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Abstract

Bacterial aerosols, i.e., acrosol particles containing bacterial components and ranging from
0.1 um to 100 pum, are an indispensable part of atmospheric aerosols and widely spreading in the
global atmosphere. They play essential roles in the evolution and development of the Earth's
environment, although they are also causing big concerns of public health. Quantification of their
size-segregated concentration will largely benefit the understandings on their dynamics involved
in aerosol variation and dispersion, as well as the roles they play in the complex atmospheric
processes and the linking multiple ecosystems. However, the information of the number size
distribution of bacterial aerosols is very limited, mainly because the traditional approaches using
size-segregated samplers, i.e., Andersen samplers, have unquantified uncertainties, and new

technologies rarely provide the accurate concentration of bioaerosols in a wide size range.

In order to establish a reliable method to measure the size-segregated characteristics of
bacterial aerosols, laboratory suspension experiments were designed and conducted to assess the
uncertainties in the measurements of size-segregated concentration of bacteria-containing
bioaerosols with Andersen samplers. The uncertainties were caused by the prolonged impaction
time from minutes to hours and even days. Microbes trapped in upper-stage filters in samplers
may drop to subsequent-stage filters during the sample collection, leading to supposed
uncertainties in the microbial size distribution. This study investigated the uncertainties in
bacterial cell number size distribution measured with 8-stage Andersen samplers at a flow rate of
28.3 L min™ (50% cutoff diameters: >11, 7.0, 4.7, 3.3, 2.1, 1.1, 0.65 and 0.43 pum). Results show
that the concentration of bacterial cells in the size range of > 4.7 um could be underestimated 40
- 50% as the concentration in the size range smaller than 3.3 pm was overestimated when the
sample collection time was more than 6 hours. Sample collection time should be less than 20
minutes to suppress the uncertainty below10%, and 42 minutes below 20%. Based on identified
exponential inverse relations between the dropping rates and the sample collection time from each
stage, a scheme was developed and validated to calibrate the counting results of Andersen sampler

samples to obtain the number size distribution of airborne bacterial cells.

Using the calibration scheme, the number size distribution of bacterial aerosols was measured
with the same type Andersen samples at AERU (32.324°N, 129.993°E, 23m a.s.l), a coastal site
in Amakusa, Kumamoto, southwestern Japan. Results show that the distribution differed
according to the source areas: terrestrial air, oceanic air, or a combination of the two. The

distribution in the long-distance transported terrestrial air from the Asian continent was



monomodal, with a peak of 3.3 - 4.7 um. The distribution in local land breeze air was bimodal,
with the peaks at 0.43 - 1.1 and 3.3 - 4.7 um. A similar bimodal distribution was encountered
when the local island air and long-distance transported terrestrial air mixed. In contrast, the size
distribution did not show clear peaks in the air from either nearby or remote marine areas.
According to the air mass backward trajectories, the longer the distance the air moved in the 72 h
before arriving at the site, the lower the concentration of total bacterial aerosols. The estimation
of dry deposition fluxes of bacterial cells showed that the deposition was dominated by cells larger
than 1.1 um with a relative contribution from 70.5% to 93.7%, except for the local land breeze
cases, where the contributions in the size range larger and smaller than 1.1 um were similar. These
results show the distinctive number size distributions and removal processes of bacterial aerosols

in different types of air.

Besides, the abundance and viability of particle-attached and free-floating bacteria in dusty
air were also quantitatively investigated. We researched this subject based on the fact that airborne
bacterial cells are approximately 1 um or smaller in aerodynamic diameter; therefore, particle-
attached bacteria should occur in aerosol samples of particles larger than 1 um, and free-floating
bacteria should occur among particles smaller than 1 pm. Our observations at the AERU, when
the westerlies frequently transported dust from the Asian continent, revealed that particle-attached
bacteria in dust episodes, at the concentration of 3.2 + 2.1x10° cells m™ on average, occupied 72
1 9 % of the total bacteria. In contrast, the fraction was 56 + 17 % during nondust periods and the
concentration was 1.1 £ 0.7x10° cells m™. The viability, defined as the ratio of viable cells to
total cells, of particle-attached bacteria was 69 = 19 % in dust episodes and 60 + 22 % during
nondust periods on average, both of which were considerably lower than the viabilities of free-
floating bacteria (about 87 %) under either dusty or nondust conditions. The present cases suggest
that dust particles carried substantial amounts of bacteria on their surfaces, more than half of
which were viable, and spread these bacteria through the atmosphere. This implies that dust and
bacteria have important roles as internally mixed assemblages in cloud formation and in linking
geographically isolated microbial communities, as well as possibly have synergistic impact on

human health.

In summary, we developed a calibration scheme for the use of Andersen samplers in studies
of bacterial aerosols and proposed a guideline, reported the size-segregated concentrations of
bacterial aerosols under various weather conditions at Japan southwestern coast, and quantified

the particle-attached and free-floating bacteria in dust and nondusty air from the Asian continent.



Keywords: Bacterial aerosols; Anderson sampler; Size range; Distribution mode; Air flow;

Bacterial deposition



Abstract
Chapter 1

1.1

1.2

1.3

1.4

1.5
Chapter 2

2.1

2.2

23

Content

........................................................................................................................... I
INEEOAUCLION Lttt ettt e e e st e e s e nbbeeeeeeaes 1
Bacterial aerosols in the atmosSphere............ccoccviiiiiiiic i 2
Roles and spreading in the atmosPhere ............coviiiiiiiiieiiiie e 4
1.2.1  AtMOSPRETIC TEACTION .....vveeitiie ittt e sttt 5
1.2.2 Aerial transSpOortation ..........ocueeeiueesiiieiiiiee sttt 6
1.2.3 DEPOSTHION 1.ttt sttt ettt sttt ettt e et e et e e e e e nn e e 8

Detection tECANIGUES .......ccivrieriiiie ittt 10
1.3.1  Traditional iMPaCtOrS .......ccoivriiiiiiiitiie ettt 10
1.3.2  Real-time Sensor MEaSUreMENt ........c.ceviviiiiriieiiiis e 12

Current UNAErstandings ........eeeeeeiiiiiiiiieiiiieeisiiiiiiiere e e e s e e e e snrbrrereeee s e 13
1.4.1  Understandings in impactor ODSEIVAtIONS ...........eeeevrvrreeriiireesiiiirneessineeeens 13
1.4.2  Understandings in real-time ObServations ...........ccccoccvveeerriiiiiesiiiieeesniieeeenn 14

Research objectives and CONLENES...........ocuriieriiiiieiiiiiie e 15
Calibration for number size distribution of bacterial cells measured with traditional
size-segregated aeroSol SAMPLELS .......covvvviiiiiiiiie it 17
INErOAUCTION .1t 18
IMEtHOAOLOZY ... veee ittt 19

2.2.1  Suspension in clean hood...........cccoviiiiiiiiiiiii e 19
2.2.2  The preparation of filtersS.........ccuiiiiiiiiiiiiiiiie e 20
2.2.3  Identification of bacterial CellS ..........ccceeriuiiiiiiiiiiiiii e 21
2.2.4  Dropping rate and transfer coefficient .............ccceeeriiiiiiiiiic e 21
2.2.5  Calibration €quation............ocverrreeerieennreearee e 22

RESUILS ...ttt 23

2.3.1  Concentration and size distribution with and without the suspension........... 23

v



2.4
2.5

2.6
Chapter 3

3.1

3.2

33

34

3.5
Chapter 4

4.1

4.2

2.3.2  Variation of dropping rates according t0o SiZ€ ranges ...........cccceerrvreeerriveeenns 24

2.3.3  Dependence of dropping rates on SUSPENnSioNn time............ccveeerriuveeeesnivneens 25
ApPlIcation EXaAMPIES........oiveiiiiiiiiie e 28
DIESCUSSION ...ttt sitiite sttt ettt e sttt e ettt e e e bbb e e e s snb b e e e s snbb e e e e s nnbaeee s 29
SUMIMATY ...vviiei ittt e et e s et e s st e e e s eenneeeenaes 31
Number size distribution of bacterial aerosols in terrestrial and marine airflows at
a coastal Site Of JAPAN......ccuiiiiiiiiiii e 32
INEEOAUCLION Lttt ettt e st e s ettt e e e bt e e e s snnaeeeeane 33
Materials and MEthods ..........ccuvviiiiiiiiiiii e 33

3.2.1  Sample COIIBCTION ....vveiiiieiiiiii ittt 33

3.2.2  Backward trajectories and meteorological conditions .............cccceeveerneennn 34

3.2.3  Categories of samples in terms of potential SOUICES .........ccuveevrvrrreriirerennnns 35

3.2.4  Enumeration and calibration ............ccocceeriiiiniieiiieeniie e 37

3.2.5  Dry deposition eStIMAtION ......ceeeiiiiivvriiiiieessiiiiiiiiiieeeeesssiiieeeeeeeessssenseneees 38
RESUILS ...ttt 39

3.3.1 Distribution in the long-distance transported terrestrial and marine air........ 39

3.3.2  Distribution in the local land and sea breeze air..............cccceevvivieiniiieeens 41

3.3.3  Distribution in MiXed @Il .......ueveeiiiiiieriiiiiee e 43

3.3.4  Estimated dry deposition fIUXes ............ccuvveiiiiiiiiiiiiiicc e 44
DIESCUSSION ...tttk ettt e ekt e e e s sab b e e e e ebb e e e e e annneee s 45

3.4.1  Factors determining monomodal and bimodal distributions ........................ 45

3.42  Activation and removal of the bacterial cells in size ranges ...............cc..c.... 47
SUMMATY . .oviiiiiiii e 48
Abundance and viability of particle-attached and free-floating bacteria in dusty and
107076 L0 IS A 5 ) (O TP PR UPURPT PPN 50
INEOAUCTION ...ttt 51
IMEENOMS .ottt 51



4.2.1  Sample collection and cell enNUMETration ............ccccocvveriveeriieeniee e 51

4.2.2  Separation of particle-attached and free-floating bacteria .............cc.cccuveeee. 53

4.2.3  AtmOSPheric CONAIIONS ....ccovviiiriiiiiie i 58

4.3 RESUILS .ttt 58
4.3.1  Concentrations of airborne bacteria in segregated size ranges..................... 58

4.3.2  Concentration of particle-attached and free-floating bacteria ...................... 60

4.3.3  Viabilities of particle-attached and free-floating bacteria...............c.cccuee.ne. 63

4.4 DIESCUSSION ..vvvitesietiite s ettt e sttt e e e st e e e sttt e e s st bb e e e s sntbe e e e s bbb e e e e snsbeeeesnsbeeeesansbeeens 64
4.4.1  Implication from the comparison with literature data ................cccceeerrnnnnn. 64

4.42  Ice cloud fOrmMation........cuuieiiiiiiieiiiiieeseiiee et e e st e e st e e e s sbreeesssaeeeeas 65

4.43  Ecosystem conservation and development...........cccovcvveeiiiiieesiiiiinessinenens 65

4.4.4  Health effectS......coooiiiiiiiiii e 66

4.5 CONCIUSIONS ...tieitiiies ittt ettt e e e s s e e s nne e e e e 67
Chapter 5 Conclusions and PEISPECTIVES ..v.eeviiiurririiiieesiiiiiiiiieee e e s s ssiibrrere e e e e s s serberrereeeees 68
ACKNOWIEAZEIMENTS ......eeiiiiiiii ettt et e e ann e 71
RETEIENCES  .iiiiii ittt e e e e 72

VI



Chapter 1  Introduction



1.1Bacterial aerosols in the atmosphere

Bioaerosols are airborne particles of biological components including fungi, bacteria, viruses,
pollen, and metabolic fragments such as endotoxins, mycotoxins, and glucans (Cox and Wathes
1995).

ENVIRONMENTAL BIOAEROSOL GENERATION

Natural bioaerosol sources
From waters Mechanical wind Active release

Pollen |

Spume drops  Film drops Jet drops wind , Suspension
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Figure 1-1 Schematic of bioaerosol generation mechanism. Reprinted from Alsved et al. (2020)

As shown in Figure 1-1, bioaerosols are generated from natural and anthropogenic sources.
In nature, aquatic surface, plant release, and animal activities are the major sources which emit
abundant bioaerosols into the atmosphere (Xu et al., 2011). The relative importance of these
sources varies with altitude, season, location, and meteorological factors in general. In most

terrestrial environments the main providers of bacteria in the near-surface atmosphere are plants

(i.e., leaf surfaces) and soil (Bowers et al.,2013). The global leaf surface area is estimated to be
approximately four times the terrestrial ground surface area. As for human activities, agricultural
activities, wastewater treatment plants, and composting are common sources. The type of aerosol
source plays a role in the various characteristics of the bioaerosols released. In particular, it affects
the size of airborne microorganisms and their residence time in the air. According to Burrows et
al. (2013), the residence time of bacteria may be shorter for bacteria emitted from the ocean than
for bacteria emitted from land surfaces, because of more rapid removal by precipitation. Moreover,
consistent with the smaller size of marine bacteria, the median count diameter of particles
associated with culturable bacteria has been found to be smaller at coastal sites (around 2 pm)

than at continental sites (about 4 um).

Figure 1-2 shows the size characteristics of bioaerosols of various components, with the

size ranging from 0.001 nm to 100 um. The size is closely related to the sources. Small particle

2



is more effective to spread leading to their higher concentration in the atmosphere in comparison
with large particles size. Among various components of bioaerosols, bacteria are predominant and
constitute 80% of total bioaerosols (Gao et al., 2014). Bacteria are unicellular prokaryotic
microorganisms, i.e., a single-celled organism is lack of a membrane-bound nucleus or organelles.
They have various shapes from spherical coccoid cells to thin or thicker rods. Cell diameter is
typically around 1 pm, as ultrasmall cells <0.1 pm in diameter exist in some species (Miteva and
Brenchley, 2005). Bacterial aerosols are air-suspended particles of soil dust or organic aggregates
with bacteria attached. They exist in wide size ranges. Some species of bacteria (Bacillus spp.,
most notably) can form spores to resist extreme conditions (temperature, desiccation, ultraviolet,
oxidation, chemical assault), allowing survival in long-distance transportation with airflows
(Smith et al., 2012b). Therefore, it is crucial to have knowledge about the properties and
characterization of bacterial aerosols in terms of specifically dispersion mechanism, and

eventually implicate and model the atmospheric processes.

Clouds & Fog Precipitation
Aerosol /—/% (Rain, Snow, Graupel, Hail)
. . A
Gas / \
Molecules Proteins Viruses Bacteria Spores Pollen
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Figure 1-2 The size distribution of bioaerosols with exemplary illustrations: (A) protein, (B) virus,

(C) bacteria, (D) fungal spore, and (E) pollen grain (Frohlich-Nowoisky et al., 2016).

In the atmosphere on the global scale, the total number of bacteria aloft within the first 3 km
of altitude was estimated to be around ~10" (Whitman et al., 1998). In general, the concentration
of bacterial aerosols near the ground ranges from ~10* to ~10° cells m> (Bowers et al., 2013;
Fang et al., 2007; Harrison et al., 2005). Bacterial aerosol vary apparently in number and
composition, showing diurnal and seasonal patterns: higher concentration during the warm

periods of the year than in winter, and higher during daytime compared with nighttime which are



recognized as the consequence of the upward fluxes lofting cells from surfaces (Bowers et al.,

2012; Bowers et al., 2011; Franzetti et al., 2011; Frohlich-Nowoisky et al., 2014a).

Aloft for typically 2—10 days, bacteria cells can travel over thousands of kilometers (Murata
and Zhang, 2014; Smith et al., 2012a). Living specimens were recovered from altitudes of several
tens of kilometers above ground level. This phenomenon attests to the high resistance of certain
species or strains to cold, ultraviolet, and other stresses in the atmosphere (Joly et al., 2015). Many
outdoors airborne bacteria originate from plants and soils (Bowers et al., 2013; Maron et al., 2005),
where they probably acquired some level of adaptation to atmospheric stresses. However, the

vision of the biodiversity differs from one study to another, partly due to differences in methods.

The generation, dissemination, and deposition of the bioaerosols are dependent on their
characteristics (e.g., size, density, shape), local weather (e.g., atmospheric relative humidity,
temperature) and airflow (e.g., source, transporting distance). So far, the patterns of biodiversity
in the airborne bacteria appear very variable and have rarely been linked to environmental
variation. The influence of meteorological factors (wind speed, humidity, or temperature) on
bacteria abundance in the air has been reported in several studies (Harrison et al., 2005; Lighthart
et al., 1971), but more evidence is needed to clarify the relation between synoptic weather and

bacterial aerosols.

The variations of bacterial aerosols contribute differently to the development, evolution, and
dynamics of ecosystems. Their dispersion within the atmosphere from various sources such as
human, plant and animal and has a potential impact on environment and human health.
Bioaerosols assist the formation of cloud droplets (Ariya et al., 2009a), ice crystals (Schnell and
Vali, 1976), and acts as regulating media of precipitation especially in pristine air, thereby
influencing the hydrological cycle and the climatic instabilities (Ariya et al., 2015). In case of
marine ecology, biological particulate matters significantly contribute to the ice nuclei (Frohlich-
Nowoisky et al., 2016). Thus, bioaerosols plays an indispensable role in the transportation of
microorganisms, promote the interchange of genetic, and support geographical shift between the

habitats and biomes.

