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Abstract

The environmental sources of microbial aerosols and processes by which they are emitted into the atmosphere are not well
characterized. In this study we analyzed microbial cells and biological ice nucleating particles (INPs) in smoke emitted from
eight prescribed wildland fires in North Florida. When compared to air sampled prior to ignition, samples of the air-smoke
mixtures contained fivefold higher concentrations of microbial cells (6.7 + 1.3 x 10*cells m~3) and biological INPs (2.4 +
0.91 x 10° INPs m ™ active at temperatures > —15 °C), and these data significantly positively correlated with PM,,. Various
bacteria could be cultured from the smoke samples, and the nearest neighbors of many of the isolates are plant epi- and
endophytes, suggesting vegetation was a source. Controlled laboratory combustion experiments indicated that smoke
emitted from dead vegetation contained significantly higher numbers of cells, INPs, and culturable bacteria relative to the
green shrubs tested. Microbial viability of smoke aerosols based on formazan production and epifluorescent microscopy
revealed no significant difference in the viable fraction (~80%) when compared to samples of ambient air. From these data,
we estimate each fire aerosolized an average of 7 +4 x 10° cells and 2 + 1 x 10® biological INPs per m* burned and conclude

that emissions from wildland fire are sources of viable microbial aerosols to the atmosphere.

Introduction

Biological particles that are aerosolized from surface eco-
systems include pollen, fungi, protozoa, algae, bacteria,
archaea, and viruses as well as biological detritus [1].
Numerous studies have examined biological dissemination
in the atmosphere [2-5] and demonstrated the importance of
bioaerosol transport to human, animal, and plant health (e.g.
[6-8]). The properties of certain bioaerosols may allow
them to affect meteorological processes by acting as cloud
condensation or ice nuclei, thereby influencing cloud cover,

Supplementary information The online version of this article (https://
doi.org/10.1038/s41396-020-00788-8) contains supplementary
material, which is available to authorized users.

< Brent C. Christner
xner @ufl.edu

Department of Microbiology and Cell Science, University of
Florida, 1355 Museum Drive, Gainesville, FLL 32611, USA

Department of Natural Resources and Society, University of
Idaho, College of Natural Resources, 875 Perimeter Drive,
Moscow, ID 83844, USA

Published online: 02 October 2020

precipitation formation, and the Earth’s energy budget
(e.g. [9-12]). Despite the varied roles of bioaerosols in
environmental health, biological dispersion, and the
land—atmosphere system, their ecological sources and
emission mechanisms remain poorly understood [13]. The
aerial habitats of plants (i.e., the phyllosphere) harbor large
quantities of microorganisms (10°~10"cm™2 [14]), and
globally, represents a major atmospheric source of bioaer-
osols [2, 15]. Although plant-associated microbes are known
to be aerosolized via rain splash [16] and wind [17-20], little
is known of other emission mechanisms from vegetation and
data to constrain atmospheric fluxes of bioaerosols are lim-
ited [13].

Wildland fires are globally important aerosol sources,
emit an average of 82.4 Tg of particulate matter (PM, 5) per
year [21], and could serve as significant atmospheric sour-
ces of bioaerosols [22-27]. Although natural and prescribed
fires in the USA have combusted 41.4 Tgyr~! of biomass
fuels over the last decade [28], few data have been available
to assess if smoke aerosols transport viable microbes
[23-25, 29]. Wildland fire emissions are also known to be
sources of ice nucleating particles (INPs) [30], which have
implications to meteorological processes during their
transport through mixed-phase clouds. INPs documented in
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prescribed fire smoke from Georgia, USA [31] initiated
freezing at warm temperatures (—5 °C) typically attributed
to biogenic particles or certain bacteria [32, 33]. Consider-
ing that INPs affect the production of precipitation
(enhancing or suppressing rainfall), cloud albedo, and cloud
lifetime [33], advancing understanding of the mechanisms
that influence INP abundance in the atmosphere is highly
relevant to deciphering their contributions to cloud micro-
physical processes.

The objectives of this study were to determine if wild-
land fire smoke is an atmospheric source of viable microbes
and biological INPs and estimate the scale of their emis-
sions. To accomplish this, we sampled air at sites in North
Florida prior to and during prescribed wildland fires and
performed laboratory experiments to test three hypotheses.
Hypothesis 1 is that total and viable microbial aerosols are
at increased abundances in air sampled during fires when
compared to that prior to burning. If true, Hypothesis 2
predicts that a portion of the smoke aerosols emitted during
burning are warm temperature INPs (i.e., active at tem-
peratures > —15 °C) and biological in origin. Since fuel type
and active growth or decomposition stage affects smoke
aerosol production [34] and microbial biomass [35-38],
Hypothesis 3 tested that the combustion of dead fuels emits
more viable microbes as compared to live fuel types. The
data collected from the eight prescribed fires examined in
this study indicate they were atmospheric sources of viable
microbial cells and biological INPs. We connect discussion
of our results to emerging perspectives on the global scale
of microbial emissions to and transport in the atmosphere,
with specific emphasis on the ecological, epidemiological,
and meteorological significance of wildland fire as a
microbial aerosol source.

