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Engineering hormonal crosstalk to enhance
serotonin/melatonin levels in rice

Yuanjiang Cui1,4, Xinyue Hou1,4, An Wang1,4, Zhengji Shao1, Chaoqing Ding1,
Wei Xie1, Longbiao Guo 1, Guangheng Zhang1, Li Zhu1, Jiang Hu1, Zhenyu Gao1,
Guojun Dong1, Qiang Zhang1, Qing Li 1, Lan Shen1, Min Hu1, Qian Qian 1,2,3 &
Deyong Ren1,2

Enhancing crop nutritional value is important for advancing sustainable
human health. Serotonin (5-HT) and its derivativemelatonin (MT) are versatile
physiological regulators, known for their roles in sleep enhancement, anxiety
reduction, and immunemodulation. Here, we discover that abscisic acid (ABA)
induces the biosynthesis of 5-HT. This induction depends on the regulation by
Abscisic Acid Insensitive 5 (ABI5) and negatively feedback-controlled by the
possible PP2Cs–SAPK2–ABI5 interaction. This feedback regulation likely
involves ABA signaling crosstalk. Specifically, 5-HT modulates ABA-mediated
PP2C activity, thereby influencing the SAPK2 phosphorylation. This modula-
tion subsequently reduces the phosphorylation and transcriptional activity of
ABI5, ultimately attenuating the ABA signaling cascade. The T162 and T283
residues of SAPK2 contribute to modulating ABI5 phosphorylation. Based on
the crosstalk between ABA and 5-HT, we develop several rice lines with
enhanced 5-HT/MT levels without compromising grain yield. These engi-
neered rice lines hold promise for improving rice’s nutritional value and pro-
moting the production of health-beneficial foods.

Serotonin and melatonin, bioactive nutrients recognized for their
health-promoting properties, are commercially available as dietary
supplements1–3. However, their widespread adoption is limited by
potential side effects, high costs, and restrictions in specific
populations3,4. Plant-derived 5-HT/MT exhibits favorable bioactivity
profiles, facilitating safe consumption without adverse effects5.
Therefore, enhancing the levels of 5-HT/MT in staple crops presents a
promising strategy for promoting human health.

Plant biosynthetic pathways of 5-HT/MTbeginwith their common
precursor, L-tryptophan. Tryptophan is first decarboxylated to tryp-
tamine by tryptophan decarboxylase (TDC), then transform into 5-HT
by tryptamine-5-hydroxylase (T5H), and finally convert to MT through
two additional enzymatic steps6–8. All known plant MT biosynthesis
pathways use 5-HT as an intermediate, underscoring its central role in
MT synthesis8. TDC and T5H are the rate-limiting enzymes in the

synthesis of 5-HT and subsequently affect MT production9. One strat-
egy to enhance 5-HT/MT levels in rice involves targeting genes asso-
ciated with these rate-limiting enzymes. However, this approach is
limited by the small number of modifiable genes and the potential
adverse effects on plant growth, such as reduced growth and fertility
resulting from the overexpression of TDC1 or TDC310. Consequently, it
is essential to explore regulatory mechanisms for 5-HT and MT
synthesis to improve their accumulation in rice without compromis-
ing yield.

Microarray data from the RiceXPro database indicate that genes
involved in 5-HT biosynthesis are primarily regulated by ABA and jas-
monic acid (JA)11. ABA promotes 5-HT synthesis in detached leaves,
whereas other plant hormones, such as salicylic acid (SA) and JA, have
minimal impact on 5-HT production12,13. Furthermore, JA fails to sti-
mulate the formation of 5-HT-mediated brown rings, whereas
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exogenous ABA significantly amplifies this process14. ABA is a pivotal
plant hormone essential for the biosynthesis of a wide array of plant
nutrients. For instance, ABA can be deployed to augment the vitamin C
levels inmature fruits, thereby enhancing the quality andmarket value
of the fruits15. It coordinates the accumulation of ascorbic acid (AsA)
during tomato fruit development via the SIMAPK8–SIARF4–SIMYB11
pathway16, and it governs the biosynthesis of anthocyanins in apples
through the MYB1–bHLH3 complex17. These successful examples of
nutrient synthesis underscore the potential of ABA to enhance the
nutritional value of rice.

Currently, synthetic strategies have proven effective in the
metabolic engineering of rice. By modifying key genes involved in the
biosynthetic pathways of beneficialmetabolites, rice varieties enriched
in betaine, carotenoids, vitamin B1, and vitamin B9 have been suc-
cessfully developed18–21. Here, we show the regulatory mechanism by
which ABA promotes 5-HT biosynthesis, as well as the feedback reg-
ulation triggered by excessive 5-HT accumulation. By leveraging the
interplay between ABA and the 5-HT pathway, we have developed
various rice lines enriched in 5-HT/MT, while maintaining yield. These
nutrient-enriched rice resources constitute a valuable resource for
improving human health and nutrition.

Results
ABA induces the biosynthesis of 5-HT
To investigate the impact of ABA on 5-HT biosynthesis, we first
assessed the changes in 5-HT and its relatedmetabolites followingABA
treatment (Fig. 1a–e and Supplementary Fig. 1). Liquid
chromatography-mass spectrometry (LC–MS) analysis revealed a sig-
nificant increase in both 5-HT and its derivativeMT, within 24 h of ABA
exposure (Fig. 1d, e). Further analysis showed that tryptamine levels
increased markedly during this period, whereas tryptophan levels
initially decreased before rising again (Fig. 1b, c). These results suggest
that ABA may facilitate the conversion of tryptophan to tryptamine,
thereby enhancing the biosynthesis of 5-HT/MT.

To further elucidate the regulatory mechanisms of ABA on 5-HT/
MT biosynthesis, we analyzed the transcriptional expression of rele-
vant genes within 24hours post-treatment with two distinct ABA
concentrations. Quantitative PCR (qPCR) results revealed significant
induction of key genes in the 5-HT biosynthesis pathway, including
TDC1, TDC3, and T5H, following ABA treatment (Fig. 1f). In contrast,
genes directly involved in MT synthesis did not exhibit consistent
induction (Supplementary Fig. 2). This finding was corroborated by an
analysis of differentially expressed genes (DEGs) induced by ABA
(Fig. 1g), which confirmed that ABA primarily enhances 5-HT/MT bio-
synthesis by upregulating relevant genes in the 5-HT pathway, parti-
cularly TDC1/3, and T5H.

ABI5 mediates ABA-induced 5-HT biosynthesis
To elucidate the transcriptional regulation of TDC1/3 and T5H genes in
response to ABA signaling, we cloned ~2-kb promoter regions of these
target genes into the pLacZi2μ reporter vector and conducted yeast
one-hybrid (Y1H) screening using a pb42AD transcription factor library
generated in our laboratory. The initial screening found several bZIP
transcription factors with putative promoter-binding activity, with
bZIP10 (ABI5) exhibited the strongest binding affinity to all three
promoter regions (Supplementary Fig. 3). Given that ABI5 plays an
important role in ABA-mediated biosynthesis of specific metabolites,
such as promoting anthocyanin biosynthesis in apples and increasing
fatty acid content in fruits17,22. Accordingly, subsequent experiments
will focus on determining the functional consequences of ABI5-
mediated transcriptional regulation on 5-HT synthesis. We utilized
CUT&Tag technology to detect ABI5 protein and assess its binding to
the promoters of TDC1/3 and T5H genes (Fig. 2a and Supplementary
Table 1). Our analysis identified two T-box and twoA-boxmotifs within
the 2-kb regions of the TDC1 and TDC3 promoters, respectively
(Fig. 2b). These sequences overlap with known ABI5 binding sites,
suggesting that ABI5 may regulate their transcription by directly
binding to these regions. Additionally, we found two ABA-responsive

