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ABSTRACT

“Primary Biological Aerosol Particles (PBAPs)” are vast volumes present of the air particles that are made
up mostly of fungal spores. Fungal spores are considered as most important aeroallergens and cause adverse
effects on plant and human health. Aerobiological monitoring revealed that they are constantly present in
the atmosphere, although their concentrations change depending on the weather and locations. In addition,
the presence of vegetation and its dissemination between indoor and outdoor environments also affects the
fungal spore densities. This review briefly discusses various spore sampling techniques and categorizes
the significant spore types for their detrimental properties on crops. The general population and identification
of the variables influencing their dispersal and growth is also discussed along with currently used techniques
for predicting fungal spore concentrations.
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Introduction

The eukaryotic, non-chlorophyllous, heterotrophic
organisms known as fungus and fungus-like groups
(like Oomycetes) are dependent on extracellular
nutrients to survive in environment. The number of
species of fungus is believed to range from 1.5 to 5
million, and they exhibit a vast range of life cycles,
metabolisms, morphogenesis, and ecologies, includ-
ing mutualism, parasitism, and commensalism, with
several living entities (McLaughlin, et al., 2014). Irish
famine is the typical example of their survival and
occurence,  which was caused by Phytophthora
infestans (potato blight). During storage of agri-pro-
duce, many common molds such as Alternaria, As-
pergillus, Cladosporium, and Penicillium were demon-
strated to contaminate the food (Martinez-Bracero,
et al., 2022). This review emphasizes about the latest
findings on spatial variation of airborne fungal and

fungus-like spores on the basis of different sampling
techniques.

Airborne fungal spores

Numerous biological air pollutants, ranging in size
from small viruses in nanometers (nm) and bacteria
in (mm) to insects (cm), are usually found in the air.
Among these, fungal spores constitute an important
component of “primary biological aerosol particles
(PBAPs)” and are present for significant periods of
the year in a variety of biogeographic areas. Major
sources of PBAPs include farms, woods, green areas,
and decaying plant matter  (Martinez-Bracero, et al.,
2022; Grinn-Gofro’ n, et al.,  2018). Most fungal
spores are discharged mainly through the air, where
they will hang out for a while before traveling across
short or long distances. Raindrops have the ability to
aerosolize and splatter spores from the surfaces of
their fungal colonies (Martinez-Bracero, et al., 2022).
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Due to health-related implications and their socio-
economic perspectives, there has been an increase in
interest in the study of fungal spores over the last
few decades (Figure 1), and recent years have wit-
nessed an increase in the significance of real-time
spore concentration determination (Feeney, et al.,
2018; Duflot, et al., 2019, Sodeau, et al., 2016).

health issues that included many symptoms linked
to spending time in a particular structure (Martinez-
Bracero, et al., 2022). Various symptoms were char-
acterized that were correlated with the physical sur-
roundings of a particular building and further
linked to a rise in health issues among office em-
ployees (Martinez-Bracero, et al., 2022). The exist-
ence of a particular fungus and its spores has been
suggested as a biological reason for several illnesses
including asthma attacks in sensitized individuals
and acute respiratory failure. A number of studies
have compared the prevalence of fungal spores
found indoors and outdoors, illustrating the role of
different ecological conditions in the survival and
persistence of fungal spores (Cho, et al.,  2018).

Spore Trapping Methods and Analysis

There have been a variety of sampling techniques
developed as a result of the vast range of studies
involved in comprehending the impact that fungal
spores might play on plant and human health. Nu-
merous spore trappers have been manufactured for
a single or variety of experiments under a different
set of circumstances. Table 1 summarizes various
sampling methods, particle size and techniques
used in different types of samplers applied for fun-
gal spores trapping.

Volumetric Samplers

A total of 637 samplers are now used worldwide,
and the Hirst-type samplers have been employed as
fundamental instrument for different studies related
to PBAPs. Over 73% of the Hirst sampler are used to
monitor fungal spores, despite being used primarily
for pollens. A vacuum pump powers the Hirst sam-
pler, which is based on the suction rate of the volu-
metric sample 10 L/min (Martinez-Bracero, et al.,
2022). Since the quality of the data obtained depends
in part on the operator’s expertise, there have re-
cently been concentrated attempts to assess data
quality (Galán, et al., 2014; Sikoparija, et al., 2017;
Smith, et al., 2019) and standardize such approaches
(Galán, et al., 2014, 2017; Sikoparija, et al., 2017;
Smith, et al., 2019). This sampler type also has an
electrical requirement because it requires the main
power source for its operation. As a result, distant
sampling may be challenging. However, they are
the most often utilized samplers in literature re-
search, especially those that concentrate on fungal
air spores as allergen or as promoters of plant dis-
eases (Martinez-Bracero, et al., 2022; Grinn-Gofro’ et

