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Abstract: In this study, residual patterns of fenoxanil and thifluzamide in different parts
of rice plants were evaluated to assess harvest safety. Following foliar application, samples
collected at 0, 1, 3, 5, 7 and 14 days after the treatment were separated into grain,
leaf, stem, and root parts and analyzed using the QUEChERS method-based LC/MS/MS.
The developed analytical method was validated to meet the guidelines of the European
Commission (SANTE/11312/2021). On final sampling time points, residues in grain, leaf
and stem declined by 83.7%, 88.5% and 69.9% for fenoxanil and 82.6%, 81.7% and
70.6% for thifluzamide, respectively. Conversely, root residues increased from 0.01 to
048 mg/kg for fenoxanil and 0.03 to 0.14 mg/kg for thifluzamide. The dissipation behaviors
in grain, leaf, and stem samples indicated half-lives of 4.9, 4.2 and 8.1 days for fenoxanil
and 5.4, 5.2 and 8.5 days for thifluzamide, respectively. The accumulation of residues
in the roots was suggested by the reabsorption of residues remaining in the leaves
into the soil after rainwater washing. All residue levels remained below the Maximum
Residue Limits, confirming the safety of the harvested rice. These findings may provide
a useful basis for understanding pesticide dynamics in rice and predicting future residues
under field conditions.
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Introduction

Pesticides serve as crop protection agents, enhancing crop yield and con-
tributing to reduced labor and production costs [1,2]. However, there are growing
concerns about the potential risks of pesticides, including damage to non-target
organisms, environmental destruction and acute and chronic effects on human and
animal health [3,4]. Therefore, it is essential to evaluate the residual pesticides in
cultivated crops, agricultural environments and products to ensure the safe manage-
ment of pesticides. For efficient and accurate evaluation of pesticide residues, the
Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS)-based analytical meth-
od, using liquid chromatography-tandem mass spectrometry (LC-MS/MS), has been
widely used in recent pesticide analysis [5-7].

Rice (Oryza sativa L.) is a staple crop that underpins global food security. In

South Korea, rice is not only the primary food source, but its agricultural by-
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products, such as rice straw, are also utilized as animal feed. According the reports of Korean Statistical Information (KOSIS),
3.585 million tons were produced from a cultivation area of 698,000 ha and the annual per capita rice consumption is 55.8
kg (KOSIS 2024, www.kosis.kr). To ensure the safety of rice and rice straw, the maximum residue limits (MRLs) were set for
each and have been strictly regulated by the Ministry of Food and Drug Administration. Exceeding the MRLs results in recall,
disposal and administrative action. Studies have focused on presenting the rationale and basis for establishing these standards,
establishing pesticide analysis methods for rice samples and presenting field sample-based monitoring and method performance
[8,9]. In general, pesticides sprayed on rice plants remain in their grains, leaves, stems and roots. Since rice grains are consumed
by humans and rice straw is used to feed livestock, pesticides must be used in accordance with the pre-harvest interval (PHI).
Rice straw, along with the roots, leaves and stems, is also used as compost on agricultural sites, meaning that any remaining
pesticides may be released back into the soil. The rice root in particular remains in the soil, coming into continuous contact
with the present pesticides even after harvest when it is used again as an organic material. Therefore, the root may be a secondary
source of exposure to pesticides, and research into pesticide residue in rice roots may provide important basic data for the safe
management of pesticides.