Fig. 1 | ABA promotes 5-HT biosynthesis. a Metabolic pathways associated with
5-HT biosynthesis in plants. b–e Quantitative analysis of tryptophan (Trp), trypta-
mine (Try), serotonin (5-HT), and melatonin (MT) levels in rice seedlings subjected
to 150μM ABA treatment for 12 or 24h. Representative chromatograms (left
panels) displayed the characteristic peaksof each compoundbeforeABA treatment
(top) and after ABA treatment (bottom). Detailed mass spectrometry data corre-
sponding to these analyseswereprovided in Supplementary Fig. 1. fTranscriptional

expressionof keygenes in the 5-HT/MTbiosyntheticpathway (TDC1/2/3 andT5H) in
rice seedlings treatedwith 50μMor 150μMABA for 12 h.gTranscriptional changes
of genes in the 5-HT biosynthesis pathway among ABA-induced differentially
expressed genes (DEGs). Data are presented as means ± SD (n = 3 biological repli-
cates).A two-tailedunpairedStudent’s t-testwasused for statistical analysis. Source
data are provided as a Source Data file.
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G-box motifs in the ~1-kb upstream region of the T5H promoter
(Fig. 2b), whichmay also serve as ABI5 binding sites. Further validation
via electrophoretic mobility shift assays (EMSA) confirmed the specific
binding of ABI5 to these regulatory motifs (Fig. 2c). Subsequent dual-
luciferase reporter (DLR) assays demonstrated that ABI5 acts as a
transcriptional activator for TDC1/3 and T5H genes, thereby modulat-
ing their expression at the transcriptional level (Fig. 2d). Collectively,
these results suggest that the ABA-responsive behaviors of TDC1/3 and
T5H are likely governed by ABI5.

To explore whether the plant protein ABI5 participates in 5-HT
biosynthesis, we generated ABI5 knockoutmutants (CR-abi5) using the
CRISPR/Cas9 system (Fig. 2e). We also developed plants over-
expressing ABI5 under the control of the maize Ubi1 promoter (Ubi::-
ABI5) (Supplementary Fig. 4a, b). The transcript levels of T5H and
TDC1/3 in Ubi::ABI5 plants, as quantified by qPCR, were increased
(Fig. 2f). Correspondingly, the concentrations of 5-HT/MT were nota-
ble elevated in these plants (Fig. 2g). In contrast, ABA-induced
expression of T5H and TDC1/3 was markedly attenuated in CR-abi5
mutants (Supplementary Fig. 5). Those experimental results indicate
that ABI5 is likely implicated in the regulation of 5-HT levels in rice,
subsequently exerting an influence on ABA-mediated 5-HT synthesis.

Additionally, ABI5 contains several conserved phosphorylation
sites, including serine residues S44 and S118, which are potential tar-
gets of SnRK2 kinases23. To explore the functional roles of these resi-
dues in ABI5’s transcriptional activity, we substituted S44 and S118with

aspartate acid. DLR assays revealed that phosphorylation at
S44 significantly enhanced ABI5’s transcriptional activity and its ability
to activate T5H and TDC1/3 (Supplementary Fig. 6). Collectively, these
observations highlight the important role of ABI5’s phosphorylation
status in the biosynthesis of 5-HT.

5-HT attenuates ABA signaling
Plants possess regulatory mechanisms designed to modulate the
overaccumulation of metabolic products, thereby optimizing growth
and development24. The accumulation of such metabolites often trig-
gers strong feedback signals that mitigate potential adverse effects on
plant development25. However, these mechanisms are typically not
conducive to enhancing the yield of beneficial metabolites. Our find-
ings demonstrated that excessive accumulation of 5-HT or MT led to a
significant downregulation of relevant biosynthetic genes (Supple-
mentary Fig. 7). This indicates the presence of a feedback regulation
mechanism, wherein 5-HT/MT modulate their own synthesis in
response to their overaccumulation. Importantly, the feedback reg-
ulation of 5-HT synthesis was linked to the suppression of the TDC1/3
and T5H genes, both of which were strongly induced by ABA treat-
ment. These results imply that the feedback regulation of 5-HTmay be
partially mediated by the ABA signaling pathway.

To examine the impact of 5-HT on ABA signaling, we treated
two-week-old rice seedlings with external hormones and subse-
quently conducted RNA sequencing (RNA-seq) 24 h post-

Fig. 2 | ABI5 involves in 5-HT synthesis. a Partial ABI5-bindingmotifs identified by
CUT-tag analysis. Additional motifs are presented in Supplementary Table 1. These
motifs primarily include core sequences corresponding to the T-box (NNA/
TCTTTTTN) and A-box (NAAAAAGNNN) elements. b ABI5-binding motifs (T-box
and A-box) were detected within approximately 2 kb of the TDC1 and TDC3 pro-
moter regions, while two canonical G-box motifs were identified within approxi-
mately 1 kbof the T5Hpromoter region. c EMSAassays showing ABI5 binding to the
T-box and A-boxmotifs in the promoters of TDC1 and TDC3, as well as to the G-box
motif in the T5H promoter. The addition of increasing concentrations of unlabeled
competitor probes markedly reduced ABI5 binding to thesemotifs, confirming the
specificity of these interactions. The experiment was independently repeated three

times, with consistent results. d Dual-luciferase reporter assays showing the reg-
ulatory effects of ABI5 on the promoter activities of TDC1/3 and T5H in rice pro-
toplasts. e Sequence alignment between wild-type (WT) and CRISPR-Cas9-edited
ABI5mutants. The CRISPR target sequences are highlighted in green, and PAM
sequences are indicated in blue. f Comparison of transcript levels of TDC1, TDC3,
andT5HbetweenWT andUbi::ABI5overexpression lines.gComparison of 5-HT and
MT contents between WT and Ubi::ABI5 overexpression lines. Values are means ±
SD (n = 6 plants for d, n = 3 biological replicates for f, g). For statistical analysis, a
two-tailed unpaired Student’s t-testwas employed. Source data have beenprovided
as a Source Data file.
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treatment. With ABA treatment alone, we totally identified 7142
DEGs (fold change ≥2 or ≤−2), comprising 3615 upregulated and
3527 downregulated genes. When seedlings were co-treated with
ABA and 5-HT, the number of DEGs decreased to 5618, including
2422 upregulated and 3196 downregulated genes (Supplementary
Fig. 8). A Venn diagram analysis was performed to compare the
DEGs induced by ABA treatment alone with those induced by the
combined treatment of ABA and 5-HT. The results showed that
the vast majority of DEGs identified in the combined treatment
group (4730/5618) overlapped with those induced by ABA treat-
ment alone (Fig. 3a). This finding implies that, when 5-HT is co-
applied with ABA, the transcriptional changes in DEGs are pre-
dominantly governed by ABA signaling pathways.

The count ofDEGs inducedby thedual treatmentwas significantly
reduced (5618/7142), particularly the number of upregulated genes
(2422/3615) (Fig. 3b). Further analysis revealed that the enrichment of
ABA-responsive signaling pathways and the corresponding gene
counts was significantly diminished (11/26), although this reduction
did not extend to the hormone signaling pathways (Fig. 3c). Collec-
tively, these findings suggest that 5-HT attenuates ABA signaling.

5-HT antagonizes ABA-mediated physiological processes
We further investigated the role of 5-HT in attenuating ABA signaling by
examining two physiological indicators closely associated with ABA:
seed germination and leaf senescence. 5-HT exerted effects opposite to
ABA in both processes, with optimal concentrations of 5-HT promoting
seed germination and delaying leaf senescence (Supplementary Fig. 9a).
Specifically, treatment with 10μM ABA significantly reduced seed ger-
mination rates and leaf chlorophyll content compared to the control
(CK). In contrast, seeds and leaves treated with 10μM 5-HT displayed
growth-promoting effects, exhibiting significantly higher seed germi-
nation rates and chlorophyll contents than the CK group (Supplemen-
tary Fig. 9b–d). Further analysis of concentration-dependent effects
revealed a negative correlation between ABA concentration and seed
germination rates, with germination progressively decreasing as ABA
concentrations increased. Conversely, 5-HT promoted germination
within the concentration range of 1–10μM (Supplementary Fig. 9e, f).

