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1 Abstract 

2 In continuation of our program to develop natural-product-based pesticidal candidates, 

3 matrinic/oxymatrinic amides were obtained through structural optimization of matrine. 

4 N�-(4-Fluoro)phenyl-N-(4-bromo)phenylsulfonyloxymatrinic amide (IIm) showed the potent 

5 insecticidal activity against Mythimna separata. N-(Un)submitted phenylsulfonylmatrinic 

6 acids (3a�c) exhibited the promising acaricidal activity against Tetranychus cinnabarinus. By 

7 qRT-PCR analysis of nAChR subunits and AChE genes, and determination of AChE activity 

8 of (un)treated T. cinnabarinus, it suggested that the open lactam ring of matrine, and carboxyl 

9 group and (4-methyl)phenylsulfonyl of N-(4-methyl)phenylsulfonylmatrinic acid (3b) were 

10 necessary for action with E.	 E@	 E1 and F> nAChR subunits; compound 3b was an inhibitor 

11 of AChE in T. cinnabarinus, and AChE was one possible target of action in T. cinnabarinus 

12 against 3b; and compound 3b may be an antagonist of nAChR and AChE in T. cinnabarinus.

13

14

15

16 KEYWORDS: Matrine, Structural modification, Amide derivatives, Pesticidal activity, 

17 Antagonist

18

19

20

21

22
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23 INTRODUCTION 

24 To reduce pests threats to crop production, although lots of chemical pesticides were 

25 extensively used, insect pests resistance, and negative impacts on human health and 

26 environmental safety usually emerged.1-7 Recently, much attention has been paid to develop 

27 new potential alternatives for efficiently controlling pests direct or indirect from plant 

28 secondary metabolites.8-18 Matrine (1, Figure 1), and oxymatrine (1�, Figure 1) are two 

29 quinolizidine alkaloids isolated from the roots of Sophora flavescens (Kushen).19,20 Matrine, 

30 oxymatrine and their derivatives not only displayed a variety of biological properties (e.g., 

31 anti-inflammatory,21-23 anticancer,24-26 and antiviral activities27-29), but also possessed 

32 potential agrochemical activities.30-34

33 Although matrine has been registered as a botanical pesticide in China, its pesticidal 

34 activities were much lower in magnitude than those of commercially chemical pesticides. So 

35 many works need to be done to improve its pesticidal activities. Additionally, optimization  

36 of natural-based products for the development of pesticides has received much attention.35-41 

37 To explore potent pesticidal candidates, herein a series of matrinic/oxymatrinic amide 

38 derivatives (I and II, Figure 1) were prepared through opening the lactam ring of matine. 

39 Their pesticidal activities were tested against Tetranychus cinnabarinus Boisduval and 

40 Mythimna separata Walker. Meanwhile, their mechanisms of action were evaluated against T. 

41 cinnabarinus.

42 MATERIALS AND METHODS

43 Synthesis of Compounds 2a�c. Matrine (1, 12 mmol) in 6 M aq. hydrochloric acid (45 mL) 

44 was refluxed for 4 h. Then MeOH (50 mL) was added to the mixture, and it was stirred at 

45 room temperature for 3 h. After the solvent was evaporated, the residue was dissolved in 
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46 CH2Cl2 (30 mL), and KOH (36 mmol) and benzenesulfonyl chlorides (18 mmol) were added 

47 to the solution. Subsequently, the mixture was stirred at room temperature for 12�18 h, and it 

48 was washed with saturated aq. Na2CO3 (20 mL × 2), and dried over anhydrous Na2SO4. 

49 Finally, it was concentrated in vacuo, and purified by silica gel column chromatography 

50 eluting with petroleum ether/ethyl acetate (v/v =1/1 or 1/2) to give 2a�c (49�80% yields).

51 Data for Compound 2a: Yield: 49%, white solid, mp 80�82 oC; [EO25
D = -2 (c 0.32 mg/mL, 

52 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.86 (d, J = 7.0 Hz, 2H), 7.53�7.48 (m, 3H), 3.64 (s, 

53 3H), 3.60�3.54 (m, 2H), 3.31 (t, J = 11.0 Hz, 1H), 2.65 (d, J = 11.0 Hz, 1H), 2.60 (d, J = 10.0 

54 Hz, 1H), 2.24�2.19 (m, 2H), 2.04�2.00 (m, 2H), 1.87�1.82 (m, 6H), 1.68-1.65 (m, 2H), 

55 1.56�1.54 (m, 2H), 1.47�1.43 (m, 2H), 1.36�1.34 (m, 3H); HRMS (ESI): calcd for 

56 C22H33N2O4S ([M + H]+) 421.2155; found, 421.2179.

57 Data for Compound 2b: Yield: 75%, white solid, mp 76�78 oC; [EO25
D = -1 (c 0.30 mg/mL, 

58 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.73 (d, J = 7.0 Hz, 2H), 7.27 (d, J = 6.0 Hz, 2H), 

59 3.64 (s, 3H), 3.55�3.53 (m, 2H), 3.27 (t, J = 12.0 Hz, 1H), 2.67 (d, J = 10.5 Hz, 1H), 2.62 (d, 

60 J = 11.0 Hz, 1H), 2.41 (s, 3H), 2.28�2.25 (m, 1H), 2.20�2.16 (m, 1H), 2.05�2.00 (m, 2H), 

61 1.88�1.83 (m, 6H), 1.71�1.70 (m, 1H), 1.58�1.52 (m, 3H), 1.48�1.43 (m, 2H), 1.36�1.34 (m, 

62 3H); HRMS (ESI): calcd for C23H35N2O4S ([M + H]+) 435.2312; found, 435.2304.

63 Data for Compound 2c: Yield: 80%, white solid, mp 80�82 oC; [EO25
D = -2 (c 0.29 mg/mL, 

64 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.72 (d, J = 8.5 Hz, 2H), 7.66 (d, J = 9.0 Hz, 2H), 

65 4.43�4.40 (m, 1H), 4.16 (t, J = 13.5 Hz, 1H), 3.84 (dd, J = 4.0 Hz, 14.0 Hz, 1H), 3.60 (s, 3H), 

66 3.53 (t, J = 11.5 Hz, 2H), 3.27 (d, J = 10.5 Hz, 1H), 2.67�2.60 (m, 2H), 2.56�2.53 (m, 2H), 

67 2.35�2.33 (m, 1H), 2.20�2.14 (m, 3H), 1.87�1.83 (m, 2H), 1.73�1.69 (m, 3H), 1.65�1.63 (m, 

68 1H), 1.58�1.51 (m, 2H), 1.40�1.35 (m, 2H); HRMS (ESI): calcd for C22H32BrN2O4S ([M + 
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69 H]+) 499.12600, 501.1242; found, 499.1232, 501.1209.

70 Synthesis of Compounds 3a�c. Compounds 2a�c (5 mmol) in saturated solution of NaOH in 

71 MeOH (20 mL) was refluxed for 2 h. Then at room temperature, its pH value was adjusted to 

72 7 by 30% aq. H2SO4. The residue was obtained by concentration in vacuo, and it was 

73 extracted with CH2Cl2 (20 mL × 3). Finally, the organic layer was combined and concentrated 

74 in vacuo to produce 3a�c (80�86% yields).