Fungal Species

Among the various fungal spores, aerobiological
surveys report the prevalence of fungal spores be-
longing to the Cladosporium and Alternaria genera,
and they have been observed in various countries
including United Kingdom (Martinez-Bracero, et al.,
2022’ O’Connor, et al., 2014; Sady’s et al., 2015), Den-
mark, Poland, Portugal Turkey, China, South Africa,
Spain, Nigeria, the United States and Italy
(Martinez-Bracero, et al., 2022; Antón, et al., 2019;
Olaniyan, et al., 2020; Odebode, et al., 2018; Dietzel,
et al., 2019).

Cladosporium and Alternaria have been reported
as the most abundant aeroallergens worldwide. Sev-
eral concentration limits between 2000 and 4000
spores/m3 have been proposed for Cladosporium,
while more recent research has reduced the values
to 500 to 1500 spores/m3. In some earlier studies,
even lowest concentration limits upto 50 spores/m3

have been reported (Martinez-Bracero, et al., 2022),
and the varied values were being adopted in each
study (10-30 spores/m3 (Vélez-Pereira, et al., 2019).
On the other hand, general daily concentration of
Alternaria has been reported upto 100 spores/m3

(Martinez-Bracero, et al., 2022).

Indoor and Outdoor Air Spores

The phrase “sick building syndrome” remained ini-
tially used during the 1970s to describe a scenario,
wherein building inhabitants suffered from acute
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al., 2018, O’Connor et al., 2014; Martínez-Bracero et
al. 2019). Other volumetric samplers based on the
Hirst-type sampling have been manufactured, com-
bining a smaller design with an inbuilt battery and
enabling monitoring in remote areas without access
to electricity. The Personal Volumetric Air Sampler
is one of the examples that is ideally suited to the
sampling of spores in distant areas lacking the re-
sources of energy.

Fungal spores that have been trapped in a
Vaseline-covered microscope slide move at the same
speed as Hirst-type sampler (2 mm/h) using a
clockwork arrangement because they are volumetric
(10 L/min) (Garcia-Mozo et al., 2020, Martinez-
Bracero et al., 2022). Another impaction tool that has
been utilized in ambient monitoring is a Rotorod air
sampler. This technique relies on accelerating air-
flow in order to hit particles as it approaches the
trapping surface. This is accomplished by rapidly
rotating the rod in a circular motion. The sampler is
generally unaffected by the speed of the outside
wind (Kapadi et al., 2019), and efforts are currently
being made to standardize the results (Anderson, et
al., 2020).

Non-Volumetric Samplers

The most basic samplers of this kind are sometimes
referred to as “Passive samplers”, because these
samplers operate by passive deposition. Numerous
fungal spore investigations have been conducted in
the USA using these sorts of samplers (West et al.,
2015). They have been demonstrated to function ef-
ficiently in observing coffee rust and sugarcane rust
in Mexico, where there is no access to power
(Martínez-Bracero et al., 2019; West et al., 2015).
Compared to Hirst samplers, these samplers have
demonstrated R2 values as high as 0.61. Lower
amounts of spores were caught at lower wind
speeds, demonstrating the reliance on wind speed.
They are useful for identifying airborne fungal
spores (Martínez-Bracero et al., 2019).

Fungal Spores and Climate

It has also been suggested that fungal spores (and
other PBAPs) may influence climate by scattering
and absorbing light, or by inadvertently influencing
the cloud and precipitation (Conen et al., 2017). If
there is enough relative humidity to provide satura-
tion, water can condense onto the surface of a suit-
able particle, resulting in the formation of clouds.
These aerosols, known as cloud condensation nuclei

(CCN), form at temperatures higher than those of
ice nuclei (IN) (Martinez-Bracero et al., 2022).