Methods
Site description

The Ordway-Swisher Biological Station (OSBS) is located
in Melrose, Florida and consists of ~38 km? of natural and
altered landcovers (Fig. S1). Natural fire regimes are main-
tained in the sandhill communities at OSBS by prescribed
burns of individual units every 2-3 years. Consumption of
understory vegetation such as leaf litter, downed woody
debris, bunch grasses (e.g., Aristida spp., Sporobolus jun-
ceus, Sorghastrum secundum, Andropogon spp., and Schi-
zachyrium scoparium [39]), and runner oak (Quercus
pumila) are viewed as outcomes that meet the ecological
objectives of a prescribed burn at OSBS. Meteorological
data for OSBS was obtained from the Melrose Bay Station
located in Putnam County, Florida. Environmental data
(e.g., fuel moisture at time of ignition) were obtained from
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the OSBS real-time meteorological observation network
station 102 (ordway-swisher.ufl.edu/Met.aspx), which is
located within 5 km of the study sites (Fig. S1).

Aerosol measurements and collection

During each fire, aerosol data and samples were collected 2
m above ground level at three downwind locations in close
proximity to each fire (i.e., within ~40 m of the flaming
front). Two sampler types were used to provide replicate
measurements. An ARA N-FRM volumetric sampler
equipped with a Real-Time Particulate Profiler (ARA
Instruments) was used to measure the mass concentration of
particulate matter <10 um in aerodynamic diameter (PM;;
ug m—>) every 5 min. Whatman® Nuclepore™ track-etched
polycarbonate filters (1 um pore, Cat. No. 111110) that were
housed within an inline filter holder were used to capture
particles at a flow rate of 16.5 L min~". In addition, two
continuous volumetric samplers with wind orientation
(miniature Cyclone, Burkard Manufacturing Co. Ltd) were
used to sample aerosols during the prescribed burns (flow
rate of 16.5Lmin""). Autoclaved Fisherbrand® 1.5 mL
microcentrifuge tubes (Cat. No. 05-408-129) were used to
collect the aerosols obtained by the miniature Cyclone
samplers. Capture efficiency approached 100% for particles
>1 um for all sampling devices.

To characterize the aerosol properties (i.e., mass con-
centration, microbial cell and INP number concentration,
and microbial viability) associated with wildland fire, air
samples were collected in 30-min intervals immediately
prior to and during the burning of each unit at OSBS.
Sample collection initiated 30 min prior to ignition and
continued during each fire’s ~2h duration. The samples
obtained in the field were kept chilled (at ~4 °C) after col-
lection and during the <1 h transport to a laboratory at the
University of Florida.

Laboratory combustion experiments

Prior to ignition of unit I-3a (Fig. S1) on 25 June 2018,
aseptic sampling of the major surface and ground fuel
sources included the following: live specimens of (1) Q.
pumila (runner oak) and (2) Serenoa repens (saw palmetto),
and (3) the organic soil horizon (Oi, Oe, Oa) that contained
senesced and partially decomposed bunch grasses. The fuel
samples were frozen, shipped overnight to the University of
Idaho, and stored at —80 °C until they were processed.
Combustion experiments were performed in the Idaho
Fire Initiative for Research and Education (IFIRE) labora-
tory at the University of Idaho (Moscow, Idaho). Replicate
samples of each fuel were combusted on a custom burn
table that consisted of a sterilized aluminum pan to hold the
fuels, which rests on kiln bricks atop a 1.5 x 2.1 m metal
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table. A 50 cm diameter ignition ring made of perforated
copper tubing plumbed with propane gas was used for
ignition; it surrounded the fuels but was not in contact with
them. Additional detail on the IFIRE laboratory is provided
in the Supplemental methods.

Aerosols were collected using the ARA N-FRM, posi-
tioned 1.5 m above the fuel bed, and sampling was conducted
during the duration of each burn (average sampling time of 3
min per sample, see Supplemental methods). A Biostage 200
impactor (SKC, Inc.) was used to directly collect microbial
aerosols for culturing by sampling for 3 min at a flow rate of
14.1 L min~" onto 90cm petri-dishes containing trypticase
soy (TSA) or potato dextrose (PDA) agar. Following incu-
bation of the inoculated media at 25 °C for 6 days, the number
of colony-forming units (CFUs) was counted.