Fenoxanil (Fig. 1a) is a propionamide chemical class fungicide belonging to the melanin biosynthesis inhibitor-dehydratase
group that blocks melanin formation in rice blast caused by the fungus Pyricularia oryzae (teleomorph: Magnaporthe oryzae)
and prevents host epidermal penetration, thereby exhibiting protective effects [10,11]. Thifluzamide (Fig. 1b) is a thiazole-carbox-
amide chemical class fungicide belonging to the succinate dehydrogenase inhibitors group that blocks the mitochondrial electron
transport chain, making it effective for controlling basidiomycete disease, including rice sheath blight caused by Rhizoctonia solani
(teleomorph: Thanatephorus cucumeris) [12]. The systemic and protective effects of these pesticides and their fates or behaviors
in the environment are mainly affected by their physicochemical properties, such as water solubility, hydrophobicity, binding affin-
ity or soil adsorption and Ground water ubiquity score [13]. The physicochemical properties of fenoxanil and thifluzamide were
summarized in Table 1 [14]. Fenoxanil has moderate water solubility (30.7 mg/L), moderate hydrophobicity (log Ko 3.53), organic
adsorption coefficient (Ko 576 mL/g) and low GUS value (0.49). Thifluzamide has low water solubility (7.6 mg/L), moderate
hydrophobicity (log K, 4.16), organic adsorption coefficient (K, 734 mL/g) and high GUS value (3.47). Research on residual
patterns of fenoxanil and thifluzamide in rice plants is rarely investigated. To fill the gap in knowledge, in this study, we aimed
to evaluate the residual patterns of the fungicides fenoxanil and thifluzamide in rice under field conditions, particularly assessing

each part of the tissues by applying the QuEChERS method-based LC-MS/MS analyses.

Results and Discussion

Method validation

The analytical methods for the tested pesticides, fenoxanil and thifluzamide, were validated by evaluating the ion ratio tolerance
of the analytes, the sample matrix effect, the linearity of the matrix-matched calibration and the limit of quantitation (LOQ) present

in Table 2. Differences in matrix effects were observed across sample types. The strongest matrix effect was seen on stem samples,
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Fig. 1. Chemical structures of fenoxanil (a) and thifluzamide (b).
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Table 1. Physicochemical properties of fenoxanil and thifluzamide

Fenoxanil Thifluzamide
Molecular formula CisH15C1LN,0, Ci3HgBraFsN,0,S
Molecular weight (g/mol) 329.22 528.06
Water solubility (mg/L) at 20°C 30.7 7.6
Log Ko." at pH 7, 20°C 3.53 416
DTs? in Soil 25 1145
Aqueous photolysis DTso at pH 7 41 37
Aqueous hydrolysis DTso at 20°C, pH 7 Stable Stable
Ko (ml/g) 576 734
Gus?® 0.49 3.47

n Log Kow Or P, n-octanol/water coefficient, indicating hydrophobicity.
2 DTy, half-life (day).

¥ Ko organic adsorption coefficient, implying binding affinity.

4 GUS, ground water ubiquity score.

Table 2. Matrix effect, matrix-matched calibration equation, the coefficient of determination (R?), ion ratio tolerance and LOQ for fe-
noxanil and thifluzamide in the respective sample type

. Matrix-matched lon ratio tolerance? LoQ?
1) (o, 2

Compound Sample Matrix effect” (%) calibration equation R %) (ma/kg)
Grain -21.03 y = 1,286,393x + 470.95 0.9997 -5.42 0.01
Leaf -12.08 y = 1,614,239x - 155.95 0.9993 -2.88 0.02

Fenoxanil

Stem -33.55 y = 1,908,007x + 1,173.47 0.9987 -6.93 0.02
Root -5.16 y = 1,328,067x + 518.52 0.9989 -0.27 0.01
Grain -22.50 y = 651,668x + 298.41 0.9984 -10.10 0.01
Leaf -24.51 y = 761,278x + 1,150.74 0.9998 3.88 0.02

Thifluzamide
Stem -46.72 y = 862,921x + 1,341.29 0.9998 -6.36 0.02
Root -8.11 y = 823,365x + 156.62 0.9990 -5.29 0.01

n [(Slope of the line for the matrix-matched standard solution—slope of the line for the solvent standard solution)/(Slope of the line for the solvent
standard solution)] x 100.

2 [(lon ratio obtained from the sample—ion ratio obtained from the solvent standard solution)/(lon ratio obtained from the solvent standard sol-
ution)] x 100.

