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¢ Malate and fumarate constitute a significant fraction of the carbon fixed by photosynthesis,
and they are at the crossroad of central metabolic pathways. In Arabidopsis thaliana, they are
transiently stored in the vacuole to keep cytosolic homeostasis.

e The malate and fumarate transport systems of the vacuolar membrane are key players in
the control of cell metabolism. Notably, the molecular identity of these transport systems
remains mostly unresolved. We used a combination of imaging, electrophysiology and mole-
cular physiology to identify an important molecular actor of dicarboxylic acid transport across
the tonoplast.

¢ Here, we report the function of the A. thaliana Aluminium-Activated Malate Transporter 5
(AtALMT5). We characterised its ionic transport properties, expression pattern, localisation
and function in vivo. We show that AtALMTS5 is expressed in photosynthetically active tissues
and localised in the tonoplast. Patch-clamp and in planta analyses demonstrated that
AtALMT5 is an ion channel-mediating fumarate loading of the vacuole. We found in a/mt5
plants a reduced accumulation of fumarate in the leaves, in parallel with increased malate con-
centrations.

e These results identified AtALMT5 as an ion channel-mediating fumarate transport in the
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vacuoles of mesophyll cells and regulating the malate/fumarate balance in Arabidopsis.

Introduction

In plants, malate, fumarate and citrate have central functions in
cell metabolism. These organic acids are involved in metabolic
pathways such as the synthesis and degradation of starch and
sugars, in cellular respiration and in photosynthetic carbon fixa-
tion. A significant part of the carbon fixed during photosynthesis
in plant cells is stored as malate and, in some plant species includ-
ing Arabidopsis thaliana, also as fumarate (Chia er al, 2000).
Additionally, citrate, malate and fumarate are involved in amino
acid Dbiosynthesis, the regulation of cellular pH (Hurth
et al., 2005) and tolerance to heavy metal (Sasaki et /., 2004). In
guard cells, malate is part of the molecular mechanisms regulat-
ing the opening and the closure of stomata (Roelfsema &
Hedrich, 2005; Fernie & Martinoia, 2009; Aratjo et al., 2011;
Meyer ez al., 2011).

In some plants, including A. thaliana, fumarate and malate are
accumulated at similar levels, and together they form the major
pool of Cy-organic acids in plant cells (Zell ez 4/, 2010). Malate
and fumarate are metabolically connected through fumarase
enzymes, which reversibly converts malate into fumarate.

*These authors contributed equally to this work.

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

Remarkably, in A. thaliana, two fumarase isoforms exist, the
Fumarase 1 (FUM1, AR2g47510) and the Fumarase 2 (FUM2,
Abg50950). FUML is localised in the mitochondria and is part
of the Krebs cycle (Heazlewood & Millar, 2005) while FUM2 is
a cytosolic enzyme (Pracharoenwattana ez 4/, 2010). The func-
tion of the FUM2 is associated with the accumulation of fuma-
rate in mesophyll cells (Pracharoenwattana et 4/, 2010). Such an
accumulation seems to be linked to the adaptation to low tem-
perature and water restriction (Muller ez 4/, 2011; Saunders
et al., 2022). Recent reports using metabolic flux modelling pro-
pose that the conversion of malate into fumarate is a metabolic
fail-safe to keep malate at levels in the cytosol (Saunders
et al., 2022). Indeed, because of its central role in plant metabo-
lism, cytosolic malate needs to be tightly regulated. Therefore,
the reversible conversion of cytosolic malate into fumarate by
FUM2 keeps cytosolic malate at metabolically compatible levels.
Since malate and fumarate are mainly stored in the vacuole, their
transport across the tonoplast regulates cytosolic homeostasis
(Hurth ez al., 2005; Medeiros ez al., 2017). Being the principal
store of malate and fumarate, the vacuole is part of the mechan-
isms regulating plant cell metabolism (Martinoia ez al., 2007).
The vacuolar concentration of these organic acids follows the cir-
cadian cycle, with malate and fumarate stored in the vacuole
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during daytime and remobilised at night for cellular respiration
(Gibon et al., 2009). Instead, citrate, a major product of the
Krebs cycle, is stored in the vacuole during the night and remobi-
lised during the day and is a source of carbon skeletons for
light-dependent nitrate assimilation (Tcherkez er al, 2012;
Cheung ez al., 2014; Winter & Smith, 2022).

Different transport systems mediate the fluxes of metabolites
across the tonoplast. The first vacuolar organic acid transporter
identified, A«DT, was associated with the control of pH homeos-
tasis and in storing/remobilising dicarboxylates in the vacuole
(Hurth er al, 2005). AxDT catalyses the exchange of vacuolar
malate with cytosolic citrate (Frei er al, 2018). In the leaves,
Attdt knock-out plants present reduced malate and fumarate con-
tent compared with wild-type (WT), but increased citrate
(Medeiros et al., 2017; Frei et al., 2018).

The ion channels of the Aluminium-Activated Malate Transpor-
ter (ALMT) family are able to mediate malate and fumarate trans-
port. The ALMTs are membrane proteins present only in plants
and, in Arabidopsis, the 14 members are divided in three clades
(Kovermann et al., 2007). The members of the ALMT family are
involved in a variety of functions, including tolerance to aluminium
in the soil, mineral nutrition, regulation of fruit acidity (Sharma
et al.,, 2016; Li et al., 2020), ion homeostasis and stomatal aperture
regulation (Meyer et al, 2011; De Angeli et al, 2013; Eisenach
et al., 2017; Sasaki et al., 2022). Clade I is formed by six ALMTs
localised at the plasma membrane, and it includes the first identified
AAIMT, AIALMT1 (Sasaki ez al., 2004). In the roots, AAALMT1
mediates malate efflux to chelate aluminium in the soil, conferring
AP" tolerance. Clade III is formed by four members and includes
the plasma membrane ion channel AALMT12 that is involved in
the regulation of stomatal aperture (Meyer er al, 2010; Sasaki
et al., 2022). Finally, Clade II presents three members: AALMT4,
AALMTG6 and AALMTI, localised at the vacuolar membrane and
one, AALMT3, localised at the plasma membrane (Meyer
et al., 2011; De Angeli et al, 2013; Baetz et al, 2016; Eisenach
et al., 2017; Maruyama et al., 2019). AIALMT9 is expressed in the
roots and the shoots (Baetz ez 4/, 2016). In the leaves, it can mediate
malate influx in the vacuole of mesophyll cells, and in guard cells, it
most likely mediates chloride uptake in the vacuole during stomatal
opening (De Angeli et al., 2013). AIALMT4 mediates the efflux of
malate from the vacuole and regulates abscisic acid (ABA)-induced
stomatal closure (Eisenach ez al, 2017). Finally, AAALMTG is speci-
fically expressed in guard cells and mediates both malate influx and
efflux from the vacuole and is activated by cytosolic Ca** (Meyer
et al., 2011; Ye et al., 2021). However, even if electrophysiological
approaches demonstrated that these vacuolar ALMTs are able to
mediate malate and fumarate transport across the tonoplast, no sig-
nificant difference in the content of these organic acids could be
detected in the respective Arabidopsis knock-out mutants (Baetz
et al., 2016; Eisenach et al, 2017). This keep the issue of their role
in vivo as tonoplastic malate transport systems an open question.