Enumeration of microbial cells and INPs

To conduct multiple assays on each air sample, each filter was
placed in a sterile 50 mL conical tube (Corning, Cat. No. 14-
959-49A) and particles were suspended by shaking for 15 min
in 30mL of 1x phosphate buffered saline (PBS) that had
previously been clarified by passing through a 0.2 pm syringe
filter (Thermo Fisher Scientific, Cat. No. 42225-PV). The
suspended material was combined with an additional 30 mL
of PBS to a final volume of 60 mL. Aerosols collected into
the microcentrifuge tubes were suspended by vortexing in
1 mL of PBS for 20s and then mixed with 59 mL of PBS.
To enumerate DNA-containing cells, three technical
replicates of 10 mL from each suspended sample were fixed
with sodium-buffered formalin to a final concentration of
4% (v/v) upon return to the laboratory and the samples were
stored at 4 °C [40]. The preserved samples were subse-
quently filtered onto black 0.22 um polycarbonate Iso-
pore™ filters (Millipore, Cat. No. GTTP04700). The cells
collected on the filters were stained by adding 1.5 mL of
25x SYBR™ Gold (Life Technologies Corp., Cat. No. S-
11494) that was diluted in Tris/borate/EDTA buffer, the
samples were incubated in the dark for 15 min, and the
staining solution was removed from the filter by applying
vacuum. The filters were then rinsed with 10 mL of Tris/
Borate/EDTA buffer, removed from the filter holder, and
mounted to a glass microscope slide. A 4 L. drop of anti-
fade solution (1:1 of PBS and glycerol with 0.1 g of phe-
nylenediamine) was added to the filter surface before
applying the coverslip. For each filter, the cells in 60 ran-
dom fields of view (area of 1.8x10*um® each) were
visualized and enumerated using a Nikon ECLIPSE Ni
epifluorescence microscope. The calculated number of cells
per filter, aerosol sampling time, and flow rate were used to
estimate the cell concentration per cubic meter of air.
Immersion freezing assays were conducted to determine
the concentration of INPs> 1 um that catalyze freezing at

temperatures between —4 and —15 °C. Fifty microliter ali-
quots of the PBS-suspended particulates were transferred
into each well of a 96-well plate. Measurements for each
aerosol sample are based on three technical replicates. The
plates were sealed with adhesive film and placed at —4 °C
within a refrigerated ethylene glycol bath. The number of
wells that froze as the temperature decreased in half degree
intervals was recorded to a temperature of —15°C. The
concentration of total INPs active at each temperature was
calculated based on the proportion of unfrozen wells and the
sample volume, according to Vali [41]. To estimate the
concentration of INPs that were biological in origin, the
heat lability of the INPs was determined. Since mild heat
treatments do not alter the ice nucleating activities of
mineral INPs, heat-labile INPs are commonly used to infer
INPs that are proteinaceous or other heat sensitive biomo-
lecules [42, 43]. These measurements were done by con-
ducting an immersion freezing assay on identical samples
that were incubated at 100 °C for 15 min. Blanks consisting
of PBS were prepared and analyzed in parallel with the
samples to serve as procedural controls.

Bacterial isolation and identification

To culture microorganisms from aerosols sampled prior to
and during the burning of unit I-3a (Fig. S1) on 1 March
2019, material collected into microcentrifuge tubes by the
miniature Cyclone samplers was suspended by vortexing in
1 mL of PBS for 20 s and combined with 5 mL of PBS. One
hundred microliter of this suspension was spread plated in
triplicate onto Reasoner’s 2A (R2A), TSA, and PDA. Pro-
cedural blanks prepared in the field were used to inoculate
the same media, and the controls were incubated in the same
manner as the samples.

After incubation at 25 °C for 3 days, the number of CFUs
in the samples and controls were enumerated. Bacterial
colonies that formed on the R2A spread plates were differ-
entiated based on size, pigmentation, and morphology; select
colonies were picked and isolated using a standard three-
phase streak plating technique. Genomic DNA from pure
cultures of each isolate was extracted using the PureLink™
Microbiome DNA Purification Kit (Thermo Fisher Scien-
tific, Cat. No. A2970). A portion of the 16S rRNA gene (27F
and 1492R primers [44, 45]) from each isolate was ampli-
fied, sequenced, and analyzed (see Supplementary methods).

