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Molecular analyses of airborne microbial community 

influenced by Asian dust events for the evaluation of 

their impacts on outdoor environments and public health 

 

Eun Mi Jeon 

 

ABSTRACT 

 

The air quality in perspectives of human health has predominantly been 

studied on chemical pollutants and physical states; however, this focus is 

changing. Many studies have reported that exposures to bioaerosols are 

associated with a wide range of health effects such as infectious diseases, 

acute toxic effects, allergies and cancer (Douwes et al., 2003;). Therefore, 

the bioaerosol became considered as health affecting factors such as 

hazardous air pollutants and many researchers studied the distribution of 

bacteria and fungi in atmospheric environment. The number of Asian dust 

(AD) events, huge transport of desert dusts, has been increasing rate in 

Seoul. Many studies on them pointed out that the dust-borne 

microorganisms may be transported to downwind area and have effect on 

their ecosystem and public health. Although most of studies on Asian dust 

events have been focused on the physiochemical characteristics of aerosol, 

several researches have been performed on the movement of bacteria and 

fungi in aerosol. However, these studies were based on culture-dependent 

method, which cannot give information on unculturable microbes. 

Moreover, bacterial and fungal taxonomic compositions have potentially 

important implications for human health since the health effects of 

bioaerosols is highly dependent on their species.  

The impacts of the Asian dust events on the atmospheric bacterial and 

fungal communities were assessed. Both of culture-dependent and -

independent methods such as DGGE and 16S and ITS clone library were 

applied to measure the compositions and changes of communities. In 
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addition, the correlation between bioaerosols and the parameters of air 

quality and meteorology were examined. Lastly, eight universal but 

allergenic fungi in the air were monitored by MSQPCR to understand their 

seasonal variations and associations with environmental parameters, and to 

evaluate their potential risks of human health.  

The bacterial concentration was significantly increased and the bacterial 

community structure was abruptly changed during AD events. During the 

days affected by AD, culturable bacterial population levels showed 

significant positive correlations with total suspended particulate (TSP) and 

PM10 (particulate matter with aerodynamic diameter < 10 µm), whereas no 

significant correlation was found during normal days. AD seemed to 

directly impact the airborne bacterial communities, as abrupt changes of 

denaturing gradient gel electrophoresis (DGGE)-band patterns and 

significant differences in the 16S rDNA clone library between normal days 

and AD were observed. The changes of DGGE patterns were in agreement 

with the shift of PM2.5 chemical composition, suggesting that the outdoor 

bacterial community was affected by the source and transport pathways of 

air masses.  The airborne fungal concentrations during Asian dust event 

days (AD) was significantly higher than that of non-Asian dust (NAD) days 

according to a Mann-Whitney U test (P <0.005). Comparison of AD vs. 

NAD clones showed significant differences (P <0.05) using LIBSHUFF. In 

addition, the correlation of culturable fungal concentrations with PM10 

concentrations was observed to be high for the AD while correlation 

coefficients of PM10 as well as other particulate parameters with airborne 

fungal concentrations were significantly negative for the NAD days during 

intensive monitoring periods (May to June, 2008). In addition, high 

proportions of uncultured soil fungus isolated from semi-arid regions were 

observed only in AD clone libraries. The level of E. nigrum and the total 

levels of the measured fungi as well as A. alternata measured by MSQPCR 

were significantly higher during the dust storm days  It was found that 

Asian dust increased the airborne allergenic fungal levels up to 5-12 times 

depending on the species. These results revealed that Asian dust events 
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have impacts on both of microbial concentrations and compositions, 

suggesting that this long range transport of desert dusts may significant 

effects on human health and ecology in downwind area. In addition, 

although the allergenic abundance by ITS clone library was high on NAD 

days, allergenic potentials by fungi in aerosols were considered to be higher 

during AD days because the concentrations of outdoor culturable fungi and 

allergenic fungi were higher. 

 

KEY WORDS: Asian dust, Airborne bacterial community, DGGE, 16S 

rDNA clone library, Principal component analysis, Airborne culturable 

fungal concentration, ITS clone library, Allergenic fungi, MSQPCR 

 

Student-number: 2001-21737 
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LITERATURE REVIEW 

 

I. Atmospheric aerosols and bioaerosols  

 

Atmospheric aerosols are composed of primary and secondary aerosols. 

Primary aerosols are emitted directly from various environment and 

secondary ones are produced from reactions between primary aerosols and 

chemicals. Primary aerosols are comprised of non- or semi-volatile 

chemical substances as well as biogenic substances, which are contained in 

other types of aerosol particles such as soil dust, sea spray, etc (Elbert et al, 

2007). A variety of measurements have shown that bioaerosols are not only 

ubiquitous over land and oceans but also transported to high altitudes (up to 

80km) and over long distances (Elbert et al, 2007). These biogenic 

substances are also called as primary biogenic aerosols (PBA), which can 

be divided into two groups; living organisms such as bacteria, viruses, 

protozoa, algae, pollen and spores; and non-living biomasses including 

dead skin, insect detritus and other animal and plant debris (Coz et al., 

2010; Elbert et al., 2007; Urbano et al., 2011). 

Bioaerosols are emitted from terrestrial environments including soils, leaf 

abrasions, agricultural activities, biomass burning, and arid deserts and 

from marine by bubble crusting mechanisms (Coz et al., 2010; Elbert et al., 

2007). Though biosphere is a major source for primary aerosol particles 

(Jaenicke, 2007), several industrial activities such as waste recycling 

facilities, compost facilities, and sewage treatment facilities, have also 

increased the exposures to bioaerosols in recent years (Douwes et al., 2003; 

Físcher et al., 1998). Bioaerosols injected directly into the atmosphere 

range in size tens of nanometers to millimeters (Jaenicke et al., 2007). The 

size scale ranges from about 15 to 400 nm for viruses, 0.3~10 µm for 

bacteria, and 1-100 µm for pollen grains, fern spores, and large fungal 
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spores, which typically belong to the coarse fraction of air particulate 

matters (Elbert et al, 2007; Wittmaack et al 2005).  

The roles of bioaerosols of the atmosphere are increasingly studied in 

current environmental researches (Georgakopoulos et al., 2009; Pratt et al., 

2009) Bioaerosols may play important roles in atmospheric chemistry and 

physics, the biosphere, climate, and public health (Coz et al., 2010; Elbert 

et al., 2007: Georgakopoulos et al., 2009; Jaenicke et al., 2007). Especially, 

bioaerosols act as cloud condensation nuclei and ice nuclei 

(Georgakopoulos et al., 2007; Satter et al., 2001). 33% of the ice-crystal 

residues were reported to be consisted of biological particles (Pratt et al., 

2009). It has been estimated that bioaerosols comprised as much as 25% of 

the total mass concentration of the atmospheric aerosols (Jaenicke et al., 

2007). Coz et al (2010) reported that 6.9% of PM2.5 by mass in summer 

was contributable to bioaerosols and Bauer et al (2008) also suggested that 

fungal spores are main components to PM10, total OC and coarse OC in 

urban areas.  

More than 80% of the culturable bacteria found in the atmosphere are 

known to be associated with particles (Lighthart, 1999). Airborne bacteria 

in the air are carried upwards by air currents from surfaces of land, sea, and 

plants. Due to their sizes, bacteria have a long atmospheric residence time 

and can be transported by wind over long distances. They are removed by 

precipitation or direct deposition onto surfaces (Burrows et al., 2009). 

Mean concentrations in ambient urban air are likely to be at least 6.5 × 

105cells/m3. Since aerosol-associated bacteria are carried with the air mass, 

atmospheric bacterial communities show strong variations in time 

according to the physical and chemical characteristics of the air masses 

(Fierer et al., 2008; Maron et al., 2005).  

Fungi are ubiquitous in the outdoor air. Fungi are the most important 

contributors to PBA in PM10 (Fisher et al., 2012; Winiwarter et al., 2009). 

Airborne fungal particles were divided into three distinct size fractions: (1) 
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>2.25 µm (spores); (2) 1.05~2.25 µm (mixture); (3) <1.0 µm (submicron-

sized fragments) (Reponen et al., 2007; Seo et al, 2009). They disperse as 

sexual spores or asexual conidia and float as free forms or single spores 

into the air (Choi et al., 1997). Fungal hyphae are also aerosolized in large 

numbers (Green et al., 2005), which represent 6-56% of the total fungal 

particle counts in the ambient air based on microscopic samples (Reponen 

et al., 2007). In addition, fungal fragments are derived from broken or 

fractured conidia and hyphae (Green et al., 2006). Submicron-sized fungal 

fragment, including airborne hyphae, were observed to be airborne at 

significantly higher concentrations (300~500 times) than conidia (Górny et 

al., 2002). In urban air, fungal fragments (cytoplasmic content spores) or 

conidia were often found to be adhered to vehicle emission materials and 

crustal matters by the electron microscopic observations (Glikson et al., 

1995; Wittmaack et al., 2005). Several researches showed that these 

particles may act as carriers for dispersed allergenic materials released 

from pollen and fungal spores and result in synergetic effects (Adhikari et 

al., 2006; Glikson et al., 1995).  

 

II. Health effects of bioaerosols 

 

Bioaerosols such as bacteria, fungi, viruses and their components are 

associated with infectious and noninfectious airway diseases, which have 

become a global tremendous health burdens (Peccia et al., 2008). It was 

reported that cases of allergies and asthma, non infectious airway diseases, 

in the U. S. are increasing, especially in urban areas. Moreover, acute 

respiratory infections (ARIs) such as pneumonia, influenza, tuberculosis, 

and measles are leading causes of death from infectious diseases around the 

world (Peccia et al., 2008).  

Exposures to biological agents in air and occupational environment are 

associated with a wide range of adverse health effects, including infectious 
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diseases, acute toxic effects, allergies and even cancer (Douwes et al, 2003; 

Horner et al., 1995; Kurup et al., 2000; Locksley, 2010; Wittmaack et al., 

2005) Bioaerosols can cause adverse effects on animals and plants as well 

as humans. They may contain allergenic compounds. Alternatively, 

biologically active molecules adsorbed on bioaerosols also affect human 

health (Wittmaack et al 2005).  

Infectious diseases: Infectious diseases occur when viruses, bacteria, fungi, 

protozoa and helminthes are transmitted from a reservoir to a susceptible 

host through direct contact, airborne transmission or vector-borne 

transmission (Douwes et al., 2003). Tuberculosis, winter stomach flu, 

measles, swine influenza, legionnaire’s disease, and Pontiac fever are the 

most well-known diseases (Douwes et al., 2003).   

Respiratory diseases: Bacterial cell wall components, such as endotoxins 

in Gram-negative bacteria and peptidoglycans, most prevalent in Gram-

positive bacteria, are important pro-inflammatory agents, inducing 

respiratory symptoms. Most bacteria are not very strong allergens with the 

exception of the spore forming actinomycetes (Douwes et al., 2003). It was 

reported that exposure to airborne fungi can lead to allergic sensitization 

and symptoms of allergy and asthma (Gravesen 1979; O′Connor et al., 

2004; Zuraimi et al., 2009). Various fungi species produce type1 allergens 

(IgE binding allergens), and IgE sensitization to common outdoor fungal 

genera is strongly associated with allergic respiratory disease, especially 

asthma (O′Connor et al., 2004). Fungi are also a source of β(1→3)-glucans, 

which are suspected to cause non-allergenic respiratory symptoms 

(Douwes et al., 2003). Fungi (Penicillium and Aspergillus) and 

thermophilic bacteria (Saccharopolyspora rectivirgula or 

Thermoactinomycetes vulgaris) are known to have a function in 

development of hypersensitivity pneumonitis (HP) (Douwes et al., 2003). 

In addition, the yeast Malassezia and Candida may aggravate atopic 

dermatitis (AD) due to an allergic reaction (Faergemann, 2002) 
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Cancer: The mycotoxins, secondary metabolites produced by filamentous 

fungi, are known to be carcinogens (Douwes et al., 2003; Niessen, 2007). 

The best-noted mycotoxin is an Aflatoxin, which is an established human 

carcinogen particularly related to liver cancer. Orchratoxin A is also 

considered as a possible human carcinogen. The main route of exposure to 

these mycotoxins is by ingestion, but exposure by inhalation is recognized 

to have possibility in several cases (Douwes et al., 2003). 

The concentrations of outdoor bacteria and fungi have been used to 

determine for evaluating indoor bioaerosol contamination (Bush and 

Portnoy et al., 2001; Meklin et al., 2007). Outdoor fungi have been 

monitored since higher indoor levels are observed when outdoor fungal 

levels increase (Bush et al., 2001; Lee et al., 2006; Liao and Luo, 2005; 

Meklin et al., 2007). However, the outdoor airborne microorganisms are 

also important risk factors by themselves (Bush et al., 2006; Dales et al., 

2003; Pongracic et al., 2010). Outdoor exposure has generally more 

relevance to sensitization and disease expression (Bush et al., 2006). The 

survey data have suggested that the trends for acute asthma exacerbation 

were associated with variations in the outdoor air spore profile (Zuraimi et 

al., 2009). Pongracic et al (2010) conclude in the Inner-City Asthma Study 

that outdoor fungal exposure is primarily associated with increased asthma 

symptoms and elevated risk of asthma exacerbations in the studied 

population. In addition, outdoor fungal exposure is related with pulmonary 

function (Beaumont et al., 1985; Pulimood et al., 2007) and medication use 

in children with asthma (Delfino et al., 1996). 

 

III. Monitoring of airborne bacteria and fungi at outdoor 

 

a. Sampling methods  

There are bulk sampling, air sampling, and dust sampling for sampling 

fungi (Veseper, 2010). Liquid impinge or air filtration methods are 
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traditionally used methods for collecting bacteria in the air for long time 

(Douwes et al., 2003; Peccia et al., 2006). Each sampling method has its 

specific applications and limitations (Vesper, 2011). The dominant method 

of bacteria and fungi sampling in the environmental field has been regarded 

as the impactor collectors (Vesper, 2011). However, bioaerosol sampling 

equipments have collection efficiencies less than 100%, and these 

efficiencies vary significantly in the aerodynamic diameters of airborne 

particulate matters (Vesper, 2011). Furthermore, significant sampling stress 

to reduce the viability of a broad range of airborne microorganisms is 

another issue in conventional collection devices. With the advance of 

molecular techniques in bioaerosols, the high-volume sampler is  

recognized emerging as aerosol sampling method suitable for PCR-based 

measurement of bioaerosols (greater than 100 L/min) because of larger 

sampling volumes and better efficiencies to fractionate aerosols (Peccia and 

Hernandez, 2006).  

 

b. Limitations of traditional culture methods  

Conventional culturing methods, such as plate counts, continue to be the 

most widely used in aerobiology investigations. Though culturing still play 

an important role in bioaerosol studies, particularly with pure culture 

studies that isolate intrinsic responses of airborne microorganisms and 

determine the viability or infectivity potential (Peccia and Hernandez., 

2006), the culture-based methods have significant limitations. The 

assessment by culturing may underestimate the effects of bioaerosols on 

health issues in the air, since only limited portion can be recovered due to 

poor reproducibility and species-selectiveness depending on the selected 

media and environments. The majority of the cells are believed to be viable 

but do not form colonies on agar plates (Peccia and Hernandez., 2006) and 

cell debris, dead microorganisms and microbial components are not 

detected, which may also have toxic and/or allergenic properties (Douwes 
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et al., 2003; Oliveria et al., 2010). In addition, long sampling is not 

available, at most 15 minutes, whereas air concentrations usually vary 

largely in time (Douwes et al., 2003). 

The etiological agents of various infectious airborne diseases have never 

been detected in the environment (Samet, 2004). For example, culture-

based detection of common infectious airborne agents such as 

Pneumocystis carinii and the causative agent Mycobacterium tuberculosis 

(WHO, 2004) were not reported (Peccia and Hernandez., 2006; Wan et al., 

2004; Wakefield, 1996).  

 

c. Limitation of non-culture methods (microscopic methods) 

Traditional environmental analysis of fungi are based on microscopic 

observations and counting of structures sampled from the air on a sticky 

surface or culturing on growth media for identification and quantification 

(Vesper, 2011). These approaches for routine applications in environmental 

and commercial studies have many limitations in identification, 

quantification, and interpretation of analysis data. Microscopic methods 

describe the fungi to the genus level. Moreover, it is known that 

Aspergillus and Penicillium cannot be distinguished by microscopic 

observation alone. Mould cells have probability to be hidden from 

microscopic observation by other particles. Clumps of cells will produce a 

single colony and result in an underestimate of the concentration. 

Furthermore, the interpretation of the results from these kinds of mould 

analysis has never been standardized (Vesper, 2011). Microscopic analysis 

of fungi levels in the air could also underestimate the levels of exposure to 

the allergenic fungi since these methods cannot measure these fungal 

fragments, which are generally less than 1µm in sizes and have 

indistinctness morphological features for their identification but could 

contribute very high in total exposure (Green et al., 2006; Reponen et al., 

2007; Seo et al., 2009).   
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d. Molecular techniques 

In the last 20 years, techniques used in studies on microorganisms in the 

environment have dramatically developed with the advancement of 

molecular techniques (Peccia and Hernandez, 2006), which can identify 

microorganisms by DNA or RAN comparison. Specific microorganisms 

using carefully designed DNA primers have been amplified, quantified, 

and sequenced. The acquired sequences can then be compared with existing 

public databases for identification. DNA is usually processed for 

population fingerprinting such as DGGE, microarray analysis, or 16S or 

ITS clone library analysis.  

Compared to traditional culturing methods, the advantages of PCR or 

quantitative PCR as culture-independent methods are remarkable 

culturability, sensitivity and identification and can produce hours-based 

results more rapidly than culturing techniques based on days or weeks of 

culturation time (Peccia and Hernandez., 2006).  

Mold specific quantitative polymerase chain reaction (MSQPCR) is the 

quantitative PCR assay targeted for the moulds used in evaluating indoor 

fungal pollution. EPA scientists designed and tested probes and primers for 

over 100 moulds (http://www.epa.gov/microbes/moldtech.htm). The 

concentrations of the tested fungi with MSQPCR were reported to be 

detected in higher levels by two to three orders of magnitude than with 

conventional culturing methods (Haugland et al., 2004). MSQPCR have 

been used in many applications for assessment of fungal pollution of 

indoor air and surfaces (Vesper et al., 2004; Vesper et al., 2005; Yap et al., 

2009) and for asthma epidemiological studies (Vesper et al., 2006; Vesper 

et al., 2007; Vesper et al., 2008).   

  

e. Correlation with air quality factors 

There are increasing concerns with interactions between bioaerosols and air 

pollutants such as NO2, SO2, and O3, and respirable particulate matters may 
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aggravate allergen potency or pathogen activity (Pecci et al., 2008). For 

example, a synergistic health effect of ozone with aeroallergens was 

observed even at low ozone concentrations (Ross et al, 2002). Protein’s 

allergenicity to human was found to increase in the presence of NO2 and O3. 

Lung deposition properties may be affected by the sorption of microbial 

toxins and pathogen associated with black carbon, diesel emission particles, 

or other particulates (Randya et al. 2002) since increased or altered human 

exposure to airborne allergens and interactions between them have been 

proposed. Many studies have been performed to evaluate the airborne 

bacteria or fungi with air quality parameters including particulates (TSP, 

PM10, PM2.5), NOx, SO2, and O3 (Adhikari et al., 2006; Burch and Levitin, 

2002: Grinn-Gofroń et al., 2011; Troutt and Levetin, 2001; Wu et al., 

2000). However, air quality parameters have been observed to have 

inconsistent relationship with due to regional specificities, such as climate 

and vegetation, species diversity and growth substrates (Sousa et al., 2008). 

For example, correlation of ozone and airborne fungi were mostly reported 

to be negative (Ho et al., 2005; Delfino et al, 1996, Lin and Li, 2000), 

while Adhikari et al (2006) reported positive correlation and Sousa et al 

(2008) demonstrated no significant influence of ozone on the 

concentrations of pollen and fungal spores.  

 

IV. Asian dust events  

 

There are two major global desert dust transport events, mobilizing desert 

top soils to move great distances through atmosphere (Griffine, 2007). One 

is African dust from the Sahara and Sahel of Africa to the Americas, 

Europe, and Near East. The other is Asian dust from the Gobi and Takla 

Makan deserts and Loess Plateau in inland china across China and into 

Korea, Japan, and the northern Pacific to North America (Garrison et al., 

2003). 64% of Asian dust events to Seoul have been originated from the 
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Inner Mongolia Plateau and the Gobi desert. The dust storms usually occur 

in the spring (February to May)(Griffin., 2007). The dust aerosols are 

uplifted as high as 6 km and transported thousands of kilometers when the 

arid or semi-arid region is not covered by vegetation and the surface 

conditions are favorable for dust mobilization (Lee et al., 2006).  Dust of 

significant quantities during Asian dust days affect global and regional 

environment, such as visibility reduction and change of radiative forcing 

(Griffin., 2007; Kim et al., 2009). Asian dust activity over the last 20 years 

has been increased (Griffin, 2007). The annual average of the episodes 

observed in Seoul is about 10.4 days since 2000, while about 3.9 days per 

year in the 1980s, and 7.7 days in the 1990s.  

 

a. Transport of microbes with desert dusts 

Long range transported desert dust particles include soil-derived metals, 

anthropogenic metals, many other air pollutants, and microorganisms 

(Griffine et al., 2007; Kellogg and Griffin, 2006; Onishi et al., 2012), 

which could have profound impacts on the public heaths and ecology of 

downwind areas (Asian dust). The biological particles traveling during 

African dusts have been studied for about 10 years very actively (Garrison 

et al., 2003; Kellogg et al., 2004; Kellogg and Griffin, 2006; Schlesinger et 

al., 2006), which found that these intercontinental dust events can facilitate 

long-distance dispersal (LDD) of dust-associated biological particles 

(Kellogg and Griffin, 2006). Many reports suggested that African and 

Asian dust air masses transport dust-associated chemical and viable 

microbial contaminants such as bacteria, fungi and viruses to downwind 

ecosystems (Garrison et al., 2003; Griffin et al., 2001; Griffin et al., 2003; 

Hua et al., 2007; Jeon et al., 2011; Kellogg et al., 2004; Kellogg and 

Griffin, 2006; Won, 2010). This far-reaching transport comes about the 

health effects of allergens carried in the dust and the possible transport of 

pathogens (Kellogg et al., 2004; Kellogg and Griffin, 2006; Kwaasi et al., 
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1998; Prospero et al., 2005). Higher bacteria and fungi during sandstorms 

than without sandstorm were reported (Ho et al., 2005; Kwaasi et al., 1998; 

Yeo and Kim, 2002). Desert sands itself demonstrated many bacteria and 

fungi (Kwaasi et al., 1998; Kellogg and Griffin, 2006), which indicate that 

sandstorm dust is a source of potential triggers of allergic and non-

allergenic respiratory ailments. 

