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SUMMARY

The atmosphere has received little attention for its biological component,
especially when compared to its physical and chemical components. The study of
bioaerosols and their relationship with the atmosphere has gained particular
attention in the last couple decades because accumulating evidence suggests that
bioaerosols may interact with the atmosphere, biosphere, weather, and public
health. Moreover, the role of airborne cells in cloud formation and precipitation by
serving as precursors for ice nucleation or ice nuclei (IN) at warmer temperatures
than abiotic particles (e.g. dust) has been recognized. Even though the
atmosphere is a hostile environment for living organisms (e.g., stress caused by
low temperatures, high UV-radiation, pH changes, oxidative and osmotic stress,
amongst others), microorganisms are present and relatively abundant (e.g., 10? -
108 cell/m3) in the atmosphere. However, the effects of common atmospheric
conditions (some mentioned above) on microbial community patterns and on the
ice nucleation activity of IN bacterial species remain poorly understood. Therefore,
a major objective of this study was to establish microbial (bacteria and fungi)
compositional and diversity patterns between dry-air and rain samples collected in
an urban setting (Metro Atlanta) over two consecutive years with culture-
independent techniques and amplicon sequencing. The results revealed
significant changes in community structure among sample types, including
pathogenic and/or allergen fraction of the community, but not strong seasonality.
Furthermore, the ice nucleation activity of three different bacterial IN species

(Pseudomonas syringae (Gram -), Lysinibacillus parviboronicapiens (Gram +), and



Xanthomonas campestris (Gram -) after exposure to a range of acidity, oxidative
and UV radiation stressors and a combination of them by immersion freezing
testing. Bacterial and fungal communities in dry-air samples do not appear to
mirror the same community structure of rain samples, and seasonality is not a
strong factor in shaping the microbial community of the atmosphere in a subtropical
climate as Metro Atlanta. Pseudomonas syringae, and to a lesser extent the other
two species evaluted, retained efficient ice nucleation activity (Tso above -10°C; Tso
represents the temperature that 50% of the water droplets froze as an effect of the
present of the cells) even after viability loss due to acidic pH (pH = 2.5).
Collectively, this research provides new insights into the public health aspect of

bioaerosols as well as their role in weather/climate patterns.



CHAPTER 1: INTRODUCTION

1.1 Thesis rationale

Bioaerosols, specifically airborne bacteria and fungi cells or cell fragments,
are ubiquitous in the Earth's atmosphere, can be transported across the globe
via the atmosphere, and potentially contribute to climate and weather patterns
by acting as ice nuclei for potential cloud formation and precipitation. However,
the role of microbes and their diversity and taxonomic patterns in the
atmosphere are still not well understood and constitute a large gap in our
understanding of their interactions with health, climate, and other ecosystems.
In order to provide a more comprehensive understanding of the role of bacteria
and fungi in the atmosphere, we collected dry-air and rain samples to study
their diversity and taxonomic patterns by changing conditions in the
atmosphere such as seasonality and hostile atmospheric stressors. In addition,
we assessed the potential of bacteria cells for cloud formation and precipitation
by evaluating the effects of atmospheric stressors. This research presents
novel knowledge to aerobiology and bioaerosols study fields and the insights

for integrating biological information to weather/climate predictions models.



1.2 Literature review

1.2.1 Relevance of bioaerosols in the atmosphere

Life, as we know it, is what makes planet Earth particularly special. Life in our
planet prevails within the biosphere, which is divided into the lithosphere (land),
hydrosphere (water), and atmosphere (air). The atmospheric microbiome is a
critical element of connectivity between ecosystems globally (Archer & Pointing,
2020). However, the study of biology in the atmosphere has been delayed, mostly
due to the assumption that it is too hostile of a habitat for all life forms compared
to terrestrial and aquatic environments. Conditions in the atmosphere can include
subzero temperatures, low humidity, UV radiation, freeze/thaw cycles, acidic and
basic pHs, and oxidative and osmotic stress, as the more common atmospheric
stressors. Therefore, extensive research in the atmosphere has been focused on
its physicochemical properties (Polymenakou, 2012). Accordingly, the study of
biology in the atmosphere has gained interest only in recent years, especially for
public health implications (Polymenakou, 2012; Fréhlich-Nowoisky et al., 20164,
Ginn et al., 2021; Triad6-Margarit et al.,, 2022; Franchitti et al., 2022) and is
commonly refer to as the study of bioaerosols.

Bioaerosols are biological particles suspended in the atmosphere such as
bacteria, fungi, spores, pollen, endotoxins, archaea, virus, and any particle of
biological origin and appear to be ubiquitous (Lacey & Dutkiewicz, 1994; Frohlich-

Nowoisky et al., 2016a). Taking into account the number and mass concentrations



of atmospheric particles larger than 1 mm, it is estimated that bioaerosols account
between 25 7 30% of total atmospheric particles (Després et al., 2012; Huffman,
Prenni, DeMott, et al., 2013; Franchitti et al., 2022), while for atmospheric aerosols
smaller than 0.2 nm, bioaerosols represent 51 50% of the total (Jaenicke, 2005).
In addition, bioaerosols could play a role in cloud formation and precipitation by
serving as cloud condensation nuclei (CCN) or ice nuclei (IN) directly affecting the
physics and chemistry of the atmosphere and the hydrological cycle (Sands et al.,
1982; Amato et al., 2007; Després et al., 2012; Huffman et al., 2013; Morris et al.,
2014; Amato et al., 2018), and therefore potentially influencing weather/climate
patterns. CCN are aerosols (biotic or abiotic) that serve as initial sites for
condensation of water vapor into cloud droplets, while ice nucleation occurs when
a particle acts as a nucleus for the formation of an ice crystal and depends also on
the ambient temperature (Wang et al., 2022) . Bioaerosols also play a key role in
the dispersal of reproductive structures mentioned above (pollen, spores, etc.) but
also as a medium of transport of other structures or cells (Burrows, Butler, et al.,
2009; Burrows, Elbert, et al., 2009; Després et al., 2012). Bioaerosols size range
from nanometers to a tenth of a millimeter (Fréhlich-Nowoisky et al., 2016a). The
size of bioaerosols is an important factor for residence time in the atmosphere
(Burrows, Butler, et al., 2009; Womack et al., 2010). Smaller and lighter biological
particles (bioaerosols) will have longer residence times, but it also depends on the
particle(s) physical properties and meteorological conditions (temperature, relative
humidity, among others). Residence time can range from a couple hours to weeks

or even months (Burrows, Butler, et al., 2009; Prussin et al., 2014; Frohlich-



Nowoisky et al., 2016a). Thus, if bioaerosols can stay airborne for long periods of
time, this will also dictate their transport within the atmosphere (Womack et al.,
2010). Once in the atmosphere, bioaerosols are exposed to several atmospheric
stressors, such as flux in temperatures (freeze/thaw), solar radiation, desiccation,
oxidative species, pH changes (Joly et al.,, 2015a; Smets et al., 2016).
Interestingly, many airborne microbes appear to have adapted to atmospheric
conditions (Vaitilingom et al., 2012), withstanding long-distance transport (Smith
et al., 2013), and could even remain metabolically active (Vaitilingom et al., 2013).
Furthermore, evidence that indicates that the atmosphere is a habitat for
microorganisms and not only a transport medium has recently started to
accumulate (Womack et al., 2010). A study has been published that addressed
bacterial activity in the atmosphere by comparative rDNA and rRNA analyses,
which can help identify active and total bacterial communities in the atmosphere
(Klein et al., 2016).

However, the role of bioaerosols, specifically for airborne microbial (viable)
cells, and their composition and diversity patterns in the atmosphere are still not
entirely understood and constitutes a large gap in the scientific understanding of
their interaction with health, climate, and other ecosystems. At the moment,
outdoor aerosols of biological origin are the least studied within the aerosols study
field (Ruiz-Gil et al., 2020a) and these could have an important role in atmospheric

dynamics, as any other microorganisms will do in any other ecosystem.

1.2.2 Bacteria and Fungi in the atmosphere



Microorganisms (bacteria, archaea, fungi, virus), unlike any other organism,
can easily be aerosolized from the biosphere to the atmosphere due to their small
size, which ranges from 1 nm to 100 nm, and are light weight. Bacterial and fungal
cells are the most abundant bioaerosols with concentrations near-ground level
ranging from ~102% to ~108 cells/m3 (Bauer et al., 2002; Bowers et al., 2012;
DelLeon-Rodriguez et al., 2013) and ~10° to ~10° cells/m=3 (Després et al., 2012;
Franchitti et al., 2022; Huffman et al., 2013), respectively. Fungal and bacterial
concentrations in the atmosphere can be affected by several atmospheric
conditions, such as temperature, wind speed, relative humidity, PM concentrations
(PM2.5 and PM10), and spatial variations (Uetake et al., 2019). However, besides
monitoring the concentration of airborne microorganisms in the atmosphere, is also
important to identify and classify who they are. Classifying and evaluating which
microbes are present in the atmosphere helps to understand composition and
diversity patterns over different influencing factor such as environmental
disturbances and temporal shifts (seasons, dust storms, hurricanes, land usage)
(DeLeon-Rodriguez et al., 2013; Barberan et al., 2015; Tignat-Perrier et al., 2019;
Uetake et al., 2019) as well as to know if there are any public health hazards or a
significant abundance of plant/animal pathogens near fields and farms (Monteil et
al., 2014; Zhao et al., 2014) (Nicolaisen et al., 2017a) (K. Kim et al., 2018).

Bacteria and fungi represent an important part of the microbial abundance
and diversity in a wide variety of rural and urban outdoor bioaerosols, as well as
for indoor bioaerosols (Frohlich-Nowoisky et al., 2016a; Smets et al., 2016). Major

sources of bioaerosols are all surfaces on Earth, including soils, plants, animals,



waterbodies, and human activity (Frohlich-Nowoisky et al., 2016; Ruiz-Gil et al.,
2020; Xie et al., 2020). Thus, microorganisms from potential sources that surround
a specific sampling place/station must be represented in microbial communities of
atmospheric samples as a mixture/combination of sources or just one significant
and abundant source. For example, bacteria associated with human skin were
higher in abundance in an urban site, while an enrichment bacteria associated with
soil and plants, was observed in a near suburban site (Tanaka et al., 2020).
Since only 1% of bacteria and 17% of fungi are culturable (Amato et al.,
2018), culture-based methods are limited and cannot provide an accurate
assessment of a potential microbial community in the atmosphere. Therefore,
molecular techniques have become the most popular methods for studying the
composition, abundance, and diversity of the microbial communities in the
atmosphere. Sampling the atmosphere can include samples from air, rain, snow,
fog, cloud water, hail, which makes the atmosphere a unique and dynamic
microbial habitat for sampling and studying. Bacterial taxa commonly identified in
most outdoor bioaerosols studies include Pseudomonas spp., Sphingomonas
spp., Methylobacterium, Micrococcus spp., Bacillus spp. (Smets et al., 2016).
Ubiquitous phyla in the atmosphere include Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes (Ruiz-Gil et al., 2020a). On the other hand, fungi
commonly found in the atmosphere include members of the Ascomycota phylum
(Cladosporium spp., Penicillium spp., Aspergillus spp., Botrytis spp.) and the
Basidiomycota phylum (Cryptococcus spp. and Dioszegia spp.) (Frohlich-

Nowoisky et al., 2016a; Smets et al., 2016). Several studies had reported high



diversity indexes for bacteria and fungi in a variety of atmospheric samples.
Although, specific diversity or taxonomic patterns across studies have not been
elucidated and can be very variable from study to study. Apart from the
atmospheric variables at the moment of sample collection, sampling regions and
altitudes, differences in taxonomic groups are often caused by different sampling
methods employed in the study of bioaerosols (Ferguson et al., 2019).
Furthermore, seasonal patterns have been established for airborne
microbial communities in different regions such as high elevations sites, near-
ground and cities in different continents (Bowers et al., 2012, 2013; Be et al., 2015;
Uetake et al., 2019; Els et al., 2019; Nufiez et al., 2021). However universal
patterns based on seasonality remain somewhat elusive. For instance Gandolfi
and colleagues (2015) found that Rhodobacterales were more abundant in warmer
seasons in cities in Italy (Milan and Venice), while Yan and colleagues (Yan et al.,
2018) reported a higher abundance of the same order in colder seasons in Beijing,
China. Thus, the importance of local sources as well as which source affect and
how exactly the microbial community patterns observed in the atmosphere is
poorly understood. Moreover, studies that evaluate in parallel the microbial
community of different atmospheric samples (e.g., rain vs. dry air) within a same
location are typically lacking. The understanding of the previous gives insights
towards a more complete view of microbial diversity and taxonomic patterns in the

atmosphere.

1.3 Ice nucleation



Freezing processes that occur in the atmosphere influence cloud formation,
precipitation, and on the energy balance of our planet (Lukas et al., 2022). The
nucleation of ice or ice nucleation (seeds for ice clouds, rain or snow droplets) is
an important freezing process that occurs in the atmosphere and influences cloud
microphysics, such as radiation and cloud formation. Ice nucleation may occur
through homogeneous or heterogeneous freezing. Heterogenous ice nucleation is
triggered by particles that serve as ice nuclei (IN) such as soot, mineral dust-based
particles (feldspars, silicates, clay) or particles of biological origin (Huang et al.,
2021; Maeda, 2021; Lukas et al., 2022) and must occur above -38°C, while
homogeneous ice nucleation occurs at -38°C or lower based on pure water
molecular and no IN present. IN particles of biological origin include bacterial,
fungal, viral, insects, or pollen cells and their cell fragments (Després et al., 2012;
Frohlich-Nowoisky et al., 2016b; Huang et al., 2021).

Ice nucleation/formation is also important for cryopreservation, prevention
of icing for transportation issues and other edifications including recreational (e.g.,
creating of snow for ski resorts). Ice nucleation has special relevance for mixed
phase clouds (water and ice), and ice clouds, such as cirrus clouds (high-altitude,
these clouds play a major role in scattering incoming sunlight). For ice formation
to occur though heterogenous ice nucleation, one of the following proposed
pathways must take place: condensation freezing (water vapour condenses on a
solid particle and then freezes), contact freezing (solid particle collides with a

supercooled liquid droplet, resulting in ice nucleation), deposition nucleation



(vapour directly deposits onto a solid surface as ice) or immersion freezing (ice
nucleates on a solid particle immersed within a supercooled liquid droplet (Vali et
al., 2015) (Chen et al., 2018). Immersion freezing is suggested to be the most
important ice nucleation mechanism for mixed-phase clouds (Murray et al., 2012)
(Westbrook & lllingworth, 2013). Mixed-phase clouds exist in the low and middle
part of troposphere, thus they haveanimpor t ant r ol e i n (Muhagy
et al., 2012). Field data and modeling studies had agreed that liquid water is a
prerequisite for ice formation. A study using radars showed that 95% of ice
particles in the atmosphere originated within supercooled clouds droplets
(Westbrook & lllingworth, 2013).

Interestingly, biogenic (or biological) IN has gained particular interest
recently because several bacterial and fungal species, or their proteins and cell
fragments, can trigger ice nucleation processes at warmer temperatures (above -
15°C) than mineral dust or other IN abiotic particles (below -10 °C) (Hoose &
Mohler, 2012; Frohlich-Nowoisky et al., 2016b; Perkins et al., 2020). By using the
previous metric, biological particles (or cells) are considered to be the most
efficient IN particles (Lukas et al., 2022) and thus, have important implications for

clouds formation and precipitation patterns.

