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Background Sanguinarine (SAG), a benzophenanthridine alkaloid, can be extracted from the rhizome of
Sanguinaria canadensis. Studies found that SAG has antioxidant, anti-inflammatory, and antiproliferative
activities in a number of malignancies and exhibits robust antibacterial activities. Little has been reported
on the action of SAG against Providencia rettgeri. This study aimed to evaluate the antimicrobial and
antibiofilm activities of SAG against P. rettgeri in vitro.

Methods The gradient diffusion method was used to determine the minimum inhibitory concentration
(MIC) of SAG against P. rettgeri. The intracellular ATP concentration, intracellular pH (pHin), and cell
membrane integrity and potential were measured. Confocal laser scanning microscopy (CLSM), field
emission scanning electron microscopy (FESEM), and crystal violet staining were used to measure the
antibiofilm formation of SAG.

Results The results revealed that the MIC of SAG against P. rettgeri was 7.8 μg/mL. SAG inhibited the
growth of P. rettgeri and destroyed the integrity of P. rettgeri cell membrane, as reflected mainly in the
decrease in the intracellular ATP concentration, pHin, and cell membrane potential and significant change
in cellular morphology. The results of CLSM, FESEM, and crystal violet staining indicated that SAG
exhibited strong inhibitory effects on the biofilm formation of P. rettgeri and led to the inactivity of
biofilm-related P. rettgeri cells.

Conclusions These findings revealed the antibacterial potential of SAG, especially against P. rettgeri,
and its potential as a SAG natural preservative to control P. rettgeri-related infections in the future.
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24 Abstract

25 Background Sanguinarine (SAG), a benzophenanthridine alkaloid, can be extracted from the 

26 rhizome of Sanguinaria canadensis. Studies found that SAG has antioxidant, anti-inflammatory, 

27 and antiproliferative activities in a number of malignancies and exhibits robust antibacterial 

28 activities. Little has been reported on the action of SAG against Providencia rettgeri. This study 

29 aimed to evaluate the antimicrobial and antibiofilm activities of SAG against P. rettgeri in vitro. 

30 Methods The gradient diffusion method was used to determine the minimum inhibitory 

31 concentration (MIC) of SAG against P. rettgeri. The intracellular ATP concentration, 
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32 intracellular pH (pHin), and cell membrane integrity and potential were measured. Confocal laser 

33 scanning microscopy (CLSM), field emission scanning electron microscopy (FESEM), and 

34 crystal violet staining were used to measure the antibiofilm formation of SAG. 

35 Results The results revealed that the MIC of SAG against P. rettgeri was 7.8 μg/mL. SAG 

36 inhibited the growth of P. rettgeri and destroyed the integrity of P. rettgeri cell membrane, as 

37 reflected mainly in the decrease in the intracellular ATP concentration, pHin, and cell membrane 

38 potential and significant change in cellular morphology. The results of CLSM, FESEM, and 

39 crystal violet staining indicated that SAG exhibited strong inhibitory effects on the biofilm 

40 formation of P. rettgeri and led to the inactivity of biofilm-related P. rettgeri cells. 

41 Conclusions These findings revealed the antibacterial potential of SAG, especially against P. 

42 rettgeri, and its potential as a SAG natural preservative to control P. rettgeri-related infections in 

43 the future.

44

45 Introduction

46 Providencia rettgeri is a common Gram-negative bacilli from the Enterobacteriaceae family and often isolated 

47 from wounds, the urinary tract, faces of reptiles, and blood of humans(Wie, 2015). P. rettgeri may cause 

48 gastroenteritis and bacteremia(Wie, 2015), which are thought to be the main causes of travelers’ diarrhea (Yoh et al., 

49 2005), and is considered a hospital pathogen that often causes urinary tract infections (Armbruster et al., 2014). The 

50 first infection of multidrug-resistant P. rettgeri in a neonate caused late-onset neonatal sepsis (Sharma et al., 2017), 

51 which was resistant to ampicillin, polymyxins, and first-generation cephalosporins (Magiorakos et al., 2012), and 

52 was challenging for the treatment of P. rettgeri infection. In recent years, P. rettgeri had been the focus of 

53 researchers due to the emergence of new strains (Mataseje et al., 2014)(Tada et al., 2014), which threatened public 

54 health globally. More importantly, at the beginning of the 21st century, P. rettgeri caused two food poisoning 

55 outbreaks, as reported by the Chinese Center for Disease Control (Murata et al., 2001). The report revealed that the 

56 risk of exposure to P. rettgeri extended beyond persons who traveled and were hospitalized and interacted with the 

57 general public.

58 Biofilms increase food safety risks by increasing the resistance of embedded bacteria to stresses often 

59 encountered in food processing and by acting as a persistent source of microbial contamination (Giaouris et al., 

60 2014). Thus, another major reason P. rettgeri causes food contamination is the robustness of bacterial biofilms. 