1.2 Roles and spreading in the atmosphere

Over the past several decades, attentions have been paid to bacterial aerosol research from
various aspects for their important roles in environmental processes, such as cloud formation

(Smets et al., 2016), atmospheric chemical reactions (Frohlich-Nowoisky et al., 2016), and links



between independent biomes.

1.2.1  Atmospheric reaction

Bacterial aerosols could take part in the formation of clouds by acting as ice nuclei (IN), which
determine the cloud formation and precipitation. Ice nucleation in cloud droplets occurs either via
the freezing of water already condensed around a particle, by water vapor condensing and
simultaneously freezing onto a particle, or by a particle contacting a supercooled droplet.
Metabolically active bacteria in clouds have been investigated regarding their potential impacts
on cloud formation. Bacterial concentrations in cloud droplets reach concentrations of around 10°
cell ml"' (Amato et al., 2017). A research revealed that nearly 20% of bacteria were potential IN
species in the profile of bacteria present in aerosol downwind during corn harvesting periods in
Nebraska (Garcia et al., 2012), but sequencing of IN genes, which code for the active protein,
revealed that Pantoea agglomerans, which accounted for 11% of all bacterial sequences, was the
primary IN species. It is commonly stated that mineral dusts are the major source of ice nucleating
particles (INPs) at temperatures colder than about —20°C, whereas particles of biological origin
may dominate atmospheric INPs above about —15°C (DeMott and Prenni, 2010; Morris et al.,
2014). While the known IN bacteria are enriched in rainfall compared with cloud water (Joly et
al., 2013), and released by the action of rainfall and harvesting (Constantinidou et al., 1990).
Similar pattern was found in fresh snow (Hill et al., 2014), but IN bacterial aerosols tend to have
more significant impact in the formation of thunderstorm hail (Michaud et al., 2014). The
concentration of IN bacteria in air at cloud height can be estimated from their abundance in
precipitation by assuming to be 0.4 g of condensed water of 1 m® of cloud contains (Michaud et

al., 2014).

The present of bacteria in atmosphere could also take part in some chemical reactions.
Bacteria capacities to survive in clouds generally keep metabolically active. Amato et al. (2005)
detected numerous bacteria isolated from clouds at a high-altitude station (France) for their ability
to transform methanol and formaldehyde. Results showed that all of the bacterial strains detected
actively degraded formaldehyde, while distinctive reactions were observed for the transformation
of methanol: Gram-positive bacteria mainly degraded methanol, Gram-negative bacteria
degraded but mainly produced methanol. In addition, Vaitilingom et al. (2013) clarified that the
microbial community present in real cloud samples can fully degrade formaldehyde. Interestingly,
it was shown that decreasing the temperature of incubation from 17°C to 5°C has little impact on

the biodegradation rates of four different strains isolated from clouds (two Pseudomonas sp.,



Bacillus sp., and Frigoribacterium sp.). Hill et al. (2014) also showed that 76% of all bacteria
remain alive in cloud water, by a staining method of redox dye. In terms of monocarboxylic acids,
Herlihy et al. (1987) were the first to study the degradation of formic and acetic acids by bacteria
in rainwater. Amato (2012) showed that 60 microbial strains present in cloud water are able to
transform formic, acetic, and lactic acids. This study was performed at 27°C using pure cultures

with one single substrate in phosphate buffer.

In addition, studies have shown that microorganisms isolated from clouds and rainwater can
produce biosurfactants. Ahern et al. (2007) showed that 70 fluorescent Pseudomonas isolates are
biosurfactant producers, with 43 constituting high producers. This work highlights the importance
of bacteiral strains to atmospheric waters as the main group encountered and as the more active
group in terms of biosurfactant production. While the presence of biosurfactants in cloud water
has not yet been proven, they have been found in atmospheric aerosols. Few mechanisms have
been presented in the publications, and these mechanisms must be evaluated through cloud
chemistry models. Research on biological contributions to the production of these compounds is
at its infancy. The biotransformation of biogenic substrates should be investigated in greater detail

in reference to particular amino acids.

1.2.2  Aerial transportation

Bacterial cells, either individually or particle-attached, move via airflows at different scales.
It is higher possibility for bacteria to spread globally than fungi or pollens due to their smaller
size, leading to higher chance for microbiological communication among various ecosystems.
First, aerial transport and subsequent deposition can deliver microorganisms to any type of distant
surface that is exposed to the air. The viability of bacteria during dust transportation to the
downwind environment is likely to be 16 — 40%, which was lower than in non-dusty air; however,
the viable cell concentrations of bacterial aerosols in dust, were similar to those in non-dusty air
(Hara and Zhang, 2012). Second, survival under the environmental conditions that accompany
such a voyage often requires a physiological state that is near or bona fide dormancy. The
interaction of wind with aquatic and terrestrial surfaces is a main route to emit bacterial aerosols
allowing for their entrainment into air masses that can be transported regionally and globally.
Near surface interactions between urban waterways and urban air have been well studied but some
level of interaction among these bacterial communities would be expected and may be relevant

to understanding both urban air and water quality.

For aerial transport, there is increasing evidence showing the long-distance transport



capability and pathways of bioaerosols. Successful invasion of microorganisms immigrating via
the atmosphere occurs under rather survival through special conditions in the new habitat, or the
capacity of the disseminating particle to avoid the dormant-like state through association with a
protective particle during transport. There are example studies of cases where airborne
microorganisms successfully establish in, and sometimes invade a new habitat, and subsequently
lead to the consequences for ecosystem functions and microbial evolution. In Asia, bacterial
aerosols are frequently observed being transported along with dust during Asian dust events. The
transit of air masses over the continental and marine surfaces has been observed to be selective
for some bacterial taxa. Field observations have shown that natural desert dust and anthropogenic
pollution are efficient vectors for carrying bacterial aerosols from the Asian continent downwind
(Maki et al., 2013; Maki et al., 2017). Actinobacteria was significantly abundant and marine
bacterial signatures were more prevalent when the air was influenced dominantly by the Sea of
Japan (Maki et al., 2019). Air masses from oceanic sources had higher relative abundance of
diversity in common with the coral dataset (8.8%) compared to air with recent continental transit
(2.2%) at the Great Barrier Reef (Archer et al., 2020). Presumptive ice nuclei bacterial species,
including Bacillus atrophaeus, detected in North America were found to originate from China or
Japan and had taken approximately 10 days to travel across the Pacific Ocean in the free
troposphere (Smith et al., 2012; Smith et al., 2013). Therefore, once entering free troposphere,
bacterial aerosols are no longer submitted to the intense mixing of the planetary boundary layer,
so that light enough particles then have the potential to travel over very long distances, on
continental or trans-oceanic scales, under the action of trade winds for instance or dust storms

(Prospero et al., 2005).

Bacterial aerosols in transport pathway vary substantially according to their size. A recent
modeling study demonstrated that such potential should become increasingly unlikely for
particles greater than 20 pm in diameter (Wilkinson et al., 2012), and virtually impossible for
particles larger than 60 um. Bacterial aerosols, shown by Yamaguchi et al. (2014) and Prospero
et al. (2005) to have traveled over very long distances, were indeed smaller than 20 um; however,
pollen grains between 20 and 80 pm were found in Greenland, with an estimated average transport
duration of 5 days. Size-differentiated bacterial aerosols participate in various processes
associated with atmospheric aerosol particles. Pseudomonas syringae is a well-known species
that produces ice nucleation proteins and can promote nucleation for ice cloud formation (Monteil
et al., 2014; Stopelli et al., 2017). A single cell of P. syringae is approximately 0.7 pm, and its
aggregation is frequently as large as 2 pum (Alsved et al., 2018). Fine particles, such as individual



cells, are easily uplifted into clouds and eventually incorporated into cloud droplets. In contrast,
coarse particles such as particle-attached cells would have shorter upward trajectories on average,

and many tend to be washed out by raindrops in below-cloud air (Monteil et al., 2014).

1.2.3 Deposition

Airborne bacterial aerosols are removed by deposition, including wet deposition (i.e. rainfall,
hail and snowfall) and dry deposition. For dry deposition to the recipient environment, which is
a dominant and continuous process whereby bacterial aerosols settle or collide and stick onto
downwind surfaces, promoting the genetic import. It is usually quantified through a deposition
velocity, expressed as the ratio of the downward particle flux, and related to the ambient particle

concentration.

Brownian Gravitational

0 diffusion Impaction settling

Deposition velocity (m s~7)
)
o

viruses

i
bacteria
102 10~ 0 10 102 103
Particle diameter (um)

Figure 1-3 Dry deposition velocity and aerodynamic particle diameter, after the single-layer
surface model of Raupach and Berne (2015). The case represented here is for a vegetation of
height 0.06 m and leaf area index 1. The shaded area shows the range of deposition velocities
calculated for a range of wind speeds giving friction velocities between 0.35 and 1.40 ms*. The

solid line is the predicted terminal velocity. Diameter ranges for four types of bioaerosols are
shown.

Three main mechanisms are involved in determining dry deposition of bacterial aerosols on
terrestrial surfaces: gravitational settlement, inertial impaction on individual elements, and

Brownian diffusion through the boundary layers attached to each element. Each of the processes



is a strong function of the particle aerodynamic diameter: Brownian diffusion for submicrometer
particles and gravitational settling for large particles, basically above 100 pm. Particles size at
around 10 pm settle in governance of impaction. The combination of these processes results in a
“V-shaped” curve exhibiting a minimum at around 1 um, where none of these processes is
effective. The deposition of bioaerosols therefore depends to a large extent on their type: bacterial
fragments are in the submicrometer range where diffusion is the main deposition mechanism,
whereas bacteria attached to particles are in the ascending branch and are strongly subjected to
gravity forces. Most bacterial are in the size range of minimum deposition velocity, indicating the
potential to be dispersed by wind over large distances; and mainly settled down by washout. It
has indeed been shown that bacteria can remain aloft for between 5 and 10 days typically, in
cloud-free conditions, but for a much shorter time when condensed water is present (Burrows et
al., 2009a). However, this applies to single bacterial cells, but in reality bacteria are often
aggregated, or attached to dust particles or small vegetation fragments, so that their mean
aerodynamic diameter is larger (e.g., 4 um, as found at various continental sites (Shaffer and
Lighthart, 1997). The deposition velocity is instead at the start of the ascending branch on the
right-hand side of the curve.

The dependency of deposition velocity on particle size also has consequences to particle
segregation during transport. It has been demonstrated that the particle size after emission tends
to decrease with distance from the sources. This is because of the preferential deposition of large
particles close to the source areas by the effect of gravity (Fuzzi et al., 1997). Bacterial aerosols
may evaporate and shrink during their journey and remain aerial for longer time. The deposition
velocity is often expressed as the inverse of a sum of resistances, using an electrical analogy. Its
parameterization is based on surface models of varying complexity. For instance, Raupach and
Berne (2015) used a single-layer model for vegetated surfaces, and Petroff et al. (2000)
elaborated a model for deposition velocity over plant canopies with significant vertical extent.
The terminal velocity, i.e., the settling velocity under the sole action of gravity in still air, is

described approximated by Stokes law and in a linear variation with the square of the diameter.

Lower deposition velocity may partly result from the possibility that particles will be lifted
into the planetary boundary layer, depending on their size, weight, and density, as well as on the
intensity of convective motions. During convective conditions, the settling velocity of particles
are 3 x 10,3 x 102, and 3 x 10° m s' for particle diameter of 100 um, 10 um, and 1 pm,
respectively, in the Stokes regime), making it clear that even larger particles such as pollen grains

can be lifted to heights above the stable boundary layer. The presence of numerous biological



aerosols in the planetary boundary layer has indeed been demonstrated using light aircraft (Raynor
et al., 1974) as well as unmanned aerial vehicles (Aylor, 1986). Aerial measurements performed
by Lin et al. (2014) on fungi in the genus Fusarium have been used to deduce distances to the
potential inoculum sources (=1— 4 km), as well as their seasonal variations. Smaller particles with
a small deposition velocity such as bacteria: for instance, Mandrioli et al. (1984) found from
aircraft measurements that much more abundant concentration of bacterial aerosols above the

planetary boundary layer (at about 6000 and 3000 m, respectively) than pollen and spores.

Substantially, the atmospheric reaction, cloud formation, flying time, and deposition ability
of bacterial aerosols are involved in their size, leading to the importance of quantification of size

distribution of bacterial aerosols.

1.3 Detection techniques

Various samplers have been developed for identification of size-segregated bacterial aerosol,
because size distribution of bacterial aerosols is essential for their promotion in various aspects,
and the main categories for this type of samplers are traditional impactor and real-time fluorescent

measurement.

1.3.1 Traditional impactors

Aerodynamic size refers to the diameter of a spherical particle of unit density with the same
gravitational settling velocity as the particle under consideration, which is necessary to define the
behave of aerosol-related processes. Impactor samplers are designed to collect the bioaerosols.
So far, the most widely-used size-segregated impactor is the Andersen multistage impactor, which
was introduced in 1958 (Andersen, 1958). It has been recommended and used as a reference
sampler (Griffin et al., 2001; Yao and Mainelis, 2007) and is the recommended bioaerosol
collection method in the NIOSH Manual of Analytical Methods (Jensen and Schafer,
1998)NIOSH 2017). An impaction sampler is to collect the bacterial aerosols from air and force
them to change direction, causing the particles with high inertia to collide with the collecting
surface (Henningson and Ahlberg, 1994). In general, particles of larger size settled on the surface,
and the smaller ones more easily pass the stage in the airstream without collision. The samplers
are characterized by their inlet size, shape, collection chamber, impaction surface, which can be
solid (glass slide), semi-solid (agar), or gelatin (Macher and Hansson, 1987). The collection and
recovery rates are correlated to the velocities of air jets. Moreover, sampling duration and

impaction velocity are important factors in the collection and viability of bacterial aerosols. The
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use of the semi-solid surfaces, such as agar plates, has been shown to have more flaws due to the
overlap of the collected microorganism colonies on one another, making particle differentiation
difficult (Feller, 1991). Desiccation issues are becoming an increasing challenge in sampling
because the surface moisture is removed by air stream passing over the agar plate, limiting the
ability to impact more particles due to reduced sticky nature of the surface (Cox and Wathes,
1995). Despite the numerous disadvantages, the advantages of impaction technology are its
easiness to use and low cost. The cascade impactor, slit sampler, stacked sieve six stage Anderson
variable impactor, and Rotorod sampler have all proven their worth in the collection efficiency of

various airborne microorganisms.

One of the main advantages of using impactors to collect airborne microorganisms, especially
culturable ones, is the easiness of use and convenience: once a sample is collected, the agar plates
are transferred directly to an incubator without intermediate steps. Agar is not designed to use
with analytical methods other than culturing, although attempts have been made to scrape off the
deposited microorganisms using water and analyze them using PCR (Xu and Yao., 2011). In
addition, impaction subjects airborne microorganisms to sudden deceleration and that damages
them, including the loss of culturability and even membrane integrity (Chen et al., 2005) thus
further reducing the fraction of culturable microorganisms that can be determined. Nonetheless,
the convenience of use and a large amount of reference information make agar-based impactors a
tool of choice in many studies. Culturable methods are essential to determine the viability and
proliferation ability of microorganisms, but they constitute only a fraction of 1-6% in total
microorganisms (Rinsoz et al., 2008) and neglect viable but not culturable microorganisms, and
non-viable microorganisms which could still lead to various effects (Speight et al., 1997).
Therefore, other media such as different types of filters are applied to Andersen sampler to collect

the total of culturable, non-culturable, viable, and non-viable bacterial aerosols.

Polycarbonate, mixed cellulose ester, polytetrafluoroethylene, polyvinyl chloride, nylon,
gelatin, and other filter types have been used for bioaerosol sampling applying with the size-
segregated impactor to catch the bioaerosols according to their cut-off size (Burton, Grinshpun,
and Reponen 2007; Li et al. 2018; Van Droogenbroeck et al. 2009). When using flat filters,
particles are collected on the membrane surface, which is especially conducive for microscopy
analysis (Crook, 1995). Washable filters have also been used (Choi et al. 2018). Once the
bioaerosol particles are collected on a filter, they can be eluted into liquid for subsequent analysis
by various techniques. Particles deposited on a filter can also be examined directly using

microscopy, including electron microscopy or be directly placed directly on agar for cultivation.

11



After collecting the particles on to the glass slides with a semisolid media and filters attached to
samplers, the particles including bacterial aerosols on the media can be processed for cell

concentration, viability, morphology, community structure, etc.

However, the applicability of this approach remains unknown for long-term integrated
samples and detection uncertainties. The pore size and collection substrate of these filters, as well
as operating time and the collected air volume may not be known unless specifically measured.
In particular, the collection duration by filters can be extended to several hours and even months,
which could affect the collection’s certainties, leading to the quantification of bioaerosol size

distribution even more challenging.

1.3.2 Real-time sensor measurement

Real-time Polymerase Chain Reaction (RT-PCR), a real-time sensing approach for accurate
measurement of microorganisms in the environment, which employs a thermo cycler coupled to
an optical module that measures the intensity of the reactions using hybridized probes and double-
stranded deoxyribo nucleic acid (DNA) dyes (Stetzenbach et al., 2004). Metagenomics aids in the
genomic analysis of uncultured samples collected from the environment. The procedure consists
of three steps: isolation of DNA (Stein et al., 1996), cloning of DNA into a suitable vector, and
transferred to host bacterium (Lorenz et al., 2002). Further, shotgun is the most commonly used
device for metagenomics analysis, which uses computational power to generate a clone library
(Zaghdoudi et al., 2013). Thus, the high throughput sequencing technologies such as shotgun

metagenomics not only provide information, but also the metabolic process in the community.

