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Abstract 22 

The abundance and speciation of primary biological aerosol particles (PBAP) is important for 23 

understanding their impacts on human health, cloud formation and ecosystems. Towards this, we have 24 

developed a protocol for quantifying PBAP collected from large volumes of air with a portable wet-walled 25 

cyclone bioaerosol sampler. A flow cytometry (FCM) protocol was then developed to quantify and 26 

characterize the PBAP populations from the sampler, which were confirmed against epifluorescence 27 

microscopy. The sampling system and FCM analysis were used to study PBAP in Atlanta, GA over a two-28 

month period and showed clearly defined populations of nucleic acid containing particles: Low Nucleic 29 

Acid-content particles above threshold (LNA-AT), and High Nucleic Acid-content particles (HNA) likely 30 

containing wet-ejected fungal spores, and pollen. We find that daily-average springtime PBAP 31 

concentration (1 to 5µm diameter) ranged between 1.4104 and 1.1105 m-3. The LNA-AT population 32 

dominated PBAP during dry days (72 ± 18%); HNA dominated the PBAP during humid days and following 33 

rain events, where HNA comprised up to 92% of the PBAP number. Concurrent measurements with a 34 

Wideband Integrated Bioaerosol Sensor (WIBS-4A) showed that FBAP and total FCM counts are similar; 35 
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HNA (from FCM) moderately correlated with ABC type FBAP concentrations throughout the sampling 36 

period (and for the same particle size range, 1-5 µm diameter). However, the FCM LNA-AT population, 37 

possibly containing bacterial cells, did not correlate with any FBAP type. The lack of correlation of any 38 

WIBS FBAP type with the LNA-AT suggest airborne bacterial cells may be more difficult to 39 

unambiguously detect with autofluorescence than currently thought. Identification of bacterial cells even in 40 

the FCM (LNA-AT population) is challenging, given that the fluorescence level of stained cells at times 41 

may be comparable to that seen from abiotic particles. HNA and ABC displayed highest concentration on 42 

a humid and warm day after a rain event (4/14), suggesting that both populations correspond to wet-ejected 43 

fungal spores. Overall, information from both instruments combined reveals a highly dynamic airborne 44 

bioaerosol community over Atlanta, with a considerable presence of fungal spores during humid days, and 45 

LNA-AT population dominating bioaerosol community during dry days. 46 

Introduction 47 

Primary biological aerosol particles (PBAP), also called bioaerosols, are comprised of airborne 48 

microbial cells (e.g. bacteria, diatoms), reproductive entities (e.g. pollen, fungal spores), viruses and 49 

biological fragments. Bioaerosols are ubiquitous, with potentially important impacts on human health, 50 

cloud formation, precipitation, and biogeochemical cycles (Pöschl, 2005; Hoose et al., 2010; DeLeon-51 

Rodriguez et al., 2013; Morris et al., 2014; Longo et al., 2014; Fröhlich-Nowoisky et al., 2016; 52 

Myriokefalitakis et al., 2016). Despite their low number concentration relative to abiotic particles, PBAP 53 

possess unique functional and compositional characteristics that differentiate them from abiotic aerosol. 54 

For example, certain PBAP constitute the most efficient of atmospheric ice nucleators, affecting the 55 

microphysics of mixed phase clouds and precipitation (Hoose and Möhler, 2012; Sullivan et al., 2017). The 56 

mass and nutrient content of PBAP may suffice to comprise an important supply of bioavailable P to 57 

oligotrophic marine ecosystems (Longo et al., 2014; Myriokefalitakis et al., 2016). In addition, the 58 

concurrence of disease outbreaks during dust storms has been attributed to pathogenic microbes attached 59 

to airborne dust that are subsequently inhaled (Griffin et al., 2003; Ortiz-Martinez et al., 2015; Goudie 60 

2014). 61 

Quantification of the concentration and size of PBAP is critical for understanding their environmental 62 

impacts. Measuring PBAP however poses a challenge for established microbiology tools, owing to their 63 

low atmospheric concentration (103 - 106 cells m-3 air; Fröhlich-Nowoisky et al., 2016) and wide diversity 64 

of airborne particle types and sizes. For instance, only a fraction of microorganisms (an estimated 5%; Chi 65 

and Li et al., 2007) can be cultured, and cultivation cannot be used to quantify dead organisms, viruses or 66 

fragments, while most culture-independent methods are optimized for more abundant microbial 67 

populations. Epifluorescence microscopy (EPM) is the standard for bioaerosol quantification but is not 68 
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high-throughput and requires considerable time for quantification of concentration per sample. Flow 69 

cytometry (FCM) is an analysis technique based on the concurrent measurement of light scattering and 70 

fluorescence intensity from single particles (Wang et al., 2010). FCM requires a liquid suspension of 71 

bioparticles that flows through an optical cell and interrogated with a series of laser beams. Each sample is 72 

pretreated with stains that targeting specific macromolecules (e.g. DNA/RNA) which subsequently 73 

fluoresce when excited by the FCM lasers. The resulting scattering and fluorescent light emissions are then 74 

detected by an array of sensors to allow the differentiation of biological and abiotic (e.g. dust) particles 75 

according to the characteristic specific to the stain used. FCM has proved to be as reliable as EPM, but with 76 

the advantage of lower uncertainty, higher quantification efficiency and requiring considerably less time 77 

and effort than EPM per sample (Lange et al., 1997). FCM is frequently used in biomedical research to 78 

quantify eukaryotic cell populations, and in microbiology to quantify a wide variety of yeast and bacterial 79 

cells (Nir et al., 1990; Van Dilla et al., 1983). FCM is also used to study environmental samples, e.g., to 80 

differentiate low nucleic acid (LNA) from high nucleic acid (HNA) phytoplankton in aquatic environments 81 

(Wang Y. et al 2010; Müller et al., 2010). Despite its advantages, FCM has seen little use in the bioaerosol 82 

field to date, owing in part to the challenges associated with collecting sufficient PBAP mass for robust 83 

counting statistics to be obtained (Chen and Li, 2005; Liang et al., 2013). Chen and Li (2005) determined 84 

that for counting purposes, the SYTO-13 nucleic acid stain is the most effective (among five different 85 

nucleic acid stains studied) for determining reliable concentration of bioaerosols.  86 

Light Induced Fluorescence (LIF) is an increasingly utilized technique for bioaerosol quantification, 87 

and it relies on measuring the autofluorescence intensity of specific high yield fluorophores (e.g., 88 

Nicotinamide Adenine Dinucleotide – NADΗ co-enzyme, flavins and amino acids like Tryptophan and 89 

Tyrosine) present in PBAP. The major advantage of the technique is that it is fully automated, does not 90 

require a liquid suspension (i.e., it directly senses particles suspended in air) and it provides high frequency 91 

measurements (~1 Hz) make it ideal for continuous monitoring and operation in highly variable 92 

environments (e.g., aircraft operation). Particles detected by LIF, called Fluorescent Biological Aerosol 93 

Particles (FBAP), although not equal to PBAP, may still constitute a large fraction of the biological particles 94 

(Healy et al., 2014; Gosselin et al., 2016). Using LIF, FBAP diurnal cycles showing maximum 95 

concentrations during evenings and minimum around middays, especially in heavily vegetated 96 

environments have been observed. This behavior has been related to known temperature and relative 97 

humidity release mechanism of certain fungal spore species (Wu et al., 2007; Gabey et al., 2010; Tropak 98 

and Schnaiter, 2013). Huffman et al. (2010) used a UV-Aerodynamic Particle Sizer (UV-APS) to show that 99 

the concentration and frequency of occurrence of 3µm FBAP particles at Mainz, Germany (semi-urban 100 

environment) exhibited a strong diurnal cycle from August through November: with a first peak at ~ 101 

1.6×104 m-3 at mid-morning (6-8 am) followed by a constant profile (~ 2-4×104 m3) throughout the rest of 102 
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the day. Similar studies in urban and densely vegetated environments suggest a notable difference in the 103 

size distributions, diurnal behavior and FBAP loading between the two environments. Gabey et al., 2011 104 

found that the FBAP in Manchester, UK follow a characteristic bimodal distribution with peaks at 1.2µm 105 

and 1.5 – 3.0 µm. As in Mainz, the concentration of larger particles peaks in the mid-morning, ranges from 106 

0 to 300 L-1, and the 1.2µm peak is linked to traffic activity. However, at the Borneo tropical rain forest 107 

FBAP concentrations peak during the evening with a robust 2-3µm population and concentrations ranging 108 

from 100 to 2000 L-1 (Gabey et al., 2010).  109 

LIF-based observations (e.g. UV-APS, WIBS), combined with measurements of molecular tracers (e.g. 110 

mannitol and arabitol) and endotoxin measurements provide a more complete picture of PBAP emissions. 111 

Gosselin et al. (2016) applied this approach during the BEACHON-RoMBAS field campaign. A clear 112 

correlation between FBAP and the molecular markers is seen, indicating an increase of fungal spores during 113 

rain events. FBAP concentrations and molecular marker-inferred (arabitol and mannitol; Bauer et al., 2008 114 

approach) fungal spore concentrations were within the same order of magnitude. WIBS-3 cluster 115 

(determined using Crawford et al., 2015) linked to fungal spores gave concentrations 13% lower than those 116 

derived from molecular marker concentrations during rain events. During dry events, FBAP and molecular 117 

markers derived fungal spore concentrations were poorly correlated. It is currently unknown the degree to 118 

which all types of PBAP are consistently detected by LIF over different time of the year and different 119 

environments; it is likely, however, that for certain classes of bioparticles (e.g., pollen and fungi) the 120 

detection efficiency using LIF is relatively high. However, the low intrinsic fluorescence intensity of 121 

bacteria and high variability of thereof in relation to metabolic state may lead to their misclassification as 122 

non-biological particles (Hernandez et al., 2016).  123 

For LIF-based quantification of PBAP to be effective, it requires the intrinsic fluorescence of biological 124 

material to exceed that of non-biological matter. Depending on the type, metabolic state and species, PBAP 125 

autofluorescence may vary orders of magnitude and therefore LIF may not always be able to differentiate 126 

between biological and abiotic particles. For example, Tropak and Schnaiter (2013) showed that laboratory-127 

generated mineral dust, soot and ammonium sulfate may be misclassified as FBAP. To address 128 

misclassification, Excitation Emission Matrices (EEMs) have been developed for biomolecules (e.g. 129 

tryptophan, tyrosine, riboflavin) and non-biological (e.g. Pyrene, Naphthalene, Humic Acid) molecules. 130 

EEMs provide the wavelength-dependent fluorescence emission spectra as a function of the excitation 131 

wavelength and are used to assign spectral modes to known fluorophores. The structure of EEMs is 132 

important for identifying molecules that are unique to PBAP and allow their identification by LIF; it is this 133 

principle upon which detectors in commercial FBAP measurements (e.g. WIBS, UV-APS) are based upon. 134 