Estimates of microbial viability using CTC

5-Cyano-2,3-ditolyl tetrazolium chloride (CTC; Biotium,
Cat. No. 10063) was used to detect cells with functional
electron transport chains in the samples. Thirty-minute
intervals of aerosol sampling (495 L of air, Burkard sam-
pler) before and during the burning of two units (H-8a and
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H-8b) were conducted to collect material for the viability
measurements. Procedural blanks were prepared in the field,
stored with the samples, and processed in parallel. After
return to the laboratory, the samples and procedural blanks
were suspended by vortexing in 1 mL of PBS for 20 s. Each
sample was divided into three technical replicates (0.33 mL
each), amended with 1.6 mL of R2A broth containing S mM
CTC, and incubated aerobically without shaking at 30 °C.
After incubation for 24 h, each sample was filtered onto
black 0.22 um polycarbonate Isopore™ filters (Millipore,
Cat. No. GTTP04700), counterstained with 10 ug mL ™
4’ 6-diamidino-2-phenylindole (DAPI, Biotium Cat. No.
40043) and affixed to glass microscope slides (see Section
“Enumeration of microbial cells and INPs”). Cells that
reduced CTC and accumulated a red fluorescent formazan
product were inferred to be viable. The CTC- and DAPI-
stained cells were enumerated as described in Section
“Enumeration of microbial cells and INPs”.

During the 24 h incubation period, growth was assumed
to be exponential. The number of generations was calcu-
lated based on the equation for exponential growth: N =
Ny x 2", where N is the concentration of cells after incuba-
tion (DAPI-stained count at time =24 h), N, is the initial
total cell concentration (DAPI count at time = 0 h), and n is
the number of generations. Based on the calculated number
of generations and the CTC count at time =24h, the

growth equation was subsequently used to estimate the
initial concentration of viable cells at time = 0 h.

Modeling smoke production and bioaerosol
emissions

The First Order Fire Effects Model (FOFEM version
6.5 [46]) was used to estimate total smoke production
(in pg m~?) for each unit area burned at the OSBS. Model
inputs were parameterized for each unit based on burn
history and frequency following Kreye et al. [47] and are
detailed in Supplemental Table 1. Duff moisture content
was categorized as dry or moderate based on days without
rain and rainfall amounts following Kreye et al. [48]. To
calculate the total number of cells and biological INPs
emitted per m? for each prescribed burn, FOFEM estimates
of particulate matter< 10 um in diameter (gm %) were
multiplied by the number of bioaerosols emitted per gram of
particulate matter (Fig. 1b).

Statistical analysis

Two-tailed independent Student’s ¢ test and analysis of
variance (ANOVA) were used to compare concentration
means for PM,q, cells, CFUs, and INPs. All statistical
analyses were performed in RStudio with R version 3.6.0

Fig. 1 Cell and CFU rA
concentrations in the sampled
smoke—-air mixtures. Total
DNA-containing cells (a) and
cell concentration per mass of
PM;( (b) are shown for samples
collected prior to ignition (i.e.,
ambient) and during the
prescribed burns (n = 8). The
bottom panels contain the
concentrations of cells (¢) and
CFUs (d) per mass of PM;q in
smoke from the laboratory burns
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Table 1 Information and environmental data for each OSBS unit burned and sampled during this study.

Date Unit designation  Last burned  Area (mz) Start time (EDT) Temperature (°C) RH (%) Wind speed (m s7h)

14 December 2017  D-1b 2014 4.8 %10 11:30 21.1 59 4

14 January 18 C-3 2015 59x10° 10:54 12.2 72 5.8

9 February 2018 B-6 2014 5.1x10° 11:14 20.5 63 1.3

3 April 2018 B-5, 2016 1.1x10° 10:33 244 74 6.3
B-2b

15 June 18 H-4b, 2015 2.1x10° 10:04 28.3 61 3.1
H-3

25 June 18 I-3a 2015 1.3x10° 9:57 28.8 76 3.1

1 March 2019 B-la 2016 3.4x%10° 10:33 239 53 4

4 April 2019 H-8a, 2016 3.5x%10° 10:29 24.4 47 4
H-8b

(R Core Team [49]). Plots were designed in R using ggplot2
[50] and ggtree [51] packages.

Results
Environmental conditions and air quality

The OSBS units burned during this study were distributed
throughout the reserve (Fig. S1) and the average area burned
per unit was 0.29 +0.07 km* (zstandard error of the mean,
n=3_§; Table 1). To allow moisture from morning con-
densation on the fuel to dry, each burn was ignited at ~10:00
local time. Relative humidity and temperature at OSBS were
similar among burns at 63 +3.7% and 23 = 1.9 °C, respec-
tively (Table 1). Wind speed was relatively uniform between
observations (average of 3.6+0.6ms ') and background
values were not significantly different from measurements
during the prescribed burns (p > 0.05), suggesting that large
indirect effects associated with wind speed could be exclu-
ded. On average, PM ;o was 1.1+0.47 x 10> uygm > and the
concentration was not significantly different among the
burns (ANOVA, p>0.05; n=38), but was significantly
higher (-test, p <0.05; Fig. S2) than air sampled prior to
ignition (1.0 +0.067 x 10% pgm ).

