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ABSTRACT

When inhaled, bioaerosols exacerbate respiratory symptoms and diseases.
Mitigating the negative health impacts of bioaerosols requires a robust understanding of
the temporal and spatial dynamics of bioaerosols in the atmosphere as a function of their
type (e.g., bacteria, fungal spores, plant pollens) and particle size, which determines their
penetration into the respiratory tract. While it is known that bioaerosol concentrations
vary by location, season and meteorological conditions, major gaps remain in
understanding the co-occurrence of bioaerosols with one another, their size in the
atmosphere, and their mass contributions to PM. Overall, research presented in this thesis
advances the current knowledge about bioaerosols (including fungal spores, pollens, and
bacteria) in following ways: 1) defining background and urban levels of bioaerosol
concentrations in the Midwestern US across four seasons, 2) characterizing ambient
bioaerosol and co-pollutant mixtures, 3) determining the influence of meteorology on
their concentrations and size distributions, and 4) estimating bioaerosol contributions to
PM mass.

The spatial analysis of respirable particulate matter (PMio) across urban and
background sites in lowa demonstrated that urban areas are a source of fungal glucans,
bacterial endotoxins and total proteins, which gives rise to significantly enhanced
bioaerosols in urban locations compared to background sites. Similar urban
enhancements in calcium—a crustal element—and its correlation with endotoxins
suggested that wind-blown soil is likely the origin. Seasonally, fungal spores peaked in
summer with temperature, while bacterial endotoxins peaked in autumn during the row

crop harvesting season. Fungal spores, bacterial endotoxins, plant and animal detritus all



peaked during the growing season, such that maximum exposures to multiple bioaerosol
types concurrently. Under the influence of rain chemical tracers of pollens peaked and
decreased in size from coarse (2.5-10 pum) to fine particles (< 2.5 um), likely due to the
osmotic rupture of pollen grains upon wetting. While fine-sized fungal spores also
increased during rain events, maximum spore levels were observed in coarse-sized
particles post-rain. The comparison of spring to late summer measurements demonstrated
these influences of precipitation on bioaerosols also occur during late summer, when
fungal spore levels are high and ragweed is the dominant pollen source. The ability to
apportion PM mass to bioaerosols was advanced through the development of chemical
profiles of pollens and their integration with chemical mass balance (CMB) source
apportionment modeling, for the first time. In late-April to early-May in 2013, pollens
were estimated to contribute 0.2 - 38% of PMio (0.04 — 0.8 pg m™) while fungal spores
contributed 0.7 — 17% of PMio (0.1 — 1.5 pg m?>). Collectively, this thesis provides
insight into spatial, seasonal and daily variations of bioaerosols, and shows elevated
outdoor exposures to bioaerosols among urban populations, with maximum levels
occurring during growing seasons, periods of high temperature, and during/immediately

following rainfall.
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PUBLIC ABSTRACT

Particles we breathe include plant pollens, fungal spores, bacteria and viruses that
are referred to as bioaerosols. Their allergenic properties induce sneezing, coughing and
wheezing, and can exacerbate respiratory diseases like asthma. This thesis serves to
characterize the spatial, seasonal, and daily variations in bioaerosol levels and
quantitatively defines their contributions to the mass of particles in outdoor air. Key
findings of this research include: i) people in urban areas experience increased levels of
bioaerosols compared to background areas, likely due to greater levels of wind-blown
dust ii) bioaerosol reach their highest levels during periods of elevated temperature, such
that bioaerosol co-vary and peak during summer, iii) fine-sized bioaerosol concentrations
increase while raining and iv) bioaerosol contributions to PM increase associated with
rain The impact of this research is significant as it provides insight to spatial, seasonal
and daily variations of bioaerosols revealing outdoor exposures to bioaerosols are greater

in urban areas, in growing seasons, and when conditions are warm and wet.
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CHAPTER 1
INTRODUCTION
1.1 Particulate matter

Airborne particulate matter (PM), also referred to as aerosols, is defined as solid
particles or liquid droplets that are suspended in the air.>* Atmospheric PM is a complex
mixture of chemicals including sulfates, nitrates, ammonium, sodium, chloride, trace
metals, crustal elements, carbonaceous material, water, and biological matter.! Natural
PM sources include soil and rock debris, volcanic activities and sea spray, whereas
anthropogenic PM sources include combustion processes, vehicular emissions, road and
construction dust.'?

Exposures to higher levels of particles have been linked to increased morbidity
and mortality around the world.*!® In particular, elevated PM levels exacerbate
cardiovascular® ' and respiratory diseases such as bronchitis and asthma.* ¢ Ambient PM
is ranked as one of the top 10 drivers of disease and premature deaths by the World
Health Organization.!" Understanding the sources and composition of PM will provide
insight to strategies that may be used to reduce outdoor levels of PM, and mitigate its
negative health impacts.

The size of PM is a key factor in its movement and lifetime in the atmosphere and
the human respiratory tract.? PM is often categorized by its aerodynamic diameter, which
is defined as the diameter of a sphere with a unit density (1 g cm™) that has the same
settling velocity in air as the particle under consideration.> !> PM with an aerodynamic
diameter (d) less than 10 pm is referred to as as PMio> PMio particles are further

categorized as coarse (10 >d > 2.5 um) and fine (d <2.5 pm).>!



As PM enters the respiratory tract it may penetrate to different regions: head
airways (nose, mouth, pharynx and larynx), lung airways (air ways from trachea to
terminal bronchioles) and alveoli.” The fate of inhaled PM depends on the particle size,
route of breathing, age, gender and activity level.'® In general, larger particles ~10 pum
mainly deposit in the upper airways® and only ~20% is predicted to reach beyond the
larynx entering lung airways.!> Smaller particles of 3 um deposit efficiently in alveolar
region while mouth breathing.? Consequently, increasing emphasis has been placed on

the measurement of smaller aerosols that can penetrate deeper into the respiratory tract.

1.2 Bioaerosols

Bioaerosols are biologically originated particulate matter which include pollens,
fungal spores, animal and plant detritus, bacteria and viruses.” These have been shown to
account for a significant proportion of particle mass'* and number!> for coarse'® and fine
particles.!” The size distributions of bioaerosols vary considerably by type: pollens are
typically 5 - 100 um, fungal spores are 1 - 30 um, bacteria are 0.1 - 10 um, and viruses
are generally smaller than 0.3 pum.'”> '8 When airborne, bioaerosols may found as

individual particles or agglomerates of particles. '

1.2.1 Health impacts

Exposures to inhalable (<100 um) bioaerosols initiate airway symptoms and

diseases. In particular, tree, grass and weed pollens shown to trigger respiratory

symptoms: wheezing, runny nose and cough, and diseases: asthma and rhinitis.!>> 2

21-23

Moreover, exposure to fungal spores and bacterial endotoxins exacerbates asthma,**

26 a disease that affects 300 million people worldwide.?”> 2 Respiratory illnesses are

predicted to increase in response to global trends of increasing carbon dioxide

2



29, 30

concentrations and temperatures®! which are shown to enhance allergenicity®® and

l. 32 The protection of sensitive populations from

quantity®® of airborne pollens.?
bioaerosols requires understanding environmental exposures to bioaerosols as a function

of type and size.

1.2.2 Climatic effects

Once released, bioaerosols in the atmosphere promote cloud and ice nucleation.**
35 Particles that act as surfaces to condense water vapor at supersaturated conditions
forming cloud droplets and ice crystals are called cloud condensation nuclei (CCN) and

ice nuclei (IN), respectively.! 2

Intact birch, walnut and willow pollens are effective
CCN,** with cytoplasmic pollen granules ranging from 0.05 - 0.3 um being the most
CCN active, due to their hygroscopicity and longer residence time.*® Bacteria also are
CCN, at relatively low supersaturations.** 3 Because of their ordered structures,
bioaerosols are effective ice nuclei (IN), forming ice crystals at sub-cooled temperatures,

37, 38

and include intact pollens pollen extracts,® fungal spores,*’ and bacteria.’* #' Their

ability to act as CCN and IN affects the earth’s climate through increase of cloud albedo

and alter precipitation cycles.>* 37

1.3 Biological and chemical tracers of bioaerosols

Bioaerosols in the atmosphere can be tracked by chemical or biological markers
4245 that are unique to bioaerosols. These markers are typically present in large quantities,
such as structural®® or energy storage materials.** *” Measurements of these markers have
provided insights to the spatial and temporal variability in ambient air. Several examples
of such markers and insights gained from them are discussed in the following sections

1.3.1to 1.3.3.



1.3.1 Endotoxin

Endotoxin is a component of Gram-negative bacteria cell membranes that are
also present in a few Gram-positive bacteria.*® Outdoor endotoxin measurements are
elevated during growing seasons of spring, summer and autumn compared to winter.*->>
This seasonal variation has been attributed to increased vegetative surfaces (e.g. leaves)
that provide substrates for bacterial growth.>* >* Taxonomic analysis of airborne bacteria
in the summertime implicates vegetative detritus and soil as the primary origins.” In a
highly agricultural setting in lowa, peak endotoxin concentrations occurred in autumn
when row-crops were harvested,* leading to suspensions of soil, dust, and detritus. Other
sources associated with high endotoxin levels include compost facilities,”® livestock
operations,”’ crowded streets, and agricultural fields.> In the US, Sweden and China,
higher levels of bacterial counts were documented in heavily populated urban areas
compared to background locations, with this difference attributed to vehicular traffic that

suspends road dust containing bacteria.’®* Consequently, outdoor exposures to

endotoxins are strongly influenced by seasonal variability and proximity to point sources.

1.3.2 Water-soluble proteins

Water-soluble proteins have been assessed to determine levels of biological
particles in the atmosphere in Mexico City,*"" > China,%® and tropical forest area.’*
Proteins are relatively non-specific, having a multitude of sources including soil
resuspension from traffic and construction, biomass burning, pollens, fungi and

bacteria.0% 63 65

Previous studies have shown that ambient protein levels tend to be
suppressed in wet periods that suppress soil resuspension containing proteinaceous

material %% ¢3



1.3.3 Fungal spore tracers

Airborne fungal spores may be assessed through direct spore counting, or
chemical markers of fungal spores’ including 1, 3-B-D-glucans and sugar alcohols. 1,3-p3-
D-glucans are polysaccharide components of fungal cell walls. They have been widely
investigated in indoor environments® and often studied in ambient environments*> 3% ¢7
and after flooding®® to assess population exposures to fungi. Sugar alcohols—mannitol
and arabitol are energy storage materials in fungi and are proposed as markers of airborne
fungal spores.** Mannitol measurements have been used to estimate fungal spore PM
mass contributions in tropical rain forests.%* 7

Strong seasonal variations in fungal spores have been established in prior studies.
Outdoor measurements of glucans showed higher concentrations in warmer seasons of

7172 Similarly sugar alcohols were

spring, summer and autumn compared to winter.
elevated in ambient air in warm seasons.*> 3> These temporal trends follow the general
seasonal variation of fungal spore counts where fungal spores peak in the mid-summer
and fall 7*7® when conditions are warmer and humid.” Fungal spores have also been
shown to increase following rain events.’¥? Within these general trends, the seasonal
variation in fungal spores is species-dependent: peak levels of Cladosporium spores have
been observed in early to mid-summer, while Alternaria is elevated in late-summer to
early-autumn.®® ® This species-dependence is attributed to differences in how fungi
respond to different meteorological factors (e.g. maximum temperature, minimum
temperature and relative humidity).3 Fungi that discharge spores under dry conditions

(e.g. Cladosporium) do so when conditions are dry and warm, whereas others (e.g. many

basidiospores and ascospores) release spores upon wet conditions and cooler



temperatures.® In Portugal higher spore levels of Coprinus and Pleospora were observed
in urban areas compared to rural sites where Alternaria, Penicillium, and Cladosporium
dominated.®> Compared to urban sites, a rural excess in fungal spores was observed in
Poland,?® Portugal,®’ and Finland.®® Meanwhile, suburban enhancements relative to urban
locations have been documented in Taiwan® and Austria.”’ Taxonomic analysis suggests
that enrichment in fungi at rural locations results from more vegetative surfaces that
provide surfaces for fungi to grow.*® Given the strong seasonal-dependence of fungal
spores, human exposures are largely dependent on local fungal populations and time of

year, with peak exposures during warmer months.

1.3.4 Pollen tracers

Sugars are measured in ambient PM to assess plant related particle releases, as
they serve as main energy storage material in plants.*> *>7* Prior studies showed seasonal
differences of plant releases using glucose, fructose and sucrose where concentrations
peaked in spring and summer following the seasonal growing cycle, compared to
winter.*> 4> 7 During springtime, sugars are mainly derived from pollens,*’” and can be
used as chemical tracers of this bioaerosol source. Pollens are allergen particles that
exacerbate respiratory illnesses.”! Assessment of pollen levels in the atmosphere is
important to protect sensitive populations, especially in growing seasons when pollen

levels reach highest.

1.4 Gaps in current understanding of bioaerosols in the Midwestern US
Even though earlier work in the Midwestern US assessed bacterial endotoxins in
close proximity to agricultural settings*> and fungal glucans in flood damaged houses,’?

and within homes,®” typical outdoor bioaerosol exposure levels were not known in the



Midwest. Considering impacts of bioaerosols on human health, examining outdoor
bioaerosol exposure levels in different locations and their spatial variability is important
to sensitive populations living in these areas. This thesis work defines urban and
background outdoor levels of bioaerosols in lowa. These measurements allowed
assessing bioaerosol levels in Iowa against health-based threshold wvalues and
understanding spatial differences of bioaerosol exposure levels and their sources.

Most prior outdoor bioaerosol measurements have focused on assessing one

45, 52, 72, 93

bioaerosol type, while ambient exposures are to bioaerosol mixtures and other

air pollutants. Understanding co-existing bioaerosols and pollutants are crucial as

15, 94,95 and those

bioaerosols have been shown to agglomerate with other pollutants,
bioaerosol-pollutant mixtures may be more harmful than bioaerosols alone.”® To expand
the understanding of bioaerosols and co-pollutants, experiments in this work were
designed to gain insight into bioaerosol mixtures in ambient air—including bacterial
endotoxins, fungal spores, and water-soluble proteins—in addition to co-pollutants of
crustal elements, biomass burning emissions, and secondary aerosols simultaneously and
across four seasons. These measurements demonstrated co-existing bioaerosol-co-
pollutant mixtures so that future studies could use these mixtures to assess real health
implications of bioaerosols.

Bioaerosol particle concentrations and sizes are often determined utilizing online
florescence-based techniques,'® 77 3% but these techniques lack the ability to distinguish
bioaerosol types. Fluorescent-based measurements showed increase in fine-sized

bioaerosols when raining which was explained as a result of bacteria or fungal spores

released from mechanical agitation of vegetation by rain drops.’’ In the same work,



coarse-sized bioaerosols increased post-rain attributed to fresh releases from vegetation
surfaces. All of these discussions on particle characterization are based on literature on
bioaerosol sizes and releasing mechanisms.®® This thesis work assesses the effect of rain
on springtime and late summer bioaerosols utilizing their chemical and biological tracers,
which can be used to relate measurements back to their sources. Hence, the results
allowed characterizing bioaerosol types that increase with rain events providing essential
information to persons who suffer from particular types of allergies.

Chemical mass balance (CMB) source apportionment model is used worldwide to
assess contributions of different sources to PM,”’"° but prior to this thesis had not been
applied to pollens. To support the source apportionment of pollens, chemical profiles of
prevalent Midwestern pollen types were developed. This allowed the apportionment of
ambient PM to pollens for the first time, allowing for estimation of their contribution to

PM mass.

1.5 Introduction to thesis chapters

The dissertation work presented herein mainly focuses on providing answers to
where, when, and how bioaerosol exposures happen in the Midwestern US, which is
essential information to mitigate human exposures to bioaerosols. Specifically, research
presented in this thesis advances the current knowledge about bioaerosols in the
following ways: 1) defining outdoor bioaerosol concentrations in the Midwestern US, and
evaluating differences across urban-background locations, 2) characterizing ambient
bioaerosol and co-pollutant mixtures, 3) determining the influence of meteorology on
daily variation of bioaerosol concentrations and size distributions, and 4) estimating of

bioaerosol contributions to PM mass.



A detailed description of sample collection, extraction and analysis methods, and
the statistical analysis approach used in this thesis work is provided in Chapter 2. This
chapter includes details of active sampling devices used to collect ambient PM, methods
for determining PM mass gravimetrically, chemical speciation by high performance ion
exchange chromatography (HPIEC), and bioassays for water-soluble proteins,
endotoxins, and fungal glucans that were performed in the Pulmonary Toxicology
Facility at the University of lowa. Statistical methods for analysis evaluating significant
differences and correlations among species are also described.

In Chapter 3, spatio-temporal variations of bioaerosols were assessed utilizing
PMio samples collected in 2012, at six sites in lowa by lowa Department of Natural
Resources (IDNR). The seasonal variation was determined by assessing bioaerosol
measurements made in January, April, July and October, representing seasons of winter,
spring, summer and autumn, respectively. Spatial variation was determined by comparing

bioaerosol tracer measurements among three urban and three background sites.

Chapter 4 presents a study that compare bioaerosols from 2013 springtime tree
pollen season (mid-April to early-May) and the late summer ragweed season (late-August
to early-September) in Iowa. Daily measurements were made for chemical tracers of
pollens, fungal spores and Gram-negative bacterial endotoxins in fine and coarse PM.
CMB source apportionment modelling and regionally-specific pollen profiles were used
to apportion PM mass to pollens for the first time.

Chapter 5 presents results of preliminary work to develop tools to associate

estimated pollen levels in Chapter 4 with asthma-related emergency room visits. This



chapter also describes microscopy-based studies conducted to develop tools to assess
conditions that release fine pollen particles.

Chapter 6 is attributed to conclusions and future directions of the dissertation
work presented here which includes descriptions of further studies that could be

performed to advance the understanding of bioaerosols.
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CHAPTER 2
EXPERIMENTAL METHODS

The research work presented in the following chapters was performed utilizing
various experimental methods to collect PM, quantify its mass, and quantify its chemical
constituents, particularly bioaerosol tracers. A detailed description of methods and
techniques common across the studies that comprise this dissertation are discussed in this
chapter, including collection of ambient PM samples, extraction of chemical components
from filter substrates and analysis of these extracts for chemical tracers utilizing ion
exchange chromatography. A brief description of biological assays conducted in the
University of lowa’s Pulmonary Toxicology Facility is described. Specific details for

each study (e.g. sampler siting) are provided in each corresponding chapter.

2.1 Collection of ambient particulate matter

Active sampling devices were used to obtain representative samples of PM
suspended in the atmosphere. Particles are present in many shapes and sizes. During
sampling, particles were collected based on aerodynamic diameter. Generally, a sampler
consists of an inlet, a cyclone or impactor, a sample collection platform, a flow controller
and a pump. Air is pulled through a vacuum pump at a constant flow rate through the
inlet, which is regulated by the flow controller. The flow rate is measured at the
beginning and end of sample collection utilizing a rotameter.

Particles entering the sampler are first separated based on their aerodynamic
diameter by one of two methods: a cyclone or an impactor, both of which operate by the
inertia possessed by particles in the moving air stream. A cyclone is a cylinder with a

tangential inlet and central outlet. Inside a cyclone, a rotating high velocity flow is
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created and particles are subjected to a centrifugal force. Larger particles that have more
inertia also have difficulty following high velocity flow, thus they are removed from the
air flow via impaction with the cyclone wall and are deposited onto the inner wall of the
cyclone and finally collect in the dust cup located at the base of the cyclone. Smaller
particles have less inertia, follow the high velocity air stream, exiting the cyclone and
enter the sampling device and are then collected on to a filter. The cyclone geometry and
the flow rate together determine the cut-off diameter of the particles that pass through the
cyclone and reach the filter.>* Impactors typically contain an impaction surface placed in
the path of the air stream that will separate particles from the flowing air stream. Inside a
virtual impactor, air is forced to flow through an accelerated jet and then impacted against
a slowly pumped void with lower velocity than the initial air stream instead of a solid
surface. With impaction, air flow is divided into two air streams; a minor and a major
flow. Larger particles with higher inertia continue moving with the minor flow through
void and slowly collected on to a filter down stream. Smaller particles with low inertia
follow the major air flow which deviate 90° from the original direction after impacting
with the virtual impactor, and deposit on a filter located in the main air flow
downstream.>>1%0

Samples are typically collected over 24 hours in order to obtain enough material
for chemical characterization. The sample collection time and flow rates are recorded to
determine the total air volume gone through the filter. Sampling of PMio, PMio-2.5 and
PMo2:s in this thesis work used three different samplers and described in sections 2.1.1-

2.1.3.
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2.1.1 PMyo sampler

PMio samples were collected by the Iowa Department of Natural Resources
(IDNR) as part of a state-wide monitoring program using low volume federal reference
method samplers (Thermo Fisher Scientific Partisol-Plus Model 2025 Sequential Air
Sampler). The Partisol-Plus samplers used a PMio cyclone inlet with a flow rate of 16.67
liters per minute (LPM). The flow controller of Partisol-Plus sampler was calibrated at a
temperature of 0°C and a pressure of 1 atm. The sampler system was capable of
determining mass flow set point needed to obtain the flow rate of 16.67 LPM after
measuring the atmospheric temperature and pressure. PMio samples were collected on to
47-mm Teflon filters (Pall Corp.) using an automated filter changing system which had a

capacity of 16 filter cassettes.!’!