Several studies on the ambient bacteria and fungi during Asian dust have 

been also done for the Asian dusts (Choi et al., 1997; Ho et al., 2005; Wu 

et al., 2004; Yeo and Kim, 2002). Choi et al (1997)investigated the 

airborne fungi concentrations with culture and counting methods and 

showed that the total particle number of fungi on YSP on Asian dust days 

were similar to that on normal days, suggesting that the airborne fungi were 

less influenced by sand-blasting because they float as free forms or single 

spores in the air. Yeo and Kim (2002) found that several kinds of fine 

fungal spores were transported by the Asian dust storms originated in 

China and Mongol based on the fact that the sampling site for airborne 

fungi were located at the west end of Korea and those spores were not 

discovered during the non-Asian dust. Wu et al (2004) examined the 

effects of Asian dust events on the fungal concentration and composition, 

collecting atmospheric fungal spores using Spore trap and comparing 

samples between the yellow sandstorms and the others. The concentrations 

of fungal spores were slightly higher than the days of background. The 

composition of fungal spore during the periods of yellow sandstorm is 

slightly different from the days of background (Wu et al., 2004).  

 
b. Health effects of Asian dust 

Desert dust storms such as African dust and Asian dust storms have been a 

severe health concern in affected regions (Choi et al., 2011; Chan and Ng, 

2011; Ichinose et al., 2008; Lei et al., 2004). Therefore, many researchers 

investigated the toxicological effects of Asian dust particles extensively 
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(Geng et al., 2006; Ichinose et al., 2008 a, b; Kim et al., 2006; Yanagisawa 

et al., 2007) and reported that Asian dust particles have adverse effects on 

alveolar marcrophages (Geng et al., 2006; Meng and Zang, 2007), increase 

lung inflammation (Lei et al., 2004) and oxidative damage on lungs, hearts, 

and livers of rat (Meng and Zhange, 2006). Recent epidemiological studies 

have demonstrated that Asian dust events coincide with increases in daily 

hospital admissions and clinical visits for respiratory such as asthma, 

allergic rhinitis, and conjunctivitis (Chen and Yang, 2005; Kwon et al., 

2002; Yang et al., 2005) and cardiovascular diseases (Chan et al., 2008; 

Kwon et al., 2002; Meng and Lu, 2007). Even the toxicological effects on 

human skin by inducing a broad toxicological transcriptional program in 

human epidermal keratinocytes by Asian dust particles are also reported 

(Choi et al., 2011). Chan and Ng (2011) reported that acute exposure to 

long-range transported Asian dust can increase the number of non-

accidental and cardiovascular deaths for people of all ages and the elderly 

population aged above 65 on the dust storm days in Taiwan.  
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RESEARCH OBJECTIVES 

Microorganisms are abundant in the atmosphere. Hundreds of thousands 

of individual microbial cells can exist in a cubic meter of air (Burrows et 

al., 2009; Elbert et al., 2004). Many studies have reported that exposures to 

bioaerosols are associated with a wide range of health effects such as 

infectious diseases, acute toxic effects, allergies and cancer (Douwes et al., 

2003).The main route of bioaerosol exposure to humans and animals is 

assumed to be airborne exposure (Green et al., 2006; Roe et al., 2001). The 

air quality in perspectives of human health has predominantly been studied 

on chemical pollutants and physical states; however, this focus is changing. 

Recently, the bioaerosol became considered as health affecting factors such 

as hazardous air pollutants and many researchers studied the distribution of 

bacteria and fungi in atmospheric environment. The number of Asian dust 

events, huge transport of desert dusts, has been increasing rate to come 

about the health effects of allergens carried in the dust and the possible 

transport of pathogens. Many studies on them pointed out that the dust -

borne microorganisms may be transported to downwind area and have 

effect on their ecosystem and public health. Although studies on Asian dust 

events have been focused on the physiochemical characteristics of aerosol 

(Arimoto et al., 2006; Kim et al., 1998; Kim et al., 2004; Krueger et al., 

2004; Park et al., 2003), several researches have been performed on the 

movement of bacteria and fungi in aerosol during the Asian dust events 

(choi et al., 1997; Yeo et al., 2002). However, these studies were based on 

culture-dependent method, which cannot give information on unculturable 

microbes. Moreover, bacterial and fungal taxonomic composition has 

potentially important implications for human health since the health effects 

of bioaerosols is highly dependent on their species. Despite these 

environmental implications and the substantial public health concerns, 

identification, distribution, and quantification of bacteria and fungi and 

impacts of Asian dust in the atmosphere have been rarely described. 
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The objectives of this research are to assess the potential health risks by 

bacteria and fungi in the atmosphere, which may have considerable impacts 

on human health and ecology. For this, the impacts of the Asian dust events, 

known as transporting microorganisms, on the atmospheric bacterial and 

fungal compositions and concentrations were assessed. Both of culture-

dependent and -independent methods such as DGGE and 16S and ITS 

clone library were applied to measure the compositions and changes of 

communities. In addition, the correlation between bioaerosols and the 

parameters of air quality and meteorology were examined. Lastly, eight 

universal but allergenic fungi in the air were monitored by MSQPCR to 

understand their seasonal variations and associations with environmental 

parameters, and to evaluate their potential risks of human health.  
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Impacts of Asian dust events on airborne microbial communities 

  

 

 

Fig. 1. Schematic diagram of the overall composition in the dissertation 
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CHAPTER 2 

 

Impact of Asian dust events on airborne bacterial 

community assessed by molecular analyses 
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ABSTRACT 

 

Impacts of Asian dust (AD) and air mass trajectory variation on atmospheric 

bacterial communities were studied using both cultivation and culture-

independent methods. In addition, size-segregated aerosol mass 

concentrations and their chemical composition were measured and backward 

trajectory analysis was performed. During the days affected by AD, culturable 

bacterial population levels showed significant positive correlations with total 

suspended particulate (TSP) and PM10 (particulate matter with aerodynamic 

diameter < 10 µm), whereas no significant correlation was found during 

normal days. AD seemed to directly impact the airborne bacterial 

communities, as abrupt changes of denaturing gradient gel electrophoresis 

(DGGE)-band patterns and significant differences in the 16S rDNA clone 

library between normal days and AD were observed. In addition, the changes 

of DGGE patterns were in agreement with the shift of PM2.5 chemical 

composition, suggesting that the outdoor bacterial community was affected by 

the source and transport pathways of air masses. The isolation sources of 

clone libraries reflected the sampled air mass transport pathways, which were 

simulated by backward trajectories. The results of this study revealed that the 

bacterial concentration was significantly increased and the bacterial 

community structure was abruptly changed during AD events. 

  

Keywords: Asian dust, Airborne bacterial community, DGGE, 16S rDNA 

clone library, Principal component analysis. 
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INTRODUCTION 

 

It is known that airborne bacteria can cause airway infection diseases 

including tuberculosis, Legionnaire’s disease, and various forms of bacterial 

pneumonia (Peccia et al., 2006).  Exposure to airborne endotoxins can cause 

chronic bronchitis and asthma (Soukup and Becker, 2001). In addition to 

endotoxins, G-negative (Gram-) and G-positive (Gram +) bacteria account for 

a large part of PM’s inflammatory potency (Becker et al., 2002). 

The sources of airborne bacteria are known to be any of the following: 

agriculture; wastewater treatment facilities; composting; hospitals; waste 

recycling industries; human activities; dust storms, such as African, Asian and 

Australian dust storms (Griffin 2007; Jones and Harrison, 2004; Shaffer and 

Lighthart, 1997). The AD storm, which, aside from African dust, is one of two 

major global dust transport event, exports huge amount of dusts originating 

from the Takla Makan and Gobi deserts across China and into Korea and 

Japan. This can occasionally be transported across the Pacific to the west 

coast of North America (Kellogg and Griffin, 2006). The dust storms usually 

occur in the spring and affect global and regional environment, such as 

visibility reduction and change of radiative forcing (Kim et al., 2009). Many 

studies have reported that these intercontinental dust events can facilitate the 

long-distance dispersal (LDD) of dust-associated biological particles 

including bacteria, fungi and viruses (Hua et al., 2007; Kellogg and Griffin, 

2006). This far-reaching transport comes about the health effects of allergens 

carried in the dust and the possible transport of pathogens (Kellogg and 

Griffin, 2006). Because of the potential health effects of bacteria in the 

atmosphere, a number of investigations on airborne bacteria have been 

conducted particularly during days affected by the long range transport of 

desert dust (Hua et al., 2007; Mouli et al., 2005; Prospero et al., 2005; 

Polymenakou et al., 2008; Shaffer and Lighthart, 1997). However, most of 

these studies have been carried out using culturable bacteria (Choi et al., 1997; 
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Griffin et al., 2003; Propsero et al., 2005). Because only 0.02% of total 

outdoor bacteria can be cultured (Peccia et al., 2006) and because some 

bacteria exposed to the air may remain viable, yet lose the ability to form 

colonies due to harsh environment, culture techniques may underestimate the 

air-bacteria burden (Heidelberg et al., 1997). To overcome this problem, 

molecular methods such as DGGE can be used to detect and enumerate 

unculturable bacteria in air samples (Heidelberg et al., 1997).   

With the help of the recent development of molecular tools, several studies 

have assessed the diversity and genetic structure of airborne bacterial 

communities with culture-independent methods (Brodie et al., 2007; Després 

et al., 2007; Lee et al., 2009; Maron et al, 2005, 2006). These studies 

demonstrated two main points: (1) The ambient bacterial community had a 

highly diverse genetic structure (Maron et al., 2005; Radosevich et al., 2002) 

and (2) The concentrations and genetic structures of airborne bacteria showed 

high temporal variability including seasonal, weekly, and daily variability 

(Maron et al., 2006; Lighthart, 1999). They suggested that the distribution of 

airborne bacteria strongly depended on air fluxes in the atmosphere (Maron et 

al., 2005) and it was affected by meteorological factors (Jones and Harrison, 

2004; Maron et al., 2006; Mouli et al., 2005) and human activity (Lighthart 

1999). A few studies have related these bacterial community data of genetic 

structure and concentration to air mass characteristics, including air quality 

parameters, chemical compositions, and backward trajectories (Lee et al., 

2007; Polymenakou et al., 2008; Prospero et al., 2005) showing the sources 

and possible transport pathways of air fluxes. These analyses are necessary to 

understand the dynamic characteristics of ambient bacterial communities, 

which show high temporal variability. 

In this study, changes in the concentration, genetic structure and 

composition of airborne bacterial communities by AD and by air masses were 

assessed in a suburban atmosphere using both cultivation and culture-

independent methods. For the culture-independent methods, total suspended 



33 

 

particulates (TSP) were sampled during AD days and normal days. DNA was 

extracted directly to perform DGGE and to construct the 16S rDNA clone 

library for assessment of the bacterial composition and diversity. In addition, 

backward air mass trajectories, air quality monitoring data and the chemical 

composition of PM2.5 were used to interpret the bacterial concentrations and 

molecular data from DGGE and the16S rDNA clone library. These data were 

used to find association and correlation between the airborne bacterial 

communities and the dynamic changes in the properties and qualities of air 

masses.     
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MATERIAL AND METHODS 

 

I.  Sampling location and sampling apparatus 

 

Sampling location: Samples for the airborne bacterial concentrations and 

TSP were collected from the rooftop of the Seoul Metropolitan Research 

Institute of Public Health and Environment (SIHE), which is located in a 

suburban environment in the southern region of Seoul (Republic of Korea). 

This is a proper site for assessing the AD effect on the ambient bacterial 

diversity and change, while ruling out the direct effects of fugitive dust, 

because it is about 10 m above ground and is far from industrial and 

commercial complexes. 

Bacterial concentration: Samples for bacterial concentrations in the 

atmosphere were taken 85 times from May, 2008 to March, 2010 (26 times 

during AD events and, 59 times during normal days). All of the data were 

grouped into AD-affected days and normal days based on the “Asian dust 

Occurrence Reports” from the National Institute of Environmental Research, 

Korea. Most samples were taken once per day. During the AD days, however, 

several samples were taken at different times to find the correlation with the 

concentration of particulate matters.  

 The sampling apparatus used was a calibrated MAS-100 Air sampler 

(MERCK, Swiss) with a sampling head of 400 holes x 0.7 mm. The MAS-100 

sampler was operated according to the impaction principle, with an air intake 

of 100 l/min, an impaction speed of 11 m/s and a cutoff size of 2 μm. Each 

Petri dish was exposed to 50-250 l of air. The sampler head plate was 

thoroughly swabbed with 70% ethanol between samples. Five replicate and 

one blank plate were exposed on each sampling occasion. To control sampler 

contamination, one additional Petri dish was placed on the sampler and 

allowed to sit for one -minute without turning on the vacuum.   

Air quality parameters and ion concentrations of PM2.5 aerosol: The air 
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quality and meteorological data were obtained from the Seochogu air 

monitoring station, which is in the same local area and is 5 km from the 

sampling site. Hourly TSP, PM10, PM2.5, SO2, NOx and CO (Horiba, Japan) 

data were produced, and all of these data of the same sampling time were 

chosen for comparative analysis with bacterial concentrations.   

Continuous real time monitoring data for element carbon (EC) and organic 

carbon (OC) were obtained from carbon Aerosol Monitor (SOCEC4, Sunset 

Lab. Inc, USA).  Eight ion species, (i.e., Na+, K+, Ca2+, Mg2+, NH4
+, SO4 

2-, 

NO3
-, Cl- ) in PM2.5 aerosols were analyzed by an ADI 2080 Ambient air 

monitor (MARGA, Applikon Ⓡ, Netherlands). Hourly data were selected for 

the 22 days from May 20 to June 10, during which the TSP for DNA 

extraction were collected. First, the ion balance was used to check the validity 

of data. Second, non-sea-salt (nss) SO4
2- and nss-Ca2+ were calculated from 

the Na+ concentration using the equations given in Kang et al. (2010), based 

on the assumption that all Na+ in Seoul is from marine environment  (Kim et 

al., 2009). 

 

Statistical analysis: The bacterial loading factor (BLF) of particulate matter 

in the air (CFU per unit microgram of ambient particulates) was calculated 

from airborne bacterial concentration and particulate matter parameters such 

as TSP, PM10, and PM2.5 using the following equation: 

 

Bacterial	loading	factor	of	particulate	matter(CFU	μg  )

= 	
Bacteria	cocentration	(CFU	m  )

Particulate	matter(μg		m  )
 

 

 F test, t test, ANOVA, descriptive statistics, and correlation analysis were 

carried out to determine statistical correlation and comparison with BLFTSP, 

BLFPM10, and BLF PM2.5.  

A total of 346 hourly data and daily average data of EC, OC and the 8 ion 
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species were used for statistical analysis. A PCA was carried out to 

characterize the ambient chemical composition and its variation. A varimax 

rotation was applied to the three significant factors with an initial eigenvalue 

>1. The obtained varimax rotated factor scores of sample days are shown in 

Fig. 3.  All datasets processing and statistical analysis were performed using 

the SPSS 17.0 statistical program.  

 

High volume air sampler:  Heavy dust storms originating from Inner 

Mongolia and the Gobi desert had affected Seoul, Korea, from the evening of 

May 29 to May 31, 2008, during which the PM10 concentration reached 933 

μgm-3. Twelve samples of TSP for DNA extraction were collected for 20 days 

at SIHE and at the Guro air monitoring station. A high-volume air sampler 

(Andersen Instrument, USA) was used to collect TSP on 1 μm pores 8×10 

inches track-etched Poretics polyester membrane filters (GE, USA) at low 

rates of 700-800 l/hr for 4 hours. Before sampling, the instrument filtering 

areas were washed thoroughly with 70% ethanol. 

The 12 samples, except May 30 of AD event day, in which TSPs were 

sampled two times, were collected daily. Ten of the 12 samples were collected 

at SIHE and 2 samples were collected simultaneously at the Guro air 

monitoring station. These two sampling sites are approximately 13 km apart. 

After the sampling was completed, the sample filters were transported and cut 

into 47mm disks using sterile scissors and tweezers, which were put in a 

sterile Petri dish and stored in a freezer at -20 ºC until the DNA was extracted. 

 

II. Plate counts of bacteria  

 

The number of culturable bacteria was counted using R2A (DifcoTM) plates 

with 100 mg/L cycloheximide (Sigma-Aldrich Co., USA). The plates were 

incubated at 30 ºC for 4 d. All colonies visible to the naked eye were then 

counted and the counts were corrected using the manufacturer’s positive hole 
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conversion table MAS-100. The concentration of bacteria was calculated as 

the number of colony forming units per cubic meter of air (CFU/m3). 

 

III. DNA extraction method 

 

The DNA of the TSP on the filters was extracted following the method of 

Radosevich et al. (2002) after a slight modification. All DNA extraction was 

performed twice for each sample. After extraction, the two extracted DNA 

samples were pooled for further analysis. To describe briefly, the two disk 

filters for each sample were cut and were placed in a 15 mL conical Falcon 

tube containing an 8mL of phosphate buffer (PBT: 0.02% Tween-20). The 

falcon tube was vortexed, sonicated, and vortexed again. The suspension was 

poured into a clean falcon tubes. The wash was repeated with an additional 

8mL PBT. Both sample washes were centrifuged for 10 min at 4°C and 

16,060 x g with a microcentrifuge MIKRO 200R (Hettich Zentrifugen, 

Germany). The supernatant was discarded, and the pellets were resuspended 

with the remaining supernatant fluid to give a total volume of 100 μL. 

Bacterial genomic DNA was extracted from the filter concentrate using the 

MoBio Ultra Clean Soil DNA kitTM (MoBio, USA) according to the 

manufacturer’s specifications. The extracted DNA samples were placed in a 

freezer at -20 ºC until they were used. 

 

IV. Bacterial DGGE 

 

PCR reactions were performed in a thermal cycler (MyCyclerTM, Biorads, 

USA) using the primers of 338f and 519r with a GC clamp (Ahn et al., 2006) 

and a ReadyMixTM Taq PCR reaction mix with MgCl2 (Sigma, USA). All 

reactions were carried out in a 50 μL volume containing 25 μL of PCR 

reaction mix, 2.5 μL of bovine serum albumin (20 mg/mL, Bioneer, Korea), 

10 pmol of each primer and 2 μL and 10 μL DNA for the AD day and the 
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other days, respectively, as a template. The touchdown thermocycling 

program was as follows: there was an initial denaturation at 95°C for 5 min, 

followed by 10 cycles of 95°C for 1 min, 65°C for 1min, and 72°C for 1 min, 

during which the annealing temperature was reduced by 1°C/cycle from the 

preceding cycle; then there were 20 cycles of 95°C for 1 min, 55°C for 1 min, 

and 72°C for 1 min; with a final extension at 72°C for 7 min. The DGGE 

analysis was performed with a Dcode Mutation Detection System (Bio-Rad, 

USA) based on the method of Ahn et al. (2006). The gels were then stained 

with SYBR Green I (1:10 000 dilution; Sigma) for 30 min. The gels were 

subsequently photographed, scanned, and analyzed with GelDoc (Bio-Rad, 

USA) 

 

V. 16S rDNA cloning  

 

The bacterial 16S rDNA subunit was amplified by PCR with the universal 

primer: 27f, 1492r (Maron et al., 2005). The TSP of the May 21, 2008, sample 

were used for the normal day (ND) clone library construction, because similar 

DGGE profiles for three consecutive days (20-22 May, 2008) were observed 

before the AD event. For AD clone construction, a 1:1 mixture of DNA from 

two TSP samples collected in the morning and afternoon of May 30, 2008, 

were used to construct the AD clone library. Clone libraries from PCR 

products were constructed with a TOPO vector (Solgent, Korea) following the 

manufacturer’s instructions. A total of 104 and 158 white colonies of ND and 

AD, respectively, were sampled to constitute the library. The plasmids were 

extracted and their insert were amplified from each clone using M13F-M13R 

primers. After checking the insert size in a 1.5% agarose gel, a near full length 

sequencing of for both library was performed on a ABI 3730 xl sequencer 

(Applied Biosystems, USA) on both DNA strand by using 27f-1492r. 
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VI. Sequence analyses and phylogenetic analysis 

 

First, a total of 262 consensus 16S rDNA sequences were checked for 

chimeric sequences in the Ribosomal Database ProjectⅡ, and 7 chimeric 

sequences were removed. Then, 255 near full-length bacterial sequences were 

used as queries in blast searches.  Seventy-two in ND clones and 28 for AD 

clones were identified to be chloroplastic sequences and also removed for 

further analysis. With the mothur (v.1.7.0) analysis, the remaining 152 

sequences were classified to 62 and 17 operational taxonomic units (OTUs) 

for the AD and ND libraries, respectively (Schloss et al., 2009).  

Each of the OTUs was compared using an Eztaxon server 2.1 (Chun et al., 

2007). Based on the result, each clone’s phylogenetic abundance was 

calculated. Alpha diversity indices (Shannon’s Index, Simpsons Diversity 

Index) (Hill et al., 2003) and a LIBSHUFF analysis for the ND and AD 

libraries were performed with mothur (Schloss et al., 2009). Estimates of 

library richness, that is, the Chao 1 estimator, were calculated using EstimateS 

(Cowell et al., 2005). Coverage was calculated using the equation C=1-(n/N), 

where n is the number of unique 16S rDNA phylotypes and N is the total 

number of clones examined (Maron et al., 2005). 

