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ARTICLE INFO ABSTRACT

Handling editor: Ying Guo N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine-quinone (6PPD-Q), a transformation product of the widely

used tire antioxidant 6PPD, has emerged as a ubiquitous environmental contaminant with potential risks to

Keywords: agroecosystems and food safety. This study systematically investigated 6PPD-Q uptake, translocation, trans-
6PPD-Quinone formation, and transcriptomic responses in the germinating leafy vegetable Ipomoea aquatica. In low, medium
;er;alzicaﬁon and high exposure groups, 6PPD-Q preferentially accumulated in roots, reaching concentrations of 17.8 + 0.7,
Transformation 55.3 + 2.9 and 1414.5 + 17.3 ng/g, respectively. High exposure to 6PPD-Q significantly inhibited seed
Transcriptomics germination and biomass accumulation, concomitant with the induction of oxidative stress. Nineteen 6PPD-Q

transformation products were identified (e.g, CigH22N203, Co2H27Ns50gS, Ca4H3z4N207, Ci2HogN20O, and
C7H13NO3), revealing novel metabolic pathways including glycosylation, methoxylation, glutathionylation,
oxidization, and carboxylation. Notably, several transformation products (e.g., C1gH24N2032, C18H24N20) were
predicted to be more toxic than the parent compound based on ECOSAR modeling, highlighting a potential
secondary risk. Transcriptomic analysis suggested that the up-regulated genes encoding ABC transporters, cy-
tochrome P450s, glutathione S-transferases, peroxidases, and UDP-glycosyltransferases likely played a role in the
transmembrane transport and metabolic transformation of 6PPD-Q. Furthermore, the up-regulation of antioxi-
dant genes and down-regulation of stress responsive genes indicated that 6PPD-Q exposure disrupted the balance
between growth and stress defense. This study provides a comprehensive metabolic and molecular framework for
understanding the fate of 6PPD-Q in an edible plant.

1. Introduction

The widespread use of synthetic antioxidants in vehicle tires has led
to the environmental emergence of N-(1,3-dimethylbutyl)-N'-phenyl-p-
phenylenediamine (6PPD), a chemical added to rubber formulations to
prevent ozone-induced cracking (Rossomme et al., 2023). Upon envi-
ronmental exposure, particularly through ozonation, 6PPD undergoes

rapid transformation to form 6PPD-quinone (6PPD-Q), a highly toxic
oxidation product (Hu et al., 2022). In recent years, 6PPD-Q has gained
global attention as a contaminant of emerging concern due to its acute
toxicity to aquatic ecosystems, notably causing mortality in coho salmon
at ng/L levels (Tian et al., 2021, 2022). Moreover, 6PPD-Q can cause
neurotoxicity (He et al., 2023), behavioral abnormalities (Hua et al.,
2023), liver damage (Bohara et al., 2024; Liu et al., 2024), growth and
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reproductive impairments (Shi et al., 2024), and oxidative stress (Sun
et al., 2025). Many studies have reported the widespread detection of
6PPD-Q in various environmental matrices, including surface runoff
(Tian et al., 2021; Wang et al., 2025a), road dust (Cao et al., 2022a), and
soil (Hiki and Yamamoto, 2022). Soil contamination by 6PPD-Q largely
results from tire wear particles (TWPs), which are deposited on road
surfaces and subsequently washed into surrounding environments
through stormwater runoff. Field investigations have reported the
presence of 6PPD-Q in roadside soils at concentrations ranging from 9.5
to 936 ng/g (Cao et al., 2022a), and in industrial area soil at 0.002-4.4
ng/g (Zhang et al., 2024).

6PPD-Q (C;8H24N205) has a molecular weight of 300.4. It is a lipo-
philic compound with a log Ky, of approximately 5.6, indicating high
hydrophobicity (Castan et al., 2023). Consequently, it exhibits strong
affinity for soil organic matter and tends to persist in the terrestrial
environment. Plants are known to absorb a variety of environmental
pollutants, including heavy metals (Deng et al., 2016; Seneviratne et al.,
2019), pesticides (Xia et al., 2024), microplastics (Boots et al., 2019; Shi
etal., 2022), and pharmaceutical residues (Tanoue et al., 2012), through
root uptake from contaminated soils. Once taken up by plant roots, these
chemicals may be translocated to aboveground tissues and undergo
metabolic transformation. 6PPD-Q has been increasingly detected in
environmental matrices and may also occur in agricultural fields near
urban infrastructure. Therefore, it is critical to determine whether this
contaminant can be taken up and transformed by edible plants, partic-
ularly during sensitive stages such as germination. A recent study
demonstrated that 6PPD, at concentrations ranging from 10 to 400 pg/L,
significantly inhibited the germination index, germination rate, vigor
index, and shoot length of wheat (Baig et al., 2025). This highlights that
germinating seedlings can serve as a critical model for investigating
early uptake dynamics, antioxidant enzyme activities, and metabolic
response (Baig et al., 2025). However, specific uptake, translocation,
and antioxidant response of the more toxic derivative 6PPD-Q in edible
vegetables during germination remain unknown. Moreover, the in
planta transformation pathways of 6PPD-Q and ecological risks of its
transformation products are still largely unexplored.