Notably, AALMTS5 has been the forgotten member of Clade
II, and almost no information about it is available. Indeed, its
functional characteristics as well as its role iz wvivo are still
unknown. Therefore, in this study, we decided to tackle the issue
of the function of AAALMTS5 in Arabidopsis. Our findings show
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that AXALMTS is localised in the vacuolar membrane and is spe-
cifically expressed in the shoots. We found that AFALMTS5 prefer-
entially mediates fumarate currents in a physiological range of
transmembrane potentials and that vacuoles from a/mt5 mutants
have reduced fumarate currents. We demonstrated that in vive
AALMTS5 mediates fumarate accumulation in the leaves and that
in almt5 knock-out plants, the malate/fumarate ratio is modified.
Opverall, our data identify AALMTS5 as a transporter-mediating
fumarate transport across the vacuolar membrane of Arabidopsis.
In the leaves, APALMTS5 regulates the accumulation of organic
acids produced by photosynthesis.

Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh. genotypes were as follows:
Columbia-0 (Col-0), almt5-1 (WiscDSLox386E04.0), almt5-2
(GK-696G03), almt9-1 (SALK_055490), OST2-2D (EMS
mutant; Merlot ez al., 2007), fum2-1 (SALK_025631.23.65.x)
and fum2-2 (GK-107E05). Arabidopsis thaliana plants were
grown in pots in a growth chamber with day : night regime of
8h:16h, 25°C:20°C, 65% humidity and LED lights
150 pmol m™? s~ . For seed propagation, plants were grown in
a glasshouse. [n wvitro A. thaliana cultures were grown in
Va-strength Murashige & Skoog (¥2MS) medium supplemented
with 0.05% MES bulffer, 1% sucrose and 0.7% (w/v) agar. Seeds
were surface-sterilised, and grown in a growth chamber (day :

night regime, 16 h : 8 h, 21°C : 21°C, 150 pmol m s Y. In
all cases, seeds were stratified 72 h at 4°C in the dark. Nicotiana
benthamiana Domin plants were grown on soil (day : night
regime of 16 h : 8 h, 22°C : 20°C, 65% humidity and photon
flux density of 150 pmol m™2 s~ ).

Molecular biology, plant transformation and selection

The genomic fragments gALMT5 and gALMT9 were amplified
from Col-0 using primers with A#Bl and A#B2 flanking
sequences for cloning with Gateway technology (Invitrogen). The
GALMTS and gALMT9 fragments were cloned with and without
the stop codon by polymerase chain reaction (PCR) with specific
primers (Supporting Information Table S2). The PCR products
were cloned into the pPDONR201 or pDONR223 vectors and
then in the corresponding destination vector by Gateway technol-
ogy (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA
USA). The gALMT5 and gALMT9 fragments gene with the STOP
codon were cloned into the pCOP destination vector, and the
genomic AtALMT5 gene without the STOP codon into pMOP
destination vector. pMOP and pCOP are binary vectors derived
from the pMDC83 (Curtis & Grossniklaus, 2003). In pCOP, the
35S promoter and the GFP (Green Fluorescent Protein) were
removed, and in pMOP, only the 35S promoter was removed.
For B-glucuronidase (GUS) reporter gene expression analyses,
a 1846-bp fragment preceding the start codon of AtALMTS was
amplified by PCR using specific primers with A#BI and A#B2
flanking sequences (Table S2) and cloned into the pMDC163

© 2024 The Author(s).
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(Curtis & Grossniklaus, 2003) destination vector, resulting in a
transcriptional fusion of AtALMT5 promoter with GUS.

For transient overexpression of the APALMT5 in mesophyll
cells from N. benthamiana leaves, the ALMT5 cDNA was ampli-
fied by PCR with specific primers (Table S2). The PCR product
was finally cloned in pMDC43 and pMDC83 destination vectors
(Curtis & Grossniklaus, 2003) for GFP C- and N-terminal
fusion, respectively.

For transformation of WT (Col-0) plants with pALMT5:GUS
and for the complementation of almz5-1 with gALMT5 and
ZALMTS5-GFP and almt9-1 with gALMT9 and gALMT9-GFP
constructs, plants were transformed with Agrobacterium rumefa-
ciens using floral dip method (Clough & Bent, 1998). Transgenic
lines were selected until the T3 generation in ¥2MS agar plates
using hygromycin antibiotic.

Screening of T-DNA insertion lines by PCR

T-DNA insertion lines were screened by PCR to confirm the pre-
sence of the T-DNA and to verify that they were homozygous
T-DNA insertion lines for AtALMT5. For this purpose, DNA
extraction from leaves was performed with the REDExtract
N-Amp™ Plant PCR kit (Sigma-Aldrich Co.) followed by the
PCR with the GoTaq® DNA Polymerase (Promega) and specific
primers (Table S2).

Histochemical localisation of AtALMT5 promoter activity

For GUS histochemical activity (Jefferson, 1987), samples were
fixed in 90% (v/v) acetone for 20 min. GUS activity in plant tissues
was visualised after vacuum-infiltration of the staining buffer
(50 mM NaPOy pH 7, 2 mM K;3Fe[CN]s, 2 mM K Fe[CN]g,
0.2% Triton X-100) containing 1 mM 5-bromo-4-chloro-3-
indolyl-B-p-glucuronide as a GUS substrate for 2 min and 4 h
staining at 37°C. Chlorophyll was removed with 70% (v/v) etha-
nol. Two independent AtALMT5 promoter-GUS transgenic lines
were analysed at T3 generation. Images were acquired with an
Axiozoom v.16 (Zeiss) macroscope using the ZEN Software (Zeiss).

Fluorescence microscopy

GFP fluorescence in alme5-1/gALMT5-GFP and  almt9-1/
ZALMT9-GFP T3 transgenic plant lines was observed under
ZEISS Axio Observer (Carl Zeiss). Three independent T3 plant
lines were observed. Roots and leaves samples were observed with
470/40 nm excitation and 525/50 nm emission filter sets.

An inverted Leica SP8 (Leica, Mannheim, Germany) Confocal
Laser Scanning Microscope was used for subcellular localisation
in A. thaliana and N. benthamiana. Fluorescence was detected
using a GaAsP Hybrid photon detector in photon counting
mode. The GFP fluorescence detected in the 500-550 nm range
after excitation at 488 nm with an Argon laser. Chlorophyll
autofluorescence was detected in the 600-650 nm emission
range after excitation at 488 nm. Images were acquired with a
%63 oil objective (HCX Plan Apochromat CS 1.4 NA; Leica)
and processed using the IMAGE] software package.

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.
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Electrophysiology

Currents were recorded using an EPC-10 amplifier (HEKA Elec-
tronics, Lambrecht/Pflaz, Germany). Data were acquired and
analysed using PATCHMASTER and FITMASTER softwares (HEKA).
Microelectrodes  (resistance  2.5-5 M)  prepared from
GC150TF-15 glass capillaries (Harvard Apparatus, Holliston,
MA, USA), treated with sigmacote (Sigma-Aldrich Co.) and
coated with Sylgard (WPI, Friedberg, Germany). The reference
electrode was placed in 1 M KCI agar bridge with 2% agar.
Vacuolar side buffer: 11.2 mM DpL-malic acid, 100 mM HCl, pH
6 with BisTrisPropane (BTP), m = 550 mOsmol kg_l. The
cytosolic side buffers were composed of (1) 100 mM HCI,
0.1 mM CaCl, and supplemented with 1 mM malate or 1 mM
fumarate as indicated; (2) 100 mM bDL-malic acid, 0.1 mM
CaCl,; and (3) 100 mM fumaric acid and 0.1 mM CaCl,. For
all cytosolic side buffers, pH 7.5 was adjusted with BTP and
T = 500 mOsmol kg~ with D-sorbitol. The cytosolic side buf-
fers were exchanged using a gravity-driven perfusion system. In
recordings from N. benthamiana, the vacuoles expressing the
gene of interest were selected based on fluorescence with an epi-
fluorescence microscope (Axiobserver; Zeiss). Current recordings
were conducted on excised patch cytosolic-side-out configuration.
Currents were recorded with the following voltage-pulse protocol:
after 2 300 ms prepulse at +80 mV, we applied a 3000 ms pulses
from +40 to —120 mV in —20 mV steps, followed by a tail pulse
at +80 mV. Holding potential was 0 mV, and currents were
recorded at a sampling rate of 100 ps and low-pass filtered at
2.9 kHz. All recordings started in the cytosolic condition (1).
The liquid junction potential measured was 2 mV and was not
corrected. In recordings from A. thaliana vacuoles, ion current
were recorded in the whole-vacuole configuration. Measurements
were done 12 min after the establishment of the whole-vacuole
configuration to ensure dialysis of the vacuolar lumen. Currents
were recorded using a voltage-pulse protocol starting at a holding
voltage of 0 mV, 2000-ms-lasting voltage pulses were applied in
the range of +33 to —127 mV in —20 mV increments, a post-
pulse was applied at +33 mV for 500 ms and back to the holding
voltage of 0 mV. Currents were recorded at a sampling rate of
100 ps and low-pass filtered at 1 kHz. Currents were evoked in
the cytosolic conditions (2) or (3). In these conditions, the liquid
junction potential measured were +7 mV and was corrected.
Patch-clamp data are presented according to the endomembrane
convention for electrical measurements (Bertl ez al., 1992).

