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A B S T R A C T   

The current study sought to assess the residual levels of neonicotinoid insecticides (NEO) in organic and con
ventional green tea leaves produced in Japan. A total of 103 tea leaves (thus, 42 organic and 61 conventional), 
were sampled from grocery stores in Japan. Concentrations of NEOs in the tea leaves were quantified using 
LC–MS/MS; and the data was used to estimate maximum daily intakes of NEOs within the Japanese population. 
Seven native NEO compounds and one NEO metabolite were detected in both organic and conventional tea 
leaves. Detection frequencies (%Dfs) of NEOs in the tea samples (n = 103) were found in the decreasing order; 
thiacloprid (84.47 %) > dinotefuran (74.76 %) > imidacloprid (69.90 %) ≈ clothianidin (69.90 %) > dm- 
acetamiprid (63.11 %) > thiamethoxam (58.25 %) > acetamiprid (4.85 %) > nitenpyram (1.94 %). About 
94.20 % of the tea leaves contained two or more NEO compounds simultaneously. The %Dfs of NEOs were 
relatively lower in organic tea leaves, compared to the conventional tea leaves. Various percentile concentrations 
of NEOs were far lower in organic tea leaves, compared to the conventional tea leaves. The maximum daily 
intakes of NEOs through consumption of tea (MDIgt) were also lower for organic tea leaves, compared to the 
conventional tea samples.   

1. Introduction 

Tea is well-known for its rich nutritional constituents such as cate
chins, theanine, epigallocatechin gallate, polysaccharides, vitamins, and 
mineral salts [1,2]. Habits of regular tea consumptions in humans, have 
been widely reported to result into anti-inflammatory, anticarcinogenic 
and antiaging effects on human health [3,4]. Moreover, a couple of 
scientific studies have consistently highlighted the plausible potentia
tion effects of tea on body weight loss, blood pressure reduction; dia
betes treatment and cardiovascular disease prevention in humans [5]. 
As a result of these important health benefits, consumption of tea 

beverages has become an important component of many cultures across 
the world. 

In Japan, tea consumption constitutes an important part of human 
lifestyle; especially within the older generation [6]. It has been esti
mated that, more than 50 % of Japanese adults consume green tea on 
daily basis [7]. To meet the high demand for tea in Japan, farmers often 
apply insecticides on tea farms in order to boost yield and to prevent 
post-harvest loses. However, the employment of insecticide applications 
in tea farming activities may result into accumulation of various residual 
levels of insecticides in commercial tea products for human exposure. In 
recent times, a plethora of scientific reports have specifically pointed out 
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green tea consumption as a potential source of neonicotinoid insecticide 
(NEO) exposures within the Japanese population [8–13]. Previously, 
Ikenaka et al. detected seven NEOs and ten NEO metabolites in com
mercial green tea leaves and bottled green tea beverages obtained from 
Japanese grocery shops [14]. The study specifically recorded high 
detection frequencies (%Df) of NEO metabolites such as 
dinotefuran-urea (92 %) and thiacloprid-amide (89 %) in the Japanese 
green tea samples. These staggering findings have generated serious 
concerns among tea consumers in Japan. 

As part of regulatory responses to these concerns, the Ministry of 
Agriculture, Forestry and Fisheries of Japan established a national 
standardization system known as JAS (Japanese Agricultural Standards) 
[15–19]. The mandate of JAS was to, (I) elaborate of the principles of 
organic tea production in line with the Codex guidelines (Codex 
Guidelines for the Production, Processing, Labeling and Marketing of 
Organically Produced Foods adopted by the Codex Alimentarius Com
mission in 1999), and (II) label organic products that have been certified 
and accredited by the Ministry of Agriculture, Forestry and Fisheries of 
Japan [15–19]. Under the JAS system, accredited organic tea products 
on the Japanese market are identified by special logos (the JAS logo), 
embossed on their labels. Further details about the criteria adopted by 
JAS for organic agricultural products and their associated legislations in 
Japan have been presented in Table S5. 

Currently, there are many tea products on the Japanese market that 
bear the JAS logo. The indications are that those tea products contain 
minimal amount of insecticidal residues. However, it is unknown 
whether the adoption of organic JAS farming protocols in Japan effec
tively attenuate insecticide contamination in tea or otherwise. Appar
ently, it may be highly interesting to elucidate how the organic tea 
production interventions in Japan affects the statues of NEO contami
nation reported in conventional tea products in Japan. 

