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17 Abstract

18 In this study, a type of thiazolium-labeled 1,3,4-oxadiazole thioether bridged by 

19 diverse alkyl chain lengths was constructed. The antimicrobial activity of the 

20 fabricated thioether towards plant pathogenic bacteria and fungi was then screened. 

21 Antibacterial evaluation indicated that title compounds possess specific characteristics 

22 that enable it to severely attack three phytopathogens, namely, Xanthomonas oryzae 

23 pv. oryzae, Ralstonia solanacearum, and Xanthomonas axonopodis pv. citri with 

24 minimal EC50 of 0.10, 3.27, and 3.50 µg/mL, respectively. Three-dimensional 

25 quantitative structure–activity relationship models were established to direct the 

26 following excogitation for exploring higher active drugs. The in vivo study against 

27 plant bacterial diseases further identified the prospective application of title 

28 compounds as alternative antibacterial agents. The proteomic technique, scanning 

29 electron microscopy patterns, and fluorescence spectrometry were exploited to 

30 investigate the antibacterial mechanism. Additionally, some target compounds 

31 performed superior inhibitory actions against three tested fungal strains. In view of 

32 their simple molecular architecture and highly efficient bioactivity, these substrates 

33 could be further explored as promising surrogates for fighting against plant microbial 

34 infections. 

35 Keywords

36 1,3,4-oxadiazole, thiazolium, antimicrobial, 3D-QSAR, proteomics, action 

37 mechanism

38
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39

40 1. Introduction

41 Despite the remarkable contribution of commercial antibiotic therapies to agriculture 

42 in the past decade,1-2 microbial infections continue to cause global agricultural 

43 production constraints because of the poor efficiency of existing commercial 

44 antibiotic agents toward invasive phytopathogens and the emergence of a growing 

45 number of multidrug-resistant microorganisms originating from various factors, such 

46 as long-term usage of traditional bactericides bearing a single mode of action.3-7 In 

47 addition, evidence shows that a large-scale outbreak of resistance can rapidly 

48 accelerate within a relatively short period once resistant pathogenic races appear; this 

49 condition further exacerbates the difficulty in managing this serious issue and elevates 

50 the potential risks on human health.8-11 Thus, innovative structures to develop simple 

51 and highly efficient antimicrobial drugs possessing unique modes of actions are better 

52 alternatives to analogues of existing ones for the treatment of plant bacterial or fungal 

53 diseases. 

54 In drug design programs, one of the most efficient and promising approaches to 

55 explore securely bioactive structures is based on existing pharmacological skeletons 

56 from naturally occurring products, which have been verified to have a variety of 

57 advantages, including inartificial structural features, well-balanced physicochemical 

58 property, good biocompatibility, permissible environmental friendliness, low 

59 cytotoxicity toward mammalian cells, and unique modes of action.12-17 Among these 

60 native structural fragments, the thiazolium scaffold has been elaborately explored and 
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61 highlighted because it is a crucially active component of thiamine (vitamin B1) and 

62 thiamin pyrophosphate (ThDP) and serves as a cofactor of certain enzymes or 

63 multi-enzyme complexes, including pyruvate decarboxylase, α-ketoglutarate 

64 dehydrogenase and transketolase, catalyzing several biochemical reactions in all 

65 living organisms; in addition, this favorable building block offers diverse capabilities 

66 in various aspects, such as improving the balance of the physicochemical and 

67 amphiphilic properties of target molecules, allowing decoration with functional 

68 groups, and reforming molecular pharmacological activities.18-20 Thus, comprehensive 

69 investigations into this flexible motif are still being conducted, resulting in an array of 

70 thiazolium-tailored compounds with excellent potential applications (Figure 1). For 

71 instance, furazolium chloride containing a thiazolium moiety was discovered and 

72 developed as a powerful antimicrobial agent against Proteus vulgaris, Pseudomonas 

73 aeruginosa, Salmonella typhosa, and Staphylococcus aureus.21 Meanwhile, Kim et 

74 al.22 evaluated the antibacterial effects of a type of cephalosporin derivative carrying a 

75 thiazolium motif and found that these designed molecules exhibited potent 

76 bioactivities against Gram-positive and Gram-negative microorganisms except P. 

77 aeruginosa. In addition, three highly bioactive structures bearing bis-thiazolium 

78 patterns exhibited in vitro antimalarial activities against the protozoan parasite 

79 Plasmodium falciparum with IC50 values of 2.6 (R = -CH2OH), 0.7 (R = -CH2OCH3), 

80 and 25.0 nM (R = -CH3); (R = -CH2OH) is currently being clinically investigated by 

81 Sanofi–Aventis and has entered phase II clinical trials on account of the promising 

82 results in vivo study.23-25 Inspired by these results, the integration of a thiazolium 
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83 motif in a target molecule may lead to improved biological activities for its versatile 

84 functions of this valuable moiety. 

85 Meanwhile, 1,3,4-oxadiazole skeleton that acts as another versatile building 

86 block has been extensively studied and developed for its dramatic behavior in 

87 reforming the bioactivity.26-30 It can serve as a desirable surrogate for carboxylic 

88 acids, esters, and amides, which are always accompanied by augmented biological 

89 silhouettes.31-33 A certain amount of designed frameworks owning 1,3,4-oxadiazole 

90 moieties are in the commercialization stage or have been launched into the market. 

