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Abstract 21 

Neem oil is a biopesticide normally applied together with Bacillus thuringiensis (Bt). However, 22 

neither its dissipation nor the influence of Bt have been previously evaluated. In this study 23 

dissipation of neem oil was investigated when it was applied alone or together with Bt, at 3°C 24 

and 22°C. A methodology involving solid-liquid extraction and liquid chromatography-high 25 

resolution mass spectrometry was developed for that purpose. Method was validated obtaining 26 

recoveries from 87 to 103%, with relative standard deviations lower 19% and limit of 27 

quantifications from 5 to 10 µg/kg. Azadirachtin A (AzA) dissipation was fit to a single first order, 28 

being faster when neem oil was applied together with Bt and at 22°C (RL50=12-21 days) than 29 

alone and at 3ºC (RL50=14-25 days). Eight related compounds were found in real samples with 30 

similar dissipation curves than AzA, and 5 unknown metabolites were identified in degraded 31 

samples, with increasing concentrations during parent compound degradation. 32 

 33 
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1. INTRODUCTION 37 

Nowadays, the use of pesticides is necessary to support the high demand of a growing 38 

population. However, several adverse effects could be produced a cause of their use, including 39 

health effects as cancer or genetic diseases, and environmental effects as soil, air and water 40 

contamination.1 Therefore, biopesticides, pesticides originated from a natural source as plant 41 

extract, essential oils or bacteria toxins, between others,2 have been increasingly employed to 42 

control pests. These pesticides are normally more selective to specific pests than traditional 43 

ones, biodegradable and less toxic to human than synthetic pesticides.3 The current global 44 

market for organic agricultural products (2021), including biopesticides, is valued at around US$ 45 

103.36 billion with a growth rate of 8.4% per year.4 46 

Tomato and grape crops are highly affected by pests as the lepidoptera, known as tomato and 47 

grape moth (Tuta absoluta and Lobesia botrana, respectively), being an important problem in 48 

countries as Spain, which is a big producer and exporter of these crops.5 Although traditional 49 

pesticides had been used to control them (e.g. abamectin or clorantraniliprole), the use of neem 50 

oil, a biopesticide mainly composed of azadirachtin A (AzA) and in less proportion of azadirachtin 51 

B (AzB) and related compounds,6 can be employed as a more environmentally friendly 52 

alternative. AzA is a limonoid obtained from the neem tree and sold as neem oil, whose 53 

concentrations oscillate between 0.1-2.6 %. It is a potent antifeedant to many insects, and it 54 

affects to insects in larval stage, by contact and ingestion, disturbing the hormonal balance of 55 

insects.7 Besides, fungus is another important pests in tomato and grape cultivations, and 56 

bearing in mind that AzA has acaricide and fungicidal properties, the use of synthetic fungicides 57 

as triazole pesticides can be avoided when neem oil is applied.8,9 58 

AzA acts upon insects in larval stage, but when the plague is established in the plants, including 59 

adult individuals, neem oil is not enough to eliminate it. For that reason,, neem is commonly 60 

applied together with another biopesticide, Bacillus thuringiensis (Bt). Bt was named like this 61 

because it was firstly isolated from flour moth in Thuringia, Germany, and it is a gram-positive 62 



 

bacterium with insecticidal action.10 That property is due to the formation of crystalline protein 63 

inclusions during the sporulation phase thanks of their crystal protein genes (CRY). Bt protein 64 

toxins interact with specific binding sites on the insect midgut epithelium producing their death 65 

by digestion in basic conditions (there is no risk for animals, which have an acid digestion).11 The 66 

proteins with the highest pesticide potency are the CRY and vegetative insecticidal proteins 67 

(VIP), which have a high specificity for lepidoptera species, highlighting the specificity of 68 

biopesticides for which they are more recommended than synthetic pesticides.12 The 69 

combination of both biopesticides drastically reduces the negative effect to both leaves and 70 

fruits affected by lepidoptera pests, being complementary between them.13 Besides, when more 71 

than one compound is applied to treat pests, it may allow a longer persistence of defences.3 72 

On the other hand, Bt has pesticide degradation properties,14–18 and this could promote AzA 73 

degradation, restricting its insecticidal effect or producing known or unknown azadirachtin 74 

metabolites. This last point is especially important since metabolites are in some cases more 75 

toxic than the parent compounds, as it occurs with conventional,19 or biopesticides,20 being 76 

necessary to investigate how Bt is able to affects pesticides as neem oil. Although some 77 

metabolites of AzA have been previously identified (as 3-Deacetylazadirachtin or 22,23-78 