The objectives of the present study were (I) to determine the residual 
concentrations of NEOs in organic and conventional tea leaves found on 
the Japanese market, and (II) to evaluate the relative contamination 
levels of NEOs in organic tea leaves, in comparison to the NEO levels in 
conventional tea leaves. A total of 103 Japanese green tea leaves pro
duced by either organic or conventional farming practices, were 
randomly sampled from grocery stores in Japan. Subsequently, the re
sidual concentrations of 8 NEOs, thus; 7 native NEO compounds (acet
amiprid, imidacloprid, clothianidin, dinotefuran, nitenpyram, 
thiamethoxam and thiacloprid) and a NEO metabolite (N-dm-acet
amiprid [dm-acetamiprid]), were determined in the tea leave samples; 
and the results were compared among the tea production methods. 
Finally, the maximum daily exposures to the NEOs through consumption 
of organic or conventional tea leaves were estimated for Japanese adults 
and children. 

2. Materials and methods 

2.1. Chemicals 

Clothianidin, dinotefuran, imidacloprid, acetamiprid, N-dm acet
amiprid and thiacloprid were purchased from Kanto Chemical (Tokyo, 
Japan). Nitenpyram was purchased from Wako Pure Chemical Industries 
(Osaka, Japan). Clothianidin-d3, dinotefuran-d3, thiacloprid-d4, niten
pyram-d3, acetamiprid-d3, imidacloprid-d4, N-dm-acetamiprid-d3 and 
thiamethoxam-d4 were purchased from Sigma-Aldrich (St. Louis, MO). 
Thiamethoxam was purchased from Dr. Ehrenstorfer (Augsburg, Ger
many). All reagents and solvents used in the current study were of 
analytical grade; and they were purchased from Kanto Chemical Co., 
Inc. (Chuo-Ku, Tokyo, Japan). 

2.2. Sampling of tea leaves 

A total of 103 Japanese green tea leaves of different brands produced 
by different manufacturers were purchased from randomly selected 

grocery stores in Japan. Forty-two out of the 103 tea samples had JAS 
organic trademark embossed on their labels (hereafter, known as 
organic JAS), suggesting that these 42 tea samples were produced from 
organic farming systems that conformed to JAS organic criteria. The 
remaining 61 samples were produced from conventional farming 
methods, thus; farming systems that used fertilizer and synthetic in
secticides on farmlands (hereafter, known as conventional). All the tea 
leave samples were produced in Japan between 2018 and 2021. The tea 
samples were stored in a refrigerator at 4 ◦C until analysis was 
performed. 

2.3. Extraction of neonicotinoid insecticides from tea leaves 

The extraction technique used in the current study was a modifica
tion of a previously published protocol [14]. Briefly, tea leaves were 
ground into fine powder using a mortar and pestle. A 0.1 g of the ground 
tea leaves was placed in a 50-mL centrifuge tube (Corning Inc., Corning, 
NY) and was spiked with 100 μL of NEO internal standard mix (100 ppb 
solution). Eight mL of distilled water was added to the sample at 25 ◦C. 
The sample was vortex-mixed thoroughly for 10–20 min; and then 
centrifuged at 10,000 × g for 10 min. After centrifugation, a 100 μL 
aliquot of the supernatant was carefully separated and diluted in 2900 
μL of distilled water. Subsequently, the extract was loaded onto a 
pre-conditioned (3 mL each of acetonitrile: dichloromethane (1: 1 v:v) 
followed by 3 mL distilled water) InertSep pharma cartridge (200 mg / 3 
mL, GL Sciences, Tokyo, Japan), and then washed with 0.5 mL of 
distilled water. Conditioning of an InertSep PSA cartridge (100 mg / 1 
mL, GL Sciences, Tokyo, Japan) was then carried out with 3 mL of 
acetonitrile : dichloromethane (1 : 1 v:v) solution. The pharma and PSA 
cartridges were connected in series (pharma on top of the PSA car
tridge); and the target analytes were eluted from the cartridges with 3 
mL of acetonitrile: dichloromethane (1: 1 v:v) solution. After concen
trating analytes with a centrifugal concentrator (CVE-200D with 
UT-2000; EYELA, Tokyo, Japan) at 60 ◦C for 1 h, the sample was 
redissolved in 200 μL of 3% methanol in distilled water and then 
transferred into vials for LC–MS/MS analysis 

The tea samples were analyzed using the LC-ESI/MS/MS (Agilent 
6495B, Agilent Co., CA, USA) system equipped with Kinetex Biphenyl 
(2.1 mm ID × 150 mm, ø 1.7 μm; Phenomenex, Inc., CA, USA). Solvents 
A and B used for the LC-ESI/MS/MS analysis were 0.1 % formic acid +10 
mM ammonium acetate water solution and 0.1 % formic acid +10 mM 
ammonium acetate methanol solution, respectively. The gradient was 
programmed as follows: t = 0–1 min: 5% B, t = 6 min: 95 % B, t = 6–8 
min: 95 % B. The column oven temperature, flow rate and sample in
jection volume were 60 ◦C, 0.5 mL/min and 10 μL, respectively. The ion 
signals were acquired with multiple-reaction monitoring (MRM) in 
positive ionization mode; the selected m/z ions for the all the target NEO 
compounds considered in the current study have been shown in Table 1. 

