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A zinc finger protein SISZP1 protects SISTOP1 from SIRAE1-
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¢ In acidic soils, aluminum (Al) toxicity is the main factor inhibiting plant root development
and reducing crops yield. STOP1 (SENSITIVE TO PROTON RHIZOTOXICITY 1) was a critical
factor in detoxifying Al stress. Under Al stress, STOP7 expression was not induced, although
STOP1 protein accumulated, even in the presence of RAE1 (STOP1 DEGRADATION E3-
LIGASE). How the Al stress triggers and stabilises the accumulation of STOP1 is still unknown.
e Here, we characterised SISTOP1-interacting zinc finger protein (SISZP1) using a yeast-two-
hybrid screening, and generated sistop7, slszp1 and sistop1/slszp1 knockout mutants using
clustered regularly interspaced short palindromic repeats (CRISPR) in tomato.

e SISZP1 is induced by Al stress but it is not regulated by SISTOP1. The sistop1, slszp1 and
sistop1/slszp1 knockout mutants exhibited hypersensitivity to Al stress. The expression of
SISTOP1-targeted genes, such as SIRAET and SIASR2 (ALUMINUM SENSITIVE), was inhib-
ited in both slstop7 and slszp7 mutants, but not directly regulated by SISZP1. Furthermore,
the degradation of SISTOP1 by SIRAE1 was prevented by SISZP1. Al stress increased the accu-
mulation of SISTOP1 in wild-type (WT) but not in s/szp7 mutants. The overexpression of
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either SISTOP1 or SISZP1 did not enhance plant Al resistance.

e Altogether, our results show that SISZP1 is an important factor for protecting SISTOP1 from
SIRAE1-mediated degradation.

Introduction

Aluminum (Al) is the most abundant metal in the Earth’s crust,
and it is highly abundant in agronomical soils. Al chemical forms
are highly dependent on soil pH (Matsumoto ez al., 2015). When
soil pH is < 5.0, the soluble form (AI’*) is highly favoured, caus-
ing toxic effects that affect plant roots (Ryan er al, 1992). A’
ions damage root tip cells, disturbing nutrient uptake and
inhibiting root elongation and lateral root development
(Poschenrieder er al., 2008). In total, 40% of tropical fields are
affected by acidic soils (Sanchez & Salinas, 1981), making Al
detoxification of acid soils and the development of Al stress-
tolerant crops a significant priority for agriculture (Kibria
etal.,2021).

When grown in the presence of high Al concentrations, plants
secrete organic acids (malate, citrate and oxalate) into the rhizo-
sphere to chelate and detoxify AI’" (Ma et al, 2001). TaALMT1
(AI-ACTIVATED MALATE TRANSPORTER 1), the first
characterised malate transporter in wheat (77iticum aestivum),
contributes to Al detoxification by secreting malate from the
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roots (Sasaki et al., 2004). ALMTI homologous genes have been
also found in Arabidopsis, soybean, tomato, and cabbage (Hoe-
kenga et al,2006; Liang et al,2013; Ye et al,2017; Zhang
et al,2018). Similar to ALMT, some of the MATE
(MULTIDRUG AND TOXIC COMPOUND EXTRUSION)
transporters, such as SbMATE (sorghum), TaMATE (bread
wheat) and BOMATEI (cabbage), were reported to be involved
in Al resistance by secreting citrate (Magalhaes er al, 2007;
Garcia-Oliveira et al., 2014; Wu et al., 2014). STARI and STAR2
(SENSITIVE TO Al RHIZOTOXICITY) encode bacterial-type
ATP binding cassette (ABC) transporters that mediate the secre-
tion of UDP-glucose to modify the cell wall, contributing to
plant Al resistance (Huang ez al., 2009; Bose ez al., 2010). ALSs
also encode ABC transporter-like proteins in Arabidopsis
(AtALS1/3/5) and in rice (OsALS1) that contribute to plant
resistance to Al (Larsen er al.,2005; Bose er al.,2010; Huang
etal.,2012; Zhu et al., 2013). STARI expression was activated by
ASR1/ASRS5, which have been reported as Al-resistance transcrip-
tion factors in rice (Arenhart et al., 2014).

STOP1, also known as ART1 (Al RESISTANCE
TRANSCRIPTION FACTOR 1), is considered a key
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Al-resistance transcription factor in many plant species (Iuchi
et al.,2007; Yamaji et al., 2009; Ohyama et al., 2013). STOP1
regulates the expression of genes associated with tolerance of
plants to different stress conditions (Sadhukhan ez 4/, 2021). In
Arabidopsis, stopl knockout mutants did not show AALMT1I
and A:MATE induction in response to Al stress (Iuchi
et al.,2007; Liu er al,2009), supporting the critical role of
STOP1 in plant organic secretion. In rice, ART1 regulates the
expression of an established Al-tolerance network by regulating
the expression of STARI1/2, NRAT1 (NRAMP ALUMINUM
TRANSPORTER 1), and FRDL4 (FERRIC REDUCTASE
DEFECTIVE LIKE 1; Huang et al.,2009; Yamaji e al., 2009;
Xia ez al.,2010). Rice contains another copy of STOPI that is
the closest homologue of AtSTOPI rather than ART1 (Fan
et al,2016). In rice bean (Vigna wmbellara) and wheat,
VuSTOPI and TaSTOPI-A were found to be slightly induced by
Al (Fan ez al., 2015). Whether STOP1-like proteins have evolved
specific Al resistant pathway remains to be studied.

Although STOP1/ART1 bound to the promoters of the Al-
resistance genes, rapidly activating their expression (Tsutsui
et al.,2011; Fan er al,2015; Zhang et al., 2019), STOPI/ARTI
transcription is constitutive in Arabidopsis, rice and other plant
species and was not activated by Al (Iuchi e a/,2007; Yamaji
et al., 2009; Yokosho & Ma, 2015; Fan ez al, 2016). In Arabidop-
sis, STOP1 interacts with the F-box protein RAE1, forming a neg-
ative feedback loop in which STOP1 upregulates RAE! expression
and RAE1 promotes the degradation of STOP1 through the ubiq-
uitin 26S proteasome pathway (Zhang ez al., 2019). Interestingly,
although STOP1 induces the increased RAET expression, which in
turn degrades STOP1, STOP1 still accumulates under Al stress.
HPR1, a component of the THO/TREX complex, prompts
STOP1 mRNA export from the nucleus to regulate STOP1
protein levels (Guo ez al, 2020). Fang et al (2020) found that
STOP1 protein stability can partly be influenced by SUMOyla-
tion. In addition, Tokizawa ez 4/ (2021) demonstrated that the
phosphatidylinositol-specific phospholipase C (PI-PLC) pathway
was also involved in STOP1 nuclear accumulation and affected
the early expression of GDHI1/2 (GLUTAMATE-
DEHYDROGENASE;, Huang, 2021; Tokizawa et al,2021).
Therefore, the regulation of STOPI protein accumulation is a
complex process, and how STOP1 senses Al stress and accumu-
lates during the stress episode is still largely unknown.

Tomato is one of the most important vegetables around the
world and crop productivity is limited by Al when plants are
grown in acidic soils. The expression pattern of the MATE gene
family was analysed, but the roles of these MATEs in the plant
response of Al stress have not been characterised (dos Santos
et al.,2017). Ye er al. (2017) reported that an indel in SIALMT9
enhanced tomato Al resistance. Several Al-inducible SINACs
(NAM, ATAF and CUC) and SIAAEs (ACYL-ACTIVATING
ENZYME) genes were reported using genome-wide analysis of
NAC and AAE gene families (Jin ez al., 2020, 2021). Nonetheless,
few studies have focused on the regulatory mechanisms associated
with the response(s) of tomato to Al stress.

