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GRAPHICAL ABSTRACT

ABSTRACT

Though studies in bioaerosols are being conducted with increasing frequency over the past decade, the total
breadth of knowledge on bioaerosols and their role in atmospheric processes is still minimal. In order to better
characterize the chemical composition of fresh biological aerosol for purposes of source apportionment and trac-
ing in the atmosphere, several plant pollen species were selected for detailed chemical analyses. For this purpose,
different pollen species were purchased and collected around Reno, Nevada, USA, for further extraction and
detailed chemical analysis. These species included aspen, corn, pecan, ragweed, eastern cottonwood, paper mul-
berry, rabbitbrush, bitterbrush, lodgepole pine, and Jeffrey pine. Saccharides, free amino acids, and various other
polar compounds (e.g., anhydrosugars and resin acids) were quantitatively analyzed using gas chromatography
and ultra-high performance liquid chromatography coupled with mass spectrometry techniques (GC-MS and
UPLC-MS), with the purpose to identify differences and nuances in chemical composition of specific pollen spe-
cies. The saccharides [3-p-fructose, a-p-glucose, and [3-p-glucose were ubiquitously found across all pollen sam-
ples (10), and sucrose was found in five samples. p-galactose was also found in pine species. Total saccharides
were 4.0 to 29% of total dry weight across all samples. Total free amino acids were 0.29% to 15% of total dry weight
across all samples, with the most common amino acid being proline. Chemical profiles (including both saccha-
rides and amino acids) of surface-deposited aerosol in the Lake Tahoe area correlated most closely with pine
pollen than other analyzed pollen species, indicating that chemical profiles of pollen can be used to infer its con-
tribution to local aerosols.
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K. Axelrod, V. Samburova and A.Y. Khlystov
1. Introduction

Biological aerosols, or bioaerosols, are defined as any aerosol in the
atmosphere that is biological in origin. Common examples of
bioaerosols include bacteria, fungal spores, pollen, pieces and fragments
of plants or animals, and aerosols that contain biological materials
(Estillore et al., 2016; Frohlich-Nowoisky et al., 2016; Graham et al.,
2018; Wang et al., 2015). Conventionally, the size of bioaerosols may
range from 10 m (e.g., biological molecules) to 10 m (e.g., pollen)
in diameter (Frohlich-Nowoisky et al., 2016). The term can also be ap-
plied to aerosols in which biological materials contribute to part but
not all of their composition (e.g., sea spray aerosols (Graham et al.,
2018)). Bioaerosols have been found abundant in both rural and
urban air, with number concentrations ranging from tens to hundreds
(Andreae and Rosenfeld, 2008) and even thousands (Steiner and
Solmon, 2018) per cm? across a variety of environments, with the con-
centrations likely underestimated due to difficulties with identifying
aerosols as bioaerosols (Andreae and Rosenfeld, 2008). Bioaerosols
can be emitted in a variety of fashions. One common means of emission
is the creation of sea spray aerosol containing biological organisms or
materials (Frohlich-Nowoisky et al., 2016; Graham et al., 2018; Wilson
etal,, 2015). There are several mechanisms of land-based aerosolization,
including active release from biological organisms, suspension via wind
(Fréhlich-Nowoisky et al., 2016), and release via rain droplet impaction
on biological-containing materials (Joung et al., 2017). In addition,
bioaerosols may be released into the air via human activity, such as
composting facilities (Wéry, 2014), animal/livestock production facili-
ties (Anderson et al.,, 2016; Douglas et al., 2018; Millner, 2009), and ag-
ricultural activities (Hansen et al., 2012; Lee et al., 2006).

