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Abstract

Proton (H+) release is linked to aluminum (Al)-enhanced organic acids (OAs) excretion

from the roots under Al rhizotoxicity in plants. It is well-reported that the Al-

enhanced organic acid excretion mechanism is regulated by SENSITIVE TO PROTON

RHIZOTOXICITY1 (STOP1), a zinc-finger TF that regulates major Al tolerance genes.

However, the mechanism of H+ release linked to OAs excretion under Al stress has

not been fully elucidated. Recent physiological and molecular-genetic studies have

implicated the involvement of SMALL AUXIN UP RNAs (SAURs) in the activation of

plasma membrane H+-ATPases for stress responses in plants. We hypothesized that

STOP1 is involved in the regulation of Al-responsive SAURs, which may contribute to

the co-secretion of protons and malate under Al stress conditions. In our transcrip-

tome analysis of the roots of the stop1 (sensitive to proton rhizotoxicity1) mutant,

we found that STOP1 regulates the transcription of one of the SAURs, namely

SAUR55. Furthermore, we observed that the expression of SAUR55 was induced by

Al and repressed in the STOP1 T-DNA insertion knockout (KO) mutant (STOP1-KO).

Through in silico analysis, we identified a functional STOP1-binding site in the pro-

moter of SAUR55. Subsequent in vitro and in vivo studies confirmed that STOP1

directly binds to the promoter of SAUR55. This suggests that STOP1 directly regu-

lates the expression of SAUR55 under Al stress. We next examined proton release in

the rhizosphere and malate excretion in the T-DNA insertion KO mutant of SAUR55

(saur55), in conjunction with STOP1-KO. Both saur55 and STOP1-KO suppressed rhi-

zosphere acidification and malate release under Al stress. Additionally, the root

growth of saur55 was sensitive to Al-containing media. In contrast, the overex-

pressed line of SAUR55 enhanced rhizosphere acidification and malate release, lead-

ing to increased Al tolerance. These associations with Al tolerance were also

observed in natural variations of Arabidopsis. These findings demonstrate that
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transcriptional regulation of SAUR55 by STOP1 positively regulates H+ excretion via

PM H+-ATPase 2 which enhances Al tolerance by malate secretion from the roots of

Arabidopsis. The activation of PM H+-ATPase 2 by SAUR55 was suggested to be

due to PP2C.D2/D5 inhibition by interaction on the plasma membrane with its phos-

phatase. Furthermore, RNAi-suppression of NtSTOP1 in tobacco shows suppression

of rhizosphere acidification under Al stress, which was associated with the suppres-

sion of SAUR55 orthologs, which are inducible by Al in tobacco. It suggests that tran-

scriptional regulation of Al-inducible SAURs by STOP1 plays a critical role in OAs

excretion in several plant species as an Al tolerance mechanism.
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1 | INTRODUCTION

Aluminum (Al) rhizotoxicity is one of the most serious environmental

constraints in acid soils (pH < 5.5), covering over 50% of the world’s

potentially arable lands (Kochian et al., 2015; Liu et al., 2014). Al toler-

ance mechanisms have been identified at the molecular level in vari-

ous plants, which include regulated genes by the STOP1 transcription

factor (see reviews; Daspute et al., 2017; Sadhukhan, Kobayashi et al.,

2021). In Arabidopsis, the gene for Al tolerance malate transporting

ALMT1 (Aluminum activated Malate Transporter 1; Hoekenga

et al., 2006) and the citrate transporting MATE (Multidrug And Toxic

compound Extrusion 1; Liu et al., 2009) were identified that they were

transcriptionally regulated by STOP1 (Iuchi et al., 2007; Sawaki

et al., 2009). ALMT1- and MATE-type malate and citrate transporters

have been well characterized for their roles in Al tolerance and their

regulated nature by STOP1-type TFs (transcription factors) (see

reviews; Daspute et al., 2017; Wu et al., 2018). In Arabidopsis, STOP1

directly binds to the promoter of AtALMT1 (Tokizawa et al., 2021)

with other TFs corresponding to seven functional cis-regions in the

promoter, such as the CGCG-box [(Yang & Poovaiah, 2002), a

calmodulin-binding/CGCG box DNA-binding protein family involved

in multiple signaling pathways in plants] for CAMTA2 (Calmodulin-

binding Transcription Activator 2) (Tokizawa et al., 2015). Such a com-

plex promoter structure would allow the dynamic regulation of tran-

script levels and pleiotropic roles of OA (organic acid) excretion in

stress responses, including Al tolerance and enhanced P-acquisition

by chelation of Al and OAs (Wu et al., 2018). In addition, intensive

molecular biological studies have uncovered molecular mechanisms

underlying Al-inducible activation of STOP1 (Tokizawa et al., 2015),

including posttranslational regulation by ubiquitin ligases (Mercier

et al., 2021; Xu et al., 2021; Zhang et al., 2019). However, it is impor-

tant to understand the molecular mechanism related to coordinate

regulation of OA excretion that can additively/synergistically improve

Al tolerance.

Physiological studies identified that OA transport is usually

coupled with cation transport (e.g., K+, H+), including malate and

potassium transport in the guard cells, and malate/citrate and H+

transport in the root cells (Siao et al., 2020; Zhang et al., 2017). Coor-

dinate transportation of cations and OAs may help to maintain intra-

cellular ion balance (Siao et al., 2020; Yan et al., 2002) as well as to

maintain the electrochemical potential of the membrane (Falhof

et al., 2016). For example, Shen et al. (2005) demonstrated that Al-

induced citrate secretion was mediated via modulation of the activity

of the plasma membrane (PM) H+-ATPase in a soybean cultivar. A

similar model (i.e., coupling with OA transport and H+ transport) was

reported in Al-inducible malate excretion in Arabidopsis (Siao

et al., 2020; Yu et al., 2016; Zhang et al., 2017) and enhanced citrate

excretion in carrot mutant cells that excrete citrate to the medium

containing Al-phosphate (Ohno et al., 2003, 2004). Ohno et al. (2003)

demonstrated that suppression of H+-ATPase by RNAi of a major

gene encoding PM H+-ATPases at the plasma membrane reduced cit-

rate excretion from the carrot mutant cell line that can utilize Al-

phosphate as a P-source by enhanced citrate excretion. In addition, a

reverse genetic study in Arabidopsis identified that a gene encoding

major PM H+-ATPase in Arabidopsis, namely AHA2, plays a crucial

role in H+-release and elongation of the roots under phosphate defi-

ciency and Al rhizotoxicity (Yuan et al., 2017; Zhang et al., 2019).

These studies revealed an association between OA and H+ release,

while it remained unclear whether these events are coordinately regu-

lated by the same pathway, such as the STOP1-dependent pathway

of transcriptional regulation.

Previous studies of STOP1-like proteins revealed co-regulation of

the expression of sets of genes, which systemically control Al tolerance

by coordinately regulating functionally related molecules. For example,

the rice ortholog of STOP1, namely ART1 (Aluminum Resistance Tran-

scription factor 1), regulates the expression of STAR1 (for Sensitive To Al

Rhizotoxicity 1)/STAR2, which are co-expressed together and encode a

subunit of the half-type ABC transporter for Al tolerance (Huang

et al., 2009). By contrast, the ATTED-II database (http://atted.jp/;

Obayashi et al., 2022) identified the co-expression gene network with

AtALMT1 in Arabidopsis some of which are directly regulated by STOP1

(Figure 1). The co-expression genes network of AtALMT1 contains a

unique homolog of STOP1 in Arabidopsis, namely STOP2 that regulates

the transcription of several genes for H+-tolerance (Kobayashi
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et al., 2014), a gene for potassium transporter HAK5 (High-Affinity K+

transporter 5), and PGIP1 (Polygalacturonase-inhibiting protein 1), which

contribute Al and H+-tolerance (Agrahari et al., 2021; Kobayashi

et al., 2014; Sawaki et al., 2009). These genes were reported as the

direct targets of STOP1 (i.e., carrying functional STOP1-binding cis-ele-

ment; Tokizawa et al., 2021). Other members belonging to the co-

expression network might contribute to Al and H+-tolerance, including

the regulation of malate excretion by ALMT1. For example, one of the

members of SMALL AUXIN UP-RNA (SAUR), consisting of 79 members in

the Arabidopsis genome (Spartz et al., 2014), was identified in the co-

expression genes network of AtALMT1. Originally, SAURs were identi-

fied as positive regulators of the PM H+-ATPase including AHA2 in

response to IAA, but the different responses of several SAURs have

recently been reported under diverse stress conditions (Ren &

Gray, 2015). For example, Qiu et al. (2020) reported ABA-responsive

SAUR41 to modulate cell expansion, ion homeostasis, and salt tolerance

in Arabidopsis which are mediated by H+ release regulated by H+-

ATPases. Furthermore, Wang et al. (2021) reported the involvement of

SAUR26 in varying the thermo-responsiveness of Arabidopsis acces-

sions’ growth architecture. These studies suggest that co-expressing

SAUR (e.g., SAUR55) with AtALMT1 may have a role in Al tolerance by

regulating the co-transport of H+ and malate in Arabidopsis.