61 Therefore, there is an urgent need to increase the supply of the ideal preservative against P. rettgeri in food, 

62 preferably an extract from plants, where safety is very important.
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63 Sanguinarine [13-methyl(1,3)benzodioxolo(5,6-c)-1,3-dioxolo(4,5)phenanthridinium] (SAG) is an isoquinoline 

64 derivative and belongs to benzophenanthridines. The molecular formula is C2H15NO5(Yatoo et al., 2018). SAG is 

65 extracted from the rhizome of Sanguinaria canadensis. Previous studies revealed that Sanguinaria has 

66 antimicrobial, antioxidant, and anti-inflammatory abilities (Firatli et al., 1994), which are cytotoxic and cytostatic on 

67 many human cancer cells through its action on the Na+/K+-ATPase transmembrane protein. It is known that Na+/K+-

68 ATPase with normal physiological functions maintains the resting potential and regulates the cellular volume by 

69 pumping sodium out of cells and potassium into cells, both against their concentration gradients (Singh and Sharma, 

70 2018). New studies reported that Sanguinaria possesses antimicrobial acidity against Psoroptes cuniculi(Miao et al., 

71 2012).

72 Although Sanguinaria has been verified against some bacteria, its effect on P. rettgeri has not been reported. 

73 Therefore, this study aimed to investigate the antimicrobial and antibiofilm activities of Sanguinaria against P. 

74 rettgeri.

75

76 Materials and Methods

77 Reagents

78 Sanguinaria was purchased from Nanjing Zelang Meditech Ltd., with a purity level of 98%. For all 

79 experiments, 10 mg/mL SAG in dimethyl sulfoxide (DMSO; Sigma-Aldrich) was used as stock, and a tenfold 

80 dilution of the stock was made in DMSO before addition to culture suspensions to obtain the required SAG 

81 concentrations.

82

83 Bacterial and culture condition

84 P. rettgeri can form normal biofilms. Clinical P. rettgeri strains used in this study included P. rettgeri-1, P. 

85 rettgeri-2, P. rettgeri-3, and P. rettgeri-4, P. rettgeri-5, P. rettgeri-6, P. rettgeri-7 the seven P. rettgeri isolates 

86 originally derived from the hydrothorax and urine of patients. The strains were routinely grown in tryptic soy broth 

87 (TSB) at 37°C in a shaking incubator. The cells were standardized according to 0.5 McFarland standards to create 

88 inoculum densities of 2 × 106 colony-forming units (CFU)/mL for use in antibacterial activity determination assay 

89 and bacterial broth cultures of 5 × 108 CFU/mL for biofilm assays.

90

91 Minimum inhibitory concentration (MIC) test
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92 The MIC test was conducted according to the standard susceptibility broth dilution technique with minor 

93 modifications (Choi et al., 2017). The P. rettgeri culture was diluted into 96-well plate (Costar, Corning, NY, USA) 

94 using TSB at 102 CFU/mL. SAG was prepared at final concentrations of 0, 7.8, 15.6, 31.25, 62.5, 125, 250, and 500 

95 g/mL and then incubated at 37C for 24 h. The growth was surveyed for turbidity in microwells. MIC was defined 

96 as the minimum SAG concentration that completely inhibited the growth of visible bacteria. All experiments were 

97 repeated at least thrice.

98

99 Growth curves

100 The method of Xu et al. for establishing growth curves (Xu et al., 2017) was modified slightly to assess the 

101 antimicrobial effect of SAG on P. rettgeri. Then, 100-fold dilution log-phase bacterial suspension (100 L; OD600 = 

102 0.5) into TSB containing SAG at final concentrations of 0, 1:8, 1:4, 1:2, 1, and 2 MIC was incubated at 37C with 

103 gentle shaking at 150 rpm. An aliquot of the culture was removed at 1 h intervals of different times of growth, which 

104 was plated on tryptic soy agar after adequate serial dilutions. Finally, the well plates were incubated at 37C for 24 

105 h, and the colonies were counted manually. The dynamic growth or inactivation curves for each treatment were 

106 constructed based on the viable cell counts.

107

108 Measurement of ATP levels

109 The method of Sianglum et al. (Sianglum et al., 2018) was used to determine the intracellular ATP 

110 concentration of P. rettgeri with minor modifications. Exponential-phase P. rettgeri at 1 × 105 CFU/mL was treated 

111 with 0, 1, and 2 MIC of SAG at 37C for 1, 2, and 3 h, respectively, to evaluate the amount of intracellular ATP and 

112 release of ATP, and the cells were harvested by centrifugation (8000 ×g, 10 min). In parallel, the supernatant was 

113 filtered, degermed, and transferred to a new test tube to measure the extracellular ATP, which leaks from the 

114 bacterial cells. The bacterial precipitate was washed twice with 1 mM phosphate-buffered saline (PBS; pH 7.0), 

115 suspended in the same PBS, and then placed on ice. Intracellular ATP was extracted by DMSO. ATP was measured 

116 using the ATP Assay Kit according to the manufacturer’s instructions (Beyotime Bioengineering Institute, Shanghai, 

117 China).

118

119 Intracellular pH (pHin) test

120 The modified method of Shi et al. was used to evaluate pHin(Shi et al., 2016). Overnight cultures of 300 L 

121 were transferred to 30 mL TSB and then incubated at 37C for 8 h. After harvesting, the cells were centrifuged 

122 (8000 ×g, 10 min), washed twice with 50 mM HEPES and 5 mM EDTA (mixed solution at pH 8.0), and then 

123 resuspended in 20 mL mixed solution. Subsequently, 3 M carboxyfluorescein diacetate succinimidyl ester (CFDA-
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124 SE; Beyotime Bioengineering Institute) was added. The mixture was incubated at 37C for 20 min, then washed 

125 once with the mixture solution (pH 7.0; 50 mM PBS and 10 mM MgCl2), and resuspended in the same buffer. 

