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Abstract The aim of this study was to characterize both

the viable airborne bacteria and fungi collected in different

types of wastewater treatment plants in Poland. Bacterial

and fungal aerosols in five different wastewater treatment

plants in Poland were studied, including the pioneering

antibiotic resistance testing of airborne bacteria. Concen-

tration level was measured using the six-stage Andersen

impactor. After incubation, bioaerosol particles captured

on nutrient media on Petri dishes were quantitatively

evaluated and qualitatively identified. It was found that the

concentration levels of both airborne bacteria and fungi

ranged from 102 to 103 colony-forming units/m3, in all

stages of the wastewater treatment plants. The patterns of

size distributions of airborne bacteria and fungi were very

similar, showing dominant peaks typically in the size range

between 3.3 and 4.7 lm. The majority fraction of small

bacterial and fungal particles (less than 4.7 lm) in the

studied areas indicates that the bioaerosol is relatively

fresh, and mostly of local origin. The Gram-positive cocci

and nonsporing Gram-positive rods were the dominating

forms in the studied wastewater treatment plants environ-

ment. The existing differences in the concentration levels

between sampling sites enabled identification of the main

bioaerosol sources. The highest concentration of bacterial

aerosol appeared in sections, where activated sludge post-

processing and mechanical purifying are conducted. The

most frequently occurring species in the sampled bacterial

aerosol were Gram-positive cocci and nonsporing Gram-

positive rods. Multi-antibiotic resistance testing showed

that among the isolated airborne bacteria, the most antibi-

otic-resistant features were present among Bacillus species

(especially Bacillus mycoides).

Keywords Wastewater plants � Bioaerosols � Airborne

bacteria � Airborne fungi � Antibiotic resistance

Introduction

Although microorganisms suspended in the air are descri-

bed as ‘‘airborne microorganisms’’ or ‘‘bioaerosols’’ (Di

Giulio et al. 2010), bioaerosols are, in fact, a loosely

defined group of airborne particles of viable and dead

biological origin, i.e., viruses, bacteria, fungal spores,

pollen and various antigens, their fragments and com-

pounds produced by microorganisms. Bioaerosols can

become a serious risk to health of the population, partic-

ularly with regard to people occupationally exposed to

them (e.g., employees of the wastewater treatment plant or

landfills, farmers, breeders and people employed in food

industry processing). Also people living in the vicinity of

those plants, where bioaerosol contaminants are emitted,

are particularly vulnerable to this kind of pollution. Espe-

cially, airborne bacteria and fungi can cause not only

infection diseases, but allergic and toxic effects too. The
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Health, 13 Kościelna St., 41-200 Sosnowiec, Poland

4 Department of Post-Industrial Sites and Waste Management,

Central Mining Institute, 1 Plac Gwarków, 40-166 Katowice,

Poland

123

Int. J. Environ. Sci. Technol. (2017) 14:2181–2192

DOI 10.1007/s13762-017-1314-2

http://orcid.org/0000-0001-5195-2931
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-017-1314-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-017-1314-2&amp;domain=pdf


epidemiological studies showed that the occurrence of

hypersensitivity diseases (for example, humidifier fever,

asthma) is often associated with exposure to the high

concentration of airborne microbes (ACGIH 1989). Anal-

ysis of the literature data made by Thorn and Kerekes

(2001) indicates that such symptoms like general malaise,

weakness, acute rhinitis and fever, accompanied by gas-

trointestinal problems—appearing among workers at

wastewater treatment plants may be caused by the exposure

to endotoxin contained in Gram-negative bacteria.

In practice, concentration of viable bacteria and fungi

suspended in the air can be estimated nondirectly by

measuring the number of airborne units of microorganisms

able to form colonies on the agar—per cubic meter, col-

ony-forming units per cubic meter (CFU/m3).