Comparison of EEMs from biological and non-biological molecules show that even when biomolecules 135 
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have higher autofluorescence intensity than non-biologicals in the LIF detection range, interferences from 136 

non-biological compounds (e.g. polycyclic aromatic hydrocarbons and soot) from combustion emissions 137 

can influence LIF detection (Pöhlker et al., 2012). Considerable work remains on determining which 138 

detector(s) or combination thereof provides an unambiguous identification of bioaerosols and related 139 

subgroups (e.g. bacteria, fungal spores, pollen). Towards this, an aerobiology catalog of pure cultures has 140 

been developed for the WIBS-4 showing that instrument-to-instrument variability in fluorescence detection 141 

poses a considerable challenge, as applying common detection thresholds across instruments leads to 142 

considerable differences in PBAP concentration and composition (Hernandez et al., 2016).  143 

Another important issue for LIF-based quantification of PBAP is the impact of atmospheric oxidants, 144 

UV and other stressors on the fluorescence intensity of PBAP. Pan et al. (2014) tested the effect of relative 145 

humidity and ozone exposure in the autofluorescence spectra of octapeptide aerosol particles using an UV-146 

APS connected to a rotating drum. Octapeptides, organic molecules containing eight amino acids and 147 

present in cells, were used as a proxy to study the aging of tryptophan and results suggest bioaerosols 148 

exposure to high, but atmospherically-relevant levels of ozone (~150ppb) decreases tryptophan 149 

fluorescence intensity and PBAP detection. Multiple stressors can be affecting bioaerosols LIF detection 150 

so such issues need to be thoroughly explored to undersand PBAP detection efficiency over the wide range 151 

of atmospheric conditions and PBAP population composition (Toprak and Schnaiter, 2013; Hernandez et 152 

al., 2016).  153 

The aims of the study are to (i) develop an effective and reliable FCM detection and quantification 154 

protocol for bioaerosol; (ii) apply the protocol to understand bioaerosol populations and their variability 155 

during different meteorological conditions, and, (iii) compare FCM and WIBS-4A results to have a better 156 

understanding of PBAP day-to-day variability. To our knowledge, this study is the first to develop a FCM 157 

protocol to identify and quantify well-defined speciated bioaerosols populations from samples collected 158 

from a modified state-of-the-art biosampler. LIF sampling of bioaerosol side-by-side with established and 159 

quantitative biology tools (FCM and EPM) was conducted to assess the LIF detection capabilities toward 160 

different bioaerosol populations and under atmospherically-relevant conditions during this study. Atlanta 161 

is selected as a case study for PBAP sampling, as it provides a highly populated urban environment 162 

surrounded by vast vegetative areas; this and the broad range of temperature and humidity ensures a wide 163 

range of PBAP population composition, state and concentrations. All the samples collected are compared 164 

side-by-side to concurrent WIBS-4A data collected over the same time period.  165 

 166 

 167 
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 168 

2. Instrumentation and Methodology 169 

2.1 Bioaerosol Sampler 170 

Sampling was performed using the SpinCon II (InnovaPrep LLC, Inc.) portable wet-walled cyclone 171 

aerosol sampler. Aerosol is collected by inertial impaction with a recirculating liquid film in the cyclone; 172 

evaporative losses are compensated so that the sample volume is maintained constant during a sample cycle. 173 

The particle collection efficiency for 1µm, 3µm, 3.5µm and 5.0µm particles is about 47.3±2.1%, 174 

56.1±3.9%, 14.6 ± 0.6 and 13.8 ± 2.2%, respectively (Kesavan et al., 2015). However, the experiments 175 

conducted using 1µm PSL and 3µm PSL, 3.5µm oleic acid and 5.0µm oleic acid particles not necessarily 176 

quantify the collection efficiency of biological particles in this size range.  Even with a lower collection 177 

efficiency than any impingement sampler, SpinCon effectively collects larger amounts of biological 178 

particles owing to its high volumetric flow rate, which is a considerable advantage (Kesavan et al., 2015). 179 

However, the stress caused by the high flow rate of the SpinCon may affect cell viability. Santl-Temkiv et 180 

al. (2017) recently studied the SpinCon retention efficiency from sea water samples and for P.agglomerans 181 

populations from pure cultures (~ 105 cells mL-1). After 1 hour of sampling, the SpinCon was found to 182 

retain 20.6±5.8% of the P.agglomerans concentration and  55.3±2.1% of the sea water microbial 183 

concentration. 184 

In our study, the biosampler was run at 478L min-1 for 4hr sampling cycles. Phosphate-buffered saline 185 

(PBS) 1X pH 7.4 solution was used and the instrument compensated for water evaporation by supplying 186 

Milli-Q water to maintain the PBS concentration constant. Upon termination of each sampling cycle, the 187 

instrument was programmed to dispense the sample in a 15mL centrifuge tube. Then, 10µl of formalin (37 188 

wt.% formaldehyde) per mL of solution was added to every sample for preservation and samples were 189 

stored at 4C. Given the long sampling times and the low concentration of PBAP, the fluid supply system 190 

of the instrument was modified and a cleaning protocol (CP) has been developed, which is described below.  191 

The SpinCon II water and PBS supply bags used in the commercial instrument were replaced by two 192 

2L autoclavable Nalgene bottles (Thermo Scientific Inc.) with antimicrobial tubing, connectors and a small 193 

HEPA filter connected to vent and prevent coarse and submicron particles contamination (Figure 1). Bottles 194 

were autoclaved and filled with Milli-Q water and PBS, beforehand sterilized with 0.2µm pore bottle top 195 

filters (Thermo Fisher Inc.) and transferred inside a biosafety cabinet. An aliquot of each fluid obtained 196 

after preparation was evaluated for sterility by EPM and FCM.  197 

The cleaning protocol (CP) of the biosampling system consists of two phases. During phase one, all 198 

acrylic windows and the outside of the collector/concentrator were cleaned with ethanol 70 wt. %. Then, 199 

the instrument inlet, outlet, and the inside of the collector/concentrator was cleaned with ethanol 70 wt. %. 200 
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In the second phase, the SpinCon II inlet was connected to a HEPA filter to provide a particle-free source 201 

of air to the sampling system; the instrument was then washed with ethanol 70 wt.%, 10 wt.% bleach 202 

solution, PBS and Milli-Q H2O, respectively. The wash consisted of a rinse, a 2 minutes sample and filling 203 

the instrument collector/concentrator with the fluid in use (i.e., bleach solution, ethanol, PBS and Milli-Q 204 

H2O). The collector/concentrator was drained after 1 minute. The above were repeated for the remaining 205 

fluids, taking 5 minutes per fluid. Overall, the CP requires 45 minutes; upon completion, a blank is obtained 206 

to constrain the residual contamination levels after cleaning (described below). Finally, the HEPA filter 207 

was disconnected, instrument inlets and outlets were sealed and the inlet tube was cleaned with ethanol 70 208 

wt.% to be ready for rooftop sampling. SpinCon II was rinsed with ethanol 70wt.% after each sampling 209 

episode and the cleaning protocol was applied before each sample. 210 

Several blanks were obtained to quantify the levels of PBAP contamination in the fluids and sampler, 211 

and to ensure that they were sufficiently low to not bias the detection, identification and quantification of 212 

the PBAP. Furthermore, an instrument blank was obtained after a CP to constrain residual particles, by 213 

running the sampler for 2 minutes, while sampling air with a HEPA filter connected to the inlet of the 214 

SpinCon II. Another blank was collected to characterize any contamination of biological particles from the 215 

supply of PBS and water in the SpinCon II. This was done by operating the SpinCon II for a 4hr period 216 

with a HEPA filter connected to the inlet which completely cleans the air entering the wet cyclone from 217 

any bioparticles.  All blanks were analyzed directly via FCM (Sect. 2.3) and EPM. 218 

The volumetric flow rate within the SpinCon II was routinely calibrated by a VT100 Hotwire Thermo-219 

anemometer (Cole Palmer Inc.) using a 3-hole round duct transverse approach. A 1 ¼” OD tube with the 220 

same diameter as the SpinCon II inlet was designed with 3 holes. Each hole was 60 apart from the other 221 

and the holes were perpendicular to the axial air flow direction of the tube. (Supplementary Information, 222 

Figure S1). Triplicates of flow rate measurements were taken in each hole at the center of the tube and 223 

averaged to determine SpinCon II volumetric flow rate (478.0 ± 6.4 L min-1). 224 

2.2 Flow Cytometry  225 

During this study, a BD Accuri C6 flow cytometer (BD Bioscience Inc.) was used for Flow Cytometry. 226 

The instrument quantifies suspended cells in aqueous medium at three flow velocity modes (slow, medium 227 

and fast flow at 14, 35 and 66 µL min-1, respectively). It excites particles with a 488nm laser and possesses 228 

four fluorescence detectors: FL1 (533±30nm), FL2 (585±40nm), FL3 (> 670nm) and FL4 (675±25nm), 229 

which make it possible to analyze the fluorescence from multiple dyes concurrently. In this study, 2.5 µM 230 

SYTO-13 nucleic acid probe was added to the fixed samples and incubated for 15min in the dark at room 231 

temperature to stain biological particles. Additionally, 10µL of 15µm polystyrene bead suspension was 232 

added to the 1mL total volume samples as an internal standard for PBAP concentration and size 233 
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quantification. The BD Accuri C6 was cleansed before each use with 0.2µm filtered Milli-Q water in fast 234 

mode for 10min; background particle counts were typically reduced to 1µL-1. At the beginning of every 235 

experiment, a 1mL blank of the atmospheric sample without SYTO-13 and beads was analyzed, used in 236 

quantification calculations (Sect. 3.1). Each sample was run in slow mode for 5min. After each sample, the 237 

instrument was flushed with 0.2µm filtered Milli-Q water in slow flow for 1 minute (important for robust 238 

quantification of the typically low concentrations of the atmospheric samples). SYTO-13 fluorescence 239 

intensity was quantified by the FL1-A detector and used in combination with other parameters (FSC-A & 240 

SSC-A) to constrain the PBAP populations present. FSC-A measured forward (0 ± 13) scattering and is 241 

used to characterize the size of particles; SSC-A measured the side (90 ± 13) scattering and is used to 242 

characterize the internal complexity of particles. The SSC-A scattering intensity is a function of the cellular 243 

granularity or density of the internal structures (e.g. nucleus, mitochondria, ribosomes), the sphericity and 244 

size of the particles. Compared to spherical particles of the same size, elongated particles tend to yield a 245 

broader distribution of side scattering intensities (Mage et al., 2019; Mathaes et al., 2013). Although side 246 

scattering intensity increases with particle size, it has not been commonly used to measure cell size (Tzur 247 

et al., 2011). Overall, SSC-A scattering intensity will be proportional to the amount scattering caused by 248 

the internal structures and the cell membrane, which ultimately depends on the refractive index of each cell 249 