In the current study, we identified that the STOP1 coordinately

regulates the Al-inducible expression of AtALMT1 and SAUR55, which

modulates ALMT1-dependent malate excretion under Al-toxic condi-

tions. Among the SAUR family, SAUR55 was uniquely upregulated by

Al, and that was regulated by STOP1 in Arabidopsis. This suggests

that STOP1-regulated SAUR55 is involved in the Al-induced malate

excretion mechanism for Al tolerance in Arabidopsis, which is medi-

ated by a plasma membrane co-transport system in which H+-ATPase

and ALMT1 are coupled.

2 | RESULTS

2.1 | Profiling of SAUR55 expression under Al
stressed conditions

To investigate whether SAUR55 is inducible by Al and downstream of

STOP1, we profiled the expression of SAUR55 using our previous

transcriptome data (Sawaki et al., 2009) (Figure 2a). Using fold change

(FC) values, all SAUR family gene expression levels were compared

with Al. Most SAURs were not inducible by Al; however, SAUR55

showed Al inducible expression with the highest FC (around four

times) along with the other Al inducible SAUR33. Among Al-inducible

SAURs, SAUR55 showed lower expression levels in the stop1 mutant

(essential domain of STOP1 i.e., Cys2His2 includes a missense muta-

tion; Iuchi et al., 2007), while SAUR33 expression was unchanged in

the stop1 mutant. Contrastingly, the expression of SAURs has been

reported responding to IAA or ABA (Ren & Gray, 2015; Spartz

et al., 2012, 2014). Therefore, we analyzed the IAA and ABA-

responsive expression of the SAUR family genes using public tran-

scriptome data. Expression of several groups of SAURs (based on AA

similarity), including SAUR33, were responsive to IAA or ABA, whereas

SAUR55 remained nonresponsive to either (Figure S1A). Furthermore,

RT-qPCR data confirmed that the expression of SAUR55 did not

respond to IAA or ABA (Figure S1B) when compared to SAUR19

(Spartz et al., 2012) and SAUR41 (Qiu et al., 2020), which are highly

responsive to both IAA and ABA. These results indicated that SAUR55

is Al inducible but not responsive to IAA or ABA and is regulated by

STOP1.

Al dose-dependent and time course analyses also showed that

the expression of SAUR55 was induced by Al (Figure 2b,c). When the

expression levels of SAUR55 were compared at 24 h of Al treatment,

the expression of SAUR55 in the T-DNA insertion knockout

(KO) mutants of STOP1 (STOP1-KO) was about 20% of that of the

wild-type ecotype Columbia (Col-0). By contrast, a similar expression

level was found in the stop1 mutant and STOP1-KO (Figure 2d).

Furthermore, the expression of SAUR55 was recovered in the

STOP1-complemented transgenic plant (Figure 2d). In addition, the

expression of SAURs (SAUR74, 76, 77, 78, and 79) belonging to the

nearest neighbors of SAUR55 in the phylogenetic tree (Figure 2a;

Ren & Gray, 2015) were not suppressed in the STOP1-KO compared

with the wild-type (Figure S2). These results indicate that SAUR55 is

downstream of the STOP1 system and unique from the other SAURs

in the SAUR family.

Tissue-specific expression patterns of SAUR55 were analyzed

using stable transformants of SAUR55 promoter::GUS transgenic

plants. The GUS activity and expression were weaker in roots at the

early time point (3 h and 6 h) of Al stress (Figure 2e,f). In contrast,

early Al stress treatment GUS activity was first observed at the elon-

gation zone (3 h) and root tips (6 h) (Figure 2e). However, after 24 h

Al stress, the intensity of GUS activity was substantially increased

throughout the seedlings (Figure 2e).

F I GU R E 1 Co-expression network of AtALMT1. The co-
expression network was constructed by the network drawer tool

(with the Coex option to add many genes i.e., automatically adding
genes around query genes) of the ATTED-II database using AtALMT1
as a query gene. Genes that have been previously reported as being
regulated by STOP1 such as AtALMT1 (Tokizawa et al., 2015), STOP2
(Kobayashi et al., 2014; Tokizawa et al., 2021), PGIP1 (Agrahari
et al., 2021), and HAK5 (Sawaki et al., 2009) are indicated by asterisks.
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F I GU R E 2 Transcriptomic analysis for Al-inducible STOP1 regulated SAUR55. (a) Relative expression levels of the SAURs family in wild-type
(WT, Col-0) and STOP1 mutant (stop1) under control (-Al) and Al stress treatment for 24 h are shown. The phylogenetic tree of the SAURs was
constructed by MEGA 6.0 using the neighbor-joining method. The expression data in the root was obtained from our previous microarray data
(Sawaki et al., 2009). The dotted line represents the ratio of gene expression with Al to that without Al. The red color box indicated the unique
expression nature of SAUR55 which shows significant induction under Al stress (Student’s t-test, P < .05). (b) Dose–response of SAUR55 in roots
treated with different concentrations of Al for 24 h. (c) Time-dependent expression of SAUR55 in root in response to Al (10 μM AlCl3 at pH 5.0)

for different time periods. The roots were excised from the 10 days of pre-grown WT plants exposed to different treatments. Relative fold
change was calculated as the ratio of gene expression with Al to that without Al. (d) Transcriptional regulation of SAUR55 by STOP1 is shown.
SAUR55 expression was quantified in 10 days of pre-grown seedlings of WT, stop1, STOP1-KO, and STOP1-complement (STOP1-comp.) treated
with Al (10 μM AlCl3 at pH 5.0) for 24 h. The data represent relative expression level compared to the WT (e) SAUR55 promoter::GUS reporter
assays in roots. Roots of 10 days old transgenic plants carrying GUS gene driven by SAUR55 promoter were exposed to control (0 μM AlCl3 at
pH 5.0) and Al-containing (10 μM AlCl3 at pH 5.0) solutions for different time periods. Bar = 5 mm. (f) GUS expression levels were quantified in
Arabidopsis transgenic lines carrying SAUR55 promoter::GUS in response to Al (10 μM AlCl3 at pH 5.0) at different time periods. The expression
levels were measured by qRT-PCR. UBQ1 was used for normalizing the gene expression level. The average values of three biological replicates
are presented with standard errors. An asterisk indicates a significant difference (Student’s t-test, P < .05). Semi-quantitative PCR bands of UBQ1
are shown. PCR products were separated by 3% agarose gel electrophoresis and visualized with GelRed staining.
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2.2 | STOP1-mediated SAUR55 expression

Our previous studies have shown that ALMT1, PGIP1, and STOP2,

which form a co-expression gene network with SAUR55, carry func-

tional STOP1-binding sites in the promoter (Agrahari et al., 2021;

Tokizawa et al., 2015, 2021). To identify a similar STOP1-binding site

in the promoter of SAUR55, we conducted an in vitro competitive

STOP1-binding assay. The putative STOP1-binding sites in the pro-

moters of SAUR55 were inferred using the Plant Cistrome Database,

which cataloged the DNA sequence of the regulatory region of the

promoter, which was analyzed by DNA affinity purification sequenc-

ing method with various transcription factors (O’Malley et al., 2016).