2.1.2 PMazssampler

PM: s samples were collected using a medium-volume sampler (URG Corp.), with
a flow rate of 92 LPM. The flow rate was determined on each day before and after filter
collection. A Teflon coated sharp cut Aluminum cyclone was used to filter-out particles

with aerodynamic diameters larger than 2.5 um.!%> PM2.s samples were collected on to 90

mm pre-cleaned quartz fiber filters (Pall Corp.).

2.1.3 Dichotomous sampler

An Anderson dichotomous sampler (Series 241) was used to collect PM2.s and
PMio-25 separately. The sampler consisted of an impactor-type PMio inlet to separate
particles less than 10 um, and a virtual impactor to separate PMa2s and PMio-2s5. Air
flowed at a rate of 16.7 LPM through the inlet and the coarse flow rate maintained at 1.67

LPM.!% PM samples were collected on to 37 mm Teflon filters (Pall Corp.).
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2.1.4 Filter preparation

Quartz filter substrates were cleaned prior to sample collection. Aluminum foil
covers that are used to store filter samples (Figure 2.1) were pre-baked at 550 °C for 5
hours. Quartz fiber filters were baked at 550 °C for 18 hours. Post-sampling filters were

stored in aluminum lined petri dishes sealed with Teflon tape at -20°C until extraction.

Figure 2.1: Blank Quartz filter used to collect samples (right), and pre-
baked aluminum foil use to cover the filter (left).

2.1.5 Quality control in aerosol sampling

Field blanks were collected at a minimum rate of 1-in-5 samples, in order to
determine background levels of analytes and account for any contamination that occurred
during filter handling or storage. The field blank was handled similar to a sampled filter,

placed in the sampler without pulling air through it, and stored at -20°C until analysis.

2.2 Extraction of carbohydrates and ions from filter substrates

Carbohydrates and ions in PM were measured after extracting into Ultra-Pure
(UP) water. All glassware was pre-baked at 500 °C for 5 hours and plastic vials used
were pre-rinsed with UP water. One half of each Teflon filter was pre-wetted with 50 pL

of isopropyl alcohol (Avantor Performance Materials, Center Valley, PA, US) and

14



extracted into 4.00 mL UP water with a specific resistance equal to or greater than 18.2
MQ cm™!' (Barnstead EasyPure II, 7401). Extraction was assisted by rotary shaking for 10
min at 125 rpm, then sonication for 30 min at 60 Hz (Branson 5510, Danbury, CT, US),
and rotary shaking for 10 min. Each extract was filtered through a 0.45 pum
polypropylene syringe filter (GE Healthcare, UK) to remove insoluble particles. A
second extraction with 15.0 mL of UP water with shaking for 12 h was performed to fully
extract calcium (Ca**). One 1.5 mL aliquot of the extract was used for carbohydrate
analysis and analyzed within 24 h. The remaining 2 mL was diluted by a factor of six
with UP water, stored at 4 °C, and used for ion analysis within 28 days of extraction.
When PM was collected on to quartz fiber filters same extraction protocol was followed

with no pre-wetting.

2.3 Carbohydrate separation columns

Carbohydrates were separated by ion exchange chromatography. CarboPac
columns used to separate carbohydrates contained a polymeric stationary phase composed
of microbeads with anion exchange functional groups on the surface. Specifications for
two columns (CarboPac MAI1 and PA 20) utilized during this dissertation work are
summarized in Table 2.1. Polymer based stationary phases provide stability over a wide
range of pHs. Carbohydrates are weak acids and have pKa values around 12 (eg. pKa of
glucose = 12.28, fructose = 12.03). At a very high pH carbohydrates become negatively
charged, thereby the separation of carbohydrates in CarboPac columns are achieved via
anion exchange. Specific conditions applied during carbohydrate separation with MA1

and PA20 columns are described in sections 2.3.1 and 2.3.2, respectively.
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Table 2.1: Carbohydrate column specifications.

Column MA 1104 PA2010°
Polymer type Vinylbenzyl Ethy1V1'nylbenz.ene
. . crosslinked with
chloride/divinylbenzene -,
divinylbenzene
Resin particle size (um) 7.5 6.0
Surface functional group Alkyl quaternary Difunctional quaternary
ammonium group ammonium ion
Cross linking (%) 15 55
pH range 0-14 0-14
Temperature limit (°C) 4-60 4-60
Pressure limit (psi) 2000 3500

2.3.1 MALcolumn

Carbohydrates were separated using a high performance anion exchange
chromatography system (HPAEC) (Dionex ICS 5000, Thermo Fisher, Sunnyvale, CA,
USA), which consisted of an eluent organizer, dual pump, degasser, column compartment
and AS-DV autosampler. A Dionex CarboPac MAI analytical column (4 X 250 mm)
with preceding guard column (4 X 50 mm) was used for the carbohydrate separation
following Zhang et al (2013).!% A 25 uL loop was used for sample injection. Isocratic
separation of carbohydrates (erythritol, mannitol, levoglucosan, glucose, xylitol,
arabinose [Sigma Aldrich], and arabitol, trehalose [Alfa Aesar]) (Figure 2.2) was
achieved utilizing 480 mM sodium hydroxide (NaOH, Fisher Scientific) flowed at 0.4 mL

min’! which was stored under steady N2 flow (Praxair).
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Figure 2.2: Separation of carbohydrates in CarboPac MA1 column.

2.3.2 PA20 column

Carbohydrates were separated using HPAEC as described above in section 2.3.1.
A CarboPac PA20 analytical column (3 X 150 mm, Dionex) with a preceding guard
column (3 X 30 mm) was used for the separation process with a 10 pl sample injection
loop. Isocratic separation of carbohydrates (erythritol, levoglucosan, mannitol [Alfa
Aesar], glucose, fructose, arabinose [Sigma Aldrich], and sucrose [Fisher Scientific])
(Figure 2.3) were achieved utilizing 10mM sodium hydroxide (NaOH, Fisher Scientific)

as shown in Figure 2.3.
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Figure 2.3: Separation of carbohydrates in CarboPac PA20 column.

2.4 Carbohydrate detection via pulsed amperometric detector (PAD)

Carbohydrates separated by the HPAEC system were detected by the PAD (ED
50, Thermo Fisher, Sunnyvale, CA, USA). The PAD cell contained a gold disposable
working electrode (replaced nearly every 50 runs), to which quadruple waveform A
(Figure 2.4) was applied relative to a pH-Ag/AgCl reference electrode.'”” In
amperometric detection, carbohydrates are measured by the electrical current generated
via oxidation of carbohydrates (E1) on the surface of the gold electrode. The products of
the oxidation reaction poison the gold electrode. Therefore the gold surface is cleaned
between measurements using a potential that desorbs oxidized carbohydrates (E2) and
oxidizes the gold surface (E3). The electrode potential is then lowered (E4) to reduce

gold on the electrode surface.'”’
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Figure 2.4: Schematic of waveform A, quadrupole waveform. E1 — oxidation of
carbohydrates, E2 — desorption of carbohydrates, E3 — oxidation of gold, and E4 —
reduction of gold.

2.5 Carbohydrate quantification

Chromeleon 7 software was used for instrumental control, data acquisition and
analysis. Calibration curves were generated utilizing areas of carbohydrate peaks at seven
different concentrations ranging from 0.0100 — 2.50 ppm. Carbohydrate peak areas were
determined by integrating peaks in the chromatogram. Methyltetrols were identified using

)106

relative retention times in Zhang et al. (2013)"™ and semi-quantified using erythritol as a

proxy standard.

2.6 lon separation and detection

Anions and cations were analyzed by ion chromatography, with suppressed
conductivity detection (ICS 5000, described above) following Jayarathne et al (2014).!%8
Anion separation was achieved using an Ionpac AS22 analytical column (4 x 250 mm)

preceded by a guard column, with an AERS 500 suppresser (Dionex). The anion mobile
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phase was diluted from concentrate (Dionex AS22) in UP water to obtain 4.5 mM sodium
carbonate, 1.4 mM sodium bicarbonate and flowed at 1.2 mL min!. Cation separation
was obtained using an Ionpac CSI12A analytical column (3 X 150 mm) preceded by a
guard column, with a CERS 500 suppresser (Dionex). The cation mobile phase contained
20 mM methylsulfonic acid (Dionex CS12A eluent concentrate) and flowed at 0.5 mL
min™'. All mobile phases were maintained under N2 headspace. Both columns were held
at 35 °C and the injection volume was 25 pL. Seven-point calibration curves were
prepared from Dionex Seven Anion Standard and Dionex Six Cation-II Standard over the

range of 0.01 — 10 ppm.

2.7 Detection limits

Instrument and method detection limits were determined prior to sample analysis.
Three times the standard deviation of the lowest detected concentration of each analyte
through seven runs was taken as instrumental detection limit (IDL). Method detection
limits (MDL) of analytes were obtained by performing seven spike recovery samples. To
do this, seven blank filters were spiked with a standard solution which prepared targeting
a final concentration which will be ~5 times higher than the IDL. The spiked filters were
then extracted and analyzed for species concentrations. Similarly lab blanks were also
done without spiking from the standard solution and these blank filter extracts accounted
for any background analyte or contamination during sample extraction. Three times
standard deviation of concentrations across seven extracts plus the average of blank

levels were taken as the MDL.
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2.8 Extraction efficiency

A check standard was analyzed daily to assess the validity of the calibration curve
and if the results deviated beyond 100 + 10% of the expected concentration, the
instrument was recalibrated. Each analysis batch contained ten ambient samples, two
field blanks, one lab blank and one spike recovery sample. For the spike, a blank filter
was spiked with a known volume of a standard solution, and extracted in the same
manner as ambient samples. The ratio of measured-to-spiked concentration is taken as the
extraction efficiency. Average extraction efficiencies for carbohydrates ranged from 94 -
103% (Tables 2.2). Spike recoveries ranged from 96 - 103% for anions and 94 - 103% for

cations (Table 2.3).

2.9 Determination of ambient concentrations

Ambient sampling filter extracts were analyzed and converted to mass
concentrations per unit air volume (A ar) following eq: 1. Concentrations were first
determined (As) in ng/ uL (ppm), subtracted by the mean concentration detected in field
blanks (Ars), multiply by the extraction volume (Vaq) and divided by the air volume

(Vamr) passed through the extracted filter area.

[Agr] ng/m® = [As —AFB]ng/HL * [VagluL * 1/[Var]m? [Eq: 1]
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Table 2.2. Method detection limits and average spike
recoveries (+ one standard deviation, n = 12) for

carbohydrates.

MDL (ppb) Spike Recovery (%)
Column MA1 PA20 MA 1 PA 20
Erythritol 0.6 59 98+3 99+ 6
Levoglucosan 2.8 5.8 100+ 4 102+5
Xylitol 3.0 1.0 101 +£4 ND
Arabitol 1.0 ND 98+4 ND
Trehalose 3.0 1.0 101 £5 ND
Mannitol 2.3 1.7 99 +4 100+ 6
Arabinose 3.8 33 100+ 4 103+5
Glucose 1.6 3.8 98 +3 101 +4
Fructose ND 2.8 ND 100+ 5
Sucrose ND 3.7 ND 102+ 6

MDL - Method detection limits
ND — not determined

Table 2.3. Method detection limits and average spike recoveries (+ one
standard deviation, n = 12) for ions.

MDL recsop\ile(fies MDL recS(})\:le(:ies

(ppb) (%) (ppb) (%)
Anions Cations
Fluoride 5.0 96 +9 Lithium 3.8 94+ 6
Chloride 7.8 103+7 Sodium 53 96+ 8
Nitrite 30.2 96 + 4 Ammonium 40.0 103 +7
Bromide 22.9 96 + 8 Potassium 30.4 94+ 6
Nitrate 22.6 98 +£4 Magnesium 14.9 96+ 6
Phosphate 43.2 96 +4 Calcium 31.8 96 +7
Sulfate 60.0 96 +4

MDL - Method detection limits
ND — not determined
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2.10 Biological assays
Biological assays of glucans, endotoxins and proteins were done at the Pulmonary
Toxicology Facility, University of Iowa by Nervana Metwali under the supervision of

Prof. Peter S. Thorne.

2.10.1 Extraction of biological tracers
Teflon filters were extracted into 2 mL of sterile pyrogen-free (PF) water for 1 h at
22°C, while shaking, then centrifuged (5 min at 600g at 4 °C), and the supernatant was

divided into three portions to analyze for glucans, endotoxins and water-soluble proteins.

2.10.2 Analysis of biological tracers
For glucan analysis, one aliquot of the supernatant was transferred into a PF
borosilicate tube, mixed with 10x PF phosphate buffered saline (PBS) containing 0.05%
Tween-20 (a surfactant), subjected to 1 h of shaking, 1 h of autoclaving, 20 min shaking,
and finally centrifuged for 5 min (600g at 4 "C). Fungal glucans were quantified in the
supernatant by enzyme immunoassay as previously described in Blanc et al. (2005).!%
The reaction was stopped using 0.18M H2SO4 and measured at 450 nm (SpectraMax Plus
384; Molecular Devices, Sunnyvale, CA, USA). A twelve-point standard curve was
generated using (1-3, 1-6)-pB-D-glucan standard (scleroglucan), ranging from 3 - 5000 ng
ml .
For endotoxins, the second aliquot was subjected to the kinetic chromogenic
Limulus amebocyte lysate assay (LAL) (Lonza, Inc., Walkersville, MD) as described in
Thorne (2000).''® A twelve-point calibration curve was generated utilizing endotoxin

standard (Escherichia coli 055:B5), ranging from 0.024 - 50 Endotoxin Units (EU) ml
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and the absorbance was measured at 405 nm (SpectraMax M5, Molecular Devices, Inc.,
Sunnyvale, CA).

For analysis of water-soluble proteins, the third aliquot of the extracts was
transferred into PF cryotubes, and then mixed with 10x PF PBS and vortexed for 5 min.
A five point calibration curve was run in the range of 0.5 — 30 ug ml "' which is
recommended by the manufacturer using the bovine serum albumin standard solution.
The working reagents from the QuantiPro BCA assay kit (Sigma-Aldrich) were mixed
according to the manufacturer’s instructions. An aliquot of 150 pL was added to the plate
and incubated for 16 h and assessed at 562 nm (SpectraMax Plus 384, Molecular

Devices, Inc.).

2.11 Statistical analysis

Statistical analysis was performed for species detected in >75% of samples. Data
points below detection limit were substituted with the limit of detection (LOD)/ \2 prior
to further analysis.!!! For species detected in field blanks, the LOD is defined as the mean
level in field blank plus three times standard deviation of the field blanks. For analytes
that were not present in the field blanks, the LODs were calculated as three times the
standard deviation of the instrument response for the lowest calibration standard across
seven injections. All data sets were checked for normality and log-normality using the
Anderson-Darling test in Minitab (version 16), with p > 0.05 signifying normally-
distributed data sets. Most concentration data was not normally distributed, thus
Spearman’s rank order correlation for non-parametric comparisons (rs) in SPSS
(Statistical Package for the Social Sciences - 21) was utilized to investigate inter-species

correlations. Resulting correlation coefficients were interpreted as follows: 0.0 - 0.3
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negligible, 0.3 - 0.5 low, 0.5 — 0.7 moderate, 0.7 — 0.9 high, and 0.9 — 1.0 very high.!"?
Correlations were considered significant when p < 0.05. Paired t-tests were conducted
Minitab (version 16) to assess spatial differences of measured tracers in, and obtained

results were taken significant when p < 0.05.
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CHAPTER 3
URBAN ENHANCEMENT OF PM3, BIOAEROSOL TRACERS RELATIVE TO

BACKGROUND LOCATIONS IN THE MIDWESTERN UNITED STATES!

3.1 Abstract

Bioaerosols are well-known immune-active particles that exacerbate respiratory
diseases. Human exposures to bioaerosols and their resultant health impacts depend on
their ambient concentrations, seasonal and spatial variation, and co-pollutants, which are
not yet widely characterized. In this study, chemical and biological tracers of bioaerosols
were quantified in respirable particulate matter (PMio) collected at three urban and three
background sites in the Midwestern United States across four seasons in 2012.
Endotoxins from gram negative bacteria (and a few gram positive bacteria), water-soluble
proteins, and tracers for fungal spores (fungal glucans, arabitol and mannitol) were
ubiquitous and showed significant seasonal variation and dependence on temperature.
Fungal spores were elevated in spring and peaked in summer, following the seasonal
growing cycle, while endotoxins peaked in autumn during the row crop harvesting
season. Paired comparisons of bioaerosols in urban and background sites revealed
significant urban enhancements in PMio, fungal glucans, endotoxins and water-soluble
proteins relative to background locations, such that urban populations have a greater
outdoor exposure to bioaerosols. These bioaerosols contribute, in part, to the urban
excesses in PMio. Higher bioaerosol mass fractions in urban areas relative to background
sites indicate that urban areas serve as a source of bioaerosols. Similar urban
enhancements in water-soluble calcium and its correlation with bioaerosol tracers point

towards wind-blown soil as an important source of bioaerosols in urban areas.
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3.2 Introduction

Ambient levels of airborne particulate matter (PMio) in urban areas has been shown
to exceed those in background locations, from smaller cities''*!!* to heavily urbanized
megacities.!!'>!1% Urban excesses in PM have been linked to higher rates of morbidity and
mortality in urban areas.!!” Elevated levels of PMio have been connected to declines in
lung function, respiratory diseases,’® cardiovascular effects,'® and asthma among
children'!® at concentration levels that are often well below the Environment Protection
Agency National Ambient Air Quality Standard (EPA NAAQS) for PMio. Even short-
term exposures to urban PM have resulted in increased respiratory symptoms and
declined lung functions, increasing respiratory hospital admissions and mortality.”!!

Bioaerosols, inclusive of pollens, fungal spores, animal and plant detritus, bacteria
and viruses, are associated with various health conditions such as pulmonary
inflammation, asthma, allergenic responses, and respiratory infections.'?” When airborne,
bioaerosols may be found as individual particles or agglomerates of particles.!® The sizes
of bioaerosols affect their atmospheric lifetime, transport, physical properties, and
mechanisms of human contact.

Once in the air, bioaerosols agglomerate with other pollutants.®**>!5 The
combination of bioaerosols with PM from different sources can enhance their impact on
respiratory morbidity, as shown by an in vitro study,”® which suggests that bioaerosol
mixtures are more harmful than single PM source types. In addition, the inflammatory
endpoints of bioaerosols are enhanced when mixed with urban air pollution'?! and
endotoxin in the presence of diesel exhaust particulate has been shown to have a

synergistic effect on lung injury.'?? Pollutant-PM interactions can modify allergenicity.'?’
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For instance, other pollutants such as ozone and nitrogen dioxide increase the

124125 enhancing the impact of allergens.'” These

permeability of airway membranes
findings underscore the need to understand the magnitude and chemical nature of PM
from many sources simultaneously in order to accurately assess population exposure to
bioaerosols and mitigate the health effects of ambient air pollution.

Given the importance of bioaerosols in contributing to negative health effects of
ambient particulate matter, this study serves to define the seasonal and spatial trends in
bioaerosols to which populations in the Midwestern US are exposed outdoors. To this
end, samples of PMio were analyzed from six sites in lowa during spring, summer,
autumn and winter by bioassays for endotoxins, fungal glucans, water-soluble proteins,
and by chemical methods for tracers of fungal spores, biomass burning, secondary
aerosol, and resuspended soil. All sites were part of the IDNR Ambient Air Monitoring
Network. According to IDNR criteria, the three “background” sites were situated to
establish background levels of pollutants.'?® Background sites were located in open fields
immediately surrounded by forested areas that ranged in size from 4.0 — 6.7 km?. Beyond
the forests were agricultural fields, lakes, and rivers. The three “urban” sites were situated
in cities with populations over 40,000 and were established to monitor outdoor pollutants
to which surrounding populations would be exposed.!?® Urban sites were surrounded by
relatively uniform land use on a spatial scale of 0.5 — 4.0 km, and common surroundings
of the sampling sites were commercial, residential, and civic buildings. Data analysis
centered on the following objectives: 1) evaluating the abundance and seasonal variation

of bioaerosols in the Midwestern US, 2) assessing differences in ambient concentrations

of bioaerosols across urban and background locations, and 3) determining which
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bioaerosol types and pollutants co-vary. Statistical analyses were used to assess the
significance of differences in bioaerosol concentrations and mass fractions across urban
and background locations and to examine correlations among bioaerosols and other PMio
constituents.