Both exogenous 5-HT application and elevated endogenous 5-HT
levels mitigated ABA-mediated germination and senescence. Seeds co-
treated with 10μM5-HT exhibited significantly higher germination rates
throughout the germination period compared to those treated with

Fig. 3 | 5-HT attenuates ABA signaling. a Venn diagram illustrating the overlap of
DEGs in rice seedlings subjected to ABA treatment alone and in combination with
5-HT (ABA+ 5-HT). b DEGs exhibiting fold changes ≥ 2 or ≤ −2 and a false discovery
rate (FDR)≤0.01 in response to 24-h treatments with either ABA alone or ABA + 5-
HT. c KEGG pathway enrichment analysis of DEGs under ABA and ABA+ 5-HT
treatments. Hormone signaling pathways highlighted in red are significantly enri-
ched only in the ABA + 5-HT co-treatment compared to ABA alone. d–g Phenotypic
analysis, germination rates, and chlorophyll content in seeds and seedlings treated
with ABA or ABA + 5-HT. For seedlings, treatments consisted of 150 µM ABA and
100 µM 5-HT, with chlorophyll content measured after one week (e). For seeds,
treatments involved 10 µM ABA and 10 µM 5-HT, with germination rates recorded
every 12 h (g) and analyzed after 72 h (f). h–k Comparison of phenotypes, germi-
nation rates, and chlorophyll content in seeds and seedlings of wild-type (WT) and

Ubi::ABI5 lines following exogenous ABA treatment. Experimental replicates are
presented as boxplotswith overlaid individual data points (j). Error bars denote the
maximum and minimum values. For the box plots, the horizontal line inside
represents themedian, while the bottomand top of the box correspond to the 25th
and 75th percentiles, respectively. Treatment concentrations were identical to
those described in panels (d–g). For (d) and (h), the experiments were indepen-
dently repeated three times, with consistent results. For (e, g, i, k), values are
means ± SD (n = 3 biological replicates). Statistical analysis was performed using a
two-tailed unpaired Student’s t-test. For (e) and (f), different letters denote statis-
tically significant differences (P <0.05), as determined by one-way analysis of var-
iance (ANOVA) followed by Duncan’s multiple range test. Source data are available
as a Source Data file.
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10μMABA alone. Additionally, in seedlings exposed to 100μMABA, co-
application of 100μM 5-HT resulted in significantly greater chlorophyll
retention after one week relative to ABA treatment alone (Fig. 3d–g).
This phenotype was further corroborated in transgenic lines over-
expressing T5H (Supplementary Fig. 4c-e), a key enzyme in 5-HT bio-
synthesis, which displayed reduced ABA sensitivity, as evidenced by
increased germination rates and improved chlorophyll retention under
ABA stress (Fig. 3h–k and Supplementary Fig. 10) Collectively, these
results indicate that 5-HT signaling antagonizes ABA-dependent path-
ways and modulates ABA-mediated physiological responses.

5-HT modulates ABA-induced formation of the PP2Cs-SAPK2
complex
Within the ABA signaling cascade, ABA binds to the PYR/PYL/RCARs
sensor module to inhibit the activity of protein phosphatases type-2C

(PP2Cs), consequently releasing SNF1-related kinases subfamily 2
(SnRK2s) from PP2C-mediated suppression26,27. The liberated SnRK2s
then phosphorylate and activate AREBs/ABFs and ABI5, initiating
transcriptional reprogramming in response to ABA28,29. Our analysis of
the impact of 5-HT on ABA-inducedDEGs revealed that 5-HT enhanced
the enrichment of multiple PP2C genes within the hormone signaling
pathway (Fig. 4a). In rice, the SnRK2 kinase subgroup includes SAPK1-
10 (stress/ABA-activated protein kinases), with SAPK2, SAPK6, SAPK8,
SAPK9, and SAPK10 being involved in ABA signaling30,31. To explore the
potential regulatory mechanisms of PP2C genes enriched under
combined treatment conditions within the ABA signaling pathway,
yeast two-hybrid (Y2H) assays were performed. Full-length PP2C pro-
teins (BK-PP2Cs) were used as baits, while full-length SAPK family
proteins (AD-SAPKs) served as preys to screen for protein-protein
interactions. Preliminary results identified interactions between

Fig. 4 | PP2Cs mediate the dephosphorylation of SAPK2. a Heatmap analysis
showing that combined treatment with ABA and 5-HT enhanced the expression of
multiple PP2C genes involved in the hormone signaling pathway. b Y2H assays
confirming the interaction between PP2C30/49/51 and SAPK2. “LT” indicates SD/
−Leu/−Trpmedium, and “LTHA” indicates SD/−Leu/−Trp/−His/−Ademedium. c SLC
assays demonstrating the interaction of PP2C30/49/51 with SAPK2 in Nicotiana
benthamiana leaves. Images were taken three days after transient transformation.
d BiFC assays revealing the interaction between PP2C30/49/51 and SAPK2 in the
nucleus. Yellow fluorescence indicates the interaction signal. Scale bar = 20 μm.
e Co-IP experiments showing that PP2C30/49/51 interacted with SAPK2. Wild-type
riceprotoplasts transiently expressing PP2Cs-Flag andABI5-GFPwere incubated for

18 h, followedbyGFPpull-down and detection using an anti-Flag antibody. f In vitro
pull-down assays confirming the interaction between PP2C30/49/51 and SAPK2.
GST and GST-PP2Cs proteins were incubated with SAPK2-His, followed by pull-
down using glutathione resin and detection with anti-GST and anti-His antibodies.
“PD” denotes pull-down. g–h In vitro kinase (g) and dephosphorylation (h) assays
showed that PP2C30/49/51 dephosphorylated SAPK2. In (g), CBB staining showed
co-induced PP2Cs-GST or GST with SAPK2-His proteins, and Phos-tag gels were
used to detect phosphorylated proteins. In (h), α-Ser/Thr immunoblotting was
used to detect phosphorylated proteins. Experiments in (b–h) were repeated three
times, with similar results. Source data are provided as the Source Data file.
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PP2C49 and SAPK2, SAPK8, SAPK9, and SAPK10, as well as among
PP2C30, PP2C49, PP2C51, and SAPK2 (Fig. 4b and Supplementary
Fig. 11). Given the central role of SAPK2 within these interaction net-
works and previous evidence indicating that PP2C30/49/51 regulate
ABA signaling via SAPK232,33, the present study specifically focused on
elucidating the PP2Cs–SAPK2 regulatory relationship.

We further validated the interactions between SAPK2 and
PP2C30/49/51 in tobaccousing split luciferase complementation (SLC)
and bimolecular fluorescence complementation (BiFC) assays. Co-
infiltration of PP2C-Cluc and SAPK2-Nluc constructs into tobacco
leaves generated strong luminescence signals (Fig. 4c). Similarly,
robust yellow fluorescence signals were observed in the nuclei of
tobacco cells co-expressing PP2C-cYFP and SAPK2-nYFP constructs
(Fig. 4d). Additionally, co-immunoprecipitation (Co-IP) and in vitro
pull-down assays further confirmed their interactions both in vivo and
in vitro (Fig. 4e, f). Collectively, these results provided consistent evi-
dence for the interactions between PP2C30/49/51 and SAPK2.

Previous study has shown that ABA promotes the formation and
stability of the PYL5-PP2C30/49/51 complex by binding to its receptor
PYL5, resulting in the release of SAPK2 and activation of downstream
signaling pathways33. To elucidate the regulatory role of 5-HT in ABA-
mediated protein–protein interactions, we examined the interaction
between PYL5 and PP2C30/49/51 under various treatment conditions
using rice protoplasts and a tobacco transient expression system.
Treatment with 10μM ABA significantly enhanced the interaction
between PYL5 and PP2C30/49/51. Co-treatment with 10μM 5-HT and
ABA markedly attenuated this interaction compared to ABA treatment
alone, although the interaction remained stronger than in the untreated
control. In contrast, treatment with 10μM 5-HT alone had no significant
effect on these interactions (Supplementary Fig. 12). Together, these
results suggest that 5-HT may antagonize ABA signaling by interfering
with ABA-induced assembly of the PYL5–PP2C complex.