Here, we identified a mechanism associated with the accumula-

tion and the stability of STOP1 under Al stress. We screened a
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yeast-two-hybrid (Y2H) library and identified SISZP1, encoding a
putative Al stress-induced C2H2-type protein. Our results indicate
that SISZP1 functions as the obligate dependent cofactor of
SISTOP1 to promote its accumulation under Al stress in tomato.

Materials and Methods

Primers and constructions

All the primers used for gRT-PCR and the constructions in this
study are listed in Supporting Information Table S1. All the restric-
tion enzymes were purchased from NEB (Beijing, China), and the
infusion enzyme was obtained from Vazyme (Nanjing, China).

Plant materials, culture condition and transformation

Solanum lycopersicum cv Micro-Tom seeds under investigation
here were bought from Ballhort (https://www.ballhort.com/) and
propagated in a glasshouse under natural light condition at China
Agricultural University, Beijing (39°56'N, 116°20'E).

All the plants used in the following experiments were germinated
on half-strength Murashige and Skoog (¥2MS) medium in plates
for 7-10d. The seedlings were then transferred to a hydroponic
system, supplied with standard Hoagland nutrient solution for
another 3d  before (Urbanczyk-Wochniak &
Fernie, 2005). Growth conditions were set at 16h:8h,
26°C: 18°C, light: dark (Urbanczyk-Wochniak & Fernie, 2005).
Tobacco plants used for transient transformation were grown in the

treatment

glasshouse under the same conditions as above.

For the generation of skszop! knockout plants, we fused two
target sequences (Table S1) into the pYAO-hSpCas9 system (Yan
et al.,2015). To obtain S/SZPI mutants, three target sequences
were fused into the pTRANS-210d system (Cermak ez al., 2017).
For generating SISTOPI- and SISZPI-overexpressing lines,
SISTOP1 or SISZPI was fused into pCAMBIA-1305 driven by
the CaMV 35S promoter. The constructs were introduced into
Micro-Tom tomato using Agrobacterium-mediated transforma-
tion (Sun et al., 2006). Genomic DNA of the candidate lines was
amplified and sequenced to identify mutations using primers cov-
ering the target sites (Table S1).

cDNA cloning and sequence analysis of SISTOP1

The full-length ¢cDNAs, SISTOPI (Solycl1g017140), SISZPI1
(Solyc04g056320) and SIRAEI (Solyc10g076290) were obtained
from Sol Genomics Network (Fernandez-Pozo et al,2015).
MEGA 5.0 was used to generate phylogenetic trees.

For subcellular localisation assays, coding sequences without a
stop codon for SISTOPI and SISZPI were cloned into
pCAMBIA 1300, fused with GFP and driven by the CaMV 358
promoter (358:SISTOPI-GFP, 35S:SISZPI-GFP). The con-
structs were transformed into 4-wk-old tobacco leaves using
Agrobacterium-mediated transformation. A transient gene expres-
sion experiment was performed as described previously (Zhang
et al.,2020). Fluorescence signals were detected after 3 d using
confocal microscopy (Nikon Inc., Tokyo, Japan).

© 2022 The Authors
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For transactivation assays, SISTOPI was divided into four
parts (NTRI, NTR2, C2H2 and CTR) according to the conserva-
tion of the sequences. These sections for SISTOPI, SISTOP! and
SISZP1 were fused with pGBK-T7, and named pGBKT7-
NTRI, pGBKT7-NTR2, pGBKT7-C2H2, pGBKT7-CTR,
pGBKT7-SISTOP1 and pGBKT?7-SISZP1. All the constructs
and the empty vector were transferred into the Y2H Gold yeast
strain. The activation of transformants was identified according
to the manufacturer’s instructions (Clontech, Mountain View,
CA, USA; Wang er al., 2018).

The expression pattern assay

For different metal treatments, wild-type (WT) plants were
exposed to 60 pM AICl3, 10 pM LaCls, 0.5 pM CuCl,, 100 pM
ZnCly, 20uM CdCl, for 9h (pH4.7). For the time-course
experiments, the WT plants were subjected to 60 pM Al in
0.5mM CaCl, (pH4.7) or 30 pM Al in modified Hoagland
solution (0.8 mM Ca(NOs3),, 1.5mM KNO;, 0.75mM
MgSO,, 0.1 mM K,HPO,, 50 uM EeEDTA, 11.6 uM H,;BO,
24uM MnSOy4, 0.2uM ZnSOy 0.1 uM CuSOy 0.1 uM
Na,MoQy) for 0, 0.5, 1, 3, 6, 9, 12 or 24 h (pH 4.5). The bud,
flower, leaf shoot and root were sampled from WT plants under
normal conditions (pH 5.7). For Al dose treatments, the WT
plants were subjected to 0, 10, 30, 60 and 90 uM Al for 9h
(pH 4.7). For cycloheximide (CHX) treatments, the WT plants
were treated with 0 or 10 uM CHX for 1 h before 0 or 30 uM Al
treatment in modified Hoagland solution for 9h (pH4.5).
cDNA was synthesised using Prime Script™ RT reagent kit
(TaKaRa, Osaka, Japan), and qRT-PCR was conducted using
the Light Cycler 480 Real-Time PCR System and the following
program: 95°C/30s followed by 40x (95°C/10s and 60°C
34 ), and the transcription level was normalised with SIUBQ.

Evaluation of Al sensitivity

Plants used for evaluating Al sensitivity were treated with a modi-
fied Hoagland nutrient solution supplied with 0 pM (pH 4.5) or
30 uM AICl; (pH 4.5, a 6.9 uM free A" activity calculated by
GEOCHEM-EZ) for 10d  (Urbanczyk-Wochniak &
Fernie, 2005; Shaff ez al.,, 2010), the solutions were changed for
every 3d. The primary roots were photographed and measured
using IMAGE] software. Relative root growth, used to reflect Al
sensitivity, equals the percentage of root elongation with Al
divided by elongation without Al treatment.

To measure the content of Al in roots, 3-wk-old plants were
exposed to 0.5 mM CaCl, solution at pH 4.7 for 6h and then
transferred to the same solution containing 0 or 60 uM AICl; for
12 h. Al content was measured as previously described (Ligaba-
Osena et al,, 2017). In brief, roots were immersed in cold 0.5 mM
citrate solution followed by rinsing several times with cold ddH,O.
The roots were then collected, dried and weighed. The dried roots
were digested in a 1:1 HNO3/HCIOy solution and diluted with
2% HNOj;. We measured Al concentration in the diluted solution
using inductively coupled plasma mass spectrometry (ICP-MS;
PerkinElmer NexION300D, Waltham, MA, USA).

© 2022 The Authors
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Here, 3-wk-old plants were also used for determining organic
acids. The plants were pretreated with a 0.5 mM CaCl, solution at
pH 4.7 for 6 h and then transferred to 50 ml of the same solution
containing 0 or 60 uM AICl; for 24 h. The lyophilised sample was
dissolved in 1ml ddH,O. Organic acid concentrations were
detected using the HPLC system (Agilent HPLC 1100 series, Palo
Alto, CA, USA) as described previously (Singh ez al, 2009).

RNA-seq and analysis

Total RNA was extracted from 20-d-old WT, skzp5-6 and
slszp22-1 mutant plants treated with 0 or 60 pM Al solution
(pH 4.7). Three biological replicated samples were collected from
each treatment and sequenced by Majorbio (Shanghai, China).
BMA software package (Li & Durbin, 2009) and BowTIE (Lang-
mead ¢t al.,2009) were used to map clean reads against the
tomato reference genome SL3.0 (Fernandez-Pozo ez al,2015)
and reference genes. Gene expression levels were quantified using
the fragments per kilobase of transcript per million mapped reads
(FPKM) calculation method and RSEM (Li & Dewey, 2011).
Differentially expressed genes between groups were analysed
using the Noiseq method (Tarazona ez al,2011). All raw data
and expression details for the genes can be accessed at the Gene

Expression Omnibus (GEO) database with accession numbers
GSE168433 and GSE201111.