75 Data for Compound 3a: Yield: 80%, white solid, mp 78�80 oC; [EO25
D = -3 (c 0.24 mg/mL, 

76 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.83 (d, J = 7.5 Hz, 2H), 7.54�7.47 (m, 3H), 3.83 (t, J 

77 = 8.5 Hz, 1H), 3.72�3.69 (m, 1H), 3.49�3.44 (m, 1H), 3.23 (s, 2H), 2.66 (s, 1H), 2.31 (s, 2H), 

78 2.15�2.05 (m, 4H), 1.98�1.91 (m, 2H), 1.70�1.67 (m, 3H), 1.63�1.50 (m, 3H), 1.43�1.34 (m, 

79 4H); HRMS (ESI): calcd for C21H31N2O4S ([M + H]+) 407.1999; found, 407.2014.

80 Data for Compound 3b: Yield: 85%, white solid, mp 76�78 oC; NEO25
D = -2 (c 0.20 mg/mL, 

81 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.72 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 7.5 Hz, 2H), 

82 3.79 (t, J = 9.5 Hz, 1H), 3.69�3.67 (m, 1H), 3.43 (t, J = 12.5 Hz, 1H), 3.16�3.08 (m, 2H), 

83 2.52�2.49 (m, 1H), 2.40 (s, 3H), 2.24 (s, 2H), 2.11�2.00 (m, 4H), 1.94�1.86 (m, 2H), 

84 1.70�1.64 (m, 3H), 1.59�1.56 (m, 1H), 1.47�1.34 (m, 6H); HRMS (ESI): calcd for 

85 C22H33N2O4S [M + H]+) 421.2155; found, 421.2161.

86 Data for Compound 3c: Yield: 86%, white solid, mp 85�87 oC; [EO25
D = -1 (c 0.29  mg/mL, 

87 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.71 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 

88 3.74 (t, J = 9.0 Hz, 1H), 3.61�3.59 (m, 1H), 3.37 (t, J = 12.5 Hz, 1H), 2.99 (s, 2H), 2.39 (s, 

89 1H), 2.14�2.10 (m, 4H), 1.99�1.96 (m, 2H), 1.88�1.82 (m, 2H), 1.72�1.69 (m, 1H), 1.60�1.52 

90 (m, 3H), 1.44�1.36 (m, 6H); HRMS (ESI): calcd for C21H30BrN2O4S ([M + H]+) 485.1104, 

91 487.1085; found, 485.1103, 487.1082.
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92 General Procedure for Preparation of Compounds Ia�o. A mixture of compounds 3a�c 

93 (0.3 mmol), different aromatic amines (4a�e, 0.4 mmol), EDCI (0.3 mmol) and HOBt (0.3 

94 mmol) in CH2Cl2 (10 mL) at 0 °C was stirred for 24�30 h. Then the mixture was diluted with 

95 CH2Cl2 (30 mL). It was washed by 5% aq. hydrochloric acid (20 mL × 2), saturated aq. 

96 Na2CO3 (20 mL) and brine (20 mL), and dried over anhydrous Na2SO4. Finally, it was 

97 concentrated in vacuo, and purified by preparative thin-layer chromatography eluting with 

98 petroleum ether/ethyl acetate (v/v = 1/3 or 1/4) to afford target compounds Ia�o (65�92% 

99 yields).

100 Data for Compound Ia: Yield: 87%, white solid, mp 68�70 oC; NEO25
D = -6 (c 0.30 mg/mL, 

101 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.87 (d, J = 6.0 Hz, 2H), 7.65 (s, 1H), 7.59�7.54 (m, 

102 3H), 7.49�7.48 (m, 2H), 7.31�7.29 (m, 2H), 7.09�7.06 (m, 1H), 3.64�3.60 (m, 1H), 3.53�3.50 

103 (m, 1H), 3.24 (t, J = 11.5 Hz, 1H), 2.61 (d, J = 9.5 Hz, 1H), 2.52 (d, J = 10.5 Hz, 1H), 

104 2.45�2.43 (m, 1H), 2.33�2.28 (m, 1H), 1.99 (s, 1H), 1.95�1.94 (m, 1H), 1.90�1.88 (m, 3H), 

105 1.80�1.76 (m, 5H), 1.52�1.42 (m, 3H), 1.37�1.28 (m, 4H); HRMS (ESI): calcd for 

106 C27H36N3O3S ([M + H]+) 482.2471; found, 482.2461.

107 Data for Compound Ib: Yield: 89%, white solid, mp 64�66 oC; NEO25
D = -7 (c 0.30 mg/mL, 

108 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.87 (d, J = 6.5 Hz, 2H), 7.54�7.53 (m, 1H), 

109 7.49�7.46 (m, 3H), 7.43 (d, J = 6.5 Hz, 2H), 7.11 (d, J = 6.5 Hz, 2H), 3.63�3.59 (m, 1H), 

110 3.54�3.50 (m, 1H), 3.24 (t, J = 12.0 Hz, 1H), 2.61 (d, J = 9.5 Hz, 1H), 2.53 (d, J = 9.5 Hz, 

111 1H), 2.42�2.38 (m, 1H), 2.30 (s, 4H), 2.00 (s, 1H), 1.88�1.78 (m, 8H), 1.61 (s, 1H), 1.52�1.50 

112 (s, 1H), 1.44�1.31 (m, 6H); HRMS (ESI): calcd for C28H38N3O3S ([M + H]+) 496.2628; found, 

113 496.2632.

114 Data for Compound Ic: Yield: 65%, white solid, mp 69�71 oC; NEO25
D = -4 (c 0.28 mg/mL, 
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115 CHCl3); 1H NMR (500 MHz, CDCl3)  : 7.87 (d, J = 7.5 Hz, 2H), 7.77 (s, 1H), 7.57�7.47 (m, 

116 5H), 7.00�6.97 (m, 2H), 3.64�3.63 (m, 1H), 3.52 (dd, J = 6.0, 12.5 Hz, 1H), 3.22 (t, J = 11.5 

117 Hz, 1H), 2.60 (d, J = 11.0 Hz, 1H), 2.50�2.43(m, 2H), 2.35�2.32 (m, 1H), 1.99 (s, 1H), 

118 1.96�1.86 (m, 4H), 1.81�1.77 (m, 5H), 1.72 (s, 1H), 1.51�1.43 (m, 2H), 1.38�1.30 (m, 4H); 

119 HRMS (ESI): calcd for C27H35FN3O3S ([M + H]+) 500.2390; found, 500.2377.

120 General Procedure for Preparation of Compounds IIa�o. A mixture of compounds Ia�o 

121 (0.23 mmol), and m-chloroperoxybenzoic acid (m-CPBA, 0.36 mmol) in CH2Cl2 (10 mL) at 0 

122 °C was stirred for 2 h. Then the mixture was diluted with CH2Cl2 (30 mL). It was washed by 

123 20% aq. KOH (20 mL × 2) and dried over anhydrous Na2SO4. Finally, it was concentrated in 

124 vacuo, and purified by silica gel column chromatography eluting with CH2Cl2/MeOH (v/v = 

125 10/1 to 7/1) to afford target compounds IIa�o (73�94% yields). 