The fluorescence aerodynamic particle sizer (FLAPS) instrument, whose development was
commissioned by the Canadian Department of National Defense at Suffield, and was to assess the
feasibility of single-particle fluorescence sensing for live biological threat agent detection.
Particle sizer is with a 354 nm laser added to excite fluorescence of the sized particles (Kaye et
al., 2005). Particle sizing is provided as an function which convolves the particle shape, density,
and size (Huffman et al., 2010), and is achieved by measuring the particle time of flight between
two red He and Ne lasers at 633 nm (Hairston et al., 1997). The size of each particle is recorded
in one of 52 logarithmically spaced size bins, or alternatively into one of 30 linearly spaced bins
(Huffman et al., 2010). The instrument has typically been reported to reliably size particles of
0.5—15 pm, although the manual for the commercially available states an upper range of 20 pm.
One benefit of the UV-APS is that the aerodynamic size generally allows the instrument to

provide a more narrowly resolved particle size measurement than instruments that detect size
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optically. In addition to the aerodynamic size and fluorescence intensity, the intensity of light
scattered by the near- infrared sizing beams are also recorded and in principle can be used as a
measure of optical diameter; however, data are only recorded as ensemble distributions of particle
size and fluorescence over a user-defined period (minimum 1 s). This limits the ability of a user
to compare aerodynamic and optical size for discrete particles. Without the ability to investigate
and compare the properties of individual particles, the broad applicability of the UV-APS for

continuous measurements of ambient aerosol is significantly diminished.

Overall, real-time sensor measurements can analyze the size distribution of bacterial aerosols
at high time-resolution for continuous observation. However, these techniques are only accessible

for a few researchers due to the expensiveness, higher technical threshold, and patent limitation.

1.4 Current understandings

Airborne primary biological particles are thought to represent as much as 25% of the total
number concentrations for particles larger than 0.2 um (Jaenicke, 2005), and numerous studies
were conducted to investigate more detailed information of the size distribution of bacterial
aerosols. As mentioned above, the main sampling techniques to quantify the size distribution are

off-line size-segregated impactors and on-line ultraviolet aerodynamic particle sizer.

1.4.1 Understandings in impactor observations

Traditional size-segregated impactor Andersen samplers can collect bacterial aerosols
according to their size ranges, and nutrient agar is the conventional media to quantify the
culturable colonies of bacterial aerosols. The aerodynamic diameter of bacterial aerosols is firstly
involved in the transmission of airborne pathogens of concern to human, animal or plant health
depend on the ability of the microorganisms to cause infection and, subsequently, disease when
interacting with a host. The aerodynamic diameters of bacterial aerosol particles govern their
distance of spread and infiltration into the human respiratory system, implying different health
risks from microbial inhalation (Yao, 2018). Much attention has been paid to the size distribution
of bioaerosols, as it is closely related to their deposition efficiency and subsidence area (Fan et
al., 2019; Ferguson et al., 2021; Gong et al., 2020; Yang et al., 2021; Yin et al., 2021). Bacteria

were found to exist mainly in coarse particles (> 2 pm) (Bowers et al., 2013; Cao et al., 2014;

Gong et al., 2020). In addition, bacteria presented distinctive size distribution pattern among
different regions. For example, unimodal patterns were attained for total airborne microorganisms

in hazy days with a peak of 2.1-3.3 um in an inland populated city in western China during hazy
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episodes (Yang et al., 2021). In contrast, a bimodal size distribution of airborne bacteria was
observed with two peaks, 1.1 - 2.1 um, and 4.7 - 7 um in the costal Qingdao in eastern China (Yin
et al., 2021). Inhalation is the major route for microbial pathogens to enter human respiratory
systems. Adverse reactions can harm both the upper and lower respiratory tract. Inhalable bacteria
aerosols with a diameter of < 4.7 um can penetrate into the lower respiratory system (Nasir
etal.,2012) and elicit allergic or inflammatory responses (Smets et al., 2016). Through
endotoxins, bacteria aerosol can produce a strong immune response and can cause acute and
chronic health effects (Rylander, 2006).

Aerodynamic size of bacterial aerosols is also related to their roles as ice nuclei in cloud
formation, and dispersion ability. This ability is a function of a variety of factors (e.g.
environmental, microbiological, etc.) which affect the integrity of the airborne microbes. Long-
range transport can lead to water evaporation of bacterial cell, which conversely influence to
aerosol particle size. During atmospheric transport, bacterial aerosol droplets undergo a series of
evaporative and rehydration processes which result in changes in their size-dependent metabolism

and physiology.

1.4.2  Understandings in real-time observations

Huffman et al. (2010) used Ultraviolet-Aerodynamic Particle Sizer to show that the
concentration and frequency of occurrence of 3 pm fluorescent bacterial fluorescent biological
aerosol particles at Mainz, Germany (semi-urban environment), and it exhibited a strong diurnal
cycle. Gabey et al. (2010) found that the FBAP in Manchester, UK, follow a characteristic
bimodal distribution with peaks at 1.2 and 1.5-3.0 um. Geometric mean diameters (GMDs) of
molecular markers of biomass burning and primary biological aerosols showed that there was no
significant difference in the coarse mode (>2.1 um) between the haze and non-haze samples. A
size shift towards large particles and large geometric mean diameters in the fine fraction (<2.1 pm)
was detected during the hazy days. It highlights that the stable meteorological conditions with
high relative humidity favor the condensation of organics onto coarse particles (Xu et al., 2020).
Preliminary ambient measurements in Mainz (Germany, central Europe) show that an emission
peak was frequently observed for fluorescent fine particles (0.5—1 pm). Of all detected particles
of >100 nm in diameter, 13% by number were identified as primary biological aerosol particles

(PBAPs). One type of PBAPs mostly appeared as similar rod-like shapes with an aspect ratio >
1.5. Size distribution of the rod-like PBAPs displays two typical peaks at 1.4 um and 3.5 pm,

14



which are likely bacterial and fungal particles (Li et al., 2020). It can be concluded from the
literatures above that the optical size of airborne biological aerosols are dominant in the size of

smaller than 3 pm.

However, the size distribution of bacterial aerosols is still in lack of enough information to
strongly support transport dynamical theory, and more investigation is in need to improve the

understandings on the aerodynamic characteristics of bacterial aerosols.

1.5 Research objectives and contents

Transport of bacterial aerosols is an efficient link connecting the plausible isolated micro
ecosystems on the earth. To further understand the dissemination mechanism of bacterial aerosols
in the atmosphere, size-dependent cell concentration, variations in different scale of synoptical

weather, and dry deposition flux are essential.

It is important to reveal the size-dependent dynamics of bacterial aerosols behavior via
airflows locally, regionally, and even globally, and to influence to receptor environment. The
bacterial concentration of all size and their viabilities have been investigated in previous studies.
The information of cell number size distribution remains vague. The lack of the knowledge is
because there is not validated method to quantify the cell number size distribution even though
there are multiple techniques for sample collection. The main objectives of this study are listed as

follows:

1. Toprovide a calibrated scheme to reduce the uncertainties for commonly used size-segregated

samplers.

2. To study the number size distribution of bacterial aerosols under various synoptic weather

conditions, i.e., the airflow patterns to disseminate bacterial aerosols in the atmosphere.

3. To support better understanding in the role of bacterial aerosols via airflows to link distanced

ecosystems.
4. To give insights into the deposition of bacterial aerosols of different size ranges.
The specific research contents in this study include:

1. Based on suspension experiments of collected bacterial aerosol samples, we measured the

uncertainties in Andersen sampler by polycarbonate filter, and propose a calibration scheme
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aimed at reducing the uncertainties caused by prolonged sampling duration.

Using the calibrated method, the number size distribution of bacterial aerosols was obtained

and applied to explore the influence of airflow source on size modes of bacterial aerosols.
Size-dependent dry deposition of bacterial aerosols was estimated.

To compare the particle-attached and free-floating bacteria in the air and the viability of these
bacteria under dusty and non-dusty conditions, and quantify the impact of dust periods on

status of bacterial aerosols.

16



Chapter 2
Calibration for number size distribution of bacterial cells

measured with traditional size-segregated aerosol

samplers
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2.1 Introduction

For efficient collection of bioaerosols in a wide size range, bioaerosols samplers with the
collection mechanisms of inertial impaction, filtration, liquid impingement, or online laser-
excited fluorescence detection are used (Yao, 2018). WIBS is an effective way to detect the
number distribution of bioaerosols according to optical diameter, but the aerodynamic diameter
is preferred in the investigation of health inhalation and climate impact (Kaye et al., 2005). Many
studies made efforts to link optical diameter to aerodynamic diameter, which were unfortunately
limited to shapes and the properties of particles (e.g., Chien et al., 2005). Traditional off-line
Andersen samplers have been used widely in airborne culturable microorganisms’ observation
(Dunbar et al., 2005; Xu et al., 2013), owing to their convenience and low expense, mostly in

areas of human exposure risk assessment (Manibusan & Mainelis, 2022).

Andersen samplers have been widely used in both indoor and outdoor environments such as
hospital, nursery home, urban and coastal air and so on (Gong et al., 2020; Tsay et al., 2020; Yang
etal., 2021). The samplers differentiate airborne microorganisms based on their inertial according
to the particle aerodynamic size (Andersen, 1958). This type of samplers was invented to collect
airborne culturable microorganisms on agar plates within 20 minutes. Culturable microorganisms
make up only around 1-6% of the total airborne microorganisms, which are crucial when

evaluating human health and climate effects (Durand et al., 2002).

With the development of recent technologies, other typical collection media have been
applied to collect airborne microorganisms on stages such as polycarbonate filters, glass fibers,
quart and other types of membranes. Polycarbonate filters were used with a six-stage Andersen
sampler by Gong et al. (2020) to investigate the airborne bacterial viability by BacLight live/dead
staining method and discussed the health impact from bioaerosols in different size ranges. In this
untraditional way, the sampling duration is normally longer than that of conventional petri dishes
to get enough quantity for identification, for 30 minutes, a couple of hours, and even one month
(Agarwal, 2017; Tanaka et al., 2020; Tang et al., 2021; Woo & Yamamoto, 2020; Yang et al., 2021;
Yin et al., 2021)

Hu et al. (2020) found that during prolonged sample collection with Andersen samplers,
bacteria trapped by upper stages fell onto lower stages. The dropping was supposed to cause
uncertainties in the result of size-segregated bacterial cell concentrations, which were estimated
from the cell counts on the filters in the samplers. To better understand the uncertainties by

Andersen samplers for culture-independent method and long-time sampling, more investigations
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are necessary for the verification of the applicability. In this study, by utilizing 8-stage Andersen
cascade impactors, the uncertainties were studied for the concentration of size-segregated
bacterial cells due to the dropping from upper stages to lower stages. Factors including bioaerosols
size and sampling time were investigated. This study aims to apply quantitative and
qualitative analyses to reduce the uncertainties in bacterial aerosols size distribution measured

with size-segregated impaction samplers.

In this chapter, suspension experiments were designed and conducted to test the uncertainties
of bacterial cell sampling by Andersen sampler. Factors including bacterial aerosols size and
sampling time were investigated. It aims to apply quantitative and qualitative analyses to reduce
the uncertainties in bacterial aerosols size distribution measured with size-segregated impaction

samplers.

2.2 Methodology

2.2.1  Suspension in clean hood

In this study, Andersen samplers (model AN-200, Tokyo Dylec Corp.) were used to collect
airborne aerosols, which divide the airborne particles into eight size ranges: >11um (Stage 0);
7.0-11pm (Stage 1); 4.7-7.0um (Stage 2); 3.3-4.7um (Stage 3); 2.1-3.3um (Stage 4); 1.1-2.1um
(Stage 5); 0.65-1.1um (Stage 6); 0.43-0.65um (Stage 7). The flow rate was 28.3 L min™. Aerosols
were collected onto 0.2 um pore polycarbonate filters (47 mm; Merck Millipore Ltd., Cork,
Ireland).

In each round of sample preparation, two sets of Andersen samplers (named Set A and Set
B) and one holder were utilized parallelly and simultaneously in open air (Figure S2-1(a)). Set A
was used to measure the bacterial aerosols concentrations originally collected on the stages (i.e.,
without suspension), and Set B was used to collect filters for suspension (i.e., with suspension).
The holder sample (47 mm, Millipore Corp., Billerica, MA, US) with polycarbonate filters was
used as the control of total bacterial cell concentration for the Andersen samples. The filters for
suspension were sealed in Petri dishes and stored at —20°C until analysis. For suspension process,
each collected filter on the Stages 0-6 of Set B was placed in a clean hood for one hour until it
returns to the room temperature. The filter in Set B was then reset into the Andersen sampler at
the homologous stage of the filter collection in the clean hood with subsequent stages mounted
with new filters and upper stages without filters (Figure.S2-1(b)). The sampler was run in the

clean hood for a certain time under room temperature (20-24°C) and relative humidity (40-60%).
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After that, the filters were used for bacterial enumeration. After suspension, the concentration of
each in Set B was shown by the following symbols: Ngg_, is the number of bacterial cells in
Stage n remained after suspension, which reflects the remained possibilities of bacterial aerosol
for the calculation of dropping rates. Ngp_,, is the sum of the bacterial cells in Stage » remained
after suspension and dropping to subsequent stages in Set B, which reflects the concentration
without suspension, and parallelly with Set A. Ngs_,, is the sum of the bacterial cells remained
after suspension and receiving from upper stages in Set B, which refers to the bacterial aerosol

concentration after suspension, showing the re-distribution.

Before the collection of each sample set, all stages of the sampler were cleaned carefully, and
the plates for the filters were rinsed and wiped with 70% ethanol in a clean hood to avoid
contamination. A blank control for each set of samples was prepared; i.e., a blank filter was set in
the sampler without sample collection. Filters were stored in Analyslide® petri dishes (7231, Pall

corporation, New York, USA) at —20°C in the refrigerator.

2.2.2  The preparation of filters

Aerosols samples in open air were collected on the balcony of Environmental & Symbiotic
Science North Building (32.32°N, 129.99°E, about 20 m above ground level) in the campus of
the Prefectural University of Kumamoto, southwestern Japan. The campus is in a residential area
and few anthropogenic sources of air pollutants around the sampling site. Samples were collected
between September of 2019 and March of 2020. More details about sampling time in the open air
and suspension were shown in Table S1-1. In each group of suspension experiments, three parallel
rounds of samples were prepared. In-line filter holders were applied to collect samples to identify
the consistency of the concentration of total bacterial cells measured with Andersen samplers and

holders. The flow rate was 19 min/L.

In this study, we prepared 7 groups of samples in different periods. Each group included 3
parallel rounds. In each round, 2 sets samples of Andersen sampler and 1 holder sample were
collected. In total, 1050 filter samples were prepared, besides blank filters for quality control.

Back up filters were also applied to understand the loss of bacterial aerosol with the air-flow.

In addition, to ensure reliability, the background concentration of the clean hood was also
measured with 3 sets of samples collected for 6, 12, and 24 hours, respectively. We found that the
concentration in clean hood was always two orders smaller than and less than 10% of the
concentration in ambient air. In the development of calibration scheme, the average concentration
in clean hood was extracted in the calculation although this extraction had little effect on accuracy.
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2.2.3 ldentification of bacterial cells

The bacterial cells in the samples were investigated by using the BacLight live/dead staining
method (Murata & Zhang, 2013). Bacterial cells and other particles were detached from the
aerosols-loaded polycarbonate membranes (47 mm in diameter) in phosphate-buffered saline
solution (PBS, pH 7.4) by vortex shaking and ultrasonic vibration in ice bath. Then the suspension
was treated with glutaraldehyde fixation and stained with the LIVE/DEAD BacLight Bacterial
Viability Kit (L13152, Invitrogen™, Molecular Probes Inc., Eugene, Oregon, US), followed by
filtration on a 25 mm diameter and 0.2 um pore black polycarbonate membrane for bacterial
enumeration. The viable and nonviable bacterial cells on the filters were enumerated with an
epifluorescence microscope (EFM; Eclipse 80i, Nikon Corp., Tokyo, Japan). An excitation
wavelength range between 450 and 490 nm (blue) was utilized, and the microscope was operated
at 1000 magnification. Fluorescent green and red/orange/yellow cells with spherical shape and
size close to or smaller than 1 um in diameter were counted as viable and nonviable bacteria,
respectively. The cell concentrations in the size-segregated particles in the air were estimated
based on cell counts and the sampling of air volumes after the subtraction of their blank control.
In this paper, we focus on the sum of viable and nonviable cells for simplification, because we
found the majority of bacterial cells were viable ones and they dropped more easily from the

filters than nonviable ones.

2.2.4  Dropping rate and transfer coefficient

Using the bacterial counts on the filters of Stage n with and without the suspension, the
dropping rate for Stage n, DR,, is determined with Eq. (1):

DRy (£) = (1= 352) X 100% (1)

where N, _,, is the bacterial counts of Stage n filter (from Set A) without the suspension, Ngg_p, is
the bacterial counts remained in Stage n filter (from Set B) after the suspension (Figure S2-2(a)),
and ¢ is the suspension time. The dropping rate DR, refers to the transfer possibility of bacterial

cells from Stage n to subsequent stages during the suspension time ¢.