91 For example, zibotentan34 (anticancer agent) and furamizole35 (antibiotic agent) are in 

92 the late stage of clinical trials, whereas raltegravir36 and fenadiazole37 that serve as 

93 antiretroviral and hypnotic drugs, respectively, have been successfully exploited to 

94 manage HIV infection and insomnia. In our previous works, we demonstrated that 

95 1,3,4-oxadiazole thioether/sulfoxide/sulfone derivatives possess superior bioactivities 

96 against plant bacterial diseases; two sulfone candidates (5-(4-fluorophenyl or 

97 2,4-dichlorophenyl)-2-(methylsulfonyl)-1,3,4-oxadiazole) are in the novel pesticide 

98 registration stage.33,38 Such diverse range of applications motivates us to explore and 

99 develop 1,3,4-oxadiazole-labeled derivatives as prospective antimicrobial surrogates. 

100 As another key fragment, the silhouette of 2,4-dichlorophenyl is always 

101 observable in existing pesticide chemicals,39-41 especially for antibiotic structures such 

102 as triarimole, diniconazole, and hexaconazole.42,43 Therefore, the fusion of these 

103 bioactive substructures of thiazolium, 1,3,4-oxadiazole, and 2,4-dichlorophenyl in a 

104 single molecule may probably promote the discovery of excellent substrates as 

Page 5 of 50

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



6

105 antimicrobial indicators against plant microbial diseases (Figure 2). In our previous 

106 works, we have evaluated the antibacterial functions of various pyridinium-tailored 

107 derivatives.44,45 However, pyridinium-tailored derivatives displayed significant 

108 phytotoxicity (Figure S1a-S1b, supporting information). To explore novel frameworks 

109 with low phytotoxicity and highly efficient antimicrobial ability, herein, a series of 

110 5-(2,4-dichlorophenyl)-1,3,4-oxadiazole thioethers bearing natural thiazolium 

111 scaffolds linked by different alkyl chain lengths46,47 was initially fabricated. The 

112 antimicrobial effects of these thioethers against three invasive and widespread 

113 phytopathogens, namely, Xanthomonas oryzae pv. oryzae (Xoo), Ralstonia 

114 solanacearum (R. solanacearum), and Xanthomonas axonopodis pv. citri (Xac); as 

115 well as three virulent phytopathogenic fungi, namely, including Gibberella zeae (G. 

116 zeae), Fusarium oxysporum (F. oxysporum), and Phytophthora cinnamomi (P. 

117 cinnamomi), were evaluated. Subsequently, the substituents at the 5-position of 

118 1,3,4-oxadiazole toward bioactivity were also investigated. On the basis of the 

119 obtained molecular structures and collected bioassay data, three-dimensional 

120 quantitative structure–activity relationship (3D-QSAR) models were established to 

121 direct the following excogitation for exploring higher active drugs. An in vivo study 

122 against plant bacterial diseases was performed to identify the prospective application 

123 of these compounds as alternative antibacterial agents. Meanwhile, the proteomic 

124 technique, scanning electron microscopy (SEM), and fluorescence spectrometry were 

125 exploited to investigate the antimicrobial mechanism of the thioethers.

126 2. Materials and methods
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127 2.1 Instruments and Chemicals

128 Instruments: NMR, JEOL-ECX-500 and Bruker Biospin AG-400 apparatuses; 

129 Centrifuge, Centrifuge 5424 R, eppendorf; spectrometer (UV-Vis), Fluoromax-4 

130 Spectrofluorometer, HORIBA Scientific; High resolution mass spectrometer, 

131 UItiMate 3000, Thermo SCIENTIFIC; Melting point apparatus, SGW® X-4B, 

132 Shanghai Yidian Physical Optical Instrument Co., Ltd; High performance liquid 

133 chromatography (HPLC), 1290 Infinity Ⅱ, Agilent Technologies; Scanning electron 

134 microscope, FEI Nova NanoSEM 450. All the chemicals (≥98%) used for reaction 

135 were purchased from Energy Chemical of Saen Chemical Technology (Shanghai) Co., 

136 Ltd. The solvents including Ethyl acetate (99.5%), Dichloromethane (99.5%), 

137 Methanol (99.5%), Petroleum ether (99.5%), N,N-Dimethylformamide (99.5%) and 

138 Acetonitrile (AR) were purchased from Tianjin Fuyu Chemical Co., Ltd; Glucose (≥

139 99.5%) and Beef Extract (Reagent Grade) were purchased from Sangon Biotech 

140 (Shanghai) Co., Ltd; Peptone (test reagent LR) was purchased from Shanghai 

141 Bio-way technology Co., Ltd; Yeast extract (AR) was purchased from Beijing 

142 Solarbio Science & Technology Co., Ltd. 

143 2.2 Experimental section

144 In vitro and in vivo antibacterial testing, in vitro antifungal testing, label-free 

145 quantitative proteomics analysis, PI uptake assay, scanning electron microscopy 

146 (SEM), synthesis for intermediates and title compounds, see supplementary data. 

147 3. Results and Discussion

148 To explore the integration of key fragments of thiazolium, 1,3,4-oxadiazole, and 
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149 2,4-dichlorophenyl toward bioactivity, we initially constructed thiazolium-tailored 

150 5-(2,4-dichlorophenyl)-1,3,4-oxadiazole thioethers bridged by diverse alkyl chain 

151 lengths (Figure 3). Intermediate 4 owning a 1,3,4-oxadiazole pattern was obatined as 

152 described in our previous approach,2 which was carried out via two-step reactions 

153 with dibromo-substituted alkyls and thiazole (or 4-methylthiazole) to obtain the target 

154 compounds An and Bn. The achieved molecules were screened to test their 

155 antibacterial potency against Xoo, R. solanacearum, and Xac through a turbidimeter 

156 test.48 The agricultural antibiotic agents thiodiazole copper (TC) and bismerthiazol 

157 (BT) were co-assayed as reference drugs. The screening results (Table 1) revealed 

158 that these reconstructed compounds displayed good to excellent antibacterial 

159 efficiency against the three tested strains and were relatively superior to BT and TC. 

