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Abstract 27 

Aerosol chemistry is often studied without considering microbial involvements. 28 

Here, we have applied a high-volume (1 m3/min) aerosol sampler and the Micro-29 

Orifice Uniform Deposit Impactor (NanoMoudi) along with molecular and microscopic 30 

methods to investigate time-and size-resolved bacterial aerosol dynamics in air. Under 31 

high particulate matter (PM) polluted episodes, bacterial aerosols were detected to 32 

have a viability up to 50-70% in the 0.56-1 μm size range, at which elevated levels of 33 

SO42-, NO3- and NH4+ were concurrently observed. Engineered or acclimated for both 34 

pharmaceuticals and wastewater treatment, bacteria such as Psychrobacter spp., 35 

Massilia spp., Acinetobacter lwoffii, Exiguobacterium aurantiacum, and Bacillus 36 

megaterium were shown to have experienced massive abundance shifts in polluted air 37 

on early mornings and late afternoons, on which were previously reported to witness 38 

rapid new particle formation events. For example, Acinetobacter spp. were shown to 39 

account for > 96% abundance at a corresponding PM2.5 level of 208 μg/m3. The 40 

bacterial aerosol changes corresponded to the observed PM2.5 mass peak shift from 41 

3.2-5.6 μm to the high viability size range of 0.56-1μm. Additionally, it is interesting 42 

that elevated levels of soluble Na, Ca, Mg, K, Al, Fe and P elements that are required 43 

for bacterial growth were observed to co-occur with those significant bacterial aerosol 44 

structure shifts in the air. For particular time-resolved PM2.5 pollution episodes, 45 

Acinetobacter and Massilia were shown to alternate in dominating the time-resolved 46 

aerosol community structures. The results from a HYSPLIT trajectory model simulation 47 

suggested that the role by air mass transport in affecting the observed bacterial 48 
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aerosol dynamics could be minor. As an evidence, we found that Acinetobacter, 49 

Psychrobacter, Exiguobacterium, and Bacillus genera were emitted into the air with a 50 

level of > 3000 CFU/m3 from a pharmaceutical plant. In addition, high level of VOCs up 51 

to 15,030 ppbv, mainly Acetone (61%) and Acetaldehyde (11%), were also detected in 52 

the air inside the plant. All the data including size-resolved viability and time-resolved 53 

bacterial aerosol dynamics together with their growth conditions detected in the air 54 

suggested that airborne bacteria in the size range of 0.56- 1μm could have played 55 

important roles for haze formation in Beijing. The results about time- and size-resolved 56 

bacterial aerosol dynamics from this work provide a fresh understanding of aerosol 57 

chemistry especially in highly polluted air. It is hoped that these findings could lend a 58 

support in future cost-effective air pollution control practices. 59 

 60 

Keywords: Bacterial aerosol dynamics in the air, Particulate matter, Size-and Time-61 

resolved bacterial aerosol, Aerosol chemistry 62 

 63 

1. Introduction 64 

Air pollution has become one of serious environmental challenges facing mankind 65 

in modern society. Among many others, the core question about air pollution episode 66 

is : what is the driving force for accelerating the rapid fine particle growth in typical 67 

haze events? Regarding the PM2.5 precursor VOC, some studies report that current 68 

models underestimate atmospheric VOC emission and also OH radical 69 

reactivity(Whalley et al., 2016). Experiments have shown that a direct source of 70 
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extremely low volatile organic compounds, i.e., a possible new particle formation 71 

precursor, was observed from the OH oxidation of acyclic and exocyclic terpenes and 72 

isoprene (Jokinen et al., 2015). In another work, it was found that the new particle 73 

formation rate, in addition to one-hour lag in time compared to the observation, in the 74 

size range of 6-10 nm was significantly underestimated by WRF-Chem and MALTE-BOX 75 

models(Huang et al., 2016). These studies collectively imply that there are some 76 

uncertainties and unexpected outcomes in measurements of VOCs, new particles and 77 

OH reactivity by both aerosol chemistry models and field campaigns.  78 

 79 

Although biological materials such as bacteria are increasingly being investigated 80 

during haze episodes, their roles in the PM2.5 formation have never been studied or 81 

considered. Thus, it is completely unclear if the biological materials have a role in the 82 

haze occurrence. In the past, during the haze episodes the levels of fluorescent 83 

bioaerosol (described to be viable) particles were shown to be elevated in the size 84 

ranges of less than 1 μm(Wei et al., 2016). In addition, endotoxin, an important 85 

bacterial membrane component, was also shown to be twice that on clear days(Wei 86 

et al., 2016). In other studies, culturable bacterial levels were shown to be higher 87 

during the haze periods than those during clear days(Liu et al., 2018;Gao et al., 88 

2016;Gao et al., 2015a;Cao et al., 2014). Among the bacterial genera, Bacillales, 89 

Actinomycetales, Pseudomonadales were detected to dominate the community(Cao 90 

et al., 2014;Pöschl et al., 2010). For climate, evidences show that certain bacteria could 91 

serve as an ice nucleator or cloud condensation nuclei (Fröhlich-Nowoisky et al., 92 
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2016;Šantl-Temkiv et al., 2015;Pöschl et al., 2010), and they might undergo 93 

metabolisms even at lower temperatures(Price and Sowers, 2004). Unfortunately, all 94 

these studies did not consider the microbial roles in atmospheric aerosol chemistry or 95 

the formation of haze episodes.  96 

 97 

Here, this work was conducted to investigate the following questions: 1) if certain 98 

bacteria experience a rapid massive increase at particular times in highly polluted air?; 99 

2) If so, in which size and what are the species?; 3) Are there any differences in 100 

bacterial dynamics during day and night time for a typical haze episode? ; 4) If bacterial 101 

growth conditions are available in highly polluted air? The answers to these questions 102 

will be of great value in providing new insights on the long-sought haze formation 103 

mechanism. 104 

 105 

2. Materials and methods 106 

2.1 Particulate matters (PM) collection 107 

2.1.1 PM sample collection using the NanoMoudi 108 

Size-resolved particulate matter samples were collected using Micro-Orifice 109 

Uniform Deposit Impactor (NanoMoudi) (MSP, USA) with 13 stages (stage 1: 10-18 μm; 110 

stage 2: 5.6-10 μm;stage 3: 3.2-5.6 μm; stage 4: 1.8-3.2 μm; stage 5: 1.0-1.8 μm; stage 111 

