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Aluminum (Al) toxicity poses a significant constraint on field crop yields in acid soils. Zinc finger protein
36 (ZFP36) is well-documented for its pivotal role in enhancing tolerance to both drought and oxidative
stress in rice. This study unveils a novel function of ZFP36 modulated by abscisic acid (ABA)-dependent
mechanisms, specifically aimed at alleviating Al toxicity in rice. Under Al stress, the expression of ZFP36
significantly increased through an ABA-dependent pathway. Knocking down ZFP36 heightened Al sensi-
tivity, while overexpressing ZFP36 conferred increased resistance to Al stress. Additionally, our investiga-

g;l{;vgrds: tions revealed a physical interaction between ZFP36 and pyruvate dehydrogenase kinase 1 in rice
0sPDK1 (OsPDK1). Biochemical assays further elucidated that OsPDK1 phosphorylates ZFP36 at the amino acid

site 73-161. Subsequent experiments demonstrated that ZFP36 positively regulates the expression of
ascorbate peroxidases (OsAPX1) and OsALS1 by binding to specific elements in their upstream segments
in rice. Through genetic and phenotypic analyses, we unveiled that OsPDK1 influences ABA-triggered
antioxidant defense to alleviate Al toxicity by interacting with ZFP36. In summary, our study underscores
that pyruvate dehydrogenase kinase 1 (OsPDK1) phosphorylates ZFP36 to modulate the activities of

antioxidant enzymes via an ABA-dependent pathway, influencing tolerance of rice to soil Al toxicity.
© 2024 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction reducing its solubility [8]. Chelates of Al-OA are less toxic than free

AP* [9]. In rice, the citrate-transporting MATE, OsFRDL4, partici-

Aluminum (Al) toxicity impairs plant growth and yield in acidic
soils [1]. Plants can alleviate aluminum toxicity through a series of
strategies such as organic acid secretion and antioxidant stress
enhancement. At micromolar concentrations, AlI** is toxic to cells,
targeting various cellular sites and impeding water and nutrient
absorption [2]. A mechanism of Al tolerance is the sequestration
of AI** in vacuoles, a process facilitated by tonoplast Al trans-
porters such as the ABC transporter OsALS1 [3]. The uptake of Al
is mediated by the Nramp family aluminum transporter OsNRAT1,
whose expression is crucial for conferring Al tolerance [4].
Al-tolerant cultivars also exhibit a higher secretion rate of organic
acids such as malate [5,6] and citrate [7] than do sensitive culti-
vars. These organic acids form complexes with Al (Al-OA complex),
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pates in citrate secretion, and the amount of citrate in root exudate
markedly increases under Al toxicity conditions. Al toxicity induces
the accumulation of reactive oxygen species (ROS), leading to
oxidative stress [10]. Scavenging ROS with antioxidants has the
potential to mitigate Al toxicity [11].

ABA participates in the transduction of Al stress signals and Zinc
finger proteins (ZFPs) are involved in ABA signaling [12-18].
Among the numerous transcription factor families in higher plants,
the zinc finger protein family is one of the largest, containing 176
members in Arabidopsis and 189 members in rice, suggesting
diverse functions [17,19]. A crucial subset of ZFPs is the Cys2/
His2 (C2H2)-type ZFPs. This type of zinc finger features a con-
served motif formed by two cysteine and two histidine residues,
along with Zn?*, and its core comprises an a-helix and an antipar-
allel double-stranded B-sheet for stabilization [18]. Rice encodes a
C2H2-type transcription factor named BsrD1, which has been
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shown to increase resistance against rice blast disease [13,20].
OsZFP36 (ZFP36), directly targeting the promoters of OsAPX1 and
Prxs, is also involved in ABA-mediated alterations in the balance
of reactive oxygen species (ROS) [13,20]. The expression and tran-
scription of genes responsive to Al stress function in mitigating
aluminum toxicity in plants [21,22]. However, it remains unclear
whether and how ZFP36 is involved in alleviating aluminum
toxicity. Establishing a causal link between ZFP36, ABA, and
Al toxicity invites further investigation.

In plants, ABA signaling, redox-related processes and pyruvate
metabolism play important roles in response to Al stress [13,23-
25]. The activity of pyruvate dehydrogenase kinase (PDK), respon-
sible for phosphorylating and negative regulating the pyruvate
dehydrogenase complex (PDC), is modulated by H,0, [26,27].
The PDC serves as a central metabolic machinery, influencing pyru-
vate levels and regulating the tricarboxylic acid cycle as well as
fatty acid biosynthesis [26]. PDKs from various plant species,
including Zea mays [28], Oryza sativa [29], Arabidopsis thaliana
[30], and Brassica napus [31], have been identified based on
sequence similarity with their mammalian counterparts. In plants,
Mitochondrial pyruvate dehydrogenase participates in response to
Al stress [32], and in rice, the enzyme is down-regulated by ABA
and up-regulated by gibberellic acid (GA) via OsPDK1 [29]. The
potential involvement of OsPDK1 in Al tolerance remains to be
determined.

The objective of this study was to identify the function of ZFP36
in response to Al stress in plants, find the interaction between
OsPDK1 and ZFP36, and explore the mechanism of reducing Al tox-
icity by influencing ABA-induced antioxidant reaction.

2. Materials and methods
2.1. Plant materials and growth conditions

The rice (Oryza sativa L. sub. japonica) cultivar Nipponbare was
grown following Zhang et al. [13]. Three-day-old plants were sub-
jected to temperatures of 28 °C (day) and 22 °C (night), with con-
tinuous 200 umol m~2 s~! photosynthetic active radiation, and
14 h (day)/10 h (night) photoperiod.

Tobacco (Nicotiana benthamiana) seeds were sown in soil
substrate-filled pots under conditions of 16 h of light and 8 h of
darkness at 25 °C within a growth chamber. Daily watering was
applied for 20-30 d, and fresh seedlings were used for Agrobac-
terium transformation. The generation of transgenic mutants was
accomplished using the transgenic system provided by Boyuan
Company (Hangzhou, Zhejiang, China).

For the physiological analysis of transgenic mutants, seeds were
germinated for 3 d. Then they were cultured in black 96-well plates
in a 3 L plastic box at 25 °C. After 1 d, the seedlings were exposed to
solutions containing 0, 10, 25, 50, and 100 pmol L~ Al for 1 d at pH
4.5. Relative root elongation (RRE) under Al stress or in the control
solution after 1 d was recorded to assess Al tolerance. Root lengths
were measured with rulers post-treatment, and RRE was calcu-
lated as (root elongation with Al)/(root elongation without
Al) x 100. The effect of pH on RRE was measured in solutions
whose pH range from 4.0 to 6.5. RRE for each treatment was calcu-
lated based on monitoring at 0 and 24 h with a Root Scanner
(Wseen Detection Technology Co. Ltd., Hangzhou, Zhejiang, China).

Three-day-old rice plants were subjected to 50 pmol L~ AICl;
under pH 4.5 for 12 h. The shoots and roots were harvested and
rapidly frozen in liquid N,. For fluridone pretreatment, rice seeds
were exposed to a nutrient solution containing 80 umol L~! fluri-
done (Flu) overnight. Following pretreatment, these seedlings were
transferred to the nutrient solution as previously detailed [13], and

1484

The Crop Journal 12 (2024) 1483-1495

served as the control group for the entire experimental period.
Plants were collected and promptly frozen in liquid N,.