1.3.1 Role of bacteria as ice nuclei

Biogenic IN is considered the most efficient IN particles known. It is has
been reported that ice-nucleating proteins (INPs) are responsible for the ice

nucleation activity of biological particles (Murray et al., 2012; Huang et al., 2021;

Earth



Lukas et al., 2022). For instance, bacterial ice nucleation activity has been the most
studied biogenic IN. The only known gene responsible for ice nucleation activity is
inaZ gene (InaZ protein) (Wolber et al., 1986a), which are proteins located in the
outer membrane that can orient the water molecules that surround the protein into
an ice-like structure (Warren & Wolber, 1991; Pandey et al., 2016; Lukas et al.,
2022). Interestingly, INPs (specifically inaZ gene) were first discovered in bacterial
plant pathogen, Pseudomonas syringae (Gram-negative) (Lindow et al., 1982). P.
syringae causes freeze injury to plant leaves, facilitating infection (Lindow et al.,
1982; Wolber et al., 1986a; Joly et al., 2015a). However, Sands et al., 1982 marked
a very important event within the microbiology and atmospheric sciences field
when they isolated for the first time Pseudomonas syringae from rainwater, giving
birth to the bioprecipitation hypothesis. The latter states that the IN activity of
bacteria may be a feedback cycle where plant-associated microorganisms
generated by plants as aerosols influence the formation of clouds via their ice
nucleation activity, precipitation occurs in consequence, which is then beneficial
for plants (Morris et al., 2014a). Surprisingly, P. syringae (with the inaZ gene) can
form ice crystals starting at -2 C (Maki et al., 1974; Lindow et al., 1978; Lukas et
al., 2022), which is around 8 C warmer than any other abiotic ice nucleating
particles. Therefore, P. syringae has become widely studied and the current
biogenic IN mechanism model. For this, P. syringae has been prepared a
commercial/industrial product for making artificial snow in ski-resort. In addition, a
previous study discussed how size and aggregation of INPs seems to play a role

in the ice nucleation activity of bacterial IN particles (Qiu et al., 2019).
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Variants of the InaZ protein have been also found in other Gram-negative
bacterial plant pathogens such as Pseudomonas fluorescens, Pseudomonas
putidia, Erwinia herbicola, Erwinia ananas, Pantoea ananatis, Xanthomonas
campestris, among others (Lindow et al., 1978; Warren & Wolber, 1991; Smets et
al., 2016). Therefore, it was thought that bacterial INs had to be Gram-negative,
until Failor and colleagues (2017) reported a Gram-positive bacteria lacking a
homolog of the InaZ protein but showing ice-nucleating activity. Interestingly, all
the bacterial species mentioned above have been often isolated from non-plant-
associated atmospheric samples, e.g., air, cloud water, rain (Joly et al., 2013,
2015b; Failor et al., 2017; Liu et al., 2023), in addition to plant surfaces. Thus, as
their presence in the atmosphere appears to be frequent and they are capable of
ice formation above -15 C, the potential of bacterial IN must be significant in the
atmosphere.

Although bacteria has been isolated from rain and been tested and
validated for their ice nucleation potential under laboratory conditions (Huffman,
Prenni, Demott, et al., 2013; Joly et al., 2015a; Joyce et al., 2019), only a few
studies had reported the effect of atmospheric conditions/stressors to the ice
nucleation activity of bacterial IN. Unfortunately, the effects of atmospheric
stressors on airborne microbes are poorly understood, mainly due to the
challenges in simulating real atmospheric settings (Joly et al., 2015). Only a few
studies have studied the ice nucleation activity of bacterial species after exposure
to atmospheric stressors such as solar radiation, oxidative stress, osmotic

pressure, and freeze-thaw cycles and were reported to negatively affect the
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survival of known IN bacteria in the atmosphere (Joly et al., 2015b). In the above
mentioned study, P. syringae survival rate decreased significantly after being
exposed to freeze-thaw cycles and osmotic shocks (Joly et al., 2015b).
Nonetheless, de Araujo and colleagues reported that IN activity and survival of P.
syringae were affected by solar radiation and desiccation but, somewhat
surprisingly, activity was maintained at around -5°C (de Araujo et al., 2019).
However, it is unclear if the results from P. syringae are directly applicable to other
IN-active bacterial taxa and which stressor(s) may be more important among those
relevant for the atmosphere. In addition, as stated in above sections, the
atmosphere is a dynamic and mixed habitat, and all previous studies evaluated
one stressor at a time (as opposed to a combination of stressors). Research on
how ice nucleating activity is affected by combination of common atmospheric

stressors is lacking.

1.4 Knowledge gaps

The study of bacteria and fungi in the atmosphere throughout the years has
offered valuable information to the better understanding of their role in atmospheric
processes. Despite all this important work, however, there are still inconsistencies
on microbial diversity and taxonomical patterns across studies and how the
microbial communities of different atmospheric samples (e.g., air, rain, snow, ect.)
are related within the same location and changing season. In addition, it is unclear

how atmospheric stressors may affect the IN activity of different bacterial IN taxa,
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especially acidity stress, which is poorly studied among the common atmospheric
stressors. How a combination of atmospheric stressors affects the survival and ice
nucleation activity of efficient IN bacteria has not been conducted yet, limiting our
understanding of the biogenic IN activity under more realistic atmospheric

conditions.

To close some of the knowledge gaps in this area, this thesis is focused on
four main research questions:

0 What are the compositional and diversity patterns of bacterial and fungal
communities in dry-air samples vs. rain samples?
0 How they change with seasonality and atmospheric conditions?

0 How does acidity stress affect the ice nucleation activity of three different
bacterial taxa (Pseudomonas sp., Xanthomonas sp., and Lysinibacillus

sp.)?

0 Howisthe ice nucleation activity affected by oxidative, UV stress and
a combination of all the above?

To answer these questions, the following objectives were addressed:
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1.5 Goals and research objectives

Objective 1:

To classify and evaluate the microbial composition, abundance, and
diversity based on the V4-region of the SSU 16S rRNA gene (bacterial) and
the internal transcribed spacer (ITS) (fungi) and relate it to seasonal
changes and atmospheric stressors or conditions such as (but not limited
to) temperature, relative humidity, UV radiation, air pollutants, among others

in dry-air samples versus rain samples. (Chapter 2)

Objective 2:

Evaluate the ice nucleation activity of three different IN bacteria taxa after
exposure to common atmospheric stressors individually (acidity, oxidative,
and UV radiation stressors) and a combination of them by immersion
freezing testing and how it compared between the different bacterial taxa.

(Chapter 3)
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CHAPTER 2: LOW-TROPOSPHERE MICROBIAL COMMUNITIES DIFFER
BETWEEN DRY-AIR AND RAINFALL BUT DO NOT SHOW STRONG

SEASONAL PATTERNS IN METRO ATLANTA, SOUTHEAST USA

2.1 Abstract

The composition and seasonal patterns of airborne bacterial and fungal
communities and how these are affected by atmospheric conditions (e.g., dry vs.
rain), origin of air masses, and presence of air pollutants remain understudied,
especially in the Southeastern US, despite their obvious importance for public
health. To provide insights into these questions, dry and rain samples were
collected monthly at the Environmental Science and Technology building rooftop
on Georgia Techos nm@mafronp duse 201¥® Novembek ROL%A
including remnants of Hurricane Irma and a Saharan dust event in 2020. Amplicon
sequencing of the V4 region of the 16S rRNA gene and the internal transcribed
spacer (ITS) showed that spore-forming bacteria and widespread fungi were
enriched in dry samples, while photosynthetic bacteria and wood-decay fungi were
more abundant in rain samples, revealing that community composition differs
between the two sample types. Further, higher relative abundance of fungal human
pathogens and allergens were identified in the dry-air and Saharan dust samples,
including Alternaria alternata and Cladosporium cladosporioides. Bacterial and
fungal species richness and composition appear to be relatively consistent

between seasons for both sample types. Accordingly, sample type and seasonality
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explained ~14% and ~8.5% of the microbial diversity among samples, respectively,
while presence of air pollutants and three-day back trajectory data were not
significant. Collectively, our data indicate that dry air in an urban environment might
represent higher public health risk and provide a reference point for the long-term

monitoring of airborne microbial communities in the Southeast US.

2.2Introduction

Microorganisms are known to inhabit most of the ecosystems on Earth, and
the atmosphere is not an exception. The atmosphere is a mixture of gases and
water vapors that surround the planet, which can support airborne microbial life.
However, the atmosphere has received little attention for its biology for decades
due to the traditional focus on its physical and chemical properties (Polymenakou,
2012). Airborne microorganisms are generally referred to as bioaerosols.
Bioaerosols are biological particles (whole cells or cellular components)
suspended in the atmosphere such as bacteria, fungi, pollen, virus, and any
particle of biological origin (Lacey & Dutkiewicz, 1994; Frohlich-Nowoisky et al.,
2016a). Bacterial and fungal cells are the most abundant bioaerosols with
concentrations near-ground level ranging from ~10? to ~10° cells/m (Bauer et al.,
2002; Bowers et al., 2012; DelLeon-Rodriguez et al., 2013) and ~10% to ~10°
cells/m (Bauer et al., 2002; Fierer et al., 2008), respectively. Major sources of
bioaerosols are essentially all surfaces on Earth, including soils, plants, animals,

waterbodies, and human activity (Frohlich-Nowoisky et al., 2016; Ruiz-Gil et al.,
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2020; Xie et al., 2020). In addition, bioaerosols have been reported to remain
airborne for long periods of time as well as to travel long distances (Mayol et al.,
2017; Tignat-Perrier et al., 2019; Smith et al., 2013; Uetake et al., 2019; Uetake et
al.,, 2020). Therefore, bioaerosols can potentially influence and impact other
ecosystems, air quality, and public health, including the health of animals and
plants. Finally, bioaerosols could play a role in cloud formation and precipitation by
serving as cloud condensation nuclei (CCN) or ice nuclei (IN) directly affecting the
physics and chemistry of the atmosphere and the hydrological cycle (Sands et al.,
1982; Amato et al., 2007; Després et al{Citation}., 2012; Huffman et al., 2013;
Morris et al., 2014; Amato et al., 2018).

Bioaerosols are eventually removed from the atmosphere through dry
(deposition of atmospheric particles by sedimentation) or wet (rain or snow)
deposition. Dry and wet depositions are both important mechanisms for controlling
air pollution and removing particulate matter (PM) and bioaerosols (Shannigrahi et
al.,, 2005; Wu et al., 2018), with wet deposition being overall more important
(Frohlich-Nowoisky et al., 2016b; Joung et al., 2017) but dry deposition being
highly relevant for local air quality and health effects (Frohlich-Nowoisky et al.,
2016a). Cities are important modern sources of bioaerosols caused by
anthropogenic activities. For instance, in Japan bacteria associated with human
skin such as Propionibacterium, Staphylococcus, and Corynebacterium were
higher in abundance in an urban site, while an enrichment of Methylobacterium
and Sphingomonas, which are mostly associated with soil and plants, was

observed in a suburban site (Tanaka et al., 2020). Further, Gandolfi and
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colleagues (2015) found that Rhodobacterales were more abundant in warmer
seasons in cities in Italy (Milan and Venice), while Yan and colleagues (Yan et al.,
2018) reported a higher abundance of the same order in colder seasons in Beijing,
China. Thus, seasonality also appears to affect local airborne microbes within
urban settings. However, the previous studies had focused only on dry-air
sampling, and comparisons with rain samples were typically lacking.

Studies that evaluated the influence of rainfall on community composition
were mainly based on dry-air sampling during non-rainy vs rainy days (as opposed
to directly sampling rain) and were only conducted in forested and marine
environments (Huffman, Prenni, DeMott, et al., 2013; Evans et al., 2019). To our
knowledge, the only studies that had evaluated microbial composition between
dry-air samples (in non-rainy days) and rain samples were focused on fungal
communities only (Woo et al.,, 2018) or were conducted at high elevation
mountains and remote spaces (Els et al., 2019; Triadé-Margarit et al., 2019), and
revealed higher fungal species richness in wet deposition (Woo et al., 2018).
Hence, the relevance of these previous findings for metropolitan and/or sea-level
areas remain speculative. In addition, most of the previously mentioned studies
that investigated dry and wet deposition (or precipitation) did not evaluate
seasonality patterns, and airborne microbial communities have been shown to
have seasonal patterns. For instance, one study analyzed rain and snow samples
at a high elevation mountain in the Central Pyrenees, Spain found substantial
differences in airborne microbes between summer and winter seasons (Caliz et

al., 2018). Therefore, studies of dry-air and rain samples collected at the same
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location and across seasons are lacking, especially for cities in the Southeast US
and urban settings but are highly important toward a more complete view of
microbial diversity patterns and their potential importance for public health.

In the present study, we evaluated the composition and diversity of bacterial
and fungal communities in dry-air and rain samples, taking into account
seasonality and atmospheric environmental factors in Atlanta, Georgia, US. We
report on samples taken each month for two consecutive years, providing a unique
time-series both in terms of the frequency of samples as well as the geographic
location. Notably, the broader Atlanta area is characterized by both urban influence
but also frequent continental and oceanic air transport. Although the city of Atlanta
has been studied for bioaerosols previously, research has been only focused on
guantification of the total concentration of bioaerosols during the spring season or
detection of pathogens near wastewater treatment plants (Negron et al., 2020;
Ginn et al., 2021). We hypothesized that seasonality plays a role in shaping
bacterial and fungal composition, independently of sample type (dry-air or rain)
and the effect of other environmental factors such as pollutants present, and air

transport will be also significant albeit less pronounced than season and sample

type.

2.3Methods

2.3.1 Rain sample collection
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Rainwater samples were collected on the rooftop of the Ford Environmental
Science & Technology Building (approximately 12 m above ground level) at
Georgia Institute of Technology (Georgia Tech) campus in Atlanta, Georgia from
June 2017 through November 2019 (approximately monthly at random days or
days selected based on weather patterns). For every rain event sampled, the
rainwater collection was performed using three plastic funnels where rainwater
was deposited into previously sterile 1L glass bottles through the funnel and then
pooled all together later at filtration step. Funnels were cleaned and sterilized
previously by: (i) scrubbed with 1% Alconox, (ii) rinsed with DI water, (iii) sprayed
with 20% bleach, (iv) rinsed with deionized water (5). Once on the rooftop, each
funnel was sprayed with 70% alcohol right before setting it up for sampling. The
duration of each rainwater sampling was variable from sample to sample
depending on rain duration and intensity. Rainwater collection lasted until the rain
event stopped or glass bottles were overflown before rain stopped. After sampling,
glass bottles with rainwater sample were transported to the laboratory and filtered
through a UV-treated 0.22 nm pore size filter immediately. For each rainwater

sample, another UV-treated 0.22 mm pore size filter was used as handling blank.

Filters were stored at -80 C until DNA extraction.