6: 0.56-1.0 μm; stage 7: 0.32-0.56 μm; stage 8: 0.18-0.32 μm; stage 9: 0.1-0.18 μm; 112 

stage 10: 0.056-0.01 μm; stage 11: 0.032-0.056 μm; stage 12: 0.018-0.032 μm; and 113 

stage 13: 0.01-0.018 μm) near the Environmental Building on Peking University 114 
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campus(40°00’N, 116°32’E). For each experiment, the NanoMoudi at a sampling flow 115 

rate of 28 L/min was placed at 1.5 m above the ground. For the NanoMoudi 116 

experiment, six sets of samples were obtained on 47 mm (stage 1 to 10) and 90 mm 117 

(stage 11 to 13) aluminum membranes from Sep. 11, 2017 to Sep.14, 2017, during 118 

which a high PM2.5 pollution episode occurred. The sampling time was categorized into 119 

the day-time (Day): from 7:00 AM to 7:00 PM, and the night-time (Night): from 8:00 120 

PM to 6:00 AM.  121 

 122 

Before and after sampling, aluminum membranes on each stage of the sampling 123 

device were weighed using a microbalance after conditioned at constant temperature 124 

(24.5℃) and humid (50%) for at least 48 h in advance. The membrane with samples 125 

on each stage of the NanoMoudi was then placed into a 15 mL tube and soaked in 4 126 

mL 0.05% tween 20 water, and the sealed tubes were placed at 4℃ in a shaker 127 

operated with a rotation speed of 200 rpm continuously for 4 hours. Finally, all the 128 

well-mixed sample extracts were kept at -20℃ immediately before any analysis. For 129 

the quality controls, all aluminum membranes and the sampler were washed by 130 

absolute ethyl alcohol before use. And blank membranes without the air sampling 131 

were also brought to the sampling site which was later incorporated into the sample 132 

analysis as the negative control. 133 

 134 

2.2 Time-resolved bacterial aerosol samples collected using the HighBioTrap sampler 135 

Between February 2018 and May 2018, air samples were collected for a 24-hr time 136 
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period for each day in three different pollution episodes (14 -208 μg/m3) using the 137 

HighBioTrap sampler (Beijing dBlue Tech, Inc, Beijing, China) at an air flow rate of 1000 138 

L/min for 20 min for each sample on Peking University campus (40°00’N, 116°32’E). 139 

The detailed sampling protocol was described for the HighBioTrap in our previous 140 

work(Chen and Yao, 2018). For each PM2.5 pollution episode, particulate matter 141 

samples were collected in duplicates using the HighBioTrap at an interval of every 2 or 142 

4 hours on an aluminum membrane coated with 600 μL mineral oil at a height of 1.5 143 

m above the ground. Specific sampling times and meteorological conditions are 144 

provided in the Table S1 (Supporting Information). Here, two air samples with 20 m3 145 

air were collected using the high-volume sampler for each specific time period. As a 146 

comparison, bacterial aerosol samples were also collected using the HighBioTrap in a 147 

pharmaceutical plant to study the bacterial emissions into the air. After each sampling, 148 

the mineral-oil-coated membrane was washed by 1.5 mL 0.05% tween 20 water, then 149 

the oil-in-water emulsion was centrifuged to remove the mineral oil supernatant at a 150 

speed of 7000 rpm using a centrifuge (5804r, Eppendorf, German). After a mixing 151 

process, the sample extracts were kept at -20℃ immediately before any analysis. For 152 

total bacteria and their community structures, 78 samples and 2 negative control 153 

samples (blank membrane samples) were analyzed using qPCR and Illumina platforms 154 

(Sangon Biotech, Inc., Shanghai, China) as described in in Supplementary Text. Besides, 155 

bacterial species identifications were also performed using VITKE MS and MICROFLEX 156 

as described in Supplementary Text. As a comparison, air samples were also collected 157 

using the 4-Channel Particulate Matter Sampler as documented in Supplementary Text. 158 
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Besides, air samples from a pharmaceutical plant were also collected using Silonite™ 159 

Classical Canisters (Entech Instruments, Simi Valley, CA 93065), and their 160 

corresponding volatile organic compounds (VOCs) levels were further analyzed 161 

(Wuhan Tianhong Instruments Co., Ltd.) according to a previously published protocol34. 162 

 163 

2.3 PM-borne Endotoxin assay using the LAL assay, bacterial viability using DNA 164 

stain method, and reactive oxygen species (ROS) using DL-Dithiothreitol (DTT) assay 165 

The samples collected from the NanoMoudi were first centrifuged at 4℃ at 3000 166 

rpm in 10 min, and the supernatants were then transferred to the new tubes for the 167 

Limulus amebocyte lysate (LAL) assay. A 5-point standard curve from 0.005 to 50.0 168 

EU/ml was generated using 10-fold serial dilutions of endotoxin standards (Control 169 

Standard Endotoxin, CSE, Associate of Cape Cod, Inc., Eastham, MA, USA) by 170 

endotoxin-free water (LAL Reagent Water, Associate of Cape Cod, Inc., Eastham, MA, 171 

USA). The LAL agent (Associate of Cape Cod, Inc., Eastham, MA, USA）diluted in the 172 

Glucashield Beta Glucan Inhibiting Buffer (Associate of Cape Cod, Inc., Eastham, MA, 173 

USA) was used in the assay according to the manufacturer's guidelines. The standards, 174 

negative controls and air samples were pre-incubated and analyzed using a microplate 175 

reader running SoftMaxPro 5.4.1 software (SpectraMax 340; Molecular Devices, 176 

Sunnyvale, CA) with photometric measurements taken at 37°C every 1min for 60 min 177 

at 405 nm. The viability of bacteria in the particulate matters was studied using a 178 

live/dead viability kit (L7012 BacLight Viability Kit, Invitrogen) as described in 179 

