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A B S T R A C T

Phthalate esters (PAEs) were ubiquitous in agricultural soils and could be metabolized after being absorbed by 
crops, posing significant implications for crop yield and quality. We hypothesize that monophthalates (mPAEs), 
the hydrolyzed products of PAEs, might mimic phytohormone jasmonic acid (JA) to activate the JA signaling 
pathway, therefore enhancing the defense towards pests and inhibiting the rice plant growth. Taking dibutyl 
phthalate (DBP) as a representative PAE, our study discovered that DBP exposure significantly induced JA- 
related outcomes including decreased larval weight (9.58–18.8%), and rice biomass (11.7–34.2%). Under the 
conditions where the JA content remained unchanged, monobutyl phthalate (MBP), the hydrolyzed product of 
DBP, triggered the JA signaling pathway, evidenced by significantly upregulated genes encoding coronatine 
insensitive 1 (COI1) (1.56–1.73 fold), jasmonate ZIM-domain (JAZ) (4.33–7.71 fold), MYC2 transcription factor 
(2.07–2.87 fold), and promoted phytoalexins production in downstream signaling. MBP conjugated with 
isoleucine, and the conjugate subsequently mimicked a JA bioactivator (JA-isoleucine conjugate) to occupy the 
binding site of COI1-JAZ co-receptor protein, thereby initiating the JA signaling pathway. These JA-related 
outcomes and mechanism were consistently evidenced in rice exposed to other four typical PAEs, and the 
aliphatic chain length of selected PAEs indicated a negative contribution to these observations. In this study, we 
discovered a unconventional mechanism through which the transformation metabolites of PAEs elicit pest de
fense while simultaneously inhibiting rice growth, providing insights into the risk assessment of PAEs on crop 
yields and quality.

1. Introduction

Phthalates (PAEs), the esters of phthalic acid, were extensively uti
lized as plasticizers in agriculture, industry, and household products, to 
improve the processability and flexibility (Nguyen et al., 2022a; Wang 
and Kannan, 2023; Weng et al., 2023). PAEs exhibited a significant risk 
of leaking into the environment, leading to their prevalent occurrence 
across air, water, and soil (Shi et al., 2012; Net et al., 2015; Dueñas- 
Moreno et al., 2022; Henkel et al., 2022; Shinohara et al., 2024). In 
particular, the widespread and continued application of agricultural 
plastic films led to high residue of PAEs in agricultural soils, ranging 
from μg/kg to mg/kg (Guo et al., 2021; Wang et al., 2021; Zhang et al., 
2021). Collective studies reported that several commonly used PAEs 
were frequently detected in the agricultural soils in China with the mean 

concentration reaching up to 24.0 mg/kg (Wu et al., 2015), which was 
over 100 times higher than that of the detected organochlorine pesti
cides (mean value of 197 μg/kg) (Zhou et al., 2013). A field survey 
conducted in the Shandong Peninsula, East China, on 36 vegetable fields 
with plastic film mulching revealed that PAEs were universally detected 
in all sampled soils and the concentrations ranging from 1.37 to 18.81 
mg/kg (average value of 6.47 mg/kg), with dibutyl phthalate (DBP) as 
the predominant PAE congener (Li et al., 2016). Previous field in
vestigations demonstrated that PAEs, for example, DBP, could be 
uptaken by rice plants with the levels of 0.03–26.27 mg/kg (Sun et al., 
2015; Cheng et al., 2020; Cheng et al., 2021), and further hydrolyzed to 
monophthalates (mPAEs), which were the primary transformation 
products. It was reported that up to 41.7 % of DBP was transformed to 
monobutyl phthalate (MBP) in rice seedlings after 192-hour exposure 
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(Zhu et al., 2019). Current studies have massively compared the adverse 
effects of both parent compounds and metabolic products of PAEs on 
plants (Gao et al., 2017; Gao et al., 2021; Jiang et al., 2022). Notably, the 
mPAEs appear to exert greater toxicities than their parent compounds 
(Kratochvil et al., 2019; Ma et al., 2020; Jiao et al., 2020). However, the 
underlying mechanisms responsible for the heightened toxicity of 
mPAEs was not uncovered in plants.

Intriguingly, mPAEs, featuring aliphatic chains and acetate side 
chains, were structurally similar to phytohormone jasmonic acid (JA). 
JA signaling pathway, as a dedicated mechanism for pest defense, plays 
an essential role for plants in sensing and response to herbivore attacks 
by transcriptional regulation and metabolic reprogramming (Li et al., 
2002). It enhanced plant tolerance towards insects by producing phy
totoxins, which reconfigured the availability of carbon in plants skewing 
from growth-related processes to defense-related processes, ultimately 
resulting in growth suppression (Guo et al., 2018; Li et al., 2022; Nguyen 
et al., 2022b). For example, jasmonates mobilize carbon availability- 
mediated growth-defense trade-offs after the leaf-herbivore attack in 
Nicotiana attenuata. It enhanced pest resistance through the biosynthesis 
of specialized metabolites such as phenylpropanoids and terpenoids, 
whereas inhibited plant growth by reducing sugar and starch contents 
(Machado et al., 2013). The application of an exogenous JA activator 
was also capable of diminishing growth and enhancing pest resistance 
by activating the JA signaling pathway (Fu et al., 2021). We proposed 
that mPAEs, as JA structural analogues, may activate the JA signaling 
pathway, switching on pest defense response at the cost of plant growth.