2.2. RNA isolation and RT-qPCR

Real-time quantitative reverse transcriptase-PCR (RT-qPCR)
was conducted to measure gene expression. The procedures for
RNA extraction and RT-qPCR followed Ni et al. [25]. Total RNA
was extracted using a RNAiso Plus kit (Dalian, Liaoning, China)..
About 2 ng of total RNA was obtained and reverse-transcribed with
an oligo (dT),s primer and Moloney murine leukemia virus reverse
transcriptase (TaKaRa). Gene expression was detected by RT-qPCR
following the MIQE guidelines with standard curve method [25].
Table S1 describes the primers used. The relative expression levels
of genes were normalized to the internal control genes Actin or His-
tone 3, as illustrated in Fig. S6.

2.3. Subcellular localization of OsPDK1

The 35S:0sPDK1-YFP fused construct or 35S::YFP was introduced
into Agrobacterium strain GV3101, which was then transformed
into 28-day-old tobacco leaves. Following infection with Agrobac-
terium strain GV3101, the plants were cultivated for 1-2 d, and
YFP signals in the leaves were visualized using a Zeiss LSM710
Laser Scanning Confocal Microscope[33].

2.4. ChiP-sequencing and ChIP RT-PCR

ChIP-seq is described by Hang [14]. In the ChIP RT-PCR experi-
ment, the ZFP36-interacting DNA sequence was acquired as previ-
ously outlined [14]. Two segments of the DNA sequences from the
OsALS1 promoter (P1 and P2) were subjected to analysis by RT-PCR
using the designated primers (refer to Table S1).

2.5. Y2H-gold yeast two-hybrid screening and yeast one-hybrid assay

To identify protein interactions between ZFP36 and OsPDK1, we
conducted a yeast two-hybrid assay (Y2H) using the Clontech
Yeast Y2H-Gold Two-Hybrid System (Clontech). The coding
sequence (CDS) of OsPDK1 was Inserted into the pGBKT7 vector
at Ncol and Smal sites to create the bait vector, which was then
transformed into the Saccharomyces cerevisiae strain Y2H gold.
The prey cDNA library derived from rice leaves was fused to
pGADT7. Cultivation of cells on SD agar plates lacking Leu, Trp,
His, Ade (SD/-Leu/-Trp/-His-Ade) allowed for the screening of
transformed cells. Potential positive transformants were identified
with an antibiotic assay using aureobasidin A (AbA") and
o-galactosidase activity, assessed with the chromogenic substrate
X-a-gal  (5-bromo-4-chloro-3-indolyl a-D-galactopyranoside).
Plasmids pGADT7 encoding candidate OsPDK1-interacting proteins
were detected and isolated with Genewiz company (Genewiz
Biotech, Co., Ltd, Suzhou, Jiangsu, China).

A yeast one-hybrid test was conducted using AH109. The puta-
tive ZFP36 binding sites on the OsALS1 promoter, identified as P1
((—=1400 bp) to (—900 bp)) and P2 ((—400 bp) to (+1 bp)) through
ChIP-seq, were selected for the assay. These two segments (P1,
P2) were incorporated into the pAbAi vector to generate the bait
constructs. The coding sequence of ZFP36 was fused to pGADT7
to produce the prey construct. Co-transformation of the bait and
prey constructs was carried out in the yeast strain AH109, and
the transformed yeasts were transferred to a selective medium
(SD/-Leu). The identification of positive clones was confirmed by
their growth on SD/-Leu medium supplemented with the specified
concentration of AbA".
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2.6. Protein prokaryotic heterologous expression

ZFP36 was fused with GST in the pGEX-4 T-1 vector to generate
the GST-ZFP36 construct. To induce the expression of GST-ZFP36
proteins, bacterial solutions, of E. coli strain BL21 (DE3) carrying
these vectors along with empty vectors, were subjected to treat-
ment with 0.5 mmol L™ isopropyl 1-thio-p-D-galactopyranoside
(IPTG) in Luria-Bertani broth for 5-6 h at 25 °C. OsPDK1 was cloned
into the pET-30a (Novagen) vector with a His tag to construct
OsPDK1-His. These recombinant proteins were transformed into
E. coli strain BL21 (DE3) to facilitate the expression of the target
proteins. Cultivation was at 22 °C with 0.1 mmol L~! IPTG for 6 h
on a shaker at 160 r min~! to induce protein production.

2.7. GST pulldown assay

To study the interaction between ZFP36 and OsPDK1 in vitro, a
GST pulldown assay was performed following Zhu et al. [33].
OsPDK1 fused with His-tag was purified with High Affinity Ni-
NTA Magnetic beads (Genescript, USA). GST and GST-ZFP36 were
tethered on glutathione-Sepharose-4B Magnetic beads, and the
purified His-OsPDK1 was added into the Magnetic beads bound
with GST or GST- ZFP36. The reaction solutions were purified with
binding buffer (140 mmol L~! NaCl, 10 mmol L~! KCl, 4.2 mmol L™!
Na,HPO,, 2 mmol L~! KH,PO,, 10% BSA, pH 7.2) and incubated at
4 °C for at least 2 h. The beads were then washed with wash buffer
(400 mmol L~! NaCl, 10 mmol L~! KCI, 4.2 mmol L~! Na,HPO,,
2 mmol L~! KH,PO,, pH 7.2) at least five times. The samples were
separated by 12% SDS-PAGE and were detected by Western blot-
ting using mouse anti-His antibody (Sigma-Aldrich, USA), and
goat-anti-mouse horse radish peroxidase (HRP)-conjugated sec-
ondary antibody (Sigma-Aldrich, USA).

2.8. BiFC assays

To study the interaction between ZFP36 and OsPDK1 in vivo, we
conducted Bimolecular Fluorescence Complementation (BiFC)
using split Yellow Fluorescent Protein (YFP) and Firefly Luciferase
(LUC). For YFP recombination, the coding region of ZFP36 was
cloned into the pSPYCE vector, generating the YFPS-ZFP36 construct
[14,15]. OsPDK1 was cloned into the Kpnl and Smal sites of the
pSPYNE vector to produce the YFPN-OsPDK1 construct. Onion
(Allium cepa) epidermal layers were placed on Murashige and
Skoog (MS) solid medium, and the two YFPN/YFPC or fusion pro-
teins were transiently introduced into onion cells by gene-gun
bombardment (Biolistic PDS-1000/He Particle Delivery System;
Bio-Rad) as previously detailed [33].

For LUC recombination, the coding sequence of ZFP36 was fused
to the C or N terminal of LUC, while the OsPDK1 coding region was
also cloned to the C-terminal or N-terminal of LUC to generate
cLUC-ZFP36, nLUC-OsPDK1, nLUC-ZFP36, and cLUC-OsPDK1 fusion
proteins. For negative control, the coding sequence of 1-73 amino
acid of ZFP36 sequence was fused to the C or N terminal to generate
the cLUC-ZFP36™ and nLUC-ZFP36™ fusion protein. These con-
structs were then introduced into 28-day-old N. benthamiana
leaves using Agrobacterium tumefaciens strain EHA105. After incu-
bation for 2-3 d, leaf protein homogenate was subjected to the
LUC activity assay.

