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23 Figure S1. Photon flux inside of the photoreactor (black) and actinic flux for a fall day in Hong 

24 Kong in the morning (red). 
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25

26 Figure S2. Survival rates and ADP/ATP ratios of the four bacteria strains in artificial cloud 

27 water in the absence and presence of H2O2 or NO3
− at pH 5.2 under dark conditions over time. 

28 The survival rate is defined as the number concentration of culturable viable cells divided by 

29 the initial number concentration of culturable viable cells at time point 0 min. Error bars 

30 represent one standard deviation from the mean of biological triplicates.
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31

32 Figure S3. Survival rates of B. subtilis endospores in artificial cloud water in the absence and 

33 presence of H2O2 or NO3
− at pH 5.2 under (a) illuminated and (b) dark conditions over time. 

34 The survival rate is defined as the number concentration of culturable viable cells divided by 

35 the initial number concentration of culturable viable cells at time point 0 min. Error bars 

36 represent one standard deviation from the mean of biological triplicates.
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37

38 Figure S4. Time evolution of EEM fluorescent components 1, 2, 3, and 4 during 

39 photooxidation initiated by the photolysis of (a, c, e, and g) H2O2, and (b, d, f, and h) NO3
−. 

40 These four components were extracted from PARAFAC analyses. Components 1, 2, 3, and 4 

41 were assigned as tryptophan-like, tyrosine-like, HULIS-1, and HULIS-2 chromophores, 

42 respectively.
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43

44 Figure S5. Profiles of intensity-weighted average values for WS and WIS samples obtained 

45 during the photooxidation of B. subtilis initiated by H2O2 and NO3
− photolysis at time points 

46 T1 and T2: (a) and (b) DBE; (c) and (d) O/C; (e) and (f) H/C; (g) and (h) N/C. Time point T1 

47 is when the survival rate of the bacterial strain first reaches zero, and time point T2 is 6 hours 

48 after T1. Error bars represent one standard deviation from the mean of triplicate measurements. 

49 Statistical analysis was performed using the Student’s t-test (ns: not significant, *: p < 0.05, 

50 **: p < 0.01, ***: p < 0.001).
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51

52 Figure S6. Profiles of intensity-weighted average values for WS and WIS samples obtained 

53 during the photooxidation of P. putida initiated by H2O2 and NO3
− photolysis at time points T1 

54 and T2: (a) and (b) DBE; (c) and (d) O/C; (e) and (f) H/C; (g) and (h) N/C. Time point T1 is 

55 when the survival rate of the bacterial strain first reaches zero, and time point T2 is 6 hours 

56 after T1. Error bars represent one standard deviation from the mean of triplicate measurements. 

57 Statistical analysis was performed using the Student’s t-test (ns: not significant, *: p < 0.05, 

58 **: p < 0.01, ***: p < 0.001).
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60 Figure S7. Profiles of intensity-weighted average values for WS and WIS samples obtained 

61 during the photooxidation of E. hormaechei B0910 initiated by H2O2 and NO3
− photolysis at 

62 time points T1 and T2: (a) and (b) DBE; (c) and (d) O/C; (e) and (f) H/C; (g) and (h) N/C. Time 

63 point T1 is when the survival rate of the bacterial strain first reaches zero, and time point T2 is 

64 6 hours after T1. Error bars represent one standard deviation from the mean of triplicate 

65 measurements. Statistical analysis was performed using the Student’s t-test (ns: not significant, 

66 *: p < 0.05, **: p < 0.01, ***: p < 0.001).
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68 Figure S8. Profiles of intensity-weighted average values for WS and WIS samples obtained 

69 during the photooxidation of E. hormaechei pf0910 initiated by H2O2 and NO3
− photolysis at 

70 time points T1 and T2: (a) and (b) DBE; (c) and (d) O/C; (e) and (f) H/C; (g) and (h) N/C. Time 

71 point T1 is when the survival rate of the bacterial strain first reaches zero, and time point T2 is 

72 6 hours after T1. Error bars represent one standard deviation from the mean of triplicate 

73 measurements. Statistical analysis was performed using the Student’s t-test (ns: not significant, 

74 *: p < 0.05, **: p < 0.01, ***: p < 0.001).
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75

76 Figure S9. VK diagrams of WS and WIS compounds from P. putida at time points T1 and T2 

77 during photooxidation initiated by the photolysis of (a, b, e, and f) H2O2, and (c, d, g, and h) 

78 NO3
−. Time point T1 is when the survival rate of the bacterial strain first reaches zero, and time 

79 point T2 is 6 hours after T1. The VK diagrams are divided into seven chemical classes based 

80 on their combined O/C and H/C ratios: (1) lipids, (2) peptides, (3) terpenoids, (4) polyketides, 

81 (5) unsaturated hydrocarbons, (6) aromatic structures, (7) HOCs. The symbols are colored 

82 based on compositions (CH, CHO, CHON, CHONP, CHONS, CHONSP, CHOP, and CHOS). 