3.3 Materials and methods

3.3.1 Sample collection

Samples were collected at six sites in lowa (Figure 3.1), with urban and
background being defined by the Iowa DNR as described in section 1.'%® Additional site
characteristics are noted by site. The urban site in Council Bluffs, IA was located at
Franklin School (41.26417,-95.89612). The urban site in Waterloo, 1A (42.50154, -
92.31602) was positioned near a water tower, railway, rail yard, and public park. The
urban site in Davenport, IA was located at Adams School (41.55001, -90.60012) and was
in the vicinity of agricultural land. The background sites were located at Viking Lake
(40.96911,-95.04495), Lake Sugema (40.69508, -92.00632), and Backbone State Park
(42.60083, -91.53833).

PMio samples were collected by the IDNR as described in Chapter 2 section 2.1
using a Thermo Fisher Scientific Partisol-Plus Model 2025 Sequential Air Sampler. PMio
samples were collected over 24 h from midnight-to-midnight at an interval of 1-in-3 or 1-
in-6 days following the EPA 2012 ambient air quality monitoring schedule. From these
samples, filters from January, April, July and October were selected to represent winter,
spring, summer, and autumn. Five samples were analyzed from the six sites for each of

the four months; in total, 120 samples were analyzed. Field blanks were analyzed once
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per month for each site; in total, 24 field blanks were analyzed. Meteorological data was

accessed from the nearest airport weather stations (within 30 miles).
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Figure 3.1: Map of DNR sampling sites, marking urban
sites (filled squares) and background sites (open circles).

3.3.2 PMjo mass determination and filter preparation

PMio mass concentration data were accessed from the Technology Transfer
Network (TTN) Air Quality System (AQS) Data Mart.'?” Briefly, PMio mass was
determined gravimetrically as the difference between pre- and post-sampling filter
weights using a Mettler Toledo AG microbalance (Model: XP6, Laboratory & Weighing
Technologies, Switzerland) with a precision of 0.5 pg (standard deviation of 10 repeated
measurements). The mass measurements were processed using an AH225 auto-handler
produced by Measurement Technology Laboratories, Corp (MTL), with controlled
temperature (20-23 °C) and relative humidity (30-40%) at the State Hygienic Laboratory
at the University of lowa. After mass measurement, PMio-containing Teflon filters were

cut in half using a pre-cleaned ceramic knife and scissors following a guided glass
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surface in a laminar flow hood. One half was subjected to chemical analysis and the other

half to bioassays.

3.3.3 Chemical analysis

One half of the Teflon filters were extracted in to 4.0 mL of UP water as
described in Chapter 2, section 2.2. From the extract one portion was used to assess
carbohydrates by HPAEC-PAD (Chapter 2, section 2.3). The other portion was assessed
for cations and anions following Jayarathne et al. (2014)'% by HPIEC-CD (Chapter 2,

section 2.6).

3.3.4 Bioassays

One half of each Teflon filters loaded with PMio was extracted in to 2 mL of PF
water and analyzed for biological tracers as described in Chapter 2 section 2.9. Briefly,
fungal glucans were assessed by enzyme immunoassay following Blanc et al. (2005)'%,
bacterial endotoxins were analyzed via LAL assay following Thorne (2000)''? and total

proteins were measured using BCA assay.

3.3.5 Statistical analysis

Spearman’s correlations (rs) were used to assess relationships among measured
tracers after examining for the normality as described in chapter 2, section 2.10. Analyte
concentrations of each of the three background and urban sites were averaged by date (n
= 20) and were log-normally distributed. Paired t-tests (by date) of the log-transformed

data were conducted in Minitab (version 16).
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3.4 Results and discussion
3.4.1 PMjo mass
3.4.1.1 Seasonal meteorology and trends in PM1o

The seasonal variation in the temperature reflected the temperate, continental
environment of the Midwestern US. Daily mean temperatures in 2012 ranged from -8 to
28 °C and averaged 12 °C (Figure 3.2). For January (winter), April (spring), July
(summer), and October (autumn), monthly average temperatures were 3 °C, 18 °C, 34 °C,
and 17 °C, respectively. The daily relative humidity (RH) in 2012 ranged from 30 — 96%
with monthly average of 70% in January, 62% in April, 63% in July, and 64% in
October. Cumulative precipitation over the entire month varied across the 6 study sites,
ranging from 0.3 - 11 mm in January, 4 - 61 mm in April, 0.1 — 15 mm in July, and O - 45
mm in October. Exceptional drought conditions occurred in the Midwest during summer
of 2012, according to the US drought classification,'?® which affected samples collected
in July.

Daily (24 h) PMio concentrations throughout 2012 ranged from 2 - 68 ug m with
an average of 21.7 ug m™ across the six study sites (Figure 3.2). PMio levels did not
exceed the 24-hr primary or secondary EPA NAAQS for PMio set at 150 pug m™.
Monthly average PMio concentrations revealed minor seasonal variation, with maximum
levels occurring in September (30 ug m) and minimum concentrations in February (16
ug m>). These seasonal changes follow the greater national trend in the US with peak PM
levels in the summer and minimum levels occurring in the winter.'?’ The annual average

PMio concentration in this study (21 pg m™) was comparable to annual averages of
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surrounding states (Wisconsin (14 pg m™), Illinois (29 ug m*), Minnesota (20 ug m>)

and Missouri (25 pg m®) in 2012,"?” and earlier work in the Midwestern US.*

3.4.1.2 Spatial variation in PM1o

In comparing the background and urban sites in lowa, an urban excess in PMio
was observed. On 52 of 61 sampling days in 2012, the average PMio concentration across
the three urban sites exceeded that of the background sites (Figure 3.2). PMio
concentrations at the three background locations averaged 19.3 pg m~ (and ranged from
3.91-43.0 ng m>) compared to urban sites that averaged 22.2 ug m— (and ranged from
6.07—48.9 ug m™), as shown in Table 3.1. With daily average urban and background
PMio concentrations paired by date, a t-test comparison revealed a significant urban
excess in PMio (p = 0.002), averaging 3.0 ug m>. This excess is equivalent to a 15%
increase of PMio in urban areas relative to background locations. This demonstrates that,
persons living in urban locations in Iowa are exposed to PMio levels that are significantly
greater than the regional background.

The urban enrichment of PMio observed here has also being demonstrated

3 and suburban

previously when comparing urban PMio with rural locations,!
locations.'!'>!1¢ These variations were mostly attributed to enhanced anthropogenic
activities in city areas such as soil resuspension by moving traffic.!!*!'%13 The sources

responsible for elevated PMio levels in lowa are discussed in the following sections in the

context of bioaerosols and other source tracers.
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3.4.2 Fungal spores

3.4.2.1 Seasonal variation in fungal spore tracers

The presence and abundance of fungal bioaerosols in ambient PMio were assessed
by fungal glucans and sugar alcohols. Glucans were ubiquitous components of PMio,
detected in 98% of PMio samples and were quantified against (1-3, 1-6)-B-D-glucan
standards (scleroglucan). For the 1-in-6 day samples, monthly average concentrations
were lowest in January (8.2 ng m™), increased in April (19 ng m™), peaked in July (31 ng
m™), and remained elevated in October (27.2 ng m™) (Figure 3.3a). Mannitol and
arabitol were detected in 95% and 93% of samples, respectively. Mannitol concentrations
also peaked in July (72 ng m™), were elevated in April (31 ng m™) and October (39 ng m
%), and were largely undetected in January (Figure 3.3b).

The seasonal variations of fungal glucans and sugar alcohols are consistent with

71,72,131 42, 47,75 ;

prior studies of glucans and sugar alcohols, in which fungal spore levels
increase during warmer months characteristic of growing seasons that favor fungal
growth and spore dispersal.”®”® Accordingly, this work demonstrates that seasonal
variations of fungal spores in Iowa follow those previously observed in different
locations of the world.

Compared to other studies of PMio sugar alcohols, peak mannitol levels in July

were similar to summertime PMio mannitol concentrations in Europe!'3%!33

and Beijing,
China,'** but were greater than Norway,!** and Israel.”® The elevated mannitol levels in

autumn during this study were three times lower than a recent study from an agricultural

town in California, US which captured the cotton harvesting season.'
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In comparing glucans measurements to prior work in the US, it is necessary to note
that prior studies utilized the LAL assay against a 1-3 -B-D-glucan standard,** while this
study measures glucans with an enzyme immunoassay against (1-3, 1-6)-B-D-glucan
standard (Chapter 2, section 2.9). Autumn glucan concentrations in lowa were three times
higher than those in an agricultural town in California during harvesting (9.6 ng m>),'%
with the opposite trend observed for mannitol. Differences in fungal species (with

different mannitol-to-glucans ratios) impacted the different study sites and comparison

between sites is confounded by measurement differences.
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Figure 3.2: Average concentrations of PMio, averaged across urban (n =3; filled

squares) and background (n = 3; open circles) sites in Iowa, measured every 6" day
in 2012.
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Table 3.1: Summary statistics for PMjo and individual species concentrations measured at three urban and three background sites in Towa in
January, April, July and October 2012. The rightmost columns compare urban and background PM,¢ concentrations and mass fractions using
paired t - tests (significantly different results are shown in bold) in lowa for January, April, July, and October 2012.

Urban v. background

Component Unit dFeI';Egﬁ?; o ecorouns p- value (n=20)
G0 e+ G0 TO) M E g faton(s)  otion  facton
PM10 (ng m™) 100 222 + 872 NA 193 + 749 NA 0.0022 NA
Biomarkers
Proteins (ug m>) 99 196 + 1.11 9.01° 151 + 096 8.12¢ <0.001*  0.278*
Glucans (ng m™) 98 265 + 254 0.13¢ 164 = 17.1 0.09¢ <0.001° <0.001°
Endotoxins (EU m?) 99 026 + 0.24 1.36° 021 + 0.25 1.08° 0.001°  0.030°
Carbohydrates
Arabitol (ng m™) 93 197 + 18 0.09 302 + 34.8 0.16 0.725°  0.372°
Mannitol (ng m™) 95 31.8 = 345 0.15 413 + 443 0.21 0.878°  0.096°
Glucose (ng m™) 92 327 + 329 0.15 441 £ 47.1 0.23 0.936°  0.257°
Levoglucosan  (ng m™) 98 499 + 515 0.23 49.1 + 78.8 0.26 0.973° 0.287°
Inorganic ions
Calcium (ug m) 100 194 = 131 8.28 175 + 131 8.76 0.006  0.537°
Ammonium (ug m) 100 0.67 = 0.73 3.14 058 + 0.49 3.28 0.259°  0.118°
Nitrate (ug m™) 99 121 + 1.61 5.35 091 + 091 5.17 0.039°  0.840°
Sulfate (g m™) 99 1.5 + 12 6.99 1.7 + 1.82 9.05 0.941°>  0.096"

2 Paired t test performed on concentration data, "Paired t test performed on log-transformed concentration data, °pg of proteins measured relative to bovine serum albumin /ug of
PMio, ug of glucans measured relative to (1-3, 1-6)-B-D-glucan standards (scleroglucan) /ug of PMio, ¢ug of endotoxins measured relative to Escherichia coli 055:B5 /ug of PMio,
NA - Not applicable.
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Figure 3.3: Average concentrations of PMio bioaerosols (a-d) and other
constituents (e-h), averaged across urban (n = 3) and background (n = 3) sites in
Iowa (error bars represent one standard deviation), measured every sixth day
during January, April, July, and October 2012.
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3.4.2.2 Correlation of sugar alcohols and fungal glucans

Glucans and sugar alcohols generally showed consistent temporal trends,
supporting their origins from the same source type. Arabitol and mannitol were highly
correlated (rs = 0.9, p < 0.001) as shown in Figure 3.4a; such a strong correlation is
expected for chemical tracers originating from the same source that are measured by the
same technique. Mannitol was consistently 1.5 times more abundant than arabitol. This
result is consistent with Bauer et al. (2008)** who observed an average mannitol-to-
arabitol ratio of 1.5 in ambient measurements. Mannitol and glucans were also positively
correlated (rs = 0.6, p < 0.001) as shown in Figure 3.4b; this is considered to be a
relatively strong correlation across biological and chemical tracers, considering that
glucans were measured by bioassay, while sugar alcohols were measured by HPAEC-
PAD. When correlations of fungal spore tracers in background and urban data sets were
assessed separately, equivalent correlations were obtained: for urban and background
sites alike correlations were significant (p < 0.001) with rs > 0.9 for mannitol and arabitol,
and rs = 0.6 for mannitol and glucans. The higher degree of scatter (lower rs) when
comparing glucans and mannitol could be due to non-fungal sources of either species.

136 ragweed pollens,*® and some bacteria!*”-!3® have 1,3-B-D-

For instance, higher plants,
glucans in their structure. Biomass burning has been suggested as a source of ambient
mannitol and arabitol.!3%!4? In addition, mannitol has been shown to be present in higher
plant species and algae. Alternatively, this scatter could arise from different fungal

species with varying glucans-to-sugar alcohol levels, impacting urban and background

sites to different extents.
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Figure 3.4: Spearman’s correlation coefficient (rs) of PMio fungal spore markers
when ranked tracer concentrations in ng m™ are plotted for all six sites in Iowa
across four seasons in 2012: (a) arabitol v. mannitol and (b) glucans v. mannitol.

3.4.2.3 Spatial variation of fungal spore tracers

The spatial comparison of fungal spore tracers revealed that urban sites had
significantly higher PMio fungal glucan concentrations (27 ng m™) compared to
background sites (16 ng m™) (p < 0.001, Table 3.1). The observed urban excess in
glucans concentrations indicates that urban populations have greater outdoor exposures to
fungal glucans. Glucans accounted for a larger mass fraction of PMio in urban areas (1.3
ng ug') compared to background sites (0.86 ng pg™'), with the urban enrichment also
being statistically significant (p < 0.001). The urban enrichment of glucans mass in PMio
indicates that urban areas serve as a source of fungal glucans. Further, glucans are
expected to contribute to the urban excess in PMio, although the extent of this
contribution cannot be quantified, because of the uncertainty of the mass of glucans
introduced by the use of a proxy standard.

The urban enhancement in fungal spores, however, was not supported by

measurements of mannitol and arabitol (Table 3.1). This result suggests differences in the
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glucans-to-sugar alcohol ratios across urban and background sites, with the urban sites
having greater glucans. Because glucans on spore surfaces vary among dominant fungal
species (Cladosporium, Aspergillus and Penicillium),* it is expected that different fungal
species impact the urban and background sites to some degree. Alternatively, there may
be a non-fungal source of glucans or fungal spores that may impact the urban and
background sites differently. Although, the urban excess in fungal spores was not
supported by sugar alcohol measurements, the urban enhancement of glucans is

significant because of its known health impacts.

3.4.2.4 Estimation of fungal spore counts

Ambient fungal spore counts allow for comparison to threshold values to protect
sensitive populations and were estimated using mannitol, arabitol, and glucans.
Estimations for sugar alcohols followed the method of Bauer et al.,** in which spores
were found to contain 1.2 - 2.4 pg mannitol spore™ (averaging 1.7 pg spore™), and 0.8 —
1.8 pg arabitol spore”! (averaging 1.2 pg spore'). These conversion factors were
developed from ambient air samples in Austria and in applying them to lowa; it is
assumed that the fungal populations had the same sugar alcohol-to-spore ratio. To
convert glucans concentrations in to fungal spore counts the conversion factor of 3.1 pg
glucans spore”! was used*® which applies to Cladosporium, one of the most abundant
fungal spore types in the US.” In applying this conversion factor, it is assumed that
Cladosporium is the main spore type in the atmosphere. Notably, the methods of glucans
analysis in this study (enzyme immunoassay against (1-3, 1-6)-B-D-glucan standard
[scleroglucan]; Chapter 2, section 2.9) differed from Foto et al. (2004)* who used the

LAL assay an against 1-3 -B-D-glucan standard (curdlan). Such methodological
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differences may lead to positive or negative biases in the fungal spore counts, depending
on their relative response to the selected standard.

All three methods produced maximum spore counts in July and minimum spore
counts in January; however, their magnitudes differed considerably (Table 3.2). Using
glucans, estimates of monthly average spore counts ranged from 2,600-10,000 m~. Using
mannitol and arabitol, estimates of monthly average spore counts ranged 2,200-43,000 m
3 and 2,100-41,000 m?, respectively. On average, the estimates of spore counts agreed
well when using mannitol and arabitol, as marked by their significant and very high
correlation (rs = 0.9, p < 0.001) and slope of 0.91 (Figure 3.5a). By comparison, estimates
of fungal spore counts via glucans were consistently lower (slope of 0.17, Figure 3.5b)
and varied more widely (rs = 0.6, p < 0.001). To assess which estimate was more
accurate, data were compared to Dayton, Ohio, US, which was the nearest Midwestern
site where fungal spore counts could be accessed for the study period, albeit 600 km east
of Iowa. In Dayton, monthly mean fungal spore counts were 800 m™ in January, 1400 m™
in April, 10,000 m™ in July, and 6000 m™ in October.!*! These values agreed best with
fungal spore estimates made via glucans, and suggested over-estimations of spore counts
when using sugar alcohols. These estimated spore counts (using glucans) were in good
agreement with other outdoor spore counts in the US, including Cincinnati, Ohio,*” and
Tulsa, Oklahoma.'*> However, spore counts were much lower than those observed at the
onset of harvesting activities in an agricultural town in California (66,000 spores m™).!3
To validate estimates of spore counts using bioassays and chemical measurements in

different regions, side-by-side spore counts and PM-based measurements are needed.
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Numerical spore counts are a valuable metric for relaying fungal spore levels to
sensitive populations. The National Allergy Bureau of the American Academy of Allergy
Asthma and Immunology (NAB AAAAI) has predefined atmospheric spore counts as
low: 1-6499 spores m™, moderate: 6500- 12,999 spores m™, high: 13,000-49,999 spores
m™ and very high: > 50,000 spores m™.!* The best estimate of spore counts (using
glucans) across the six sites in lowa indicated low to moderate levels in January, low to
high levels in April and low to high levels in July and October. The highest estimated
fungal spore count was on July 26 at the Davenport site with 43,000 spores m™.
Transitioning from summer to autumn, fungal spore counts decreased, except for October
24 when the estimated fungal spore count in Waterloo reached high levels with 32,000
spores m>. Notably, on this day the average temperature was 21 °C in Waterloo, which
was an unseasonably warm day in autumn. Thus, peak levels in July and October are

sufficiently high to have deleterious respiratory impacts, especially for sensitive

populations.
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Table 3.2: Monthly spore counts for the six study sites in lowa in 2012, estimated using
mass-to-spore conversion factors of glucans, mannitol, and arabitol.

Estimated average monthly fungal spore counts (spores m) Spore counts

in Dayton,
Via OH
glucans? Via mannitol® Via arabitol® (spores m3)°
Avg. Range Avg. Range Avg. Avg.
January 2600 1600 - 3000 2200 2000 - 4700 2100 800
April 6200 13,000 — 25,000 18,000 10,000 — 24,000 16,000 1400
July 10,000 30,000 — 60,000 43,000 27,000 — 61,000 41,000 10,000
October 8800 16,000 — 32,000 23,000 15,000 — 34,000 23,000 6000

2 The conversion factor of 3.1 pg glucans spore™! was applied assuming that spores were
Cladosporium.*

b Estimations followed the method of Bauer et al.,** in which spores were found to
contain 1.2 - 2.4 pg mannitol spore™! (averaging 1.7 pg spore’'), and 0.8 — 1.8 pg
arabitol spore’! (averaging 1.2 pg spore™).