Recent advances in high-resolution mass spectrometry (Castan et al.,
2023) and transcriptomic profiling (Yu et al., 2024b) have enabled
detailed investigations into metabolic and molecular responses of plants
to chemical pollutants. Plants possess complex enzymatic systems
capable of transforming xenobiotics (Sun et al., 2018). These trans-
formations can detoxify harmful compounds or produce intermediates
with enhanced toxicity or persistence (Zhang et al., 2025b). Previous
studies have shown that plants are capable of transforming various
organic pollutants via phase I (hydrolysis, etc.) and phase II (conjuga-
tion, etc.) pathways (Kurade et al., 2019; Bauer et al., 2018). Thus,
elucidating the in vivo metabolic fate of 6PPD-Q in plants is crucial for a
comprehensive understanding of its ecological and health implications.
In previous study, researchers have investigated 6PPD-Q in the soil
nematode Caenorhabditis elegans, which clearly demonstrated the role of
enzymes such as cytochrome P450 enzymes (CYP450s) and uridine
diphosphate (UDP)-glycosyltransferases (UGTs) in 6PPD-Q degradation
(Wang et al., 2025b). Moreover, research in lettuce (Lactuca sativa) has
provided insights into 6PPD-Q uptake and transformation (Castan et al.,
2023). Nevertheless, key aspects remain unresolved, including the
complexity of 6PPD-Q transformation, toxicity of phase II metabolic
intermediates, and underlying transformation mechanisms. To address
these gaps, this study focuses on the sensitive germination stage and
employs systematic in planta toxicity prediction for transformation
products, integrated with transcriptomic analysis to elucidate molecular
mechanisms.

In this study, we systematically investigated 6PPD-Q uptake, trans-
location, transformation, and transcriptomic responses in a typical leafy
vegetable, Ipomoea aquatica, during germination. We aimed to (1)
quantify 6PPD-Q accumulation in plants, (2) analyze antioxidant and
physiological responses, (3) characterize metabolic transformation
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products, and (4) elucidate molecular mechanisms underlying plant
defense and transformation. This study clarifies the environmental
behavior of 6PPD-Q in plants, providing critical data for assessing its
potential for food chain transfer and ecological risks in terrestrial
environments.

2. Methods
2.1. Chemicals and materials

6PPD-Q (CAS: 2754428-18-5, 99.2%) was purchased from Shanghai
Sayles Biochemical Technology Co., Ltd. For precise quantification, the
corresponding stable isotope-labeled internal standard (3C-labeled
6PPD-Q) was obtained from HPC Standards GmbH, Germany. All
chemical reagents were acquired from Guangzhou Qianhui Chemical
Glass Instrument Co., Ltd., including 30% hydrogen peroxide (H203)
and HPLC-grade acetonitrile. Graphitized carbon black adsorbent was
purchased from Ningbo Hongpu Experimental Technology Co., Ltd.
Commercial fertilizer mixtures and Ipomoea aquatica seeds were pro-
cured from local markets. The experimental soil samples were collected
from the South China University of Technology campus in Guangzhou,
China (23.0547°N, 113.4011°E). The sampling site was a forested area
approximately 5 m from a roadside near the university gate. Detailed
soil sampling, preparation, extraction, and physicochemical properties
are provided in Text S1.

2.2. Exposure experiments

The experimental design was based on the reported soil concentra-
tions of 6PPD-Q, which ranged from 9.5 to 936 ng/g in roadside envi-
ronments with a median of 234 ng/g (Cao et al., 2022a). We established
three treatment groups for Ipomoea aquatica, including a low exposure
group (group L, representing ambient background), a medium exposure
group (group M, 200 ng/g) and a high exposure group (group H, 2000
ng/g). Measured initial soil concentrations were 33.2 + 2.1, 185.8 +
11.6, and 1820.3 + 107.2 ng/g for groups L, M, and H, respectively.
Preliminary experiments revealed that group H significantly inhibited
germination indicators in Ipomoea aquatica, reducing the germination
rate and germination index by approximately 21.3% and 31.2%,
respectively. In contrast, group M showed only marginal differences
from group L, indicating that a 6-fold increase above background levels
did not induce significant phytotoxic effects. Based on these findings, we
therefore focused subsequent enzymatic, metabolomic, and tran-
scriptomic analyses on group L and group H, an approach consistent
with an earlier study (Yan et al., 2024). Additional experimental details
are provided in Text S2.

2.3. Determination of growth indicators

Growth indicators were used to evaluate 6PPD-Q effects on seedling
emergence, vigor, and development during seed germination (Text S3).
Germination counts were recorded daily at a fixed time. After 7 days of
incubation, plants were carefully uprooted and washed with deionized
water. After surface moisture was completely dried, fresh weight and
plant height were immediately measured in triplicate per treatment
group. Then, all samples were frozen in liquid nitrogen and stored at
—80 °C. The frozen samples were subsequently lyophilized. Dry weight
was measured after the freeze-drying process was complete.

2.4. Sample pretreatment, 6PPD-Q extraction and test methods

The detail information for 6PPD-Q extraction is available in Text S4.
Analysis of 6PPD-Q in Ipomoea aquatica was analyzed by Ultra-High
Performance Liquid Chromatography-Triple Quadrupole Tandem Mass
Spectrometry (UPLC-MS/MS; Xevo TQD, Waters Corporation, USA) in
positive mode, following previously reported methods (Cao et al.,
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2022b; Yu et al., 2024a).
2.5. Measurement of root uptake and translocation factor

To assess 6PPD-Q accumulation in root systems of Ipomoea aquatica,
root concentration factors (RCFs) were calculated as

Cr ng/g]
RCF = ——>— 1
Csoil [Ilg/ g] ( )

where C; represented 6PPD-Q concentration in roots and Cs denoted
soil concentration.