2.3.2 Dry-air sample collection

Dry-air samples were collected at the same location and period as rain

samples and during a Saharan dust cloud event in the summer of 2020. Dry-air
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sampling days were selected when weather forecast did not predict rain events for
atleast 24 hrs. Samples were collected using a Thermo Scientific MFC-PM10 High
Volume Air Sampler for a duration of 24 h per sample. The instrument uses a mass
flow-controlled system for sampling airborne particulate matter of less than 10 mm
in diameter. Flowrate for the sampler was approximately 1,132 L/min. Dry samples
were collected on an 8 x 10 in Quartz filter, which was previously sterilized at 500 C
for 48 hrs. After sampling, the filter was transported to the laboratory and one
quarter (¥4) of the filter was cut into strips with sterile scissors and forceps and
placed inside a Corninga 50 mL centrifuge tube and stored at -80 C until sample
preparation for DNA extraction. The remaining three quarters (34) of the filter was
stored in Whirl-Paka bags (123 0z) at -80 C as an archived sample.

Before DNA extraction, % of the dry-air filter samples were washed in PBS
buffer for detachment of microbial cells. 40mL of phosphate-buffered saline (PBS)
buffer previously autoclaved and filtrated through 0.22 um was added to the
Corningd 50 mL centrifuge tube containing ¥4 of the filter with dry-air sample and
vortex six times in 30s intervals at 16000 rpm. The filter strips were transferred
aseptically to a new Corninga 50mL centrifuge tube and added 40mL of sterile
PBS buffer and vortex again six times in 30s intervals at 16000 rpm. The 80mL
PBS and cells solution was filtered through a UV-treated 0.22 um pore size filter

and used for DNA extraction.

2.3.3 Metadata records
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In addition to type of sample, season, month, year, time of day (AM or PM),
volume of air/rain collected, and weather conditions before sampling (type of day;
dry or rain), metadata for atmospheric conditions were recorded. Metadata,
including temperature, relative humidity, rain gauge, rain rate, solar radiation, wind
gust, among others for each sampling day were retrieved from WeatherSTEM
station at Georgia Tech (https://gatech.weatherstem.com/). Data about pollen and
mold for each sampling day were retrieved from the Atlanta Allergy and Asthma
website (https://www.atlantaallergy.com). Air quality data such as PM2.5 and
PM10 were retrieved from the AirNow website (https://www.airnow.gov), while air
pollutants regulated by the Clean Air Act by the US EPA, which included nitrogen
dioxide (NO3), carbon monoxide (CO), sulfur dioxide (SO2), and Ozone (O3) were
retrieved from US EPA website (https://www.epa.gov/outdoor-air-quality-data).
Finally, back trajectory analysis was conducted with the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT ) by NOAAGs Air Re
Laboratory to determine the cardinal and intercardinal directions where the air
mass originated 72 h before the sampling date. The HYSPLIT model is commonly
used for atmospheric trajectory and dispersion calculations (Stein et al., 2015).
Representative samples for back trajectory analysis with HYSPLIT models are

shown in (Figure Al).

2.3.4 DNA extraction

Whole filter from each sample (after microbial cell detachment and/or

filtration through the 25mm-diameter large, 0.22um pore size filter), i.e., rainwater
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and dry-air, was extracted with a phenol-chloroform protocol. First, approximately
0.20g of each bead (0.1mm glass and 0.5mm ziconia/silica beads) was added to
a sterile 2mL O-Ring screw cap microtube. To the microtube of the whole filter
sample, 500uL of RNase and lysozyme aliquot were added and incubated at 37 C
for 30 min in a hybridization oven while rotating. After incubation, 40uL of
Proteinase K solution (10mg/ml) and 60uL 10% SDS was added to the microtube
and incubated again at 55 C for 2 hours, while rotating. After the second
incubation, 600uL of phenol:chloroform were added, vortex vigorously for a few
seconds and incubated at 65 C for 5 min. After the third incubation, tube was
centrifugated at 10,000rpm for 5 min and supernatant was transferred to a UV-
treated 1.7mL Lo-bind microtube and same transferred volume was added of
chloroform and inverted for 10s. A second centrifugation at 10,000rpm for 5 min
was performed and supernatant was transferred to a new UV-treated microtube.
1/10 of the transferred volume of sodium acetate (3M), 1uL of glycogen and 2.5
volume of ice cold 100% molecular grade ethanol was added and incubated at -
20 C overnight for DNA precipitation. After DNA precipitation, centrifugation at
13,000rpm for 30 min at 4 C was done to obtain a pellet. Ethanol was poured off
and 1mL of cold 70% ethanol was added and inverted several times. Another
centrifugation at 13,000rpm for 15 min was run and 70% ethanol poured off for
second time. Finally, the pellet was dried for 12 min with a vacuum centrifuge and
35ul of sterile EB buffer (10Mm-Tris-0.1mM EDTA, pH=8) was added, mixed well
to resuspend pellet. DNA was evaluated with Nanodrop for purity values and

assessed by Qubit for accurate DNA quantification.
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2.3.5 PCR amplification of the V4 region of the 16S rRNA gene and fungal ITS2

PCR reactions, based on the protocol described previously (Kozich et al.,
2013), were performed on the extracted DNA for amplicon sequencing. Firstly,
PCR tubes (0.2 mL) and micropipets (10uL, 100uL, 1,000uL) were sterilized under
UV-light for 20 min. Primer combinations (Forward and Reverse) for each sample
were prepared in PCR tubes and diluted with nuclease-free water for a total
concentration of 5uM per primer. For master mix preparation, the following
solutions were added in a 1.7mL tube for a total of 25uL per PCR reaction in the
following order: 17.25uL of nuclease-free water, 2.5uL of AccuPrime 10x Reaction
Mix, 1.25uL of BSA (10ng/uL) and 0.25uL of AccuPrime Tag DNA Polymerase.
Master mix was well mixed by pipetting half of the volume several times.
Subsequently, reagents were added to new PCR reaction tubes (where PCR
reaction took place) in the following order: 21.25uL of master mix, 2.5ul of primer
combo and 1.25uL of DNA template (1:10 dilution of DNA in EB buffer) and mixed
well by pipetting. Tubes for bacterial PCR amplification were put in a thermocycler
(Eppendorf Mastercyclera nexus) and amplified as follows: initial denaturing at
95°C for 2 min; 30 cycles with 94°C for 30 s, annealing at 55°C for 30 s, elongation
at 72°C for 1 min, and a final extension step at 72°C for 6 min. For fungal
amplification, PCR settings were: initial denaturing at 92°C for 2 min; 25 cycles
with 95°C for 30 s, annealing at 52°C for 30 s, elongation at 72°C for 1 min, and a
final extension step at 72°C for 6 min. A negative control (sterile, nuclease-free
water instead of DNA template) was included in all PCR runs. A gel electrophoresis

was run after every PCR run and analyzed for successful amplification for each
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sample (Bacteria ~ 485bp; Fungi ~ 550). Duplicate samples were pooled and

cleaned using SPRI beads from Beckman CoulterN Life Sciences.

2.3.6 Sequence analysis of amplicons

After amplification, PCR products were sequenced on an lllumina Hi-Seq
platform (Molecular Core, Georgia Institute of Technology). Raw sequences were
upload to QIIME2™ 2021.4 version (Bolyen et al., 2019) for sequence analysis for
a total of 72 field and 6 control samples. Demultiplexed samples were denoised
using the DADAZ2 (Divisive Amplicon Denoising Algorithm) (Callahan et al., 2016),
wi t h ¢ o nQimeenddda2ridenoise-p a i rietej@ted in QIIME2™ 2021.4
version tool. Based on DADA2 quality control results, reverse reads were truncated
to 200bp for downstream analysis. The final product is a table (and corresponding
sequences) of the exact amplicon sequence variants (ASV) present in the
samples, which is a higher-resolution analogue of the traditional OTU table and
includes how many times each ASV was observed in each sample (relative
abundance). We also performed OTU clustering at 97% cutoff within QIIME2 ™ to
compare ASVs and OTUs data. Taxonomic profile was similar for both methods
and community diversity was slightly higher in ASVs than OTUs, as expected. We
continued with the ASVs approach since it can provide an advantage for a more
accurate identification of microbes due to its higher resolution.

Recovered ASVs were searched against the Silva SSU database 138
(Quast et al., 2013) for taxonomy identification of bacteria and the UNITE database

version 8.3 (Abarenkov et al., 2021) for taxonomy identification of fungi within
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QIIME2 ™. Sequences classified as Escherichia-Shigella, chloroplast, and
mitochondria were removed from all samples. Escherichia-Shigella was removed
for its significant abundance in control samples. Samples having 5000 sequences
or less after removing the Escherichia-Shigella, chloroplast, and mitochondria
sequences were discarded from further analysis. In addition, all the ASVs identified
in the six control samples of the bacterial dataset and the single control sample
from the fungal dataset were removed from field samples (if present) as potential
contaminants, similar to what was performed previously by Evans and colleagues
(2019) and Kobziar and colleagues (2022). Alpha-diversity (chaol richness index
and Piel ouds even dyesiy (Bray-duetiz dgissirailaridy) abadysisa
were performed by QIIME2 ™ and plotted using RStudio (v. 2021.9.0.351) with the
ggplot2 and vegan packages, respectively.

To further validate results using the QIIME2 ™ pipeline and quantitatively
assess how our metadata explains the variance among the samples, permutational
multivariate analysis of variance using distance matrices was performed with the
Adonis function within the vegan package in RStudio. Adonis is a function for the
analysis and partitioning of sums of squares using dissimilarities and is based on
the algorithm of Anderson (2001). The Bray-Curtis matrix exported from QIIME2™
was used for the Adonis analysis, which evaluates how similar communities are
when considering specific conditions or treatments taking into account relative
abundance of ASVs. The Bray-Curtis distance matrix was also used to evaluate
how similar communities are when considering the effects of sample type, season

and other (measured) environmental factors. Finally, non-metric multidimensional
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scaling (NMDS) plots using Bray-Curtis distance matrix were performed in RStudio
for visualization of results with the vegan package.

Linear discriminant analysis (LDA) effect size (LEfSe) analysis was
performed to identify significantly differentially abundant bacteria and fungi ASVs
for each sample type, with a threshold of 3.0. LEfSe determines which features
(e.g., taxa or ASVs) most likely explain differences between sample groups by
coupling standard tests for statistical significance with additional tests encoding

biological consistency (Segata et al., 2011).

2.4Results

2.4.1 Sample description and metadata

Outdoor bioaerosol samples are typically low in biomass, which presents a
series of challenges during sample processing and DNA extraction steps (Salter
et al., 2014; Weiss et al., 2014; Eisenhofer et al., 2019). The DNA concentration
of the samples obtained in this study ranged from 0.067 ng/ni to 21.5 ng/ni, with
samples from the spring season showing the highest DNA concentrations.

DNA was extracted from 85 bioaerosol field samples (42-dry air; 43-
rainwater; 6-Saharan Dust) collected from June 2017 through November 2019
(including rain sample from the remnants of Hurricane Irma) and from the 2020
Godzilla Saharan dust storm event (Francis et al., 2022). In addition, 50 control

samples were subjected to DNA extraction to address any potential contamination
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resulting from filter handling and/or DNA extraction, PBS buffer or aerial cross
contamination. Successful amplicon sequencing was obtained for 72 field and 6
control samples for the 16S rRNA gene, while 73 field and 1 control samples were
obtained for the fungal ITS marker. A total of 70 samples had both 16S rRNA gene
and ITS amplicon datasets. Seasonal breakdown of samples for the bacteria
dataset were 18-winter, 16-spring, 21-summer, and 18-fall, while for the ITS
dataset, sequenced samples represented 15-winter, 17-spring, 23-summer, and

18-fall.

2.4.2 Bacterial/V4-region sequence statistics and assessment of contamination

Average number of raw sequences per sample for the bacterial dataset was
57,897 for field samples, while the number for raw sequences of controls samples
was 9,866. After denoising with DADAZ2, 62% of the sequences, on average, were
maintained (Figure A2). Following ASVs identification and classification,
chloroplast and mitochondria sequences were identified in all the field samples,
especially in late winter and spring seasons (blooming season in Atlanta), and
were absent from the control samples, except for sample RC021919 (Figure A3),
suggesting that our sampling acquisition and processing pipeline was robust
against contamination. The low number of control samples providing sequences
(6/50 or 12% vs. 86% for field samples) was also consistent with the latter
interpretation. The presence of chloroplast and mitochondria in our bacterial
dataset was expected since the 16S rRNA gene is also present in the genome of

these organelles. Presence of chloroplast and mitochondria in bioaerosols
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samples is not uncommon neither (Fahlgren et al.,, 2011; Evans et al., 2019;
Petrosellietal., 2021; Tang et al., 2022). These results also agree with higher plant
activity and blooms in February-March for the Southeast US compared to other
months. To be conservative in our conclusions, any ASVs (n = 196) found in any
of the six sequenced controls such as the Escherichia-Shigella were removed from
the field samples prior to any subsequent analysis. On average, only 1.8%
sequences per field sample were removed after by this step, which suggests a low
level of contamination of the field samples. Distribution of all ASVs detected in
control samples across the field samples as well as sequencing depth for each
sample are shown in Figure A4. In addition, taxonomic analysis of controls and
field samples suggested a very different bacterial composition between these two
groups (Figure A5). Thus, potential contamination in control and field samples
might have come from the molecular reagents or aerial contamination in the
laboratory during sample processing and was, in generally, minimal.

After denoising sequences and removal of ASVs found in control samples
and ASVs belonging to chloroplast, and mitochondria, 11 field samples (6-dry; 5-
rain), mostly from spring, high-pollen season, were removed from further analysis
since the number of remaining sequences was below 5,000 for these samples vs.
an average of 20,000 in the remaining field samples. The 11 field samples
removed from the dataset also had an average of only 7% recovery after the
denoising step, indicating that they were compromised and/or low biomass
microbial samples due to high concentrations of pollen. Finally, for the remaining

field samples (n=61), the average percentage of recovery was 39% (Figure A2)

43



from the original input (raw) sequences and with a final average of 22,256
sequences per sample. Thus, most of the sequencing reads removed were plant

and mitochondrial sequences, especially in the spring season samples.