(Muller et al., 2010). Side scattering has been effective to distinguish cells of different complexities (e.g. 250 

monocytes and granulocytes; Shapiro, 2005).  251 

A 80,000 unit intensity FSC-H threshold (default FSC-H threshold value suggested by the manufacturer 252 

to minimize the effect of noise) was set in the instrument during data acquisition to minimize the effects of 253 

noise on bioparticle counts. The FSC-H channel (where H denotes height), measures single-particle forward 254 

scattering (FSC) intensity based on the peak (maximum point) of the voltage pulse curve recorded when a 255 

single particle goes through the interrogation point in the flow cytometer, whereas FSC-A, where A denotes 256 

area, measures single-particle FSC intensity based on the area below the curve of the recorder pulse. When 257 

the 80,000 unit FSC-H threshold is defined, only signals with an intensity greater than or equal to threshold 258 

value will be processed, and this could affect the statistics and detection efficiency of the flow cytometer 259 

toward small particles (≤ 1µm). Experiments conducted with 1.0µm polystyrene beads suspension 260 

(Supplemental information; Figure S16) have shown that 1.0µm beads have FSC-H intensities above the 261 

80k threshold, no particle losses is observed, and beads estimated concentration agree with the reported by 262 

the manufacturer (~6  107 mL-1; Life Technologies, Inc.) The FCM data from each sample was analyzed 263 

using the Flow Jo software (https://www.flowjo.com/solutions/flowjo) to gate and quantify bioparticles 264 

population. The same procedure was used to analyze the PBS, Milli-Q water and blanks.  265 

 266 
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2.3 LIF detection of PBAP 267 

The WIBS-4A (referred to henceforth as “WIBS”) is a single biological particle real time sensor, which 268 

measures particle light scattering and autofluorescence in an approximately 0.5 – 15µm particle range 269 

(www.dropletmeasurement.com). Particles are initially sized using the 90-degree side-scattering signal 270 

from a 635 nm continuous-wave diode laser. The scattering intensity is directly related to particle diameter 271 

and was calibrated prior to deployment using polystyrene latex sphere calibration standards (PSL with 0.8, 272 

0.9, 1.0, 1.3, 2.0, 3.0 µm diameter, Thermo Scientific Inc.). The WIBS optical size therefore refers to PSL 273 

material with a real refractive index of 1.59. Healy et al. (2012) determined WIBS-4 counting efficiency by 274 

aerosolizing standardized concentrations of PSL sphere of specific sizes (e.g. 0.3, 0.4, 0.56, 0.7, 0.9 and 275 

1.3µm) and compared WIBS-4 total counts against PSL counts detected by the condensation particle 276 

counter (CPC). Results show WIBS-4 possesses a 50% counting efficiency for 0.5µm particles and detects 277 

100% of the PSL particles above 0.7µm when it is compared to the CPC counts. The 280nm and 370nm 278 

pulsed Xenon flashtube UV lights in the WIBS cause the particles to autofluoresce (i.e., excite the 279 

chromophores preexisting in the PBAP and do not rely on a fluorescent dye as done in FCM). Then, 280 

fluorescent emissions are measured at three wavelength channels, which following the nomenclature of 281 

Perring et al. (2015) are: (i) channel A (“FL1_280” in previous studies; Robinson et al., 2013), which refers 282 

to the detected emission between 310-400nm after excitation at 280nm, (ii) channel B (“FL2_280” in 283 

previous studies), which refers to the detected emission between 420-650nm after excitation at 280nm, and, 284 

(iii) channel C (“FL2_370” in previous studies), which refers to the detected emission between 420-650nm 285 

after excitation at 370nm. The resulting autofluorescence from 280nm excitation is affected by the presence 286 

of tryptophan, tyrosine and phenylalanine amino acids in the PBAP (Pöhlker et al., 2012). Similarly, the 287 

resulting autofluorescence from the 370nm excitation is influenced by the presence of riboflavin and co-288 

enzyme Nicotinamide Adenine Dinucleotide Phosphate (NAD(P)H) within the cells.  289 

Biological and non-biological particles can be discriminated by using a fluorescent intensity threshold; 290 

here the threshold is determined with the Gabey et al. (2010) method and with modifications by Perring et 291 

al. (2015) as follows. Particles with fluorescence intensities below the fluorescence threshold in all channels 292 

are categorized as non-fluorescent (NON-FBAP). Particles that fluoresce above the threshold in only one 293 

channel are named with a single letter (e.g. A, B or C); particles that fluoresce in two channels are named 294 

with the two channel letters (e.g. AB, AC or BC), while particles that fluoresce in all channels are 295 

categorized as type ABC. Furthermore, the total FBAP concentration is defined as the sum of the 296 

concentration in the seven FBAP categories defined above. This approach was applied by Hernandez et al., 297 

(2016) to pure culture PBAP (bacteria, fungal spores, pollen) to study their correspondence to FBAP types; 298 

bacteria tend to be detected by type A, and fungal spores and pollen by type AB and ABC. However, 299 

bioaerosol classification is instrument-specific and particle size dependent (Hernandez et al., 2016; Savage 300 



 10 

et al., 2017).  Multiple environments have been studied using the Perring et al. 2015 FBAP types, including 301 

rural, urban and highly vegetated locations. In the Southeastern US, the total FBAP concentration range 302 

from 2×104 to 8×104 m-3, constituting 3-24% of the total supermicron particle number between 1 and 10µm 303 

diameter. In the highly vegetated Rocky Mountains, ABC type particles are enhanced during rainy days 304 

(during or post-rain events) to ~ 65% of the total FBAP, owing to the release of wet-ejected fungal spores 305 

following precipitation (Gosselin et al., 2016). On the contrary, in the highly populated city of Nanjing, 306 

China all FBAP types, except type C, correlated with black carbon concentrations, suggesting a strong 307 

interference by combustion sources (Yu et al., 2016). A detailed explanation of the above-mentioned studies 308 

using Perring et al. 2015 approach is also included in the section SI.20 of the supplemental information.  309 

2.4 Location of sampling site and sampling frequency 310 

Bioaerosol sampling was conducted between April 7 and May 15, 2015 at the rooftop sampling 311 

platform of the Ford Environmental Sciences and Technology (ES&T) building at the Georgia Institute of 312 

Technology campus in Atlanta, GA. The site, which was located at the heart of a major urban environment, 313 

is surrounded by dense forested areas in the southeastern USA: the Oconee National Forest (South East), 314 

the Chattahoochee National Forest (North), and the Talladega National Forest (West). The WIBS was 315 

operating continuously throughout the same period, sampling bioaerosol from a 15 ft. long and ¼ in. ID 316 

conductive tubing inlet fixed 8 ft. above the sampling platform floor. The SpinCon II was placed in the 317 

platform during sampling episodes with its inlet facing South. Three 4-hour samples per week were 318 

collected with the Spincon II sampler over the 5-week period (4 h sampling between 10am and 5pm; Table 319 

1).  Meteorological data acquired from the same platform provided wind speed, wind direction, relative 320 

humidity (RH), temperature, total hourly rain and UV radiation index with a 1min resolution.  321 

3. Data processing and Analysis 322 

3.1 FCM data processing 323 

All blanks collected showed contamination levels that did not exceed 1% of the PBAP quantified in the 324 

subsequent atmospheric samples. The 2-minute instrument blanks obtained after the CP and the HEPA filter 325 

washes was 1.06103 ± 7.37102 mL-1 and 9.22102 ± 1.24102 mL-1, respectively, which are negligible 326 

accumulations compared to the 2.55105 ± 1.14 105 mL-1 average PBAP concentration quantified in the 327 

atmospheric samples. The concentration of PBAP in the blanks was also confirmed with microscopy (not 328 

shown). Based on this, we are confident that the CP protocol and procedure to replace the working fluids 329 

ensured sterility of the biosampler before each sampling.  330 

FCM analysis of the samples was carried out as follows. We obtain the fluorescence intensity (from 331 

each of the 4 fluorescence detectors), forward scattering and side scattering intensity for all the particles 332 

suspended in the samples. A gating procedure was used to determine the fluorescence levels associated 333 
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with detecting only particles containing SYTO-13 (hence, a PBAP) and background fluorescence from non-334 

stained particles. The procedure (Supplemental information, SI.2 and SI.3) consists of 3 steps: (a) 335 

fluorescence threshold determination, (b) population gating, and, (c) biological/non-biological particle 336 

discrimination in the population(s) within the threshold (e.g. LNA PBAP, Section 4.1). The fluorescence 337 

threshold was determined using an atmospheric sample without SYTO-13 collected before each FCM 338 

analysis, as a blank. Based on the fluorescence responses obtained, we determine the FL1-A fluorescence 339 

intensity value for which 99.5% or 99.9% of the (unstained) particles of the blank autofluoresce below the 340 

chosen value. This FL1-A intensity, called “fluorescence threshold”, was determined for each sample 341 

(supplementary information, Figure S2a and S2b). The determination of the fluorescence threshold 342 

involved selecting the most conservative value that maximizes inclusion of biological particles and 343 

minimizes the inclusion of non-biological particles, including those that may be subject to background 344 

fluorescence or unspecific binding of SYTO-13 (Diaz et al., 2010; Müller et al., 2010). We found out that 345 

threshold values for the 99.9% approach were substantially higher than 99.5% approach in multiple 346 

sampling events and comparable to the fluorescence intensities observed for stained pure cultures (~105 347 

units), which means that the 99.9% threshold values will miscount pure cultures as non-biological. 348 

Consequently, we set the fluorescence threshold to the highest fluorescence intensity value observed by the 349 

99.5% approach (41,839 units; supplementary information, Figure S2b), applied it to all collected samples; 350 

henceforth named the 42k FL1-A threshold. The 42k threshold value aims to minimize any abiotic 351 

interference as it maximizes biological particles quantification.  A fixed value has been chosen and applied 352 

to all samples given that having a different threshold value for each sampling event may result in 353 

quantification biases as bioaerosols with strong autofluorescence (e.g. pollen, fungal spores) can increase 354 

the threshold value and affect PBAP quantification in the population(s) within the threshold. The BD Accuri 355 

C6 flow cytometer used for the analysis of the samples maintains constant pre-optimized photomultiplier 356 

voltages and amplifier gain settings. As a result, the fluorescence intensity of particles is consistent from 357 

day-to-day, and the fluorescence intensity of a specific biological particle population having the same 358 

metabolic state and physiological characteristics must not show day-to-day variability 359 

(www.bdbiosciences.com). Under the 42k threshold approach PBAP concentrations in the population(s) 360 

within the threshold (e.g. LNA, Section 4.1) can be overestimated by up to a 0.5%. Furthermore, FCM 361 

experiments conducted with unprocessed Arizona Test Dust (ATD) show that the FL1_A intensity 362 

distribution of SYTO-13 stained ATD particles is very similar to unstained ATD particles, and 100% of the 363 