PP2Cs-SAPK2 mediates ABI5 phosphorylation
SAPK2, predicted to function as a serine/threonine kinase, demon-
strated strong autophosphorylation activity, as confirmed by immu-
noblot analysis using anti-phospho-serine/threonine (anti-Ser/Thr)
antibodies (Supplementary Fig. 13a). The role of PP2C30/49/51, which
specifically target serine/threonine residues, in the regulation of
SAPK2 were subsequently explored. Co-expression of SAPK2 and
PP2Cs in E. coli significantly reduced SAPK2 phosphorylation levels
(Fig. 4g). Consistent results were observed in vitro dephosphorylation
assays, confirming that PP2C30/49/51 negatively regulate SAPK2
autophosphorylation (Fig. 4h). Given the critical role of phosphoryla-
tion and dephosphorylation in SnRK2 activation, which is central to
ABA signaling34. We propose that 5-HTmaymodulate ABA signaling by
antagonizing the ABA-induced formation of the PYL5–PP2C complex,
thereby influencing the phosphorylation status of SAPK2.

Previous studies have demonstrated that SAPK2 participates in
ABA signaling by phosphorylating downstream bZIP transcription
factors, such as bZIP23 and ABI5 (also known as bZIP10)32,35. However,
the precise molecular regulatory mechanisms underlying SAPK2-
mediated regulation remain unclear. Given the essential role of ABI5
in ABA-induced 5-HT biosynthesis (Fig. 2), we focused on elucidating
the potential regulatory relationship between SAPK2 and ABI5. To this
end, we utilized Y2H, Co-IP, in vitro pull-down, SLC, and BiFC assays to
examine the interaction between SAPK2 and ABI5 (Supplementary
Fig. 13b-f). Consistent results from these assays confirmed the inter-
action between SAPK2 and ABI5.

To explore the kinase-substrate relationship between SAPK2 and
ABI5, we conducted kinase activity assays. ABI5 expressed alone in E. coli
showed no phosphorylation, while co-expression with
SAPK2 significantly increased ABI5 phosphorylation, confirming SAPK2
as the kinase (Fig. 5a). In vitro kinase assays showed that recombinant
ABI5 and SAPK2 proteins resulted in substantial phosphorylation of ABI5

(Fig. 5a), further validating SAPK2 as the kinase responsible for ABI5
phosphorylation. Next, we further assessed the effect of PP2Cs on
SAPK2-mediatedABI5 phosphorylation. Co-induction of SAPK2 andABI5
in E. coli resulted in ABI5 phosphorylation. However, when PP2Cs were
co-expressed with SAPK2 and ABI5, no significant ABI5 phosphorylation
was detected, indicating that PP2Cs inhibit SAPK2-driven ABI5 phos-
phorylation (Fig. 5b). Previous study has shown that PP2C51 directly
interacts with ABI5 to dephosphorylate it32. We then explored whether
PP2C30 and PP2C49 also interact directly with ABI5 using Y2H and SLC
assays. The results revealed no direct interaction between PP2C30/
PP2C49 and ABI5 (Supplementary Fig. 14), suggesting that these PP2Cs
may regulate ABI5 phosphorylation indirectly via SAPK2. Together,
these results support that 5-HT modulates ABA signaling through the
possible PP2Cs–SAPK2–ABI5 interaction, potentially by regulating the
phosphorylation status of ABI5.

SAPK2 T162/T283 determines ABI5 phosphorylation
Given SAPK2’s strong autophosphorylation activity, we employed
LC-MS/MS to identify its autophosphorylation sites. Ten phosphor-
ylation sites were detected, with their optimal peptide sequences and
spectrum shown in Fig. 5c (Supplementary Fig. 15 and Supplementary
Data 1). To explore the functional relevance of these sites, in vitro
kinase assays were conducted using full-length or variant SAPK2
proteins, where specific phosphorylation sites were replaced with
non-phosphorylated alanine (Fig. 5d–f). The SAPK2T159A/T162A mutant
completely lost autophosphorylation activity (Fig. 5d), underscoring
the important role of phosphorylation at these sites for SAPK2
function. Further analysis revealed that the T162A mutation alone
was sufficient to inhibit SAPK2 phosphorylation, whereas the T159A
mutation had no such effect (Fig. 5f). These results suggest that the
T162 site plays an important role in regulating SAPK2’s autopho-
sphorylation activity.

To evaluate the impact of these mutations on ABI5 phosphoryla-
tion, we co-expressed the phospho-dead SAPK2 variant with ABI5. The
results showed that the SAPK2T162A mutant, which lost autopho-
sphorylation activity, failed to phosphorylate ABI5, confirming the
essential role of T162 phosphorylation in both SAPK2 kinase activity
and ABI5 phosphorylation (Fig. 5e). Although the SAPK2T283A mutant
retained autophosphorylation, its phosphorylation activity toward
ABI5 was significantly reduced (Fig. 5e), suggesting that this site is
essential for SAPK2-mediated ABI5 phosphorylation. Further analyses
demonstrated that the T283A mutation in SAPK2 markedly weakened
its interaction with ABI5 compared to other mutants, as consistently
shown by SLC, Co-IP, and in vitro pull-down assays (Fig. 5g–i). These
findings emphasized the essential role of T283 phosphorylation in
mediating the interaction between SAPK2 and ABI5, as well as sub-
sequent phosphorylation. In conclusion, our results underscore the
important roles of T162 and T283 phosphorylation in regulating ABI5
phosphorylation by SAPK2.

5-HT inhibits ABA-induced ABI5 phosphorylation
Given that 5-HT may antagonize ABA-induced formation of the PYL5-
PP2C complex and thereby influence SAPK2-mediated phosphoryla-
tion of ABI5 (Supplementary Fig. 12), we examined the impact of 5-HT
on ABA-induced ABI5 phosphorylation. Phosphorylation levels of ABI5
in rice seedlings under different treatments were assessed using anti-
ABI5 antibodies. Both exogenous 5-HT application and transgenic
plants with elevated endogenous 5-HT levels significantly reduced
ABA-induced ABI5 phosphorylation (Fig. 6a, b). These findings indicate
that 5-HT partially attenuates ABA-induced ABI5 phosphorylation,
supporting the hypothesis that 5-HT influences ABA-driven ABI5
phosphorylation, at least in part, through the possible PP2Cs–SAPK2
interaction.

While 5-HT application did not significantly alter ABI5 transcrip-
tion levels in response to ABA, it markedly reduced ABI5 protein levels
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(Fig. 6c, d), suggesting that ABI5 phosphorylation may influence its
protein stability. In vitro cell-free degradation assays showed that
SAPK2-phosphorylated GST-ABI5 degraded more slowly than the
unphosphorylated form in total protein extracts from wild-type rice
seedlings (Fig. 6e). Furthermore, after 24h of ABA treatment, ABI5
protein stability was significantly higher in total protein extracts
compared to untreated controls (Fig. 6f). These findings suggest that
5-HTmodulates ABA-induced ABI5 phosphorylation, thereby affecting
ABI5 protein accumulation.

Engineering 5-HT/ MT-enriched rice without
compromising yield
In this study, we systematically investigated the interactions between
ABA and the 5-HTmetabolic pathway in rice. Our aim was to elucidate

regulatory mechanisms for 5-HT synthesis and to enhance the
accumulation of 5-HT and its derivative melatonin in rice, while
maintaining stable yield. We show that 5-HT biosynthesis could be
affected by ABA-mediated activation of ABI5, which could conse-
quently induced the upregulation of TDC1, TDC3, and T5H tran-
scription, thereby promoting 5-HT/MT synthesis. Additionally, our
results suggested that feedback regulation of 5-HT biosynthesis may
involve ABA signaling. Based on these insights, we proposed two
engineering strategies to increase 5-HT/MT levels in rice grains
without compromising yield (Fig. 7a, i). The first strategy aimed to
increase endogenous ABA concentrations by targeting genes
involved in ABA metabolism, thereby boosting 5-HT/MT synthesis.
The second strategy targeted the core ABA signaling to attenuate the
negative feedback regulation mediated by 5-HT.