Dihydroazadirachtin (Table 1)), as far as we know, there is no study evaluating the effect of Bt 79 

over neem oil components, even when these substances are normally applied together.21,22 80 

Furthermore, pesticides with fungicidal properties as AzA can also alter and impact microbial 81 

communities and thus Bt could be affected by them.23 82 

Although biopesticides have less impact in human health and environment than traditional 83 

pesticides, their analysis is also necessary to assure food safety. For example, nereistoxins as 84 

thiocyclam, cartap or nereistoxin seem to be toxic at high concentrations and they are banned 85 

in some countries,20,24 or rotenone which, although it is allowed as pesticide, it has been 86 

demonstrated to have some influence in diseases as Parkinson.25 The detrimental effects caused 87 

by some of them over environment and pollinators must also be taken into account.26  Besides, 88 



 

the fact that Bt could promote the emergence of azadirachtin metabolites with unknown food 89 

safety risks, makes important to control them together. Indeed, the European Union (EU) has 90 

established maximum residue levels (MRLs) for AzA (0.5 mg/kg in grape and 1 mg/kg in tomato), 91 

which do not include its metabolites.27  92 

For the extraction of AzA and related compounds, considered polar compounds, QuEChERS 93 

method (quick, easy, cheap, effective, rugged, and safe) is normally applied.7 However, for non-94 

targeted analysis the use of less specific methods as solid-liquid extraction (SLE) with acetonitrile 95 

or methanol is necessary to ensure the extraction of compounds with a wider range of 96 

physicochemical properties. Liquid chromatography coupled to mass spectrometry (LC-MS) is 97 

considered the main analytical technique for these compounds.7 Even though dissipation studies 98 

are accomplished mostly by low resolution MS methods, recent development of high-resolution 99 

mass spectrometry (HRMS) instruments has led to the evolution of more capable methodologies 100 

to perform both, targeted and non-targeted studies.28 In addition, new software platforms have 101 

been developed in the field of unknown analysis, including statistical and data processing tools 102 

(e.g. Compound Discoverer) and in-silico fragmentation software (e.g. MassFrontier).28 Also 103 

other software for metabolite searching, which simulate organic and inorganic reactions of a 104 

parent molecule to elucidate them (e.g. MassChemSite),29 can also be applied.  105 

For all of that, this article aims to offer a complete and comprehensive overview of the fate of 106 

AzA and related compounds and the influence of Bt on their dissipation under different storage 107 

conditions (3°C and dark and 22°C and light). The analysis was carried out using an acetonitrile 108 

SLE based method and ultrahigh performance liquid chromatography coupled to HRMS (UHPLC-109 

Q-Orbitrap-HRMS). Dissipation studies were accomplished in tomato and grape samples, 110 

applying neem oil alone and mixed with Bt. The study was performed over 80 days. After 111 

targeted and suspect analysis of parent and related compounds found in bibliography, 112 

metabolites were elucidated employing different software: Compound Discoverer, 113 

MassChemSite (for metabolites simulation) and MassFrontier (for in-silico fragmentation).  114 



 

 115 

2 MATERIALS AND METHODS 116 

2.1 Reagents and chemicals 117 

AzA was obtained from Chengdu Biopurify PhytoChem (Chengdu, Sichuan, China). Two different 118 

standard solutions were prepared: A stock standard solution by weighing 10 mg of AzA 119 

(purity>99%) at 1000 mg/L in methanol (HPLC grade, Honeywell Riedel-de-Haën (Seelze, 120 

Germany)) and a working standard solution at 20 mg/L prepared from the stock standard 121 

solution.  122 

Acetonitrile was purchased by Honeywell Riedel-de-Haën, water by J.T. Baker (Deventer, The 123 

Netherlands), acetic acid by Merck (St. Louis, MO, USA) and formic acid (>98% of purity) by Fisher 124 

Scientific (Erembodegem, Belgium). 125 

ProteoMass LTQ/FT-hybrid ESI positive and ProteoMass LTQ/FT-HybridESI negative, from 126 

Thermo-Fisher Scientific (San Jose, CA, USA) were used for LC-QOrbitrap calibration. 127 

 128 

2.2 Instrument and apparatus 129 

Thermo Fisher Scientific Vanquish Flex Quaternary LC (Thermo Scientific Transcend™), with an 130 