 

VII.  Air mass backward trajectories 

 

To track the transport pathways and sources of air mass and AD, 72 h 

backward trajectories were calculated by the Hybrid Single Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph, 

2010; Rolph, 2010). The location of the backward trajectory startpoint was the 

sampling location of this study (the coordinate of the SIHE are latitude: 

37°28' and longitude: 127°20') with different altitudes of 500, 1000, and 

1500m above ground level (AGL) (Lee et al., 2007) 
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VIII. Nucleotide sequence accession numbers 

 

The nucleotide sequences determined in this study have been deposited in the 

GenBank database. The accession numbers for the 16S rDNA gene sequences 

are HM366461 to HM366539.  
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RESULTS 

 

I. Ambient bacterial concentrations during AD and NAD 

 

The average of culturable bacterial cells in the air for the AD days was seven 

times higher than that for normal days (Table 1). The averages of BLFPM2.5, 

TSP, PM10, and PM2.5 for the AD days were also significantly higher than 

those for normal days. However, the airborne culturable cell numbers per unit 

micrograms of particles in the air (i.e., BLFTSP, BLFPM10) during AD were 

shown to be slightly higher than those in normal days and the differences 

were not statistically significant when analyzed by the F test and t test.  

Table 2 summarizes the correlation coefficients (at P=0.05) of ambient 

bacterial concentration, BLFTSP, BLFPM10, and BLFPM2.5 with air quality and 

meteorological parameters. It was shown that the bacterial concentration in 

the air during the AD event was correlated significantly with TSP and PM10, 

while no correlation was observed during normal days. However, the 

statistical results of BLF with the air quality parameters showed a clear 

tendency that all of the anthropogenic pollution parameters such as TSP, PM10, 

PM2.5, SO2, NOx, CO were correlated negatively with BLFTSP, BLFPM10, and 

BLFPM2.5 during normal days. 

To evaluate more deeply the source of bacterial cells in the air during the 

AD event, one month of data (Total = 21, 7 for the dust storm, 14 for normal 

days) from May 20 to June 20, 2008 were analyzed statistically. Fig. 1 shows 

the variations of ambient bacterial concentrations during the dust storm event 

and the normal days. The correlation of bacterial concentration with TSP and 

PM10 concentrations was observed for the AD event, in which the Pearson 

coefficients of correlation were 0.931 and 0.881 (P<0.0001) for TSP and PM10, 

respectively. By contrast, no correlation was observed in normal days (Fig. 

1b).  
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Table 1. Comparison of airborne bacterial concentrations during Asian dust  
and non Asian dust days in Seoul 

 
Unit 

Asian dust 
Non Asian dust 

days 
All 

 Mean Stda Mean Stda Mean Stda 

Con. CFU/m3 2,212* 2,134 330* 218 905 1,466 

BLF b TSP CFU/μg 6.6 5.8 4.6 3.7 5.3 4.5 

BLF b PM10 CFU/μg 10.5 8.6 7.3 6.7 8.3 7.4 

BLF b PM2.5 CFU/μg 71.3* 64.8 16.8* 15.6 33.5 45.4 

TSP µg/m3 387* 272 84* 42 177 207 

PMc 
10 µg/m3 241* 165 58* 32 114 127 

PM c 2.5 µg/m3 40* 25 29* 19 32 21 

Number of 

sample 
- 26 59 85 

* The means between Asian dust and normal days were significantly different by Mann-
Whitney U test with SPSS17.0 (P<0.05) 

a. Std: standard deviation 
b. BLF: bacteria loading factor 
c. PM: particulate matter 

 

Table 2. Correlation of airborne bacterial concentration and bacterial loading 
factors (BLF) with air quality parameters during Asian dust and non-
Asian dust days 

 Correlation coefficients significantly correlated (at P=0.05) 

 Asian dust days Non Asian dust days 

Air quality 

parameters 

Airborne bacterial 

concentration 
BLFTSP BLFPM10 

TSP 0.584 -0.403 -0.333 

PM10 0.573 -0.466 -0.467 

PM2.5 - -0.397 -0.405 

SO2 - -0.360 -0.368 

NOx - -0.374 -0.371 

CO - -0.394 -0.421 
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Fig. 1. Variation of bacterial density and levels of particulate matter during 

Asian dust (a) and non-Asian dust days (b). The horizontal axis 

represents the sampling time 
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II. DGGE  

 

a.  AD and DGGE 

As shown in Fig. 2, the DGGE profiles obtained from airborne bacteria during 

the 20-day period were reproducible and complex. The complexity of the 

DGGE patterns implied that the airborne bacterial communities were highly 

diversified (Maron et al., 2005; Radosevich, 2002). An abrupt shift of DGGE 

profiles in just one day was observed when the AD was introduced in the air 

(lane 29 to lane 30(a), Fig. 2), while most DGGE patterns showed no change 

(lane 20 to lane 22) or were changed gradually day by day (lane 1 to 10 of 

Yangjae). Similar bacterial community structures were observed at the 

different locations, which are 13 km apart. That is, the DGGE banding 

patterns of the TSP samples collected at distant locations on the same day 

(lanes 30(a) and 30(p) of Yangjae and lane 30(a) of Guro; lane 10 of Yangjae 

and lane 10 of Guro) were quite similar to each other (Fig. 2).  

 

b. Chemical composition change and DGGE shift  

Three of the major components of the variation in the ionic concentration 

were identified on the basis of the magnitude of eigenvalue (more than one) in 

the PCA analysis. These three factors accounted for 71.8 % of the total 

variance in the entire set of data. Fig. 3 shows the PCA results of the PM2.5 

aerosol ion composition for the sample days. Based on the factor scores after 

the varimax rotation, the daily change of ionic characteristics was graphed to 

compare with the shift of DGGE profiles. The shift of the DGGE pattern 

coincided with the change of ionic characteristics, such as the ambient PM2.5 

for May 20th to 22nd and June 1st to 2nd June.   
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Fig. 2. The denaturing gradient gel electrophoresis (DGGE) profiles of 

amplified 16S rDNA from genomic DNA directly extracted from total 

suspended particles (TSPs) collected from May 20 to June 10, 2008. 

The Asian dust event occurred on May 30, 2008. 
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Fig. 3. Principal Component Analysis (PCA) of chemical composition   

of PM2.5 aerosols. PC: principal components 

 
Table 3. 16S rDNA phylotype distribution and comparison of the clone 

libraries during a normal day and an Asian dust day  

Sampling day Asian dust Normal day 

No of clones 120a 32b 

OTUs(phylotypes) 62 17 

Chao-1 estimator 
(estimated species 
Richness estimate) 

200±64 76±50 

% Coverage 60 66 

Shannon Index 3.510 2.512 

Evenness 0.851 0.887 

Simpson index 0.060 0.091 
aThe number of total clones was 155. However, 28 clones were accounted for chloroplasts  
and 7 clones were assumed to be the chimeric results of PCR recombination and were excluded 
from further analysis. 
bThe number of total clones was 102. However, 72 clones were accounted for chloroplasts, 
which were excluded from further analysis.  
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III. 16S rDNA clone libraries 

 

a. Diversity and species richness 

Table 3 summarizes the results of several diversity indices calculated by 

mothur and EstimateS. Even though the number of OTUs of the ND library 

was 32 (compared to 120 for the AD library) because of the high detection 

rate of chloroplast, the comparison of diversity indices was acceptable, 

considering that the sample coverage for ND library was higher than that for 

AD library (Table 3). The species estimator of the AD library, as the Chao-1 

estimator, was 2.6 times higher than that of the ND library.  A comparison of 

the two clone libraries using LIBSHUFF (mothur) showed that they were 

significantly different from each other (P<0.0001).  

 

 b. Phylogenetic abundance 

The NCBI blast search results indicated that most of bacteria sequenced were 

closely affiliated with uncultured bacteria, which does not give phylogenetic 

information. Therefore, Eztaxon was used, which provides similarity 

information by comparing the standard species with the query sequences 

(Chun et al., 2007).  The results of Eztaxon were used to obtain information 

on phylogenetic abundance. However, the isolation source information was 

from the results closest to GenBank relatives. 

Fig. 4 presents the phylogenetic abundance of the ND and AD clone libraries. 

It was observed that the TSP samples for the ND clone library were 

dominated by Proteobacteria (53.1%), of which γ-Proteobacteria and α-

Proteobacteria accounted for 28.1% and 15.6%, respectively, and the 

Actinobacteria accounted for 15.6%. The AD clones were composed mostly 

of Firmicutes (53%) dominated by the Bacillus species, Actinobacteria (18%), 

and α-Proteobacteria (11.7%). Compared to the normal day library, the AD 

library showed a different bacterial composition. Firmicutes increased by 

approximately 43% to become the most abundant group, while the 
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proteobacterial groups were reduced to only 15%. In addition, Planctomycetes 

and Deinococcus-Thermus were detected in small rates. By contrast, the 

Actinobacteria decreased only by 7%, and the Bacteroidetes did not show any 

substantial changes.   

 

c. Air mass source and transport pathway vs 16S rDNA sources based on 

GenBank closest relatives 

Several studies (Griffin et al., 2007; Lee et al., 2010) have combined air mass 

back trajectories to interpret atmospherically derived microbiological data. 

Air mass backward trajectories are presented in Fig. 5. These trajectories 

demonstrated that the air mass for the ND clone originated from west China 

and passed over the Yellow sea. The air of the AD clone was carried by the 

desert dust and passed over the industrial area in China and across the Yellow 

sea to Seoul.  

For the ND clone library, 43.8% of the identified bacteria were known to be 

associated with marine environments, and 15.6 % and 12.5% of the bacteria 

were known to be associated with soil and indoor dust, respectively. By 

contrast, most of the bacterial closest relatives of the AD clone library were 

from soil, and only 10% was affiliated with the GenBank relatives which were 

reported in marine environments. In addition, ADB-27, 47, and 52 were 

affiliated with the species which were reported to have been isolated from 

desert soil. In particular, ADB-52 was closely affiliated (99.7% sequence 

similarity) with Deinococcus sonorensis (AY743828), an ionizing-radiation-

resistant bacterium. The species isolated from polluted soil were also 

observed to account for 7.5% of the total AD clone library.    
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Fig. 4. Relative abundance of bacterial groups in TSP. Percentage of different bacterial groups found in TSP samples: 

(a) during a normal day; (b) Asian dust event; (c) Composition of Firmicutes in the Asian dust on May 30.   
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Fig. 5. HYSPILT back trajectories of air masses arriving at the sampling station during sampling period from: 500, 1000, and 1,500 m. 

Both backward trajectories were 72 hr and were obtained from the NOAA ARL. In each panel, the symbols mark 6-hour time periods; 

the lower portion of each panel shows the altitude history of the back trajectories starting over Seoul: a) Normal clone sampling day, 

May 21st; b) Asian dust clone sampling day, May 30th. 
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DISCUSSION 

 

Airborne bacteria enter the atmosphere from practically all kind of surfaces 

(e.g., soil, forest, river, desert, ocean, agricultural area, road dust) as aerosol 

particles.  Once in the air, the bacteria are carried upwards by air currents 

and can remain in the atmosphere until being removed by precipitation or 

direct deposition onto surfaces (Burrows et al., 2009). Because aerosol-

associated bacteria are carried with the air mass, atmospheric bacterial 

communities show strong variations in time according to the physical and 

chemical changes of the air masses (Fierer et al., 2008; Maron et al., 2005).  

 

I. Effect of ADs on the ambient bacterial communities 

 

Studies on African dust reported that the bacteria associated with desert soil 

could be transported thousands of kilometers (Griffin et al., 2007; Prospero et 

al., 2005). It is also known that a gram of desert soil may contain as many as 

109 bacterial cells (Burrows et al., 2009). However, in many case studies, it is 

difficult to determine whether the source of the increased bacteria is a distant 

desert, local emissions, or some other sources (Burrows et al., 2009).  

High correlation of bacterial concentrations with TSP and PM10 during the 

AD days in this study indicated that the desert dust was the source of airborne 

bacteria (Burrows et al., 2009). However, BLFTSP and BLFPM10 of the dust 

events were not significantly higher than those of normal days. Our result 

indicated that the high concentration of bacteria during AD was due to the 

large increase of the concentration of soil-originated particulates.  

The results of DGGE and the16S clone library showed that the AD event 

influenced the composition of the ambient bacteria and its phylogenetic 

structures. In DGGE analysis, an abrupt shift of the DGGE band pattern was 

observed in just one day, from the normal day to the AD-affected day. Lee et 

al. (2009) showed similar results, namely, that the DGGE band patterns of the 
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PM2.5 of AD and normal days were distinctive, reflecting quite different 

microbial profiles.  

The 16S rDNA clone library also demonstrated similar results with DGGE. 

The result of LIBSHUFF analysis of the two clone libraries indicated different 

phylogenetic structures.  In addition, during the AD-affected days, the 

estimated species Chao1 and Shannon index (H’) were higher than those of 

the unaffected days, which suggested that outdoor bacterial community during 

the AD event had much diverse genetic structures. Fierer et al. (2006) studied 

the phylotype diversity (H’) of soil from a variety of environments. They 

reported that the entire range H’ of the various soil types was from 2.4 to 3.8. 

The phylotype diversity of the Mojave Desert soil (California, USA) was 

shown to be 3.2-3.6, which was similar to our result of 3.51 for the TSP of 

Asian dust. In the study of Lee et al. (2010), the H’ was similar during Asian 

dust events but lower in normal days, while all results were higher than those 

of Deprés et al. (2007). These discrepancies could be due to the different 

seasons or methods.   

 

II. Effect of source and transport pathways of air masses 

 

During normal days, a correlation between culturable bacterial concentrations 

in the air with a variety of meteorological and air quality parameters was not 

found, which was contrary to previous studies (Jones and Harrison, 2004; 

Mouli et al., 2005). However, BLFTSP, BLF PM10, and BLFPM2.5 (Bacteria 

loading factor, CFU per microgram of particulates) were observed to be 

significantly negatively correlated with air quality parameters such as TSP, 

PM10, PM2.5, SO2, NOx, CO. (P<0.05). The results of this study demonstrated 

that the more aerosols of anthropogenic sources were emitted, the lower the 

bacterial concentration in the particulates, suggesting that the outdoor 

bacterial cell number was affected by the sources of aerosols and human 

activity (Lighthart 1999, Maron et al., 2006).  Furthermore, the conversion 
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of the total bacterial cells per air volume to the bacteria cell number per 

microgram of particles was shown to be better for analyzing and evaluating 

the variations of ambient bacteria concentration.  

Ion composition data have been used to identify the source of aerosols (Lee 

et al., 2007). It was found from the DGGE band patterns that the phylogenetic 

structure of the bacteria were changed similarly to the change of the ion 

compositions PM2.5 aerosols (Figs. 2 and 3). Furthermore, the days that 

showed similar DGGE patterns were clustered together in PCA, suggesting a 

genetically similar bacterial community. Therefore, this result implied that the 

sources of air mass impacted the airborne bacterial communities. 

It was notable that the ambient bacterial communities could be homogeneous 

at a large scale, although only two sample days were presented. The DGGE 

from the distant locations showed highly similar banding patterns, suggesting 

that the airborne microbial community was affected by large scale air masses 

and that they had a homogenous composition.  The DGGE results 

demonstrated that the airborne bacterial communities were dependent on the 

air fluxes, which resulted in strong temporal variations, as reported by other 

studies (Fierer et al., 2008; Maron et al., 2005)  

Furthermore, comparison of the backward trajectories with the 16S rDNA 

clone library composition results indicated that each isolation source of the 

closest GenBank relatives reflected the sampled air mass transport pathway. If 

an air mass moves over an ocean and carries with it marine aerosol-associated 

bacteria from the marine environment (Burrow et al., 2009), the outdoor 

bacterial communities could be composed of bacteria from the ocean and its 

sediments.  

In this study, 27f and 1492r of the universal Eubacteria primer set were 

used and 79% and 18% of the ND and AD sequenced clones, respectively, 

were close to the chloroplastic sequences already reported by other studies 

(Maron et al., 2005; Rodosevich et al., 2002), most of which being the 

chloroplast Pinus Koraensis (Korean pine). The period of TSP sampling was 
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spring, which is usually at the peak of pinus pollen in Korea. The use of 27f 

and 1492r in the investigation of atmospheric bacteria need to be considered 

carefully, since an airborne particulate matter usually contains a mixture of 

plant debris and bacteria and the universal Eubacteria primer set also 

amplifies chloroplast, which may result in introduction of errors into 

microbial communities (Maron et al., 2005).  

 

III. Public health perspectives 

 

Several recent papers have reported that AD particulates were observed to 

produce more inflammatory responses than the particles of normal day (Kim 

et al., 2006; Lei et al., 2004). However, the specific components causing these 

effects are still controversial (Meng et al., 2007; Lei et al., 2004). The results 

of this study implied that the overall increase of bacterial concentrations in the 

air during AD event could lead to an increased risk of respiratory 

inflammatory responses. Studies on African dust reported the airborne 

transport of pathogens and their resultant health effects (Griffin 2007; Kellogg 

and Griffin, 2006, Polymenakou et al., 2008).  

Only one species, Propionibacterium acens (99.9% sequence similarity), in 

the ND library was identified as pathogenic in this study (Polymenakou et al., 

2008). However, there is still a reasonable possibility of various pathogens 

being transported with dust storms or existing in the ambient air during 

normal days, because only 31% and 22% of the estimated species, for the AD 

day and the normal day, respectively, were identified in this study.  Thus, 

further studies on identification of the bacteria transported by the AD should 

be performed to assess their potential effects on human and ecological health 

in downwind environments. In addition, air-borne sampling is recommended 

to minimize the local source effects for clear assessment of the effect of AD 

and air masses on ambient bacterial community, even though sampling in this 

study were carried out in the 10 m high above ground,  
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Impacts of Asian dust and environmental factors 

on atmospheric fungal communities 
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ABSTRACT 

 

Fungi may constitute a significant fraction of airborne particulates, and 

outdoor fungal exposure is primarily associated with increased asthma 

symptoms and an increased risk of asthma exacerbations. The primary route 

of human exposure to fungi is assumed to be by inhalation of airborne conidia 

and their fragments. Recently, there have also been concerns related to the 

synergistic effects of non-biological pollutants such as PM10, PM2.5, O3, and 

heavy metals as well as fungal spores on inflammation and allergy. In 

addition, many allergenic and infectious pathogens have been identified 

among fungal species in the urban atmosphere. Long-range transport of desert 

dusts such as African and Asian dust events have also been a concern because 

many studies have noted that dust-borne microorganisms may be transported 

and play a significant role in the downwind ecosystem and in the health of 

people living downwind. Although Asian dust is considered to increase fungal 

levels and have an impact on the fungal composition, limitations in tracking 

the fungal diversity of air have thus far prevented a clear understanding of the 

impacts of fungi, and their potential to threaten human health. In this study, 

the impact of atmospheric fungi on human health and the impact of Asian dust 

events on atmospheric fungi were assessed by both culture-independent 

methods and culture-dependent methods. Culturable fungi concentrations 

were monitored from May 2008 to July 2011 and 3 pairs of ITS clone libraries 

one during Asian dust (AD) days and the other during the adjacent non-Asian 

dust (NAD) days were constructed after direct DNA extraction from total 

suspended particulates (TSP) samples. The geometric mean (GM) of airborne 

fungal concentrations during Asian dust event days (AD) was significantly 

higher than that of NAD according to a Mann-Whitney U test (P <0.005). The 

seasonal and monthly ambient fungal concentrations were significantly 

different, showing higher fungal concentrations in the summer and fall by an 

ANOVA test (P <0.001). Statistically significant positive correlations with 
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airborne fungal concentrations were found for temperature, RH (relative 

humidity), UV and solar. Atmospheric pressure and most of the air quality 

parameters such as particulates, SO2, NOx, CO, and O3 were negatively 

correlated with these factors. However, most correlation coefficients of the 

parameters, except temperature and atmospheric pressure, were lower than 0.4, 

suggesting weak correlations. In addition, different correlation trends were 

observed after data were regrouped with respect to rain, Asian dust, season, 

and humidity. Comparison of AD vs. NAD clones showed significant 

differences (P <0.05) in all three cases using LIBSHUFF. In addition, the 

correlation of culturable fungal concentrations with PM10 concentrations was 

observed to be high (0.814) for the AD while correlation coefficients of PM10 

as well as other particulate parameters with airborne fungal concentrations 

were significantly negative for the NAD days during intensive monitoring 

periods (May to June, 2008). In addition, high proportions of uncultured soil 

fungus isolated from semi-arid regions were observed only in AD clone 

libraries. Based on these results as well as on previous reports on African and 

Asian dust events, Asian dust impacts not only airborne fungal concentrations 

but also fungi communities, suggesting that Asian dust events may have a 

significant effect on human health and ecology in downwind areas. 

 

  

KEYWORDS: Asian dust events, Airborne culturable fungal concentration, 

ITS clone library 
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INTRODUCTION 

 

Fungi may constitute a significant fraction of particulate matter in urban 

atmospheric aerosols (Bauer et al., 2008; Boreson et al., 2004, Cheng et al., 

2009). Fungal spores are the most important contributors to PM10 mass, and 

after rainfall, 20% of PM10 may be composed of fungal spores (Battarbee et 

al., 1997: Winiwarter et al., 2009). Womiloju et al (2003) reported that fungal 

cells and fragments accounted for 4-11% of the total PM2.5 concentrations.  

Approximately 80 fungi species are known to produce allergic pathologies 

(Simon-Bobbe et al., 2008). In the last few decades, epidemiologic studies 

have shown that fungal spores seem to provoke asthma attacks (Bush and 

Prochanu et al., 2005; Delfino et al., 1997; Newson et al., 2000). Outdoor 

exposure is generally more relevant in terms of sensitization and disease 

expression (Bush et al., 2006). The survey data have suggested that the trends 

for acute asthma exacerbation are associated with variations in the outdoor air 

spora profile (Pongracic et al., 2010). In addition, commonly occurring 

environmental fungi cause fungal infections, which are highly fatal for 

immunocompromised patents (Yamamoto et al., 2011).  

The primary route of human exposure to fungi is assumed to be by inhalation 

of airborne conidia and their fragments (Green et al., 2006; Roe et al., 2001). 