Several key proteins determined the activation of JA signaling 
transduction, including JA-amido synthetase (JAR1), coronatine insen
sitive 1 (COI1), jasmonate ZIM-domain (JAZ), and MYC2 transcription 
factor (Fig. S1) (Thines et al., 2007; Zander et al., 2020). In normal 
conditions, JA and its bioactive form jasmonoyl–isoleucine (JA-Ile) was 
typically at a low level, and Jasmonate ZIM-domain (JAZ) protein 
physically binds to MYC2 transcription factor, thus inhibiting the JA- 
response genes. When suffering from pest attack, JA was immediately 
synthesized and coupled with isoleucine (Ile) to form the JA-Ile conju
gate, with the assistance of JAR1 (Howe et al., 2018). The JA-Ile con
jugate was perceived by the protein complex COI1-JAZ, thereby 
releasing the MYC2 transcription factor and permitting the expression of 
JA-responsive genes, i.e., the biosynthesis of pest-toxic compounds like 
diterpenoids and flavonoids (Chen et al., 2024). Consequently, the 
defensive processes against pests were enhanced and the growth of 
vegetative tissues was inhibited (Fu et al., 2021). The perception and 
binding of JA-Ile to the COI1-JAZ co-receptor complex was frequently 
considered as a molecular switch step for the initiation of the JA signal 
pathway (Montea et al., 2022). The aliphatic chain and the other side 
chain containing isoleucine of JA-Ile, which were fully accommodated 
in the binding pocket, achieved the interaction of JA-Ile and COI1-JAZ 
co-receptor (Sheard et al., 2010). We proposed that the metabolic 
products of DBP (MBP-Ile) might interact with the COI1-JAZ receptors, 
initiating the JA signaling pathway to enhance pest defense and hinder 
plant growth.

In this study, rice (Oryza sativa L.), serving as a staple food for nearly 
half of the global population, was employed as the plant model (Deng 
et al., 2019; Kah et al., 2019). DBP, prevalent in both the aquatic 
environment and agricultural soils, was employed as the representative 
PAE (Niu et al., 2014; Lee et al., 2019; Liang et al., 2024). The objectives 
of this study included: (i) to explore the growth inhibition in DBP- 
exposed rice plants; (ii) to analyze the roles of DBP and its trans
formation products in JA signaling pathway using RNA transcriptome 
analysis and UPLC-QTOF-MS; and (iii) to determine the interaction of 
the transformation products of DBP and COI1-JAZ co-receptor complex. 
Furthermore, other four PAEs, including dimethyl phthalate (DMP), 
diethyl phthalate (DEP), dioctyl phthalate (DnOP), and bis(2- 
ethylhexyl) phthalate (DEHP), were included to validate the role of 
mPAEs as JA structural analogues. The findings of this study facilitate 
our understanding of the environmental risks and the mechanism of 

PAEs and their transformation products in plants.

2. Materials and methods

2.1. Chemicals

Standard chemicals of DBP (CAS No. 84-74-2), MBP (CAS No. 131- 
70-4), DMP (CAS No. 131-11-3), DEP (CAS No. 84-66-2), DnOP (CAS 
No. 117-84-0), and DEHP (CAS No. 117-81-7) were purchased from 
Aladdin (Shanghai, China). JA was purchased from Rhawn (Shanghai, 
China). Detailed information was presented in Table S1. Organic re
agents used in this study, including methanol, acetone, dichloro
methane, and hexane, were of analytical or HPLC grade.

2.2. Rice cultivation and exposure experiments

Seeds of rice (Oryza sativa L., Lianjing-7 cultivar) were acquired from 
Zhejiang Academy of Agricultural Sciences (Hangzhou, China). After 
disinfecting with 3 % (v/v) H2O2 for 30 min and rinsing with deionized 
water several times, the plump seeds were immersed with deionized 
water for 48 h in the dark. Rice seeds were cultured in Hoagland nutrient 
solution (pH 5.8) for 8 days in a plant chamber at 25 ◦C, 70 % relative 
humidity, 14 h/10 h light/dark cycle, and light intensity of 250 μmol/ 
(photons m2 s). Selecting twenty seedlings with the same growth con
ditions as one group and was transferred into brown glass jars con
taining 480 mL Hoagland nutrient solution. DBP was dissolved in 
acetone as a stock solution, and the exposure concentrations were set at 
0.2, 0.4, 0.8, 1.8, and 3.6 μM, based on the actual environmental con
centration (Le et al., 2021). JA treatments (20 μM) was also cultivated as 
positive controls to compare the effects of MBP and JA directly. In the 
experimental design, < 0.05 % (v/v) acetone was incorporated into both 
the treatment group and the solvent control group to eliminate potential 
solvent interference. This ensures that observed differences between 
groups could be exclusively attributed to DBP rather than acetone ef
fects. After exposure in a plant chamber for 14 days, rice seedlings were 
harvested for biological analyses. The detection methods and and 
quality control and quality assurance (QA/QC) were shown in Text S1
and Text S2 (Cheng et al., 2021). The concentrations of DBP and MBP in 
rice seedlings were shown in Table S3.