The 8 target NEO compounds (Table 1) were analysed simulta
neously in each tea sample. Results of neonicotinoid insecticides and 
metabolites in tea leaves were expressed in ng/g w/w. 

2.4. Quality control and quality assurance 

The tea matrix was surrogate-spiked with 8 deuterium-labelled in
ternal standards prior to sample extraction and purification processes. 
The target analytes were then quantified using the internal standard 
method. Calibration curves were plotted from 7-point matrix-matched 
calibration standards, which were prepared within the concentration 
range of 0.05− 5 ng/mL. Calibration curves were plotted using standard 
peak area/IS peak area ratios; and average coefficients of determination 
(r2) for the calibration curves were ≥ 0.995 (Table 1). Organic green tea 
leaves with undetected levels of all the target compounds were used for 
the preparation of matrix-matched calibration samples (Table 1). The 
analytical methods were checked for precision and accuracy. Eight NEO 
compounds were detected with recovery rates ranging from 89 to 105 %, 
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as shown in Table 1. Precision of the analytical technique was confirmed 
by inter-day and intra-day analysis; and the relative standard deviations 
recorded in each case were less than 10 % for all the target compounds 
(Table 1). Limits of detection (LOD) and limits of quantitation (LOQ) 
were calculated as the lowest points on the standard curves (Table 1) 
with relative standard deviations of less than 10 % (n = 5) and signal-to- 
noise ratios of 3:1 and 9:1, respectively. 

2.5. Maximum daily intake of neonicotinoids through green tea leaves 

In the present study, the maximum daily intakes of NEOs via con
sumption of green tea leaves (MDIgt) were estimated using the relation 
below [14]. 

MDIgt =
Cmax × LP

Bw  

Where Cmax represents the maximum concentration of the target NEOs 
detected in tea leaves (mg/g w/w); LP represents the 97.5th percentile 
of daily consumption of tea leaves estimated for Japanese adults and 
children (1–6 years old), 35.7 g and 15.3 g were assumed, respectively 
[14]; and Bw is the average body weight (kg), 57.0 kg (adults) and 16.2 
kg (children) were assumed [14]; in this study. 

2.6. Statistical analysis 

Data analysis was performed using JMP Pro14 (SAS Institute Inc., 
Cary, NC, USA). The data were tested for normality using the Shapiro- 
Wilk test; and for homogeneity of variance using the Levene’s test. 
During the estimations of means, percentile concentrations and %Df, 
concentrations of NEOs below LOD were set to zero. When testing for 
statistical significance however, concentrations of NEOs below LOD 
were assigned to the LOD values (Table 1) divided by square root of 2 
[20]. Significant differences between median concentrations of NEOs 
were tested using the nonparametric 1-Way Median Test, with 
Chi-square approximation, p <0.0001. Spearman Rho`s nonparametric 
correlation test was also employed to determine the correlations be
tween concentrations of NEOs. 

3. Results and discussion 

3.1. Neonicotinoid concentrations in the overall tea leave samples (n =
103) 

In the present study, 8 NEOs (acetamiprid, imidacloprid, dinote
furan, clothianidin, thiamethoxam, nitenpyram, thiacloprid and dm- 
acetamiprid) were detected in Japanese green tea leaves (Table 2). 
The detection frequencies of NEOs in the overall tea leave samples (n =
103) were found in the decreasing order; thiacloprid (84.47 %) >
dinotefuran (74.76 %) > imidacloprid (69.90 %) ≈ clothianidin (69.90 
%) > dm-acetamiprid (63.11 %) > thiamethoxam (58.25 %) > acet
amiprid (4.85 %) > nitenpyram (1.94 %) (Table 2). 

The highest 50th percentile concentration of NEOs was recorded for 
dinotefuran (8.30 ng/g w/w), followed by clothianidin (2.02 ng/g w/ 
w), imidacloprid (1.45 ng/g w/w), thiamethoxam (0.63 ng/g w/w), dm- 
acetamiprid (0.36 ng/g w/w) and then, thiacloprid (0.30 ng/g w/w) 
(Table 2). However, the 50th percentile concentrations of acetamiprid 
and nitenpyram were found below detection limit. The maximum con
centrations of NEOs detected in the tea leaves were found in the 
decreasing order; dinotefuran (3407.24 ng/g w/w) > thiamethoxam 
(959.40 ng/g w/w) > clothianidin (328.59 ng/g w/w) > acetamiprid 
(14.41 ng/g w/w) > imidacloprid (14.16 ng/g w/w) > thiacloprid 
(11.99 ng/g w/w) > dm-acetamiprid (1.27 ng/g w/w) > nitenpyram 
(0.08 ng/g w/w) (Table 2). These results suggest that the use of NEO 
containing formulations, especially, thiacloprid, dinotefuran, imidaclo
prid and clothianidin, are quite prevalent in most tea farming systems in 
Japan. 