2.4.3 Fungal/ITS sequence statistics and ASV filtering

Average number of raw sequences per sample was 22,838 for field
samples. After denoising, there was an average recovery of 59% (Figure AG).
Removal of chloroplast and mitochondria was not necessary in the fungal dataset
since the ITS primers do not amplify chloroplast and mitochondrial DNA. Thirty-six
ASVs were removed from the field samples as they were detected in the single
control that was successfully sequenced out of two control samples taken in total
during processing samples for ITS analysis [more control samples were taken
during sampling but any DNA present in most of these samples was consumed for
V4-region amplification and thus, only two samples were available for ITS
amplification]. The control sample (RC0415) had only 1783 sequences (Figure
A7). After denoising and removal of control ASVs, the average number of
sequences for the field samples was 11,829 with an average recovery of 51% from
the original sequences input (Figure A6). In addition, taxonomic analysis revealed
a very different fungal composition between control and field samples (Figure A8).
After quality control, the fungal dataset had a total of 73 samples, with 60 samples

overlapping between the bacterial and fungal datasets.
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2.4.4 Microbial richness is similar between dry-air and rain in Metro Atlanta

Species richness between dry-air and rain samples, based on the Chaol
nonparametric metric (Chao, 1984) (B.-R. Kim et al., 2017), appeared to be similar
for both bacteria and fungi (Figure 2.1A, 2.1E) using an ANOVA analysis (p-value
> 0.18). This result was al so waéntfiesshowed f or
equal (even) a community of different species numerically is. The latter suggests
that the atmosphere overall has a microbial richness that appeared to be relatively

consistent between rain and dry-air samples over the two years of sampling.
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Figure 2.1. Microbial diversity patterns for bacteria (16S) and fungi (ITS) by
sample type and seasonality. (A) Bacterial richness for each specific sample
type, i.e., dry, rain and Saharan dust. (B) Bacterial evenness by the seasons. (C)
Bacterial richness by seasonality and sample type (i.e., dry and rain). (D) Bacterial
evenness by seasonality and sample type (i.e., dry and rain). (E) Fungal richness
by sample type (i.e., dry, rain and Saharan dust). (F) Fungal evenness by seasons.
(G) Fungal richness by seasonality and sample type (i.e., dry and rain). (H) Fungal
evenness by seasonality and sample type (dry and rain).
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2.4.5 Taxonomic differences between dry-air and rain samples

The taxonomic profiles of the field samples revealed that members of the
Methylobacterium-Methylorubrum, Massilia, Pseudomonas, Hymenobacter,
Deinococcus, and Pantoea were the most abundant genera in all sample types
overall (Figure 2.2), and showed similar relative abundances between dry-air and
rain samples. For the fungal community, the most abundant genera were
Alternaria, Cladosporium, Trametes, and Epicoccum (Figure 2.2) and showed
clear preferences for specific sample types (see also below).

Examining differential abundance between sample types based on the
Lefse tool and the phylum level, Proteobacteria (recently proposed to be renamed
as Pseudomonadota) was the most abundant phylum across the whole bacterial
dataset and was significantly more abundant in rain samples (Lefse; p-value ¢
0.05). Proteobacteria relative abundance ranged from 27% up to 72%, depending
on the sample considered, followed by the Cyanobacteria and Abditibacteroita
phyla (Figure A9). On the other hand, dry-air samples showed an enrichment
(compared to rain samples) in Firmicutes (Bacillota), Actinobacteriota
(Actinomycetota), Chloroflexi (Chloroflexota), Planctomycetes (Planctomycetota)
bacterial phyla and Halobacterota, Euryarchaeota, and Crenarchaeota archaeal
phyla (p-value ¢ 0.05) (Figure A9). In the fungal dataset, 9 different phyla were
identified in our ITS dataset, and none was found to be significantly higher in
abundance in a specific sample type (p-value 20.05). The most abundant phyla

across all samples were Basidiomycota and Ascomycota.
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Furthermore, gram-positive bacterial families such as Staphylococcaceae
(Figure A10B), including the Staphylococcus and Salinicoccus genera (Figure
Al11B), and spore forming Bacillaceae, including the Bacillus genus, appeared to
be higher in dry-air samples (p-value ¢ 0.05), which was consistent with previous
bioaerosols studies (Be et al.,, 2015). Gram-negative bacteria with diverse
metabolic capabilities such as Sphingomonadaceae (Figure A10B), including the
Sphingomonas genus (Figure A11B), and related to plant growth enhancement
such as Rhizobiaceae (Figure A10B) were also more abundant in dry-air (p-value
¢ 0.05). Most abundant fungi in dry-air samples were related to plant pathogens
and widespread fungal families such as Pleosporaceae, Didymellaceae including
Epicoccum, and Cladosporiacea (Figure A12A) and two common indoor and
outdoor airborne fungi Cladosporium and Toxicocladosporium (p-value ¢ 0.05)
(Figure A13B). Other significantly enriched fungal genera in dry-air samples were
related to plant pathogen members of the Nigrospora genus (p-value ¢ 0.05)

(Figure A13B).
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Figure 2.2. Bacterial and fungal taxonomic profile for dry-air, rain, and
Saharan dust samples at genus level. The relative abundance was determined
as described in the Materials and Methods section and is represented by the size
of the bar plot (see also Figure key for taxon identification).

On the other hand, photosynthetic bacterial families such as
Chroococcidiopsaceae, Leptolyngbyaceae (including the Leptolyngbya genus),
and unclassified members of the Cyanobacteria class were higher in abundance
in rain samples (Figure A10B). Members of the Erwiniaceae family, which includes
plant pathogens, insect endosymbionts, and some representatives with ice-
nucleating capabilities, were also more abundant in rain samples. In the case of
fungi, wood decaying fungal families such as Stereaceae (including Stereum) and
Diatrypaceae, and the cosmopolitan family Aureobasidiaceae were higher in

abundance in rain samples (Figure A12B). In addition, saprotrophic fungi (Exidia)

and plant pathogens on grain crops (Ustilago) were also higher in abundance in
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rain samples (Figure A13B). Finally, to further assess the effects of sample type
(i.e., dry-air vs. rain), non-metric multidimensional scaling (NMDS) visualization
showed that bacterial communities separated more clearly by sample type than
fungal communities (Figure 2.3A - 2.3B). In addition, our results could suggest that
relative humidity could be a factor in shaping this difference since average relative

humidity in dry sampling days is around 60%, while it is 85% in rain sampling days.
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Figure 2.3. Effect of environmental factors on airborne bacterial and fungal
community similarity. The graph represents the non-metric multidimensional
scaling (NMDS) plot based on the Bray-Curtis distance matrix of bacterial and
fungal community in all samples used in the study. Note the significant effect of
sample type. For bacteria, stress value = 0.2150442, for fungi stress value =
0.1815254.

48

ITS

Specific Type
Dry
Rain
Saharan Dust
Snow
Storm

ITS

Season
Fall
Spring
Summer
Winter



2.4.6 Dry samples have higher relative abundance of pathogenic fungi

We identified several known pathogens of humans and plants in the fungal
dataset based on classification of ASVs at the species level. Alternaria alternata,
which is known to cause leaf spot on several plants and can also cause upper
respiratory infections to immunocompromised humans (Gabriel et al., 2016) was
identified in all samples, except for a few rain samples. A. alternata was
significantly higher in abundance in dry-air (5.6% compared to 2.3% in rain
samples; p-value = 0.001 with ANOVA analysis). Another pathogenic fungal
species identified in our samples was Cladosporium cladosporioides with a relative
abundance of 2.2% in dry-air vs. 0.7% in rain (p-value = 0.0001). C.
cladosporioides is a saprobic fungi that is common in indoor and outdoor settings
and an opportunistic allergen (Bensch et al., 2010). Moreover, a few bacterial
genera that include pathogenic members such as Bacillus and Staphylococcus
were identified in dry-air, rain, and Saharan dust samples. Average relative
abundance of these bacterial genera all together was 8.5% and 6.5% for dry-air
and rain, respectively (Figure Al14). Thus, our results suggest that lower relative
humidity in the atmosphere has positive effect in the abundance and dispersal of
pathogenic organisms. In addition, our data had enough resolution to identify
pathogenic species at the ASV level in some cases, including Legionella
pneumophila, Bacillus halodurans, Clostridium perfrigens, Campylobacter jejuni,
and Corynebacterium glutamicum but the abundance of these species did not
significantly differ between dry-air and rain samples and was always low e.g.,

<0.01% of total.
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2.4.7 Seasonality did not have a strong effect on microbial diversity and

composition in Metro Atlanta

Our results showed that seasonality did not have a strong effect on
microbial richness, independent of the type of sample evaluated (Figure Al5). It
should be mentioned, however, that fungi had less species evenness in fall
compared to spring based on a marginally significant p-value (0.04, by Krustal-
Wallis within QIIME2 ™) and summer based on a significant p-value (0.008)
(Figure 2.1F) when dry-air and rain sample types were evaluated together. Further,
the seasonality effect on the bacterial dataset appeared to be significant when the
analysis was done separately by sample type (dry-air and rain) but not combined.
Specifically, bacterial species richness appeared to be higher in the fall compared
to the spring season (p-value = 0.02) only in rain samples (Figure 2.1C). Notably,
the driest months (based on average precipitation) in our sampling region for over
26 years (1996 1 2021) are between September and November (fall season). In
addition, our analysis showed higher bacterial species richness in dry-air than in
rain samples only during the spring season (p-value = 0.003) (Figure 2.1C), and
higher bacterial evenness in dry-air than in rain samples during the spring (p-value
= 0.005) and the fall (p-value = 0.002) seasons (Figure 2.1D). Collectively, these
results revealed overall minor differences in richness between the seasons with
some marginally significant differences observed when assessing richness within
one sample type (dry-air or rain) along the year, or by evaluating diversity between

dry-air and rain samples in a specific season.
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Moreover, by evaluating NMDS plots of the Bray-Curtis distance matrix of
the samples, a notable overlap was observed mostly between fall, spring, and
summer seasons for bacteria while winter appeared to be less similar and more
scattered (Figure 2.3C). Fungal community composition appeared to be more
randomly mixed between all seasons, except for the summer season samples
where the fungi community compositions appeared to be more tightly clustered
together. Relative abundance comparison between seasons at class level for the
bacterial and fungal datasets did not reveal any significant trend or difference
between seasons (Figure Al16). Thus, suggesting that there is not a notable

taxonomic pattern or enrichment shaped by seasonality in Metro Atlanta.

2.4.8 Variance in bacterial and fungal communities is mostly explained by sample

type

To evaluate the variables that drove the microbial community compositional
differences observed between samples, we used the Adonis function within the
vegan package in RStudio. The analysis showed that bacterial and fungal
communities were mostly influenced by sample type (R? = 12.3% and 15.5%,
respectively), followed by seasonality (R?= 6.8% and 10.3%, respectively) with a
p-value = 0.001 (Table 2.1 and 2.2). Other variables analyzed such as back
trajectory (air mass origin), land use (Table 2.1 and 2.2) as well as air pollutants
(O3, NO2, CO, and SO2), PM2.5 and PM10 (Table A1l and A2) did not appear to
significantly explain differences. In addition, the variability in measured DNA

concentration and number of sequences obtained did not appear to explain the
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variance between samples (Table 2.1 and 2.2). Thus, around 78% of the variance
is presumably attributed to other, not measured variables/conditions (Table 2.1
and 2.2).

In addition, when seasonality was quantitatively evaluated using the Adonis
function in each sample type separately, same weak seasonality pattern was
observed. R? values were not higher than 20%. These results suggest and support
our previous findings on how seasonality in Metro Atlanta is not the strongest factor

in shaping microbial communities in different atmospheric samples.

Table 2.1. Adonis analysis of 16S rRNA gene amplicon data. Significance is

denoted by asterisks.

Df Sums of Sgs Mean Sqgs F. Model R2 p-value
Type 1 1.2538 1.25377 3.6647 0.05630 0.001***
Specific Type 3 1.5101 0.50337 1.4713 0.06781 | 0.001***
Season 3 1.5163 0.50544 1.4774 0.06809 0.001***
Month 11 3.8352 0.34865 1.0191 0.17223 0.360
Back trajectory 7 2.4245 0.34636 1.0124 0.10888 0.391
Land Use - USGS 20 6.7028 0.33514 0.9796 0.30100 0.649
Land Use - USDA 5 1.6055 0.32110 0.9386 0.07210 0.835
DNA concentration 1 0.3757 0.37570 1.098 0.01687 0.193
Number of 1 0.3075 0.30752 0.8989 0.01381 | 0.784
sequences
Residuals 8 2.7370 0.34212 0.12291
Total 60 22.2684 1.00000
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Table 2.2. Adonis analysis of ITS amplicon data. Significance is denoted by
asterisks.

Df Sums of Sgs Mean Sqgs F. Model R2 p-value
Type 1 2.2565 2.25654 8.2286 0.09352 | 0.001***
Specific Type 3 1.5005 0.50016 1.8239 0.06219 | 0.001***
Season 3 2.4894 0.8298 3.0259 0.10317 | 0.001***
Month 11 3.5533 0.32303 1.1779 0.14727 | 0.077.
Back trajectory 7 1.9672 0.28103 1.0248 0.08153 0.398
Land Use - USGS 20 5.0964 0.25482 0.9292 0.21122 0.783
Land Use - USDA 5 1.5318 0.30635 1.1171 0.06348 0.204
DNA concentration 1 0.2537 0.2537 0.9251 0.01051 0.538
Number of
sequences 1 0.2694 0.26939 0.9823 0.01116 0.441
Residuals 19 5.2104 0.27423 0.21594
Total 71 24.1286 1.00000

2.4.9 Saharan dust carries pathogenic bacteria and fungi to Metro Atlanta

In this study we classified as a foreign atmospheric event the rain sample
from the remnants of Hurricane Irma in 2017, dry-air samples from a Saharan dust
cloud event in 2020, and a rare snow event in 2018 (snow events are rather
uncommon in Atlanta). Rain sample collected during the Hurricane Irma remnants
and the 2018 snow event showed an enrichment of Cyanobacteria (relative
abundance of 26.2% and 17.5%, respectively) compared to the average relative

abundance (5.7%) in the more common rain precipitation events. Saharan dust
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showed an enrichment of unclassified Bacteria, Myxococcota, and uncultured
SAR324 clade (Marine_group_B), the latter being consistent with oceanic
transport of air masses (Figure A9). Hurricane Irma rain sample showed an
enrichment of Agaricomycetes (68.6%) and decreased abundance of
Dothideomycetes (12.1%) compared to the remaining rain samples. Saharan dust
samples appeared to have transported more cells belonging to Agaricomycetes as
evidenced by in the taxon relative abundance between sample SD062520, taken
the day before the dust cloud arrived (16% relative abundance) the following 4
days that the dust cloud was moving out of our sampling area (samples SD062620,
SD062720, SD062820, SD062920, SD070220 with 81.2%, 78.5%, 66.4%, 63.2%,
and 46.5% relative abundance, respectively). Agaricomycetes is a mushroom-
forming soil fungal class, and some of its species are pathogenic. Furthermore, the
air masses sampled during the Sahara dust event had a higher abundance of
potential human pathogens affiliated with the bacterial Rickettsiaceae family
(S10A) as well as fungal Alternaria alternata (8.3%) and Cladosporium
cladosporioides (3.7%) when compared to dry-air and rain samples with a p-value
= 0.002 and p-value = 0.00007, respectively. However, other important pathogens
such as Cryptococcus neoformans and C. gatti, the causative agents of
cryptococcal meningitis often associated with sub-Saharan Africa aerosols
(Assogba et al., 2015), as well as Histoplasma and Pneumocystis fungi were not
identified in our dataset.

Foreign air masses brought by the Saharan dust event also appeared to

carry a higher bacterial species richness compared to the average dry-air (p-value
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= 0.03) and rain samples (p-value = 0.01) (Figure 2.1A). Interestingly, fungal
species richness did not appear to be significantly affected by the Sahara event

(Figure 2.1E).