Bioaerosols play a critical role in many aspects of the environment
and human life; they serve an important role in reproduction and
spread of plants and other organisms (Frohlich-Nowoisky et al., 2016),
as well as impacting human health in ways such as spreading bacterial
and viral diseases like influenza, tuberculosis, measles, and streptococ-
cus among many others (Anderson et al., 2016; Bonifait et al., 2014;
Frohlich-Nowoisky et al., 2016; Triad6-Margarit et al.,, 2017) and
causing seasonal allergies (D’Amato et al., 2007) and exacerbating
other respiratory conditions like asthma (Taylor et al, 2007).
Bioaerosols can make a significant contribution to the total aerosols
mass in the atmosphere (Frohlich-Nowoisky et al., 2016; Monks et al.,
2009), as well as serve as cloud condensation nuclei (CCN)
(Whitehead et al., 2016; Zhang et al., 2021), impacting cloud formation,
weather, and climate, with studies indicating that primary bioaerosols
have an effect on the number of ice nuclei (IN) in forest ecosystems
(Andreae and Rosenfeld, 2008; Tobo et al., 2013; Whitehead et al.,
2016). Several types of bioaerosols have been determined to be effective
CCN, owing to their relatively large size in comparison to other types
and high amounts of water-soluble constituents (Andreae and
Rosenfeld, 2008). Pollen, the male gamete and haploid entity produced
by most land plants, has been demonstrated effective as CCN in labora-
tory experiments (Pope, 2010). In addition, pollen grains can rupture
under high-humidity conditions, producing subpollen particles (SPPs)
that may also act as CCN and IN, and are considered more climatologi-
cally relevant due do their smaller size and greater numbers than
whole pollen grains (Steiner et al., 2015; Steiner and Solmon, 2018;
Tang et al., 2019). Pollen is critical in the reproductive cycle of plants
and can be affected by many factors, with air pollution (Sénéchal
et al.,, 2015) and heat stress (Jiang et al., 2015) being among important
atmospheric phenomena among them. In addition, pollen are among
the most common allergens among humans (affecting ~40% of popula-
tion in industrialized nations (Frohlich-Nowoisky et al., 2016)) and thus
are considered to be a major factor in overall air quality (D’Amato et al,
2007; Fréhlich-Nowoisky et al., 2016). Studies have assessed the aller-
genic components of pollen and asserted them to be an important
point of study within the public health field (Dedic et al., 2009; Gong
et al., 2015; Stanic et al., 2009).
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There is a diverse range of pollinating plant species, and as such,
many studies do not focus on specific pollen species when analyzing
chemical composition. In fact, a large number of studies focused on
the chemical composition of bee pollen (pollen mixed with enzymes
such as amylase and catalase in bee saliva) (Denisow and Denisow-
Pietrzyk, 2016), since it has been used and marketed for nutritional
value and health benefits throughout history (Chen et al., 2018;
Marghitas et al., 2009; Nogueira et al., 2012; Stabler et al., 2018; Yang
et al, 2007). Pollen is known to contain many biological molecules, in-
cluding carbohydrates/saccharides (Pacini et al., 2006), fatty acids
(DeGrandi-Hoffman et al., 2018; Ischebeck, 2016; Lawson et al., 2021),
proteins (Gong et al., 2015), of which include allergens (Dedic et al.,
2009; Stanic et al., 2009), amino acids (DeGrandi-Hoffman et al.,
2018; Lawson et al., 2021; Schwacke et al., 2020), and minerals
(Stabler et al., 2018; Yang et al., 2013), though carbohydrates/saccha-
rides are known to be the primary constituent (Carrizo Garcia et al.,
2010; Komosinska-vassev et al., 2015; Pacini et al., 2006). Carbohy-
drate/saccharide composition of pollen can come in many varieties, in-
cluding starches (generally in fresher, unreleased pollen) (Pacini et al.,
2006), pectin, and disaccharide and monosaccharide sugars. They are
also known as important energy sources for pollen germination and
tube growth. It has been found in vitro that large di- and oligosaccha-
rides play a crucial role in pollen germination, while smaller monosac-
charides such as glucose and fructose do not, and in fact may inhibit
germination (Hirsche et al., 2017), suggesting the importance of poly-
saccharides in early pollen development. As such, pollen is also consid-
ered a major overall contributor of the saccharide sucrose, which has
been used as a tracer in the atmosphere (Fu et al., 2012; Zhu et al.,
2015). Still, monosaccharides are known to be common in several pol-
len species, among them being glucose, galactose, and arabinose
(Nakamura and Suzuki, 1981).

Overall, the role that the chemical constituents of pollen have in
atmospheric chemistry is not well known. In many atmospheric
processes, aerosols and their chemical constituents play an important
role in atmospheric heterogeneous chemistry (multiphase chemistry),
with implications on cloud/ice nucleation and air quality (Ravishankara,
1997). Atmospheric chemistry has been shown to alter bioaerosol proper-
ties; for example, IN abilities of tree pollen can be affected by atmospheric
oxidation (Gute et al., 2020). But, the total breadth of knowledge on
bioaerosols’ roles in these atmospheric chemical processes remains lim-
ited (Estillore et al., 2016; Pan et al,, 2021). As such, it is important to un-
derstand the chemical composition of certain types of aerosol, how that
composition compares with other aerosols, and the overall impact it has
on the atmosphere. Even though several studies discussed chemical com-
position of pollen, especially bee pollen for nutritional purposes, little is
known about the chemical composition of atmospheric pollen and its
contribution to atmospheric organic compounds (including saccharides,
proteins, organic acids, and lipids) and total aerosol concentrations on a
global scale. Thus, the purpose of this research is to determine species-
specific chemical composition of several types of pollen species, including
store-bought pollens of common trees and shrubs from several conti-
nents, as well as pollens of plants endemic to the Great Basin Desert and
Eastern Sierra Nevadas in northern Nevada and California, USA. Com-
pound groups focused on are saccharides, amino acids, anhydrosugars,
and resin acids.

2. Experimental section
2.1. Standards and materials

Resin acid, anhydrosugar, and saccharide standards used for GC-MS
and UPLC-MS analysis were purchased from Sigma Aldrich (Burlington,
MA, USA), Accustandard (New Haven, CT, USA), and Cambridge Isotope
Laboratories, Inc. (Andover, MA, USA). Internal standards and calibra-
tion standards are listed in Table S1. Solvents utilized included high-
performance liquid chromatography-grade water, acetonitrile, and
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toluene, purchased from Fisher Scientific (Waltham, MA, USA). For de-
rivatization, pyridine (Sigma-Aldrich) and N,0-bis-(trimethylsilyl)
trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMSC)
(Thermo Scientific, Waltham, MA, USA) were used.