Supplementary Text. PM-borne reactive oxygen species (ROS) and metal analysis for 180 
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certain air samples collected were conducted using DTT assay and ICP-MS as 181 

documented in Supplementary Text. 182 

 183 

2.4 Air mass back-trajectory analysis with cluster 184 

  Air mass transport for three-days was studied during certain air pollution episodes 185 

using HYSPLIT Trajectory Model(NOAA) via Hysplit 4 software. The climate data from 186 

GDAS1(ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/) were used for simulation.  187 

 188 

3. Statistical analysis 189 

  The mass distribution mode differences between the hazy day and clean day were 190 

analyzed by two-way ANOVA. Other difference analyses were performed using the 191 

paired t-test. All tests were performed using the statistical components from the 192 

SigmaPlot 12.5 software. Non-metric Multi-Dimensional Scaling (NMDS) based on 193 

Bray-Curtis distance was used to compare bacterial community structures among 194 

samples. NMDS was performed by R software (version 3.2) with the vegan package 195 

2.0-10. A p-value of 0.05 indicates a statistically significant difference in this work. 196 

 197 

4. Results and discussion 198 

4.1 Size-resolved PM mass and composition during different pollution episodes  199 

Here, we presented our results about PM loading and bacterial aerosol increases 200 

in the air from our 24-hr monitoring of four high PM pollution episodes in Beijing 201 

during 2017-2018. On Sept 11-14, 2017, in contrast to peak levels in the size range of 202 
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3.2 to 5.6 μm on clear days (PM2.5=21.42 μg/m3), significant PM2.5 fraction increases 203 

from less than 30% to up to 90% of the total mass were detected in the size range of 204 

0.56 to 1 μm during the haze episodes (PM2.5=91.33 μg/m3) as observed in Figure 1 205 

(A), seconded by those appearing in 0.32-0.56 μm size range. For particles of 0.24-0.74 206 

μm, their mass percentages all increased (p-value<0.001; two-way ANOVA), but others 207 

did not decrease significantly (p-value=0.198-0.64) as seen in Figure 1 (A) during the 208 

haze episodes. The data observed in Figure 1 (A) are generally in line with other studies 209 

in which the same particle size range, i.e., 0.56-1 μm, was detected to have the highest 210 

mass increases during typical high PM pollution episodes in Beijing (Sun et al., 211 

2015;Yue et al., 2018). This phenomenon was also observed during the haze episodes 212 

in other places, such as Taiwan(Tsai et al., 2012) and Singapore(Behera et al., 2015), 213 

though different from the firework-caused air pollution scenario(Jing et al., 2014). 214 

Similarly, we have also observed that for both size ranges (0.32-0.56 μm and 0.56-1 215 

μm) metals such as Al, Fe, Mg and Zn have all increased during the haze days (B-day 216 

and C-night) (Supporting Information Figure S1). For metal Al, Fe and Zn, more 217 

emissions were found in the size range of 0.56 - 1 μm during the day than during the 218 

night as shown in Figure S1. Particularly, during the haze episodes (B-day and C-night) 219 

high Fe levels were detected in 0.32-0.56 μm size range during the night as observed 220 

in Figure S1.  221 

 222 

For other trace metals as shown in Supporting Information (Figure S3), two size 223 

ranges have not experienced major changes. As for metal As, significant elevation was 224 
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detected during the daytime, especially in the size range of 0.32 to 0.56 μm during the 225 

haze episode. For the C-Day as referred in Figure 1, the metal As (coal combustion 226 

indicator) seemed to have shifted from size of 0.32-0.56 μm during the night to the 227 

size of 0.56-1 μm during the day. For Ni, even for the clear day (A) higher concentration 228 

levels were detected in the size range 0.56-1 μm, and no elevated levels were detected 229 

during the haze episodes, suggesting that Ni contribution from fugitive dusts or 230 

industrial activities might be insignificant for the haze formation studied in this work. 231 

For both size ranges (0.32-0.56 μm) and (0.56-1 μm), metals such as Mn, Cu, Se, Ba 232 

and Pb were detected to have higher levels than those during the clear day. As can be 233 

seen from the figure, during the nighttime higher element Se levels were detected for 234 

the C-day (higher PM2.5 levels) in the size range of 0.32 to 0.56 μm, however during 235 

the daytime peak Se levels were found in the size range of 0.56-1 μm, suggesting Se-236 

containing particles have possibly shifted from smaller sizes to larger sizes. Se is an 237 

indicator for coal combustion, and its elevated levels in the particle peak size suggest 238 

the coal combustion was one of the driving factors for the haze formation.  239 

 240 

To further study PM2.5 formation during polluted days, we analyzed the K, P, and 241 

Ca elements from bio-mass burning in the PM samples for different size ranges as 242 

shown in Figure 1 (B) and Figure S3. The data in these figures suggest that the elements 243 

such as K might have shifted to different size ranges during the dynamic aerosol 244 

processes. Here, we have also studied SO4
3-, NO3

- and NH4
+ concentration levels in the 245 

particles of 0.32-0.56 μm and 0.56-1 μm, and as observed in Figure 1 (C) their 246 
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concentration levels were all elevated during the high pollution episodes (e.g., the C-247 

day with higher NO2 levels as shown in Figure S2 (Supporting Information)) in contrast 248 

to low levels (e.g., the A-day). Literature data show that during a typical haze episode 249 

of Beijing sulfate production (Figure S2 showing a higher SO2 level between 13 and 14, 250 

Sept , 2017) is a major contributor to PM2.5 increase(Wang et al., 2016). Here, we also 251 

investigated the toxicity of size-resolved PM samples collected from different time 252 

periods (daytime and nighttime) and found as shown in Figure 1 (D) that for the size 253 

ranges of 0.24-0.74 μm the average PM2.5 toxicity (oxidative potential) was higher 254 

during the night than during the day though at a lower confidence level (p-value= 255 