83
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84

85 Figure S10. VK diagrams of WS and WIS compounds from E. hormaechei B0910 at time 

86 points T1 and T2 during photooxidation initiated by the photolysis of (a, b, e, and f) H2O2, and 

87 (c, d, g, and h) NO3
−. Time point T1 is when the survival rate of the bacterial strain first reaches 

88 zero, and time point T2 is 6 hours after T1. The VK diagrams are divided into seven chemical 

89 classes based on their combined O/C and H/C ratios: (1) lipids, (2) peptides, (3) terpenoids, (4) 

90 polyketides, (5) unsaturated hydrocarbons, (6) aromatic structures, (7) HOCs. The symbols are 

91 colored based on compositions (CH, CHO, CHON, CHONP, CHONS, CHONSP, CHOP, and 

92 CHOS). 
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94 Figure S11. VK diagrams of WS and WIS compounds from E. hormaechei pf0910 at time 

95 points T1 and T2 during photooxidation initiated by the photolysis of (a, b, e, and f) H2O2, and 

96 (c, d, g, and h) NO3
−. Time point T1 is when the survival rate of the bacterial strain first reaches 

97 zero, and time point T2 is 6 hours after T1. The VK diagrams are divided into seven chemical 

98 classes based on their combined O/C and H/C ratios: (1) lipids, (2) peptides, (3) terpenoids, (4) 

99 polyketides, (5) unsaturated hydrocarbons, (6) aromatic structures, (7) HOCs. The symbols are 

100 colored based on compositions (CH, CHO, CHON, CHONP, CHONS, CHONSP, CHOP, and 

101 CHOS). 
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103 Figure S12. Contributions of the different classes of WS compounds from (a) B. subtilis, (b) 

104 P. putida, (c) E. hormaechei B0910, and (d) E. hormaechei pf0910 during photooxidation 

105 initiated by H2O2 photolysis; WS compounds from (e) B. subtilis, (f) P. putida, (g) E. 

106 hormaechei B0910, and (h) E. hormaechei pf0910 during photooxidation initiated by NO3
− 

107 photolysis. Also shown are contributions of the different classes WIS compounds from (i) B. 

108 subtilis, (j) P. putida, (k) E. hormaechei B0910, and (l) E. hormaechei pf0910 during 

109 photooxidation initiated by H2O2 photolysis; WIS compounds from (m) B.subtilis, (n) P.putida, 

110 (o) E. hormaechei B0910, and (p) E. hormaechei pf0910 during photooxidation initiated by 

111 NO3
− photolysis.
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113 Figure S13. Time evolution of the number of WIS compounds from the four bacterial strains 

114 detected by the UPLC-MS during photooxidation initiated by the photolysis of (a, c, e, and g) 

115 H2O2, and (b, d, f, and h) NO3
−.
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117 Figure S14. Time evolution of the number of WS and WIS compounds from B. subtilis and P. 

118 putida detected by the UPLC-MS during illumination in the absence of H2O2 or NO3
−.
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119

120 Figure S15. The top panel shows a typical SEC/UV-Visible absorption chromatogram of a WS 

121 extract from B. subtilis during photooxidation initiated by H2O2 photolysis. Based on the 

122 calibrations performed using sodium polystyrene sulfonate standards, the elution times 6.7 min, 

123 10.8 min, 15.5 min, and 20.3 min corresponded to molecular weights of around 68 kDa, 4.2 

124 kDa, 2.8 kDa, and 1.6 kDa, respectively. Similar SEC/UV-Visible absorption chromatograms 
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125 were obtained for the four bacterial strains during photooxidation initiated by H2O2 and NO3
−. 

126 For simplicity, compounds that eluted between 5 to 10 min, between 10 to 15 min, between 15 

127 to 20 min, and after 20 min were classified as high, moderate high, moderate low, and low 

128 molecular weight fractions, respectively. Also shown are the time series of the absorption at 

129 wavelength 254 nm for high, moderate high, moderate low, and low molecular weight fractions 

130 from (a and b) B. subtilis, (c and d) P. putida, (e and f) E. hormaechei B0910, and (g and h) E. 