2.3. Detection of growth indicators

Fresh rice seedlings were rinsed thoroughly with deionized water 
and dried with absorbent paper. Rice lengths were measured with a 
straightedge. 10 rice seedlings were selected for weighing the biomass. 
Rice root morphology was scanned using an EPSON Expression (EPSON 
Perfection V800, Hangzhou, China) and analyzed detailed parameters 
by WinRHIZO (WR, Canada Reagent Instruments). The contents of 
starch were measured following the manufacturers’ protocol of the total 
starch assay kit (Beijing Solarbio Technology Co., Ltd, China). Detailed 
information was provided in Text S3.

2.4. Transcriptome analysis of rice leaves

Total RNA was extracted from rice seedlings using TRIzol reagent 
according to the manufacturer’s instructions (Magen) and was detected 
based on the A260/A280 absorbance ratio using a Nanodrop ND-2000 
system (Thermo Scientific, USA). Paired-end libraries were prepared 
using an ABclonal mRNA-seq Lib Prep Kit (ABclonal, China) following 
the manufacturer’s instructions. The sequencing library was constructed 
using the Illumina-HiSeq platform (Agilent, USA) with the assistance of 
Shanghai Applied Protein Technology Co., Ltd. (Shanghai, China). 
Differentially expressed genes (DEGs) with adjusted p-value < 0.05 and | 
log2 (Fold Change, FC)| ≥ 1 were considered to be significant. The Gene 
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and 
protein–protein interaction (PPI) network analysis were performed to 

Y. Sun et al.                                                                                                                                                                                                                                      Environment International 201 (2025) 109553 

2 



identify the significantly altered pathways and explore the interrela
tionship of DEGs and their expression. The detailed information was 
shown in Text S4.

2.5. Quantitative real-time fluorescence polymerase chain reaction

Total RNA was extracted from rice seedlings using a plant total RNA 
extraction kit (Tiangen Biotech, Beijing, China), and NanoDrop-2000 
(Wilmington, USA) was used to determine the concentration and qual
ity of RNA. Subsequently, the RNA was reversed into cDNA by FastKing 
reverse transcription kit (Tiangen Biotech, Beijing, China). SuperReal 
PreMix Color kit (Tiangen Biotech, Beijing, China) was used for qRT- 
PCR according to the manufacturer’s instructions and run in StepOne
Plus real-time PCR system (Applied Biosystems, USA) to collect the 
fluorescence signal. Relative gene expression levels were determined 
according to the 2− ΔΔCt method and normalized by each reference gene 
as a quantitative control. The PCR primers of cDNA sequences of target 
genes were designed using Primer-BLAST of NCBI (https://www.ncbi. 
nlm.nih.gov/tools/primer-blast) and shown in Table S4.

2.6. Detection of phytoalexins, jasmonic acid (JA), and JA-isoleucine

The content of phytoalexins (e.g., momilactones, phytocassanes, and 
oryzalexins), JA, and JA-isoleucine was determined following the 
manufacturers’ protocols of ELISA kits (Jiangsu meimian Biotechnology 
Co. Ltd, China). The detailed procedures were provided in Text S5 and 
Text S6.

2.7. Evaluation of rice resistance to the insect Cnaphalocrocis medinalis

Following a two-week incubation of rice seedlings in nutrient solu
tion containing DBP at concentrations of 0.2, 0.4, 0.8, 1.8, and 3.6 μM. 
To maintain consistency in the condition of the rice leaves provided to 
Cnaphalocrocis medinalis (rice leaf folder), a new batch was cultivated 
every two days. The rice leaves were subsequently cut into 8 cm sections 
and placed in petri dishes with perforated lids, sealed with gauze to 
allow air exchange and also prevent escape of the larvae. Then, five 
uniformly grown first instar larvae of Cnaphalocrocis medinalis were 
selected and introduced into each dish. These dishes were then kept in 
an artificial climatic chamber set to maintain a stable environment of 
25 ◦C temperature, 70 % relative humidity, and 14 h-light /10 h-dark 
cycle. The leaves within the dishes were treated with a preservative 
solution twice daily, once in the morning and once in the evening. The 
leaves were also replaced every three days to ensure freshness and 
adequate nutrition for the larvae. The larvae were weighed on the 7th 
and 14th days, allowing assessment of growth and health impacts due to 
exposure to DBP through the treated leaves. Twenty replicates were set 
for each treatment.