Therefore, many studies for predicting outdoor levels of airborne fungi have 

been performed (Lee et al., 2009; Oliveira et al, 2009; Sousa et al., 2008; Ho 

et al., 2005; Wu et al., 2007). Through these studies, interrelationships 

between spore levels in the air and meteorological parameters have been well 

established, and temperature and relative humidity (RH) have been proposed 

to be the most important factors that influence the outdoor levels of airborne 

fungi (Adhikari et al. 2006; Burch and Levetin, 2002; Grinn-Gofroń, 2008; 

Oliveira et al., 2009; Sousa et al., 2008; Troutt and Levetin, 2001). However, 

there have been concerns about the synergistic effects of non-biological 

pollutants such as PM10, PM2.5, O3, and heavy metals as well as fungal spores 
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on inflammation and allergy (Adhikari et al. 2006; Sousa et al., 2008). The 

association between airborne fungi and air pollutants has only been 

investigated in a few studies (Adhikari et al., 2006; Bauer et al., 2008; Grinn-

Gofroń, 2011; Ho et al., 2005; Sousa et al., 2008), and the relationships 

between airborne fungal levels and air pollutants remain controversial.  

In addition, the taxonomic composition of fungi has potentially important 

implications for human health (Yamamoto et al., 2012) because the effects of 

fungi are highly dependent on the species (Roe et al., 2001). Several studies 

on atmospheric fungal composition analyzed the DNA of fungi in atmospheric 

aerosol samples (Boreson et al., 2004; Deprés et al., 2007; Fierer et al., 2008; 

Lee et al., 2009; Frőhlich-Nowoisky et al., 2009; Yamamoto et al., 2012).     

Long range transport of desert dusts such as African and Asian dust events 

have also been a concern because many studies have noted that dust-borne 

microorganisms may be transported during dust events and may play a 

significant role in the ecosystem and health of the downwind area (Garrison et 

al, 2003; Griffin et al. 2007; Jeon et al., 2011; Kellogg et al., 2004; Prospero 

et al., 2005; Schlesinger et al., 2006). For example, coral diseases of reefs in 

the Caribbean and Florida showed a connection with African dust events and 

with associated pathogenic fungal species (Garrison et al., 2003). In addition, 

many epidemiological studies have demonstrated that Asian dust events 

coincide with increases in daily hospital admissions and clinical visits for 

respiratory conditions such as asthma, allergic rhinitis, and conjunctivitis 

(Chen and Yang, 2005; Kwon et al., 2002; Yang et al., 2005; Yang, 2006;), 

suggesting that these increased allergy symptoms could be attributed to 

bioaerosols with heightened air pollutants (Adhikari et al., 2006; Griffin et al. 

2007). 

Changes in airborne fungal populations were also observed with increased 

levels of airborne fungi during Asian dust events (Wu et al., 2004; Yeo and 

Kim, 2002) and African dust events (Schlesinger et al., 2006). However, these 

studies were culture-based studies (Choi et al., 1997; Ho et al., 2005; Wu et 
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al., 2004; Yeo and Kim, 2002), which have many limitations (Roe et al., 2001; 

Vesper et al., 2008). For example, not all species grow on the same media, 

and culture-dependent methods can identify fungi only to the genus level. 

Although Asian dust is considered to increase fungal levels and have an 

impact on fungal composition, limitations in tracking fungal diversity in the 

air during AD days have thus far prevented a clear understanding of the 

impact of airborne fungi and consequently their potential to be hazardous to 

human health. Comparing airborne fungal composition between AD days and 

adjacent NAD days using culture-independent methods will help us 

understand the impact of Asian dust events on the atmospheric fungal 

communities. 

The aims of this study were to evaluate the impact of atmospheric fungi on 

human health and to assess the impact of Asian dust events on atmospheric 

fungi by both culture-independent and culture-dependent methods. Culturable 

fungi concentrations were monitored from May 2008 to July 2011 and 3 pairs 

of ITS clone libraries (one during AD days and the other during adjacent 

NAD days) were constructed after direct DNA extraction from TSP samples 

and compared by LIBSHUFF. The relationships between airborne culturable 

fungal concentrations and air quality factors as well as meteorological 

parameters were examined based on non-parametric correlation tests. In 

addition, the relative abundance of allergenic fungi in the atmosphere during 

AD and NAD days was also assessed to understand the impact of airborne 

fungi on human health.  
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MATERIALS AND METHODS 

 

I. Sampling of airborne culturable fungi and TSP  

 

Monitoring site: The data were collected from May, 2008 to July, 2011 in 

Seoul, which is the largest city in Korea located in the north, at latitude and 

longitude of approximately a 37.541°N and 126.986° W. With approximately 

10.2 million inhabitants, Seoul lies in the border region between a humid 

subtropical and humid continental climate. The annual average temperature is 

approximately 12.5°C, and annual air humidity is between 55% and 65%. The 

total annual mean precipitation is approximately 1400 mm. Summers are 

generally hot and humid, with the East Asian monsoon taking place from June 

until July. Winters are often relatively cold, with an average January 

temperature of -5.9 to 1.5 °C and are generally much drier than summers. 

Samples for the airborne culturable fungal concentrations were collected 

from the rooftop of the Seoul Metropolitan Research Institute of Public Health 

and Environment (SIHE), which is located in a suburban environment in the 

southern region of Seoul (Republic of Korea). The site is suited well for the 

assessment of the Asian dust effect on the ambient fungal diversity and 

change while ruling out the most of direct effects of fugitive dust because it is 

approximately 10 m above ground and is not near industrial or commercial 

complexes. 

 

Culturable fungi concentrations in the atmosphere: Samples for culturable 

fungal concentrations in the atmosphere were taken 342 times from May, 

2008 to July, 2011 (28 times during AD and 314 times during NAD days, 88 

rain or snow days and 226 days without precipitation). All of the data were 

grouped into AD and NAD days based on the “Asian dust Occurrence Reports” 

from the National Institute of Environmental Research, Korea. Most samples 

were taken once per day from 1 to 3 p.m. During the Asian dust days; 
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however, several samples were taken at different times to correlate the fungal 

concentration with various parameters.  

The number of culturable fungi was counted using DG18 (DifcoTM) plates 

with 100 mg/L streptomycin (Sigma-Aldrich Co., USA). The sampling 

apparatus used was a calibrated MAS-100NT Air sampler (MERCK, Swiss) 

with a sampling head of 300 holes x 0.7 mm. The MAS-100NT sampler was 

operated according to the impaction principle, with an air intake of 100 l /min, 

an impact speed of 20 m/s, and a d50 value of 0.5 μm. Each Petri dish was 

exposed to 50-250 l of air. For one plate, it took 30 seconds to 2.5 minutes 

because the flow of intake of the MAS-100 sampler was fixed at 100 l/min. 

The sampler head plate was thoroughly swabbed with 70% ethanol between 

the samples. Five replicate and one blank plate were exposed successively on 

each sampling occasion. To control sampler contamination, one additional 

Petri dish was used for the blank, which was placed on the sampler and 

allowed to sit for one minute without turning on the vacuum pump. No 

colonies were found in blank plates during NAD days, while 4-5 colonies 

were occasionally observed during AD days, for which the count was used as 

a blank in calculating the fungal concentration. The plates were incubated at 

25°C for 5 d. The concentration of fungi was calculated as the number of 

colony forming units per cubic meter of air (CFU/m3). 

 

II. ITS clone library construction 

 

TSP sampling: For comparison of airborne fungal communities, 3 pairs of 

samples of TSP were collected at the same site as the airborne culturable 

fungi. A high-volume air sampler (SIBATA, Japan) was used to collect TSP 

on 1 μm pore, 8 × 10 inch track-etched Poretics polyester membrane filters 

(GE, USA) at rates of 500 l/hr for approximately 8 hours, except that more or 

shorter sampling times were employed during Asian dust days depending on 

the time periods of the episodes. Before sampling, the instrument filtering 
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areas were washed thoroughly with 70% ethanol. After sampling, the sample 

filters were transported and cut into stripes using sterile scissors and tweezers, 

which were placed in 50 mL sterile Falcon tubes and stored in a freezer at -

20°C until the DNA was extracted. 

DNA extraction: The DNA of the TSP on the filters was extracted following 

Proteinase K digestion and mortar and pestle grinding with the MoBio 

commercial kit method of Karakousis et al (2006) after a slight modification. 

All DNA extraction was performed twice for each sample. After extraction, 

the two extracted DNA samples were pooled for further analysis. Briefly, the 

whole filters for each sample were cut and placed in a 50 mL conical Falcon 

tube containing 30 mL of a sorbitol-based buffer containing 0.1 M sorbitol, 10 

mM Tris-HCl, 100 mM EDTA and 14 mM β-mercaptoethanol, pH 8.0 and 

digested with Proteinase K (1 mg/L) overnight at 60°C. The falcon tube was 

vortexed, sonicated, and vortexed again. The suspension was poured into 

clean falcon tubes. The wash was repeated with an additional 20 mL sorbitol-

based buffer, which were centrifuged for 10 min at 4°C with 10,000 x g with a 

VS-15CFN centrifuge (Vision Scientific, Ltd., Korea) to reduce the volume to 

approximately 10 mL. These samples were centrifuged once more for 10 min 

at 4°C and 16,060 x g with a MIKRO 200R microcentrifuge (Hettich 

Zentrifugen, Germany). The supernatant was discarded, and the pellets were 

resuspended with the remaining supernatant fluid to give a total volume of 

100 μL. Fungal genomic DNA was extracted from the filter concentrate after 

digesting these with Proteinase K (1 mg/mL) using the MoBio Ultra Clean 

Soil DNA kitTM (MoBio, USA) according to the manufacturer’s specifications. 

Extracted DNA was additionally cleaned up with Geneclean turbo kit 

(Qbiogene, USA). The cleaned DNA samples were placed in a freezer at -20 

ºC until they were used. 

 

ITS cloning: The ITS region of fungi in TSP was amplified by PCR with the 

universal primer set ITS1f and ITS4 (Manter et al., 2007). The TSP from the 
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May 21, 2008 (F1), Jan. 19, 2010 (F2), and Mar 11, 2010 (F3) samples were 

used for the non-Asian dust (NAD) clone library construction, while the 

samples from May 30, 2008 (FA1), Jan 25, 2010 (FA2), and Mar 15, 2010 

(FA3) were used for the Asian dust (AD) clone library. Clone libraries from 

PCR products were constructed with a TOPO vector (Solgent, Korea) 

following the manufacturer’s instructions. The plasmids were extracted, and 

their inserts were amplified from each clone using M13F-M13R primers. 

After checking the insert size in a 1.5% agarose gel, the amplified ITS genes 

were sequenced using an ABI 3730 sequencer (Applied Biosystems, USA) 

according to the manufacturer’s instructions with the sequencing primers 

ITS1f and ITS4. 

 

Phylogenetic analysis: The fungal richness and diversity in the outdoor air 

were estimated based on OTUs with 97% sequence similarity (O’Brien et al, 

2005; Yamamoto et al., 2012). Chimeric sequences were identified using the 

program Chimera Check from the Ribosomal Database Project and eliminated 

from subsequent analysis. A total of 385 putative ITS gene sequences (147 

from the NAD clones and 238 from the AD clones) were used as queries in 

blast searches. Using mothur (v.1.7.0) analysis (Schloss et al., 2009) on the 

sequences, 62 and 73 operational taxonomic units (OTUs) were obtained for 

the NAD and AD libraries, respectively. Based on this result, each clone’s 

phylogenetic abundance was calculated. 

Shannon’s Index (Hill et al., 2003) and a LIBSHUFF analysis for the NAD 

and AD libraries were performed with mothur (Schloss et al., 2009). 

Estimates of library richness, that is, the Chao 1 estimator, were calculated 

using EstimateS (Cowell et al., 2005). Coverage was calculated using the 

equation C=1-(n/N), where n is the number of unique ITS phylotypes and N is 

the total number of clones examined (Maron et al., 2006) 

 

III. Data of air quality and meteorological parameters 
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The air quality and meteorological data were obtained from the Seochogu air 

monitoring station, which is in the same local area and is 5 km from the 

sampling site. Meteorological data such as hourly WS (wind speed), RH 

(relative humidity), temperature, UV, and solar and air quality data such as 

hourly TSP, PM10 (particulate matter with aerodynamic diameter < 10 µm), 

PM2.5 (particulate matter with aerodynamic diameter < 2.5 µm), SO2, NOx, 

CO, CH4, total hydrocarbon (THC) and non-methane hydrocarbon 

(NMHC)(Horiba, Japan) data were produced, and atmospheric pressure was 

obtained from the Korea Meteorological Administration. All of these data 

were obtained for the same sampling time and were chosen for statistical 

analysis with culturable fungal concentrations in the air.   

 

IV. Statistical analysis 

 

The comparisons of the parameters were performed using hourly data. 

Normality of the fungi assay data was assessed using the Shapiro-Wilk test, 

indicating that these were not normally distributed. Therefore, nonparametric 

statistical tests were used for the comparison of means and the correlation test 

(Adhikari et al., 2006). Because it is supposed that Asian dust events, season, 

humidity, and rain have a great impact on the culturable fungal concentration, 

comparison of means by statistical tests were always performed after 

regrouping in terms of these factors. The difference of variables was tested by 

the Mann-Whitney U-test and by Kruskal-Wallis test. (Lignell et al., 2008) 

Correlation analysis between airborne culturable fungal levels and 

environmental factors was carried out to determine statistical correlation using 

the spearman’s Rho test (Meklin et al., 2007). All tests were two-tailed, and a 

P-value below 0.05 was used to indicate statistical significance. All dataset 

processing and statistical analyses were performed using the XLSTAT 1.02 

and SPSS 17.0 statistical program.  
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RESULTS 

 

I. Descriptive statistics  

 

Fig. 1 summarizes the distributions of the ambient culturable fungal 

concentration during the studied periods (May 2008-July 2011). The 

geometric mean (GM) during AD days was significantly higher than that 

found during NAD when tested by the Man-Whitney U-test (P <0.005). 

 

The seasonal and monthly distributions of ambient fungal concentrations are 

shown in Fig. 2. Significantly higher fungal concentrations were observed in 

the summer and fall. Turkey-HSD analysis demonstrated that the ambient 

fungi in the spring and winter were significantly lower than those in the 

summer and fall. Monthly concentrations were also significantly different by 

an ANOVA test (P <0.001), shown in Table 1. 
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Fig. 1. Box-plots of culturable fungi concentrations in outdoor Seoul (Box-

plots indicate the mean concentration (Red Cross) and the 25th, median, 

and 75th percentiles). AD: Asian dust days; NAD: non-Asian dust days; 

Overall: including Asian dust days and non-Asian dust days. 

 

Table 1. ANOVA and Mann-Whitney U test of airborne fungal concentrations 

in terms of Asian dust, season and month. 

Conditions Statistics P 

Significantly different 

by Post-hoc analysis 

(Turkey-HSD, P<0.05) 

AD vs. NAD Mann-Whitney <0.005 - 

Season ANOVA <0.001 
Spring vs. Summer, Fall 

Winter vs. Summer, Fall 

Month ANOVA <0.001 
Similar result above 

seasonal results 

AD NAD Overall 
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Fig. 2. Box-plots of seasonal concentrations of culturable fungal 

concentrations in outdoor Seoul (Box-plots indicate the mean 

concentration (Red Cross) and the 25th, median, and 75th percentiles).  
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II. Non-parametric correlation between airborne fungal 

concentrations and environmental parameters 

 

Fig.3. presented the variation of monthly geometric means of airborne 

culturable fungi concentrations and means of environmental variables in 2010. 

Monthly means (GM) of airborne fungi showed significant high correlation 

with Temperature, RH, UV but no correlation with O3. However, the 

correlation analysis using the hourly based data showed different tendency.  

Results of the non-parametric correlation analyses are presented in Table 2-4. 

The non-parametric correlation coefficients (Spearman coefficient) were 

calculated between ambient fungal concentrations and environmental 

parameters. The values of environmental parameters correspond to those of 

the hour in which airborne fungal concentrations were sampled. Because rain, 

Asian dust, RH and season were observed to be important factors in this study, 

tests were performed after regrouping in terms of Asian dust, rain, and season.  

Statistically significant positive correlations with airborne fungal 

concentrations were found with temperature, RH, UV and solar. Atmospheric 

pressure and most of the air quality parameters such as particulates, SO2, NOx, 

CO, and O3 were negatively correlated with airborne fungal concentrations. 

However, the correlation coefficients of most parameters except temperature 

and atmospheric pressure were lower than 0.4, suggesting weak correlations. 

The correlation coefficients showed different tendencies after the data were 

regrouped in terms of rain, Asian dust, season, and humidity, which were 

considered critical factors for airborne fungal concentrations, and statistically 

tested. During Asian dust days (n=28), PM2.5/TSP and PM2.5/PM10 

demonstrated significant negative correlation with the airborne fungal 

concentrations, while there was no correlation between the airborne culturable 

fungi and known major factors such as temperature, humidity, and 

atmospheric pressure. 

Non-Asian dust days: After excluding the data from Asian dust days, TSP, 

PM10, PM2.5 showed significant correlation with airborne fungi levels.  
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Rain: The correlation coefficients of particulates and air pollutants exhibited 

higher significant inverse correlation than those for non-rain-affected days. 

Season: In spring, temperature and UV exhibited significant positive 

correlation coefficients, in that the airborne fungal concentrations increased 

on warm days and days with sunshine. In the summer, humidity was the main 

factor influencing outdoor fungi. In the fall, UV light and solar were 

positively correlated. However, there were no significant parameters in winter. 

 A positive correlation of ozone with fungal concentration was found in 

spring, spring without rain, and summer without rain, while a negative 

correlation was observed in summer and summer with rain.  

Relative humidity: Of the regrouped correlation tests, grouping in terms of 

humidity exhibited higher coefficients. For all of the three groups, 

temperature and UV showed positive correlation with airborne fungi, and 

atmospheric pressure and NO2 were negatively correlated. For high humidity 

days, particulates such as TSP, PM10, and PM2.5 were observed to be 

negatively correlated, while for the other groups (0-30%, 30-50%), these 

particulates were rarely found to be correlated with fungi. In days with low 

humidity (0-30%), only temperature, UV, atmospheric pressure and NO2 were 

observed to be significantly correlated. Ozone, which was observed to have 

no or weak correlation with fungal concentration in other correlation tests, 

was found to have positive correlation with days with low and medium 

relative humidity (0-60%), while for high relative humidity (higher than 60%), 

no correlation was found.  

Intensive monitoring periods: Fig. 4 shows the variations in ambient 

culturable fungal concentrations during the dust storm events and the NAD 

days. Correlation of culturable fungal concentration with PM10 concentrations 

was observed to be high (0.814) for the AD, while the correlation coefficients 

of PM10 and other particulate parameters with airborne fungal concentrations 

were significantly negative for the NAD days.  
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Fig.3. Correlation of monthly means between airborne culturable fungi concentrations and environmental variables 
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Table 2. Linear correlation coefficients between air quality and meteorological 

parameters and the logarithm of airborne fungal concentration (2008-

2011). 

 AD NAD 

Rain 

affected 

days 

No rain 

affected 

days 

Overall 

N 28 314 88 226 342 

Wind speed 0.084 -0.069 -0.102 -0.055 -0.043 

Temperature -0.019 0.580 0.684 0.530 0.524 

Humidity -0.269 0.297 0.462 0.228 0.260 

UV 0.264 0.296 0.375 0.280 0.279 

Solar 0.201 0.210 0.191 0.248 0.201 

Atmospheric 

pressure 
0.102 -0.433 -0.430 -0.437 -0.405 

TSP 0.279 -0.180 -0.444 -0.143 0.023 

PM10 0.187 -0.267 -0.574 -0.162 0.018 

PM 2.5 -0.073 -0.149 -0.230 -0.033 -0.099 

SO2 -0.392 -0.214 -0.543 -0.102 -0.212 

NO2 -0.353 -0.318 -0.424 -0.279 -0.309 

NOx -0.248 -0.256 -0.441 -0.205 -0.245 

CO -0.360 -0.164 -0.360 -0.076 -0.165 

O3 0.051 0.192 0.059 0.273 0.167 

CH4 -0.220 -0.059 -0.160 -0.032 -0.061 

NHMC -0.205 -0.071 -0.222 -0.008 -0.108 

THC -0.235 -0.104 -0.251 -0.026 -0.102 

PM10/TSP 0.277 -0.097 0.230 -0.044 -0.113 

PM2.5/TSP -0.546 0.044 -0.084 0.098 -0.025 

PM2.5/PM10 -0.564 0.032 -0.095 0.090 -0.043 

Note: lRl > lRcritl in bold (data number) 
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Table 3. Linear correlation coefficients between air quality and meteorological 

parameters and the logarithm of airborne fungal concentration 

(2008-2011). 

 Spring Spring(rain) 
Spring 

(without 
rain) 

Summer 
Summer 

(rain) 

Summer 
(without 

rain) 

N 123 30 93 92 35 57 

Wind speed 0.046 -0.009 0.026 0.058 -0.281 0.275 

Temperature 0.450 0.461 0.483 -0.115 -0.273 -0.003 

Humidity 0.158 0.234 0.012 0.312 0.699 0.089 

UV 0.202 0.450 0.222 -0.203 -0.301 -0.090 

Solar 0.149 0.376 0.196 -0.266 -0.505 0..054 

Atmospheric 

pressure 
-0.347 -0.175 -0.358 -0.032 0.114 -0.137 

TSP -0.059 -0.214 -0.014 -0.132 -0.518 0.103 

PM10 -0.104 -0.447 0.014 -0.203 -0.522 -0.031 

PM 2.5 -0.107 -0.330 -0.034 -0.134 -0.298 -0.046 

SO2 -0.080 -0.343 -0.042 0.179 -0.123 0.289 

NO2 -0.259 -0.233 -0.294 -0.102 -0.188 -0.102 

NOx -0.142 -0.044 -0.169 -0.005 -0.082 -0.032 

CO -0.121 -0.126 -0.146 0.138 0.000 0.223 

O3 0.180 -0.130 0.368 -0.301 -0.633 -0.067 

CH4 0.100 -0.024 0.129 0.042 0.094 -0.048 

NHMC -0.069 -0.117 -0.027 -0.253 -0.436 -0.128 

THC 0.030 -0.072 0.068 -0.192 -0.352 -0.101 

PM10/TSP -0.170 -0.532 -0.042 -0.134 -0.169 -0.216 

PM2.5/TSP -0.252 -0.588 -0.130 -0.106 0.068 -0.279 

PM2.5/PM10 -0.221 -0.532 -0.104 -0.134 0.055 -0.305 

Note: lRl > lRcritl in bold (data number) 



78 

 

Table 4 Linear correlation coefficients between air quality and meteorological  

parameters and the logarithm of airborne fungal concentration (2008-

2011). 

