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A T M O S P H E R I C  S C I E N C E

Atmospheric fungal nanoparticle bursts
Michael J. Lawler*, Danielle C. Draper, James N. Smith

Aerosol nanoparticles play an important role in the climate system by affecting cloud formation and properties, 
as well as in human health because of their deep reach into lungs and the circulatory system. Determining 
nanoparticle sources and composition is a major challenge in assessing their impacts in these areas. The sudden 
appearance of large numbers of atmospheric nanoparticles is commonly attributed to secondary formation from 
gas-phase precursors, but in many cases, the evidence for this is equivocal. We report the detection of a mode of 
fungal fragments with a mobility diameter of roughly 30 nm released in episodic bursts in ambient air over an 
agricultural area in northern Oklahoma. These events reached concentrations orders of magnitude higher than 
other reports of biological particles and show similarities to unclarified events reported previously in the Amazon. 
These particles potentially represent a large source of both cloud-forming ice nuclei and respirable allergens in a 
variety of ecosystems.

INTRODUCTION
Atmospheric aerosol particles influence cloud formation and properties 
through their roles as cloud condensation nuclei (CCN) and ice nuclei 
(IN) and thereby play an important role in controlling the planetary 
energy budget and therefore Earth’s surface temperature (1). Estimates 
of cloud radiative forcing depend strongly on IN concentration, 
which is poorly known (2). IN are thought to be largely composed 
of primary materials directly emitted from processes on Earth’s surface, 
including soot, dust, and biological particles, but the relative importance 
of these components is also uncertain (2–5). Primary biological particles 
in particular can be excellent IN, but atmospheric concentrations of 
known biological IN (e.g., pollen and fungal spores) are likely too 
low to contribute meaningfully to global IN concentrations (6, 7). 
This observation has led to the investigation of mechanisms by which 
smaller, more numerous biological materials (e.g., cell fragments or 
macromolecules) might become aerosolized, for example, by impaction 
of rain droplets on soils (8). Recent observations in ambient air have 
linked rain events to increases in atmospheric biological particles and 
ambient IN concentrations (9, 10).

Aerosols also have important human health impacts that are de-
pendent on particle composition and size. Particles in the smallest 
size class (ultrafine particles, <100 nm diameter) have been shown 
to have an incommensurate impact on health with respect to their 
small mass burden (11). This may be in part explained by their com-
position and chemical reactivity compared to larger particles, but major 
factors likely include their efficient transport pathways into and 
persistence in tissues (11–13). Inhalation of ultrafine aerosol particles 
has been linked to pulmonary and neurological diseases including 
asthma and Alzheimer’s disease (11).

Atmospheric aerosol is present in distinct size modes, which de-
pend on the formation and aging processes that formed them. The 
appearance of large numbers of particles with a sub–50-nm modal 
diameter is typically attributed to the homogeneous nucleation and 
growth from gas-phase species, a process commonly termed new 
particle formation (14–16). We will use the term “nanoparticle” in 
this manuscript to refer to particles in this size class. This process 
has been unequivocally demonstrated to be an important aerosol 
formation mechanism, and the scientific understanding of new particle 

formation has grown rapidly in recent years (17–19). However, indirect 
evidence points to the existence of other processes for atmospheric 
nanoparticle formation. For example, some nanoparticle formation 
events in marine air have been attributed to the breakup of primary 
biogenic colloidal gel particles (20), a hypothetical process currently 
included in no major atmospheric or climate model. During such 
nanoparticle formation events, the total ambient particle population 
can be dominated by these small particles, thereby potentially rep-
resenting a major source of atmospheric CCN. China et al. (9) proposed 
the osmotically induced bursting of atmospheric fungal spores as 
the source of sporadic nanoparticle appearance events in the Amazon 
during the wet season. Such bursting events may represent a major 
source of IN and respirable allergens. However, for these and most 
cases, the composition and source of ambient nanoparticles must be 
inferred owing to the difficulty of direct composition measurements. 
In particular, it is a challenge to select a measurement approach with 
sufficient sensitivity, time resolution, molecular specificity, and 
chemically broad detectability.

RESULTS
We present observations of size-resolved ambient nanoparticle com-
position conducted at a field station in rural northern Oklahoma 
from 29 August to 23 September 2016. These measurements were 
made using the Thermal Desorption Chemical Ionization Mass 
Spectrometer (TDCIMS) (21–23) at the Department of Energy’s 
Atmospheric Radiation Measurement (ARM) field site near Lamont, 
OK. Particles with a diameter of 15 to 45 nm were isolated, collected, 
and then analyzed in situ using two ionization modes, with a total 
measurement cycle lasting about 2 hours.