¢ Spore counts were measured at the Dayton-Montgomery County Public Library in
downtown Dayton, OH.'#!
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and (b) glucans and mannitol.
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3.4.3 Endotoxin
3.4.3.1 Temporal variation in endotoxin

Endotoxins were present in 99% of PMio samples and concentrations were
measured in endotoxin units (EU) against an Escherichia coli (055:B5) standard (Figure
3.3¢). Endotoxin concentrations were log-normally distributed and the geometric means
(GM) across all six sites were 0.10 EU m? in January, 0.17 EU m™ in April, 0.19 EU m
in July, and 0.47 EU m™ in October. The highest endotoxin levels were observed in
October, reaching maximum daily values at Viking Lake (1.65 EU m™) and Council
Bluffs (1.15 EU m™). During October, row crops are harvested in lowa, which gives rise
to large levels of resuspended dust and vegetative detritus. Endotoxin concentrations
were lowest in winter due to the lack of vegetation coverage, with the lowest detected
concentrations occurring on January 22 when snow fell at two sites. Even the maximum
levels observed in this study are well below the health-based recommended threshold
value of 50 EU/m? proposed by the National Health Council of the Netherlands.!#*

The obtained average endotoxin level in October was six times lower than a
previously reported average autumn endotoxin level (2.63 EU m™) in Keokuk County,
Iowa, which is in close spatial proximity to agricultural dust sources.*> Importantly, these
data show that the very high endotoxin levels that have been documented in agricultural
areas of lowa do not extend to background sites or urban areas. The four-month
geometric mean endotoxin concentration (0.14 EU m™) in this study was consistently low
in comparison to other studies in the US, including Keokuk County (1.93 EU m),*
urban areas in Southern California (0.44 EU m>)!3° and Massachusetts (0.51 EU m™).!%

Meanwhile, the PMio-normalized mass fraction of endotoxins is similar to Southern
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California,” indicating a similar PMio mass fraction of endotoxins across these two
regions.
The minimum endotoxin levels in winter and elevated levels in the growing

S,”* and Europe,*-*!*? which

seasons are consistent with earlier studies in the U
attributed the difference to an increase of vegetation coverage that provide surfaces for
bacterial growth.>®> However, the highest endotoxin levels in autumn were unique to
Towa,* with most other locations having maximum concentrations in spring or summer.

Thus, maximum endotoxin exposures in autumn appear to be a characteristic of

agriculture activities in the Midwestern US.

3.4.3.2 Spatial variation of endotoxin

Spatially, urban locations were found to have a statistically significant excess of
bacterial endotoxins relative to background sites (p = 0.001). When normalized to the
mass of PMio, the urban sites (0.014 EU ug™) also had significant enrichment in bacterial
endotoxins (p = 0.03), relative to background sites (0.010 EU pg™'), demonstrating
greater population exposures to airborne bacterial endotoxins in urban locations relative
to background sites. This urban excess in Iowa is significant because endotoxins have

been linked to multiple health impairments.?’

Endotoxins were significantly correlated
with Ca®* (see section 3.4.3) during January, April and July (rs = 0.4, p < 0.001)
suggesting that soil-derived bacteria are likely the source of airborne bacteria in this
study.

Prior studies have rarely compared urban and background atmospheric endotoxin

levels. A study in Massachusetts, US demonstrated 2 - 3 folds higher ambient endotoxin

levels than the urban endotoxin concentrations of this study (Table 3.1), with elevated
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levels in their urban site (GM = 0.5 EU m™) relative to the suburban location (GM = 0.4
EU m?)."*  Moreover, studies from urban sites of Europe showed similar outdoor
endotoxin levels to the background endotoxin levels of this work, and showed no spatial
differences within urban locations.’®'#%!47 The urban excess in endotoxins observed in
Iowa is not consistent across other studies, suggesting that spatial differences in airborne

bacteria vary on local and regional scales.

3.4.4 Water-soluble proteins

Water-soluble proteins were measured relative to a bovine serum albumin
standard using a bicinchoninic acid (BCA) assay. This assay is based on a re-dox reaction
of copper (Cu) where Cu?* forms Cu” in the presence of proteins. Then Cu* chelates with
BCA forming a purple complex which allows for an indirect measurement of proteins in
the sample.'*® The BCA assay can be interfered with high concentrations of strong
reducing agents such as dithiothreitol.!*® Nonetheless, biochemists use BCA assay
frequently with biological samples and showed less interferences and higher sensitivity
compared to other available methods.!*® BCA assays have previously applied to quantify
proteins in atmospheric PMio samples.®*

Water-soluble proteins were present in 99% of PMio samples analyzed with levels
ranging from < 0.08 — 5 pg m> relative to the bovine serum albumin standard (Figure
3.3d). Ambient protein concentrations in lowa for the four months sampled were lowest
in January (1.4 pg m™), rose in April (1.6 pg m™), peaked in July (2.5 pg m™), and
decreased by October (1.5 pg m™).

Urban sites had significantly higher ambient concentrations of proteins (p <

0.001). The observed urban enhancement of proteins is likely associated with higher
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levels of urban dust and resuspended soil, which was supported by the positive
correlation with the crustal element Ca®" in July (rs = 0.2, p = 0.03). Winter protein levels
are much higher than other bioaerosol tracers, indicating wintertime protein sources
(Figure 3.3d). The correlation with levoglucosan in January revealed a significant, but
low correlation (rs = 0.3, p < 0.001) suggesting biomass burning as a source of proteins
during winter. These suggested source categories are consistent with previous findings
that implicated soil resuspension in summer and biomass burning in winter.

The protein concentrations observed in lowa were comparable to levels measured
in Rubidoux, CA, US, which had a mean concentration of 2.7 pg m of proteins for a
study conducted from October to May. Meanwhile, the observed levels in Iowa were
much lower than those measured in Mexico City, where protein levels averaged 81 pg m
3 from July to December,®! and Hefei, China where levels averaged 11 pg m from June
— February;® in these impacted environments, high protein levels were attributed to
anthropogenic and/or crustal sources. Even though proteins are not measured widely in
outdoor environments it is valuable to determine their ambient levels as an indicator of

biologically derived material that is often connected with negative health impacts.'4-13!

3.45 Crustal elements

Calcium, which comprises a significant fraction of road and soil dust in the
Midwestern United States'>?> was used as a marker of suspended dust. The use of Ca>" as
a dust tracer is supported by a prior source apportionment study in lowa that showed 75%
of Ca?" in ambient PM2 s is associated with dust.! In this study, PMio Ca* was detected
in all samples with monthly averages of 1.73 ug m™ (January), 1.63 ug m= (April), 2.30

png m> (July), and 1.73 pg m> (October). Its concentrations did not show a strong
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seasonal dependence (Figure 3.3¢e), but were highest during summer. The summertime
dust maximum was expected to have been enhanced by the drought conditions. By
applying the Ca®" to dust mass fraction observed for urban dust in St. Louis (0.143 g g°
1,152 it is estimated that crustal materials accounted for approximately 55 - 62 % of PMio
in lowa, making airborne dust the largest source of PMio.

Spatial evaluation of PM1o Ca®>" measurements (Table 3.1) revealed significantly
higher levels in urban areas compared to background locations (p = 0.006), indicating the
greater impact of resuspended dust in urban environments. Previous work has shown the

154155 and the connection of

origin of urban resuspended dust from road traffic,
resuspended PM1o with respiratory symptoms among children.!>® Moreover, Rogge et al.
(1993)'°7 assessed paved road dust and confirmed its ability to act as a repository for
vehicle related hazardous particles which then become airborne upon passing traffic,
suggesting higher exposure of traffic related harmful substances among urban

populations in the presence of elevated levels of road dust.'>’

3.4.6 Biomass burning

Significant urban and background variation was not observed for the biomass burning
tracer levoglucosan'® (Figure 3.3f) during the study period. However, considering the
days with the temperature below 10 °C a significant urban excess was obtained,

suggesting more residential wood burning in urban sites.

3.4.7 Secondary aerosols
Secondary aerosol is a major contributor to fine particulate matter in the Midwest.
Secondary ions, including ammonium (NH4"), nitrate (NO3") and sulfate (SO4>) were

detected in >99% of PMio samples and averaged 0.63 pg m>, 1.1 ug m> and 1.6 pg m*,
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respectively. Ammonium, NO3™ and SO4?", contributed 3.2%, 5.3%, and 8.0% of the PMio
mass, respectively. Ammonium nitrate was the dominant secondary aerosol compound
during winter, with the highest monthly average NO3™ concentration occurring in January
(2.31 pg m?) (Figure 3.3g). Wintertime production of NH4NO3 in the Midwest is
attributed to low temperatures, long nights and low boundary layer heights.!>
Meanwhile, sulfate (Figure 3.3h) and methyltetrols that are isoprene secondary organic
aerosol (SOA) tracers'*® peaked in July, due to higher emissions of isoprene and elevated
photochemical reaction rates at higher temperatures. '

The ambient concentrations of secondary ions are frequently determined in fine
mode, and observed PMio secondary ion levels were comparable with PMas levels
observed in the Midwestern US.!5316L162 In particular, the highest levels of SO4*
observed in July (2.4 pg m>) were similar to previously determined 3 year average
summer level in PMas at Towa (2.2 pg m> ).!** The winter levels of NHs" (0.74 pug m™)
and NO3™ (2.31 pg m) were lower than earlier determined PMa.s regional averages (~2
ng m> and 4.5 pg m, respectively), which is likely due to differences in local sources
such as traffic.

When comparing NO3™ across urban and background locations, significant urban
excess (p = 0.04) was observed. This result is consistent with previous studies in the US
and is caused by urban combustion sources (e.g. mobile sources and power plants) that
emit oxides of nitrogen, a precursor to NO3".!®* Overall, both primary and secondary

aerosol sources showed enhancements in urban areas, whereas, on average, none of the

measured analytes were enhanced in background locations.
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3.4.8 Correlation of bioaerosols with temperature

Non-parametric correlation analysis indicated significant correlations (p < 0.001)
between bioaerosol markers and average and maximum temperatures as shown in Table
3.3. In particular, arabitol and mannitol, chemical tracers of fungal spores indicated high
positive correlations with average temperature (with rs = 0.8 for both tracers). Fungal
glucans also showed moderate correlation with average temperature (rs = 0.5).
Endotoxins, however, did not have a significant correlation with temperature when all
four months were considered. When October dates were eliminated, to exclude the
influence of row crop harvesting on ambient concentration levels, a low positive
correlation (rs = 0.4) was observed. Water-soluble proteins also showed moderate
correlations (rs = 0.5) with temperature. Glucose is associated with vegetative emissions,
and exhibited high positive correlations with temperature (rs = 0.8). Associations between
bioaerosols and temperature have been observed previously in diverse geographical
regions of the world. The correlations of fungal spore markers with temperature observed
in this study can be explained by higher temperatures (~23 - 27 °C) being favorable for
fungal development that increase airborne fungal spores.'®* Similar significant
correlations (p < 0.05) have been previously demonstrated in field studies from Colorado
and Oklahoma in the US with Cladosporium spores.!® In addition, a study from New
Zealand indicated significant correlations of mean temperature with ascospores (rs = 0.3,
p < 0.005), and maximum temperature with basidiospores (rs = 0.5, p < 0.005).!° The
dependence of endotoxin levels on temperature in this study is consistent with prior
studies where this association is suggested as a result of enhanced bacteria growth in

warmer temperatures.
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Table 3.3: Spearman's correlation coefficient values (rs) performed on concentration
data from six sites in lowa during January, April, July, and October, 2012, with color
indicating the significance of the correlation.

§ % . £ T 2 2 g é = % E o
Variable ; '; S § 3 £ % § *g E é é E
g 8% 6 2 3 o © B 8 g g Z
b L g <
PM10 04 04 x p - value < 0.05 and > 0.01
Glucans 04 05 02 x p - value < 0.01 and > 0.001
Arabitol 07 08 04 06 x p - value <0.001
Mannitol 08 08 04 06 09 x Bold when r, > 0.4
Proteins 05 05 06 04 05 05 X
Glucose 07 08 03 05 08 08 04 X
Endotoxins 0.1 04 03 04 04 03 0.2 0.2 X
Calcium 02 02 07 -01 01 01 02" 00 04 X
Levoglucosan -02 -03 02 -02 -02 -02 03 -03 -01 02 X
Ammonium 04 04 02 02 03 04 06 04 -03 -02 0.1 x
Nitrate -02 -03 03 -02 -03 -03 03 -02 -02 02 05 04 «x
Sulfate 05 05 03 02 04 05 05 05 -03 00 0.1 09 04

* Correlation value is calculated with January, April and July data.
** Correlation value is calculated with July data.

Bioaerosol tracers did not have strong correlations with RH (rs < 0.4, p < 0.01)
across the six study sites. In contrast, other studies have shown dependence of ambient
fungal spore levels on RH !9 17 because humid conditions facilitate active release of
spores by wet discharge.® The lack of a stronger fungal spore tracer correlation with RH
suggests that fungal spores released by dry discharge mechanisms such as Cladosporium

and Penicillium® may dominate in the Midwestern US. The relationship between
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bioaerosols and precipitation was not examined, because the 1-in-6 day sampling rate and
drought-conditions in July gave low numbers of days with precipitation. This
comparison is further confounded by the lag time between precipitation and the response

of bioaerosols (e.g. fungal spores may be released 8 hours after the onset of rain).*

3.4.9 Co-variation of bioaerosols and PMio constituents

Significant correlations were observed among bioaerosol tracers, indicative of
their co-existence and simultaneous population exposure to many bioaerosol types. All
three fungal spore tracers showed low - moderate correlation with water-soluble proteins
and endotoxins (rs ranged 0.3 - 0.5, p < 0.001), and moderate — high correlations with
glucose (1s ranged 0.5 - 0.8, p < 0.001). This reflects their co-variation with temperature
and the growing season (discussed in section 3.4.8), leading to lowest concentrations in
winter and the highest concentrations in warmer months. Thus, bioaerosols are coincident
with one another, such that populations in the Midwest are simultaneously exposed to
many bioaerosol types, including fungal spores, plant and animal detritus, and bacteria,
especially in the summer and autumn.

The co-variation of bioaerosols with other PMio constituents serves to define the
multi-pollutant mixtures in which bioaerosols are present. The observed correlations
among calcium and endotoxins (rs = 0.4, p < 0.001, discussed in section 3.4.3) suggest
windblown soil and dust serve as a source of endotoxins. Also, significant low to
moderate correlations of mannitol, glucose and water-soluble proteins with ammonium
and sulfate (rs 0.4 - 0.6, p < 0.001) indicate that peak levels of fungal spores and pollens
in warmer months are coincident with secondary inorganic aerosols such as (NH4)2SO4,

and biogenic SOA. In autumn, airborne bacteria peak along with fungal spores,
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vegetative detritus and windblown dust. Although not represented by the measurements
in this study, industrial and vehicular emissions are omnipresent in urban centers in
Towa'*? and are important bioaerosol co-pollutants that are likely to exacerbate bioaerosol

health impacts.

3.5 Conclusions

Seasonal variations in bioaerosols were driven by temperature. Maximum levels
of fungal spores and water-soluble proteins were observed during summer when
temperatures peaked. Maximum bacterial endotoxin levels occurred in autumn,
coinciding with agricultural harvesting activities, yet were well below health-based
threshold values for endotoxins. Overall, temperature dependence of bioaerosols
suggested higher population exposures to bioaerosols during warmer days.

Fungal glucans, bacterial endotoxins and water-soluble proteins were enhanced in
PMio in urban areas over background sites, revealing that these classes of bioaerosols
contribute to the urban excess in PMio and further indicating elevated bioaerosol
exposures of urban populations. Further, the fungal glucans and bacterial endotoxins
made up a greater fraction of PMio mass in urban locations, consistent with these
bioaerosol types originating in urban areas. Correlation analysis demonstrated the co-
variation of fungal spores, bacterial endotoxins and plant detritus, indicating that human
populations are exposed to complex mixtures of bioaerosols. In urban areas, exposures to
bioaerosols is coincident with combustion pollutants, as evidenced by the significantly
higher levels of NOs™ in urban locations compared to background sites. The significant
correlations of endotoxins and water-soluble proteins with Ca®", a marker of resuspended

soil and dust, suggested that wind-blown soil may be an important source of bioaerosols
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in urban locations in lowa. Our measurements propose possible atmospheric bioaerosol
and co-pollutant mixtures that need further investigations to determine potential health
impacts of human exposures to ambient air. Overall, urban populations are exposed to
higher concentrations of bioaerosol and co-pollutant mixtures that may cause greater

health risks among sensitive populations.
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CHAPTER 4
INFLUENCE OF RAIN ON THE ABUNDANCE AND SIZE DISTRIBUTION OF
BIOAEROSOLS

4.1 Abstract
Assessing the environmental, health and climate impacts of bioaerosols requires
knowledge of their size and abundance. These two properties were assessed through daily
measurements of chemical tracers for pollens (sucrose, fructose, and glucose), fungal
spores (mannitol and glucans) and Gram-negative bacterial endotoxins in fine and coarse
particulate matter and PMio (combination of PM2s and PMio-25 ). This study captured
2013 springtime tree pollen season (mid-April to early-May) and late summer ragweed
season (late-August to early-September) in the Midwestern US in 2013. Under dry
conditions, pollen and fungal spore tracers were primarily in coarse PM (>75%), as
expected for particles greater than 2.5 pm. Rainfall on May 2 corresponded to maximum
atmospheric pollen tracer levels and a redistribution of pollen tracers to the fine PM
fraction (>80%). Both changes were attributed to the osmotic rupture of pollen grains that
led to the suspension of fine-sized pollen fragments. Fungal spore tracers peaked in
concentration following spring rain events and decreased in particle size, but to a lesser
extent than pollens. A short, heavy thunderstorm in late summer corresponded to an
increase in endotoxin and glucose levels, with a simultaneous shift to smaller particle
sizes. Chemical mass balance (CMB) source apportionment modelling and regionally-
specific pollen profiles were used to apportion PM mass to pollens and fungal spores.
Springtime pollen contributions to PMio mass ranged from 0.04-0.8 pg m> (0.2-38%,

averaging 4%), with maxima occurring on rainy days. Fungal spore contributions to PMio
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mass ranged from 0.1-1.5 pg m™ (0.8-17%, averaging 5%), with maxima occurring after
rain. Overall, this study defines changes to size distributions and concentrations of
pollens, fungal spores, and endotoxins in response to rain in the Midwestern United
States and advances the ability to apportion PM mass to pollens. These results have
significant implications for population exposures to pollens, particularly during rain
events.
4.2 Introduction

Ambient levels of pollens vary seasonally with growing cycles.”® 1 Springtime
in the Midwestern United States is generally characterized by high levels of tree
pollens,”® such as oak,'® birch,'”® alder, and hazel.!”! Summertime has elevated
concentrations of grass pollens (e.g., Timothy and Rye grass). During late summer, weed
pollens, especially ragweed dominate.”® Daily pollen levels are affected by temperature,
with warmer conditions favoring pollen development, maturation, and active release.'”
Rainfall promotes the passive release of intact pollens by agitation.!” In rainy conditions,
pollen grains absorb water, osmotically rupture, and release cytoplasmic starch
granules.!”* Microscopy studies have shown that intact birch pollens of 22 um in size can
rupture and release around 400 starch granules'”® ranging from 0.03 - 4 pm.'7*
Consequently, human exposures to pollens in the atmosphere are highly dependent on
pollen type, season, and local meteorology.

76 and

Fungal growth and spore release is also promoted by elevated temperatures!
wet conditions.!”” Fungi discharge spores via splash-induced emission, as is the case for

Cladosporium, a prominent fungal genus®> ® that releases spores by mechanical shock

and fast air currents produced by rain drops.®> !”® Fungi that belong to the division
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Ascomycetes disperse spores in moist conditions'® leading to elevated spore levels that
occur several hours after rain.!” " The release of bioaerosols during and after rain

80, 180 and mass

events can trigger significant changes to ambient bioaerosol numbers
concentrations.'®!

Bacteria in the atmosphere are typically settled on soil or vegetative surfaces and
are found in cell agglomerates.'® The taxonomic analysis revealed that soil and plant
surfaces serve as sources of bacteria in the Midwestern US.”> Ambient bacterial levels
increase with temperature® due to conditions that favor vegetation and bacterial
habitat.>* > In vegetation-covered areas, atmospheric bacterial concentrations observed a
peak after approximately 1 h of rain relative to areas with bare soil.!3? This response to
precipitation has been attributed to rain moving plants and aerosolizing bacteria.'® With
strong dependences on local meteorology, bacteria are likely to exhibit high temporal
variability.

Atmospheric levels of bioaerosols can be assessed through measurements of
specific chemical and biological tracers (Chapter 1, section 1.3). Glucose, fructose and
sucrose are main energy storage material in plants, major contributors to pollen mass*’> 83
and have been used as pollen tracers in China and the United States.*> 4”7 Although not

unique to pollens, these three sugars also comprise a minor fraction of suspended soil, '3

t!%5 and biomass burning.'*® Measurement of these bioaerosol tracers allows for

road dus
the evaluation of the atmospheric concentrations and size distributions of pollens, fungal
spores, and Gram-negative bacteria.

