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MM Plant Growth Regulation 32: 65-76, 2000. 65

‘.‘ © 2000 Kluwer Academic Publishers. Printed in the Netherlands. 40 I
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Receptor modifiers indicate that 4-aminobutyric acid (GABA) is a 20
potential modulator of ion transport in plants

Control 1
Alan M. Kinnersley & Fang Lin

Auxein Corporation, 3125 Sovereign Drive, Suite B, Lansing, MI 48911 (Phone: (517) 882-7370; Fax: (517) Concentration Aminobutyric Acids (mM)
882-7521; E-mail: kinnersleya@auxein.com and lin@auxein.com)
Received 7 December 1999; accepted 10 January 2000 2 . GABA\ 3'AB *D 2AB Xj- Lem na. Eﬁﬂg%ﬂ]lﬁj ) Z:E/_’SE
AFEEE/RE GABA, 3-AB # 2-AB HIIAIEZFE DIEFH
K rds: 4-aminob te, 3-aminob; te, 2-aminobutyrate, GABA, L inor, plant st = = N
ey words: 4-aminobutyrate, 3-aminobutyrate, 2-aminobutyrate emna minor, plant stress Lem nao iﬁ%/ﬂﬂgﬁ%}éﬂﬁ&1‘ﬁ#ﬂ]#ﬂﬂfﬁ?io

Kinnersley A M, Lin F. Receptor modifiers indicate that 4-aminobutyric acid (GABA) is a potential modulator of ion transport in plants[J]. Plant Growth Regulation, 2000, 32(1): 65-76.
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ARTICLE
Received 14 Feb 2015 | Accepted 22 Jun 2015 | Published 29 Jul 2015 | Updated 28 Aug 2015
b 1o- pH 4.5 : pH75 i pH9.0 GABA signalling modulates plant growth by directly
- ' B regulating the activity of plant-specific anion
! :
g B : transporters
(@)}
© Sunita A. Ramesh'"*, Stephen D. Tyerman1'*, Bo Xu', Jayakumar Bose'?, Satwinder Kaur',
§_ 6 il Vanessa Conn1, Patricia Domingos3'4, Sana UIIah1, Stefanie Wege1, Sergey Shabalaz, José A. Feijé3’4
‘; § AR Peter R. Ryan® & Matthew Gilliham!'
é 4 - The non-protein amino acid, gamma-aminobutyric acid (GABA) rapidly accumulates in plant
g tissues in response to biotic and abiotic stress, and regulates plant growth. Until now it was
< not known whether GABA exerts its effects in plants through the regulation of carbon
g 2 9 * metabolism or via an unidentified signalling pathway. Here, we demonstrate that anion flux
through plant aluminium-activated malate transporter (ALMT) proteins is activated by anions
and negatively regulated by GABA. Site-directed mutagenesis of selected amino acids within

\ \ % \ . . . .
&O @V 3° @\0 \So ?@Y @\\, \SO Q)v @\}% ALMT proteins abolishes GABA efficacy but does not alter other transport properties. GABA
(‘9 X C)OQ x® X C)OQ Q?" X modulation of ALMT activity results in altered root growth and altered root tolerance to
X

alkaline pH, acid pH and aluminium ions. We propose that GABA exerts its multiple
physiological effects in plants via ALMT, including the regulation of pollen tube and root
growth, and that GABA can finally be considered a legitimate signalling molecule in both the
plant and animal kingdoms.

Ramesh S A, Tyerman S D, Xu B, et al. GABA signalling modulates plant growth by directly regulating the activity of plant-specific anion transporters[J]. Nature communications,
2015, 6(1): 7879.
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Aluminum-Activated Malate Transporters Can Facilitate
GABA Transport!OPEN

Sunita A. Ramesh,2 Muhammad Kamran,® Wendy Sullivan,? Larissa Chirkova,® Mamoru Okamoto,® Fien Degryse,®
Michael McLaughlin,® Matthew Gilliham,2 and Stephen D. Tyerman?:'