160 The title compounds exerted selectivity and specificity against Xoo with EC50 within 

161 4.84 µg/mL to 0.23 µg/mL. Notably, the antibiotic competence increased from A6 to 

162 A12 and B6 to B12 with prolonging alkyl chain lengths, thereby suggesting that the 

163 increment of molecular hydrophobicity was beneficial to the bioactivity. In 

164 comparison with the substituent group and its thiazolium pattern toward bioactivity, 

165 the methyl group displayed a slightly ameliorative tendency, as illustrated by A6 (4.84 

166 µg/mL) < B6 (3.12 µg/mL), A8 (3.04 µg/mL) < B8 (1.87 µg/mL), and A12 (0.24 

167 µg/mL) < B12 (0.23 µg/mL). For anti-R. solanacearum and anti-Xac activities, a 

168 plausible posture was observed: the inhibition effect initially increased and then 

169 decreased with the fine-tuning of the length of alkyl tailors. Thus, compounds A8 

170 (25.51 and 4.78 µg/mL) and B8 (29.80 and 3.80 µg/mL) exerted the most laudable 
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171 antibacterial performance. These findings indicate that compounds A12 and B12 

172 exhibited exclusive and promising potency against Xoo. Therefore, further 

173 optimization and manipulation of the molecular structures were carried out. 

174 As compounds A12 and B12 showed excellent potential as antibacterial indicators, 

175 the substituents at 5-postion of 1,3,4-oxadiazole toward bioactivity were investigated. 

176 Thiazolium-tailored 1,3,4-oxadiazole thioethers with various substitutional units at the 

177 5-position and a providential dodecyl tail were synthesized accordingly (Figure 4). In 

178 general, these target compounds Cn and Dn (n = 1–10) were fabricated following the 

179 synthetic protocols of An, in which the key intermediate 

180 5-(2,4-dichlorophenyl)-1,3,4-oxadiazole-2-thiol was changed into an array of 

181 5-substituted-1,3,4-oxadiazole-2-thiol. The obtained structures were characterized by 

182 NMR, HRMS, and HPLC (supporting information). The crystal structures of 

183 compound D7 further confirmed the accurate molecular frameworks (Figure 5). A 

184 squint in the screening result (Table 2) suggested that this type of compound did 

185 possess specific and selective competences for severely attacking pathogen Xoo and 

186 provided EC50 within 0.10 µg/mL to 1.68 µg/mL for compounds Cn and Dn (n = 1–

187 10), indicating that the integration of these valuable building blocks could promote 

188 the discovery of highly efficient surrogates. The antibacterial efficacy (for compounds 

189 C1 and D1) was almost maintained after removing the 4-Cl from compounds A12 and 

190 B12, whereas the antibiotic capacity (for compounds C2 and D2) declined by twofold 

191 after the replacement of 2,4-diCl into 4-Cl. Hence, 4-Cl on the benzene ring was 

192 slightly negative toward anti-Xoo activity. Further breaking the molecular rigidity and 
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193 introducing a methylene group between the benzene motif and 1,3,4-oxadiazole (for 

194 compounds C3 and D3) still did not improve the inhibitory effect in comparison with 

195 that for compounds C2 and D2. The electron-withdrawing groups had an insignificant 

196 influence on bioactivity, as indicated by comparing EC50 values of D5 (4-CF3, 0.33 

197 µg/mL) and D6 (4-NO2, 0.34 µg/mL). Ameliorative antibacterial ability was observed 

198 by introducing a methyl group at the 2-position of benzene ring and led to EC50 of 

199 0.15 and 0.13 µg/mL for compounds D8 and C8, respectively. A superior antibacterial 

200 candidate (C10) bearing 4-fluoro-3-methylphenyl at 5-position of 1,3,4-oxadiazole 

201 was discovered with EC50 of 0.10 µg/mL. For anti-R. solanacearum activity, the 

202 antibiotic potency was dramatically elevated by approximately ninefold after 

203 changing 2,4-diCl and substituting it into 2-Cl on the benzene ring. Thus, the EC50 

204 values varied from 79.71 µg/mL (A12) to 8.45 µg/mL (C1) and from 31.28 µg/mL (B12) 

205 to 3.27 µg/mL (D1). This result suggested that 4-Cl on the benzene ring might block 

206 other interactions with bacterial receptors. An opposite pattern for the inhibitory effect 

207 was observed after shifting the chlorine atom to the 4-position of the benzene ring (C2, 

208 21.72 µg/mL; D2, 11.37 µg/mL). Such observation revealed that the location of the 

209 substituents had a significant action toward bioactivity. Notably, the pharmaceutical 

210 effect was gravely knocked down after inserting a methylene group (C3 and D3) to 

211 break the planar pattern of the benzene ring and 1,3,4-oxadiazole core in comparison 

212 with those of compounds C2 and D2. Compound C5 bearing a 4-CF3 group (39.94 

213 µg/mL) showed better activity than that of compound C6 owning a 4-NO2 group 

214 (85.27 µg/mL). However, opposite results were obtained for compounds D5 and D6 
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215 with EC50 of 43.89 and 7.59 µg/mL, respectively. Hence, the type of 

216 electron-withdrawing groups also played a crucial role in judging the final activity of 

217 a molecule. Compounds D8–D10 possessing electron-donating groups (2-CH3, 3-OCH3, 

218 4-F-3-CH3) presented agreeable powers against R. solanacearum with EC50 of 6.66, 

219 7.39, and 6.38 µg/mL, respectively. As for the screening results, compound Cn 

220 bearing the thiazolium moiety exerted lower antibacterial performance than 

221 compound Dn owning 4-methylthiazol-3-ium parts; however, compound C5 

222 performed slightly better than D5. In terms of anti-Xac activity, all compounds exerted 

223 acceptable activities with EC50 within 3.50 µg/mL to 17.21 µg/mL. Compound D7 

224 without any substitutional group on the benzene ring displayed the strongest bacterial 

225 growth inhibition effect. This type of compound clearly possessed comprehensive 

226 inhibitory actions against the tested bacterial strains, particularly for the pathogen Xoo. 