126 Glucose (10 mM final concentration) was added to eliminate nonconjugated CFDA-SE, the mixture was incubated 

127 at 37C for 30 min and washed twice, and the cells were resuspended with 50 mM potassium phosphate buffer (pH 

128 7.0) and stored in ice.

129 Fluorescently labeled cell suspensions were treated with three different concentrations (0, 1, and 2 MIC) of 

130 SAG and then transferred evenly into a black opaque 96-well flat-bottomed plate (Nunc, Copenhagen, Denmark). 

131 After exposure for 20 min, fluorescence intensity was tested under two excitation wavelengths of 440 and 490 nm, 

132 and the emission wavelength was collected at 520 nm, where the excitation slit width was 9 nm and the emission 

133 was 20 nm. pHin was tested as the ratio of the fluorescence signal at the pH-sensitive wavelength of 490 nm to the 

134 fluorescence signal at the pH-insensitive wavelength of 440 nm. In the study, all measurements were performed on a 

135 microplate reader (Thermo Fisher Scientific, Finland). During the monitoring period, the system was maintained at 

136 25C, and the fluorescence of the acellular control group was measured and subtracted from the value of the treated 

137 suspension.

138 The calibration curves were built for CFDA-SE-loaded cells with mixed solutions of different pH values. The 

139 mixture consisted of glycine (50 mM), citric acid (50 mM), Na2HPO42H2O (50 mM), and KCl (50 mM). The pH 

140 was adjusted to various values (2–10) with NaOH or HCl, and valinomycin (10 M) and nigrosine (10 M) were 

141 added to adjust pHin and pHout. Finally, fluorescence intensity was evaluated at 25C.

142

143 Determination of membrane potential

144 The method of Wang et al. was used to determine the membrane potential with minor modifications (Wang et 

145 al., 2018). The changes in bacterial membrane potential were used to determine the fluorescent probe bis-(1,3-

146 dibutylbarbituric acid) trimethine oxonol [DiBAC4(3)]. Bacterial cells were harvested in log-phase growth, 

147 centrifuged at 4000 × g for 10 min, and washed twice with 10 mM PBS (pH 7.0), adjusting the bacterial 

148 concentration to 1 × 105 CFU/mL, and treated with three different SAG concentrations (0, 1, and 2 MIC) to the 

149 bacterial suspensions at 37C for 2 h, incubated with DiBAC4(3) at 25C for 10 min in the dark, and then washed 

150 with PBS once. The microplate reader calculated the florescence at excitation/emission wavelengths of 492/515 nm. 

151 The excitation and emission slit widths were 3 and 5 nm, respectively.

152

153 Evaluation of bacterial membrane integrity

154 The modified method of Liu et al. (Liu et al., 2018) was applied to assess the cell membrane integrity of P. 

155 rettgeri cells using confocal laser scanning microscopy (CLSM; Zeiss LSM 880 with Airyscan, Bonn, Germany). 
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156 Mid-log-phase cells were treated with three different SAG concentrations (0, 1, and 2 MIC) for 2 h, harvested by 

157 centrifugation at 8000 ×g for 5 min, and then resuspended with 0.01 M PBS of equivalent volume. After incubation 

158 with the mixed solution of SYTO9 and propidium iodide (PI) at 25C for 15 min, cells were finally collected and 

159 washed with 10 mM PBS to remove excess dyes.

160

161 Transmission electron microscopy (TEM)

162 Transmission electron microscopy (TEM) (G2 F20 S-Twin; FEI, Hillsboro, OR, USA) observation was 

163 performed according to Joung et al.(Joung et al., 2016). with some modification. Exponential-phase P. rettgeri 

164 cultures were prepared for overnight cultures and incubated at 37C in TSB until they reached mid-log-phase 

165 growth. The cell suspension was treated with three different SAG concentrations (0, 1, and 2 MIC) for another 4 h at 

166 37C, centrifuged (10,000 × g, 8 min), and washed twice with 0.85% NaCl. Subsequently, the suspension was 

167 removed, cell pellets were fixed with 2.5% glutaraldehyde for 12 h at 37C, and different concentrations of alcohol 

168 (20%, 50%, 70%, 80%, 90%, and 100%) were used for dehydration for 15 min and embedded in resin. Ultrathin 

169 samples were incised by ultra-microtome, and uranyl acetate stain was used for TEM.

170

171 Field emission scanning electron microscopy (FESEM)

172 After treatment with SAG at different concentrations, the morphology of bacteria had some changes, as 

173 observed by FESEM (Nova Nano SEM-450; FEI, Eindhoven, Netherlands) as described previously(Shi et al., 2018). 