2.8. Detection of transformation products by UPLC-QTOF-MS

The transformation products of DBP were detected using the method 
described by Xing et al. with minor modifications (Xing et al., 2023). In 
brief, freeze-dried rice seedlings were ground into powder and weighed 
500 mg. Subsequently, 10 mL of acetonitrile (containing 2 % formic 
acid) was added, followed by an ultrasonication for 30 min. The su
pernatant of thrice repreated extraction was combined. N-propyl eth
ylenediamine/silica composite cartridges were used for sample 
purification. After concentration under a nitrogen stream, the samples 
were reconstituted using 1 mL of methanol and filtered with 0.22 μm 
PTFE filters. Transformation products of DBP were then analyzed using 
ultraperformance liquid chromatography (Waters Corp., Milford, MA, 
USA) coupled to a quadrupole time-of-flight mass spectrometry (QTOF 
MS; SCIEXTripleTOF 5600plus system, SCIEX, Framingham, USA) 
equipped with an ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7 
μm, Waters, USA), in the positive ionization (ESI+) mode. A full scan was 

performed within the mass-to-charge ratio (m/z) range of 100–2000 for 
precursor ions and 50–500 for product ions. The information-dependent 
acquisition (IDA) method was used to identify DBP metabolites and 
eliminate background interference. Data were analyzed utilizing the 
PeakView software (SCIEX). Detailed instrumental parameters were 
provided in Text S7. Molecular weight error, i.e., the discrepancy be
tween theoretical and measured molecular weights, was less than 10 
ppm.

2.9. Homology modeling and molecular docking

The 3-D structure of COI1-JAZ co-receptor complexes of rice was 
constructed by the homology modeling method (https://www.rcsb. 
org/pdb/). The homology modeling was performed by Discovery Stu
dio 2019 software, and detailed information was provided in Text S7. 
Ramachandran plot was used to assess the model reliability, as shown in 
Fig. S8. Molecular docking simulations were carried out by Discovery 
Studio 2019. Prior to docking, ligand binding sites of COI1-JAZ co-re
ceptor complexes were marked via site finding tools, which began from 
the common region of COI1 and the Jas motif of JAZ (JAZ degron). The 
docking operation was performed using the CDOCKER method, setting 
the COI1-JAZ co-receptor to be rigid and allowing complete flexibility 
for tiny molecules. CHARMM force field was used to find the possible 
binding sites. The highest scoring (i.e., lowest docking energy) docked 
model of a molecule was chosen from the docking data to represent the 
most advantageous binding mode.

2.10. Statistical analysis

All biological treatments were repeated at least triplicates. Data were 
analyzed by One-way analysis of variance (ANOVA) to compare statis
tical differences using IBM SPSS 25.0 and mean ± standard deviation 
(SD) were expressed in the graph. The statistical significance ’’*’’ and 
’’**’’ were accepted at a level of p < 0.05 and p < 0.01, respectively. 
Data was visualized using Origin 2021. Linear correlation relationship 
was analyzed between binding affinity and JA signaling pathway.

3. Results and discussion

3.1. Plant growth under DBP stress

The activation of the JA signaling pathway typically induced growth 
inhibition (Huot et al., 2014; Takaoka et al., 2018). Thus, growth pa
rameters including rice biomass and shoot length, as well as root length, 
weight, and surface area were quantified. A decreased growth of the rice 
exposed to DBP was observed in this study. Specifically, the biomass of 
rice seedlings exhibited no significant changes at 0.2, 0.4, and 0.8 μM of 
DBP, but was notably reduced by 11.7–34.2 % at 1.8 and 3.6 μM (p <
0.05) (Fig. 1a). Besides, the length, weight, and surface area of the roots 
were significantly diminished by 11.0–24.0 %, 8.6–23.6 %, and 
25.0–52.3 %, respectively (Fig. 1 and Fig. S2). The inhibition of plant 
growth under DBP stress was also observed in previous study (Xing et al., 
2023). Making up 38 % of plant dry matter, carbohydrates were the 
cornerstone of the structure construction in plants. Starch, as a crucial 
component of carbohydrates, particularly provides the necessary energy 
and carbon sources for plant development (Bertoft, 2017). In this study, 
starch content was continuously decreased by 13.8–47.0 % in a dose- 
dependent manner from 0.2 to 3.6 μM DBP (p < 0.05) (Fig. 1d). The 
decline in prior to the observable growth inhibition, especially at min
imal concentrations, hints at significant disruptions in the metabolic 
network of rice and might be linked to the stress defense. Understanding 
its dual role in disrupting plant defense-growth trade-offs is critical for 
ecological risk assessment.
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3.2. The activation of JA signaling pathway under DBP exposure

To explore the underlying mechanism of the observed abnormal 
physiological status under DBP exposure, the transcriptome was utilized 
to investigate the global response in rice leaves subjected to DBP stress. 
Principal component analysis (PCA) clearly differentiated the DBP- 
treated group from the controls, revealing a substantial alteration in 
the rice transcriptome profiles due to DBP exposure (Fig. S3a). In total, 
3624 and 2382 genes were found to be upregulated and downregulated, 
respectively after being treated with DBP (Fig. S3b). Gene Ontology 
(GO) annotation of these differentially expressed genes (DEGs) pre
dominantly classified these DEGs into biological processes, highlighting 
the involvement in various metabolic and biosynthetic pathways such as 
“response to chemical”, “secondary metabolite biosynthetic process,” 
“diterpenoid metabolic process,” and “phenylpropanoid biosynthetic 
process” (Fig. S3c). These compounds were downstream products of the 
JA signaling pathway and were critical to pest defense in plants. The 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis 
further aligned with these insights (Fig. 2a), and protein–protein inter
action network analysis also found the JA signaling pathway regulates 
those aforementioned DEGs related to biotic resistance responses 
(Fig. 2b). These results underscored that the perturbation of JA signaling 
pathway was likely to be a specific mechanism of the response of rice 
plants towards DBP stress.