3 Limit of quantification.

followed by grain and leaf samples, whereas root samples had the weakest matrix effect [15]. The values of coefficient determination
(R%) for the matrix-matched calibration curves in all samples were higher than 0.998, indicating a good linearity. The ranges for
ion ratio tolerance for all the samples were from -10.10% to 3.88%, falling within the acceptable tolerance of +30% established
by the European Commission guidelines [16]. The limits of detection (LOD) were 0.005 mg/kg for grain and root samples and
0.01 mg/kg for leaf and stem samples. Correspondingly, the LOQs were set at 0.01 mg/kg for grain and root samples and 0.02
mg/kg for leaf and stem samples. Although the LOQs for leaf and stem samples were higher than the PLS level (0.01 mg/kg),
our established LOQ of 0.02 mg/kg was sufficiently sensitive to investigate the residue pattern in this study.

Recovery of established method

The accuracy and precision were determined by analyzing each compound in control samples, which were spiked at different
concentration levels (LOQ, 10xLOQ and HL). The recovery values for fenoxanil and thifluzamide ranged from 81.7% to 100.5%
at the respective LOQ, from 85.1% to 101.4% at 10 times the LOQ and from 85.1% to 105.8% at high levels for each sample
(Table 3). The percentages of coefficient of variation (%CV) were below 5.14% at the LOQ level, 6.78% at 10 times the LOQ
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Table 3. Recovery and coefficient of variation for fenoxanil and thifluzamide fortified in each sample type at different concentrations

Recovery" (%)

Compound Sample LOQ? 10xLOQ HL®

Mean+SD %CVY Mean+SD %CV MeanSD %CV

Grain 94.7+29 3.03 99.5+1.9 1.90 103.3+2.6 2.51

Leaf 99.5+29 291 85.1+0.6 0.74 85.1+£2.5 291

Fenoxanil

Stem 98.1+1.2 1.22 1014434 3.35 104.3+13.0 12.51

Root 81.7+2.6 3.16 97.2+2.8 2.85 92.6+5.4 5.86

Grain 100.5%+5.2 5.14 97.0+1.5 1.56 101.843.3 3.24

Leaf 96.1+4.7 4.86 87.6+2.6 293 90.9+2.5 2.77

Thifluzamide

Stem 99.7+1.5 1.46 99.0+2.2 2.22 105.8+2.7 2.55

Root 82.0+1.0 1.23 92.6+6.3 6.78 89.3+6.4 717

Y Means+standard deviation (SD) of triplicate.

)
) LOQ, limit of quantification.

) HL, high levels. Grain: 500xLOQ for fenoxanil, 100xLOQ for thifluzamide; Leaf: 500xLOQ; Stem: 50xLOQ; Root: 100xLOQ.
) Percentage coefficient of variation, standard deviation/Meanx100.

w N

4

level and 12.51% at high levels (HL) for the samples. In a separate experiment, the chemical stability of the target compound
in the samples during the storage period (27 days) was investigated. The target compounds were added to the control samples
(grain, leaf, stem and root) at 0.02 mg/kg and stored at -20°C in a freezer until analysis. The mean recoveries of the analytes
ranged from 84.8 to 105.1% with %CV less than 6.89%, indicating that the target compounds were chemically stable during
the tested period (Supplementary S1). Overall, the obtained results validated the established analytical method for both analytes

in all sample types (grain, leaf, stem and root), meeting the acceptable accuracy and precision in accordance with the guidelines.