2 ARC Centre of Excellence in Plant Energy Biology, Department of Plant Science, School of Agriculture, Food, and Wine, Waite
Research Institute, University of Adelaide, Glen Osmond SA 5064, Australia

® ARC Industrial Transformation Research Hub for Wheat in a Hot and Dry Climate, Department of Plant Science, Waite Research
Institute, School of Agriculture, Food, and Wine, University of Adelaide, Glen Osmond SA 5064, Australia

¢ Fertilizer Technology Research Centre, School of Agriculture, Food, and Wine, Waite Research Institute, University of Adelaide, Glen
Osmond SA 5064, Australia

ORCID IDs: 0000-0003-2230-4737 (S.A.R.); 0000-0003-4511-7766 (M.K.); 0000-0002-3666-4947 (W.S.); 0000-0002-2989-607X
(M.O.); 0000-0002-4875-2944 (F.D.); 0000-0003-0666-3078 (M.G.); 0000-0003-2455-1643 (S.D.T.)

Plant aluminum-activated malate transporters (ALMTs) are currently classified as anion channels; they are also known to be
regulated by diverse signals, leading to a range of physiological responses. Gamma-aminobutyric acid (GABA) regulation of
anion flux through ALMT proteins requires a specific amino acid motif in ALMTs that shares similarity with a GABA binding
site in mammalian GABA, receptors. Here, we explore why TaALMT1 activation leads to a negative correlation between
malate efflux and endogenous GABA concentrations ([GABA]) in both wheat (Triticum aestivum) root tips and in heterologous
expression systems. We show that TaALMT1 activation reduces [GABA]; because TaALMT1 facilitates GABA efflux but GABA
does not complex AlI**. TaALMT1 also leads to GABA transport into cells, demonstrated by a yeast complementation assay
and via “C-GABA uptake into TaALMT1-expressing Xenopus laevis oocytes; this was found to be a general feature of all
ALMTs we examined. Mutation of the GABA motif (TaALMT1F213C) prevented both GABA influx and efflux, and resulted in no
correlation between malate efflux and [GABA]. We conclude that ALMTs are likely to act as both GABA and anion
transporters in planta. GABA and malate appear to interact with ALMTs in a complex manner to regulate each other’s
transport, suggestive of a role for ALMTs in communicating metabolic status.

Influx mode

-2 & TER(GABA)R—HEERIEMES FE5EREHH (Z) - PLANT CELL

[GABA],

<pH5  Effluxmodes >pH7

GABA
malatagz'

malate?_

GABA
GABA <= \VI8*%

Ramesh S A, Kamran M, Sullivan W, et al. Aluminum-activated malate transporters can facilitate GABA transport[J]. The Plant Cell, 2018, 30(5): 1147-1164.
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&% 7B Australia University of AdelaideXZ® XxFy-RRETE (GABA) MIARIENX
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GABA signalling modulates stomatal opening to
enhance plant water use efficiency and drought
resilience

Bo Xu® 2 Yu Long'?, Xueying Feng® 2 Xujun Zhu® 3, Na Sai® 2, Larissa Chirkova®?, Annette Betts®,
Johannes Herrmann®, Everard J. Edwards® >, Mamoru Okamoto® %%, Rainer Hedrich® © &

Matthew Gilliham® "2¥ :
; sk GABA

Xu B, Long Y, Feng X, et al. GABA signalling modulates stomatal opening to enhance plant water use efficiency and drought resilience[J]. Nature communications, 2021, 12(1):
1952.
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Figure 4. Effect of GABA on biomass of Lemna minor grown in reduced nutrients Lemna was grown in culture media containing 0.25-2.0 g/l
SOLU-SPRAY 20-20-20 fertilizer, and in medium containing 0.25 g/L. SOLU-SPRAY 20-20-20 plus 5 mM GABA. Following culture period
plants, cultures were harvested and dry weights determined.

GABA WEFHEMNERKAEBRAIEHEIER, FAREBIEMENT RxRpRINE.