To describe the transfer of bacteria from Stage m to Stage n, a parameter, named transfer
coefficient ¢, was introduced (Table S2-2). It refers to the rate of bacterial movement from

Stage m to Stage n, and is determined with Eq. (2):

Nmn

2)

Pmn =
NA—m _NBR—m
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where Ny, is the bacteria number moving from Stage m to Stage n during the suspension time

(Figure S2-2(a)).
2.2.,5 Calibration equation
The calibration scheme for each stage is based on the relationship between the dropping rate

of bacterial aerosols and suspension time with assumption that dropped bacteria are always

trapped by subsequent stages according to the transfer coefficient @p,,.
The possibility of remained bacteria on Stage n after sample collection time ¢ is:
ful® =1- DRu(1) 3)
The proportion of remaining bacteria can be calculated by integrating f;, ().

The calibrated bacterial concentration of Stage 0, i.e., the top stage and the size range of >11

um, is calculated with Eq. (4):

Co f; fo(B)dt =tC,’ @)

where C is the concentration of airborne bacterial cells in the size range of Stage 0 after

calibration, and C, is the original concentration calculated with the bacterial counts on the filter

of Stage 0.

For other stages, the movement of bacteria from upper stages should be taken into the

consideration, and the concentration could be calculated with Eq. (4):

¢ n—-1
Fcnf fn(t)dt: Ftcn’ - Z Crn®Pmn (5)
0 m=0

where (), is the concentration of airborne bacterial cells in the size range of Stage n, C, “is the

concentration calculated with the bacterial counts on the filter of Stage n, Cy, is the concentration
of airborne bacterial cells in the size range of Stage m which is the upper stage of Stage n, and F

is the sampling flow rate.
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2.3 Results

2.3.1 Concentration and size distribution with and without the suspension

Table 2-1 Total concentration of bacterial cells (x10° cells pm™ m®) from Andersen samples
Set A, holder samples, and Andersen samples Set B after suspension in the clean hood in three

round experiments according to sample collection time (CT in hours) (*suspension time for Set

B in hours).
CT Set A Holder Set B
6 5.1+£0.7 5.6+0.9 4.9+0.5 6*
12 4.6+0.5 5.3+0.3 4.7+0.8 12*
24 4.2+0.8 4.9+0.6 4.0+0.5 24*

The total bacterial cell concentration in average measured from Set A (without suspension)
was generally consistent (4.6+0.7 cells um™ m™) with that from Set B (after the suspension), and
also in good agreement (4.5+0.6 cells pm™ m™) with the concentration obtained from holder
samples in each round experiment for the investigation of the dropping rates (Table 2-1). In this
table, the concentration Ngp_,, is shown for Set B, which is the sum of the bacterial cells in Stage
n remained after suspension and dropping to subsequent stages in Set B, which reflects the
concentration without suspension, and parallelly with Set A. The data of each round and an
example of Npp_y,concentration in Set B were given additionally in Table S2-3 and Table S2-4 in
SI. After the suspension, the total concentration of bacterial cells varied no more than 10% in
comparison with and without the suspension. Durand et al. (2002) also reported similar result that
confidence can be placed on longer-term samples for total microbes collected on filter media by
polystyrene cassettes. The consistence indicated the prolonged sampling time did not affect the

total concentration of bacterial aerosols by filter-media sampling.

23



(3]

]SetA 7 setB

H
1

N W
Lo 1

-
1

dCrdlogD,, (x10° cells pm™ m®)

dCldiogD,, (x10° cells pym™ m®)

o
-

1 pum 10 1 pgm 10

Figure 2-1 Bacterial aerosols size distribution (Diameter D) for 6 hours sampling without

suspension (a) and with 6 hours suspension (b) in the clean hood.

In most cases, there were obvious changes in the number size distribution of bacteria due to
the suspension, and an example is shown in Figure 2-1. In Figure 2-1(b), the concentration
of Ngs_, is illustrated, which is the sum of the bacterial cells remained after suspension and
receiving from upper stages in Set B, indicating the re-distribution. After a suspension for 6 hours,
the movement of bacteria from large size ranges to small size ranges were confirmed and the
distribution of bacteria according to size ranges changed due to the suspension. The dropping
rates differed according to size. Therefore, prolonged sample collection time may cause
uncertainties in the measurement of the number size distribution although the movement is

expected to have less impact on the concentration of total bacteria.

2.3.2 Variation of dropping rates according to size ranges

Table 2-2 Dropping rate DR, (%) for samples of Stages 0-6 (um) according to sample

collection time (CT) and the suspension time in the clean hood (ST).

CT ST Stage 0 Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

(hrs) (hrs) (>11) (7-11) (4.7-7) (33-47)  (2.1-33)  (1.1-21)  (0.65-1.1)

6 6 49.1494  53.9+10.3 48.7+£8.9 30.8+£7.5 26.2+11.3 11.8£9.9  9.5£7.9
12 12 50.1+£15.4 459+12.2 44.6+144 37.9+13.6 29.5£10.6 152+7.4  10.2+8.6

24 24 43.246.7 51.5¢9.5  40.4+11.5  29.6+12.3  283%11.4  19.5¢17.6 8.5+7.6

Table 2-2 shows the dropping rates of bacterial cells according to size ranges when the
suspension time was equal to the collection time for 6 hours, 12 hours, and 24 hours. The dropping

rates for different size ranges were similar even though the suspension time differed largely,
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suggesting the dropping mainly occurred in the initial periods of the suspension, i.e., the time < 6
hours (Hu et al 2020). However, the dropping rates varied from size to size and bacteria in larger
size ranges moved frequently to smaller size ranges. The dropping rates were 40—50% in size
ranges of > 4.7 um, which were significantly higher than those in the size range of 2.1-3.3 um
(»<0.01). In the size range of 2.1-3.3 um, 30%—40% of the bacteria dropped to subsequent stages,
which were significantly higher than 1.1-2.1 um (p<0.01). The dropping rates of bacterial
aerosols 1.1-2.1 um were 12%-20% depending on suspension time. For size range of 0.65-1.1um
(Stage 6), there is the only one Stage 7 (0.43-0.65um) in the subsequent, and rare fluorescent cell
can be found in microscopic field for back-up filters, so Stage 7 (0.43-0.65um) was supposed to

receive most of the dropping bacteria from upper stages.

The difference of dropping rate with particle size ranges is mainly attributed to the existence
of airborne bacterial aggregates consisting of two or three single cells and particles (Hu et al.,
2020). Larger aggregates have higher inertia and larger surface area, and are more easily to be
trapped on upper stage filters and then disaggregated. According to Xu et al. (2013), impaction
stress correlates with size range, and larger bacterial particles tend to sustain higher impaction
stress compared to smaller ones. Besides, bioaerosol particles collected by lower stages of
Andersen samplers might have been impacted more times before their collection due to particle
bounce on the surface of filters. These results indicate that filters in stages of larger size ranges

likely tended to lose bacterial cells easier.

2.3.3 Dependence of dropping rates on suspension time

Table 2-3 Dropping rates DR, (%) for samples of Stages 0 - 3 for different suspension time in

the clean hood (ST). The collection time of the samples was 6 hours.

ST Stage 0 Stage 1 Stage 2 Stage 3
(hrs) (11 pum) (7-11 ym) (4.7-7 pm) (3.3-4.7 um)
0.5 5.6£0.1 9.0+2.3 1.5+£0.4 8.6+1.3

1.0 14.7+0.1  12.7£6.7  17.6+5.3 6.5+£3.3

3.0 283%11.2 18.6£8.9  18.5¢7.9 18.1+5.1

6.0  42.2+15.4 41.0£12.2 39.3+54 30.5+£9.6

12.0 50.1+12.4 46.0£10.7 43.6+9.5 37.9+6.7
24.0 49.6+14.0 46.5+17.0 41.14+6.7 36.4£5.4

The dropping rates for Stages 0—3 with different suspension time including those smaller than
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6 hours are summarized in Table 2-3. Other stages are not included because the dropping rates
from Stage 4 were less than 11.1% and had less influence on the size distribution. The
concentration of Stage 4 (2.1-3.3 um) was 0.59 and 0.65 x10° cells um "' m™ before and after the
exponential calibration in this size range (Table S2-4). The uncertainties of subsequent size ranges
1.1-2.1 um, 0.65-1.1 um, 0.43-0.65 um (Stages 5, 6, and 7) were much smaller than Stage 4 (Table

2-2), so the exponential calibration of the subsequent Stages 5, 6, and 7 are not considered.

The dropping rates for all different size ranges were below 10% when the suspension time
was 0.5 hour, and the dropping rates were around 20% when the suspension time was less 3 hours.
When the suspension time was 6 hours, the dropping rates of bacteria on the filters were 42.2%,
41.0%, 39.3%, and 30.5% for size range >11 um, 7.0-11 um, 4.7-7.0 um, and 3.3-4.7 um (Stages
0, 1, 2, 3 and 4), respectively. The dropping rates increased largely with time when the suspension
time was within 6 hours. When suspension time was over 6 hours, the dropping rates for each
stage tended to be stable as described above. The dropping rates for different stages when the
suspension time was 12 and 24 hours were similar and only slightly larger than that for 6-hour
suspension time. In summary, more bacterial cells or aggregates dropped to lower stages within
the first 6 hours with suspension time increased, and the extension of suspension time enlarged
uncertainties in larger size ranges. That means bacteria trapped in filters on upper stages easily

dropped to lower stages in early time.

Fig. 2-2 shows the variation in dropping rates of bacteria according to suspension time for
size ranges of >11 um, 7.0-11 pm, 4.7-7.0 pm, 3.3-4.7 um (Stages 0-3). The best statistical
regression relations between the dropping rate from the stages and the suspension time were
exponential functions in the form of DRn(f)=o+pe" with constants a, £ and u. The correlation

coefficients of the regression functions were significantly high (R*=0.96), reflecting the high

confidence of the exponential functions (Figure 2-2, Table S2-3).

With the exponential functional relationship between the dropping rate and the suspension
time, the correspondent dropping rates of a filter used with the Andersen samplers according to
sample collection time can be obtained. Then the actual number size distribution of the bacterial
aerosols in the air is able to be acquired with Eq. (3) and Eq. (4) from the distribution measured

with the Andersen samplers (Text 1 in Supplementary).
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Figure 2-2 Variation of dropping rate of bacterial aerosols in size ranges of >11 um (Stage 0),
and 7.0-11 pm (Stage 1), 4.7-7.0 um (Stage 2), and 3.3—4.7 um (Stage 3) with the suspension
time, and exponential fitting curves. The points in this figure represent the average experimental

values with standard deviations marked with the vertical error bars.

According to the calibration schemes, the uncertainties due to the movement of bacteria from
upper stages to lower stages during the sample collection need to be calibrated when the collection
time is longer than a certain time. For Andersen samplers used in the present study, the sample
collection time leading to 10% uncertainties was 0.32 hour for Stage 0 (>11 pum), 0.35 hour for
Stage 1 (7.0-11 pm), 0.50 hour for Stage 2 (4.7-7.0 um) and 0.33 hour for Stage 3 (3.3-4.7 um).
The collection time for the 4 stages is less than 0.70, 1.06, 0.94 and 1.41 hour, respectively if the
dropping rate is below 20%. Therefore, the sample collection time in order to suppress the
uncertainties less than 10% should be less than about 20 minutes, and should be less than about

40 minutes to suppress the uncertainties less than 20%.
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2.4 Application examples
As application examples of the calibration scheme, the results of three ambient cases of

Andersen samples with sample collection time of 2, 5, and 16 hours before and after the

calibration are given in Figure 2-3 and Table S2-4.

—_ (a)-before |(a)-after

1 10

-_ (b)-before

1

] (c)-before (c)-after

dCrdlogD, (x10° cells pm™ m?)

D, (im) Dp, (Hm)

Figure 2-3 Number size distribution of bacteria from three sets of Andersen samples before
(left) and after (right) the calibration. The samples were collected on the platform of a building in
southwestern Japan (32.324° N, 129.993° E) on March 25-27, 2018. The sample collection time

was 2 hours for (a), 5 hours for (b), and 16 hours for (c).
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When the sample collection time was 2 hours, the distributions before and after the
calibration were similar. The highest concentration was 2.5x10° cells pm™ m™ in the range of
0.65-1.1 um (Stage 6), and it decreased by 5.0% and became 2.4x10° cells um™ m™ after the
calibration (Figure 2-3a). The biggest difference was in the range of > 11um (Stage 0), and the

concentration increased from 0.38x10° cells um™ m™ to 0.44x10° cells um™ m™. The increase or
decrease rate due to the calibration was under 15% for all size ranges.

For the case of 5 hours samples (Fig. 3b), the number size distribution before the calibration
was bimodal with the pick modes around 0.43-0.65 um (Stage 7) and 3.3-4.7 um (Stage 3). The
calibration did not lead to large variation to the distribution, except some details. Before the
calibration, the peak concentration appeared at Stage 7 and was 3.2x10° cells um™ m~. After the
calibration, the concentration was 2.7x10° cells um™ m>, 14.6% smaller than that before the
calibration. The peak in range of 3.3-4.7 pm (Stage 3) increased by 18.2% to 3.3x10° cells pm’*
m~. The biggest change happened in size range of 2.1-3.3 pum (Stage 4) and the concentration
decreased by 51.4% after the calibration, but it did not influence the distribution considerably

because of the low concentration.

For the case of 16 hours samples (Fig. 3c), the distribution before and after calibration was
apparently different. Before the calibration, the concentration in all size ranges varied in a narrow
range between 1.1x10° cells um™ m™ (Stage 3: 3.3-4.7 um) and 1.8x10° cells pm™ m™ (Stage 7:
0.43-0.65 pum). The distribution did not have an apparent mode. After the calibration, the
distribution had a clear mode in larger size range. The peak appeared in the range of > 11 um
(Stage 0: calculated with 11-20 pum) and the concentration became 3.0x10° cells pm™ m~, which

increased by 67.7% in comparison with before the calibration.

2.5 Discussion

This study is the first attempt to reduce possible uncertainties in measuring the number size
distribution of airborne bacteria with Andersen samplers. Upon the present results, the number
size distribution of airborne bacteria measured directly from a size-segregated sampler might have
large uncertainties when the sample collection time was longer than a certain time. The most
effective way to suppress the uncertainty is to shorten sample collection time. However, sample
collection time could not be very short because it is necessary to collect adequate mount of
bacterial cells on a filter in order to ensure the confidence of bacterial cell counting from the filter.

The time is dependent on the bacterial concentration in the air, the flow rate of sample collection,
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and the sensitivity of the methods used to enumerate bacterial cells in the samples. For the
BacLight live/dead staining method we used, the smallest volume of sample collection air for
confident bacteria counting is 0.25 m® when the bacterial concentration is around 10° cells m™
(Hara et al., 2011; Murata and Zhang, 2013). Regarding the flow rate of the Andersen samplers
we used in this study was 28.3 L min™', the shortest collection time for a set of samples of the
eight stages should be about one hour assuming that airborne bacterial cells trapped in all filters
are in same orders. If the concentration of bacteria in the air is higher, for instance under dust
conditions, the sample collection time could be shortened. Otherwise, the collection time need to
be extended to ensure more accurate results, for which the calibration is inevitable in order to

limit the uncertainties in the results on number size distribution of airborne bacteria less than 10%.

One concern we did not investigate but may largely influence the results is the filter type used
in the sample collection. Polycarbonate filters (47 mm; Merck Millipore Ltd., Cork, Ireland), a
type of filters frequently adopted in aerosol particles studies, were used in the preparation and
application tests in the present study. It is supposed that the dropping of bacterial cells from the
filter could be influenced, sometimes largely, by the structure of the filter surface. There are other
frequently-used types of filters, such as Teflon filters, quart fiber filters, and glass fiber filters, etc.
The surface structure of these filters is very different from that of polycarbonate filters. For
example, fiber filters may trap particles more tightly than polycarbonate filters because the surface
of fiber filters is nets of fibers while that of polycarbonate filters is plain and smooth. The dropping
rate of bacteria for polycarbonate filters should be larger than that for fiber filters. The calibration
scheme has to be reconstructed in cases when other types of filters are adopted even for the same
type of samplers. That means for each type of Andersen sampler and each type of filters used for

sample collection, a calibration scheme needs to be constructed.

The dropping rates reflect that the uncertainties could be relative to a load of bioaerosols in
the air, temperature, humidity, wind, etc. The sample collection for the suspension test was
actually a process of accumulation and dropping, which was not considered in this study. The
influence of this simplification on the results is expected small because the measured
concentration represented the average and could be considered the concentration during the
sample collection periods. In addition, easily dropping bacteria might have dropped from filters
in the preparation process, leading to an underestimate of the dropping rates. That means the
uncertainties in the present assessment might have been underestimated and better methods to

prepare the filter for the establishment of calibration scheme are necessary.
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2.6 Summary

Dropping of bacterial cells from upper stages to lower stages of Andersen samplers during
impaction was investigated in order to quantify the uncertainties in number size distribution of
airborne bacteria measured by using traditional size-segregated aerosol samplers. Suspension
experiments were conducted in clean hood and the correlation between the uncertainties and
sampling time for each available size range was obtained. Based on the results, a calibration
scheme was proposed to reduce the uncertainties in the distribution measured with the Andersen
samplers in this study. We confirmed that bacterial aerosols in larger size ranges moved to smaller
size ranges during the impaction of the samplers, resulting uncertainties in different size ranges.
Significant exponential correlations were obtained between the suspension time and calibrated
dropping rates. In the present study, the sampling time should be within 20 minutes or 40 minutes
in order to suppress the dropping rate below 10% or 20%, respectively. In case sampling time is
longer than mentioned, calibration is strongly recommended. With the calibration scheme we
developed, we confirmed the large shift of mode size range in the number size distribution of

airborne bacteria after the calibration in some cases.