 Fall Fall(rain) 

Fall  

(without 

rain) 

Humidity 

(0 ~ 

30%) 

Humidity 

(30~60%) 

Humidity 

(60% ~ ) 

N 32 9 41 78 149 86 

Wind speed 0.047 0.164 0.037 -0.078 0.016 -0.153 

Temperature 0.299 0.698 0.310 0.493 0.528 0.661 

Humidity 0.182 -0.028 0.011 0.222 -0.031 0.318 

UV 0.523 0.857 0.478 0.292 0.394 0.279 

Solar 0.439 0.487 0.416 0.286 0.345 0.191 

Atmospheric 

pressure 
-0.204 -0.366 -0.149 -0.306 -0.323 -0.469 

TSP -0.287 -0.619 -0.284 -0.035 -0.123 -0.408 

PM10 -0.295 -0.606 -0.304 -0.027 -0.236 -0.485 

PM 2.5 -0.076 -0.732 -0.168 -0.015 -0.219 -0.267 

SO2 -0.233 -0.800 -0.385 -0.032 -0.322 -0.134 

NO2 -0.011 -0.682 -0.195 -0.332 -0.401 -0.289 

NOx -0.158 -0.662 -0.170 -0.180 -0.374 -0.339 

CO -0.107 -0.632 -0.150 -0.106 -0.302 -0.248 

O3 0.126 0.286 0.143 0.342 0.295 0.109 

CH4 0.114 -0.644 -0.038 0.001 -0.114 -0.176 

NHMC 0.081 -0.731 0.050 -0.057 -0.134 -0.309 

THC 0.106 -0.769 0.002 -0.019 -0.160 -0.249 

PM10/TSP -0.287 0.038 -0.271 0.050 -0.317 -0.144 

PM2.5/TSP -0.295 -0.408 0.113 0.106 -0.219 0.111 

PM2.5/PM10 -0.076 -0.541 0.098 0.102 -0.180 0.073 

Note: lRl > lRcritl in bold (data number) 
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Fig. 4. Variation of fungal density and levels of particulate matter during (a) 

non-Asian dust days and (b) Asian dust days. (The horizontal axis 

represents the sampling time). 
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Table. 5 Correlation of airborne fungal concentration with the air quality 

parameters during Asian dust and non-Asian dust days (2008, 20th May – 

20th June). 

 
Non-Asian 

 dust days * 
Asian dust days 

Fungi concentration 

(mean) 

TSP (-0.578) 

PM10(-0.576) 

PM2.5(-0.547) 

SO2 (-0.592) 

O3 (-0.547) 

Humidity (0.662) 

PM10(0.814) 

No of sample 14 7 

 *There were no variables that showed a significant correlation with airborne 

fungal concentration when the data from rain-affected days were excluded.  
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III. Comparison fungal composition during non-Asian dust days and 

Asian dust days by ITS clone library  

 

Nearly all recovered fungal species were Ascomycota: 91.7% of the NAD 

library and 89.4 % of the AD libraries. Basidiomycota were also recovered on 

both NAD (7.0%) and AD (4.3%). Viridiplantae were also detected at less 

than 0.8% of the libraries. One or two OTUs and 5.6% of the AD libraries 

were identified as unknown fungi (Fig. 5). Although one or two of the 

airborne OTUs in the NAD clone libraries were considered novel (less than 97% 

identity when compared to other sequences in NCBI using BLAST) (Porras-

Alfaro et al., 2011), 11% of the FA2 sample and 21% of the FA3 sample were 

unknown fungal sequences, of which 8% – 14% were closely affiliated with 

uncultured soil fungi. Specifically, 14% of the fungi of the FA3 sample were 

identified with uncultured soil fungi, which have been reported to be isolated 

from with semi-arid regions. In addition, the dominant FA3-O1 OTUs also 

exhibited 99% similarity to uncultured soil fungi from arid regions as well as 

Aspergillus sp. MS-2011-F36. 

 

During Asian dust-affected days, the estimated species richness (Chao 1) 

was higher than those of unaffected days except for the F3 vs. FA3 libraries. 

However, the Shannon index did not show a large difference between the AD 

and NAD days. A comparison of the two clone libraries using LIBSHUFF 

(mothur) between AD and non-AD clone libraries (F1 vs. FA1, F2 vs. FA2, 

F3 vs. F3A) determined (Table 14) that they were all significantly different (P 

<0.05). Estimation of the actual species richness based on the Chao estimator 

approach ranged from 22 to 81 for the NAD libraries and from 44 to 63 for 

the AD libraries. Epicoccum nigrum, Cladosporium cladosporioides, and 

Alternaria alternata existed consistently as major species in the air for three 

libraries of non-Asian dust days. However, except for these three species, the 

other frequent species changed depending on the libraries. In January, 
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Cladosporium tenuissium was the most frequently detected species but was 

not recovered after that. In March, Epicoccum nigrum accounted for over 50% 

of the composition rate, and in May, Acremonium strictum comprised 

approximately half of the fungi community. 

Most of the species recovered in the three Asian dust clone libraries were 

also different, although only Alternaria alternata existed consistently in the 

air. On January 25, Cladosporium herbarum and Epicoccum nigrum, known 

as major aeroallergens, comprised over half of the total communities. On 

March 15, Aspergillus sp. was the major genus (24%), and Alternaria 

alternata was the second frequently detected genus (16%). In May, 

Acremonium strictum accounted for approximately 50% of the fungal 

community in the atmosphere, and Cladosporium cladosporioides and 

Alternaria alternata comprised 16% and 10% of the airborne fungi, 

respectively. 
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Table 6. Summary of air quality and meteorological parameters on sampling 

days for the ITS clone libraries 

 
unit F1 FA1 F2 FA2 F3 FA3 

Sampling 

date   

21st 

May,  

2008 

30th 

May,  

2008 

19th 

Jan., 

2010 

25th 

Jan., 

2010 

11st 

Mar., 

2010 

15th 

Mar., 

2011 

Culturabl

e fungi 
CFU/㎥ 48 580 107 728 436 1,984 

TSP ㎍/㎥ 142  253  114  377  68  581  

PM10 ㎍/㎥ 106  177  101  239  50  376  

PM2.5 ㎍/㎥ 57  27  57  15  28  86  

SO2 ppm 0.010  0.006  0.009  0.005  0.010  0.005  

NO ppm 0.003 0.003  0.129  0.010  0.006  0.006  

NO2 ppm 0.029  0.033  0.066  0.015  0.018  0.020  

NOx ppm 0.032  0.036  0.195  0.024  0.024  0.026  

CO ppm 0.6  0.6  1.3  0.4  0.4  0.4  

O3 ppm 0.080  0.024  0.003  0.022  0.039  0.028  

WD 一 SW W E NW W NW 

WS m/sec 1.5  0.9  1.0  2.0  1.4  1.9  

TEMP ℃ 21.4  15.7  3.7  -1.5  6.0  2.9  

HUM %RH 48  57  53  34  42  38  

UV ㎽/㎠ 0.26  0.01  0.37  0.63  0.64  0.21  

Solra W/㎡ 171 14  278  394  376  133  

CH4 ppm 1.89  1.87  2.30  1.95  1.96  1.98  

NMHC ppm 0.25  0.22  0.49  0.19  0.09  0.07  

THC ppm 2.14  2.09  2.80  2.14  2.05  2.05  
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Fig. 5. Relative abundance of fungal groups in total suspended particles (TSP). 

 

Table 7. ITS phylotype distribution and comparison of the clone libraries 

during non-Asian dust days and Asian dust days. 

Sampling 
day 

NAD AD NAD AD NAD AD 

Date 
May 21 

2008 
May 30 

2008 
Jan. 19 
2010 

Jan 25 
2010 

Mar 11 
2010 

Mar 15 
2010 

Clone F1 FA1 F2 FA2 F3 FA3 

No of 
clones 

45 104 51 67 51 67 

OTUs 
(phylotypes) 

15 21 20 24 27 28 

Chao-1 
estimatora 

22 63 37 44 81 59 

% 
Coverage 

83 88 61 64 71 58 

Shannon 
Index 

2.0238 1.9939 2.9423 2.8879 2.1975 3.2354 

a. Estimated species richness 
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Table 8. Community comparison of different fungal community during non-

Asian dust (NAD) days and Asian dust (AD) days in the atmosphere 

by LIBSHUFF 

 dCXYscore Significance 

F1-FA1* 0.00337 0.0293 

FA1-F1 0.00099 0.3788 

F3-FA3* 0.01737 0.001 

FA3-F3* 0.00673 0.002 

F2-FA2* 0.01389 0.0001 

FA2-F2 0.00050 0.61 

* A comparison of the two clone libraries using LIBSHUFF (mothur) determined that 

they were significantly different from each other (P<0.05). 
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Fig. 6. Fungal compositions of six clone libraries from TSP in the air. F1-F3: 

sampled during NAD days; FA1~FA3: sampled during AD days 
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DISCUSSION 

 

I. Effects of environmental parameters on the ambient fungal 

concentration  

 

The Spearman correlation coefficients increased when correlation tests were 

performed after regrouping the data by season, humidity, rain, and Asian dust. 

The correlation of airborne fungi and various environmental and 

meteorological factors has been investigated worldwide (Adhikari et al., 2006; 

Grinn-Gofroń et al, 2011; Ho et al., 2005; Wu et al., 2007) because of their  

synergistic effects on health (Sousa et al., 2008). While temperature and 

relative humidity were proposed to be the major factors (Zhu et al., 2003), 

other parameters of air quality have been observed to have inconsistent 

relationships with airborne fungi, which could be due to regional factors such 

as climate, vegetation, species diversity and fungal growth substrates (Sousa 

et al., 2008  

For example, ozone was positively correlated with airborne fungi, but the 

correlation coefficient was low (0.192) for all data. However, the correlation 

coefficient of ozone with airborne fungal concentrations increased when only 

rain-unaffected days were considered (0.273), and negative correlations (-

0.633) were found only in rain-affected days in summer. The correlation of 

aeroallergens with ozone has been shown to be important (Adhikari et al., 

2006; Ross et al., 2002; Parnia et al., 2002) because of their synergistic effect 

on health due to increasing the permeability of the airways and altering the 

immune response to aeroallergens. Most of the studies that correlated ozone 

and airborne fungi found negative correlations (Ho et al., 2005; Delfino et al, 

1996, Lin and Li, 2000), but Adhikari et al (2006) reported positive 

correlations, and Sousa et al (2008) demonstrated no significant influence of 

ozone on the concentration of pollen and fungal spores. However, our results 
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showed that ozone was positively correlated with the atmospheric fungal 

concentration, except on high humidity days. 

For airborne particulate matter, the relationships were variable in different 

studies. In this study, the airborne fungi and particulate matters (TSP, PM10, 

and PM2.5) were negatively correlated, contrary to the conclusions of Adhikari 

et al (2006) and Ho et al (2005). These inverse relationships were expected 

because rain increased the fungi and fungal fraction (Dales et al., 2003; Oh et 

al., 1998) and washed out the airborne particulate matter. Bioaerosol 

concentrations in the rain were twice the usual concentrations during dry 

weather (Zhu et al. 2003). Cheng et al (2009) demonstrated that rain provided 

periods with low total OC but high prevalence, and fungi contributed 7-32% 

OC in PM2.5-10 or 2.4-7.1% OC in PM10. Previously, it was found that 20% of 

the PM10 mass may be composed of fungal spores after rainfall events 

(Batarbee et al., 1997). 

The outdoor fungi were observed to be correlated differently with 

environmental parameters according to the range of relative humidity (Table 

5.) In high humidity (higher than 60% relative humidity) or rain-affected days, 

the outdoor fungal concentrations were inversely correlated with particulates 

(TSP, PM10, and PM2.5) and gaseous air pollutant levels (SO2, NO2), while 

they were positively correlated with temperature and humidity. In low 

humidity days (~30%), no significant correlations were found with 

particulates and gaseous pollutants except NO2. Fungi can be divided into wet 

spore-discharging Ascomycota and Basidiomycota and dry spore-discharging 

fungi such as Alternaria, Aspergillus, Aureobasidium, Penicillium, and 

Cladosporium (Elbert et al., 2007; Oh et al., 1998). In humid weather, wet 

spore-discharging fungi may be dominant, while the dry spore-discharging 

fungi may be increased in the atmosphere in dryer seasons, which could result 

in different correlations with the same parameters. 
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In the spring, the airborne culturable fungal concentration increased as the 

temperature increased. On rain-unaffected days, the ozone also increased with 

the fungal concentration. However, in the summer, humidity was the main 

factor that influenced the concentration of airborne fungi. When it rained, the 

fungal concentration increased, while ozone and airborne particulates 

decreased. In autumn, the levels of airborne fungi increased on sunny and 

clear days.  

 

II. Effects of Asian dust events on the ambient culturable fungal 

concentration  

 

The concentration of airborne fungi during Asian dust events was 

significantly higher than that during non-Asian dust events, which is 

consistent with previous reports by Ho et al (2005), Schlesinger et al (2006), 

and Yeo and Kim (2002), although Wu et al (2004) and Choi et al (1997) 

reported no difference in airborne fungal concentrations. The outdoor airborne 

fungal concentrations in desert environments were reported to be 

approximately 400 spores per m3 air (Griffin, 2007). Studies on the long-

range transport of dust such as African desert dust suggested that the airborne 

fungi might be transported to downwind areas during dust events (Garrison et 

al., 2003; Kellogg et al., 2004; Schlesinger et al., 2006, Wu et al., 2004). 

However, it is difficult to determine whether the source of the increased fungi 

is a distant desert, local emissions, or other sources. A high correlation 

between culturable fungi and PM10 occurred only during AD (Table 5) in this 

study, suggesting that the desert particulates might be the source of airborne 

culturable fungi during Asian dust days (Burrows et al., 2009).  

 

III. Phylogenetic analysis of the airborne fungal community during 

Asian dust and non-Asian dust events 
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Diverse fungi existed in the atmosphere even on NAD days based on the 

Chao estimator (Table 7). The Shannon index (H’) did not show a large 

difference between AD and NAD days. The Shannon index (H’) of the NAD 

and AD libraries ranged from 1.99 to 3.23, lower than the values obtained 

from soil (O’Brien et al. 2005) and atmospheric aerosols (Frőhlich-Nowoisky 

et al., 2009; Yamamoto et al., 2012). However, these values are comparable 

to those reported by Lee et al (2009), who investigated the airborne fungal 

community in Seoul by T-RFLP. Frőhlich-Nowoisky et al (2009) calculated 

the fungal diversity of atmospheric aerosols after combining all sequences.  

Ascomycota, known to actively discharge spores into the atmosphere (Deprés 

et al., 2007), were found to be the most abundant group (Fig. 5) in Seoul, 

greater than the 64% found by Frőhlich-Nowoisky et al (2009) but less than 

the 97% found by Fierer et al (2008). Basidiomycota accounted for 7.0% 

(NAD) and 4.3% of the airborne fungal communities.  

However, the relative proportion of Ascomycota and Basidiomycota varied 

with the seasons. Most Basidiomycota occurred during the summer/fall, 

whereas most Ascomycota were found during the winter and spring (Frőhlich-

Nowoisky et al., 2009). In this study, all of the sampling for the ITS clone 

library construction was performed in the winter and spring, which could 

explain the high proportion of Ascomycota. 

In this study, there was no difference at the level of genus or species 

between AD and NAD days. However, unknown and uncultured fungi in the 

atmosphere were detected at a higher rate during AD days, and 14% of the 

FA3 sample was closely associated with uncultured fungus previously 

isolated from semi-arid regions presented in Fig.7. Along with a significant 

difference in the airborne composition between the AD and NAD clone 

libraries, the fact that uncultured soil fungus from semi-arid regions were 

detected at a considerable rate only during Asian dust events implied that 

fungi as well as bacteria can be transported by desert dusts during Asian dust 

events (Ho et al., 2005; Jeon et al., 2011; Yeo and Kim, 2002; Wu et al, 2004).   
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The dominant fungal species were different from those found in previous 

studies based on the culturing and/or microscopic methods used (Jo et al., 

2005; Kim et al., 2001; Oh et al., 1998; Oh et al., 2000). In this study, 

Epicoccum nigrum and Acremonium strictum were found to account for up to 

50% of the fungi, although these species have not been reported as the most 

dominant species in the air of Seoul. However, previous studies were based on 

culture-dependent or microscopic methods, which are unable to detect fungal 

fragments and unculturable species. 

 

IV. Implications for the effects on health 

 

Alternaria, Fusarium, Aspergillus, Aureobasidium, Botrytis, Cladosporium 

Penicillium, Phoma, and Epicoccum sp. have been frequently associated with 

allergies (Kurup et al., 2000). Based on the studies of Kurup et al (2000), 

Horner et al (1995) and Bush and Portnoy (2001), the relative abundance of 

allergenic fungi for each clone library was calculated. The relative abundance 

of airborne allergenic fungi ranged from 64% to 80% during NAD and 50% to 

88% during Asian dust days (Appendix A). These ratios were higher than the 

report of Yamamoto et al (2012), in which 2.8% to 10.7% of the total airborne 

fungal taxa were demonstrated to be allergenic. Although the abundance of 

allergenic fungi during AD days was is not higher than during NAD days, the 

allergenic potential of fungi in aerosols was considered to be higher during 

AD days considering the levels of particulate matters during AD days were 

higher, which can aggravate respiratory allergy and other pulmonary disease 

by their synergistic effects (Adhikari et al., 2006).  

Most of the dominant fungal taxa in this study, such as Acremonium 

strictum, Cladosporium herbarum, Cladosporium cladosporioides, Alternaria 

alternata, Aspergillus fumigatus, and Epicoccum nigrum, were allergenic. In 

addition, of the minor fungi recovered at 1-4% of the composition rate, many 

fungal species, such as Botrytis cinerea, Penicillium chrysogenum, 
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Aureobasidium pullulans and Phoma herbarum, were also allergenic. 

Sensitization to Aureobasidium pullulans is known to be a risk factor for 

severe asthma (Niedozytko et al., 2007).  

For health effects, aerodynamics diameters along with fungal compositions 

have potentially important implications (Yamamoto et al., 2012; Adhikari et 

al., 2006). However, only TSPs were collected for ITS clone libraries in this 

study. Yamamoto et al (2012) reported that the relative abundance of airborne 

allergenic fungi increased with increasing aerodynamic diameter. In the future, 

PM2.5 and PM10 studies for fungal compositions are needed to assess the 

composition of inhalable fungi and the implications this has for human health.  

The molecular techniques used in this study can give only limited 

information on pathogenic activity, which is essential for assessing health 

effects of pathogenic fungi on people. However, the information of fungal 

compositions can be used in evaluating allergenic potentials by airborne fungi 

since the allergenic effects are reported to be caused not by the cell viability 

but by cell components and spores (Green et al., 2006; Roe et al., 2001). 

Although a high correlation of airborne culturable fungal concentrations with 

PM10 occurred only during AD and the significantly different fungal 

compositions during AD and NAD days were found to include high 

proportions of uncultured soil fungus previously isolated from semi-arid 

regions, more molecular analysis, such as DGGE, which can trace the day and 

day variability of the fungal composition, is necessary to assess airborne 

fungal events during AD. 
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Fig. 7. Phylogenetic tree of FA3 clone libraries from TSP sampled during 

Asian dust day, 15th March in 2011. The sequences isolated from 

semiarid region and the closely related OTUs were presented in bold. 
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Supporting material. Summary of sequences from ITS clone libraries  

Table S1. Summary of sequences from the ITS rRNA gene clone libraries of 

non-Asian dust (NAD) days (21 May, 2008). 

OTUs 
Com. 
ratea 
(%) 

Nearest 
relative 

Identity 
% 

Simi.b 
Accession 
number 

Phylogenetic Allergenic 

F1-O1 47 
Acremonium 

strictum 
576/578 99 AY138846 Ascomycota + 

F1-O2 9 
Lachnum 

papyraceum 
506/511 99 AB267648 Ascomycota - 

F1-O3 7 
Cladosporium 

cladosporioides 
549/549 100 AY213640 Ascomycota + 

F1-O4 7 
Lachnum sp. FC-

2358 
489/513 95 AB481281 Ascomycota - 

F1-O5 4 
Epicoccum 

nigrum 
539/544 100 FJ914708 Ascomycota + 

F1-O6 4 
Alternaria 
alternata 

570/570 100 GQ249171 Ascomycota + 

F1-O7 4 
Trametes 

suaveolens 
644/646 99 FJ810184 Basidiomycota - 

F1-O8 2 Fungal sp. ARIZ 571/583 98 HM123528 - - 

F1-O9 2 
Mycosphaerella 

berberidis 
530/537 97 EU167603 Ascomycota - 

F1-O10 2 
Coprinopsis 
atramentaria 

699/701 99 FJ478115 Basidiomycota - 

F1-O11 2 
Pteris 

tremula 
546/549 99 GQ241293 Viridiplantae - 

F1-O12 2 
Trichothecium 

roseum 
607/613 99 EU552162 Ascomycota + 

F1-O13 2 
Trametes 
hirsuta 

625/627 99 EF546240 Basidiomycota - 

F1-O14 2 
Blumeria 
graminis 

571/571 100 AB273542 Ascomycota - 

F1-O15 2 
Auricularia 

auricula-judae  
595/598 99 FJ478123 Basidiomycota - 

Relative abundance of allergenic fungi (%) 64% 

a: Composition rate; b: Similarity  
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Table S2. Summary of sequences from the ITS rRNA gene clone libraries of 

Asian dust (AD) days (30 May, 2008). 