The SAUR55 promoter had one STOP1 interacting region (�1,480 to

�1,441 bp from the first ATG) of the cistrome database (Figure 3a),

which contained two GGNVS minimum consensuses (Tsutsui

et al., 2011) of the STOP1/ART1 binding element (Figure 3a). A 40-bp

synthetic double-stranded DNA probe designed at the putative

STOP1-binding site of the SAUR55 promoter (�1,480 to �1,441 bp)

was found to compete with a known STOP1-binding dsDNA

sequence of the ALMT1 promoter (Tokizawa et al., 2015). However, a

mutation in one of the “GGNVS” consensus sequences (designated as

CIS-D mutated-2) abolished STOP1 binding capacity. By contrast, a

mutation in the other GGNVS consensus regions (designated as CIS-D

mutated-1) competes with the positive dsDNA obtained from ALMT1

(Figure 3b). In addition, this region was also validated by the in planta

assays using the transgenic hairy root of Arabidopsis transformed with

F I GU R E 3 SAUR55 regulation by STOP1. (a) The STOP1-binding sites of SAUR55 promoter were retrieved from the Plant Cistrome
Database. The dotted boxes indicate the GGNVS sequences that represent the STOP1-ortholog ART1 binding minimum consensus. STOP1
binding (CIS-D) and non-binding (CIS-A) sites on the ALMT1 promoter were utilized as positive and negative control probes, respectively
(Tokizawa et al., 2015). SAUR55 mutated probes were designed by replacing the GGNVS consensus sequence with stretches of A/T (shown in red
font). (b) Bar graph representing the in vitro competitive binding assay of translated STOP1 protein with the synthetic double-stranded promoter
fragments was performed by using the PerkinElmer Amplified Luminescent Proximity Homogeneous Assay (AlphaScreen™). Competitive binding
assay was performed using 450 nM competitor probes (shown in blue font) which compete with 50 nM biotinylated positive probes (shown in
red font) for binding with the STOP1. The graph represents the emitted light signal intensities relative to the biotinylated probe without any
competitors. Lower emitted signal intensity signifies the binding of the STOP1 protein to the respective competitor probe. Data presented as the
means of three biological replicated (n = 3) with standard error (SE). Different letters indicate significant differences (Tukey’s test, P < .05) in

emission intensity. (c) GUS expression in Arabidopsis transgenic hairy roots expressing SAUR55 promoter::GUS, which have native and mutated
(CIS-D mutated-1 and CIS-D mutated-2) forms of STOP1-binding region. Twenty to thirty transgenic hairy roots were treated with Al stress
solution (10 μM AlCl3 at pH 5.0) for 24 h. Gene expression is normalized to NPT II. Average values ± SE (n = 3) are presented. The asterisk
indicates a significant difference as determined by Student’s t-test (P < .05).
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the SAUR55 native promoter::GUS or the mutated promoter::GUS

(Figure 3c). The GUS expression of the SAUR55 native promoter

(�2000 bp from the transcription start site) showed a significantly

higher level of induction than that of the mutation-induced promoter

(CIS-D mutated-2) (Figure 3c). These results indicated that the induc-

tion level of SAUR55 under Al was directly regulated by the binding of

STOP1 to its promoter.

2.3 | Rhizosphere acidification in STOP1-KO and
saur55

We assessed the involvement of STOP1 and SAUR55 to regulate the

H+ release from the roots under Al stress by the rhizosphere acidifica-

tion assay using bromocresol purple, which is an acidic pH indicator

with a yellow color at pH < 5.5 (Spartz et al., 2014). The rhizosphere

acidification of Arabidopsis pre-treated with Al (10 μM AlCl3 at

pH 5.0) or without Al (0 μM AlCl3 at pH 5.0) for 24 h was visualized

by transferring seedlings to a water-agar plate containing bromocresol

purple (Figure 4a). After 12 h of transfer to the bromocresol plate, the

purple color around the rhizosphere of Al-treated wild-type plants

changed to yellow compared with the control (0 μM AlCl3 at pH 5.0).

Correspondingly, the yellow regions around the rhizosphere of Al-

treated plants were increased at 24 h and 48 h (Figure 4a). These

results indicate that Al stress induces rhizosphere acidification.

Next, to evaluate the role of STOP1 and SAUR55 in Al-induced

H+ release into the rhizosphere, we performed a rhizosphere acidifica-

tion assay in STOP1-KO and saur55 (T-DNA insertion KO of SAUR55;

Figure S3) under Al stress condition. No acidification around the rhi-

zosphere of the STOP1-KO was observed (Figure 4b). By contrast, in

the STOP1-complemented line, the rhizosphere acidification was fully

recovered, similar to that of wild-type (Figure 4c). In the case of

saur55, rhizosphere acidification was also substantially reduced than

the wild-type (Figure 4b). Taken together, these results suggest that

SAUR55 is involved in rhizosphere acidification regulated by STOP1,

which is possibly modulated by PM H+-ATPase under Al stress.

2.4 | Al and H+ tolerance of saur55

To examine the role of SAUR55 expression in Al tolerance, we pheno-

typed the Al sensitivity of the saur55 with other Al and/or H+ sensitive

KO-mutants (i.e., both Al and H+-sensitive STOP1-KO, and Al sensitive

almt1 and als3; Sawaki et al., 2009). In the control solution (0 μM AlCl3

at pH 5.5), all KO mutants grew similar to the wild-type. saur55 showed

a sensitive phenotype to Al compared with the wild-type under Al-

stressed conditions (+Al at pH 5.5 or +Al at pH 5.0). At the same time,

it was significantly more resistant than other Al-sensitive KO-mutants

(STOP1-KO, almt1, and als3) (Figure 5a,b). Contrastingly, H+ rhizotoxi-

city (i.e., inhibition of root growth compared to pH 5.5) of saur55 was

slight at pH 5.0 and increased at pH 4.7 compared with the wild-type

(Figure 5a,b). These results indicate that SAUR55 expression contrib-

utes to both Al and H+ tolerance mechanisms in Arabidopsis.

To verify the correlation between SAUR55 mediated H+ and

malate exudation under Al stress in Arabidopsis, we studied malate

release in the wild-type and saur55 under control and Al stress. A sig-

nificant reduction (25–30%; P < .05) of malate release was observed

in saur55 compared to the wild-type under Al stress (Figure 5c). These

results suggest that SAUR55-mediated H+ exudation plays a role in

root malate excretion in response to Al stress.

In addition, Al absorption in the root tip of saur55 was visualized

by morin staining, which is reported to easily form a fluorescent com-

plex with cytosolic Al but hardly detected Al bound to the cell wall

(Eticha et al., 2005). In the presence of Al (4 μM AlCl3 at pH 5.0 for

24 h; Ikka et al., 2008), brighter fluorescence was observed in the

roots of saur55 but not in the wild-type (Figure 5d). The staining pat-

tern of saur55 was similar to that of the almt1, which showed strong

fluorescence in the root elongation zone. This similarity further sup-

ported the possible association of SAUR55-dependent H+-release

and ALMT1-dependent malate excretion for Al tolerance in

Arabidopsis.

2.5 | Overexpression of SAUR55 shows Al
tolerance phenotype and increases rhizosphere
acidification

To establish the relationship among SAUR55, rhizosphere acidification,

and malate secretion for Al tolerance, SAUR55 was overexpressed and

complemented in wild-type and STOP1-KO respectively. More than

20 independent transgenic lines were obtained of which 3 lines were

selected for further research. The overexpressing lines of SAUR55

showed increased primary root length compared with the wild-type

under Al-stressed conditions (+Al at pH 5.5 or +Al; pH 5.0). Further-

more, the H+ tolerance of SAUR55-overexpressed lines showed

higher at pH 4.7 than at pH 5.0 (Figure 6a,b). In addition, to determine

the H+-release ability of SAUR55 into the rhizosphere under Al stress,

a rhizosphere acidification assay for SAUR55-overexpressed lines

(Figure 6c) was performed. As expected, the SAUR55-overexpressed

lines showed higher rhizosphere acidification than the wild-type under

Al stress (Figure 6d). Interestingly, it was also found that Al-activated

malate excretion was enhanced by the SAUR55-overexpressed lines

(Figure 6e). These results indicate that SAUR55 has a significant role

in enhancing Al-activated malate release by enhancing roots H+ exu-

dation for Al tolerance.