227 Hence, the fusion of these favorable fragments of thiazolium and 1,3,4-oxadiazole in 

228 a molecule could yield highly efficient antimicrobial alternatives. 

229 As these compounds demonstrated powerful antibacterial potentials and 

230 promising applications for developing anti-Xoo drugs, 3D-QSAR models employing 

231 comparative molecular field analysis (CoMFA) and comparative molecular similarity 

232 index analysis (CoMSIA) were established to elaborately expound the structure–

233 activity relationship and direct the future excogitation of the molecular structure. By 

234 using SYBYL-X 2.0 software, we systematically assembled the 3D structures of 28 

235 molecules with the “Sketch Molecule” function and then aligned them on the basis of 

236 the common substructure and conformation of compound C10, which exhibited the 
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237 greatest antibacterial potency toward Xoo. The alignment pattern is shown in Figure 6. 

238 To fabricate the 3D-QSAR models, we denoted the antibacterial activity of all the 

239 target compounds as pEC50 (Table 3). Twenty of the target molecules were selected as 

240 the training set for CoMFA and CoMSIA, while the left molecules were employed as 

241 the testing set. The predicted pEC50 of all the molecules are listed in Table 3. The 

242 predicted results were similar to the corresponding experimental data. The 

243 observation of linear correlations for the experimental and predicted pEC50 in CoMFA 

244 and CoMSIA models manifested the credibly predictive competence of these models 

245 (Figure 7). The obtained statistical parameters are illustrated in Table 4. The internal 

246 validations of the cross-validated q2 value (> 0.5) and non-cross-validated coefficient 

247 r2 value (> 0.8) are normally considered as a reference for the predictive capacity of 

248 3D-QSAR models. The corresponding q2 and r2 values for the CoMFA and CoMSIA 

249 models were (0.766, 0.951) and (0.792, 0.976), respectively, thereby satisfying the 

250 performance demands. Moreover, the related standard errors of estimate (SEEs) and 

251 F-values were (0.123, 54.632) and (0.098, 54.786), respectively. In the CoMFA 

252 model, the contributions for steric and electrostatic fields were 59.0 and 41.0%, 

253 respectively, indicating that the bioactivity slightly depended on the steric 

254 interactions. In the CoMSIA model, the steric, electrostatic, hydrophobic, H-bond 

255 donor, and H-bond acceptor contributions were 13.5%, 52.7%, 33.3%, 0.0%, and 

256 0.5%, respectively, indicating that electrostatic interactions contributed significantly 

257 to the anti-Xoo activity. The fabricated contour maps for the CoMFA models were 

258 dispalyed in Figure 8. The yellow contours around the benzene ring and thiazolium 
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259 scaffold in the CoMFA steric field suggested that the large groups at these positions 

260 were unfavorable for the bioactivity (Figure 8A), illustrated by comparing EC50 of C4 

261 (4-F, 0.28 µg/mL) and C5 (4-CF3, 0.39 µg/mL), C9 (thiazolium, 0.15 µg/mL) and D9 

262 (4-methylthiazol-3-ium, 0.45 µg/mL) bearing the large groups for the latters, 

263 respectively. For the CoMFA electrostatic field (Figure 8B), red polyhedra with 

264 electron-donating groups increased the activity, displaying by the screening results of 

265 compounds C9 (3-OCH3, 0.15 µg/mL), C7 (H, 0.44 µg/mL), D9 (3-OCH3, 0.45 

266 µg/mL), and D7 (H, 1.68 µg/mL). By contrast, the blue pattern with 

267 electron-withdrawing groups at this area enhanced the bioactivity in accordance with 

268 the observation of a blue color surrounding the thiazolium skeleton. Thus, this 

269 fragment was indeed devoted to the bioactivity. The CoMSIA contour maps are 

270 presented in Figure 9. The steric field pattern (Figure 9A) revealed that the bulky 

271 groups at the 3-position of the benzene ring located at the green region could improve 

272 the antibacterial power, as revealed by comparing EC50 of C10 (4-F-3-CH3, 0.10 

273 µg/mL) and C4 (4-F, 0.28 µg/mL). For the electrostatic field map (Figure 9B), the 

274 blue area suggested that the introduction of electron-withdrawing groups improved 

275 the bioactivity, which further verified the strong electron-withdrawing nature of the 

276 thiazolium scaffolds powerfully contributing to the antibacterial competence. On the 

277 contrary, the red portion located at the 2-position indicated that an electron-donating 

278 group was preferred for the bioactivity, as verified from the bioassay result of 

279 compounds C8 (2-CH3, 0.15 µg/mL) and C1 (2-Cl, 0.20 µg/mL). The hydrophobic 

280 field pattern (Figure 9C) showed that integrating the hydrophobic group at the yellow 
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281 region or the hydrophilic group at the gray contour would enhance the bioactivity. A 

282 red pattern was observed from the H-bond acceptor field map (Figure 9D), and it 

283 suggested that the reception of hydrogen bonding in this area could ameliorate the 

284 antibacterial efficiency. Given the study’s results and structural insights, this model 

285 provides an insight for the rational design of fresh bioactive compounds as 

286 antibacterial surrogates.

287 In vivo trials against bacterial blight on rice were performed to identify the 

288 prospective application of the developed compounds as agricultural agents. As 

289 illustrated in Table 5, Figure 10 and Figure S1c-S1d, the highly active compound C10 

290 presented excellent in vivo curative activity with low phytotoxicity, providing a 

291 control efficiency of 48.5% at 200 μg/mL; these results were relatively superior to BT 

292 (32.8%) and TC (39.2%). This compound’s protection effect was also remarkable and 

293 provided a relevant control rate of 51.5%. This outcome manifested that the designed 

294 molecules were capable of fighting against plant bacterial diseases.

