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Abstract
Objectives: The objective of the present study was to evaluate and compare the efficiency of a filter based sampling method 
and a high volume sampling method for sampling airborne culturable fungi present in waste sorting facilities. Material and 
Methods: Membrane filters method was compared with surface air system method. The selected sampling methods were 
modified and tested in 2 plastic waste sorting facilities. Results: The total number of colony-forming units (CFU)/m3 of air-
borne fungi was dependent on the type of sampling device, on the time of sampling, which was carried out every hour from 
the beginning of the work shift, and on the type of cultivation medium (p < 0.001). Detected concentrations of airborne 
fungi ranged 2×102–1.7×106 CFU/m3 when using the membrane filters (MF) method, and 3×102–6.4×104 CFU/m3 when 
using the surface air system (SAS) method. Conclusions: Both methods showed comparable sensitivity to the fluctuations 
of the concentrations of airborne fungi during the work shifts. The SAS method is adequate for a fast indicative determi-
nation of concentration of airborne fungi. The MF method is suitable for thorough assessment of working environment 
contamination by airborne fungi. Therefore we recommend the MF method for the implementation of a uniform standard 
methodology of airborne fungi sampling in working environments of waste treatment facilities.
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INTRODUCTION
In recent years, municipal solid waste production has 
been growing worldwide. Because of its excessive produc-
tion, there has been an increasing pressure on recycling, 
especially of plastic waste. Municipal solid waste from 

collecting containers is accumulated and subsequently 
handled in waste sorting facilities.
Municipal solid waste is usually contaminated by many 
microorganisms [1]. Fungi constitute an essential part 
of the solid waste. They are capable of overgrowing 
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of differences (due to different technology of sorting pro-
cess) between various waste treatment facilities. Finally, 
the sampling method must meet the criterion of low op-
eration costs.
In this study, we used 2 methods of airborne fungi sam-
pling, the surface air system (SAS) method and the mem-
brane filters (MF) method, which could meet the criteria 
specified above.
The SAS method uses a portable (battery-powered) high 
flow sampler. The advantages of portable microbial samplers 
include their light weight, ease of use, and high sampling flow 
rates without the need for post-collection processing [15]. 
The portable SAS sampler is able to enumerate airborne 
microorganisms with the relative overall efficiency of 0.7; 
however, this relative overall efficiency was determined at 
a relatively low concentration of cultivable airborne microor-
ganisms [16]. Moreover, the efficiency of any air sampler will 
vary depending on the device used and the nature of the sam-
pled aerosol [15,17]. The SAS method was used for sampling 
of airborne fungi in many studies [e.g., 18,19].
The MF method is considered to be suitable for us-
ing a personal sampler for collection in the breathing 
zone [20]. The trapping efficiency of membrane filters may 
vary between 62–99% [21]. However, bioefficiency of filter 
samplers depends on the microbial species, type of mem-
brane filter, sampling time and relative humidity [21,22]. 
The MF sampling method is more accurate in highly con-
taminated environments [11].
Many types of cultivation media are used for detecting of 
airborne fungi in working environments of waste treat-
ment facilities, most commonly the MEA (malt extract 
agar) [6–8,10,11], SDA (Sabouraud dextrose agar) [2,3] 
or DRBC (dichloran rose-Bengal chloramphenicol) [8]. 
Cultivation medium YGC (yeast extract glucose chlor-
amphenicol) was used for the determination of airborne 
fungi in another indoor environment [23]. In this study, we 
directly compare the properties of these 4 media in terms 
of their utility for cultivation of airborne fungi.

the organic residues adhering to the waste and can pro-
duce a large number of reproductive particles. During 
the waste handling, the particles of fungi can be released 
into the working environment and become a part of bio-
aerosol [2]. The facility employees may be exposed to 
the bioaerosol primarily through inhalation [3]. High con-
centration of the bioaerosol in the working environment 
may cause a number of health problems [4,5].
Studies dealing with the problems of contamination of work-
ing environments in waste treatment facilities show that 
the facilities are environments with increased concentra-
tions of airborne fungi. The concentrations may vary within 
a wide range depending on the sampling site, sampling 
method and processing of samples: 7×102–7.2×103 colony-
forming units (CFU)/m3 [3], 4.7×102–2.9×105 CFU/m3 [6], 
2.7×102–1.6×105 CFU/m3 [7], 0–2.2×105 CFU/m3 [8], 
0.9×103–2.3×105 CFU/m3 [9], 0.3×103–1.3×105 CFU/m3 
[10], 1.3×102–7.3×104 CFU/m3 [11]. The most commonly 
used sampling methods of airborne fungi in working envi-
ronments of waste treatment facilities utilize the following 
sampling devices: Andersen sampler [3,6–8,12] and filter 
holder with a flow pump [2,6,8–10].
Although the European standards for measuring bioaero-
sol have been already established (BS-EN 13098:2001 [13], 
BS-EN 14042:2003 [14]), a uniform methodology for mon-
itoring and evaluating airborne fungi in working environ-
ments of waste treatment facilities has not been yet imple-
mented. In most European countries, binding legal limits 
have not been established either. The most important task 
in the establishment of this methodology is to determine 
a suitable sampling method.
The sampling method to be used for the intended uniform 
methodology should meet the following criteria: the sam-
pling method must respond to the characteristics of 
the sorting process (e.g., the workload of the sorting line, 
the quality of the waste) sensitively enough; the results 
of measurement must be consistent and repeatable, i.e., 
the sampling method must be repeatable in the detection 
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each sampling season, 10 measurements were performed 
at hourly intervals within 1 work shift, the 1st before 
the beginning of the work shift and the last one hour after 
the end of the work shift. The samples of airborne fungi 
obtained by the SAS and MF methods were cultivated on 
Petri dishes containing 4 different types of cultivation me-
dia, with 6 repetitions of each medium. At each sampling 
time (i.e., each hour), the temperature and relative air hu-
midity were recorded (see Table 1 for descriptive statistics 
of the ambient conditions during measurements).