Wastewater treatment plants (WWTPs) are one of the

biggest industries, where bioaerosols can be emitted. Pro-

cess conducted in a biological wastewater treatment plant

requires contribution of variety of microorganisms (also

pathogens), such as bacteria, fungi and other organisms,

like rotifers, nematodes. Due to the mechanism of treating

the sewage (involving mixing and aeration) which consists

of water, microorganisms and contaminants, formation and

releasing in form of bioaerosol is very common in such

plants. Literature data indicate that the amounts of emitted

bacteria and fungi vary, depending on the stage of the

process and the technique used in the process of aeration

and mixing the sewage in bioreactors. Sánchez-Monedero

et al. (2008) suggest that mechanical agitation of wastew-

ater using horizontal rotors and surface turbines causes

higher concentration of bioaerosols (450–4580 CFU/m3)

than the diffuser aerators (22–57 CFU/m3). Authors also

concluded that the highest amounts of bioaerosol particles

are emitted during pretreatment, biological treatment and

sludge thickening. Also the type of wastewater treatment

plant determines the amount of bioaerosol emission.

Results obtained by Bauer et al. (2002) indicated that more

bacteria and fungi are emitted by the aeration tank of

activated sludge plant than from fixed-film bioreactor.

Experiment concerning investigation of bioaerosols emit-

ted in WWTP in Beijing, China, revealed that there are

differences in concentration levels between particular

stages of treatment plant (near sludge thickening basin

detected highest level of culturable bacterial and fungal

aerosols). Indicated also the occurrence of the potentially

antibiotic-resistant bacterial strains (Li et al. 2016). There

is also a seasonal variability in bioaerosol concentrations

collected in different seasons, similarly to the environ-

mental conditions. Bacterial aerosol concentrations were

significantly higher during summer; furthermore, mannitol-

positive staphylococci were only present in WWTP during

this season (Szylak-Szydlowski et al. 2016).

Because adverse health effects caused by the inhalation

of bioaerosols depend not only on the absorbed dose but

also on the contribution of pathogens in the total amount of

airborne microorganisms, it is important to identify their

genera and species. Among the microorganism present in

the air at the areas of wastewater treatment plants and in

their vicinity were found both saprophytes and pathogens

of the genera Bacillus, Clostridium, Enterobacter,

Escherichia, Klebsiella, Mycobacterium, Pseudomonas,

Serratia, Staphylococcus, Salmonella, and such fungi as

Alternaria, Cladosporium, Penicillium, Aspergillus

(Wlazło et al. 2002; Fracchia et al. 2006; Korzeniewska

et al. 2009).

Recently, it has also become essential to evaluate the

antibiotic resistance of the airborne bacteria. There is no

such information in previous studies concerning the

bioaerosol emissions from wastewater treatment plants. On

the other hand, it is known that urban wastewater treatment

plants are among the main sources of antibiotics release

into various compartments of the environment worldwide

(Michael et al. 2013), and the existence of antibiotic-re-

sistant bacteria in the water environment in such plants was

documented (Novo et al. 2013; Bouki et al. 2013).

The main objective of this study was to estimate the

concentrations of viable airborne bacteria and fungi in

different stages of selected wastewater treatment plants in

Poland and describe their physical and biological charac-

teristics. Sampling was carried out in November 15 in

WWTPs located in Poland. Testing of the airborne bacte-

ria, collected in these plants, for antibiotic resistance was

also performed.

Materials and methods

Characteristics of the WWTPs

The studies were conducted at five different wastewater

treatment plants located in Poland. Two of them were

treating municipal wastewater (identified as ‘‘Zabrze’’ and

‘‘Karkoszka’’), other two were located in the area of the

coking coal plant (‘‘Przyjaźń’’ and ‘‘Radlin’’), and one

WWTP was treating sewage from the food producing

industry (‘‘Langer’’). Municipal and coking wastewater

treatment plants are located in Upper Silesia, southern

Poland, while WWTP treating sewage form food industry

is placed in Wielkopolska region, central-west part of

Poland. All plants use the activated sludge to treat the

wastewater. Municipal WWTPs could be characterized by

specifying the size of the plant by daily flow of sewage.