On the other hand, the root growth and rhizosphere acidification

of SAUR55-complemented lines introduced to the STOP1-KO were

not observed under Al stress (Figure S4A and B). Likewise, the expres-

sion of SAUR55 was not recovered in the SAUR55-complemented

lines (Figure S4C) compared with the SAUR55-overexpressed lines

(Figure 6c). In addition, complementation of STOP2 (regulated by

STOP1 and involved in both Al and low pH-tolerance mechanism;

Kobayashi et al., 2014; Tokizawa et al., 2021) in stop1 mutant could

not rescue the expression of SAUR55 under both Al- and low pH-

stressed conditions (Figure S5). This indicates that SAUR55 controls Al

tolerance via STOP1 regulation.
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2.6 | SAUR55 expression in natural variation of
Arabidopsis

As in the overexpression lines, we quantified the expression of

SAUR55 in Arabidopsis accessions previously categorized as either

Al-tolerant or Al-sensitive based on root phenotype and the expres-

sion of Al tolerance-related genes such as ALMT1, ALS3 (ALUMINUM

SENSITIVE 3; encodes a protein that reduces Al toxicity by

redistributing Al from sensitive tissues; Larsen et al., 2005), and

PGIP1 under Al stress (Agrahari et al., 2021; Kusunoki et al., 2017;

Nakano et al., 2020; Sadhukhan, Agrahari et al., 2021). Comparison

of the expression levels of SAUR55 showed high expression in the

Al-tolerant accessions (Col-0, Star-8, and Shigu-2) and low expres-

sion in the Al-sensitive accessions (Valsi-1, Ts-5, and Wei-0)

(Figure 7a). In contrast, the genes for the nearest neighbors of

SAUR55 (i.e., SAUR 74, 76, 77, 78, and 79) did not differ in

F I GU R E 4 Involvement of STOP1 and SAUR55 in Al-induced rhizosphere acidification. (a) Induction of extensive rhizosphere acidification in
wild-type (WT, Col-0) under Al stress. (b) Suppression of H+ release into rhizosphere in STOP1-KO and saur55 under Al stress. Ten-day-old
seedlings were exposed to control (0 μM AlCl3 at pH 5.0) and Al-containing (10 μM AlCl3 at pH 5.0) solutions for 24 h. After 24 h of Al-

treatment, the plants were transferred to the bromocresol purple (pH indicator dye) containing water-agar plate to visualize the rhizosphere
acidification. Color changes were recorded at 12 h, 24 h, and 48 h. (c) Recovery of rhizosphere acidification in STOP1-complement (STOP1-comp.)
after exposure to Al. Plants were pretreated with Al (10 μM AlCl3 at pH 5.0) for 24 h and transferred to bromocresol purple-containing water-
agar plate. Rhizosphere acidification was recorded at 24 h. Bar = 1 cm.
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expression levels in all those accessions. (Figure 7a). Furthermore,

these accessions showed the differential pattern of rhizosphere acid-

ification under Al stress (Figure 7b). Interestingly, accessions with

higher proton release and higher expression levels of SAUR55 also

showed higher malate secretion (Figure 7c), which strongly indicates

the relevance of SAUR55 for Al-tolerance.

2.7 | Intracellular localization and interaction of
the SAUR55 protein

Previous studies suggest that plasma membrane-localized SAURs

physically interact with and inhibit protein phosphatases 2C.D (PP2C.

D) to activate PM H+-ATPases (Ren et al., 2018). We, therefore, ana-

lyzed the intracellular localization of the SAUR55 protein by transient

assay in onion (Allium cepa L.) epidermal cells using a GFP-fusion

protein. When the construct (i.e. 35S::SAUR55::GFP) was introduced

to the epidermal cells by particle bombardment, the plasma membrane

of cells fluoresced in green (Figure 8a). This localization pattern was

similar to the 35S::AtPIP2A::mCherry (plasma membrane marker;

Nelson et al., 2007). In addition, the plasmolysis of epidermal cells by

.8 M mannitol further confirmed the localization of SAUR55 in the

plasma membrane. Localization prediction also supported the results.

We conducted a Kyte and Doolittle hydropathic plot analysis based

on the amino acid sequence of SAUR55 using the Protscale program

(Kyte & Doolittle, 1982; Hong et al., 2008). The analysis shows a

hydrophobic pattern with distinct spikes in the SAUR55 protein

(Figure 8b). In addition, the interaction of SAUR55 with PP2C.D2/D5/

D6, key regulators of PM H+-ATPase (Ren et al., 2018), and PP2C.

D5/D6/D7, involved in Al tolerance (Xie et al., 2023), was tested.

Bimolecular fluorescence complementation (BiFC) assays showed that

PP2C.D2 and PP2C.D5 physically interact with SAUR55 on the

F I GU R E 5 Comparison of root growth among T-DNA insertion knockout (KO) mutants under Al and H+ stress. (a) Growth response of
saur55 compared with that of wild-type (WT, Col-0), STOP1-KO, almt1, and als3 grown under Al and H+ rhizotoxicity for 7 days. Bar = 1 cm.
(b) The root length of each genotype treated with Al and H+ rhizotoxicity were presented as bar graphs. The average root length of the six
longest seedlings (Kobayashi et al., 2013) among the 25 tested seedlings was presented with standard error (SE). Different letters in (B) indicate
significant differences (least squared difference test, P < .05). (c) Malate excretion from roots of saur55. For the malate excretion assay, seedlings
were treated with media containing –Al (0 μM AlCl3 at pH 5.0) or +Al (10 μM AlCl3 at pH 5.0) for 24 h. STOP1-KO and almt1 were used as a
positive control. Average values ± SE (n = 3) are presented. Different letters on the error bars indicate significant differences at P < .05 (Tukey’s
test). (d) Morin staining of Al-treated roots of WT, almt1, and saur55. Seven-day-old seedlings were treated with Al (4 μM AlCl3 at pH 5.0)
containing solution for 24 h. The fluorescence of morin was observed by a fluorescent microscope. Bar = 20 μm.
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plasma membrane, whereas PP2C.D6 and PP2C.D7 showed no

detectable interactions with SAUR55 (Figure 8c). These findings pro-

vide clear evidence that SAUR55 localizes in the plasma membrane

and physically interacts with PP2C.D2 and PP2C.D5, suggesting its

involvement in the regulation of H+-ATPase in the plasma membrane

under Al stress.

F I GU R E 6 Al tolerance of Arabidopsis transgenic lines overexpressing SAUR55 (SAUR55-OX). (a) Growth response of SAUR55-OX lines
compared with wild-type (WT, Col-0), STOP1-KO, and saur55 under Al and H+ rhizotoxicity for 7 days. Bar = 1 cm. SAUR55 was introduced into

the WT under the control of the SAUR55 native promoter. (b) Bar graph representing the root length of each genotype treated with Al and H+

rhizotoxicity. Among the 25 tested seedlings, the average root length of the 6 longest seedlings was presented with standard error (SE). Different
letters in (b) indicate significant differences (least squared difference test, P < .05). (c) Semi-quantitative PCR bands showing SAUR55 expression
in WT, STOP1-KO, saur55, and SAUR55-OX lines. The expression levels were measured from 10-day-old seedlings treated with Al (10 μM AlCl3
at pH 5.0) for 24 h. UBQ1 was used as an internal control. (d) Rhizosphere acidification of SAUR55-OX lines under Al stress. Ten days pre-grown
seedlings were treated with Al for 24 h and transferred to bromocresol purple containing water-agar plate. Rhizosphere acidification was
observed at 24 h. Bar = 1 cm. (e) Malate release in SAUR55-OX lines treated with –Al (0 μM AlCl3 at pH 5.0) or +Al (10 μM AlCl3 at pH 5.0) for
24 h. average values ± SE (n = 3) are presented. Different letters on the error bars indicate significant differences at P < .05 (Tukey’s test).
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2.8 | NtSTOP1 modulates H+ release into the
rhizosphere

To determine whether the STOP1-regulated Al-induced rhizosphere

H+ exudation is conserved across other plant species, the

rhizosphere acidification assay was performed in tobacco. After 12 h

of transfer to the water-agar plate containing bromocresol purple, Al-

pretreated (10 μM AlCl3 at pH 5.0 for 24 h) tobacco wild-type plants

(Nicotiana tabacum var. Xianti) showed significant induction of rhizo-

sphere acidification compared to the control (0 μM AlCl3 at pH 5.0 for

24 h) (Figure 9a). In contrast, acidification around the rhizosphere of

tobacco RNA interference (RNAi)-STOP1 knockdown (NtSTOP1-KD)

lines was completely suppressed (Figure 9a). These findings suggest

that the STOP1-regulated rhizosphere H+ exudation under Al stress is

conserved in tobacco.