Stomatal aperture and rosette water loss assays

For stomatal opening measurements, leaves of 4- to 5-wk-old
plants were taken 1 h before the end of the dark period and pre-
pared under green light. The abaxial side of the leaf was glued on
a coverslip using medical adhesive (Hollister Adapt™ 7730, Lib-
ertyville, IL, USA). The adaxial part and the mesophyll cells were
gently removed, and the epidermis was covered with a stomatal
opening solution (30 mM KCI, 5 mM MES, 0.1 mM CaCl,,
pH 5.7). The sample was incubated 20 min in the dark and illu-
minated for 3 h (LED-240 pmol m % s~ "). For each leaves, 40

New Phytologist (2024)
www.newphytologist.com

25UB0| SUOWILLIOD SA1IEBI0 3|edtdde aU) Ag poLIBAOB e D11 WO 8N J0 3N 10} AIRIGIT8UIIUO A3 1A UO (SUO1HIPUGO-PUE-SLLLSILLIO" B 1MW ARG [puIU0//SdIy) SUONIPUOD PUE SLLLB | 83 395 *[202/60/90] UO Aiq178U1IUO AB|1M ‘0L URIUPOD AQ 22002 UdU/TTTT OT/10p/LI0D B ] 1w ArRIqIRUIIUO"Ydu//SdNY WoJ) papeojumoq)



stomata at each time point were imaged on a Zeiss Observer
microscope with a x40 objective (Plan Apochromat x40/1.3 Oil
DIC (UV) VIS IR). Stomatal aperture was measured using the
IMAGE] software. Leaves from knock-out and WT plants were
analysed in parallel. For each leaf and genotype, the mean sto-
mata aperture was calculated. Experiments were conducted blind
until the end of the analysis.

For rosette dehydration experiments, the rosette of 5-wk-old
Arabidopsis plants was detached at the level of the petiole. Gly-
cerine was placed to avoid water loss at the cutting site. The
rosette was placed upside down on a balance (Ohaus, Parsippany,
NJ, USA) illuminated by a light placed on the top, and the
weight was automatically recorded each 10 s for 40 min.
The temperature was 25°C and RH was 64% and constantly
monitored with a detector (Trotec BL30, Heinsberg, Germany).

Anion content measurement by high pressure ion
chromatography (HPIC)

Leaves no. 9 from 12 plants of 40-d-old plants were collected 5 h
after the beginning of light period in the growth chamber. The
leaves were frozen at —20°C for 20 min, heated to 70°C for
30 min with 1 ml mQ water and centrifuged at 18 000 gat 4°C
for 15 min. The supernatant collected was analysed in 1.5-ml
vial kit for Dionex®™ (ThermoFisher Scientific). Analysis was done
by HPIC (Dionex™ ICS-5000+ Capillary HPIC™) using the
software CHROMELEON 7 (ThermoFisher).

Metabolite extraction

For metabolome analysis, leaves 8 and 9 of Arabidopsis rosettes
were used. Leaves were rapidly collected into 2-ml microtubes,
then flash-frozen in liquid nitrogen. They were then dried by lyo-
philisation. Metabolite extraction was done following the proto-
col described previously (Luna ez al., 2020).

Targeted biochemical phenotyping

Targeted analyses of sucrose, fructose, glucose and starch were
conducted on the HiTMe plateau at Bordeaux Metabolome
Facility. Measurements were based on coupled enzyme assays as

described previously (Gibon ez 4l., 2002; Biais ez al., 2014).

Statistical analysis

All statistical analyses were performed using the nonparametrical
Mann—Whitney test, significance levels are noted as *, P < 0.05;
kP <0.01; *** P <0.001.

Results

AtALMTS5 is localised in the vacuolar membrane and
expressed in mesophyll and in guard cells

To understand the role of AZALMTS5 (AT1G68600), we started

investigating its tissue-specific expression pattern. We generated a

New Phytologist (2024)
www.newphytologist.com

New
Phytologist

transcriptional fusion of the promoter region (i.e. 1715 bp
upstream of the start codon; pALMT5) with the GUS reporter.
The AAALMTS promoter activity was detected through GUS
staining. The analysis was performed at 2, 3, 6, 9, 12 and 15 d
after sowing (DAS) transgenic lines expressing pALMT5:GUS
(Fig. Sla—f). GUS staining was found in the vasculature of the
cotyledons 2 DAS, and from 3 DAS in the mesophyll tissue
(Fig. Sla,b). Later in the development, pALMT5 was active in
the mesophyll and in the stomata (Figs la middle, S1i,j). In the
roots, we observed GUS staining in the vascular tissues of the pri-
mary (Fig. 1a zop, right) and secondary roots (Fig. S1k). Notably,
no GUS staining was detected in the root tip (Figs la bottom,
right, S11).

To analyse the subcellular localisation of AZAALMTS5, we gener-
ated N- and C-terminal GFP fusions with the cDNA of
AMALMTS under the control of the CaMV 35S promoter. We
transiently expressed the GFP-ALMT5 and ALMT5-GFP in
N. benthamiana leaves (Fig. S2a,b) and extracted mesophyll pro-
toplasts to isolate vacuoles. Confocal imaging shows tonoplastic
GFP fluorescence with both AALMT5 N- and C-terminal
fusions (Fig. S2b rop and middle). We observed a residual GFP
fluorescence in endomembranes after protoplast burst that is
likely due to the overexpression (Fig. S2b bottom). To exclude
bias from overexpression in heterologous systems, we analysed
the subcellular localisation of AZALMTS5 in Arabidopsis. There-
fore, we selected transgenic lines expressing the genomic frag-
ment, including the promoter region, of AzALMT5 fused to the
GFP (¢ALMT5-GFP; see the Materials and Methods section).
We compared vacuoles isolated from Arabidopsis mesophyll pro-
toplasts obtained from WT untransformed plants with plants
expressing gALMT5-GFP (Figs 1b, S2¢). Notably, we found that
AMALMTS-GFP is localised in the tonoplast as demonstrated by
GFP fluorescent signal in the vacuolar membrane (Figs 1b, S2¢).
In mesophyll cells, after the isolation of the vacuole, we only
observed a weak residual GFP signal in the other endomem-
branes after protoplasts burst (Fig. S2c).