0.190), suggesting possible particle composition change during the day. For example, 256 

metals such as Fe and As, contributors to PM oxidative potential, in smaller sizes were 257 

observed here to have shifted to larger ones. Overall, the observed particle loadings 258 

and related chemical compositions here agree with those reported in the literature. 259 

4.2 Massive changes in time-resolved bacterial aerosol concentration and viability in 260 

highly polluted air 261 

Importantly, we have here observed pronounced bacterial aerosol changes in 262 

viability for highly polluted days C-night (PM2.5=108 μg/m3) and B-day (PM2.5=80 μg/m3) 263 

as shown using viable bacterial percentages in Figure 2 (A) and Supporting Information 264 

(Figure S4, S5). Here, we have simultaneously observed the elevated levels of bacterial 265 

growth materials such as ions (NO3
-, NH4 , etc) as shown in Figure 1 (C) at the same 266 

size ranges as discussed above, which co-occurred with increases in bacterial cells and 267 

viability as shown in Figure 2 (A). Through fluorescent microscopic analysis of the size-268 
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resolved PM samples collected using the NanoMoudi as shown in Figure S4, S5 269 

(Supporting Information), we have found that the size-resolved bacterial percentages 270 

have varied over the time. For example, as shown in Figure 2 (A) during the low PM2.5 271 

day (A-day) most of the bacteria were in the larger size ranges (larger than 1 μm) during 272 

the nighttime, however during the daytime the peak (about 22%) shifted to the size 273 

range of 0.56-1 μm. Likewise, similar findings were observed for the high PM2.5 day (B) 274 

except the percentage was detected to be up to 35%. In contrast, for the high PM2.5 275 

day (C) the peak significantly decreased from 0.56-1 μm to larger sizes from the 276 

nighttime to daytime. The C-day witnessed a decrease of PM2.5 levels. For both A-Day 277 

and C-Day, the total bacteria have decreased from nighttime to daytime, however for 278 

the B-day the total bacteria increased from nighttime to daytime. In addition to 279 

microscopic analysis, we have also performed qPCR analysis for the size-resolved 280 

bacterial aerosol samples as shown in Figure S6 (Supporting Information). Overall, the 281 

qPCR data agreed well with the microscopic data (Supporting Information Figure S4). 282 

The total bacteria seemed to have decreased from nighttime to daytime, however for 283 

a particular size range, e.g., 0.56-1 μm, their percentages have increased from 284 

nighttime to daytime. Overall, these data revealed that bacterial levels in the size 285 

ranges of 0.56-1 μm have changed from nighttime to daytime, implying a changing 286 

bacterial aerosol dynamic under different time and pollution conditions. 287 

 288 

 Using BackLight DNA stain method, 50-70% of viable bacteria were found in the 289 

size range of 0.56-1 μm as observed in Figure 2 (B) and Figure S4, S5 for the A-day and 290 

B-day (haze formation day) during the daytime, while less than 20% of viable bacteria 291 
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for the C-day (haze disappearing day) was noted. In contrast, during the nighttime, the 292 

peak for viable bacteria about 30% was found at 0.32-0.56 μm for B-night, close to 60% 293 

found at the 0.56-1 μm for C-night and about 10% for the A-night (Supporting 294 

Information Figure S5). The size-resolved percentages of viable bacteria for three 295 

different days (A- “biomass burning” day, B-“haze formation”day, C-“haze disappearing”296 

day) were observed to have changed substantially (Supporting Information Figure S5). 297 

For dead bacteria, as shown in the figure, in the size range of 0.56-1 μm, higher 298 

percentage was observed for the C-day, and the lowest for the B-day (the haze 299 

formation day) during the nighttime. However, for the daytime, the highest percentage 300 

was observed in the size range of 5.6-10 μm for the C-day (haze disappearing day). The 301 

percentages for the A- and B-day were found to be similar as seen in the figure. In this 302 

work, we have also analyzed the endotoxin (a bacterial derivative) levels during the 303 

nighttime and daytime for three different dates (A, B, and C) as shown in Supporting 304 

Information Figure S7. As shown in the figure, for the A- and B-day most of the 305 

endotoxin was detected in the smaller size ranges of 0.032 -0.18 μm, while during the 306 

daytime most of the endotoxin was detected in the larger sizes of > 3.2 μm. In this 307 

work, we have also observed that the endotoxin levels for those hazy days (B and C) 308 

were found to be higher than the clear day (A) with lower PM2.5 levels for 1-18 μm size 309 

range (p-value=0.023), although no statistically significant differences were detected 310 

between daytime and nighttime. In a previous work, Wei et al. also reported that 311 

endotoxin concentration in the PM was elevated up to 12.4 EU/m3 during a haze 312 

episode in Beijing, about twice that during a clear day(Wei et al., 2016). All the data 313 
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including the microscopic data (size-resolved percentages of viable bacteria, qPCR, 314 

viability and endotoxin, total bacteria) together with favorable bacterial growth 315 

conditions suggest that bacteria in the size range of 0.56- 1μm could have played a 316 

non-neglected role for air pollution episodes. 317 

 318 

 To further understand the problem with bacteria in highly polluted air, we have 319 

conducted another three different sets of experiments on May 12-13, 2018, March 10-320 

12, 2018, and Feb 6-7, 2018. Different from the first NanoMoudi experiment, we took 321 

time-resolved air samples (20 m3 air for 20 min) using a high-volume sampler 322 

(HighBioTrap, dBlueTech Co., Ltd, Beijing China) every two hours for different time 323 

periods to capture the bacterial growth events. As seen from Figure 2 (A, B, C), at 16:00 324 

of May 12 with a PM2.5 level up to 160 μg/m3, we have detected a significantly higher 325 

bacterial aerosol concentration using qPCR, which also corresponded to higher viable 326 

bacterial levels (53,037 cells/m3) as detected using DNA stain (Figure 2 (C)). For other 327 

time periods, the bacterial aerosol concentration levels were detected to decrease 328 

substantially (2 hours after the high PM episode) as shown in Figure 2 (B) down to 329 