126 Data for Compound IIa: Yield: 88%, white solid, mp 215�217 oC; NEO25
D = -1 (c 0.20 mg/mL, 

127 CHCl3); 1H NMR (500 MHz, CDCl3)  : 8.37 (s, 1H), 7.81 (d, J = 7.0 Hz, 2H), 7.60 (d, J = 7.0 

128 Hz, 2H), 7.53�7.47 (m, 3H), 7.29�7.27 (m, 2H), 7.07�7.04 (m, 1H), 5.25 (s, 1H), 4.48�4.43 

129 (m, 1H), 3.64 (dd, J = 3.0, 11.0 Hz, 1H), 3.17�3.12 (m, 5H), 2.62�2.60 (m, 1H), 2.39�2.38 (m, 

130 1H), 2.32�2.25 (m, 4H), 2.05 (d, J = 14.0 Hz, 1H), 1.88�1.86 (m, 2H), 1.74�1.71 (m, 2H), 

131 1.58�1.44 (m, 5H); HRMS (ESI): calcd for C27H36N3O4S ([M + H]+) 498.2421; found, 

132 498.2425.

133 Data for Compound IIb: Yield: 75%, white solid, mp 236�238 oC; NEO25
D = -1 (c 0.22 mg/mL, 

134 CHCl3); 1H NMR (500 MHz, CDCl3)  : 8.16 (s, 1H), 7.81 (d, J = 7.5 Hz, 2H), 7.54�7.51 (m, 

135 1H), 7.49�7.45 (m, 4H), 7.09 (d, J = 8.0 Hz, 2H), 5.40 (s, 1H), 4.60�4.55 (m, 1H), 3.66 (dd, J 

136 = 5.0, 12.0 Hz, 1H), 3.12�3.07 (m, 5H), 2.69�2.66 (m, 1H), 2.45�2.42 (m, 1H), 2.29�2.25 (m, 

137 7H), 2.06 (d, J = 15.0 Hz, 1H), 1.91�1.87 (m, 2H), 1.73�1.68 (m, 2H), 1.61�1.41 (m, 5H); 
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138 HRMS (ESI): calcd for C28H38N3O4S ([M + H]+) 512.2577; found, 512.2577.

139 Data for Compound IIc: Yield: 73%, white solid, mp 235�237 oC; NEO25
D = -1 (c 0.20 mg/mL, 

140 CHCl3); 1H NMR (500 MHz, CDCl3)  : 8.61 (s, 1H), 7.80 (d, J = 7.5 Hz, 2H), 7.60 �7.58 (m, 

141 2H), 7.55�7.52 (m, 1H), 7.49�7.46 (m, 2H), 6.98 (t, J = 8.5 Hz, 2H), 5.42 (s, 1H), 4.54�4.49 

142 (m, 1H), 3.65 (dd, J = 4.5, 12.0 Hz, 1H), 3.15�3.10 (m, 5H), 2.64�2.62 (m, 2H), 2.35�2.31 (m, 

143 3H), 2.27�2.21 (m, 1H), 2.06 (d, J = 15.0 Hz, 1H), 1.94�1.91 (m, 1H), 1.84�1.82 (m, 1H), 

144 1.73�1.70 (m, 2H), 1.62�1.43 (m, 5H); HRMS (ESI): calcd for C27H35FN3O4S ([M + H]+) 

145 516.2326; found, 516.2325.

146 Biological Assay. 

147 Growth Inhibitory Activity of Compounds 1�3, Ia�o and IIa�o against Mythimna separata. 

148 The growth inhibitory activity of compounds 1�3, Ia�o and IIa�o against early 3rd-instar 

149 larvae of M. separata was assessed by leaf-dipping method.40 

150 Acaricidal Activity of Compounds 1�3, Ia�o and IIa�o against Tetranychus cinnabarinus. 

151 The acaricidal activity of compounds 1�3, Ia�o and IIa�o against the female adults of T. 

152 cinnabarinus was evaluated by slide-dipping method.41,42

153 Mechanisms of Action against T. cinnabarinus. The female adults of T. cinnabarinus were 

154 treated with 1 and 3b (at 0.25 mg/mL in 0.1 g/L aq. Tween-80), and imidacloprid and 

155 isoprocarb (at 0.055 and 0.50 mg/mL in 0.1 g/L aq. Tween-80), respectively. The procedures 

156 for quantitative real-time PCR (qRT-PCR) analysis of nicotinic acetylcholine receptor 

157 (nAChR) subunits and acetylcholinesterase (AChE) genes of T. cinnabarinus were the same 

158 as previous reports.43,44

159 Acetylcholinesterase (AChE) Activity Assays. The total protein concentration was assayed by 

160 Bradford�s method (bovine serum albumin (BSA) as a standard).45 Acetylcholinestrase 
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161 (AChE) activity was tested according to the Ellman�s procedures.46 AChE inhibition activity 

162 was determined using the AChE assay kit. Each replication had 120 female adults of T. 

163 cinnabarinus. The change in absorbance at 412 nm was recorded in a multi-detection 

164 microplate fluorescence reader after 2 min. 

165 RESULTS AND DISCUSSION

166 Preparation of Matrine Derivatives. First, N-phenylsulfonylmatrinic methyl esters (2a�c) 

167 were produced by reaction of 1 with 6 M aq. hydrochloric acid, followed by methanol, and 

168 phenylsulfonyl chlorides (Figure 2).47 Then hydrolysis of 2a�c afforded 

169 N-phenylsulfonylmatrinic acids (3a�c).48 Finally, compounds 3a�c reacting with different 

170 aromatic amines (4a�e) gave matrinic amides (Ia�o),49 which were further oxidized by 

171 m-chloroperoxybenzoic acid (m-CPBA) to give oxymatrinic amides (IIa�o).50 Chemical 

172 structures of target compounds Ia�o and IIa�o were described Figure 3, and were 

173 characterized by optical rotation, HRMS, melting points, and 1H NMR. X-ray 

174 crystallographies of  Ig�j,o, and IIc,m were described in Figures 4 and 5. The Cambridge 

175 Crystallographic Data Centre (CCDC) numbers of Ig�j,o, and IIc,m were 1938773, 1938774, 

176 1938775, 1938772, 1938777, 1938776, and 1938778, respectively. 