An increase in JA and JA-Ile levels was typically essential for acti
vating the JA signaling pathway (Staswick and Tiryaki, 2004; Howe 
et al., 2018; Li et al., 2020). Specifically, JA was converted to JA 
bioactive form (i.e., JA-Ile) with the assistance of JAR1, which was 
further bound to the COI1-JAZ co-receptor and releases MYC2 tran
scription factor to initiate the signal transduction (Montea et al., 2022; 
Chen et al., 2024). Interestingly, the contents of JA, JA-Ile, and the 
transcription levels of JAR1 in rice leaves treated with DBP were not 
significantly changed under DBP stress (Fig. 2c, d, and Fig. S4). While 
the genes encoding COI1, JAZ, and MYC2 were significantly upregulated 
1.56–1.73 fold, 4.33–7.71 fold, and 2.07–2.87 fold, respectively 

(Fig. 2e), indicating a significant activation of JA signaling pathway. As 
the downstream genes (e.g., responsible for the phytoalexins biosyn
thesis) regulated by the JA signaling pathway, the copalyl diphosphate 
synthase family (e.g., CPS2 and CPS4) and the kaurene synthase-like 
family (e.g., KSL4, KSL7, and KSL10), were significantly upregulated 
by 1.36–3.89 fold and 1.34–7.12 fold, respectively, under DBP exposure 
(Fig. 2g and Fig. S5). Diterpenoid phytoalexins including momilactones, 
phytocassanes, and oryzalexins were typical phytoalexins regulated by 
JA signaling pathway, which protects plants from herbivorous attack by 
depleting their growth resources (Sun et al., 2023; Wang et al., 2023; 
Wang et al., 2022), therefore elevated phytoalexins was a metabolic 
response regulated by JA signaling pathway. The levels of phytoalexin 
including momilactones, phytocassanes, and oryzalexins in rice leaves 
were increased by 5.4–19.7 %, 5.3–34.6 %, and 15.0–33.2 %, respec
tively, under DBP exposure (Fig. 2f). To auxiliarily validate the 
enhanced resistance of rice against herbivores, we next assessed the 
weight changes of Cnaphalocrocis medinalis, a common rice leaf folder, 
after consuming DBP-contaminated rice leaves (Zhuang et al., 2021). 
While their initial weight showed no significant difference on the 7th 
day, a substantial decrease of 9.58–18.8 % was observed after 14 days’ 
exposure (Fig. S6). While the observed larval weight reduction may 
appear quantitatively modest, it serves as a direct physiological indi
cator of JA-mediated pest resistance activation in rice under DBP 
exposure. This growth reduction reflected the inevitable metabolic 
trade-off involving significant starch depletion (Machado et al., 2013; Fu 
et al., 2021), which may translate to important long-term agronomic 
consequences, particularly regarding reproductive development and 
grain-filling efficiency of rice plants. In summary, these evidences sug
gested an unusual activation of the JA signaling pathway, which 
inducing defense-growth trade-offs in rice leaves under DBP exposure. 
As a xenobiotic chemical, how DBP exposure activate the JA signaling 
pathway independent of JA is elusive.

Fig. 1. Changes of rice biomass (a), root length (b), root weight (c), and starch contents (d). These parameters were evaluated with triplicates. The asterisks * and ** 
represent statistically significant difference at levels of p < 0.05 and p < 0.01, respectively.
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3.3. DBP transformation products activated JA signaling pathway

The chemical structure of a ligand determines its specificity in 
receptor-ligand recognition and structurally similar compounds may 
share a common molecular mechanism of action. One example sup
porting this stemmed from coronatine, a toxin produced by plant 
pathogenic strains of Pseudomonas syringae, could be recognized by the 
receptor (i,e., COI1-JAZ co-receptor complexes) in the JA signaling 
pathway due to the structural similarity with JA (Katsir et al., 2008; 
Fonseca et al., 2009). In this study, up to 10.8–20.6 % DBP (m/z 

279.1576; [M + H]+) was hydrolyzed to monobutyl phthalate (MBP) 
(m/z 223.0952, [M + H]+) by substituting of an aliphatic chain in DBP 
with a carboxyl group to form acetate side chain (Table S3, Fig. S7 and 
Fig. 3b). Two common characteristic product ions originating from MBP 
(m/z 121.0271 and 149.0226) were observed. Similar conversion of 
PAEs have been documented in previous studies (Sun et al., 2015; Xing 
et al., 2023). Coincidentally, JA, a plant hormone, shares the substruc
ture of an aliphatic chain and an acetate side chain with MBP. 
Furthermore, coupling with amino acids (e.g., isoleucine, Ile) was a 
prerequisite for the bioactivation and functionality of JA hormone, and 