Residual patterns of fenoxanil and thifluzamide in rice samples

The above established method was used to determine the residues of fenoxanil and thifluzamide in rice samples for each
plant section at 0, 1, 3, 5, 7 and 14 days after treatment (DAT). As shown in Table 4, regarding grain samples, the mean residue
of fenoxanil was 3.15 mg/kg on the application date, decreasing to 3.01 mg/kg on 1 DAT and 1.37 mg/kg on 3 DAT. Between
5 and 7 DAT, the reducing rate relatively slowed down, showing 1.17 and 1.16 mg/kg and the mean residue was 0.51 mg/kg
on the final harvesting day, representing an 83.7% reduction of fenoxanil compared to the application day. The final residue
of fenoxanil was found to be approximately 51% of the maximum residue limit (MRL, 1.0 mg/kg) in rice. In case of thifluzamide,
the mean residue on 0 DAT was 0.58 mg/kg, decreasing to 0.57 mg/kg on 1 DAT, 0.31 mg/kg on 3 DAT and 0.26 mg/kg on
5 DAT. On 7 DAT, the residue (0.28 mg/kg) slightly increased, but it was reduced to 0.10 mg/kg on the final harvesting day,
representing an 82.6% reduction of thifluzamide compared to the application day. The final residue of thifluzamide was found
to be 33% of the MRL (0.3 mg/kg) in rice.

In leaf samples, the mean residues of fenoxanil showed the most rapid decrease trend, having 17.90 mg/kg, 12.95 mg/kg,
8.00 mg/kg and 4.82 mg/kg on 0, 1, 3 and 5 DAT, while it was slightly increased to 6.70 mg/kg on 7 DAT then decreased
to 2.05 mg/kg on 14 DAT, exhibiting 88.5% reduction compared to 0 DAT. Similarly, the mean residues of thifluzamide were
decreased to range from 3.81 mg/kg to 1.23 mg/kg during 0-5 DAT, while it was increased to 1.67 mg/kg on 7 DAT, then
decreased to 0.70 mg/kg on 14 DAT, showing an 81.7% reduction compared to 0 DAT. In stem samples, the decrease in mean
residues occurred more gradually than in leaves. Initial and final residues of fenoxanil were 1.00 mg/kg and 0.30 mg/kg and
the respective residues of thifluzamide were 0.21 mg/kg and 0.06 mg/kg, representing a reduction of 69.9% for fenoxanil and
70 .6% for thifluzamide based on the application day. In root samples, the overall trend in mean residues for fenoxanil and
thifluzamide was increased with variation during the tested periods, which was in contrast to the decreasing trend in residues

of grain, leaf and stem samples. The initial residues of fenoxanil and thifluzamide were 0.01 mg/kg and 0.03 mg/kg and the
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Table 4. Residues of fenoxanil and thifluzamide in rice samples

Residues®? (mg/kg)

Compound DAT" :
Grain Leaf Stem Root
0 3.15+0.52 ° 17.90+1.74 2 1.00+0.04 2 0.01£0.00 °
1 3.01£0.32 ° 12.95+0.93 ° 1.04+0.11 2 0.03+0.01 °
3 1.37+0.10 ° 8.00£0.56 © 0.93+0.03 ° 0.50+0.06 ©
Fenoxanil b P b b
5 1.1740.05 4.82+0.30 0.550.09 0.24+0.00
7 1.16£0.02 ° 6.70£1.19 © 0.55+0.07 ° 0.42+0.18 ©
14 0.51+0.01 © 2.05+0.13 © 0.30+0.06 © 0.48+0.01 ©
0 0.58+0.11 ? 3.81+0.18 * 0.21+0.00 ? 0.03+0.00 °
1 0.57+0.08 2 2.68+0.21 P 0.20+0.02 ° 0.06+0.01
3 0.31£0.02 ° 1.94+0.15 © 0.19+0.01 ° 0.14+0.01 ©
Thifluzamide b b b
5 0.260.02 1.23+0.05 © 0.13+0.02 0.10£0.02
7 0.28+0.01 ™ 1.67+0.21 ¢ 0.1340.01 ° 0.16+0.08 ©
14 0.10+0.00 © 0.70£0.13 © 0.06+0.01 © 0.1440.01 ©

Y Days after treatment.
2 Means+standard deviation of triplicate.
3 Within a column, values followed by the same letter are not significantly different according to Duncan’s multiple range test (p<0.05).

final residues for each were 0.48 mg/kg and 0.14 mg/kg.