Previously, imidacloprid was considered as most patronised NEO in 
the world. In recent times however, imidacloprid has been replaced with 
thiamethoxam and clothianidin in many agricultural systems across the 
world [21]. In Japan, dinotefuran was considered as the most consumed 
NEO in 2010, followed by acetamiprid, clothianidin, imidacloprid and 
thiamethoxam [12]. Hence the detection trends of dinotefuran, clo
thianidin and thiamethoxam observed in the current study, fairly re
flects the domestic consumption patterns of NEOs in Japan. 

The predominance of dinotefuran detection trends observed in the 
current study agrees with findings from a previous study [14], which 
similarly recorded the highest maximum concentrations for dinotefuran 
(Df = 100 %, 3004 ng/g w/w), among various NEO compounds 
measured in Japanese green tea leaves. Ikenaka et al.’s group further 
detected high frequencies and high maximum concentrations for 

Table 1 
Selected neonicotinoids and their metabolites.  

Neonicotinoids LOD LOQ Recovery rate Precision Linearity MRM CE Polarity for  

(ng/g ww) (ng/g ww) ±SD (%) RSD (%)* RSD (%)** r2 Qualifier Quantifier  ESI 

Imidacloprid 0.07 0.20 89 ± 11.0 4 8 0.997 256.0 > 209.2 256.0 > 175.1 − 15 +

Acetamiprid 0.02 0.05 101 ± 8.5 5 7 0.998 223.0 > 56.3 223.0 > 126.0 − 21 +

N-dm- ACE 0.02 0.05 105 ± 9.6 8 6 0.998 209.1 > 72.9 209.1 > 126.1 − 17 +

Clothianidin 0.03 0.10 94 ± 5.4 6 3 0.997 250.0 > 132.0 250.0 > 169.0 − 16 +

Dinotefuran 0.03 0.10 96 ± 10.3 7 8 0.996 203.0 > 157.0 203.0 > 129.1 − 13 +

Thiacloprid 0.44 1.33 89 ± 7.2 4 5 0.999 253.0 > 90.0 253.0 > 126.0 − 15 +

Nitenpyram 0.03 0.10 95 ± 11.2 5 4 0.998 271.1 > 56.0 271.1 > 126.0 − 29 +

Thiamethoxam 0.03 0.10 99 ± 6.4 5 3 0.998 292.0 > 181.0 292.0 > 211.0 − 12 +

Internal Standards         
Clothianidin-d3 – – – 5 5 – 253.0 > 132.0 253.0 > 171.9 − 12 +

Dinotefuran-d3 – – – 6 6 – 206.1 > 90.0 206.1 > 132.1 − 14 +

Tiacloprid-d4 – – – 8 4 – 257.1 > 90.1 257.1 > 126.0 − 20 +

Thiamethoxam-d4 – – – 4 7 – 296.1 > 185.2 296.1 > 215.1 − 13 +

Nytenpyram-d3 – – – 6 5 – 274.1 > 126.0 274.1 > 228.2 − 12 +

Acetamiprid d3 – – – 6 4 – 226.7 > 59.2 226.7 > 126.2 − 16 +

Imidacloprid d4 – – – 4 8 – 260.1 > 213.1 260.1 > 179.1 − 20 +

N-dm- ACE-d3 – – – 7 5 – 212.2 > 73.1 212.2 > 126.2 − 24 +

N-dm- ACE; N-desmethyl-acetamiprid; LOD: limit of detection; LOQ: limit of quantification; SD: standard deviation; RSD: relative standard deviation; *intra-day 
precision; **inter-day precision; MRM: multiple reaction monitoring; CE: chemical equivalence; ESI: electrospray ionization. 
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dinotefuran metabolites such as dinotefuran-urea (Df = 87 %, 77.1 ng/g 
w/w) and N-dm-dinotefuran (Df = 10 %, 9.4 ng/g w/w) [14]. These 
consistent observations suggest that most conventional tea farming 
systems in Japan probably employ the use of dinotefuran containing 
formulations on frequent basis. The Ministry of Agriculture, Forestry 
and Fisheries of Japan (MAFF) permits the applications of NEOs such as 
dinotefuran, clothianidin and thiamethoxam on tea farms from the unset 
of cultivation until seven days before harvest [22]. Among these 3 NEOs 
however, only dinotefuran can be applied 2 times within the pre-harvest 
period. These provisions probably explain the predominance of dinote
furan levels observed in the current study. 