The number size distribution of bioaerosols, including bacteria, virus, fungi, etc., is the basis
for the assessment of their dissemination in the air from local scale to global scale, their deposition
potentials to different parts of respiratory organs, and their activations in cloud and ice cloud
formation. The present results suggest that sample collection time should not be extended without
considering the dropping of bioaerosols during sample collection and it is necessary to carefully
consider the calibration in case of long-term sample collection with traditional size-segregated
samplers. This study provides an example way to approach the dropping problem during sample
collection. Future studies on the calibration could avoid the uncertainties in filter preparation by

chambers or ASHRAE wind tunnels to implement a better calibration approach.
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Chapter 3
Number size distribution of bacterial aerosols in

terrestrial and marine airflows at a coastal site of

southwestern Japan
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3.1 Introduction

In terms of variations in size distribution of bacterial aerosols in the atmosphere, several
studies have been conducted to investigate their influencing factors. For example, unimodal
patterns were attained for total airborne microorganisms with a peak of 2.1-3.3 um in Xi’an,
western China during hazy episodes (Yang et al., 2021), whereas a bimodal size distribution of
airborne bacteria was observed with two peaks, 1.1-2.1 um, and 4.7-7.0 um in Qingdao, eastern
China (Yin et al., 2021). Therefore, bacterial aerosols in a specific area vary substantially

according to their origin and source location.

It has been reported strong variation in size distribution of airborne microorganisms,
probably due to the seasonal changes in air masses (Yin et al., 2021), indicating the spread of
airborne particles with airflow may closely depend on the particle size. However, the size-
differential concentration of bioaerosols has not been systematically measured because of
difficulties in sample collection and quantification. In particular, the differences in bioaerosol size
distribution according to airflow have not been carefully investigated, leaving variations unknown
in bioaerosols according to size and weather. In this chapter, we report the results of our
observations of the number size distribution of bacterial aerosols under different synoptic weather
conditions at a coastal site in southwestern Japan, using the eight-stage Andersen sampler and
calibrated by the scheme in Chapter1. The purposes of this chapter are: 1) to quantify the number
size distributions, investigate their variation according to weather conditions; 2) to explore the
size-dependent characteristics of the dispersion and activities of bioaerosols on local, regional,

and large scales; 3) to understand the bacterial removal in dry deposition by estimation.

3.2 Materials and methods

3.2.1 Sample collection

Number size distribution of bacterial aerosols was observed at a coastal site in Amakusa,
Kumamoto, southwestern Japan (32.324°N, 129.993°E, 23 m a.m.s.l) during several
observational campaigns in the spring of 2014, 2015, 2017, and 2018. This site is located on the
seaside with the sea areas in the south and the west, and with the island areas in the north and east.
From the end of October to the beginning of next May, this site is usually under the influence of
the Northern Hemisphere mid-latitude westerlies, and the wind frequently comes from the Asian

continent and the Yellow Sea areas between China and Japan. From mid-May to October, local
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sea/land breezes and airflow from the marine areas in the south or southeast (East China Sea and
Pacific) prevail. In addition, the influence of anthropogenic air pollutants from local areas is
minimal. The sample collection was started and stopped according to the variation of weather to
ensure that each sample was collected in a period under similar weather conditions. There are
only a few fisheries and agricultural activities in areas close to the site and sporadic small farms
several kilometers away from the site in the north, resulting in a minimal background
concentration in the local area rendering the site suitable for the observation of airborne aerosols
originating from distant areas reaching the site via long-distance transport.

Aerosol particles were collected onto 0.2 um pore polycarbonate filters (47 mm; Merck
Millipore Ltd., Cork, Ireland) using eight-stage Andersen samplers (Model AN-200; Tokyo Dylec
1

Corp., Japan) at a flow rate of 28.3 L min~
filters in eight aecrodynamic diameter ranges: >11, 7.0-11, 4.7-7.0, 3.3-4.7, 2.1-3.3, 1.1-2.1,

. The particles were size-differentially trapped onto

0.65-1.1, and 0.43—0.65 um. It has been proved that dust particles were mainly in the size range
of larger than 1 um when Asian dust appeared in Japan (Fan et al., 1996; Okada and Kai, 2004;
Zhang et al., 2000). For this reason, 1 um was used as the critical value to separate the fine and
coarse aerosols in the present study. For each set of size-segregated samples, two in-line holder
samples were collected using the same type of filter. The concentration of bacterial cells from the
holder samples was compared with the combined concentration of the entire size range of the

Andersen samplers to ensure the confidence of sample collection.

3.2.2 Backward trajectories and meteorological conditions

The backward trajectories of air parcels from the samples collection points were calculated
using the National Oceanic and Atmosphere Administration Hybrid Single Particle Lagrangian
Integrated Trajectory model (https://www.ready.noaa.gov/HYSPLIT.php) to investigate the
potential sources of the particles according to the movement of mass towards the sampling site.
The calculation incorporated the time from the beginning to the end of each sample collection
period. For each sample, the backward trajectories were measured for 72 h at starting altitudes of
500 m, 1000 m, and 1500 m above ground level at the observation site. The transported distance
was attained by the Haversine formula based on the longitudes and latitudes on the air parcels’
trajectories with one-hour resolution.

An air parcel can remain in a close to adiabatic state, and the influence of emissions from
local areas is usually low if it moves quickly. In contrast, if the movement of air is slow or stagnant,
it is usually highly influenced by emissions from local areas. Therefore, to investigate the moving

speed of the air parcel around the sampling site, the distance of the air parcels in the preceding 72
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h was estimated from the back trajectories.

Meteorological conditions, including temperature, surface pressure, relative humidity,
wind speed, wind direction, and precipitation, were monitored at the observation site. In addition,
weather charts and conditions issued by the Japan Meteorological Agency

(https://www.jma.go.jp/) were used as references.

3.2.3 Categories of samples in terms of potential sources

Samples were categorized into five groups according to the meteorological conditions and
backward trajectories of the air parcels from which the samples were collected. The classification
was based on weather charts (http://www.data.jma.go.jp/fcd/yoho/hibiten/index.html), variations
in surface pressure (Fig.S1-1), and backward trajectories (Fig.S2-2). The LDT group represents
the samples mainly dominated by long-distance transport of air via western and northwestern
winds; that is, the samples were primarily affected by terrestrial source air masses from the Asian
continent. Weather conditions showed that the LDT samples were collected in the postfrontal air
of cyclones when the surface pressure gradually decreased and the weather became unstable. The
LDM group represents the long-distance transport of marine air and usually originates from the
south and prefrontal regions of cyclones. These samples were primarily affected by marine air
masses. Fig. 1 shows the backward trajectories of the air parcels for the LDT and LDM groups.
The LSL and LSS groups comprise samples collected in the land breeze and sea breeze,
respectively; when the weather is stable and dominated by anticyclones, the wind is weak, and
the air movement is stagnant. The MIX group samples were collected when the anticyclones
approached the site after the passage of the cyclones. The weather was characterized by weak
winds and a gradual increase in surface pressure, and the air parcels moved slowly from the
direction of the Asian continent. The MIX samples contained long-distance transported aerosols
from the mainland and many locally emitted aerosols because of the slow movement of the air.
More information on the sample collection is shown in Table 3-1. For LDT1, Asian dust was
reported by the Japanese Meteorological Agency and confirmed during sample collection
(https://www.data.jma.go.jp/gmd/env/kosahp/kosa map 20150322.html). The occurrence of
Asian dust in observation areas usually coincides with high concentrations of airborne bacterial
cells (e.g., Hara and Zhang, 2012; Hu et al., 2020). Asian dust was not reported for LDT2-LDTS5,
although the air parcels traveled quickly to the observation areas from the Asian continent via

westerly winds.
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Figure 3-1Location of the sampling site. Examples of 72-hour backward trajectories are

shown in the map for samples in (a) long-distance transported air and (b) local breeze air. LDT

represents the sample of long-distance transported terrestrial air, LDM represents the sample of

long-distance transported marine air, LSL represents the sample of local scale land breeze, and

LSS represents the sample of local scale land breeze. Numbers in the abbreviations stand for the

numbered sample cases. Markers on the trajectories stand for 4-hour intervals and colors show

the moving height of the air parcels.

Table 3-1Sample collection time and air mass characteristics. (LDT: Long-distance transport

from terrestrial source; LDM: Long-distance transport from marine source; LSL: Local scale land

breeze; LSS: Local scale sea breeze; Mixed: mixed with long-distance transport and local breeze)

Group  Date IS;mpIe Start-Stop time ~ Duration Synoptic weather
2015022 LDT1*  23:28-5:00 5h32min
20170521 LDT2 9:00-15:00 6h
L?T 20150325 LDT3 8:02-8:02 24h Postfront air
(n=3) 20150324 LDT4 8:03-8:02 23h59min
20170521 LDT5 1:11-6:00 4h39min
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20170520 LDM1 0:31-3:23 2h52min

20180328 LDM2 0:28-6:00 5h32min
L?M 20180328 LDM3 9:00-15:00 6h Prefront air
(n=5) 20180327 LDM4 20:12-00:10 3h58min
20180512 LDM5 18:00-23:00 5h
20140322 LSL1 22:00-12:10 14h10min
20140323 LSL2 12:40-12:40 24h
LSL 20140324 LSL3 12:40-12:30 23h50min . .
. Anticyclone air
(n=6) 20140328 LSL4 12:30-19:45 7h15min
20170519 LSL5 9:00-15:00 6h
20180326 LSL6 18:00-23:00 5h
20180325 LSS1 9:02-15:00 5h58min
20180325 LSS2 17:00-23:00 6h
I(_nS:SS) 20180326 LSS3 01:00-06:00 5h Anticyclone air
20180327 LSS4 00:00-06:00 6h
20170518 LSS5 9:11-15:00 5h49min
20150326 MIX1 6:03-6:50 24h47min
MIX 20170324 MIX2 9:35-18:00 8h25min Approaching
(n=4) 20170325 MIX3 10:30-12:38 2h8min anticyclone air
20170325 MIX4 14:30-17:30 5h

* Asian dust was reported by the Japanese Meteorological Agency.

3.2.4 Enumeration and calibration

The bacterial aerosols in the samples were identified using BacLight staining. A
phosphate-buffered saline solution removed bacterial cells and other particles from the
filters by vortexing and ultrasonic vibration in an ice bath. The suspension liquid was then
fixed with glutaraldehyde on black filters (25 mm, black polycarbonate filter, Advantec®,
Toyo Toshi Kaisha, Ltd., Japan) and stained with LIVE/DEAD BacLight Bacterial
Viability kits. The kits stained viable bacterial cells green and non-viable bacterial cells
red under epifluorescence microscopy (Murata and Zhang, 2013). After staining, the
bacterial cells in the filter sample were enumerated under an epifluorescence microscope
from 20 random fields of 100 um % 100 pm. When viewed under a microscope, green or

red spherical spots with a size close to or smaller than 1 pm in diameter were considered
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bacteria (Hara and Zhang, 2012). However, the presence of cells on filters in the size
range exceeding 1.1 um does not mean that the size of those cells was larger than 1.1 pm.
Therefore, the cells were considered to be combined with particles larger than 1.1 pm and
were trapped on the relevant filters based on the size segregation of the particle
agglomerations (Hu et al., 2020).

The filter samples collected with in-line holders were treated and analyzed the same
way as those of the size-segregated samples. The total cell count from the filter was
compared to the integrated cell counts of the relevant size-segregated filter samples. If
the two counts were similar, the cell numbers in different size ranges from the size-
segregated filters were considered acceptable. Otherwise, the results from size-segregated
filters were excluded.

After enumeration, the number of bacterial cells in each size range was quantified.
Uncertainties were present in the counting of raw data due to the dropping of bacterial
cells trapped in the upper-stage filters to lower-stage filters in the samplers during sample
collection; therefore, calibration was essential to obtain accurate bacterial cell counts for
each size range. Fan et al. (2022) carefully assessed the dropping and uncertainties for the
same types of samplers and developed a calibration scheme—this calibration scheme was
used in this study. The calibration scheme is suitable only for the total number of cells,
that is, the sum of viable and non-viable cells on each size-range filter and calibration
schemes have not been established for the separate consideration of viable and non-viable
cells. In the following sections, we do not separate viable and non-viable bacterial cells;

instead, we focus on the total cell concentration in each size range.

3.2.5 Dry deposition estimation

To investigate the settling potential of bacterial cells in different size ranges and
their relative contributions to the total deposition, we estimated the size-dependent dry
deposition flux of bacterial cells in each size range using the Sehmel-Hodgson deposition
velocity model (Sehmel, 1973). The flux in each size range was obtained using Eq. 1.

Fi = C; - Va; (1)

h

where F; is the dry deposition flux of bacterial cells in the i size range, C; is the
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concentration of bacterial cells in the same size range, and Vy; is the dry deposition
velocity of bacterial aerosols in the i size range, which was calculated with a particle
density equal to 1.0 g cm > and the center value of the size range as the diameter of the
particles. The dry deposition flux of bacterial cells F, in the range from the n™ to m™ range
was then obtained using Eq. 2.
Fa= XiZnCiVa (2)

where the total dry deposition flux is obtained from n =1 to m = 8. The results of the fluxes
are summarized in three size ranges: fine (0.43—1.1 pum), coarse (1.1-7 um), and ultra-

coarse (>7 um), to investigate their relative importance in the bacterial depositions.

3.3 Results

3.3.1 Distribution in the long-distance transported terrestrial and marine air

The number size distribution of bacterial aerosols in long-distance transport air is shown in
Figure 2-2. The results of all sampling periods are depicted in Table S2-2 and Table S2-3 in the
Supplement. On average, the concentration of the total airborne bacteria in the LDT group was

approximately 9.4 + 3.3 x10* cells m™, and that in the LDM group was approximately 5.2 +

2.8x10* cells m>. The concentration in the LDT cases was 1.8 times that in the LDM cases,
indicating a much higher abundance of bacteria in long-distance transported continental air than
in long-distance transported marine air. This result is consistent with the fact that microbial cells
are much more abundant in continental air than marine air (Hu et al., 2020). The concentration in
each size range exhibited distinct differences between the LDT and LDM groups. In the LDT
group, the airborne bacteria had a monomodal size distribution with a peak mode at 3.3 — 4.7 pm.
The average concentration of the peak mode was 1.1x10° cells m™ pm ', and bacterial cells in the
mode size range accounted for 18.7% of the bacterial aerosols over the entire size range. In
contrast, the concentration of LDM cases in each size range was small and even, and the number
size distribution did not show an obvious peak mode except for an ambiguous peak at 7.0-10.0 um

in some cases. The concentration of each size range fluctuated from 0.2-0.4 x 10° cells m™ um ",
making up 10%-16.0% of the bacterial aerosols in the entire size range in the LDM cases. The

average concentration in the 3.3—4.7 um size range in the LDT cases was approximately 4.6 times

more than that in the LDM cases, further indicating the difference in the abundance of bacterial
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cells in coarse aerosol particle size ranges in terrestrial air.
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Figure 3-2 Maximum, minimum, and average concentrations of bacterial cells in the eight
size ranges for LDT (long-distance transported terrestrial air) and LDM (long-distance
transported marine air) groups. Number size distribution of each sample in the LDT and LDM

group is shown in Fig.S3 (a) and (b).

10 S ) 1.6
ize range(um): .
[Jo.47-0.65[]0.65-1.1 []0.47-0.65 [ 0.65-1.1

o E T D CJ1121 [ ]2133

1 [ J1121 [ ]21-33 3347 0477

£ 13347 477 o -

2 Smm7i s BN E-u
™ ° o— i

£ e t——e (14
[%) .7/' e E
= I ~ 3
R = /| 5
o / X
;i H— / —~E-500m 1.2 8
g : G
c . o 1

s 4 3
= 0
g ] g——" a
=

5

o 24

c

)

O

LDT1 LDT3 LDT4 LDT2 LDTS LDM1 LDM4 LDM3 LDM2 LDM5

Figure 3-3 Size-differential concentration of bacterial cells versus 72-hour distance of air
parcels at the height of 500 m, 1000 m, and 1500 m carrying the bacteria in LDT (long-distance

transported terrestrial air) and LDM (long-distance transported marine air) cases.

The correlation between the bacterial aerosol concentration in the different size ranges
and the distance of air parcels carrying bacterial cells was investigated to identify the dependence
of the size-differential concentration on air parcel movement. Figure 3-2 shows the variation in

bacterial aerosol concentration in eight size ranges and the distance of the air parcels in the
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preceding 72 h. The correlation between the concentration and the distance is given in Table S3-
1.

An obvious phenomenon was that the bacterial concentration decreased proportionally with
distance in both the LDT and LDM cases. This result indicates that the faster the air parcel moved
in the preceding 72 h, the lower the concentration in the parcel. A previous study on the transport
of bacteria in marine air reported similar results to the present LDM cases, in which the
concentration of bacteria decreased with an increase in the distance of air parcel movement over

the ocean (Mayol et al., 2017) .