SYTO-13 stained ATD particles stay below the 42k threshold (supplemental information, Figure S14a and 364 

S14b), supporting the 42k threshold effectiveness to filter out abiotic particles.  365 

Once the FL1-A threshold was determined, plots of FL1-A vs. SSC-A and FL1-A vs. FSC-A are used 366 

to define clusters of bioparticles with fluorescence that exceed the FL1-A threshold and a characteristic 367 
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optical size (obtained from the FSC-A intensity) or particle internal complexity (obtained from the SSC-A 368 

intensity). FL1-A vs. SSC-A plots were used to define the populations of bioparticles for PBAP 369 

quantification as clusters using SSC-A parameter were more defined and showed better spatial resolution 370 

than using FSC-A parameter.  The limits of each population were also determined with Flow Jo 371 

(www.flowjo.com), using 2% contour plots (supplemental information; Figure S3) generated by equal 372 

probability contouring (i.e., 50 contour levels so that the same number of cells fall between each pair of 373 

contour lines). Populations above the FL1-A threshold value (41,839 FL1-A units) were considered 374 

biological (Section 4.1; e.g. HNA); the particles in the population within the threshold value (Section 4.1; 375 

e.g. LNA) having a FL1-A intensity greater than 41,839 units were counted as biological to determine the 376 

PBAP counts in the population. The total PBAP counts were considered as all particles counts having FL1-377 

A fluorescence intensity above the determined threshold value minus the 15µm beads internal standard 378 

having FL1-A fluorescence intensity above the determined threshold value. The 15µm beads of known 379 

concentration and particle size allows for calibrating the optical size (supporting information, SI.7) of the 380 

bioparticles, as well as their concentration and departure from sphericity. The 15µm beads population 381 

showed fluorescence intensities comparable to the determined fluorescence threshold after been stained 382 

with SYTO-13 as it is known that molecular stains can be adsorbed on the surface of polystyrene beads 383 

(Eckenrode et al., 2005; Rödiger et al., 2011). The relatively high fluorescence intensity of the 15µm beads 384 

show populations within the threshold value (e.g. LNA, Section 4.1) cannot be rule out as being affected 385 

by unspecific staining of abiotic particles. However, populations above the threshold value (e.g. HNA, 386 

Section 4.1) should not be affected by such abiotic interferences.  387 

3.2 WIBS data processing  388 

15-minute average total aerosol and FBAP size distributions were obtained from the WIBS. FBAP was 389 

distinguished from the total aerosol using the Gabey et al. (2010) “trigger threshold” approach, which is 390 

applied as follows. First, the average “electronic fluorescence noise” and its standard deviation is 391 

determined for each channel (A, B, C) performing the Force Trigger (FT) calibration which consist to 392 

operate the WIBS without flowing air through the system. The FT calibration, carried out every 24hr, is 393 

critical for determining the lowest particle autofluorescence levels that robustly exceeds instrument 394 

electronic noise. FT calibrations measured the particle-free air background autofluorescence in the three 395 

WIBS channels (e.g. A, B, C), and measurements recorded the fluorescence intensity for 500 excitation 396 

flash events (Ziemba et al., 2016; Tropak and Schnaiter, 2013; Gabey et al., 2010). The threshold for each 397 

detector is then equal to the average fluorescence plus 2.5 times its standard deviation; particles with 398 

fluorescence intensities above this threshold value are classified as FBAP. Then, Perring et al. (2015) 399 

approach (Section 2.3) is applied to determine the combination of thresholds that provide the maximum 400 

concentration of PBAP and minimal interference from abiotic particles, which still remains an area of active 401 
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research. It is important to note that the Gabey et al. (2010) threshold approach and the Perring et al. (2015) 402 

FBAP types were applied to the WIBS-4A data and should not be directly compared to FBAP 403 

quantifications performed by the WIBS-3 in previous studies, owing to the channel A and B overlap on the 404 

latter. A detailed comparison between WIBS-3 and WIBS-4 models, as well as PBAP detection by both 405 

models, is further discussed in the supplemental information (SI.20). 406 

In this study, thresholds for each channel were determined daily, and the total particle concentration, 407 

FBAP types (e.g. A, B, C, AB, BC, AC, ABC) concentrations and the total FBAP concentration (sum of 408 

the seven FBAP types) were used. From the data, 4h-averaged size distributions (using 15-minute average 409 

data) were generated for the total particles and all FBAP types in the 1-10µm range during the time SpinCon 410 

II run. Subsequently, WIBS overall sampling efficiency (aspiration efficiency + transport efficiency) was 411 

calculated using the Particle Losses Calculator (Von der Weiden et al., 2009) and applied to the 1-10µm 412 

size distributions for the sampling characteristics in our setup (15ft. sampling line with ¼ in. ID and 2.3 L 413 

min-1 flow rate; Figure S4a). The sampling efficiency was calculated to be 67% for 5µm particles, with 414 

larger losses as size increased to 10µm. (supplemental information, FigureS4b). FCM and WIBS total 415 

particles and PBAP comparison was constrained to the 1 to 5µm range being the size overlap of both 416 

techniques. Also, the fractional composition of FBAP (based on number concentrations) was calculated to 417 

characterize its daily variability (Section 4.2), and compared against the daily variability of PBAP from the 418 

FCM analysis (Section 4.4). 419 

4. Results and Discussion 420 

4.1 FCM biopopulation identification and quantification 421 

When the FCM results are plotted in terms of FL1-A fluorescence intensity versus SSC-A scattering 422 

intensity, four populations (Figure 2) emerge above the detection thresholds: low nucleic acid (LNA) 423 

particles, high nucleic acid (HNA) particles, pollen and the 15µm internal standard beads. EPM and SEM 424 

pictures (Supplementary Figures S5, S6, and S7) confirm the presence of these heterogeneous populations. 425 

SYTO-13 stains DNA and RNA, and the resulting single-cell FL1-A fluorescence intensity (Figure 2) is 426 

directly proportional to its nucleic acid content (Lebaron et al.,2001; Troussellier et al.,1999; Comas-Riu et 427 

al., 2002). Previously, SYTO-13 has effectively distinguish between HNA and LNA bacterioplankton and 428 

phytoplankton populations in fresh and seawater samples, and results are comparable to SYBR green II and 429 

SYBR green I, more specific DNA probes (Wang et al., 2010; Bouvier et al., 2007; Lebaron et al., 2001). 430 

However, corresponding populations in atmospheric PBAP have not been identified before. The SSC-A 431 

scattering intensity in Figure 2 changes as function of size, composition (e.g. cell refractive index) and 432 

complexity of the cell (e.g. internal structures or surface irregularities), and the strongest SSC-A intensity 433 
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corresponding to the largest, most complex particles. Below we focus on each population to further 434 

understand the identified populations of biological particles.   435 

The HNA size distributions are dominated by 3-5µm particles (mean diameter: 4.15 ± 0.06 µm; 436 

Supplemental Information, Figure S10) and the total concentration moderately correlated with RH. HNA 437 

were virtually non-existent during several extended dry periods (days with average RH < 70% during 438 

sampling, e.g. 4/9, 4/22 and 5/15) and well defined during periods of high humidity, especially after rain 439 

events (days with average RH > 70% and T > 18 C during sampling episode; e.g. 4/7, 4/14, 4/15). Both of 440 

these characteristics suggest that HNA particles correspond to wet-ejected fungal spores (e.g., from the 441 

Ascospores and Basidiospores genus; Oliveira et al., 2009; Li and Kendrick, 1995). The LNA size 442 

distributions are dominated by 2-4 µm particles (mean diameter: 2.99 ± 0.06µm; Supplemental Information, 443 

Table S1) and dominated Atlanta PBAP composition during dry days.  Many individual bacteria are likely 444 

in around 1μm, but the observed LNA particles are within the median aerodynamic diameter of culturable 445 

bacteria (~ 4μm) in continental sites (Despres et al., 2012). Bacteria in the atmosphere can be co-emitted 446 

together with larger particles (e.g. soil, plant fragments) and occasionally they are observed as clumps of 447 

bacteria cells (Burrows et al., 2009). In addition, several bacterial species observed in the atmosphere 448 

(Delort and Amato, 2018; Monier and Lindow, 2003; Baillie and Read, 2001) are within this sizes range 449 

(e.g., Sphingomonas spp.: 1.0 - 2.7μm; Methylobacterium spp.: 1- 8 μm, Pseudomona syringae: ~2.5μm, 450 

and Bacillus anthracis: 3-10μm), supporting LNA population may represent single or agglomerated 451 

bacterial cells. However, it is clear that heterogeneous populations will probably contain multiple types of 452 

microorganisms and that may be the case in the LNA population.  453 

It is known that pollen may burst into tiny fragments when is suspended in water (e.g., Augustin et al., 454 

2012; Taylor et al., 2007), potentially increasing the concentration of LNA particles and biasing 455 

concentrations. Although 0.2μm – 5μm pollen fragments can be generated upon rupture, pollen (e.g. Birch, 456 

Ryegrass, Oak, Olive) mainly breaks apart into submicron fragments by hydrolysis and favors 457 

fragmentation into small submicron (<1μm) particles (Taylor et al., 2007; Bacsi et al., 2006; Grote et al., 458 

2003), not considered in our FCM analysis. An additional factor to consider in pollen fragmentation is the 459 

number of fragments generated per pollen grain. FCM applied to ragweed pollen suggests a 1:2 pollen-to-460 

pollen fragments concentration ratio (Supplementary information, Table S2). Also, calculations based upon 461 

FCM-derived ragweed pollen and pollen fragments concentrations during this study (considering the total 462 

pollen mass added to the sample, 15µm mean diameter previously determined by Lin et al. (2013) and unit 463 

density) suggest approximately 67% of the ragweed pollen grains were intact after hydration and that each 464 

fragmented grain generates ~5 pollen fragments; in agreement with Bacsi et al. (2006), 35% of ragweed 465 

pollen fragments upon hydration. Overall, ragweed pollen results suggest FCM experiments do not have a 466 
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considerable impact in pollen fragmentation and that pollen fragmentation will have a negligible effect on 467 

LNA concentrations. Ragweed pollen is one of the most abundant wind-driven pollen species in the United 468 

States and its emission peaks during fall, but can be also present during late spring and summer. It is 469 

representative of the pollen species we see in the Atlanta area (Darrow et al., 2012) and results suggest 470 

pollen fragmentation would not generate a substantial amount of fragments. The low collection efficiency 471 

of SpinCon toward large particles (<14% for diameters above 5µm) and that pollen concentrations in our 472 

samples are generally two orders of magnitude lower than LNA concentrations (Figure S22; supplemental 473 

information) suggest a negligible effect of pollen fragments in LNA biological particle quantification. 474 