Amino acid standards used for UPLC-MS analysis were purchased
from Sigma Aldrich (Burlington, MA, USA), as well as Toronto Research
Chemicals (North York, ON, Canada), and are listed in Table S1. Stan-
dards were dissolved in HPLC-grade acetonitrile with 0.1 N hydrochloric
acid from Sigma Life Science (Burlington, MA, USA). Eluents used were
HPLC-grade acetonitrile and toluene from Fisher Scientific, and eluent
additives included formic acid and ammonium formate, purchased
from Fisher Scientific and Sigma Aldrich, respectively.

2.2. Pollen species

Six pollen species used were purchased from online chemical and
laboratory suppliers (Table 1). These pollens included pecan, ragweed,
paper mulberry, and corn pollen purchased from Polysciences, Inc.
(Warrington, PA, USA), and aspen and eastern cottonwood pollen pur-
chased from Sigma-Aldrich (Burlington, MA, USA).

The experimentally collected pollens included species in several loca-
tions across the area of Lake Tahoe and Northern Nevada, USA. Surface-
deposited aerosols were also collected off of patio surfaces and aluminum
foil in June and July of 2020 in Reno, NV, Truckee, CA, and the Tahoe Re-
gional Planning Agency air quality sampling site LTCC1 in South Lake
Tahoe, CA. Locations and species are given in Fig. 1 and Table 1.

2.3. Pollen sample extract preparation

Water-soluble extracts of pollen were prepared to analyze saccha-
ride and other organic species (e.g., amino acids and resins) composi-
tion. Extracts were produced at a concentration of 3 mg of pollen per
mL of solvent (ultra-high purity water, Elga-Veolia PURELAB Chorus,
UK). Pollen samples were weighed out and mixed with an amount of
water that requires to prepare three mg-pollen per mL solution. Then,
in order to enhance dissolution of water-soluble compounds, the pollen
suspension was run on the Bertin Minilys tissue homogenizer (Rockville
MD, USA) at 3 intervals of 20 s at high speed, icing each sample vial for
2 min in between each lysing interval to prevent the sample from
overheating from friction caused by lysing. Then, the solution was

Table 1
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centrifuged and the supernatant was collected and filtered through
0.22 um pore size hydrophilic PTFE syringe filters (Foxx Life Sciences,
Salem, NH, USA). After extraction, the solutions were stored at 4 °C
overnight.

2.4. GC-MS analysis

To make saccharide and polar compounds in pollen extract samples
viable for chromatographic separation and detection, a chemical deriv-
atization procedure based on silylation of the polar groups of com-
pounds in the sample was performed (Schummer et al., 2009).
Filtered pollen extracts were placed in individual deactivated vials
(Waters, Milford, MA, USA) in volumes of 50 pL spiked with the
water-dissolved internal standard glucose-d6 intended for quantifica-
tion of saccharides. Then, the solvent (water) from each sample was
evaporated via a gentle nitrogen gas flow using the Pierce Model
18,780 Reacti-Vap Evaporating Unit (Rockford, IL, USA) and ultra-high
purity nitrogen gas (Airgas, Radnor, PA, USA). After evaporation of all
solvent, 50 pL acetonitrile was added, as well as internal standards for
polar compound quantification (Table S1). Samples were then soni-
cated in their vials for 10 min. 50 pL of the pyridine were added to
each sample vial, followed by 150 pL of BSTFA/TMCS reagent. The sam-
ples were heated at 65 °C for 2 h, 300 pL of toluene were added to each
sample, and the samples were analyzed via GC-MS.

The GC-MS system used was the Varian CP-3800 gas chromatograph
in tandem with the Varian 4000 lon Trap Mass Spectrometer (Varian,
Inc., Walnut Creek, CA, USA). The column installed in the gas chromato-
graph was a 30-m 5% phenylmethylsilicone fused silica capillary column
(model DB-5MS, Agilent Technologies, Santa Clara, CA, USA). Samples
were run for both quantitative analysis of saccharides and other polar
compounds. The polar compounds quantified included various resin
acids and anhydrosugars.

2.5. UPLC-MS analysis

For analysis of free amino acid composition of pollen extracts, a
UPLC-MS method based on hydrophilic interaction liquid chromatogra-
phy, adopted from Prinsen et al. (2016) was used. Samples were
prepared in the same way as in Section 2.3, but not evaporated, spiked
with internal standard, or derivatized. They were instead run on

Pollen species purchased and collected for the present study. Two aerosol samples do not have species identifications as they were collected from deposition surfaces, unlike the other

samples which were collected directly from plant anthers.

Sample type Species (common name)?