Fig. 5 | SAPK2 T162/T283 determines ABI5 phosphorylation. a Verification of
SAPK2-mediated phosphorylation of ABI5 using bacterial kinase assays (left) and
in vitro phosphorylation assays (right). b Inhibition of SAPK2-mediated phos-
phorylation of ABI5 by PP2C30/49/51. CBB staining confirmed the presence of co-
expressed PP2Cs-GSTand SAPK2-His proteins alongsideABI5-GST. c Partial peptide
map of SAPK2 autophosphorylation sites identified by LC-MS/MS, showing phos-
phorylation at T159, T162, and T283. Additional mass data for other sites were
shown in Supplementary Fig. 15. d Validation of SAPK2 kinase activity at ten iden-
tified autophosphorylation sites. Mutants m1–m5 correspond to S12A, S109A/
Y113A/S116A,T159A/T162A,T212A/T214A/S218, andT283A, respectively. e Effects of
mutations at distinct SAPK2 autophosphorylation sites on its ability to phosphor-
ylate ABI5 among these, T162/T159andT283werecritical for ABI5 phosphorylation,
alanine substitution at these residues abolished SAPK2-mediated phosphorylation

of ABI5. f Analysis of the impact of T159 and T162 mutations on SAPK2 autopho-
sphorylation, demonstrating that T162, but not T159, was essential for SAPK2
autophosphorylation. g–i Effects of SAPK2 autophosphorylation site mutations on
its interaction with ABI5. Co-IP (g), SLC(h), and in vitro pull-down (i) assays showed
that mutations at T283 disrupted the SAPK2-ABI5 interaction, while mutations at
other sites did not significantly alter interaction strength. Calf intestinal alkaline
phosphatase (CIAP) was used as a phosphatase control in (a, d). Phos-tag gels were
used to detect phosphorylated proteins in (a, b, d, e), and α-Ser/Thr immuno-
blotting was performed in (a, d–f) to assess phosphorylation status. In (i), “PD”
indicates pull-down assay. Experiments shown in (a, b, d, e, f, g, h, and i) were
repeated three times, yielding similar results. Source data are provided as the
Source Data file.
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To evaluate the efficacy of two strategies for enhancing specific
traits in rice, we generated transgenic lines constitutively over-
expressing target genes under the Ubi promoter, including members
of the NCED gene family involved in ABA biosynthesis, as well as ABI5
and SAPK2 genes associated with the 5-HT feedback regulatory path-
way (Supplementary Fig. 16). We also employed CRISPR/Cas9 tech-
nology to knock out relevant genes involved in ABA catabolism (CR-
aba8oxs) and generated amutant of PP2C51 (CR-PP2C51), a regulator of
ABI5 phosphorylation (Supplementary Fig. 17). Double transgenic lines
were further developedby combining theCR-PP2C51mutant allelewith
the Ubi::ABI5 overexpression cassette (CR-PP2C51/Ubi::ABI5) (Supple-
mentary Fig. 16). Analysis of ABA content in the grains of these ABA
metabolism-related transgenic lines revealed that most exhibited sig-
nificantly higher ABA levels compared to the control, confirming an
enhancement of endogenous ABA content in rice grains (Supplemen-
tary Fig. 18).

As a key endogenous hormone, ABAplays a central regulatory role
in plant growth and development. Through systematic analyses of
endogenous ABA levels and phenotypic traits in transgenic rice lines
with enhanced ABA signaling, we evaluated themultifaceted effects of
ABAmodulation on agronomic performance. Seed germination assays
demonstrated that transgenic lines with elevated ABA content or
enhanced ABA signaling exhibited significantly reduced germination
rates compared to wild-type controls (Supplementary Fig. 19a). Com-
prehensive evaluation of yield components revealed no statistically
significant differences in major agronomic traits—including thousand-
grain weight, number of filled grains per plant, tiller number, plant
height, and yield per plant—for most transgenic lines (Fig. 7b–e and

Supplementary Fig. 19b). The NCED3 overexpression line demon-
strated a significant increase in yield. Overall, our phenotypic analyses
indicate that modulation of ABA content or signaling to elevate rice 5-
HT/MT levels markedly suppress seed germination, without adverse
effects on vegetative or reproductive yield components.

Given that rice is a global staple food typically consumed after
cooking, we further evaluated the impact of two genetic strategies on
the levels of 5-HT/MT in cooked transgenic rice grains. Quantitative
analysis showed that 75 % (8/12) of the independent transgenic lines
exhibited a significant increase in 5-HT content. Among these eight
lines with elevated 5-HT levels, 75 % (6/8) also exhibited a concomitant
increase in MT accumulation (Fig. 7f–h). These findings demonstrated
the effectiveness of both strategies in enhancing the biosynthesis of
target compounds in cooked rice grains. Comparison of 5-HT and MT
levels in wild-type grains before and after cooking revealed a sig-
nificant reduction due to cooking process (Supplementary Fig. 20),
implying that transgenic grains may contain even higher amounts of
these compounds prior to cooking. Overall, this study presents an
innovativemolecular design strategy for enhancing functionalnutrient
content in staple crops without compromising yield stability.

Discussion
Inadequate nutrient intake remains a significant challenge to global
food security36. Enhancing staple crops with essential micronutrients
offers a cost-effective and sustainable approach to address nutritional
deficiencies and promote human health37. In this study, we exploited
the complex interplay between ABA and 5-HT signaling pathways to
develop nutrient-enriched rice lines. These transgenic lines exhibited

Fig. 6 | Effects of 5-HT on ABA-induced phosphorylation and stability of ABI5.
a Measurement of ABI5 phosphorylation levels in rice seedlings treated with ABA
alone or in combination with 5-HT (ABA+ 5-HT) for 12 h. b Comparison of ABI5
phosphorylation levels between Ubi::T5H transgenic plants and wild-type (WT)
following 12 h of ABA treatment. c, d Differential analysis of ABI5 transcript (c) and
protein levels (d) in response to treatmentswith ABAalone andABA combinedwith
5-HT. e Evaluationof the impact ofphosphorylationonABI5 protein stability, where

ABI5p denotes the phosphorylated ABI5-GST fusion protein co-expressed with
SAPK2-His, and ABI5 represents the non-phosphorylated protein expressed inde-
pendently. f Stability analysis of ABI5 protein in total protein extracts from rice
seedlings 12 h post-ABA treatment, compared to untreated controls. In (c), data are
presented as means ± SD (n = 3 biological replicates). The experiments depicted in
(a, b, d, e, and f) were repeated three times, with consistent results obtained.
Source data are provided as the Source Data file.
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significantly elevated levels of targetmicronutrients whilemaintaining
stable agronomic performance (Fig. 7).Our results establish a scientific
foundation for the development of nutritionally enhanced func-
tional foods.

5-HT is widely distributed in both animals and plants, with its
synthesis and regulationhave been extensively explored in animals38,39.
However, the pathways and mechanisms governing its synthesis in
plants, particularly in rice, remain less well-defined40. In plants, 5-HT
performs diverse regulatory functions and interacts with phyto-
hormones such as ABA, SA, and indole-3-acetic acid (IAA). Recent
studies suggest that 5-HT contributes to rice salt tolerance (through
interaction with ABA), disease resistance (by antagonizing SA), and
root development (via crosstalk with IAA), primarily by modulating
synergistic or antagonistic hormone interactions41–43. This study
investigated the molecular interplay between 5-HT and the ABA sig-
naling pathway, uncovering a dynamic regulatory balance in hormone
metabolism (Fig. 7i). Our results demonstrated that ABA significantly
promoted the biosynthesis of 5-HT and its derivative MT in rice
(Fig. 1a–e). This induction largely occurred through the transcriptional
activation of these key biosynthetic enzymegenes by the transcription
factor ABI5 (Figs. 1f, g, 2). Moreover, we found that 5-HT can feedback-

regulate its own synthesis via the ABA signaling pathway (Fig. 3 and
Supplementary Fig. 8a). Specifically, 5-HT interfered with the phos-
phorylation cascadewithin ABA signaling pathwayby attenuatingABA-
induced formation of the PYL5–PP2Cs complex, thereby inhibiting
SAPK2-mediated phosphorylation of ABI5 (Figs. 4, 5 and Supplemen-
tary Fig. 12). This modulation regulated the transcriptional activity and
protein stability of ABI5 (Fig. 6), enabling effective control of 5-HT
biosynthetic gene expression. This discovery not only enhanced our
understanding of the intricate interplay between plant hormones and
metabolic pathways but also identified a dynamic regulatory
mechanism for maintaining hormone-metabolite equilibrium, pre-
senting opportunities for developing rice varieties enrichedwith 5-HT/
MT. Future studies will explore whether this dynamic regulatory
mechanism is applicable to other beneficial metabolites.