2.9. Antioxidant enzyme assay

Rice seedlings (0.5 g) were ground to powder in liquid nitrogen.
The samples were dissolved in 3 mL of potassium phosphate buffer
(1 mmol L' EDTA, 1% polyvinylpyrrolidone (PVP), 50 mmol L,
pH 7.0) in the dark. The solution was centrifuged at 12,000xg at
4 °C for 30 min. Total protein content was quantified by the
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Bradford method with a standard curve made with BSA protein
(Wuhan, Hubei, China) at 595 nm, and antioxidant enzyme activity
as superoxide dismutase (SOD), ascorbate peroxidase (APX), cata-
lase (CAT) was measured as described previously [23].

2.10. GUS activity

The Quantitative GUS Activity Assay of Plant Extracts kit from
Beyotime Biotechnology (Beijing, China) was used for measuring
4-MU content. 4-MU was quantified by exciting at 365 nm and
measuring emission at 455 nm.

2.11. Immunoprecipitation kinase activity assay

Kinase activity assay was performed in the immunocomplex
incubated with 2 pg substrates (maltose binding protein (MBP)
or recombinant His-ZFP36) in the reaction buffer [25 mmol L™!
Tris, pH 7.8, 1 mmol L~! dithiothreitol (DTT), 2.5 mmol L~! CaCl,,
5 mmol L~! MgCl, with 200 nmol L~ ATP plus 1 pCi of [V -32PIATP
(3000 Ci mmol L) containing 10 pg GST-ZFP36 and OsPDK1-His
for 30 min following Ma et al. [34]. For measuring OsPDK1 kinase
activity, OsPDK1 was immunoprecipitated using anti-OsPDK1
(C-terminus of OsPDK1 was used to generate OsPDK1 antibody)
from variously treated rice roots, and the activity was detected
through the substrate MBP.

3. Results
3.1. Physiological analysis of ZFP36 transgenic plants in Al tolerance

In the absence of Al, the root elongation of mutant plants was
indistinguishable from that of wild-type (WT) plants (Figs. 1A,
S1C, D). However, under different Al concentrations, it was lower
(Figs. 1A, S1C, D). The relative root elongation (RRE) inhibition in
ZFP36-RNAi was 27.1%, 64.4%, and 84.7%, respectively, under 25,
50, and 100 pmol L~! Al treatment at pH 4.5 (Fig. 1B). In compar-
ison, these values for WT plants were 23.3%, 53.6%, and 68%,
respectively (Fig. 1B). Overexpression of ZFP36 increased Al toler-
ance, with RRE inhibition being 18.1%, 32.3%, and 46.5%, respec-
tively, when treated with 25, 50, and 100 pumol L~ Al, compared
to WT plants (Fig. 1B). No differences in root growth were observed
in response to variations in medium pH (tested for ZFP36-OE, WT,
and ZFP36-RNAi; Fig. 1C).

3.2. ZFP36 expression pattern and its ABA regulation under Al
treatment

ZFP36 was more highly transcribed in both roots and shoots
under Al treatment, and higher in roots (Fig. 1D). The GUS activity
results aligned with the RT-qPCR findings, as transgenic pZFP36:
GUS plants displayed higher 4-methylumbelliferyl B-D-
glucuronide (MUG) content in roots than in shoots (Fig. S2). Under
control conditions, the transcript level of ZFP36 in basal roots (10—
20 mm) exceeded that in the root apex (0-5 mm) (Fig. 1E). Al treat-
ments stimulated the expression of ZFP36 in roots, particularly in
the intermediate zone (5-10 mm) between the apical zone and
elongation zone (Fig. 1E). ZFP36 expression was induced by ABA
(Fig. 1G). Fluridone (Flu), an inhibitor of ABA biosynthesis, led to
a reduction in Al-induced ZFP36 expression (Fig. 1G).

3.3. OsPDK1 physically interacts with ZFP36 in vivo and in vitro

ZFP36 may regulate diverse physiological processes by associat-
ing with other proteins. To explore the underlying molecular
mechanism by ZFP36 participate in ABA-mediated detoxification
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Fig. 1. The elongation analysis of roots in ZFP36-OE, ZFP36-RNAi rice plants under Al toxicity, and the expression pattern of ZFP36. (A,B) The influence of Al on the root
elongation (A) and relative root elongation (B) of wild-type (WT) rice, ZFP36 overexpressing plants (ZFP36-OE), and RNA-induced ZFP36 silencing plants (ZFP36-RNAi). Root
length was measured at different treatment. (C) Response of ZFP36-OE, ZFP36-RNAi plants to solution with different pHs. Seedlings of three-day-old WT plants and ZFP36-OE,
ZFP36-RNAi plants were treated with solutions with various pH for 24 h. The length of the root was obtained at 0 h and 24 h. (D) The expression of Histone3 in rice plants
treated with a solution containing 0, 25, 50 or 100 pmol L~! AlCl; for 24 h at pH 4.5, Actin1 was used as the internal control. (E-G) The expression patterns of ZFP36 in roots or
shoots. Three-day-old rice plants at pH 4.5 were treated with or without 50 pmol L~! AlCl; for 6 h, the shoots and roots were collected. (E) The root segments (0-5, 5-10 and
10-20 mm) were treatment with 50 pmol L~! AICI3 at pH 4.5 for 6 h and cut with a razor. (F) Rice seeds were treated with or without fluridone (Flu), an ABA inhibitor, for 8 h,
and with 50 pmol L~! ABA for 30 min after exposure to 50 pmol L~! AlCl; for 12 h and the roots were collected (G). ZFP36 level was detected using RT-qPCR, and Histone 3 was
used as an internal control. Values are means + SD (n = 50 for A-C, n = 3 for E-G). Means labeled with the same lowercase letter did not differ at P < 0.05.

of aluminum in rice, we performed yeast 2-hybrid (Y2H) screening
from a pool of key regulatory proteins that act in the response to
Al. The results presented in Fig. 2A demonstrate a direct interaction
between ZFP36 and OsPDK1 in yeast (Fig. 2A). The entire OsPDK1
coding sequence was cloned using primers (Table S1) designed
based on the rice database (https://rapdb.dna.affrc.go.jp/). CDS
spans 1092 base pairs, with an identical sequence to the database,
encoding a protein of 363 amino acids (aa) (Fig. S3).

To corroborate the findings of the Y2H test, we performed both
in vitro and in vivo assays to validate the ZFP36-OsPDK1 interac-
tion. For in vivo experiments, BiFC assays to test YFP signals, luci-
ferase (LUC) imaging experiments, and co-immunoprecipitation
(ColP) assays were conducted. In the BiFC assay to test YFP signals,
ZFP36 was fused to YFP, and OsPDK1 was fused to YFPN (Fig. 2B).
However, co-expressing YFPN-OsPDK1 and ZFP36-YFPC in onion
epidermal cells did not yield observable YFP fluorescence in com-
binations involving YFP® and YFPN-OsPDK1 or ZFP36-YFP¢ and
YFPN (Fig. 2B). A robust fluorescence signal was observed exclu-
sively in the nucleus, suggesting that the OsPDK1-ZFP36 complex
was localized in the nucleus. To assess LUC imaging in the BiFC
assay, ZFP36 was fused to the C-terminal of luciferase (LUCC),
and OsPDK1 was fused to the N-terminal LUC fragment (LUCN).
Co-expression of OsPDK1-LUCN and LUC®-ZFP36 in tobacco cells
resulted in detectable LUC imaging, while combinations involving
0sPDK1-LUCN with LUC®-ZFP36™ or LUC®-OsPDK1 with ZFP36™-
LUCN did not exhibit the LUC signal (Fig. 2C). In the ColP assay,
OsPDK1 with a Flag tag (OsPDK1-Flag) and ZFP36 with a Myc tag
(Myc-ZFP36) were transiently co-expressed using a PEG-
mediated transformation approach in rice protoplasts. The results
in Fig. 2E show detection of Myc-ZFP36 with anti-Myc when
OsPDK1-Flag and Myc-ZFP36 were co-expressed in protoplasts
(Fig. 2E, left column). In contrast, overexpressing OsPDK1-Flag
(Fig. 2E, middle column) or Myc-ZFP36 alone (Fig. 2E, right
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column) did not yield the Myc band. This confirms the in vivo inter-
action between OsPDK1 and ZFP36.