The average air temperature during combustion experi-
ments in the IFIRE laboratory was 10.5+0.3 °C and rela-
tive humidity was 62.2+0.9%. Fuel beds were loosely
packed and influenced by ambient cooling air, with max-
imum temperatures across burns measured at the fuel bed,
30, 100, and 150 cm heights of 572, 106, 62, and 49 °C,
respectively. Average temperatures at the fuel bed and 30
cm during combustion were not significantly different
among fuel types (ANOVA, p>0.05). The live fuels (run-
ner oak and saw palmetto) produced higher concentrations
of PM,( as compared to the dead fuels (Soil O horizon and
senesced grasses) and were several orders of magnitude

higher than PM,, values in ambient air (2.3 ugm™ of
PM,). An average of 4.0 x 10°, 1.0 x 10*, and 3.5 x 10* ug
m~? of PM;( was measured during the burning of the soil O
horizon and senescent grasses, runner oak, and saw pal-
metto, respectively.

Measurement of microbial aerosols

The concentrations of DNA-containing aerosols collected on
the 1 um pore size filters during burns (6.7 + 1.3 x 10* cells
m ) were fivefold higher than those in air sampled imme-
diately prior to ignition (1.3 +0.13 x 10* cells m; Fig. la).
Procedural controls did not contain any DNA-containing
cells. Cell concentrations observed during each of the burns
were not statistically different (ANOVA, p>0.05; n =8). In
samples of smoke—air mixtures, cell concentration positively
correlated with average PM,, concentration (Pearson’s r=
0.55, p<0.01), which was consistent with microscopic
observations that showed many cells in the samples were
attached to large particles (4 to ~70 um diameter; Fig. S3).
Due to variations in wind direction and fire intensity among
individual burns, cell abundance was divided by the PM;,
mass concentration (Fig. S2) to facilitate comparison of
proportions among the samples. This indicates that the
smoke-derived aerosols contained threefold higher cell
concentrations per pug of PM;y than those in ambient air
(Fig. 1b). This agreed well with results from the laboratory
experiments, which also demonstrated that four to fivefold
higher cell concentrations per mass of particulate matter
were emitted from the burning of the soil O horizon and
senescent grasses when compared to live specimens of saw
palmetto and runner oak (Fig. 1c).

INP aerosols

Similar to the microbial cell data, the cumulative con-
centration of total and biological INPs > 1 um and active at
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Fig. 2 Concentration of INP A F
aerosols measured in L Sample, INP
smoke-air mixtures. 1x103_ * ® Ambient, bio
a Cumulative concentrations 3 A A O Ambient, fotal
of total and biological INPs F * i i A A Bum bio
sampled in air prior to and @ L $ * A '
during each prescribed burn E 1x102_ g Bum, total
(n =6). b Cumulative & : ¢
concentrations of total and z F
biological INPs per mass of L
PM, sampled in smoke from 1x107L
laboratory experiments that E
burned senesced grass and soil F
O horizon (GS), runner oak L
(RO), and saw palmetto (SP); 1x100L s
n=3. E
-15 14 -13 -12 -1 -10 S 8
Temperature °C
B ® Fuel, INP
1x100_ ® )
E ® ® GS, bio
o ® O GS total
I * 1 A RO, bio
_ i # A RO, total
21x1071_ ? B SPbio
g E f f * ? T O SPtotal
z C f i
1%107_
-15 -1 -13 12 -1 -10 -9 -8

—15°C in the sampled aerosols were fivefold higher than
air sampled before each burn (Fig. 2a). Procedural controls
did not contain any INPs active at temperatures > —15 °C.
The fraction of INPs active at —15 °C in the smoke that
were inferred to be biological (80%) was nearly twice that
observed in samples of ambient air (43%). Based on total
cell concentration and assuming all INPs were DNA-
containing cells, we estimate that ~4% of microbial aerosols
were INPs at temperatures > —15 °C.

The results of the laboratory burns were comparable to
the field data and significantly higher concentrations of total
INPs active at —15 °C were observed when compared to
ambient air (r-test, p<0.05; Fig. S4A). Biological INP
concentrations during burning were also higher; however,
this was only significant for the senescent grass/soil O
horizon fuel (#-test, p <0.05, Fig. S4B). When the propor-
tion of INPs per mass of PM; are examined, the data follow
trends similar to cell concentration in terms of fuel type
(Fig. 2b), with 8- to 15-fold more total and biological INPs
emitted per microgram of particulate matter during the
burning of the grass/soil O horizon as compared to live fuels
(Fig. 2b). Of the live fuels, burned runner oak emitted three-
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Temperature °C

and sevenfold more total and biological INPs per micro-
gram of particulate matter as compared to saw palmetto.

It is important to note that a potential caveat of our
experimental design is that aqueous suspensions of the
collected particulates were created to apportion samples and
conduct the various analyses. Since the possibility cannot be
excluded that aqueous suspension promoted particle dis-
aggregation, our INP concentration data (per cubic meter of
air) may be an overestimation relative to INP aerosols at the
emission source.