Yield and nutritional enhancement are principal goals in crop
improvement44. This study introduced a strategy that utilized the
interactions between plant hormones and nutrients to develop rice
varieties with improved nutrient profiles without compromising yield.
This approach specifically targeted molecular regulation of genes
involved in ABA metabolism to elevate endogenous ABA levels (Sup-
plementary Fig. 16–18), enhancing 5-HT synthesis. Alternatively, it

Fig. 7 | Engineering 5-HT/MT-enriched rice without compromising yield.
a Phenotypes at maturity and grain yield per plant for wild-type (WT) and the 12
transgenic rice lines generated in this study. Lines L1–L12 correspond to Ubi::-
NCED1, Ubi::NCED2, Ubi::NCED3, Ubi::NCED4, Ubi::NCED5, CR-aba8ox1, CR-aba8ox2,
CR-aba8ox3, Ubi::SAPK2, Ubi::ABI5, CR-pp2c51, and Ubi::ABI5/CR-pp2c51, respec-
tively. Scale bar = 10 cm. b–e Statistical analysis of agronomic traits, including tiller
number (b), 1000-grainweight (c), numberoffilled grains per panicle (d), and grain
yield per plant (e) for WT and transgenic plants. Most transgenic lines did not
exhibit significant changes in individual plant yield, while overexpression of SAPK2
resulted in a slight decrease in yield. Data are presented as means ± SD (n = 3 bio-
logical replicates for (c) n = 10 plants for (d) and n = 15 plants for (b, e).
f–h Phenotypic appearance of cooked rice grains from WT and the 12 transgenic
lines (f), alongwith quantificationof 5-HT (g) andMT (h) contents in cooked grains.
No significant differences in the appearance of cooked ricewere observed between

transgenic and WT lines. For g scale bar = 1 cm. For (g) and (h), values represent
means ± SD (n = 3 biological replicates). For b–h statistical analysis was performed
using a two-tailed unpaired Student’s t-test. i Schematic model illustrating the
enhancement of 5-HT/MT levels in rice while maintaining yield, based on the
crosstalk between ABA signaling and 5-HT metabolism. ABA promotes phosphor-
ylation of ABI5, thereby activating its transcriptional regulation of the rate-limiting
genes TDC1/3 and T5H in the 5-HT biosynthetic pathway, resulting in increased
synthesis of 5-HT and its downstream product MT. In turn, 5-HT antagonizes ABA-
induced formation of the PYL5–PP2C complex, influencing the phosphorylation
status of SAPK2, which reduces ABI5 phosphorylation and ABA signaling, providing
feedback inhibition of ABA-induced 5-HT biosynthesis. By engineering genes
involved in the ABA metabolic pathway, a sustainable strategy was developed to
generate rice with elevated 5-HT/MT content without compromising yield. Source
data are provided as the Source Data file.
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modulated genes within the 5-HT feedback pathway to mitigate its
inhibitory effects, thereby increasing the levels of 5-HT/MT in rice.
Among the twelve rice varieties developed, six exhibited significant
increases in 5-HT/MT content without yield reduction (Fig. 7 and
Supplementary Fig. 19), underscoring the pivotal role of plant hor-
mones in augmenting relevant nutritionalmetabolites. Future research
will further explore transgenic rice lines enriched with 5-HT/MT and
utilize molecular-assisted breeding techniques to identify and select
haplotypes with optimal bioavailability. This advancement aims to
enhance the nutritional value of rice, thereby contributing to
improved dietary quality and promoting human health.

Methods
Plant materials and growth conditions
The transgenic rice lines used in this study were developed in the
Wuyunjing7 (W7, Oryza sativa ssp. Japonica) background. The gener-
ated transgenic lines included pUbi::OsNAED1-5, pUbi::OsABI5, pUb-
i::OsSAPK2, pUbi::OsT5H, CR-OsABA8ox1-3, CR-ABI5, CR-OsPP2C51, and
the combined line pUbi::OsABI5/CR-OsPP2C51. Rice plants were culti-
vated under natural field conditions in Hangzhou (Zhejiang, China)
during the summer and in Lingshui (Hainan, China) during the winter.
Hormonal treatments were applied to seedlings in a greenhouse
maintained at 26 °C with a 14-h light/10-h dark photoperiod. Seed
germination and detached leaf assays were conducted at 28 °C under
continuous darkness. Nicotiana benthamiana plants, used for tran-
sient expression and protein interaction studies, were cultivated in a
long-day greenhouse (16 hours light/8 hours dark) at 24 °C.

CRISPR-Cas9 constructs targeting OsABI5, OsABA8ox1-3, and
OsPP2C51 were synthesized and cloned into plasmids45. For over-
expression, the coding sequences ofOsNAED1-5,OsABI5,OsSAPK2, and
OsT5H were inserted into the pCAMBIA1300-Ubi-GFP vector, driven by
the maize UBIQUITIN1 promoter. Both CRISPR-Cas9 and over-
expression plasmids were introduced into W7 rice variety via Agro-
bacterium tumefaciens strain EHA105-mediated transformation. For
each construct, more than 10 independent transgenic lines were gen-
erated and validated by PCR sequencing or western blotting. Primer
details are provided in Supplementary Data 2.

Measurement of physiological and agronomic traits
Chlorophyll contentwasmeasuredusing amodifiedprotocol basedon
Ouyang et al.46. Briefly, fresh samples were randomly selected, cut into
1–2 cm segments, weighed, and soaked in 95 % (v/v) ethanol. The
samples were incubated at 28 °C in darkness for 24 h. Chlorophyll
levels were quantified by measuring absorbance at 663 nm and
645 nm. Germination rates were evaluated by placing 40–50 uniformly
mature wild-type or mutant rice seeds on moist filter paper, with or
without the addition of ABA or 5-HT. The seeds were incubated in the
dark at 28 °C for one week, and germination was monitored at 12-h
intervals. Yield-related traits—including tiller number, plant height,
grain yield per plant, and number of filled grains per panicle—were
measured from rice plants exhibiting uniform growth and consistent
vigor at maturity, with all assessments performed using at least ten
biological replicates. Thousand-grain weight were assessed using a
seed analyzer (Wansheng, Hangzhou, China), with each sample mea-
sured in triplicate.

Quantification of 5-HT, related metabolites, and ABA
The quantification of tryptophan, tryptamine, 5-HT, and MT in rice
seedlings, as well as 5-HT andMT in cooked rice andABA in brown rice,
were conducted using liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) at theWuhan ProNets Testing Technology Co., Ltd.
Samples were immediately homogenized in liquid nitrogen and
extracted with 1mL of methanol: water: formic acid (80:20:1, v/v).
Following vortexing for 30 seconds, the samples were subjected to
ultrasonic extraction in an ice-water bath for 20minutes, then

centrifuged at 3000g for 10minutes at 4 °C, and the supernatants
were filtered through 0.22 μm membranes. All steps were performed
under light-protected conditions. The filtrates were then analyzed by
LC-MS/MS. Chromatographic separation was carried out on an Agilent
Poroshell 120 SB-C18 column (30 °C)with a 5μL injection volumeand a
flow rate of 0.4mL/min. Themobile phase comprised0.1 % formic acid
in water (solvent A) and acetonitrile (solvent B) with gradient elution.
Mass spectrometric detection was conducted in positive ion mode
using multiple reaction monitoring (MRM+ ). The instrument settings
were as follows: curtain gas, 35 psi; spray voltage, +5500V; nebulizer
gas, 60 psi; auxiliary gas, 60 psi; and ion source temperature, 500 °C.
Analyses were performed using a Shimadzu LC-20AD HPLC system
coupled to an AB QTRAP 5500 mass spectrometer. All procedures
followed the standard operating protocol of Wuhan Pure Testing
Technology Co., Ltd. (Hubei, China). The determination of ABA con-
tent in brown rice was mainly based on Luo et al.47. Briefly, samples
were ground in liquid nitrogen, extracted with acetonitrile, purified
with C18 filler, dissolved in methanol, and subsequently analyzed by
LC-MS. All measurements were conducted in triplicate to ensure data
reproducibility.