Sampling devices
Two sampling devices were selected for the sampling 
of airborne fungi. Single head impaction air sampler 
Sampl’air Lite (AES Laboratoire Inc., France) which is 
a part of the SAS method, and a 37-mm Filter Holder 
(BGI Inc., USA) connected with a portable constant-flow 
Leland Legacy Sample Pump (SKC Ltd., UK), which is 
a part of the MF method.

Impaction air sampler
Air samples were collected onto Petri dishes (90 mm), 
each containing 25 ml of cultivation medium (see below) 

The aim of this study is to compare the results of the detec-
tion of airborne fungi by the SAS method with the results 
of the detection by the MF method. Based on the com-
parison of the results, the best method for the implemen-
tation of a uniform standard methodology for sampling 
and processing of samples of airborne fungi in the work-
ing environment of waste treatment facilities has been 
chosen. The comparison of the 2 methods was carried out 
in 2 waste sorting facilities during 3 different seasons and 
at various times of work shifts.

MATERIAL AND METHODS
Sampling procedure
The study was conducted in 2 plastic waste sorting facili-
ties in the Czech Republic. The analysis of the working 
environment was carried out in both facilities. Based on 
the analysis, a sampling place with the highest expected 
exposure of the employees to bioaerosol and dust was se-
lected. The sampling place was next to the conveyor belt 
where the employees sort plastic waste. Samples were col-
lected about 1.5 m above the ground.
In both facilities, the samples were collected in 2013 
and 2014 (October 2013, January 2014, May 2014). During 

Table 1. Descriptive statistics of the ambient conditions during the measurements

Season and sorting facility
Temperature

[°C]
Relative air humidity

[%]

M SE M SE
Autumn

A 8.6 0.3 78.5 2.0
B 17.0 0.4 71.9 1.6

Spring
A 12.0 0.2 76.1 0.8
B 19.6 0.6 59.5 1.3

Winter
A 6.7 0.2 69.9 1.5
B 14.7 0.3 60.3 1.1

M – mean; SE – standard error.
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agar base (Oxoid Ltd., UK) with the addition 100 mg/l 
of chloramphenicol supplement (Oxoid Ltd., UK); 
and YGC-medium ready-poured plate (Oxoid Ltd., UK). 
The cultivation media MEA, DRBC and SDA were pre-
pared according to the manufacturer’s instructions.

Statistical analysis
The data were analyzed by means of hierarchical ANO-
VA due to the split-plot structure of the dataset 
with 6 levels (see Crawley (2007) [25] or Scheiner and 
Gurevitch (1993) [26] for more detailed discussion of 
similar designs). The regression diagnostic plots from 
preliminary analysis suggested violation of the assump-
tion of homogeneity of variance. Taking the logarithms 
of the response variable (abundance of CFU of airborne 
fungi) improved the model so that it satisfied the assump-
tion. The tested predictors were: waste sorting facility, 
sampling device, sampling time, cultivation medium and 
all their interactions. Season of the year delimited blocks 
in the analysis (i.e., the highest hierarchical level of vari-
ance). All computations were performed using R 3.0.1 
(R Core Development Team) statistical environment 
(base installation) [27].