1689 cells/m3 as shown in Figure 2 (A) by qPCR; Figure 2 (B) and Figure 2 (E) by DNA 330 

stain, respectively for different PM2.5 levels. Figure 2 (F) shows the culturable bacteria 331 

for 1.33 m3 air sampled during different PM2.5 levels, and the results were comparable 332 

to those detected using DNA stain method as shown in Figure 2 (C), Figure 2 (D) and 333 

Figure 2 (E). As observed in Figure 2 (F), substantially higher bacterial concentration 334 

levels were observed for higher PM2.5 levels (160 μg/m3). Wei et al. reported that the 335 
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viable bioaerosol particle concentration increased over a 6-fold at night or early dawn 336 

during the haze episode compared with that on clean day(Wei et al., 2016). Culturable 337 

bacteria concentrations during the haze days were also observed to be higher than 338 

those during the non-haze days(Li et al., 2015). In another work aerosolized bacteria 339 

were shown to experience metabolic activity in the simulated air state when supplied 340 

with carbon source (Krumins et al., 2014). However, Amato et al. reported that after 341 

the 18h aerosolization of the bacteria into the air its cultivable bacterial percentage if 342 

without adding nutrients started to decrease down to 4% (Amato et al., 2015). Our 343 

data from qPCR, DNA stain, and culturing in these sets of experiments as illustrated in 344 

Figure 2 further reveal that massive changes in time-resolved bacterial aerosol 345 

dynamics are taking place in highly polluted air, e.g., during haze episodes in Beijing. 346 

 347 

4.3 Massive time-resolved bacterial community structure shifts in highly polluted air 348 

To further investigate the specific bacterial species that have experienced the 349 

massive changes in the polluted air, the collected air samples were sequenced and also 350 

analyzed using ion chromatography methods (both VITEK MS and Microflex). Here, we 351 

have found as shown in Figure 3 (A) that during clear days (14 to 93 μg/m3) as a control 352 

on Feb 6-7, 2018 regardless of the sampling time periods, the bacterial structures 353 

remained to be relatively uniform for most of the studied time. Nonetheless, we have 354 

still detected a difference in bacterial structures as seen in Figure 3 (A) for the time of 355 

20:00PM on Feb 6, 2018, showing an increase in abundances of Ralstonia and 356 

Acinetobacter. Interestingly, this event also co-occurred with a higher PM2.5 level, i.e., 357 
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75 μg/m3. For the clear day, among those bacterial genera detected, Ralstonia and 358 

Acinetobacter were found to be most abundant. Besides, Psychrobacter and Massilia 359 

were also detected among the top 20 genera. In contrast, as shown in Figure 3 (B) the 360 

bacterial structures varied greatly within a day during the haze days (PM2.5 level up to 361 

251 μg/m3) on March 10-12, 2018. Among the bacterial genera detected, 362 

Psychrobacter, Massilia, Acinetobacter, and Arthrobacter were found to dominate the 363 

community structure. During low level of air pollution episodes as shown in Figure 3 364 

(A), Ralstonia was detected to be the second dominant species up to 4.16-14.66%, 365 

however during high pollution episodes (PM2.5 concentration up to 251 μg/m3), 366 

Ralstonia was found to only account for 0-0.78% of the total abundances, a substantial 367 

decrease. For certain time periods (from 8:00 AM on March 11 to 12:00 AM on March 368 

13), as observed in Figure 3 (B) when the PM2.5 levels increased the relative 369 

abundances of Psychrobacter, Massilia and Acinetobacter witnessed sharp increases 370 

up to about 96% at the corresponding PM2.5 level of 208 μg/m3. The bacterial 371 

community structure differences are much visible as seen by the genus heatmap 372 

shown in Figure 3 (C) for March 10-12, 2018.  373 

 374 

To further investigate the problem and confirm these findings, we have conducted 375 

another set of different experiments on May 12, 2018 using similar methods. In 376 

contrast to other experiments, culturable Acinetobacter lwoffii, Bacillus cereus, 377 

Bacillus pumilus, Exiguobacterium aurantiacum, Arthrobacter ilicis, Bacillus cereus, 378 

Bacillus megaterium, Coriobacterium were detected to be abundant using colorimetry 379 
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methods including VITKE MS (BioMérieux) and microflex (Bruker) (two methods 380 

confirmed with each other for specific species) as seen in Figure 3 (D) and Figure 3 (E). 381 

Among these species, Acinetobacter lwoffii, Exiguobacterium aurantiacum, and 382 

Bacillus pumilus were found to be most abundant. Bacillus pumilus and 383 

Exiguobacterium aurantiacum are often used in wastewater treatment practices, 384 

while Acinetobacter lwoffii is a human pathogen. The differences observed in bacterial 385 

aerosol dynamics in different PM pollution episodes indicate that air pollution 386 

episodes could varied from one to another in their characteristics. For low and high 387 

PM pollution levels, the bacterial aerosol dynamics appeared to be very different. For 388 

low level PM pollution, the bacterial aerosol structures remained to be relatively 389 

constant, in contrast bacterial structures experienced rapid changes during the day not 390 

only in abundances but also in species, e.g., several species such as Psychrobacter 391 

could account for more than 90% of the total abundance as shown in Figure 3 (B). 392 

Among the detected species, Psychrobacter is a psychrophilic bacterium and used in 393 

wastewater treatment(Huang et al., 2018), while Massilia is also used in degrading 394 

water-borne PAH(Chadhain et al., 2006). The results obtained in this repeated 395 

experiment on a different haze day further strengthen the fact that rapid and time-396 

resolved massive changes in bacterial aerosol dynamics have taken place for different 397 

PM2.5 pollution levels. 398 

 399 

Additionally, it is highly interesting that as shown in Figure 4 (A) for the same time, 400 

i.e., at 20:00PM on Feb 6, 2018 elevated levels of soluble Na, Ca,Mg, K, Al, Fe and P 401 
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were observed, which co-occurred with significant bacterial aerosol species shift 402 