174 The log-phase cells were treated with three different concentrations (0, 1, and 2 MIC) of SAG for 4 h at 37C, 

175 washed with 0.01 M PBS (pH 7.0), and fixed in 2.5% glutaraldehyde for 12 h at 4C. The cells were dehydrated by 

176 sequential treatment with ethanol concentrations ranging from 30% to 100% for 10 min. Finally, the cells were fixed 

177 to the FESEM scaffold, gold sputtering was used to coat the cells under vacuum conditions, and FESEM was used to 

178 examine cell morphology.

179

180 Inhibition of the biofilm formation

181 The effect of SAG on the biofilm formation of P. rettgeri was examined quantitatively in 96-well plates by the 

182 modified crystal violet staining method, as described by Weidong Qian et al. (19). P. rettgeri cells were incubated in 

183 the presence of SAG at 0, 1:32, 1:16, 1:8, 1:4, 1:2, 1, and 2 MIC for 24 h and washed thrice with sterile distilled 

184 water to remove the planktonic cells and loose adherent cells in the plate, and the biofilm of cells was stained with 

185 1% crystal violet (100 L), incubated for 15 min at 28C, and washed thrice with sterile distilled water. Crystal 

186 violet, which bound to the biofilm, was extracted with 30% acetic acid and transferred to a new plate of the aliquot 
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187 from each well. Then, absorbance was tested at 570 nm. The specific biofilm formation index was determined by 

188 attaching stained bacteria (OD570) normalized with the cell growth (OD630).

189 The effects of SAG on the biofilm formation were visually observed by FESEM and CLSM as described (19). 

190 The slides of the cells were treated with different concentrations at 0, 1:16, 1:8, and 1:4 MIC incubated for 24 h at 

191 37C, washed thrice with 0.85% NaCl, fixed with 2.5% glutaraldehyde in 200 mM phosphate buffer for 4 h at 25C, 

192 dehydrated with different concentrations of ethanol gradient (30%, 60%, 70%, 80%, 90%, and 100%) for 20 min for 

193 each concentration, and treated with gold spray. The biofilm formation of P. rettgeri was visually observed by 

194 FESEM, with one point selected for each slide.

195 P. rettgeri cells, which grew on the slides for 12 h, were treated with different concentrations (0, 1:16, 1:8, and 

196 1:4 MIC) for culture for 24 h and then washed thrice with 0.85% NaCl. P. rettgeri cells grown on the slides were 

197 treated with CFDA-SE and then incubated for 15 min at 25C for direct visual observation of the biofilm formation, 

198 which was tested by CLSM. The fluorescence intensity of the cells was measured at excitation/emission 

199 wavelengths of 488/542 nm for CFDA-SE.

200

201 Biofilm matrix by CLSM

202 The changes in major biofilm matrix levels within 24-h-old biofilms of mono or dual species in the presence of 

203 SAG were detected by CLSM of the biofilm matrix combined with different dyes. Briefly, biofilms were prepared 

204 using the procedure described in the crystal violet biofilm assay section. The resulting samples were washed thrice 

205 with sterile 1 mM PBS (pH 7.4) and labeled respectively with three fluorescent dyes: (1) 25% (v/v) SYPRO Ruby, 

206 which stains most classes of proteins and 2 μM SYTO9 dye; (2) 5 μg/mL WGA dye, which labels polysaccharides 

207 and 5 μg/mL water-soluble FM® dyes; and (III) 2 μM PI dye and 2 μM SYTO9 dye. Subsequently, the biofilm was 

208 washed twice with 1 mM PBS to remove all planktonic bacteria, where the excitation/emission wavelengths were 

209 450/610 nm for SYPRO Ruby (red), 498/517 nm for SYTO9 (green), 488/617 nm for PI (red), 495/519 nm for 

210 WGA (green), and 479/565 nm for water-soluble FM® dyes (red). Color confocal images were observed by CLSM.

211

212 Diffusion bioassay for gatifloxacin within biofilms

213 To evaluate the diffusion of antibiotics into biofilms, the diffusion of gatifloxacin into biofilms was identified 

214 based on the intrinsic fluorescence of CLSM. The biofilms described above were placed on glass coverslips inside 

215 the 24-well plate for 48 h at 37°C in the presence of LUT at 0, 1:16, 1:8, and 1:4 MIC, withdrawn and gently 

216 washed thrice with 10 mM PBS, and added with gatifloxacin at a final concentration of 0.4 mg/mL and further 

217 incubated at 37°C for 4 h. Then, 3 μM SYTO 9 was added and incubated for 15 min to observe gatifloxacin 

218 diffusion within biofilms. The samples were washed with 10 mM PBS thrice and observed by CLSM. The emission 
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219 peak of gatifloxacin at 495 nm was recorded upon excitation at 291 nm. At least three random fields were visualized 

220 for each biofilm, and representative images were displayed.