Over the course of 3 weeks of measurements, several events were 
observed, during which nanoparticle number concentrations increased, 
and their composition was consistent with fungal fragments, as evi-
denced by a marked increase in several covarying chemical com-
pounds. These compounds included C6 sugar alcohols and pyrolysis 
products of chitin. Chitin is a long-chain structural polymer of 
N-acetylglucosamine that is found in the cell walls of fungi and 
the exoskeletons of arthropods, analogous to cellulose in plants, 
which do not produce chitin (24). Major pyrolysis products of 
chitin include the monomer C8H13NO5, as well the dehydrated 
products dianhydro-2-acetamido-2-deoxyglucose (C8H11NO4) and 
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trianhydro-2-acetamido-2-deoxyglucose (C8H9NO4), and 3-acetoxypyridine 
(C7H7NO2) (25). Mass spectral peaks consistent with these formulas 
were identified in the pyrolytic decomposition of sampled aerosol 
components. These peaks showed extremely high covariance over the 
campaign, essentially appearing together as a cluster or not appearing 
at detectable levels (fig. S1). Fungal cells store a large fraction (as much 
as 50%) of their carbohydrates as mannitol (26), and this sugar alcohol 
is used as a fungal aerosol tracer (27). Mannitol or one of its isomers 
was detected by TDCIMS as a desorbed intact molecule (C6H14O6) 
in most but not all cases when chitin was detected, with a consistent 
chitin/mannitol ratio (fig. S7). In some instances, the N-containing 
chitin breakdown products dominated the mass spectra (fig. S2), but 
in most cases, mannitol or one of its isomers was the main peak (Fig. 1). 
These differences may be related to whether the nanoparticle material 
consisted mostly of the cell cytoplasm or of cell wall materials, or may 
be related to different types of fungi, which can have different cell 
wall thicknesses and timing patterns in spore release, affecting 
atmospheric concentrations (28, 29). Over the 3 weeks of observa-
tions, chitin was detected in 96 of 424 samples, or 23% of the time. 
These composition observations are not consistent with new particle 

formation from gas-phase precursors, a process reported on previ-
ously at this site (30).

The fungal nanoparticle events occurred more frequently during 
rainy periods, in some cases immediately after a rain event (fig. S3). 
A cross-correlation analysis between periods of rainfall and de-
tectable chitin signal showed a broad period of positive correlation 
during and following rainfall, with a maximum correlation about 
1.5 days after rainfall (fig. S4). This is consistent with previous 
observations that show higher atmospheric abundances of fungal 
spores or other biological particles during rain events and more 
frequent nanoparticle bursts (9, 10). The apparent delay in rupture 
is consistent with the finding that the fungal spores rupture only 
after extended exposure to high relative humidity (~10 hours) 
followed by drying (9). During a mostly dry period from 2 to 
13 September, there were only a few fungal nanoparticle events. 
China et al. (9) connected the apparent fungal nanoparticle bursts 
in the Amazon with high nighttime relative humidity. In the 
present study, relative humidity was closely coupled to rainfall, 
making it difficult to differentiate the impacts of these two environ-
mental variables.
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Fig. 1. Aerosol size distributions and nanoparticle composition for a characteristic fungal nanoparticle event. (A) Scanning mobility particle sizer (SMPS) number 
distribution time series of 10- to 500-nm aerosol on 15 September 2016. The time and particle size over two consecutive positive mode TDCIMS nanoparticle collections 
are indicated by rounded rectangles. The second collection encompassed a fungal nanoparticle event. Rain rate is indicated by black crosses. (B) Averaged SMPS size 
distributions over these two periods. (C) Positive ion mode mass spectrum of the composition of particles collected during the event period from (A) and (B). Only detectable 
peaks are plotted. None of the plotted peaks were detectable during the non-event period. Colors indicate the timing of the peaks during the filament temperature ramp. 
Orange and red colors indicate the products of the pyrolytic breakdown of larger molecules, including polymers such as chitin. Cooler colors (blue) indicate molecules, 
which likely desorbed intact. Molecular formulas consistent with chitin pyrolysis products and desorbed sugars are indicated.
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The nanoparticle formation events were characterized by the 
appearance of a mode of particles typically centered around 20 to 
50 nm (Fig. 2). Distinct from typical regional new particle forma-
tion events, these events were sometimes very brief, appearing only 
for minutes, and they did not include significant numbers of nucleation-
mode particles smaller than 15 nm. In a few cases, there was an 
additional larger mode centered near 70 nm. However, when 20- to 
50-nm fungal fragments were detected, on average, there were no 
enhancements in the concentrations of larger particles (Fig. 2). 
During periods with the highest levels of nanoparticle fragments, 
the data suggest a small depletion in the numbers of 70- to 300-nm 
particles (Fig. 2). These larger particles may be the parent material 
for the nanoparticle fragments, although we cannot exclude the 
possibility that the particles are generated from a process occurring 
at the land surface. The fact that the 20- to 50-nm fragments do not 
regularly appear alongside larger particles suggests that they are not 
aerosolized by the same process. This is consistent with the suspected 
fungal nanoparticle bursts in the Amazon, which were also un-
accompanied by larger particles (up to the 500-nm limit of the size 
measurement) (9). Soil-derived organic particles directly injected into 
the atmosphere by rain impaction at the ARM site have a much larger 
characteristic size (about 0.5 m) (31). If rain impaction at the surface 
directly drove the fungal nanoparticles into the atmosphere, we would 
expect a simultaneous increase in number over a wider range of sizes. 
That this did not occur means the fungal nanoparticles were usually 
released either as a result of atmospheric processing of larger ejected 
particles or by another process at the land surface. The broad time 
scale over which chitin correlated with rain suggests the importance 
of some post-rain process, possibly fungal spore germination and/
or chemically or osmostically induced bursting (32–35).