Botanical name Source or collection location (date)®

Purchased species Aspen

Eastern cottonwood
Ragweed

Paper mulberry
Pecan

Corn

Jeffrey pine
Lodgepole pine
Lodgepole pine
Lodgepole pine
Lodgepole pine
Lodgepole pine
Lodgepole pine
Bitterbrush
Bitterbrush
Rabbitbrush
Rabbitbrush

South Lake Tahoe, CA

Locally-collected species

Locally-collected surface deposition aerosols

Truckee, CA

Populous tremuloides
Populus deltoids
Ambrosia artemisiifolia
Broussonetia papyrifera
Carya illinoensis
Zea mays
Pinus jeffreyi
Pinus contorta (
Pinus contorta 2(
Pinus contorta 2(
Pinus contorta 3(
Pinus contorta 3 (7/5/2020)
Pinus contorta 3 (7/6/2020)
Purshia tridentata 4 (5/21/2020)

4(

5(

6(

7(

(

Sigma-Aldrich
Sigma-Aldrich
Polysciences Inc.
Polysciences Inc.
Polysciences Inc.
Polysciences Inc.
1 (6/29/2020)

2 (6/30/2020)
7/5/2020)
7/6/2020)
6/30/2020)

Purshia tridentata 5/25/2020)
Ericameria nauseosa 10/18/2019)
Ericameria nauseosa 10/5/2020)¢
July 2020)
1 (June 2020)

2 Common names are given for known pollen species. Surface deposition aerosols, the species of which are not definitively known, are referred to by their collection location throughout

this paper.

b The supplier is listed for purchased pollens, while the location and collection dates are listed for locally-collected pollen species or surface deposition aerosol.
€ The rabbitbrush collected on October 5, 2020 was only analyzed in the methods of Section 2.5 and results of Section 3.2, due to unavailability of sample during other analyses.

3
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Fig. 1. Locations in northern Nevada and California of pollen/aerosol collection. Images from Google Satellite on 11/13/2020.

UPLC-MS (Prinsen et al., 2016). The UPLC system used was the Waters
Acquity UPLC coupled with the Waters MicroMass Quattro Micro API
mass spectrometer (Waters Co., Milford, MA, USA). The UPLC instru-
ment had the Waters Acquity UPLC BEH Amide 1.7 pm 2.1 x 150 mm
column installed (Waters Co., Milford, MA, USA). Samples were run
for quantitative analysis using an external standard quantification
method (see Table S1 for standards).

During data analysis, errors for results were calculated by taking the
standard deviation of multiple extractions of a single species or sample.
If multiple extractions were not performed on a species, the percent
error of the most similar species on which multiple extractions were
performed was used. The most similar species was determined via
matching source (purchased, or field collected) and matching plant
type (tree, or other). Explicitly, eastern cottonwood, ragweed, bitter-
brush, Jeffrey pine, lodgepole pine, rabbitbrush from 2019, and rabbit-
brush from 2020 all were extracted and analyzed multiple times (2-6
times), and thus had their own errors assigned to them. Aspen, paper
mulberry, and pecan were assigned the percent error of eastern cotton-
wood, corn was assigned the percent error of ragweed, and the surface
deposition aerosols were assigned the percent error of Jeffrey pine.

3. Results and discussion
3.1. Saccharides and other polar compounds

The results of the GC-MS analysis for saccharides and various other
polar compounds in each sample are given in Figs. 2 and 3, respectively.
Concentrations of eight saccharides in commercially available and col-
lected pollen species are presented in Fig. 2, in units of micrograms per
milligram of dry pollen mass (ig/mg). Though concentrations vary widely
among the different pollen species, a-p-glucose and (3-p-glucose were
found in all pollen samples tested, which is in a good agreement with pre-
vious studies on honeybee pollens (Kalaycioglu et al., 2017) and fresh pol-
lens (Fu et al., 2012; Nakamura and Suzuki, 1981; Zhu et al., 2015),

though these studies used different pollen species. 3-D-fructose was
found in all tested pollen samples, with its highest concentration being
in the bitterbrush pollen sample (Fig. 2b, 93 + 9 pg/mg). a-pD-glucose
was at high concentrations in aspen (Fig. 2¢, 67 £+ 4 pg/mg), corn
(Fig. 2b, 66 + 1 pg/mg), and bitterbrush (Fig. 2b, 67 + 2 pg/mg). 3-b-
glucose was at its highest concentrations in aspen (71 4 4 pg/mg), corn
(65 + 2 pg/mg), and bitterbrush (74 + 2 pg/mg) as well.

p-p-fructose, a-p-glucose, and p-p-glucose together comprise the
most abundant occurrences across all analyzed pollen species, with all
pollen species having a quantifiable concentration of each of these
three sugars. However, the percent total of these three combined sugars
varies greatly among species (29% of total in aspen, 4.0% of total in east-
ern cottonwood). Overall, concentrations of 3-p-fructose, a-b-glucose,
and B-p-glucose across all pollen species correlate well with each
other, with Pearson correlation coefficients of 0.97, 0.98, and 0.99
between [-p-fructose — a-pD-glucose, 3-p-fructose - 3-p-glucose, and
a-p-glucose - B-p-glucose, respectively. Fructose and glucose have
previously been identified as common constituents of primary biologi-
cal aerosols, including pollen, decomposed plant materials, airborne
fungi and biogenic constituents of suspended topsoil (Medeiros et al.,
2006; Samaké et al., 2019; Xiao et al., 2018; Zhu et al., 2015). The strong
correlation between these saccharides across the samples tested in our
study indicate that the ratios between the concentrations of these sac-
charides are consistent across these different pollen species. This sug-
gests that these compounds could be useful for identifying pollen
contribution to ambient aerosol, though they alone do not help distin-
guish pollen species from one another.