221

222 Statistical analysis

223 All experiments in this study were conducted thrice independently. Each biological replicate was needed to 

224 carry out two technical replicates. Data were expressed as mean ± standard deviation (SD). P < 0.05 was considered 

225 statistically significant. Results were analyzed using Origin 8.5 statistics.

226

227

228 Results

229 MIC of SAG against P. rettgeri

230 According to the MIC in Table 1, P. rettgeri in this study manifested antibiotic resistance, as evidenced by 

231 MIC of ampicillin (32 μg/mL), cefepime (16–64 μg/mL), ertapenem (8 μg/mL), imipenem (16 μg/mL), tobramycin 

232 (8–16 μg/mL), amikacin (2–64 μg/mL), piperacillin/tazobactam (64–128 μg/mL), and nitrofurantoin (32–512 

233 μg/mL) (Table 1). The results of the antibacterial activities of LUT are presented in Table 1. SAG inhibited the 

234 growth of P. rettgeri and exhibited robust antibacterial activity against P. rettgeri. SAG was effective with an MIC 

235 of 31.25, 15.6, and 7.8 μg/mL against P. rettgeri. Here, P. rettgeri-4 was employed for further experiments to ensure 

236 that the results were repeatable.

237

238 Effects of SAG on the growth kinetics of P. rettgeri cells

239 The biomass of P. rettgeri was decreased when treated with SAG at MIC in media (Figure 1); however, cells 

240 treated with SAG at 2 MIC exhibited a significant decline in the number of living cells, which was lower than the 

241 detection limit after 24 h. In contrast, at concentrations of 1:8 and 1:4 MIC, the growth curves exhibited weaker 

242 increases and lower growth rates. Comparing this with different growth curves, higher SAG concentrations resulted 

243 in a sharp reduction in the relative number of living cells compared with lower SAG concentrations.

244

245 SAG treatment led to a decrease in the intracellular ATP concentrations, pH, and membrane potential of P. 

246 rettgeri
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247 When P. rettgeri cells were treated with SAG at 1 and 2 MIC, the intracellular ATP concentration was 

248 significantly decreased (p < 0.05) compared with the untreated control group in Figure 2A; however, there were no 

249 significant differences between the cells treated with SAG at 1 and 2 MIC, but the decrease in ATP levels was 

250 positively followed by the increase in the SAG concentration. At the same time, the extracellular ATP concentration 

251 of P. rettgeri increased in a concentration-dependent manner, and its action was time dependent (Figure 2B).

252 The pHin of P. rettgeri after SAG treatment significantly changed, as presented in Figure 2C. In this study, the 

253 original pHin of P. rettgeri was 5.97 ± 0.25. Treatment with SAG at 1 MIC led to a significant (P < 0.01) decrease in 

254 pHin of P. rettgeri from 5.97 ± 0.25 to 4.53 ± 0.25, whereas with SAG at 2 MIC, the pHin of P. rettgeri was reduced 

255 from 5.97 ± 0.25 to 3.47 ± 0.25 (P < 0.01).

256 Fluorescence intensity was used to measure the membrane potential. In Figure 2D, the fluorescence intensities 

257 of P. rettgeri were exposed to SAG at 1 MIC for 2 h, which were less than those of the unexposed control group. 

258 Equivalently, when the SAG concentration increased from 1 to 2 MIC, the membrane potential decreased 

259 significantly (P < 0.01).

260

261 SAG treatment increased the cell membrane permeability of P. rettgeri

262 The cells with intact membrane stained with CFDA-SE generated bright green fluorescence, but membrane-

263 damaged cells loaded with PI exhibited red fluorescence. In Figure 3, P. rettgeri cells of the untreated control group 

264 generated bright green fluorescence, which revealed the physical integrity of the cell membrane. In contrast, the 

265 cells treated with 1 MIC of SAG exhibited significantly reduced green fluorescence and increased red fluorescence. 

266 With the addition of SAG concentration, green fluorescence intensity disappeared, and red fluorescence intensity 

267 increased significantly.

268

269 Treatment with SAG led to changes in the cell morphology of P. rettgeri

270 In this study, TEM was used to assess the level of cell wall damage and intracellular modification in SAG-

271 treated P. rettgeri. The untreated P. rettgeri cells exhibited a visible outline and the peptidoglycan layer (Figure 4A), 

272 but P. rettgeri cells treated with SAG at 1 MIC were malformed, damaged, and out of proportion (Figure 4B). In 

273 contrast, P. rettgeri cells treated with SAG at 2 MIC exhibited a wavy contour of the cytoplasmic membrane and 

274 exhibited dense, undifferentiable cellular content, indicating a significant shrinkage of the cytoplasm (Figure 4C). 

275 Consequently, SAG-treated P. rettgeri could damage the cell membrane and cell wall outline.

276 The cell morphology after treatment with SAG presented significant changes using FESEM. Compared with 

277 the normal smooth cell surface of the untreated group (Figure 5A), cells treated with SAG at 1 MIC exhibited 

278 significant enlargement, uneven size, and rough surface (Figure 5B). In addition, cells treated with SAG at 2 MIC 

279 presented significant surface collapse and expansion on the cell membrane due to the cell wall destruction (Figure 
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280 5C), which indicated a positive correlation between the increase in SAG concentration and the degree of cell 

281 membrane damage.