DISCUSSION
The mean concentration of new fungus fragment nanoparticles 
(size, 10 to 100 nm) generated during these events is 455 cm−3, with 
most (400 cm−3) below 40 nm, based on the concentration difference 
between identified fungus nanoparticle periods and nonfungus 
nanoparticle periods. This is about three orders of magnitude more 
abundant than “high” levels of fluorescent biological particles detected 
in rain events in a North American forest (1-m-diameter lower cutoff) 
(10). In that study, IN concentrations at −25°C were tightly cor-
related with biological particle concentration during rain events. IN 
concentrations were roughly one-third of the biological particle 
concentrations and reached a maximum of about 0.2 cm−3. During 
dry periods, IN concentrations averaged about 0.004 cm−3. While it 
is not reasonable in general to assume that every biological atmospheric 
particle is an effective ice nucleus, the tight coupling (r2 = 0.88) between 
rain-event biological particle concentration and IN concentration in 
the forest study suggests that it is very likely that the post-rain fungal 
nanoparticles detected in the present study can serve as IN. Assuming 
that one-third of these fungal nanoparticles were IN, we would estimate 
a 30-min average nanoparticle IN concentration during events of 
150 cm−3. This would be much higher than essentially any other reports 
of IN concentration, by two to three orders of magnitude (2, 36, 37). 
This is cause for caution, but there are at least a few possible reasons 
for this apparent discrepancy. One is that these fungal nanoparticles 
are, on average, simply much less efficient IN than larger biological 
IN. Perhaps the IN-relevant compounds are relegated to only a small 
fraction of the fragmented spores, or they are not present in the fungal 
species from which these numerous nanoparticles originated.

However, another possible explanation is that most studies of IN 
neglect particles smaller than 100 nm. Sub–100-nm particles are excluded 
from essentially all size-resolved IN concentration analyses (4, 10, 37), 
and instrumental efficiencies for detecting sub–100-nm IN are not 
typically assessed in measurements of total IN concentration (38, 39). 
In the case of the U.S. forest study (10), which is perhaps the study 
that best links biological particles to IN, particles smaller than about 
0.5 m were effectively excluded from consideration by using an aerosol 
concentrator, which optimizes the transmission of >1-m aerosol at 
the cost of smaller particles (10, 39, 40). Similarly, other methods of 
IN measurement and sizing become challenging at sizes below 100 nm 
(41). IN concentrations were measured during a previous study at 
the ARM Southern Great Plains site and showed large variability, 
which was attributed to rain events (42). In at least one instance, IN 
concentrations increased markedly concomitant with a nanoparticle 
number increase similar to those in the present study (fig. S6). The 
sub–100-nm particles would have been counted inefficiently given 
the use of the aerosol concentrator, so while it is unclear whether some 
fraction of the detected IN were nanoparticles, on at least some 
occasions, IN appear alongside nanoparticles. We consider it possible 
that many studies significantly underestimate IN concentrations by 
missing these smaller particles and that biological IN represent a 
major IN source despite the low concentration of supermicron bio-
logical particles. This hypothesis is consistent with findings that show 
that the active IN components of biological particles may be physically 
small, on the scale of macromolecules (8, 43–45).