Given the important role of bioaerosols in the health of sensitive populations and

in atmospheric processes, a robust understanding of bioaerosol types and their response
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to changing meteorological conditions is needed. Our central objectives were i) to assess
temporal variations in pollens, fungal spores and endotoxins in the Midwestern United
States during the spring and late summer, i) determine the distribution of these
bioaerosol types in fine and coarse, iii) chemically profile regionally-important pollen
types (red oak, pin oak, cotton ragweed, giant ragweed and corn) for use in source
apportionment, and iv) estimate pollen and fungal spore contributions to PM mass by way
of chemical mass balance (CMB) modelling. The outcomes of this study include an
improved understanding of changes in ambient concentrations and PM size distributions

of bioaerosols in response to rain events and their contributions to PM mass.
4.3 Methods

4.3.1 Sample collection

Daily (24 h) PM samples in spring and late summer were collected from 17 April
— 9 May, and 15 August — 04 September, respectively in 2013, from the University of
Iowa air monitoring site in lowa City, lowa, US (+41.6647, — 91.5845). PM2.s and PMio-
2.5 were collected on 37-mm Teflon filters (Pall Corp.) using an Andersen dichotomous
sampler (Series 241) that described section 2.1.3. An additional set of PM2.s samples were
collected on to 90-mm quartz fiber filters (Pall Life Sciences) using a medium-volume
sampler (URG Corp.) that described in section 2.1.2. The 24-h filter samples were
changed at 08:00 local time.

To assess the representativeness of 2013 PM levels to typical conditions in Iowa,
PM:z.s and PMio mass measurements were compared to measurements from 2010 - 2015
downloaded from the Technology Transfer Network (TTN) Air Quality System (AQS)

Data Mart.!®” In this work PMio was calculated by adding PMzs and PMio-2s
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measurements. The federal reference method (FRM) site for Johnson County, Iowa is
located at Hoover Elementary School, (+41.6572, — 91.5035), 6.3 km east of the
University of Iowa air monitoring site. PMa.s concentrations were compared to average
levels over the sampling period calculated from hourly PM measurements while PMio
data were compared to filter measurements collected from midnight to midnight every

three days.

4.3.2 PM mass measurements

PM mass was determined by the difference of pre- and post-sampling Teflon filter
weights. Filter measurements made in a temperature (21.9 °C) and humidity controlled
(25£5%) room using an analytical microbalance (Mettler Toledo XP26) after
conditioning 48 hours. Standard deviations of triplicate measurements were used as the

error associated with the mass measurement.

4.3.3 Analysis of carbohydrates and inorganic ions

Half of the Teflon filters that collected PMio-2.5s was extracted for carbohydrates
and ions after pre-wetting with 100 pL of acetone (Sigma Aldrich) following the
extraction methodology described in section 2.2. Quartz filters that collected PMzs
extracted in the same manner without pre-wetting (section 2.2). Carbohydrate
concentrations were determined by HPAEC-PAD described in section 2.3.2. Inorganic
ion concentrations were determined using ion exchange chromatography with suppressed

conductivity detection (ICS-5000, described in section 2.6) following Jayarathne et al.!%®
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4.3.4 Analysis of biomarkers

The remaining half of the Teflon filter containing coarse PM and entire Teflon
filters containing fine PM were extracted via shaking into 2 mL of sterile pyrogen-free
water following the method described in section 2.10.1. Water extracts were then

assessed for fungal glucans and bacterial endotoxins as detailed in section 2.10.2.

4.3.5 Collection and analysis of pollens

Oak pollens were harvested from pin and red oak trees in park areas surrounding
Iowa City during the spring of 2013 into pre-cleaned aluminum lined bags. Cotton and
giant ragweed pollens were collected in late-summer of 2015 from bushes near roadways
in residential areas of lowa City. Cotton ragweed and corn pollens were purchased
(Polysciences Inc., Warrington, PA). Pollen images were taken using a Zeiss LSM 710
fluorescence microscope (Carl Zeiss Microscopy GmbH, 07745 Jena, Germany)

following Pohlker et al.'®8

and IX-81 inverted microscope (Olympus Corporation, Tokyo,
Japan). Prior to extraction and chemical analysis, pollens were desiccated overnight and
weighed (Mettler Toledo XS204 and XP26 balances). Pollens (~0.005-0.015 g) were

extracted similar methodology as for quartz filters.

4.3.6 Chemical mass balance (CMB) modelling

PM mass was apportioned to fungal spores and pollens using EPA-CMB model
(version 8.2). PM mass during the springtime was apportioned in PMa2s and PMio
(combination of PM2s and PMio-2.5) using sucrose, glucose, fructose, and mannitol as
fitting species. Input source profiles included one pollen profile selected from red oak,

7

pin oak (this study), white birch, Chinese willow, or Peking willow*’ and one fungal
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spore profile.** Sensitivity tests were conducted to assess the fit of different pollen
profiles to ambient measurements, focusing on sampling days from 26 April — 9 May

when pollen tracer levels were highest.

4.3.7 Statistical analysis

Species concentration measurements were not normally distributed, thus
Spearman’s rank order correlation was employed for non-parametric comparisons (rs) in
SPSS (Statistical Package for the Social Sciences—21). PM measurements were normally
distributed thus t-tests comparing PM means from dry and rainy periods was conducted
in Minitab (version 16). Significance was assessed at the 95% confidence interval (p <
0.05).

4.4 Results and discussion

4.4.1 Characterization of pollens common to the Midwestern US

Pollens common in the Midwestern United States including red oak, pin oak,
corn, cotton ragweed and giant ragweed were chemically and physically characterized.
Microscopy revealed average pollen diameters of approximately 30 um for red oak, 25
pum for pin oak, 90 um for corn, and 20 — 30 um for cotton and giant ragweed (Table 4.1;
Figure 4.1a-f). Glucose, fructose and sucrose accounted for an average of 5-14 % of
pollen mass. Trace amounts of erythritol, arabinose, mannitol and rhamnose were
quantified, while arabitol, xylitol, trehalose, fucose, mannose, xylose and ribose were
below detection limits. Inorganic ions contributed 1.5% of oak pollen mass, 2.8% of corn
and 1.1% of cotton ragweed (Polysciences). Potassium was consistently the most

abundant cation and phosphate the most abundant anion, with smaller mass contributions
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for ammonium, calcium, and chloride. Due to the relatively high abundance of glucose,

183 these

fructose, and sucrose in pollens in the present and in prior studies*”
carbohydrates are the best candidates for assessing pollen contributions to ambient PM.
Among the similarities in major pollen constituents, carbohydrate measurements
showed significant differences in their relative abundances. Sucrose was the most
abundant carbohydrate in red oak, pin oak, and Polysciences cotton ragweed, while
sucrose to fructose ratios varied (2.1, 1.6, and 4.4, respectively) and glucose to fructose
ratios were nearly equivalent (1.2). Glucose was the most prominent carbohydrate in
locally-collected cotton and giant ragweed pollens, while sucrose to fructose ratios were
around 1.2 and glucose to fructose ratios were around 1.7. Meanwhile, fructose was the
most abundant carbohydrate in corn pollens, with sucrose to fructose ratio of 0.5 and
glucose to fructose ratio of 0.6. Differences in sucrose to fructose ratios across different
pollen types may serve as a diagnostic ratio for identifying pollen types, for cases when a
single pollen type dominates the ambient signal. Notably, the carbohydrate distributions
in corn pollens differ from those previously reported,'®® with differences likely resulting

3

from genetics'®® and environmental factors (e.g. temperature, availability of water, and

CO:z levels) that are known to affect the synthesis and storage of carbohydrates.'®-1%!

Further studies are needed to evaluate how the chemical composition of pollens varies

across different species, during maturation, and in response to environmental factors.
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Table 4.1: Pollen diameter and mass fractions of carbohydrates and ions with standard errors.

Cotton
Red Oak Pin Oak Corn ragweed? Cotton ragweed®  Giant ragweed®

n 5 5 5 5 3 3
Diameter (um)® 30 30 80 20 35 35
Carbohydrates (ug mg?)
Glucose 41.1 + 4.1 402 + 3.5 152 += 09 159 =+ 1.6 433 + 20 392 + 28
Fructose 330 + 1.8 339 £ 29 250 £ 1.1 135 £ 06 244 £+ 1.1 229 £ 1.5
Sucrose 683 + 45 552 + 32 134 + 1.7 594 + 33 280 + 14 279 £+ 13
Erythritol 81 =+ 3.1 87 + 34 287 + 32 NQ¢ NQ¢ NQd
Mannitol 0.1 =+ 0.01 02 =+ 0.01 <0.001 <0.001 02 £ 0.01 0.8 + 0.1
Rhamnose 0.1 = 0.01 0.1 =+ 0.01 <0.001 <0.001 <0.001 <0.001
Arabinose 03 =+ 0.03 05 += 0.1 09 =+ 02 03 =+ 0.03 1.2 + 0.1 23 = 02
Inorganic ions (ug mg?)
Sodium 025 £ 0.20 023 + 0.01 030 <+ 0.10 0.03 =+ 0.002
Ammonium 136 + 0.11 1.11 £+ 090 0.89 =+ 0.16 133 + 0.13
Potassium 756 + 0.8l 643 <+ 0.1 1197 + 0.16 522 + 048 .
Magnesium 0.03 =+ 0.00 0.05 <+ 0.01 0.88 =+ 0.01 0.74 + 0.06 NA
Calcium 0.07 =+ 0.02 0.12 =+ 0.01 037 £ 0.03 1.85 + 0.12
Chloride 040 =+ 0.08 042 =+ 0.05 210 <+ 0.11 1.64 + 0.18
Nitrate 0.19 =+ 0.04 031 + 0.11 <0.019 <0.019
Phosphate 394 + 0.39 1.65 + 041 10.5 + 0.88 899 + 0.87
Sulfate 079 =+ 0.29 046 =+ 0.02 0.94 + 0.12 025 + 0.03

2 Purchased from Ploysciences
¢ Approximate diameters

¢ Not analyzed (NA)
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b Collected locally from Iowa City during late summer 2015

4Not quantified (NQ) due to chromatographic interferences



Figure 4.1: Microscope images of pollens from (a) red oak,
(b) pin oak, (¢) corn, (d) Polysciences cotton ragweed,
locally collected (d) cotton ragweed and (e) giant ragweed.
Images in color were captured by fluorescence microscope,
while the others were captured by an inverted microscope.
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4.4.2 Fine and coarse PM concentrations
4.4.2.1 Spring

From 17 April to 9 May, 2013, daily PMio levels in Iowa City ranged from 2 — 32
ug m>, and fine PM ranged from 2 — 13 ug m>. PM levels did not exceed the 24 h
average Environmental Protection Agency National Ambient Air Quality Standards (EPA
NAAQS) of 150 ug m? and 35 pg m for PMio and PMas, respectively.'”> Mean (+ one
standard deviation) PMo and fine PM levels were 15 + 8.9 ug m> and 7.1 + 3.0 pg m>,
respectively. On average fine PM accounted for 57 + 17 % of PMio.

For 15 of the 23 spring sampling days, conditions were dry and no rain occurred
(Figure 4.2a). On the remaining 8 days, daily rainfall totaled 0.3 — 85 mm. Ambient PM
levels were sensitive to rain, with rainfall corresponding to low PMio levels (Figure 4.2b).

On rainy days, fine PM levels averaged 4.7 + 2.2 ug m

, compared to dry days of
8.3£2.6 pg m>. Meanwhile, on rainy days, coarse PM levels averaged 1.9 + 1.5 ug m™
relative to dry days of 10 + 5.6 ug m>. The observed reduction in PM during rainy days
was statistically significant (p < 0.01), and was driven by wet deposition of PM in both
size mode. Furthermore, the distribution of particles between the fine and coarse modes
was affected by rain; on dry days, 48 + 11 % of PMio was less than 2.5 pm compared to
rainy days when 80 + 13 % of PMio was less than 2.5 pm. The shift in the PM size

distribution of PM reflects that rain was more effective at scavenging and/or suppressing

the release of coarse particles compared to fine particles.
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Figure 4.2: Temporal variation in precipitation and average
temperature (a) in Iowa City, IA in the spring of 2013. Ambient
concentrations of PM mass (b), glucose (c), fructose (d) and sucrose
() in coarse and fine size fractions. The percent of PM and
bioaerosol tracer mass in fine particles is shown on the right-axis for
samples in which the analyte was detected in both size modes.
During rain on 2 May, PM is suppressed while pollen tracers in the
fine mode substantially increased.
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The observed 2013 springtime PM levels were in good agreement with PM
measurements at a nearby FRM site located 6.3 km to the east (Table 4.2). The mean
PMio levels in spring 2013, however, were slightly lower when compared to the average
FRM level of 19 + 9.0 ug m>, because the FRM measured PM in 2013 at a rate of 1-in-3
days and only captured one rain event, compared to our continuous daily measurements
that captured seven rain events. The mean springtime PMa2.s and PMio levels were in good
agreement with PM concentrations from 2010 - 2015 when mean concentration varied
form 5.6 - 8.3 ug m> and 14 - 22 ug m> (Table 4.2), respectively. Overall, these
comparisons indicate that the spring of 2013 represented typical springtime PM levels in

Iowa City.

4.4.2.2 Late summer

From 15 August to 4 September, 2013, Iowa City daily PMio levels ranged from
21 — 50 pg m™ and fine PM levels ranged from 3 — 17 ug m™ These levels were well
below the 24 h average EPA NAAQS."”? During late summer, PM1o and fine PM mass
concentrations averaged 33 £+ 8 pg m™ and 12 + 4 pg m™, respectively. On average, fine
PM accounted for 39 + 12 % of PMio. The measured PM2s and PMio levels in 2013
agreed well with levels obtained at the nearby FRM site (Table 4.3).

During the late-summer period, meteorological conditions were much drier, with
only one recorded rain event: a thunderstorm on August 22 providing 1.0 mm of rain
between 10 — 11 am (Figure 4.3a). The conditions at lowa City in late summer of 2013
were dryer compared to adjacent years (2010 — 2015), which had at least 4 rain events

and cumulative rainfall ranging from 36115 mm. PM levels were higher in lowa City in
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Table 4.2: Temperature, precipitation, PM concentrations and their size distribution in lowa City from 17 April — 9 May,
from 2010 to 2015.

PM2s (g m*) PMio (ug m™®)
Year t?mvﬁ + Std. p(r:::l?illl)liltzttli\(l)erl Avg. * Std. Range Avg. * Std. Range Reference
C) Dev. (mm) Dev. Dev.

2013 NA 71 £ 30 18 - 13 15 + 89 2.0 - 32 Thisstudy
2010 13 £+ 34 93 82 + 62 32 - 25 20 £ 12 7.0 - 38 EPAAQS’
2011 10 £ 48 41 56 £ 23 25 - 11 14 + 9.0 40 - 30 EPAAQS
2012 14 + 52 111 83 = 51 34 - 26 21 £ 93 10 - 37 EPAAQS’
2013 12 £ 6.0 224 63 £ 26 12 - 10 19 £ 9.0 11 - 35 EPAAQS’
2014 13 £ 42 93 75 £ 43 1.1 - 15 18 + 7.8 7.0 - 30 EPAAQS’
2015 14 + 5.1 124 83 + 46 23 - 18 22 £ 12 8.0 - 47 EPA AQS’

"PM, s averages were calculated using daily concentrations, and PM, averages were calculated using daily concentrations of 1-in-3
day sampling.
NA - not applicable
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Table 4.3: Temperature, precipitation, PM concentrations and their size distribution in lowa City from 15 August — 4
September, from 2010 to 2015.

PM2s (ug m*) PMyo (g m)
Avg. Std. Cun'lu.lati've Ave Std. Ave Std.
Year temp. + Dev precipitation + De Range + Dev Range Reference
O . (mm) ’ V. )
2013 NA 12 + 36 34 - 17 33 £ 83 21 - 49 This study
2010 23 £ 3.0 57 99 £ 42 43 - 19 27 £ 13 16 - 52 EPAAQS’
2011 23 + 29 51 99 £ 47 49 - 27 26 + 46 21 - 33 EPAAQS’
2012 23 £ 3.0 36 93 + 33 40 - 17 28 £ 96 15 - 39 EPAAQS
2013 24 + 38 1.0 12 £ 29 75 - 17 31 £ 57 25 - 39 EPAAQS’
2014 23 + 22 115 98 £ 40 46 - 18 23 + 11 10 - 40 EPA AQS’

2015 21 £ 3.5 54 94 + 49 22 - 19 24 £ 9.2 8 - 36 EPAAQS’

"PM, s averages were calculated using daily concentrations, and PM,, averages were calculated using daily concentrations of 1-
in-3 day sampling.
NA - not applicable
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Figure 4.3: Temporal variation in precipitation and average temperature
(a) in Iowa City, IA in the late summer of 2013. Ambient concentrations
of PM mass (b), glucose (c), fructose (d) and sucrose (e) in coarse and
fine size fractions. The percent of PM and bioaerosol tracer mass in fine
particles is shown on the right-axis for samples in which the analyte was
detected in both size modes. Glucose, a pollen tracer increased in fine
particles during the 22 August rain event.
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2013 (Figure 4.3b and Table 4.3) compared to adjacent years from 2010 — 2015
(Table 4.3), which may attributed to the dry weather conditions that reduced soil

moisture and increased soil resuspension, and the lack of wet deposition.

4.4.3 Pollen tracers

4.4.3.1 Spring

The temporal variations of pollens were assessed utilizing the combination
of glucose, fructose and sucrose as chemical tracers. From 17 — 25 April, lower
temperatures (averaging 7 °C) and rainy conditions prevailed coinciding with
relatively low levels of glucose, fructose and sucrose (Figure 4.2c-e¢). Warmer
temperatures (averaging 15 °C) set on from 26 April marking the beginning of
spring, the emergence of blooming plants, and leading to increased glucose,
fructose and sucrose levels. During the springtime period of 26 April — 9 May,
glucose, fructose and sucrose concentrations in fine PM averaged 5.2 = 7.5 ng m’
3,2.1+5.6 ngm™ and 4.6 + 14 ng m and in coarse PM they averaged 19 + 13 ng
m>, 2.7+ 1.7 ng m> and 12 + 9.6 ng m™, respectively. The correlations of daily
temperature with coarse mode glucose and sucrose were statistically significant (rs
> 0.8, p <0.001), reflecting that warmer temperatures promote the development,
maturation, and release of pollens.

Atmospheric levels of pollen tracers in springtime were affected by
temperature and precipitation. Maximum levels of fructose and sucrose were
observed on 2 May and glucose peaked on 9 May (Figure 4.2c-e and Table 4.2);

rain occurred on both of these days, following a dry period with relatively high
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temperatures. It is expected that on these days, rain contributed to the passive
release of pollen that had matured during periods of warmer temperatures.!’® 193
Early-spring rain events during cooler conditions with low atmospheric levels of
pollen tracers (e.g., 17 — 18 and 23 — 24 April), did not trigger release of pollens,
possibly because pollens had not sufficiently developed, as indicated by low
levels of glucose, fructose, and sucrose on preceding days.

Notably, rain altered the size distribution of pollen tracers. On a typical
dry day, more than 80% of pollen tracers were present in coarse PM, which is
expected for pollen particles that have geometric diameters in the range of 5-100
um!'® that are excluded from the fine PM fraction. However, when pollen markers
peaked on 2 May, mass fractions of glucose, fructose and sucrose in the fine mode
reached 83%, 91% and 93%, respectively (Figure 4.2c—e, right axis). With
continued rainfall on 3 — 4 May, pollen markers remained elevated in the fine
mode relative to coarse PM. Fructose and sucrose were not detected in coarse
particles on 3 May, while more than 70% of fructose and 50% of sucrose were
observed in the fine mode on 4 May. After the rain stopped, coarse mode pollens
increased in concentration and resumed the typical size distribution by 5 May. On
9 May, a light rain occurred, causing glucose in fine and coarse PM to increase
with 14% of these tracers in the fine mode. These size-resolved measurements
indicate the passive release of pollen fragments less than 2.5 um are released
during some rain events (2—4 May) and the passive release of larger pollen
particles ranging 2.5 — 10 pum during others (9 May). Notably, this is the first

observation of the release of fine particle pollen fragments to the atmosphere
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using chemical tracers. Most field measurements include analysis of either PMzs
or PMio, but not both size modes that are required to capture this phenomenon.
The likely explanation for the increase in airborne pollens and
simultaneous decrease in their size on May 2 is the rupturing of pollen walls as a
result of the osmotic pressure that builds up inside the pollen due to absorbed
moisture during rain.'”* 1> Osmotic shock has been previously demonstrated to
cause rupturing of grass and birch pollens, releasing cytoplasmic constituents to
their surroundings.'®*1”® The daily averaged wind speeds varied from 1 - 19 mph,
were not associated with fine pollen tracer levels (for glucose, rs = 0.2, and p =
0.5) and suggested that daily average wind speed is not a good predictor fine
pollen levels during spring of Iowa. However, gusty winds can loft pollen

fragments'®’

and may explain some of the observed ambient measurements.
Strong gusty winds on 2 May (17 — 31 mph) are likely to have contributed to the
elevated fine pollen levels. Other rain days, either had lower gust speeds (16 - 22
mph) as is the case for 3 may, or no gusts, as the case for 4 and 9 May. Thus, on
rain days when fine pollen fragments form, gusty winds seem to be responsible
for dispersal of the fine pollens to the atmosphere.