282

283 Inhibitory effect of SAG on the biofilm formation of P. rettgeri

284 In the study, the crystal violet staining method was used to assess the effect of SAG on the inhibitory effects of 

285 biofilm growth of P. rettgeri by FESEM and CLSM. As presented in Figure 6, SAG presented a statistically 

286 significant inhibitory effect on the biofilm formation of P. rettgeri at different concentrations (P < 0.05). The biofilm 

287 formation index of the untreated control group was approximately 3.6. The biofilm formation was inhibited by 68% 

288 when treated with 1:16 MIC of SAG; when the SAG concentration was higher than 1:4 MIC, the biofilm could be 

289 inhibited by more than 95%.

290 In addition, a significant inhibition of the biofilm formation at 1:16, 1:8, and 1:4 MIC was observed in SAG 

291 treatment compared with the untreated group by FESEM and CLSM (Figure 7). In contrast, SAG treatment at 1:4 

292 MIC significantly inhibited the majority of biofilms, suggesting that SAG has a strong ability to inhibit the biofilm 

293 formation of P. rettgeri.

294

295 Inactivation effect of SAG on the biofilm of P.rettgeri cells

296 The inactivation effect of SAG against 36-h-old biofilm-associated P. rettgeri cells is presented in Figure 8. 

297 The untreated group was almost entirely green, as observed by CLSM (Figure 8A and E), indicating that most of the 

298 cell membranes of P. rettgeri cells embedded in biofilms were integrated and viable. In contrast, P. rettgeri cells 

299 within biofilm were treated with SAG at 16 MIC, and CLSM observed numerous bright red, revealing that most of 

300 the bacterial cell membranes within biofilms were impaired, as presented in Figure 8D and H. Further, the SAG 

301 concentration was increased from 4 to 8 MIC, and the green signal on the membrane gradually disappeared and the 

302 red signal gradually increased (Figure 8B, C, F, and G), indicating that intact and viable biofilms changed with the 

303 increase in concentration. These results suggested that SAG can osmose biofilms by P. rettgeri and lead to the 

304 inactivation of P. rettgeri cells within biofilms.

305

306 SAG could change the biofilm matrix composition of P. rettgeri cells

307 The biofilm matrix commonly comprises proteins, nucleic acid (eDNA), and carbohydrates, which provide 

308 structural rigidity and protection from the external environment to control gene regulation and nutrient adsorption 

309 (Hobley et al., 2015). Thus, the change in the composition of the biofilm matrix could affect the biofilm formation. 

310 Therefore, the influence of SAG on proteins, nucleic acid (eDNA), and carbohydrates of P. rettgeri was 

311 investigated. The changes in major biofilm matrix levels within 24-h-old biofilms of mono or dual species in the 
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312 presence of SAG were detected by CLSM in Figure 9. Different reagents were used to mark the eDNA and proteins 

313 red and the carbohydrates green. The untreated groups of nucleic acids and proteins were almost red, as observed by 

314 CLSM; with the increase in SAG concentration, the red signal was gradually reduced (Figure 9A and C). The 

315 untreated group of carbohydrates was green, as observed by CLSM, and with the increase in SAG concentration, the 

316 green signal gradually disappeared (Figure 9B), indicating that nucleic acid, protein, and carbohydrate contents 

317 decrease with the increase in SAG concentration.

318

319 Effect of SAG on biofilms of diffusion

320 Gatifloxacin was used to verify the effect of SAG on biofilm diffusion, which was monitored using 

321 fluorescence CSLM. P. rettgeri biofilms were grown with different SAG concentrations for 48 h and then added 

322 with gatifloxacin for 4 h. Formed biofilms were stained with SYTO9 to allow the visualization of nucleic acid 

323 (green fluorescence).

324 Gatifloxacin significantly diffused in the 0 MIC group (Figure 10A). In contrast, in mixed biofilms with 1:4 

325 MIC of SAG, the gatifloxacin signal was minimally detected (Figure 10D). As the SAG concentration increased, the 

326 signal diffusion became weaker, which proved that SAG inhibited the biofilm formation.

327

328

329 Discussion

330 This is the first study that evaluated the antibacterial activity and action mode of SAG against P. rettgeri. As 

331 observed by TEM, CLSM, and FESEM, the results revealed a significant effect of SAG against P. rettgeri biofilms, 

332 including inhibitory effect on biofilm substance expression and formation and biofilm inactivation. It was also found 

333 that SAG could decrease intracellular ATP and change in pHin and reduce the membrane potential.

334 SAG had a strong activity against P. rettgeri biofilms. What’s more, SAG did not only inhibit the biofilm 

335 formation but also destroyed the intact and viable biofilm. At 1:16 MIC, SAG inhibited biofilm formation by 

336 approximately 68%, whereas at 1:4 MIC, more than 95% of the biofilm was inhibited; thus, an outstanding 

337 antifungal effect of SAG was observed on P. rettgeri.