OTUs 
Com. 
ratea 
(%) 

Nearest 
relative 

Identity 
% 

Simi.b 
Accession 
number 

Phylogenetic Allergenic 

FA1-O1 49 
Acremonium 

strictum 
577/578 99 AY138846 Ascomycota + 

FA1-O2 16 
Cladosporium 

cladosporioides 
549/549 100 AY213640 Ascomycota + 

FA1-O 3 10 
Alternaria 
alternata 

570/570 100 GQ249171 Ascomycota + 

FA1-O 4 2 
Mycosphaerell

a berberidis 
528/536 99 EU167603 Ascomycota - 

FA1-O 5 3 
Epicoccum 

nigrum 
539/544 100 AB369423 Ascomycota + 

FA1-O 6 3 
Botrytis 
 fabae 

535/538 99 EU563125 Ascomycota - 

FA1-O 7 2 
Irpex 

lacteus 
668/673 99 FJ462768 Basidiomycota - 

FA1-O 8 2 
Teratosphaeria 

bellula 
499/542 92 EU707860 Ascomycota - 

FA1-O 9 2 
Phoma 

glomerata 
539/539 100 AB470828 Ascomycota - 

FA1-O 10 2 
Acremonium 

strictum 
559/577 96 GQ450275 Ascomycota - 

FA1-O 11 1 
Uncultured 
Ascomycota 

552/562 98% AM901710 Ascomycota - 

FA1-O 12 1 
Aureobasidium 

pullulans 
580/584 99 EU272843 Ascomycota + 

FA1-O 13 1 
Fibulorhizocto

nia sp. TMB 
643/644 99 DQ276867 Basidiomycota - 

FA1-O 14 1 
Perenniporia 

corticola  
608/620 98 HQ848472 Basidiomycota - 

FA1-O 15 1 
Aureobasidium 

pullulans 
567/568 99 JN400825 Ascomycota + 

FA1-O 16 1 
Uncultured 

fungus 
542/553 98 FJ820819 - - 

FA1-O 17 1 Pezizales sp. 620/620 100 AJ969618 Ascomycota - 

FA1-O 18 1 
Eurotiumc 

chevalieri 
553/553 100 AY373886 Ascomycota + 

FA1-O 19 1 
Schizophyllum 

commune 
637/637 99 FJ478109 Basidiomycota - 

FA1-O 20 1 
Hyphodontia 

flavipora 
605/608 99 AF455399 Basidiomycota - 

Relative abundance of allergenic fungi (%) 80% 

a: Composition rate; b: Similarity; c: Teleomorph of Aspergillus  
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Table S3. Summary of sequences from the ITS rRNA gene clone libraries of 

non-Asian dust (NAD) days (Jan. 19, 2010). 

OTUs 
Com. 
ratea 
(%) 

Nearest 
relative 

Identity 
% 

Simi.b 
Accession 
number 

Phylogenetic 
Allerg
enic 

F2-O1 18 
Cladosporium 

tenuissium 
588/589 99% AJ300331 Ascomycota + 

F2-O2 16 
Epicoccum 

nigrum 
581/583 99% FN868456 Ascomycota + 

F2-O3 14 
Alternaria 
alternata 

606/607 99% GU566303 Ascomycota + 

F2-O4 12 
Eurotiumc 

niveoglaucum 
570/570 100% AF459728 Ascomycota + 

F2-O5 6 
Penicillium 
digitatum 

600/600 100% AB479307 Ascomycota + 

F2-O6 4 
Sporobolomyces 

oryzicola 
594/595 99% AF444546 Basidiomycota - 

F2-O7 4 
Bagnisiella 
examinans 

624/640 98% EU167562 Ascomycota - 

F2-O8 4 
Cladosporium 

cladosporioides 
588/589 99% EF577236 Ascomycota + 

F2-O9 2 
Cercospora 

zebrinae strain 
CBS 118790 

570/571 99% GU214657 Ascomycota - 

F2-O10 2 
Ustilagnioidea 

virens 
677/677 100% AB116645 Ascomycota - 

F2-O11 2 
Capnobotryella 

sp. MA 4775 
526/546 97% AJ972860 Ascomycota - 

F2-O12 2 
Botrytis 
cinerea 

563/563 100% EF207415 Ascomycota - 

F2-O13 2 
Cryptococcus 

flavus 
523/533 99% FN428942 Basidiomycota - 

F2-O14 2 
Aspergillus  

vitricola 
603/607 99% EF622046 Ascomycota + 

F2-O15 2 
Ustilagnioidea 

virens 
677/677 100% AB116645 Ascomycota - 

F2-O16 2 
Penicillium 

chrysogenum 
551/582 95% EU869181 Ascomycota - 

F2-O17 2 
Rhodotorula 

glutinis 
607/607 99% AM160642 Basidiomycota - 

F2-O18 2 
Aspergillus sp. 

HLS204 
598/666 90% FJ770067 Ascomycota - 

F2-O19 2 
Nigrospora 

oryzae 
576/577 99% EU918714 Ascomycota - 

F2-O20 2 
Penicillium 
brasilianum 

587/591 99% AB455514 Ascomycota + 

Relative abundance of allergenic fungi (%) 76% 

a: Composition rate; b: Similarity; c: Teleomorph of Aspergillus  
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Table S4. Summary of sequences from the ITS rRNA gene clone libraries of 

Asian dust (AD) days (Jan. 25, 2010). 

OTUs 
Com.
ratea 
(%) 

Nearest 
relative 

Identity 
% 

Simi.b 
Accession 
number 

Phylogenetic 
Allergeni

c 

FA2-O1 31 
Cladosporium 

herbarum 
587/588 99% GU566258 Ascomycota + 

FA2-O2 21 
Epicoccum 

nigrum 
581/583 99% FN868456 Ascomycota + 

FA2-O3 9 
Alternaria 
alternata 

605/607 99% DQ023279 Ascomycota + 

FA2-O4 3 
Cochiobolus 
australiensis 

570/570 100% AY923860 Ascomycota - 

FA2-O5 3 
Uncultured 
Ascomycota 

573/601 95% AM901741 Ascomycota - 

FA2-O6 3 
Pteris 

tremula 
559/562 99% GQ241293 Viridiplantae - 

FA2-O7 3 
Unclutured 
Ascomycota 

516/604 86% GU174012 Ascomycota - 

FA2-O8 3 
Eurotiumc 

niveoglaucum 
569/570 99% AF459728 Ascomycota - 

FA2-O9 1 
Fusarium 
equiseti 

coverag
e 97% 

100% Eu595566 Ascomycota + 

FA2-O10 1 
Uncultured 
soil fungus 

592/628 95% DQ420930 - - 

FA2-O11 1 
Teratosphaeria 
encephalarti 

565/601 95% FJ372398 Ascomycota - 

FA2-O12 1 
Mortierella 

elongate 
656/683 97% EU490152 Ascomycota - 

FA2-O13 1 
Uncultured 
soil fungus 

559/584 96% EU4802815 Ascomycota - 

FA2-O14 1 
Capnobotryell
a sp. M4775 

530/545 97% AJ972860 Ascomycota - 

FA2-O15 1 
Uncultured 
soil fungus 

619/628 98% AJ496627 Ascomycota - 

FA2-O16 1 
Asperigillus 

terreus 
637/639 99% AJ413985 Ascomycota + 

FA2-O17 1 
Pestalotiopsis 

sp. HCO2 
515/537 93% EU089663 Ascomycota - 

FA2-O18 1 
Uncultured 

Capnodiales 
509/516 94% JF691120 Ascomycota  - 

FA2-O19 1 
Nodulisporiu
m hinnuleum 

487/504 97% AM749940 Ascomycota - 

FA2-O20 1 
Cryptococcus 

magnus 
627/627 100% FN400937 Basidiomycota - 

FA2-O21 1 
Podospora 
intestinacea 

508/527 97% AY999121 Ascomycota - 

FA2-O22 1 
Alternaria 
alternata 

605/607 99% GU566303 Ascomycota + 

FA2-O23 1 
Epicoccum 

nigrum 
579/581 99% FN868456 Ascomycota + 
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FA2-O24 1 
Eremomyces 
langeronii 

576/578 99% AB128973 Ascomycota - 

Relative abundance of allergenic fungi (%) 67% 

a: Composition rate; b: Similarity; c: Teleomorph of Aspergillus  

 

Table S5. Summary of sequences from the ITS rRNA gene clone libraries of 

non-Asian dust (NAD) days (Mar. 11, 2010). 

OTUs 
Com. 
ratea 
(%) 

Nearest 
relative 

Identity 
% 

Simi.b 
Accession 
number 

Phylogenetic 
Allergeni

c 

F3-O1 53 
Epicoccum 

 nigrum 
583/583 100% FJ904918 Ascomycota + 

F3-O2 18 
Cladosporium 

cladosporioides 
572/572 100% AF455525 Ascomycota + 

F3-O3 6 
Alternaria 
alternata 

607/608 99% DQ023279 Ascomycota + 

F3-O4 2 
Pteris vittata 
ecotype WQ 

575/577 99% HM559443 Viridiplantae - 

F3-O5 2 
Capnobotryella 

sp. MA 4775 
531/546 97% AJ972860 Ascomycota - 

F3-O6 2 
Antrodiella 

zonata 
632/636 99% FJ613652 Basidiomycota - 

F3-O7 2 
Botrytis  
cinerea 

562/563 99% EF207415 Ascomycota + 

F3-O8 2 
Cryptococcus 

festucosus 
574/579 99% FR717832 Basidiomycota - 

F3-O9 2 
Geomyces 
pannorum 

600/604 99% DQ189229 Ascomycota - 

F3-O10 2 
Torula 

 caligans 
548/592 93% FJ478093 Ascomycota - 

F3-O11 2 
Aureobasidium 

pullulans 
617/620 99% FN868454 Ascomycota + 

F3-O12 2 
Stemphylium 

solani 
601/604 99% AF203451 Ascomycota - 

F3-O13 2 
Phaeococcomyce

s nigricans 
475/506 94% AY843154 Ascomycota - 

F3-O14 2 
Phaeococcomyce

s nigricans 
514/585 88% AF050278 Ascomycota - 

F3-O15 2 Dioszegia zsoltii 511/512 99% EU266504 Basidiomycota - 

Relative abundance of allergenic fungi (%) 51% 

a:Composition rate; b: Similarity  
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Table S6. Summary of sequences from the ITS rRNA gene clone libraries of 

Asian dust (AD) days (Mar. 15, 2010). 

OTUs 
Com. 
ratea 
(%) 

Nearest 
relative 

Identity 
% 

Simi.b 
Accession 
number 

Phylogeneti
c 

Aller
genic 

FA3-O1 24 
Aspergillus sp. 
MS-2011-F36 

576/578 99% HE608802 Ascomycota + 

FA3-O1* 24 
Uncultured soil 

fungus 
576/578 99% EU479823 - - 

FA3-O2 16 
Alternaria 
alternata 

609/609 99% GU566303 Ascomycota + 

FA3-O3 6 
Pleosporales sp. 

ATCAJ-10 
601/624 96% HM596868 Ascomycota - 

FA3-O4 6 
Pleosporales sp. 

ATCAJ-10 
595/625 95% HM596868 Ascomycota - 

FA3-O5* 4 
Uncultured soil 

fungus 
575/576 99% EU479961 - - 

FA3-O6 4 
Phoma 

herbarum 
570/580 99% FN868459 Ascomycota + 

FA3-O7 3 
Trichosporon 

mucoides 
544/546 99% AF455482 Basidiomycota - 

FA3-O8 3 
Periconia sp. 

CY198 
578/589 99% HQ608027 Ascomycota - 

FA3-O9 3 
Fusarium 
equiseti 

570/570 100% FJ481025 Ascomycota + 

FA3-O10 3 
Aureobasidium 

pullulans 
612/621 99% FN868454 Ascomycota + 

FA3-O11* 1 
Uncultured soil 

fungus 
599/601 99% EU479931 - - 

FA3-O12* 1 
Uncultured soil 

fungus 
564/579 97% EU480254 - - 

FA3-O13 1 
Podospora 
intestinacea 

531/567 94% AY999121 Ascomycota - 

FA3-O14 1 
Lophiostoma 

arundinis 
548/563 98% AJ496633 Ascomycota - 

FA3-O15 1 Antrodiella zonata 637/639 99% FJ613652 Basidiomycota - 

FA3-O16 1 
Gibberellac 

pulicaris 
584/588 99% FJ481029 Ascomycota + 

FA3-O17* 1 Uncultured fungus 589/591 99% EU480250 - - 

FA3-O18 1 
Pressusia 
africana 

518/521 99% DQ865095 Ascomycota - 

FA3-O19 1 Uncultured fungus 521/542 97% DQ420795 - - 

FA3-O20 1 
Thielavia 

hyalocarpa 
563/573 99% AB470856 Ascomycota - 

FA3-O21* 1 
Uncultured soil 

fungus 
613/618 99% EU480193 - - 

FA3-O22 1 
Ascochyta obiones 
strain CBS 432.77 

495/496 99% GU230752 Ascomycota - 

FA3-O23* 1 Uncultured fungus 589/591 99% EU480250 - - 
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 FA3-
O24* 

1 
Pleosporales sp. 

REF141 
529/581 91% JN859361 Ascomycota - 

FA3-O25* 1 
Uncultured soil 

fungus 
514/523 99% EU479757 - - 

FA3-O26 1 
Uncultured 
mycorrhizal 

fungus 
584/629 93% AY929131 Ascomycota - 

FA3-O27 1 
Monodictys sp. 

MA 4647 
537/554 97% AJ972795 Ascomycota - 

FA3-O28* 1 
Coniolariella 

ershadii  
503/508 99% GU553328 Ascomycota - 

Relative abundance of allergenic fungi (%) 51% 

a: Composition rate; b: Similarity; c: Teleomorph of Fusarium 

*: Closely related to the sequences which is reported to be isolated from 

semiarid-region. 
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CHAPTER 4 

Impacts of environment factors and Asian dust 

events on allergenic fungi in the outdoor air of 

Seoul assessed by MSQPCR 
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ABSTRACT 

 

The potential health effects of eight aeroallergenic fungi in the atmosphere 

of Seoul were assessed by culture-independent methods, MSQPCR (mold-

specific quantification polymerase chain reaction), and long-term sampling 

of airborne particulates using a high-volume air sampler from October, 

2009 to November, 2011. One hundred and two samples were collected, 

and among these, 13 samples were collected on Asian dust days. Statistical 

tests were performed to compare the concentrations of eight allergenic 

fungi in the air and to find correlations between the airborne allergenic 

fungal concentrations and meteorology and air quality parameters.  

Quantitative analysis of fungi with MSQPCR was sensitive enough to 

monitor the allergenic fungi in the atmosphere. Calculation of the 

concentrations of the airborne fungi by MSQPCR along with long-term 

sampling indicates that this method can quantify the concentration of 

airborne fungi to a level of 1 cell/m3, depending on the fungal species. The 

mean total concentration of the selected allergenic fungi outdoors was 

2,874 cells/m3, and the maximum concentration was 99,223 cells/m3. A. 

alternata, E. nigrum, and C. cladosporioides showed significant negative 

correlations with relative humidity, and A. alternata and E. nigrum 

demonstrated positive correlations with wind speed; these results are in 

agreement with previous studies reporting that dry air spores, including the 

Cladosporium, Alternaria, Epicoccum, Helminthosporium, and Drechslera 

species, predominate during dry weather, especially when it is windy (Bush 

and Portnoy, 2001; Trout and Levetin, 2001). In data taken from all species 

regardless of season, only the levels of A. alternata were significantly 

higher during Asian dust days than those of non-Asian dust days. However, 

when limited periods were selected and statistical tests were performed, the 

level of E. nigrum and the total levels of the measured fungi as well as A. 
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alternata were also significantly higher during the dust storm days. It was 

found that Asian dust increased the airborne allergenic fungal levels up to 

5-12 times depending on the species. However, even during days without 

dust storms, outdoor allergenic fungi were found consistently during all 

four seasons.  

 

KEY WORDS: Allergenic fungi, MSQPCR, Asian dust events 
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INTRODUCTION 

 

Fungi can pose a human health threat (Bush et al., 2006). A number of 

infectious diseases, ranging from superficial skin lesions to potentially fatal 

systemic mycoses, are caused by fungi (Horner et al., 1995). The primary 

route of human exposure to fungi is assumed to be by inhalation of 

airborne conidia (Roe et al., 2001). Fungi are known to induce respiratory 

allergies such as asthma, rhinitis, allergic bronchopulmonary mycoses and 

hypersensitivity pneumonitis (Kurup et al., 2000; Locksley, 2010; Newson 

et al., 2000). In addition, many fungi produce potent toxins called 

mycotoxins, which have neurotoxic, mutagenic, carcinogenic and 

teratogenic effects (Simon-Nobbe et al., 2008). Atopic dermatitis is also 

associated with high levels of total and allergenic fungi (Simon-Nobbe et 

al., 2008).  

The outdoor fungal concentration has been used for evaluating indoor 

bioaerosol contamination (Bush and Portnoy et al., 2001; Meklin et al., 

2007). Outdoor fungi have been monitored because higher indoor fungal 

levels are noted when outdoor fungal levels increase (Bush et al., 2001; 

Lee et al., 2006; Meklin et al., 2007). However, the outdoor airborne fungi 

are also important risk factors (Bush et al., 2006; Dales et al., 2003; 

Pongracic et al., 2010). Although indoor fungal allergen exposure occurs, 

outdoor exposure is generally more relevant in terms of sensitization and 

disease expression (Bush et al., 2006; Delfino et al., 1997; Pongracic et al., 

2010; Pulimood et al., 2007; Zuraimi et al., 2009).  

The impact of fungi on human health is highly dependent on species (Roe 

et al., 2001. Correct species distribution and identification of airborne fungi 

is crucial for estimating the potential human health risk and for the 

prevention and appropriate treatment of fungal diseases in humans (Bavbek 

et al., 2006). 
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Monitoring of fungi in the atmosphere at the species level is urgently 

needed. However, most studies of outdoor fungi are based on the 

concentration of total culturable fungi and/or direct microscopic counting, 

which have many limitations (Roe et al., 2001; Vesper et al., 2008). First, 

culture-based methods of fungal analysis can take days to weeks (Vesper et 

al., 2008). Second, not all species grow on the same media and/or at the 

same rate. Third, the fungi analyzed by culture-dependent methods can be 

identified only to the genus level. Fourth, the air sampling times are usually 

short, usually less than 5 min due to overgrowth on culture plates or 

masking in spore traps (Melkin et al., 2007). Finally and most importantly, 

identification only by morphology can be problematic because of the 

scarcity and plasticity of discriminatory yet easily accessible morphological 

characteristics in many fungi (Begrrow et al., 2010). 

In urban air, fungi were often found to be adhered to vehicle emission 

material and crustal material by electron microscopic analyses matter 

(Glikson et al., 1995). These particles may act as carriers for dispersed 

allergenic materials released from pollen and fungal spores and result in 

synergistic effects (Glikson et al., 1994). Fungal hyphae are also 

aerosolized in large numbers (Green et al., 2005). There are larger fungal 

hyphal fragments in the ambient air that have been shown to represent 6-56% 

of the total fungal particle counts in field samples based on microscopic 

sample analysis (Reponen et al., 2007). Therefore, submicron-sized fungal 

fragments and hyphae should also be included in assessing fungal exposure 

levels to improve the association between the atmospheric levels and the 

health effects of allergenic fungi (Delfino et al.1997; Green et al., 2006). 

Mold-specific quantitative polymerase chain reaction (MSQPCR) was 

developed by USEPA and has been used to determine the environmental 

relative moldiness index (ERMI) (Vesper et al., 2008). This DNA-based 

method of mold analysis was used to identify and quantify mold species in 

many areas, mainly indoor mold levels (Haugland et al.2004; Vesper et al., 
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2008), sometimes outdoor levels (Haugland et al., 2002; Meklin et al.2007; 

Zeng et al., 2006) and other areas such as the international space station 

(Vesper et al., 2008) and shopping centers (Yap et al., 2009). Long-term 

sampling is also required to assess the reliable assessments of exposure and 

risk to health-affecting fungi in the atmosphere (Marchisio et al., 1997;Roe 

et al., 2001) because fungal aerosols can vary widely over short increments 

of time. Therefore, DNA-based methods for identifying and quantifying 

fungal species and longer sampling times are needed (Melkin et al., 2007).  

Eight mold species were selected for this study based on their common 

presence outdoors and their allergenicity (Bush and Portnoy, 2001). 

Alternaria alternata is the major allergenic fungus (Bush and Prochnau 

2004; Pulimood et al., 2007) and is typically isolated in outdoor 

environments, where it grows on dead vegetation and is recovered from 

soil samples. A. alternata allergens have long been considered to cause 

significant respiratory effects and were implicated recently in serious cases 

of respiratory arrest (Bush and Prochnau 2004; Horner et al., 1995). 

Chaetomium globosum, the most frequently encountered species, is 

cosmopolitan and has been isolated from plant compost, paper and other 

materials containing cellulose (Gravesen, 1979). C. globosum produces 

mycotoxins and causes allergenic reactions (Aru et al., 1997; Fogle et al., 

2008). Cladosporium cladosporioides is the most prevalent airborne 

species in many areas, especially in temperate climates (Gravesen, 1979). 

 The Aspergillus genus includes cosmopolitan saprophytic fungi widely 

distributed in nature (Kurup et al., 2000). Aspergillus spores have been 

recognized as important aeroallergens (Gravesen 1979). Aspergillus 

fumigates not only induces allergic sensitization and symptomatic allergic 

lung disease but also causes infectious mycosis (bronchopulmonary 

Aspergillosis), especially in immunocompromised subjects (Douwes et al., 

2003). Aspergillus flavus produces the best-known carcinogenic mycotoxin, 

Aflatoxin (Douwes et al., 2003). Epicoccum nigrum is reported frequently 
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in air sampling studies (Horner et al., 1995; Simon-Nobbe et al., 2008). E. 

nigrum is thought to be a significant allergen in urban communities, and 

allergenic proteins occur in both the spore and mycelium (Dixit et al., 

1992). Among ten Candida species causing significant human infections, 

Candida albicans is the most frequently isolated pathogenic species 

(Horner et al., 1995). C. albicans colonizes the gastrointestinal tract and 

the nasopharynx and is an opportunistic pathogen of humans and animals. 