The disaccharide sucrose was found in high concentrations (64-
80 pg/mg) in five of the ten analyzed pollen species: aspen, pecan,
paper mulberry, lodgepole pine, and Jeffrey pine, while other species
showed little to no sucrose. It was also found in high concentrations (79-
93 ng/mg) in the surface deposition aerosol samples. Overall, the presence
of sucrose is in agreement with previous studies that assert pollen as an
important contributor to sucrose levels in the atmosphere (Fu et al.,
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Fig. 2. Species-specific concentrations of saccharides in pollen. Among all compounds tested, only compounds that had a quantifiable concentration in at least one sample are depicted.

2012; Zhu et al., 2015). Fu et al. (2012) identified sucrose as a tracer for
pollen grains, being the most common saccharide (80%) among other an-
alyzed saccharides (which included glucose, fructose, levoglucosan, tre-
halose, and sugar alcohols) in their study. However, contrasting to Fu
etal. (2012), our results showed that not all pollen species can contribute
to atmospheric sucrose concentrations. This disparity could be explained
by differences between analyzed pollen species in our study and Fu et al.
(2012). Thus, using certain saccharides as tracers in the atmosphere may
be more useful on a species-by-species basis. For example, because the
aspen pollen showed high concentrations of sucrose, 3-p-fructose, oi-p-
glucose, and B-p-glucose, aspen pollen may have a particularly high con-
tribution among pollen species to saccharide mass in the atmosphere,
while eastern cottonwood pollen may not.

45

40

30

25 F

ug per mg dry weight

15

10

05

0.0

p-galactose was found in low amounts in Jeffrey pine pollen (Fig. 2a,
8.4 + 1.4 pg/mg), and in negligible amounts in all other species tested
(<1.5 pg/mg in lodgepole pine and rabbitbrush, none in all others).
While atmospheric galactose sources are currently not well identified,
it is theorized that major contributors are primary bioaerosols which
may be enhanced by biomass burning emissions (Medeiros et al.,
2006; Santos et al., 2021). However, levels are still relatively low (2-7
times) in comparison to glucose, fructose, and sucrose. 3-L-mannose
(Fig. 2a, 3.5 £ 0.6 ug/mg) was also found in Jeffrey pine (negligible in
other species, <0.5 pg/mg), though once again in very low levels com-
pared to saccharides previously discussed. In addition, arabinoses
were found in very low quantities relative to saccharides previously
discussed (>1.0 pg/mg) in rabbitbrush and Jeffrey pine).

[ Levoglucosan
O Dehydroabietic acid

Ragweed Jeffrey pine

Rabbitbrush 2019

Fig. 3. GC-MS results of anhydrosugars and resin acid analysis. Among all compounds tested, only compounds that had a quantifiable concentration in at least one sample are depicted.
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Results of the quantitative analysis of anhydrosugars and resin acids
(Table S1) are given in Fig. 3 (units: pg/mg). Overall, only two compounds,
levoglucosan and dehydroabietic acid, were found in any sample. Concen-
trations of these compounds were significantly lower (~ 10-100 times)
than those of analyzed saccharides (Fig. 2). The total concentration of
these compounds (Table S1) varied between 0 and 3.8 pg/mg for all pollen
species, while total concentrations of analyzed saccharides were between
6.4 and 290 pg/mg.

Regarding individual compounds, dehydroabietic acid was found at
a quantity of 3.4 4 0.6 ug/mg in Jeffrey pine, while not present in any
other pollen species. This compound is usually associated with
biomass-burning emissions (Leithead et al., 2006; Sengupta et al.,
2020; Simoneit, 1999), since it is a product of conifer resin pyrolysis
(Lai et al., 2015). This discovery has implications on total contribution
of dehydroabietic acid in the atmosphere, as well as source apportion-
ment studies that assume biomass burning to be the sole source of
this compound, and thus implications on how biomass burning is
traced, not just in the atmosphere but in other areas like ice core records
(Kawamura et al., 2012) and snow deposition (Gao et al., 2015).
Dehydroabietic acid has also been suggested to have a role in atmo-
spheric chemistry, experimentally shown to react with atmospheric ox-
idants such as the hydroxyl radical (Sengupta et al., 2020).

Levoglucosan was found in small quantities in ragweed and rabbit-
brush pollens (3.8 £+ 0.1 yg/mg and 1.9 + 0.1 pg/mg respectively).
Levoglucosan is a well-known product of the pyrolysis of cellulose and
hemicelluloses in biomass-burning emissions (Hennigan et al., 2010;
Simoneit et al., 2004; Zhang et al., 2013). To our knowledge it has not
been found in extracts of fresh pollen, and it may be due to contamina-
tion in these two samples. Ragweed pollen was purchased, and thus we
cannot speculate as to sources of contamination. Rabbitbrush was field-
collected in October 2019 after plumes from several major forest fires
had been impacting the collection sites (around Reno, NV) throughout
the summer and early fall of the year (Kelly et al., 2020). It is thus pos-
sible that substances present in forest fire smoke were deposited and/or
adsorbed on rabbitbrush pollen. Further investigation is needed to ex-
plain this finding, as the presence of levoglucosan in these pollen species
has implications on tracing of biomass burning emissions.