Protein—-DNA interaction assays

The C2H2 cis-elements on candidate downstream genes were
predicted on the PLANTPAN3.0 website (Chow ez /., 2019). For
yeast-one-hybrid (Y1H) assays, SISTOP1 or SISZP1 were cloned
into the pGAD-T7 vector as the bait, 400-bp promoter frag-
ments (containing the C2H2 cis-element) of SIASR2 and SIRAE]
were cloned into the pAbAi vector as prey. The prey vectors were
transformed into the YIH Gold strain and selected for basic aure-
obasidin A (AbA) content. The prey strains were then trans-
formed with bait vector and grown on SD—Ura/—Leu medium
with or without 200 pg/l AbA. Positive and negative control were
used as described in the manufacturer’s Y1H manual (Clontech).

For the electrophoretic mobility shift assay (EMSA), 60-bp
promoter fragments with predicted C2H2 binding sites for
SIASR2 and SIRAEI were synthesised with or without biotin label
(Sangon Biotech, Shanghai, China). SISTOP1 or SISZP1 were
fused with MBP (Myelin Basic Protein) and then transformed
into  Escherichia coli (BL21) for protein purification. Elec-
trophoretic mobility shift assay experiments were then performed
using a chemiluminescent EMSA kit (GS009; Beyotime Biotech-
nology, Shanghai, China).

For luciferase (LUC)/Renillia luciferase (REN) assays, the
400-bp promoter fragments of SIASR2 and S/RAEI were cloned
into pGreenll 0800-LUC as reporters, whereas SISTOPI and
SISZP1 were cloned into pGreenll 62-SK as effectors. The paired
reporter and effector were transiently co-expressed in 4-wk-old
tobacco leaves using Agrobacterium-mediated transformation.
Firefly and Renilla luciferase activity assays were then measured
following the Dual-Luciferase Reporter Assay System (Promega)

New Phytologist (2022) 236: 165-181
www.newphytologist.com



i b

with the GLOMAX 20/20 reader. The ratio of LUC to REN was
used to reflect the transcriptional level of the promoter.

Protein—protein interaction assays

The Y2H ¢DNA library was constructed by OE biotech (Shang-
hai, China) In brief, 3-wk-old tomato plants were treated with
60 pM Al for 9h (pH 4.7). RNA from roots were used to con-
struct prey cDNA library according to the manufacturer’s
instructions (Invitrogen). SISTOP1 lacking its activation domain
was fused into pGBK-T7 as bait and then transformed into yeast
Y2H Gold. The bait strain was mated with the prey library and
the potential interacting proteins for SISZPI in transformants
were identified by sequencing.

Y2H assays were performed according to the Y2H system
(Clontech). SISTOPI and SISZP1 were individually cloned into
pGAD-T7. The inactivation domains of SISTOPI, SIRAEI and
SIRAEIAF were individually cloned into pGBK-T7. Then, the
two paired constructs were co-transformed into Y2H Gold strain.
Interacting proteins would allow the yeast to grow on
SD—TLHA with X-o-gal medium.

For the bimolecular fluorescent complementation (BiFC)
assays, SISTOPI was fused with N-terminal GFP, whereas
SISZP1 was fused with C-terminal GFP. This pair of constructs
was transiently co-expressed in 4-wk-old tobacco leaves using
Agrobacterium-mediated transformation. The florescence signal
was detected using confocal microscopy (Nikon Inc.) after 3 d.

Luciferase complementation imaging (LCI) assays were con-
ducted as described previously (Chen ez al,2008). SISTOPI-
nLUC,  SIRAEI-NLuc,  SIRAEIAF-NLuc,  SIRAEI-CLuc,
SIRAEIAF-CLuc, CLuc-SISZP1, AtMYC-NLuc and AtJAZ9-
CLuc constructions were generated. The designed pair of con-
structs was infiltrated into different positions of the same 4-wk-
old tobacco leaf. LCI images were taken with a charge coupled
device (CCD) camera. AtMYC-NLuc and AtJAZ9-CLuc were set
as positive controls. MG132 was used to inhibit the activation of
26S proteasome.

For co-immunoprecipitation (Co-IP) assays, SISTOPI-GFP,
SISTOP1-Flag, SIRAEI-GFP, SIRAEIAF-GFP, and Flag-SISZP1
were constructed to determine the interaction. Paired constructs
were infected into 5-wk-old tobacco leaves. After 3 d recovery,
the total protein from the infected leaves was extracted with
native lysis buffer as described previously (Munoz & Mar, 2018).
Immunoprecipitation was performed according to the manufac-
turer’s instructions with GFP-trap magnetic beads (Chromotek,
Munich, Germany) or anti-Flag M2 magnetic beads (Sigma) and
was eluted with glycine-elution buffer. Samples were analysed
using western blot and GFP and Flag antibodies.

For pull-down assays, SISTOP1-MBP, GST-SIRAEl and
SISZP1-His were used for quantitative competition analysis.
These proteins were produced in BL21 cells. The BL21 cells were
cultured at 16°C overnight with the addition of 0.1 mM iso-
propyl B-b-1-thiogalactopyranoside (IPTG). Proteins were then
purified with GST/His Ni-NTA agarose (Thermo Fisher,
Waltham, MA, USA). SISTOP1-MBP (0 or 2 pg) was then incu-
bated with same amount of GST-SIRAE1 or GST in 5ml of

New Phytologist (2022) 236: 165-181
www.newphytologist.com

New
Phytologist

pull-down binding buffer (20 mM Tris—HCI, pH 7.5, 150 mM
NaCl and 0.1% Nonidet P-40) for 1h at 4°C. Competitor
SISZP1-His was added to the mixture, which was incubated for
another 1 h at 4°C and the mixture was pulled down with GST
agarose beads and eluted with sodium dodecyl sulphate (SDS)
loading buffer. The samples were then used for westerns blot and

detected with MBP, GST and His antibodies.

Western blots

Western blot analysis was conducted as described in the Defini-
tive guide to western blor (Abcam, Cambridge, UK). All mono-
clonal primary antibodies and secondary antibodies used here
were purchased from CoWin Biosciences (Beijing, China). The
polyclonal antibody raised against SISTOP1 was designed and
generated by Abclonal (Wuhan, China).

Statistical analysis

Statistical significance tests were performed using the general Stu-
dent’s #test (two-way). Data are shown as means £ SD, indicated
in the figures by *, P<0.05; **, P<0.01; ***, P<0.001.

Accession numbers

Sequence data in this article can be obtained from Sol Genomics
Network with the following accession numbers: SISTOPI,
Solycl1g017140; SISZPI, Solyc04g056320; S/RAEI, Soly-
c10g076290; SIALS3, Solyc10g085950.2; SIMATE3, Soly-
c01g008420.3; SIASR2, Solyc04g071580.3.