295 To understand the regulatory role and antibacterial mechanism triggered by the 

296 thiazolium-labeled 1,3,4-oxadiazole thioethers, we derived a label-free quantitative 

297 proteomic profile by treating Xoo with hyperactive compound C10. The quality of the 

298 obtained result was assessed and confirmed from Figure S2. Meanwhile, the enriched 

299 peptides were monitored by LC–MS/MS and were subsequently analyzed and 

300 quantified.49 As a result, 2353 proteins were detected in the control and treatment 

301 samples, with 2107 proteins (89.5%) holding quantitative information (MS-identified 

302 information and Table S1). At the filtering conditions of fold changes >1.5, p<0.05, 
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303 314 proteins were differentially expressed in response to C10 stimulation. Among the 

304 314 proteins, 161 and 153 proteins were upregulated and downregulated, respectively 

305 (Figures 11a and 11b). GO categories divided into BP, CC, and MF were used to 

306 clarify the biological functions.50-52 As shown in Figure 12, the BP analysis suggested 

307 that proteins differently expressed were associated with single-organism process, 

308 metabolic process, cellular process, localization, biological regulation, signaling, 

309 response to stimulus, cellular component organization or biogenesis, and locomotion. 

310 The proteins involved in the single-organism process, cellular process, and metabolic 

311 process were significantly enriched (Figure 12a). In the CC category (Figure 12b), 

312 proteins experiencing great changes were located in the macromolecular complex, 

313 cell, membrane, organelle, extracellular region, virion, and nucleoid. In the MF 

314 analysis (Figure 12c), varying levels of proteins involved in molecular transducer 

315 activity, catalytic activity, binding, structural molecular activity, and antioxidant 

316 activity were dramatically expressed. In addition, these changed proteins mainly 

317 located in the cytoplasm from the subcellular structure location pattern (Figure S3). 

318 This result showed that C10 could regulate and disturb many aspects of physiological 

319 processes and functions of pathogen Xoo.

320 To elucidate the bacterial pathways affected by compound C10, we performed a 

321 KEGG analysis. The result showed that “ribosome,” “biotin metabolism,” 

322 “cyanoamino acid metabolism,” “other glycan degradation,” and “RNA polymerase 

323 biogenesis” were the distinct pathways enriched. In particular, “ribosome,” which 

324 plays a significant role in protein translation, was the most prominent pathway 

Page 15 of 50

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



16

325 involving a considerable amount of these differentially expressed proteins (Figure 

326 S4).53-55 As illustrated in Figure S5, a variety of prominent proteins were 

327 downregulated, and they included the large subunit ribosomal protein L1 (rp1A), 

328 protein L4 (rp1D), protein L5 (rp1E), protein L6 (rp1F), protein L10 (rp1J), protein 

329 L11 (rp1K), protein L17 (rp1Q), and protein L27 (rpmA); as well as the small subunit 

330 ribosomal protein S1 (rpsA), protein S5 (rpsE), and protein S13 (rpsM). These 

331 proteins were significant components of the ribosome participating in various actions 

332 in the protein translation program. However, their distinct downregulated expression 

333 triggered by compound C10 would significantly disrupt the pathways of ribosome 

334 assembly and the subsequent synthesis of a mass of functional proteins that are 

335 essential for normal life, finally leading to bacterial death. To further understand the 

336 significance and extent of these differentially expressed proteins in the ribosome 

337 pathway, we generated a protein–protein interaction network using STRING database 

338 version 10.5. As shown in Figure S6, the formed interaction relationship containing 

339 11 down-regulated proteins indicated that these proteins serving as significant factors 

340 could affect one another and consequently regulate and disorganize various 

341 physiological processes triggered by C10 stimulation.

342 To study the morphological changes before and after treatment of Xoo with 

343 compound C10, we obtained SEM images via a concentration-dependent manner. The 

344 Xoo morphology was switched from well-shaped (Figure 13a) to partially broken or 

345 distorted after treatment of Xoo with C10 (10 µg/mL) (Figure 13b). Further elevating 

346 the drug dose to 25 µg/mL resulted in completely broken bacteria with large leakage 
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347 holes (Figure 13c). This outcome indicated that thiazolium-labeled 1,3,4-oxadiazole 

348 thioethers possessed the special ability to damage the cell membrane by the 

349 synergistic effects of hydrophilic and hydrophobic parts. To examine the changes of 

350 membrane permeability, we used a typical dye propidium iodide (PI) without 

351 fluorescence. This dye can provide significant red fluorescence after binding with 

352 DNA, but it cannot thread the intact membrane of a living pathogen.10,56 As shown in 

353 Figure 13d, an enhanced fluorescent intensity at 598 nm was observed with increasing 

354 drug dosages of C10, thereby demonstrating that bacterial membrane permeability 

355 gradually increased and formed a PI-DNA complex to create fluorescence. This 

356 outcome was in accordance with the observed SEM images. The results of 

357 quantitative proteomics, SEM images, and fluorescence spectrum confirmed that title 

358 molecules significantly affected the diverse physiological processes of pathogens and 

359 consequently resulted in bacterial death. 

360 The antifungal ability of the target molecules against an array of fungal strains, 

361 namely, G. zeae, F. oxysporum, and P. cinnamomic, was examined via the poison 

362 plate technique.57,58 Meanwhile, the agricultural antifungal agents vitavax (VT), 

363 prochloraz (PC), hymexazol (HM), and carbendazim (CB) were used as the reference 

364 drugs. The preliminary screening results (Table 6) revealed that most target 

365 compounds exhibited superior potency against three fungal strains relative to VT. 