2.5Discussion

The dry-air and rainfall samples collected over two years showed that the
Metro Atlanta, as a un urban and heavily populated setting, has a relatively
consistent microbial richness (bacteria and fungi), with little seasonality. Moreover,
our results indicated that there is no difference in the bacterial and fungal diversity
(species richness and evenness) between dry-air samples and rain samples.
These results contrast with those of a previous study performed at high elevation
(2896 m asl) in Sierra Nevada, Spain that found that bacterial species richness
were significantly higher in dry deposition (Triado-Margarit et al., 2019). Given also
that our samples represent robust measurements over a two-year period, these
results indicate that the patterns of airborne microbial diversity may differ
substantially between regions and this, most likely, is associated with the
aerosolization process, which may bring more stable diverse communities in the
low troposphere of an urban, mid-latitude and low elevation environment that is
surrounded by perennial forested areas like Atlanta.

Dry days (dry-air samples) appear to promote the enrichment of spore-
forming bacteria (Bacillus), gram-positive bacteria (Firmicutes; Staphylococcus),

plant pathogens and widespread fungi (Pleosporaceae, Didymellaceae) and
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common airborne fungi (Cladosporium) that generally were not present in rain
samples. On the contrary, photosynthetic bacteria (Cyanobacteria), potential IN
bacteria (Erwiniaceae), unclassified Bacteria, and wood decaying fungi (Stereum)
were enriched in rain samples. Previous literature suggests that rainfall is not
necessarily a washout of all the microbes that are suspended in the atmosphere
(Els et al., 2019). Here we reported how rain appears to carry a significant
abundance of more habitat-specific microbes (hydrophilic, aquatic bacteria and
fungi related to wood-decay). In agreement with our results, a different taxonomic
profile has been reported for fungi in wet deposition, including the enrichment of
Stereum species, compared to dry deposition, suggesting the presence of fungal
taxa that are deposited only or mostly in wet form (Woo et al., 2018). In addition,
the enrichment of Cyanobacteria in the atmosphere has been reported previously
and appearsto be common( Sei fri ed et al ., 2015;

et al., 2022). Similar results about how the microbial composition between free-
tropospheric air (mentioned in our study as dry-air) and rain do not mirror each
other in terms of community structure have only been reported at high elevations
study sites (Els et al., 2019; Triad6-Margarit et al., 2019). Several of the taxa
reported to be enriched in rain samples match those reported here but others not.
Most notably, Cyanobacteria and Stereaceae do not appeared to be enriched in
rain samples at high elevations, unlike in our study. Instead, Actinobacteria,
Acidobacteria, Noviherbaspirillum, and Massilia were enriched in rain samples at
high elevations and remote areas (Els et al., 2019; Triad6-Margarit et al., 2019). In

addition, previous results on cyanobacterial decreased abundance in aerosol (air)
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samples after rainfall were based on samples collected adjacent to marine
environments (Baltic Sea), and only for a couple of months during the heavy rain
season and with culture-dependent techniques ( Wi Sni ews k a .eur
results highlight the importance of studying the airborne microbial communities in
different regions and conditions e.g., urban and low-altitude studied here, and for
longer periods of time (year-around).

Furthermore, pathogenic fungi appeared to be more frequent in dry-air than
in rain. A previous study has reported similar findings for pathogenic fungi in urban
spaces (Niu et al., 2021). Nonetheless, the opposite pattern had been reported in
forested spaces, where pathogenic microbes and allergens are more abundant in
air samples during rain events (Huffman, Prenni, DeMott, et al., 2013). It should
be mentioned, however, the two studies mentioned above only sampled dry-air in
rainy and non-rainy days, whereas our study compared bacterial and fungal
communities between dry-air samples during non-rainy days and rain samples.
Thus, we report here findings that contribute insights into the potential differences
of microbial diversity and composition in dry-air and rainfall with implications for
public health. Potential pathogenic bacteria and fungi do not seem to be
uncommon in air samples collected in urban settings and within cities (Nicolaisen
et al.,, 2017b; Franchitti et al., 2022) but comparisons with rain events was
previously lacking, to the best of our knowledge.

In terms of seasonal patterns, our richness results contradict those
published previously for airborne microbes (Bowers et al., 2013; Els et al., 2019).

Bacterial and fungal species richness in our samples were relatively constant and
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did not change strongly with seasons during the two years of sampling. In the study
by Els and colleagues (2019), August samples, which represent the summer
season at the place of collection, had the lowest bacterial species richness,
whereas summer season in our study had the highest species richness for bacteria
and fungi. In the same study, bacterial species richness was highest in November
while fungi species richness was lowest in May. Our lowest species richness for
both bacteria and fungi appeared during the winter season. The notable
differences between our study and Els et al. (2019) study may be due to the fact
that the samples collected by Els and colleagues where collected above the
planetary boundary layer in Mount Sonnblick (i.e., 3106 m asl in the Austrian Alps),
which is a remote site that does not see much anthropogenic activity. In addition,
seasonality was represented only by a month per season while our study collected
representative samples from all months for the four seasons. However,
bioaerosols studies with sampling periods over one year that reported seasonality
effects for bacterial and fungal communities had been done in high-elevation site
at a mountain in Central Pyreness, Spain (Caliz et al., 2018) or in indoor
environments for airborne viral communities, where seasonality accounted for
more than 50% in sample variation (Prussin et al., 2019). In the Caliz et al. (2018)
study, bacterial and fungal species richness was significantly shaped by
seasonality patterns but contrasts with our study in that the higher bacterial
richness was observed during the winter season. Thus, the differences observed
highlight the importance of ground-level local bioaerosols studies, especially in

urban settings where the diversity of the aerosolized microbes is likely higher
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(Ruiz-Gil et al., 2020b), potentially more dynamic, including a wider sources of
potential or opportunistic pathogens. Also, how seasonality appears to be more
studied in high-elevation sites.

Although in our study the effect of seasonality on bacterial diversity was
weakly significant when rain samples were analyzed separately or when the
comparison between sample types was within the same season, the effect was not
significant when dry days and rain were analyzed as a homogeneous atmosphere.
The lack of a clear seasonality patten in our study contrasts with previous studies
that had identified seasonal patterns in the airborne microbial composition (Bowers
et al., 2012, 2013; Be et al., 2015; Uetake et al., 2019; Els et al., 2019; Nufiez et
al., 2021). The significant but weak seasonality effect in our datasets could reflect
the conditions of a humid subtropical climate. The climate of Atlanta has short, mild
winters and long, hot and humid summers. In contrast, previous studies conducted
at a high-elevation site in Colorado, USA, observed a stronger seasonality effect,
driven by temperature changes and snow events (Bowers et al., 2012).
Temperature varies less between seasons in Atlanta, and snow events are
infrequent. Consistent with these interpretations, the bacterial taxa related to cold
environments such as the Moraxellaceae family were significantly higher in
abundance in the cold and snowy months (November - April) compared to the
warmer months or summer season in Colorado. Further, the strong seasonal
pattern in chloroplast (but not microbial) sequences during the blooming season
(early spring) captured by our study indicated that our methodology and thus,

derived conclusions were robust. Although, In addition, several previous studies
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that reported strong seasonal patterns were based on pooling samples from
different days or weeks (Be et al., 2015; Mu et al., 2020), whereas no sample
pooling was performed in our study. Further studies, as well as a consensus on
sampling instruments, techniques, and sample processing, will be needed to
further quantify the seasonal patterns in airborne microbes in the Southeast US
and elsewhere. The importance of local environmental conditions and bioaerosol
sources should not be underemphasized in such studies neither.

Interestingly, Saharan dust samples had the highest bacterial richness
compared to local dry-air and rain collected at Metro Atlanta. These findings were
somewhat expected as similar results for Saharan dust intrusion events have been
reported previously in the Iberian Peninsula (Gonzalez-Toril et al., 2020).
Furthermore, the presence of Saharan dust in the Metro Atlanta area, as an
uncommon and foreign bacterial and fungal source, appeared to substantially alter
the usual bacterial and fungal communities, with the notable enrichment of
potential human bacterial pathogens (Rickettsiaceae) and pathogenic fungi and
fungal allergens (Alternaria alternata and Cladosporium cladosporioides).
Therefore, our results collectively indicated that major Saharan dust clouds could
potentially have public health consequences, especially for people with a
compromised respiratory system, consistent with the results of previous studies
(de Longueville et al., 2013; Zhang et al., 2016; Marone et al., 2020).

Collectively, our results suggest that bacteria and fungi in rain do not mirror
the air community structure, suggesting that different sample types should be

targeted for a better understanding the atmosphere as a microbial habitat. Notably,
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our study did not reveal a strong seasonal pattern for airborne microbes and
indicated that dry-air samples and samples from Sahara dust may contain a higher
relative abundance of pathogens and allergens. More intensive sampling along the
seasons coupled to higher-resolution, genome-resolved methods (metagenomics)
will be needed to better understand seasonality patterns for urban settings or cities.
The high complexity and heterogenicity of the atmosphere and variety of local
sources makes it challenging to establish clear microbial patterns and the effects
of environmental factors on the patterns. Our study adds new knowledge to the
field, especially in terms of the effects of weather patterns, pollutants, and air
masses on microbial community composition, but also generally supports what is

previously reported.
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CHAPTER 3: ICE NUCLEATION ACTIVITY OF BACTERIA IS LARGELY
MAINTAINED UNDER THE EXTREME CONDITIONS OF ACIDIC PH,

OXIDATIVE, AND UV STRESSES IN THE ATMOSPHERE.

3.1ABSTRACT

Airborne bacterial cells can trigger ice nucleation processes at warmer
temperatures than abiotic ice nuclei (IN) such as dust, and thus they could have
implications for cloud formation. Nonetheless, this biogenic IN activity has been
mostly studied under ideal growth conditions in the laboratory rather than the
extreme conditions that may prevail in the atmosphere such as acidic pH. Here,
we evaluated the IN activity of three different bacterial species, Pseudomonas
syringae (Gram -), Lysinibacillus parviboronicapiens (Gram +), and Xanthomonas
campestris (Gram -), after being exposed separately to a range of acidic, UV and
oxidative conditions as well as a combination of these stressors using a high-
throughput droplet freezing assay (DFA) within an in-house developed ice
nucleation IN-chamber. Our results show that the stressors, especially acidity,
have negative effects on the IN activity of all bacterial species. Nonetheless, even
nonviable (dead) cells of P. syringae after exposure to pH = 2.5 retained
substantial IN activity as their Tso, the temperature that half of the droplets freeze,
dropped from -5 C (neutral pH) to only -9.5 C (at pH = 2.5). The effect of acidity
on Tso was of similar magnitude for the other two species evaluated, albeit a bit

smaller for L. parviboronicapiens. Acidity also appeared to have a predominant
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effect on ice nucleation activity when combined (sequentially) with other stressors.
These results are relevant for atmospheric processes and have implications for
heterogeneous freezing over continents with acidic aerosols and clouds due - for

instance - to human-induced pollution.

3.2 INTRODUCTION

The nucleation of ice or ice nucleation (seeds for ice clouds, rain or snow
droplets) is an important process that occurs in the atmosphere and influences
cloud microphysics, such as radiation and cloud formation and precipitation. Thus,
ice nucleation has a central impact on Earth's climate and hydrological cycle
(Fréhlich-Nowoisky et al., 2016b). Ice nucleation may occur through homogeneous
or heterogeneous freezing. Homogeneous ice nucleation requires water to be pure
(lacking any foreign particles) and exposed to a temperature of -38°C or lower. In
contrast, heterogenous ice nucleation occurs above the homogeneous ice
nucleation freezing point and is triggered by particles that serve as ice nuclei (IN)
such as soot, mineral dust-based particles (feldspars, silicates, clay) or particles
of biological origin (Huang et al., 2021; Maeda, 2021; Lukas et al., 2022). IN
particles of biological origin include bacterial, fungal, viral, insects, or pollen cells
and their cell fragments (Després et al., 2012; Fréhlich-Nowoisky et al., 2016b;
Huang et al., 2021).

Biogenic IN has gained patrticular interest in recent years because several

bacterial and fungal species, or their proteins and cell fragments, can trigger ice
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nucleation processes at warmer temperatures (above -15 °C) than the mineral
dust-based particles or other abiotic particles (Hoose & Méhler, 2012; Fréhlich-
Nowoisky et al., 2016b). Most notably, Pseudomonas syringae is a bacterial IN
and plant pathogen that can nucleate ice at -2°C (Maki et al., 1974, Lindow et al.,
1978; Lukas et al., 2022), while mineral dust-based particles nucleate ice below -
10°C (Hoose & Mdohler, 2012; Perkins et al., 2020). P. syringae ice-nucleating
activity is attributed to proteins located in the outer membrane that can orient the
water molecules that surround the protein into an ice-like structure (Warren &
Wolber, 1991, Pandey et al., 2016; Lukas et al., 2022). This ice-nucleating protein
(INP) is identified as the InaZ protein for P. syringae (Wolber et al., 1986b).
Variants of the InaZ protein have been also found in other Gram-negative bacteria
and plant pathogens such as Pseudomonas fluorescens, Pseudomonas putidia,
Erwinia herbicola, Erwinia ananas, Pantoea ananatis, Xanthomonas campestris,
among others (Lindow et al., 1978; Warren & Wolber, 1991; Frohlich-Nowoisky et
al., 2016b; Failor et al., 2017). Although all the bacterial species mentioned above
are gram negatives and plant-associated (including plant pathogens), these
species have been often isolated from non-plant-associated atmospheric samples,
e.g., air, cloud water, rain (Joly et al., 2013, 2015b; Liu et al., 2023). Furthermore,
Failor and colleagues (2017) recently reported a Gram-positive strain
(Lysinibacillus parviboronicapiens strain VT1065) lacking a homolog of the InaZ
protein but showing ice-nucleating potential/activity, indicating that additional IN-

active proteins may be found in nature that evade characterization to date.
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Research studies of bacterial IN activity have been primarily focused on
better understanding the regulation and mode of action of the InaZ protein of
Pseudomonas syringae (Amato et al., 2015; Pandey et al., 2016; de Araujo et al.,
2019; Lukas et al., 2020, 2021) while studies about the IN activity of other bacterial
taxa have been limited to the discovery and identification of IN-active proteins or
other cellular components (Huffman, Prenni, DeMott, et al., 2013; Joly et al., 2013;
Failor et al., 2017; Khosasih et al., 2022). Little is known about how the IN activity
of different bacterial taxa change under conditions relevant to the atmosphere such
as high acidity, oxidative conditions, UV radiation, and combinations of these
stressors. One reason for this gap in knowledge is that there is no consensus on
what methods and protocols to employ to evaluate ice nucleation activity under
changing conditions. Further, studies that have evaluated how IN activity of
bacteria changes with acidity are lacking, and are typically conducted under more
favorable conditions for bacterial survival, e.g., pH = 3.5 to 6 (Turner et al., 1990;
Attard et al., 2012), with SnomaxN (i.e., not live P. syringae cells) (Lukas et al.,
2020), or without applying any other stressors simultaneously. Atmospheric
aerosols, however, can exhibit high acidity that typically ranges from pH = 1 (or
even less) to 5, while cloud droplets, precipitation, and fog droplets usually range
from pH =2to 7 (Pye et al., 2020). Nonetheless, several interesting results have
emerged from the few studies that have been conducted under relatively low pH.
Most notably, Liu and colleagues reported that the capacity of two Enterobacter
strains to biodegrade organic compounds in cloud-like conditions was decreased

after being exposed to acidic conditions as low as pH = 3.3 (Liu et al., 2023).
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Similarly, Attard and colleagues found that after exposure to pH = 4.1, the ice
nucleation activity of Pseudomonas spp. significantly decreased, and acidity
caused the largest decrease in IN activity compared to other atmospheric
conditions tested individually such as NO2, Os, and UV-A exposure (Attard et al.,
2012). Other atmospheric stressors such as solar radiation, oxidative stress,
osmotic pressure, and freeze-thaw cycles were also reported to affect the survival
of known IN bacteria in the atmosphere (Joly et al., 2015b), but were studied mostly
independent from one another. For instance, Pseudomonas syringae survival rate
decreased significantly after being exposed to freeze-thaw cycles and osmotic
shocks (Joly et al., 2015b). Nonetheless, de Araujo and colleagues reported that
the IN activity and survival of P. syringae were affected by solar radiation and
desiccation but, somewhat surprisingly, activity was maintained at around -5°C (de
Araujo et al., 2019). Beyond this understanding, however, it is unclear if the results
from P. syringae are directly applicable to other IN-active bacterial taxa or which
stressor(s) may be more important among those relevant for the atmosphere,
limiting our understanding of the biogenic IN activity under realistic atmospheric
conditions. Testing IN activity under a wider range of pH and in combination with
other atmospheric stressors would be important for more quantitative and robust
conclusions to emerge.