Results

SISTOP1 is a homologue of AtSTOP1 in tomato

SISTOP1 (Solyc11g017140), cloned from tomato, is conserved
and shares high similarity with other dicotyledon species (88%
with NeSTOP1 (LOC107807704), 55% with AtSTOP1
(AT1G34370); Fig. Sla). SISTOPI comprises a 1533-bp gene
encoding a 510 amino acids protein that is localised at the
nucleus (Fig. S1b). To determine its transcriptional activity, four
sections of SISTOP1 encoding: NTR1 (1-85 aa), NTR2 (86—
236 aa), C2H2 (237-400 aa) and CTR (401-510 aa) and also its
full length were cloned into the pGBKT?7 expression vector. The
results demonstrated that NTR1, CTR and the full length of
SISTOP1 displayed transcriptional activation, whereas two con-
served regions (NTR2 and C2H2) did not (Fig. Slc). We also
found that a SISTOP1 homologous protein (Solyc06g065440,
XP 010322757.2) sharing 50% similarity with SISTOP1, but
lacking a NTR and CTR region (Fig. S1d), did not show tran-
scriptional activity in yeast (Fig. Sle). Altogether, these results
indicated that SISTOPI encodes a C2H2 zinc finger protein
showing transcriptional activation at both N- and C-termini.

To assess SISTOPI expression patterns, QRT-PCR was con-
ducted for treatments with different metals (Al, La, Zn, Cu and
Cd), different plant organs (bud, flower, leaf, shoot and root),

© 2022 The Authors
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increasing treatment times (0, 0.5, 1, 3, 6, 9, 12 and 24 h), and
increasing Al concentrations (0, 10, 30, 60 and 90 pM). The
results showed that SISTOPI was constitutively expressed under
different metal treatments, different time durations of the treat-
ments with Al and increasing Al concentrations (Fig. S1£h,i).
The highest SISTOPI expression levels were found in roots, com-
pared with the different plant organs (Fig. Slg). Together, the
results obtained for SISTOPI were consistent with those reported
previously for AtSTOPI (Iuchi et al., 2007).

SISTOP1 interacts with SISZP1

It has been shown previously that, in the presence of Al,
AtSTOP1 activated the expression of Al-responsive genes; how-
ever, AtSTOPI expression appeared to be constitutive and was
not induced by Al (Sawaki ez 4/, 2009). Similar results were seen
in rice (Yamaji ez al., 2009) and tomato (Fig. S1h,i). We hypoth-
esised that there might be a factor interacting with STOP1, con-
tributing to maintain its stability. Therefore, we performed a
Y2H screening to identify SISTOP1-interacting proteins. The
conserved region (86400 aa) of SISTOP1, fused to GAL4-BD,
was used as a bait. In total, 100s of clones were obtained and
sequenced and 16 copies were shown to be the same gene, named
SISZPI  (Solyc04g056320)  and  encoding  STOPI-
INTERACTING ZINC-FINGER PROTEIN 1 (SZP1). The
SISTOP1-SISZP1 interaction was then confirmed using point-
to-point Y2H (Fig. 1a).

To validate the SISTOP1-SISZP1 interaction, we performed
BiFC using SISTOP1-NGFP and SISZP1-CGEFP in tobacco leaves.
The results showed that SISTOP1 and SISZP1 interacted in the
nucleus (Fig. 1b). The SISTOP1-SISZP1 interaction was further
confirmed using LCI. SISTOP1-nLUC and ¢LUC-SISZPI were co-
infiltrated into tobacco leaves and displayed luciferase (LUC) sig-
nals (Fig. I¢), confirming the SISTOP1-SISZP1 interaction in
planta.  Co-immunoprecipitation (Co-IP) also showed that
SISTOP1-GFP could be immunoprecipitated with Flag-SISZP1
(Fig. 1d). All the above-described results confirmed the interaction
between SISTOP1 and SISZP1 both i1 vive and in vitro.

SISZP1 encodes a putative aluminum-inducible
transcription factor

SISZP1I encodes a putative zinc-finger transcription factor of 373
amino acids comprising three C2H2 zinc-finger domains.
SISZP1 is conserved in dicotyledon plants and has putative ortho-
logues in main crops (Fig. 2a). SISZP1-GFP transient expression
in tobacco leaves indicated that SISZP1 was localised in the
nucleus (Fig. 2b). SISZP1 showed transcriptional activation activ-
ity in the Y2H Gold yeast strain (Fig. 2c). Analysis of organ-
specific SISZPI expression showed that, like SISTOPI, SISZPI
was highly expressed in the roots (Fig. 2¢). Among the different
metals, Al induced the highest SISZPI expression levels (Fig. 2d).
SISZP1 expression increased with Al time- and
concentration-dependent manner (Fig. 2d,f,g). Taken together,
these results indicated that SISZP1 acts as a putative Al-inducible
transcription factor.

in a
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sistop1, slszp1 and slstop1/slszp1 double mutant are
hypersensitive to Al stress

To assess SISZP1 and SISTOP1 functions, we used the CRISPR/
Cas9 system (Yan et al.,2015; Cermak et al.,2017) to generate
single sistopl, slszpl and double slstopl/slszpl knockout lines.
After two generations, we obtained Cas9-free skstopl, slszpl, and
slstop1/slszpl  homozygous knockout lines named slszop5-6,
slstopG-11, slszp21-1, slszp22-3, slstop/slszp3-5 and slstop/slszp6-3
(Fig. S2a). The knockouts were confirmed using sequencing
(Fig. S2b) and are shown schematically in Fig. 3a,b. The indels in
SISTOPI and SISZPI resulted in early translation termination,
except in slsgp21-1 where it caused a 585-bp out of frame shift
(Fig. 3a,b).

To compare the Al-resistance of WT and all mutant lines, the
plants were exposed to solutions containing 0 pM/30 uM Al
(pH 4.5) and the relative plant growth was assessed. Following
10d of treatment, all mutants displayed hypersensitivity to Al,
compared with the WT plants (Fig. 3c). No significant differ-
ences in root elongation, fresh weight and citrate secretion were
found in plants grown under control conditions (Fig. 3d,e,g). In
the presence of Al, root elongation and fresh weight of all
mutants were inhibited significantly (Fig. 3d,e). The mutant lines
secreted lesser amounts of citrate in the rhizosphere and accumu-
lated higher Al levels in their roots under Al treatment (Fig. 3f,g).
No significant differences were found between sistop, slszpl and
the double mutant lines (Fig. 3d—g). The results described above
indicated that both SISTOP1 and SISZP1 play crucial roles in
tomato Al tolerance.

SISTOP1 regulates the expression of Al-responsive genes

The expression of many genes is regulated by STOP1 (Sawaki
et al,2009; Zhang er al,2019). We performed RNA-seq to
reveal SISTOP1 downstream-regulated genes by comparing the
differences in gene expression between WT and skszop5-6 under
control and Al stress conditions. In total, 42 genes were downreg-
ulated in the slszopl mutant, compared with WT plants grown
under control conditions. Conversely, 14 genes were upregulated
under Al stress (Fig. 4a; Table S2). The expression of these 14
genes was then normalised by log;oFPKM and is shown in
Fig. 4b. From these 14 genes, four genes, previously reported in
Arabidopsis, cabbage and rice as Al responsible, namely SIALS3
(Solyc10g085950.2), SIMATE3 (Solyc01g008420.3), S/RAEI
(Solyc10g076290.2), and SIASR2 (Solyc04g071580.3), were
chosen for further study (Sawaki ez al,2009; Arenhart
et al., 2014; Wu ez al., 2014; Zhang et al., 2019).