Figure 3-3 shows that the most significant correlation in the LDT cases was observed in the
bacterial aerosol size range of 2.1-4.7 um and the distances of air masses at an altitude of 1500

m. In the LDM cases, the most significant correlations (R =0.92, P<0.05) were observed between

the concentration size ranges of < 3.3 um and distances with the ending point at 500 m. These
results suggest that the long-distance transport of bacterial aerosols by westerly winds from the
Asian continent was likely dominated by the air mass in an elevated layer, on which the influences
from the local areas should be small. In contrast, transport from the sea was more likely due to
the transport of air near the sea surface layers on which the influences from the local areas should

be prominent.

3.3.2 Distribution in the local land and sea breeze air

The number size distribution of bacterial aerosols showed different patterns and levels in
the LSL and LSS cases (Figure 3-4). In other words, the distribution and abundance of bacterial
cells differed considerably between the land and sea breezes. On average, the concentration of

total airborne bacteria in the LSL group was 1.9 +1.3 x 10° cells m®, which was approximately
four times higher than that of the LSS group at 0.5 + 0.2 x 10° cells m~. The median diameters

of bacterial aerosols in the land and sea breezes were 4.01 and 4.31 um, respectively. The number

size distribution was bimodal, with the first peak at 0.43-0.65 pm and the secondary peak at 3.3—

4.7 umin the LSL cases. The average concentration in the first peak size range was 4.0 x 10° cells
m™ um™', and the bacteria in this peak size range comprised 42.6% of the total bacterial cells in
the entire size range. The lowest concentration, 0.4 x 10° cells m™ um™', appeared in size
range >11 um, which was approximately one-tenth of the first peak concentration. These results

indicate that a local land breeze favors bacterial aerosol accumulation in small-size ranges. In the
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LSS cases, the number size distributions did not show clear peak mode size ranges, either coarse
or fine. Bacterial cells in each size range accounted for 11.0% to 15.1% of the cells in the entire

size range. The results for the LSS cases are similar to those of the LDM cases.
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Figure 3-4 Maximum, minimum, and average bacterial cell concentrations in LSL (local-scale
land breeze) and LSS (local-scale sea breeze) groups in the eight size ranges. Number size
distribution of each sample in the LSL and LSS is shown in Fig.S3 (c) and (d).

Spearman’s correlation was conducted to investigate the relationship between the
concentration of bacterial cells and local weather conditions (Table 3-2). Wind speed was
positively correlated with the concentration of bacterial aerosols in the coarse size range (R=0.33,
P<0.01), mainly distributed in the 3.3—4.7 um size range (R=0.32, P<0.05). The concentration
showed a significant negative correlation with temperature for both fine and coarse size ranges.
Although the correlations were very weak, the results help understand the local weather impact
on the concentration of bacterial aerosols. These results were consistent with the sample group
categorization because the weather conditions for each group sample had distinctive
characteristics. The land breeze was relatively cold and dry with higher wind speed (e.g., LSL1),
and sea breeze was relatively warm and moisture with typically lower wind speed (e.g., LSS4),

as shown in Table S3-2.

42



Table 3-2 Spearman’s correlation coefficients of the concentration of bacterial aerosols in
local land/sea breeze in different size ranges (um) with the surface weather conditions of
temperature (T), relative humidity (RH), wind speed (WS), and pressure (P)

Size Range T RH WS P

>11 -0.225  -0.039 0.239 0.072

7-11 -0.307°  -0.055 0.303 0.073

4.7-7 -0.298°  -0.120 0.252  0.024

3.3-4.7 -0.385" -0.129 0.323* 0.173

2.1-33 -0.185  -0.090 0.287 0.174

1.1-2.1 -0.261  0.235 0.164 -0.006
0.65-1.1 -0.388" 0234 0.252  0.072

0.47-0.65 -0.359°  -0.070 0.271  0.324"
Fine (<1.1) -0.366°  -0.022 0.325 0.220

Coarse (1.1-7) -0.375"  -0.141 0.325° 0.160
Ultra-coarse(>7) -0.245 -0.054 0.106 0.217

Total -0.360°  -0.111 0.309" 0.204

(** P<0.01; * P<0.05)

3.3.3 Distribution in mixed air

Figure 3-5 shows the maximum, minimum, and average bacterial concentrations for the
MIX cases. On average, the total concentration of bacterial aerosols was 1.4 + 0.8 x 10° cells m’
3. This value was higher than the average bacterial aerosol concentration in the LSL group and
lower than that in the LDT group. Distinct from the distribution modes of the other categories,
the bacterial aerosols were bimodal with two peaks, which was consistent with the influence of
long-distance transported air from the Asian continent and the local land breeze. The two peaks

were in the size ranges of 0.43-0.65 um and 3.3 — 4.7 um, with respective average concentrations

of 1.2 x 10° cells m™ pm "and 1.1 x 10° cells m™ um™".
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Figure 3-5 Maximum, minimum, and average bacterial aerosols in the eight size ranges in the
MIX group (mixed air via long-distance transported air from Asian continent and local emission).

Number size distribution of each sample in the M1X group is shown in Fig.S3 (e).

3.3.4 Estimated dry deposition fluxes

The dry deposition fluxes of bacterial cells in fine (0.43—1.1 um), coarse (1.1-7 um), and
ultra-coarse (>7 um) size ranges were estimated to reveal the potential importance of the removal
processes of bacterial cells according to the particle size ranges. The total dry deposition fluxes
of bacteria in LDT, LDM, LSL, LSS, and MIX cases were 4.3 + 1.0 x 107,2.3+ 1.0 x 107, 7.3 +
3.0 x 107,23+ 1.3 x 107, and 5.6 + 3.0 x 107 cells m ™ day ', respectively. In the present study,
the flux in the LSL cases was the highest, followed by that in the MIX, LDT, and LDM/LSS cases.

Figure 3-6 shows the proportions of the estimated bacterial deposition flux of fine (0.43—
1.1 pum), coarse (1.1-7 pm), and ultra-coarse (>7 um) size ranges. In the LSL cases, the
contribution of bacterial cells in coarse and ultra-coarse size ranges (48.5%) was close to that in
the fine size range (51.5%). In the LDT cases, more than 90% of bacterial cells deposited in
aerosols of the coarse and ultra-coarse size ranges (>1.1 um) owing to the higher concentration
of bacterial aerosols and large size, whose deposition velocities were significantly higher
(P<0.01) (Lin et al., 1994) (Lin et al. In the LDM, MIX, and LSS cases, the relative contributions
of particles in the range >1.1 pm were similar at 76.9, 70.5, and 76.5%, respectively. These results
indicate that terrestrial-derived air masses increased the import of dry deposition of bacterial cells

into the receiving environment two-fold compared to marine-derived air masses.
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Figure 3-6 Proportion of estimated bacterial deposition flux in LDT (long-distance transported
terrestrial air), LDM (long-distance transported marine air), MIX (mixed air via long-distance
transported air from Asian continent and local emission), LSL (local-scale land breeze), and LSS
(local-scale sea breeze) of fine (0.43—1.1 um), coarse (1.1-7 um), and ultra-coarse (>7 um) size

ranges.

3.4 Discussion

3.4.1 Factors determining monomodal and bimodal distributions

The cell concentration and number size distributions of bacterial aerosols at the coastal site
varied when the air was controlled by long-distance transported continental air (LDT) and marine
air (LDM), by local land breeze (LSL) and sea breeze (LSS), and by the mixing of long-distance
transported continental air and local emissions (MIX). The order of the total concentration from

highest to lowest was LSL>MIX>LDT>LDM=LSS. On average, the highest concentration in
the entire size range was observed in the LSL cases (1.9 + 1.3 x 10° cells m™). This was attributed

to the massive accumulation of fine bacterial aerosols in the local area under stable weather
conditions. The number of cells in the less than 1 pum size range occupied more than half of the
total cells in the entire size range. The total bacterial concentration of both LDM and LSS was
approximately 0.5 x 10° cells m™, which was the lowest case, indicating the low concentration of

bacterial aerosols in marine air, despite the scale of the air parcel movement.

There was a close dependence of the number size distribution of bacterial aerosols in the
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atmosphere on the dominance of airflow origins. The distribution showed differences in response
to the alternation of terrestrial and marine airflows, which was attributed to the distinctive sources
of terrestrial or marine origins. Yin et al. (2021) observed marked differences in the viable
bacterial size distribution between air sources originating from the sea and terrestrial regions.
Terrestrial air is usually abundant in coarse aerosol particles from natural emissions (usually
mineral dust particles) and anthropogenic activities (typical particles from biomass burning, fossil
fuel combustion, and road dust). Compared with other long-distance transported terrestrial
samples, an increase of 2.2 — 4.1 times in the size range of 3.3 — 4.7 um was observed in the
sample of LDT1. The increase of particle mass in 3.3 — 4.7 um is a typical characteristic of the
occurrence of Asian dust (Han et al., 2004). According to the report of the Japan Meteorological
Agency, a dust episode occurred when LDTI was collected
(https://www.data.jma.go.jp/gmd/env/kosahp/kosa_map 20150322.html). These results indicate
that the dust particles in the size range of 3.3 —4.7 um effectively carried bacteria to the downwind

arca.

In the present study, the high concentration of bacteria in the LDT cases appeared in the 3.3—
4.7 um size range, an increase of 1.86 compared to the LSL cases. Bacterial cells in the coarse
size range also increased when local land breezes prevailed. In the LSL cases, a relatively lower
second peak was observed in the size range of 3.3—4.7 um. The majority of airborne particles in
this size range are primary particles, and bacteria exist in cohesion with other particles, namely
bacteria attached to other particles. Therefore, the bacterial cells in this range were considered to
be dominated by those moving with coarse particles from the Asian continent in the LDT cases
and by the emissions from nearby agricultural and farming activities on the island in the LSL
cases. Farms in the upwind areas of the land might also contribute to the bacteria in the coarse
mode size because particles from cattle feedlots frequently appeared in this size range, and
bacteria were abundant (Li et al., 2021). The positive correlation between bacterial aerosols of
3.3—4.7 pm size range and wind speed (R=0.33, P<0.01) in the LSL indicates that wind was the
key factor in mobilizing particles from local surfaces into the air at the island. These results
strongly support the idea that the peak mode size in the atmosphere influenced by terrestrial air is

closely related to primary particles.

The peak mode in the <1 pum size range occurred only in the air parcels significantly
influenced by local terrestrial air, that is, the LSL and MIX cases. Bacteria in this size range are
dominated by free-floating cells because of their small size (Hu et al., 2020). The land areas are

covered by grasses, trees, and vegetation and are abundant in insects, birds, and small animals,
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all of which constantly release bacteria into the air. Therefore, the peak mode occurrence in small

areas is likely due to natural emissions from the island.

The bacteria in the air parcels dominated by marine air, that is, in the LDM and LSS cases,
should be dominated by sea-surface emissions. In LSS cases, the wind was sometimes extreme.
The emission of microbes from surface seawater is closely dependent on the wind; the stronger
the wind, the more microbes are emitted (Hu et al., 2017). In addition, some microbes are emitted
with sea salt particles, which are frequently in the coarse size range of aerosol particles, and some
can be emitted as individual cells. Therefore, the bimodal distribution of bacterial cells in marine
air is expected under strong wind conditions. In contrast, when the wind is weak, that is, in the
LDM cases, significant emissions of microbes from the sea surface are not anticipated; therefore

bacterial concentrations are expected to be very low.

3.4.2  Activation and removal of the bacterial cells in size ranges

Bacterial aerosols play an indispensable role in atmospheric processes. Previous studies have
revealed that bacterial aerosols within both continental and marine air masses can act as ice
nucleation particles for cloud formation (Bowers et al., 2011; Du et al., 2017). Marine organisms
likely contribute to ice nucleation activity at the sea surface microlayer or bulk seawater (Wilson
et al., 2015). Bacterial cells in small size ranges have been detected in ice cloud residues
(Creamean et al., 2015; Pratt et al., 2009). Particles smaller than 1 pm are usually difficult to
remove from the air but have been reported to collide effectively with small droplets (P6schl et
al., 2010) (Poschl et al., 2010). Similarly, airborne bacterial aerosols in a small size range are
difficult to remove from the atmosphere, except for rain washouts. A decrease in removal
efficiency by rainfall was observed for particle diameters 0.4 — 10 pm with increasing size, and
the majority (55% to 73%) within clouds have been identified as 1 pm microbes (Moore et al.,
2020). In the present study, a major proportion (40.5%) of bacterial cells in local breezes of fine
size ranges provided cloud nuclei and ice cloud nuclei in clean marine air, and the nuclei were
mainly in the fine size ranges. Bacterial cells could be involved in and play a role in precipitation,

as some bacteria are known to have nucleation potential for rainfall events (Hu et al., 2017b).

Bacteria in aerosols of coarse size usually exist as aggregations of multiple cells and attach to
coarse particles such as mineral dust and marine organic compounds (Woo and Yamamoto, 2020).
Coarse bacterial aerosols not only generate large sedimentation velocities and flux densities but

also promote cloud formation by serving as cloud condensation nuclei, and the coexistence of
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dust and bacterial cells increases the ability of particles to act as ice nuclei for ice crystal formation
(Mahowald et al., 2014; Tobo et al., 2013). Proteins in bacteria act as ice nucleation active sites
and are well protected when bacteria adhere to mineral dust surfaces (Conen et al., 2015). The
concentration of bacterial aerosols in the present LDT cases increased by a factor of 4.6 and 3.8
in the size range of 3.3—4.7 um and 2.1-3.3 pum, respectively, compared with the LDM cases.
Meanwhile, a noticeable fraction (15%) of bacterial aerosols in the LDT cases was detected in the
size range >11 um. Because ultra-coarse particles (>7 pum) are known to serve as effective giant
cloud condensation nuclei (Mdhler et al., 2007b), these bacterial aerosols are efficient nuclei for

promoting ice cloud formation under appropriate conditions.

Ultra-coarse particles can reach cloud-base altitudes, for example, >1000 m (Renard et al.,
2018), and bacteria have been implicated in diffusing at cloud-base altitudes (500-2000 m) and
even at higher altitudes of the stratosphere (Smith, 2013; Zweifel et al., 2012). Thus, long-distance
transport from the continent will significantly increase the concentration of bacterial cells in
downwind areas and provide potential nuclei for cloud formation. In addition, terrestrial-derived
long-distance air masses occur in spring in westerly winds, resulting in pulse increases of bacterial
aerosols in large size ranges providing a substantial amount of aerosol particles in coarse size
ranges, favoring ice cloud formation. This is also likely the reason why bacteria are frequently

reported to co-exist with mineral dust in clouds.

The estimated dry deposition fluxes of the bacterial cells in different size ranges revealed that
terrestrial-derived air masses increased the import of dry deposition of bacterial cells in ultra-
coarse aerosols to the recipient environment by two times compared to marine-derived air masses.
Bacteria can remain viable after atmospheric transport (Gong et al., 2020), resulting in the wide
dispersal of microbes across distant ecosystems. Some bacterial taxa have potential pathogenicity
to plants, such as P. syringae, with deposition as an essential component in moving to new hosts,
leading to risk through the release of toxins and cell wall-degrading enzymes (Monteil et al.,
2014). The dry deposition fluxes of bacterial cells in size-differentiated aerosols may affect the

structure and function of recipient ecosystems.

3.5 Summary

In this study, we investigated variations in bacterial aerosol size distribution in response to

terrestrial versus marine and long-distance versus local airflows. We confirmed that distinctive
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airflows could lead to significant differences in the size distribution modes of bacterial aerosols.
Coarse bacterial aerosols increased significantly in long-distance air from the Asian continent
producing a peak mode size of 3.3 — 4.7 um, which was supposed to be due to the abundant
primary particles in the long-distance transported air. Marine air flows and local sea breezes
resulted in uniformly distributed bacterial aerosols with a minimal total cell concentration. The
distributions in local land breezes and the air mixed by local land emissions and long-distance
transported air was bimodal, with the fine peak mode in the <1.1 um size range and the coarse
mode peak at 3.3 — 4.7 um. Both mode peaks were supposed to be caused by emissions from the
land areas nearby to the site, with the fine mode from the direct emission of microbes and the
coarse mode from the emission of coarse primary particles. Results of estimated dry deposition
flux of bacterial cells showed that 90% of bacterial cells deposited in aerosols larger than 1.1 pm
in cases of terrestrial-derived long-distance transported air. For land breezes, the contributions in
the >1.1 um size range were similar to those in the <1.1 pum size range. These results, which
quantitatively show the size-related diffusion characteristics of airborne bacteria in association
with synoptic weather conditions, indicate the necessity to consider the size variation of bacterial
aerosols according to synoptic weather when studying the roles that bioaerosols play in
atmospheric processes. The fundamental information for cell concentrations is provided in this
study. Further analyses of bacterial communities in different size ranges will be helpful to the

clarification of the mechanisms of size-dependent bacterial aerosols varying with airflows.
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Chapter 4

Abundance and viability of particle-attached and free-

floating bacteria in dusty and nondust air
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4.1 Introduction

As introduced in Chapterl.1, bacteria-associated aerosols in the air have an aerodynamic
diameter significantly larger than the typical size (approximately 1 um) of individual bacterial
cells. This is because airborne bacterial cells are favorably attached to coarse particles, such as
dust particles and plant debris, or are sometimes found as assemblages of many cells. In this
chapter, the fractions were quantified of particle-attached and free-floating bacterial cells in dusty
and nondusty air based on the fact that airborne bacterial cells are usually ~1 pm or smaller than
1 um; thus, particle-attached bacteria should be trapped in aerosol samples of particles larger than

1 um, and free-floating bacteria should be located among particles smaller than 1 pm.