338 ATP depletion is a common biological change associated with cell damage, suggesting that ATP can be used as 

339 a potential indicator of the effects of antimicrobial agents on the intact and viable cell membrane. These results 

340 presented that SAG-treated P. rettgeri exhibited a remarkable decrease in intracellular ATP, and changes in 

341 intracellular and extracellular ATP balance in P. rettgeri cells were observed, suggesting damage of the cell 

342 membrane. These results were consistent with those of a previous report. A similar study found that vanillic acid 
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343 induced a significant decrease in intracellular ATP concentration of carbapenem-resistant Enterobacter cloacae, as 

344 reported by Qian et al. (Qian et al., 2019). Kang et al.(Kang et al., 2019). verified that a significant increase in 

345 extracellular ATP concentration was found in Staphylococcus aureus cells exposed to peppermint essential oil.

346 pHin has a critical influence on cell physiology, including DNA replication, RNA transcription, protein 

347 synthesis, and enzyme activity. Moreover, pHin is positively related to intact and viable cell membrane (Gonelimali 

348 et al., 2018). Consequently, the change in pHin could suggest damage of the cell membrane. In this study, the change 

349 in pHin of P. rettgeri was significantly related to SAG concentration, in which the addition of 2 MIC of SAG led to 

350 the reduction of the pHin from 5.97 ± 0.25 to 3.47 ± 0.25. A similar study by Sanchez et al. (Sánchez et al., 2010) 

351 reported that treatment of Vibrio cholerae strain with all plant extracts significantly decreased the pHin from 7.2 to 

352 3.9 ± 0.5 (P < 0.05). Faraja et al.(Gonelimali et al., 2018) also found that the decrease in pHin was tested in S. aureus 

353 and Escherichia coli cells after exposure to plant extracts. Hence, as described in previous literature for plant-

354 derived products, the effect of SAG on P. rettgeri could be cleared as the breaking to intact and viable cell 

355 membrane. Additionally, when SAG entered into cells, it could cause hyperpolarization across the cell membrane, 

356 thus making the internal membrane potential more negative. Compared with the untreated control group, when the 

357 SAG concentration increased from 1 to 2 MIC, the membrane potential significantly decreased. Similarly, Hua 

358 Zhong et al.(Zhong et al., 2017) reported that SAG could decrease the membrane potential of Candida albicans 

359 cells. These results suggested that SAG caused plasma membrane hyperpolarization for determined bacteria, which 

360 possibly led to the disruption of cell metabolic activity and cell death.

361 Previous studies also indicated that P. rettgeri cells experienced significant membrane dissolution, as observed 

362 by CLSM, whereas leakage of cytoplasmic components was found after exposure to SAG by TEM. CLSM revealed 

363 that permeability of cell membrane increased after treatment with SAG. The 2 MIC-exposed P. rettgeri cells were 

364 apparently entirely red, indicating that cell membranes were mostly destroyed, and some substances could move 

365 allodially in and out of the cell. Therefore, FESEM images of P. rettgeri cells exposed to SAG at 2 MIC revealed 

366 that the cells had severe morphological alterations, and MIC-exposed cells were visibly extended and had a rough 

367 surface. The physical and morphological changes in P. rettgeri cells may be due to the effect of SAG on membrane 

368 permeability and integrity. In contrast, dense, undifferentiated intracellular materials in SAG-exposed cells were 

369 observed by TEM. Also, CLSM revealed that almost all bacterial cells were damaged after exposure to SAG at 2 

370 MIC. As reported by Matijasevic et al.(Danka et al., 2016), FESEM and TEM were used to observe the 

371 morphological changes of S. aureus cells treated with Coriolus versicolor methanol extract.

372 Previous studies verified that biofilms could enhance bacterial resistance to adverse environmental pressures, 

373 including resistance to antibiotics and antimicrobial agents(Tim et al., 2017). Exopolysaccharides, proteins, and 

374 extracellular DNA formed bacterial cells in biofilms, which were embedded in extracellular polymeric substances. 

375 In this study, the effect of SAG on biofilm formation and biofilm-associated cell inactivation was further illustrated, 

376 and the results of crystal violet staining revealed that SAG at different concentrations presented inhibitory effects on 

377 the biofilm formation of P. rettgeri. Moreover, FESEM and CLSM observed that SAG-exposed cells exhibited 

378 substantially decreased adhesion and survival, revealing that biofilm formation was significantly inhibited by SAG. 
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379 These results are consistent with the observation of Benjamin et al.(Bhunu et al., 2017) that demonstrated the 

380 inhibitory effects of Parinari curatellifolia leaf extracts on biofilm formation. In addition, CLSM further exhibited 

381 that SAG presented robust impaired effects on biofilm-associated P. rettgeri cells. CLSM images of P. rettgeri cells 

382 within biofilms exposed to 4 MIC of SAG displayed dark red, proving that most of the cell membranes of cells in 

383 biofilm were damaged. These results were in agreement with the effectiveness of antistaphylococcal lysin CF-301 

384 on the inactivation of 95 S. aureus strains within biofilms, as described by Raymond et al.(Schuch et al., 2017).