To determine whether these genes were targets of SISTOP1,
promoter fragments (1000 bp from the ATG start codon) were
used to identify ciselements using PLANTPAN3.0 (Chow
et al.,2019). The gene promoters were then divided into 1-3
fragments (Fig. S4a) and the fragments of each promoter were
cloned into pAbAi and inserted into the YIH Gold genome as
bait strains. The bait strains, transformed with AD-SISTOPI,
were then grown on SD/—Leu/+200-300 pg/l AbA The bait
strains R3 of SIRAEI and A3 of SIASR2 survived under selective

New Phytologist (2022) 236: 165-181
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Fig. 1 Identification of the SISTOP1
interacting protein SISZP1. (a) Yeast-two-
hybrid assay of SISTOP1 and SISZP1. STOP1-
C2H2 was fused with GAL4-BD and co-
transformed with SISZP1 fused with GAL4-
AD into Y2H Gold and grown on selection
medium. Control+/Control— represent
positive or negative controls. (b) Bimolecular
fluorescent complementation (BiFC) assay of
the interaction between SISTOP1 and
SISZP1. SISTOP1-NGFP and SISZP1-CGFP
were transiently expressed in tobacco leaves.
NGFP and CGFP were set as negative
controls. 4',6-diamidino-2-phenylindole
(DAPI) was used to visualise nuclei. Bar,

100 pm. (c) Luciferase complementation
imaging (LCI) assay of interaction between
SISTOP1 and SISZP1. Different areas of
tobacco leaves were co-infiltrated with

(d) different pair constructs. SISTOP1 and SISZP1
were fused with nLUC and cLUC,
SISTOP1-GFP  + - + respectively. AUAZ9-nLUC and AtMYC3-
cLUC were set as positive controls. (d) Co-
Flag-SISZP1 - + + immunoprecipitation (Co-IP) assay of the
— interaction between SISTOP1 and SISZP1.
& |a-GFP 80 SISTOP1-GFP, Flag-SISZP1 or both were
o transiently expressed in tobacco leaves. Total
= |a-Flag 45 _ - .‘I protein was extracted, and
immunoprecipitation was performed with
IP (GFP) o ! anti-Flag antibody. Anti-GFP and anti-Flag
a-Flag T were used to detect SISTOP1-GFP and Flag-

medium (Figs 4d, S3b), whereas the bait strains containing R
and R2 of SIRAEI, AI and A2 of SIASR2, promoters of SIMATE3
and SIALS3, did not (Figs 4d, S3b, S4b,c). These results indi-
cated that SISTOP1 could bind to SIRAEI and SIASR2 promot-
ers but not to SIMATE3 and SIALS3 invitro. To confirm the
binding of SISTOPI to the promoter of S/RAEI and SIASR2,
EMSA assays were performed with 60-bp fragments, containing
the predicted C2H2 cis-element labelled with or without biotin
or a C2H2 mutant probe (Figs 4¢, S3a). The results showed that
SISTOP1 was able to bind to biotin-labelled DNA probes, but
not the mutant probes (pRAEI and pASR2). Also, the binding
strength of SISTOP1 decreased in the presence of unlabelled
DNA probes (Figs 4e, S3¢). Furthermore, we used R3 or A3 to
drive LUC expression and co-infiltrated tobacco leaves with
SISTOP1 or 35S:Empty. The expression levels of R3:LUC and
A3:LUC were three and five times higher, respectively, with
SISTOP1 compared with the empty vector (Figs4f,g, S3d,e).
Collectively, these results indicated that SISTOP1 directly

New Phytologist (2022) 236: 165-181
www.newphytologist.com

SISZP1, respectively.

activated the expression of S/IRAEI and SIASR2 by binding to
their promoters and indirectly induced the expression of

SIMATE3 and SIALS3.

Co-expression of SISZP7 and SISTOP1 enhances the
expression of SISTOP1 target genes

As SISTOP1 interacts with SISZP1, and the single mutants
slstop1 or slszpl and the double mutant skzop! slszpl showed a
similar hypersensitivity to Al stress, we hypothesised that
SISZP1 may be involved in SISTOP1-mediated Al-resistance
pathway(s). We performed RNA-seq to reveal whether SISZP1
regulated similar downstream-regulated genes as SISTOP1 by
comparing the differences in gene expression between WT and
slszp22-1 under Al stress conditions. Compared with the WT,
1651 genes were downregulated (DRGs) in slzp22-1 and 1304
DRGs in sistop5-6, of which 448 were common to both slszp22-
1 and slstop5-6 (Fig. 5a). Furthermore, 11 of the 14 core

© 2022 The Authors
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Fig.2 Fundamental analysis of SISZP1. (a) Phylogenetic tree of SISZP1 in plants. SISZP1 and its homologues and orthologues from various plants. Bootstrap
values from 1000 replicates are indicated. The 0.10 scale represents the substitution distance. (b) Subcellular location of SISZP1. SISZP1-GFP was transiently
expressed in tobacco leaves. 4',6-diamidino-2-phenylindole (DAPI) was used to visualise nuclei. GFP was set as a mock control. Bar, 50 um. (c) Transcrip-
tional assay of SISZP1 in yeast. Transformants with different constructs on selective medium. Control+/Control— represent positive or negative controls.
(d-g) Expression patterns of SISZP1. Two-week-old tomato plants, grown hydroponically, were treated with different metals (d), different time points (f),
and different aluminum (Al) concentrations (g). Samples from different organs were collected from well flowering plants (e). Values are the mean & SD
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Fig. 3 Phenotype analysis of sistop1, slszp1 and sIstop1/slszp1 mutants. (a,

b) Schematic diagrams of sistop1, slszp1 and slstop1/slszp1 mutants. (c—e)

Phenotype image (c) and quantitative data (d, e) of wild-type (WT) and mutants. Here, 10-d-old plants were grown in Hoagland medium supplemented

with 0 or 30 uM AICl; (pH 4.5) for 10 d. Values are the mean + SD (n=38). (

f, g) Aluminum (Al) content and citrate secretion in WT and mutants. Two-

week-old plants were treated in O or 60 uM AICl5 solution for 12 h (f) or 24 h (g). Values are the mean + SD (n = 3). Asterisks represent significant differ-

ences (t-test *** P<0.001).

SISTOP1 downstream genes were among the common DRGs
(Fig. 5b). These results indicated that SISZP1 might be involved
in plant Al resistance by regulating similar downstream genes as
SISTOP1. To test this hypothesis, we first assessed the expres-
sion levels of the SISTOP1-regulated genes mentioned above in
WT and all the mutant lines (Fig. 5c—f). Under control condi-
tions, the expression of SIASR2, SIALS3, SIMATE3 and SIRAEI
were significant lower in all mutants compared with in WT
plants, except for SIMATE3 and S/IRAEI in slszpl mutants. In

the presence of Al, the expression of SIASR2, SIALS3, SIMATE3
and SIRAEI was significantly induced in WT and inhibited in
all the mutants. We also found no statistical difference between
mutant lines (Fig. 5cf). In addition, SISTOPI expression was
not affected in the slzpl mutants, whereas SISZPI expression
was still induced by Al stress and displayed no significant differ-
ence between the WT and skzopl mutants (Fig. 5g,h). More-
over, we explored the expression of SISZPI, SIALS3, and
SIRAE] in WT plants in modified Hoagland solution
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Fig. 4 SISTOP1 regulates the expression of aluminum (Al) responsive genes. (a) Venn analysis of Al-responsive and SISTOP1-regulated genes. Two-week-
old plants were treated with/without 60 uM AICl; for 9 h (pH 4.7). The roots were then sampled for RNA-seq. (b) Heatmap analysis of s/stop7 and Al-
induced genes in WT and s/stop5-6 with/without 60 uM AICl; for 9 h (pH 4.7). (c) Schematic diagram showing the promoter region and predicted C2H2
element of SIRAET. R1-R3 indicate the fragment used in Y1H and LUC/REN assays. proR3 and MutR3 show the probe sequence used in the elec-
trophoretic mobility shift assay (EMSA). Red text indicates mutant bases. The black underline indicates the promoter region of genes. (d) For yeast-one-
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structs used for LUC/REN assay (g). SISTOP7 was cloned into pGreen Il 62-SK as the effector. The R3 of SIRAET was fused with the LUC gene as reporters.
Promoter activities were reflected by the LUC : REN ratio. Empty vector (pGreen Il 62-SK) + reporter was set as the control. The black squares and circles
indicate different repeats. Values are the mean =+ SD (n = 6). Asterisks represent significant differences (¢-test ***, P <0.001).