Fig. 2. The activation of the JA signaling pathway. (a) Metabolic pathway enrichment analysis in rice seedlings. Log10(p-value) represents the statistical test value 
(t-test) of the difference in gene expression level. (b) Protein − protein interaction network analysis of differentially expressed genes. (c) The content of JA. (d) The 
content of JA-Ile. (e) Gene expression encoding COI1, JAZ, and MYC2 in the JA signaling pathway. (f) Contents of phytoalexins include momilactones, phytocassanes, 
and oryzalexins. (g) Gene expression encoding key enzymes (i.e., CPS4, CPS2, KSL4, KSL7, and KSL10) responsible for the phytoalexins synthesis. (h) Schematic 
illustration of the non-essential activation of the biotic defense mechanisms in rice seedlings under DBP stress. CK: Control.
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Fig. 3. DBP transformation metabolites activated the JA signaling pathway. (a) MS/MS spectrum of MBP-Ile conjugates. (b) Proposed biotransformation pathways 
from DBP to MBP-Ile. (c) Gene expression levels of COI1, JAZ, and MYC2 in the JA signaling pathway. (d) The signal intensity of MBP-Ile in rice leaves after treated 
with 0.4 μM DBP, 0.4 μM MBP, or 3.6 μM DBP. (e) The rice growth under MBP exposure with JA as positive control. (f) The JA related gene expression under MBP 
exposure with JA as positive control.
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MBP-Ile conjugates (MS parameters: m/z 336.1784, [M +H]+) were also 
identified in rice leaves (Fig. 3a and Fig. S8). Therein, the product ions 
m/z 86.0958 (C5H12N+) matches the Ile-derived immonium ion, a 
hallmark of amino acid conjugation, m/z 205.0829 (C12H13O3

+) corre
sponds to the core MBP after lossing Ile, and m/z 177.0881 (C11H13O2

+) 
represents the core MBP after loss of the carboxyl group and Ile. This 
molecular ion aligns with the expected adduct structure, where MBP 
conjugates with Ile via an amide bond, followed by neutral loss of H2O 
during ionization.

Considering the influence of Ile fluctuation on the formation of MBP- 
Ile in rice plants, we determined the isoleucine concentration in rice 
leaves of control group (without exposed to MBP) and the MBP exposed 
groups. Results showed that the Ile concentrations was ranged from 4.12 
to 4.59 μmol/g under 0.2–3.6 μM MBP exposure, exhibited comparable 
to control group (4.57 μmol/g, p > 0.05) (Fig. S9). The concentration 
MBP in rice leaves were ranged from 1.23–1.87 nmol/g (0.33–0.50 μg/ 
g) under 0.2–3.6 μM MBP exposure (Table S3), which is about 3000 
times different from the Ile level, indicating that the MBP-Ile formation 
was driven by MBP availability rather than isoleucine level. Therefore, 
the interference of fluctuations in endogenous isoleucine levels to MBP- 
Ile formation might not be considered. The result tentatively confirmed 
our speculation that MBP would intervene in the JA signaling pathway 
and consequently triggering adverse corresponding outcomes in rice.

To distinguish the effects of MBP from DBP, rice seedlings were 
cultivated separately with each compound. Comparing the transcrip
tional level of genes under the stress of 0.4 μM of DBP or MBP, we found 
that the expression levels of COI1, JAZ, and MYC2 in the MBP group 
were 1.40, 1.53, and 1.53 folds of that in the DBP group, respectively, 
which were possibly attributed to the higher enriched concentration of 
MBP-Ile in rice leaves after a direct exposure to MBP (Fig. 3d). The in 
vivo concentration of the metabolite MBP detected in rice leaves exposed 
to 0.4 μM of DBP was ~10 % of the parent DBP (Table S3), thus we next 
conducted the comparative hydroponic experiment between 0.4 μM 
MBP and 3.6 μM DBP. It was observed that after 14-day cultivation, the 
expression of genes encoding COI1, JAZ, and MYC2 under the two ex
posures was significantly upregulated at comparable levels, with insig
nificant differences between them (Fig. 3c). Moreover, the peak 
intensities of MBP-Ile conjugate in the two groups were not significantly 
different as well (Fig. 3d). In addition, when compared the biomass in
hibition effects on rice seedlings beween DBP and MBP, we found that 
MBP exposure caused significant dose-dependent reductions in rice 
biomass (22.3–37.6 %), which was stronger than DBP exposure 
(7.73–16.7 %) (Fig. S10). The result semiquantitatively suggested that 
the JA signal initiation and relevant phenotypic disturbance observed in 
DBP-exposed rice plants may be attributed by the MBP metabolite.