Hypersil GOLD™ aQ UHPLC column (100 × 2.1 mm, 1.9 μm particle size) at 30°C was employed 131 

for the compound separation step. Injection volume of 10 µL was selected. Mobile phases were 132 

composed of methanol (Eluent A) and water 0.1% formic acid (Eluent B) at a flow rate of 0.3 133 

mL/min. The chromatographic gradient employed was previously developed.30 Briefly, from 95% 134 

of B (1 min), the percentage was decreased to 0% in 3 min and kept constant for 6 min. Then it 135 

was increased to 95% (0.5 min) and kept constant during 3.5 min. Run time was 14 min. 136 

For the compound detection, a hybrid mass spectrometer Q-Exactive Orbitrap (Thermo 137 

Scientific QExactive™) was employed. The electrospray (ESI) parameters were: spray voltage, 4 138 

kV; sheath gas (N2, 95%), 35 (arbitrary units, au); auxiliary gas (N2, 95%), 10 (au); S-lens RF level, 139 

50 (au); heater temperature, 305°C; and capillary temperature, 300°C. The mass spectra were 140 



 

acquired employing: (1) full MS, ESI+ and ESI-, without fragmentation, mass resolving power = 141 

70,000 Full Width at Half Maximum (FWHM); AGC target = 106; mass range was set to m/z 60–142 

900 (2) data independent mass spectrometry fragmentation (DIA-MS/MS), ESI+ (HCD on, 143 

collision energy = 30 eV), ESI- (HCD on, collision energy = -30 eV), mass resolving power = 35,000 144 

FWHM; AGC target = 105; isolation window m/z 50. The chromatographic and spectrometric 145 

data is summarized in Table 1. 146 

External calibration mode was used to acquire the results. For targeted and suspect screening, 147 

a home-made database was built. Xcalibur™ version 4.3.73.11 (Thermo Fisher Scientific, Les Ulis, 148 

France) and TraceFinder 5.1 (Thermo Fisher Scientific) were employed for targeted and suspect 149 

screening, whereas MassFrontier™v7.0, Compound Discoverer v3.2 (Thermo Fisher Scientific) 150 

and MassChemSite 3.1.0 (Molecular Discovery Ltd, Borehamwood, United Kingdom and Lead 151 

Molecular Design SL, Sant Cugat del Vallès, Barcelona) were used for unknown analysis. 152 

 153 

2.3 Sample contamination and treatment 154 

The commercial products applied to the blank samples were NeemAzal T/S (EC) (1%, w/v of AzA) 155 

and Bacillus thuringiensis kurstaki (WG, 32%, w/w). Ten kg of each sample were divided in two 156 

groups, one was sprayed with neem oil (group A) and the other with neem oil and Bt (group B), 157 

at the manufacturer recommend dose: 0.3% (v/v) for neem oil and 1 g/L for Bt. Then, each group 158 

was split in and stored at room temperature (22ºC ± 2ºC) (groups A.1 and B.1) in a lit-up place, 159 

and at refrigerated temperature (3°C ± 2ºC) (groups A.2 and B.2) in a dark place. The sample 160 

collection was performed at 2 h, 6 h, 1 day, 2 days, 5 days, 12 days, 20 days, 30 days, 40 days, 161 

50 days, 60 days 70 days and 80 days (70 and 80 days were only analysed at 3°C). Around 60 162 

days at room temperature and 80 days at refrigerated conditions, samples were not in good 163 

conditions to be consumed, so the study was not continued. 164 



 

The water weight loss was monitored using two replicates of tomato and grape (≈100 g) stored 165 

at the same conditions as contaminated samples. Compound concentrations were calculated 166 

considering this loss of weight. 167 

To assure an exhaustive extraction, a generic SLE with acetonitrile was employed.31 In summary, 168 

5 g of sample were extracted with 5 mL acetonitrile during 1 min in a vortex. After centrifugation 169 

(7500 rpm, 8170 rcf), 10 µL of the top layer was filtered and injected in the chromatographic 170 

system.  171 

 172 

3 RESULTS AND DISCUSSION 173 

3.1 Method optimization and validation 174 

First MS characterization was performed for AzA, following the same procedure than in previous 175 

articles,32 obtaining the precursor ion m/z 743.2522 and the product ions m/z 161.0592, 176 

369.1157 and 567.1843 (Figure 1). Then, different azadirachtins and related compounds 177 

(suspect compounds) were included in a homemade database (Table 1). The exact mass for 178 

precursor ions was calculated according to their molecular formula, and fragment ions for some 179 

compounds were obtained from bibliography. For those whose were not indicated in 180 

bibliography, in-silico fragmentation was performed using MassFrontier. According to the latest 181 

SANTE version,33 characteristic and, at least one, fragment ion should be monitored with a mass 182 

error lower than 5 ppm and a variation of the isotopic pattern recognition lower than 30%. 183 