To analyse the expression pattern of AALMTS5, we used the
transgenic lines expressing gALMT5-GFP. In parallel, we ana-
lysed WT (i.e. negative control) and gALMT9-GFP expressing
plants (i.e. positive control; see Methods S1). We observed the
fluorescence 7 DAS in gALMT5-GFP and gALMT9-GFP trans-
genic lines (Figs 1lc, S3). In plants expressing gALMT9-GFP,
GFP fluorescence was observed in the tonoplast all over the root
(Figs 1c, S3 bottom). Differenty, in gALMT5-GFP roots, we
observed fluorescence in the same range of the autofluorescence
levels found in the roots of WT (Fig. 1c top and middle). This
differed with the promoter activity revealed by GUS staining
(Fig. 1a). This difference between the protein expression pattern
revealed by gALMT5-GFP and the promoter activity pattern
from pALMTS5:GUS likely resulted from cis-regulatory elements
present in the intronic regions of the gALMT5 genomic fragment
(Kaufmann ez af., 2010). Accordingly, transcriptomic (hetp://ipf.
sustech.edu.cn/pub/athrdb/) and reverse transcription polymer-
ase chain reaction (Maruyama et /., 2019) data found AtALMTS5
transcripts only in the shoots. In the leaves, we found
AtALMTS expression in the stomata, in the epidermal cells

© 2024 The Author(s).
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Fig. 1 Tissue and cellular expression of Aluminium-Activated Malate Transporter 5. (a) Representative B-glucuronidase (GUS) staining in Arabidopsis
thaliana Col-0 plants transformed with pALMT5:GUS. Rosette from a 15-d-old plant (top, left panel; Bar, 4 mm). Leaf from a 12-d-old rosette (bottom,
left panel; Bar, 500 um) shows GUS staining in stomata (top, middle panel) and in mesophyll cells (bottom, middle panel; Bar, 50 pum). In the root, GUS
staining is observed in the central cylinder (top, right panel; Bar, 100 pm) but not at the root tip (bottom, right panel; Bar, 100 pm). (b) Confocal images of
a vacuole released from Arabidopsis mesophyll protoplast isolated from almt5-1::ALMT5-GFP transgenic plants. Transmitted light image (top); GFP
fluorescence was detected after excitation at 488 nm and emission at 500-550 nm (bottom). Green represents GFP florescence and magenta the
chloroplasts. Bars, 20 pm. (c) gALMT5-GFP L11-20, and gALMT9-GFP L2-16 expression in 7-d-old transgenic Arabidopsis seedlings. Comparison between
the fluorescence (Ex 470/40 nm, Em 525/50 nm) observed in wild-type (top), SALMT5-GFP L11-20 (middle) and gALMT9-GFP L2-16 (bottom).
gALMT5-GFP fluorescence was detected in the epidermis and in stomata (inset). Differently, gALMT9-GFP fluorescence was detected in the roots and in
the epidermis. Bars: 100 pum,; (insets) 20 pm.
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(Figs 1c, S3) and mesophyll cells (Fig. 1b). AtALMT9 expression
was observed in epidermal cells (Figs 1c, S3).

Our data show that, while AAALMT?9 is expressed all over the
plant, AAALMTS is almost exclusively expressed in the aerial parts
of Arabidopsis. Therefore, AAALMTS5 is, like its homologues
AALMT4, AXALMTG6 and AAALMT9 (Kovermann et al., 2007;
Meyer et al., 2011; Eisenach et al., 2017), localised in the tono-
plast at the level of the shoots in Arabidopsis.

AtALMT5 mediates malate and fumarate currents directed
to the vacuole

To characterise the transport properties of AZAALMTS5, we applied
the patch-clamp technique to N. benthamiana vacuoles overex-
pressing AALMT5-GFP and compared with AALMT9-GFP
(De Angeli et al, 2013; Zhang et al, 2013). We conducted
patch-clamp experiments in cytosolic-side-out configuration and
recorded macroscopic currents (Figs 2, S4; De Angeli
et al., 2013; Baetz et al., 2016; Eisenach et al., 2017). In order to
highlight anion currents and minimise cation ones, we designed
measuring buffers using as major cation BTP that does not
permeate across the vacuolar membrane (De Angeli ez al., 2013;
Carpaneto ¢t al., 2017; Eisenach et al., 2017). So far, the charac-
terised vacuolar AZALMT' are permeable to malate, fumarate and
chloride (Kovermann ez al., 2007; Meyer et al., 2011; De Angeli
et al., 2013; Eisenach ez al., 2017). We first tested the capacity of
AALMTS5 to mediate the transport of malate and fumarate, the
two main Cy organic acids stored in the vacuoles of A. thaliana
(Hurth ez al, 2005). We therefore recorded ionic currents in
vacuolar patches overexpressing AALMTS and AAALMTY in the
presence of 100 mM malate., and of 100 mM fumaratey, in
the cytosolic side buffer. In both conditions, the vacuolar side
buffer was the same (see the Materials and Methods section). In
vacuolar patches overexpressing AALMTS5 in presence of
100 mM malate,y,, we observed inward currents (i.e. malate cur-
rents directed to the vacuole) with a mean amplitude of
—256 + 66 pAat —120 mV (Fig. 2a,c). In the same conditions,
patches overexpressing AAALMTO presented a mean current
amplitude of —955 £ 105 pA at —120 mV, a value significantly
higher than for AIALMTS5 (P = 0.005 with a #tes; Fig. 2a,d).
Both AtALMT5- and AtALMT9-mediated malate currents were
inward rectifying and displayed time-dependent kinetics. Since
malate or fumarate were the only anions present in the cytosolic
buffers, they mediated the measured inward currents. Addition-
ally, APALMT5 currents presented a time-independent current
component visible just after the application of the voltage step
(Fig. 2a,b). Further, compared with AALMTY9, AALMTS5
malate currents were activated at more negative membrane
potentials (i.e. below —40 mV; Fig. 2¢,d). In the presence of
100 mM fumaratecyt, vacuolar patches overexpressing AALMTS
had a mean inward rectifying current amplitude of
—690 + 68 pA at —120 mV (Fig. 2c), which is 2.7 times more
than in 100 mM malate.,, (Fig. 2c). Importantly, AAALMT5-
mediated fumarate currents could be detected in the physiologi-
cal range of the vacuolar membrane potentials, between 0 and
—50 mV (Konrad & Hedrich, 2008). In comparison, in the
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Fig. 2 Patch-clamp analysis of AtALMT5 ion transport proprieties. (a, b)
Representative currents in cytosolic-side-out patches from Nicotiana
benthamiana mesophyll vacuoles overexpressing AtALMT5-GFP or
AtALMT9-GFP under different cytosolic conditions as indicated. (c, d)
AtALMT9-GFP and AtALMT5-GFP steady-state currents plotted against
membrane voltages in presence of 100 mM malatecyt in the cytosolic
solution (closed triangles; AtALMT9-GFP n = 6, AtALMT5-GFP n = 5)
and in presence of 100 mM fumaratecyt in the cytosolic solution (closed
circles; AtALMT9-GFP n = 4, for AtALMT5-GFP n = 9). Insets in (c, d)
represent magnification of the currents in the —40 to +20 mV range. After
a prepulse at +80 mV currents were recorded in response to voltage pulses
from +40 mV until =120 mV in —20 mV steps followed by a step at

+80 mV. The holding voltage was 0 mV. Data points represent

means £+ SEM.

presence of 100 mM fumarate,,,, vacuolar patches expressing
AMALMTI had mean current amplitudes overlapping with malate
currents at all tested membrane potentials (Fig. 2b,d). Notably,
in contrast to APAALMTY9, AtXALMT5 fumarate currents did not
display significant time-dependent component at any applied
voltage (Fig. 2b). Control experiments in V. benthamiana meso-
phyll vacuoles from plants transformed with the p19 vector only
(see Methods S1) displayed a negligible level of background cur-
rents (—8 £ 2 pA; Fig. S5), further confirming that the ionic
currents measured in transformed vacuoles were mediated by
AALMTS and AALMT. Since 1 mM malate,, activates
AALMT9-mediated chloride currents (De Angeli er al., 2013),