In addition to the residues at each plant part, residual concentrations for fenoxanil and thifluzamide in rice straw were calcu-
lated to compare with the MRLs in feed-grade rice straw. As shown in Table 5, the residual concentration of fenoxanil was
5.39 mg/kg initially, reduced to 2.20 mg/kg on 7 DAT and 0.70 mg/kg on 14 DAT, where the final concentration was at 7%
of the MRL (10 mg/kg). The residual concentrations of thifluzamide in rice straw were 1.14 mg/kg, 0.54 mg/kg and 0.21 mg/kg
on respective 0, 7, 14 DAT, less than the MRL (5 mg/kg), where the final concentration was about 4.2% of the MRL.

Dissipation behaviors of fenoxanil and thifluzamide in rice

Dissipation of fenoxanil and thifluzamide in rice was estimated and compared with previous studies elsewhere [17,18]. The
dissipation behavior studies of fenoxanil and thifluzamide in rice samples for grain, leaf and stem parts were performed by plotting
their residues versus time. The maximum values of the squared correlation coefficients were used to determine the equations of
the best-fitting curves shown in Table 6. The values of coefficient determination (R’) for the first-order equations in all samples
were higher than 0.877, indicating good correlation. The calculated half-lives (t;,,) for fenoxanil were 4.9, 4.2 and 8.1 days in grain,
leaf and stem samples, respectively. Similarly, the half-lives for thifluzamide were 5.4, 5.2 and 8.5 days in the corresponding matrices.
In contrast, the root samples did not follow first-order dissipation kinetics, as pesticide residues varied during the tested periods.
Thus, residue accumulation (RA) values were calculated as follows: RA = 1:(C2/C1):(C3/C2):(C4/C3):(C5/C4):(C6/C5), where CI,
C2, C3, C4 and C5 are the residue concentrations of fenoxanil and thifluzamide, at each sampling day (1, 3, 5, 7 and 14 DAT),
respectively. The residue accumulation (RA) values in roots at respective sampling day were 1:2.76:18.06:0.47:1.80:1.14 for fenoxanil
and 1:1.81:2.46:0.69:1.65:0.90 for thifluzamide. The initial vs final RA values were 1:48 for fenoxanil and 1:4.67 for thifluzamide.

The residual amounts of fenoxanil and thifluzamide in the leaf and stem samples decreased over time, whereas the residual
amounts in the root samples increased and fluctuated after treatment. Fenoxanil and thifluzamide are hydrophobic with Log
Ko values of 3.53 and 4.16 and water solubility of 30.7 mg/L and 7.6 mg/L, respectively. Therefore, the transport of fenoxanil
and thifluzamide from leaves to roots following foliar application would not be significant. It was hypothesized that the residual
amounts of fenoxanil and thifluzamide in the root samples were the result of reabsorption into the roots, as the pesticide compo-
nents remaining in the leaves were washed into the soil by rainwater. This hypothesis was supported by the weather conditions

during the experimental period (Supplementary S2). During this period, rainfall totaled approximately 57 mm, with an average
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Table 5. Residual concentrations of fenoxanil and thifluzamide in rice straw samples compared with safety management standards

Concentration (mg/kg)

Compound

0 DAT" 7 DAT 14 DAT MRL?
Fenoxanil 5.39 2.20 0.70 10
Thifluzamide 1.14 0.54 0.21 5

" Days after treatment.
2 Maximum residue limit.

Table 6. Dissipation behaviors of fenoxanil and thifluzamide on first-order kinetics (equation, half-life and coefficient of determi-
nation) for the rice samples

Compound Sample Equation” k? Half-life (days) Coefficient of Determination (R
Grain C = 3.15 x %1% 0.142 49 0.8960
Fenoxanil Leaf C = 17.9 x 0% 0.166 42 0.9120
Stem C; = 1.00 x 0086 0.086 8.1 0.9166
Grain C; = 058 x %1% 0.128 5.4 0.9167
Thifluzamide Leaf C, = 3.81 x %% 0.134 5.2 0.8770
Stem C = 021 x %02 0.082 85 0.9627

Y C, is the residue concentration (mg/kg) of fenoxanil and thifluzamide at time t (DAT), respectively.
2 k is the degradation rate (day™).

of 7.2 mm per day. Rainfall was recorded even after 0, 3, 7 and 14 days, when rice samples were collected. Given that the
residual level of fenoxanil, which has relatively high water solubility, was higher than that of thifluzamide, continuous rainfall
and root reabsorption would affect the residual pattern in the roots. The overall results indicated that fenoxanil and thifluzamide
were accumulated in roots by a passive/contact process rather than being dissipated or transported, as described earlier [19,
www.fsc.go.jp/english/].