As interactions of 6PPD-Q with plant roots can influence their
translocation into stems and leaves, translocation factors (TFs) were
determined as

C; [ng/g]
TFroot—stem ~C ng/el 2
C: [ng/g] )

_Ging/s]
TFroot—teaf = C, [ng/g] )

_Giing/s]
TFstgm—leaf - Cx [ng/g} (4)

where Cg, C}, and C; corresponded to 6PPD-Q concentrations in stems,
leaves, and roots, respectively.

2.6. Determination of enzyme activity

To assess 6PPD-Q effect on the antioxidant system of Ipomoea
aquatica roots, stems, and leaves, determination of enzyme activity was
performed. Details of the determination method are given in Text S5.

2.7. Determination and prediction of toxicity of 6PPD-Q transformation
products

To comprehensively evaluate the environmental risk of 6PPD-Q, we
identified its major transformation products (TPs) in Ipomoea aquatica
and predicted their ecotoxicological effects. TPs were characterized
using ultra-high performance liquid chromatography coupled with high-
resolution Orbitrap mass spectrometry (UPLC-Orbitrap-MS/MS, Thermo
Fisher Scientific), and detailed analytical methods are provided in Text
S6. We also predicted 6PPD-Q toxicity and its TPs on three trophic levels
(green algae, primary producers; Daphnia, primary consumers; fish,
secondary consumers) using ECOSAR 2.2. Complete toxicity assessment
protocols are available in Text S7.

2.8. Transcriptomics and quantitative real-time PCR analysis

To elucidate 6PPD-Q transformation pathways in Ipomoea aquatica,
we selected groups L and H for an integrated analysis. Given that roots
were recognized as the primary site for both 6PPD-Q uptake and
metabolism (Baig et al., 2025; Castan et al., 2023), root tissues were
targeted for transcriptomic profiling. Following 7 days of exposure, fresh
root samples were collected, thoroughly cleaned, and immediately
preserved at —80 °C for subsequent analysis. Detailed protocols are
provided for plant RNA extraction, library preparation, and sequencing
analysis in Text S8. Transcriptome data reliability was confirmed
through quantitative real-time PCR (qRT-PCR) validation, with meth-
odological details described in Text S9.

2.9. Enzyme inhibition experiment
To experimentally verify the role of CYP450s in 6PPD-Q metabolism,

we conducted a set of enzyme inhibition experiment. Detailed infor-
mation can be seen in Text S10.
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2.10. Quality control and statistical analysis

To ensure accurate identification and quantification of targeted
analytes, comprehensive quality controls were conducted. A solvent
blank was analyzed after every 10 samples to monitor instrument
contamination and background interference. For quantification of
6PPD-Q, mass-labeled internal standard calibration curves with six
points were utilized, demonstrating excellent linearity. Average re-
coveries of 6PPD-Q in plant tissues were 86.8% + 6.2% to 104.0% +
8.7% (Table S1), with relative standard deviations below 15% for the
spiked samples (n = 3). Method limits of detection (MLODs) were
calculated on the basis of a signal-to-noise ratio of 3. MLODs for 6PPD-Q
in Ipomoea aquatica were 0.28 ng/g. All treatments were performed in
triplicate, and data are presented as mean + standard deviation (SD) (n
= 3). And all 6PPD-Q concentrations are expressed on a dry weight (dw)
basis (ng/g dw). Detailed information about statistical analysis is pro-
vided in Text S11.

3. Results and discussion
3.1. Uptake, translocation and growth response of 6PPD-Q

6PPD-Q was detected in the roots, stems, and leaves after 7 days of
exposure for plants in all treatments, with the highest concentrations
consistently observed in roots (Fig. 1A). In group L, accumulation of
trace levels of 6PPD-Q (17.8 + 0.7 ng/g) was consistent with the pres-
ence of a moderate amount of 6PPD-Q in the initial soil matrix (33.2 +
2.1 ng/g). Under medium exposure, Ipomoea aquatica roots (55.3 + 2.9
ng/g) accumulated 1.8-fold higher 6PPD-Q levels than leaves (30.6 +
1.6 ng/g). In group H, 6PPD-Q root concentration (1414.5 + 17.3 ng/g)
was 10.5-fold higher than that in leaves, consistent with the pattern
observed in group M. These findings indicated that 6PPD-Q primarily
accumulated in roots across all treatment levels. This behavior can be
explained by its high hydrophobicity of 6PPD-Q (log K,,, = 5.6), which
favors partitioning into root lipids (Castan et al., 2023). The relatively
high RCF and low TFs further confirmed this accumulation pattern
(Fig. 1B). These results were consistent with the findings reported by
Castan et al. (2023), potentially reflecting a general trend for 6PPD-Q
behavior in plants. Notably, the relatively high TFgem.leaf Observed in
group M likely resulted from enhanced transpiration, which enhanced
the apoplastic and xylem translocation of 6PPD-Q to leaves (Kunene and
Mahlambi, 2023).

Accumulation dynamics exhibited different profiles across treat-
ments (Fig. 1C). Specifically, group L showed consistent concentrations
from Day 3 to 7. Group M and H showed an increasing trend over time
with higher absolute values for group H than M. These results indicated
that 6PPD-Q accumulation in Ipomoea aquatica was not only
concentration-dependent but also progressive over time.