Two SLE methods were evaluated for the extraction of the compounds from grape and tomato 184 

spiked at 5 and 100 µg/kg: a previously optimized SLE extraction with acidified methanol,32 and 185 

a SLE with acetonitrile as extractant solvent. SLE performance (Table 2) show that both solvents 186 

were appropriated. However, acetonitrile extraction was slightly better than methanol 187 

extraction in terms of recoveries (87-103%) and matrix effect (-22 to -23%), calculated according 188 

to Lopez-Ruiz et al. study,34 choosing it as the final method.  189 



 

The method was validated in both matrices according to the SANTE guidelines (Table 2).33 190 

Linearity was determined by comparison between a matrix-matched calibration and a solvent-191 

matched calibration, at concentrations from 2.5 to 500 µg/kg. Linear range was between 2.5 (5 192 

µg/kg for tomato) and 250 µg/kg (R2>0.9946) and working range between 5 (10 µg/kg for 193 

tomato) and 100 µg/kg. Matrix effect was evaluated comparing matrix-matched calibration and 194 

a solvent calibration at the working range concentrations, and it ranged from -22 for grape to -195 

23% for tomato, requiring the use of a matrix-matched calibration to quantify the samples. LOQs 196 

were stablished according to SANTE guideline indications (minimum spiked concentrations of 197 

target analytes for which signal to noise ratio (s/n)>10 for precursor and product ions, 198 

withrecoveries between 70-120% and relative standard deviations (RDS) lower than 20%) and 199 

they were set at 5 µg/kg for grape and 10 µg/kg for tomato. Finally, recoveries were tested at 5 200 

or 10 µg/kg for grapes and tomato respectively, and 100 µg/kg (5 replicates for each 201 

concentration), after spiking blank samples. Recoveries ranged from 87 to 103% with intraday 202 

and interday precision, in terms of RSDs, lower than 14% and 19%, respectively. 203 

 204 

3.2 Suspect screening 205 

In addition to AzA, metabolites and/or related compounds were searched in neem oil through a 206 

suspect screening, considering the detection parameters explained in Section 3.1. In neem oil, 207 

there are a large number of compounds which have been isolated from Azadirachta indica 208 

(neem tree) being some of them azadirachtin H (metabolite detected in soil), AzB, azadirachtin 209 

I, azadirachtin J, azadiradione, nimbin or nimbinin (Table 1). The principal characteristic of these 210 

compounds is that all of them have the polycyclic structure of AzA (Figure 1).35,36  211 

For the searching of these suspect compounds, neem oil was analysed by direct injection, with 212 

an appropriated dilution to avoid carry over contamination in the chromatographic or 213 

spectrometric system. First a dilution 1:10,000,000 (v/v) with methanol was tested but, the 214 

signal obtained for AzA was too low, choosing a dilution 1:100,000 (v/v) as the most appropriate. 215 



 

Suspect compounds detected in the neem oil were shown in Table 3 and their concentrations 216 

were estimated using an AzA calibration curve. Their fragments were obtained from 217 

bibliography or proposed by in-silico fragmentation (MassFrontier) (Table 1).  218 

Estimated concentration of AzA in neem oil should be 10000 mg/L (1%, w/v), but its 219 

concentration was 6880 mg/L (≈0.69%), as it can be observed in Table 3, which indicates that 220 

neem oil compounds start their degradation in the commercial product, as other authors 221 

indicated for the same plant protection product.37 Besides, the compounds detected here are in 222 

concordance with those detected in previous studies, except for azadirachtin N, azadirachtin F 223 

and ohchinolide B, which were not detected in that study, and azadirachtin D, which was not 224 

detected in the current study. These differences may be caused because they used a previous 225 

liquid-liquid extraction,37 while here neem oil was directly injected after dilution, so losses of 226 

compounds may have occurred. 227 

 228 

3.3 Dissipation studies  229 

Dissipation kinetics of AzA in tomato and grape was evaluated by plotting residue concentration 230 

against time. Several kinetics models were tested, such as single first order, biphasic, one-and-231 

a-half-order and second order.38 Single First-Order (SFO) was the fit selected, obtaining R2 values 232 

higher than 0.98 in all cases. Other conventional pesticides shown the same tendency than 233 

AzA.39,40 All the parameters for the tested kinetic models for AzA dissipation in tomato and grape 234 

samples are shown in Table S1 and S2. 235 

The residual concentration and half-life of AzA (residual lifetime, RL50) was calculated using the 236 