Kinnersley A M, Lin F. Receptor modifiers indicate that 4-aminobutyric acid (GABA) is a potential modulator of ion transport in plants[J]. Plant Growth Regulation,
2000, 32(1): 65-76.
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Table 3. Mineral composition of Lemna grown in optimal (1.0 g/L) levels of nutrients and in 7.0 4 Effect of 1 mM and 10 mM GABA on dry
sub-optimal (0.25 g/L) levels of nutrients with and without 5 mM GABA (Dry weights of these
treatments are shown in Figure 4.)

weight and mineral composition of Lemna grown in
growth-optimal levels of nutrients

L0 gL 0.25 gL 025 gL + % change Fertilizer level 1.0 g/L. 1.0 g/LL + ) % change 1.0 g/L + % change
20-20-20 AR ki 0.25 g/L + GABA/ N 19% 4AB | mM% 4AB 10 mM
0.25 ¢/L. — GABA p 26% 51+42 63 + 2.7 23 139+ 7.5 172
Mineral composition K 2204
N% 6.26 A 4.9 19 5.94 6.02 ! 7.14 20
P% 1.28 0.70 0.88 26 Ca 68% L0 L1l 4 .48 18
K% 3.11 1.30 2.89 22 570 3.03 3.26 7 520 72
Caf% 0.35 0.28 0.47 68 Mg > |02 0.27 8 0.51 104
Mg% 0.11 0.07 0.11 37 m Na 17% 0.07 0.07 0 0.13 86
Naf% 0.09 0.06 0.13 17 13% 0.09 0.10 1 0.07 -3
S% 0.32 0.31 0.35 13 Zn 0 0.34 0.36 6 0.36 6
Zn ppm 335 86 122 42 Fe  -54% 236 227 -4 208 26
Fe ppm 294 263 122 -4 318 280 -12 11 -65
Mn ppm 59 27 58 15 Mn  15% 56 59 5 122 118
B ppm 2 17 28 65 35 34 -3 41 17
Cu ppm 96 66 70 -27 B 65% | 5, 49 8 47 10
cu  -27%

GABA WZFFHWERKAEBREBRHIER, FHEREBIEMENT RRARILE.

Kinnersley A M, Lin F. Receptor modifiers indicate that 4-aminobutyric acid (GABA) is a potential modulator of ion transport in plants[J]. Plant Growth Regulation,
2000, 32(1): 65-76.
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Eﬁtﬁ% :Frgﬁ%ﬂ,,}ia E EEI&%%@ Figure 6. Histochemical localization of O, in leaves of maize seq
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Figure 3. Phenotypes of maize with or without GABA treatment under salt stress. ERDEPERRBTF AR FEN

mpNEFEIREERNEMEBIIEE, MHNSER, LERSEETF. INEREEAGABATILIRE
BEYRBARET (O ) HIAZEE(MDA)SRIIFIRIG , BIMHTHIERS, ENSIERT It
FERNSH, ZEFERATLIREHRMEXNSRARE, MMiEia s ERDBENMERE.

Wang Y, Gu W, Meng Y, et al. y-Aminobutyric acid imparts partial protection from salt stress injury to maize seedlings by improving photosynthesis and upregulating osmoprotectants
and antioxidants[J]. Scientific reports, 2017, 7(1): 43609.
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V-RAEBTE (GABA) IMKERERIMEIENRIEERS

RS WHEw oE MEE 2% WHSEW 3T WhEWe X
120%
100%
e CK P
80% —8— NS 3000 &
—e— HS
HS1
60% —8— HS3
—e—HSS nEN
40% —e—BS 6000 &
—e— HBS
20% —— HBSl
—e— HBS3 —
—e— HBS5 50 &
O%. ;‘;'::,\ "
0 7 l'rrrlc(v'l
Qe IBEYE (KR)
HBS1/HBS3/HBS5 : WWEIEE 6000 £5+%- 5 6000 {Z+GABA ( 1/3/5mmol/L) oy
+GASA
HIRRR . NAMEYIERESATRE s
HIGEEIe: WER+FT Z&, ERERFERRIM GABA (3/5mmol/L) e
REXIERSHN, BERLCERIES 2 84/, mBEKEKESRIlF, Hr | &
—— s, = e e Senenci/L | B8
B, HfES, Ef 1-2 REGIIRAIEHNBENSN, REJRE |