177 Pesticidal Activities. As shown in Table 1, compounds Im, IIc, IIh, IIm and IIn exhibited 

178 higher growth inhibitory activity than toosendanin. The final mortality rates (FMRs) of Im, 

179 IIc, IIh, IIm and IIn were 55.2%, 51.7%, 58.6%, 65.5%, and 55.2%, respectively; but the 

180 FMR of 1 was only 24.1%. Notably compound IIm displayed the most pronounced growth 

181 inhibitory activity. For FMRs of compounds 1�3, Ia�o and IIa�o against M. separata at 1 

182 mg/mL after 35 days were greater than those after 10 or 20 days (Table 1), these derivatives 

183 may show delayed insecticidal activity. Meanwhile, the symptoms of M. separata treated by 
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184 derivatives were the same as previous reports:40,41 at the larval stage, the dead larvae were 

185 showed with thin and wrinkled bodies in Figure S1; at the pupation stage, some dead and 

186 malformed pupae appeared in Figure S2; at the adult emergence stage, some malformed 

187 moths were found in Figure S3. On the other hand, the percentages of FMRs at the larval, 

188 pupation and adult emergence stages of toosendanin, Im, IIc, IIh, IIm, and IIn were showed 

189 in Figure 6. Greater than 50% of FMRs of toosendanin, Im, IIc, IIh, IIm, and IIn were at the 

190 larval stage. These results were the same with those of oximino esters of fraxinellone40 and 

191 some matrine ethers,51 however, they were different with those of acids, alcohols, and esters 

192 of matrine.41 

193 In general, the insecticidal activity of oxymatrinic amide derivatives (IIa�o) was more 

194 potent than that of matrinic amide derivatives (Ia�o). Obviously, the oxygen atom at the N-1 

195 position of IIa�o was very vital for the growth inhibitory activity. Compounds 3a�c exhibited 

196 better growth inhibitory activity than 2a�c, and it suggested that the carboxyl group of 3a�c 

197 was important for the growth inhibitory activity. Among compounds 2a�c and 3a�c, 

198 compounds 2b and 3b displayed potent activity, so R1 as 4-methyl of 

199 N-phenylsulfonylmatrinic methyl ester and N-phenylsulfonylmatrinic acid was vital for the 

200 growth inhibitory activity. To derivatives Ia�o and IIa�o, compounds Im and IIm (R1 = 4-Br; 

201 R2 = 4-F) displayed excellent growth inhibitory activity. To derivatives IIa�o, compounds IIc, 

202 IIh and IIm (R2 = 4-F) all showed good activity, and it demonstrated that R2 as 4-fluorine 

203 atom was necessary for the growth inhibitory activity. 

204 The results of acaricidal activity of 1�3, Ia�o and IIa�o were shown in Table 2. Unlike 

205 the insecticidal activity, compounds Ia�o and IIa�o all showed low acaricidal activity, 

206 moreover, they exhibited less potent acaricidal activity than matrinic acid/alcohol/ester 
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207 derivatives.41 Interestingly, compounds 3a�c (72 h mortality rates (MRs): 36.2% (3a), 43.5% 

208 (3b) and 40.3% (3c)) displayed better acaricidal activity than 1 (72 h MR: 13.6%). 

209 Furthermore, LC50 values of 3a�c were 0.65, 0.55 and 0.63 mg/mL, respectively; but the LC50 

210 value of 1 was 4.01 mg/mL (Table 3). Obviously, compounds 3a�c displayed > 6 folds more 

211 potent acaricidal activity than 1. However, compounds 2a�c showed the low acaricidal 

212 activity. So the carboxyl group of 3a�c was also necessary for the acaricidal activity.

213 Mechanisms of Action against T. cinnabarinus. The primers of nAChR subunits and AChE 

214 of T. cinnabarinus for qRT-PCR were shown in Table 4. Alignment of amino acid sequences 

215 in transmembrane domain of nAChR subunits was described in Figure 7a . Expression 

216 changes of nAChR subunits against 1, 3b and imidacloprid (IMI) were tested by qRT-PCR 

217 (Figure 7b�d).

218 As shown in Figure 7b, E�	 E.	 E@	 E1 and F> nAChR subunits against IMI were 

219 up-regulated to 4.61, 3.84, 5.41, 31.63 and 10.25 folds, respectively. Because IMI was an 

220 agonist for nAChR E or F subunits,52 IMI may interact with E�	 E.	 E@	 E1 and F> subunits of 

221 T. cinnabarinus. Matrine (1) regulated E�	 E1	 E- and F> subunits to 0.31, 0.41, 7.47 and 3.17 

222 folds, respectively (Figure 7c); whereas 3b up-regulated  E1 subunit to 4.87 folds, and 

223 down-regulated E.	 E@ and F> subunits to 0.25, 0.24, and 0.33 folds, respectively (Figure 7d). 

224 It suggested that the open lactam ring of 1, and carboxyl group and 

225 N-(4-methyl)phenylsulfonyl of compound 3b were necessary for acting with E.	 E@	 E1 and 

226 F> nAChR subunits.

227 Meanwhile, compound 1 can target insect acetylcholine (ACh) receptors and then affects 

228 AChE production,53 so AChE maybe also one target enzyme. In Bemisia tabaci, AChE 

229 activity was decreased after treatment with compound 1.45 After successive oral 
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230 administration of compound 1 to mice for three days at doses of 0.4, 2, and 10 mg/kg, 

231 compound 1 significantly improved SCOP-induced learning and memory deficits via 

232 inhibition of AChE/BuChE and oxidative stress mechanisms.54 In Carassius auratus, AChE 

233 activity was inhibited after treatment with chlorpyrifos and isoprocarb (a carbamate 

234 insecticide targeting AChE).55 

235 In our experiment, we only found one AChE gene of T. cinnabarinus. AChE gene 

236 expressions against 1, 3b and isoprocarb were significantly down-regulated to 0.26, 0.11 and 

237 0.09 folds, respectively (Figure 8a). On the other hand (Figure 8b), compounds 1, 3b and 

238 isoprocarb all inhibited the AChE activity, and relative inhibition ratios of 1, 3b and 

239 isoprocarb on CK were 0.44, 0.36, and 0.38, respectively. It demonstrated that 3b was an 

240 inhibitor of AChE in T. cinnabarinus, and AChE was one possible target of action to 1 and 

241 3b.

242 In conclusion, matrinic/oxymatrinic amides were semisynthesized by using matrine as a 

243 lead compound. Seven target molecules were further confirmed by crystal structures. 

244 Oxymatrinic amide IIm (R1 = 4-Br; R2 = 4-F) displayed the most pronounced growth 

245 inhibitory activity. Especially compounds 3a�c displayed > 6 folds more promising acaricidal 

246 activity than matrine. Generally, the growth inhibitory activity of oxymatrinic amides was 

247 more potent than that of matrinic amides. Notably the oxygen atom at the N-1 position of 

248 IIa�o was very important for the insecticidal activity, and the carboxyl group of 3a�c was 

249 necessary for the acaricidal activity. By qRT-PCR analysis of nAChR subunits and AChE 

250 genes, and determination of AChE activity of (un)treated T. cinnabarinus, it suggested that 

251 the open lactam ring of matrine, and carboxyl group and N-(4-methyl)phenylsulfonyl of 3b 

252 were vital for acting with E.	 E@	 E1 and F> nAChR subunits; compound 3b was an inhibitor 
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253 of AChE in T. cinnabarinus, and AChE was one possible target of action in T. cinnabarinus 

254 against 3b. So compound 3b may be an antagonist of nAChR and AChE in T. cinnabarinus. 

255 These results will pave the basis for future optimization and application of matrine derivatives 

256 as agrochemicals.

257 ASSOCIATED CONTENT

258 Supporting Information

259 The Supporting Information is available free of charge on the ACS Publications website at 

260 DOI: Chemicals and instruments; data on 1H NMR, HRMS, optical rotation and melting 

261 points of target compounds; the pictures of the treated Mythimna separata at three growth 

262 stages; methods for the biological assay and mechanisms of action.