To elucidate the comparative effects of MBP and JA, we established a 
parallel experimental system incorporating 20 μM JA-treated rice 
seedlings as a positive control. As illustrated in Fig. S11, exposure to 0.4 
μM MBP induced negligible alterations in rice height and starch content 
compared to the control group, likely due to the resistance nature of 
plants to adversity (Li et al., 2024). In contrast, MBP at 1.8–3.6 μM MBP 
significantly suppressed growth, reducing rice height and starch content 
by 19.7–26.3 % and 29.9–46.3 %, respectively. These inhibitory trends 
mirrored those observed under JA treatment at 20 μM, where rice height 
and starch content decreased by 23.6 % and 29.2 %, respectively. 
Transcriptomic analysis further revealed that MBP exposure at 0.4–20 
μM significantly upregulated JAZ (by 1.20–4.60 folds) and MYC2 (by 
1.81–5.40 folds) expressions in rice leaves. JA treatment at 20 μM 
similarly elevated JAZ (by 1.50 folds) and MYC2 (by 2.69 folds) 
expression. Additionally, downstream JA-responsive genes, including 
CPS2 and KSL7, were markedly induced by both JA (CPS2: 2.44 folds; 
KSL7: 2.59 folds) and MBP (CPS2: 3.89–8.93 folds; KSL7: 6.27–13.92 
folds) exposures. These findings collectively demonstrated that MBP 
activated the JA signaling pathway in a manner analogous to endoge
nous JA. We further explored the interaction of MBP-Ile conjugate with 
the receptor proteins, aiming at clarifying the role and mechanism of 

MBP in JA signaling transduction.

3.4. The structural basis of MBP to participate in JA signaling pathway

Molecular docking simulation was employed to decipher the inter
action mode between MBP-Ile and the COI1-JAZ co-receptor protein in 
rice, and homology modeling was applied to address the absence of a 
crystal structure for the COI1-JAZ co-receptor complexes in rice 
(Waterhouse et al., 2018; Liang et al., 2022; Zhang et al., 2018). It was 
shown that 96.6 % of amino residues in the COI1-JAZ complexes fall 
within acceptable regions of the Ramachandran plot, which exceeds the 
90 % threshold in estimating the applicability of the model (Fig. S12) 
(Wan et al., 2017).

Following this, we embarked on docking MBP-Ile or JA-Ile with the 
COI1-JAZ complexes using Discovery Studio 2019. The result unveiled 
the spatial configuration of docking pockets for both MBP-Ile and JA-Ile 
to the COI1-JAZ complexes showcased almost perfect consistency (Fig. 4
and Fig. S13), indicating a comparable binding pattern between MBP-Ile 
and JA-Ile when engaged with COI1-JAZ complexes. Common interac
tion residues, such as ARG398, ARG337, TYR375, ARG573, ARG74, 
VAL400, ALA373, TRP508, and LEU458, which accounted for 82 % of 
the binding sites, underscored the shared interaction framework of MBP- 
Ile and JA-Ile to COI1-JAZ complexes. The interaction between JA-Ile 
and COI1-JAZ complexes was dominated by conventional hydrogen 
bonds, alkyl interactions, and salt bridges. Distinctively, the interaction 
of MBP-Ile was characterized by additional π–π stacking and an 
augmented number of salt bridges, enhancing its intermolecular inter
action forces (Fig. S13). The phenyl ring in MBP-Ile facilitated a unique 
π–π stacking with PHE78, boosting the binding affinity to the COI1-JAZ 
receptor (Carter-Fenk et al., 2023). Salt bridges, representing a synergy 
of hydrogen and ionic bonds, outperform individual hydrogen bonds in 
binding energy (Choi et al., 2021), lending MBP-Ile an exceeded binding 
energy with COI1-JAZ complexes over JA-Ile (Fig. S13). These results 
provided a plausible explanation for why MBP-Ile, with a binding af
finity of − 395 kcal/mol with COI1-JAZ complexes, demonstrated a su
perior attachment to the receptor sites of JA-Ile, with − 370 kcal/mol. It 
aligned with previous studies indicating xenobiotics resembling natural 
ligands, such as benzotriazole ultraviolet stabilizers and coronatine, can 
rival endogenous ligands for receptor sites, perturbing signal trans
duction processes (Katsir et al., 2008; Chen et al., 2023). The results 
signified the potential of MBP-Ile to disrupt the JA signaling pathway by 
competing for the COI1-JAZ receptor sites.