containing 30 pM Al (pH 4.5) and found that SISZPI expres-
sion was rapidly induced in 0.5h, whereas the expression of
SIALS3 and SIRAEI was induced after 6-9h of Al treatment
(Fig. S5a—c). We then used 0 or 10 pM cycloheximide (CHX)
to treat WT for 1h before Al treatment in modified Hoagland
solution for 9h (pH 4.5). The addition of CHX under Al stress
conditions resulted in the inhibition of SISZPI expression and
influenced SIALS3 and SIRAEI expression (Fig. S5d). Taken
together, these results showed that SISZP1 and SISTOP1 might
act as an upstream regulator to mediate plant Al tolerance
through the same pathway.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

To determine whether SISZP1 could directly activate the
expression of these four genes, we fused SISZP1 with pGADT7
and transformed it into the bait strains mentioned previously.
SISZP1 did not bind to any of the promoter fragments
(Fig. S4d—g) and no activation was detected. When SISZPI was
co-infiltrated into tobacco leaves with R3:LUC | A3:LUC
(Fig. 51,k), SISZP1 still did not show activation of S/RAEI and
SIASR2. However, when both SISTOPI and SISZPI were co-
infiltrated, R3:LUC/R3:LUC was strongly activated and the
LUC/REN ratio was higher than that seen with only SISTOPI
(Fig. 5j,k). Overall, the results indicated that SISZP1 did not

New Phytologist (2022) 236: 165-181
www.newphytologist.com



New

mw Phytologist

a i - b
(@) § , o (b) 1.0
[*] g. siszp22-1_Al 0.5
0 QO T s
> = : &
<« { \ i 0
< 1 “ | ) I°’ |>
EI“‘T‘ | 1203 \, 448 | 856 22 WT_AI -0.5
(g. w] « -1.0
N Q N % > N > Vv N N Vv -
% g Qop é\w &w \’\?’Q' W‘;‘?. %é,e. @?e. ’\",p. é\@. ‘?@- \@Q' IongPKM
FPFFHFPILEEsd @&
) S &S o o & o B & O
SFFFFFHFFFsFSES
,’o\* foo\* ‘9°\* 60\* "70\* ,ﬂo\* e"\* °)°\* 9§\ B"\* %&*
© SIASR2 @ SIALS3 © SIMATE3
A = -
2 5 - T E 25 3°
L 5 == g/stop5-6 2,504 °
s == sistop6-11 5§ g
w5 4 = slszp21-1 ‘® s 4
0 [} 1.5 = 7]
o 3 Z 3 slszp22-3 o 2
215 4 sistop/slszp3-5 £ 4 o | e
z 10 - 72 sistop/slszp6-3 o2
3 I 2 05—l T ..o 2
E 0.5 — & kae J eEerie g PR RS © ST P
o L &
® 004 e 0
=Al +Al -Al +Al —Al +Al
V) SIRAE1 (@ SISTOP1 (h) SISzP1
3 10 = — 2.0 - WT _ 6=
3 8- g E slszp21-1 %
g 6 - 2 1.54 slszp22-3 =
2 S S 4
& 4 ? 2 gl |
o ) 4 ¢ 40 o == s/stop5-6
215 f 2 a
X 3 x /) slstopb-11
o 10 - o g 2=
£t 2 0.5+ 2
- . *okk ok KFK © ‘_6
g g g []
= 0.0~ T T =
—Al +Al -Al +Al =Al +Al
(i) (1)) (k)
WWHT')m ‘
SISTOP1 + SISZP1 Hrriq  sisTopwsiszet{ bt o
Reporter * *
[35s >| REN { A3 > Luc | j: . :

Effector

[ 355 >—| sIszP1  — Empty + Empty- H,.;

Empty +R3:LUC T
Effector 358

Empty+Empty -}+ .
| +A3:.LUC T T T 1

1
5 10 15 0 5§ 10 15 20 25
LUC/REN ratio (x107%) LUC/REN ratio (x107%)

SISTOP1 + Empty- ey SISTOP1+Empty-|  +j1 }
355 SISTOP1 SISZP1 + Empty- - [k S'SZP1+Empty_E_A.
I

Fig. 5 Co-expression of SISZP1 and SISTOP1 enhances the expression of SISTOP1 target genes. (a) Venn analysis of downregulated genes (DRGs) in
slszp22-1 and slstop5-6 compared with wild-type (WT) under aluminum (Al) stress conditions. Two-week-old plants were treated with 60 pM AICI; for 9 h
(pH 4.7). Roots were then sampled for RNA-seq. (b) Heatmap analysis of 11 SISTOP1 downstream genes in WT and s/szp22-7 with 60 pM AICI; for 9 h
(pH 4.7). (c-h) Gene expression in WT, sistop1, slszp1 or slstop1/slszp1 mutants. RT-PCR was used to determine the expression of SIASR2 (c), SIALS3 (d),
SIMATE3 (e), SIRAET (f), SISTOP1 (g) and SISZP1 (h) in the roots of 2-wk-old plants treated with/without 60 uM AICls for 9 h (pH 4.7). Values are the
mean =+ SD (n =3-4). Asterisks represent significant differences (¢-test *, P<0.05; **, P<0.01; ***, P<0.001). (i-k) Schematic diagrams (i) of effector and
reporter constructs used for the LUC/REN assay (j, k). SISTOP1T or SISZP1 were cloned into pGreen Il 62-SK as effectors. The proR3 of SIRAET (j) and proA3
of SIASR2 (k) were fused with LUC gene as reporters. The paired effector and reporter were co-transformed into tobacco leaves. Promoter activities were
reflected by the LUC : REN ratio. Empty vector (pGreen Il 62-SK) + reporter was set as the control. The black squares and circles indicate different repeats.
Values are the mean £ SD (n =6-9). Asterisks represent significant differences (t-test *, P<0.05; **, P<0.01; ***, P <0.001).

New Phytologist (2022) 236: 165-181 © 2022 The Authors
www.newphytologist.com New Phytologist © 2022 New Phytologist Foundation.



New
Phytologist

have the ability to bind to the promoter of SISTOPI target genes
and that it modulated plant Al tolerance through its interaction

with SISTOP1.