To assess the interaction between ZFP36 and OsPDK1 in vitro, we
expressed OsPDK1 with a His tag (OsPDK1-His) and ZFP36 with glu-
tathione S-transferase (GST-ZFP36) in E. coli to perform an in vitro
GST pull-down assay. The GST-ZFP36 protein incubated with
OsPDK1-His successfully pulled down the His-OsPDK1 protein
(Fig. 2D, left column). In contrast, neither GST-ZFP36 nor GST alone
pulled down the His-OsPDK1 protein (Fig. 2D, right column). This
result establishes that OsPDK1 interacts with ZFP36 in vitro.

To verify whether OsPDK1 can phosphorylate ZFP36, an “im-
munocomplex kinase activity assay” was employed to determine
if purified His-ZFP36 could serve as a substrate (Fig. 2F, right
panel). As depicted in Fig. 2F, a phosphorylation band was
observed, indicating that ZFP36 is indeed a phosphorylation sub-
strate for OsPDK1 in vitro. In summary, these findings suggest that
the kinase protein OsPDK1 can both interact with and phosphory-
late the zinc finger protein ZFP36.

To further identify the phosphorylation site of ZFP36 by
OsPDK1, we analyzed potential phosphorylation sites using Kina-
sePhos_2.0. His-tagged truncations of ZFP36, encompassing amino
acids 1-220 (T0), 1-162 (T1), 1-73 (T2), 1-73 plus 162-220 (T3),
162-220 (T4), and 73-162 (T5), were generated. Y2H tests and
GST pull-down assays demonstrated that only His-tagged trunca-
tions of ZFP36 containing amino acids 73-162 (TO, T1, and T5)
could interact with OsPDK1 (Fig. S4A and B). lin the in vitro kinase
assay, OsPDK1 phosphorylated the site encompassing amino acids
73-162 of ZFP36 (Fig. S4C).

3.4. Subcellular localization of OsPDK1

Structural analyses have revealed that OsPDK1 possesses features
characteristic of proteins involved in heavy metal metabolism. It
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Fig. 2. The direct interaction of ZFP36 and OsPDK1 in vitro and in vivo. (A) Y2H Gold yeast assay. On control medium [SD/-Leu/Trp (SD/-L-T)] and selective medium [SD-Leu/
Trp/-His/-Ade plus X-a-gal (SD-L-T-H-A/X-a-gal/)], yeast transformers with reconstructed BD and AD were plated. SD, synthetic dropout. (B) Interaction of ZFP36 and OsPDK1
in onion (Allium cepa) epidermal cells. YFP signals were detected by laser confocal scanning microscope. Scale bars, 50 pm. (C) Luciferase (LUC) complementation imaging
assay. The upper panel shows images and luminescence of Nicotiana benthamiana leaves containing the indicated combinations of nLUC- and cLUC- fusions and cLUC-
ZFP36™ + nLUC-0sPDK1 or cLUC-OsPDK1 + nLUC-ZFP36™ were used as the negative control. The lower panel is the quantification results of LUC activity in these leaves. (D)
GST pull-down assay. GST-ZFP36 or GST alone were purified independently (left figure), and OsPDK1-His was detected by Western blotting. (E) ColP test. Myc-ZPF36 and
OsPDK1-flag were coexpressed in rice protoplast, and Myc-antibody was used to immunoprecipitate the protein complex, then the Flag-antibody was used to WB test. (F) In
vitro phosphorylation of OsPDK1 to ZFP36. OsPDK1-His and GST-ZFP36 were obtained by Escherichia coli. Maltose binding protein (MBP) or GST-ZFP36 served as the substrate
in the in-gel kinase experiment. The experiments were repeated at least three times with similar results.

includes the mitochondrial branched-chain alpha-ketoacid dehydro-
genase kinase domain (BCDHK_Adom3, spanning from 24 aa to 186
aa) (Fig. S3, underscored in black) and the heavy metal sensor kinase
domain (cztS_silS_copS from 262 aa to 343 aa) (Fig. S3, underscored
in green), implying a potential role in sensing toxic metals. OsPDK1
exhibits three distinct spliceosomes (https://rapdb.dna.affrc.go.jp/),
suggesting versatility in its functions. High sequence similarity with
all PDKs is observed, with identity percentages of 91%, 63%, 73%, and
75% with ZmPDK2, ZmPDK1, AtPDK, and MtPDK, respectively
(Fig. S3A). The conserved histone kinase domain is evident among
PDK proteins (Fig. S3B, enclosed in a blue box).

Given that PDKs inhibit the pyruvate dehydrogenase
complex in the mitochondrion [29], we sought to identify the
subcellular location of OsPDK1. Through A. tumefaciens
EHA105-mediated infiltration, we transiently introduced a
fused protein (OsPDK1-GFP) into the epidermal cells of tobacco.
In cells expressing the control GFP, the signal was observed in
both the nucleus and cytoplasm (Fig. S5). In contrast, cells
expressing OsPDK1-GFP exhibited a widespread GFP signal,
particularly in the nucleus and cytosol (Fig. S5). Thus, the
nucleus and cytoplasm are the primary sites for OsPDK1 expres-
sion in vivo.
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3.5. Al effects on OsPDK1 via ABA

We monitored the expression (Fig. 3A, B), protein content
(Fig. 3C), and kinase activity (Fig. 3D) of OsPDK1 when exposed
to 50 pmol L~! ABA or 50 umol L' AICl; at pH 4.5. As depicted
in Fig. 3A-D, the expression, protein content, and kinase activity
of OsPDK1 in rice roots were measured under ABA or Al treatment.
For both ABA and Al treatments, OsPDK1 expression initially expe-
rienced inhibition, reaching a nadir within the first 45 min (for ABA
treatment) or 12 h (for Al treatment). Similarly, the accumulation
of OsPDK1 protein was suppressed by ABA or Al initially, with
the lowest point occurring within 30-60 min (for ABA treatment)
or 12 h (for Al treatment) (Fig. 3A-D, the lower panel of 3C, 3D
for ABA treatment, the upper panel of 3C, 3D for Al treatment).
The kinase activity of OsPDK1 also showed initial inhibition by
ABA or Al, with the lowest point occurring within 30-60 min (for
ABA treatment) or 12 h (for Al treatment). The levels of gene
expression, protein content, and kinase activity of OsPDK1 gradu-
ally returned to control levels after 120 min, 60 min, and 60 min,
respectively, following ABA treatment, and after 24 h for all three
levels following Al treatment. Subsequently, OsPDK1 expression,
the accumulation of OsPDK1 protein, and the kinase activity of
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OsPDK1 were activated, with peaks observed at 180 min for ABA
treatment and 60 h for Al treatment. This suggests that OsPDK1’s
kinase activity and expression may be initially inhibited by ABA
and Al, followed by induction at later stages.