366 Moreover, some of them exhibited better toxic effects than HM at 50 µg/mL. All title 

367 molecules exhibited moderate activity against G. zeae with the inhibition rates within 

368 38.8%-57.9%, which were lower than that for HM (61.8%). A scene for inhibition 
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369 rates against F. oxysporum indicated that most of the title compounds performed 

370 admirable growth suppression effects in comparison with HM (56.4%) and VT 

371 (15.7%). Specifically, compounds A8, A12, B8, B12, and D10 afforded excellent 

372 inhibition values of 80.5%, 73.1%, 72.1%, 77.8%, and 71.2%, respectively. For 

373 anti-P. cinnamomi activity, compounds A8, A10, B8, B10, B12, C3, C7, C8, C10, D6, D7, 

374 and D10 exerted powerful antibiotic performance in comparison with HM (50.5%), 

375 with the inhibition rates exceeding 61.1%; D10, in particular, afforded the highest rate 

376 of 71.6%. These investigations indicated that these compounds could be considered as 

377 novel compounds in the exploration of antifungal drugs.

378 In summary, a class of thiazolium-labeled 1,3,4-oxadiazole thioethers was 

379 constructed. Antibacterial results showed that compounds C10, D1, and D7 could 

380 severely attack three tested phytopathogens, including Xoo, R. solanacearum and Xac, 

381 with EC50 of 0.10, 3.27, and 3.50 µg/mL, respectively. Subsequently, 3D-QSAR 

382 models against Xoo were established to direct the following excogitation for 

383 discovering higher active drugs. In vivo study showed that C10 presented excellent 

384 curative and protective activities (48.5% and 51.5%, 200 µg/mL) against bacterial 

385 blight. Quantitative proteomic profiles indicated that 314 proteins (161 and 153 

386 proteins were upregulated and downregulated, respectively) were observed to be 

387 differentially expressed in response to C10 stimulation, suggesting that this kind of 

388 compounds could regulate and disturb many aspects of physiological processes and 

389 functions of pathogens. Scanning electron microscopy images and fluorescence 

390 spectrum further confirmed this outcome. Moreover, some target compounds 
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391 performed superior inhibitory actions against three tested fungal strains. Given their 

392 simple molecular architecture and highly efficient bioactivity, these substrates could 

393 be further developed as promising surrogates for fighting against microbial infections.

394 Supporting Information

395 Supporting Information including detailed experimental section, Tabel S1, Figures 

396 S1-S6, experimental characterization data of title compounds, 1H NMR, 13C NMR, 

397 19F NMR, HRMS spectra and HPLC analysis associated with this article can be 

398 found, in the online version.
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602 Figure captions

603 Figure 1. Some bioactive structures containing thiazolium, 1,3,4-oxadiazole, or 

604 2,4-dichlorophenyl scaffolds.

605 Figure 2. Design strategy for target molecules.

606 Figure 3. Synthetic route for An and Bn (n = 6, 8, 10, 12).

607 Figure 4. Synthetic route for Cn and Dn (n = 1–10).

608 Figure 5. Crystal structures of compound D7.

609 Figure 6. Molecular alignment of all target compounds.

610 Figure 7. Plots of predicted pEC50 versus experimental pEC50 against Xoo. Predicted 

611 pEC50 values were calculated for A) CoMFA model and B) CoMSIA model.

612 Figure 8. CoMFA contour maps with compound C10 inside the fields: A) steric fields, 

613 with green and yellow polyhedra indicating the regions where steric bulk would 

614 enhance and reduce the activity; B) electrostatic fields, with blue and red polyhedra 

615 indicating the regions where positive and negative charges would enhance activity.

616 Figure 9. CoMSIA contour maps with compound C10 inside the fields: A) steric 

617 fields, with green and yellow polyhedra indicating the regions where steric bulk 

618 would enhance and reduce the activity; B) electrostatic fields, with blue and red 

619 polyhedra indicating the regions where positive and negative charges would enhance 

620 activity; C) hydrophobic fields, with yellow and grey polyhedra indicating the regions 

621 where hydrophobicity and hydrophilicity would enhance activity; D) H-bond acceptor 

622 fields, with red contours indicating the regions where H-bond acceptor groups would 

623 enhance activity.
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624 Figure 10. Curative and protection activities of compound C10 against rice bacterial 

625 leaf blight under greenhouse conditions at 200 μg/mL; BT and TC were the positive 

626 control at the same conditions.

627 Figure 11. a) Histogram of the number distribution of differentially expressed 

628 proteins in different comparison groups (C10/CK); b) volcano plot of differentially 

629 expressed proteins (C10/CK).

630 Figure 12. Differentially expressed proteins in control and treatment groups were 

631 classified on the basis of known biological processes (a), cellular components (b), and 

632 molecular functions (c).

633 Figure 13. SEM images of Xoo after incubation in different concentrations of C10: (a) 

634 0, (b) 10, and (c) 25 µg/mL; the scale bars for (a–c) are 1 µm; (d) fluorescence 

635 intensities stained with PI for the solution containing Xoo after incubating with 

636 different concentrations of C10. 
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637 Tables

638 Table 1. Antibacterial effects of An and Bn against Xoo, R. solanacearum, and Xac in 

639 vitro.