Differences in the size distributions of pollen tracers during the rain events
on 2 May and 9 May are expected to result from different pollen types
predominating. Pollen characterization in prior studies,*”> %% described in section
4.4.1 shows that different plant species gave rise to pollens with different

carbohydrate profiles. On 2 May, the relative ratios of glucose and sucrose

(normalized to fructose) in fine PM were 1.4 and 2.5, respectively, consistent with
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pin oak and red oak pollens. Meanwhile, on 9 May, these ratios in coarse PM
were 3.6 and 1.4, respectively, which does not match any of the available pollen
profiles. Consequently, it appears that some pollen types undergo osmotic
rupturing, while others do not. Further studies are needed to identify the types of
pollens that rupture and conditions required for this to occur.

The levels of pollen tracers observed in Iowa City were generally within
an order of magnitude of measurements made previously at various locations
worldwide, with notable geographic differences. The springtime average glucose
concentration in the fine mode was twice as levels in Arizona, US,* but 1.3 - 3
folds less than Texas, US’ and Po Valley, Italy."”® Meanwhile, sucrose levels
measured in fine PM of this work was ~2 times lower than Arizona and Dallas,
Texas.** ™ The mean glucose level in PMio in this study was 1.3 times higher
than the glucose level of Jeju Island (in total suspended PM), however, fructose
and sucrose levels were 2.3 and 15 times lower than levels of Jeju Island,*’
respectively. Other than the differences of ambient concentrations of pollen
tracers, PMio glucose:fructose:sucrose ratio of 5:1:3 in this study was different
from Jeju Island (2:1:22),* and suggest differences of pollen types in the
atmosphere (section 4.4.1). Therefore observed variations in ambient
concentrations mainly can be attributed to the differences pollen types that

dominate in different locations.

4.4.3.2 Late summer
From mid-August to early-September, glucose concentrations in fine PM

averaged 5.6 + 3.7 ng m>, and fructose and sucrose were scarcely detected
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(Figure 4.3c-e). Glucose, fructose and sucrose in coarse PM averaged (+ one
standard deviation) 30 + 16 ng m>, 3.2 + 2.0 ng m™ and 14 + 12 ng m>,
respectively. In late summer 83% of glucose mass concentration was found in
coarse mode, (Figure 4.3c) consistent with typical intact pollens size.'® The
average temperature was moderately correlated with coarse mode glucose,
fructose and sucrose (rs > 0.5, p < 0.02), indicating that pollen levels were higher
when temperatures were elevated.

Only one rain event occurred in late summer of 2013 on 22 August
(section 4.4.2.2), when fine mode contributed to 34% of the measured glucose
concentration compared to dry days that averaged 16% (Figure 4.3c). On the rain
day, fine mode glucose concentration reached 19 + 1 ng m>, which was 4 folds
higher than fine mode glucose concentration of an average dry day (5 + 2 ng m™),
while fructose and sucrose were below detection limits. The increase in glucose
concentrations and the increase in the fine fraction are consistent with the passive
release of pollen fragments during rain events as observed in spring as described
in section 4.4.3.1. However, with only one rain event occurring in the three-week
late summer study, additional studies are needed to understand 1) how pollen
tracer concentrations, and their size distributions in fine and coarse PM vary with
late summer rain events, and 2) what types of pollens could be higher during late
summer rain events.

The observed late summer glucose concentration in the fine mode agreed
well with prior studies in the region. In particular, the average fine glucose

concentration was 3 times higher compared to summer glucose levels of
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Minnesota and Ohio, however, 1.5 times less than levels from Indiana.*” When
comparing observed PMio pollen tracer ratios during late summer with prior work
they varied widely. For instance, average glucose:fructose:sucrose concentration
ratio in PMio during late summer (10:1:4.2) was different from summertime ratios
from Jeju Island (3:1:0.3),*” and Norway (2:1:10).!3* These variations can be

attributed to differences in pollen types predominating in the atmosphere.

4.4.3.3 Significance of the release of fine particle pollens during rain
Springtime measurements and to a lesser extent late summer
measurements reveal that rain releases high amounts of pollen fragments less than
2.5 um that has significant health implications and climatic effects.
1. Pollen allergens have been shown to be localized in the cytoplasm,'”% 1%
such that the bursting of pollens results in a more direct exposure to
aeroallergens.
2. In the form of smaller particles, aeroallergens penetrate deeper into the
respiratory tract where they may trigger more severe allergenic
responses. ' 200
3. Smaller particles have longer atmospheric lifetimes and are transported
longer distances before deposition, and thus may affect populations
downwind of the release of fine pollen fragments.
4. Intact pollens as well as pollen fragments are CCN 3*3¢ and IN 37 38, 201
active. Rupturing of a one pollen granule produces hundreds of fine-sized

196, 175, 174

pollen particles, significantly increasing the number of CCN and

IN active particles in the atmosphere.
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5. These released pollen fragments contain cytoplasmic macromolecules that
are readily exposed to the outer environment making them more
hygroscopic and efficient CCN active particles.*®
Acute asthma epidemics associated with rain events, so-called

“thunderstorm asthma,” have been documented in Australia, Europe, Mexico and

the US.!7 202. 203 These asthma epidemics often reports during pollen seasons'?*

174 181

and shown to associate with ambient pollen counts. In addition,

204 that increase

thunderstorm asthma linked with ambient ozone concentrations,
during lightning.?°> However, an epidemiological study in the US showed that
thunderstorms alone (without rain) not cause asthma epidemics, suggesting that
asthma exacerbations occur via a process that triggered by rainfall, supporting that
osmotically ruptured pollen granules may be the cause of thunderstorm asthma
epidemics.

Pollen forecasting models currently do not include mechanisms for the
release of pollen in response to rain and instead assume that rain serves only as a
sink of pollens, by means of droplet scavenging and wet deposition.?’® This
erroneous assumption leads to predictions of low atmospheric pollen levels on
days with rain, when exposure levels are shown here to be greatest and in smaller
sized particle that lead to deeper lung deposition and more direct exposure to
allergenic proteins. Predictions for this early-warning system must go beyond
simply the co-occurrence of elevated pollen levels and thunderstorms, which are

207

suggested to cause too many false alarms. For accurate model

parameterizations, a mechanistic and species-level understanding of this
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phenomenon is needed and should include definitions of the pollen types,
seasonality, and meteorological conditions that promote the release of pollen
particles less than 2.5 um to the atmosphere. In the meantime, persons suffering
from pollen allergies should follow the recommendations of D’Amato et al.
(2007),'7* “when asthmatic patients realize that a thunderstorm is approaching, the

best thing for thing for them to do is to stay indoors, with windows closed.”

4.4.4 Fungal bioaerosol tracers

4.4.4.1 Spring

Two markers of fungi were used to examine the size distribution and
temporal variation of fungal spores: fungal sugar mannitol and the fungal cell wall
component glucan. From 17 — 21 April, cooler temperatures prevailed (average
temperature = 6 °C) and PMio mannitol and glucan concentrations were at or
below 8.8 ng m™ and 14 ng m>, respectively. On 22 April an exceptionally high
PM o glucan level of 61 ng m (Figure 3b) occurred when temperature elevated to
14 °C (Figure 4.2a), a warmer day in early-spring. From 23-25 April, temperature
dropped to less than 7 °C, and mannitol and glucan remained less than 4.5 ng m™
and 7.0 ng m?, respectively, in PMio. From 26 April conditions became warmer
(average temperature = 15 °C), and fungal spore tracer levels elevated in PMio
(Figure 4.4a and b) with average mannitol and glucan concentrations of 36 + 27
ng m> and 23 + 27 ng m™, respectively. During springtime, coarse mode mannitol
and glucans demonstrated moderate positive correlation (rs = 0.5, p < 0.02)
signifying that glucans and mannitol originated from the same source.

Furthermore both mannitol and glucans in coarse mode significantly correlated
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with daily average temperature (rs > 0.4, p < 0.05), consistent with warmer
temperatures favoring fungal growth.

Springtime rain events significantly influenced ambient concentrations of
fungal spore tracers (Figure 4.4a and b). The first peak in springtime mannitol
concentrations occurred from 27-30 April (post-rain dry period) with an average
mannitol level of 21 + 5 ng m™ in PMio. Rainfall on 2 May caused a drop in PMio
mannitol concentration to 7 ng m, reflecting fungal spore removal by wet

deposition. For fungal glucans, there was
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Figure 4.4: Ambient concentrations of mannitol (a), glucans (b), and
endotoxins (c) in coarse and fine size fractions in lowa City, IA during
spring of 2013. The percent of PM and bioaerosol tracer mass in fine
particles is shown on the right-axis for samples in which the analyte
was detected in both size modes. Fungal spore tracers increased
significantly after rain on 2-4 May.
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no such pronounced decrease in ambient concentrations observed when
transitioning from dry period to the rainy day; from 28 April-1 May PMio glucans
averaged 11+3 ng m™ and on the rainy day of 2 May the glucan level was 9.7 ng
m™ (Figure 4.4b). On 3 and 4 May, PMio mannitol and glucan concentrations

increased up to 45 ng m> and 15 ng m?

, respectively, in spite of continued
rainfall, consistent with wet conditions following rain being favorable for fungal
spore release.?”® The maximum PMio mannitol (80 ng m™), and glucan (103 ng m"
%) levels occurred on 5 May immediately after three rainy days, which was
attributed to freshly released fungal spores from wet surfaces. Overall, fungal
spore tracers are elevated while atmospheric conditions are wet and peaked
following rain events.

Fungal spores typically have diameters in the range of 1-30 pm.'® During
dry days, an average of 13% of PMio fungal spore tracers were in the fine PM
fraction (Figure 4.4a and b right axis). The fraction of mannitol in the fine mode
reached local maxima on 23 April (42%), 24 April (36%), and 2 May (54%), with
similar enhancement of glucans observed on 23 April (38%) (Figure 4.4a and b,
right axis), all of which corresponded to rain days. The relative decrease in the
size of fungal spores is attributed to a combination of 1) the release of fungal
spores less than 2.5 um via the passive discharge of fungal spores by rain splash
and mechanical agitation of vegetative surfaces by rain drops 8% 178 and 2) the
removal of fungal spore particles in coarse PM by droplet scavenging. Compared

to pollens (section 4.4.3.1), rain events impacted the size distribution of fungal

spores to a much lesser extent.
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The levels of mannitol observed in Iowa City from 17 April — 9 May, were
consistent with prior springtime measurements elsewhere. In lowa City, fine and
coarse mode mannitol averaged 2.0 + 1.3 ng m™ and 23 + 26 ng m>, while
glucans averaged 1.4 + 1.5 ng m™ and 18 + 24 ng m?, respectively. The observed
PMio mannitol concentration in this study was slightly higher (~1.3 times) than
previously determined springtime levels in Iowa,’” and Rome,'*? and ~1.5 folds
higher than Israel.”® The fine mode mannitol levels are similar to those observed
in San Augustine, Texas’* and were 2.8 folds less than San Pietro, Italy.'”® These
slight differences of mannitol concentrations when comparing this work to
previous studies could be attributed to variation of fungal spore levels in different
locations.

Comparisons of glucan concentrations to previous work are limited,
because outdoor springtime glucan measurements are scarce and differences
among glucan analysis methods confound direct comparisons. Glucan measured
in PMio in this study was similar to previously observed spring concentrations in
Towa,?” which both determined by enzyme immunoassay with a (1-3, 1-6)-B-D-
glucan standard. However the average glucan in PMio in this work was ~100
times greater than springtime glucan levels in North Carolina, US, which were
assessed using a LAL assay against a 1-3-p-D-glucan standard.?!° Methodological
differences may cause positive or negative biases in glucan levels, depending on
their relative response to the selected standard, and are likely the main cause of

the observed difference.
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4.4.4.2 Late summer

Atmospheric concentrations of mannitol increased when temperature
increased in late summer. From 15 — 20 August daily average temperatures were
less than 24 °C and coincided with a relatively lower mean PMio mannitol level of
49 + 12 ng m>. An exceptionally high PMio mannitol concentration occurred on
22 August (121 ng m™), the one rainy day captured in late summer (Figure 4.5a).
From 24 August — 1 September temperatures ranged from 26 — 31 °C, and the
mean mannitol level in PMio was 89 + 53 ng m™. Temperatures dropped below 22
°C from 2 — 4 September and mannitol concentrations also decreased to an
average of 39 + 17 ng m in PMo. The daily average temperature was moderately
correlated with coarse mode mannitol (rs = 0.5, p = 0.01), consistent with
increased fungal growth with elevated temperatures.

Late summer rain influenced atmospheric mannitol concentrations. The
local maxima (16 ng m™) of fine mode mannitol occurred on 22 August when rain
fell. Similar enhancements of mannitol concentrations in particles less than 2.5
pm were observed during rain in springtime of this work (2 May, Figure 4.4a).
Such enhancements are consistent with releasing fungal spores via rain splash and
agitation of vegetative surfaces such as plant leaves by rain drops.*® Coarse mode
mannitol also increased on 22 August (105 ng m™) due to release of fungal spores
upon post-rain wet conditions (section 4.4.4.1). The fine fraction accounted for an
average of 9 + 4 % of mannitol in late summer, and was not notably changed on
the rainy day of 22 August (14%). The springtime rain caused the fraction of

mannitol in fine PM to increase (section 4.4.4.1), and the likely explanation for
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not observing the same during late summer is the short duration of rain on 22
August (1 h, section 4.4.2.2). Overall, mannitol, the chemical tracer of fungal
spores increased when conditions are wet during seasons of spring and late
summer.

The average mannitol level observed in late summer, was ~3 times higher
compared to springtime, however was in good agreement with earlier observed
summer levels. Similar enhancement of PMio mannitol in summer relative to
spring demonstrated previously in Iowa**” and was attributed to the dependence
of fungal growth on temperature. Fine mode average mannitol level of 5.8 + 3.6
ng m> in this study was similar to East St. Louis, Illinois, and was slightly higher
(by 1.6 — 3 folds) compared to Minnesota, Indiana and Ohio, US,* which all were
measured in summer. Furthermore, the average coarse mode mannitol level of 59
+ 36 ng m> in this study was ~1.5 folds higher than summertime levels of
Beijing, China,”> and ~3.5 times higher than Norway'** and Israel.”® These
differences are likely due to varying fungal spore levels and spore type across
different locations.

Ambient glucan concentrations in late summer were neither associated
with temperature, nor correlated with mannitol, which suggests an alternative
source of glucans. From 15 August — 4 September glucans in fine mode averaged
4.3 + 7.4 ng m>, while glucans in the coarse mode averaged 12 = 12 ng m>
(Figure 4.5b). The daily average temperature and coarse mode glucans were not
correlated (rs= 0.01, p = 1), but maximum fine mode glucan concentration (30 ng

m~) occurred on 30 August, the day with highest temperature (31 °C) in late
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summer. A poor correlation was observed among coarse mode glucans and
mannitol (rs= 0.2, p = 0.3). This lack of correlation suggested non-fungal sources
of glucans in late summer. For instance, coarse mode glucans were correlated
with pollen tracers, particularly glucose and sucrose (r s= 0.4, p =0.07, rs= 0.5, p
= (.04, respectively), suggesting pollens as a source of glucans. In prior work
ragweed pollens have been shown to contain glucans,*® and ragweed is one of the
most abundant pollen types in Iowa during the late summer. Moreover, coarse
mode glucans correlated with bacterial endotoxins (rs = 0.4, p = 0.1), indicating
the possibility of bacteria to serve as a source of glucans. Some pathogenic
bacteria such as Agrobacterium spp., and Rhizobium spp. that grow on crops have
shown to contain glucans in their structure.'*® Agricultural crops are abundant in
Iowa during the growing season and the mechanical agitation of plant surfaces by
wind can aerosolize surface bacteria. Although glucans appear to have been
influenced by bacterial and pollen levels in addition to fungi, the assessment of
their ambient concentrations remains important, because they are

immunostimulants that negatively impact human health.!3!-2!!
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Figure 4.5: Ambient concentrations of mannitol (a), glucans
(b), and endotoxins (c) in coarse and fine size fractions in
Iowa City, IA during late summer of 2013. The percent of
PM and bioaerosol tracer mass in fine particles is shown on
the right-axis for samples in which the analyte was detected
in both size modes. Mannitol, the chemical tracer for fungal
spores, and endotoxins in fine mode increased on 22 August
when it rained.
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4.45 Bacterial endotoxins

4.4.5.1 Spring

Bacterial endotoxins were measured in endotoxin units (EU) against an
Escherichia coli (055:B5) standard, and their ambient concentrations in
springtime increased with temperature. From 17 - 25 April, atmospheric
conditions were cold (temperature averaged 7 °C), and PMio endotoxin levels
were less than 0.056 EU m™. From 26 April to 1 May temperatures increased to
the range of 11 - 23 °C, which coincided with increased PMio endotoxin
concentrations above 0.056 EU m~. On 2 and 3 May rain occurred and endotoxin
concentrations in PM1o dropped to less than 0.025 EU m?. This suppression of
bacterial endotoxins is likely an influence of rain which caused wet deposition
and suppression of soil dust particles that bacteria are settled on. From 4 May
temperatures were greater than 12 °C and endotoxin concentrations rose above
0.041 EU m™ in PMio. Coarse mode endotoxins were significantly correlated with
daily average temperature (rs= 0.7, p < 0.001), in agreement with prior ambient
studies.* 22 The correlation of endotoxins with temperature indicated that
warmer temperatures in spring promoted Gram-negative bacterial growth
increasing ambient endotoxin concentrations.

In the spring, 92 £ 5 % of PMio endotoxins were in the coarse mode
(Figure 4c). The distribution of bacterial endotoxins towards larger particles has

52, 147 reflecting the association of bacteria plant parts,

been observed previously,
animal parts, soil, spores or pollen surfaces by agglomeration or rafting.'® Coarse

mode endotoxins demonstrated moderate positive correlation with calcium, the

crustal element (rs= 0.7, p < 0.001), which suggests soil resuspension as a source

87



of endotoxins in Iowa City, which has also been demonstrated previously in the
Midwestern US. 2%

In comparison to prior studies, the average PMio endotoxin level in Iowa
City (0.064 = 0.030 EU m> for 26 April — 9 May) was relatively low. In
particular, the average level was ~3 times lower than April 2012 levels across
three urban and three background sites in Iowa.?” The likely explanation for such
a variation is the dependence of bacterial growth on ambient temperature; in fact
the average temperature in spring of this work was 6 °C less compared to the prior
work.?” Likewise, the observed spring levels in this study were approximately
one order of magnitude lower than levels measured in an agricultural town in

145 also measured in spring. In

Iowa* and urban and suburban locations in Boston,
addition to temperature differences, these temporal and spatial differences may be
attributed to differing proximities to point sources of endotoxins such as

#3213 and moving traffic,”® which cause resuspension of soil

agricultural activities
that contain Gram-negative bacteria. The endotoxin in Iowa City during
springtime was well below the health-based threshold value of 50 EU m™ and
temporary legal limit of 200 EU m™ proposed by the National Health Council of

the Netherlands.?> %4

4.4.5.2 Late summer

In late summer ambient endotoxin concentrations co-varied with
temperature. From 15 - 19 August, temperature was less than 22 °C and PMio
endotoxins averaged 0.059 + 0.036 EU m™. From 20 August — 1 September

temperature was higher than 23 °C, and PMio endotoxins averaged 0.154 + 0.114
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EU m™. Beginning from 2 September temperature decreased below 22 °C and
endotoxins dropped to 0.056 + 0.074 EU m™ in PMio. Daily average temperature
showed positive moderate correlation with coarse mode endotoxins (rs= 0.5, p =
0.02) similar to springtime (section 4.4.5.1).

During dry days endotoxins in fine mode averaged 0.007 + 0.006 EU m™,
and peaked on the one rainy day in late summer: 22 August (Figure 5.5¢) when
the fine mode endotoxin concentration reached a maximum of 0.076 EU m™.
Endotoxin fraction in the fine mode also increased from an average of 5 % on dry
days to 36% on 22 August. The maximum ambient concentration and decrease in
particle size may be attributed to the dissemination of Gram-negative bacteria due

18, 215 and/or aerosolization of Gram-

to agitation of plant parts from rain drops,
negative bacteria settled on to fine sized fungal spores '® by splashing rainwater.
Because endotoxins induce inflammations in the respiratory tract, **2® further
studies are necessary to understand changes in endotoxin concentrations and size
distributions during rain.