263 AUTHOR INFORMATION

264 Corresponding Author

265 *(H.X.) Phone/fax: +86-29-87091952. E-mail: orgxuhui@nwsuaf.edu.cn.

266 Notes

267 The authors declare no competing financial interest. 

268 ACKNOWLEDGMENTS

269 The present research was supported by National Natural Science Foundation of China (Project 

270 No. 21877090), and Key R&D Program of Shaanxi Province (Project No. 2019NY-196).

Page 13 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



14

REFERENCES

(1) Gould, F.; Brown, Z. S.; Kuzma, J. Wicked evolution: Can we address the sociobiological 

dilemma of pesticide resistance? Science. 2018, 360, 728�732.

(2) Brevik, K.; Schoville, S. D.; Mota-Sanchez, D.; Chen, Y. H. Pesticide durability and the 

evolution of resistance: A novel application of survival analysis. Pest Manag. Sci. 2018, 

74, 1953X1963. 

(3) Jugulam, M.; Gill, B. S. Molecular cytogenetics to characterize mechanisms of gene 

duplication in pesticide resistance. Pest Manag. Sci. 2018, 74, 22X29. 

(4) Hawkins, N. J.; Bass, C.; Dixon, A.; Neve, P. The evolutionary origins of pesticide 

resistance. Biol. Rev. 2019, 94, �>1X�116 

(5) Shi, P.; Cao, L. J.; Gong, Y. J.; Ma, L.; Song, W.; Chen, J. C.; Hoffmann, A. A.; Wei, S. J. 

Independently evolved and gene flow-accelerated pesticide resistance in two-spotted 

spider mites. Ecol. Evol. 2019, 9, 2206�2219.

(6) Brito, L. G.; Barbieri, F. S.; Rocha, R. B.; Santos, A. P. L.; Silva, R. R.; Ribeiro, E. 

S.; Guerrero, F.; Foil, L.; Oliveira, M. C. S. Pyrethroid and 

organophosphate pesticide resistance in field populations of horn fly in Brazil. Med. 

Vet. Entomol. 2019, 33, �.�X�>/6

(7) Tabashnik, B. E.; Brevault, T.; Carriere, Y. Insect resistance to Bt crops: Lessons from the 

first billion acres. Nat. Biotechnol. 2013, 31, 510�521.

(8) Yu, X.; Che, Z.; Xu, H. Recent advances in the chemistry and biology of 

podophyllotoxins. Chem. Eur. J. 2017, 23, 4467�4526.

(9) Saxena, S.; Tripathi, J.; Chatterjee, S.; Gautam, S. Natural predominance of abscisic acid 

in Pongammia pinnata ("Karanj") honey contributed to its strong antimutagenicity. J. 

Page 14 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



15

Agric. Food Chem. 2017, 65, 4624�4633.

(10) Seiber, J. N.; Coats, J.; Duke, S. O.; Gross, A. D. Biopesticides: State of the art and 

future opportunities. J. Agric. Food Chem. 2014, 62, 11613�11619.

(11) Prasifka, J. R.; Spring, O.; Conrad, J.; Cook, L. W.; Palmquist, D. E.; Foley, M. E. 

Sesquiterpene lactone composition of wild and cultivated sunflowers and biological 

activity against an insect pest. J. Agric. Food Chem. 2015, 63, 4042�4049.

(12) Yang, R.; Lv, M.; Xu, H. Synthesis of piperine analogs containing isoxazoline/pyrazoline 

scaffold and their pesticidal bioactivities. J. Agric. Food Chem. 2018, 66, 11254�11264.

(13) Zhang, M. Z.; Chen, Q.; Xie, C. H.; Mulholland, N.; Turner, S.; Irwin, D.; Gu, Y. C.; 

Yang, G. F.; Clough, J. Synthesis and antifungal activity of novel streptochlorin 

analogues. Eur. J. Med. Chem. 2015, 92, 776�783.

(14)  Lin, L.; Mulholland, N.; Wu, Q. Y.; Beattie, D.; Huang, S. W.; Irwin, D.; Clough, 

J.; Gu, Y. C.; Yang, G. F. Synthesis and antifungal activity of novel sclerotiorin 

analogues. J. Agric. Food Chem. 2012, 60, 4480�4491.

(15)  Casida, J. E. Pesticide interactions: Mechanisms, benefits, and risks. J. Agric. Food 

Chem. 2017, 65, 4553�4561.

(16) Robin, D. C.; Marchand, P. A. Evolution of the biocontrol active substances in the 

framework of the European Pesticide Regulation (EC) No. 1107/2009. Pest Manag. Sci. 

2019, 75, 21/X2186

(17) Zhu, X. L.; Zhang, R.; Wu, Q. Y.; Song, Y. J.; Wang, Y. X.; Yang, J. F.; Yang, G. F. 

Natural product neopeltolide as a cytochrome bc(1) complex inhibitor: Mechanism of 

action and structural modification. J. Agric. Food Chem. 2019, 67, 2774�2781.

Page 15 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



16

(18) Marrone, P. G. Pesticidal natural products-status and future potential. Pest Manag. 

Sci. 2019, 75, 2325�2340.

(19) Wu, Z. J.; Sun, D. M.; Fang, D. M.; Chen, J. Z.; Cheng, P.; Zhang, G. L. Analysis of 

matrine-type alkaloids using ESI-QTOF. Int. J. Mass Spectrom. 2013, 341�342, 

28�33.

(20) Huang, J.; Xu, H. Matrine: bioactivities and structural modifications. Curr. Top. Med. 

Chem. 2016, 16, 3365�3378.

(21) Zhang, B.; Liu, Z. Y.; Li, Y. Y.; Luo, Y.; Liu, M. L.; Dong, H. Y.; Wang, Y. X.; 

Liu, Y.; Zhao, P. T.; Jin, F. G.; Li, Z. C. Antiinflammatory effects of matrine in 

LPS-induced acute lung injury in mice. Eur. J. Pharm. Sci. 2011, 44, 573�579.

(22) Hu, H. G.; Wang, S. Z.; Zhang, C. M.; Wang, L.; Ding, L.; Zhang, J. P.; Wu, Q. Y. 

Synthesis and in vitro inhibitory activity of matrine derivatives towards 

pro-inflammatory cytokines. Bioorg. Med. Chem. Lett. 2010, 20, 7537�7539.

(23) Dong, P.; Ji, X.; Han, W.; Han, H. Oxymatrine exhibits anti-neuroinflammatory 

effects on Abeta1-42-induced primary microglia cells by inhibiting NF-kappaB and 

MAPK signaling pathways. Inter. Immunopharm. 2019, 74, 105686.

(24) Liu, Y.; Xu, Y.; Ji, W. D.; Li, X. Y.; Sun, B.; Gao, Q. G.; Su, C. Q. Anti-tumor 

activities of matrine and oxymatrine: Literature review. Tumor Biol. 2014, 35, 

5111�5119.