Bioaerosol has made a very important contribu-
tion to IN and CCN formation, and  there is still a
significant debate over the overall role of PBAPs in
cloud formation. This aspect  is still significantly
under studied in comparison to the more prevalent
atmospheric aerosols, including dust, organics,
smoke particles, sea salt, and sulphates (Bieber et al.,
2020). Several studies suggest that these biological
IN/CCN contributes significantly, especially in
terms of ice nucleation, even if the full degree of
their impact is still not understood. These studies
have suggested the impact of IN-PBAPs  in other
important areas, specifically the effect of  aerosols
on the hydrological cycle in the Amazon region
(Martinez-Bracero et al., 2022; Whitehead et al.,
2016).

Conclusion

Cladosporium and Alternaria were regarded as more
significant fungal spore types discovered, because of
their pathogenic, phytotoxic, and aeroallergen quali-
ties, and their enormous abundance in the atmo-
sphere. The various spore collection techniques were
initially divided into “non-volumetric (passive) and
conventional volumetric (active) samplers, such as
the Hirst and Rotorod samplers with electrically
powered components”. The Burkard portable air
sampler and the Andersen sampler, and active sam-
plers are other examples using different approaches
for collecting fungal spores. The use of real-time
light-induced fluorescence instruments, such as the
UV-APS, the Bio Scout, the IBAC, and the variety of
WIBS devices” are other alternative means of sam-
pling or quantifying the fungal spores.

References

Anderson, J., Pityn, P. and Kelly, M. 2010. Pollen Count
Standardization for Burkard and Rotorod Samplers.
J. Allergy Clin. Immunol. 145: AB37.

Antón, S.F., de la Cruz, D.R., Sánchez, J.S. and Reyes, E.S.
2019. Analysis of the Airborne Fungal Spores
Present in the Atmosphere of Salamanca (MW
Spain): A Preliminary Survey. Aerobiologia. 35: 447–
462.

Bieber, P., Seifried, T.M., Burkart, J., Gratzl, J., Kasper-
Giebl, A., Schmale, D.G. and Grothe, H. 2020. A
Drone-Based Bioaerosol Sampling System to Moni-
tor Ice Nucleation Particles in the Lower Atmo-



NANDAL ET AL S191

sphere. Remote Sens. 12: 552.
Cho, S.Y., Myong, J.P., Kim, W.B., Park, C., Lee, S.J., Lee,

S.H. and Lee, D.G. 2018. Profiles of Environmental
Mold: Indoor and Outdoor Air Sampling in a Hema-
tology Hospital in Seoul, South Korea. Int. J. Environ.
Res. Public Health.  15: 2560.

Conen, F., Eckhardt, S., Gundersen, H., Stohl, A. and Yttri,
K.E. 2017. Rainfall Drives Atmospheric Ice Nucleat-
ing Particles in the Maritime Climate of Southern
Norway. Atmos. Chem. Phys. Discuss. 17: 1–13.

Dietzel, K., Valle, D., Fierer, N., U’Ren, J.M. and Barberán,
A. 2019. Geographical Distribution of Fungal Plant
Pathogens in Dust Across the United States. Front.
Ecol. Evol. 7: 304.

Duflot, V., Tulet, P., Flores, O., Barthe, C., Colomb, A.,
Deguillaume, L., Vaïtilingom, M., Perring, A.,
Huffman, A. and Hernandez, M.T. 2019. Prelimi-
nary Results from the FARCE 2015 Campaign:
Multidisciplinary Study of the Forest–Gas–Aerosol–
Cloud System on the Tropical Island of La Réunion.
Atmos. Chem. Phys. 19: 10591–10618.

Feeney, P., Rodríguez, S.F., Molina, R., McGillicuddy, E.,
Hellebust, S., Quirke, M., Daly, S., O’Connor, D. and
Sodeau, J. 2018. A Comparison of On-Line and off-
Line B,ioaerosol Measurements at a Biowaste Site.
Waste Manag. 76: 323–338.

Galan, C., Ariatti, A., Bonini, M., Clot, B., Crouzy, B., Dahl,
A., Fernandez-González, D., Frenguelli, G., Gehrig,
R. and Isard, S. 2017. Recommended Terminology
for Aerobiological Studies. Aerobiologia. 33: 293–295.

Galán, C., Smith, M., Thibaudon, M., Frenguelli, G.,
Oteros, J., Gehrig, R., Berger, U., Clot, B. and
Brandao, R. 2014. Group, E.Q.W. Pollen Monitoring:
Minimum Requirements and Reproducibility of
Analysis. Aerobiologia. 30: 385–395.