Soil resuspension was suggested as an important source of bacterial
endotoxins in spring (section 4.4.5.1), however coarse mode endotoxins were not
correlated with calcium in late summer (rs= 0.2, p = 0.33). Consequently, non-soil

sources of bacteria were likely present, such as plant surfaces™ 26

particularly
crops,?!” which is highly relevant to the heavily agricultural state of Iowa. This

link could be further explored by examining the co-occurrence of bacterial

endotoxins with markers of plant waxes, but is beyond the scope of the present
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study. Nonetheless, sources of bacterial endotoxins appear to differ across seasons
in lowa.

Late summer endotoxin levels are comparable with previous work and
lower when compared to values measured in close proximity to point sources. The
mean endotoxin concentration in PMio during late summer (0.12 EU m?),
comparable to previously observed summer concentrations in Iowa (19 EU m
3),29 ~1.6 times higher than springtime of this study (section 4.4.5.1), but ~10

folds higher than previously observed summer concentrations in an agricultural

county in Iowa® attributed to the local agricultural activities.

4.4.6 Contributions of pollens and fungal spores to PM

CMB source apportionment modeling was applied to estimate mass
contributions from pollens and fungal spores to PMio and PMa2s. This work
extends the application of fungal spores tracer-to-mass ratios to estimate their
contributions to PM mass'?> 2'® to pollens for the first time. The CMB model
requires representative source profiles for sources, which were drawn from the
literature in the case of fungal spores** , birch and willow pollens*’, and from this

study (section 4.4.1).

4.4.6.1 Source apportionment in spring

The pollen profiles that explained the greatest fraction of the variance in
the ambient measurements (assessed by the CMB R? value) were pin oak and red
oak (Figure 4.6). The resultant R? value further increased when fungal spores
were added to the model (Figure 4.6). Birch and willow profiles, which showed

an excess of sucrose,*’ explained a substantially lower fraction of the variance in
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ambient data, where glucose and fructose concentrations outweighed sucrose.
Hence, birch and willow pollen profiles were not considered further. Model
results from using pin oak or red oak profiles in concert with the fungal spore
profile produced consistent source contributions that were strongly correlated
(Figure 4.7). Because red oak and pin oak fit ambient data to a comparable extent
and both are sources of atmospheric pollens in lowa, the best estimate of pollen
contributions was calculated as the average contribution from red oak and pin

oak.
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Figure 4.6: Comparison of CMB calculated R? values, which represent the
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model, for PMio (a) and PMas (b) for various pollen profiles. The
comparison is limited to 26 April — 9 May, after the onset of the pollen
season. Results indicated that the oak pollens fit the ambient data better
than birch or willow, with the most variance explained by the combination
of oak pollens and fungal spores.
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Pollen contribution to PM mass
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Figure 4.7: Comparison of pollen contributions to PMio (a)
and PMa2s (b) mass, estimated by the CMB model using pin
oak and red oak pollen profiles. The comparison is limited to
26 April — 9 May, after the onset of the pollen season. The
strong correlation (R? > 0.99) and numerical agreement
(slopes close to 1) demonstrate the consistency in model
results for when either profile is used. Consequently, source
contributions from these two types were averaged to obtain
the best estimate of pollen contributions to PM mass.
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Pollen and fungal spore contributions to PMio and PM2 s estimated by the
CMB model are shown in Figure 4.8a and b, respectively. Overall, contributions
to fine PM ranged from 0.01-0.7 pg m™ for pollens and 0.03 — 0.1 pg m> for
fungal spores, while contributions to PMio were consistently higher at 0.04 — 0.8
ug m™ for pollens and 0.13 —1.5 ug m™ for fungal spores. Even though estimates
of fungal spore contributions to PM mass have previously been estimated
following Bauer et al. (2008),** these are the first estimates of pollen contributions
to PM mass using CMB source apportionment modelling. These results
demonstrate that pollens contribute significantly to PM in spring, particularly on

days with rain.
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Figure 4.8: Apportionment of PM1o mass (a) and PM2.5s mass (b) to pollens
and fungal spores using chemical mass balance modeling. Pollen
contributions to PM peaked on 2 May, a rainy day, while fungal spore
contributions enhanced on 5 May, a post-rain day.
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On dry days, pollens contributed an average of 0.17% of PMzs and 3.3%
of PMio. On rainy days, pollen contributions to fine PM averaged 11% and
reached a maximum of 42% on May 2. Fungal spore contributions to fine PM
averaged 0.5% on dry days and 1.7% on days with rain. However, fungal spores
had the greater contributions to PMio mass on days following rain, reaching 8.7%
on May 5. These source apportionment results demonstrate that bioaerosol
contributions to PM mass are typically low (< 1%), but can be significantly
greater on days with rain, when bioaerosols are released and PM is removed by
wet deposition.

Bioaerosol contributions to PM in this study were relatively in good
agreement with previous literature. The average fungal spore contribution to PMio
(5%) of this work was 1.6 times higher than suburban site of Vienna, Austria, and
1.6 times less than a tropical rainforest in China,?'® which were measured during
springtime. Collectively, contributions from pollens (3.3%) and fungal spores
(0.9%) to fine PM was ~2 times lower than contributions reported in US which
were determined in summertime.?!® The slight variations of contributions could be
attributed to the differences in ambient bioaerosol levels.

The distribution of bioaerosols in fine and coarse PM during spring is
shown in Figure 4.9. For dry conditions, ~11% of pollens and fungal spores were
observed in fine PM. However, during rainy days, 62% of pollen mass and 20%
of fungal spore mass were observed in fine PM. These results indicate the

importance of rain in shifting the size distribution of bioaerosols by affecting
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release mechanisms (i.e. passive release by splashing, or osmotic rupture of

pollens).

Pollens Fungal spores
(a) Dry conditions

(b) Rainy days

I Fine (<2.5 pm)
B coarse (2.5-10 pm)

Figure 4.9: Distribution of pollen and fungal spore
mass (apportioned by the CMB model) across fine and
coarse PM during dry and rainy conditions. Fine sized
pollens and fungal spores increased while raining, with
more pronounced enhancement in pollens compared to
fungal spores.
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4.4.6.2 Source apportionment in late summer

Late summer ambient pollen tracer ratios showed poor agreement with
these ratios for ragweed pollens, which is the predominant pollen type during this
season in the Midwest. Among all the coarse samples from 15 August—4
September, fewer than 10% had sucrose to fructose ratios in the range of locally
collected ragweed pollen profiles (1.1-1.6). While the ambient data showed
moderate agreement with sucrose to fructose ratio of commercially purchased
ragweed, they had significantly different glucose to sucrose ratios. Such
differences may result from mixtures of pollen types in the atmosphere that
cannot be explained utilizing carbohydrate ratios of a single pollen type, and/or
other dominant pollen types during late summer (e.g. Timothy grass).
Consequently, CMB source apportionment of PM mass to pollens was not

performed with late summer ambient samples.

4.4.7 Fungal spore contribution in late summer

Fungal spore contribution to PMio-2.s mass was highest during 22 August,
a day with ~1 h of precipitation in late summer. Fungal spore masses in PM
(Table 4.4) were calculated using the average mannitol conversion factor of 1.7
pg mannitol spore”! (range from 1.2 - 2.4 pg mannitol spore™') and 33 pg spore™! in
Bauer et al. (2008).* Estimated fungal spore mass contributions to PM2s and
PMio2s ranged from 0.04 - 0.31 pg m™ and 0.45 - 3.44 ug m™, respectively. The
contribution of fungal spores to PMas averaged 1% on dry days, and when rain

occurred increased to 3%. Fungal spore contributions to PMio-2.5 averaged 6% and
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reached to 16% on 22 August possibly due to fungal spores released during post
rain wet conditions (section 4.4.4.1). Even though this study does not capture
heavy rain fall in late summer, atmospheric fungal spore contribution to PM
impacted by rain similar to springtime (section 4.4.4.1) as a result of increasing
fine sized fungal spores when raining, and coarse sized spores post-rain.®% 8!
Fungal spore contributions to PM in late summer agreed with springtime
(section 4.4.4.1) and previous work.** ! The fungal spore mass in PM1o during
springtime averaged 0.7 pg m™, and in late summer the contributions were higher
with a mean concentration of 1.3 pg m?, consistent with seasonal trends of fungal
spore levels in the Midwestern US with higher fungal spore counts during
summer compared to spring.?” The average contribution of fungal spores to PMio
remained consistent at 5% and 4% in spring and late summer, respectively.
Similarly, fungal spore contribution to PMa2s averaged ~1% in spring and late
summer seasons. These estimated fungal spore mass contributions to PMio were
consistent with prior work in urban Austria during the summertime when fungal
spore contribution to PMio averaged 4%.* The fungal spore contribution to PMa.s
in this study was comparable with a study from north-eastern US where fungal
spore contributions to fine PM averaged 3% in July and decreased to 0.4% in

August. Overall, fungal spore concentrations are higher during late summer

compared to spring; however their contributions to PM remain consistent.
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Table 4.4 : Absolute and percent contributions of fungal spores to PM2.5 and
PMio-2.5 mass during late summer in lowa City, IA, USA estimated using the
conversion factors in Bauer et al. (2008).** Uncertainties in bioaerosol
contributions represent standard errors of the estimate.

Date in S'tart End PM_ s Fungal spores PMa1o-25 Fungal spores
2013 (;((')2”';') (lt(;f;:;) Mass + lirror %) Mass + lirror %)
(ng m™) (ng m”)

15-Aug 8:29 8:44 0.10 + 0.02 (0.85) 0.63 + 0.11 (4.44)
16-Aug 9:47 9:46 0.08 + 0.01 (0.82) 0.59 + 0.10 (2.59)
17-Aug  10:18  9:04 020 + 0.03 (1.80) 086 + 0.15 (6.54)
18-Aug 9:20 8:32 0.10 + 0.02 (0.81) 088 + 0.15 (6.86)
19-Aug 8:55 8:08 0.13 + 0.02 (0.78) 120 + 021 (7.96)
20-Aug 8:14 7:17 0.04 + 0.01 0.27) 082 + 0.14 (4.18)
21-Aug 7:22 7:57 0.11 + 0.02 (0.70) 120 + 021 (4.90)
22-Aug 8:01 7:21 031 + 0.05 (2.57) 203 + 035 (15.74)
23-Aug 7:24 8:11 0.08 + 0.01 (0.68) 0.87 + 0.15 (7.84)
24-Aug - go0 831 007 = 001  (0.44) 078 =+ 0.14 (5.72)
25-Aug 8:41 7:17 0.07 + 0.01 (0.47) .11 + 0.19 (6.59)
26-Aug 7:20 7:27 0.07 + 0.01 (0.44) 201 + 035 (9.74)
27-Aug 7:33 7:22 0.11 =+ 0.02 (0.95) 125 + 022 (4.32)
28-Aug 7:26 7:27 0.05 + 0.01 (0.31) 083 + 0.15 (3.07)
29-Aug 7:32 7:29 0.06 + 0.01 (0.44) 069 =+ 0.12 (4.02)
30-Aug 7:32 6:24 0.14 + 0.02 (1.28) 155 + 027 (4.17)
31- Aug -

01-Sep 6:28 7:46 0.15 + 0.03 (0.98) 344 + 0.60 (10.11)
2-Sep 7:50 7:40 0.06 + 0.01 (1.89) 056 + 0.10 (3.14)
3-Sep 7:43 7:29 0.06 + 0.01 (1.14) 045 + 0.08 (2.31)
4-Sep 7:32 7:25 026 + 0.04 (3.37) 087 + 0.15 (2.97)

4.5  Conclusions

Daily concentrations of PM mass and bioaerosol tracers (including
fructose, glucose, and sucrose for pollens, mannitol and glucans for fungal spores,
and endotoxins from Gram-negative bacteria) demonstrated high day-to-day
variability and meteorological influences. Warmer temperatures promoted pollen,

fungal and bacterial growth leading to higher ambient levels of these bioaerosols
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during both spring and late summer periods. Rain events of spring triggered the
release of pollens, with maximum levels of pollen tracers occurring on May 2 and
May 9, when rain occurred following a period of elevated temperatures in spring.
Airborne fungal spore tracers, however, were suppressed by spring rain and
increased in concentration following rain events. Source apportionment by CMB
modeling in concert with Midwestern pollen profiles indicated significant
contributions from bioaerosols to PM mass on rainy days during springtime.
Importantly, the size distribution of pollen and fungal spore tracers shifted
towards fine particles (<2.5 pm) during periods of rain. The fragmentation of
pollens due to osmotic rupture, shown previously only through microscopy
methods, is demonstrated in this study for the first time by way of chemical
tracers. The release of finer-sized bioaerosols during rain events has important
implications for human exposures, because finer particles may penetrate more
deeply into the lung and be transported over longer distances.

A detailed level of understanding is needed to improve the accuracy of
allergen prediction models that erroneously forecast low airborne allergen levels
during periods of rain. Future research should focus on a more precise
determination of the duration of heightened pollen levels during rain events with
higher time resolution measurements. Similarly, measurements with higher PM
size resolution should be employed to determine the specific size range of pollen
fragments during these events. Additionally, further efforts are needed to more

accurately define the fungal and floral species that release fine-sized bioaerosols
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to the atmosphere and the mechanisms that trigger such release, to allow for
models to reflect the predominant species in the surrounding geographic region.
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CHAPTER 5
TOOLS TO EVALUATE HEALTH IMPACTS OF FINE POLLEN
PARTICLES AND IDENTIFICATION OF ENVIRONMENTAL

CONDITIONS THAT TRIGGER FINE POLLEN RELEASE

5.1 Abstract

Asthma is a serious global health problem. Development of robust tools to
identify environmental risk factors that exacerbate asthma is needed to mitigate
their occurrences. This study focuses on developing an approach to evaluate the
impact of fine-sized pollen particles released from pollen rupturing on asthma-
related emergency room (ER) visits. To evaluate asthma exacerbation due to fine-
sized pollen particles, pollen fraction in fine mode during spring 2013 in lowa was
assessed with asthma-related ER visits in central and eastern lowa. ER visits were
not elevated with increased fine pollen particle fraction; however the limited
number of ER visits suggested expansion of data collection for asthma
exacerbation to include other health care systems: primary health care providers
and asthma medicine purchases from pharmacies. In addition, this work studies
microscopy-based screening methods to identify pollen types that undergo
osmotic rupture and determines size and number of pollen particles that are
formed via rupturing. Microscopy-based observation of pollen bursting was
facilitated by using the inverted microscope; but suitable fixation methods should

be further investigated prior to more widespread screening and analysis.
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5.2 Introduction

Asthma is recognized as a major public health concern in the US**° and
worldwide.??! 27 Among all the chronic illnesses, asthma is categorized as one of
the most widespread.?’ In the US, ~25 million people suffer from asthma, 25% of
whom are children less than 18 years of age.??> The number of people that suffer
from asthma is increasing,?** 2’ and by 2025 it is predicted that approximately
400 million people worldwide will suffer from this disease.?’ Identification of
environmental risk factors that trigger asthma is important to protecting sensitive
populations by warning them when unsafe conditions are likely to occur, so that
they may modify their behavior and mitigate health risks.?”>** The purpose of this
chapter is to document progress in evaluating the epidemiological impact of the
fine particle pollen release on May 2, 2013 and the environmental conditions that
trigger the release of fine-sized pollen particles to the atmosphere (as described in
Chapter 4).

Aeroallergens, such as pollens and fungal spores, can trigger asthma
attacks and other chronic respiratory diseases. When allergens enter the human
respiratory tract, the body responds by producing immunoglobulin E (IgE)
antibodies against these antigens. IgE antibodies bind with mast cells in the
respiratory system, and a subsequent inhalation of allergens triggers release of
histamine from IgE-bound mast cells.??* Histamine triggers runny nose, sneezing
and coughing, also it can stimulate muscle oedema in lower airways resulting in

wheezing and breathing trouble.??* In order to protect sensitive populations from
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such negative health impacts, it is important to identify environmental factors that
could enhance atmospheric allergen levels.

Prior studies have shown increased emergency room (ER) visits related to
asthma following thunderstorm events worldwide.!8!: 203 226-228 The largest asthma
outbreak reported was in London during July, 1994 when 640 patients (~10 times
higher than on a regular day) presented asthma symptoms within 30 h of
thunderstorm.??¢ Moreover, asthma outbreaks following thunderstorms have been
observed in the US,?® Canada,??’ Italy?*® and Australia.'8! Asthma epidemics

181

during thunderstorms were coincided with increased pollen grain levels, ' and

228, 226 guggesting

many asthma patients that presented were sensitive to pollens
enhanced pollen exposures during thunderstorms are likely a source of asthma
exacerbation.

Intact pollens are large (~5 - 100 pm)?*> !® and rarely reach deep into the
respiratory tract,'’* however, rupturing of pollens creates much smaller particles
(0.03 — 4 pm)'™ with cytoplasmic constituents that can reach the bronchi. Pollens
release such smaller particles containing allergenic proteins**® when contacted

231194 or higher humidity.!®> '* For instance, rye grass pollens release

with water
~700 smaller particles ranging from 0.6 — 2.5 um via osmotic rupturing of one
pollen grain.'”® Furthermore, birch pollens release ~400 starch granules per pollen
with a size range of 0.03 — 4 um.!”> " Collectively, bursting of pollen grains
increases the number of allergenic particles in the atmosphere while decreasing

196

allergen particle size, ™ thus facilitating their transportation to deeper airways.
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Together, this may be the reason behind asthma outbreaks following rain
events.?®

Various microscopic techniques have been employed to observe the
structure of different pollen types and their behavior when exposed to moisture.

231

These techniques include photomicrography,”! light microscopy,'®> transmission

) 199
b

electron microscopy (TEM scanning electron microscopy (SEM)'®® and

)22 FM provides a sensitive means of

fluorescence microscopy (FM
characterizing pollens that contain fluorophores'®® 2** and has been used to both
identify and characterize pollens.?** 23° Photomicroscopy and light microscopy

were used to visualize the mechanism of releasing cytoplasmic contents from

cotton and rye grass pollens once exposed to water.!®> 23! Ruptured pollen

199, 236 194

particles after exposure to rain water and high relative humidity ™ have
been studied in higher resolution with SEM.!* 23¢ TEM has been used to evaluate
the localization of allergenic proteins inside the cytoplasm of tree and grass
pollens, which are released to the atmosphere via rupturing of the pollen wall.!**

236 Qverall, combination of microscopy techniques revealed that pollen wall

rupture upon wetting releases inner cytoplasmic constituents to the environment.

During the spring rain of 2013, enhancement of pollen particles less than
2.5 um were observed in Iowa City (Chapter 4). Chemical profiles of glucose,
fructose and sucrose in ambient air on May 2, 2013 matched that of oak pollens.
Combined with the knowledge that oak trees are prominent in Iowa and the
springtime release of their pollens, it is likely that this is the pollen type having

undergone rupture. The first objective of this chapter was to examine the extent to
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which the May 2 release of fine pollen fragments impacted asthma-related
hospital visits in eastern and central lowa. The second objective was to develop
microscopy-based screening methods to identify pollen types that undergo
osmotic rupture to assess the size and number of pollen fragments that form. Both
objectives involve new research directions that will support the long-term goal of
evaluating the health effects of pollen rupturing events and protecting sensitive
populations from exposures to bioaerosols. Preliminary findings from these two

exploratory objectives are described within this chapter.

5.3 Method

5.3.1 Assessments of ER visits for asthma

ER presentations of asthma related diseases from April 13 — May 13, 2013
were accessed through the Wellmark Blue Cross and Blue Shield data warehouse,
through the Center of Public Health Statistics (CPHS) of the University of lowa.
Wellmark Blue Cross and Blue Shield insurance covers 1.8 million Iowans, which
is ~60% of Iowa’s total population.?*” Asthma related ER visits were collected
from hospitals located in central and eastern Iowa, inclusive of lowa City, Des
Moines, Waterloo, Cedar Rapids, Burlington, Dubuque and Davenport (Figure
5.1), all of which experienced heavy rainfall on May 2, 2013. ER presentations
are categorized according to the International Classification of Diseases, ninth
revision (ICD - 9) codes. The requested patient presentations were for those
diagnosed with asthma related diseases having ICD — 9 codes ranging from 493.0
— 493.9 that include allergic asthma, non-allergic asthma, chronic obstructive

asthma, other forms of asthma, and unspecified asthma. The received data sets
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were organized according to patient age and zip codes, and contained subject-
specific identifiers. All data presented within this chapter have been de-identified.
Epidemiological data assessment was planned to include: 1) comparing the
time series of fine pollen particle fraction (calculated % fraction by dividing the
pollen concentration in fine mode by the sum of pollen concentrations in fine and
coarse modes, which were estimated in Chapter 4) and pollen tracer abundances,
to asthma-related ER visits, and 2) establish the time lag between the release of
fine pollens and hospital visits, by comparing daily visits on the same day, as well
as 1, 2, 3 and 4 days prior to the visit, to account for the delay between a high
pollen level day and the time of patient presentation at the ER. Initial assessment
included the comparison of fine pollen particle fraction with the asthma-related
ER visits was first assessed by plotting the data to visualize trends. T-tests
comparing means used to assess differences of asthma-related ER visits before
(April 17- 25) and after on-set of spring (April 26 — May 9) and with a lag time

ranging from 1 to 4 days.
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Figure 5.1: Data collection sites in Iowa.