RESULTS
In total, 2880 samples were collected. The detected con-
centrations of airborne fungi were dependent on the type 
of sampling device, on the time of sampling, which was 
carried out every hour from the beginning of the work 
shift, and on the type of cultivation medium (all p < 0.001) 
(Table 2).
Large proportion of variability in the detected concentra-
tions of airborne fungi was explained by variability be-
tween the sampling devices (39.9% of the total variability) 
and variability among the times of measurements (38% of 
the total variability) (Table 3).
The particular differences in descriptive statistics between 
the levels of predictors are listed in Table 4.

placed in the head of the sampling device. The sampler 
was set at the lowest adjustable flow rate of 100 l/min (im-
paction speed of 3 m/s) and the shortest sampling period 
of 30 s. The amount of air sampled was 50 l. After the sam-
pling, Petri dishes were incubated at 25±1°C for 72 h. Af-
ter incubation, colonies were counted and fungal counts 
were recalculated as the number of colony-forming 
units (CFU)/m3.

Filter holder with a flow pump
Pre-dried nitrocellulose membrane filters PRAGOP-
OR 4 (Pragochema, Czech Republic) with the pore size 
of 0.85 μm and the diameter of 35 mm were placed and 
sealed in a pre-sterilized filter holder. The filter holder was 
connected by rubber tubing to the flow pump calibrated to 
ensure the flow rate of 5 l/min. The amounts of air sam-
pled were 120 l [24] thus, the sampling period per 1 sample 
was 24 min. After the sampling period, the filter was placed 
into the sterile airtight polypropylene container, closed and 
brought to the laboratory for analysis. The extraction of 
the fungi was performed as follows: 10 ml of sterile distilled 
water containing 0.05 ml of Tween 80 was added to the fil-
ter into the container. The closed container was being sub-
sequently shaken for 15 min using a shaker. After the ex-
traction, 0.2 ml of fluid was sucked off with a glass pipette 
and plated out on the cultivation medium in Petri dishes. 
After incubation, the dishes were evaluated by the proce-
dure identical to that applied in the SAS method.
The temperature and air humidity were determined using 
a Testo 175 H1 Data Logger (Testo AG, Germany).

Cultivation media
Four types of cultivation media with added antibiotics 
were used for the collection of airborne fungi: malt extract 
agar (Oxoid Ltd., UK) with the addition 100 mg/l of chlor-
amphenicol supplement (Oxoid Ltd., UK); Sabouraud 
dextrose agar (Oxoid Ltd., UK) with the addition 100 mg/l 

of chloramphenicol supplement (Oxoid Ltd., UK); DRBC 
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Table 2. Hierarchical ANOVA of log-number of colony-forming units (CFU) of airborne fungi reported for individual split-plot levels

Predictor df Explained variationa

[%] Sum of squares p

Variation among seasons

residual variation 2 100.0 913.2

Variation among factories within season

factory identity 1 42.6 219.9 n.s.

residual variation 2 57.4 295.9

Variation among samplers within factory 
and season

sampler type 1 96.1 2 735.3 < 0.001

factory × sampler 1 0.0 0.2 n.s.

residual variation 4 3.9 112.1

Variation among hours within sampler 
type, factory and season

hour of sampling 9 36.0 978.3 < 0.001

factory × hour 9 8.0 217.7 n.s.

sampler × hour 9 2.4 65.2 n.s.

factory × sampler × hour 9 2.5 66.7 n.s.

residual variation 72 51.1 1 389.1

Variation among media within hour, 
sampler type, factory and season

medium 3 21.9 20.1 < 0.001

factory × medium 3 1.6 1.5 n.s.

sampler × medium 3 1.1 1.0 n.s.

hour × medium 27 5.4 4.9 n.s.

factory × sampler × medium 3 0.7 0.7 n.s.

factory × hour × medium 27 5.8 5.3 n.s.

sampler × hour × medium 27 5.0 4.6 n.s.

factory × sampler × hour × medium 27 4.1 3.8 n.s.

residual variation 240 54.4 49.9

Variation among dishes within medium, 
hour, sampler type, factory and season

residual variation 2 400 100.0 58.2

df – degrees of freedom; n.s. – not statistically significant.
a Refers to variation within the given hierarchical level.
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Table 3. Proportions of total variation in response (log-number of colony-forming units (CFU) of airborne fungi) explained by each 
hierarchical level

Level of variation Proportion of total variation
[%]

Among seasons 12.8

Among factories within season 7.2

Among samplers within factory and season 39.9

Among hours within sampler type, factory and season 38.0

Among mediums within hour, sampler type, factory and season 1.3

Among dishes within medium, hour, sampler type, factory and season 0.8

Table 4. Descriptive statistics of airborne fungi with respect to considered predictors

Predictor
Airborne fungi

[CFU/m3]