General characteristics of the plants are presented in

Table 1.
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During the experiment, concentrations of emitted

bioaerosols in different stages of treatment on each WWTP

were measured, concerning: pretreatment, biological

treatment and activated sludge post-processing. Coking

wastewater treatment plants (P and R) did not have in their

process lines of mechanical treatment, while others (mu-

nicipal Z, K and food processing L) had. As background,

we assumed the concentrations outside the WWTPs,

without the influence of emitted bioaerosols, during the

same day and meteorological conditions.

Sampling

Since the purpose of this research was to assess the

exposure to bacterial and fungal aerosol in the five studied

plants in almost the same meteorological conditions, all

samples were collected during one month—in November,

during the days with temperature not exceeding 15 �C,

wind speed lower than 2.5 m/s and humidity in range

60–90%. More detailed data concerning meteorological

conditions during sampling are presented in Table 2.

Measurements of the bioaerosol concentrations were

taken using 6-stage Andersen impactor (with cutoff diam-

eters 7.0, 4.7, 3.3, 2.1, 1.1 and 0.65 lm), one of the most

popular and frequently treated as a reference device in

biological aerosol studies. This sampler works by air

aspiration through the multiple hole stages below which is

placed a Petri dish containing appropriate agar media. Air

drawn through a jet is deflected 90� by the agar surface

below the jet.

Through the inertial impaction, microorganisms are trans-

ferred from the air onto the agar surface. Each stage has 400

round holes with decreasing (from stage to stage) diameters.

During the measurements, the air flow was 28.3 dm3/

min and the sampling time, calculated following Nevalai-

nen et al. (1992), was 8 min. Before and after sampling, the

flow rate was measured using a rotameter. Microorganisms

were collected on nutrient media (specific to either fungi or

bacteria) in Petri dished located on all impactor stages.

Trypticase soy agar (TSA) was used for bacteria, with

cycloheximide added to inhibit fungal growth. Malt extract

agar (MEA 2%) was applied for fungi, with chloram-

phenicol added to inhibit bacterial growth.

Medium was previously prepared and sterilized in

autoclave, before pouring it in Petri dishes. Before and

between sampling, the impactor was sterilized with methyl

alcohol and periodically cleaned using ultrasonic cleaner.

Samples were collected at the same height, approxi-

mately 1.5 m from the platform level. Average height of

the platform was 0.8 m above wastewater level. The

example of the sampling process is shown in Fig. 1.

Laboratory analysis

Bioaerosol particles sampled on Petri dishes inside the

Andersen impactor were incubated for 3–4 days in room

temperature in incubators (bacteria 20 �C, fungi 22 �C).

Concentrations were counted as the number of grown

colonies and expressed as colony-forming units per cubic

meter (CFU/m3) using positive hole corrections.

Table 1 Characteristics of the

studied wastewater treatment

plants (WWTPs)

Mark Name of the WWTP Aeration system in biological reactor Size of the WWTP (flow rate)

Z Zabrze AD—fine bubbles 33,400 m3/d

K Karkoszka AD—membrane diffusers 15,000 m3/d

P Przyjaźń AD—fine bubbles –a

R Radlin AD—liquid oxygen –a

L Langer AD—membrane bubbles 300–420 m3/d

AD air diffusion
a For WWTP treating coking wastewater, daily inflow is not given (depends on the production rate)

Table 2 Meteorological conditions at the wastewater treatment plants during sampling

WWTP Date of sampling Air temperature (�C) Humidity (%) Wind speed (m/s) Comments

Zabrze November 12 10.5 79 2 Gusts of wind

Karkoszka November 20 8.2 74 1.5 –

Przyjazn November 18 11.1 81.2 0.5 Gusts of wind, light drizzle

Radlin November 16 13.9 89 1 –

Langer November 9 11.3 82.1 0 Calm
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Microscopic analysis of collected bacteria was based on

Gram strain preparations and on cells size, shape and the

appearance of spores. The possibility to cultivate the strains

isolated on agar medium with blood addition (trypticase

soy agar with 5% of the sheep blood) was also estimated.