© 2024 The Author(s).
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we tested whether it had the same effect on AZAALMTS5 (Fig. S4).
We found that 1 mM malate, activated APALMT5-mediated
chloride currents inducing a 2.7 & 0.8 time increase (Fig. S4).
In the same conditions, AAALMT9 chloride currents were
increased 4 £ 0.7 times (Fig. S4). Interestingly, we observed
that, differently from AtAALMTY, 1 mM fumarate,,, did not acti-
vate AtALMTS5 chloride currents (Fig. S4).

cyt

The plant growth is not affected in almt5 mutants

We selected two T-DNA knock-out lines, a/m¢5-1 and almt5-2
(Figs 3a, S6a—c) in which the absence of the AALMTS5 mRNA
expression was verified by reverse transcription quantitative
polymerase chain reaction (Fig. S6d). In parallel, we generated
the following complemented transgenic lines almz5-1/gALMTS
and almi5-1/gALMT5-GFP (Figs 1c, S3, S6b,c). The expression
of AtALMTS in almt5-1/gALMT5 lines was confirmed by
reverse transcription polymerase chain reaction (Fig. S6b,d)
while in almt5-1/gALMT5-GFP by microscopy (Figs 1d, S3).
Plants were grown under 8-h light regime for 40 d, and no
development or growth defect was observed (Figs 3a, S7a). We
quantified the rosette fresh weight (WT = 1.02 £ 0.22 g;
almt5-1 =091 + 0.20 g almt5-2=0.82 £ 0.24 g) and dry
weight  (WT =0.15 £ 0.0l gg  almz5-1=0.07 £ 0.01 g;
almt5-2 = 0.06 = 0.02 g), and no significant difference was
found between WT and almz5-1 or almt5-2 (Figs 3b,c, S7b).
To detect the effects on root growth, we grew WT, almz5-1 and
almi5-2 in vitro on agar plates, and we could not find any dif-
ferences (Fig. S7c). These results were similar to previous
reports made on knock-out lines for other vacuolar AALMT
channels where no growth defect was observed (Kovermann
et al., 2007; De Angeli er al., 2013; Eisenach ez al., 2017; Ye
et al., 2021).

Mesophyll vacuoles from almt5 mutants had reduced
fumarate currents

We measured inward fumarate and malate currents in meso-

phyll vacuoles from A. thaliana WT, almt5-1 and almt5-2

(a)

WT

Fig. 3 Phenotypic analysis of almt5-1 and almt5-
2 knock-out plants. (a) Wild-type (WT), almt5-1,
almt5-2 and almt5-1/ALMT5 L5-3 Arabidopsis
thaliana 39-d-old plants grown in short days
conditions (8-h light). Bar, 2 cm. (b) Rosette
fresh weight of 40-d-old plants grown in the
same conditions as in (a). Values are mean + SD,
n = 10 for each genotype. (c) Rosette dry weight
from (b). Values are mean + SD, n = 10 for each
genotype. Statistical analysis: Mann-Whitney
test, no significant differences between
genotypes.

almt5-2
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plants. We performed patch-clamp experiments in the whole-
vacuole configuration. We measured currents in vacuoles
exposed to cytosolic side buffers containing either 100 mM
malate, either 100 mM fumarate., (Fig. 4). In the presence of
100 mM malate.,, in WT, almt5-1 and almt5-2 vacuoles
inward malate currents were not affected with a mean current
density of —6+4, —5+2 and -6+ 3pA pr1 at
—127 mV, respectively (Fig. 4a). In the presence of 100 mM
fumarate ,, WT vacuoles displayed inward rectifying currents
with a mean current density of —28 4 12 pA pF' at
—127 mV (Fig. 4b). Like in AXALMTS5 overexpressing vacuolar
patches, Arabidopsis whole-vacuole fumarate inward currents
did not present significant time-dependent components
(Fig. 4b). In the presence of 100 mM fumarate.y,, in almz5-1
and a/mt5-2 vacuoles, we measured inward currents densities of
—10 + 3 and —11 4 3 pA pF ™" at —127 mV, respectively.
This corresponds to a 64% and 61% reduction compared with
WT vacuoles (Fig. 4b,d). Notably, the reduction in the inward
fumarate currents occurs also at physiological membrane poten-
dals (Fig. 4d). Therefore, mesophyll vacuoles from almt5
mutants present a reduced capacity to mediate fumarate fluxes
across the tonoplast, showing that AAALMTS5 is involved in
vacuolar fumarate transport.

AtALMTS5 is not involved in the regulation of stomatal
movements

Since AIALMTS was expressed in guard cells (Figs 1a, S11), such
as APALMT9 and AALMT4 (De Angeli et al., 2013; Eisenach
et al., 2017), we searched for a potential role of this ion channel
in stomata regulation. We performed light-induced stomatal
aperture experiment using leaf epidermis from WT, a/mz5-1 and
almi5-2. Isolated epidermis were incubated in a 30 mM
KCl opening buffer at pH 5.7 and imaged before and
after 3 h of light exposure (Fig. 5a). Stomatal apertures
before (WT = 0.74 £ 0.10 um; almt5-1 = 0.69 + 0.05 pm;
almt5-2=0.73 £ 0.09 um) and after light exposure
(WT = 1.47 £ 0.26 pm; abms5-1 = 1.31 + 0.22 pm; abmr5-
2=1.35 £ 0.28 pum) were not significantly different between

b c
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Fig. 5 Stomatal opening and closure is not modified in almt5-7 and almt5-2. (a) Stomatal aperture measured in epidermal peels of Arabidopsis
thaliana wild-type (WT) (n = 15 leaves from 15 plants), almt5-1 (n = 18 leaves from 18 plants) and almt5-2 (n = 18 leaves from 18 plants).
Stomata were imaged in the dark and after 3 h of light exposure (240 pmol m™2 s™") in the presence of a 30 mM KCI buffer. Values are
mean + SD. For each leaf, 40 stomata were analysed and used to calculate the mean leaf stomatal aperture. Statistical analysis with Mann—
Whitney test shows no significant difference. (b) Relative water loss (FW — DW)/(FWi — DW) x 100 of Arabidopsis rosettes. After cutting the
rosette, the fresh weight of WT (n = 10), almt5-1 (n = 10), almt5-2 (n = 10) and OST2-2D (n = 7) was measured for 40 min. Values are
mean + SD. DW, dry weight; FW, fresh weight; FWi, initial fresh weight.

all genotypes. To test whether AZALMT5 was involved in stoma-  not significantly different from WT plants being 90.2 £ 3.3%,
tal closure, we conducted rosette dehydration experiments using ~ 89.1 £ 2.9% and 89.2 £ 2.3% after 40 min, respectively. The
T, almt5-1, alme5-2 and OST2-2D as positive control  positive control OST2-2D mutants were strongly affected with a
(Fig. 5b). The water loss measured in almz5-1 and almz5-2 was water loss of 77.1 £ 3.3% after 40 min (Fig. 5b). Therefore,

New Phytologist (2024) © 2024 The Author(s).
www.newphytologist.com New Phytologist © 2024 New Phytologist Foundation.

25UB0| SUOWILLIOD SA1IERI0 3[edt e aU) Aq pouBAOB e B 1L WO 88N 10 S3|N1 10} AIRIGIT8UIIUO A3 1A UO (SUO 1 IPUOO-PUE-SLLLBILLIO" B I ARGl [puI|U0//:SdIy) SUONIPUOD PUE LB | 841395 *[202/60/90] UO ARIqIT8UIIUO AB|IM ‘90U BLRIUPOD Ad 22002 UdU/TTTT OT/I0pALC Ao 1M ATRIqIRUIIUO YdU//'SANY WO} Papeojumoq ‘0 *LET869VT



New
Phytologist

despite its expression in guard cells, under our experimental con-
ditions, knocking-out AALMT5 did not affect stomatal

aperture.

