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Supplementary Figure 1 Bicuculline abolishes muscimol regulation of A
of ET8 wheat roots®. Muscimol (Mus, 10 yM) in the presence of 100 uM AICI; (Al) at pH
4.5 inhibited a, malate efflux and b, growth, whereas 100 uM bicuculline (Bic) abolished the
effect of muscimol. c, linear regression showing strong significant correlation between
malate flux and growth in presence of combinations of Al, Mus and Bic. All data n = 5, *, **

and *** indicates significance at 0.05, 0.01 and 0.001 respectively of relevant comparisons

using a two-tailed t-test.

(22h)

Root growth in cm

:

nmol malate seedling 'h!

2.0

-

pH4.5  +Al +Al +Al +Bic
+Mus  +Mus
+Bic

pH4.5 +Al +Al +Al
+Mus +Mus

+Bic

+Mus
= +Bic
(3] +Al
=

(5]
L

3
Malate efflux (nmol seedling™'h")

=

tolerance



a 80 mv 120 mV

100+

50+

-504

% of initial Al response
(=]
% of initial Al response

-1001

Solution Solution
b
< pH45 A A pH45
c AIR*GABA
= AT WADA
T B i o s TP oo Vor o
50s
c 2.5-
é‘ 2.0
£
% 1.5
M .
|
E 1.0 R
w —
2
[}
= 0.51
=

0.0-
pH4.5 +Al +Al +Al +Mus +Bic
+Mus +Mus
+Bic

Supplementary Figure 2 GABA and muscimol regulate Al**-activated malate currents and
fluxes through TaALMT1. a, Percentage activation of malate efflux by AI** and inhibition of
this current by 100 uM GABA in TaALMT1-injected X. laevis oocytes. Sequential solution
changes (30 s in each solution) were made over 6 min at -80 mV (left) and -120 mV (right).
These experiments demonstrate reversibility and lack of rundown. n = 8 independent oocytes. b,
Representative current traces at -120 mV of water-injected control X. laevis oocytes bathed in
ND88 at pH 4.5 + 100 uM AI** + 100 M GABA, control for Fig. 2b. c, Malate fluxes from vector

control transformed BY2 cells, control for Fig. 2c, n=5. Scaling equivalent to Fig. 2c.
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Supplementary Figure 3 The endocytosis inhibitor Brefeldin A (BFA) had no effect on
the Al**-activated malate efflux carried by TaALMT1 or its muscimol inhibition.
Tobacco BY2 cells expressing TaALMT1 were placed in 3 mM CaCl; + 5 mM MES, pH 4.5
overnight for 20 h followed by transfer to same solution but £ BFA (100 uM) or AICI; (100
MM) £ BFA £ Musc (10 uM) for 1 h. Solutions were buffered with BTP. Supernatant was

harvested and assayed for malate fluxes. All fluxes were normalized to value for +Al.
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Supplementary Figure 4 External anions activate TaALMT1 in X. laevis oocytes. a,
Relative slope conductance of TaALMT1-injected oocytes, normalised to value at pH 7.5 (in

the absence of AI**

), n = 5. b, No significant difference between activation of TaALMT1 by
10 mM of each anion applied externally using a one-way ANOVA. ¢, Slope conductance (—
100 to —140 mV) vs current of TaALMT1- or water-injected X. laevis oocytes. Michaelis-

Menten fit of control subtracted TaALMT1-mediated currents (inset). All oocytes were pre-

injected to contain ~10 mM malate.
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Supplementary Figure 5 Anion activation of TaALMTL1 is greater at alkaline pH and
modulated by GABA. X. laevis oocytes injected with TaALMT1 cRNA or water were
preloaded with [14C] malate and exposed to solution containing malate (M, 10 mM) + GABA
(G, 100 pM). Malate efflux was measured at pH 7.5 or 4.5. All data is mean efflux of
radioactive malate from the oocytes 2 min after injection (n = 5). *, **, and **** indicates

significant differences between genotypes at p<0.05, 0.01, and 0.0001 respectively using a

one way ANOVA and tukey’s post-hoc test.