Viability of the microbial aerosols

Aerosol particles >1 pm collected at OSBS burn unit H-8a/b
(Fig. S1) were suspended and incubated in R2A with CTC
to assess the fraction of viable cells in the air before and
during a prescribed burn. Preliminary experiments were
conducted that incubated samples for 30 min, 1 h, and 3 h,
which resulted in CTC-stained cells that were too few to
count. Therefore, the incubations were extended to 24 h.
During the incubation, the concentration of cells in the
smoke and ambient samples increased by ~50-fold.
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Procedural controls did not contain any CTC-stained cells.
The populations in the smoke samples had an average
doubling time of 4.5 +0.51 h, whereas those from ambient
air doubled every 3.8 +0.26 h, but these differences were
not statistically different (z-test, p>0.05). Based on the
number of cells stained with CTC after 24 h of incubation
and inferred doubling times, the initial concentration of
viable cells in the samples was estimated to be 1.3 +0.41 x
10* and 2.6 +0.50 x 10° viable cells m > for ambient air and
smoke—air mixtures, respectively. The initial proportions of
cells with functional electron transport chains when com-
pared to the total (DAPI count at r=0h), was not sig-
nificantly different between smoke and ambient samples
and indicated that ~80% of the cells were viable (Fig. 3).
Since the incubation media and organic electron donors
used in this experiment (R2A) may not provide suitable
substrates for all microorganisms in the samples analyzed,
our results should be viewed as conservative estimates of
the viable microbial aerosol concentration.

Smoke aerosol samples from burn units H-8a and H-8b that
were spread plated onto R2A and incubated formed 27 + 3
colonies per plate, which corresponds to air concentrations of
3.2+0.4 % 10* CFU m~>. Smoke aerosol samples plated onto
TSA and PDA had an average of 19+ 1 and 24 + 1 colonies
per plate and 2.3+0.1x10° and 2.9+0.1 x 10*CFUm 3,
respectively. In contrast, the number of colonies per R2A,
TSA, and PDA plate for ambient aerosol samples (12 + 2) was
below the standard level of quantification for dilution plating
but represented 1.4+0.2x 10° CFUm . Media inoculated
with samples from the procedural blanks did not result in any
colony formation after incubation for 72 h at 25 °C. Based on
the total number of microbial cells measured in these samples

— —
1x10°L
L I+ 1
1x10°L
1x10'L

Ami)ient Blljrn

Cells m*

M svBRGold [71DAPI cTC

Fig. 3 Viability of the microbial aerosols sampled in smoke and
ambient air from units H-8a/b (n =3). The CTC data represent
inferred initial concentrations of viable cells based on the number of
formazan-accumulating cells after for 24 h and the assumption of
exponential growth, as described in the text. DAPI (n =3, burn units
H-8a/b) and SYBR Gold (n = 3, burn units H-8a/b) data represent total
cell concentrations. Stars depict significance level between corre-
sponding measurements.

5.1+x14x 10* cells m’3), a maximum of ~6% were cultur-
able using standard media and techniques.

In the laboratory experiments, the average concentration of
CFUs m* in the smoke—-air mixtures (mean of 1.1 0.36 x
10° CFUs m ) was significantly higher (r-test, p < 0.01) than
that of ambient air (7.7 = 2.4 x 10' CFUs m %) when burning
dead fuels, but not for the green saw palmetto and runner oak
shrubs (#-test, p>0.05). CFU and cell concentrations that
were divided by PM;, values followed a similar pattern
regarding fuel type, with significantly more cells (Fig. 1c) and
CFUs (Fig. 1d) per microgram of particulate matter in smoke
emitted from burned dead fuels as compared to the live fuels.

Identification of bacteria cultured from the aerosol
samples

Actinobacteria were cultured from samples collected during
two fires (ten isolates) and in air collected immediately prior
to ignition (five isolates), whereas the five proteobacterial
isolates recovered were only observed in smoke samples
(Fig. 4). Many of the bacteria isolated were closely related
(>97% 16S rRNA gene identity) to taxa common in soil
(e.g., Nocardioides cavernae) and inhabiting plant surfaces
(e.g., Microbacterium phyllosphaerae and Microbacterium
foliorum). Three of the isolates had 94-96% (C_07A, C_06A,
C_30S) similarity to their nearest neighbors and may repre-
sent new actinobacterial species. Based on the environmental
source of their nearest neighbors, 68% (15/22) of the isolates
from smoke samples were closely related (>98% 16S rRNA
gene identity) to plant-associated bacteria, with a quarter of
these being most closely related to taxa isolated from root
nodules (e.g., Bosea caraganae MH633716) (Fig. 4).