Pollen concentrations are 100-1000 times lower than bacteria concentrations in the atmosphere (Hoose et 475 

al.,2010). At least 100 supermicron (>1μm) pollen fragments will have to be released per pollen grain to 476 

considerably influence the LNA population, which has not been observed. Also, EPM results showed intact 477 

pollen and limited amounts of small debris among the particles identified in the atmospheric samples 478 

collected for this study. Particles with fluorescence intensities above the FL1-A threshold value in the LNA 479 

population were counted as biological, giving us the PBAP counts within the LNA population and will be 480 

referred henceforth as the “LNA-AT” population (Figure 2), where “AT” refers to above threshold. 481 

 482 

The LNA population shows SYTO-13 fluorescence intensities that are about one order of magnitude 483 

lower than the HNA population, and the fluorescence intensity difference is consistent across all sampling 484 

events. Based on Bouvier et al.2007, cell populations with different metabolic activity (e.g. active and non-485 

active), when detected by FCM, should observe a decrease in fluorescence intensity in consecutive 486 

sampling events if transition from the HNA to the LNA population, or vice-versa if transition from LNA to 487 

HNA population. The fluorescence intensity of the LNA and HNA populations show small variation 488 

throughout the sampling events (LNA-AT: 7.38 × 104 ± 1.39 x 104; HNA: 6.72 ×105 ± 2.30 x 105; Table 489 

S3) and no anticorrelation is observed in the studied parameters (FSC-A, SSC-A, FL1-A), which supports 490 

we have in fact two distinctive population of bioaerosols (Supplemental Information; Figures S23 and S15).       491 

A population of strongly fluorescing and very large particles (10-20µm, avg. average geometric mean 492 

diameter 12.3 ± 1.7µm) was identified (Figure 2). This population also strongly autofluoresces in the FCM 493 

when SYTO-13 was not added to the sample (SI.7, Figure S11). All together this indicates a population of 494 

pollen particles, as they are known to contain cell wall compounds (i.e., phenolic compounds, carotenoid 495 

pigments, Phenylcoumarin) that fluoresce more strongly than the proteins and cytosolic compounds 496 

responsible for bacteria/fungi autofluorescence (Pöhlker et al., 2012; Hill et al., 2009; Pöhlker et al., 2013). 497 

The pollen population was not well-defined during all sampling events; whenever present, pollen was 498 

characterized by concentrations (~102 m-3) consistent with reported values (Despres et al., 2012), which are 499 

also much lower than LNA-AT and HNA concentrations. As a result, pollen population was systematically 500 
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gated using a perfect square between 106 and 108 intensity units in the FL1-A vs. SSC-A plot for each 501 

atmospheric sample. LNA-AT, HNA and pollen counts, acquired by the 42k threshold approach were used 502 

to calculate liquid-based (mL-1 of sample solution) and air-based (m-3 of air) concentrations for each 503 

bioaerosol population as detailed in the Supplemental Information. The total PBAP concentration on each 504 

sample consisted of all non-bead particles above the 42k fluorescence threshold given that a non-negligible 505 

biological particle concentration was not constrained in the gated populations. Even though the 2% contour 506 

plots effectively allowed population gating, 16.5 ± 7.3% of the total PBAP are not attributed the identified 507 

populations. The biological particles not constrained by FlowJo 2% gating, henceforth named as the 508 

“unclassified” bioparticles, showed the highest concentrations when both HNA and LNA populations are 509 

densely populated (4/16, 4/28 and 5/14; Figure 5). The lowest concentrations were observed when just the 510 

LNA population is identified (4/9, 4/22, 5/15; Figure 5) and when the LNA and HNA populations are 511 

identified after the rain event on 4/14. The observed behavior shows that the unclassified bioparticle 512 

concentrations is linked to the heterogeneity of the biological populations and the concentration of the gated 513 

populations (e.g. HNA, LNA and Pollen). The “unclassified” bioparticles concentration ranges from 8.1 x 514 

102 m-3 to 1.3 x 104 m-3 (avg. 4.2 x 103 ± 3.3 x 103) and they are not constrained to a specific size range. 515 

Most of the unclassified bioparticles are far from the centroids of the gated populations. They can indeed 516 

be formed by fragmentation or accretion, or also be related to plant debris (i.e., irregular bioparticles) that 517 

are characterized by a very broad size, internal complexity and nucleic acid content distributions. In 518 

addition, we must note that additional concentration corrections are required owing to the sampling 519 

efficiency of the SpinCon II, but will be considered in sections 4.3 and 4.4.  520 

Before SpinCon II sampling efficiency corrections are applied, FCM total particle concentrations range 521 

from 2.6  104 m-3 to 2.9  105 m-3, with increasing concentrations toward the end of the sampling period. 522 

In addition, total PBAP concentration averaged 2.4  104 ± 1.1 x 104 m-3 (coefficient of variation, CV, 13%; 523 

defined as the standard deviation over a triplicate FCM measurements over the average concentration). 524 

LNA-AT ranged between 6.8×102 and 2.9 ×104 m-3 (average: 1.1×104 m-3; CV: 20%), HNA(fungal spores) 525 

between 4.7×103 and 1.9×104 m-3 (average: 1.1×104 m-3 ; CV: 15%) when above the detection limit (n=12), 526 

and pollen from 1.3×102 to 1.2×103 m-3 (average: 3.6×102 m-3; CV: 21%). These concentration levels are 527 

consistent with microscopy-based studies in urban environments for bacteria (e.g., 1.7×104 ± 1.3×104 m-3 528 

in springtime Birmingham, UK; (Harrison et al., 2005); fungal spores (1.8×104 ± 1.1×104 m-3 in Vienna, 529 

Austria between April-June; Bauer et al., 2008); and pollen (between 5.69×102 m-3 to 6.144×103 m-3 in 530 

Medellin, Colombia; Guarín et al., 2015). Also, additional experiments performed in September 2015, 531 

described in Figure S7 of the supplemental information (supplemental information, SI.6), showed that EPM 532 

and FCM-based quantifications agree within an order of magnitude. This is consistent with Lange et al. 533 
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(1997), whom also found that FCM gives higher quantifications than EPM microscopy when studying P. 534 

aeruginosa pure cultures and airborne bacteria collected from a swine confinement building in Iowa, USA. 535 

To better understand SYTO-13 fluorescence intensity differences between the identified (e.g. LNA-536 

AT, HNA and pollen) populations in the atmospheric samples and their metabolic/stress state, FCM 537 

experiments were conducted with air-isolated bacteria (F8 strain; De Leon Rodriguez, 2015), ragweed 538 

pollen and yeast (S. cerevisiae; Y55 strain) mixtures to compare the SYTO-13 fluorescence intensity and 539 

the scattering properties of the pure cultures to those seen in the atmospheric samples. Pure culture 540 

experiments aimed to: (1) serve as positive controls to ensure SYTO-13 effectively stains bacteria, fungi 541 

and pollen, and (2) acquire reference fluorescence and scattering properties on each pure culture population.   542 

Pure cultures and atmospheric samples are summarized in Tables S3, S4 (supplementary information; FCM 543 

pure culture experiments) respectively. The LNA-AT population showed SYTO-13 fluorescence intensity 544 

up two orders of magnitude lower than F8 bacteria. The HNA population showed an order of magnitude 545 

lower SYTO-13 fluorescence intensity than Y55 HNA yeast, and, within the same magnitude for the LNA 546 

Y55 yeast. The HNA and LNA yeast populations in the pure culture experiments (Figure S13a) have one 547 

order of magnitude difference in FL1-A fluorescence intensity and may represent yeast populations with 548 

different metabolic states. Atmospheric and ragweed pollen populations had similar SYTO-13 fluorescence 549 

intensities and Figure S13c shows pollen fluorescence intensity may go up to 108. The lower SYTO-13 550 

fluorescence intensity of the atmospheric populations may be related to genetic material degradation from 551 

exposure to atmospheric stressors; depending on the physiological characteristics of each population (Zhen 552 

et al., 2013; Amato et al., 2015). Our results also agree with Guindulian et al. (1997), showing that E.coli 553 

overnight cultures have higher SYTO-13 fluorescence intensity than starved E.coli population. Overall, 554 

FCM pure culture results suggest microbes starve in the atmosphere, leading to a possible reduction or 555 

leakage of the amount genetic material enclosed within each cell. Sampling can also stress cells, even 556 

disrupt the wall/membrane of the cell and lead to genetic material leakage (Zhen et al., 2013).  557 

Pollen, HNA and LNA-AT atmospheric populations showed different SYTO-13 fluorescence 558 

intensities. Pollen showed the highest fluorescence intensity, followed by the HNA and LNA-AT (fraction 559 

of LNA above threshold; Figure 2) populations, respectively (Figure 2; Table S4). Guindulian et al. (1997) 560 

FCM results with starved bacterioplankton from seawater samples treated with DNase/RNase showed 561 

SYTO-13 fluorescence intensity can be related to the DNA content of starved bacterioplankton due to the 562 

low amount of RNA enclosed in starved cells. Taking in consideration our results and previous studies, we 563 

can suggest that Pollen, LNA-AT and HNA populations in the atmospheric samples are differenced by their 564 

DNA content, which can in part explain SYTO-13 fluorescence intensity difference between them. We also 565 

acknowledge DNA sequestration by bacteria, fungal spores and pollen may differ and their cell membrane 566 
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characteristics will ultimately determine how much stress the cells will sustain before they completely 567 

rupture. SYTO-13 is a highly permeable stain and effectively detects nucleic acids (DNA and RNA) of 568 

bacteria endospores and vegetative cells (Comas Riu et al.,2002). Fungal spores have also been effectively 569 

stained by DNA/RNA probes (Bochdansky et al., 2017; Chen and Li et al., 2005), but some fungal spores 570 

might not be equally stained due to their harder cell wall, and chromatin-binding of DNA (Standaert-Vitse 571 

et al., 2015). Future work is needs to further study this. 572 

4.2 WIBS total concentration and FBAP daily variability 573 

WIBS-4A collected data continuously throughout the period; for comparison against the SpinCon 574 

II 4h liquid batch samples, WIBS data was averaged to the SpinCon II sampling times (Table 1). WIBS 575 

total particle concentration (1-5µm diameter) ranged from 2.0105 to 1.0106 m-3 in agreement with 576 

observed particle concentrations in previously studied urban environments during Spring/Summer months 577 

like Helsinki, Finland (UV-APS avg. 1.6105 m-3; Saari et al., 2014) and Karlsruhe, Germany (WIBS-4 578 

avg. 6.9105 m-3; Tropak and Schnaiter et al., 2013). 4h average total particles concentrations in Figure 3a 579 

show particle concentrations declined during rain episodes (during or post-rain: e.g. 4/15, 4/16, 4/28, 4/29, 580 

4/30) as wet removal of PBAP is most efficient. However, during dry (no rain) episodes total particle 581 

concentrations built up in the atmosphere. To better understand the day-to-day variability of different FBAP 582 

types, the seven Perring et al. (2015) FBAP categories (e.g. Type A, B, C, AB, AC, BC and ABC) were 583 

studied plus the NON-FBAP type constituting particles that do not fluoresce in any channel (e.g. channel 584 