(25) Wang, L. S.; You, Y. J.; Wang, S. Q.; Liu, X.; Liu, B. M.; Wang, J. N.; Lin, X.; 

Chen, M. S.; Liang, G.; Yang, H. Synthesis, characterization and in vitro anti-tumor 

activities of matrine derivatives. Bioorg. Med. Chem. Lett. 2012, 22, 4100�4102.

Page 16 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



17

(26) Jung, Y. Y.; Shanmugam, M. K.; Narula, A. S.; Kim, C.; Lee, J. H.; Namjoshi, O. 

A.; Blough, B. E.; Sethi, G.; Ahn, K. S. Oxymatrine attenuates tumor growth and 

deactivates STAT5 signaling in a lung cancer xenograft model. Cancers 2019, 11, 49.

(27) Gao, L. M.; Han, Y. X.; Wang, Y. P.; Li, Y. H.; Shan, Y. Q.; Li, X.; Peng, Z. G.; Bi, 

C. W.; Zhang, T. A.; Du, N. N.; Jiang, J. D.; Song, D. Q. Design and synthesis of 

oxymatrine analogues overcoming drug resistance in hepatitis B virus through 

targeting host heat stress cognate 70. J. Med. Chem. 2011, 54, 869�876.

(28) Sun, N.; Sun, P. P.; Lv, H. P.; Sun, Y. G.; Guo, J. H.; Wang, Z. R.; Luo, T. 

T.; Wang, S. Y.; Li, H. Q. Matrine displayed antiviral activity in porcine alveolar 

macrophages co-infected by porcine reproductive and respiratory syndrome virus and 

porcine circovirus type 2. Sci. Rep. 2016, 6, 24401.

(29) Ding, Y. Q.; Li, N. ; Sun, J. H.; Zhang, L. R.; Guo, J. H.; Hao, X. Q.; Sun, Y. N. 

Oxymatrine inhibits bocavirus MVC replication, reduces viral gene expression and 

decreases apoptosis induced by viral infection. Virol. Sin. 2019, 34, 78�87.

(30) Fang, X. D.; Ouyang, G. C.; Lu, H. L.; Guo, M. F.; Wu, W. N. Ecological control of 

citrus pests primarily using predatory mites and the bio-rational pesticide matrine. 

Inter. J. Pest Manage. 2018, 64, 262�270.

(31) Ali, S.; Zhang, C.; Wang, Z. Q.; Wang, X. M.; Wu, J. H.; Cuthbertson, A. G. 

S.; Shao, Z. F.; Qiu, B. L. Toxicological and biochemical basis of synergism between 

the entomopathogenic fungus Lecanicillium muscarium and 

the insecticide matrine against Bemisia tabaci (Gennadius). Sci. Rep. 2017, 7, 46558.

Page 17 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



18

(32) Odimar, Z. Z.; Leandro, D. P. R.; Thiago, F. A.; Monica, S. S.; Gabriela, P. B.; 

Pedro, T. Y.; Jose, D. V. Bioactivity of a matrine based biopesticide against four pest 

species of agricultural importance. Crop Prot. 2015, 67, 160�167.

(33) Yuan, J.; Lu, L. Z.; Cong, B.; Zhang, Z. J.; Wang, F. Y. Biological activity of 

alkaloids from Sophora flavescens Ait to pests. Chin. J. Pestic. 2016, 16, 3365�3378.

(34) de Andrade, D.; Ribeiro, E. B.; de Morais, M. R.; Zanardi, O. Z. Bioactivity of 

an oxymatrine-based commercial formulation against Brevipalpus yothersi Baker and 

its effects on predatory mites in citrus groves. Ecotoxicol. Environ. Safety 2019, 176, 

339�345.

(35) Zuo, Y.; Wu, Q. Y.; Su, S. W.; Niu, C. W.; Xi, Z.; Yang, G. F. Synthesis, herbicidal 

activity, and QSAR of novel N-benzothiazolyl-pyrimidine-2,4-diones as 

protoporphyrinogen oxidase inhibitors. J. Agric. Food Chem. 2016, 64, 552�562.

(36) Dan, W. J.; Tuong, T. M. L.; Wang, D. C.; Li, D.; Zhang, A. L.; Gao, J. M. 

Natural products as sources of new fungicides (V): Design and synthesis of 

acetophenone derivatives against phytopathogenic fungi in vitro and in vivo. Bioorg. 

Med. Chem. Lett. 2018, 28, 2861�2864.

(37) Ji, X. F. ; Guo, J. C.; Liu, Y. X.; Lu, A. D.; Wang, Z. W.; Li, Y. Q.; Yang, S. 

X.; Wang, Q. M. Marine-natural-product development: First discovery of 

nortopsentin alkaloids as novel antiviral, anti-phytopathogenic-fungus, and 

insecticidal agents. J. Agric. Food Chem. 2018, 66, 4062�4072.

(38) Saxena, S.; Tripathi, J.; Chatterjee, S.; Gautam, S. Natural predominance of abscisic 

acid in Pongammia pinnata ("Karanj") honey contributed to its strong 

antimutagenicity. J. Agric. Food Chem. 2017, 65, 4624�4633.

Page 18 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



19

(39) Lorsbach, B. A.; Sparks, T. C.; Cicchillo, R. M.; Garizi, N. V.; Hahn, D. R.; Meyer, 

K. G. Natural products: A strategic lead generation approach in crop protection 

discovery. Pest Manag. Sci. 2019, 75, 2301�2309. 

(40) Li, Q.; Huang, X. B.; Li, S. C.; Ma, J. C.; Lv, M.; Xu, H. Semisynthesis of esters of 

fraxinellone C4/10-oxime and their pesticidal activities. J. Agric. Food Chem. 2016, 

64, 5472�5478.

(41) Zhang, B. C.; Sun, Z. Q.; Lv, M.; Xu, H. Semisynthesis of matrinic 

acid/alcohol/ester derivatives, their pesticidal activities, and investigation of 

mechanisms of action against Tetranychus cinnabarinus. J. Agric. Food Chem. 2018, 

66, 12898�12910.

(42) Chang, K. M.; Knowles, C. O. Formamidine acaricides. Toxicity and metabolism 

studies with two spotted spider mites, Tetranychus urticae Koch. J. Agric. Food 

Chem. 1977, 25, @2>X1/�.

(43) Li, G.; Niu J. Z.; Zotti, M.; Sun, Q. Z.; Zhu, L.; Zhang, J.; Liao, C. Y.; Dou, W.; 

Wei, D. D.; Wang, J. J.; Smaggha, G. Characterization and expression patterns of key 

ecdysteroid biosynthesis and signaling genes in a spider mite (Panonychus citri). 

Insect Biochem. Mol. Biol. 2017, 87, �>9X�@9.

(44) Livak, K. J.; Schmittgen, T. D. Analysis of relative gene expression data using 

real-time quantitative PCR and the 2:\\C
T method. Methods 2001, 25, 402�408.

(45) Ali, S.; Zhang, C.; Wang, Z.; Wang, X.; Wu, J.; Cuthbertson, A. G.; Shao, Z.; Qiu, 

B. Toxicological and biochemical basis of synergism between the entomopathogenic 

fungus Lecanicillium muscarium and the insecticide matrine against Bemisia tabaci 

(Gennadius). Sci. Rep. 2017, 7, 46558.

