ketoglutarate into succinate i
of C/N metabolism and the maintenance of integrality of TCA cycle was regarded as a major enzyme for linking GABA
TCA cycle have been well documente@al et al., 2008 In  shunt and TCA cycle Bouché and Fromm, 2004 Therefore,
our experiment, application of exogenous GABA signi cantlythe improvement of GABA-T and a-KGDH activities indicated
increased the endogenous GABA concentration, which wasigher GABA catabolism and subsequent TCA metabolic
similar to the ndings of Hu et al. (2015)and Wang et al. process, resulting in a rapid accumulation of Glu. Besidegelto
(2014) Our pharmacological assay also proved that both GIGAD activity and greater GABA catabolism accounted for the
and PAs pathway contributed to the increase of endogenouscreased Glu contentin GABA treatments, which was also found
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FIGURE 6 | Changes in proline content(A) and key enzymes activity of-OAT (B), P5CS (C), and ProDH (D) of white clover at different treatments. Vertical columns
indicate Mean std (n D 4). The same letter indicates no signi cant difference and t different letter indicate signi cant difference under a paicular day of treatment.
(P < 0.05).

in Brasska napuand rice when su ered from drought stress Alteration of Endogenous GABA

(Good and Zaplachinski, 1994; Do et al., 2D13 Concentration Affects Polyamines
The physiological function of GABA-T and a-KGDH has Metabolism under Drought Stress
been well described under normal condition, but was scgrceIPAS ubiquitously distribute in all eukaryotic cells and mginl

revealed in stressiu et al. (2015found that GABA-T activity i, 4e put, Spd, and Spm which consist of free, conjugated and
in muskmelon was increased by exogenous GABA applicatiof), \nged status in higher plantsi( et al., 2012 PAs synthesis
under Ca(NQ) stress. It was reported that GABA-T was Moreivinates from three pathways and involves three major
functional importance in preventing ROS species accumulatlorbnzymes: ADC, ODC, and SMADC. ODC or ADC catalyzes the
linking N and C metabolism under stressful conditiorisgnault decarboxylation of ornithine or arginine, which is committe
etal., 2010; Al-Quraan and Al-Share, 2116 our current study,  step of Put synthesis. The conversion of S-adenosylmeitigon

it is observed that endogenous GABA concentration in plantsnto decarboxylated S-adenosylmethionine could be catdlpge
presented an obvious decrease after reaching the peak in tBAMDC, which donates aminopropy! groups to Put to produce
middle stage of drought. This expenditure on GABA was jusBpd or Spm via Spd synthase or Spm synthase, respectively.
coordinated with dramatically increased GABA-T and a-KGDH|n addition, PAs catabolism is catalyzed by CuAO and PAO
activities in the last stage of drought, suggesting that Afght  (Mattoo et al., 2010; Rangan et al., 20PAs accumulation has
ow into the TCA cycle (ait et al., 2005; Renault et al., 2010 been observed in di erent plants under environmental stresse
Taking these results into account, it could be speculatetidha and the key roles of PAs have been well con rmed in plants
decreased GABA synthesis and an increased GABA cataboli§®equera-Mutiozabal et al., 201@ direct link of GABA and
induced by exogenous GABA application could play a positiv@As is that PAs catabolism produces GABA via CuAO or PAO
role in the alleviation of drought stress damage to whitevelo catalysis. The investigation ¢fang et al. (2013jevealed that
through supplying enough Glu and keeping the uency of GABAPAs degradation o ered approximately 30% of GABA content
shunt and TCA metabolism under drought stress. in fava beans\(cia farg under hypoxic stress. In our current
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FIGURE 7 | Different treatments on RWQA), EL (B), MDA (C) and endogenous GABA content(D) of white clover leaves. The plants were treated with: $0 (1);6
mmol/L 4N (2); 1 mmol/L AG (3); 6 mmol/L 4NC 15% PEG (4); 1 mmol/L AGC 15% PEG (5); 15% PEG (6); 0.05 mmol/L GABE 15% PEG (7). Vertical columns
indicate Mean std (n D 4). The same letter indicates no signi cant difference and th different letter indicate signi cant difference between ifferent treatments.

(P < 0.05).