131 hormaechei pf0910 during photooxidation initiated by H2O2 or NO3
− photolysis. 

132

133 Figure S16. TOC concentrations of different molecular weight-fractionated (<3 kDa, 3 to 10 

134 kDa, 10 to 30 kDa, 30 to 50 kDa, and >50 kDa) filtrates from (a and b) P. putida, (c and d) E. 

135 hormaechei B0910, and (e and f) E. hormaechei pf0910 during photooxidation initiated by 

136 H2O2 and NO3
− photolysis.
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138 Figure S17. TN concentrations of different molecular weight-fractionated (<3 kDa, 3 to 10 

139 kDa, 10 to 30 kDa, 30 to 50 kDa, and >50 kDa) filtrates from (a and b) P. putida, (c and d) E. 

140 hormaechei B0910, and (e and f) E. hormaechei pf0910 during photooxidation initiated by 

141 H2O2 and NO3
− photolysis.
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143 Figure S18. Time evolution of the four PARAFAC-extracted components in the five molecular 

144 weight-fractionated filtrates from (a to d) P. putida, (i to l) E. hormaechei B0910, and (q to t) 

145 E. hormaechei pf0910 during photooxidation initiated by H2O2 photolysis. Also shown are the 

146 time evolution of the four PARAFAC-extracted components in the five molecular weight-

147 fractionated filtrates from (e to h) P. putida, (m to p) E. hormaechei B0910, and (u to x) E. 

148 hormaechei pf0910 during photooxidation initiated by NO3
− photolysis. Components C1, C2, 

149 C3, and C4 were assigned as tryptophan-like, tyrosine-like, HULIS-1, and HULIS-2 

150 chromophores, respectively.

151

152

153
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154 Table S1. Chemical composition of the artificial cloud water used to prepare bacteria cells and 

155 perform experiments. Also shown are their mean concentrations in cloud water at Tai Mo Shan 

156 reported by Li et al. (2020).1

Organic 
ion

Artificial 
cloud water 

medium (µM)

Mean 
concentration 

at Tai Mo 
Shan (µM)

Inorganic 
ion

Artificial 
cloud water 

medium (µM)

Mean 
concentration 

at Tai Mo 
Shan (µM)

Formate 17.1 17.1 Na+ 250a 93
Acetate 10.2 10.2 NH4

+ 200 235
Pyruvate 2.7 2.7 K+ 10 8
Oxalate 10.3 10.3 Mg2+ 23 23

Ca2+ 49 49
Cl- 138 138

SO4
2- 200b 305

157 a While the Na+ concentration in the artificial cloud water medium is higher than its average 
158 concentration in cloud water at Tai Mo Shan, it still falls within the concentration range 
159 measured in cloud water at Tai Mo Shan (4 to 447 µM). The higher Na+ concentration in the 
160 artificial cloud water was due to the addition of NaOH to achieve pH 5.2. The Na+ 
161 concentration was maintained at 250 µM in experiments where NaNO3 was used as the ·OH 
162 photochemical precursor.  
163 b While the SO4

2- concentration in the artificial cloud water medium is lower than its average 
164 concentration in cloud water at Tai Mo Shan, it still falls within the concentration range 
165 measured in cloud water at Tai Mo Shan (3 to 1340 µM). A lower SO4

2- concentration was 
166 used in the artificial cloud water to achieve pH 5.2. 
167

168 Table S2. Identified components from EEM fluorescence spectra by PARAFAC analysis 

Component Excitation (nm) /Emission (nm) Putative chromophores
C1 270-280/330-340 Tryptophan-like
C2 275/305 Tyrosine-like
C3 250/460-520 HULIS-1
C4 240/392 HULIS-2

169

170 Table S3. Stoichiometric ranges of the seven chemical classes in the Van Krevelen diagrams.

Chemical class H/C O/C
Lipids2 1.76 ≤ H/C ≤ 2.14 0.00 ≤ O/C ≤ 0.30

Peptides3 1.50 ≤ H/C ≤ 2.00 0.23 ≤ O/C ≤ 0.54
Terpenoids2 1.25 ≤ H/C ≤ 1.80 0.00 ≤ O/C ≤ 0.35
Polyketides2 0.67 ≤ H/C ≤ 1.25 0.02 ≤ O/C ≤ 0.80