3.2. Free amino acids

Results of the quantitative analysis of free amino acids in the ana-
lyzed pollen extract samples are given in Fig. 4. Full quantification
data is given in Fig. S2. Across all samples (purchased, field-collected,
and aerosol deposition), the free amino acid most commonly present
is proline (Fig. 4e), varying between 0.4 pg/mg (ragweed) to 24 nug/mg
(bitterbrush). Ragweed (Fig. 4b and e, 2.9 4 0.6 ug/mg), lodgepole
pine (Fig. 4c and e, 9.5 + 4.3 ug/mg), pecan (Fig. 4a and e, 13 + 1 pg/
mg) and Jeffrey pine (Fig. 4c and e, 15 4 3 pg/mg) had the lowest con-
centrations of total free amino acids among all samples. Meanwhile,
eastern cottonwood is the sample with the greatest concentration of
free amino acids, at 150 4 2 pg/mg (15% of total dry weight). With east-
ern cottonwood also having the lowest concentration of saccharides
among all samples, at 40 pg/mg (4.0% of total dry weight), this may in-
dicate that eastern cottonwood pollen, per unit aerosol concentration,
may be a larger contributor of amino acids (notably asparagine, 102 +
2 pg/mg) and a smaller of a contributor of saccharides than other pollens
in this study. More generally, it demonstrates that pollens from different
plant species can have different chemical profiles.

Aside from eastern cottonwood pollen, aspen (105 + 4 pug/mg) and
bitterbrush (94 + 18 pg/mg) pollens showed the next highest levels of
total free amino acids. Aspen showed higher concentrations of glutamine
(16 + 1 pg/mg), arginine (9.5 4 0.3 pg/mg), and serine (8.0 + 0.5 pg/mg)
than all other samples tested. This may indicate that aspen is a much
higher contributor of these amino acids in the atmosphere (per unit
aerosol) than other analyzed pollen species. Bitterbrush, meanwhile,
showed higher levels of leucine (2.9 & 0.6 pg/mg) than any other sample
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(second-highest was aspen at 1.7 + 0.1 pg/mg), as well as the second-
highest level of asparagine (43 4 9 pg/mg) after eastern cottonwood.
But, unlike eastern cottonwood, these pollens had higher levels of saccha-
rides identified. Nonetheless, the identification of these pollen species
with high total free amino acid concentration is important, as aerosols
with free amino acids have been shown to be good CCN (Kristensson
et al,, 2010) (though that study did not investigate all amino acids mea-
sured in this study) and IN (Szyrmer and Zawadzki, 1997).

Rabbitbrush samples collected in the year of 2019 and 2020 (Fig. 4d)
have similar total concentrations of free amino acids (22 + 2 pg/mg in
2019, 18 + 1 pg/mg in 2020), with the two samples having a Pearson cor-
relation coefficient of 0.99 across all amino acids (based on normalized
concentrations, see Table S3). In these samples, the primary amino acids
are proline (17 + 1 pg/mg in 2019, 15 4 1 pg/mg in 2020), hydroxypro-
line (0.7 & 0.1 ug/mg in 2019, 0.8 4 0.1 pg/mg in 2020), and histidine
(2.3 £+ 0.1 pg/mg in 2019, 1.5 4 0.1 yg/mg in 2020). This indicates that
free amino acid composition is repeatable within the same species across
different years, which would allow for reliable source apportionment of
these compounds.

Jeffrey pine and lodgepole pine pollen had similar overall chemical
compositions, with total free amino acids being (15 + 3 pg/mg) and
(9.5 + 4.3 pg/mg) respectively, and the highest concentrations being of
proline (2.9 4 0.4 pg/mg for Jeffrey pine, 3.7 £+ 1.8 pg/mg for lodgepole
pine), arginine (4.7 £ 1.0 ug/mg for Jeffrey pine, 2.5 £ 1.2 pug/mg for
lodgepole pine), and 'y-aminobutyric acid (GABA) (1.3 £ 0.1 pg/mg for
Jeffrey pine, 1.1 £ 0.4 pg/mg for lodgepole pine). We thus speculate
that these pollen species may be a contributor of GABA in the atmosphere.
It did not appear in any other species in this study, though it is a common
free amino acid in many biological processes across many organisms in-
cluding plants, animals, and microorganisms and is not incorporated
into long-chain proteins (Dhakal et al., 2012). Further investigation is
needed to determine the extent of GABA in other species of pollen aerosol,
as it has been identified in in particulate matter and fog waters (Zhang
and Anastasio, 2003). In addition, bacterial sources are theorized to be
contributors of GABA in the atmosphere (Zhu et al., 2021), indicating
that GABA is by no means unique to these specific species of pollen. How-
ever, this finding nonetheless indicates that different species of pollen
contribute to the total amount of amino acid types in the atmosphere
disproportionately.