Supplementary Figure 6 GABA negatively regulates anion-activated malate currents
through TaALMTL. In TaALMT1-injected X. laevis oocytes representative current traces at
-120 mV showing a, 100 uM bicuculline (Bic) has no effect on malate activated currents in
the absence of GABA at pH 7.5. b,c, In water injected control oocytes, malate, bicuculline

and GABA have no effect on currents at -120 mV. These traces are the controls for Fig. 4a.
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Supplementary Figure 7 Effect of alkaline pH on GABA concentration in wheat NIL
ET8 and ES8%. GABA concentration of wheat roots bathed in basal solution at pH 7.5 + 10
mM SO,%. n = 11 from 3 individual experiments. ***, and **** indicates significant
differences between genotypes at p< 0.001 and 0.0001 respectively using a one way

ANOVA and tukey’s post-hoc test, ns, not significant. Scaling equivalent to Fig. 1a.
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Supplementary Figure 8 Membrane potential difference (PD) across plasma
membrane of wheat NIL ET8 and ES8® root apical cells in response to muscimol, and
to AI®*. a, Control for Fig. 5¢,d; no differential response between genotypes when exposed
to 10 pM muscimol in the absence of a transactivating anion, 10 mM SO4* at pH 8, n = 3
per genotype. b, Membrane potential after 100 uM APP* treatment addition at pH 4.5. c,
membrane potential after simultaneous addition of 100 uM APPF* and 10 MM Mus treatment
at pH 4.5, n = 7 per genotype. d, Membrane potential after 10 yM Mus treatment at pH 4.5,
n = 6 per genotype. Black scale bar indicates value prior to treatment, clear bar is in

presence of treatment.
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Supplementary Figure 9. The affinity of GABA (and muscimol) regulation of anion-
activated currents through various plant ALMT expressed in X. laevis oocytes. a,
wildtype proteins b, mutagenised TaALMT2'3¢/F215C or WALMTOY?¥C. All experiments
performed in basal solutions + symmetrical 10 mM malate with current at —140 mV taken 30
s after each solution change. Data is control subtracted, presented is example of one

oocyte for each gene, and the table shows statistics for repeat experiments



Name Start p-value Sites

OsALMTS 224 1.07e-14 GVATCLCTTI FVM VWAGEDL' KLAAGNLDKL
ATALMT1 182 4.43e-14 GGVSCILISI FVC VWAGQDL'' SLLASNFDTL
OsALMTS 203 1.85e-12 GCAICLFMSL FVL NWSGEDL! SSTVRKFEGL
HsGABAa1l 92 8.28e-12 DHDMEYTIDV FFRQSWKDERLK FKGPMTVLRL
TaALMT1 213 1.36e-11 GVFICLCTTV FLF VWAGEDV/I! KLASGNLDKL
HsGABAb2 86 9.10e-10 EVNMDYTLTM YFQQAWRDKRLS YNVIPLNLTL
GvGLIC 42 4.83e-09 DKAETFKVNA FLSLSWKDRRLA FDPVRSGVRV
CeGLC 115 9.34e-09 VVNMEYSAQL TLRESWIDKRLS YGVKGDGQPD
DcELIC 38 8.61e-08 TLEQTYKVDG YIVAQWTGK RK TPGDKPLIVE

Supplementary Figure 10 Variation in the consensus motif identified between ALMT
and bacterial and animal ion channels. MEME output' for selected ALMT and ion

I'® which derived the

channels used in constructing the human a1B82y2 GABAAa receptor mode
motif of interest [FY][LVF]R[PQ][SVIW[AK][GD][EK][DR]L[HKS]. For full sequences see
NCBI/GenBank/EMBL databases under accession numbers HsGABAa1 (NP_507090.2);
HsGABAb2 (NP_000804.1); CeGLC1 (NP_507090.1); GvGLIC (568786838); DcELIC

(POC7B7.1).
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Sequence Logo

dentity

Trtcum aestivum ALMT [BAD10832.1|

Secale cereale ALMT1-M30.2/ABY52953.1|

Secale careale ALMT1-1135.1 [ABY52957.1]

Secale cereale ALMT1-M30.1 |ABY52952.1]

Secale cereale ALMT1-MT7.1 |ABY52955.1]

Brachypodium distachyon Predicted ALMT1 like |XP_003576717.1]
‘Aegilops tauschil ALMT2 |ABQ59606.1|