To further investigate whether the STOP-dependent regulation

of SAUR55 is conserved in tobacco, SAUR55 orthologs were identified

in tobacco by the BLAST-P program available on the NCBI database

(https://www.ncbi.nlm.nih.gov/search/). Further, a phylogenetic tree

with different evolutionary conserved amino acid motifs was con-

structed based on SAUR55 of Arabidopsis and its related SAURs of

tobacco by using the SALAD database (https://salad.dna.affrc.go.jp/

CGViewer/en/; Zhou et al., 2020). Four putative orthologs

(XP_016465095.1, XP_016489463.1, XP_016501814.1, and

XP_016496213.1) of SAUR55 having similar motifs were detected in

tobacco (Figure 9b). Furthermore, our wet lab studies showed that

F I GU R E 7 Natural variation associated with SAUR55 in Arabidopsis accessions. (a) Relative expression levels of SAUR55 along with its
nearest neighbors (SAUR 74, 76, 77, 78, and 79) in roots of Al-tolerant (Col-0, Star-8, and Shigu-2; Kusunoki et al., 2017; Nakano et al., 2020) and
-sensitive accessions (Valsi-1, Ts-5, and Wei-0; Kusunoki et al., 2017; Nakano et al., 2020) under Al (10 μM AlCl3 at pH 5.0) treatment for 24 h.
UBQ1 was used as an internal control. The average values of three biological replicates are presented with standard error. Different letters on the
error bars indicate significant differences at P < .05 (Tukey’s test). (b) Rhizosphere acidification of Al-tolerant and -sensitive accessions under Al
stress. Ten days pre-grown seedlings were treated with Al (10 μM AlCl3 at pH 5.0) for 24 h and transferred to a bromocresol purple-containing
water-agar plate. Rhizosphere acidification was observed at 24 h. Bar = 1 cm. (c) Malate release in Al-tolerant and -sensitive accessions treated
with –Al (0 μM AlCl3 at pH 5.0) or +Al (10 μM AlCl3 at pH 5.0) for 24 h. average values ± SE (n = 3) are presented. Different letters on the error
bars indicate significant differences (Tukey’s test; P < .05) within the –Al or +Al treatments, and asterisks above the +Al bars indicate significantly
more malate exudation (Student’s t-test; P < .05) than the control (–Al) treatment.
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two of them (XP_016465095.1 and XP_016489463.1) were inducible

by Al stress (Figure 9c) and were repressed in the NtSTOP1-KD lines

(Figure 9d). These results showed that the Al-inducible tobacco

SAUR55 orthologs (XP_016465095.1 and XP_016489463.1) are regu-

lated by NtSTOP1. Taken together, these results indicate that the

STOP1-regulated SAUR mechanism for Al tolerance is conserved in

tobacco.

2.9 | The PM H+-ATPase genes in response to Al

As reported previously (Ohno et al., 2003; Shen et al., 2005), the plant

treated with vanadate (VA), an inhibitor of PM H+-ATPase,

suppressed the Al-induced secretion of OAs such as malate

(Figure 10a). This suppression increased with increasing VA concen-

tration, indicating a strong relationship between PM H+-ATPase and

malate secretion under Al stress. To determine whether STOP1 tran-

scriptional regulation contributes to the induction of the PM H+-

ATPase gene under Al stress, we analyzed the expression of PM H+-

ATPase encoding genes (AHA1– AHA11; Palmgren, 2001) under Al

stress (Figure 10b). AHA1, AHA2, and AHA7 showed significant induc-

tion under Al stress, while the transcription levels of most PM H+-

ATPase gene family members remained unchanged. Among these

three Al inducible genes, the expression level of AHA2, a major PM

H+-ATPase isoform expressed in Arabidopsis roots (Harper

et al., 1990), was strongly induced by Al and significantly suppressed

F I GU R E 8 Plasma membrane-localized SAUR55 protein. (a) Localization of the SAUR55::GFP protein transiently expressed in onion
epidermal cells. Vectors containing 35S::SAUR55::GFP and 35S::AtPIP2A::mCherry (plasma membrane marker; Nelson et al., 2007) were
introduced by particle bombardment. Fluorescent images of GFP (left), mCherry (middle left), and merged images (middle right). Plasmolysis of
onion epidermal cells with .8 M mannitol confirmed plasma membrane localization of SAUR55 (bottom). Bars = 100 μm. (b) Hydropathy plot of
the SAUR55 protein. Kyte and Doolittle hydropathic plot analysis was performed using the Protscale program (Kyte & Doolittle, 1982) based on
the amino acid sequence of SAUR55 to predict transmembrane domains. Peaks with scores greater than 1.8 indicate a possible transmembrane
region. (c) Bimolecular fluorescence complementation (BiFC) visualization of the interaction of SAUR55 with PP2C-D2, D5, D6, and D7 using
agrobacterium-mediated transient transformation of Nicotiana benthamiana. Fluorescent signal was detected when the leaves were infiltrated
with SAUR55-YFPN and PP2C.D2-YFPC or PP2C.D5-YFPC. Bars = 50 μm.
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F I GU R E 9 NtSTOP1 regulates Al-induced H+ release into rhizosphere in tobacco. (a) Induction of extensive rhizosphere acidification in wild-
type (WT, Nicotiana tabacum var. Xianti) and RNAi suppressing lines of NtSTOP1-knockdown (NtSTOP1-KD) under Al stress. Ten-day-old
seedlings were exposed to a nutrient solution containing –Al (0 μM AlCl3 at pH 5.0) or +Al (10 μM AlCl3 at pH 5.0) for 24 h. After 24 h, the
plants were transferred to bromocresol purple-containing water-agar plate. Rhizosphere acidification was observed at 12 h, 24 h, and 48 h.
Bar = 1 cm. (b) A phylogenetic tree showing conserved amino acid motifs of AtSAUR55 in putative SAURs of tobacco. The phylogram was
constructed based on the SAUR55 protein sequence using the SALAD database. Each motif is assigned a sequence number and color within the
‘high percent similarity’ protein group, and the same color box represents the same extracted motif. The red color box indicates that the tobacco
SAURs exhibit the highest structural homology with AtSAUR55. (c) Expression levels of four putative NtSAURs (XP_016465095.1;
XP_016489463.1; XP_016501814.1 and XP_016496213.1) closely related to SAUR55 in roots of tobacco under control and Al stress.
(d) Expression levels of Al-inducible putative NtSAURs (XP_016465095.1 and XP_016489463.1) in the roots of WT and NtSTOP1-KD lines under
Al stress. Tobacco seedlings were grown for 10 days and then treated with –Al (0 μM AlCl3 at pH 5.0) or +Al (10 μM AlCl3 at pH 5.0) for 24 h.
Average values of three biological replicates were presented with standard errors. ACTIN was used as an internal control. The asterisk indicates a
significant difference as determined by Student’s t-test (P < .05).

F I GU R E 1 0 Involvement of AHA2 in rhizosphere acidification and malate secretion under Al. (a) Effects of vanadate on malate release in Al-
treated Arabidopsis roots. Arabidopsis (Col-0) seedlings were incubated in an Al-containing (10 μM AlCl3 at pH 5.0) media for 24 h in the
presence of various concentrations of vanadate. (b) Expression of PM H+-ATPase gene family members (AHA1–AHA11) in wild type (WT, Col-0)
and STOP1 mutant (stop1) under control (–Al) and Al stress treatment for 24 h are shown. The expression data in the root was obtained from our
previous microarray data (Sawaki et al., 2009). The dotted line represents the ratio of gene expression with Al to that without Al. (c) Expression
profiling of AHA2 in the root of Arabidopsis in response to Al (10 μM AlCl3 at pH 5.0) for different time periods. The roots were excised from
10-day-old 100 seedlings of Arabidopsis (WT, Col-0) exposed to different treatments. Relative fold change was calculated as the ratio of gene
expression in growth media with Al to that without Al. UBQ1 was used as an internal control. The average data of three biological replicates are
presented with standard errors. Asterisks indicate significant differences at P < .05 (Student’s t-test). (d) Rhizosphere acidification in WT and
aha2–5 under Al stress. Ten-day pre-grown seedlings were treated with Al (10 μM AlCl3 at pH 5.0) for 24 h and transferred to a bromocresol
purple-containing water-agar plate. Rhizosphere acidification was observed at 24 h. Bar = 1 cm. (e) Malate excretion from roots of WT and aha2–
5. For the malate excretion assay, seedlings were treated with media containing –Al (0 μM AlCl3 at pH 5.0) or +Al (10 μM AlCl3 at pH 5.0) for
24 h. average values ± SE (n = 3) are presented. Different letters on the error bars indicate significant differences (Tukey’s test; P < .05) within
the –Al or +Al3+ treatments.
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in the stop1 mutant (Figure 10b). Further time-course analysis showed

that AHA2 transcripts in the wild-type were gradually induced under

Al stress (Figure 10c). We, therefore, used an AHA2-KO mutant

(aha2–5; Haruta et al., 2010) to analyze root rhizosphere acidification

and malate release. Interestingly, we found a significant reduction of

rhizosphere acidification and malate release in the aha2–5 than the

wild-type as well as saur55 (Figure 10d,e). Taken together these data

strongly indicate the involvement of AHA2 in Al tolerance.