m{E, &R BIHERKIERE.
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A
® 1. FEAEY A XEE. TRE. iRk
(AT 2O ¥ FRIE (g) af = (kg)
s B4
¥E HiCK+% S%EREEM ¥iE YiCK+% 9 EREEM ¥l 2 CK+% 1955 =51
CK 5696 b 25 15 a 534.16
Yy —& AT AR 7724 35.60% a 24 .97 -0.72% a 696.99 30.48% A

KAHKEIIGERA . v-2 2 T BRI RRIB #8189 30%



HFERF RO AtM = ’ S W RATH P oAt & 8RBT

Science and scientists'Hlarworld Biology # : Key Laboratory of Microbial Fertilizer

o ERY-SETE (GABA) , KIBEISFRIAT1.1%

1, I B ERERK FHERF LN
2. A¥EE: 0.98
3. EAGE: HEE: ERPEMNBICEEEME, KiEREETE
HANHEE2IR, EEsEi#HU40m I K302Fr;
ﬁﬁ KRPENEEEE,

S RRERE SIS INETE SRS, 1EIEARI T 12.6%; XIE
WM&%QMM IBIEEIA64.1%; KIBREELR, EIEART
45.7%; MNmXieieexiFErrE, 18EmiA71.1%,

K 1: KEHFERE

Shn RERL R RE RS R b 4o b kg
WRPR | BME | Bt | BH | BodBaLs | BME | B | SME | By
%f B 135 0% 78 0% 57. 8% 0% 292. 3 0%
Fuhl | 152 12. 6% 128 64. 1% 84. 2% 45. T% 501. 8 71. 7%
600
501.8
500
400
292.3

300
200 135 152 198
* .
. [ ]

ESTEASYAVE () ESTEASRAYES(pAT) SEPREF=2/kg

ERSEEELE Sy
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TER

. ) . Ly X
i\ (:\ VA 7

CK y-BAET R
= 1. ARAENERHERN. H. 1= RNER

i Cem) ZHME (mm) g (kg)
AEEZFK
¥ HCKE% 5S5%/1% 2500 M BICKE% S5%ER S EM (4 i CK+% 5% S EME
CK 10722 b/B 745 a 158.25 a

y-ZH TR 12033 1223% a/A 721 -3.21% a 193.95 22.56% a
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BEEH BAmEALEL (%) = (cm)
Qb1E
HE/ | REE | RYUR | #E/ | B2/ | B | H9E | YR
™ /Fr +% ™ F | Bx% | /cm +%
e

i 36 16 384 23 13 33 109 21.1

FEl
o | 26 | 12 0 19 | 10 0 90 0

iXigithes: SREEM
iRIEEFR: 300m=

FmfERER: 88 15AMBER1REZIZS0mI/E
M. &RE4: 9829HEN5, FEVUHA.

HEXKRENSENRESIES 1Z?tt})’zl_tg_t|:7|:ﬂil—.hu£¢ﬁ5@
B521.1% , MEXRKREEZE361, BLEXTERX RS
2261 %2H38.4% , XS RELE16T, %nn%lﬁtlﬁt]
81.2%, MmE&E13F, HILRXEmMEESZ30%.
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ER B ' | P
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S FA Bk R ﬁﬁﬁ%ﬁtt Sfndh PR TR
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¢ ERAy-RABTE (GABA) , {RiHtahRlt
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1. IIee: FhiEfEE

2. ISEF: 5008

3. WIT5EA: XIHRA: B,
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T TR )
VRN, B R T S R T ORI, S
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= B354, SRR
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IR UWTFI FBERIX20-30%,

3323 o \ . N2 =] ==y o =38
TG 10-20kg 5-10kg 1. ,f%ﬁ,%\ /EF?. {REETR. ‘:F@L:.%"%\ EEEInE. ﬁmm;—ﬁ R0
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