About 94.20 % of the tea leaves used in the current study, were found 
to contain two or more NEO compounds simultaneously (Fig. 2A). This 
suggests that majority of tea farming systems in Japan apply multiple 
NEO containing formulations at a time. It is noteworthy that, the 
maximum concentrations of all the NEOs detected in the current study 
were found below their respective minimum residual levels (MRLs, 
Tables 2 and S3). However, this does not entirely guarantee an absence 
of toxicological implications of NEOs on human health via tea con
sumption. This is because toxicological risk assessment in food depends 
on both (I) concentration of the pollutant in food; and (II) consumption 
rates [14,23]. 

Supplementary Data, Table S6 shows comparisons between con
centrations of 8 NEOs detected in the overall green tea leave samples 
(current study, n = 103) and the urinary concentrations of the target 
NEOs in Japanese and/or other human populations across the world. 
From the data, dinotefuran had dominant detection rates both in green 
tea leaves and in Japanese urine [24–26]. This strongly confirms that 
dinotefuran dominates in the domestic applications of NEOs in Japan. 
The median concentration of all the target NEOs recorded in the green 
tea leaves were higher than the urinary NEO concentrations reported in 
Japanese [24–26] and other populations in Ghana [27], China [28,29] 
and USA [30]. Apart from imidacloprid and nitenpyram, the maximum 

concentrations of all the NEO parent compounds (acetamiprid, clo
thianidin, dinotefuran, thiacloprid and thiamethoxam) detected in the 
current green tea samples were higher than their respective urinary 
concentrations reported in urine of Japanese, Ghanaians, Chinese and 
Americans [24–30], as shown in Supplementary Data, Table S6. More
over, the total concentrations of NEOs recorded in the green tea leaves 
were far higher than the cumulative urinary levels of NEOs reported in 
the various human populations (Supplementary Data, Table S6, 
[24–30]). Urinary levels of NEOs were lower in human urine compared 
to NEO residues in tea leaves probably because of enzyme-mediated 
metabolism and subsequent excretions of NEOs in humans. Moreover, 
most of the reported human studies quantified NEOs in spot urine 
samples rather than 24 -h urine samples. Spot urinary contaminant data 
alone are of uncertain value because of highly variable dilutions that 
may be instigated by wide fluctuations of fluid intakes [31]. Hence, the 
reported urinary concentrations observed in the human subjects 
[24–30] may not entirely reflect the total urinary contents of NEOs in 
the various human populations. Meanwhile, the maximum urinary 
concentration of dm-acetamiprid reported in Japanese (53.3 ng/mL 
[25]), Ghanaians (8.79 ng/mL [27]) and Chinese (18.3 ng/mL [29]), 
were found to be far higher than the maximum dm-acetamiprid con
centration recorded in the green tea leaves (1.27 ng/g) used for the 
current study (Supplementary Data, Table S6). This tendency was 
probably because of the prolific metabolic formation of dm-acetamiprid 
from acetamiprid in humans by CYP450 enzymes [32]. 

3.2. Impacts of farming methods on neonicotinoid levels in tea leaves 

Impacts of organic and conventional tea farming methods on residual 
levels of NEOs in Japanese tea leaves were evaluated by comparing the 
detection frequencies and distribution frequencies of NEOs among the 
two farming methods (Table 2 and Fig. 1). Interestingly, all the target 
NEOs were detected with appreciable frequencies in both organic and 

Table 2 
Concentrations of neonicotinoids detected in tea leaves.  

Neonicotinoid Production  Percentile concentrations (ng/g ww)  

method %Df 25th 50th 75th 95th 100th 

Acetamiprid Organic JAS (n = 41) 4.88 BDL BDL BDL 0.36 1.27  
Conventional (n = 62) 4.84 BDL BDL BDL BDL 14.41  
Overall (n = 103) 4.85 BDL BDL BDL 0.11 14.41 

dm-Acetamiprid Organic JAS (n = 41) 56.10 BDL 0.35 0.77 1.24 1.27  
Conventional (n = 62) 67.74 BDL 0.40 0.52 0.74 0.78  
Overall (n = 103) 63.11 BDL 0.36 0.54 1.03 1.27 

Clothianidin Organic JAS (n = 41) 36.59 BDL BDL 0.95 3.33 6.30  
Conventional (n = 62) 91.94 2.02 6.92** 19.69 127.53 328.59  
Overall (n = 103) 69.90 BDL 2.02 10.49 83.81 328.59 

Dinotefuran Organic JAS (n = 41) 58.54 BDL 0.69 3.39 10.99 27.29  
Conventional (n = 62) 85.48 9.31 59.64** 246.67 1113.38 3407.24  
Overall (n = 103) 74.76 0.10 8.30 108.13 836.77 3407.24 