3 | DISCUSSION

H+ transport of the PM H+-ATPases plays a crucial role in ion trans-

port of the plasma membrane because it provides an electrochemical

gradient at the plasma membrane (Falhof et al., 2016; Siao

et al., 2020; Yu et al., 2016). Recent studies revealed that SAURs are

positive regulators of the PM H+-ATPases by inhibiting PP2C.D family

that inactivates PM H+-ATPase (e.g., AHA2; Spartz et al., 2014; Ren

et al., 2018; Wong et al., 2021). The SAURs in Arabidopsis, which con-

sist of 79 members, found that most of the SAURs are responsive to

growth hormones (such as IAA and ABA) and are highly expressed in

growing parts of plants to modulate PM H+-ATPase activity (Ren &

Gray, 2015). By contrast, different regulation was reported in several

SAURs such as -P inducible expression of SAUR19, which is involved

in the signal transduction of P-deficiency (Młodzinska-Michta, 2022).

In this study, we identified that one of the SAURs, i.e., SAUR55 is

responsive to Al (Figure 2b,c), while it showed typical characteristics

of SAURs regulating PM H+-ATPases. For example, GFP-tagged

SAUR55 localized on the plasma membrane (Figure 8), and the expres-

sion levels correlated with H+ release from the root cells (Figure 4b

and Figure 6d). The T-DNA insertion mutant saur55 was significantly

more sensitive to Al and H+ stress than the wild-type (Figure 5).

SAUR55 expression was found to be inducible under low pH however,

the expression level is even less than that of Al stress (Figure S6 and

Figure 2a). It revealed that SAUR55 has unique roles in Al response

than other SAURs and controls H+ and Al tolerance of Arabidopsis.

Stress-responsiveness of plant architecture is determined by the

expression level of the genes, which varies among natural accessions.

Recently, Wang et al. (2019) showed SAUR26 cluster genes heat toler-

ance by quantifying their expression in Arabidopsis accessions that

have higher thermo-responsiveness. Furthermore, recent studies on

the differential expression patterns of Al tolerance genes, including

ALMT1, between Al-tolerant and sensitive accessions, have shown to

be very useful in finding the relationship between Al-tolerant genes

and tolerance levels (Kusunoki et al., 2017; Nakano et al., 2020). Simi-

larly, the present study also reveals an association between the varia-

tion in the expression level of SAUR55 and Al tolerance (Figure 7).

Al tolerance of saur55, SAUR55-OX, and natural accessions could

be explained by the level of malate excretion, which is one of the

major Al tolerance mechanisms in Arabidopsis identified by an Al tol-

erance GWAS (Nakano et al., 2020). Functions of SAUR55 in the rhi-

zosphere acidification (Figures 4b and 6d) and malate excretion

(Figures 5c and 6e) were similar to those of AHA2 under Al stress

(Figure 10). In addition, as for AHA2 being considered downstream of

STOP1 (Figure 10b), the Cistrome database (http://neomorph.salk.

edu/dap%20web/pages/) shows STOP1-binding capacity in the pro-

moter region of AHA2 (Figure S8). Conversely, Zhang et al. (2019)

demonstrated that the aha2 mutant displayed sensitivity to Al stress,

indicating the involvement of AHA2 in the Al tolerance mechanism,

while Spartz et al. (2014) revealed that SAUR proteins could regulate

AHA2 by inhibiting PP2C.D phosphatase, impacting plant growth and

development. On the other hand, Xie et al. (2023) recently reported

that root growth and Al-induced malate excretion were higher and

lower in Atpp2c.d5d6d7 and aha2 mutants, respectively. Collectively,

these findings support the notion that Al tolerance is mediated

through the H+-ATPase activation system regulated by SAUR55 via

interaction with PP2C.D2 and PP2C.D5 (Figure 8c), which is con-

trolled by STOP1 and cooperates with malate secretion under Al

stress (Figure 11).

Co-expression gene network includes a gene for another possible

protein that is involved in the regulation of malate excretion by

AtALMT1 (Figure 1). The molecular function of SIF1 has not been

characterized yet, but a homolog SIF2 (malectin-like receptor-like

kinase STRESS INDUCED FACTOR 2) was reported that is critical for

activation of a malate transporter SLAC1 in the stomatal guard cells in

bacterial response (Chan et al., 2020). SIF1 might be involved in the Al

activation of ALMT1, while further research will be needed to investi-

gate this possibility. By contrast, the H+-sensitivity of saur55 could be

explained by the lower activity of H+-release that induces acidifica-

tion of the cytosol (Sadhukhan, Kobayashi, et al., 2021). Furthermore,

the H+-sensitivity of saur55 could also be explained by the association

of other genes belonging to the co-expression genes network of

AtALMT1. K+ transport by HAK5 requires an electrochemical gener-

ated by the H+-transport of PM H+-ATPases, while higher K+ levels

in the cytosol contribute to maintaining cytosol pH above 7 (Walker

et al., 1998). Taken together, saur55 may become susceptible to H+

toxicity due to a lower capacity to maintain cytosol pH. The co-

expression network contains other proteins that were characterized

as the H+-tolerance genes, such as STOP2 (Kobayashi et al., 2014)

and PGIP1 (stabilizing cell wall pectin at low pH; Kobayashi

et al., 2014). Our findings SAUR55 further provide stress physiological

importance of the STOP1 regulating system for Al and H+-tolerance.

While genome-wide studies have been limited (i.e., transcriptome

studies using mutants), the conservation of STOP1-regulated Al toler-

ance has been reported in various plants. Comparison of suppressed

genes in mutants of STOP1-like proteins in Arabidopsis (Sawaki

et al., 2009), tobacco (Ito et al., 2019), and rice (Yamaji et al., 2009)

identified several common Al tolerance genes, including genes for

organic acid (OA) transporters. RNAi suppression of STOP1-protein in

pigeon peas (Daspute et al., 2018) and eucalyptus (Sawaki

et al., 2014) confirmed the regulation of Al-tolerance MATE expres-

sion by STOP1 orthologs. These studies revealed the transcriptional

regulation of OA transporters by STOP1-like proteins in various

plants. In contrast, the co-excretion of H+ and citrate has been

reported in soybean (Shen et al., 2005), carrot (Ohno et al., 2003,

2004), and white lupin (Neumann et al., 1999; Tomasi et al., 2009),
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which is associated with the activation of PM H+-ATPase. In this

study, we found that H+-excretion in Arabidopsis showed

STOP1-dependent transcriptional regulation (Figure 4b,c). While

tobacco possesses STOP1/MATE-dependent Al-inducible citrate

excretion but not malate excretion via ALMT1 (Ohyama et al., 2013),

it showed a substantial reduction of rhizosphere acidification

(Figure 9a) and expression of SAUR55 putative orthologs in transgenic

tobacco where NtSTOP1 was suppressed by RNAi (Figure 9d). These

findings suggest that the coregulation of genes for OA transporters

and SAUR by STOP1-like proteins contributes to enhancing malate

excretion in Arabidopsis and may be involved in citrate excretion in

other plant species, including tobacco, under Al-stressed conditions.

However, characterizing the role of NtSAURs in Al-triggered PM H+-

ATPase activity and citrate excretion is a future research endeavor.

In Arabidopsis, an F-box protein RAE1 (Zhang et al., 2019) nega-

tively regulates STOP1 by modulating the stability of STOP1 under

Al-stress-free conditions. The STOP1/RAE1 forms negative feedback

of STOP1 by positive regulation of RAE1 expression by STOP1. Such

negative feedback would be originated from unknown common

ancestor of higher plants and bryophytes because Rico-Reséndiz et al.