Garcia-Mozo, H., Lopez-Orozco, R., Canalejo, C. and
Oteros, J. 2020. Indoor Biological Particles in a Train:
Comparative Analysis with Outdoor Atmosphere.
Aerobiologia. 36: 481–492.

Grinn-Gofro’ n, A., Bosiacka, B., Bednarz, A. and Wolski,
T. 2018. A Comparative Study of Hourly and Daily
Relationships between Selected Meteorological Pa-
rameters and Airborne Fungal Spore Composition.
Aerobiologia. 34: 45–54.

Kapadi, M. and Patel, S. 2019. Aeromycological Approach
of Some Fungal Diseases on Tomato Crop
(Lycopersicon esculentum Mill.) at Nashik, India
422007. J. Drug Deliv. Ther. 9: 329–331.

Martinez-Bracero, M., Markey, E., Clancy, J. H.,
McGillicuddy, E. J., Sewell, G. and O’Connor, D.J.
2022. Airborne Fungal Spore Review, New Ad-
vances, and Automatisation. Atmosphere. 13(2): 308.

Martínez-Bracero, M., Alcázar, P., Velasco-Jiménez, M.

and Galán, C. 2019. Fungal Spores Affecting Vine-
yards in Montilla-Moriles Southern Spain. Eur. J.
Plant Pathol. 153: 1–13.

McLaughlin, D.J. 2014. The Mycota. 7, Systematics and Evo-
lution; McLaughlin, D.J., Ed.; Springer: Berlin/
Heidelberg, Germany, 2014; ISBN 3-642-55317-6.

O’Connor, D.J., Sady’s, M., Skjøth, C.A., Healy, D.A.,
Kennedy, R. and Sodeau, J.R. 2014. Atmospheric
Concentrations of Alternaria, Cladosporium,
Ganoderma and Didymella Spores Monitored in Cork
(Ireland) and Worcester (England) during the Sum-
mer of 2010. Aerobiologia. 30: 397–411.

Odebode, A., Adekunle, A. and Stajich, J. 2018. P II–3–1
Occurrence of Airborne Fungal Spores Diversity and
Allergenicity in Two South western States of Nige-
ria. Occup. Environ. Med. 75 (Suppl. 1): A43.3–A44.

Olaniyan, T., Dalvie, M.A., Röösli, M., Naidoo, R.N.,
Künzli, N., de Hoogh, K., Berman, D., Parker, B.,
Leaner, J. and Jeebhay, M.F. 2020. Short Term Sea-
sonal Effects of Airborne Fungal Spores on Lung
Function in a Panel Study of Schoolchildren Resid-
ing in Informal Settlements of the Western Cape of
South Africa. Environ. Pollut. 260: 114023.

Sady’s, M., Strzelczak, A., Grinn-Gofro’ n, A. and
Kennedy, R. 2015. Application of Redundancy
Analysis for Aerobiological Data. Int. J. Biometeorol.
59: 25–36.

Sikoparija, B., Galán, C. and Smith, M. 2017. Pollen-Moni-
toring: Between Analyst Proficiency Testing.
Aerobiologia. 7 (33) : 191–199.

Smith, M., Oteros, J., Schmidt-Weber, C. and Buters, J.T.
2019. An Abbreviated Method for the Quality Con-
trol of Pollen Counters. Grana. 58: 185–190.

Sodeau, J. and O’Connor, D. 2016. Bioaerosol Monitoring
of the Atmosphere for Occupational and Environ-
mental Purposes. In: Comprehensive Analytical Chem-
istry; Elsevier: Amsterdam, The Netherlands. 73:
391–420. ISBN 0166-526X.

Vélez-Pereira, A.M., De Linares, C., Canela, M.A. and
Belmonte, J. 2019. Logistic Regression Models for
Predicting Daily Airborne Alternaria and Cladospo-
rium Concentration Levels in Catalonia (NE Spain).
Int. J. Biometeorol. 63: 1541–1553.

West, J.S. and Kimber, R.B.E. 2015. Innovations in Air Sam-
pling to Detect Plant Pathogens. Ann. Appl. Biol. 166:
4–17.

Whitehead, J.D., Darbyshire, E., Brito, J., Barbosa, H.M.J.,
Crawford, I., Stern, R., Gallagher, M.W., Kaye, P.H.,
Allan, J.D. and Coe, H. 2016. Biogenic Cloud Nuclei
in the Central Amazon during the Transition from
Wet to Dry Season. Atmos. Chem. Phys. 16: 9727–
9743.