A modified C,4 organic acid balance in a/mt5 mutants

In order to understand the function of AAALMTS5, we investi-
gated the content of the major inorganic (Cl~, NO;™, PO,
SO4*7) and organic (malate, fumarate and citrate) anions in the
leaves. Since malate and fumarate are accumulated during
the day, we initially analysed their concentration in the middle of
the photosynthetic period (i.e. 5-h illumination) when organic
acids are already significantly accumulated in the leaves (Gibon
et al., 2009). We grew WT, almt5-1, almt5-2, alme5/gALMTS
and a/mr9-1 plants under short photoperiod (8-h light). We
included a/mz9-1 as a control since its organic anion levels does
not differ from the WT (Baetz et al., 2016). First, we found that
the concentrations of NO;~ (Fig. S8a), SO~ (Fig. S8b) and
Cl™ (Fig. S8c) were not significantly different in all the geno-
types. Only, PO~ was 15% higher in a/m9-1 plants
(Fig. S8d).

Differently, we found significant differences in the organic acid
contents. Indeed, we observed a 58% and 51% reduction of
fumarate in almz5-1 and almt5-2 (7.0 £ 1.5 pmol g~' FW and
8.0 & 2.4 umol g~ FW, respectively) compared with WT
(16.6 £+ 4.9 umol g71 FW) (Fig. 6a). In parallel, in comparison
with WT (11.4 + 1.9 umol g_1 FW), malate increased two
times in almt5-1 and almt5-2 (alme5-1 = 21.8 + 3.2 pmol g~
FW and alms5-2 = 21.8 + 5.4 pmol g~' FW). The comple-
mented plants almz5-1/gALMT5 restored fumarate and malate to
levels similar to the WT, confirming that the modification of Cy4
acids content depends on AtALMT5 (Fig. 6). Citrate contents,
which is also stored in plant vacuoles, were similar in WT and
almt5 (WT =16.7 £ 3.9, almt5-1=17.3 £ 2.6 and almt5-
2=16.3 £ 4.2 pmol g71 FW) (Fig. 6¢). As previously
reported, the a/mz9-1 knock-out plants presented organic acids
levels similar to the WT (Fig. 6; Baetz ez al., 2016). Interestingly,
the sum of malate and fumarate contents in WT and a/mt5 leaves
was not significantly modified at the middle of the photoperiod
(Fig. 6d). Consequently, also the Cy/citrate balance, which is
highly regulated in plants (Lee ez 2/, 2021), was also not affected
in almt5-1 and almt5-2. Thus, the absence of AZALMTS5 in the
vacuolar membrane of mesophyll cells changed the balance
between malate and fumarate stocks, two important carbon stores
for Arabidopsis. The specific reduction in fumarate in almt5
leaves strongly supports a role of AZALMTS5 as an anion channel
in transporting fumarate across the tonoplast of mesophyll cells.
These findings in almt5 were consistent with the patch-clamp
results. Indeed, under physiological membrane potentials, fuma-
rate currents directed to the vacuole were reduced in a/mt5 meso-
phyll vacuoles (Fig. 4d inser).

Since malate and fumarate are stored along the all day period
and degraded at night, we analysed the malate/fumarate balance
at the end of day (ED) and at the end of the night (EN) (Table 1).
In this experiment, we quantified other key carbon stores such as
starch, glucose, fructose and sucrose (Table 2). As expected,

© 2024 The Author(s).
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malate and fumarate contents were higher in the leaves from ED
than EN, consistent with previous reports (Gibon ez al, 2009).
Similarly, to the data from plants collected at the middle of the
photoperiod (Fig. 6), we found a modified malate and fumarate
content in almt5-1 (Table 1). At ED, fumarate was reduced by
66% while malate was increased by 32% compared with WT
(Table 1). Similarly, at the EN, fumarate was 71% reduced and
malate was 31% increased (Table 1). Interestingly, in this experi-
ment, we found a reduction in the total C4-organic acids content
in almt5-1 (ED-30% and EN-42%) compared with WT and
almt9-1 plants (Table 1). Notably, we did not find differences
between the almt5-1 and WT lines in starch, sucrose, fructose
and glucose contents at ED or EN (Table 2).

In the cytosol of Arabidopsis mesophyll cells, malate is con-
verted to fumarate by the FUM2 enzyme, which regulates the
balance between these two C4 acids (Pracharoenwattana
et al., 2010). The Arabidopsis knock-out mutants fum2-1 and
fum2-2 display a dramatic reduction in the fumarate content
(Pracharoenwattana et af, 2010; Dyson et al., 2016). We there-
fore compared fumarate contents between almz5 and fum2
mutants (Table S1). Interestingly, we found that in the fum2-1
and fum2-2, fumarate was strongly reduced, while malate
increased, confirming previously published data (Pracharoenwat-
tana et al., 2010; Dyson ez al., 2016). However, in fum2-1 and
Jfum2-2, the content of fumarate was 60% lower than in almt5-1
or almt5-2 (Table S1). Notably, in the fim2 and almz5 mutants,
the malate content was increased compared with WT (Dyson
et al., 2016; Saunders et al., 2022). This set of data shows that
almt5 mutants accumulate more fumarate than fum2. Moreover,
the expression level of FUM2 is not modified in almt5, suggest-
ing that FUM2 is active in a/mz5 (Fig. S6). Thus, the fumarate
reduction in a/mt5 depends on a decreased fumarate transport
across the tonoplast.

Discussion

The transport of organic acids such as malate, fumarate and
citrate in the vacuole has been widely studied (Rentsch & Marti-
noia, 1991; Chia ez al, 2000; Hatke ez al, 2003; Hurth
et al., 2005). Indeed, these organic acids are accumulated into the
vacuole of plant cells, where they serve as transient stores of car-
bon (Martinoia & Rentsch, 1994; Zell et al, 2010; Saunders
et al., 2022). Malate, fumarate and citrate play key functions in
plant metabolism, and they are stored in the vacuole to regulate
their availability in metabolically active compartments. The first
organic acid transport systems identified in the vacuole was
AnDT, which works as a malate/citrate exchanger (Hurth
et al., 2005; Frei et al., 2018). Later, a second group of mem-
brane proteins, the AALMTs, was identified (Sasaki ez al., 2004;
Hoekenga et al., 2006; Kovermann ez al, 2007). AAALMT4,
AALMTG6 and AAALMTO are able to mediate the transport of
malate and fumarate, but not citrate, across the tonoplast (Meyer
et al., 2011; De Angeli er al., 2013; Eisenach ez al., 2017). The
vacuolar ALMTs mediate ionic currents through the vacuolar
membrane resembling to the so-called ‘malate currents’, which
were observed in other plant species (Pantoja & Smith, 2002;
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Fig. 6 Quantification of fumarate, malate and
citrate in leaves. Organic anion contents
measured by High Pressure lon Chromatography
(HPIC) in the leaves of Arabidopsis thaliana wild-
type (WT), almt5-1, almt5-2, almt9-1, almt5-1/
SALMT5 L5-3 and almt9-1/gALMTO L4-3. (a)
fumarate, (b) malate, (c) citrate and (d) sum of
malate + fumarate. Plants were 40-d-old grown
in soil in short days conditions (8-h light), and
leaves collected 5 h after the beginning of the