Soil physicochemical properties showed no significant differences
among groups L, M, and H (p > 0.05) (Table S2), indicating that soil
conditions did not influence the observed differences in 6PPD-Q uptake.
Nevertheless, 6PPD-Q exposure significantly inhibited key germination
parameters of Ipomoea aquatica, including plant height, fresh weight,
dry weight, germination potential, germination rate, germination index,
and vigor index (p < 0.05, Fig. 1D-F, Fig. SIA-D). In group H, these
indices decreased by 12.8%, 22.5%, 16.3%, 26.0%, 21.3%, 31.2%, and
46.6%, respectively, compared with group L. Notably, no significant
difference was observed between groups L and M, indicating that
inhibitory effects were only evident at the higher exposure concentra-
tion. The observed reduction in germination parameters and seedling
biomass aligned with the inhibitory effects of 6PPD in wheat reported by
Baig et al. (2025), a pattern also seen with tomatoes exposed to high
concentrations of tire particles (Wasnik et al., 2026). Overall, these
findings underscore a potential dietary exposure risk.
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Fig. 1. Uptake, translocation, and growth response of Ipomoea aquatica to 6PPD-Q after 7 days of exposure. 6PPD-Q concentration in roots, stems, and leaves under
low exposure (L), medium exposure (M) and high exposure (H) conditions (A); Root concentration factor (RCF) and translocation factors (TFs) in group L, M and H
(B); Accumulation kinetics of 6PPD-Q in whole plants across groups L, M and H over 7 days exposure period (C); Growth parameters including plant height, dry
weight, and germination rate (D-F). Error bars represent the standard deviation values (n = 3). Different letters above bars denote significant differences (p < 0.05).
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3.2. Effect of 6PPD-Q on antioxidant enzyme activities in plants consequently triggers the robust antioxidant defense observed in leaves
(Trchounian et al., 2016). In contrast, roots exhibited comparatively

When plants experience oxidative damage, their antioxidant systems weaker antioxidant responses despite their heavier 6PPD-Q accumula-
are activated to mitigate the adverse effects of external stresses. tion (Fig. 1A). The discrepancy might be explained by two physiological
Fig. 2A-F shows that high exposure to 6PPD-Q significantly enhanced factors. First, the lower metabolic activity and absence of photosynthesis
antioxidant enzyme activities in roots, stems, and leaves of germinating in roots means they had a lower basal production of reactive oxygen
Ipomoea aquatica compared with group L (p < 0.05). Superoxide dis- species such as HyO, and thus a consequently weaker antioxidant
mutase (SOD) is the first line of defense against abiotic stress in plants by response (Farooq et al., 2019). Furthermore, we hypothesize that roots,
converting superoxide (Oze) into hydrogen peroxide (H202) (Mishra as initial stress trigger site, prioritize sending stress signals to the above
et al., 2023). In group H, SOD activity increased by 1.7- to 2.4-fold ground (Mittler et al., 2011). These signals, potentially involving cal-
compared with group L (Fig. 2A), leading to a 1.7- to 2.3-fold rise in cium and other electric signals, are transported upward via the vascular
H,0; concentration (Fig. 2B). This accumulated H,O5 could be con- system (Gilroy et al., 2016). As the main pathway, stems both carried
verted into more oxidizing eOH through the Fenton reaction, then these signals and reacted to them to a moderate degree. This interme-
attacking cell membranes and causing membrane lipid peroxidation diate level of signal processing likely explained the intermediate anti-
(Garcia-Pérez et al., 2025). The increase of the malondialdehyde (MDA) oxidant enzyme activity observed in stems. Overall, these findings
content in this study also supported this view, which showed a 1.3- to provide new insights into how plant tissues differentially cope with

1.8-fold increase compared with group L (Fig. 2C). Moreover, a 1.7- to oxidative stress induced by emerging pollutants like 6PPD-Q.
2.1-fold increase in peroxidase (POD) activity helped mitigate this

damage by initiating a secondary line of defense (Fig. 2D). Similarly,

catalase (CAT) activity also increased by 1.5- to 2.3-fold compared with 3.3. Transformation pathway, relative abundance and toxicity prediction
group L (Fig. 2E) and contributed to HyO, removal, thereby aiding in ~ of 6PPD-Q transformation products

overcoming tissue metabolic damage (Mhamdi et al., 2010). To mitigate

oxidative pressure generated in mitochondria and/or peroxisomes A total of 19 TPs of 6PPD-Q were proposed using UPLC-Orbitrap-MS/
(Eltelib et al., 2012), ascorbate peroxidase (APX) activity increased by MS, classified into nine level 3 and ten level 4 intermediates under
1.4- to 2.5-fold compared with group L (Fig. 2F). established confidence levels (Schymanski et al., 2014). Detailed prod-