Here, we evaluated the IN activity of three different bacterial isolates,
representing three distinct species, namely Pseudomonas syringae, L.
parviboronicapiens, and Xanthomonas campestris, after being exposed to different

stress conditions using a droplet freezing assay (DFA). We report ice nucleation
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activity after exposure to pH as low as 2.5, which is realistic for cloud droplets,
precipitation, and fog in the atmosphere. Moreover, IN activity was evaluated for
P. syringae (Gram -) and L. parviboronicapiens (Gram +) after exposure to
oxidative stress and UV radiation or their combination together with pH stress. To
our knowledge this is the first report to evaluate ice nucleation activity of bacteria

exposed to a combination of atmospheric stressors.

3.3METHODS

3.3.1 Ice nucleation chamber description

The droplet freezing assay (DFA) instrument or simply, IN chamber, was
developed and calibrated in our research laboratory with cost effective materials.
Our DFA instrument, which was developed in 50/50 work collaboration with former
EAS student, Dr. Arnaldo Negron-Marty (Negrén-Marty, 2020) consists of an
aluminum cold plate placed inside a Styrofoam cooler box for insulation and
maintenance of a stable temperature. The aluminum cold plate is connected to a
refrigerated circulating water bath (Anova) through PVC flexible tubing (TYGONN)
insulated with pipe wrap foam to minimize heat loss (Figure 3.1A, 3.1D; Figure B1).
The water bath contains DYNALENE HC-50 (www.dynalene.com), a Potassium
Formate water-based fluid that circulates through the PVC tubing. The fluid is
cooled inside the water bath and recirculates back through the PCV tubing. The

fluid is used as a heat transfer fluid (down to -50°C). The fluid circulates between
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the water bath, where it is being cooled down, and the aluminum plate (Figure B1).
On top of the aluminum plate, a copper plate is located and attached together with
a silicone heat sink compound (Dow Corning 340) to ensure efficient heat transfer
from the aluminum plate to the copper plate. The plate with samples (e.g., bacterial
cells or dust) for ice nucleation experiments is placed on top of the copper plate
(Figure 3.1C; see also below). In addition, a K thermocouple probe for temperature
control and monitoring (measurement uncertainty: + 1°C) was placed inside a
narrow channel in the center of the copper plate (Figure 3.1D). A probe for relative
humidity (model: RH-USB; Omega, Inc.) was also placed inside the IN chamber,
right next to the copper plate to measure relative humidity (Figure 3.1D). For
evaluating freezing assays and ice formation, hi-resolution videos were recorded
in a Logitech C930e Webcam (www.logitech.com). The videocam is placed on top
of the lid of the insulated Styrofoam cooler with lens facing the IN-microplate.
Visibility is possible because of a transparent squared-acrylic (6 inches x 6 inches)

piece that is inserted in the center of lid of the Styrofoam cooler.
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Figure 3.1. The ice nucleation (IN) chamber developed in-house and used for
the IN experiments. The IN chamber consists of an aluminum cold plate placed
inside an insulated Styrofoam cooler box for insulation (Panel A). The aluminum
cold plate (Panel D) is connected to a refrigerated circulating water bath (Panel A,
right) and on top of the aluminum plate is a copper plate (Panel D). The plate with
samples (e.g., IN bacteria or ATD) for ice nucleation experiments (Panel B) is
placed on top of the copper plate (Panel C). A probe for temperature relative
humidity control was also placed inside the IN chamber (Panel D).

3.3.2 IN-microplate assembly

Microplates used as surface for the bacterial cells for ice nucleation
experiments were manually assembled prior each experiment. Bottomless 96 well
microplates (Greiner Bio-OneE 96-Well No Bottom Microplates) were used for the
IN-microplate assembly for each experiment and the ExceltaE Handi-Vac Mini-
Vacuum Pickup Set was used as the pick-up tool for the cover slips that provided
the surface for the sample droplets in each individual well. Siliconized square glass

cover slides with 22 mm x 0.22 mm dimensions (Hampton Research) were used
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as the bottom surface for the well microplates. These glass cover slides provide a
hydrophobic surface that minimizes surface-droplet interactions and ensures the
consistency in immersion freezing measurements (Polen et al.,, 2018). The
immersion freezing mode, which is the nucleation pathway that was evaluated in
the present study, is when a particle(s) or cell(s) are immersed in supercooled
liquid water droplet. The assembly of all IN-microplates was done inside a
biosafety cabinet hood to limit contamination. Before each microplate assembly,
an UVC cycle for 20 min was ran to sterilize materials and instruments; the 96 well
microplate was positioned with bottomless part facing up for this. After the first
UVC cycle, 15 glass cover slides were positioned and aligned on top of the IN well
microplates and heavy-duty transparent tape was used to keep together the slides
to the microplates. Subsequently, the IN-microplate was covered with black
permanent marker to make a color contrast with the ice formation during the ice
nucleation experiments and thus, be easier to observe the formation of ice (Figure
3.1B). A second UVC cycle was then applied after flipping the assembled black
IN-microplate so that the surface that would be in contact with sample droplets
(bacteria cells or dust) to be sterile, and the temperature probe was attached to
the bottom-right corner of the IN-microplate for temperature monitoring and control.
After the second UVC cycle, IN-microplates were ready for placing sample droplets

for ice nucleation experiments.

3.3.3 Selection of bacterial isolates for experiments

Initially, we pre-screened several isolates for IN activity. The pre-screening

consisted of scraping a small amount of biomass from the culture/isolate grown on
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R2A media at room temperature and resuspended it in 1mL of HPLC grade water
filtered by 0.02um pore size and UVC treated for 20 min. The IN activity was
determined as described above with the chamber and isolates that showed IN
activity at temperature higher (warmer) than -12°C were selected for further IN
experiments. In total, 22 isolates were screened that originate from different
habitats/samples, including rain collected in an urban setting, at the rooftop of the
Ford Environmental Science & Technology Building at Georgia Institute of
Technology campus, Atlanta, Georgia (n=12), dry-air collected at high altitudes on
board a NASA sampling aircraft (DeLeon-Rodriguez, 2015) (n=4), and rain
collected in the El Yunque rainforest in Puerto Rico (n=3). Lastly, three known IN-
active isolates were obtained from other labs; that is, Pseudomonas syringae strain
Cit7 (Orser et al., 1985), Xanthomonas campestris strain 32b-52 (Joly et al., 2013),

and Lysinibacillus parviboronicapiens strain VT1065 (Failor et al., 2017, 2022).

3.3.4 Isolate growth conditions and viability assessment

Prior to each experiment, selected isolates (pure cultures) were grown
aerobically in liquid R2A media (pH= 7.6) in a 50 mL flask at room temperature
and 200 rpm shaking until early stationary phase. The cells were subsequently
processed for the experiments as described below for each atmospheric stressor.
Before and after exposure to each stressor, survival rates were evaluated by
colony forming unit (CFU) counts in R2A agar after incubation for 2 i 4 days at

room temperature.
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3.3.5 Acidity stress

After reaching early stationary phase, 1mL of bacterial cells were harvested
and transferred to a microtube for centrifugation at 5,000 x g for 5 min. Bacterial
cells were subsequently resuspended in 1mL of R2A media at different pH levels
(pH= 7.6, as control, 4.0, and 2.5) adjusted with sulfuric acid for 30 min at room
temperature. After acid stress, cells were centrifuged at 5,000 x g for 5 min,
supernatant was decanted, and pellet was washed with HPLC grade water filtered
through a 0.02 mm pore size and UVC treated for 20 min. A repeated step of
centrifugation and resuspension was performed to remove particles from the R2A
media and cell debris and provide intact cells suspended in ultra clean water for
IN measurements. Finally, the sample was diluted a 10-fold for ice nucleation
experiments. Three independent biological replicates were conducted for each

acid/pH stressor for each isolate.

3.3.6 Oxidative stress

After reaching early stationary phase, 1mL of bacterial cells were harvested
and transferred to a microtube for centrifugation at 5,000 x g for 5 min. Bacterial
cells were then resuspended in 1mL of R2A media at 0.1, 0.25, and 1 mM of
hydrogen peroxide (final concentration) for 90 min at room temperature. After this
period of oxidative stress exposure, cells were centrifuged at 5,000 x g for 5 min,
supernatant was decanted, and pellet was washed with HPLC grade water filtered

through a 0.02 mm pore size filter and UVC treated for 20 min. A repeated step of
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centrifugation and resuspension was performed similar to the acidity stress
mentioned above. Finally, the sample was diluted a 10-fold for ice nucleation
experiments. Three independent biological replicates were conducted for each

concentration of the hydrogen peroxide stressor.

3.3.7 Solar (UV) radiation stress

After the bacterial isolate grew until early-stationary phase, 40 mL of cells
were harvested and transferred to a 50 mL falcon tube and centrifuged at 5,000 x
g for 12 min. Supernatant was decanted and pellet was resuspended in 40 mL of
sterile 1X PBS buffer. The sample (40 mL) was transferred to a standard size petri
dish without lid and directly exposed, at ~4 inches from the light source, to artificial
solar light UVA and UVB (Repti Glo 2.0 and Repti Glo 5.0, EXOTERRA) for 6 h,
24 h, and 48 h continuously. The assay was conducted in a closed chemical hood
that was previously sterilized with 70% EtOh and UVC lamp for 30 min to avoid
culture contamination. After each exposure period point (i.e., 6 h, 24 h, 48 h), 1 mL
was collected and centrifuged at 5,000 x g for 5 min, supernatant was decanted,
and pellet was washed with HPLC grade water filtered through a 0.02 nm pore size
filter and UVC treated for 20 min. Finally, a repeated step of centrifugation and
resuspension was done, and sample was diluted a 10-fold for ice nucleation
experiments. Three independent biological replicates were conducted for each
time point of the solar radiation exposure experiment. Control experiments were

performed under the same conditions in the dark (no UVA and UVB exposure).
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3.3.8 Combination of stressors

The combination of stressors was only performed for P. syringae strain Cit7
since it was the most efficient IN based on our ice nucleation results. After reaching
early stationary phase, 40 mL of strain Cit7 cells were harvested and the protocol
for solar radiation stress was applied. After 24 h of UVA and UVB radiation, 1 mL
was harvested and centrifuged at 5,000 x g for 5 min, supernatant was decanted,
and the pellet was resuspended in liquid R2A (pH = 4.0) for 30 min. After another
step of centrifugation, the pellet was resuspended in liquid R2A media
supplemented with 0.25 mM hydrogen peroxide for 90 min. Finally, cells were
centrifuged again, and the pellet was washed with HPLC grade water filtered
through a 0.02um pore size filter and UVC treated for 20 min. The wash was
repeated for a total of two washes and then, the sample was diluted a 10-fold for
ice nucleation experiments. Three independent biological replicates were

conducted for this combination of stressors.

3.3.9 Ice nucleation experiments

IN activity for each isolate was evaluated by the droplet freezing assay
(DFA). For this, diluted bacterial cells after each atmospheric stressor were used
as inoculum divided into 60 droplets of 5 uL in volume each and placed inside the
wells of our assembled IN-microplate. The latter was also prepared inside the
biosafety cabinet and using filter tips to avoid contamination of the cell

suspensions, as described above. After all the 60 droplets were placed inside each
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well and the lid was placed on top of the microplate, the assembled IN-microplate
with the samples and lid was placed inside a sterile plastic bag (Whirl-Pak®) for
transferring to a different room that housed the IN-chamber and placed on top of
the copper plate (Figure 3.1C).

Before each experiment, the IN-chamber copper plate temperature (to 5°C)
and relative humidity was adjusted (to below 40%). Once the IN-microplate with
the samples (droplets) was placed inside the IN-chamber and closed, relative
humidity (%) was measured with the probe within the IN-chamber as a reference
point. After all settings were adjusted, starting at 5°C, the bath temperature was
set to reduce in 1°C steps. Tera Term software
(https://ttssh2.0sdn.jp/index.html.en) was used to control temperature settings,
while THR Central software was used to record the copper plate temperature (°C)
and the relative humidity (%) throughout the duration of the experiment. In addition,
a high-resolution video was recorded continuously until all 60 droplets froze. Once
a IN experiment finished, the recorded video was subsequently analyzed and the
number of frozen droplets per temperature degree (°C) recorded by the copper
plate thermometer was evaluated as a function of temperature and averaged for
the three biological replicates.

SnomaxN (York International, Inc; www.snomax.com) and Arizona Test
Dust (ATD) [Power Technology, Inc (ISO 12103-1)] were used as positive controls
for ice nucleation activity. SnomaxN and ATD had been used for calibration
purposes in DFA models previously (Tobo, 2016). SnomaxN consists of

lyophilized ice-active protein aggregates of P. syringae, which is commercially
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used as a fAsnow maker o, while ATD i s
transported in the atmosphere. In total, 100mg of SnomaxN were weighted and
suspended in 1mL of HPLC grade water (as performed with the bacterial isolates
above) and diluted accordingly to reach a concentration of 0.1mg mL-1. Similarly,
the ATD experiments were conducted using 0.1mg mL! concentrations. As a
negative control, HPLC grade water filtered through a 0.02um pore size and UVC
treated for 20 min was used. All controls followed the exact same protocol as the

bacterial cells after sample preparation for consistency purposes.

3.4 RESULTS

3.4.1 Identifying bacterial isolates with IN activity at temperature higher than -

12°C

We pre-screened our collection of 22 bacterial isolates for IN activity above
-12°C (good ice nucleators), which resulted in the selection of three isolates,
Pseudomonas syringae strain Cit7, Xanthomonas campestris strain 32b-52, and
L. parviboronicapiens strain VT1065 for further testing (Table 3.1). The three
selected isolates were also compared to positive, i.e., SnomaxN and Arizona Test
Dust (ATD) and negative controls, i.e., HPLC grade water filtered through a
0.02um pore size filter and UVC treated for 20 min (Figure 3.2). As expected, the
Tso of P. syringae, i.e., the temperature at which 50% of the droplets are frozen

and thus, a direct measurement of the IN activity, was very similar to SnomaxN at
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-5°C. Both SnomaxN and P. syringae Cit7 appeared to be the most efficient IN

compared to all other abiotic particles or cells tested. Following P. syringae and

SnomaxN were the other biogenic IN particles, L. parviboronicapiens VT1065 (Tso

=-12°C) and X. campestris 32b-52 (Tso = -10°C). ATD (Tso = -15°C) was the least

efficient IN particle among those tested (Figure 3.2). Therefore, our results

validated the relative importance and efficiency of biogenic INA, without deviating

from expectations, e.g., ATD is thought to nucleate below -10 °C.