Imidacloprid Organic JAS (n = 41) 34.15 BDL BDL 0.90 4.94 6.70  
Conventional (n = 62) 93.55 1.22 2.30** 3.17 5.57 14.16  
Overall (n = 103) 69.90 BDL 1.45 2.75 5.54 14.16 

Nitenpyram Organic JAS (n = 41) 4.88 BDL BDL BDL BDL 0.08  
Conventional (n = 62) BDL BDL BDL BDL BDL 0.01  
Overall (n = 103) 1.94 BDL BDL BDL BDL 0.08 

Thiacloprid Organic JAS (n = 41) 60.98 BDL 0.30 0.38 1.11 3.48  
Conventional (n = 62) 100.00 0.22 0.30 0.41 2.29 11.99  
Overall (n = 103) 84.47 0.22 0.30 0.39 1.87 11.99 

Thiamethoxam Organic JAS (n = 41) 51.22 BDL 0.21** 0.88 3.88 126.18  
Conventional (n = 62) 62.90 BDL 1.25 10.44 211.08 959.40  
Overall (n = 103) 58.25 BDL 0.63 3.61 101.46 959.40 

ΣNEO Organic JAS (n = 41) – 1.26 3.21** 8.41 29.30 150.54  
Conventional (n = 62) – 20.96 148.50 373.29 1222.04 3449.09  
Overall (n = 103) – 3.35 17.63 187.48 1127.53 3449.09 

*BDL means below the detection limit; %DF: percentage detection frequency; ΣNEO: total neonicotinoid concentration. Significant difference between the organic and 
conventional tea leaves, nonparametric Median Test, 1-Way Test, Chi-square approximation, ** p <0.0001. Data < LOD were not considered while calculating %Df, 
means and percentile concentrations. During statistical significance analysis concentrations of NEOs below LOD were set as the LOD value divided by the square root of 
2 [20]. 
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conventional tea leaves (Table 2). Particularly, significant detections of 
thiacloprid, dinotefuran, dm-acetamiprid, thiamethoxam, clothianidin 
and imidacloprid were observed in the organic JAS tea leaves (Dfs of 
60.98 %, 58.54 %, 56.10 %, 51.22 %, 36.59 % and 34.15 % respec
tively). This finding was considered puzzling in that, the JAS criteria for 
organic tea farming involves strict compliance with stringent measures 
and/ legislations that are well-instituted to reduce insecticidal residues 
in food to negligible levels (Table S5). Plausibly, the observed 

prevalence rates of NEOs in organic tea leaves were because of con
taminations from soils, interstitial/ground water, or as a result of 
contamination from surface water used form irrigational activities. 
Previous studies have highlighted NEO contaminations in agricultural 
soils and urban soils [31–33]. Other studies have also reported soil 
erosion-related transport of NEOs in agricultural fields; and NEO con
taminations in waters/sediments systems [34,35]. Although the JAS 
organic tea farming criteria requires a 2–3-year fallow period for 
pre-cultivated soils [36], such periods may not necessarily guarantee 
absolute depletions of chemicals which have long half-lives in soils. 
Neonicotinoids compounds have varying half-lives (t1⁄2) in soils; with 
clothianidin having the longest (13–1386 days). This is followed by 
imidacloprid (t1⁄2 = 104–228 days), dinotefuran (t1⁄2 = 82 days), thia
methoxam (t1⁄2 = 7–72 days) and thiacloprid (t1⁄2 = 9–27 days) 
(Table S4, [27,37]. Acetamiprid has the shortest soil half-life (t1⁄2 = 4–7 
days); perhaps, this explains its low detection rates in the tea leaves. 

The detection frequencies (%Dfs) of dinotefuran, clothianidin, imi
dacloprid, thiamethoxam, dm-acetamiprid and thiacloprid (which were 
the most predominantly detected NEOs in the current study) were 
relatively lower in organic tea leaves, compared to their respective %Dfs 
in the conventional tea leaves (Table 2). Also, mean concentrations of 
the detected NEOs were more distributed in the conventional tea leaves, 
than the organic tea leaves (Fig. 1). In confirmation to this observation, 
various percentile concentrations of NEOs such as dinotefuran, clo
thianidin, imidacloprid, thiamethoxam and thiacloprid recorded in 
conventional tea leaves were found to be far higher than those obtained 
in organic tea leaves (Table 2). The differences in median concentrations 
of NEOs between the organic and conventional tea leaves were statis
tically significant (nonparametric Median Test, 1-Way Test, Chi-square 
approximation, p < 0.0001, Table 2). These observations clearly sug
gest that the adoption and implementation of organic farming practices 
in Japanese tea production resulted into drastic reductions in residual 
neonicotinoid concentrations in commercial green tea leaves. 