A, B, C). NON-FBAP concentrations are one order of magnitude higher than FBAP concentrations, and 585 

NON-FBAP, hence traced WIBS total particles throughout all sampling events (Figure 3a). Total FBAP 586 

concentrations also show similar behavior to the total particle concentration (Figure 3a) and it suggests non-587 

biological particles can be biasing the total FBAP concentration. The variability of the total FBAP 588 

concentration is mainly linked to type A and type B concentrations as overall they constitute the two largest 589 

fractions to the total FBAP concentration (Figure 3b), and both FBAP types have previously misidentified  590 

non-biological particles as FBAP (Tropak and Schnaiter et al., 2013; Yu et al., 2016).  As a result, our study 591 

considers the total FBAP concentration as the upper limit, and ABC type concentration as the lower limit 592 

of FBAP concentration in Metro, Atlanta. Type B dominates the FBAP fractional composition (Figure 3b), 593 

which has been linked to possible non-biological interferences from black carbon (Yu et al., 2016) and 594 

polycyclic aromatic hydrocarbons (PAHs) emitted from combustion sources.  Total FBAP fraction ranges 595 

from 16% and 43%, and ABC fraction ranges from 1.3% and 9.2% of the total particles in the 1 to 5µm 596 

size range. ABC type fractions and ABC type concentrations are within the values observed by Tropak and 597 

Schnaiter (2013) using WIBS-4 in Karlsruhe, Germany; averaging 2.9  104 m-3 (when considering the sum 598 

of AC and ABC types) and constituting 7% of total coarse mode particles (0.8µm-16µm).  599 
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ABC type concentrations show an interesting variability throughout the 15 sampling events, as 600 

ABC reaches its maximum concentration on 4/14, on a warm and humid day after a rain event, concurrently 601 

when the FCM HNA population also reaches its highest concentration – strongly suggesting ABC particles 602 

are fungal spores. (Figure 3a, Table 1). Furthermore, WIBS high resolution data in Figure S24 shows the 603 

enhancement of AB and ABC type right after the beginning of the rain event on 4/13 (6pm; night before 604 

sampling on 4/14) and is not correlated to NON-FBAP concentrations; FBAP concentration enhancement 605 

previously linked to wet-ejected fungal spores (Huffman et al., 2013; Gosselin et al., 2016). Gosselin et al. 606 

(2016) used WIBS-3 in the Rocky Mountains, Colorado showing ABC type fractional composition 607 

enhances after rain events to dominate the total FBAP composition and the enhancement is correlated to 608 

mannitol and arabitol concentrations (fungal spore tracers), which have been previously linked to 609 

Ascomycota and Basidiomycota spores emitted by the wet-ejection mechanism (Elbert et al., 2007). In 610 

addition, ABC type constitute a considerable fraction (~20%) of total FBAP during dry days in the Rocky 611 

Mountains possible because such highly vegetative environments maintain a high background of fungal 612 

spores (Huffman et al., 2013). However, urban environments like Metro Atlanta are not necessary 613 

dominated by fungal spores and its FBAP composition will be affected by the biological sources close to 614 

city (e.g. forests), local emissions and meteorology. The overall FBAP composition in metro Atlanta 615 

(Figure 3b) is dominated by type B (avg. fraction: 33 ± 9%), type A (avg. fraction: 22 ± 5%) and type AB 616 

(avg. fraction: 22 ± 5%) particles. Type ABC constitute 12 ± 6% of the total FBAP and it reaches 30% on 617 

4/14, comparable to values observed by Gosselin et al., 2016 in the Rocky Mountains. The dominance of 618 

type B particles has been observed in the polluted atmosphere of Nanjing, China using WIBS-4A were type 619 

B constituted ~ 45% of the total PBAP and type B (~ 2  106 m-3 ) concentrations were up to two orders of 620 

magnitude higher than type A concentrations (~5104 m-3 ) suggesting a high likelihood of interference 621 

from abiotic particle sources. However, Metro-Atlanta shows much lower total particle concentrations than 622 

Nanjing, China (~107 m-3) and type A and type B concentrations are within the same order of magnitude. 623 

Furthermore, Perring et al. (2015) have shown type B particles constitute a considerable fraction of the total 624 

supermicron particles across the United States, being ~15% and ~25% over (altitude >100m) the 625 

Southeastern US and Southwestern US, respectively. Total particle and NON-FBAP size distributions in 626 

Figure 3c peaked at ~1µm. Similarly, types A, B, AB size distributions (Figure 3d) peaked close to 1µm 627 

showing that interferences by non-biological particles cannot be rule out. However, ABC type size 628 

distribution (light blue line, Figure 3d) is dominated by 3-5µm particles and ABC type particles may have 629 

come from a different source to other FBAP types as they get enhanced after rain events (e.g. 4/14; Table 630 

1).  Yu et al. (2016) also observed 4-6µm ABC type particles in the highly polluted Nanjing, China, but 631 

ABC type bimodal size distributions showed a peak between 1-2µm and a second peak between 4-6µm. In 632 

addition, ABC type number fractions in Nanjing, China correlated to black carbon mass fractions 633 
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suggesting a considerable influence by combustion related particles and no rain events occurred during the 634 

sampling period. The difference between Metro Atlanta and Nanjing, China ABC type size distributions 635 

suggest ABC type is not influenced by combustion related particles in Metro Atlanta.  Overall, results show 636 

FBAP concentration (1-5µm) ranges from 104 -105 m-3 in metro Atlanta and wet-ejected fungal spores 637 

concentration, detected by ABC type, can constitute up to 30% of the FBAP (1-5 µm) after rain events. 638 

4.3 Correlation of HNA population with ABC type 639 

A quantitative comparison between WIBS-4A total particle and FCM total particle concentrations 640 

was subsequently performed and we focused the analysis to the 1 to 5µm size range as SpinCon sampling 641 

efficiency is reduced significantly above 5µm (≤14%; Kesavan et al., 2015). WIBS-4A and FCM total 642 

particle concentrations differed by about one order of magnitude (for optical diameter, do, greater than 643 

1.5µm) and particle concentration difference increased for particles with  do  < 1.5 μm as shown in the size 644 

distribution (geometrically averaged across the 15 SpinCon II sampling events) in Figure 4a. The largest 645 

difference between WIBS-4A and uncorrected FCM size distributions seems to be related to SpinCon II 646 

having a cutoff size close to 1µm, reducing significantly its sampling efficiency. Even with the observed 647 

difference in the magnitude of the concentrations between the two techniques, ABC type and HNA 648 

concentrations traced throughout all the sampling events and are  moderately correlated (R2 = 0.40, P-value 649 

= 0.016; Figure 4b) and showed similar size distributions in the 1 to 5µm range as shown in Figure S12a. 650 

HNA and ABC type were both dominated by 3-5µm particles and its seems both are detecting the same 651 

type of biological particles. In addition, AB type showed a weak correlation with HNA concentrations (R2 652 

= 0.17), but their size distributions differed as type AB peaks close to ~1µm (Figure 3d). ABC is the only 653 

FBAP type showing a considerable correlation to the HNA population, and LNA-AT population is not 654 

correlated with any FBAP type. Overall, ABC type and HNA correlation is an important step forward to 655 

better understand the effectiveness of WIBS-4A FBAP categories to provide speciated PBAP 656 

concentrations in urban areas. ABC type particles have shown substantial concentrations (104 -105 m-3; 657 

Perring et al., 2015; Ziemba et al., 2016) across the US. The highest ABC fraction of the total FBAP was 658 

observed in Panhandle, Florida during an airborne study among multiple environments studied using 659 

WIBS-4A to sample from the California coast to central Florida, suggesting ABC type particles are 660 

ubiquitous in the US (Perring et al., 2015). Previous studies (Healy et al., 2014, Huffman et al., 2013) have 661 

shown correlations between LIF technology (e.g. WIBS-4 and UV-APS) fluorescence channels and fungal 662 

spores number concentrations, especially during fungal spores invigoration after rain events. Healy et al. 663 

(2014) used WIBS-4 in Killarney National Park, Ireland (e.g. high vegetative rural area) finding correlations 664 

between channel B (FL2; R2 = 0.29) and channel C (FL3; R2 = 0.38) concentrations and fungal spores 665 

concentrations (collected by Sporewatch impactor and quantified by microscopy). Gosselin et al. (2016) 666 

observed stronger correlations between fungal spores (inferred from mannitol and arabitol concentrations) 667 



 21 

and WIBS-4 concentrations in the Rocky Mountains, but our study in Atlanta, GA was carried out in 668 

completely different environment (e.g. highly-populated urban environment). Now for the first time FCM 669 

HNA population have shown a correlation with WIBS-4A ABC type and suggests ABC type category 670 

detects wet actively ejected fungal spores in Metro Atlanta (e.g. urban area).  In addition, recent WIBS-4A 671 

experiments using pure cultures have shown ABC type detects well several fungal spores (e.g. Aspergillus 672 

Versicolor & Botrytis spp.) and small pollen grains, but detection may vary across instruments (Hernandez 673 

et al., 2016). 674 

FCM concentrations were corrected based on correction factors (CF) calculated upon the 675 

comparison of ABC and HNA size distributions (1 to 5µm) for each sampling event given (1) ABC type 676 

and HNA population similar size distributions and number concentrations (1 to 5µm) correlation, and, (2) 677 

WIBS-4A provides us representative concentrations of airborne particle concentrations in Metro Atlanta 678 

after sampling losses being corrected (Section 3.2). Concentration correction factors were determined for 679 

each sampling episode by taking the quotient of ABC type to HNA concentrations over the 1-5µm size 680 

range. The resulting size-dependent correction factor (Figure S12b) was then applied to the FCM size 681 

distributions, giving the “corrected FCM” bioaerosol data (between 1 and 5 μm).  Figure 4a shows that the 682 

corrected FCM total particle average size distribution traces WIBS-4A size distribution, allowing us to 683 

correct for SpinCon II low collection efficiency and to better constrain the magnitude of FCM 684 

concentrations. Our approach to calculate the estimated collection efficiency (ECE) considers all the 685 

processes that affect the concentration of PBAP, from collection to final quantification in the FCM. Figure 686 

S12b compares Kesavan et al. (2015) collection efficiencies determined for SpinCon I and the estimated 687 

collection efficiency calculated upon the CF calculation (ECE = 1/CF) and shows the ECE of the SpinCon 688 

II is lower that Kesavan et al. (2015) below 3µm and performs better for particles above 3µm, but above 689 

3µm Kesavan et al (2015) collection efficiency is within the uncertainty of our calculations. Our lower ECE 690 

values (Figure S12b) for particles below 3µm can be related to SpinCon sampling time as Kesavan et al. 691 

(2015) experiment were conducted in a short period of time (e.g. 10-15 min) and ours took place for 4 h 692 