Table 3.1. Pre-screening of bacterial strains for ice nucleation experiments.

T50 values for each bacterial isolate used in the study are shown.
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Bacteria Strain T50 ( C)
Sphingomonas 20B -21 C
Hymenobacter 28B -23 C

Massilia 11A -25 C

Micrococcus 12A -26 C
Methylobacterium 8C -22 C
Curtobacterium Test 005 21 C
Erwinia RFPR13 008R -23 C
Chryseobacterium 26A -23 C
Oxalobacteraceae 2A 21 C
Pseudomonas RFPR13 002R 21 C
Curtobacterium Test 007 21 C
Curtobacterium Test 008 -25 C

Williamsia 5C -22 C

Williamsia 15A -24 C
Pseudomonas 3B -20 C

Rhizobium 1A -23 C
Curtobacterium 3F -26 C
Pseudomonas RFPR_007 -23 C

Bacillus Test 002 -19C

Pseudomonas syringae (MSU) Cit7 -5C
Xanthomonas campestris (Delort) 32b-52 -10 C
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Figure 3.2. Ice nucleation temperature curves for Pseudomonas syringae
Cit7, Xanthomonas campestris 32b-52, Lysinibacillus VT1065, ATD,
Snomax®, and ultra clean water (HPLC grade water). Plot shows the frozen
droplet fraction (y-axis) as a function of temperature ( C, x-axis). Curves for each
bacterial isolate represent their ice nucleation (IN) activity without any stressor
being applied, which served as a reference point (control) for when stressors were
applied (e.g., Figures 3 and 4). Errors bars represent variation observed among
three biological replicates per treatment.

3.4.2 Non-viable Pseudomonas syringae after acid stressor still has better IN

activity than ATD

All three bacterial isolates that were exposed to neutral pH (7.6) conditions

were used as reference points for each isolate for the acidity experiments and the
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other stressors evaluated. P. syringae Cit7 was again the most IN efficient isolate,
even after exposure to the acidity stress (Figure 3.3), consistent with what has
been reported previously (Attard et al., 2012; Joly et al., 2013, 2015b; Amato et
al., 2015; de Araujo et al., 2019). Acid exposure to pH = 4.0 and 2.5 appeared to
cause a negative effect on the IN activity of P. syringae Cit7 as well as to the other
two bacterial strains tested. Specifically, the Tsoof P. syringae Cit7 decreased from
-5 C to almost -10 C (p-value < 0.000038) at pH 2.5 compared to neutral pH
(Figure 3.3). Unlike P. syringae Cit7, however, L. parviboronicapiens VT1065 and
X. campestris 32b-52 did not appeared to have a significant effect in the Tso
between neutral pH and the acidic pH levels tested, except for X. campestris 32b-
52 between pH = 7.6 and pH =4.0 (a decrease by -6 C in Tso) (Figure 3.3).
Notably, the IN activity of all three bacterial strains was higher than that of
the ATD when bacteria were not exposed to atmospheric stressors (Figure 3.2).
The IN activity of P. syringae Cit7 was higher than that of L. parviboronicapiens
VT1065 and X. campestris 32b-52 even after being exposed to all the acidic
conditions (Figure B2). P. syringae Cit7 was also a more efficient IN than ATD
(not exposed to acidic pH) even after being exposed to pH = 4.0 and 2.5 conditions
whereas IN of L. parviboronicapiens VT1065 and X. campestris 32b-5 became
similar to or slightly lower than that of ATD after the acidic stress. After acid
exposure, Tso for P. syringae Cit7 was around -10 C, while for ATD it was Tso = -
15 C. Once again, P. syringae Cit7 reveals to be the most efficient IN particle

even after being exposed to atmospheric stressors such as acidic conditions which
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indicates that the IN mechanism of P. syringae Cit7 is not severely affected by
common stressors in the atmosphere.

Interestingly, P. syringae Cit7 was still an efficient IN even after death (no
viable counts) when exposed to acidic conditions of pH = 2.5 versus 108 viable
cells/mL after exposure to pH = 7.6 (Table B1). In fact, none of the three bacterial
isolates were viable after being exposed to pH = 2.5 for 30 min, consistent with
expectations, but P. syringae Cit7 was the only isolate that maintained efficient IN
above the Tso of ATD (-15 C) and above -10 C under acidic conditions (Figure B2).
Thus, P. syringae Cit7 dead and/or fragmented cells if the cells are lysed at pH=2.5
still serve as efficient nuclei under acidic condition. In contrast, the lack of viability
of L. parviboronicapiens VT1065 after exposure to acidic conditions (Tso = -14 C)
did not affected significantly its IN activity compared to neutral pH (Tso = -12C)

based on ANOVA analysis (p-value > 0.05) (Figure 3.3).

94



Temperature (AC)

Colder

1

[Eny

()]
1

1

ARy

o
1

kkdkk

Aekkok

1
pH=7.6

1
pH = 4.0

1
pH=25

Il P. syringae
3 Lysinibacillus
= X. campestris

Figure 3.3. Tso values for Pseudomonas syringae Cit7, Xanthomonas
campestris 32b-52, Lysinibacillus VT1065 after being exposed to acidic
conditions. Tso represents the temperature at which 50% of the droplets freeze
(y-axis). Asterisks represent significant differences (ANOVA; p-value ¢ 0.05).

3.4.3 Pseudomonas syringae appears to be more efficient IN than Lysinibacillus

parviboronicapiens

P. syringae Cit7 appeared to be a more efficient IN compared to L.

parviboronicapiens VT1065 after exposure to oxidative and UV radiation stress.

Tso values for P. syringae Cit7 were above -10 C, while Tso values for L.

parviboronicapiens VT1065 were below -14 C after exposure to these conditions

(Figure 3.4). For the oxidative stress, P. syringae Cit7 IN activity did not seem to

be affected by the different concentrations of H202 with all Tso values being around

-5 C (Figure B3). Similarly, L. parviboronicapiens VT1065 IN activity did not vary

(Tso = between -14 C and -15 C) between the different H202 concentrations and
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was similar to that of ATD (Figure B3). L. parviboronicapiens V' T 1 0 6lIS d@ctvity
was decreased less under acidic stress compared to reduction observed for P.
syringae Cit7 although, strain Cit7 was still more efficient IN at pH = 4.0 and pH =
2.5 compared to stain VT1065 (Figure B2). These results may indicate that the
underling mechanism of the IN activity is affected differently for these two isolates.
It should be mentioned, however, that with increasing time of exposure to UV-A
and UV-B radiation, both bacterial isolates started to lose some of their IN activity
when compared to experiments performed in the dark (controls; Figure B3).
Viability results revealed that the decreased IN activity overall correlated with

decreased (viable) CFU counts (i.e., loss of viability) (Table B1).

A -25-
pH=7.6

pH =4.0
pH=2.5

0.1 mM H202
0.25 mM H202
1 mM H202
6h UV

24h UV

48h UV

-20=-

Temperature (AC)

Colder

P. syringae Lysinibacillus

Figure 3.4. Tso values for Pseudomonas syringae Cit7 and Lysinibacillus
VT1065 after being exposed to individual acidic, oxidative and UV radiation
stress. See figure key for the stressor applied and Materials and Methods on
how the stressor was applied.
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3.4.4 Combination of atmospheric stressors reveals the predominance of acidity

In addition to exposure to individual stressors, we also assessed the impact
of combinations of stressors, applied sequentially (i.e., one after the other). Our
results showed that after being exposed to a combination of stressors, specifically,
24h UV, followed by pH = 4.0, and 0.25 mM H202, P. syringae Cit7 IN activity
appeared to be similar to that after (sole) exposure to pH = 4.0, revealing the
predominance of acidity over the other stressors for the conditions tested here
(Figure 3.5). When P. syringae Cit7 was only exposed to 24h UV and 0.25 mM
H202 as the combination of stressors, its IN activity appeared to be similar to when
it was exposed to UV radiation for 24 h alone (Figure 3.5). Viability for the three
stressors combination (10° cells/mL) versus two stressor combination (107
cells/mL) only had a difference of one order of magnitude in CFU but interestingly,
viability was two orders of magnitude below pH = 4.0 alone (108 cells/mL) (Table
B1). Therefore, our results may indicate that the combination of stressors is
probably not necessarily an additive effect on IN activity but rather it reflects the

effect of the strongest among the stressors applied.
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Figure 3.5. Ice nucleation temperature curves of Pseudomonas syringae Cit7
after a combination of three common atmospheric stressors. The stressors
were applied sequentially (i.e., one after the other) and included UV for 24 hours,
followed by pH = 4.0 for 30 minutes and 0.25 mM H202 for 90 minutes. ATD is
shown for comparison. Plot shows the frozen droplet fraction (y-axis) as a function
of temperature (' C; x-axis).

3.5DISCUSSION

Ice nucleation activity can be triggered by efficient ice nuclei of biological
origin, especially cells of several specific bacterial strains, such as Pseudomonas
syringae (Maki et al., 1974; Lindow et al., 1978; Lukas et al., 2022), but how this
IN activity changes depending on stressor applied remains much less understood.
Here, we quantified the effects of acidic and other stress conditions on the IN
activity of three different efficient IN bacteria i.e., Pseudomonas syringae,
Lysinibacillus parviboronicapiens, and Xanthomonas campestris, and their cell
survival using a specially designed IN chamber for these purposes. To our

knowledge, this is the first report of P. syringae IN activity after viability loss due to
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acidic conditions exposure (at pH = 2.5) and after exposure to a combination of
atmospheric stressors. Our results not only further corroborated previous studies
that showed P. syringae Cit7 to be the most efficient IN known but also expanded
on these results to show that P. syringae Cit7 IN activity is only moderately
decreased, by approximately ~5°C, even after exposure to atmospheric stressors
or their combinations and cell death.

P. syringae Cit7 cells were not viable after exposure to extreme acidic
environment (pH = 2.5), which was consistent with the expectation that acid
exposure damages the integrity of the cell membrane (Guan & Liu, 2020). P.
syringae Cit7 cells appear to have an IN activity similar to that of a class B INP,
which is when INPs nucleate ice in a range between -4.8 C and -5.7 C (Turner et
al., 1990). Although after acidity exposure (pH = 4.0 and 2.5), P. syringae Cit7 cells
appear to have an IN activity similar to that of a class C INP (-7.6 C or colder), and
are the most predominant class of ice-nucleating proteins (Turner et al., 1990),
which was consistent with previously reported results for SnomaxN (Lukas et al.,
2020) which represents a product that includes lyophilized cells of P. syringae. As
previously reported by Attard et al. (2012), ice nucleation activity of P.
syringae Cit7 decreased after exposure to acidic conditions. However, our study
suggests that even dead cells or cell fragments of P. syringae Cit7 can still maintain
significant IN activity, which is relevant for atmospheric processes, especially for
freezing processes that influence cloud formation and precipitation. In particular,
the IN activity of P. syringae Cit7 reported here could be highly relevant in the

presence of acidic aerosol particles such as those commonly found in Europe, East
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US, and East Asia (Pye et al., 2020; Karydis et al., 2021). Acidic aerosol particles
are predominantly observed in regions with significant anthropogenic activities and
tropical biomass burning. For instance, aerosol particle pH has been reported to
be as low as 2.6 over Europe and Asia, and pH = 3.0 over eastern US due to these
activities (Karydis et al., 2021). Moreover, clouds, including cloud water, are mostly
acidic with pH values ranging from 2 to 7 (Pye et al., 2020; Ren, Bertram, et al.,
2022). Therefore, our results indicate that biological IN particles (P. syringae) could
influence cloud formation, even under acidic atmospheric conditions across the
globe.

Previous studies had evaluated the impact of acidic pH on the ice nucleating
activity of mineral dust particles such kaolinite (Ren, Bertram, et al., 2022) and a-
alumina (Ren, Soni, et al., 2022). Their results showed that the IN efficiency of a-
alumina decreased compared with neutral pH, while kaolinite was not affected
significantly by acidic conditions (Ren, Soni, et al., 2022; Ren, Bertram, et al.,
2022). Our results are comparable with those of Ren, Soni, et al. (2022) in that the
IN activity of both biotic and abiotic particles (specifically a-alumina, a component
of ATD) appear to get negatively affected after exposure to pH = 3 and lower.
Interestingly, Tso for P. syringae Cit7 was lower (colder) (Tso = -9.5 C) compared
to a-alumina (Tso = -31 C) after exposure to pH = 4; Tso for L. parviboronicapiens
VT1065 and X. campestris 32b-52 was also higher than that of a-alumina. These
results suggest that biogenic ice nucleation is more efficient (ice nucleation occurs
at warmer temperatures) than certain types of abiotic IN particles even after acid

exposure. Thus, our results together with our immersion freezing approach are
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relevant for acidic atmospheric conditions that may often prevail in clouds and have
implications for heterogeneous nucleation and cloud formation of mixed-phase or
ice clouds. In addition, our results further corroborate previous studies about the
need to incorporate ambient acidity measurements into climate/weather prediction
models (Pye et al., 2020).

Although exposure to low acidic conditions (pH = 2.5) compromised the
viability of P syringae Cit7, the IN activity was largely maintained, and was still
higher than that of ATD or the other bacterial isolates tested. Therefore, our results
are consistent with previous reports suggesting that P. syringae has evolved within
the atmospheric/weather conditions, since it can withstand the hostile conditions
in the atmosphere such as high UV radiation and low pH. Previous studies had
reported similar results on survival and IN activity after exposure to different
atmospheric stressors (Attard et al., 2012; Amato et al., 2015; Joly et al., 2015b),
albeit on a more limited scale (discussed above), and also how survival of
Enterobacter hormaechei and its biodegradation of organic compounds was
affected by exposure to acidic pH and UV light (Liu et al., 2023). Our study further
expanded on this knowledge and supports the bioprecipitation hypothesis (Morris
et al., 2014b; Frohlich-Nowoisky et al., 2016b). The bioprecipitation hypothesis
suggests that bioprecipitation (biogenic participles serve as IN or CCN to cause
rain) is a feedback response where plant-associated microorganisms get
purposely aerosolized in the atmosphere, leading to precipitation that is also

beneficial for plant and microbial growth in the biosphere (Sands et al., 1982).
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On the other hand, Lysinibacillus VT1065 and X. campestris 32b-52 were
not as efficient as P. syringae Cit7 before and after acidic stress but still have
similar IN efficiency as ATD. Lysinibacillus VT1065 and X. campestris 32b-52 cells
appear to have an IN activity similar to that of a class C INP since they nucleate
ice below -7.6 C. Previous work have shown how class C INP from various IN
bacteria appears to be more resistant to acidic conditions than class B INP, which
means that ice nucleation point does not decrease significantly (Turner et al.,
1990). Our results agree with the mentioned work where we see how the IN activity
of P. syringae Cit7 is decreased significantly after exposure to pH = 4.0 (from class
B to class C) and then remained stable after pH = 2.5. In other words, the apparent
class B INP mechanism from P. syringae Cit7 is highly sensitive to acidic
conditions starting at pH = 4.0 as opposed to the apparent class C INP mechanism
of Lysinibacillus VT1065 and of X. campestris 32b-52 (to some extent), where we
do not see a significant effect in the IN efficiency after acidic pH exposure. Thus,
the three bacterial strains could be overall important for heterogeneous freezing
process in the atmosphere, but are also characterized by qualitative differences
with respect to decreasing IN activity upon stress exposure.