An allergic role of C. albicans in bronchial asthma, allergic rhinitis, 

chronic urticaria and atopic dermatitis has been demonstrated (Kurup et al., 

2000).  

Although there are several studies assessing the outdoor fungal 

concentration by MSQPCR, no long-term sampling and monitoring of 

outdoor allergenic fungi and the impacts of environmental parameters and 

Asian dust have been performed. However, this study is essential to assess 

the hazardous potential of outdoor aeroallergenic fungi, as significant 

populations are affected by these allergens.  

Therefore, the eight selected common outdoor allergenic fungi in urban 

areas were monitored by culture-independent methods, MSQPCR, and 

long-term sampling of airborne particulates using a high-volume air 

sampler over 2 years to assess the potential health effects of these outdoor 

fungi. The effects of Asian dust events on the allergenic fungi and the 

correlations between airborne allergenic fungal concentrations and 

meteorology and air quality parameters were also assessed.  
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MATERIALS AND METHODS 

 

I. Sampling of TSP and culturable fungi and DNA extraction  

 

TSP sample: Samples of total suspended particulates (TSP) were collected 

from the rooftop of the Seoul Metropolitan Research Institute of Public 

Health and Environment (SIHE), which is located in a suburban 

environment in the southern region of Seoul (Republic of Korea). One 

hundred and two samples of TSP for DNA extraction including 13 samples 

taken during Asian dust days were collected from October, 2009 to 

November, 2011 at SIHE. A high-volume air sampler (SIBATA, Japan) 

was used to collect TSP on 8 × 10 inch track-etched Poretics polyester 

membrane filters with 1 μm pores (GE, USA) at rates of 500 l/hr for 

approximately 8 hours except during Asian dust days, when longer or 

shorter sampling times were used depending on the lengths of the episodes. 

Before sampling, the instrument filtering areas were washed thoroughly 

with 70% ethanol. After sampling, the sample filters were transported and 

cut into stripes using sterile scissors and tweezers, which were put in 50 

mL sterile Falcon tubes and stored in a freezer at -20 °C until the DNA was 

extracted. 

 

Culturable fungi: The number of culturable fungi was counted using 

DG18 (DifcoTM) plates with 100 mg/L streptomycin (Sigma-Aldrich Co., 

USA). The sampling apparatus used was a calibrated MAS-100NT Air 

sampler (MERCK, Swiss) with a sampling head of 300 holes x 0.7 mm. 

The MAS-100NT sampler was operated according to the impaction 

principle, with an air intake of 100 l/ min and an impaction speed of 11 m/s 

with a lower cutoff size of 2 μm. Each Petri dish was exposed to 50-250 l 
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of air. For one plate, 30 seconds to 2.5 minutes was required because the 

intake flow of the MAS-100NT sampler was fixed at 100 l/min. The 

sampler head plate was thoroughly swabbed with 70% ethanol between the 

samples. Five replicates and one blank plate were exposed successively on 

each sampling occasion. To control sampler contamination, one additional 

Petri dish was used for a blank, which was placed on the sampler and 

allowed to sit for one minute without turning on the vacuum pump. The 

plates were incubated at 25°C for 5 d. The concentration of fungi was 

calculated as the number of colony forming units per cubic meter of air 

(CFU/m3). 

 

DNA extraction from TSP samples: The DNA of the TSP on the filters 

was extracted following Proteinase K digestion and mortar and pestle 

grinding with MO BIO commercial kit method of Karakousis et al (2006) 

with slight modifications. All DNA extractions were performed twice for 

each sample. After extraction, the two extracted DNA samples were pooled 

for further analysis. Briefly, the whole filters for each sample were cut and 

were placed in a 50 mL conical Falcon tube containing 30 mL of sorbitol 

based buffer containing 0.1 M sorbitol, 10 mM Tris-HCl, 100 mM EDTA 

and 14 mM β-mercaptoethanol (pH 8.0) and then digested with Proteinase 

K (1 mg/L) overnight at 60°C. The Falcon tube was vortexed, sonicated, 

and vortexed again. The suspension was poured into a clean Falcon tube. 

The wash was repeated with an additional 20 mL sorbitol buffer, and the 

wash fraction was centrifuged at 10,000 x g for 10 min at 4°C with a VS-

15CFN centrifuge (Vision Scientific., Ltd., Korea) to reduce the volume to 

approximately 10 mL. These samples were centrifuged once more for 10 

min at 4°C at 16,060 x g with a MIKRO 200R microcentrifuge (Hettich 

Zentrifugen, Germany). The supernatant was discarded, and the pellets 

were resuspended in the remaining supernatant fluid to give a total volume 

of 100 μL. Fungal genomic DNA was digested with Proteinase K (1 
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mg/mL) and then extracted from the filter concentrate using the MoBio 

Ultra Clean Soil DNA kitTM (MoBio, USA) according to the 

manufacturer’s specifications. The extracted DNA was additionally cleaned 

up with the Geneclean turbo kit (Qbiogene, USA). The cleaned DNA 

samples were placed in a freezer at -20 ºC until they were used.  

 

II. MSQPCR of allergenic fungi  

 

Fungal cultures and conidia stocks: Stock suspensions of eight conidia 

(Table 1) were prepared by growing these organisms on DG18 agar and 

potato dextrose agar for approximately 1 month at 25 ºC. The conidia were 

resuspended in sterile water or water containing 0.05% Tween 80 

(Haugland et al., 2004) using a moistened sterile cotton swab. The 

concentrations of conidia in these stock suspensions were determined by 

counting in a hemocytometer chamber at 200 to 400 X magnification.  All 

conidia suspensions were divided into 500 µL aliquots and stored at -20 ºC. 

Triplicate DNA extraction and purification for each species were carried 

out using the same procedure for TSP samples within one week after 

counting.  

 

Amplifying target region: Each target region for the eight fungi was 

amplified using a specific primer set (Table 2) in a thermal cycler 

(MyCyclerTM, Bio-Rad, USA) with the ReadyMixTM Taq PCR reaction mix 

with MgCl2 (Sigma, USA). All reactions were carried out in a 20 μL 

volume containing 10 μL of PCR reaction mix, 10 pmol of each primer and 

1 μL DNA as a template. The thermal programs were as follows: 1 min at 

95 ºC and 10 min at 95 ºC, followed by 35 cycles of 30 sec at 95 ºC for 

template denaturation, 10 sec at 58 ºC for probe primer annealing and 20 

sec at 72 ºC for primer extension.  

 



121 

 

Construction of plasmids containing the specific target sequences: The 

separate PCR products of each of the eight fungi amplified with the 

specific primer sets were purified using Qiagen columns (QIAquick PCR 

Purification Kit, Qiagen, CA) according to the manufacturer's instructions. 

Each set of PCR products was cloned into PCR-TOPO (Solgent, Korea). 

The plasmid was then transformed into Escherichia coli DH5α, and 

recombinant bacteria were selected on ampicillin-containing LB agar. After 

the white colonies were screened, six positive clones were selected for 

overnight liquid culture propagation. Plasmids were extracted from E. coli 

using Qiagen columns, and inserts were rechecked with gel electrophoresis. 

The plasmids were quantified by spectrophotometer to generate standard 

curves in triplicate by real-time TaqMan PCR for each assay. 

 

Development of standard curves: Duplex real-time PCR reactions were 

performed. Pairs of quantitative PCR reactions are summarized in Table 1. 

PCR Standard curves were created for the respective analyses with total 

constructed DNA standards diluted 1010 fold. The DNA copy number was 

calculated from the MSQPCR standard curve for fungi.  

 

Quantification of DNA by MSQPCR: DNA sequences from eight fungal 

species in air samples were detected by MSQPCR using the primers and 

probes in Tables 2 and 3. MSQPCR experiments were carried out in a 10 

㎕ final volume using the C1000TM Thermal cycler /CFX96TM real-time 

System (Bio-Rad, USA): 5 ㎕ of the iQTM Supermix (Bio-Rad, USA), 

0.5 ㎕ of probe (5 micromoles), 0.25 ㎕ of each primer, and 1 ㎕ of 

sample extract. The thermal cycling conditions were as follows: 2 min at 

50 ºC and 10 minat 95 ºC, followed by 50 cycles of 15 sec at 95 ºC for 

template denaturation and 1 min at 60 ºC for probe and primer annealing 

and primer extension (Haugland et al., 2004). All samples were tested in 

duplicate. For each test, triplicate measurements for each sample were 
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carried out, and negative control samples (n=2) containing PCR premix, 

primers, probes and water were analyzed at the same time. 

 

MDL and BLQ of MSQPCR: The minimum detection limit (MDL, cells 

per m3 of air) and below the lower limit of quantification (BLQ, cells per 

m3 of air) were tested based on the EPA proposed procedure and definition 

(EPA 1984, EPA 1989, Gibbons and Coleman, 2001). To estimate the 

MDL method detection limit, 10 fold or 5 fold diluted standards of the 

lowest concentration were prepared. Ten aliquots of the prepared standard 

were taken and processed through the entire analytical procedure. Based on 

the results, the standard deviations for each mold were calculated. MDL 

and PQL were calculated by the following equation. All procedures were 

carried out at least two times.  

 

Method detection limit (MDL) = 3.143* standard deviation 

Below the lower limit of quantification (BLQ) = 4* MDL 

 

All measured data were treated according to these limits before statistical 

analyses.  

 

Cell equivalent (CE) coefficient: The DNA copy numbers of known 

concentrations of eight measured fungi were determined. The entire 

process was repeated 3 times. DNA of pure conidia stocks of known 

concentrations was extracted three times, and MSQPCR was performed for 

these stocks. The number of cells per DNA copy was calculated based on 

these results (Table 4). Each mold level was calculated as fungal cell 

concentrations using equivalents (CE) for each target mold or mold group. 

The final result was presented as cells/m3, accounting for the sampling 

volumes. 
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MSQPCR probe and primer design: All primer and probe sequences are 

given in Tables 2 and 3, which were prepared after slightly modifying the 

sequences published at the EPA website: http://www.epa.gov/ 

micrbes/moldtech.htm. 

 

III. Statistical analysis  

 

Non-detections (N.D.) and below the lower limit of quantification (BLQ) 

were set below the MDLs and PQLs. N.D. and BLQs were treated as zero 

for further analyses (Melkin et al., 2007; Reneerkens et al., 2012). In order 

to perform geometric mean (GM) and geometric standard deviation (GSD), 

we added 1 to the concentrations in the allergenic fungi to avoid zero (Ho 

et al., 2005). Compared to non-Asian dust (NAD) days, the levels of 

airborne fungi during Asian dust days are observed at higher concentrations, 

which can affect the statistical results; thus, the comparisons of the means 

by statistical tests were always performed for two groups, one considering 

the overall samples, the other excluding the data for Asian dust days. The 

normality of the fungal assay data was assessed using the Shapiro-Wilk test, 

indicating that these data were not normally distributed. Therefore, 

nonparametric statistical tests were used for comparisons of the means and 

correlation testing. The differences of means in the variables were tested by 

the Mann-Whitney U test. Differences in outdoor fungal levels related to 

the Asian dust events and season were analyzed by the Kruskal-Wallis test 

(Lignell et al., 2008). Correlation analyses between the mold levels and the 

air quality and meteorological factors were carried out to determine 

statistical correlations using Spearman’s Rho test (Meklin et al., 2007). All 

tests were two-tailed, and a P-value below 0.05 was used to indicate 

statistical significance. All dataset processing and statistical analyses were 

performed using the XLSTAT 1.02 and SPSS 17.0 statistical programs.  
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Table 1. Pairs of real-time PCR duplex assay and collection number of 

eight allergenic fungi in this study. 

 Mold species Collection No. 

1 
Alternaria alternata 

Chaetomium globosum 

KACC143534 

KCCM231212 

2 
Aspergillus fumigatus 

Cladosporium cladosporioides 

KACC40080 

KACC40934 

3 
Aspergillus flavus 

Candida albicans 

KACC40233 

KACC30003 

4 
Cryptococcus neoformans 

Epicoccum nigrum 

KCCM50564 

KACC40313 

Korean Agricultural Culture Collection 

Korean Culture Center of Microorganisms 
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Table 2. Taqman probes used in this study 

Fungi Probe Probe sequences (5´→3´) 
Reporter/ 

quenchera 

Alternaria 

alternata 

Aalter-

TM 
CCCGAGAGGTTCCAGCCCGCC FAM/BHQ1 

Cryptococcus 

neoformans 

Cneo-

TM 

CGGCTCGCCTTAAATGTGTTAG 

TG 
FAM/BHQ1 

Epicoccum 

nigrum 

Eneof-

TM 

CATGTCTTTTGAGTACCTTCGT 

TCCTC 
YAK/BHQ1 

Aspergillus 

flavus 

Afla-

TM 
ACCTTAGTTGCTTCGGCGGGCC FAM/BHQ1 

Aspergillus 

fumigatus 

Afum-

TM 
CCCGCCGAAGACCCCAACATG FAM/BHQ1 

Cladosporium 

cladosporioides 

Cclad-

TM 

CGGGATGGTTCATAACCTTTGT 

TGTCCGAC 
YAK/BHQ1 

Candida 

albicans 

Calb-

TM 
ACCGGGCCAGCATCG YAK/BHQ1 

Chaetomium 

globosum 

Cglob-

TM 
CGACAGCGAGCCCGCCAC YAK/BHQ1 

Probes were labeled at the 5´-ends with the reporters (FAM, and HEX) and 

at the ends with quenchers (BHQ1) 
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Table 3. Primers of MSQPCR 

Target mold 

species 
Primers Primer sequence (5'→3') 

Alternaria 

alternata 

Aalter-F GCGGAGGGATCATTACACAAATATG 

Aalter-R CGCAAAAGACAAGGGTGAATAATTC 

Aspergillus 

fumigatus 

Afum-F TTGTAGACTTCGGTCTGC 

Afum-R CTGCAAAGGGTTTGAATG 

Aspergillus 

flavus 

Afla-F AACCTCCCACCCGTGTTTAC 

Afla-R 
CAACTCAGACTTCACTAGATCAGA

C 

Chaetomium 

globosum 

Cglob-F CCGCAGGCCCTGAAAAG 

Cglob-R GCGACCAGAGCGAGATGTAT 

Cladosporium 

cladosporioides 

Cclad-F TTACAAGTGACCCCGGTCTAAC 

Cclad-R CCCGAAGGCAGGGTC 

Candida 

albicans 

Calb-F TATTTTGCATGTTGCTCTC 

Calb-R TCAGAGGCTATAACACAC 

Cryptococcus 

neoformans 

Cneof-F CGACCTGCAAAGGAC 

Cneof-R GTTATCAGCAAGCCGA 

Epicoccum 

nigrum 

Enig-F TTGTAGACTTCGGTCTGC 

Ennig-R CTGCAAAGGGTTTGAATG 
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RESULTS 

 

I. Descriptive statistics and comparison of mean concentrations 

 

Overall concentrations: The descriptive statistics and detection rates of 

the eight measured allergenic fungi in the air of Seoul are presented in 

Tables 1 and 2. During this survey period, six selected fungi (A. alternata, 

C. neoformans, E. nigrum, A. flavus, A. fumigatus, and C. cladosporioides) 

were constantly present in the Seoul atmosphere, while neither C. 

globosum nor C. albicans were recovered from the air. Therefore, both of 

these fungi were excluded from further analyses. The geometric mean 

concentration of the total measured airborne fungi was 2,874cells/m3, 

ranging from 1- 99,223 cells/m3. The most frequently recovered fungi were 

E. nigrum (275cells/m3) and C. neoformans (37 cells/m3), followed by A. 

fumigatus, C. cladosporioides, A. alternata and A. flavus.  

 

Seasonal variations: The seasonal variations in the concentrations of 

allergenic fungi in the air are presented Figs. 3. The mean concentrations of 

most measured fungi were highest in the autumn months (September to 

November), while A. alternata was observed to be highest in the summer 

(June to August). In the winter, A. alternata, A. fumigatus, and C. 

cladosporioides showed the lowest mean concentrations. However, for the 

dominant species C. neoformans and E. nigrum, the second highest levels 

(December to February) were observed in the winter. The concentrations of 

C. neoformans, E. nigrum, and A. fumigatus and the total concentration of 

the measured outdoor fungi were significantly different between the four 

seasons, while A. alternata, A. flavus, and C. cladosporioides showed no 

seasonal differences (P=0.05); these results are presented in Figs. 2. 



128 

 

Table 4. Method detection levels (MDL), below the lower limit of 

quantification (BLQ) and cell equivalent (CE) coefficients of 

MSQPCR in this study. 

 MDL BLQ CE MDLa BLQa 

Unit 
DNA 

copies 

DNA 

copies 

Cells/ 

DNA copy 
cells cells 

Alternaria 

alternata 
15 59 0.25 4 15 

Cryptococcus 

neoformans 
18 71 1.77 32 126 

Epicoccum 

nigrum 
14 55 1.53 21 84 

Aspergillus 

flavus 
8 31 0.61 5 19 

Aspergillus 

fumigatus 
10 41 16.33 163 670 

Cladosporium 

cladosporioides 
4 14 0.48 2 7 

a. Calculated from the MDL and BLQ (DNA copies/m3) by multiplying by the CE 
coefficients for each species. 

 

Table 5. Percent of fungal concentrations above MDL and BQL in this study 

Fungi Above MDL (%) Above BLQ (%) 

Alternaria alternata 93 100 

Cryptococcus neoformans 79 86 

Epicoccum nigrum 87 90 

Aspergillus flavus 58 78 

Aspergillus fumigatus 73 83 

Cladosporium cladosporioides 97 98 
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Fig. 1. Geometric means of allergenic fungal concentration in the outdoor of  

Seoul monitored from October, 2009 to November, 2011 

 

 

Fig 2. Comparison of geometric means (GM) of allergenic fungal 

concentrations in the air during NAD days and AD days 
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Fig. 3. Seasonal variations of airborne fungal concentrations at the outdoor 

of Seoul measured by MSQPCR  
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Comparison of mean concentrations between the Asian dust event days 

and non-Asian dust days  

Thirteen days of samples were collected during Asian dust event days. The 

geometric means of concentrations of six allergenic fungi during NAD and 

AD days are presented in Fig. 2. The geometric means of the total 

concentration of measured fungi was 8,656 cells/m3 during Asian dust days, 

approximately three times higher than during non-Asian dust days (2,484 

cells/m3). However, no significant difference as determined by Mann-

Whitney U test was observed for any fungus except A. alternata (P<0.001).  

 

II. Non-parametric correlations between fungi and culturable fungi 

 

Correlations between allergenic fungi and culturable fungi 

The Spearman’s correlation coefficient values between six fungi and 

culturable fungi concentrations (CFU/m3) are presented in Table. S1 

(Supporting materials). The concentrations of culturable fungi, traditionally 

used for measuring airborne fungi, were not correlated with any of the six 

allergenic fungi. E. nigrum, the most prevalent allergenic fungi, was 

significantly correlated with all of the other fungi except A. fumigatus. The 

second most dominant fungus, C. neoformans, also showed significant 

correlations with E. nigrum and A. fumigatus. 

 

Correlations between fungi and environmental variables  

Table S2 shows the Spearman’s correlation coefficient values (n=102) for 

six fungal and the culturable fungal concentrations (CFU/m3) with respect 

to the ambient air quality and meteorological parameters. The same 

coefficients for the data (n=89) except for one of the Asian dust days are 

presented in Table S3.   
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A. alternata: SO2, O3, TSP, PM10, TSP/PM2.5, PM10/PM2.5, and wind speed 

(WS) were positively correlated, but relative humidity was negatively 

correlated. However, no correlation was found with the TSP or PM10 when 

the data of only the non-Asian dust days were tested. 

C. neoformans: Negative correlations with CO, temperature, and non-

methane hydrocarbon (NHMC) were found. Only WS was positively 

correlated. Relative humidity was negatively correlated if the data from the 

Asian dust days were excluded. 

E. nigrum: TSP, PM10, TSP/PM2.5, TSP/PM2.5, and wind speed were 

positively correlated but negatively correlated with temperature, relative 

humidity, and UV. However, no correlations with TSP, PM10 and UV were 

found during non-Asian dust days. 

A. flavus and A. fumigatus: no significant correlation values for A. flavus 

were found. Only CH4 and NHMC were positively correlated with A. 

fumigatus.  

C. cladosporioides: A negative correlation with humidity and positive 

correlations with CH4 and total hydrocarbon (THC) were found. However, 

a positive correlation with THC was insignificant during non-Asian dust 

days. 

Culturable fungi: NO and NOx were negatively correlated but temperature 

and relative humidity were positively correlated with culturable fungi, 

which are the converse of the tendencies of A. alternata, C. neoformans, E. 

nigrum, and C. cladosporioides. When the Asian dust day data were 

excluded, additional significant correlations were found, including positive 

correlations with SO2, TSP, PM10, and PM2.5 and a negative correlation 

with UV.   

 

Study of the period of November to December of 2010 

Because the airborne fungi varied widely according to environmental 

parameters (Melkin et al., 2007), data in limited periods were selected to 
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examine the effects of Asian dust on airborne fungi. From November to 

December of 2010, samples were collected at 11 times, 3 of which were 

sampled when Asian dust affected Seoul. Table 6 shows the mean 

concentrations and the results of the Mann-Whitney U test. The GM of the 

totals of all detected allergenic fungi (35,413cells/m3) for the Asian dust 

days were significantly higher than the mean (3,858 cells/m3) of the non-

Asian dust days along with particulates. A. alternata, E. nigrum, TSP, PM10, 

PM2.5, and PM10/PM2.5 had significantly higher concentrations (Mann-

Whitney U test, P<0.05) during Asian dust events. 

Fig. 4 shows the variations of allergenic fungi, TSP, and PM10. In the same 

day, all measured fungi in Asian dust events increased sharply with TSP 

and PM10, suggesting that the levels of allergenic fungi in the air increased 

during AD events. 
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Table 6. Comparison of the means of airborne allergenic fungi in Seoul 

between November and December of 2010 performed by the Mann-

Whitney U test. 