SISZP1 rescues SISTOP1 from degradation by SIRAE1 under
Al stress

It has been previously shown that in Arabidopsis, AtSTOP1 tar-
geted AtRAE], a F-box E3 ligase, capable of degrading AcSTOP1
through the ubiquitin pathway (Zhang er al,2019). Here,
SIRAEI, an AtRAEI homologue, was also activated by SISTOP1
(Fig. 4g). To assess whether SISTOP1 could be degraded by
SIRAE1, we used a yeast-two-hybrid assay to assess the interac-
tion between SISTOP1 and SIRAE1. The results showed that
SISTOP1 did not interact with full-length SIRAE1 (Fig. S6a),
possibly due to the operation of the ubiquitin-mediated degrada-
tion in yeast. We constructed BD-S/RAEIAF (SIRAE1 without
the F-box domain) and co-transferred it into the Y2H Gold with
AD-SISTOPI. The interaction between SISTOP1 and
SIRAE1AF was then detected (Fig. S6a). Also, LCI assays indi-
cated an interaction between SISTOP1 and SIRAEIAF, but not
with SIRAE1 (Fig. S6¢). Similarly to SISTOP1, SISZP1 is also a
putative C2H2 type transcription factor, we hypothesised that
SISZP1 could also be degraded by SIRAE1. The same designed
Y2H and LCI assays as described previously were conducted.
Our results showed that SISZP1 interacted with SIRAE1AF but
not with SIRAE1 in yeast and in tobacco leaves (Fig. 6a,b). To
evaluate the interaction between SISTOP1 and SIRAEI, we co-
infiltrated Flag-SISTOPI, Flag-SISTOPI+ SIRAEI-GFP or Flag-
SISTOP1+ SIRAEIAF-GFP into tobacco leaves and used Co-IP.
The results showed that Flag-SISTOP1 could be immunoprecipi-
tated with SIRAE1-GFP/SIRAE1AF-GFP, and that the interac-
tion between Flag-SISTOP1 and SIRAE1-GFP was much weaker
than the interaction between Flag-SISTOP1 and SIRAE1AF-
GEFP (Fig. S6b). Similar experiments were also carried out to test
the interaction between SISZP1 and SIRAE1. Flag-SISZP1 was
also able to interact with SIRAEI-GFP (albeit weakly) and
SIRAE1AF-GFP (Fig. 6¢). To assess whether SISTOP1/SISZP1
was degraded through the 26S proteosome pathway, we per-
formed an LCI assay with or without a MG132 injection, 6 h
before observation. The SISTOP1-SIRAE1 or SISZP1-SIRAE1
interaction was only detected after the addition of MG132
(Fig. 6d). The results confirmed that both SISTOP1 and SISZP1
interacted with SIRAE1 i planta and that the interactions could
be detected with the F-box-deleted SIRAE1. Therefore, SIRAE1
functions as an E3-ligase, promoting the degradation of
SISTOP1 and SISZP1.

We hypothesised that SISZP1 might protect SISTOP1 from
degradation by SIRAEl. To assess this hypothesis, we co-
infiltrated SISTOPI, SISZPI or both, in tobacco leaves and per-
formed LCI assays. LUC signals were not detected in SISTOPI
or SISZP1 combined with S/IRAEI but were detected in the com-
bination of SISTOPI-nLUC+ ¢cLUC-SISZP1+ SIRAEI-cLUC
and SISTOPI-nLUC+ cLUC-SISZPI+ AtMYC-cLUC, but not in
SISTOPI-nLUC+ SIRAE1-cLUC+ AtMYC3-cLUC and c¢LUC-
SISTIPI+ SIRAEI-nLUC+ AtMYC3-cLUC  (Fig. 6e).  These
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results indicated that SISTOP1 or SISZP1 could not accumulate
in the presence of SIRAE1. We examined whether SISZP1 could
hinder the interaction between SIRAE1 and SISTOP1. Pull-down
assays were conducted with SISTOP1-MBP, GST-SIRAE1 and
SISZP1-His. SISTOP1-MBP was preincubated with GST-SIRAE1
and then SISZP1-His was used as a competitor. SISTOP1-MBP
was then pulled down using GST-SIRAEL. The results showed
that the SISTOP1-SIRAE! binding weakened with increasing
amounts of SISZP1-His, indicating that the binding affinity of
SISZP1 to SISTOP1 was higher than that of SISTOP1 to SIRAE1
(Fig. 6f). To further determine whether SISZP1 influenced the
accumulation of SISTOP1 under Al stress in tomato, we treated
the roots of WT, stop5-6 and szp21-1 lines with or without 60 pM
Al The root proteins were then extracted and detected using anti-
bodies raised against SISTOP1. SISTOP1 accumulated with the
addition of Al, however, SISTOP1 was not detected in sbstopl
mutants, and a weak signal was detected in szp21-1 roots under
both control and Al treatment conditions (Fig. 6g). These results
would indicate that the interaction between SISZPland SISTOP1
contributed to maintain the accumulation of SISTOP1 under Al
stress.

Overexpression of SISTOP1 or SISZP1 does not enhance
tomato Al resistance

To further understand the role of SISZP1 in tomato Al-resistance
and on the maintenance of SISTOP1 stability, we generated lines
overexpressing SISTOPI (SISTOPI1-OE) and SISZPI (SISZPI-
OE) lines (Fig. 7a,b). Compared with WT, SIASR2 and SIRAEI
expression was not significantly induced in SISTOPI-OE lines in
the absence or presence of Al (Fig. 7c,d). Interestingly, SIASR2
and S/RAEI expression was significantly induced in SISZPI-OF
lines in the absence of Al, but the differences disappeared in the
presence of Al (Fig. 7c,d). Moreover, neither SISTOPI-OF nor
SISZPI-OE lines displayed increased Al stress tolerance, which
was consistent with the lack of difference in the expression of
SIASR2 and SIRAEI (Fig. 7c-1).

Furthermore, we detected the accumulation of SISTOP1 in
WT, SISTOPI-OES5 and SISZP1-OFE4 lines under normal and Al
stress conditions. The accumulation of SISTOP1 in SISTOPI-
OE5 was like that in the WT under both —Al and +Al condi-
tions. In the absence of Al, the SISTOP1 contents were lower in
the WT and SISTOPI-OE5 (Fig.7g) compared with that in
SISZP1-OE4. Under Al stress conditions, the SISTOP1 contents
were similar in the WT, SISTOPI1-OE5 and SISZP1-OE4 lines.
These results indicated that SISZP1 contributed to SISTOP1 sta-
bility even under Al stress conditions. Due to the presence of
SIRAE1 and low amounts of SISZP1, the overexpressed
SISTOP1 may not be stabilised by SISZP1 and then is degraded
by SIRAE1 (Fig. 7b.d.g).

Discussion

Previous studies have shown that AcSTOP1 plays significant roles
in Al tolerance (Iuchi et 4l,2007; Ohyama et al,2013). Here,
we cloned SISTOPI, a homologue of AtSTOPI and OsARTI,
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P <0.001).

encoding a C2H2-type zinc finger transcription factor in tomato.
SISTOP1 interacted with SISZP1, also a C2H2-type transcrip-
tion factor, and both skstopI and slsizpl knockout mutants were
hypersensitive to Al stress. SISTOP1 directly bound to the pro-
moter of Al-responsive genes, such as SIRAEI and SIASR2, while
SISZP1 did not bind to Al-responsive genes but increased their
expression levels. Furthermore, the interaction between SISTOP1
and SISZP1 prevented SISTOPI from degradation by SIRAE1
(Fig. 8).

STOPI is a well documented key Al-resistance gene in many
species (luchi ez al., 2007; Yamaji ez al., 2009; Fan ez al., 2015), it
has several copies in wheat and may have differential expression
patterns in response to Al and proton (H') toxicity (Garcia-

© 2022 The Authors
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Oliveira et al,, 2013; Fan et al., 2016). In tomato, we identified
SISTOPI and its closest homologue Solyc06g065440, lacking the
N- and C-termini activation domains (Fig. 1d,e) which were
inhibited using Al treatments (Table S2). The transactivation
domains are critical for the function of STOP1. We hypothesised
that Solyc06g065440 may function through interaction with
proteins with transactivation domains or just be a nonfunctional
copy of SISTOPL. In addition, AtSTOP2 and ART?2 have also
been described as STOP1 homologues in previous studies and act
as minor isoforms of STOP1 (Kobayashi er al,2014; Che
et al.,2018). In tomato, SISTOP2, an orthologue of ASTOP2
and ART2, was not induced using Al treatment, which is consis-
tent with AtSTOP2 but not with ART2 (Table S2). Whether
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SISTOP2 also functions in Al resistance, as found for AtSTOP2,
needs further investigation.