The airborne lifestyle may also include the effect of combination of
stressors, as opposed to individual stressors and, in fact, such combinations are
probably commonly encountered in the atmosphere. Thus, we explored how the
application of the three stressors sequentially affected the IN activity of P. syringae.
The IN activity and cell viability appear to be quite resistant to the stressors and

did not decrease substantially, with the probable exception of the application of the
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high acidity condition. These results also suggest that organisms like P. syringae
may be highly prone to long-range travel through the atmosphere (Womack et al.,
2010) since their viability is not affected substantially by average conditions
encountered in bioaerosols. For further generalization of these results, however, it
would be important to apply the stressors simultaneously (not sequentially), which
might be possible in larger, atmospheric chambers.

On the other hand, L. parviboronicapiens VT1065, as the first known Gram
+ bacterial species with efficient IN activity, was similar to X. campestris 32b-52
and ATD with respect to IN activity. We did not identify a visible trend or anything
significantly different in the effect of atmospheric stressors on stain VT1065 IN
activity when compared to the other isolates or ATD. L. parviboronicapiens VT1065
cell survival after exposure to atmospheric stressors was generally lower than
those of P. syringae Cit7 and X. campestris 32b-52 (Table B1). Given that isolate
VT1065 does not encode the InaZ protein but a novel polypeptide-based IN
mechanism (Failor et al., 2022), these results suggest the existence of a higher
diversity of IN mechanisms and efficiencies than previously thought among
different bacterial species, which requires further attention. More research to
isolate additional IN bacteria and study their IN activities will, most likely, yield
novel results and quantitative conclusions for incorporation into the models of the
atmosphere. The methodology and DFA instrumentation used here was robust
e.g., we obtained results close to expectations for ATD and P. syringae Cit7 under
growth in stress-free conditions, and successful in studying the ice nucleation

efficiencies of different IN particles. Having robust methods for studying biogenic
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IN activity and, ideally, a consensus in such methods, would be highly important
for comparing between different studies of biogenic IN activity in the future. In
addition, more interdisciplinary approaches will be useful for further studying and
understanding biogenic IN activity and their implications. For instance, DFA studies
(like this study) in parallel with molecular-level analysis of proteins structure and
biochemistry could reveal novel mechanism for IN activity. The distribution and
relative abundances of the organisms studied here, and their close relatives, in the
atmosphere would also be needed in order to integrate the biogenic IN activity into

models of the atmosphere.
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS

The study of bioaerosols and their role in the atmosphere has gained
particular interest in the past decades, especially for bacteria and fungi. Bacteria
and fungi are amongst the most abundant biological particles in the atmosphere
and can remain airborne for long periods of time because of their small size and
light weight (Frohlich-Nowoisky et al., 2016b; Smets et al., 2016). Studies of
airborne bacteria and fungi in the atmosphere had been conducted in a variety of
different sampling settings such as high altitudes, coastal and marine, rural and
urban areas, amongst others (DeLeon-Rodriguez et al., 2013; Amato et al., 2015;
de Araujo et al., 2019; Be et al., 2015; Tanaka et al., 2019; Uetake et al., 2019;
Franchitti et al.,, 2022). The atmospheric environment is constantly being
influenced by surrounding environmental sources (soil, water bodies, humans,
animals, plants, ect.) and thus, constantly receiving an influx of mixed microbes
aerosolized from the biosphere. It has been stated that the atmospheric
microbiome is a critical element of connectivity between ecosystems (Archer &
Pointing, 2020). Hence, the study of local bioaerosols is important for further
understanding the role of microbes in the atmosphere at a greater and
interdisciplinary scale. Previous studies of airborne bacteria and fungi in the
atmosphere had found diversity and taxonomic patterns changes with seasonality
(Bowers et al., 2012, 2013; Caliz et al., 2018; Els et al., 2019; Uetake et al., 2019;
Nufez et al., 2021), land usage (Bowers et al., 2011; Seifried et al., 2015; Frohlich-
Nowoisky et al., 2016b; Uetake et al., 2019), and atmospheric conditions such as

PM or gases (Gandolfi et al., 2015; Kobziar et al., 2022). In addition, the
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atmosphere has been studied for its potential for transport of human/plant/animal
pathogens and thus, given public health implications (Polymenakou, 2012;
Nicolaisen et al., 2017a; Ginn et al., 2021; Triadé-Margarit et al., 2022). However,
there is still controversy on specific diversity and taxonomic patterns across studies
and what environmental conditions or parameters are major drivers on shaping
microbial compositional structure. In addition, microbial communities patterns
across different atmospheric samples are lacking. For instance, how do bacterial
and fungal communities differ in terms of composition and diversity between a fog
and hail samples, or between air and rain samples? We evaluated the composition
and diversity patterns of bacterial and fungal communities in dry-air and rain
samples, taking into account seasonality and atmospheric conditions in Metro
Atlanta, Georgia, US for over two years. Our results show how bacterial and fungal
communities in dry-air are not the same as for rain. In addition, seasonality is not
a strong factor shaping microbial communities compositional and diversity
patterns. We suggest the latter with quantitative data and also addressing the
realistic scenery of seasonality in our sampling site. Our study was successful in
employing good and detail-oriented sampling and sample processing techniques
since our samples are based on individual atmospheric events and not a pool of
different samples (events). With this work, we emphasize the importance of a more
detailed approach, including sample per sample analysis, more intensive
sampling, and consensus methodology across studies, for evaluating atmospheric

samples and also evaluating the atmosphere as a composition of different sample

types.
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In addition, a handful of bacteria have been reported to potentially have
unique potential for cloud formation and precipitation by serving as ice nuclei (IN)
(Murray et al., 2010; Joly et al., 2013; Amato et al., 2015; Failor et al., 2017; Lukas
et al., 2022) and interestingly, their biological ice nucleation activity appears to be
more efficient than that abiotic IN particles (Lukas et al., 2021; Maeda, 2021; Lukas
et al.,, 2022). However, the majority of these studies had evaluated the ice
nucleation activity of bacterial species under ideal conditions and no stressors
applied, which is unrealistic to the atmospheric habitat. Common atmospheric
conditions such as UV radiation, freeze and thaw cycles, pH changes, osmotic and
oxidative stress are stressors for microbial cells but the same amount of research
for each stressor is not available. For example, there is still a knowledge gap on
how acidic stress in the atmosphere can affect bacterial INs efficiency in the
atmosphere. Acidity plays a key role in aqueous chemistry and therefore, high
acidity is frequently encountered in aerosol particles, cloud water, and fog droplets
(Pye et al., 2020). Evaluating and understanding the true potential of bacterial INs
could give insights into how this knowledge could be incorporated into weather
prediction patterns or models of the atmosphere. Furthermore, we evaluated the
ice nucleation activity and efficiency of three different bacterial IN species,
Pseudomonas syringae, Xanthomonas campestris, and Lysinibacillus
parviboronicapiens, after exposure to acidic conditions
(pH = 4.0 and 2.5), oxidative conditions (H202), and UV radiation. To the best of
our knowledge, this is the first study to address the effects of acidic conditions as

low as pH = 2.5 on three different bacterial IN species and also a sequential
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combination of all three stressors. Our results suggest that acidic conditions were
the stressor with major effects in the ice nucleation activity of the bacterial species,
especially for P. syringae. Although, IN efficiency of P. syringae was still the best
of all even after viability lost after exposure to pH = 2.5. In addition, combination of
stressors did not add a sequential decreasing effect to the IN activity of P. syringae.

Collectively, our research and our results contribute to novel and significant
knowledge in the breadth of the microbiology and atmospheric sciences fields but
also opens path to further research questions and journeys. Also, one major
conclusion is the need of more local bioaerosols studies, specifically bacteria and
fungi, and standardization of methods across studies for a more parallel and
accurate results and implications. We encourage interdisciplinary collaborations to

archive the latter.

This thesis also brought in several specific recommendations for future work by

chapter:

Chapter 2

1) As our results suggested, seasonality was not a strong trend for shaping
the bacterial and fungal community in the atmosphere of Metro Atlanta. We
recommend, however, an even greater number of samples per month, and
also more consecutive for establishing seasonality patterns that those

achieved here for more robust conclusions to emerge. By comparing the
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2)

3)

4)

5)

results in this thesis with previous work, seasonality is established based
on different sampling and sample processing techniques that could bias
results. In addition, seasons do not happen the same everywhere and it
should be considered when establishing broad microbial seasonality

patterns. Thus, assessing local seasonality patterns is important.

We have highlighted though this work, the importance of environmental
sources in shaping the microbial community of the atmosphere and thus,
we recommend source tracking of atmospheric samples. Source tracking
would provide a better picture and understanding of what source(s) could
contribute more microbial diversity locally to the atmosphere. In addition,
we urge for more bioaerosol/airborne microbial data to source tracking

bioinformatics tools.

Metagenomic analysis of a variety of atmospheric samples to further

understand their role and function in the atmosphere.

Dual-sampling for analysis microbial community in dry-air sampling while
raining, which consists in sampling the rain at the sample time as dry-air

sampling technique.

Pre-filter dry-air and rain samples through 10um before 0.22um filtration
step. The latter will filter out pollen during spring season and microbial

communities can be studies better.
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Chapter 3

1) We highly recommend standardization of technical approaches and
methods across studies and research groups for evaluating the ice
nucleation activity of bacterial species, starting from sample preparation to

droplet freezing assay analysis.

2) We highly recommend more interdisciplinary approaches (protein analysis,
biochemistry, atmospheric sciences, microbiology, etc.) in order to assess
more knowledge and more accurately the implications of bacterial ice

nucleation activity in cloud formation.
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APPENDIXES

APPENDIX A1 Chapter 2

Table Al. Permutational multivariate analysis of variance of the bacterial

community.

Df Sums of Sgs Mean Sqgs F. Model R2 p-value
Type 1 1.0526 1.05256 3.10403 0.05581 | 0.001***
Specific Type 2 1.0564 0.52820 1.55768 0.05601 | 0.001**=*
Season 3 1.4068 0.46894 1.38293 0.07459 0.001***
PM2.5 quantity 1 0.2951 0.29511 0.87030 0.01565 0.883
PM10 quantity 1 0.2975 0.29753 0.87743 0.01578 0.879
Ozone 1 0.3954 0.39540 1.16606 0.02096 0.110
NO, AQI 1 0.4074 0.40739 1.20141 0.02160 0.067.
CO AQI 1 0.3499 0.34987 1.03179 0.01855 0.365
SO, AQI 1 0.3750 0.37503 1.10598 0.01988 0.172
Residuals 39 13.2246 0.33909 0.70117
Total 51 18.8608 1.00000
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Table A2. Permutational multivariate analysis of variance of the fungal

community.

Df Sums of Sgs Mean Sqgs F. Model R2 p-value
Type 1 2.028 2.02798 7.3755 0.09961 0.001***
Specific Type 2 0.9491 0.47454 1.7258 0.04662 0.003**
Season 3 2.1328 0.71094 2.5856 0.10476 0.001***
PM2.5 quantity 1 0.2512 0.25119 0.9135 0.01234 0.527
PM10 quantity 1 0.286 0.28602 1.0402 0.01405 0.375
Ozone 1 0.28 0.27996 1.0182 0.01375 0.421
NO, AQI 1 0.3214 0.32138 1.1688 0.01579 0.231
CO AQI 1 0.3527 0.35269 1.2827 0.01732 0.137
S0, AQI 1 0.285 0.28498 1.0364 0.014 0.373
Residuals 49 13.4732 0.27496 0.66177
Total 61 20.3593 1.00000
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Figure A4. Number of reads of each ASVs that belongs to the control
samples and their distribution in field samples (left y-axis) and sequencing

depth per sample (right y-axis) for the bacterial dataset.
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Figure A10. Differential abundance analysis using Lefse for the bacterial

dataset by sample type at family level.
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Figure All. Differential abundance analysis using Lefse for the bacterial

dataset by sample type at genus level.
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Figure A12. Differential abundance analysis using Lefse for the fungal

dataset by sample type at family level.
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Figure A13. Differential abundance analysis using Lefse for the fungal

dataset by sample type at genus level.
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Figure A15. Microbial richness (chaol) analysis for (A) bacteria and (B)

fungi by seasons.
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Figure Al16. Relative abundance of taxonomic classes for (A) bacteria and
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APPENDIX B i Chapter 3

Table B1. Colony forming units (CFU) data for Pseudomonas syringae Cit7,
Lysinibacillus VT1065, Xanthomonas campestris 32b-52 after exposure to

acidic, oxidative, and UV radiation stressors

Pseudomonas syringa Lysinibacillus VT1065 Xanthomonas
Cit7 campestris32b-52
Stock 2.55x 160 3.06 x 16 3.40x 16
Acidity Stress
pH=7.6 6.75x 16 3.20x 16 2.20x 16
pH=4.0 1.14x 16 No growth in more 3.50x 16
than 2 months

pH=25 No growth in more No growth in more No growth in more than

than 2 months

than 2 months

2 months

Oxidative stress

0.1 mMm 1.37x 16 3.00 x 18 -
0.25 mM 2.20x 16 2.50 x 10 -
1.0 mM 6.00 x 16 2.47 x 16 -

UV stress
Before UV stress 1.37x 16 3.00 x 18 -
6 h 2.20x 16 2.50 x 10 -
24 h 6.00 x 16 2.47x 16 -
48 h 5.50 x 16 No growth in more -

than 2 months

Before in the dark 1.26 x 16 1.23x 16 -
6 hi in the dark 4.70 x 16 1.12x 16 -
24 hi in the dark 3.70x 16 1.15x 16 -
48 hi in the dark 6.00 x 10 2.30x 10 -




Table Blcontinued

Combination of
stressors

(24h UV + pH =4.0
+ 0.25mM HO?)

Combination of

stressors

3.05x 1¢°

(24h UV + 0.25mM
H20?)

2.05x 10

LED light

Copper plate 9

Humidity meter ==

Aluminum cold plate ==

Dry airinlet —> (D

Well thermocouple =

Insulated tubing

= Refrigerated bath
Igi

LED light

Figure 1 for an actual photo of the components.

Figure B1. A schematic of the IN-chamber. Key components are shown. See

13¢€

Copper plate thermocouple

M Fluid in

M Fluid out




Figure B2. Ice nucleation temperature curves of Pseudomonas syringae Cit7,
Xanthomonas campestris 32b-52, Lysinibacillus VT1065, and ATD after
exposure to acidic stress. Plot shows the frozen droplet fraction (y-axis) as a

function of temperature ( C, x-axis). Thus, curves in each panel represent the ice