Estimation of bioaerosol emissions

According to outputs from the FOFEM model, the fires
examined during this study emitted 16 +2.1 g of PM;, per
m? (Table 2). The FOFEM PM,, emission estimates (i.e., g
PM;om %) were multiplied by the cell and biological INP
concentration per g of PM; to calculate emissions per area
burned. Based on data from the eight prescribed burns
sampled at OSBS, we estimate that 7.3 +3.9 x 10° cells and
1.6 +0.94 x 10® biological INPs (cumulative concentration
at —15°C) were aerosolized per m? (Table 2). When the
total area of the units are considered (2.6 +0.85 x 10° m?,
Table 1), we infer that each fire aerosolized a total of 1.6 +
0.84 x 10" cells and 5.0 3.4 x 10" INPs,

Discussion

The results of this study are in accord with previous
investigations that have concluded biomass burning is a
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microbial aerosol emission source [23-25]. Although sur-
vival during the aerosolization processes associated with
high temperature combustion is not axiomatic, there are
several possible explanations for the enrichment and via-
bility of bioaerosols observed in wildland fire smoke. First,
wildfires generate convective air currents that are expected
to enhance the aerosolization of microbes from proximal
plants and soils [24]. Since convection creates atmospheric
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pressure gradients, equilibration with local regions of higher
pressure advects aerosols toward the fire, entraining them
into the vertical column of rising air. Hence, elevated
concentrations of microbes associated with the smoke may
not necessarily be sourced from the immediate region of
combustion. However, it is also possible that microbes are
directly aerosolized in association with incompletely com-
busted biomass, as suggested by Rajput et al. [23]. This
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possibility is supported by numerous observations demon-
strating that wildfires emit high concentrations of organic
particulate matter aerosols [52, 53], partially combusted
foliage [54], and unburned plant material [55]. Convective
air currents that promote advection of microbes from
sources outside the combustion zone were largely controlled
for in the laboratory experiments performed during this
study. This together with microscopic observations
(Fig. S3) suggests that the elevated concentrations of
microbes documented in the smoke samples were directly
emitted in association with incompletely combusted plant
and soil material.

Particulate matter is a commonly used tracer of smoke
aerosols [31] and its concentration provides indications of
the amount and type of fuel burned [34, 56]. Previous
studies have reported positive correlations between PMy
and cell concentration [33, 57] similar to those we have
documented for smoke aerosols (Pearson’s r=0.65, p<
0.01). Concentrations of airborne cells (i.e., those retained
on 1 um-pore size filters) prior to each fire averaged 1.3 x
0.13+10*cellsm ™ and were similar to those reported in
wetlands of the Southeastern USA (~2 x 10* cells m > [58]).
Smoke—air mixtures contained fivefold higher cell con-
centrations (6.7 =1.3 x 10* cells m™; Fig. 1a) than ambient
air and were one to two orders of magnitude higher than
those documented in proximity to other important point
sources such as sewage plants [59]. When cell abundance is
adjusted to the PM, data (Fig. 1b), there were statistically
larger (t-test, p<0.05) numbers of cells (>1um) per
microgram of PM;, in smoke—air mixtures (340 + 108 cells
ug ') as compared to ambient air (127 =8 cellspg™!),
indicating the contribution of a point source. INP con-
centrations in the smoke also positively correlated with
PM,y (Pearson’s r=0.42, p =0.05), whereas those sam-
pled in ambient air did not (Pearson’s r = —0.16, p > 0.05).
Laboratory experiments showed that smoke from the com-
bustion of dead fuels contained 2- to 15-fold more cells,
CFUs, and biological INPs compared to live fuel types
(Figs. 1c, d; 2b). This is likely due to differences in abun-
dance at the source as decomposing plant material typically
harbors orders of magnitude more INPs (10°-10° at
—15°C) and microbial cells (108~10°) per gram than living
leaves (~10*INPs g~!; 10%-10° cells g 1) [35-38].

Despite the fact that heat exposure might be expected to
affect the viability of microbial aerosols in wildfire smoke,
~80% of DNA-containing cells in the smoke samples
demonstrated active respiratory activity when provided with
metabolic substrates (Fig. 3). This proportion is comparable
to viability estimates of cloud water (72-95%) [60] and is in
the high range of observations for the near-surface atmo-
sphere (19-83%) [61]. We also observed that a relatively
high fraction of total cells in the smoke samples were cul-
turable (~6%) and this proportion did not differ from values

in air sampled prior to ignition. The nearest phylogenetic
neighbors to the majority of bacteria isolated inhabit phyl-
losphere or soil ecosystems, with 23% (5/22) of the acti-
nobacterial and proteobacterial smoke isolates being most
closely related to endophytic species that were isolated from
within plant tissues (Fig. 4). It has been suggested [24] that
microbial species capable of surviving aerosolization from
wildland fires might require adaptations that increase their
tolerance to environmental stress (e.g., formation of spores
or cysts [62-64]). However, none of the bacteria isolated
(Fig. 4) belong to taxonomic groups known to possess such
survival strategies. This coupled with detection of heat-
labile INPs (i.e., biological INPs; Fig. 2) in the smoke
samples implies that the processes aerosolizing microbes
during combustion may not be as biologically damaging as
presumed. Possibly, microbes that exist in biofilms on
leaves or colonize internal plant tissues may be afforded a
degree of protection from heating and desiccation (e.g. [65])
associated with combustion and aerosolization processes.