(Acinetobacter increased significantly) as observed in Figure 3 (A). The Ca ion level was 403 

observed more than 0.55 μg /m3, followed by Na, Mg, K and others as shown in Figure 404 

4 (A). These element ions are necessary for bacterial growth. Likewise, for March 10-405 

13 experiments, several different ion peaks were observed as shown in Figure 4 (B). 406 

For those samples collected at 20:00PM of March 11 (“11-20” in the figure) and 407 

08:00AM of March 12 (“12-8” in the figure)，elevated Ca, Na and Mg levels were also 408 

observed up to 0.9 μg /m3 for Ca ion , corresponding to significant bacterial aerosol 409 

shifts as observed in Figure 3 (B). It seems that as observed in Figure 3 (B) and Figure 410 

4 (B) Acinetobacter and Massilia alternated to dominate the bacterial aerosol 411 

community structures. When Ca ion level increased Acinetobacter started to dominate, 412 

while Na level increased Massilia started to dominate. The co-occurrence of time-413 

resolved element ion elevation with time-resolved bacterial aerosol structure shift 414 

suggest the ions must have been to some extent related to bacterial aerosol dynamics 415 

in the air. In addition, we have also constructed a HYSPLIT Trajectory Model for air mass 416 

transport for March 10-13, 2018 experiment as shown in Figure 5. As seen from the 417 

figure, during the episode air mass was transported from four different directions with 418 

different contributions up to 30% of the total transport. In addition, as shown in Figure 419 

5 along the transport directions most of PM2.5 levels were below 100 μ g/m3. 420 

Accordingly, it is hard to believe that regional air mass transport contributed directly 421 

to the rapid shifts in bacterial aerosol structure shifts, viability and levels.    422 

 423 
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4.4 A new frame for understanding air pollution episodes  424 

 Air pollution has resulted in tremendous loss of life and economy every year 425 

worldwide. Huge amount of research has already been devoted to studying the haze 426 

formation and the aerosol chemistry mechanisms(Wang et al., 2006;Zhao et al., 427 

2013;Liu et al., 2013). However, microbial aerosols rarely been considered to play a 428 

role in aerosol chemistry especially in highly polluted air. Previously, we have shown 429 

using a laser-induced fluorescence-based method that the viable bacterial aerosol 430 

concentration was significantly elevated during high PM2.5 pollution episodes in 431 

Beijing(Wei et al., 2016). Here, for the first time we have captured the size-and time-432 

resolved massive microbial level increase and structure shift events in high PM2.5 433 

polluted air in Beijing using a high-volume portable aerosol sampler up to 1000 L/min. 434 

Traditionally, people often use low flow rate sampler such as BioSampler (SKC, INc., 435 

flow rate=12.5 L/min) and the 4-channel PM sampler (16.7 L/min) or sometimes up to 436 

100 L/min, but most for short time samplings(Gao et al., 2015b;Yuan et al., 2017). 437 

These samplers with low sampling rates often fail to capture rapid but transient 438 

microbial events in the air since newly bacterial aerosol dynamics could be quickly 439 

diluted by open ambient air, and such time-resolved events could also discontinue as 440 

atmospheric conditions change from the air. For example, through NMDS analysis we 441 

detected a difference in bacterial community structures in the samples collected by 442 

the HighBioTrap sampler, but not those collected using the 4-Channel PM sampler 443 

(16.7 L/min) as shown in Figure S9 (Supporting Information). Here, by applying a high 444 

volume sampler we were able to successfully capture the time-resolved changes in 445 
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microbial aerosol dynamics in the air. 446 

 447 

Accordingly, based on the results obtained here we hypothesize a new haze 448 

formation mechanism, i.e., some new aerosol chemistry for highly polluted air as 449 

illustrated in Figure 6. As depicted from the figure, bacteria are presumed to be 450 

emitted from ground due to various human activities into the air. As such an evidence 451 

shown in Figure S10, we found that the bacterial aerosol concentration level exceeded 452 

3000 CFU/m3 in a pharmaceutical plant in China. In addition, sequence data shown in 453 

Figure S11 (Supporting Information) showed that Acinetobacter, Psychrobacter, 454 

Exiguobacterium, and Bacillus genera were emitted and detected to dominate 455 

airborne bacterial community in workshop air inside the pharmaceutical plant. As 456 

discussed, these bacteria were also detected in the ambient air in Beijing during the 457 

haze episodes, and some of these bacteria experienced rapid concentration changes 458 

in the air as presented in Figure 3. Besides, the total VOC concentration for one 459 

chimney (pharmaceutical waste treatment workshop) inside the plant was observed 460 

to reach a level of 15,030 ppbv, which mainly consisted Acetone (61%) and 461 

Acetaldehyde (11%) as seen in Figure S12(Supporting Information). These data support 462 

our claim that ground human activities such as pharmacy producing could emit large 463 

amounts of bacteria into the air, which were also detected in highly polluted air. As 464 

detected in the air samples in this work, the nutrients for bacterial growth such as NH4
+, 465 

NO3
-, Ca, Na, K, Mg, etc. along with other favorable conditions such as RH and gases 466 

are readily available in highly polluted atmosphere such as haze episodes in Beijing, 467 
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accordingly providing required conditions for bacterial growth. Accordingly, we 468 

hypothesize that the bacterial growth in the air could have taken place during air 469 

pollution episodes as depicted in Figure 6. The bacterial growth typically can undergo 470 

for different cycles (in general ~20-30 min per cycle), depending on the availability of 471 

various conditions such as nutrients, RH and temperature. As hypothesized in Figure 472 

6, for typical high PM pollution episodes, atmospheric boundary layer is lowered(Quan 473 

et al., 2014), thus leading to increases in ambient pollutant concentrations such as VOC, 474 