Hordoum vuigare subsp. vlgare ALMT1 JACJ16441.1]

Hordeu vuigare cv daytona ALMT1 [ABQS9605.1]

‘Aegilops tauschii hypothetical protein F775_11946 [EMT24110.1]
Tritcum urartu ALMTT [EMS80085.1]

Sorghum bicolor hypotheticalprotein [XP_002447812.1]

Zea mays ALMT1 IACG38733.1|

Zea mays hypothetical protein [NP_001132468.1|

Sorghum bicolor hypothetical protein [XP_002438441.1]
Popuius tichocarpa Predicted protein XP_002326713.1]
Popuius trichocarpa Predicted protein XP_002307576.1]
‘Solanum lycopersicum Prodicted ALMIT12 like [XP_004242275.1]
Popuius tichocarpa Predicted protein XP_002300853.1]
Selaginella moslendorffi hypothetical protein [XP_002992826.1|
Dionaca muscipula MQUAC1 AGI15324.1]

Popuius tichocarpa Predicted protein XP_002300853.1]
Brachypodium distachyon ALMTS [Bd5g09690 1|

Acabidopsis thaliana ALMT 5]Q93229]

Arabidopsis thaliana ALMT 6 [QSSHM 1|

Arabidopsis thaliana ALMT [Q9LS46]

Thellungiella halophila ALMT like [BAJ34033.1]

Arabidopsis thaliana ALMT4 [Q9C6L|

Malus x domestica ALMT like |ADNS2374.1|

Oryza sativa subs Putaiive asLDES|

Vits vinifera ALMT8 like [CAO50152.1]

Avabidopsis thaliana ALMTS [QISRMS|

Medicago truncatula ALMT1 [Q2HSH2I

Arabidopis thaliana ALMT2 INP_172320.1|

Brassica napus ALMT1 [Q14UU8|

Arabidopsis thalaina ALMT7 [QSXIN1]

Oryza sativa subsp. japonica ALMT like [Q7X7KT|

Oryza sativa ALMTS |AL60BS96|

Brachypodium distachyon ALNIT ke [Bd5g18520.1]

Arabidopsis thaliana ALMT10 INP_567199.2]

‘Solanum lycopersicum Predicted ALMIT12 like [XP_004244701.1]
Oryza_saiva japonica group hypothetical protein [EEE65634.1|
Prunus persica hypothetical protein [EMJ11093.1]

GCucumis sativus Predicted ALMT12 ke [XP_004148510.1]

Glycing max Precicted ALMT12-like [XP_003535769.1|

Arabldopsis thaliana ALMT12 INP_193631.1|

Arabidopsis thaliana ALMT14 [NP_198473.1]

Vits vinifera Predicted ALMT12 ke [XP_002278594.1]

Gapselia rubela hypothetical protein [EOA16338.1|

Medicago truncatula hypothetical protein MTR [XP_003608627.1]
Medicago truncatula hypothetical protein MTR [XP_003611471.1]
Arabldopsis thaliana ALMT13 INP_199472.1|

Glycine max Precicted ALMT fike [XP_003835771.1]

Ricinus communis conserved hypothetical protein [XP_002519839.1|
Prunus persica hypothetical protein [EMJO1467.1]

Glycine max Precicted ALMT14 like [XP_003550944.1]

Glycine max Precicted ALMT13 like [XP_003520211.1]

Fragaria vesca subsp. vesca Predicted ALMT3 like [XP_004292504.1]
Populus tichocarpa predicted protein [XP_002328660.1|

Vits vinifera ALMT12 (GSVIVT01013184001 transiation)

Vits vinifera ALMT13 (GSVIVT01018447001 transiation)

Vits vinifera unnamed protein product [CBI32368.3]

Popuius tichocarpa Predicted protein XP_002312386.1]

Riinus communis conserved hypothetical protein [XP_002527763.1|
Glycine max Predicted ALMTO like [XP_003524351.1]

Brassica oleracea Putaiive expressed protein [AAWS1734.1]
Gucumis sativs Predicted ALMTY like [XP_004170574.1]

Vits vinifera Predicted ALMTS like [XP_002275995.1]

Popuius tichocarpa Predicted protein XP_002309252.1]