We measured cumulative concentrations of total and
biological INPs active at —15°C in smoke samples that
were three- and fivefold higher per m?, respectively, than in
ambient air (Fig. 2a). Despite observing higher values in
smoke, the INP concentrations we report may overestimate
actual abundances in air since disaggregation of particulates
in aqueous solution for the immersion freezing test cannot
be excluded. Nevertheless, the INP concentration values
observed are comparative to those reported by McCluskey
et al. [31] (~1 x 10° INPm > active at —15 °C) for smoke
from a prescribed burn in Georgia (USA). The fraction of
microbial cells inferred to be INPs at —15 °C (4%) is higher
than similar estimates of ~1% for air in a North American
forest ecosystem [9] and precipitation from the Southeastern
USA [66]. Together, these findings imply that wildland fires
may contribute to increasing atmospheric concentrations of
relatively rare cloud-active aerosols that affect the formation
and number of ice crystals in mixed-phase clouds, pre-
cipitation formation, cloud lifetime, and radiative forcing
[67-69]. This contention is supported by polarization lidar
analysis of smoke plumes from boreal fires that observed
particles inducing atmospheric ice nucleation at —15°C
[70], which is a freezing temperature that cannot be readily
explained without invoking biological INPs [42, 43]. Fur-
thermore, nearly twice the fraction of INPs in the smoke
were inferred to be biological when compared to ambient
conditions (80% and 43%, respectively). These results
collectively provide strong support for smoke aerosols
serving as direct sources of biological INPs to the
atmosphere.

Based on modeled simulations of smoke production, the
estimated magnitude of bioaerosol emissions from the pre-
scribed fires examined averaged 7.2 +3.9 x 10° cells and 1.6 +
0.95 x 10® biological INPs per m?. For comparison, the value
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for cell emission is 360- to 3600-fold higher than concentra-
tions used to model microbial transport over North America
(i.e., 2-20x 10°m~2 [2]). Convective transport of smoke and
water vapor into the atmosphere can promote cloud develop-
ment and influence the microphysical processes that form ice
in clouds (e.g. [71]). If intense wildland fires transport large
quantities of biological INPs to cloud altitudes, these bioaer-
osols may contribute to suppressing local and regional pre-
cipitation by freezing cloud droplets and eliminating the vapor
source for ice crystal growth (e.g. [71-73]); however, these
bioaerosols could also exert a positive influence that may in
some way counteract the action of other smoke-derived
aerosols. Consequently, numerical modeling efforts that
simulate dispersion transport, cloud microphysical processes,
and mesoscale atmospheric phenomena are required to assess
the meteorological effects of individual fires and their aerosols
(e.g., bioaerosols versus other fire-produced aerosols).

Our results demonstrate wildland fire emissions are
sources of viable microbes and highly efficient biological
INPs to the atmosphere. The high-frequency of burning at
our study site results in relatively low-intensity fires, and
future investigations should examine biomass burns of lar-
ger intensity and differing fuel composition to discern how
these variables affect the magnitude of bioaerosol emission
and scale of transport. Since high intensity fires can inject
aerosols into the stratosphere [74, 75, 76], transport within
smoke plumes may provide a mechanism to disperse the
entrained bioaerosols globally. Given that ~4% of land
surfaces are burned each year (1.8 x 103 m~2 in the USA,
10-year average, National Interagency Fire Center) and that
wildfire occurrence is expected to increase in the future
[77], the meteorological and environmental impacts of fire-
emitted bioaerosols warrant more detailed investigation.
Various studies have shown that phytopathogens are
transported large distances in the atmosphere by wind
[78, 79], and there is also evidence for their transport with
smoke [25, 26]. Our results imply that wildland fire smoke
is a point source for the aerial dissemination of plant-
associated bacteria (Fig. 4), and potentially, pathogenic
species as well. An improved understanding of the ecolo-
gical sources, characteristics, and meteorological effects of
microbes transported in smoke is particularly relevant to
communities in proximity to frequent wildland fires and
where fire incidence is predicted to increase in the future
(e.g., Western US forests, Southern and Southeastern Aus-
tralia, Amazon forests, and Indonesia [80-83]).
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