5.3.2 Observation of pollen bursting via the inverted microscope

Poly-L-lysine was used as the binder to fix pollens on to a glass bottomed
dish to prevent moving after adding water. One drop of poly-L-lysine (0.1% w/v
in water, Sigma-Aldrich Corporation, St. Louis, MO, US) was placed in the
middle of the glass bottom microwell dish (Mat Tec Corp. Ashland, MA, US),
dried in the oven at 65°C for 15 min, and additional solvent was removed via
blotting with a filter paper (Figure 5.2a). Pollens were placed in the middle of the
dried poly-L-lysine drop using a Blick size zero round brush as shown in Figure
5.2b. Slides were dried overnight and observed under an Olympus IX 81 inverted

microscope (Olympus Corporation, Tokyo, Japan).
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(a) Dried poly-L-lysine spot

Brush

containing//’

Figure 5.2: Dried poly-L-lysine spot on the well plate (a), and placing
pollen grains using a brush on the poly-L-lysine spot (b).

A single pollen particle was located looking through the microscope prior
to adding water. A glass-bottomed slide containing pollen particles was placed in
the observing chamber which had a continuous carbon dioxide flow and a
temperature around 35 °C. A clear image was obtained utilizing the bright light
and 40X magnification. Tap-water (~20 pL) was added on to the pollen. Images
were taken every 20 seconds for 45 min.

Aldehyde fixation was used to fix ruptured pollen particles on to the
surface of the glass slide. The slide was dried overnight to evaporate additional
water. About 0.5 mL of glutaraldehyde solution (2.5% glutaraldehyde, Electron
Microscope Sciences, Hatfield, PA, USA) was added, dried for 1 h, and washed
with 0.1 M cacodylate buffer with a pH of 7.2 (Electron Microscope Sciences,
Hatfield, PA, US). The ruptured pollen was observed via the stereoscope to
confirm that the pollen was fixed on the glass slide prior to applying Osmium

treatment. Osmium tetroxide (Electron Microscope Sciences, Hatfield, PA, US)
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was added, dried for 30 min, and washed with double distilled water, and a series
of ethanol solutions (25 - 100%).

The glass dish containing ruptured pollen was mounted onto an aluminum
stub to observe under SEM (Hitachi, S4800). The glass slide was separated from
the dish, and mounted on to an aluminum stub using carbon tape, and the sample
was then sputter-coated.

5.4 Results and discussion
54.1 Health data

Among 31 days from April 13 — May 13 twenty days presented asthma-
related ER visits with a limited number of patients which totaled to 32
presentations. The age distributions of patients are shown in Table 5.1, and among
all the age groups 11 (34%) patients were less than 10 years old. There were 12
rain days with rain ranging from 0.3 — 85 mm with thunderstorm events on April
17 - 18, and May 3. Asthma related ER visits during April 13 — May 13 ranged
from 1-3 patients per day, and showed no enhancements with spring rain events
(May 2, 3 and 4) in eastern and central lowa in 2013 (Figure 5.3).

Within the small dataset that was generated, there was no significant
difference among asthma-related ER visits before and after on-set of spring and
when considering a time lag of 1 to 4 days (p > 0.3). In other words, the dataset
revealed no significant association of asthma-related ER visits with either
increased levels of pollen tracers or their particle size surrounding the May 2,
2013 rain event. Asthma outbreaks followed by rain events are suggested to occur

via exposure to increased levels of allergenic pollen particles.!”®> With only 32
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asthma-related visits to ER further statistical analysis was not performed. These
patient counts were very low when compared to previous work where larger
patient data sets ranging from ~100 to ~5000 were used to link asthma-related ER
visits with airborne pollen and meteorological measurements via performing the
Poisson regression analysis.?33-24

Ultimately, the Wellmark dataset produced a surprisingly low number of
ER-visits related to asthma. There could be multiple likely reasons for low counts
of asthma-related ER visits, such as seeking primary care for asthma exacerbation
rather than visiting the ER, or the use of prophylactic therapy (particularly self-
treatment) to avoid ER and hospital expenses.?*!" 242 Prior work has shown that
people in the US seek primary care when possible without attending to ER
indicating that accounting only ER visits would underestimate real occurrences of
illnesses.?*> 2% Prophylactic therapy includes identifying risk factors that
exacerbate asthma, and being pro-active and taking prescribed medication prior to
allergen exposures.?*! Prophylactic therapy requires less money compared to
rescuing therapy, and is thus promoted by the health care system.?*!
Consequently, real asthma exacerbations in spring 2013 may not have been
accurately reflected by asthma-related ER visits alone.

Alternatively, environmental factors may explain this lack of association,
such as little time spent outdoors during the peak release of pollen particles, or
different allergenic potentials of different pollen species and their relationship to

sthma.??® Asthma symptoms depend on the content of allergenic proteins in

pollen allergens, which varies among species having similar pollen types as well
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as different pollen types.?”® For example, grass pollens are frequently connected

with exacerbation of asthma in prior work,

181,174

and shown to contain higher

content of proteins (>90% of protein mass) that can bind with IgE antibodies

triggering asthma symptoms.??* Collectively, the preliminary work presented here

in suggest alternative approaches for future epidemiological research in Midwest

which is described further in Chapter 6.
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Figure 5.3: Emergency room presentations for asthma in Eastern lowa
during spring 2013. These presentations were not associated with the
fraction of pollen tracers observed in the fine PM fraction (black circles).
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Table 5.1: Categorization
of asthma related
emergency visits by
patient age group from
April 13 —May 13,2013
in central and eastern

Towa.

Age group Patients

Birth - 10 11
11-20 4
21-30 5
31-40 3
41 - 50 7
51-60 1
61-70 1

5.4.2 Microscopic analysis of pollens

Pin oak pollens collected from spring 2013 and cotton ragweed pollens
collected in autumn 2015 (section 4.3.4) were used to observe pollen bursting
once exposed to moisture. Some ragweed pollens ruptured once exposed to water,
but not others. Prior to mounting the poly-L-lysine fixed pollens, free cotton
ragweed pollens (~10 grains) were observed. Once exposed to water, some
ragweed pollens ruptured readily. In fact, approximately one out of three pollens
ruptured within 1 min of adding water (Figure 5.4a), while others remained intact
even after 5 min of water exposure. Meanwhile, poly-L-lysine fixed pin oak

pollen remained intact even after 45 min of water exposure.
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Differences in the time required for pollens to burst after exposure vary
with and across species. These observations are consistent with previous findings
that different pollens of the same species have different hydration rates depending

on pollen wall characteristics,?*> 246

where pollens with more exposed inner walls
rupture rapidly relative to others. >** In addition, previous observations with
ragweed pollens indicated that there can be pollens in the same species that need
more time to hydrate relative to others.?*>2*® Some pollen types burst within a few
seconds, while others require hours.!%% 195 199 231, 236 'We cannot rule out the
possibility of sample preparation artifacts on our analysis, which may result from

the poly-L-lysine layer used to fix pollens on to the glass surface acting as a

barrier between pollen wall and water, thus delaying the rupturing process.

L
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Figure 5.4: Inverted microscope images of releasing cytoplasmic
constituents of cotton ragweed pollens once exposed to water, when
observed as multiple free pollens (a), and single poly-L-lysine fixed pollen
(b), which both taken approximately after 1 min of water exposure.
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Pollen fragments were not readily observed by SEM. After exposing to
water, ruptured pollen particles were immersed in water, thus, the sample had to
dry before mounting on to a SEM stub. Moreover, the sample was fixed via
glutaraldehyde fixation, so the sample would not be destroyed by high vacuum
generated inside the SEM chamber. The observation of ruptured pollen particles
under the SEM was not successful, possibly due to washing-out of the pollen

particles during glutaraldehyde fixation.

5.5 Conclusions

While low counts of asthma-related ER visits precluded rigorous analysis
of the epidemiological effect of the release of fine pollen fragments to the
atmosphere in Eastern Iowa surrounding the May 2 rain event, this research has
provided insight into how a future epidemiological study may be improved. First,
epidemiological data collection should be expanded to include primary health care
providers and medicinal purchases from pharmacies. Such data collections are
expected to provide a more accurate representation of asthma exacerbations and
increase the number of asthma presentations. Moreover, health studies be

performed by a recruiting patient samples®*’ 248

with asthma, where patients will
log their daily activities and asthma symptoms which will then can be used to
evaluate how fine-pollen releases impacted their lives. Second, the number of
patients could be increased by encompassing a larger area with a larger
population. Overall, having a larger number of asthma presentations would allow

visualizing changes of asthma exacerbations associated with rain when plotted as

in Figure 5.3.
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While the inverted microscope is a powerful tool to qualitatively visualize
pollen rupturing, additional research is needed in order to develop this into a
quantitative tool for assessing time taken by pollens to rupture. This includes: 1)
monitoring a statistically significant number of pollen grains to determine the time
needed to rupture, which can be done by comparing average time taken to rupture
when assessing different numbers of pollens ranging from 3 — 20, and 2)
understanding the role of poly-L-lysine in absorbing water by pollens, which
could be done by comparing time taken for pollen rupturing without poly-L-lysine
and when fixed with varying amounts of poly-L-lysine ranging from 10 - 50 pL.
SEM is a suitable technique to evaluate pollen size and number after pollen
bursting,'” however, fixation of the ruptured pollen to substrates is a challenge. In
future, such pollen bursting can be examined directly after water evaporation®*
without additional fixation to understand the impact of vacuum created inside the
SEM on the pollen sample. Overall, microscopy-based future studies should be
further developed to implement robust methods to investigate the phenomenon of
pollen bursting and the release of fine-sized pollen particles.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

Evaluating negative health impacts of bioaerosols requires understanding
of when, where and how exposures to bioaerosols happen. Spatial comparison of
bioaerosols revealed significant enhancements of fungal glucans, bacterial
endotoxins and water-soluble proteins and their sources in urban locations
compared to background and co-located measurements of calcium suggest wind-
blown dust as a main urban bioaerosol source. Seasonal analysis indicated
increasing ambient fungal spore tracers, bacterial endotoxins and water-soluble
proteins with temperature having maximum concentrations occurring in growing
seasons. Overall, urban populations are at a higher risk of exacerbating respiratory
illnesses triggered by bioaerosol mixtures relative to background populations in
the Midwestern US, which are further enhanced in growing seasons when
conditions are warmer.

Assessing bioaerosols in daily samples in spring and late summer
indicated that a major fraction of pollen and fungal spore tracers were in coarse
PM during dry days consistent with their sizes. When rain occurred pollen
concentrations increased and shifted to fine particle size attributed to the osmotic
rupture of pollen grains that released fine-sized pollen fragments to the
atmosphere. Fungal spores also increased in fine mode during rain, but to a lesser
extend compared to pollens, while maximum coarse mode fungal spores observed
post-rain wet conditions. Collectively, these results indicated increased outdoor

exposure levels to bioaerosols associated with rain, in particular, enhancement of
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fine-sized pollen particles during rain, which should be further investigated to
understand atmospheric conditions that trigger such releases and actual health
implications of fine pollen particles.

Application of the CMB model for the first time with locally generated
source profiles facilitated determining pollen and fungal spore contributions to
PM and their significant increase associated with rain. In PMio, mean pollen
contribution of 4% increased to 38% while raining, and mean fungal spores
contribution of 5% increased to 17% post-rain. This successful application of
CMB model to apportion pollens to PM mass indicated the ability of sugar tracers
to estimate pollen contributions when locally important pollen profiles are
available. Future improvements include: investigation of potential changes of
pollen sugar profiles after exposing pollens to the ambient conditions, introduce
additional pollen profiles that could co-exist in the atmosphere to identify pollen
types that contribute to PM mass, and incorporation of unique tracers to recognize
pollen types.

The research work presented in this dissertation, opens-up different
important paths to continue future work to improve the understanding of
atmospheric bioaerosols. These main paths include: validation of using sugars as
pollen tracers, combinations of sugar measurements with real-time bioaerosol
measurements, determining conditions that trigger fine-sized bioaerosol release
and their actual health implications, and further evaluation of the assumptions
made in CMB model estimations of pollen contributions to PM. Such studies are

summarized in the following discussion.
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Measuring pollen tracers to estimate their atmospheric levels is an
alternative approach compared to traditional direct counting method,** thus
should be validated by doing side by side with actual pollen counting. For
instance, fungal spore tracers, mannitol and arabitol validated previously using
direct spore counts.** Similar assessments are needed for pollens. To so this, PM
samples could be collected side by side with a Burkard sampler to trap pollens.>*
Pollen counts in 1 m? of air could be assessed against each sugar tracer (glucose,
fructose and sucrose) mass in 1 m®, the correlation values can be used to assess
the trends, a correlation value >0.8 will be taken as a strong correlation'!? when
validating sugars as tracers of airborne pollens. Such studies should be extended
to different seasons and locations to understand how valid to use sugars as tracers

of pollens even in the presence of other atmospheric sources of sugars such as

184 t185

soil,'®* road dus and biomass burning.'®® These studies will provide strong
evidence to validate using measurements of ambient glucose, fructose and sucrose
as tracers of pollens.

Identification of residence time of pollen particles released via pollen
bursting is important to understand to protect sensitive populations from fine-
sized pollen exposures. To do that, chemical tracer measurements can be
combined with real-time fluorescence-based measurements. Fluorescent based
techniques are often used to understand real-time bioaerosol number
concentrations as a function of their size.!® 8 However, this technique lack the
ability to distinguish among bioaerosol types. Combinations of fluorescent based

16, 80

measurements and tracer measurements (discussed in this thesis work) would

120



allow identification of bioaerosol types that shift in sizes with response to
meteorology. For example, ambient bioaerosol samples can be collected in a
higher size resolution using a micro-orifice uniform deposit impactor sampler
(MOUDI)? which will include size fractions of 5 — 10 um, 2.5 — 5 um, 1.0 — 2.5
pm and <1 pum. These sampling filters can be analyzed for chemical tracer
concentrations (section 2.3). Simultaneously with the MOUDI sampler, real-time
measurements can be performed using the ultraviolet aerodynamic particle sizer
which will provide number and size of fluorescent particles in the air.®
Comparison of these two measurements with meteorology will allow
understanding: 1) conditions that increase atmospheric pollen particles, ii) exact
sizes of pollen fragments that increase in response to meteorology, and iii)
residence time of released pollen particles in the atmosphere. This information is
important to develop future lab-based experiments and population exposure
experiments.

Methods should be implemented to visualize fine-sized pollen release
when atmospheric conditions trigger rupturing of pollen wall. At the same time it
is important to assess the number and sizes of released pollen particles which are
important parameters to measure to identify the extend of negative health
implications. Preliminary work on such work is discussed in Chapter 5 and found
that inverted microscopy facilitates observing pollen particle release when
exposed to water. Pollen bursting also happens when conditions are humid,'** and
the exact conditions that trigger rupturing of pollen wall releasing fine-sized

particles and the time taken to rupture can be investigated using the inverted
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microscope. In future, pollen particles can be observed after exposing to different
relative humidity ranging 75 — 100 % to understand what humidity conditions are
needed for pollen rupturing. After pollen bursting the number of particles that
formed by one pollen grain and their size distribution can determined using a
microscope with higher magnifications, such as SEM'"* 23¢ to understand the
extend of health implications of fine-sized pollen particles. Similar methodologies
could be performed using different pollen types that are prominent in different
regions and seasons. Such information is useful to improve current pollen
prediction models in a way that they incorporate particle release by pollen
bursting to forecast actual pollen exposures when rain occurs.

While sugar ratios of different pollen types indicated using sugar ratios as
diagnostics to identify pollens (Chapter 4), it could be further investigated by
profiling other pollen types co-exist in the season. For instance, daily variations of
sugar ratios in springtime (May 2 vs May 9, section 4.4.3) indicated the need of
characterizing more pollen types other than oak pollens that could dominate the
airborne pollens in spring. To do this, pollens could be trapped by a Burkard
sampler,?*® and can be identified by type using their morphology. The main pollen
types can be harvested and profiled. Comparison of sugar ratios in different
source profiles will show the reliability of identifying pollen types in the
atmosphere based on their sugar ratios.

Co-existence of different pollen types is a challenge when estimating
pollen contributions to PM using sugars as tracers, therefore, incorporation of

unique compounds that facilitate identification of one pollen type from the other is
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important. Pollens contain proteins which are unique to the species. For example,
birch pollens has Bet v1 and Bet v2 proteins'’! while oak pollens has Que el.'%’
Both oak and birch co-exist in springtime, when estimating masses, proteins can
be used as unique tracers, but methods should be developed to quantify these
proteins in pollen samples as well as ambient sample collecting filters.”*® These
studies will enable identification of multiple pollen types and contribution from
each pollen type to PM.

When estimating pollen contribution to PM utilizing the CMB model it is
assumed that species concentrations measured at receptor site remain same even
after exposing to ambient conditions. To test this, pollens harvested from catkins
can be spread equally in to two petri-dishes, one measured directly for tracers, the
other one is analyzed after exposing to a chamber with ambient conditions as
described in Taylor et al (2002).!° Inside the chamber, in different experiments
pollens can be exposed to various atmospheric conditions (temperatures and
humidity levels). Pollen particles then measured for species concentrations;
comparison of pollen tracer ratios after exposing to different conditions with
directly harvested sample profiles will facilitate understanding if chamber
conditions triggered any changes to tracer concentrations. Such studies would
allow determining if pollen tracer concentrations vary after the pollen particle
released to the atmosphere.

Similar chamber experiments as above could be extended to perform
microscopy-based studies to identify physical changes that pollens undergo via

exposing to co-pollutants. Previous ambient studies showed the ability of pollens
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to agglomerate with other pollutants,’* *> thus pollen also act as carriers of other
pollutants to the human body. To start with, atmospheric pollutants that were
previously shown to interact with pollens such as, diesel exhaust particles” and
dust particles® can be introduced to the pollen containing chamber with the air
flow. Also, pollens can be exposed to other compounds including bioaerosol and
co-pollutant mixtures identified in Chapter 3 that co-exist in different seasons.
Pollen particles are then be observed by SEM to visualize particle
agglomerations.” Overall, these studies will inform the ability of pollens to
agglomerate with other bioaerosol and co-pollutants providing information to
future exposure studies of what harmful particles could potentially enter the
human respiratory tract with pollens.

Health implications of bioaerosol-co-pollutant mixtures are important to
investigate to protect sensitive humans as prior studies have shown that
bioaerosols-co-pollutant mixtures are more harmful than individual particles.'??
Pollen-co-pollutant mixtures identified in chamber experiments above could be
used in animal studies to understand health implications.'?> Pollen and co-
pollutant mixtures can be stimulated to agglomerate in the chamber (same as
above), SEM could be used to confirm particle agglomerations, these particles can
then be used for animal studies as in Takano et al (2002).!?2 Such studies will
provide information on potential negative health implications of pollen-co-
pollutant mixtures.

Tools should be developed to assess actual asthma-related health impacts

of fine-sized pollen particle release via pollen rupturing. Chapter 5 of this thesis
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presents some preliminary results from a similar study and suggested collection of
epidemiological data from a broader health care network to obtain a larger set of
data without solely relying on ER visits for asthma. Hence in future, health data
collection should expand to incorporate primary health care systems and entrees
of medicine purchases from pharmacies in the area along with ER wisits.
Epidemiological studies could be expanded to cover a larger area and also could
be conducted in highly populated areas. In addition, health studies can conduct

247,248 \who have asthma. The selected set of

using a larger set of recruiting patients
patients with higher response rates can be given a questionnaire to fill their daily
activities and asthma symptoms. These logs will be then used to evaluate how
fine-pollen releases impacted their life. Alterations of data collection will aid
obtaining a larger set of health data. Such larger data set will allow visualizing
trends, for instance, time taken after fine-sized pollen release (lag-time) to
exacerbate respiratory symptoms. Furthermore, a larger data set could be divided
based on type of respiratory symptoms and diseases, so health implications could
be recognized as a function of pollen concentrations. Other than the springtime
tree pollen season, conducting similar studies in summer grass pollen season and
late-summer to autumn weed pollen season is also required to understand different
types of pollens that impact human health.

Overall, all these research areas proposed as future work will allow better

understanding of air surrounding humans to protect them from harmful exposures.
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