By utilizing eight-stage Andersen cascade impactors (Andersen samplers), size-segregated
aerosol samples were collected at a southwestern coastal site of Japan in the spring of 2013-2016,
when the middle-latitude westerly wind in the Northern Hemisphere frequently brought dust from
the Asian continent to the observation site. Viable and nonviable bacteria in each sample were
counted using the LIVE/DEAD BacLight bacterial viability assay to estimate bacterial
concentrations (Murata and Zhang, 2013, 2016). Bacteria detected in samples of particles larger
than 1.1 um (the cutoff size of the sampler stages) were considered particle-attached bacteria, and
those in the stages of particles smaller than 1.1 pm were considered free-floating bacteria. An
analysis of method confidence showed that uncertainties due to the sample collection were small
(Figures S4-4 and S4-5 in the Supplement). In this study, we focus on comparisons of the
quantitative results of particle-attached and free-floating bacteria in the air and the viability of

these bacteria under dusty and nondusty conditions.

4.2 Methods

4.2.1 Sample collection and cell enumeration

Aerosol samples were collected on the platform of a building (32.324°N, 129.993°E; 15 m
above ground level and 23 m above sea level) on the seaside of Amakusa Island, southwestern
Japan (Figure S4-1) during several observational campaigns in the spring of 2013 to 2016. Dust
plumes from the Asian continent, called Asian dust, frequently pass this area in spring. There are
limited fishery and agriculture activities and few anthropogenic sources of air pollutants around

the area, making the site suitable for investigating airborne bacteria in the Asian continental
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outflow (Murata and Zhang, 2016).

Aerosol samples were collected onto 0.2 um pore polycarbonate filters (47 mm; Merck
Millipore Ltd., Cork, Ireland) with 8-stage Andersen samplers (Model AN-200; Tokyo Dylec
Corp., Japan). The flow rate of the samplers was 28.3 L min~'. Aerosol particles were collected
onto 8 filters according to the particle aerodynamic diameter ranges of >11, 7.0-11, 4.7-7.0,
3.3-4.7,2.1-3.3, 1.1-2.1, 0.65-1.1 and 0.43—0.65 um. The collection time of one set of samples
was from approximately 3 to 24 h. Details on the sample collection are given in Table 4-1 and

Table S4-1and Figure S4-2 in the Supplement.

Before the collection of each sample set, all stages of the sampler were cleaned carefully, and
the plates for the filters were rinsed and wiped with 70% ethanol in a clean hood to avoid
contamination. A blank control for each set of samples was prepared, i.e., a blank filter was set in
the sampler without sample collection. After sample collection, the filters were sealed in Petri

dishes and stored at —20°C until analysis.

The viable and nonviable bacterial cells (Figure S4-3) on the filters were enumerated using
the LIVE/DEAD BacLight bacterial viability assay with an epifluorescence microscope (EFM;
Eclipse 801, Nikon Corp., Tokyo, Japan) as described previously (Hu et al., 2017a; Murata and
Zhang, 2013, 2016). Bacterial cells and other particles were detached from the aerosol-loaded
polycarbonate membranes (47 mm in diameter) in a phosphate-buffered saline solution (PBS, pH
7.4) by vortex shaking and ultrasonic vibration in ice bath. Then the suspension was treated with
glutaraldehyde fixation and stained with the LIVE/DEAD BacLight Bacterial Viability Kit
(L13152, Invitrogen™, Molecular Probes Inc., Eugene, Oregon, US), followed by filtration on a
25 mm diameter and 0.2 pm pore black polycarbonate membrane for bacterial enumeration. An
excitation wavelength range between 450 and 490 nm (blue) was utilized, and the microscope
was operated at 1000x magnification. Fluorescent green and red/orange/yellow cells with
spherical shape and size close to or smaller than 1 pm in diameter were counted as viable and
nonviable bacteria, respectively. There are uncertainties in the bacterial cell counting caused by
the LIVE/DEAD BacLight Bacterial Viability Kit because the kit could not distinguish archaea
and small eukaryotes including fungi from bacteria (Berney et al., 2007). Since the abundance of
archaea and fungi in air could be several (1-6) orders of magnitude less than that of bacteria
(Delort et al., 2010; Frohlich-Nowoisky et al., 2016; Frohlich-Nowoisky et al., 2014b) and the
dominant size range of fungal spores is 2—10 um (Bauer et al., 2008), the overestimation of

bacteria caused by the kit we used should be less than 10% although the uncertainties could not
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be quantitatively evaluated. The cell concentrations in the size-segregated particles in the air were
estimated based on cell counts and the sampling of air volumes following the subtraction of the
blank controls. The viability of a group of bacterial cells was defined as the ratio of the viable
bacterial cells to total bacterial cells. The procedure for the experimental operation and the
formulations for the estimation of cell concentrations are given in the Supplement (Text S1 in the

Supplement).

The collection efficiency of airborne bacterial cells with Andersen samplers was evaluated by
comparing the results to those obtained by using BioSamplers (SKC Inc., Eighty-Four, PA, US)
and in-line filter holders (47 mm, Millipore Corp., Billerica, MA, US). The comparison shows
that the total bacterial concentration results of the Andersen sampler were generally consistent

with those of the BioSamplers and the in-line filter holders (Figure S4-4).

4.2.2  Separation of particle-attached and free-floating bacteria

In this study, bacteria in the samples of stages with particles larger than 1.1 um were
considered particle-attached, and bacteria in the samples of stages with particles ranging from
0.43—1.1 um were considered free-floating. The resuspension of bacteria trapped by upper stages
and falling onto lower stages during sample collection may cause uncertainties in the size
distribution of bacteria-associated particles and the separation of particle-attached and free-

floating bacteria.

The uncertainties in the estimation of particle-attached and free-floating bacteria were
investigated in the laboratory (Text S2 in the Supplement). The fractions and concentrations of
particle-attached bacteria obtained by the presented method were potentially underestimated. But
the underestimation did not significantly affect the size distributions of particle-attached bacteria,
and, in particular, the underestimation of the concentrations of particle-attached bacterial cells
was less than 10% on average (Figure S4-5). The total bacterial concentration results of the
Andersen sampler were generally consistent with those of the in-line filter holders collecting total
particles (Figure S4-4). This result indicates that bacteria smaller than 0.43 pm, which are not
available by the Andersen samplers in this study, were a minor fraction of the free-floating

bacteria.
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Table 4-1 Concentration and viability of total, free-floating, and particle-attached bacteria. The concentration of coarse particles (>1 um) and the
ratio of particle-attached bacteria to coarse particles are also listed. The percentages of free-floating and particle-attached bacteria are given in the
parentheses. The sample ID indicates the sequence number (1 to 27) of the sample and dust condition (D, dusty; ND, nondusty) and synoptic weather

(Pr, prefront; Po, postfront; AA, approaching anticyclone; A, anticyclone) during the sampling period.

Coarse Total bacteria Free-floating bacteria Particle-attached bacteria (PAB)
Synoptic ticl
Sample ID th particies Concentration (103 Viability Concentration (103 Viability Concentration (103 Viability )
weather ration (%)
(10° m™) cells m™) (%) cells m™) (%) cells m™) (%)
Dusty (9)
1D-Pr Prefront 41 7.8 84 1.7(21) 90 6.1(79) 82 15
2D-Po Postfront 32 23 77 0.5(23) 99 1.8 (77) 71 6
Approaching
3D-AA vl 12 2.2 89 0.7 (30) 91 1.6 (70) 88 13
anticyclone
4D-Pr+Po Pre-/postfront 52 7.3 61 1.8 (25) 71 5.4 (75) 58 11
Approaching
5D-AA vl 21 4.7 63 0.7 (16) 79 3.9(84) 60 19
anticyclone
10D-Po Postfront 16 2.5 40 0.6 (25) 61 1.9 (75) 33 11
Approaching
17D-AA vl 88 2.9 73 1.0 (36) 99 1.9 (64) 59 2
anticyclone
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Coarse Total bacteria Free-floating bacteria Particle-attached bacteria (PAB)
Synoptic ticl
Sample ID weather particies Concentration (10°  Viability =~ Concentration (10°  Viability =~ Concentration (10°  Viability  ration
(10° m™) cells m™3) (%) cells m™3) (%) cells m™3) (%) (%)
26D-Po Postfront 10 8.2 95 2.5(30) 97 5.7 (70) 95 59
Approaching
27D-AA ) 15 1.9 87 0.9 (46) 96 1.0 (54) 78 7
anticyclone
Average 3225 44126 74+ 17 1.2+0.7(28%9) 87+ 14 32+21(7219) 69+ 19 16+ 17
Nondust (18)
Approaching
6ND-AA ) 13 1.5 75 0.4 (27) 88 1.1 (73) 70 9
anticyclone
TND-A Aanticyclone 12 1.5 74 0.6 (39) 82 0.9 (61) 69 8
Anticyclone+pref
8ND-A+Pr 14 0.8 98 0.2 (31 99 0.5 (69) 98 4
ront
9ND-Pr Prefront 26 2.7 73 1.9 (71) 84 0.8 (29) 45 3
Approaching
1IND-AA ) 4 2.1 72 1.3 (64) 85 0.8 (36) 51 18
anticyclone
12ND-A Anticyclone 14 2.9 83 2.1(73) 96 0.8 (27) 48 6
13ND-A Anticyclone 9 3.6 75 2.5 (70) 86 1.1 (30) 50 12
14ND-A Anticyclone 13 1.9 77 0.8 (42) 99 1.1(58) 62 9
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Coarse Total bacteria Free-floating bacteria Particle-attached bacteria (PAB)
Synoptic ticl
Sample ID weather particies Concentration (10°  Viability =~ Concentration (10°  Viability =~ Concentration (10°  Viability ~ ration
(10° m™) cells m™3) (%) cells m™3) (%) cells m™3) (%) (%)
16ND-Po Postfront 16 2.5 89 0.9 (35) 96 1.6 (65) 85 10
Approaching
18ND-AA ) 15 2.9 91 0.5 (18) 86 2.4 (82) 92 16
anticyclone
19ND-A Anticyclone 9 1.1 72 0.4 (35) 96 0.7 (65) 59 7
20ND-A Anticyclone 10 1.0 77 0.4 (41) 85 0.6 (59) 72 6
2IND-A Anticyclone 13 1.7 63 1.0 (63) 89 0.6 37) 18 5
22ND-A Aanticyclone 8 1.2 40 0.5 (43) 56 0.7 (57) 28 9
23ND-Pr+Po Pre-/postfront 12 1.1 59 0.5 (48) 88 0.6 (52) 32 5
Postfront/Anticyc
24ND-Po+A 7 1.4 72 0.5 (38) 88 0.8 (62) 62 12
lone

25ND-A Anticyclone 6 1.5 85 0.6 (40) 95 0.9 (60) 78 15
Average 12+£5 20+ 1.0 75+13 0.9+0.7(44£17) 87+ 12 1.1£0.7(56£17) 60+ 22 10+7
All (27)

Average 18+ 18 2.8+2.0 74+ 14 1.0+ 0.7(39+ 16) 87+ 12 1.8+ 1.7 (61 £ 16) 63 +21 12 +
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4.2.3  Atmospheric conditions

During the observation periods, the number concentrations of size-segregated airborne
particles (>0.3, >0.5, >1.0, >2.0, and >5.0 um in diameter) were monitored with optical particle
counters (OPC, KC-01D in 2013 and KC-01E in 2014-2016, Rion Co., Ltd, Tokyo, Japan). In
this study, fine particles are in the range of 0.3—1.0 um, and those larger than 1.0 um are referred
to as coarse particles. Meteorological conditions, including temperature, pressure, relative
humidity, precipitation, and wind speed and direction, were monitored with a weather transmitter
(WXT520, Vaisala Inc., Helsinki, Finland). Airborne particle number concentrations and

meteorological data during the observation periods are summarized in Fig. S4-2 and Table 4-1.

On the basis of surface pressure and weather charts in the days before and after sample
collection (Figures S4-2 and S4-6), the air parcels on the synoptic scales from which samples
were collected were categorized into four groups: prefront, postfront, approaching anticyclone,
and anticyclone (Table 4-1 and S4-1). Details of the categorization are available in Murata and

Zhang (2016).

Dust episodes were identified by significant increases in coarse particle concentrations (>1
um), the forecast for Asian dust distributions in the east Asian region (http://www-
cfors.nies.go.jp/~cfors/; Figure S4-7), and the backward trajectory of air masses calculated with
the NOAA hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model
(http://ready.arl.noaa.gov/HYSPLIT traj.php). During dust events, the coarse particle
concentration largely increased at the study site (Zhang et al., 2003). Dust particles were present
in the postfront air and sometimes in the approaching anticyclone air. The results of backward

trajectory analysis during dusty and nondust episodes are shown in Figure S4-8.

4.3 Results

4.3.1 Concentrations of airborne bacteria in segregated size ranges

The concentrations of bacterial cells, including viable and nonviable cells, generally showed
a bimodal number-size distribution during dust episodes (e.g., Figure 4-1a, b, d, f). Most of the
bacteria were present in particle fractions with aerodynamic size (D,) ranges larger than 2 um
(i.e., 2.1-3.3, 3.3-4.7 and 4.7-7.0 um; Figure S4-9). These sizes are larger than the size of

individual airborne bacterial cells (approximately 1 pm or smaller), indicating that the bacteria
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did not float individually in the air but were combined with other particles or were agglomerates
of bacterial cells, i.e., the bacteria were particle-attached. The agglomerates of bacterial cells
usually appear near emission sources, e.g., sea spray and leaf water (Lighthart, 1997), and
probably contributed a limited portion to particle-attached bacteria in this study. There were also
many bacterial cells in the size ranges smaller than 1.1 pm, i.e., free-floating bacterial cells. Their
concentration was comparable to or lower than the concentrations of bacteria in the larger size

ranges (Figures 4-1 and S4-9).

In contrast to dust episodes, during nondust periods, the number-size distribution of bacteria
largely varied and did not show any trend with respect to weather conditions. In six cases during
nondust periods (IND-Pr, 11ND-AA, 12ND-A, 13ND-A, 14ND-A, and 21ND-A; Figure S4-9),
the bacteria appeared mainly in size ranges smaller than 1.1 pm and accumulated the most in the
size range of 0.43-0.65 um (e.g., Figure 4-1¢), indicating the predominance of free-floating
bacteria. During most of the other nondust periods (6ND-AA, 7ND-A, 8ND-A+Pr, 16ND-Po,
19ND-A, 20ND-A, 22ND-A, 23ND-Pr+Po, 24ND-Po+A, and 25ND-A), the distributions of
bacteria were similar to those during the dust periods, although the concentrations were much
lower than or comparable to those in the dust episodes (e.g., Figure 4-1¢). There were two
exceptional cases in nondust periods that had a mono-modal distribution, with peaks at 3.3—4.7
um (15ND-AA) or larger than 11 um (18ND-AA) (Figure S4-9). Multiple processes including
advection, deposition, local emission and local convective mixing could influence the size
distributions. Unfortunately, we do not have enough case data to investigate statistically

meaningful connections between the size distribution and those processes.
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Figure 4-1 Concentrations of viable and nonviable bacteria (Cg) and mineral dust-like
particles (Cw) in size-segregated airborne particles. Selected samples are shown as examples: (a)
1D-Pr; (b) 4D-Pr+Po; (c) 11ND-AA,; (d) 17D-AA,; (e) 22ND-A; (f) 27D-AA. The results of all

sampling periods are depicted in Figure S4-9 in the Supplement.

4.3.2 Concentration of particle-attached and free-floating bacteria

The report of results when data are non-normal distribution should be viewed with caution,
since many statistical analyses (e.g., the average and standard deviation) are only applicable to
random samples from populations with a normal distribution. Aerobiological data possibly do not
have a normal distribution (Kasprzyk and Walanus, 2014; Limpert et al., 2008). Whereas, in this
study, to make the comparisons among the values easily understood and avoid misunderstanding,

we assume the data are normally distributed.

On average, the concentration of total bacterial cells, 4.4 + 2.6 x 10° cells m>, during dust
episodes was more than twice that during nondust periods, 2.0 + 1.0 x 10° cells m™ (Table 4-1).
This large difference (independent samples ¢ test, p<0.05) in concentration is consistent with the
results of previous studies (Hara and Zhang, 2012; Yamaguchi et al., 2014). The concentrations

of particle-attached bacterial cells during dust episodes and nondust periods were 3.2 + 2.1 x 10°
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and 1.1 + 0.7 x 10° cells m>, respectively. During dust periods particle-attached bacteria
accounted for 72 + 9% of total bacterial counts, while during nondust periods particle-attached
bacteria occupied much lower proportions of 56 + 17% (independent samples ¢ test, p<0.05).
These results suggest that dust particles carry a substantial amount of bacterial cells on their

surfaces from dust source areas to remote downstream areas.

On the other hand, the percentage of free-floating bacterial cells was in some cases higher
than 70% during nondust periods (Table 4-1). In particular, the percentage ranged from 35% to
73% (49 + 15 % on average) under anticyclone weather conditions, when the air mass moved
sluggishly and was mainly influenced by marine and local emissions and less by continental
emissions (Figure S4-8). Therefore, a substantial fraction of airborne bacteria were free-floating,

and they were frequently the common bacteria in nondust air.