Unsaturated hydrocarbons3 0.67 ≤ H/C ≤ 1.50 0.00 ≤ O/C ≤ 0.10
Aromatic structures3 0.20 ≤ H/C ≤ 0.67 0.00 ≤ O/C ≤ 0.67
Highly oxygenated 

compounds4
0.60 ≤ H/C ≤ 1.50 0.67 ≤ O/C ≤ 1.00

171
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172 Section S1. Preparation of Bacillus subtilis endospore suspension

173 Nutrient agar supplemented with 50 mg/L manganese sulfate (NAMS agar) was used 

174 as the sporulation medium.5 The 200 μL of serial diluted Bacillus subtilis vegetative cells was 

175 deposited on the NAMS agar and incubated for 72 h at 30 ℃. Endospores were harvested by 

176 depositing 5 mL of sterile distilled water on the surface of each plate and gently rubbing it with 

177 a sterile bent glass rod. The suspensions of cells and spores were centrifuged for 10 min at 4000 

178 xg at 10 °C. The supernatant fluid was then discarded. This procedure was repeated twice. The 

179 final pellet was suspended in sterile distilled cold water (5 °C). Endospore suspensions were 

180 stored at 4 °C prior to use in experiments. Before their use in experiments, the refrigerated 

181 endospore suspension was first brought up to room temperature. 1 mL of the endospore 

182 suspension was next deposited into 5 mL of sterile distilled water at 80 °C, which was then 

183 heated for 5 min to kill the vegetative cells. The endospores were subsequently re-suspended 

184 in artificial cloud water to an initial concentration of ~105 cells mL-1. The number concentration 

185 of endospores in the suspension was determined by serial dilution and plating triplicate samples 

186 on nutrient agar. The plates were incubated at 30 °C for 24 h before counting commenced.

187 Section S2. Extraction of water-insoluble and water-soluble biological and organic 

188 compounds for UPLC-MS analysis

189 A modified Bligh & Dyer (BD) protocol was performed to extract water-insoluble 

190 organic compounds.6 Briefly, 3 mL of methanol (Duskan, LC-MS grade)/chloroform (RCI, 

191 HPLC grade) (1:2, v/v) was added to a filtered 5 mL sample solution and vortexed for 5 min, 

192 after which the samples were centrifuged at 3000 rpm for 10 min at 10 ℃. The bottom layer 

193 was collected into a clean 2 mL centrifuge tube and dried in a concentrator using nitrogen gas. 

194 The dried extracts were redissolved in 500 µL of acetonitrile (Duskan, LC-MS grade) and 

195 stored at -20 ℃ prior to UPLC-MS analysis. Solid-phase extraction (SPE) was performed using 

196 hydrophobic lipophilic balanced (HLB) cartridges (Oasis HLB 6cc 500 mg, Waters, USA) to 

197 remove the inorganic salts and extract the water-soluble organic compounds. The HLB 

198 cartridges were first preconditioned with 1 mL methanol (Duskan, LC-MS grade) and 2 mL 

199 Milli-Q water. A 20 mL filtered sample solution was then loaded into the SPE cartridge and 

200 washed with 20 mL Milli-Q water under vacuum at a flow rate of 5 mL/min. The elution was 

201 performed by adding 1.5 mL methanol (Duskan, LC-MS grade). The eluent was then 

202 evaporated to dryness under nitrogen gas before being reconstituted in 500 µL methanol 

203 (Duskan, LC-MS grade). 
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204 Section S3. UPLC-MS parameters and the untargeted screening

205 The flow rate was fixed at 0.3 mL/min with ultra-pure water containing 5 mM 

206 ammonium acetate (Fisher, LC-MS grade) as mobile phase A and acetonitrile (Duskan, LC-

207 MS grade) for mobile phase B. The following gradient program was used: 0 to 2 min 95 % A; 

208 2 to 4 min linear gradient to 80 % B; 4 to 11 min linear gradient to 65 % B; 11 to 12.5 min 65 % 

209 B; 12.5 to 13 min linear gradient to 95 % B; 13 to 15 min equilibration wash with 95 % B. The 

210 information dependent analysis (IDA) acquisition was acquired with MS scan (100 to 1200 

211 m/z) followed by MS/MS scan (50 to 1200 m/z) in positive ion mode and negative mode. The 

212 following MS conditions were used: 30 PSI curtain gas, 60 PSI ion source gas, 3000 V ESI ion 

213 spray voltage (-4000 V was used for negative mode), 320 ℃ source temperature, 10 V collision 

214 energy for MS, and 80 V declustering potential. MS/MS was acquired with a collision energy 

215 was 20 V with a 5 V spread.