3.5. Extrapolation of toxicity mechanisms through a broader PAE 
spectrum

To examine the potential universality of JA-related toxicity among 
PAEs, four additional PAE congeners including dimethyl phthalate 
(DMP), diethyl phthalate (DEP), di-n-octyl phthalate (DnOP), dieth
ylhexyl phthalate (DEHP), which were listed as priority pollutants by the 
US Environmental Protection Agency (USEPA), were selected to 
examine the adverse effects related to the JA signal pathway. First, we 
determined the transformed products of these chemicals in rice leaves. It 
was observed that they were hydrolyzed to MMP (m/z 181.0488, [M +
H]+ ), MEP (m/z 195.0650, [M + H]+ ), MnOP (m/z 279.1574, [M +
H]+ ), and MEHP (m/z 279.1575, [M + H]+ ), respectively 
(Fig. S14–S17). Moreover, while the contents of JA and JA-Ile exhibited 
no obvious change (Fig. S18), the gene expression levels of JAZ (3.4− 6.8 
folds) and MYC2 (2.0− 3.2 folds) were significantly increased under 
DMP, DEP, DnOP, and DEHP exposures (Fig. 5a and Fig. S19). In addi
tion, the downstream phytoalexin contents (i.e., momilactones, phyto
cassanes, and oryzalexins) and genes encoding their synthesis (i.e., 
CPS2, CPS4, KSL4, KSL7, and KSL10) were significantly up-regulated 
(Fig. 5b, Fig. S20, and Fig. S11). Consequently, the weights and 
lengths of rice roots, as well as the starch contents were significantly 
inhibited (Fig. S22).
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Furthermore, the molecular docking simulation was carried out to 
assess the binding modes of these four PAEs and the receptor protein, 
with JA-Ile as the positive control. The conformational superposition 
diagram displayed that the binding sites and docking pockets of MMP- 
Ile, MEP-Ile, MnOP-Ile, MEHP-Ile, and COI1-JAZ receptor complex 
were highly similar to those of JA-Ile. In addition, 73–91 % of the 
interaction residues of these couplers and COI1-JAZ were similar to JA- 
Ile, which provided a molecular interpretation for the observed JA- 
related toxicity (Fig. 5c and Fig. S23). Further correlating the ligand- 
receptor interaction with the adverse outcomes in rice plants, we 
found that the ranking of these binding energies aligned with the re
sponses of the JA signaling pathway (Fig. 5d and Fig. S24). In detail, the 
binding energies ranked as MMP-Ile (− 499 kcal/mol) > MEP-Ile (− 461 
kcal/mol) > MBP-Ile (− 395 kcal/mol) > MnOP-Ile (− 370 kcal/mol) >
MEHP-Ile (− 244 kcal/mol), which was significantly correlated with 
starch contents, phytoalexin contents, and gene expression of JAZ and 
MYC2 (R2 > 0.8). The binding energies were also negatively correlated 
with the number of carbon atoms in the aliphatic chains of the selected 
PAE molecules (R2 = 0.84, Fig. 5e). In summary, our study provided a 
mechanistic interpretation, from a structure-effect perspective, for the 
higher toxicity of the hydrolyzed products of PAEs (i.e., mPAEs) than the 
parents due to the role as JA structural analogues in plants.

4. Environmental implications

The widespread distribution and persistence of PAE contamination 
in agricultural soils have drawn considerable attention to crop yield and 
quality. PAEs were known to biotransform to more toxic metabolites 
after being uptake by crop. We discovered that MBP, the hydrolysis 
product of DBP, could mimic the function of JA and initiate the JA 
signaling pathway. The amino acid adduct of MBP (i.e., MBP-Ile) in
teracts with molecular switch proteins (i.e., COI1-JAZ co-receptor) of 

the JA signaling pathway, inducing an unintended defense response 
against herbivores through the synthesis of phytoalexins in rice. This 
enhanced pest defense was accompanied with reduced rice biomass and 
starch contents due to the reallocation of finite carbon resources from 
growth to defense. These findings were confirmed to be relevant using 
the other four PAEs. Overall, our work observed JA-related phonotypic 
disorders in rice exposed to PAEs and elucidated the mechanism 
regarding biotransformation and signaling transduction.

This toxic mechanism to PAEs was primarily linked to the JA-like 
hydrolysis products, which were characterized by the aliphatic chain 
and the acetate side chain. Some emerging alternatives of PAEs, such as 
diiononyl phthalate (DINP) and diisononyl hexahydrophthalate 
(DINCH), might also share a similar biotransformation and signaling 
pathway to inhibit crop growth. Focusing on the phytotoxicity mecha
nism of PAEs and their metabolites, our study opens a new viewpoint for 
the risk assessment and accurate design of PAE substitutes. Moreover, as 
a fundamental medium of plant growth, substantial areas of agricultural 
soil were covered with plastic mulching to conserve moisture. This 
practice inevitably results in an increased accumulation of PAEs in 
various edible crops, including wheat, maize, and vegetables. Therefore, 
the JA-signaling pathway-related disturbance under the PAE stress de
serves in-depth and systematic investigation across diverse crop types.

While our current findings primarily focus on the rice seedling stage, 
chosen for its heightened sensitivity to pollutants and experimental 
controllability, we recognize that real-world agricultural scenarios 
involve chronic PAE exposure across all growth stages, with detectable 
residues persisting in edible tissues (Wu et al., 2023). Future research 
should expand to monitor JA signaling dynamics during critical devel
opmental phases (tillering, flowering, and grain-filling), investigate 
environmental factors (e.g., soil properties and microbial activity), and 
validate findings through field studies comparing lab versus field re
sponses. Given the evolutionary conservation of JA signaling across 

Fig. 4. Molecular docking simulations of JA-Ile and MBP-Ile with the COI1-JAZ co-receptor complex. The docking conformation, docking pocket, and 3D inter
molecular interactions of interactions between JA-Ile, MBP-Ile, and COI1-JAZ co-receptor complex were shown in the left, middle, and right parts, respectively.
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plant species and the widespread detection of PAEs in various crops, we 
posit that this JA-mediated response mechanism likely operates under 
natural field conditions, warranting systematic investigation through 
well-designed field studies and multi-omics approaches to bridge labo
ratory findings with agricultural realities.
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Montea, I., Caballerob, J., Zamarreñoc, A.M., Fernández-Barberoa, G., García-Minac, J. 
M., Solanoa, R., 2022. JAZ is essential for ligand specificity of the COI1/JAZ co- 
receptor. Proc. Nat. Acad. Sci. 119, e2212155119.
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