The number ratio of particle-attached bacteria to particles in the size range larger than 1.1 pm
was 12 + 11% on average (Table 4-1). Except for two periods when the ratios were 35% and 59%,
respectively, the ratio was approximately stable (9 £ 5% on average for the other periods),
regardless of dust episodes and nondust periods (Table 4-1). That is, assuming that a bacteria-
attached coarse particle harbors at least one bacterial cell, coarse particles including mineral dust
particles with attached bacteria usually made up less than 9% of the total coarse particles. Maki
et al. (2008) reported that the mineral particles with attached bacteria made up approximately 10%
of the total mineral particles, with the remaining mineral particles possessing few or no bacterial

cells at 800-m height above the ground in an Asian dust source region, Dunhuang, China.

The number-size distributions of bacterial cells and mineral dust-like particles (insoluble and
with irregular shapes; Figure S4-3) in the microscope fields of some samples were compared. In
most cases, the size distributions (mode sizes) of mineral dust-like particles and bacteria in the
size ranges larger than 1.1 um showed very good consistency (Figures S4- 1 and S4-9). In some
cases, the concentration of bacteria in the size ranges larger than 1.1 pm, especially nonviable
bacteria, was closely correlated with the mineral dust-like particles in the size-segregated samples
(Fig. 2). These results further confirm that the bacteria observed in the large size ranges were
closely associated with airborne coarse particles, i.e., they were particle attached. In some cases,
the mode size ranges of the bacterial cells and the dust-like particles were inconsistent (Figure
S4-9), likely because the number of bacteria on the surface of each coarse particle largely varied
or there were less dust-like particles in the coarse size ranges (e.g., 26D-Po). Dust-like particles

were rarely observed in the size ranges smaller than 1.1 um (Figure S4-9), further indicating that
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the bacteria observed in those size ranges were predominantly free-floating.
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Figure 4-2 Relationship between bacteria and mineral dust-like particles in size-segregated
aerosols. (a) Total bacteria, (b) viable bacteria, and (c) nonviable bacteria. Solid and open circles
represent particles in the size ranges larger and smaller than 1.1 pum, respectively. The Pearson

correlation coefficients (r) between bacteria and mineral dust-like particles for particles larger

than 1.1 um are shown.

Dust-like particles (m'3)
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4.3.3 Viabilities of particle-attached and free-floating bacteria

The viability of particle-attached bacteria varied over a wide range from 18% to 98% (63 +
21% on average), and the viability of free-floating bacteria was between 56% and 99% (87 £ 12%
on average) (Table 4-1), much higher than the viability of particle-attached bacteria (Paired
samples ¢ test, p=0.00). The attachment of airborne bacteria to larger particles is expected to be
favorable for retaining the viability or cultivability of cells and may indirectly increase the
diversity of bacterial communities because of the possible protection of bacterial cells from harsh

atmospheric conditions (Bowers et al., 2013; Lighthart, 2000; Prospero et al., 2005).

However, we found that the viability of particle-attached bacteria tended to be lower than that
of free-floating bacteria, regardless of weather conditions (Table 4-1). This result indicates that a
fraction of the particle-attached bacterial cells were either nonviable when they were blown into
the air with the dust or had experienced atmospheric stressors for several days during long-
distance transport and changed from a viable to a nonviable state. This is also likely the reason
for the poor correlation (Pearson correlation 7= 0.35, p = 0.075) between the viability of particle-
attached bacteria and the ratio of particle-attached bacteria to coarse particles (Table 4-1). In
contrast, a large fraction of free-floating bacteria were viable. A fraction of these bacteria were
likely from local areas, with a residence time (usually less than one day) shorter than that (2—3
days) of the particle-attached bacteria transported from the Asian continent (Figure S4-8). The
proportion of free-floating bacteria was higher under nondust conditions when the air masses
moved slowly above the marine area. However, for special cases, such as the one of 20ND-A
when the air was from the north due to the specific weather of west-high pressure versus east-low
pressure in the westerly, a substantial fraction of the bacteria could be from the local and close
areas due to the extremely strong wind. In terms of concentration, viable particle-attached bacteria
were usually more abundant than viable free-floating bacteria in dust episodes (Figure S4-1 and

$4-9).

On average, the viability (74 £ 17%) of total bacteria in dusty episodes was close to the
viability (75 £ 13%) of total bacteria during nondust periods (Table 4-1). The viability of particle-
attached bacteria (69 + 19%) during dust periods was slightly higher than that (60 + 22%) during

nondust periods. The majority of particle-attached bacteria were viable.

Free-floating bacteria exhibited a quite high viability, and the viabilities of the bacteria in
dusty (87 £ 14% on average) and nondust (87 = 12%) air were similar. The concentration of viable

free-floating bacteria was 3.8 x 10*-1.5 x 10° cells m™, which was lower than that of particle-
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attached bacteria (6.2 x 10°-5.1 x 10° cells m®). An increase in viable free-floating bacteria on
the order of 10° cell m™ (1.1-2.2 x 10° cell m ) was observed when the weather was fine and the
air masses moved slowly from marine areas (e.g., IND-Pr, 12ND-A, and 13ND-A), favoring the

accumulation of bacteria emitted from local areas (Figure S4-8).

4.4 Discussion

4.4.1 Implication from the comparison with literature data

There are few data on airborne bacterial cells available for comparison with the present study.
Observations in the multiphase atmosphere with culture-dependent methods revealed that
approximately 60-90% or even more culturable airborne bacteria were present in the size range
of particles larger than 1.1 um (Agarwal, 2017; Burrows et al., 2009b; Montero et al., 2016; Raisi
et al., 2013), and the median aerodynamic diameter of particles containing culturable bacteria was
approximately 2—4 pm at diverse sites (Lighthart, 2000; Raisi et al., 2013; Shaffer and Lighthart,
1997; Tong and Lighthart, 2000). These results indicate the predominance of culturable particle-
attached bacteria in the air, which is approximately in line with the results under dusty and nondust

conditions of this study.

Early studies with single-particle analysis frequently encountered the mode size of biological
aerosol particles in the size range smaller than 1 pm (Matthias-Maser et al., 1999; Matthias-Maser
and Jaenicke, 1995, 2000). In contrast, recent real-time measurements using ultraviolet
aerodynamic particle sizer spectrometers and wideband integrated bioaerosol sensor techniques
revealed the mode size of fluorescent biological aerosol particles (FBAP) to be approximately 2—
6 um, and the particles were mainly attributed to fungal spores (Huffman et al., 2010; Poschl et
al., 2010; Savage et al., 2017; Yue et al., 2017). However, the abundant particle-attached bacteria
identified in this study in size ranges larger than 2 pm indicate dust-particle-attached bacteria
should not compose small fractions of real-time FBAP results in the relevant size ranges. In
addition, the mode at or smaller than 1 pm observed in real-time FBAP studies is likely consistent
with the presence of free-floating bacterial cells in the present study, but the comparison and
discussion on the data are not confident because of the large uncertainties caused by the low
counting efficiency and accuracy in submicron size ranges of the instruments used in the studies

(Huffman et al., 2010; Yue et al., 2017).

Since there are rare other equivalent data for comparison, we discuss the influences of

64



airborne bacteria according to the results obtained in this study and relevant general

understandings in the following subsections.

4.4.2 Ice cloud formation

Dust particles from desert areas are constantly spread at local, regional and global scales in
the atmosphere. These particles transport microorganisms across continents and oceans to remote
downstream areas (Griffin, 2007; Schuerger et al., 2018). It has been shown that bacteria in the
air are more effective ice nuclei at temperatures up to —2°C than abiotic particles (Ariya et al.,
2009b; Burrows et al., 2013; Frohlich-Nowoisky et al., 2016; Mdhler et al., 2007a). Biological
particles coexisting with dust particles have been detected in ice residues sampled from clouds
(Creamean et al., 2013; Pratt et al., 2009), and the coexistence of dust and bacterial cells increases
the ability of particles to act as ice nuclei for ice crystal formation (Tobo et al., 2019). Proteins in
bacteria are ice nucleation active sites and are well protected when bacteria adhere to mineral dust
surfaces (Conen et al., 2011). The attachment of bacteria to dust particles possibly increases the
number of sites for ice nucleation and consequently the ice nucleation ability of dust particles
(Augustin-Bauditz et al., 2016; Boose et al., 2019; Conen et al., 2011). The present results show
that up to one-tenth or more dust particles could be bacteria carriers, and the concentration of
particle-attached bacteria, i.e., the number of bacteria-dust contact sites in dust episodes, was on
average 3 times larger than that during nondust periods (Table 4-1). The occurrence of dust in
remote downstream areas will significantly increase not only the concentration of bacterial cells
but also the concentration of dust-bacteria mixture particles and the number of ice nucleation
active sites. This phenomenon could provide important sources of nuclei for ice cloud formation
under saturated meteorological conditions for icing, particularly in remote elevated air, where the
concentrations of aerosol particles able to act as nuclei are usually very low (Creamean et al.,

2013).

4.4.3 Ecosystem conservation and development

More than 60% of particle-attached bacteria and approximately 87% of free-floating bacteria
in the dusty air remained viable. Airborne bacteria can multiply more easily after they settle into
water (lakes, rivers and oceans) and soil surfaces than in the atmosphere. As a consequence, their
dissemination via the atmosphere has the potential to alter the microbial biogeography,
biogeochemistry and ecosystem services of downstream areas. Moreover, a recent study on
phosphorus in aerosol particles in Asian continental outflow revealed that natural dust particles

supplied higher ratios of bioavailable phosphorus than other types of particles as nutrients for the
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primary production in marine ecosystems, and the phosphorus was presumed to be from the
biological particles in dust plumes (Shi et al., 2019). The dissemination of bacteria with dust in
the air is much more efficient than that via other routes, such as rivers, because dust in the
atmosphere can travel globally within two weeks (Uno et al., 2009). Therefore, the wide dispersal
of atmospheric dust is an efficient link between bacterial communities in geographically isolated
ecosystems. This linking function is likely the key process that constantly blurs the distinctions
between closely related microbial species in distant areas. Thus, the diversities of microorganisms
have a geographically weak gradient at the global scale, and are functions of habitat properties

but not of historical/evolutionary factors (Fenchel and Finlay, 2004).

4.4.4  Health effects

Allergenic and toxic bacteria inhaled and deposited on the surface of upper respiratory tracts
and lungs are suggested to provoke severe adverse health effects, regardless of whether the
bacteria are viable, dead or cell fragments (Després et al., 2007; Frohlich-Nowoisky et al., 2016).
Dust particles carrying biological materials, including bacteria with pathogenic, allergenic, and
adjuvant activity, can cause and aggravate respiratory disorders (Reinmuth-Selzle et al., 2017).
The size distribution of bacteria-related particles in the air is particularly meaningful because the
movement and deposition of the particles in the airways are size-dependent. Particles larger than
0.5 pm are deposited by sedimentation and impaction mainly in the head airways, and particles
smaller than 0.5 pm can reach the lower airways by diffusion (Frohlich-Nowoisky et al., 2016).
According to the size distribution of the airborne bacteria-related particles in this study (Figures
4-1 and S4-9), the deposition fraction and abundance of particle-attached bacteria are much higher
than those of individual cells in both the upper and the lower airways. Polymenakou et al. (2008)
reported that a large fraction of airborne bacteria at respiratory particle sizes (< 3.3 pm) during an
intense dust event were phylogenetic neighbors to human pathogens. He et al. (2012) suggested
that Asian dust caused the exacerbation of pneumonia induced by Klebsiella pneumoniae due to
the enhanced production of pro-inflammatory mediators in alveolar macrophages. Therefore,
free-floating bacterial cells are likely to more easily influence the deep parts than the upper parts
of respiratory airways, while the negative influence of particle-attached bacteria, particularly
under dust conditions, is expected to be more serious in the upper parts than in the deep parts of

respiratory airways.
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4.5 Conclusions

In this study, we aimed to quantify the particle-attached and free-floating bacteria in dusty
and nondust air in southwestern Japan using the fluorescent enumeration of bacterial cells in size-
segregated aerosol samples. The bacteria showed bimodal number-size distributions during dust
episodes, while the distributions largely varied during nondust periods. Particle-attached bacteria
in dust episodes, with a concentration of 3.2 + 2.1 x10° cells m™ on average, occupied 72 + 9 %
of the total bacteria. In contrast, this percentage was 56 + 17 % during nondust periods, with a
concentration of 1.1 + 0.7x10° cells m>. The results indicate that dust particles conveyed
substantial numbers of bacterial cells on their surfaces. Viable particle-attached bacteria were
more abundant than viable free-floating bacteria in dusty air, which is compatible with the
previous results that larger particles harbor more viable and/or culturable bacteria than smaller

particles.

The viability (approximately 63 £ 21 %) of particle-attached bacteria was much lower than
that (87 £ 12 %) of free-floating bacteria, likely because atmospheric stressors along with long-
distance transport inhibited the survival of particle-attached bacteria and the entrainment of
locally originating free-floating bacteria. High concentrations and viabilities of free-floating
bacteria were observed in stagnant air, mostly under anticyclone conditions, suggesting that

locally emitted bacteria accounted for the major fractions.

The present results, quantitatively showing the state of airborne bacteria in association with
particles, i.e., particle-attached and free-floating bacteria, could have broad implications in the
disciplines of atmospheric sciences, ecology, public health and climate. In addition, the methods
used in this study are low cost and easily available but are time- and labor-intensive. Verification
of the status of airborne bacteria using efficient techniques, such as in situ electron microscopy,
and the exploration of the compositions, functions and activities of particle-attached and free-

floating bacteria in the atmosphere, are necessary to deepen our understanding of the related fields.
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Chapter 5

Conclusions and perspectives
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The size distribution has an essential place in the transit and life cycle of bacterial aerosols in
the atmosphere. The aecrodynamic size of bacterial aerosols determines their transportation ability,
the capability for atmospheric reaction, and the deposition velocity. It is therefore important to

characterize the size distribution and clarify the transit dynamics of bacterial aerosols.

In this study, firstly the uncertainties of Andersen sampler for extended sampling duration
were examined. Results showed that the concentration of bacterial cells in the size range of > 4.7
pum could be underestimated 40 - 50% as the concentration in the size range smaller than 3.3 pm
was overestimated when the sample collection time was more than 6 hours. Sample collection
time should be less than 20 minutes to suppress the uncertainty below10%, and 42 minutes to
smaller than 20%. Based on identified exponential inverse relation between the dropping rate
from each stage and sample collection time, a scheme is proposed to calibrate the counting results
of Andersen sampler samples to obtain the number size distribution of airborne bacterial cells

with examples.

Number size distribution was measured under various airflows using the Andersen sampler
with the calibration scheme. It was found that the distribution in the long-distance transported
terrestrial air from the Asian continent was monomodal, with a peak of 3.3-4.7 um. The
distribution in local land breeze air was bimodal, with the peaks at 0.43—1.1 and 3.3-4.7 um. A
similar bimodal distribution was encountered when the local island air and long-distance
transported terrestrial air mixed. In contrast, the size distribution did not show clear peaks in the
air from either nearby or remote marine areas. The estimation of dry deposition fluxes of bacterial
cells showed that the deposition was dominated by cells larger than 1.1 pm with a relative
contribution from 70.5% to 93.7%, except for the local land breeze cases, where the contributions

in the size ranges larger and smaller than 1.1 pm were similar.

The concentration of particle-attached bacteria( > 1 um), and free-floating bacteria( < 1 pm)

revealed that dust particles carried substantial amounts of bacteria on their surfaces, more than
half of which were viable, and spread these bacteria through the atmosphere. These results show
the distinctive number size distributions and removal processes of bacterial aerosols in different
types of air. In addition, they indicate that size-dependent characteristics of airborne bacteria

should be considered when studying their activities and roles in the atmospheric environment.

The information given in this study provide new understandings on the dependence of
synoptic weather systems on size distribution of bacterial aerosols. However, related investigation

is still at infancy and further prospects for the future can be conducted to obtain more insights
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about the roles of bacterial aerosol in physics and chemistry of the atmosphere as follows:

1. More attention is needed to understand the success of size-related taxa at being transferred
to aerosols and surviving in the atmosphere (cell size and density, pigments, composition of the
cell membrane), as this success expresses a potential to invade or exchange new environments. A
better characterization of the specific features of microorganisms adapted to the atmospheric

environment, and the identification of specific indicators, would also be particularly necessary.

2. Combining with microbial indicators specific for the different sources may be helpful to
understand the factors that shape the microbial content and the microbial diversity in atmosphere
and facilitate prevention from health and microecosystem impacts. One final prospect is to
quantify the impact of human activities and climate changes on the sources associated bioaerosols,

and possibly transport modelling related to the size.

3. The size effect of bacterial aerosols on clouds and the climate is still faced to uncertainties
related to cloud formation and their microphysical and metabolism properties, which are highly
variable in time and space. One factor contributing to these uncertainties is the current lack of
knowledge on bacterial interference in chemistry processes in clouds. Cloud chemistry studies
are therefore crucial for scientists to evaluate the effects of clouds on climate change. The complex
nature of cloud microphysical and size dynamic processes will require robust parameterizations
to be developed to represent various potential bacterial INP behavior, for implementation in

simulations from cloud to regional to global scales.

4.  Transport models involved in size have proven very useful to many applications in
simulating the atmospheric dispersal of several types of biotic particles over a whole range of
scales, from the plant to the globe. The different modeling approaches considered now appear to
be well adapted to bioaerosol-related transit and are complementary. As microbial aerosols travel
over a continuum of scales, which the current models have not taken into account well. Models

should be developed for the transport of biological particles.
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