Based on field studies in different locations or countries, dissipation kinetics for fenoxanil and thifluzamide in rice plants
were compared with those of the current study, listed in Table 7 [17, 18, 20-23]. The k values and half-lives for fenoxanil and
thifluzamide obtained in this study were within the range of the field studies with variability, as dissipation is a complex process
influenced by environmental (climatic) conditions, types of crops or plants and chemical properties of the pesticide, with its

application method.

Table 7. Comparison of dissipation kinetics (k values and half-lives) for fenoxanil and thifluzamide in rice plants

k" Half-life?
Compound Reference
Range Mean Range Mean
0.158-0.210 0.185 3.3-44 39 17
0.126-0.192 0.164 3.6-5.5 44 20
Fenoxanil

0.073-0.131 0.106 5.2-9.5 6.9 21
0.086-0.166 0.131 4.2-8.1 57 Current study
0.158-0.630 0.394 1.1-44 2.8 17
0.050-0.160 0.105 4.3-13.9 9.1 18

Thifluzamide 0.077-0.472 0.272 1.3-4.1 24 22
0.043-0.084 0.065 8.3-16.0 11.3 23
0.082-0.134 0.115 5.2-85 6.3 Current study

Y k is the degradation rate (day™).
2 Half-life, DTso (day).
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Conclusion

In current study, the analytical methods for fenoxanil and thifluzamide in rice samples were established and validated, demon-
strating sufficient sensitivity, accuracy and precision to confirm whether the pesticide residues in each part of the samples exceeded
MRLs or not. The tested rice samples from the field did not exceed the regulated MRLs, verifying the safety of the harvested
rice. Furthermore, this research provides residual patterns including dissipation behavior of fenoxanil and thifluzamide in grain,
leaf and stem tissues, as well as residue accumulation in root tissues during the tested periods, which would be a useful basis

to understand both pesticide paths in rice plants under field conditions and to predict pesticide residues.

Materials and Methods

Chemicals and reagents

The test fungicides were selected from products commonly used in rice cultivation in South Korea. A formulated suspension
concentrate (SC) purchased as the name of Byeocheonwang Gold (SC; fenoxanil 15% + thifluzamide 3%; Korea Samgong Co.,
Ltd., Korea) was applied according to safe-use guidelines. Certified analytical standards of fenoxanil and thifluzamide (1,000 pg/mL
in acetone; Kemidas, Gunpo, Korea) were used to prepare calibration solutions. HPLC-grade acetonitrile and water were purchased
from J.T. Baker (Phillipsburg, NJ, USA) and LC/MS-grade formic acid was obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Quick, Easy, Cheap, Effective, Rugged and Safe (QUEChERS) extraction and clean-up kits comprising extraction salts
(ammonium formate, anhydrous magnesium sulfate, magnesium chloride, sodium chloride, trisodium citrate and disodium hydro-
gen citrate sesquihydrate; reagent grade) and dispersive-SPE sorbents were purchased from Korea Analytical Technology Research

Institute (Daejeon, Korea).

Field study and sampling

Thirty-day-old seedlings of rice (cv. Saecheongmu) were transplanted at a spacing of 30x15 cm at the field farm of Chonnam
National University (Gwangju, Korea). Experimental plots (4 m x 8 m) were established in triplicate per treatment; an untreated
control was included and buffer zones (22 m) were separated treated and control plots, as described earlier [24, 25]. A formulated
SC of fenoxanil (15%) and thifluzamide (3%) was applied once 14 days before harvest to each replicate plot, based on OECD
guidance for field residue trials and the domestic safety-use standard, using a spray volume of 150 L/10a. This application corre-
sponded to spray concentrations of 150 mg/kg fenoxanil and 30 mg/kg thifluzamide on an active ingredient basis.