Consistent with findings on MDA accumulation (Bi et al., 2024), ucts information and mass spectra are provided in Table S3 and
leaves exhibited the most pronounced activation of antioxidant en- Fig. 52-S3. Based on the putative intermediates, potential metabolic
zymes. As the primary site of photosynthesis, leaves are particularly transformation pathways for 6PPD-Q were proposed, involving phase I
vulnerable to oxidative damage (Patel et al., 2019). We propose that reactions (hydroxylation, reduction, oxidation, bond cleavage, carbox-
6PPD-Q exposure may activate NADPH oxidases, leading to an over- ylation, and elimination) and phase II reactions (glycosylation,

production of HyO5 (Wen et al., 2025). This resultant oxidative stress methylation, methoxylation, and glutathionylation) (Fig. 3A). Notably,
methoxylation, glutathionylation, oxidation, carboxylation, and
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quinone reduction are proposed as putative transformation pathways for
6PPD-Q in plants for the first time. While hydroxylation, glycosylation,
methylation, and bond cleavage have been reported in blood (Yang
etal., 2024), and elimination in aqueous samples (Yu et al., 2024a), their
occurrence in plants is suggested here for the first time. Of the soil-borne
6PPD-Q, 87.3% was taken up by plants and subsequently transformed.
To further estimate dominant metabolic routes, the relative abundance
of each TP was calculated as its peak area relative to the sum of all such
peaks using semi-quantitative analysis (Fig. 3A).

Based on MS/MS fragment spectra and mass relationships among
molecules, we tentatively inferred the structures of TPs and proposed
metabolic pathways of 6PPD-Q. TP314a (m/z 315.1703) was one of the
most abundant intermediates, with a relative abundance of 13.7%. It
had specific fragments at m/z 257.0921 ([C14H;13N203] "), m/z 120.0444
([C7HgNO] ™), and m/z 96.0444 ([CsHgNO]1") compared to 6PPD-Q (m/z
299.1754) (Fig. 3B). This suggested that the aniline ring of 6PPD-Q
could be attacked by eOH, potentially leading to the generation of
TP314a by hydroxylation (Yu et al., 2024a). TP207 (m/z 208.1332) may
represent the loss of an aniline ring from 6PPD-Q, suggesting that
cleavage occurred at the quinone moiety. The formation of the carbox-
ylic acid metabolite TP342 (m/z 343.1652) was proposed to involve a
multi-step pathway. It may have originated from TP312 (m/z 313.1911),
which appears to possess an additional methyl group at the aniline ring
compared to 6PPD-Q. Subsequent e¢OH attacked on the methyl group
could have resulted in its hydroxylation, potentially yielding TP328b
(m/z 329.1860). The aniline-ring alcohol may then have been oxidized
to the aldehyde compound TP326 (m/z 327.1703). Finally, this alde-
hyde compound may have undergone a final oxidation step to form the
carboxylic acid TP342. The proposed structure of TP342 was supported
by its MS/MS fragments at m/z 163.0628 ([CoHoNO3] ) and m/z
113.0603 ([CeHgO,]1"). Additionally, a novel and multi-step trans-
formation pathway was proposed. First, TP284 (m/z 285.1961) may
have been formed by the reduction of 6PPD-Q, converting the quinone
moiety to a hydroquinone. A subsequent reaction, evidenced by a mass
loss of 15.9949 Da, may then have produced TP268 (m/z 269.2012).
TP208 (m/z 209.1648) may have originated from TP268 via mid-chain
hydroxylation followed by the terminal C-N bond cleavage, resulting in
an aniline group loss. Then, methylation of the mid-chain hydroxyl
group may have yielded TP222 (m/z 223.1805). Subsequent elimination
at the same position may have produced TP204 (m/z 205.1699).
Following the proposed formation of TP127 (m/z 128.1434) from TP204
via anilino group loss, the most abundant transformation products were
TP157 (m/z 158.1176) and TP159 (m/z 160.0968), with relative
abundances of 17.2% and 28.0%, respectively (Fig. 3C). TP157, defined
by two characteristic fragments at m/z 98.0964 ([C¢H12N1™) and m/z
84.0808 ([CsH;oN]™), further supported the proposed transformation
steps from TP208 to TP204. MS/MS fragments of TP159 at m/z
142.0863 ([C;H;2NO2]™) and m/z 98.0600 ([CsHgNO]™), suggested a
carboxyl group and a terminal hydroxyl, respectively, consistent with
the structure with carboxylation at the alpha-carbon. This multi-step
pathway, characterized by increasing relative abundance (0.2% to
28.0%) and decreasing molecular mass (m/z 285.1961 to m/z
160.0968), appears to be the predominant transformation pathway of
6PPD-Q in germinating Ipomoea aquatica.