AtSTOP1 regulates plant Al tolerance mainly by regulating
the expression of the organic acid transporter genes ALMT1 and
MATE (Sawaki er al., 2009). Although FRDL4, a MATE family
gene, was found as a ART1 downstream gene in rice, there is no
evidence showing the regulation of ALMTsby ART1. In tomato,
we found that SIMATE3 expression was inhibited in slstopl
mutants and that citrate exudation was also repressed. However,
the expression of ALM7Ts was not found to be induced by Al
stress. It has been shown previously that an indel in the SIALMT9
promoter determined Al resistance in different tomato accessions
(Ye et al., 2017), therefore providing some basis towards the lack
of SIALMT9 induction by Al in our study. Moreover, ASRs, not
found in Arabidopsis, were reported to be Al-responsible tran-
scription factors in rice (Arenhart ez al, 2016). Here, we found
that SIASR2, an OsASR homologue gene, was induced using Al
treatments and directly activated by SISTOP1. Our data and pre-
vious studies demonstrated that STOP1 and its orthologues
played critical roles in plant Al tolerance and function through
similar, albeit species-specific pathways. Based on the orthologue
analysis of SISZP1 by OrthoDBv10.1, SISZP1-like proteins were
found in many species, but not Arabidopsis (Fig. 1a). Possible
causes are the differentiation of plants during evolution or that
the search algorithm was missing from the OrthoDB database.
Whether there is protein functionally like SISZP1 in Arabidopsis
requires further investigation.

Unlike the constitutive expression displayed by SISTOPI,
SISZPI expression was induced by Al stress in WT and slstop !
knockout mutants. Based on RNA-seq data, 448 DRGs, con-
taining the key Al-induced genes SIRAEI, SIAIS3, SIMATE3
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and SIASR2, were downregulated in both slstop5-6 and slsizp22-
1 mutants, indicating that SISTOP1 and SISZP1 play impor-
tant and similar roles in plant Al resistance. In addition, single
slstop1 and slszpl knockouts and double sistop Islszpl knockout
mutants displayed hypersensitivity to Al stress and the expres-
sion of SISTOP1-regulated genes was similarly inhibited in all
mutant lines (Figs3c, 5). Notably, despite the inability of
SISZP1 to bind to SISTOP1-regulated genes, their expression
was inhibited in sfszpl mutants (Fig. 5c—f). LUC/REN ratios
indicated that the addition of SISZP1 enhanced the expression
of SISTOP1 downstream genes (Fig. 5i—k). Due to the interac-
tion between SISZP1 and SISTOP1, enhancement might result
from a higher SISTOP1 accumulation in tobacco leaves. Zinc
finger domains are crucial for the binding capacity of the
C2H2-type of transcription factors such as STOP1 (Tokizawa
et al,2015) and mutations in one of these domains might
result in the loss of its binding abilicy. STOP2, which contains
only three zinc finger domains, and could only slightly activate
some of the STOP1-regulated genes in Arabidopsis (Kobayashi
et al.,2014). It is possible that SISZP1, containing only three
zinc finger domains (instead of the four domains of STOP1),
is unable to bind to the promoters of the genes targeted by
SISTOP1. Nevertheless, SISZP1 still functions together with
SISTOP1 activating SIASR2 and SIRAEI. Compared with the
gene expression in WT under Al stress condition, 1651 DRGs
were found in the slszp22-1 mutant, which was even more
than that in the skzop5-6 mutant (1304 DRGs). These findings
indicated that SISZP1 may also regulate plant Al resistance by
a SISTOPI-independent pathway. Whether SISZP1 can bind
directly to specific downstream genes remains to be deter-
mined.

© 2022 The Authors
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How Al affects STOP1 protein accumulation is an important
and long-standing question. Recently, Zhang ez al (2019)
reported that AtSTOP1 could be degraded by RAE1, a F-box
domain E3-ligase. Nevertheless, the increase in RAE1 under Al
stress did not affect STOP1 accumulation (Zhang ez al., 2019).
HPR1 can sort STOP1 mRNA locations to affect STOP1 accu-
mulation (Guo et al,2020). ESD4 (SMALL UBIQUITIN-
LIKE MODIFIER (SUMO) protease) was shown to SUMOylate
STOP1, affecting its function (Fang et al,2020). In this work,
we found that the expression of S/RAEI, the orthologue of
AtRAEI in tomato, was activated by SISTOP1 and was induced
by Al stress. SIRAE1, lacking the F-box domain, was able to
interact with SISTOP1 and SISZP1, but the interaction with the
full-length SIRAE1 could not be detected in yeast and tobacco.
When SISTOPI and SISZPI1 were co-expressed together with
SIRAEI, the interaction between SISTOPI1 and SISZP1 was
detected, suggesting that SISZP1 protected SISTOP1 from degra-
dation by SIRAE! and that the degradation pathway(s) might be
conserved between species. Iz vitro pull-down assays showed that
SISZP1 might protect SISTOP1 by competitively inhibiting the
SIRAE1-SISTOP1 interaction. A similar competitive protection
mechanism was also reported in DELLA-GID1-NGR5 cassette
regulating nitrogen-induced tiller growth and in the COPI1-
BBXs-HY5 cassette modulating hypocotyl elongation (Bursch
et al., 2020; Wu et al., 2020). In addition, in the absence of Al,
we found that SISTOP1 accumulated in the WT, and SISZPI
mutations did not significantly diminish SISTOP1 accumulation
(Fig. 6g,h). Tokizawa er al (2021) demonstrated that the
phosphatidylinositol-specific phospholipase C (PI-PLC) pathway
was involved in early STOPI nuclear accumulation (Tokizawa
et al., 2021). We suspect that the PI-PLC pathway may also func-
tion to stabilise STOP1 in the absence of Al

As the core factor of Al resistance, the SISTOPI mutation
silenced Al resistance genes both in the presence and absence of
Al and caused an Al-sensitive phenotype (Figs 3¢, 4b). Also,
SISTOP1 accumulation could not increase in slszpl mutants
under Al stress conditions, therefore making the plants hypersen-
sitive to Al stress, as seen in the skzopl mutants (Figs3c, 6g).
These results indicated that SISZP1 was an essential factor main-
taining SISTOPI accumulation under Al stress conditions. In
addition, due to the unchanged SISZPIexpression levels between
WT and SISTOPI-OEs in the presence and absence of Al
(Fig. 7a,b), overproduced SISTOP1 protein might be degraded
through the ubiquitin pathway in SISTOPI-OE lines. Therefore,
the expression of SISTOP1 target genes and the phenotype of
SISTOP1-OE lines did not show any difference from that of WT
(Fig. 7). In SISZP-OFE4, SISTOP1 accumulated under normal
conditions, resulting in the activation of SISTOP1 target genes
(Fig. 7¢c,d,g). However, SISZPI-OFE4 did not display higher
amounts of SISTOP1 than the WT, and the expression of
SIRAEI and SIASR2 was similar (Fig. 7¢,d,g). Combined with
the interaction among SISTOP1, SISZP1 and SIRAEL, the final
levels of SISTOP1 depends on both SISTOP1 and SISZP1 pro-
teins, consequently, the aluminum resistance of plants cannot be
improved with the overexpression of SISTOPI and SISZP1.

© 2022 The Authors
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In conclusion, our results indicate that the interaction between
SISTOP1, SISZP1 and SIRAEl comprise a precise regulatory
loop. Under Al stress conditions, SISZP1 was induced and inter-
acted with SISTOP1 to maintain its stability. Then, the accumu-
lation of SISTOP1 activated Al-responsive genes, including
SIRAET (Fig.8). Once Al was removed, SISZPI expression
decreased. The preaccumulation of SIRAE1L rapidly degraded
highly accumulated SISTOP1 and SISZP1 proteins, returning
Al-responsive genes to control levels. Finally, as the interaction of
SISTOP1 and SISZP1 can promote the accumulation of
SISTOP1 and increase the expression of Al resistance genes, it
might be worth testing whether elevating the expression of both
STOPI and SZPI homologues can enhance the Al resistance in
different species.
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