Primarily, the growth conditions of the tea plant (Camellia sinensis L) 
are known to be favourable for pests, diseases, and competing grasses. 
As such, conventional tea farming practices often involve the applica
tions of fertilizers and assorted insecticides on farmlands, as a measure 
to prevent pests and disease; and to improve tea yield and quality [1,5, 
38]. This may, however, culminate into increased residual levels of 
pesticides in tea leaves. Ikenaka et al. detected seven (7) neonicotinoid 
insecticides and ten (10) neonicotinoid metabolites in in Japanese tea 
leaves and Japanese bottled green tea beverages [14]. Another study by 
Chen et al. [1] detected acetamiprid, imidacloprid, buprofezin, carbe
dazim, and pyredaben in tea leaves on Chinese market. Hayward et al. 
also detected various pesticides within the concentration range of 
1–3200 μg/kg in commercial tea products in US [4]. These findings are 
strongly confirmatory that, tea leaves produced from different part of 
the globe, could store high residual levels of various pesticides for 
human exposure. 

Adoption of organic farming system is a well-trumpeted counter 
measure to pesticide exposures through food. In Japan, the green 
farming methods (organic farming methods) have been well standard
ized and promoted nationwide, through the JAS system. In the current 
study, the organic Japanese tea samples showed attenuated NEO resi
dues, compared to the conventional tea leaves (Fig. 2B). Whereas 95.1 % 
of the conventional tea samples contained > 3 NEO residues at same 
time, only 59.5 % of the organic tea samples were found to contain > 3 
NEO compounds (Fig. 2B). Moreover, about 82 % of the conventional 
tea samples were found to contain 5–7 NEO compounds, but only 26.2 % 
of the organic tea samples contained 5–7 NEO compounds simulta
neously (Fig. 2B). These strongly confirm that the adoption of organic 
farming systems in Japan might have efficiently reduced the occurrence 
of residual NEO infiltrations into Japanese tea products. 

After statistical analysis, only four NEO pairs exhibited moderate to 
strong positive correlations in organic tea leaves (thiamethoxam/acet
amiprid: r = 0.380, p < 0.05; thiamethoxam/dinotefuran: r = 0.493, p >

Fig. 1. Distribution of mean concentrations of neonicotinoids in tea leaves.  

Fig. 2. A&B: Multiple neonicotinoid detections in (A) the overall green tea 
samples (n = 103), (B) organic verses conventional tea leaves (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article). 
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0.05; dinotefuran/clothianidin: r = 0.530, p < 0.001; nitenpyram/ 
acetamiprid: r = 0.651, p < 0.001), as shown in Supplementary Data, 
Table S1. On the other hand, about nine pairs of NEOs showed moderate 
to very strong correlations with each other in the conventional tea leaves 
(dinotefuran/clothianidin: r = 0.293, p < 0.05; imidacloprid/dinote
furan: r = 0.325, p < 0.05; thiacloprid/imidacloprid: r = 0.341, p < 0.05; 
thiamethoxam/imidacloprid: r = 0.354, p < 0.05; thiacloprid/dinote
furan: r = 0.356, p < 0.05; thiamethoxam/clothianidin: r = 0.383, p <
0.05; thiamethoxam/thiacloprid: r = 0.413, p < 0.001; thiamethoxam/ 
dinotefuran: r = 0.451, p < 0.001; nitenpyram/acetamiprid: r = 0.841, p 
< 0.001), as shown in Supplementary Data, Table S2. These observa
tions suggest that sources of NEO residues in conventional tea leaves are 
more common and consistent, compared to NEO sources in the organic 
tea leaves. 

3.3. Estimation of maximum dietary intake of neonicotinoid insecticides 
through green tea leaves 

In the present study, MDIgts of NEOs were estimated for tea samples 
cultivated by various farming methods in Japan; and the results have 
been shown in Table 3. Subsequently, the MDIgts of NEOs obtained in 
the present study were compared with the current Acceptable Daily 
Intakes (ADI) of NEOs recommended by the Food Safety Commission of 
Japan (Table 3 [14]). 

The MDIgt of NEOs obtained from the organic farming methods were 
generally lower, compared to those obtained from the conventional 
farming practices (Table 3). This indicates that human exposures to 
NEOs through consumption of organic tea leaves in Japan are minimal, 
compared to NEO exposures through conventional tea leaves. Also, 
MDIgt percent of ADI (%ADI) of NEOs obtained from the organic tea 
leaves were lower, compared to those obtained from the conventional 
tea samples. This suggest that the plausibly toxicological risks posed by 
NEOs to humans through organic tea consumptions are negligible, 
compared to the risks associated with the consumption of conventional 
tea leaves. 