study, drought improved three PAs synthesis enzymes (ADGimultaneously decreased the content of conjugated anadbou
ODC and SMADC) activities and their gene expression levelBut as well as free Spm content. These changes suggested that
as well as two PAs catabolism enzymes (CuAO and PAO) ardABA application did not increase the total content of di erent
their gene expression, resulting in increases in three typBA®.  PA types but induced a conversions of conjugated and bound Put
The increased PAs biosynthesis and catabolism was alsteféte into free Put, and free Spm into conjugated and bound Spm.
in other plants under stressful conditions\ang et al., 2014; Previous studies reported the correlation between Put level
Hu et al., 201p Furthermore, GABA enhanced PAs synthesisand stress tolerance. For examples, transgérabidopsiplants
but had an inhibitory e ect on PAs catabolism, resulting in a over-producing Put conferred drought tolerancél¢azar et al.,
higher total PAs content in GABA-treated plants under drotigh 2010Q. Liu et al. (2004)reported that drought-sensitive wheat
condition. This result implied that the increased endogesiou cultivar accumulated higher free Put level and the conweersi
GABA had a negative feedback e ect on PAs degradation, whicbf free Put to conjugated Put could contribute to the drought
was consistent with ndings ofVang et al. (2014) tolerance. Most of researches in favor of that the conversion o
The overexpression of PA biosynthesis enzymd3Q, ODC, free Putto free Spd and Spm could be helpful in increasing stress
and SAMDQ and exogenous application of PA all support thattolerance Duan et al., 2008; Alcazar et al., 2R1A our study, we
higher PAs content provide better drought resistance in déet  detected an obvious conversion of conjugated and bound ®ut t
plant species including rice, fava bean and white clozpell  free Put, but not free Put to free Spd and Spm in GABA-treated
et al., 2004; Yang et al., 2013; Li et al., 2D1Bbour present plants under drought stress. This implied that a higher fre¢ Pu
study, drought stress induced the increase of three fornf2Asf could play a positive role in coping with drought stress because
(free, conjugated, and bound), which was consistent with thof its active physiological function.
research otiu et al. (2006)jn maize. GABA further increased  With respect to the conversion of free Spm to conjugate and
total contents of Put, Spd, and Spm in addition to free Put, ¢hre bound form Spm, the similar result was also detected in other
forms of Spd, conjugated and bound forms of Spm content, buplants in response to stressful conditiong&/gng et al., 2014
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FIGURE 8 | Possible model for exogenous application of GABA improved mught tolerance in white clover associated with GABA-shumn polyamines and proline
metabolism. Blue lines, polyamines metabolism; orange ks, GABA shunt; dark green lines, proline metabolism; ligigreen lines, TCA cycle.

Due to the physiological functions of conjugated and bound PAP5CS activities and compensated drought-induced the dserea
involved in stabilizing protein structure and keeping memiea in ProDH activity, but had a depression e ect on drought-
integrity and free forms of PAs as a temporary resource, thifacilitated dOAT activities, resulting in a higher and similar
conversion could also be physiological importaRto(issos and Pro accumulation in GABA-treated plants compared with non-
Pontikis, 2007; Trovato et al., 200Faking these results together, GABA-treated plants in the middle and last period of drought,
it could be presumed that both GABA-induced PAs accumulatiorrespectively. These ndings indicated that GABA promoted Pro
and conversions of di erent forms of PAs implicate in drought accumulation and maintained Pro homeostasis under drought

tolerance in white clover in our current study. stress. However, more and more recent researches approved tha
a balance between Pro synthesis and catabolism instead of an
Increased Endogenous GABA excessive pro accumulation, played a vital role in plants doles

Concentration Could Regulate Proline against_drought stress in addition to traditional functeras
. . . compatible solute, ROS scavenger, and energy sufjblgir(na
Accumulation in White Clover in Response et al., 2011; Bhaskara et al., 20TFherefore, we proposed the
to Drought Stress positive e ects of exogenous GABA on alleviating the oxidativ
It has been well known that plant tissues extensively accataul stress associate with Pro accumulation and homeostasikite w
free Pro during abiotic stress. Recent studies provided thelover under drought condition.
evidence that multiple functions of Pro were closely invdive
in its metabolism pathway. Pro is synthesized via two pathways
from either Glu or ornithine (Orn). Among which, Glu is CONCLUSION
reversibly catalyzed by P5CS involved in the synthesis of Pr
and d-OAT catalyzes the conversion of Orn to Pr&grida In this study, we detected the e ect of exogenous GABA
et al., 2008 Earlier Vitro assays showed that Pro could scavengapplication on drought tolerance and metabolic changes of
hydroxyl radicals (OH), which is considered as a most reactiveGABA, Pro, PAs synthesis and degradation in white clover unde
type of ROS species and responsible for serious oxidative damatyeught conditions Figure 8). The increased endogenous GABA
to cell in stressed plantsS(mirno and Cumbes, 1989 The concentration induced by exogenous application of GABA
work of Hong et al. (2000)urther intensi ed the protective e ectively reduced drought damage in white clovers. A higher
role of Pro in transgenic tobaccd\{cotiana tabacumunder endogenous GABA concentration suppressed GABA synthesis,
oxidative stress. More recentlgignorelli et al. (2014presented but enhanced GABA catabolism, resulting in an increase of
a non-enzymatic way to form GABA via Pro reaction withH  glutamate content. In addition, exogenous application of GABA
under oxidative stress, suggesting a direct connectiowdset  also improved PAs synthesis, but inhibited PAs catabolism. As
Pro and GABA. In our experiment, exogenous GABA kepta result, the total content of three types of PAs were further
Pro content as a low level as control under normal conditionsncreased, along with a conversion of conjugated and bownd P
resulting from increased P5CS activities and decrea@s®dT into free Put as well as free Spm into conjugated and bound
and ProDH activity which is involved in the degradation ofd®r forms. The increased activities of P5CS and ProDH and the
Under drought stress, GABA further activated drought-inddc inhibited dOAT activities could account for a higher proline
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accumulation in the middle period of drought. Based on thesexperiments; BY, HX, ZL, and YZ analyzed the data;
ndings, we proposed that enhanced concentrations of GIuHX, ZL, YZ, and GN nalized the manuscript; X-QZ,
PAs and Pro, the conversion of Put and Spm forms, and Pr&M, L-KH, Y-HY discussed the results and reviewed the
homeostasis induced by exogenous GABA could play positiveanuscript.

roles in alleviating drought-induced damage in white clove
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