Phase I intermediates may undergo phase II conjugation, potentially
yielding glucuronide conjugates, methoxylated metabolites, and GSH
conjugates (Yang et al.,, 2024; Jancova et al., 2010). TP462 (m/z
463.2439) formation may have involved quinone reduction to a semi-
quinone and glucose addition to the branched chain of 6PPD-Q. It also
had key fragments at m/z 184.1332 ([C1oH1gNO2]™) and m/z 124.1121
([CgH14N1T), suggesting glucosylation at the terminus of the side chain.
This was analogous to the glucoside mechanism described by Yu et al.
(2024a) in rice and microbiome system, providing further evidence that
glucosylation may be a common transformation pathway in plants. In
addition, TP314b (m/z 315.2067) may have been formed by
O-methylation of the quinone moiety in 6PPD-Q, potentially yielding a
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methoxyquinone. Previous studies have also demonstrated an
O-methoxylation pathway for eliminating pentachlorophenol in aquatic
plants (Roy and Hanninen, 1994). TP328a (m/z 329.2224), which
shared most of the fragments with TP314a, may have been further
methylated, possibly adding a second methoxy group to form a dime-
thoxyquinone. Characteristic fragments of TP328a at m/z 247.1441
([C14H19N205]17) and m/z 122.0600 ([C;HgNO]') were consistent with
the presence of two methoxy groups on the quinone ring. Furthermore,
TP214 (m/z 215.0815) had a mass decrease of 84.0939 Da compared to
6PPD-Q (m/z 299.1754), suggesting the loss of six methylene (CHs)
groups, with cleavage possibly occurring at the side chain. The GSH
conjugation product TP537 (m/z 538.1602) may have originated from
TP214 and appears to be the dominant phase II intermediates with a
relative abundance of 7.2%. TP537 displayed characteristic fragments at
m/z 301.0614 ([C15H;3N203S1T), m/z 149.0379 ([C4HoN20,S11), and
m/z 91.0542 ([C7H7]11). These fragments were consistent with hydrox-
ylation of the benzene ring, quinone reduction, and glutathione conju-
gation at the amino group. Moreover, TP537 shared the analogous
structure resembling 6PPD-Q GSH conjugate reported by Yang et al.
(2024), supporting GSH conjugation as a critical phase II metabolic
pathway.

Systematic ECOSAR assessment predicted significant ecotoxicologi-
cal variation among 6PPD-Q and its intermediates (Tables S4-S5).
ECOSAR is a predictive tool typically applied to novel chemical struc-
tures outside its original training set. The predictions in this study based
on ECOSAR primarily focus on aquatic model organisms. Potential risks
to higher animals including mammals and humans still require valida-
tion through further experiments. Consequently, these results should be
interpreted as preliminary estimates of potential toxicity. 6PPD-Q was
predicted to have high acute and chronic toxicity to aquatic organisms
(LCs50/ECs50 < 1.0 mg/L and ChV < 0.1 mg/L). In contrast, the pre-
dominant TPs (TP314a, TP157, and TP159) had lower predicted acute
and chronic toxicity, due to their relatively lower log Ky, values (3.2,
1.4, —0.1, respectively). While these TPs showed lower predicted
toxicity, their hydrophilic nature may promote translocation to edible
plant parts, thereby increasing potential dietary exposure risk. However,
several TPs exhibited elevated predicted toxicity. For instance, TP312
demonstrated higher predicted acute and chronic toxicity than 6PPD-Q,
which was attributed to increased lipophilicity form methylation on the
benzene ring, thereby enhancing bioaccumulation potential (Abu et al.,
2013). Notably, TP284 had 1.3 times higher predicted chronic toxicity
to Daphnia than 6PPD-Q, potentially due to quinone-hydroquinone
redox cycling enhancing oxidative stress (Xu et al., 2021). Further-
more, benzene-ring cleavage products sharing a free amino group
(-NHp) (TP208, TP222, and TP204) also exhibited high predicted
Daphnia toxicity, with 1.3-, 1.4-, and 1.8-fold greater than 6PPD-Q,
indicating the amino group as a key toxicity enhancing factor.
Conversely, phase Il intermediates like TP462 and TP537 were predicted
to be less toxic or harmless (LCs¢/ECso > 10 mg/L and ChV > 1 mg/L).

In summary, seven metabolic pathways were proposed for 6PPD-Q in
germinating Ipomoea aquatica. Among these, hydroxylation played a
central role as a key intermediate step, whereas glycosylation,
methoxylation, glutathionylation, oxidation, and carboxylation served
as the major metabolic pathways. While ECOSAR predictions indicated
high theoretical toxicity for some TPs, their actual ecotoxicological ef-
fects in planta require validation through in vivo bioassays. Furthermore,
whether these TPs will translate into a dietary risk via persistent accu-
mulation in edible tissues is a key question for future risk assessment.

3.4. Transcriptional expression and quantitative real-time PCR validation
of 6PPD-Q

To elucidate molecular mechanisms underlying 6PPD-Q in Ipomoea
aquatica, we performed RNA sequencing (RNA-seq). Compared to group
L, high exposure of 6PPD-Q induced 1228 differentially expressed genes
(DEGs) (|logzFold Change|>1), with 572 up-regulated and 656 down-
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regulated (Table S6, Fig. S4). Five randomly selected genes were
analyzed by quantitative real-time PCR (qRT-PCR) to verify the tran-
scriptome sequencing results, which were highly consistent with the
sequencing data (Fig. 4A). Functional annotation using the Gene
Ontology (GO) system revealed that DEGs were significantly enriched in
three main categories (Fig. 4B), including cellular components, molec-
ular functions, and biological processes (Tang et al., 2021). Notably,
biological processes were predominantly associated with key functions
such as transmembrane transport of xenobiotics, activation of functional
enzymes, and stress response. Specifically, key enriched GO terms
included L-glutamine transmembrane transporter activity, L-glutamate
import across plasma membrane, oxidoreductase activity, dioxygenase
activity, and lipid storage. We hypothesized that these genes may
facilitate the translocation and transformation of 6PPD-Q. Conse-
quently, subsequent analyses focused on genes associated with these
critical processes (Tables S7-S9, Fig. 4C).