SFO model applying Equation 1 and Equation 2, where the terms C0, k and CT mean the initial 237 

concentration, the rate constant and the concentration at time t, respectively.  238 

𝐶! =	𝐶"𝑒#$%                                                                                                                                Equation 1 239 

𝑅𝐿&" =
'(	*
$

                                                                                                                                   Equation 2 240 



 

In Figure 2 (tomato) and Figure S1 (grape) it can be observed that the concentration of AzA 241 

decreased under all the tested conditions (Bt addition and storage conditions). It is important to 242 

mention that the detected concentrations in grapes were higher than in tomato. This can be 243 

explained because when the neem/neem+Bt solution was spread over both samples, grapes 244 

keep a higher volume of the solutions due to its morphology, whereas for tomato the solution 245 

slipped into the tray where the samples were disposed. The SFO kinetic model revealed that 246 

values of rate constant (k) ranged from 0.029 days-1 (neem in grape at 3ºC) to 0.057 days-1 (neem 247 

and Bt in tomato at 22ºC). Meanwhile RL50 was lower than 25 days and RL90 lower than 82 days 248 

(Table 4). Differences between matrices were not observed, obtaining similar values of RL50 and 249 

k in all cases, although a higher dissipation was achieved between storage conditions, observing 250 

it was slow at refrigerated conditions, being RL50 between 21 days (grape and tomato) to 25 days 251 

(tomato) at 3ºC and from 12 days (grape) to 20 days (tomato) at 22ºC (Table 4).  252 

In relation to the differences between the treatment applied (neem or neem+Bt), although C0 253 

was similar when neem was applied together with Bt or alone, concentration decreased slightly 254 

faster in the presence of Bt, obtaining values of RL50 from 12 days (tomato at 22ºC) to 21 days 255 

(tomato and grape at 3ºC) whereas when neem oil was used alone, values ranged from 20 days 256 

(tomato at 22ºC) to 25 days (tomato at 3ºC) (Table 3). A t-test was conducted to evaluate if the 257 

data sets were significantly different when neem oil was applied mixed with Bt or not. P-values 258 

(Table 4) were calculated and as it can be seen data sets were significantly different (a 259 

significance level at 0.1 was set) only for grape data at 22°C (p-value = 0.076). Differences at 260 

22°C were higher than at 3°C for both matrices, which could be due to the fact that Bt was at a 261 

latent phase by the production of endospores due to the low temperatures. Therefore, it can be 262 

concluded that the presence of microorganisms as Bt could produce a faster dissipation of AzA, 263 

but its influence was limited.  264 

Results obtained above indicated that persistence of AzA was low in tomato and grape samples, 265 

when it was applied with or without Bt (lower than 25 days in all cases). According to previous 266 



 

studies,41 AzA, the main component of neem extract, degraded rapidly and less than 5% respect 267 

the AzA levels just after application was found at a preharvest intervals of 13 days in lettuce. 268 

Caboni et al.42 obtained similar results, achieving RL50 values between 1.2 and 3 days, being the 269 

sunlight the main factor for the degradation of AzA (photodegradation). However, the remaining 270 

AzA content and its degradation is scarcely evaluated in post-harvest samples or in samples 271 

collected immediately after application (neem oil has not withdrawal period). Thus, in the study 272 

carried out by Tofel et al.,43 AzA seems to be stable for more than 21 days in post-harvest treated 273 

maize and cowpea samples, remaining a high concentration in the samples. Besides, although 274 

in other samples it degrades faster, it is not clear the metabolites generated from AzA and if 275 

they may involve a health risk.  276 

Once AzA dissipation was evaluated, the detected compounds in neem oil (Section 3.2) were 277 

searched in tomato and grape samples after application of neem oil. Whereas only AzB was 278 

found in tomato, in grape samples all of them were found, probably due to the higher 279 

concentrations of grape samples. Their initial concentrations were the same for all the storage 280 

and application conditions. Their behaviours were studied using AzA matrix matched calibration 281 

curves to calculate their concentrations (Figure S2a and S2b). The same trend than AzA was 282 

observed for all the suspect compounds, except for 11-hidroxyazadirachtin B. Its concentration 283 

slightly increased whereas AzB concentration decreased, which can be explained since one of 284 

the degradation products of AzB is 11-hidroxyazadirachtin B, produced by hydration.  285 

 286 

3.4 Unknown analysis 287 

Finally, in addition to the azadirachtin related compounds described above, MassChemSite 3.1.0 288 

was used to search possible unknown metabolites in the treated samples. With this software, 289 

inorganic and organic reactions are simulated using the structure of the parent compound and 290 

the resulting compounds were searched in the samples based on their exact mass, excluding the 291 

background noise with the blank signals. Compound Discoverer was also used to search in the 292 