; light period. Values are mean + SD, n = 12
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Hatke et al, 2003). However, knocking out these vacuolar
ALMTs in Arabidopsis has no impact on the accumulation of
these organic acids (Baetz et al, 2016) questioning their function
in vivo. AALMTS5 is the only member of Clade II for which
there is almost no information. In fact, apart from an early report
suggesting an unclear localisation in the endomembranes (Kover-
mann et al., 2007), no data are available on AtALMTS5. The tran-
sient expression in tobacco of AtALMT5-GFP ¢DNA (Fig. S2b
bortom) and the stable expression of AZALMT5 genomic fragment
fused to GFP in Arabidopsis (Figs 1b, S2¢) demonstrated the
localisation of AXALMT?5 in the vacuolar membrane. At the plant
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leaves from 12 plants of each genotype coming

from two independent plant batches. Asterisks
denote differences from the WT. Statistical
analysis: Mann-Whitney test (*, P < 0.05;
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level, AXALMTS5 is expressed only in the shoots and, within the
leaves, AALMTS is found in the guard cells, the mesophyll and
epidermis (Figs 1a middle, S1i,j). Differently, AAALMT9 (Kover-
mann et al., 2007) and AAALMT4 (Eisenach et al, 2017) are
expressed in the whole plant.

AtALMTS5 presents specific ion transport properties

The comparative analysis of the ion currents mediated by
AALMTS and AZALMT9 overexpressed in tobacco revealed that
AMALMTS is able to transport chloride, malate and fumarate like

© 2024 The Author(s).
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25UB0| SUOWILLIOD SA1IERI0 3[edt e aU) Aq pouBAOB e B 1L WO 88N 10 S3|N1 10} AIRIGIT8UIIUO A3 1A UO (SUO 1 IPUOO-PUE-SLLLBILLIO" B I ARGl [puI|U0//:SdIy) SUONIPUOD PUE LB | 841395 *[202/60/90] UO ARIqIT8UIIUO AB|IM ‘90U BLRIUPOD Ad 22002 UdU/TTTT OT/I0pALC Ao 1M ATRIqIRUIIUO YdU//'SANY WO} Papeojumoq ‘0 *LET869VT



New
Phytologist

Research"11™

Table 1 Malate, fumarate and citrate contents at the end of the dark and light periods.

Malate Fumarate Malate + Fumarate Citrate

EN ED EN ED EN ED EN ED
WT 113.6 £ 175 158.3 &+ 4.2 185.5 + 33.6 288.8 + 25.6 299.1 + 49.0 447.0 + 29.8 307.4 + 36.4 2369 + 23.6
almts-1 1409 +£ 9.3 235.0 + 24.3*¥* 56,9 + 44** 96.6 + 12.9*%* 197.8 + 13.6*¥* 331.7 + 37.1** 305.3 + 254 2114 + 17.6
almto-1 99.6 + 12.7 147.4 £+ 9.0* 1723 £ 21.7 278.6 £ 15.6 272.0 &+ 341 426.0 + 20.9 288.5 +£21.9 212.0 £ 20.0
almt5-1/ALMT5 106.1 £ 19.3 159.3 + 11.1 185.1 +48.2 2382 +£60.7 2912 +649 3975+ 646 279.7 +£43.1 2362 + 18.4
almt9-1/ALMT9 119.8 + 12.8 1705 + 13.2 180.8 +£ 27.3 235.8 £ 399 300.7 4+ 38.3 406.3 + 53.0 290.8 + 30.4 207.2 £ 20.6

Organic acids contents in 40-d-old Arabidopsis thaliana rosette leaves of wild-type (WT), almt5-1, almt9-1, almt5-1/ALMT5 L5-3 and almt9-1/ALMT9
L4-3. Data are from leaves collected at the end of day (ED) and end of night (EN). Each measurement corresponds to n = 5 replicates, each replicate
correspond to a pool of three leaves from three plants. Data were obtained by HPIC. Data are mean =+ SD. Statistical analysis: Mann-Whitney test

(*, P < 0.05; **, P < 0.01). Asterisks represents a significant difference compared with the WT. Results are expressed in umol g~ DW.

Table 2 Soluble sugars and starch contents at the end of the dark and light periods.

Glucose Fructose Sucrose Starch

EN ED EN ED EN ED EN ED
WT 243 + 5.3 33.4 + 3.8 145 + 8.6 221 + 3.7 15.2 + 6.6 22.0 + 8.6 107.4 + 26.1 473.8 + 76.8
almts-1 31.0 £ 4.5 415 4+ 8.2 17.0 £ 4.3 257 +£ 8.9 9.0 £ 5.1 11.6 + 6.1 129.2 + 40.0 520.0 + 95.6
almt9o-1 27.8 £ 4.1 38.5 + 6.1 124 + 4.6 258 + 4.7 7.6 £7.2 6.5 £ 4.5* 1145 + 32.7 526.5 + 70.9
almt5-1/ALMT5 273 +1.7 35.6 + 12.6 15.6 +£ 3.9 28.1 + 15.4 7.7 + 3.4 22.7 + 105 115.2 £ 29.3 481.4 + 58.7
almt9-1/ALMT9 246 + 6.7 3563 £ 6.4 135 + 6.9 24.0 £ 4.5 8.6 £ 5.2 10.1 + 4.8% 102.4 + 30.1 510.6 + 56.6

Glucose, fructose, sucrose and starch contents in 40-d-old Arabidopsis thaliana rosette leaves of wild-type (WT), almt5-1, almt9-1, almt5-1/ALMT5 L5-3
and almt9-1/ALMT9 L4-3. Data are from leaves collected at the end of day (ED) and end of night (EN). Each measurement corresponds ton = 5
replicates, each replicate correspond to a pool of three leaves from three plants. Data were obtained by the metaboHUB platform of Bordeaux. Data are

mean + SD. Statistical analysis: Mann—Whitney test (*, P < 0.05). Asterisks represents a significant difference compared with the WT. Results are

expressed in umol g~' DW.

the other vacuolar ALMTs (De Angeli e al, 2013; Eisenach
et al, 2017). Further, malate activates AtALMT5S chloride cur-
rents (Fig. S4), like for AIALMT4 and AALMTY. However,
cytosolic fumarate does not activate AtALMT5-GFP chloride
currents (Fig. S4a,c).

The behaviour of AYALMT5 towards fumarate deviates from
the other vacuolar AZALMTs (Fig. 2). In the presence of
100 mM cytosolic fumarate, differently from AALMTY9 and
AALMTG6 (Meyer er al., 2011), AALMTS5 does not present
time-dependent kinetic (Fig. 2b). Indeed, AZALMTS5 currents are
immediately active right after the application of a voltage step
(Fig. 2b; De Angeli er al., 2013). The basis of the different func-
tional properties of APALMT5 and AZALMT9 is unknown, but
they possibly rely on structural differences between the two pro-
teins and future analysis might reveal the molecular basis. Nota-
bly, at physiological tonoplastic membrane potentials (i.e. 0 to
—50 mV), AZALMT5 mediates only inward fumarate currents
directed to the vacuolar lumen (Fig. 2c inser), while AALMT9
transports both malate and fumarate (Fig. 2d inser). These data
suggest that AALMTS5 mediates vacuolar fumarate loading. The
analysis of malate and fumarate currents in Arabidopsis vacuoles
confirmed a role of AAALMTS5 transporting fumarate in the
vacuolar lumen (Fig. 4). Indeed, vacuoles from WT and almz5
presented typical inward malate currents (Hurth ez 4/, 2005; De
Angeli et al, 2013) with no differences between genotypes

© 2024 The Author(s).
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(Fig. 4a). However, in a/mz5, the vacuolar inward fumarate cur-
rents were lower than in WT at membrane potentials below
0 mV (Fig. 4b). Interestingly, like AZALMTY5 currents in patches
overexpressing AAALMTS5, the fumarate currents measured in
Arabidopsis WT vacuoles have no time-dependent component
(Figs 2b, 4b). Thus, knocking out AtALMTS5 significanty
reduced the capacity to mediate fumarate fluxes to the vacuolar
lumen. Interestingly, the calculation of the divalent anion accu-
mulation ratio between the vacuole and the cytosol that can be
generated by an anion channel, like AZAALMTS5, shows a strong
dependency on the membrane potential. With pKa; = 3.03 and
pKa, = 4.44, fumarate is present as a divalent anion in both the
cytosol (pH ~ 7) and in the vacuole (pH ~ 5.5-6) (Schnitzer
et al., 2011). Indeed, for divalent anion such as fumarate, the
vacuole/cytosol accumulation ratio is five times at —20 mV and
up 50 times at —50 mV. Thus, passive ion transport systems can
mediate the vacuolar accumulation of divalent anions such as
fumarate. Further, these data support the localisation of
AALMTS in the tonoplast of Arabidopsis and show that it is spe-
cifically involved in the transport of fumarate in mesophyll cells.