RNA isolation, RT-qPCR and RNA-seq analysis
Total RNA was extracted from fresh tissues using the Axygen RNA
Extraction Kit (Axygen, USA) following the manufacturer’s instruc-
tions. For RT-qPCR analysis, the isolated RNA was reverse transcribed
to cDNA using the Monad mRNA Reverse Transcription Kit (Monad,
Jiangsu, China). Quantitative real-time PCR (RT-qPCR) was performed
with SYBR qPCR-Mix (Vazyme, Jiangsu, China) using gene-specific
primers. Gene expression levels were normalized to the internal con-
trol gene UBQ5. All experiment were carried out with triplicate inde-
pendent biological replicates. Primer details are listed in the
Supplementary Data 2.

For RNA sequencing analysis, rice seedlings were treated for 24 h
with either ABA alone or ABA combined with 5-HT for 24h. RNA
samples were collected from three biological replicates per treatment.
RNAextraction and Illumina sequencingwereperformedbyNovogene
BioinformaticsTechnologyCo., Ltd. (Beijing, China). RNA integritywas
assessed using the RNA Nano 6000 Assay Kit and the Bioanalyzer
2100 system (Agilent Technologies, USA). RNA libraries were con-
structed, quantified with a Qubit 2.0 fluorometer, and insert sizes
verified with the Agilent 2100 Bioanalyzer. Libraries meeting quality
standards were pooled and sequenced on the Illumina platform to
generate 150 bp paired-end reads. Reference genome indexing and
alignment were performed using HISAT2 v2.0.5. Gene expression
levels were quantified with FeatureCounts (v1.5.0-p3) and normalized
as fragments per kilobase of transcript per million mapped reads
(FPKM). Differential gene expression analysis was conducted using
DESeq2 (v1.20.0), with P values adjusted by the Benjamini-Hochberg
method. Genes with an adjusted P value < 0.05 were considered dif-
ferentially expressed.

Yeast two-hybrid and yeast one-hybrid assays
To conduct yeast two-hybrid (Y2H) screening, the full-length CDS of
the relevant genes were cloned into the bait vector pGBKT7 and the
prey vector pGADT7, respectively. These resulting constructs were co-
transformed into yeast strain Y2H-Gold to evaluate protein-protein
interactions. Post-transformation, yeast cultures were grown on SD/-
Trp/-Leu selective medium and incubated at 30 °C for 48 h. Colonies
were then trnsferred to SD/-Trp/-Leu/-His/-Ade selective medium and
incubated for an additional 72 h to enable imaging and documentation
of interaction events. The co-transformation of pGBKT7-53 and
pGADT7-T served as the positive control.

For the yeast one-hybrid (Y1H) assays, approximately 2-kb pro-
moter regions of the target genes were amplified and cloned into the
pLacZi2μ reporter vector to generate a bait reporter construct. The
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pb42AD transcription factor library, constructed in our laboratory,
were used as the prey. The bait and prey constructs were co-
transformed into Y1H-Gold yeast competent cells, which were subse-
quently cultured on SD-Ura solid medium at 28 °C for 2–3 days.
Colonies were then replica-plated onto SD-Uramedium supplemented
with raffinose and X-gal (SD-Ura/Raf/X-gal) and incubated at 28 °C for
an additional 2–3 days. Colony growth and blue color development
were monitored and documented by photography. The primers used
for cloning are listed in Supplementary Data 2.

BiFC and SLC assays
For BiFC assays, the full-length CDS of the relevant genes were cloned
into the BiFC vectors pSPYCE and pSPYNE, respectively. The resulting
constructs were transformed into Agrobacterium tumefaciens strain
GV3101 and cultured under appropriate conditions. Bacterial cultures
were harvested, concentrated, and resuspended in infiltration buffer
containing 10mM MgCl2, 10mM MES (pH 5.6), and 200μM acetosyr-
ingone. After incubation for 2–3 h at room temperature, the bacterial
suspensions were infiltrated into the leaves of 4-week-old Nicotiana
benthamiana plants. Yellow fluorescent protein (YFP) fluorescence
was detected 48–72 h post-infiltration using a Zeiss LSM 700 confocal
laser scanning microscope (Carl Zeiss, Jena, Germany).

For SLC assays, the full-length CDS of related genes were sepa-
rately cloned into luciferase vectors pCambia-35S-cLuc and pCambia-
35S-nLuc. Utilizing the same infiltration approach, the treated leaves
were incubated with luciferase substrate (Promega) and imaged for
luciferase activity using a Tanon-5200 system (Tanon). All assays were
performed with at least three biological replicates using different
batches of tobacco. Cloning primer details are provided in Supple-
mentary Data 2.

In vitro pull-down assays
The coding sequences of PP2C30/49/51 and ABI5 were cloned into the
pGEX-4T-1 vector to generate GST-tagged fusion proteins. Wild-type
andmutant forms of SAPK2were cloned into the pET28a vector for the
synthesis of His-tagged fusion proteins. Protein expression and pur-
ification followed themodified protocols of Liu et al.48. In brief, protein
expression was induced overnight at 18 °C with 0.3mM isopropyl β-D-
1-thiogalactopyranoside (Sangon, China), and recombinant proteins
were purified using prepacked glutathione agarose (Thermo Scientific,
USA) and Ni-NTA agarose columns (Thermo Scientific, USA). For
binding assays, the purified proteins were incubated with glutathione
high-capacity magnetic agarose beads in binding buffer (50mM Tris-
HCl, 150mM KCl, 5 % glycerol, 1mM DTT, 1mM EDTA, pH 8.0, 0.01 %
Nonidet P-40, 1mMPMSF) at 4 °C for 3 h. The beads were thenwashed
3-5 times with the same buffer, and bound proteins were eluted by
boiling in SDS sample buffer for 10minutes. Protein samples were
subsequently analyzed by SDS-PAGE and western blot using anti-His
and anti-GST antibodies (Abcam). Cloning primer details are provided
in Supplementary Data 2.

Co-IP assays
To investigate protein interactions in planta, Co-
immunoprecipitation (Co-IP) assays were conducted. The wild-
type or point-mutant SAPK2 gene and the PYL5 gene were cloned
into the pCambia1300-35S-3×Flag vector, while cDNAs encoding
PP2C30, PP2C49, PP2C51, and ABI5 were cloned into either the
pCambia1300-35S-eGFP or pCambia1300-35S-MYC vector to gen-
erate SAPK2-3Flag, PP2Cs-GFP/MYC, and ABI5-GFP recombinant
plasmids. As controls, GFP and PP2C-3×Flag were co-expressed.
These plasmids were transfected into rice protoplasts and incu-
bated for 24 h. Total proteins were extracted using a non-
denaturing buffer containing 50mM Tris-MES (pH 8.0), 1 mM
MgCl2, 0.5 M sucrose, 10mM EDTA (pH 8.0), 5 mM DTT, and 1 mM
PMSF. The supernatant was incubated with anti-FLAG magnetic

beads (Abcam) at 4 °C for 2 h, followed by 3-5 washes with
extraction buffer at 4 °C. The bound proteins were eluted with
SDS sample buffer after heating for 10minutes. Proteins were
separated by SDS-PAGE and analyzed by immunoblotting with
anti-FLAG, anti-MYC, and anti-GFP antibodies (Abcam). Primer
sequences are listed in Supplementary Data 2.

Cell-free degradation assays
To evaluate the degradation rates of phosphorylated and non-
phosphorylated ABI5 in total plant proteins, an in vitro protein
degradation assay was conducted withmodifications to themethod of
Zhai et al.49. Briefly, total proteins were extracted from rice seedling
leaves using a non-denaturing extraction buffer (50mM Tris-MES, pH
8.0, 1mMMgCl2, 0.5M sucrose, 10mMEDTA, pH8.0, 5mMDTT, 1mM
PMSF). Purified ABI5-GST and ABI5-GST co-expressed with SAPK2-His
were incubated with total protein extracts at 30 °C. Samples were
collected at specified time points for western blot analysis. For ABA-
treated samples, total proteins were extracted from ABA-treated rice
seedlings using the same buffer, and ABI5 stability was assessed by
immunoblotting with anti-ABI5 antibody, comparing ABA-treated and
untreated controls.