A notable omission from our findings was the free amino acid gly-
cine, which was found to be a very common amino acid in both free
form and peptide form in a variety of sources, including biogenic
sources, soil, and especially biomass burning emissions (Zhu et al.,
2020). We speculate that glycine may reside more in protein/peptide
form as opposed to free form in pollen, as there has been glycine discov-
ered in atmospheric aerosol via analysis with hydrolysis methods (Zhu
et al,, 2021), and it has also been noted in bee pollen (DeGrandi-
Hoffman et al., 2018; Taha et al., 2019). More research on glycine in
peptide form in pollen, like quantification of amino acids in proteins/
peptides via hydrolysis (Zhang and Anastasio, 2003), is necessary.
Further, it is also noteworthy that the proteinogenic amino acid aspartic
acid was not quantified in this experiment due to a high detection limit
in our UPLC-based method. As such, we cannot speculate as to its pres-
ence in fresh pollen, though it has been observed in bee pollen samples
as described earlier (Taha et al,, 2019).

Overall, our results indicate that free amino acids are common in
these types of bioaerosols, though their chemical stability in the atmo-
sphere has not been well characterized and needs further investigation.
These results also demonstrate that bioaerosols can play a role in the
global nitrogen cycle via atmospheric nitrogen transport and deposition
(Kanakidou et al., 2018).

3.3. Analysis of surface-deposited aerosols

Chemical composition of two surface-deposited aerosols collected in
the area of Truckee and South Lake Tahoe in California (USA) are given



K. Axelrod, V. Samburova and A.Y. Khlystov

in Fig. 5. The most abundant compound in both samples (Fig. 5a) was
sucrose (79 + 13 pg/mg in Truckee and 93 + 16 pug/mg in South Lake
Tahoe samples), while a-p-glucose and 3-p-glucose were the second
most abundant saccharides (a-p-glucose: 4.4 4 0.7 ug/mg for Truckee
and 9.2 + 1.5 pg/mg for South Lake Tahoe samples; [3-D-glucose:
4.9 + 0.8 pg/mg for Truckee and 10.0 + 1.7 pg/mg for South Lake
Tahoe samples). In addition, 3-p-fructose was abundant in South Lake
Tahoe aerosol samples (4.5 & 0.8 pg/mg). p-galactose was also found
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in the South Lake Tahoe surface deposition aerosol, though in lower
concentration (2.4 + 0.4 yg/mg). The most common amino acids in
these samples (Fig. 5b) were proline and arginine (proline: 2.7 £
0.3 pg/mg for Truckee and 3.3 4 0.4 ug/mg for South Lake Tahoe sam-
ples; arginine: 2.8 £ 0.6 pg/mg for Truckee and 3.9 + 0.9 ug/mg for
South Lake Tahoe samples). This aerosol is suspected to be comprised
primarily of pine pollen, as the area is characterized by pine forests
that were pollinating during the collection of the aerosol.
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Fig. 4. Quantification of free amino acids in pollen and surface-deposited samples, with units in ug/mg dry sample weight. Proline and asparagine are separated in their own subfigure 4e
due to their higher concentrations. Subfigures 4a-d depict different pollen species and their major free amino acid constituents.
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Fig.4 (continued).

Fig. 6 provides a comparison of each sample based on their saccha-
ride fractions and amino acid fractions, with each sample having their
total individual compound concentrations normalized by the total con-
centration of either saccharides or amino acids analyzed in this experi-
ment. In addition, Table S3 provides Pearson correlation coefficients of
these normalized values across all samples. The normalized amino
acid concentrations (Table S3b) of the South Lake Tahoe surface-
deposited aerosol correlate well with those of Jeffrey pine (correlation
coefficient of 0.90) and lodgepole pine (0.89) pollens. In addition, the

normalized saccharide concentrations (Table S3a) of the South Lake
Tahoe surface-deposited aerosol also have good correlation with Jeffrey
pine (0.98) and lodgepole pine (0.99). The absolute concentrations of all
compounds, including anhydrosugars and resin acids, also correlate
well (Table S3c) between these samples (Jeffrey pine - South Lake
Tahoe: 0.97; Lodgepole pine - South Lake Tahoe: 0.99), indicating that
this surface deposition aerosol is very likely one of these two species.
The Truckee surface deposition aerosol correlates almost as well with
these two pollen samples (Jeffrey pine: 0.97 for saccharides and 0.80
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Fig.4 (continued).

for amino acids: Lodgepole pine: 0.99 for saccharides and 0.90 for amino
acids) as the South Lake Tahoe sample does. The absolute concentra-
tions of chemicals in Jeffrey and lodgepole pine pollen samples, taking
into account anhydrosugars and resin acids, also correlate as well with
concentrations of the Truckee surface deposition aerosol (Pearson cor-
relation coefficients of 0.95 and 0.99 for Jeffrey and lodgepole, respec-
tively). The good correlation of the Truckee aerosol with the Jeffrey
and lodgepole pines with the normalized amino acid and saccharides
concentrations is expected, as Jeffrey pine, like lodgepole, is also very
common in the collection areas of the surface deposition aerosol. This
diagnosis helps illustrate the usefulness of the quantitative analysis of
saccharides and amino acids in the identification of aerosol sources.