Xoo R. solanacearum Xac
Compd. Regression 

equation
r

EC50 
(µg/mL)

Regression 
equation

r
EC50 

(µg/mL)
Regression 

equation
r

EC50 
(µg/mL)

A6 y=5.61x+1.16 0.97 4.84±0.78 y=2.33x+0.67 0.99 72.41±4.92 y=1.92x+3.55 0.96 5.67±0.75

A8 y=2.70x+3.70 1.00 3.04±0.35 y=1.39x+3.04 0.97 25.51±0.85 y=2.32x+3.42 0.99 4.78±0.15

A10 y=2.68x+6.29 0.99 0.33±0.03 y=0.71x+3.64 0.97 83.59±10.08 y=3.65x+1.41 1.00 9.62±0.41

A12 y=2.94x+6.82 0.98 0.24±0.03 y=0.87x+3.35 0.98 79.71±0.93 y=2.03x+2.71 0.99 13.44±4.00

B6 y=4.28x+2.88 0.97 3.12±0.35 y=2.09x+1.14 1.00 70.99±5.20 y=2.58x+3.08 0.97 5.56±0.50

B8 y=2.86x+4.22 0.96 1.87±0.21 y=1.87x+2.25 0.97 29.80±1.74 y=3.10x+3.20 0.97 3.80±0.28

B10 y=4.73x+6.25 0.99 0.54±0.02 y=3.17x-0.74 0.97 65.04±3.69 y=2.30x+2.13 0.98 17.58±2.88

B12 y=2.80x+6.75 0.98 0.23±0.09 y=0.76x+3.86 0.98 31.28±2.29 y=3.20x+1.31 0.95 14.27±1.19

BT y=1.50x-2.05 0.98 92.6±2.1 / / / / / /

TC y=1.54x+1.79 0.98 121.8±3.6 y=1.03x+2.94 0.99 99.1±5.1 y=2.15x+0.94 0.98 77.0±2.0
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641 Table 2. In vitro antibacterial effects of Cn and Dn against Xoo, R. solanacearum, and 

642 Xac.

Xoo R. solanacearum Xac
Compd. Regression 

equation
r

EC50 
(µg/mL)

Regression 
equation

r
EC50 

(µg/mL)
Regression 

equation
r

EC50 
(µg/mL)

C1 y=3.48x+7.43 1.00 0.20±0.03 y=0.69x+4.36 1.00 8.45±0.64 y=3.32x+0.90 0.98 17.21±3.04

C2 y=3.58x+6.20 1.00 0.46±0.04 y=0.79x+3.95 0.99 21.72±1.97 y=2.48x+3.40 0.98 4.42±0.43

C3 y=3.15x+5.35 0.95 0.77±0.03 y=0.59x+3.88 1.00 77.93±0.16 y=2.81x+2.98 0.99 5.21±0.04

C4 y=3.14x+6.74 0.97 0.28±0.01 y=0.88x+3.89 0.97 18.16±2.54 y=5.02x+1.30 0.97 5.46±1.58

C5 y=5.22x+7.16 0.98 0.39±0.09 y=1.34x+2.86 0.95 39.94±2.76 y=2.51x+3.01 0.99 6.19±1.16

C6 y=4.96x+7.02 1.00 0.39±0.03 y=0.96x+3.14 1.00 85.27±0.82 y=4.32x+0.11 0.96 13.53±2.43

C7 y=5.39x+6.89 0.98 0.44±0.01 y=0.83x+3.54 0.95 57.23±6.25 y=2.50x+3.11 0.96 5.71±0.26

C8 y=2.37x+6.93 1.00 0.15±0.01 y=0.93x+3.54 0.97 36.55±0.32 y=2.86x+2.58 0.98 7.05±0.50

C9 y=2.99x+7.50 0.97 0.15±0.02 y=1.24x+3.02 0.98 39.26±1.54 y=3.74x+0.75 0.95 13.66±0.08

C10 y=3.78x+8.84 0.99 0.10±0.01 y=0.94x+4.08 0.99 9.59±1.04 y=3.73x+0.65 1.00 14.59±0.90

D1 y=3.11x+6.91 0.99 0.24±0.01 y=0.89x+4.54 0.96 3.27±0.25 y=2.63x+2.02 0.97 13.56±0.79

D2 y=8.15x+7.50 0.99 0.49±0.01 y=1.24x+3.69 0.98 11.37±1.48 y=5.18x+0.16 0.98 8.59±0.24

D3 y=3.11x+6.03 0.95 0.47±0.03 y=0.67x+3.78 1.00 66.25±4.23 y=3.47x+2.55 1.00 5.08±0.42

D4 y=6.89x+6.59 0.98 0.59±0.01 y=1.21x+3.64 1.00 13.42±1.29 y=3.18x+0.79 0.97 4.93±0.90

D5 y=5.26x+7.56 0.96 0.33±0.04 y=0.78x+3.71 0.99 43.89±7.07 y=2.39x+3.55 0.98 4.06±0.27

D6 y=3.55x+6.65 0.97 0.34±0.01 y=0.95x+4.16 0.97 7.59±0.52 y=4.44x+1.82 0.95 5.20±0.44

D7 y=1.48x+4.67 0.97 1.68±0.33 y=1.12x+3.59 0.97 18.12±2.53 y=3.18x+3.27 0.97 3.50±0.31

D8 y=2.31x+7.04 0.99 0.13±0.01 y=1.03x+4.28 0.98 6.66±0.57 y=0.60x+0.65 0.96 16.17±1.90

D9 y=1.68x+5.59 0.95 0.45±0.02 y=1.16x+4.00 0.99 7.39±0.12 y=4.19x+0.13 0.95 14.53±2.00

D10 y=5.20x+8.03 0.99 0.26±0.05 y=1.10x+4.12 1.00 6.38±0.87 y=4.14x+0.95 0.97 9.49±0.84

BT y=1.50x-2.05 0.98 92.6±2.1 / / / / / /

TC y=1.54x+1.79 0.98 121.8±3.6 y=1.03x+2.94 0.99 99.1±5.1 y=2.15x+0.94 0.98 77.0±2.0
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644 Table 3. Experimental and predicted pEC50 of title molecules against Xoo, * training 

645 set molecules.