Protein phosphorylation/dephosphorylation assays
To examine the impact of phosphorylation sites on SAPK2-mediated
phosphorylation of ABI5, ABI5-GST was co-expressed with either wild-
type or mutant SAPK2-His in E. coli BL21 cells. Immunoblotting was
performed using biotinylated Phos-tag™ zinc complex BTL111 (Wako,
Osaka, Japan) and anti-ABI5 antibody (ABclonal)50. For in vitro phos-
phorylation assays, a modified version of the method by Yu et al.51 was
employed. Briefly, purified SAPK2-His and ABI5-GST proteins were
incubated at 30 °C for 30minutes in kinase reaction buffer containing
500mM HEPES-KOH (pH 7.5), 150mM NaCl, 100mM MgCl2, 1mM
EGTA, 1mM ATP, 10mM DTT. Proteins were separated by SDS-PAGE
and analyzed via immunoblotting with anti-pSer/Thr anti-
body (Abcam).

To assess the effect of PP2C30/49/51 on SAPK2-mediated ABI5
phosphorylation, PP2Cs-GST proteins were introduced into the co-
expression system. Phosphorylation levels of ABI5 and SAPK2 in the
induced supernatants were analyzed using anti-Ser/Thr antibody or
Phos-tag™ gel. For in vivo phosphorylation, total protein extracted
from rice seedlings treated with ABA or ABA combined with 5-HT48.
Phos-tag™ SDS-PAGE and anti-ABI5 antibody were used to assess ABI5
phosphorylation. Primers for SAPK2 point mutations are provided in
Supplementary Data 2.

Promoter and transcriptional activity analysis
To construct the effector, the full-length CDS of ABI5 was cloned into
the pGreenII 0800-62SK vector. Concurrently, ~2-kb promoter regions
of T5H, TDC1, and TDC3 were inserted into the pGreenII 0800-Luc
vector to serve as reporter genes. According to the protocol by Wang
et al.52, rice protoplasts were co-transfectedwith 10μg each of the LUC
reporter constructs and the effector plasmid, followed by incubation
for 16-24 h. LUC activity was quantified using the Promega Dual-
Luciferase Reporter Assay System. Relative LUC activity was calculated
as the LUC/REN ratio, with the LUC/REN ratio from the control vector
pGreenII 0800-62SK used as the negative control.

For transcriptional activity analysis, the complete CDS of ABI5,
ABI5D44, and ABI5118D were individually cloned into the GAL4-BD
vector. The VP16-GAL4-BD served as the positive control, and the
empty GAL4-BD vector served as the negative control. Protoplasts
were co-transfectedwith these constructs alongwith LUC and pTRL
vectors, employing the same analysis protocol as above. All
experiments were conducted in at least three independent repli-
cates. Detailed primer information for cloning is provided in Sup-
plementary Data 2.
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LC-MS/MS analysis
To identify the autophosphorylation sites of SAPK2, purified SAPK2-
His protein was subjected to mass spectrometry analysis at Hangzhou
Jingjie PTM Biolab Co., Ltd. (Hangzhou, China). Sample preparation
included an initial trypsin digestion (Promega) at 20 ng/μL at room
temperature overnight. Subsequent reduction was performed using
dithiothreitol (DTT, Sigma) at 37 °C for 60minutes, followed by alky-
lation with iodoacetamide in the dark for 45minutes. Additional
trypsin was added to achieve a final concentration of 10 ng/μL, and
digestion continued for 4 more hours. The resulting peptides were
dissolved in liquid chromatography mobile phase A and separated
using an EASY-nLC 1200 ultra-high-performance liquid chromato-
graphy (UHPLC) system. Mobile phase A consisted of 0.1% formic acid
and 2% acetonitrile in water, while mobile phase B consisted of 0.1%
formic acid and 90% acetonitrile in water. Following UHPLC separa-
tion, peptides were ionized via a nano-electrospray ionization (NSI)
source and analyzed using an Orbitrap Exploris 480 mass spectro-
meter. TheMS/MS data were processed with ProteomeDiscoverer 2.4.

EMSA assays
Electrophoretic mobility shift assays (EMSA) were performed with
minor modifications to the method described by Li et al.53. Briefly,
purified ABI5-GST protein was incubated with biotin-labeled DNA
probes in binding buffer at room temperature for 20minutes. The
reaction mixtures were then subjected to electrophoresis on a 4%
polyacrylamide gel at 100 V for 120minutes, with continuous cooling
on ice. Following electrophoresis, the separated DNA-protein com-
plexes were transferred to a nylon membrane (Millipore, USA).
Detection of the biotin-labeled probes were carried out using a che-
miluminescent EMSA Kit (GS009, Beyotime, Shanghai, China),
according to the manufacturer’s instructions. Promoter probes for
T5H, TDC1, and TDC3were synthesized using the EMSA Biotin Labeling
Probe Kit (GS008, Beyotime, Shanghai, China), with unlabeled probes
used as competitors. The primers used for probe synthesis are listed in
Supplementary Data 2.

CUT&Tag assays
To identify the DNA binding sites of ABI5, CUT&Tag analysis was per-
formed using the NGS G-Type In-Situ DNA Binding Profiling Library
PrepKit for Illumina, following themanufacturer’s instructions. Briefly,
freshly isolated protoplasts were collected and centrifuged at 600 × g
for 5minutes at 4 °C to pellet the cells. The purified protoplasts were
then lysed in cold Nuclei Isolation Buffer (NIB) for severalminutes, and
the resulting nuclei were resuspended in 100μL of Wash Buffer. After
nuclei isolation, samples were incubated overnight at 4 °C with gentle
shaking in the presence of 1μL anti-GFP antibody or IgG control. The
next day, the nuclei were washed three times with Wash Buffer to
remove unbound antibodies. Subsequently, 1μL of p/A/G-transpo-
some mix and 50μL of transposase incubation buffer were added to
each sample, followed by incubation at room temperature for 1 h with
gentle shaking. After transposase treatment, nuclei were washed three
times to remove excess transposase. DNA fragments were captured
using 40μL of DNA selection beads, incubated for 2minutes at room
temperature, washed twice with 200μL of 80 % ethanol, and eluted in
20μL of nuclease-free water.

Library amplification was conducted using the NGS Tagment
Index Kit for Illumina in a 50 μL reaction containing 20μL of eluted
DNA, 25μLof 2×UltimaAmplificationBuffer, and 1μL eachof 10μMP5
and P7 primers. PCR products were purified with NGS DNA selection
beads. The quality and fragment size distribution of the libraries were
assessed using 2 % agarose gel electrophoresis and a Qsep DNA frag-
ment analyzer. Library concentrations were determined with a Qubit
fluorometer. High-quality, barcoded libraries were pooled and
sequenced on an Illumina NovaSeq 6000 platform (Wuhan BioRun

Biosciences Co., Ltd.), generating approximately 6 Gb of raw data per
sample.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw data for RNA-seq generated in this study are deposited in the
National Geno-mics Data Center (NGDC), China National Center for
Bioinformation under the BioPr-oject accession PRJCA046995. Genes
sequence data from this study are available from the Rice Genome
Anno-tation Projectwebsite (https://rice.uga.edu/) under the following
accession numbers: OsABI5 (LOC_Os01g64000), OsSAPK2
(LOC_Os07g42940), OsT5H (LOC_Os12g16720), OsPP2C30
(LOC_Os03g16170), OsPP2C49 (LOC_Os05g38290), OsPP2C51
(LOC_Os05g49730), OsNCED1 (LOC_Os02g47510), OsNCED2
(LOC_Os12g24800), OsNCED3 (LOC_Os03g44380), OsNCED4
(LOC_Os07g05940), OsNCED5 (LOC_Os12g42280), OsABA8ox1
(LOC_Os02g47470), OsABA8ox2 (LOC_Os08g36860), OsABA8ox3
(LOC_Os09g28390), OsPYL5 (LOC_Os05g12260). Source data are pro-
vided with this paper, which are also available at Figshare (https://doi.
org/10.6084/m9.figshare.30225289). Source data are provided with
this paper.
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