 

samples possible metabolites from different databases as PubChem, m/z Cloud or ChemSpider. 293 

Eighteen compounds were putatively identified (Table 1). To have a more precise identification, 294 

different factors were considered, as retention times (metabolites must have similar retention 295 

times than the parent compounds due to their similar structures) and isotopic and 296 

fragmentation patterns, which should be like parent compounds, and they were determined 297 

using in-silico fragmentation (MassFrontier™v7.0 software). Thirteen compounds were 298 

discarded since they do not accomplish at least one of these factors, selecting 5 azadirachtin 299 

metabolites by retention time and fragments ions (Table 1). In Figures S3a, S3b, S3c, S3d and 300 

S3e, the extracted precursor and fragment ion chromatograms of these metabolites are shown. 301 

The metabolites 3-azadirachtin and 8-azadirachtin were found at low concentrations, so no 302 

fragment was assigned for 3-azadirachtin while only one was found for 8-azadirachtin. The other 303 

metabolites had similar fragmentation pattern than AzA, being some fragments m/z 177.0552 304 

(for 9 and 12-azadirachtin) or m/z 449.1448 (for 9 and 11-azadirachtin). 305 

Finally, the main degradation routes for AzA and AzB involving the detected metabolites were 306 

proposed and they are shown in Figure 3, comprising dehydration and demethylation. 1-307 

azadirachtin and 8-azadirachtin were only detected in tomato samples but at low concentrations 308 

and only for a short period of time, while 3, 11 and 12-azadirachtin were only detected in grape 309 

samples. 9-azadirachtin was detected in both matrices, but at higher concentrations in grape 310 

than in tomato samples (about 10 times higher).  311 

Behaviour of metabolites were also evaluated, and their concentrations were estimated as for 312 

AzA related compounds. Their behaviour was different than for AzA and related compounds: 313 

their concentrations increased, reaching the highest concentrations between days 5 and 40 and 314 

then they fluctuate continuously (Figures S4a and S4b). Besides, concentrations increased faster 315 

at 22°C than at 3ºC. This trend is explained by the progressive degradation of the parent 316 

compounds into the metabolites and their own dissipation.  317 



 

AzA toxicity has not been evaluated previously and no adverse effects were observed up to 32 318 

mg/kg body weight (BW) per day.44 However, due to the complexity of the neem oil extracts, 319 

neither the individual toxicity of each neem oil compound nor the toxicity of the metabolites 320 

generated from AzA dissipation have been studied. For that, the tool T.E.S.T. Version 5.1.1 321 

(Environmental Protection Agency (EPA))45 was employed to estimate the toxicity of neem 322 

compounds and metabolites individually. Using it, lethal doses in rats were calculated and added 323 

to Table 1. Estimated lethal doses for azadirachtin metabolites were lower than for AzA, which 324 

may indicated that these metabolites could be more toxic than the parent compound (except 325 

for 12-azadirachtin), highlighting the importance of their monitoring, although more studies are 326 

needed in this regard. 327 

The high number of compounds present in the neem oil and all their possible metabolites may 328 

be the cause of the lack of knowledge concerning the degradation of azadirachtins. Besides, 329 

almost all the identified compounds have a poor fragmentation pattern, which hinder their 330 

study. Due to this complexity, the necessity of a deeper study of neem oil dissipation in samples 331 

is required, including the possible metabolites from Bt influence.  332 

In addition to that, metabolite concentrations were very similar between both treatments 333 

(neem and neem+Bt) and, although AzA dissipation was slightly faster with Bt, this difference 334 

was not reflected in azadirachtin metabolites. This indicates that Bt does not affect AzA 335 

degradation routes or that if other azadirachtin metabolites are formed when Bt is used 336 

(probably including some biodegradation reactions as indicated by other authors as Garcia Birolli 337 

et al.),17 but either the concentration of these theoretical compounds is too low, or the analytical 338 

methodology applied was not broad enough to detect them. 339 

 340 

SUPPORTING INFORMATION 341 

Supporting information associated with this article can be found in the online version. Here It is 342 

included the dissipation model adjustments (Tables S1 and S2), the dissipation curves for target 343 



 

compound (Figures S1 and S2), the extracted characteristic and fragment ions for the unknown 344 

metabolites (Figure S3) and dissipation curves for unknown compounds (Figure S4). This 345 

material is available free of charge via the Internet at http://pubs.acs.org.  346 
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Table 1: UHPLC-QOrbitrap-HRMS parameters for targeted, suspect and unknown compounds 