Riinus communis conserved hypothetical protein [XP_002533902.1|
Glycine max Precicted ALMT2 like [XP_003530483.1]

Fragaria vesca subsp. vesca Predicted ALMT2 like XP_004306385 1]
Vits vinifera Predicted ALMT2 ke [XP_002274847.2|

Fragaria vesca subsp. vesca Predicied ALMT like [XP_004293112.1]
Vits vinifera ALMIT3 (GSVIVT01037569001)

Vits vinifera ALMTS like. (XP_002275995.1 )

Medicago sativa puative ALMT |ADD71138.1]

Popuius tichocarpa predicted ALMT like [XP_002298270.1]

Prunus persica hypothetical protein [EMJO7854.1]

Gucumis sativus Predicted ALMTS like [XP_004136712.1]

Gucumis sativs Predicted ALMT2 fike [XP_004139139.1]

‘Solanum lycopersicum Predicted ALMTS like [XP_004249775.1]
Prunus persica hypothetical protein [EMJ0G489.1]

Hordeu vuigare subsp. vulgars predicted protein [BAK00121.1]
Oryza sativa indica group hypothetical protein [EAY87040.1]

Vits vinifera Predicted ALMT like [XP_003632264.1]

‘Solanum lycopersicum Predicted ALMT10 like [XP_004229999.1]
Oryza sativa indica group hypothetical protein [EEES7558.1]

Zea mays hypothetical protein [AFW72760.1]

Brachypodium distachyon Predicted ALMT10 ke [XP_003570082.1]
Gucumis sativs Predicted ALMT like [XP_004139140.1]

Ricinus communis conserved hypothetical protein [XP_002513712.1]
Sorghum bicolor hypothetical protein [XP_002452765.1]

Zea mays hypothetical protein ZEAMMBT3 [AFW72759.1|

Solanum lycopersicum Pradicted ALMT2 like [XP_004251423.1]
Vits vinifera hypothetical protein [CAN82473.1]

Cucumis sativs Predicted ALMT7 like [XP_004154705.1]

Ricinus communis conserved hypothetical protein [XP_002518887.1]
‘Aegilops tauschil ALMT3 |ABQS9607.1]

Oryza sativa indica group hypothetical protein INP_001053586.1|
Oryza sativa indica group hypothetical protein [EAY5197.1]
Hordoum vuigare subsp. vulgare ALMT2 |AC12834.1]

Sorghum bicolor hypothetial protein [XP_002448364.1]

Fragaria vesca subsp. vesca Predicted ALMT10 like XP_004310262.1]
Prunus persica hypothetical protein [EMJ11313.1]

Vit vinifera hypothetical protein [CANT4601.1]

Glycine max Predicted ALMT10 like [XP_003535396.1]

Zea mays hypothetical protein ZEAMME73 [AFWS9169.1|

Sorghum bicolor hypothetial protein [XP_002437417.1]

Fragaria vesca subsp. vesca Predicled ALMTS liko]XP_004300533.1]
Brachypodium distachyon Predicted ALMTS like [XP_003573018.1]
Oryza sativa indica group hypothetical protein [EEC80367.1]
Populus trichocarpa prodicted protein [XP_002328660.1|

Oryza sativa japonica group hypothetical protein [EAZ24499.1]
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Supplementary Figure 11 Sequence alignment of 116 ALMT using consensus motif as a
BLAST search string. Highly conserved (100%) residues are shaded in black, 80% similar are
shaded grey, while <60% similar are unshaded. Performed using CLUSTAL W2 and Geneious

(version 6.1.5).
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Polarity/Charge L 2 2 3 5 s T