Page 19 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



20

(46) Ellman, G. L.; Courtney, K. D.; Andres, V.; Featherstone, R. M. A new and rapid 

calorimetric determination of acetylcholinestrase activity. Biochem. Pharmacol. 1961, 

7, 88�95.

(47) Bi, C.; Zhang, C.; Li, Y.; Tang, S.; Deng, H.; Zhao, W.; Wang Z.; Shao R.; Song, D. 

Novel N-substituted sophoridinol derivatives as anticancer agents. Eur. J. Med. Chem. 

2014, 81, 21X�/16

(48) William, H.; Hiroyuki, S. Total synthesis of (±)-quinolizidine 217A. J. Org. Chem. 

1998, 63, >28�X>28@.

(49) Cosner, C.; Markiewicz, J. T.; Bourbon, P.; Mariani, C. J.; Wiest, O.; Rujoi, M.; 

Rosenbaum, A. I.; Huang, A. Y.; Maxfield, F. R.; Helquist, P. Investigation of  

N-aryl-3-alkylidenepyrrolinones as potential Niemann-Pick type C disease 

therapeutics. J. Med. Chem. 2009, 52, 9@2@X9@286

(50) Gerasyuto, A. I.; Hsung, R. P. Stereodivergent total syntheses of precoccinelline, 

hippodamine, coccinelline, and convergine. Org. Lett. 2006, 8, @822X@2/.6

(51) Huang, J. L.; Lv, M.; Xu, H. Semisynthesis of some matrine ether derivatives as 

insecticidal agents. RSC Adv. 2017, 7, 15997�16004.

(52) Song, F.; You, Z.; Yao, X.; Cheng, J.; Liu, Z; Lin, K. Specific loops D, E and F of 

nicotinic acetylcholine receptor F� subunit may confer imidacloprid selectivity 

between Myzus persicae and its predatory enemy Pardosa pseudoannulata. Insect 

Biochem. Mol. Biol. 2009, 39, 833�841.

(53) Liu, L.; Alam, M. S.; Hirata, K.; Matsuda, K.; Ozoe, Y. Actions of quinolizidine 

alkaloids on Periplaneta americana nicotinic acetylcholine receptors. Pest Manag. Sci. 

2008, 64, 1222�1228.

Page 20 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



21

(54) Sun, K.; Bai, Y.; Zhao, R.; Guo, Z.; Su, X.; Li, P.; Yang, P. Neuroprotective effects 

of matrine on scopolamine-induced amnesia via inhibition of AChE/BuChE and 

oxidative stress. Metab. Brain Dis. 2019, 34, 173�181.

(55) Wang, C.; Lu, G. H.; Cui, J. Responses of AChE and GST activities to insecticide 

coexposure in Carassius auratus. Environ. Toxicol. 2012, 27, 50�57.

Page 21 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



22

Figure Captions.

Figure 1. Design strategy for preparation of target compounds (I�II).

Figure 2. Synthetic route for matrine and oxymatrine derivatives (Ia�o and IIa�o).

Figure 3. Chemical structures of matrine and oxymatrine derivatives (Ia�o and IIa�o).

Figure 4. Four X-ray crystal structures of matrinic ester derivatives (Ig: top left; Ih: top right; 

Ii: bottom left; Ij: bottom right).

Figure 5. Three X-ray crystal structures of matrine and oxymatrine derivatives (Io: top left; 

IIc: top right; IIm: bottom).

Figure 6. The percentages of FMRs at three different growth stages of compounds Im, IIc, 

IIh, IIm, IIn and toosendanin against M. separata.

Figure 7. The expression patterns of nAChR subunits in female adults of T. cinnabarinus 

collected 72 h post-treatment with 0.25 mg/mL of each compound (imidacloprid: 0.055 

mg/mL). (a): Alignment of the amino acid sequences in transmembrane (TM) domain of 

nAChR subunits in T. cinnabarinus. (b�d): The nAChR subunits were evaluated quantitative 

real-time PCR (qRT-PCR). The mRNA expressions of nAChR subunits were normalized to 

F:����
 expression (mean ± SD, n = 3). Asterisks indicate significant differences (*P < 0.05�

**P < 0.01) compared with CK. CK: blank control group. !E�7 Drosophila melanogaster 

nAChR subunit E�G 3�E�7 T. cinnabarinus nAChR subunit E�G 3�E.7 T. cinnabarinus nAChR 

subunit E.G 3�E@7 T. cinnabarinus nAChR subunit E@G 3�E17 T. cinnabarinus nAChR subunit 

E1G 3�E-7 T. cinnabarinus nAChR subunit E-G 3�F>7 T. cinnabarinus nAChR subunit F>G TM: 

Transmembrane domain.

Figure 8. The expression patterns of acetylcholinesterase (AChE) and AChE enzyme activity 

of female adults of T. cinnabarinus collected 72 h post-treatment with 0.25 mg/mL of each 
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compound (isoprocarb: 0.50 mg/mL).  (a): The expression patterns of the AChE in T. 

cinnabarinus against matrine (1) and 3b tested by qRT-PCR (mean ± SD, n = 3). Asterisks 

indicate significant differences (**P< 0.01) compared with CK. CK: blank control group. (b): 

AChE enzyme activity values of T. cinnabarinus against matrine (1) and 3b, respectively. 

Relative ratio: AChE activity values of T. cinnabarinus treated by compounds/AChE activity 

value of T. cinnabarinus of CK. Multiple range test using Duncan�s test ( p < 0.05). The same 

letters denote treatments not significantly different from each other.
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Figure 4. Four X-ray crystal structures of matrinic ester derivatives (Ig: top left; Ih: top right; 

Ii: bottom left; Ij: bottom right).
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Figure 5. Three X-ray crystal structures of matrine and oxymatrine derivatives (Io: top left; 

IIc: top right; IIm: bottom).
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Figure 6. The percentages of FMRs at three different growth stages of compounds Im, IIc, 

IIh, IIm, IIn and toosendanin against M. separata.
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compound
concentration 

(ppm)

AChE activity value 

(U/(mg.min))

relative 

ratio

CK 0 43.05 ± 7.18  a 1

matrine 250 18.78 ± 5.37  b 0.44

3b 250 15.35 ± 9.46  b 0.36

isoprocarb 500 16.45 ± 6.89  b 0.38

Figure 8. 