To investigate whether the tissue-specific expression pattern of
OsPDK1 mirrors that of ZFP36, we conducted RT-qPCR analysis,
revealing that OsPDK1 is expressed in both roots and shoots
(Fig. 3E). The expression of OsPDK1 was more prominent in shoots
than in roots in the absence of Al. However, upon exposure to Al,
OsPDK1 expression decreased, leading to higher expression in roots
than in shoots (Fig. 3E). Consequently, Al treatment altered the dis-
tribution of OsPDK1, and the root expression pattern of OsPDK1
(Fig. 3E) resembled that of ZFP36 under Al stress (Fig. 1D).

Under control conditions, the transcript level of OsPDK1 was
lower in the root tip (0-5 mm) than in basal zones (10-20 mm)
(Fig. 3F). OsPDK1 expression in the root tip (0-5 mm) remained
unaffected by Al treatment. However, Al-inhibited OsPDK1 expres-
sion was observed in the basal zones (10-20 mm) and the interme-
diate zone between the apical and mature zone, which showed
higher expression of OsPDK1 than other zones (Fig. 3F). The inhibi-
tory effect of Al saturated at a concentration of 50 pmol L~!
(Fig. 3G). The transcript level of OsPDK1 in the roots was not influ-
enced by high acidity (Fig. 3H), indicating that OsPDK1 is modu-
lated specifically by Al

To assess whether ABA contributes to the rice response to Al, we
measured the endogenous ABA level in root tips exposed to varying
Al concentrations at pH 4.5 (Fig. 3J). OsPDK1 accumulation
occurred in response to Al concentrations ranging from 10 to
50 pmol L™, whereas the ABA content did not increase at higher
Al levels (Fig. 3]). However, ABA levels increased rapidly within
0.5 h in response to 50 pmol L~! AICl; at pH 4.5 and remained rel-
atively stable thereafter (Fig. 31). This suggests that ABA accumula-
tion plays a role in the plant response to aluminum. The inhibitor
of ABA biosynthesis, fluridone (Flu), mitigated the inhibitory action
of ABA on the expression of OsPDK1 (Fig. 3K), indicating that the
effect of Al on OsPDK1 is mediated by ABA accumulation.

3.6. OsPDK1 is involved in ABA-induced antioxidant defense, citrate
secretion and Al transporter activity to participate in Al response

To assess the role of OsPDK1 in Al stress, we generated OsPDK1
overexpression (OsPDK1-OE) and OsPDK1 knockout (OsPDK1-KO)
plants using CRISPR-Cas9 technology. The expression levels of
OsPDK1 in OsPDK1-OE plants were measured, revealing a 5-fold,
14-fold, and 30-fold increase in transcript levels compared to the
control in lines #1, #2, and #3 of OsPDK1-OE plants (Fig. S6A).
The genomes of the two OsPDK1-KO lines had a 1-bp insertion
(OsPDK1-KO1) and a 1-bp deletion (OsPDK1-KO2) in the first exon
compared to the wild-type genome (Fig. S6B). Under normal
conditions without Al treatment, the root lengths of OsPDK1-OE
and OsPDK1-KO plants were similar to those of wild-type plants
(Fig. ST1A, B). However, when exposed to Al treatment, root
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elongation was more inhibited in OsPDK1-OE (#1 and #2) plants
compared to wild-type plants (Fig. S1A, B). The relative root elon-
gation (RRE) inhibition in #1 and #2 was 67.1% and 68.4%, respec-
tively, upon 50 umol L~! Al treatment at pH 4.5 (Fig. S1B), whereas
it was 50.6% in wild-type plants (Fig. S1B). In contrast, OsPDK1
knockout (KO1 and KO2) plants exhibited increased Al tolerance,
with RRE inhibition of 28.1% and 30.5%, respectively, when treated
with 50 umol L~! Al at pH 4.5 (Fig. S1B). These results show that
OsPDK1 is essential for Al tolerance in rice.

To unravel the mechanism underlying OsPDK1’s role in Al toler-
ance, we examined the expression of key antioxidant genes,
including 0sSODCc2 (SODCc2), OsAPX1, and OsCatB (CatB), as well
as the activities of antioxidant enzymes—superoxide dismutase
(SOD), ascorbate peroxidase (APX), and catalase (CAT). Our findings
revealed that the overexpression of OsPDK1 led to a notable
decrease in the expression of SODCc2, OsAPX1, and CatB (Fig. 4A,
C, E) and a reduction in the activities of SOD, CAT, and APX
(Fig. 4B, D, F). In contrast, the knockout of OsPDK1 or ABA treat-
ment in rice elevated the expression levels of OsAPX1, CatB, and
SODCc2 (Fig. 4A, C, E) and increased the activities of APX, CAT,
and SOD compared to the control group (Fig. 4B, D, F). OsPDK1-
KO1 showed a higher response to ABA treatment (Fig. 4). These
results suggest that OsPDK1 plays a role in ABA-mediated antioxi-
dant defense against Al toxicity.

Expression of OsALS1, OsFRDL4, and Nrat1 was induced by ABA
(Fig. S7). In OsPDK1-overexpressing (OsPDK1-OE) rice plants, the
expression of OsALS1 and Nratl was lower than in WT plants
(Fig. S8A, C), while the knockout of OsPDK1 led to an increase in
the expression level of OsALS1 and Nratl compared to WT plants
(Fig. S8A, C). This suggests that OsALS1 and Nratl are modulated
by OsPDK1. Correspondingly, the Al content in the root apex was
highest in OsPDK1-OE rice plants and lowest in OsPDK1-knockout
(OsPDK1-KO) plants (Fig. S8E). In contrast, the expression of OsALS1
and Nratl increased in ZFP36-overexpressing (ZFP36-OE) rice
plants and decreased in ZFP36-RNAi rice plants. ZFP36-RNAi rice
plants accumulated the most Al, while ZFP36-OE rice plants accu-
mulated the least Al in the root apex (Fig. S8B, D, F). The expression
of OsFRDL4 and citrate secretion decreased in OsPDK1-OE and
ZFP36-RNAi rice plants, while it increased in OsPDK1-KO and
ZFP36-OE plants, especially under Al treatment (Fig. S9). This
implies that OsFRDL4 is downregulated by OsPDK1 but upregulated
by ZFP36.