Hydrophobic 0 0 0 0 0 0 H

Hydrophilic 12.9 0 0 0 [1] 0

Negatively charged acid [D] 0 0 0 0 0 0 0

Negatively charged G ic acid [E] 0 0 0 0 0 0 0

Hydrophobic Phenylalanine [F] 0 H 0 0

Hydrophobic |0 | O 0 0 0

Positively charged -_“ 0 0 0 0

Hydrophobic Isoleucine [lle] 0 0 [1] 0

Positively charged [0 ] 0 0o | 0o | o 0 0

Hydrophobic 0 0 0 0 0

Hydrophobic Methionine [M] [1] 0 [1] 0 0 0 0

Hydrophilic [1] 0 0 0 [1] 0 0 ).9 0 0

Hydrophobic 0 0 0 0 0 0 ] 0 [1] 0

Hydrophilic 0 0 0 0 0 0 0 17.4 2.6 1] 26

Positively charged 0 0 1] 0 [1] 0 0 0 0

Hydrophilic 1.7 0 0.9 0 0 [1] 19.1 6.1 9_.? 0 [1] 0

Hydrophilic 0 0 0 0 0 0 0 0 0.9 0.9 0 0

Fydrophobic 0 0 0 0 0 H 0 |Es o

Hydrophobic Tryptophan [W] 0 1] 0 0 [1] 0 0 0 0 0

Hydrophilic = 0 0 0 0 0 [1] 0 [1] 1] 0 [1] 2.6
ntly modified F/L lle/V F/C/Y P lle/N W AfS G E/jQ D/E L H

residues

Supplementary Figure 12 Variation in the consensus motif identified in ALMT.
Percentage residue frequency extracted from Supplementary Fig. 10. The numbers 1-12
correspond to the amino acid residues 213-224 from TaALMT1. The amino acids most
common in these positions across the ALMT are shown in the bottom row of the table. The

majority of amino acids in this region are hydrophobic (indicated by red colour).
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Supplementary Table 1 Primers used for cloning and site directed mutagenesis.

Gene ID Primer name Primer sequence Use
DQ072260 TaALMT1_F 5' ATGGATATTGATCACGGCAGAG 3' Cloning and
Sequencing
TaALMT1_R 5' TTACAAAATAACCACGTCAGGCAAAGG 3'

XM_002275959

AT1G08430

EF424084

AT5G46600

AT5G46610

0s0490417000

0s10g0572100

TaMut1_F (F213C)

TaMut1_R (F213C)
TaMut2_F (F213C,215C)

TaMut2_R (F213C,215C)
TaMut3_F (F215C)

TaMut3_R (F215C)
WALMT9_F

WALMT9_R
WWOMut1_F (Y237C)

WWOMut1_R (Y237C)
AALMT1_F
AALMT1_R
HVALMT1_F
HVALMT1_R
AALMT13_F
AALMT13_R
AtALMT14_F
AALMT14_R
OsALMT5_F
OsALMT5_R
OsALMTY_F
OsALMT9_R

5" TGCACCACCGTgTgCCTCTTCCCCG 3

5 CGGGGAAGAGGCACACGGTGGTGCA 3
5 CACCACCGTgTgCCTCTgCCCCGTCTGGG 3

5" CCCAGACGGGGCAGAGGCACACGGTGGTG 3’
5 GTCTTCCTCTgCCCCGTCTGG 3

5 CCAGACGGGGCAGAGGAAGAC 3
5 ATGACCGCGAAACTTGGGTCG 3

5 CTACAACTTCAGCCACCTGCGC &
5 TATGTTTGCTTGTAAATATATGCATCTGTCCCATCT 3'

5' CAGCCCAGATGGGACAGATGCATATATTTAC 3'
5 ATGGAGAAAGTGAGAGAGATAGTGAG 3'
5 TTACTGAAGATGCCCATTACTTAATG 3'

5 ATGGAGGTTGATCACCGCATC 3’

5 TCAACTCGCAATGTTGATAGCG &

5 ATGGGGTACAAGGTCGAAGC 3’

5 CTAGATTAACCGGTTCTCAATTCG &

5 ATGTCGGACAGGGTCCATGA 3’

5 CCTAGTGGTT GGCGTGGAGTGA 3’

5 GGATCCATGCAATCTGCTGCCGTG 3’

5" CCCGGGTCAACTCATGATGTTGATA 3’

5 GGATCCATGGCTTGTGCTCCAGA 3

5" CCCGGGTTACTCAGCTGCAGTGGAA 3’

Mutagenising F213
to C in pGEM-HE

Mutagenising F213
and F215to Cin
pGEMHE-D

Mutagenising F215
to C in pPGEMHE-D

Cloning and
Sequencing

Mutagenising Y237
to C in pPGEMHE-D

Sequencing

Cloning

Cloning

Cloning

Cloning

Cloning
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