(2020) reported that Marchantia upregulated ALMT1 and RAE1 ortho-

logs under -P stress, which is one of the inducers of STOP1 regulating

system in Arabidopsis (Balzergue et al., 2017; Zhang et al., 2019). On

the other hand, recent studies of SAURs revealed that an increasing

copy number of SAURs has occurred in higher plants because bryo-

phyte carries fewer copies of SAURs (5 copies in Marchantia

polymorpha) than in higher plants (42 copies in Ginkgo biloba; 58 copies

in Oryza sativa; and 79 copies in Arabidopsis) (Zhang et al., 2021). This

gene amplification in higher plants allows tissue/cell and

stress-specific regulation of SAURs, which can contribute to precisely

regulate PM H+-ATPase activity (Stortenbeker & Bemer, 2019). For

example, heat (SAUR26 of IAA inducible cluster; Wang et al., 2021),

light (SAUR16 and SAUR50; Dong et al., 2019), and cell-specific

(SAUR56 and SAUR60; Wong et al., 2021) expression of several SAURs

are identified in Arabidopsis (Figure S7). Our findings revealed that a

specific SAUR is transcriptionally controlled by STOP1 under Al stress,

at least, in Arabidopsis and tobacco. A tobacco ortholog of SAUR55

showed the highest homology of amino acid sequence with Arabidop-

sis SAUR55 (Figure 9b). In addition, tobacco ortholog showed the

same expression profile that was observed in Arabidopsis SAUR55,

including inducible by Al and suppressed in the stop1 genotype

(Figure 9c,d). It suggests that both the protein and the promoter of

SAUR55 in Arabidopsis and tobacco ortholog may share a common

origin. Further functional characterization of SAURs in different higher

plants could answer this question.

4 | CONCLUSION

In this study, we have successfully identified a distinct Al-inducible

member of the SAUR family, specifically SAUR55, in Arabidopsis,

through a comprehensive transcriptome analysis. Our data provides

F I GU R E 1 1 Schematic representation of SAUR55 regulation by STOP1 in relation to Al tolerance. Al stimulates the phosphoinositide (PI)-
signal transduction pathways (Wu et al., 2019), which activate the STOP1-system for transcriptional regulation of the major Al tolerance gene,

such as ALMT1 through promoter binding (Tokizawa et al., 2015). This model represents the molecular mechanism that includes the involvement
of a new player i.e., SAUR55 for Al-induced H+ release. SAUR55 is inducible by Al and directly regulated by STOP1 through promoter binding.
SAUR55 is involved in the positive regulation of the plasma membrane (PM) H+-ATPase pump by inhibiting PP2C.D2/5 phosphatases, reported
as negative regulators of PM H+-ATPase (AHA2; Ren et al., 2018). Together, this model explains Al-induce the expression of SAUR55 through
STOP1, which modulates AHA2 (AHA2 promoter have STOP1-binding capacity determined by the Cistrome database (Figure S8), and its
expression is suppressed in stop1), for proton/malate co-secretion for Al tolerance in Arabidopsis. The black arrow represents previous findings,
and the red arrow represents newly identified regulations in this study.
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compelling evidence that STOP1 plays a pivotal role in activating

SAUR55’s transcription, as it directly binds to its promoter in response

to Al stress. Furthermore, we have elucidated the subcellular localiza-

tion of SAUR55 within the plasma membrane, affirming its involve-

ment in rhizosphere acidification when exposed to Al stress. We have

also confirmed the interaction of SAUR55 with PP2C.D2 and D5,

which are negative regulators of PM H+-ATPase 2. These collective

findings strongly suggest the potential role of SAUR55 in regulating

PM H+-ATPase 2 activation under Al stress. Moreover, our study

emphasizes the critical role played by STOP-regulated SAUR55 in

enhancing the Al exclusion mechanism. This enhancement is achieved

through facilitated malate secretion, potentially by modulating PM

H+-ATPase 2, thus improving the plant’s response to Al toxicity.

5 | MATERIALS AND METHODS

5.1 | Plant materials

Arabidopsis accession Col-0 was obtained from the RIKEN Biore-

source Research Center (RIKEN BRC; Tsukuba, Japan). T-DNA inser-

tion mutants were obtained from the Arabidopsis Biological Resource

Center (Columbus, OH, USA) and The Nottingham Arabidopsis Stock

Center (Nottingham, UK). A single seed descent procedure was used

to multiply the procured seeds prior to experimental usage. In this

work, the T-DNA insertion KO mutants were STOP1-KO (At1g34370,

SALK_114108; Sawaki et al., 2009), almt1 (At1g08430,

SALK_134416; Sawaki et al., 2009), aha2–5 (At4g30190,

SALK_022010; Haruta et al., 2010) and saur55 (At5g50760,

SALK_065086). Homozygosity of the saur55 was verified using

primers from the SALK database (http://signal.salk.edu/tdnaprimers.2.

html) according to their protocols. Primer sequences are listed in

Table S1. The Arabidopsis accessions (Star-8, Shigu-2, Valsi-1, Ts-5,

and Wei-0), stop1 mutant, STOP1- and 35S::STOP2-complemented

lines were identical to that used in our previous study (Agrahari

et al., 2021; Kobayashi et al., 2014; Kusunoki et al., 2017; Nakano

et al., 2020). For tobacco (N. tabacum var. Xianti), seeds of the wild-

type and an RNAi-suppressing line of NtSTOP1-KD were identical to

that used in our previous study (Ito et al., 2019; Ohyama et al., 2013).

All growth experiments were conducted at least three times and con-

firmed reproducibility.

5.2 | Growth conditions

The Al-tolerant root growth test was performed with the method

described by Kobayashi et al. (2007). Briefly, Arabidopsis seedlings

were grown hydroponically at 22 �C under a 12 h day/night cycle

(PPFD; 40 μmol m�2 s�1) in 2% modified MGRL-nutrients (CaCl2 was

increased to give a final concentration of 200 μM to support root

growth, Pi was removed to enhance Al toxicity) for 7 days. The nutri-

ent solutions were renewed every 2 days. The plants were photo-

graphed at 7 days, and the primary root lengths were measured using

LIA32 software (https://www.agr.nagoya-u.ac.jp/�shinkan/LIA32/

index-e.html).

For RNA isolation, approximately 100 seedlings were pre-grown

for 10 days in stress-free conditions (0 μM AlCl3 at pH 5.6, 2% MGRL

containing 200 μM CaCl2) in a floating plastic mesh (Toda

et al., 1999). Subsequently, the seedlings were transferred to the Al

(modified 2% MGRL without Pi, 10 μM AlCl3, pH 5.0) as well as low

pH, IAA, and ABA stress solutions, as previously described (Kobayashi

et al., 2013; Sawaki et al., 2009). Plant tissues were harvested without

touching the plants to avoid wounding. The root tissues were immedi-

ately frozen in liquid nitrogen and stored at �80�C after harvesting.

5.3 | Bioinformatics of SAUR55

The homology of SAUR55 with other members of the SAUR family

was analyzed by constructing a phylogenetic tree using protein

sequences retrieved from the TAIR database (https://www.

arabidopsis.org/) by the neighbor-joining method using MEGA 6.0

(Tamura et al., 2013). The signal response of SAURs was profiled using

publicly available transcriptome data. Al response and STOP1 regu-

lated expression were profiled by microarray data obtained by Sawaki

et al. (2009). Competitive microarray data of three biologically inde-

pendent replications under control (0 μM AlCl3 at pH 5.0 for 24 h)

versus Al (10 μM AlCl3 at pH 5.0 for 24 h) and stop1 versus the wild-

type in Al (10 μM AlCl3 at pH 5.0 for 24 h) were retrieved through the

ArrayExpress database (http://www.ebi.ac.uk/microarray-as/ae/) with

accession code E-MEXP-1908. Relative fold changes of the SAURs

family in the wild-type and stop1 under Al conditions (10 μM AlCl3 at

pH 5.0 for 24 h) were compared with control conditions (0 μM AlCl3

at pH 5.0 for 24 h). The IAA and ABA response of SAURs was profiled

using publicly available microarray data from the EXPath database

(http://expath.itps.ncku.edu.tw/). The co-expression genes network

was created using the ATTED-II v11 database (https://atted.jp/;

Obayashi et al., 2022).

5.4 | RNA extraction and quantitative RT-PCR
analyses

Sepasol-RNA I Super G (Nacalai Tesque, Kyoto, Japan) was used to

extract total RNA according to the manufacturer’s instructions. The

RNA quality was analyzed using the A260/A280 ratio on a NanoVue

Plus spectrophotometer (Biochrom, Holliston, USA). Total RNA was

reverse transcribed using ReverTra Ace (Toyobo, Osaka, Japan)

according to the manufacturer’s instructions before being used in

qRT-PCR. qRT-PCR was carried out using THUNDERBIRD SYBR

qPCR Mix (Toyobo, Osaka, Japan) with a Dice Real Time System II

MRQ thermal cycler (Takara Bio, Otsu, Japan) according to the manu-

facturer’s instructions. Briefly, all quantifications were carried out

based on the qRT-PCR standard curve method following the MIQE

guidelines of Bustin et al. (2009), as described by Kobayashi et al.