216 Features were extracted by PatRoon7 from the pretreated data by automatic 

217 identification of chromatographic peaks using the OpenMS function “FeatureFinderMetabo”. 

218 OpenMS is an open-source software library for LC-MS data management and analysis. The t 

219 settings for feature finding were a noise intensity threshold (“noise_threshold_int”) of 1000, a 

220 maximum chromatographic peak length (“max_trace_length”) of 240 s, and an allowed mass 

221 deviation of 5 ppm. A balance between quantity and quality was visually determined by 

222 applying settings that combined a high total number of features with a low number of features 

223 assigned to split peaks or noise. Equal features found across samples were grouped. Those 

224 “feature groups” were then filtered based on peak intensity (minimum 5000), ubiquitous 

225 presence in replicates, and a signal intensity of at least three times higher than sample blanks. 

226 The molecular formulas were calculated automatically for all feature groups. First, MS peak 

227 lists were generated from the feature groups using the “generateMSpeakLists” function from 

228 the patRoon R package. This function uses the mzR package to obtain MS and MS/MS spectra, 

229 and averages and filters the data. Candidate formulas were calculated with the 

230 “generateFormulas” function, which uses GenForm.8 GenForm is an open-source package that 

231 generates molecular formulas by high-resolution MS and MS/MS data. It uses the accurate 

232 mass of the feature groups to calculate candidate formulas, and scores them based on matched 

233 theoretical/measured isotopic patterns. C, H, N, O, S, and P atoms were selected to be included 

234 in the formula calculations. Candidate formulas that did not meet basic chemical criteria were 

235 also excluded.9, 10
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236 The double bond equivalent (DBE) value was calculated for each compound identified 

237 in the water insoluble and water soluble samples. The DBE value is equal to the total number 

238 of double bonds (C=C and C=O), and rings in a  molecule. The DBE values 𝐶𝑐𝐻ℎ𝑂𝑜𝑁𝑛𝑆𝑠𝑃𝑝

239 were calculated as follows:

240 (1)
𝐷𝐵𝐸= 1 +

1
2
(2𝑐 ‒ ℎ+ 𝑛+ 𝑝)

241 O/C and H/C ratios were calculated from the compounds’ molecular formulas. The 

242 average DBE values, O/C ratios, H/C ratios were calculated from all the assigned peaks in a 

243 given mass spectrum as follows:

244 (2)
𝐷𝐵𝐸=∑

𝑖

𝑥𝑖𝐷𝐵𝐸 ∑
𝑖

𝑥𝑖

245 (3)
𝑂/𝐶=∑

𝑖

𝑥𝑖𝑜𝑖 ∑
𝑖

𝑥𝑖𝑐𝑖

246 (4)
𝐻/𝐶=∑

𝑖

𝑥𝑖ℎ𝑖 ∑
𝑖

𝑥𝑖𝑐𝑖

247 (5)
𝑁/𝐶=∑

𝑖

𝑥𝑖𝑛𝑖 ∑
𝑖

𝑥𝑖𝑐𝑖

248 where  correspond to the measured ion intensities. 𝑥𝑖

249 Section S4. EEM fluorescence measurements

250 The excitation and emission wavelength ranges were from 220 to 500 nm (5 nm step) 

251 and 200 to 600 nm (10 nm step), respectively. The fluorescence spectra were obtained in the 

252 “Signal/Reference” mode with instrumental bias correction. We followed the standard 

253 practices for EEM fluorescence spectra collection and processing. The inner filter effect was 

254 corrected by the absorbance spectrum measured with the UV–vis spectrophotometer.11 The 

255 EEM fluorescence spectra of all the samples were corrected by subtracting the blank sample. 

256 First- and second-order Rayleigh scattering were removed by interpolation. Parallel factor 

257 analysis (PARAFAC) with non-negativity constraint was performed on the EEM spectra using 
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258 the R package stardom version 1.1.25.12 Four components were identified based on 

259 comparisons of their extracted spectra to those reported in previous studies.13-16 These four 

260 components were identified as Tryptophan-like, Tyrosine-like, HULIS-1, and HULIS-2 (Table 

261 S2). 
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