3.7. OsPDK1 inhibits ZFP36 transcription activity

OsPDK1 establishes a direct interaction with ZFP36 and phos-
phorylates this protein, as illustrated in Fig. 2. Chip-seq analysis
uncovered that ZFP36 targets numerous antioxidant defense
enzymes and Al transporters. ZFP36 is a transcriptional enhancer
of OsAPX1 [14,15], and OsPDK1 is involved in the regulation of
0sAPX1, CatB, and SODCc2 (Fig. 4A, C, E), as well as APX, CAT, and
SOD activities (Fig. 4B, D, F). Thus, OsPDK1 functions in the

<

Fig. 3. The expression pattern and protein content, kinase activity of OsPDK1 and ABA content. (A-D) The expression pattern of OsPDK1 under ABA (A) and Al (B) treatments,
and the protein content (C), kinase activity (D) of OsPDK1 under Al and ABA. Three-day-old rice were treated with or without ABA (A, C, D) for indicated time (0, 15, 30, 45, 60,
90, 120, 180, 240, 360, 720 min), or exposed to 50 pmol L1 AlCl; at pH 4.5 (B, C, D) for indicated time (0, 3, 6, 12, 24, 36, 60, 84, 96 h), the rice seedlings were collected for gene
expression using RT-qPCR, and protein content, kinase activity by immunoprecipitation via anti-OsPDK1. (E) The expression patterns of OsPDK1 in roots and shoots. Three-
day-old rice plants were treated with or without 50 pmol L' AICl; for 12 h at pH 4.5 and the shoots and roots were collected. (F) The root segments (0-5, 5-10 and 10-
20 mm) were treatment with 50 umol L~ AICl5 at pH 4.5 for 12 h and cut with a razor. Whole roots or shoots were collected (E), root segments were also analyzed (F). (G-H)
The expression of OsPDK1 under different concentration of Al for 12 h and different pH treatments. Tested AlCl; levels varied from 10 to 100 pmol L~ (0, 10, 25, 50, 100 pmol
L', at pH 4.5) (G) and a number of pH values were applied (H). (I, J) Al stress induce the accumulation of ABA. The ABA content was detected under 50 pmol L~ AlCl; at pH
4.5 for different time (0, 0.5, 1, 3, 6, 9, 12, 15 h) (I) and different concentration (0, 10, 25, 50, 100 pmol L~') of AICl5 at pH 4.5 for 12 h (). (K) Expression pattern of OsPDK1 in
the presence of 50 umol L~ ABA or ABA biosynthesis inhibitor fluridone. Rice seeds were treated with or without fluridone (Flu), an ABA inhibitor, for 8 h, then the plants
were treated with 50 pmol L~' ABA for 45/180 min after exposed to 50 umol L~" AlCl; at pH 4.5. OsPDK1 expression level was detected by RT-qPCR, and Histone3 was an

internal control. Datas are means + SD (n = 3). *, P < 0.05.
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the same lowercase letter do not differ at P < 0.05.

activities of ZFP36 and the promoters of OsAPX1, CatB, and SODCc2.
To assess ZFP36's transcriptional activity, we conducted an
Agrobacterium-mediated GUS reporter assay with effector and
reporter plasmids in tobacco (Fig. 5E-F). ZFP36 increased the pro-
moter activity of OsAPX1 (Fig. 5E, F), consistent with previous find-
ings [14]. However, the GUS activity in tobacco transfected with
the effectors OsPDK1 and ZFP36 showed a significant reduction
compared to the effector ZFP36 alone (Fig. 5F). This demonstrates
that OsPDK1 can silence OsAPX1 promoter activity by repressing
ZFP36. Huang [3] has previously demonstrated the involvement
of OsALS1 in Al tolerance. OsALS1 is also identified as a potential
target for ZFP36 via ChIP-Seq [14], and the promoters of OsALS1
and OsAPX1 genes contain a conserved C2H2 binding site over-
lapped in ChIP-seq (Fig. 5I). We conducted an RT-qPCR survey of
OsALS1 expression in zfp36 mutants (Fig. 5B). ChIP RT-PCR in
ZFP36-overexpressing plants immunoprecipitated with anti-
ZFP36 antibody (Fig. 5D) and yeast one-hybrid assay (Fig. 5C) were
employed to corroborate the ChIP-Seq findings. As depicted in
Fig. 5B, ZFP36 altered OsALS1 expression, acting as a positive tran-
scriptional regulator of this gene. ChIP RT-PCR (Fig. 5D) and Y1H
(Fig. 5C) demonstrated that ZFP36 directly binds to the upstream
segment from (—400 bp) to (+1 bp) (P2) of OsALS1.

To further explore the role of OsPDK1 in regulating OsALS1, we
performed a dual luciferase assay in rice protoplasts. The upstream
segment from (—400 bp) to (+1 bp) (P2) of OsALS1 was inserted in
front of the translational initiation site of the renilla luciferase
(REN) reporter and served as a putative cis-acting element. As indi-
cated in Fig. 5G and H, the LUC/REN ratio was significantly upreg-
ulated by ZFP36 and downregulated by OsPDK1. The increase in
the LUC/REN ratio caused by ZFP36 decreased in the presence of
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0sPDK1, suggesting that OsPDK1 suppresses ZFP36 transcriptional
activity, thereby impacting the promoter activity of OsALS1
(Fig. 5G, H).

3.8. OsPDK1 functions upstream of ZFP36 to down-regulate
antioxidant enzymes activated by ABA pathway

The interaction between OsPDK1 and ZFP36 inhibits ZFP36-
induced ABA-triggered antioxidant defense. Elevated levels of
AP* have been shown to inhibit the expression of OsPDK1
(Fig. 3B-G) and induce ZFP36 expression in an ABA-dependent
manner (Fig. 1D-F). Both OsPDK1 (Fig. 4) and ZFP36 [13] are essen-
tial for ABA-triggered antioxidant defense. Given the confirmed
direct interaction between ZFP36 and OsPDK1 (Fig. 2), it is plausi-
ble that OsPDK1 influences ABA-induced antioxidant defense to
alleviate Al toxicity by interacting with ZFP36. To elucidate the
interplay between OsPDK1 and ZFP36 in the regulation of antioxi-
dant systems, we generated rice plants with various genetic mod-
ifications: overexpression of both OsPDK1 and ZFP36 (OsPDK1/
ZFP36), overexpression of OsPDK1 and knock-down of ZFP36
(0OsPDK1/zfp36), and knock-out of OsPDK1 and silencing of ZFP36
(ospdk1/zfp36) through hybridization. The results indicated a
reduction in the activities of SOD, CAT, and APX in OsPDK1/ZFP36
rice plants compared to the ZFP36 overexpression (ZFP36) under
ABA treatment (Fig. 6A,-C). In contrast, the activities of SOD,
CAT, and APX increased in OsPDK1-KO1 rice plants (Fig. 6 A,-C).
However, there was no significant increase in the activities of
APX, CAT, and SOD in ospdk1/zfp36 rice plants compared to the con-
trol (Fig. 6). ABA-induced elevations of APX, CAT, and SOD activities
were inhibited in ZFP36-RNAi mutants and ospdk1/zfp36 mutants
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overlapping ZFP36 binding peaks. The conserved motif is found in the promoters of OsAPX1 and OsALS1 genes based on ChIP-seq.

(Fig. 6). OsPDK1 overexpression and ZFP36 silencing (OsPDK1/zfp36) the food chain, posing significant health risks upon accumulation

resulted in a more pronounced decrease in APX, CAT, and SOD in human bodies. In response to Al**-induced toxicity, plants have
activities compared to individual overexpression of OsPDK1 evolved intricate strategies to mitigate damage and reduce Al con-
(OsPDK1) or ZFP36-RNAi (zfp36) (Fig. 6). tent [36,37]. These strategies encompass both physiological and

genetic adaptive responses, such as the production and excretion
of organic ligands to bind AI** [2,37], relocation of A** from the

4. Discussion cytoplasm to the apoplastic space and vacuole [3,38], adjustment
of metabolic activities [21], reinforcement of free radical defense

4.1. ABA signaling system contributes to control of Al tolerance in [39], and activation of “adaptive” genetic programs [40]. One nota-
plants ble strategy involves the ABA-dependent upregulation of antioxi-
dant gene expression [41]. Recent transcriptomic analyses have