385

386

387 Conclusions

388 In our study, we confirmed that SAG was effective in inactivating both P. rettgeri cells, biofilm formation and 

389 integrity. SAG could induce cell lysis, and leading to cell membrane damage and leakage of intracellular 

390 components in P. rettgeri cells. In addition, 2MIC SAG could inactivate biofilm P.R cells, so it could be used as a 

391 natural antibacterial agent to control P. rettgeri pollution in the food industry. 

392

393
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Table 1(on next page)

MIC of SAG against P. rettgeri

Minimum inhibitory concentration of SAG and antibiotics against seven P. rettgeri

strains.
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1 Table

MIC(μg/mL)
Stains 

Sang AMP FEP ETP IPM TOB AMK TZP F

1# 62.5 >=32 >=64 >=8 >=16 >=16 >=64 >=128 32

2# 62.5 >=32 >=64 >=8 >=16 >=16 >=64 >=128 32

3# 62.5 >=32 >=64 >=8 >=16 >=16 16 64 512

4# 62.5 >=32 >=64 >=8 >=16 >=16 8 >=128 512

5# 62.5 >=32 >=64 >=8 >=16 >=16 8 >=128 512

6# 62.5 >=32 >=64 >=8 >=16 4 <=2 >=128 256

7# 62.5 >=32 16 >=8 >=16 8 4 >=128 256

2
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Figure 1
Effects of SAG on the growth kinetics of P. rettgeri cells

Effect of SAG on the growth of P. rettgeri. Bacterial cells were incubated and

grown in TBS with 0, 1:8, 1:4, 1, and 2 MIC of SAG at 37°C. Error bars are SD of

three replicates.
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Figure 2
SAG treatment led to a decrease in the intracellular ATP concentrations, pH, and
membrane potential of P. rettgeri

Effects of SAG on P. rettgeri: (A) intracellular and (B) extracellular ATP levels, (C) membrane
potential, and (D) pHin. Data are expressed as mean ± SD. *P < 0.05; **P < 0.01 vs. 0 MIC.
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Figure 3
SAG treatment increased the cell membrane permeability of P. rettgeri

Effects of SAG on the cell membrane integrity of P. rettgeri cells through CLSM: (A) P. rettgeri

cells exposed to 1% DMSO, (B) P. rettgeri cells exposed to SAG at 1 MIC, and (C) P. rettgeri

cells exposed to SAG at 2 MIC.
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Figure 4
Treatment with SAG led to changes in the cell morphology of P. rettgeri

Effects of SAG on the cell structure of P. rettgeri through TEM. (A) P. rettgeri cells treated
with 1% DMSO, (B) P. rettgeri cells treated with SAG at 1 MIC, and (C) P. rettgeri cells treated
with SAG at 2 MIC.
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Figure 5
Treatment with SAG led to changes in the cell morphology of P. rettgeri

Effects of SAG on the cell morphology of P. rettgeri using FESEM: (A) P. rettgeri cells exposed
to 1% DMSO, (B) P. rettgeri cells exposed to SAG at 1 MIC, and (C) P. rettgeri cells exposed to
SAG at 2 MIC.
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Figure 6
Inhibitory effect of SAG on the biofilm formation of P. rettgeri

Inhibitory effects of SAG on the biofilm formation of P. rettgeri. The biofilm formation index
was tested by crystal violet staining with different concentrations of SAG in 96-well plates.
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Figure 7
Effect of SAG on the biofilm formation of P. rettgeri.

Effect of SAG on the biofilm formation of P. rettgeri. Images of FESEM (A–C;

magnification, 10,000×) and CLSM (D–F; 3D). (A and D) P. rettgeri cells exposed to

1% DMSO, (B and E) P. rettgeri cells exposed to SAG at 1 MIC, and (C and F) P.

rettgeri cells exposed to SAG at 2 MIC.
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Figure 8
Inactivation effect of SAG on the biofilm of P.rettgeri cells

Inactivation effect of SAG on P. rettgeri cells within biofilms. 1D (A–D) and 3D (E–H) images of
CLSM. (A and E) P. rettgeri cells within biofilms unexposed to SAG. (B and F) P. rettgeri cells
within biofilms exposed to SAG at 1 MIC. (C and G) P. rettgeri cells within biofilms exposed to
SAG at 2 MIC. (D and H) P. rettgeri cells within biofilms exposed to SAG at 4 MIC.
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Figure 9
SAG could change the biofilm matrix composition of P. rettgeri cells

Effects of different concentrations of SAG on the levels of carbohydrates, extracellular
proteins, and extracellular DNA inside P. rettgeri biofilms. (A) eDNA labeled red (PI). (B)
Carbohydrates labeled green (WGA). (C) Proteins labeled red (SYPRO Ruby). Scale bar, 10
μm.
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Figure 10
Effect of SAG on biofilms of diffusion

Effect of SAG on biofilms of diffusion. (A) P. rettgeri cells treated with 0 MIC and gatifloxacin.
(B) P. rettgeri cells treated with 1:16 MIC and gatifloxacin. (C) P. rettgeri cells treated with
1:8 MIC and gatifloxacin. (D) P. rettgeri cells treated with 1:4 MIC and gatifloxacin.
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