CoMFA CoMSIA
Compd.

Experimental 

pEC50 Predicted Relative error Predicted Relative error

A6* 5.010 5.039 -0.029 5.037 -0.027

A8* 5.236 5.196 0.040 5.214 0.022

A10* 6.223 6.281 -0.058 6.226 -0.003

A12 6.383 6.446 -0.063 6.763 -0.380

B6* 5.213 5.187 0.026 5.190 0.023

B8* 5.458 5.474 -0.016 5.476 -0.018

B10 6.020 6.119 -0.099 6.374 -0.354

B12* 6.412 6.352 0.060 6.485 -0.073

C1* 6.435 6.437 -0.002 6.428 0.007

C2* 6.074 6.066 0.008 6.176 -0.102

C3* 5.861 5.836 0.025 5.875 -0.014

C4 6.276 6.034 0.242 6.240 0.036

C5* 6.171 6.238 -0.067 6.185 -0.014

C6* 6.154 6.129 0.025 6.157 -0.003

C7* 6.065 5.946 0.119 5.954 0.111

C8* 6.557 6.594 -0.037 6.537 0.020

C9 6.557 6.482 0.075 6.154 0.403

C10* 6.734 6.630 0.104 6.707 0.027

D1* 6.367 6.263 0.104 6.288 0.079

D2* 6.057 5.931 0.126 5.886 0.171

D3* 6.086 6.134 -0.048 6.075 0.011

D4* 5.964 5.870 0.094 5.927 0.037

D5 6.254 6.090 0.164 5.883 0.371

D6 6.224 6.032 0.192 5.886 0.338

D7* 5.495 5.828 -0.333 5.673 -0.178

D8 6.630 6.448 0.182 6.238 0.392

D9 6.091 6.322 -0.231 5.849 0.242

D10* 6.331 6.470 -0.139 6.407 -0.076
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647 Table 4. The obtained statistical parameters of CoMFA and CoMSIA models for Xoo.

Statistical parameter CoMFA CoMSIA Validation criterion

q2 a 0.766 0.792 >0.5

ONCb 5 8

r2 c 0.951 0.976 >0.8

Standard error of estimate 0.123 0.098

F-value 54.632 54.786

Fraction of field contributions

Steric 0.590 0.135

Electrostatic 0.410 0.527

Hydrophobic 0.333

H-bond donor 0.000

H-bond acceptor 0.005

648 a Cross-validated correlation, b Optimum number of components, c Non-cross-validated correlation.
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649 Table 5. In vivo biological activities of C10 (200 μg/mL, 14 days after spraying) 

650 against rice bacterial blight.

Curative activity Protection activity

Treatment
Morbidity 

(%)
Disease index 

(%)
Control efficiency 

(%)b

Morbidity 
(%)

Disease index 
(%)

Control efficiency 
(%)b

C10 100 42.2 48.5 100 39.7 51.5

BT 100 55.0 32.8 100 52.4 36.1

TC 100 49.8 39.2 100 46.6 43.2

CKa 100 81.9 / 100 81.9 /

651 a Negative control. b Statistical analysis was conducted by ANOVA method. 
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652 Table 6. Inhibitory effects of An, Bn, Cn, and Dn (dosage: 50 µg/mL) against three 

653 plant fungal strains in vitro.

Inhibition rate (%) Inhibition rate (%)
Compd.

G. zeae F. oxysporum P. cinnamomi
Compd.

G. zeae F. oxysporum P. cinnamomi

A6 49.1±1.1 63.5±3.1 35.7±0.6 B6 47.7±1.5 33.8±2.5 21.4±4.1

A8 50.3±2.0 80.5±3.2 69.4±2.5 B8 49.1±1.6 72.1±3.3 63.9±1.2

A10 50.6±0.7 67.5±0.4 65.6±1.0 B10 46.0±5.0 65.9±3.1 66.0±0.6

A12 47.7±1.3 73.1±2.5 57.8±1.7 B12 53.2±2.9 77.8±3.7 68.4±1.6

C1 52.6±6.6 56.9±1.2 37.8±2.5 D1 52.6±2.4 49.3±5.3 48.3±1.8

C2 50.7±2.3 51.9±1.8 47.2±2.3 D2 51.2±2.6 54.9±0.1 59.2±1.0

C3 48.7±1.3 68.5±0.4 63.3±1.2 D3 49.5±1.3 60.5±0.5 59.8±1.5

C4 51.6±0.6 52.5±1.0 45.0±2.8 D4 49.6±0.4 51.6±1.9 53.1±0.9

C5 38.8±4.7 52.2±0.9 43.4±2.1 D5 42.3±5.3 53.4±0.5 57.9±0.8

C6 56.7±2.1 64.1±6.3 59.2±1.7 D6 57.3±0.7 67.1±1.7 67.0±1.2

C7 56.5±0.3 69.2±2.0 67.6±5.0 D7 55.3±1.6 68.6±1.1 66.5±2.5

C8 57.8±5.5 63.2±2.2 61.1±1.2 D8 54.4±1.5 59.6±0.9 56.5±3.2

C9 51.8±1.7 51.9±1.8 44.8±2.9 D9 49.8±2.6 53.7±1.0 55.2±1.4

C10 54.1±2.1 66.5±1.6 65.1±0.9 D10 57.9±5.4 71.2±2.4 71.6±6.5

VT 44.0±2.0 15.7±0.8 20.6±1.6 PC 100 100 100

HM 61.8±0.8 56.4±2.4 50.5±0.9 CB 100 100 100
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658 Figure 2
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660 Figure 3
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662 Figure 4
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664 Figure 5
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666 Figure 6
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668 Figure 7
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675 Figure 10
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677 Figure 11
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680 Figure 12
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