M SD back-transformed M 95% CI

Season

spring 124 652 211 190 35 193 31 508–39 309

autumn 36 660 67 489 13 865 12 641–15 208

winter 20 627 37 043 9 154 8 455–9 909

Sorting facility

A 34 446 58 582 12 493 11 559–13 502

B 86 847 181 805 21 710 19 928–23 650

Sampler

filter holder 9 934 10 342 6 215 5 901–6 545

air sampler 111 359 180 568 43 642 40 436–47 102

Medium

DRBC 67 070 148 565 18 984 16 913–21 309

YGC 59 231 132 208 15 542 13 794–17 510

MEA 60 306 137 170 16 110 14 330–18 111

SDA 55 978 131 679 15 476 13 763–17 402

DRBC – dichloran rose-Bengal chloramphenicol; YGC – yeast extract glucose chloramphenicol; MEA – malt extract agar; SDA – Sabouraud dex-
trose agar.
SD – standard deviation; back-transformed M – mean on the logarithmic scale (the scale of measurements, where approximation by normal distribu-
tion and thus data analysis are possible), which was back-transformed to the original scale; 95% CI – 95% confidence interval of the back-transformed 
mean (please note the asymmetry of confidence intervals on the original scale, which corresponds to the skewness of the response variable).
Other abbreviations as in Table 1 and 2.
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facility, sampling time, cultivation medium) (Table 2). 
Both sampling devices responded equally sensitively to 
the sampling time and the type of cultivation medium.

DISCUSSION
Statistically significant differences in the detected concen-
trations of airborne fungi were found to occur between 
the measurements during the work shift. Variability in 
the concentrations of airborne fungi during the work shift 
could be caused by the quality of sorted waste (contamina-
tion by fungi) [9] and the technology of the sorting process 
(e.g., the open conveyor belt, efficiency of the ventilation 
system, accumulation of wet waste in sorting facility, or-
ganization of work) [2,12]. At the beginning of the work 
shift, an increasing trend in the concentration of airborne 
fungi was observed; later on it was constant and then 
slightly decreased. This trend appeared to be related to 
the increasing amount of sorted waste from the beginning 
of the work shift and then decreasing intensity of sorting 
process towards the end of the work shift associated with 
the depletion of waste supply for sorting.
As far as cultivation media are concerned, higher num-
bers of CFU of fungi were detected on DRBC cultivation 
medium. The surface of the cultivation media SDA, MEA 
and YGC was often covered by Mucorales fungi that could 
limit the growth of other fungal species [28] and thus pre-
vent the accurate reading of CFU number of fungi. On 
the surface of the cultivation medium DRBC, Mucora-
les fungi growth was restricted [29] and thus the growth 
of other fungal species was not limited. For this reason, 
it seems advisable to detect CFU of airborne fungi from 
working environments on DRBC cultivation medium.
The results of detected concentrations of airborne 
fungi show a significant difference between the SAS 
and the MF method in the detection of airborne fungi. 
The MF method detected consistently higher concentra-
tions of airborne fungi in comparison to the SAS method. 
The lower ability of SAS sampler to enumerate airborne 

Although the dependence of the detected concentra-
tions of airborne fungi on the type of cultivation medium 
was statistically significant (p < 0.001) (Table 2), vari-
ability explained by the type of the used medium was 
negligible when compared to the total (1.3%) (Table 3). 
The highest numbers of detected CFU of airborne fungi 
within all measurements were detected on DRBC culti-
vation medium compared to the other cultivation media 
(SDA, MEA, YGC).
The effect of the type of the waste sorting facility was 
not significant (Table 2). Variability between waste sort-
ing facilities explained only 7.2% of the total variability 
(Table 3).
The SAS method detected more consistently lower con-
centrations of airborne fungi compared to the MF meth-
od. The concentrations ranged 2×102–1.7×106 CFU/m3 

when using the MF method, and 3×102–6.4×104 CFU/m3 
when using the SAS method (Figure 1).
In terms of the comparison of the 2 sampling methods, it 
is essential that we found no interaction between the type 
of sampling device and the other predictors (waste sorting 
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suitable for fast indicative determination of the concen-
tration of airborne fungi. The MF method is more time-
consuming regarding the preparation of the sampling de-
vice, collection and subsequent processing of samples [32]. 
The results of sampling show that the MF method pro-
vides better information on the concentration of airborne 
fungi. The MF method is more suitable for a thorough 
assessment of the contamination of the working environ-
ment by airborne fungi in comparison to the SAS meth-
od. Therefore, we recommend using the MF method in 
the context of the unified methodology for the sampling 
of airborne fungi from working environments of waste 
treatment facilities.

CONCLUSIONS
The surface air system method proved to be fully compara-
ble with the membrane filters method. Despite the overall 
lower absolute concentration of airborne fungi detected 
by the surface air system method, both sampling methods 
respond consistently and reliably to the examined factors 
affecting the concentration of airborne fungi. Therefore 
they are suitable for airborne fungi monitoring in waste 
treatment facilities. The surface air system method is suit-
able for fast indicative determination of the concentration 
of airborne fungi. However, in the context of the unified 
methodology for the sampling of airborne fungi from 
working environments of waste treatment facilities, we 
recommend using the membrane filters method.
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