3.4.1. Transmembrane transport related genes

DEGs related to 6PPD-Q transport are shown in Table S7. Trans-
membrane transport process is a key step in uptake and internalization
of pollutants by plants (Zhang et al., 2025b). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway annotation results revealed that
6PPD-Q up-regulated a ATP-binding cassette (ABC) transporter gene
(AB2B ARATH, 2.4-fold) (Fig. 4D). As the gene is important for organic
compound translocation (Wang et al., 2023), the induction likely facil-
itated 6PPD-Q uptake into root cells. Beyond direct pollutant transport,
6PPD-Q exposure triggered a broader shift in resource metabolism.

2.5
(A) I RNA-seq (B)
2.0- qRT-PCR
? 15
op 1
=
S 101
]
= 0.5
_—
(=]
&= 0.0
o
20051
=
-1.0
-1.5 T T T r r
N
RS N
¥ ¥ & F o
b b s 16 b
A/ s Q- P c’\/
V.C N S &
A% Qo Y
-
2
z
() = s (D)
) ez
¢ + ‘4 3
% & 7 2 TYPE
%, oY 5 membrane comp and tr brane transport
4 “ LB ™ [ degradation pathways
V"?,,,,' H cell growth and stress response
Ry H
. H
~CErp
. = 2 1 0 1 2
BZ~S7ERF
NDUS3_SOLTU
KCS"’_/\RATH
Vvt 1
PERA T, ,
s w,, Tl
R & Ila\'—q
& N Q> 10’4‘ Q"?:
R > 2 "‘4) 4
N - - N
B Q,yq. s E £ © % e Qi;‘.’
X & B z % <
ul - 3 = (e \ K/
> 7 T %
$ L ‘%\ %
N
= 5 =

Environmental Pollution 398 (2026) 128111

Genes encoding the lysine histidine transporter (LHTL8 ARATH) and
amino acid transporter (AVT1C ARATH) were up-regulated by 2.3- and
3.0-fold, respectively, suggesting an enhanced demand for amino acid
absorption and recycling under 6PPD-Q stress (Huang et al., 2024;
Zhang et al., 2025a). Concurrently, the elevated expression of a sugar
transporter gene (ERDL6_ARATH, 2.2-fold) indicated a heightened en-
ergy demand, which is essential for carbohydrate partitioning and en-
ergy balance (Guo et al., 2024).

3.4.2. Transformation related genes

6PPD-Q transformation in Ipomoea aquatica was mainly mediated by
Phase I (hydroxylation and bond cleavage) and Phase II (glycosylation
and glutathionylation) enzymes. Hydroxylation, a key step in aromatic
compound oxidation, is facilitated by CYP450s and monooxygenases
(Fan et al., 2025). In response to 6PPD-Q exposure, flavonoid and phe-
nylpropanoid metabolic pathways were activated, which was similar to
the response observed in Brassica rapa L. in previous study (Liu et al.,
2025). In our study, the hydroxylated product TP314a was likely
generated by the concerted action of up-regulated flavonoid 3"-mono-
oxygenase (F3PH PETHY, 2.7-fold) and CYP450s (e.g., C7A22 PANGI,
C78A5_ARATH, 2.4- to 7.8-fold) (Table S8). The hydroxylated product
TP328b was also attributed to CYP450s activity. This was consistent
with the established role of these enzymes in oxidizing aromatic struc-
tures (Wang et al., 2020). A proposed two-step transformation from
6PPD-Q to the intermediate TP208 (mediated by CYP450s) and then to
TP159 was strongly supported by the concurrent induction of a POD
(PER2_ORYSJ, 2.3-fold). As PER2 ORYSJ can activate pollutants and
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generate intermediates with hydrophilic functional groups (Wang et al.,
2023), we suggest that it may play a role in 6PPD-Q metabolism. This
was supported by enzyme inhibitor experiments. Treatment with
CYP450 inhibitors caused a dose-dependent increase in 6PPD-Q accu-
mulation (up to 93.5%), and a corresponding decrease in enzyme ac-
tivity (up to 37.5%), confirming their major role in metabolic clearance
(Fig. S5). Phase II conjugation was also prominently activated. The
2.0-fold up-regulated of a glutathione S-Transferase (GST) gene
(GSTULARATH) likely contributed to the GSH formation conjugated
product TP537, thereby reducing 6PPD-Q toxicity (Sousa et al., 2021).
Moreover, plant secondary metabolites can be glycosylated by
UDP-glycosyltransferase (UGT), which transfers sugar residues from
UDP donors to acceptor molecules, forming glycosidic bonds (Louveau
and Osbourn, 2019). Glycosylation was implicated by the induction of
UGT (U89B2_STERE, 2.3-fold) and the detection of corresponding gly-
cosylated metabolites, suggesting a pathway leading to TP462. The
marked up-regulation of a UDP-glucose flavonoid 3-O-glucosyltransfer-
ase gene (UFOG7_FRAAN, 5.7-fold) suggested its potential involvement
in this co-metabolic pathway. Collectively, these findings elucidate the
molecular mechanisms underpinning the key metabolic pathways of
6PPD-Q in Ipomoea aquatica.