The %ADIs of NEOs estimated in adults and children were highest for 
thiamethoxam (3.34 %, 5.03 %, respectively) followed by dinotefuran 
(0.97, 1.46 %, respectively), clothianidin (0.21, 0.32, respectively), 

thiacloprid (0.06 %, 0.09 %, respectively), imidacloprid (0.02 %, 0.02 
%, respectively), acetamiprid (0.01 %, 0.02 %, respectively) and 
nitenpyram (0.00 %, 0.00, respectively) (Table 3). However, the cu
mulative daily exposures to NEOs (ΣMDIgts) estimated for children were 
relatively higher, compared to those obtained for adults. Moreover, the 
%ADIs of all the target NEOs were comparatively higher in children than 
in adults. Ultimately, these results suggest that the potential risks of 
NEOs posed to children through daily consumption of tea products are 
greater compared to that of adults. This finding agreed with a previous 
report which similarly found higher NEO risks to children, as a result to 
green tea consumption [14]. Children may highly be susceptible to 
adverse health effects of NEOs than adults, due to their higher dietary 
consumption rates than adults. 

4. Conclusions 

Eight NEO compounds (clothianidin, dinotefuran, thiacloprid, imi
dacloprid, acetamiprid, nitenpyram, thiamethoxam and dm- 
acetamiprid) were detected in both JAS labelled organic tea leaves 
and conventional tea leaves from Japan. The NEOs were more 
frequently detected in conventional tea leaves than the organic tea 
leaves. Concentrations of NEOs detected in conventional tea leaves were 
extremely high, compared to their respective levels in organic tea leaves. 
The current study further revealed high daily exposure rates of NEOs 
among Japanese children and adults who patronize conventional tea 
leaves than those who consume organic tea leaves. Meanwhile, children 
were found to be more susceptible to maximum daily exposures of NEOs 
within the Japanese population. 

Tea is a global beverage consumed in many human populations 
across the world. Hence, the occurrence of pesticide contaminations in 
tea leaves trigger serious concerns from many parts of the world. The 
present study presents robust scientific evidence that may be essential 
for validating the effectiveness of organic farming methods as a counter 
measure to pesticide contaminations in tea leaves. 

Data accessibility 

Data, associated metadata, and calculation tools are available by 

Table 3 
Daily intakes (μg/kg/day) of neonicotinoid through consumption of Japanese tea leaves.  

Neonicotinoid Production ADI MDIgt_Adult MDIgt_Child  

method μg/kg/day μg/kg/day ADI% μg/kg/day ADI% 

ΣACE Organic JAS (n = 41)  1.59E-03 0.00 2.39E-03 0.00  
Conventional (n = 62) 71 9.52E-03 0.01 1.44E-02 0.02  
Overall (n = 103)  9.82E-03 0.01 1.48E-02 0.02 

Clothianidin Organic JAS (n = 41)  3.95E-03 0.00 5.95E-03 0.01  
Conventional (n = 62) 97 2.06E-01 0.21 3.10E-01 0.32  
Overall (n = 103)  2.06E-01 0.21 3.10E-01 0.32 

Dinotefuran Organic JAS (n = 41)  1.71E-02 0.01 2.58E-02 0.01  
Conventional (n = 62) 220 2.13E+00 0.97 3.22E+00 1.46  
Overall (n = 103)  2.13E+00 0.97 3.22E+00 1.46 

Imidacloprid Organic JAS (n = 41)  4.20E-03 0.01 6.33E-03 0.01  
Conventional (n = 62) 57 8.87E-03 0.02 1.34E-02 0.02  
Overall (n = 103)  8.87E-03 0.02 1.34E-02 0.02 

Nitenpyram Organic JAS (n = 41)  5.03E-05 0.00 7.59E-05 0.00  
Conventional (n = 62) 530 3.53E-06 0.00 5.33E-06 0.00  
Overall (n = 103)  5.03E-05 0.00 7.59E-05 0.00 

Thiacloprid Organic JAS (n = 41)  2.18E-03 0.02 3.28E-03 0.03  
Conventional (n = 62) 12 7.51E-03 0.06 1.13E-02 0.09  
Overall (n = 103)  7.51E-03 0.06 1.13E-02 0.09 

Thiamethoxam Organic JAS (n = 41)  7.90E-02 0.44 1.19E-01 0.66  
Conventional (n = 62) 18 6.01E-01 3.34 9.06E-01 5.03  
Overall (n = 103)  6.01E-01 3.34 9.06E-01 5.03 

ΣMDIgt Organic JAS (n = 41)  1.08E-01 – 1.63E-01 –  
Conventional (n = 62) – 2.97E+00 – 4.47E+00 –  
Overall (n = 103)  2.97E+00 – 4.47E+00 – 

MDIgt means maximum daily intakes of the target NEOs via consumption of green tea leaves; MDIgt was estimated from the 100th percentile concentrations of 
neonicotinoids in tea leaves; ΣACE sum of concentrations of acetamiprid and dm-acetamiprid in green tea leaves. 
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