Data  Mean  P value 

  AD NAD 
 

No. of data points Unit 3 8 11 

A. alternata* cells/m3 553 35 0.024 

C. neoformans* cells/m3 4,664 596 0.194 

E. nigrum* cells/m3 23,927 2,842 0.024 

A. flavus* cells/m3 4 3 0.933 

A. fumigatus* cells/m3 12 6 0.848 

C.cladosporioides* cells/m3 16 22 0.921 

Total of measured 

fungi* 

cells/m3 
35,413 3,853 0.024 

TSP ㎍/m3 481 79 0.012 

PM10 ㎍/m3 313 52 0.012 

PM2.5 ㎍/m3 65 25 0.012 

PM10/ PM2.5 - 5.39 2.12 0.012 

WS m/s 1.99 1.15 00.072 

Relative humidity % 62 47 0.133 

Temperature ℃ 7.4 5.6 0.497 

* Geometric means (GM) were used for mean 
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Fig. 4. Variations of airborne fungi and levels of particulates during Asian dust 

(a) and non-Asian dust events (b). The horizontal axis represents the 

sampling time 
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Table 7. Spearman correlation coefficients between the 8 tested species and 

air quality and meteorological factors between November and December 

of 2010. 

Fungi Variables showing significant correlations 

 positive negative 

A. alternata 
E. nigrum (0.945) 

WS (0.752) 

NO (-0.809), 

NO2 (-0.647), 

NOx (-0.691) 

C. neoformans A. fumigatus (0.783) NHMC(-0.709) 

E. nigrum 

A. alternata (0.945) 

PM10/PM2.5 (0.636) 

WS (0.743) 

NO (-0.818), 

NO2 (-0.697), 

NOx (-0.718) 

A. flavus - - 

A. fumigatus 
C. neoformans (0.783) 

TSP/PM2.5 (0.704) 

CO (0.725) 

NHMC (-0.699) 

C. cladosporioides - - 

Total of measured 

fungi 

PM10/PM2.5 (0.727) 

WS (0.793) 

NO (-0.882), 

NO2 (-0.725), 

NOx (-0.764) 

NHMC (-0.727) 
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DISCUSSION 

 

I. Monitoring of allergenic fungi in the outdoor air by MSQPCR 

 

The quantitative analysis of fungi with MSQPCR was demonstrated to be 

sensitive enough to monitor allergenic fungi in the outdoor air. Calculation 

of the concentrations of airborne fungi by MSQPCR along with long-term 

sampling indicate that the method can quantify the concentration of 

airborne fungi up to 1 cell/m3 depending on the fungal species because this 

method collected a large volume of air in the BLQ range of 7-670 cells. In 

addition, the detected levels of airborne fungi by this culture-independent 

method were observed to be higher compared to the culture-dependent 

methods used in previous studies (Jo and Seo, 2005; Kim, 2001), which 

implies that this method can detect uncultivable fungal fragment and 

hyphae, which also have allergenic potential (Green et al., 2006; Lignell et 

al 2008) reported that the concentrations of individual species measured by 

qPCR were two to six orders of magnitude higher than the concentrations 

obtained by culture method experiments. Moreover, E. nigrum and C. 

neoformans, which have not been reported to be recovered in the previous 

studies, were detected at high concentrations (275 cells/m3 and 37 cells/m3, 

respectively), higher than A. alternata and C. cladosporioides, which had 

been reported as the dominant outdoor species in Seoul (Kim, 2001).  

 

II. Distribution and seasonal variations of allergenic outdoor fungi 

 

The geometric mean concentration of the total selected allergenic outdoor 

fungi was 2,874 cells/m3, with a maximum of 99,223 cells/m3, which is 

higher compared to the previous studies (Jo and Seo, 2005; Kim, 2001). 

However, these results were expected because the concentrations of the 

individual species measured by qPCR were usually several magnitudes 
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higher than the concentrations obtained by the culture method (Lignell et 

al., 2008), and qPCR with direct DNA extraction from airborne particulates 

can measure fungal fragments (Reponen et al., 2007).  

There are no studies on the distribution of outdoor fungi in Seoul measured 

by molecular methods, but several studies were performed by culture-

dependent or spore trapping and microscopic examination methods (Kim., 

2001; Oh et al., 2000). This investigation reported that Alternaria, 

Cladosporium, Aspergillus, Hemispora, and Periconia are dominant in 

Seoul. Massarina, Periconia, Rust, Corprinus, Aspergillus, and Penicillium 

spp. were also distributed in the outdoor air of Seoul (Kim et al., 2001; Oh 

et al., 1998; Oh et al 2000) found that Alternaria and Cladosporium are 

prevalent all year round and Leptospheria peaks in the monsoon season. 

Cladosporium spp., Alternaria spp. and Aspergillus spp. in outdoor air 

were reported to vary seasonally (Bush and Portnoy, 2001; Kilic et al., 

2010; Sautour et al., 2009). In this study, the allergenic fungi also showed 

seasonality as in previous reports, in which peak spore levels in the outdoor 

air occur during the summer or early fall months (Bush and Portnoy, 2001). 

However, the mean concentrations of C. neoformans and E. nigrum were 

even higher than in the summer.  

 

III. Correlations with environmental factors 

 

Many studies have investigated the spore concentrations in relation to 

meteorological and air quality conditions. Troutt and Levetin (2001) 

investigated the different spore types with meteorological factors and 

suggested that there was no single model for all spore types and that the 

factors were different for different spore types. A. alternata, E. nigrum, and 

C. cladosporioides showed significant negative correlations with relative 

humidity, and A. alternata and E. nigrum demonstrated positive 

correlations with wind speed at the same time, which is in agreement with 
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previous studies reporting that dry air spores, including the Cladosporium, 

Alternaria, Epicoccum, Helminthosporium, and Drechslera species, 

predominate during dry weather, especially when it is windy (Bush and 

Portnoy, 2001; Trout and Levetin, 2001). 

A. alternata and E. nigrum showed positive correlations with particulates in 

the air (TSP, PM10, TSP/PM2.5, and PM10/PM2.5). When data from the Asian 

dust days were excluded, only the correlations with TSP/PM2.5 and 

PM10/PM2.5 were significant, implying that these two species increased with 

particulates not from anthropogenic sources but from soil and natural 

sources. It was proposed that wind speed positively correlated with the 

fungi species that produce larger-sized conidia, such as E. nigrum 

(Marchisio et al., 1997), with a significant correlation observed with wind 

speed during the overall period and a higher Spearman coefficient during 

Nov. to Dec. of 2010, the selected periods for Asian dust effects in this 

study. No significant correlation of the allergenic fungi with the 

concentration of culturable fungi was observed in this study, suggesting 

that the assessment and monitoring of both in indoor and outdoor fungi 

only by the culture-dependent method could seriously underestimate the 

hazardous allergenic potential of airborne fungi.  

 

IV. Effects of Asian dust on the levels of airborne allergenic fungi 

 

To date, few studies have examined the differences between Asian dust 

days and non-Asian dust days in airborne fungi species by culture-

independent methods, although several studies in Korea and Taiwan were 

performed to compare the concentration only to the genus levels by 

culture-dependent methods (Ho et al., 2005; Wu et al., 2004; Yeo and Kim, 

2002). These studies (Ho et al., 2005; Wu et al., 2004; Yeo and Kim, 2002) 

reported significantly higher concentrations of total fungi, including 
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Cladosporium, Aspergillus, Alternaria and other many genera, during 

episode days.  

From data taken from all seasons, only A. alternata showed significantly 

higher concentrations during Asian dust days than on non-Asian dust days. 

However, when limited periods were selected and statistical tests were 

performed, the concentrations of E. nigrum and total measured fungi as 

well as A. alternata were also observed significantly higher during the dust 

storm days.  

However, these results cannot clarify whether the increased levels of fungi 

are due to the association of fungi with the desert dust or the suspension of 

fungi from the local sources by wind because E. nigrum and A. alternata 

showed high correlation coefficients with wind speed (Table 7), which was 

higher during Asian dust days. Therefore, more studies are needed to 

confirm the transport of fungi with desert dust. 

 

V. Allergenic fungi in the outdoor air  

 

In the study, A. alternata was observed to increase significantly during 

Asian dust days and showed relatively significant correlations with wind 

speed and relative humidity. These results agreed well with previous 

reports that Alternaria spp. release large numbers of conidia in response to 

sudden drops in RH or simulated rainfall events and may thrive under high 

rainfall conditions in relatively arid areas (Timmer et al., 1998). 

Sensitization to Alternaria and Cladosporium has been reported to be 3 to 

30% of the population in European countries (Bavbek et al., 2006). In 

particular, Kilic et al (2010) reported that the outdoor Alternaria spore 

concentrations were significantly correlated with the mean monthly asthma 

medication score.  

E. nigrum was found in the highest concentration compared to the other 

allergenic fungi, which is contrary to previous studies (Kim, 2001; Yeo and 
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Kim, 2002). However, E. nigrum is frequently reported in air sampling 

studies (Dixit et al., 1992; Horner et al., 1995; Marchisio et al., 1997; 

Simon-Nobbe et al., 2008; Troutt and Levetin, 2001). In the Corpus Christi, 

Texas metropolitan region (Dixit et al., 1992), E. nigrum was one of the 

most frequently captured mold spores, and in St. Louis, it was the third 

most common viable spore encountered (Dixit et al., 1991).  Significant 

positive correlations of E. nigrum with wind speed, TSP/PM10, and 

PM10/PM2.5 and negative correlations with humidity and UV were 

demonstrated, implying that the airborne levels of E. nigrum may become 

higher in windy and dry conditions, in which usually the ratios of TSP to 

PM2.5 and PM10 to PM2.5 increase. The outdoor levels of E. nigrum 

significantly increased during Asian dust events. However, it is not clear 

whether the increased levels were due to the association of the fungi with 

desert dust or the suspension of local sources of fungi because wind speed 

is also very high during Asian dust days.  

C. neoformans, one of the major airborne opportunistic human pathogens, 

was found in the second highest concentration among the monitored 

allergenic fungi in the air, which is contrary to previous studies (Kim, 2001; 

Yeo and Kim, 2002). A significant positive correlation of C. neoformans 

with wind speed and a negative correlation with relative humidity suggest 

that this fungal species becomes airborne in windy and dry conditions, 

which agreed well with the other reports (Granada and Castaňeda, 2005). C. 

neoformans is a free-living saprobe in nature and can be found worldwide 

in soil, pigeon guano, and urban air after becoming airborne from soil or 

bird guano under environmentally dry conditions (Chowdhary et al., 2012; 

Mackenzie et al., 2008; O’Gorman et al., 2008). This species infects their 

human and animal hosts when airborne infectious propagules (yeast cells or 

basidiospores) are inhaled (Chowdhary et al., 2012; O’Gorman et al., 

2008). C. neoformans has been recovered from environmental sources in 

urban areas, for example, in Busan, the second largest city in Korea 
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(Kwang and Hwang, 2005), and in Bogotá, Colombia (Granada and 

Castaňeda, 2005) with higher frequency and density in the rainy season. 

The yeast can colonize various zones in a city, is possible to colonize 

several places by means of its transportation in avian guano, which can 

become airborne after drying and disperse as propagules in the wind 

(Granada and Castaňeda, 2005). Human infection is thought to be acquired 

by inhalation of airborne propagules (<3µm) from environmental sources 

(Granada and Castaňeda, 2005).  

Aspergillus is ubiquitous fungus found mainly in urban environments 

(Cuinea et al., 2006) and is present year round (Milling ton and Corden, 

2005). In this study, A. fumigatus was more frequently than A. flavus, 

showing similar tendency to another study in Madrid, Spain (Guinea et al., 

2005). However, a higher airborne level of A. fumigatus conidia, ranging 

from 0 to 70 CFU/m3, was observed compared with the previous study, 

while the airborne levels of A. flavus conidia were similar, ranging from 0 

to 35 CFU/m3. Several studies investigated the effects of environmental 

factors on the conidia of Aspergillus spp. in the air and found that 

Aspergillus spp. increased when the temperature increased and decreased 

when the wind speed was high and when it rained because the conidia were 

removed from the atmosphere (Cuinea et al., 2006). In contrast, A. 

fumigatus was not as heavily influenced by these parameters. However, no 

correlations with wind speed and temperature were observed in this study. 

Several studies reported that Cladosporium spp. are known to be the 

dominant airborne spores worldwide, especially in temperate climates, and 

C. cladosporioides could be the most prevalent airborne spores (Horner et 

al., 1995; Fang et al., 2005). The geometric mean concentration of C. 

cladosporioides was 36 cells/m3, which is higher than A. alternata but 

lower than C. neoformans and E. nigrum.   
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VI. Assessment of the hazardous potentials of outdoor allergenic fungi  

 

It was found that Asian dust increased several airborne allergenic fungi 

levels by up to 5-12 times depending on the species (Fig. 2) implying that 

individuals, especially with those pre-existing conditions, such as allergic 

hyperresponsiveness or pulmonary, cardiac, and vascular diseases may be 

seriously affected during dust storm days (Lugauskas et al., 2003). 

However, even during days without dust storms, outdoor allergenic fungi 

were found consistently during all four seasons. When the proper 

conditions were present, high levels of airborne fungi were detected in 

summer and autumn.  

E. nigrum and C. neoformans were also observed in high concentrations 

even in the winter. C. neoformans seem to produce potentially infectious 

basidiospores in the pigeon excreta, suggesting desiccated pigeon excreta 

in urban areas may constitute a plausible source of human cryptococcosis 

(Chowdhary et al., 2012). Air sampling in sites with pigeon guano 

harboring C. neoformans has demonstrated aerosols of yeast cells and/or 

basidiospores (Litvintseva et al., 2011). The high levels of C. neoformans 

in the atmosphere of Seoul imply that bird guano may be an important 

source of aeroallergenic sources in this metropolitan area (Chowdhary et 

al., 2012; Litvintseva et al., 2011).  
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Supporting materials 

Table S1. Spearman correlation coefficients between fungal species and culturable fungal concentrations (significant values in bold) 

 
A. alternata C. neoformans E. nigrum A. flavus A. fumigatus C. cladosporioides Total 

Culturable 
fungi 

No. of data 
points 

60 60 60 60 60 60 60 37 

A. alternata 1 0.124 0.586 0.234 0.100 0.479 0.600 0.151 

C. neoformans 0.124 1 0.584 0.056 0.314 0.135 0.658 -0.221 

E. nigrum 0.586 0.584 1 0.295 0.215 0.436 0.983 -0.059 

A. flavus 0.234 0.056 0.295 1 0.309 0.298 0.281 -0.095 

A. fumigatus 0.100 0.314 0.215 0.309 1 0.461 0.291 0.069 

C. cladosporioides 0.479 0.135 0.436 0.298 0.461 1 0.461 0.070 

Total 0.600 0.658 0.983 0.281 0.291 0.461 1 -0.073 

Culturable fungi 0.151 -0.221 -0.059 -0.095 0.069 0.070 -0.073 1 
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Table S2. Spearman correlation coefficients between 8 species and air quality and meteorological factors  
 

A. alternata C. neoformans E. nigrum A. flavus A. fumigatus C. cladosporioides Total 
Culturable 

fungi 

No. of data 
points 

60 60 60 60 60 60 60 37 

SO2 0.416 0.068 0.229 -0.110 -0.081 0.163 0.250 -0.315 
NO -0.238 -0.116 -0.087 0.126 0.141 0.061 -0.113 -0.335 
NO2 0.067 -0.250 -0.080 0.111 0.134 0.178 -0.091 -0.229 
NOx -0.049 -0.201 -0.080 0.133 0.147 0.145 -0.100 -0.328 
CO -0.107 -0.260 -0.165 0.034 -0.108 -0.089 -0.218 -0.295 
O3 0.302 -0.188 -0.125 -0.119 0.002 0.153 -0.101 0.178 

TSP 0.402 0.143 0.318 -0.041 -0.090 0.140 0.329 -0.259 
PM10 0.364 0.067 0.261 -0.011 -0.022 0.208 0.266 -0.209 

PM2.5 0.217 -0.021 0.134 -0.022 0.001 0.105 0.127 -0.206 
TSP/PM2.5 0.462 0.237 0.391 0.032 -0.197 0.111 0.408 -0.091 

PM10/PM2.5 0.490 0.169 0.361 0.091 -0.135 0.239 0.382 -0.142 
WS 0.309 0.413 0.431 -0.069 -0.176 0.042 0.460 -0.030 

TEMP -0.090 -0.360 -0.439 -0.143 0.208 -0.034 -0.410 0.695 
HUM -0.305 -0.242 -0.411 -0.253 0.020 -0.402 -0.415 0.358 
UV -0.013 -0.199 -0.313 -0.074 0.157 -0.023 -0.273 0.257 

Solar 0.142 -0.135 -0.133 0.010 0.051 0.074 -0.106 0.041 

CH4 0.210 -0.150 0.012 0.089 0.303 0.388 0.019 0.261 
NMHC -0.197 -0.333 -0.232 0.076 0.177 0.078 -0.260 -0.136 

THC 0.086 -0.220 -0.065 0.091 0.293 0.305 -0.072 0.180 

 



154 

 

Table S3. Spearman correlation coefficients between 8 species and air quality and meteorological factors for non-Asian dust days  
 

A. alternata C. neoformans E. nigrum A. flavus A. fumigatus C. cladosporioides Total 
Culturable 

fungi 

No. of data 
points 

53 53 53 53 53 53 53 33 

SO2 0.301 0.014 0.158 -0.065 0.030 0.193 0.178 -0.573 
NO -0.052 -0.037 0.093 0.104 0.070 0.151 0.071 -0.214 

NO2 0.145 -0.209 0.009 0.125 0.140 0.204 0.003 -0.257 
NOx 0.075 -0.156 0.046 0.136 0.112 0.197 0.030 -0.302 
CO -0.030 -0.342 -0.164 0.095 -0.084 0.060 -0.223 -0.159 
O3 0.321 -0.158 -0.109 -0.081 0.064 0.086 -0.084 0.075 

TSP 0.232 0.084 0.212 -0.001 -0.016 0.115 0.218 -0.555 
PM10 0.176 -0.039 0.118 0.019 0.054 0.168 0.115 -0.495 
PM2.5 0.053 -0.148 -0.011 0.001 0.076 0.089 -0.025 -0.375 

TSP/PM2.5 0.332 0.254 0.355 0.096 -0.157 0.089 0.367 -0.364 
PM10/PM2.5 0.346 0.157 0.294 0.179 -0.061 0.238 0.313 -0.434 

WS 0.141 0.392 0.335 -0.042 -0.130 0.020 0.361 -0.239 
TEMP -0.134 -0.389 -0.490 -0.174 0.230 -0.147 -0.460 0.747 
HUM -0.332 -0.333 -0.519 -0.316 -0.003 -0.450 -0.526 0.536 
UV 0.148 -0.110 -0.200 -0.071 0.185 0.006 -0.148 0.367 

Solar 0.299 -0.046 0.005 0.049 0.085 0.098 0.036 0.048 

CH4 0.141 -0.211 -0.031 0.105 0.381 0.325 -0.029 0.122 
NMHC -0.125 -0.335 -0.157 0.111 0.200 0.148 -0.183 -0.071 

THC 0.051 -0.262 -0.079 0.100 0.344 0.266 -0.089 0.090 
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경보건  평가를   

황사 미생  군집에  분자생  연구 

 

  미 

 

질  건강 향연구는 부분  염 질과 리  

특 에  것이었다. 지만 최근 이러  경향이 변 고 있다. 

  이 에어 졸에 노출  경우 감염  질 , 독 , 

알러지  암 생과 연 이 있다고 계속 보고 었다. 이에 

라 이 에 졸  다른 해 염 질과 마찬가지  

해  인자  인식 었 며,   균  곰 이  분포에 

 연구가 이루어지고 있다. 특히, 황사  같이 거  

사막 지가 간 이동시에 미생 도 같이 이동   있 며, 

풍 지역 생태계  보건에 큰 향  미  가능 이 있다고 

어 다. 황사에  연구는 황사입자  이  특 에 

 연구가 부분이었고, 황사시   균  곰 이에 

 연구는 일부 다. 지만 이러  연구는 양법  본  

고 있어 양 지 않는 다  균  곰 이에  보는 

매우 이었다. 본 연구에 는 황사가   균  

곰 이에 미 는 향  분 고, 황사시 균  곰 이가 같이 

이동 여 울  입이 는지를 악 고자 다. 이를 

여 미생  양과 함께 황사시  황사시   총 지 

(TPS)를 DNA 추출 여 DGGE, 16S rDNA  ITS clone 

library 를 행 다. 모니 링 자료   미생  도 

자료를 같이 분 며 DGGE 과 air mass trajectory  

같이 분 다. 또   에 일  분포 지만 
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알러지  가진 8 종  곰 이를 MSQPC 법  량분 다. 

그 결과, 황사시   균  곰 이  도는 입자상 질과 

여 증가 고 황사보다 통계  게 높  것  

나타났다. 특히  입자상 질과  상 분  결과, 

황사시 는 달리 황사시에만   TSP  PM10 과 균 

 곰 이 도  높  상 계를 나타내었다. 16S rDNA  

ITS clone library 결과, 황사시에 균  곰 이 군집  

황사시  황사시  다른 구  고 황사시 사막에  

래  종들이 검출 었다. 또  황사 후 DGGE band 

pattern 이 격 게 변 어 황사시 격 게   

균군집이  다른 구  가지는 것  나타났다. MSQPCR 

분  결과 황사시 분  알러지  곰 이 도가 종에 라 5-

13  높  것  나타났다. 이  같  결과는 황사가   

균  곰 이  구   도에 향  주는 것 , 

사막 지  불어 균  곰 이가 이동 며 이  인  건강 

 생태계에 큰 향  미  가능 이 있  보여 다.   

 

KEY WORDS: 황사, 대기세균, DGGE, 16S rDNA clone library, 

주성분 분석, 대기곰팡이, MSQPCR, 대기곰팡이, ITS clone library, 

알러지성 곰팡이 
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