Plants cultivated in acid soils often face challenges associated revealed that treatments involving Al and ABA share approxi-
with heightened activity of AI**, a prominent ionic form of alu- mately one-third of responsive genes, indicating the potential
minum. This activity not only impedes root growth but also dis- involvement of ABA signaling in the onset of Al tolerance [42]. Pre-

rupts cell metabolism [2,35,36]. As plants absorb AI**, it enters vious studies explored the endogenous accumulation of ABA as an
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Fig. 6. OsPDK1 acts upstream of ZFP36 in ABA-induced antioxidant defense. (A-C)
The activities of SOD (A), CAT (B), and APX (C) in OsPDK1-OE1 plants (OsPDK1),
ZFP36-0E plants (ZFP36), WT plants (WT), and OsPDK1-KO1 plants (ospdk1), ZFP36-
RNAI plants (zfp36), and both overexpressing of OsPDK1 and ZFP36 plants (OsPDK1/
ZFP36), knockout of OsPDK1 and RNA interference of ZFP36 plants (ospdk1/ zfp36),
and overexpressing of OsPDK1 and RNA interference of ZFP36 plants (OsPDK1/ zfp36).
The plants were treated with (+ABA) or without 50 pumol L' ABA for 2 h. Bars
indicate means + SD of three independent tests. There is no significant difference
between values labeled with the same lowercase letter (P < 0.05).

adaptive response to Al stress in soybean [8], buckwheat [43], and
barley [44]. While it has been hypothesized that the ABA signaling
system contributes an additional layer of regulatory control over Al
tolerance in plants [45], the molecular mechanisms underlying this
phenomenon remain unclear [46].

4.2. Elucidation of ABA-modulated Al tolerance mediated by OsPDK-
ZFP36 complex in rice plants

In this study, employing an integrated approach encompassing
physiological, biochemical, and molecular analyses, we elucidate
the basis of ABA-modulated Al tolerance in rice plants, focusing
on the expression and function of the zinc finger protein ZFP36.
Our findings are supported by multiple lines of evidence. Elevated
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AP* levels inhibited root elongation and induced ABA accumula-
tion in the roots (Figs. 1A, B, 31, ]). Notably, AI** and ABA treatments
led to the upregulation of ZFP36 expression (Fig. 1D-F). Plants
overexpressing ZFP36 exhibited improved root elongation under
Al treatment compared to wild-type (WT), while plants with
reduced ZFP36 levels (RNAi-mediated ZFP36 knockdown mutants)
displayed heightened sensitivity to Al (Fig. 1). Considering that
pH alterations impact the surface charge of the plasma membrane
(PM), influencing the concentration of Al on the PM surface, and
given the toxicity of protons in acidic solutions, changes in solution
pH could potentially modify the speciation of Al [47]. Thus, it is
plausible that ZFP36 may influence the solution’s pH, thereby
affecting Al and proton toxicity for root growth. C2H2 zinc finger
proteins, such as ZFP36, interact with other proteins [48,49]. Tran-
scriptional regulation of stress-tolerance genes is a key factor in Al
tolerance [21,22]. Through yeast two-hybrid screening, we identi-
fied a candidate target for ZFP36, the pyruvate dehydrogenase
kinase OsPDK1, which showed in vivo and in vitro interaction with
ZFP36, leading to a reduction in OsPDK1 activity following this
interaction (Figs. 2, 5, S4). OsPDK1 displayed initial inhibition fol-
lowed by activation in response to exogenously applied ABA and
APP* (Fig. 3). Gain- and loss-of-function analyses revealed that high
OsPDK1 activity plays a central role in the downregulation of
superoxide dismutase (SODCc2), catalase (OsCatB), ascorbate per-
oxidase (OsAPX1), and the transporter responsible for removing
AI?* to the vacuole (OsALS1) (Figs. 4, S8). OsPDK1 suppresses
ZFP36 transcriptional activity, potentially influencing the expres-
sion of OsAPX1 and OsALS1 by affecting the promoter activities of
OsAPX1 (Fig. 5E, F) and OsALS1 (Fig. 5G, H). ABA/ZFP36-induced
inhibition of OsPDK1 activity resulted in increased antioxidant
capacity and Al sequestration capabilities in rice root cells (Figs. 4,
S8). One of the mechanisms for coping with Al toxicity involves the
removal of AI>* from the cytosol and its sequestration in the vac-
uole [2]. This process is catalyzed by two transporters, the tono-
plast OsALS1 transporter [3] and the plasma membrane Nratl
transporter [4,50], with our study revealing the essential role of
OsPDK1 in the expression of Nrat1 (Fig. S8).

4.3. The potential for mis-localization of recombinant proteins should
be considered in OsPDK-ZFP36 complex

Our findings introduce a novel dimension to the functional
repertoire of OsPDK1 and its interplay with ZFP36. While OsPDK1
has been conventionally recognized for its role as a mitochondrial
protein, primarily associated with known pyruvate dehydrogenase
(PP) and pyruvate dehydrogenase complex (PDC) functions within
the mitochondria [29], our study unveils a previously unexplored
aspect. We identify ZFP36 as a newly recognized interacting and
regulatory partner for OsPDK1 in the nucleus. In this context,
OsPDK1 emerges not only as a participant in mitochondrial pro-
cesses but also as a regulator of ZFP36, thereby expanding the
functional spectrum of OsPDK1. Our findings add to the growing
list of proteins regulated by OsPDK1, which already includes
OsLEAS5 and its homologs [14,15]. While earlier studies highlighted
the mitochondrial role of OsPDK1 [29], our investigation reveals its
expression in the nucleus as well (Fig. S5). This dual subcellular
localization broadens the functional scope of OsPDK1. Concur-
rently, we observe the expression of ZFP36 within the nucleus
[20], underscoring the significance of their nuclear interactions.
This novel aspect of dual localization in both the nucleus and mito-
chondria advances plant biology. ZFP36 and OsPDK1 function in
numerous plant processes, further emphasizing the importance
of unraveling their intricate interplay. However, it is crucial to
acknowledge the potential for mis-localization of recombinant
proteins, and the subcellular location of OsPDK1 should be identi-
fied using PDK1-specific antibodies in situ in future investigations.
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This step will contribute to a more comprehensive and accurate
characterization of the subcellular distribution of OsPDK1 and
refine our understanding of its versatile cellular roles.

4.4. TCA cycle functions in metabolic pathways that intersect with ABA
and ROS signaling in which PDK1 acts

Pyruvic acid, an end product of glycolysis and a crucial sub-
strate for the tricarboxylic acid (TCA) cycle, plays a central role in
metabolic pathways that intersect with abscisic acid (ABA) and
reactive oxygen species (ROS) signaling [51]. The pyruvate dehy-
drogenase complex (PDC), composed of three proteins, is instru-
mental in regulating pyruvate levels, thereby influencing the TCA
cycle, cellular energetics, and the biosynthesis of essential macro-
molecules [30]. PDC activity is intricately controlled through phos-
phorylation (inhibition) and dephosphorylation (activation),
modulated by corresponding kinases (PDKs) and phosphatases
(PP) [27,52]. Our study reveals that OsPDK1 acts as a downstream
inhibitor of ABA-induced antioxidant defense, with the goal of mit-
igating aluminum (Al) toxicity. In rice leaves, OsPDK1 expression,
protein concentration, and kinase activity exhibit induction follow-
ing a transient inhibition by ABA and Al (Fig. 4A-D). Notably, we
establish a physical interaction between OsPDK1 and ZFP36 pro-
teins, suggesting a potential mechanism for blocking OsPDK1
under Al stress conditions. This interaction could result in the
release of antioxidant defense and Al sequestration. ZFP36, previ-
ously identified as a regulator by Zhang et al. [13] and Li et al.
[20], targets specific genes, including those involved in ABA-
induced antioxidant defense, and orchestrates feedback regulation
[13,15,20,53]. This implies a complex mechanism underlying Al
defense mediated by ZFP36. Consequently, the rice response to Al
tolerance via ABA involves intricate interactions that relate to the
induction of antioxidant defense and Al-induced redox imbalance
[12]. OsPDK1 emerges as a modulator of the ABA/redox-related
Al defense in rice, contributing to the intricate regulatory network
(Fig. 4).