NH3, NOx, etc. Under these conditions, the airborne bacteria such as Acinetobacter 475 

lwoffii, Bacillus cereus, Bacillus pumilus, Exiguobacterium aurantiacum, Arthrobacter 476 

ilicis, Bacillus cereus, Bacillus megaterium, Coriobacterium emitted from ground 477 

human activities, e.g., as demonstrated from a pharmaceutical or a wastewater 478 

treatment plant, as hypothesized in Figure 6 can play an important role for 479 

atmospheric carbon and nitrogen cycles during their growth, thus influencing aerosol 480 

chemistry.  481 

 482 

Studies show that bacteria can use VOC as nutrient(Paavolainen et al., 483 

1998;Krumins et al., 2014), degrade PAH(Chadhain et al., 2006), oxidize NOx(Lambeth, 484 

2004) and scavenge OH radicals(Samake et al., 2017), and at the same time bacteria 485 

can also release many mVOCs during their growth(Schulz and Dickschat, 2007). 486 

According to the literature, these mVOCs are often small molecular weight molecules 487 

(<300 Da) such as hydrocarbons, alcohols, aldehydes and ketones), terpenoids, 488 

aromatic compounds, nitrogen containing compounds and volatile sulphur 489 
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compounds(Lemfack et al., 2013). For example, Acinetobacter calcoaceticus can emit 490 

2-oxoethanesulfonic Acid (LogP=-1.18; C2H4O4S) (Schulz and Dickschat, 2007) which is 491 

classified as a sulfate and belongs to semi-volatile VOC (sVOC). And Pseudomonas 492 

fluorescens can emit low volatility Methylsulfonylsulfanylmethane (C2H6O2S2, LogP= -493 

0.06)(Hunziker et al., 2014). In this work, we also detected higher abundance of 494 

Acinetobacter during higher PM pollution episodes. On the other hand, Ralstonia 495 

solanacearum can emit nitrogen containing compounds such as 2-chloro-2-496 

nitropropane (C3H6ClNO2)(Spraker et al., 2014). In our work, we have detected higher 497 

abundance of Ralstonia species in our work as shown in Figure 3 A). In another work, 498 

it was shown that Psychrobacter spp. can emit 2,3-Dimethyl-oxirane, 2-Butanone, 2-499 

Formylhistamine, 2-Methyl-2-propanol, Acetaldehyde, Acetone, Ethylene oxide, 500 

Isopropylalcohol, and Trimethylamine(Broekaert et al., 2013). For a complete 501 

reference to mVOC emitted by both bacteria and fungi, there is a database available 502 

in the literature(Lemfack et al., 2013). As seen from the database, bacteria, depending 503 

on the species type, could emit mVOCs containing sulfur, nitrogen or simply 504 

hydrocarbon35. These smaller molecules (mVOCs) can be further oxidized into ultrafine 505 

particles under oxidizing environments, and some of them are sVOC with lower vapor 506 

pressure.  507 

 508 

These analyses led to our belief that the bacterial growth, accordingly emitting 509 

mVOCs as new particle precursors, in the air could play a very important role for new 510 

particle formation as hypothesized in Figure 6. From the literature, we have found that 511 
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new particle formation occurred during the early mornings (04:00-06:00) or during the 512 

afternoon time period (18:00-22:00) (Liu et al., 2008;Wang et al., 2014). During these 513 

same time periods, massive changes in bacterial aerosol levels and structure shifts 514 

were also observed in our work as shown in Figure 1-3. As illustrated in Figure 6, these 515 

ultrafine particles eventually could grow into fine particles via hydroscopic growth or 516 

through atmospheric oxidization(Guo et al., 2014). Depending on the bacterial species 517 

or the ambient pollutants, major components of the sVOC ultrafine particles emitted 518 

if any in the air as hypothesized could be organic compounds, nitrogen containing or 519 

sulfates, thus likely impacting haze episode dynamics. Simultaneously, airborne 520 

bacteria can also scavenge OH radicals(Samake et al., 2017) and react with metals such 521 

as Fe(Chen et al., 2013) in the water layer as depicted in Figure 6. During a certain time 522 

period, the available nutrients for bacteria are depleting in the atmosphere, then the 523 

bacterial growth may slow down and eventually stop. From our observations, these 524 

bacteria are mostly in the size range 0.5-1 μm, and those newly produced ones can be 525 

quickly attached by atmospheric ultrafine particles or form aggregates, which could 526 

later grow into bigger particles and settle to the ground. When the latter occurs, the 527 

high PM pollution episode is disappearing. Here, some psychrophilic bacteria were 528 

also detected, indicating microbial growth in the cold air could also occur, e.g., during 529 

the winter periods when frequent hazes occur. Those bacteria trained for engineering 530 

purposes can also significantly impact human health and ecology when they have 531 

undergone growth if any in the air and further precipitated into the local environments 532 

or inhaled by humans during high air pollution episodes. For example, we have 533 
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detected abundant human pathogen such as Acinetobacter lwoffii in highly polluted 534 

air, which thus presents a significant public health concern. The hypothesized bacterial 535 

growth in the air partly could explain the underestimates (e.g. HCHO was 536 

underestimated by about 16% compared to observation) of atmospheric VOCs by 537 

current models, and also the under-prediction (about 30%) of OH radical loss rate (OH 538 

radicals react with VOCs)(Whalley et al., 2016). Here, we only investigated the bacterial 539 

dynamics, while those airborne fungal species could also have an impact in the air 540 

under favorable conditions. This work was mainly conducted in Beijing, and certainly 541 

many other urban settings are warranted to further verify the findings from this work. 542 

The results from this work provide a new understanding of current aerosol chemistry 543 

known so far especially in highly polluted air. The relevant results might find their 544 

values in future cost-effective air pollution control practices. The hypothesized 545 

airborne bacterial growth mechanism can be explored using an isotope-based 546 

experimental method in future studies. 547 
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 714 

 715 

Figure 1 Rapid particle increase during typical high PM pollution episodes on Sept 11-716 

14, 2017: A) size-resolved particle mass percentage distribution during low (21.42 717 

μg/m3) and high (91.33 μg/m3) pollution levels (PM2.5 values are averages of three 718 

different days (Sept 11-14, 2017); B) Na, P, K, Ca concentration levels in particles of 719 