Compound RTW 
(min) 

Predicted 
oral rat LD50 

(mg/kg) 

Neutral 
exact 
mass 

Neutral 
formula 

(M) 

Precursor ion Fragment ions† 

Reference Theoretical 
exact mass 

(m/z) 
Adduct 

Mass 
error 
(ppm) 

Theoretical 
exact mass 

(m/z) 

[M+H]+ 
molecular 
formula 

Mass 
error 
(ppm) 

Targeted analysis 

Azadirachtin A 7.21-7.27 32.63 720.2629 C35H44O16 743.2522 [M+Na]+ -3.56 
161.0592 C10H9O2 -3.39 

- 369.1157 C17H21O9 -4.95 
567.1843 C30H31O11 -3.21 

Suspect screening 

Azadirachtin B 7.34-7.38 39.27 662.2575 C33H42O14 685.2467 [M+Na]+ 0.92 
161.0592 C10H9O2 -2.71 

35 

469.2068 C23H33O10 -4.25 
567.2225 C31H35O10 -4.72 

Azadirachtin I 7.15-7.19 24.12 618.2676 C32H42O12 641.2568 [M+Na]+ 0.55 267.1233 C14H19O5 -4.36 
465.1913 C27H29O7 3.72 

Azadirachtin H - - 662.2575 C33H42O14 685.2467 [M+Na]+ - - - - 

Azadirachtin D 7.15-7.19 27.10 676.2731 C34H44O14 699.2623 [M+Na]+ -1.40 677.2809 C34H45O14 4.61 
523.1968 C29H31O9 4.69 

Azadirachtin Q - - 664.2362 C32H40O15 687.2259 [M+Na]+ - - - - 46 
Azadirachtin M - - 634.2620 C32H42O13 657.2518 [M+Na]+ - - - - 

47 Azadirachtin N 7.36-7.41 25.47 680.2675 C33H44O15 663.2647 [M+H-
H2O]+ 0.71 681.2759 C33H45O15 -3.91 

621.2178 C30H37O14 2.23 

Azadirachtin F 7.44-7.47 - 664.2726 C33H44O14 687.2623 [M+Na]+ -2.14 665.2804 C33H45O14 4.59 46 611.2334 C33H39O11 -0.55 
Azadirachtin L - - 704.2675 C35H44O15 727.2572 [M+Na]+ - - - - 48 
Azadiradione - - 450.2406 C28H34O5 451.2479 [M+H]+ - - - - 

41,49,50 

Nimbin - - 540.2360 C30H36O9 563.2257 [M+Na]+ - - - - 
6-desacetyl-nimbin 7.82-7.90 107.41 498.2248 C28H34O8 521.2151 [M+Na]+ -2.09 467.2064 C27H31O7 -1.14 

Salannin 8.10-8.18 3.41 596.2985 C34H44O9 619.2883 [M+Na]+ -2.53 597.3064 C34H45O9 -2.69 
3-desacetyl-salannin 8.07-8.11 3.95 554.2874 C32H42O8 577.2777 [M+Na]+ -1.75 555.2952 C32H43O8 -2.12 

Ohchinolide B 7.75-7.80 - 624.2935 C35H44O10 647.2832 [M+Na]+ -2.67 625.3013 C35H45O10 -2.25 
Nimbinin - - 466.2355 C28H34O6 467.2428 [M+H]+     3 



 
Vilasinin - - 428.2557 C26H36O5 429.2636 [M+H]+     
Gedunin - - 482.2304 C28H34O7 483.2377 [M+H]+     

11-Hydroxyazadirachtin B   678.2518 C33H42O15 701.2416 [M+Na]+     51 
Unknown analysis 

1-Azadirachtin - - 582.1949 C27H34O14 605.1846 [M+Na]+ - - - - 

Masschemsite/ 
Compound 
Discoverer 

2-Azadirachtin - - 638.2211 C30H38O15 661.2108 [M+Na]+ - - - - 
3-Azadirachtin 7.18-7.24 16.57 644.2468 C33H40O13 667.2367 [M+Na]+ 0.13 - - - 
4-Azadirachtin - - 650.2211 C31H38O15 673.2108 [M+Na]+ - - - - 
5-Azadirachtin - - 656.2316 C30H40O16 679.2214 [M+Na]+ - - - - 
6-Azadirachtin - - 666.2312 C35H38O13 689.2210 [M+Na]+ - - - - 
7-Azadirachtin - - 673.2133 C33H37O15 696.2030 [M+Na]+ - - - - 