4.5. ZFP36 plays a different role with other zinc finger proteins coping
with Al toxicity

ZFP36 is a member of the extensive zinc finger protein family,
and numerous studies across various plant species, including Ara-
bidopsis, petunia, soybean, and rice, have indicated their involve-
ment in aluminum (Al) tolerance [16-18,37]. ART1 and ART2
(aluminum resistance transcription factor) in rice and GhSTOP1
in Arabidopsis are key players in Al tolerance, regulating specific
Al-resistance genes [54-60]. Phylogenetic analysis reveals that
ART1/2 (STOP1) falls in cluster I, characterized by single-fingered
proteins with Z2- to Z5-type zinc fingers (ZFs), while ZFP36
belongs to cluster II, featuring proteins with two consecutive Q-
type ZFs carrying the conserved sequence “QALGGH” in the DNA-
recognition motif [59]. This suggests that different structural types
of zinc finger proteins may employ distinct mechanisms in detox-
ifying Al. OsALS1, a target for both ART1 and ZFP36 (Fig. S8), dis-
plays redundancy in its regulatory elements, responding to
different transcription factors under varying conditions. Co-
regulation by a combination of transcription factors is a common
phenomenon, exemplified by the presence of “DRE” and “AREB”
motifs in promoters of SALT/DROUGHT tolerance genes [GO].
Nramp aluminum transporter (Nrat1) and OsFRDL4 are induced by
ABA (Fig. S7) and are targets for ART1, but not bound by ZFP36
according to ChIP-seq analysis. In contrast, OsPDK1 negatively
modulates OsFRDL4 expression and citrate secretion (Fig. S9), sug-
gesting that OsPDK1 plays an essential role in the rice response to
aluminum through distinct pathways. Considering the opposite
roles of pyruvate dehydrogenase kinase and pyruvate phosphate
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Fig. 7. A hypothetical model describing function of OsPDK1-ZFP36 in ABA-
mediated response to AI** Al stimulates ABA accumulation in roots. At early stage
of Al stress (left, before 24 h of Al stress), Al-induced ABA involed the expression of
antioxidant defense enzymes (APX, SOD and CAT) to scavenge toxic ROS, ZFP36
could induce the expression of ROS generation via activating the RBOHB/E
expression, hence to make the homeostasis of ROS to play the role of second
messengers to cope with stresses. Meanwhile, Al-induced ABA could also induce the
expression of tonoplast Al transporter OsALST to transport AI** into vacuole. This
process was dependent on activating the transcriptional activity of ZFP36 (through
ABA-induced inhibition of OsPDK1 at early stage). At late stage of Al stress (right,
after 24 h of Al stress), OsPDK1 was positively activated by ABA with unknown
mechanism, the up-expressed OsPDK1 further inhibited the citrate acid exudation
possibly via OsFRDL4 transporter, to make TCA cycle homeostasis, and reduce the
generation of citrate. ZFP36 was inhibited by OsPDK1, ZFP36 participated in the
ABA-mediated antioxidant defense was blocked, ROS was accumulated to result in
oxidative stress and lipid peroxidation, thus in the death of plant cells. Taken
together, these results elucidate the mechanism of ameliorating Al toxicity via
scavenging ROS and promoting Al** sequestration to the vacuole.

dikinase in the citric acid cycle, our findings highlight the intricate
interplay in the regulation of organic acid exudation and aluminum
accumulation in roots [6]. This work expands our understanding of
ZFP36’s role in aluminum tolerance, complementing its previously
known functions in drought and rice blast tolerance [13,20]. The
findings contribute to elucidating a mechanism for plant adapta-
tion to elevated AI** levels.

4.6. At late stage of Al stress, OsPDK1 is activated by ABA to maintain
TCA cycle homeostasis and alleviate redox imbalance and remove AP*
from the cytosol

We present a schematic model summarizing our hypothesis
(refer to the scheme in Fig. 7). AI*" in the rhizosphere penetrates
the root cytosol via the OsNRAT1 transporter. In the root cell, some
AI?* (either in its free form or as part of an Al-chelate complex) is
transported into the vacuole through the OsALS1 transporter. ABA
accumulation, facilitated by an as-yet unknown mechanism,
induces ROS production by activating up-regulated Rbohs [13],
serving as second messengers to initiate antioxidant defense. Our
findings indicate that OsPDK1 plays a role in Al tolerance as a neg-
ative regulator. OsPDK1 is induced by ABA following an initial
downregulation. It interacts with and inhibits the transcriptional
activity of ZFP36. During the early stages of Al stress (Fig. 7, left,
before 24 h of Al stress), OsPDK1-mediated inhibition of ZFP36
results in a downregulation of antioxidant enzymes (APX, SOD,
and CAT) and reduced Al sequestration in the root cell vacuole
through OsALS1. As OsPDK1 inhibition increases, ZFP36 activation
becomes more prominent under Al stress conditions. The height-
ened activity of ZFP36 stimulates ABA-mediated antioxidant
defense and Al transporter activity, alleviating redox imbalance
and facilitating the removal of AI** from the cytosol. As Al stress
progresses to the late stage (Fig. 7, right, after 24 h of Al stress),
OsPDK1 is activated by ABA via an unknown mechanism. The
upregulation of OsPDK1 inhibits the TCA cycle [27] and further
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suppresses citric acid exudation, possibly through the OsFRDL4
transporter, to maintain TCA cycle homeostasis and reduce citrate
production (Fig. 7). Simultaneously, ZFP36 is inhibited by OsPDK1,
impeding its participation in ABA-mediated antioxidant defense.
This leads to the accumulation of ROS, resulting in oxidative stress,
lipid peroxidation, and ultimately cell death.

4.7. OsPDK1-ZFP36 modulates ABA-mediated antioxidant defense to
scanvenge Al toxicity, and OsPDK1 might possess a potential function
in sensing toxic metals

OsPDK1 can interact with and act upstream of ZFP36 to modu-
late ABA homeostasis and the activities of antioxidant enzymes in
ABA signaling. OsPDK1 exhibits several features commonly associ-
ated with proteins involved in heavy metal metabolism, including
a heavy metal sensor kinase domain (cztS_silS_copS from 262 aa to
343 aa) (Fig. S3). While aluminum (Al) itself is not formally classi-
fied as a heavy metal (molecular weight (MW) = 26.982 g mol!), it
elicits similar defense responses in plant cells [21]. This suggests
that OsPDK1 might possess a potential function in sensing toxic
metals.

5. Conclusions

A mechanism that enables plants to cope with toxic Al load
involves the pyruvate dehydrogenase kinase OsPDK1, which inter-
acts with and phosphorylates ZFP36, contributing to ABA-
mediated detoxification of aluminum.
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