Fungal spores are known to be associated with adverse respiratory 
impacts, particularly asthma, and these fungal health impacts are 
understood to be related to rainy or humid conditions (46–49). Ruptured 
airborne pollen is recognized as a likely source of respirable allergens 
(50), and recent work has shown that fungal spores can also rupture 
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Fig. 2. The time series of ambient size-resolved aerosol number concentration 
separated into periods when nanoparticle chitin was detected and when it was 
not. The statistical distributions of each size bin for the chitin (red traces) and non-
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cluded enhancements in sub–100-nm particle concentrations alongside lower 
levels of 100- to 300-nm particles, compared with the periods with no detectable 
nanoparticle chitin.
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and thereby become more easily respired (9, 51, 52). Because of the 
facility with which aerosol nanoparticles can reach deep into the lungs 
and even across membranes into the bloodstream (11), it seems 
likely that fungal aerosol nanoparticles could be a significant but 
underappreciated contributing factor to the negative health impacts 
of fungal spores.

The identification of a roughly 30-nm mode of fungal aerosol 
supports the idea that some atmospheric nanoparticle formation 
events involve mainly primary materials, rather than forming from 
condensation of low-volatility gases or reactive uptake. Whether there 
are other instances of similar processes with different starting materials 
remains to be seen. In the case of terrestrial fungal nanoparticles, the 
large numbers of sub–50-nm particles generated in these events are 
likely a large, but episodic, source of IN in diverse environmental 
settings from the Amazon to North American agricultural fields. 
Similarly, they may be a major source of health-impacting respirable 
allergens. In both areas, these small particles may have greater 
impacts than the intact fungal spores, which up to now have been 
more readily measured and characterized.

MATERIALS AND METHODS
Data sources
Rain rate, relative humidity, and aerosol size distribution data from 
2016 are courtesy of the ARM user facility database (53–55). Rain 
rate was measured on a 1-min basis by a video disdrometer. Aerosol size 
distributions were measured by a scanning mobility particle sizer 
(SMPS) over a 10- to 475-nm mobility diameter range (models 3081 
and 3775, TSI Inc.) with 5-min time resolution.

TDCIMS analytical cycle
Size-selective sampling was accomplished by charging and mobility-
selecting the particles and then electrostatically collecting them onto 
a Pt filament (56). The analysis consists of thermal desorption and/
or pyrolysis of the particle phase components in a clean N2-filled 
ionization region by incremental heating of the collection filament 
from ambient temperature to more than 900 K. The volatilized 
molecules were detected by atmospheric pressure chemical ionization 
mass spectrometry using a high-resolution time-of-flight mass spectro
meter (model HTOF, Tofwerk AG), alternating between positive ion 
(H3O+) and negative ion (O2

−) ionization. An assessment of the 
background signal, generated by gas-phase adsorption onto the wire, 
was made before or after every collection by sampling normally but 
with no collection high voltage applied to the filament. The sampled 
particle sizes were assessed using an SMPS located downstream of the 
TDCIMS filament (TSI 2085, custom flow and high-voltage controls).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/3/eaax9051/DC1
Fig. S1. Partial time series of selected detected ions in positive mode from ambient 
nanoparticles sampled over agricultural land in northern Oklahoma.
Fig. S2. Characteristic positive ion mass spectra for nanoparticles sampled during the study.
Fig. S3. Time series of chitin monomer detected in positive (red trace) and negative (blue 
trace) ion modes from ambient nanoparticles.
Fig. S4. Linear correlation plot comparing rainfall and TDCIMS chitin signal.
Fig. S5. TDCIMS desorption thermograms for individual high-resolution fitted positive ions for 
the event collection period on 15 September and the positive non-event collection preceding 
it (Fig. 1).
Fig. S6. Aerosol size distributions and IN concentrations measured in a previous study at the 
same site during a high IN event.

Fig. S7. Integrated ion counts for the chitin monomer (C8H14NO5
+) plotted against integrated 

ion counts for C6H15O6
+ (mannitol isomer) detected in ~20- to 50-nm particles by TDCIMS in 

positive ion mode.
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