Plant growth was assessed on 14 days before treatment (DBT), 7 DBT, application day, 7 days after treatment (DAT) and
14 DAT relative to treatment. At each time point, five hills were randomly selected from the untreated control plot and the
following indices were recorded: grains per hill, 100-grain weight, stem mass per hill, leaf mass per hill, root mass per hill,
plant height and tiller number per hill. Data at each time point were summarized as meantstandard deviation (n=>5). Rice samples
for residue analysis were collected at application day, 1, 3, 5, 7 and 14 DAT. Plants were separated into grain, leaves, stems
and roots by cutting leaves at the stem-leaf junction and stems/roots above the crown; grain was detached from panicles. Each
component was placed in polyethylene bags, frozen at —20°C for 24 h, comminuted on dry ice, homogenized, sealed and stored

at —20°C until analysis.

Sample extraction and clean-up

Homogenized grain, leaf and stem samples, 5 g each, were weighed into 50 mL centrifuge tubes. After adding 10 mL of

water, the tubes were allowed to stand for 15 min. Then 5 mL of acetonitrile was added and the tubes were shaken at 2,500
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rpm for 2 min. Anhydrous magnesium sulfate (4.0 g) and magnesium chloride (1.0 g) were added as QUEChERS extraction salts.
The mixture was shaken for 2 min and then centrifuged at 3,500 rpm for 5 min. A 1 mL aliquot of the acetonitrile layer was
transferred to a tube containing dispersive solid-phase extraction (d-SPE) sorbents: anhydrous magnesium sulfate 150 mg, primary
secondary amine 25 mg and C18 25 mg. The tube was vortexed at 2,500 rpm for 2 min and centrifuged at 8,000 rpm for
3 min. The supernatant was passed through a 0.20 pm polytetrafluoroethylene (PTFE) syringe filter and analyzed by LC-MS/MS.

Root samples, 5 g each, were weighed into 50 mL centrifuge tubes. 10 mL of water was added and the tubes were left to
stand for 15 min. 5 mL of acetonitrile was then added and the tubes were shaken at 2,500 rpm for 2 min. Anhydrous magnesium
sulfate (4.0 g), sodium chloride (1.0 g), trisodium citrate (1.0 g) and disodium hydrogen citrate sesquihydrate (0.5 g) were added
as citrate-buffered QUEChERS extraction salts. The mixture was shaken for 2 min and centrifuged at 3,500 rpm for 5 min. A
1 mL aliquot of the acetonitrile layer was cleaned by dispersive solid-phase extraction using anhydrous magnesium sulfate (150
mg), primary secondary amine (25 mg) and C18 (25 mg). The tube was vortexed at 2,500 rpm for 2 min and centrifuged at

8,000 rpm for 3 min. The supernatant was passed through a 0.20 pym PTFE syringe filter and analyzed by LC-MS/MS.

Method development and validation

Stock solutions of fenoxanil and thifluzamide at 1,000 ug/mL in acetonitrile were combined and diluted with acetonitrile
to reach a 10 mg/kg mixed standard. To evaluate matrix effects, solvent- matched and matrix-matched calibration curves were
obtained. For grain and root matrices, six concentration levels were prepared: 0.002, 0.005, 0.01, 0.02, 0.05 and 0.1 mg/kg; for
leaf and stem matrices, the levels were 0.005, 0.01, 0.02, 0.05, 0.1 and 0.2 mg/kg. Matrix-matched standards were prepared by
fortifying control extracts obtained using the same sample preparation procedure as described above. Calibration curves were
generated by plotting peak area versus concentration and fitting a linear least-squares regression.