3-Deacetylazadirachtin - - 678.2524 C33H42O15 701.2421 [M+Na]+ - - - - 
8-Azadirachtin 6.08-6.13 16.60 684.2418 C35H40O14 707.2316 [M+Na]+ 0.80 305.1025 C16H17O6 3.23 

9-Azadirachtin 7.18-7.25 23.95 688.2367 C34H40O15 711.2265 [M+Na]+ 0.79 
177.0552 C10H9O3 -0.92 
235.0970 C13H15O4 -1.54 
449.1448 C22H25O10 2.84 

10-Azadirachtin - - 692.2316 C33H40O16 715.2214 [M+Na]+ - - - - 

11-Azadirachtin 7.24-7.35 16.54 702.2524 C35H42O15 725.2421 [M+Na]+ 0.70 449.1448 C22H25O10 3.51 
585.1972 C30H33O12 -3.17 

12-Azadirachtin 7.08-7.19 31.06 706.2473 C34H42O16 729.2371 [M+Na]+ 0.88 
177.0552 C10H9O3 0.45 
179.0708 C10H11O3 0.16 
366.1679 C19H26O7 -1.59 

13-Azadirachtin - - 708.2629 C34H44O16 731.2527 [M+Na]+ - - - - 
22,23-Dihydroazadirachtin - - 722.2786 C35H46O16 745.2684 [M+Na]+ - - - - 

14-Azadirachtin - - 724.2578 C34H44O17 747.2476 [M+Na]+ - - - - 
15-Azadirachtin - - 736.2579 C35H44O17 759.2476 [M+Na]+ - - - - 
16-Azadirachtin - - 794.2633 C37H46O19 817.2531 [M+Na]+ - - - - 

†Fragment ions were obtained from in-silico fragmentation employing MassFrontier™v7.0 
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Table 2: Validation parameters obtained for the evaluated extraction methods in tomato and 
grapes 

Matrix Linearity 
(R2) 

Trueness (%) Intra/Interday 
precision (%)† LOQ 

(µg/kg) 
Matrix 
effect 5 µg/kg 100 

µg/kg 5 µg/kg 100 
µg/kg 

Acetonitrile extraction 
Grape 0.9998 103 87 1/19 14/12 5 -22 

Tomato 0.9946 97 93 3/11 3/2 10 -23 
Methanol 0.5% acetic acid 

Grape 0.9956 117 103 9/18 3/14 5 -56 
Tomato 0.9963 126 121 7/11 6/10 10 -47 

†Number of replicates=5  
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Table 3: Concentration of targeted and suspect compounds in neem oil  

Compounds Concentration (mg/L) † 
Azadirachtin A 6880.20 
Azadirachtin B 1156.75 
Azadirachtin I 170.53 
Azadirachtin H ND 
Azadirachtin D 273.39 
Azadirachtin Q ND 
Azadirachtin M ND 
Azadirachtin N 66.79 
Azadirachtin F 367.43 
Azadirachtin L ND 
Azadiradione ND 

Nimbin ND 
6-desacetyl-nimbin 244.08 

Salannin 331.96 
3-desacetyl-salannin 362.90 

Ohchinolide B 168.17 
Nimbinin (epoxyazadiradione) ND 

Vilasinin ND 
Gedunin ND 

11-Hydroxyazadirachtin B ND 
†Estimated using AzA calibration curve in methanol; Abbreviations: ND: Non detected 
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FIGURE CAPTION 

Figure 1. Extracted ion chromatograms of AzA in tomato at the LOQ (10 µg/kg): precursor and 

fragments extracted ions (A); experimental (B) and theoretical (C) mass spectra 

Figure 2. Concentration of the parent compound (adjusted to kinetic model “Single first order’’) 

for tomato samples: A=Azadirachtin at 22°C; B=Azadirachtin+Bt at 22°C; C=Azadirachtin at 3°C; 

D=Azadirachtin+Bt at 3°C  

Figure 3. Azadirachtin metabolites detected in real samples and their formation route 
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Figure 1. Extracted ion chromatograms of AzA in tomato at the LOQ (10 µg/kg): precursor and 

fragments extracted ions (A); experimental (B) and theoretical (C) mass spectra 
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Figure 2. Concentration of the parent compound (adjusted to kinetic model “Single first order’’) for tomato samples: A=Azadirachtin at 22°C; B=Azadirachtin+Bt 

at 22°C; C=Azadirachtin at 3°C; D=Azadirachtin+Bt at 3°C  
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Figure 3. Azadirachtin metabolites detected in real samples and their formation route  
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