0.56-1 μm and 0.32-0.56 μm during different time periods (Day: 7:00AM-19:00PM; 720 

Night: 20:00PM-6:00AM on Sept 11-14, 2017) under different PM pollution levels 721 

(PM2.5=12-108 μg/m3); C) SO4
2-, NO3

- , and NH4
+ concentration levels measured using 722 

Ion Chromatography (Thermo Scientific，Dionex，ICS 2000 and ICS 2500) in particles 723 

of 0.56-1 μm and 0.32-0.56 μm under different PM pollution levels on Sept 11-14, 2017; 724 

0.56-1μm 0.32-0.56μm

(A) (B)

(C) (D)
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(Corresponding O3, NO2, SO2, CO concentration levels are shown in Supporting 725 

Information Figure S2) ; D) Size-resolved (10 nm-20 μm) particle toxicity measured 726 

using DTT method during night and day as shown in Figure 1 (B). Air samples were 727 

collected using the NanoMoudi sampler at a flow rate of 28 L/min for 12 hours during 728 

the Day (7:00 AM to 19:00PM) and 10 hours during the Night (20:00PM to 6:00AM) on 729 

Sept 11-13, 2017.  730 

 731 

 732 

Figure 2 Time-resolved bacterial aerosol dynamics in highly polluted air: A) Total 733 

bacterial aerosol concentration levels detected at different times on May 12-13, 2018 734 

using qPCR; B) Total viable bacterial aerosol particle concentration measured using 735 

BackLight DNA stain method for different time periods (the digit separated by “-736 

“ represent date and time, respectively, e.g., “12-22” means 22:00PM on May 12) 737 

during May 12-13, 2018 under different air pollution levels (37 -160 μg/m3) (PM2.5 738 

levels for different time periods of May 12-13 are presented in Supporting Information 739 

Figure S8); C) Example image of bacterial DNA stain results from air samples collected 740 

May 12-13, 2018

（T=25℃，RH=51%）

May 12，16：00-16：40, PM2.5=160 μg/m3

（T=19℃，RH=54%）

6
7

5
6

 v
ia

b
le

 c
e

lls
/m

3

May 12，20：00-20：40, PM2.5=37 μg/m3 May 13，14：00-14：40, PM2.5=45 μg/m3

（T=26℃，RH=39%） Culturable bacteria

45 μg/m3

160 μg/m378 μg/m3

37 μg/m3

(B)

(D) (E) (F)

1
6

8
9

 v
ia

b
le

 c
e

lls
/m

3

Viable cells/m3Total cells/m3

May 12May 13

(E)
(D)

(C)

(D)

(C)

5
3

0
3

7
 v

ia
b

le
 c

e
lls

/m
3

(C)

(E)

(A)

May 12-13, 2018(D)

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted January 7, 2019. ; https://doi.org/10.1101/513093doi: bioRxiv preprint 

https://doi.org/10.1101/513093
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 

 

during a high PM2.5 pollution episode (PM2.5=160 μg/m3 at 20:00-20:40 on May 12, 741 

2018); D) Example image of bacterial DNA stain results from air samples collected 742 

during a low level PM2.5 pollution episode (PM2.5=37 μg/m3 at 16:00-16:40 on May 12, 743 

2018); E) Bacterial DNA stain results from air samples collected during a medium level 744 

PM2.5 pollution episode (PM2.5=45 μg/m3 at 14:00-14:40 on May 13, 2018); F) Example 745 

images of bacterial aerosol culturing agar plates (1.33 m3 air collected using the 746 

HighBioTrap) under different PM2.5 mass levels during May 12-13, 2018.  747 

 748 

 749 

Figure 3 Dynamics of bacterial community structures for different time periods during 750 

typical pollution processes: (A) Bacterial community structures (on Feb 6- 7, 2018) with 751 

PM2.5 levels from 14 to 93 μg/m3; (B) Bacterial community structures (from March 10 752 

to 12, 2018) with PM2.5 levels from 33 to 251 μg/m3; (C) Heatmap of bacterial genera 753 

structures as shown in Figure 3 (B) on March 10-12, 2018 ; (D) Culturable bacterial 754 

isolates detected during May 12, 2018 high PM2.5 pollution episodes as shown in Figure 755 

2; Two air samples were collected using the HighBioTrap for 20 min each at a flow rate 756 

of 1000 L/min, and the samples after the culturing were analyzed using VITKE MS 757 
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(BioMérieux) and microflex (Bruker) for their corresponding bacterial species; 758 

Acinetobacter lwoffii and Exiguobacterium aurantiacum were found to be most 759 

abundant. 760 

 761 

 762 

 763 

Figure 4 Time-resolved soluble elements (Na, Mg, Al, P, K, Ca, and Fe) concentrations 764 

in PM samples collected using the HighBioTrap sampler as described in Figure 3 during 765 

Feb 6-7, 2018 and March 10-13, 2018 experiments: A) Feb 6-7, 2018; and B) March 10-766 

13,2018. 767 
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  768 

Figure 5 Air mass transport to Beijing (39.99 N 116.32 E) during the March 10-13, 2018 769 

air pollution episodes using HYSPLIT Trajectory Model (NOAA) via Hysplit 4 software. 770 

Numbers on four different lines represent different PM2.5 mass concentration levels 771 

(http://pm25.in/) (μg/m3) when the air mass across. The air mass was transported 772 

from 4 different directions (1-4) as marked in the figure, accounting for 32%, 16%, 23% 773 

and 30% of the total transport contribution (not estimated for its absolute mass 774 

amount). 775 
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 777 

Figure 6 Hypothesized new mechanisms of bacterial growth in the air and possible 778 

roles in aerosol chemistry: Ground-emitted bacteria can uptake water vapor, PAH, VOC, 779 

NH3, NOx and release mVOCs during the growth; mVOCs could serve as new particle 780 

precursors; ultrafine particles (dissolved organics) can attach to the bacterial surface 781 

and further mix with water; newly produced bacteria can form aggregates and 782 

precipitate.  783 
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