The main mechanisms leading to below 3µm particle losses could be their re-aerosolization over time being 693 

lost through the blower exhaust of the SpinCon II (Figure 1). Also, coagulation of small particles over time 694 

can not be rule out, but future work is needs to study it. Although SpinCon/FCM results correction based 695 

on the HNA and ABC type size distributions comparison effectively constrain the efficiency of the 696 

SpinCon/FCM analysis in this study, corrections are limited to the 1 to 5µm size range and must 697 

acknowledge that the specific sampling may stress cells and affect their detection. 698 

 699 

4.4 PBAP populations after collection/detection corrections  700 
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After correction through the application of the ABC correction factors, FCM total particle 701 

concentrations (1 to 5µm avg.: 5.5105 ± 5.1105 m-3; Figure 5a) are within the same order of magnitude 702 

as WIBS-4A concentrations (1 to 5µm avg.: 5.4105 ± 2.9105 m-3; Figure 3a), and continue to exhibit 703 

substantial variability. The HNA (e.g. fungal spores) population showed a substantial invigoration during 704 

three sampling events (4/7, 4/14, 4/15; Figure 5a and 5b).  To better understand the role of meteorology on 705 

PBAP composition, 24 hr-averaged temperature and relative humidity were used to express the prevailing 706 

temperature and relative humidity (RH) during each sampling event, considering the residence time of 707 

microorganisms (e.g. bacteria and fungal spores) before sampling. Sampling events were classified into 708 

four regimes based on the average diurnal (24hr avg.) relative humidity and ambient temperature, with T= 709 

18 C (65 F) to differentiate between warm and cold days, and, RH = 70% to differentiate between humid 710 

and dry days. During the 15 sampling days, temperature ranged from 10.4C to 31.2C, and RH varied from 711 

19.0% to 97.0% in Atlanta, GA (Look Table S4; supplemental information) The temperature and RH 712 

threshold values were chosen based on the observations and understanding that a combination of 713 

temperature and RH within these threshold values can significantly impact bioaerosol composition. For 714 

instance, humid and warm conditions may lead to the invigoration of fungal spores by wet ejection from 715 

plants (Ingold, 1971), on contrary, PBAP will get stressed when exposed to warm and dry conditions. The 716 

sampling times, RH, ambient temperature and meteorological categories of each SpinCon II sample is 717 

presented in Table 1. 718 

Humid and warm days (4/7, 4/14 and 4/15; light green shaded areas in Figure 5a) were characterized 719 

by well-defined HNA and LNA-AT populations. These sampling episodes had the highest average HNA 720 

(fungal spore) concentration (4.0× 104 ± 1.3×104 m-3) among the four meteorological regimes and during 721 

these sampling events HNA constituted ≥ 77 % of the total PBAP. Among the humid and warm days (Figure 722 

5a and 5b), average LNA-AT, HNA and “unclassified” bioaerosol compositions were 6.1%, 84.0% and 723 

9.9%, respectively of the total PBAP number. Also, the humid and warm days occurred after rain events, 724 

which can be linked directly to the strong fungal spore invigoration (Huffman et al., 2013). Before sampling, 725 

early morning precipitation occurred during 4/14 and 4/15, as well as during the night of 4/6. Precipitation 726 

did not occur during sampling in any of the humid and warm days. The FCM results (Figure S15a-c) that 727 

display the PBAP population between 4/7 and 4/9 show a disappearance of the (HNA) fungal spore 728 

population during the transition from a “humid and warm” day (4/7) to a “dry and warm” day (4/9). Figure 729 

5b shows how the HNA contribution to the total PBAP goes down on 4/8 when RH decreases and is 730 

undetected on 4/9. Furthermore, Figure 6a-c shows FL1 vs. SSC-A plots for 4/14 to 4/16 consecutive 731 

sampling periods, where a marked increase in the LNA-AT concentration from 4/15 to 4/16 goes together 732 

with a striking decrease in the HNA concentration. HNA fraction went down from 92.0% to 34.1% of the 733 
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total PBAP and LNA-AT concentration went up from 3.8×103 m-3 to 2.9×104 m-3. Humid and Warm days 734 

had the lowest averaged PBAP concentration (4.6 × 104 ± 9.8 × 103 m-3 in the 1 to 5µm range) among the 735 

four meteorological regimes, a possible effect of the bioaerosols being lost by wet scavenging, resulting in 736 

the enhancement of fungal spore contribution to the total PBAP number concentrations. The unclassified 737 

biological particles concentration also showed its lowest contribution (2.9 × 103 m-3; 9.9%) to the total 738 

PBAP number concentration during these events, when the HNA and LNA populations are best identified 739 

by the 2% contour plots. 740 

Cold and humid days (4/16 and 4/29; light yellow shaded areas in Figure 5a) also showed well-defined 741 

HNA population, and HNA contributed on average to 29.5 ± 6.5 % of the total PBAP concentration (1 to 742 

5µm). On 4/16 drizzling took place by the end of the sampling period, but no accumulated rainfall was 743 

measured by the meteorological station. However, on 4/29, accumulated rainfall averaged 0.04in. from 744 

11:55 AM to 2:20 PM (Figure S21). The similar HNA concentration between “Humid and Warm” and 745 

“Humid and Cold” days seen in Figure 5a and the lower contribution of HNA to the total PBAP during the 746 

“Humid and Cold” days may be linked to previously suggested bacteria emissions by droplet soil impaction 747 

during rain events (Joung et al., 2017). Bacteria emission by soil impaction can increases airborne LNA-748 

AT concentration and HNA (fungal spores) will have a lower contribution to the total PBAP even when the 749 

fungal spore concentration is high during rain events. Both cold and humid days showed a considerable 750 

difference in LNA-AT contributions to the total PBAP concentration. On 4/16 and 4/29 LNA-AT 751 

constituted  45.2%  and 65.3% of the total PBAP concentration, respectively (Figure 5b). The difference in 752 

the LNA-AT contribution to the total PBAP can be linked to the intensity of precipitation, as it shapes the 753 

composition (e.g. size and types) of microbes suspended in the atmosphere during the different stages of a 754 

rainfall (e.g. before, on set, during and after a rainfall; Yue et al., 2016). 755 

Six of the fifteen sampling days were classified as warm and dry (4/8, 4/9, 4/22, 5/13, 5/14, 5/15; light 756 

orange shaded areas in Figure 5a) and it did not rain before or during any of these days (Table 1). During 757 

warm and dry days, HNA had the lowest averaged concentration (8.7×103 ± 1.2×104 m-3) among the four 758 

meteorological categories. In addition, during three dry and warm days (4/9, 4/22 and 5/15) the HNA 759 

population was undetected. This behavior can be related to the fact that high RH drives fungal spore 760 

emissions by wet ejection, but soil wetness could also affect emissions because the HNA population was 761 

detected in other warm and dry days with comparable RH (Huffman et al., 2013; Gosselin et al., 2016). The 762 

air mass trajectories reaching Atlanta during each sampling event could also affect the biological particles 763 

composition. For example, on 4/22, when the HNA was undetected, the 500m and 100m 72 h backward air 764 

mass trajectories reaching Atlanta came from the NW (US/Canada border) at high altitudes and do not 765 

spend more than 24h near surface. This air mass could affect bioaerosol composition with minimal 766 
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influence from local bioaerosol emissions. However, the enhancement or the depletion of the HNA 767 

population have not been linked to specific air masses trajectories. Overall, warm and dry days prevail 768 

during springtime in Atlanta and LNA-AT contribution (avg.: 3.4×104 ± 2.5 ×104 m-3) may represent the 769 

bioaerosol background of Atlanta.  770 

Four of the fifteen sampling days (4/21, 4/23, 4/28 and 4/30; light blue shaded areas in Figure 5a) were 771 

characterized by cold and dry conditions (Table 1). PBAP were dominated by LNA-AT during these events, 772 

as can see in Figure 7a-c, where LNA population are the dominant contributors to PBAP number. HNA 773 

population was diminished in Figure 7a (4/21) & Figure 7c (4/23) during cold and dry days and disappeared 774 

in Figure 7b during a warm and dry day. Overall, HNA was detected during cold and dry days, but showed 775 

lower contributions to the total PBAP number concentration than humid days. Among cold and dry days, 776 

the PBAP population (1 to 5 µm) was composed on average of 72.6 ± 10.1% LNA-AT and 16.5 ± 8.2% 777 

HNA. Cold and dry days had on average the highest LNA-AT (5.3×104 ± 1.8×104 m-3) and total PBAP 778 

(7.3×104 ± 2.0×104 m-3) number concentrations (1 to 5µm) among the four meteorological categories, 779 

reaching the PBAP maximum concentration on 4/23 (Figure 5a).   780 

 781 

4.5 PBAP day-to-day variability in Metro Atlanta: FCM vs. WIBS 782 

Although WIBS and FCM possess different methodologies, they show similar trends providing a 783 

good understanding of the daily variability of PBAP in Metro Atlanta. FCM PBAP fraction (1 to 5µm) 784 

ranges from 3.8% to 69.2% of the total particles and the highest PBAP fraction (69.2%) and HNA 785 

concentration is observed on 4/14 (5.25×104 ± 5.89×103 m-3). The total FBAP fraction (1 to 5µm) ranges 786 

from 16% to 43%, but it reaches its maximum on 4/15. However, ABC fraction of the total WIBS particle 787 

concentration ranges from 1.3% to 9.2% and it reaches its maximum on 4/14.  Even when the magnitudes 788 

of the PBAP and FBAP fractions differ on average by a factor of ~ 2 throughout the sampling period, both 789 

techniques agree an enhancement in the total biological particles takes place between 4/14 to 4/16. Given 790 

the uncertainty of the two methodologies, it is remarkable that there is such agreement between WIBS and 791 

FCM results.  792 

Among the four meteorological categories, humid and warm days characterize for showing the 793 

highest HNA, A type, AB type and ABC type concentrations suggesting that A and AB types may also be 794 

related to wet-ejected fungal spores in Metro Atlanta; this possibly explains why the ABC fraction of the 795 

total FBAP in 4/7 is not as high as on 4/14 and 4/15 (Figure 3b), and differs with the behavior observed by 796 

the HNA population on 4/7. The LNA-AT population does not show a correlation to any specific FBAP 797 

type and shows it highest concentrations during dry and cold days. In addition, LNA-AT concentrations are 798 

anticorrelated with type B concentrations (Figure S19, correlation coefficient, r = -0.59; R2 =0.30) during 799 
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dry (both cold and warm) days, when LNA-AT dominates the total PBAP concentration. Given that type B 800 

particles have been previously correlated to abiotic particles (e.g. black carbon) in urban environments (Yue 801 

et al., 2017), LNA-AT and type B anticorrelation suggests that LNA-AT particles may in fact represent a 802 

heterogeneous bioaerosol population. That LNA-AT is not correlated with any FBAP type gives rise to two 803 

possibilities: (1) if LNA-AT population is mainly composed of bacteria or agglomerated bacteria, then it is 804 

possible that they are detected by multiple FBAP types and is not attributed specifically to one of them; (2) 805 

the intrinsic fluorescence of LNA-AT particles is too low and a high fraction of them is abiotic.  It is 806 

challenging to determine what PBAP types each WIBS FBAP type is mainly detecting. Based on WIBS-807 