3.4.3. Plant growth and stress response related genes
Exposure to exogenous pollutants can induce oxidative stress, lead-
ing to lipid or protein peroxidation, and DNA damage (Gill and Tuteja,
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2010). We identified significant up-regulation of genes encoding key
antioxidant enzymes, including SODC IPOBA for SOD, CATA4 SOYBN
for CAT, and APXI1 PEA for APX (Table S9). This coordinated
up-regulation at the transcriptional level directly explained concomitant
increases in enzymatic activities measured in Fig. 2. Transcriptomic
analysis also revealed how 6PPD-Q affected the plant's internal struc-
tures. The peroxisomal membrane protein gene (PEX13 ARATH) was
significantly down-regulated by 30%, suggesting possible impairment of
peroxisome function (Hu et al., 2012). Such disruption would likely
disturb intracellular redox homeostasis. Concurrently, a lipid-transfer
protein gene (DIRL1_ARATH) was also down-regulated by 50%, which
may compromise membrane lipid organization or systemic defense
signaling (Maldonado et al., 2002; Salminen et al., 2016). These patterns
aligned with the growth-defense tradeoffs (Huot et al., 2014). This
indicated that the plant activated its antioxidant defense system while
its self-repair capacity was weakened. As a result, energy available for
growth was reduced, and fundamental cellular functions were impaired.
Therefore, 6PPD-Q likely inhibited seed germination and seedling
biomass accumulation by jointly disrupting energy metabolism and
membrane integrity. Furthermore, the 2.1-fold up-regulation of a DNA
repair protein gene (XRCC4 ARATH) indicated the activation of DNA
damage repair pathways, potentially in response to the genetic damage
induced by oxidative stress (Tang et al., 2021). Simultaneously, ethylene
response genes (e.g., ERF92 ARATH and ERF98 ARATH) in the MAPK
signaling pathway were markedly up-regulated (2.0- to 2.7-fold), which
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likely amplified stress signaling and reinforced the antioxidant defense
system. In summary, 6PPD-Q triggered a chain of internal stresses that
compelled the plant to prioritize defense and repair, ultimately leading
to growth inhibition.

3.5. Uptake, Transport, and transformation mechanisms of 6PPD-Q

Based on our comprehensive analysis, we propose a model for the
environmental fate of 6PPD-Q in Ipomoea aquatica (Fig. 5). This model
integrates four key aspects, including 6PPD-Q accumulation, antioxi-
dant enzyme response, transformation products, and transcriptomic
regulation. 6PPD-Q was taken up by Ipomoea aquatica from soil, a pro-
cess likely facilitated by the up-regulation of ABC transporters in roots.
In groups M and H, 6PPD-Q accumulation increased continuously over 7
days. By Day 7, 6PPD-Q predominantly accumulated in roots, reaching
17.8 + 0.7 ng/g in group L, 55.3 &+ 2.9 ng/g in group M, and 1414.5 +
17.3 ng/g in group H. Under high exposure of 6PPD-Q, the antioxidant
enzyme system of Ipomoea aquatica was activated. As the conversion of
superoxide (O3 e) by SOD produces H2O5, we observed the up-regulation
of SOD (1.7- to 2.4-fold) and an increase in HyO5 concentration (1.7- to
2.3-fold). HyO likely triggered the Fenton reaction, generating ¢OH and
resulting in lipid peroxidation as indicated by increased MDA (1.3- to
1.8-fold up-regulation) levels. Concurrently, a second defense mecha-
nism was activated, involving CAT (1.5- to 2.3-fold up-regulation), POD
(1.7- to 2.1-fold up-regulation), and APX (1.4- to 2.5-fold up-regulation)
to scavenge HyO5 and converted it into HO and O,. Once inside, 6PPD-
Q underwent extensive metabolic transformation. Key phase I reactions
included hydroxylation, catalyzed by induced CYP450s and a flavonoid
3'-monooxygenase, yielding TP314a. Subsequent phase II conjugation
involved GST and UGT, producing conjugates like TP537 and TP462. A
putative two-step pathway was also identified, with CYP450s converting
6PPD-Q to TP208, followed by its subsequent conversion to phase I bond
cleavage product TP159 by POD. In addition, 6PPD-Q exposure induced
the up-regulation of key genes involved in transmembrane transport (e.
g, lysine histidine transporter, amino acid transporter, and sugar
transporter), antioxidant and stress responsive genes (e.g., peroxisomal
membrane and DNA repair protein).

4. Conclusion

This study provides the first comprehensive insight into 6PPD-Q
uptake, translocation, antioxidant response, transformation, and tran-
scriptome responses in germinating Ipomoea aquatica. 6PPD-Q prefer-
entially accumulated in roots over aerial tissues in both low, medium
and high exposure groups. High exposure of 6PPD-Q significantly
inhibited seed germination and seedling growth, which in turn induced
oxidative stress. Metabolic analysis revealed that 6PPD-Q underwent
extensive Phase I (hydroxylation and bond cleavage) and Phase II
(glycosylation and glutathionylation) transformations, mediated by
enzymes including CYP450s, POD, GST, and UGT. Several of these
pathways (methoxylation, glutathionylation, oxidation, carboxylation,
and quinone reduction) were reported here in plants for the first time.
Critically, several TPs exhibited higher predicted toxicity than the
parent compound, raising concerns about secondary risks. Tran-
scriptomic profiling further revealed the activation of 6PPD-Q trans-
membrane transport, transformation, and stress response pathways
under high 6PPD-Q exposure. However, this analysis was performed
only on the low and high exposure groups. Future studies should include
multiple exposure concentrations to distinguish dose-dependent re-
sponses from general stress. Together, these findings highlight that
6PPD-Q could enter the food chain via consumption of contaminated
vegetable and may persist as metabolically stable or even more toxic
intermediates. This underscores the need for further research into its
environmental fate and potential human exposure risks via dietary
intake.
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