Notably, pecan also demonstrated a significant correlation with the
deposition aerosols, especially with the South Lake Tahoe aerosol (cor-
relation coefficients of 0.95 and 0.97 for Truckee and South Lake
Tahoe, respectively). Pecan also had correlation coefficients of 0.96
and 0.97 with regards to normalized saccharide concentration, but
just 0.49 and 0.45 with regards to normalized amino acid concentration.
This demonstrates that considering both saccharide and amino acid
profiles can significantly improve source identification. For example, it
is very difficult to distinguish pecan and pine pollen using only their sac-
charide profiles, but together with the amino acid profiles these species
can be distinguished. Likewise, pecan correlates in amino acid composi-
tion much stronger with rabbitbrush, bitterbrush, and paper mulberry,
but less so with their saccharide profiles. Overall, this analysis demon-
strates that the chemical profiles of pollen samples collected can be
very useful in the identification of ambient aerosol, and that free
amino acid composition may prove necessary for identification of spe-
cies that are indistinguishable using saccharide profiles alone.

3.4. Relative contribution of the measured compound classes
Total quantified chemical composition of all samples, including pur-

chased pollen, field-collected pollen samples (lodgepole pine, Jeffrey
pine, rabbitbrush, and bitterbrush), and surface-deposited aerosols

collected in Northern Nevada and California are given in Fig. 7. Through-
out the samples, saccharides were frequently the most abundant identi-
fied group in terms of total mass percentage (4.0% to 29%, as described
previously). Only eastern cottonwood had less total identified mass of
saccharides than other compounds. Other compounds such as
levoglucosan and dehydroabietic acid were the least abundant, only
appearing in ragweed, rabbitbrush, and Jeffrey pine, in minute quanti-
ties. This indicates that most pollen species tested are not contributors
of the resin acids or anhydrosugars analyzed in this experiment, or are
not significant contributors relative to their contribution of saccharides
and free amino acids.

Aspen and bitterbrush had the highest percentages of total dry
weight identified (39% and 33% respectively), with significant percent-
ages being saccharides (29% and 23% of total) and free amino acids
(11% and 9.4% of total). In addition, eastern cottonwood shows a high
percentage of free amino acid composition (15% of total mass). This
may indicate that these three pollens can be larger contributors of free
amino acids per unit mass to atmospheric aerosol than the other pollen
species tested in this experiment, further illustrating the differences in
chemical contributions to the atmosphere based on species.

4. Conclusions

Fresh pollen species, including purchased, field-collected, and sur-
face deposited aerosol collected during various tree and shrub pollen
seasons in the areas surrounding Lake Tahoe and Reno in Northern
Nevada and California were extracted for detailed chemical analysis of
free organic compounds such as saccharides, free amino acids, resin
acids, and anhydrosugars. We found that 4 analyzed saccharides com-
prise a larger portion of pollen dry weight (4.0-29% of the total dry pol-
len mass) than the other groups of analyzed compounds. The most
common saccharides found were a-p-glucose, B-b-glucose, and [3-p-
fructose, with sucrose also appearing in aspen, pecan, paper mulberry,
Jeffrey pine, lodgepole pine, and surface-deposited aerosol. In addition,
p-galactose was found in smaller quantities in Jeffrey and lodgepole
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Fig. 5. Chemical composition of surface-deposited aerosol collected in two different locations. Subfigure 5a depicts saccharides and subfigure 5b depicts free amino acids.

pines and surface-deposited aerosol collected in the area of these species
during their pollen season. Free amino acid quantification of samples
yielded many different compounds identified, with and eastern cotton-
wood, bitterbrush, and aspen pollens having the highest total quantity.
An especially high concentration of asparagine was found in eastern cot-
tonwood, at more than 10% of total dry pollen weight. The amino acid
proline was found in substantial concentrations (as much as 2.4% of dry

10

pollen weight) across all analyzed species. Composition of rabbitbrush
samples collected in two separate years also yielded similar free amino
acid compositions, indicating repeatability of free amino acid composition
within the same species of pollen. In addition, Jeffrey and lodgepole pine
pollens were determined to have a similar chemical composition as the
two surface-deposited aerosols collected, illustrating the usefulness of
these chemical profiles in ambient aerosol identification. It was found



K. Axelrod, V. Samburova and A.Y. Khlystov Science of the Total Environment 799 (2021) 149254

that saccharide composition alone could not identify the source of the more able to identify possible sources of bioaerosol. However, further re-
surface-deposited aerosol, but identification was more plausible when search is necessary in order to determine the full extent of contributions
free amino acid composition was accounted for. This indicates that free of free amino acids and saccharides in the atmosphere from other sources
amino acid and saccharide composition, when used in tandem, may be (e.g., biomass burning).
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