AtALMTS5 controls fumarate accumulation in the leaves

After the electrophysiological analysis, we quantified the anionic
content of WT and a/mz5 mutants in Arabidopsis leaves in the

New Phytologist (2024)
www.newphytologist.com

25UB0| SUOWILLIOD SA1IEBI0 3|edtdde aU) Ag poLIBAOB e D11 WO 8N J0 3N 10} AIRIGIT8UIIUO A3 1A UO (SUO1HIPUGO-PUE-SLLLSILLIO" B 1MW ARG [puIU0//SdIy) SUONIPUOD PUE SLLLB | 83 395 *[202/60/90] UO Aiq178U1IUO AB|1M ‘0L URIUPOD AQ 22002 UdU/TTTT OT/10p/LI0D B ] 1w ArRIqIRUIIUO"Ydu//SdNY WoJ) papeojumoq)



Light WT

Malate Malate Fumarate
T Citrate

Vacuole

Calvin
cycle

ALMT9 ALMT5

PEPC[>OAA > Malate > Fumarate Malate

MDH FUM2
PEP
Tnoses-P > Tnoses P
Hexose P
Hexose-P (Glucose-| Fructose)
Pyruvate cycle

Citrate
Mitochondria

hloroplast

f

Starch
Sucrose

New
Phytologist

Light almt5

Malate Malate Fynarate
T Citrate

Vacuole

Calvin
cycle

ALMT9 W

pPEPc[> OAA> Malate<—> Fumarate Malate

MDH , FUM2
PEP
Trloses P+ Tnoses P
Hexose P

Hexose Pd Glucose Fructose)

hloroplast

f

Slarch Pyruvate cycle

Citrate
Mitochondria

Sucrose

Fig. 7 Schematic of Aluminium-Activated Malate Transporter 5 (AtALMT5) function in malate and fumarate vacuolar loading. During daytime, malate and
fumarate are produced and accumulated in the vacuole of Arabidopsis thaliana. In wild-type (WT; left), in the cytosol a part of the malate is converted into
fumarate by FUM2. Malate and fumarate are transported from the cytosol to the vacuole by ion channels such as AtALMT9 and other transport systems
such as AttDT. AtALMT5 specifically mediates fumarate accumulation in the vacuole. In a/mt5 plants (right) where fumarate transport into the vacuole is
reduced, the accumulation of this organic acid is reduced. The reduced capacity to transport fumarate in the vacuoles in almt5 favours the accumulation of
malate that is consequently increased. Therefore, in almt5 plants, the malate/fumarate balance is modified. FUM2, FUMARASE2; MDH, malate
dehydrogenase; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PEPc, phosphoenolpyruvate carboxylase; TCA cycle, tricarboxylic acid cycle.

middle of photoperiod, at ED and at EN. We found that almz5
plants accumulate less fumarate than WT plants (Fig. 6a;
Table 1). Importantly, in a/mz5 plants, concomitant with the
fumarate decrease, malate increase (Tables 1, S1). The changes in
the malate/fumarate balance do not result from an altered expres-
sion of other vacuolar malate transporters, such as AZAALMT9 and
AnDT (Fig. S6d,f). The reduction in fumarate is in line with
patch-clamp data showing that a/mz5 vacuoles have reduced
fumarate transport capacity. Differently, a/mz9-1 leaves present
WT such as malate or fumarate levels like previously observed
(Baetz et al., 2016). Interestingly, citrate levels, which are tightly
regulated (Lee ¢t al, 2021), remain stable in both a/mz5 and
almt9-1 leaves, excluding a role of AALMTS and AZALMT9 in
transporting citrate. The behaviour of a/mz5 is reminiscent of the
fum?2 plants lacking the cytosolic Fumarase2 (Table S1; Prachar-
oenwattana et al., 2010), but in a/mz5 plants, FUM2 expression
level is similar to WT. Importantly, in fum2 leaves, fumarate
levels are three times lower than in a/mt5. This indicates that in
almi5 plants, FUM2 is active and that, despite the absence of
AMALMTS, some fumarate is transported into the vacuole.

The residual accumulation of fumarate in almz5 is likely
mediated by other vacuolar AAALMTs or by AaDT (Fig. 7;
Kovermann ez al., 2007; De Angeli et al., 2013; Frei et al., 2018).
Interestingly, in artds, knock-out malate and fumarate are
reduced while citrate is increased (Medeiros et al., 2017). Thus,
AnDT leads to a nonspecific reduction of fumarate in the shoots.
Differently, in a/mz5 plants, we observed a specific reduction in
fumarate (Fig. 6; Tables 1, S1). The total amount of dicarboxylic
acids (i.e. malate + fumarate) in WT and a/mt5 was similar in
the middle of photoperiod (Fig. 6d; Table S1) but was reduced
in a/mt5 at ED and EN. Therefore, the absence of AtALMT5
reduces the fumarate transport capacity of the tonoplast, which
significantly modifies the malate/fumarate balance and the total
dicarboxylic acids levels at ED. However, like in fum2
New Phytologist (2024)
www.newphytologist.com

(Pracharoenwattana et al., 2010; Dyson ez al., 2016), this reduc-
tion is not sufficient to impact on the biomass of a/mz5. Further,
starch and soluble sugars contents were similar between the WT
and almz5 (Table 2), suggesting that the changed malate/fuma-
rate balance in a/mt5 does not modify the other carbon stocks
(Fig. 7; Tcherkez ez al., 2012). These findings agree with the idea
that fumarate accumulates in the vacuole as a fail-safe to keep
malate homeostasis in the cytosol. In Arabidopsis, reducing the
capacity to transport fumarate in the vacuole induces an unba-
lance of the malate/fumarate ratio in favour of malate.

Conclusion

In conclusion, we identified AZALMT5 as a malate and fumarate
transport system, mediating the transport of fumarate into the
vacuole of Arabidopsis mesophyll cells. Interestingly, this is
the only example, among the vacuolar ALMTs, where knocking
out the gene has a direct impact on the organic acid content of the
leaves (Fig. 7; Baetz et al., 2016; Eisenach ez al., 2017). This shows
that AZALMTS mediates fumarate transport in the tonoplast in
vivo. Thus, the unique ion transport properties of AIALMTS5 can-
not be complemented by the other vacuolar AFALMTs present in
almt5, opening the question of the effect of knocking out multiple
vacuolar AFALMT. Finally, our results highlight the role of vacuo-
lar jon transport systems in keeping cellular homeostasis. These
data are a significant step forward to understand the homeostasis
of organic acids in plant cells and open new perspectives on the
regulation of the plant cell metabolism.
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