LC-MS/MS analysis was performed on a Waters Xevo TQD triple-quadrupole mass spectrometer equipped with an electrospray
ionization (ESI) source and coupled to a UPLC system. Chromatographic separation was achieved on a CAPCELL CORE C18
column (150 x 2.1 mm, 2.7 pm) maintained at 40°C. The mobile phases were water (A) and acetonitrile (B), each containing
5 mM ammonium formate and 0.1% formic acid. The flow rate was 0.30 mL/min with the following gradient: 50% B (0 to
2.0 min), linearly increased to 100% B (2.0 to 3.0 min), then returned to 50% B and re-equilibrated (3.0 to 5.0 min). The injection
volume was 5 pL. Data were acquired in positive-ion multiple reaction monitoring (MRM) mode.

The LC-MS/MS method was validated for each rice matrix with respect to linearity, matrix effects, sensitivity, ion ratio toler-
ance and accuracy/precision in accordance with the guidelines of the Rural Development Administration (RDA) Korea and the
OECD.

The limit of detection (LOD) was defined as concentration distinguishable from noise (typically S/N = 3); the limit of quantifi-
cation (LOQ) was defined as the lowest level meeting accuracy and precision criteria, typically at S/N = 10 in matrix-spiked
chromatograms. The finalized LOQs were 0.01 mg/kg for the grain and root samples and 0.02 mg/kg for the leaf and stem samples.
Recovery was evaluated at LOQ, 10xLOQ and a high level (HL; the highest matrix-specific fortification level). For fenoxanil, HLs
were 500xLOQ for grain, 500xLOQ for leaf, 50xLOQ for stem and 100xLOQ for root; for thifluzamide, HLs were 100xLOQ
for grain, 500xLOQ for leaf, 50xLOQ for stem and 100xLOQ for root. For each level, 5 g of untreated sample was fortified
to the target concentration with the mixed standard solution and subjected to the same sample preparation and LC-MS/MS ana-
lytical procedures to determine recoveries. Extracts from HL-fortified samples were diluted after clean up to 10xLOQ prior to
LC-MS/MS analysis.

Data processing

The dissipation of fenoxanil and thifluzamide during the tested periods was described according to first-order kinetics using

Eq. (1) and the half-life (t;,) was calculated using Eq. (2).
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C = Cy x el (1)
tip = (In2)/k (2)

Here, C; is the residue concentration of fenoxanil and thifluzamide at time t (DAT), C, is the initial concentration, k is the

rate constant (day”). Residue accumulation (RA) values were calculated using the following equation.

RA = 1:(C2/C1):(C3/C2):(C4/C3):(C5/C4):(C6/C5)

Here, C1, C2, C3, C4 and C5 are the residue concentrations of fenoxanil and thifluzamide, at each harvested day (1, 3, 5,
7 and 14 DAT), respectively.

Statistical analysis

All residue concentrations were expressed as meanststandard deviations of triplicates (n=3). Statistical analyses were conducted
using IBM SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA). For each rice matrix, one-way analysis of variance (ANOVA)
with Duncan’s multiple range test (DMRT) was applied to assess whether the residues of fenoxanil and thifluzamide at each sampling

time were significantly different at p-value (0.05).

Data Availability: All data are available in the main text or in the Supplementary Information.
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Supplementary S1. Recovery and coefficient of variation for fenoxanil and thifluzamide on the storage stability test

Recovery (%)1)
Compound Sample
Mean=SD %CV 2)
Grain 101.3£0.8 0.77
Leaf 89.4+5.6 6.23
Fenoxanil
Stem 103.5+4.7 457
Root 89.4+5.2 5.86
Grain 101.2+4.1 4.04
Leaf 91.9+6.3 6.89
Thifluzamide

Stem 105.1+£6.6 6.31
Root 84.8+4.5 532

" Data are meanszstandard deviation (SD) of triplicate. The spiked concentration was 0.02 mg/kg for fenoxanil and thifluzamide in blank samples.
2 Percentage coefficient of variation, standard deviation/Mean x 100.
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Supplementary S2. Weather conditions during experimental period.
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