(2014). The expression level of Ubiquitin 1 (UBQ1; AT3G52590; for
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Arabidopsis; Kobayashi et al., 2014) and ACTIN (for tobacco; Ohyama

et al., 2013) were used as internal controls. We checked the invariant

expression of UBQ1 and ACTIN for all experimental conditions in the

lines used in this study. The primers used for the analyses are listed in

Table S1.

5.5 | In vitro protein-dsDNA binding assay

An amplified luminescent proximity homogeneous

assay (AlphaScreenTM, PerkinElmer, Waltham, MA, USA) with the

EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA),

was used to investigate STOP1 binding to double-stranded synthetic

promoter fragments as described by Enomoto et al. (2019). Competi-

tion assays using non-biotinylated probes (450 nM) were performed

by following the manufacturer’s instructions. SAUR55 probes were

designed around the putative STOP1-binding region i.e. –1,480 to

�1,441 bp upstream from the start codon, according to Plant Cis-

trome Database (http://neomorph.salk.edu/dap%20web/pages/). The

control probes (CIS-D, a known STOP1-binding site on the ALMT1

promoter, was used as the positive control, and the ALMT1 promoter’s

CIS-A region, where STOP1 does not bind, was used as a negative

control) used were the same as described by Tokizawa et al. (2015).

Probe sequences are listed in Table S1.

5.6 | Generation of transgenic hairy roots

Transgenic hairy roots were generated from the Arabidopsis stems

according to the method of Nakano et al. (2020). Cut stems of Arabi-

dopsis were infected with Agrobacterium rhizogenes containing

SAUR55 promoter::GUS constructs. Infected stems were subse-

quently grown in a half-strength MS medium (Murashige &

Skoog, 1962) containing 1% sucrose and agar, along with .2 mM of

acetosyringone. After three days of culture, the stems were trans-

ferred to the selection medium used by Nakano et al. (2020) with a

little modification of kanamycin B as an antibiotic. Until hairy root

formation, the selection medium was renewed every week. The gen-

erated hairy roots were used to evaluate GUS expression. Approxi-

mately 20 to 30 hairy roots were treated with Al-containing solution

(modified 2% MGRL without Pi, 10 μM AlCl3 at pH 5.0) for 24 h and

then frozen in liquid nitrogen. Total RNA extraction, reverse tran-

scription, and qRT-PCR were performed as described above. GUS

expression levels were measured using specific primer pairs

(Table S1). The expression level of NPT II, a gene in the plasmid vec-

tor, was used as an internal control to normalize the transgene inser-

tion site, as described by Kihara et al. (2006).

5.7 | Rhizosphere pH acidification assay

The rhizosphere acidification assay was performed as described by

Spartz et al. (2014). Briefly, 10-day pre-grown seedlings were

transferred to –Al (0 μM AlCl3 at pH 5.0) or Al-rhizotoxic (10 μM AlCl3

at pH 5.0) solutions for 24 h. After 24 h of stress, the seedlings were

transferred to water-agar plates containing .003% bromocresol purple

and 30 μM Tris at pH 6.0. Color shifts were observed 12 to 48 h after

transfer. These experiments were independently carried out three

times, each with three replicates.

5.8 | Organic acid excretion assays

The excretion of malate from the roots was studied as previously

described by Kobayashi et al. (2007). The roots of 5 days in vitro pre-

grown seedlings were immersed in a modified 2% MGRL medium with

or without 10 μM AlCl3 at pH 5.0 in the presence of 1% sucrose. Van-

adate’s effect was examined in an Al-containing medium with differ-

ent concentrations of sodium orthovanadate (Sigma-Aldrich). Root

exudates were collected after 24 h, then malate was quantified with

the NAD+/NADH cycling assay of Hampp et al. (1984) after convert-

ing malate to NADH by malate dehydrogenase according to Kobaya-

shi et al. (2007).

5.9 | Morin staining

Morin staining was performed using morin (Sigma-Aldrich, St Louis,

USA), as described by Tice et al. (1992). Briefly, Col-0, almt1, and

saur55 seedlings were grown for 7 days hydroponically as described

above. After 7 days, the seedlings were transferred to an Al-toxic

solution (4 μM AlCl3 at pH 5.0; Ikka et al., 2008) for 24 h. After 24 h

of incubation, the roots were stained with morin, as described by

Kobayashi et al. (2013). The fluorescence in the root’s apex was

observed with a fluorescence microscope (Axio Imager.A1; Carl Zeiss,

Jena, Germany).

5.10 | Construction of Arabidopsis transgenic lines

SAUR55 promoter::GUS transgenic plants were constructed as

described by Kobayashi et al. (2014). Briefly, Promoter regions of

SAUR55 from +0 to �2000 (first ATG as 0) were fused with the β-glu-

curonidase (GUS) and nopaline synthase (NOS) terminator by overlap-

extension PCR (Horton et al., 1989) with specific primers (Table S1).

The sequences were cloned into the pBE2113 binary vector

(Kobayashi et al., 2014). Simultaneously, SAUR55-overexpression and

complementation lines were constructed as described by Ohyama

et al. (2013). SAUR55 genomic DNA containing the promoter (�2000

from the first ATG) and downstream (+500 from the stop codon)

regions were amplified using specific primers (Table S1). The amplified

sequence was cloned into the pBE2113 binary vector, which lacks the

CaMV35S promoter and NOS terminator. PrimeSTAR Max DNA poly-

merase (Takara Bio, Otsu, Japan) was used for all the PCR steps during

vector construction. Positive clones were verified by DNA sequencing

using the BigDye Terminator v3.1 Cycle Sequencing kit and ABI
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PRISM 3100 Genetic Analyzer (Applied Biosystems, Tokyo, Japan)

according to the manufacturer’s recommended protocols. The con-

structs were introduced into Agrobacterium tumefaciens strain

GV3101 and transformed into Col-0 and STOP1-KO plants by the flo-

ral dip method (Clough & Bent, 1998).

5.11 | GUS assays

GUS staining of transgenic lines containing SAUR55 promoter::GUS

was performed as described by Kobayashi et al. (2007). Seedlings

were grown hydroponically for 10 days followed by treatment with Al

(10 μM AlCl3 at pH 5.0) for different time periods (3 h, 6 h, and 24 h).

After treatments, seedlings were stained for 1 h at 37 �C with a solu-

tion containing 1.0 mM X-glucuronide, .1 M Na₃PO₄ buffer (pH 7.0),

10 mM EDTA (pH 8.0), .5 mM K4Fe(CN)6 (pH 7.0), .5 mM K3Fe(CN)6

(pH 7.0), and .3% Triton X-100. The seedlings were washed, and GUS

activity was observed.

5.12 | The localization of SURA55 in onion
epidermal cells and BiFC assay in Nicotiana
benthamiana

The synthetic GFP (sGFP) was fused with the C-terminus of

SAUR55 by overlap-extension PCR using the gene-specific primers

(Table S1). The PCR fragments were cloned into the pBE2113 vec-

tor. 35S::AtPIP2A::mCherry was used as described in Nelson et al.

(2007). The DNA transfection and fluorescence observations were

performed as described in Fujita et al. (2004). Briefly, The DNA con-

structs were introduced into onion (A. cepa L.) epidermal cells using

a pneumatic particle gun. After incubation at 22 �C for 24 h, GFP

fluorescence was observed under a fluorescence microscope. The

PCR product of SAUR55 and PP2C.D genes amplified by using the

gene-specific primers (Table S1) were inserted into multi-cloning site

of pSPYNE-35S and pSPYCE-35S (Walter et al., 2004), respectively,

to produce pSPYNE-35S-SAUR55 and pSPYCE-35S-PP2C.D2,5,6,7.

The constructs were delivered into A. tumefaciens strain GV3101

(pMP90) and infiltrated into Nicotiana benthamiana as described pre-

viously (Sato et al., 2014). Fluorescence was observed in whole

mounts using a confocal laser scanning microscope (FV1000,

Olympus).

5.13 | Statistical analyses

Statistical analyses were conducted using Microsoft Excel (Microsoft

Japan, Tokyo, Japan). All data are expressed as the mean (± standard

error) of three biological replicates, and three technical replicates were

run for each biological replicate. Differences between the parameters

were evaluated using the Student’s t-test, least squared difference

test, or Tukey’s test. P-values < .05 were considered statistically

significant.
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