Page 31 of 36

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



32

Table 1. Growth Inhibitory Activity of Compounds 1�3, Ia�o and IIa�o against M. separata 

on Leaves Treated with a Concentration of 1 mg/mL

corrected mortality rate (mean ± SD, %)
compound

10 days 20 days 35 days

1 3.3 ± 4.7 10.4 ± 4.7 24.1 ± 4.7

2a 3.3 ± 4.7 13.8 ± 4.7 27.6 ± 8.2

2b 3.3 ± 4.7 10.4 ± 4.7 31.0 ± 4.7

2c 6.7 ± 4.7 13.8 ± 4.7 27.6 ± 8.2

3a 6.7 ± 4.7 20.7 ± 4.7 41.4 ± 4.7

3b 6.7 ± 4.7 24.2 ± 4.7 48.3 ± 8.2

3c 13.3 ± 4.7 24.2 ± 4.7 44.8 ± 4.7

Ia 3.3 ± 4.7 10.4 ± 4.7 24.1 ± 4.7

Ib 3.3 ± 4.7 13.8 ± 4.7 37.9 ± 8.2

Ic 13.3 ± 4.7 20.7 ± 4.7 34.5 ± 4.7

Id 13.3 ± 4.7 17.3 ± 0 31.0 ± 4.7

Ie 10.0 ± 0 13.8 ± 4.7 34.5 ± 4.7

If 3.3 ± 4.7 10.4 ± 4.7 31.0 ± 4.7

Ig 6.7 ± 4.7 13.8 ± 4.7 34.5 ± 4.7

Ih 13.3 ± 4.7 17.3 ± 8.2 44.8 ± 4.7

Ii 6.7 ± 4.7 13.8 ± 4.7 34.5 ± 4.7

Ij 6.7 ± 4.7 13.8 ± 4.7 37.9 ± 8.2

Ik 3.3 ± 4.7 13.8 ± 4.7 27.6 ± 8.2

Il 3.3 ± 4.7 10.4 ± 4.7 31.0 ± 9.4

Im 13.3 ± 4.7 24.2 ± 4.7 55.2 ± 9.4

In 13.3 ± 4.7 20.7 ± 4.7 44.8 ± 4.7

Io 6.7 ± 4.7 17.3 ± 8.2 37.9 ± 8.2

IIa 3.3 ± 4.7 17.3 ± 0 41.4 ± 4.7

IIb 3.3 ± 4.7 13.8 ± 4.7 41.4 ± 4.7

IIc 13.3 ± 4.7 24.2 ± 4.7 51.7 ± 4.7

IId 13.3 ± 0 17.3 ± 8.2 41.4 ± 4.7

IIe 6.7 ± 4.7 24.2 ± 4.7 44.8 ± 4.7

IIf 6.7 ± 4.7 13.8 ± 4.7 34.5 ± 4.7

IIg 13.3 ± 4.7 20.7 ± 4.7 41.4 ± 9.4

IIh 13.3 ± 4.7 31.1 ± 4.7 58.6 ± 8.2

IIi 3.3 ± 4.7 20.7 ± 4.7 44.8 ± 4.7

IIj 3.3 ± 4.7 20.7 ± 4.7 37.9 ± 8.2

IIk 3.3 ± 4.7 17.3 ± 0 34.5 ± 4.7

IIl 3.3 ± 4.7 20.7 ± 4.7 44.8 ± 4.7

IIm 13.3 ± 4.7 41.4 ± 4.7 65.5 ± 4.7

IIn 13.3 ± 8.2 34.5 ± 4.7 55.2 ± 4.7

IIo 6.7 ± 4.7 24.2 ± 9.4 44.8 ± 4.7

toosendanin 13.3 ± 4.7 34.5 ± 4.7 48.3 ± 8.2
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Table 2. Acaricidal Activity of Compounds 1�3, Ia�o and IIa�o against T. cinnabarinus 

Treated at a Concentration of 0.5 mg/mL

corrected mortality rate (mean ± SD, %)
compound

48 hours 72 hours

 1 8.7 ± 0.4 13.6 ± 1.9

 2a 4.3 ± 2.5 11.5 ± 1.5

 2b 4.8 ± 2.0 11.3 ± 2.4

 2c 4.9 ± 1.2 10.3 ± 3.7

 3a 11.0 ± 2.3 36.2 ± 0.8

 3b 12.8 ± 1.5 43.5 ± 2.0

3c 10.9 ± 3.4 40.3 ± 2.9

Ia 9.4 ± 0.8 17.0 ± 3.2

Ib 5.3 ± 1.7 16.1 ± 2.3

Ic 9.7 ± 2.6 25.2 ± 6.1

Id 6.3 ± 3.2 24.8 ± 5.5

Ie 6.6 ± 3.2 19.1 ± 3.7 

If 9.3 ± 3.2 19.9 ± 5.6

Ig 8.2 ± 3.4 25.0 ± 3.2

Ih 8.0 ± 1.4 21.9 ± 6.8

Ii 9.1 ± 1.9 18.7 ± 3.7 

Ij 8.2 ± 1.7 14.6 ± 2.0

Ik 6.0 ± 0.4 11.8 ± 2.5

Il 7.6 ± 4.0 15.3 ± 3.9

Im 11.6 ± 4.4 25.6 ± 5.8

In 8.5 ± 2.8 18.7 ± 2.7

Io 9.7 ± 4.0 23.8 ± 4.8

IIa 8.0 ± 2.3 12.9 ± 2.6

IIb 9.4 ± 2.1 14.9 ± 3.7

IIc 10.2 ± 0.4 20.8 ± 1.5

IId 10.6 ± 4.9 21.5 ± 2.9

IIe 6.4 ± 2.3 15.0 ± 4.2

IIf 7.4 ± 3.3 14.2 ± 4.6

IIg 5.2 ± 1.9 15.8 ± 2.7

IIh 5.4 ± 2.0 16.4 ± 0.9

IIi 4.2 ± 1.5 17.8 ± 6.2

IIj 5.8 ± 2.5 15.2 ± 3.4

IIk 9.1 ± 4.6 16.8 ± 0.8

IIl 6.1 ± 3.1 11.3 ± 2.0

IIm 9.5 ± 1.1 15.8 ± 2.4

IIn 7.1 ± 2.6 15.0 ± 1.7

IIo 7.8 ± 4.4 21.2 ± 2.1

spirodiclofen 41.5 ± 3.8 68.5 ± 4.1
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Table 3. LC50 Values of Compounds 1 and 3a�c at 72 h against T. cinnabarinus

compound LC50 (mg/mL) regression equation r

1 4.01 Y = 4.4924 + 0.8420X 0.9942

3a 0.65 Y = 5.3475 + 1.8782X 0.9499

3b 0.55 Y = 5.2900 + 1.1108X 0.9746

3c 0.63 Y = 5.2699 + 1.3386X 0.9553

spirodiclofen 0.33 Y = 5.6900 + 1.4426X 0.9990
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Table 4. Primers of nAChR Subunits and AChE of T. cinnabarinus Used for qRT-PCR.

gene sequence (5'�3')b annealing temperature (oC)
product size 

(bp)

F-gtttggatttggctggtcgt
<=���	�

R-tgctcaaagtcaagggcaac
60 145

F-tgtctctccttcgcctcttg
>2

R-ctcggtgagtcaacattggc
60 158

F-tggtgacttgttccgttgtg
>3

R-ggcggtttcatgagcagaat
60 136

F-caacatcccttgcagttccc
>/

R-tgagtcgatggtgaacggaa
60 121

F-gtcgttgcctgttcagttgt
>5

R-ttgaacttggtgaggcttgc
60 181

F-ccagccactttcaccacaaa
>.

R-ggcaacaagagcaaacctga
60 119

F-gcccatcatctaacaaaccca
<*

R-agccgtaaaagtagagccca
60 170

F- cctcgactcgctctgtacat
AChEa

R- ggttccctcatcacgattgc
60 218

aAChE: acetylcholinesterase. bF: forward primer; R: reverse primer.
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