4A results in Metro Atlanta, ABC type detects wet-ejected fungal spores, but still unclear what PBAP types 808 

are detect by the other FBAP types or if they just capture a high fraction of non-biological particles. FBAP 809 

types and WIBS total particles correlations in Figure S17 show all FBAP types are correlated to WIBS total 810 

particles, but ABC and AB types show the lowest correlations (type AB:  R2 =0.101; type ABC: R2 = 811 

0.1266). 812 

Figure 8 shows FCM total PBAP (black line), ABC type (light green), FL1(Channel A; dark green 813 

line) and total FBAP (blue line) concentrations, where the FL1 concentration ( [FL1] ) constitutes the sum 814 

of the number concentrations of types A, AB, AC, and ABC ([FL1] = [A] + [AB] + [AC] + [ABC]; Gabey 815 

et al., 2011; Healy et al., 2014). Throughout the April-May 2015 sampling events, total PBAP 816 

concentrations (1 to 5µm) were mainly constrained between the FL1 and ABC type concentrations 817 

suggesting FL1 and ABC type represent the upper and lower bound PBAP concentrations in Metro Atlanta, 818 

respectively. It also important to highlight that FCM PBAP concentrations are closer to the ABC type 819 

concentrations before April 16 when the HNA population dominates, but then after April 16 FCM PBAP 820 

concentrations are closer to FL1 concentrations when LNA-AT starts to dominate the total PBAP 821 

concentration. In addition, Figure 8 shows that total FBAP (sum of type A, B, C, AB, AC, ABC) exceeds 822 

the (corrected) PBAP concentrations in Metro Atlanta. 823 

5. Conclusions  824 

In this study we presented the development and testing of an effective FCM protocol to identify and 825 

quantify bioaerosol populations. The FCM protocol, designed to constrain any particle accumulation due 826 

to cleaning or by fluid supplies, successfully quantified the day-to-day variability of bioaerosols in the 827 

Atlanta Metro area.  It is the first FCM study to detect well-defined LNA (low nucleic acid) and HNA (high 828 

nucleic acid) atmospheric biological populations under different meteorological scenarios. FCM results 829 

show dynamic bioaerosol populations in Atlanta leading to a 84.0% of HNA (wet-ejected fungal spores) 830 

and 6.1% LNA-AT contribution to the PBAP number (1 to 5µm range), respectively, during humid and 831 
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warm days after rain events. However, LNA-AT dominates warm and cold dry days, constituting 72% of 832 

the PBAP number concentration.  833 

WIBS-4A and SpinCon II collocated sampling showed that the HNA and ABC type concentrations are 834 

well correlated (R2=0.40) and display similar size distributions. We therefore conclude that both 835 

instruments detect the same particles, and used empirical collection/detection efficiency factors to correct 836 

the FCM size distributions and concentrations in the 1 to 5µm diameter range. WIBS-4A and FCM results 837 

suggest Metro Atlanta PBAP concentrations range between 104 - 105 m-3 (1 to 5µm) and they can constitute 838 

a substantial fraction of coarse mode particle concentration (WIBS-4A: 43%; FCM: 69%), comparable to 839 

the PBAP coarse mode fraction in highly vegetated environments. The FCM LNA-AT population, possibly 840 

containing bacterial cells, did not correlate to any FBAP type. The fact that the LNA-AT population is not 841 

correlated with a specific FBAP type suggests it may be particularly challenging to use LIF techniques to 842 

distinguish bioaerosols with low intrinsic autofluorescence from non-biological particles, especially given 843 

the heterogeneities introduced by the large biodiversity of airborne microbes. The possible influence of 844 

abiotic particles in the LNA-AT population can also explain the lack of correlation between LNA-AT and 845 

FBAP types given that the FCM threshold approach does not ensure total exclusion of abiotic particles. In 846 

addition, the unspecific binding of SYTO-13 to abiotic particles cannot be ruled out in the LNA-AT 847 

population. FCM comparison between atmospheric and pure culture samples showed lower SYTO-13 848 

fluorescence intensities in the atmospheric samples and suggests a degradation in the genetic material of 849 

PBAP, possibly caused by the limited nutrients and strong stress prevailing in the atmosphere, which further 850 

challenge the ability of LIF to distinguish LNA-AT.  851 

In summary, this study has shown for the first time that FCM can effectively identify, quantify and 852 

study the daily variability of heterogeneous PBAP populations (e.g. HNA, LNA-AT and pollen) with 853 

different genetic material content in atmospheric samples. We also show that a number of FCM and WIBS-854 

4A populations are largely correlated and therefore can be used to identify the nature of the FBAP detected 855 

in the latter. Our results finally show that the detection and quantification of bacterial cells in atmospheric 856 

samples remains a challenging task and is best achieved through the combination of techniques.  857 
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 1 

Table 1: Summary of the SpinCon II sampling events, the 24 h. averaged RH, ambient temperature, the 1 
assigned meteorological category (using Section 4.4 definitions) and the corrected FCM-derived PBAP 2 
number concentration (1 to 5 µm) for each sample collected during this study. 3 

 4 

Date 

(starting – ending time) 

RH 

(%) 

Temperature

(°C) 

Meteorological 

Category 

PBAP Concentration (m-3) 

1 to 5µm diameter range 

4/7/15   (11:17 - 15:17) * 70.9 21.4 Humid, Warm 9.282×104 

4/8/15   (11:10 - 15:10) 53.6 24.9 Dry, Warm 5.203×105 

4/9/15   (11:15 - 15:15) 53.8 25.3 Dry, Warm 1.254×105 

4/14/15 (11:30 - 15:30) * 76.8 22.5 Humid, Warm 8.253×104 

4/15/15 (11:40 - 15:40) * 83.6 18.9 Humid, Warm 1.234×105 

4/16/15 (10:55 - 14:55)  86.3 12.5 Humid, Cold 3.399×105 

4/21/15 (13:15 - 17:15) 43.2 16.6 Dry, Cold 4.741×105 

4/22/15 (11:25 - 15:25) 38.1 18.8 Dry, Warm 3.351×105 

4/23/15 (11:35 - 15:35) 48.1 16.8 Dry, Cold 1.708 ×106 

4/28/15 (12:25 - 16:25) 45.3 17.0 Dry, Cold 4.899×105 

4/29/15 (11:55 - 15:55) # 79.4 14.2 Humid, Cold 4.591×105 

4/30/15 (12:10 - 16:10) 57.3 17.4 Dry, Cold 9.603×105 

5/13/15 (10:50 - 14:50) 40.1 23.5 Dry, Warm 3.680×105 

5/14/15 (11:50 - 15:50) 52.3 23.0 Dry, Warm 4.851×105 

5/15/15 (10:19 - 14:19) 64.4 23.1 Dry, Warm 1.656×106 

* Sampling occurred post-rain event. 5 
# Sampling occurred during a rain event.    6 
  7 
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 8 
Figure 1: SpinCon II sampling setup including modified fluid supply system with anti-microbial tubing 9 
and 2L Autoclavable bottles.   10 



 3 

 11 
                                              12 
Figure 2: FL1-A vs. SSC-A plot used to identify populations in the April 14, 2015  sample including: the 13 
42k threshold line in red and, abiotic particles (below threshold) and biological particles (above threshold) 14 
designated regions. In the density plot green and red zones denote the most populated regions. FL1-A in 15 
the y-axis  shows the fluorescence intensity of each particle in the plot stained with SYTO-13 and SSC-A 16 
in the x-axis measures 90 light scattering, related to the internal complexity (e.g. granularity or amount of 17 
internal structures) of the particles. The fraction of the LNA population above the threshold line is referred 18 
as the “LNA-AT” population. 19 
  20 
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 21 

Figure 3: WIBS-4A 4hr (SpinCon II sampling time) averaged results of WIBS total particle, NON-FBAP, total FBAP and type ABC 22 
concentrations in the left Y-axis and ABC and FBAP fraction in the right Y-axis for each SpinCon II sampling event in (a); 4hr averaged FBAP 23 
types number concentration fractional composition  for each SpinCon II sampling event in (b); 1to5µm WIBS total particles and NON-FBAP size 24 
distributions in (c) and 1to5µm size distributions for all FBAP types, except AC type in (d).  AC type showed low statistics and constituted less 25 
than 1% of the total FBAP (not shown). Size distributions in (c) and (d) have been averaged over the 15 SpinCon II sampling events and constitute 26 
the overall size distributions during rooftop sampling events. Solid lines in (c) and (d) shown 6-degree polynomial regressions performed to FBAP 27 
the size distributions, including their respective correlation coefficients (R2).  28 



 5 

 29 
Figure 4: WIBS-4A, FCM uncorrected and FCM (ABC corrected) total particle concentration (1 to 5µm) 30 
average size distributions (geometrically averaged over the 15 SpinCon II sampling events) including WIBS 31 
range (± geometric standard deviation factor) in (a); and HNA and ABC type concentration correlation in 32 
the 1 to 5µm range in (b) including it linear correlation in red.   33 
 34 
  35 
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 36 

 37 
 38 
Figure 5: FCM total particle, HNA, LNA-AT and total PBAP number concentrations in the 1 to 5µm 39 
range highlighting the prevailing meteorological category during each sampling event in (a); HNA and 40 
LNA-AT number concentration fractional compositions for each sampling event in (b).    41 
 42 
 43 
 44 
 45 
 46 
 47 
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 48 
 49 
Figure 6: FL1-A vs. SSC-A FSC plots for (a) April 14, (b) April 15, and, (c) April 16. This period was 50 
characterized by a transition from humid & warm to humid & cold conditions (diurnal average RH=77%, 51 
T=22.5 oC on 4/14; RH=84%, T=18.9 oC on 4/15, and RH= 86%, T= 12.5 oC on 4/16). The FCM plots 52 
during this transition period show a decrease of fungal population and an increase of the LNA population. 53 
In each population, warmer colors represent higher particle concentrations.  54 

 55 
 56 
 57 

 58 
 59 
Figure 7: Similar to Figure 6, but for (a) April 21, (b) April 22, (c) April 23, which was characterized by 60 
dry and variability in temperature (diurnal average RH=43%, T=16.6 oC on 4/21; RH=41%, T=19.0 oC on 61 
4/22, and, RH= 48%, T= 16.8 oC on 4/23. Note the disappearance of the fungal spore population on the 62 
warmest day (4/22).   63 
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 72 
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 74 

Figure 8: WIBS-4A total FBAP, FL1 and ABC type, and FCM total particle number concentrations in 75 
the 1 to 5µm range for each sampling event from April 7 to May 15, 2015.  76 
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