Bacteria were characterized in terms of their metabolic

characteristic, using biochemical tests Analytical Profile

Index (API), supported by APIweb (bioMérieux, Marcy-

l’Etoile, France) application. In presented research, the

following API systems were used: API 20E, API 20NE,

API 50CH, API CORYNE, API STAPH and API STREP.

Chosen Petri dishes from sampling stages, correspond-

ing to the specific sampling sites as biological reactors and

aeration tanks, with cultivated fungi were also analyzed to

qualitatively identify the species. Strains were isolated and

microbiologically purified. Species identification based on

macro- and micro-morphological features and chosen bio-

chemical characteristics, according to the literature. Peni-

cillium strains identification was conducted using

diagnostic culture mediums: malt extract agar (MEA),

Czapek yeast autolysate (CYA), yeast extract sucrose

(YES) and creatine sucrose agar (CREA). Incubation of

Penicillium strains was conducted in 25 and 37 �C. The

strain’s ability to produce indole alkaloids, using Ehrlich

reaction (DMAB test) was also determined.

Multi-antibiotic resistance test

Cultivated bacteria, previously identified using API tech-

nique, were also tested for the multi-antibiotic resistance

(MAR). In this experiment, isolated strains from the culti-

vated bacteria were taken. Onto solid medium Mueller–

Hinton (Oxoid, USA), 100 ll suspension of bacteria selected

strains was poured, with optical density OD600 = 0.3–0.4

(enumeration spread plate method). Then, onto growth

medium with bacterial suspension placed antimicrobial

susceptibility testing disks (Oxoid, USA). Tested 20 antibi-

otics, chosen from the available and in concentrations cor-

responded to those mostly often appearing in the literature

concerning antibiotic resistance. Among them, were tested:

amoxycillin, ampicillin, ceftazidime, cefalotin, cefuroxime

sodium, nalidixic acid, amikacin, doxycycline, ery-

thromycin, gentamicin, kanamycin, neomycin, strepto-

mycin, tobramycin, tetracycline, trimethoprim, rifampicin,

chloramphenicol, nitrofurantoin and novobiocin. Performed

2–3 repetitions of each tested antibiotics. Specific doses of

the antibiotics are presented in Table 3.

Chosen antibiotics represent 7 different groups in terms of

their chemical structure: penicillins, cephalosporins, quino-

lones, aminoglycosides, tetracyclines, sulfonamides, rifam-

picins and other. Petri dishes with bacteria were incubated in

30 �C for 24 h. After incubation, the areas of growth inhibition

were measured, and three-stage scale was applied to assess the

bacteria resistance to antibiotics: diameter of growth inhibition

\15 mm—bacterial resistance to antibiotic (R); diameter of

growth inhibition between 16 and 25 mm—bacteria inter-

mediate resistance to antibiotic (I); diameter of growth inhi-

bition[25 mm—bacteria sensitive to antibiotic (S).

Results and discussion

Obtained concentration levels of bacterial and fungal

aerosols are presented in Table 4.

Fig. 1 Sampling of bioaerosol particles in the wastewater Radlin (R)

Table 3 Anitbiotics and their doses used in multi-antibiotic resis-

tance test

Antibiotic Symbol Dose (lg) Code

Amoxycillin AML 25 CT0061B

Ampicillin AMP 25 CT0004B

Ceftazidime CAZ 30 CT0412B

Cefalotin KF 30 CT0010B

Cefuroxime sodium CXM 30 CT0127B

Nalidixic acid NA 30 CT0031B

Amikacin AK 30 CT0107B

Doxycycline DO 30 CT0018B

Erythromycin E 30 CT0021B

Gentamicin CN 30 CT0072B

Kanamycin K 30 CT0026B

Neomycin N 30 CT0033B

Streptomycin S 25 CT0048B

Tobramycin TOB 10 CT0056B

Tetracycline TE 30 CT0054B

Trimethoprim W 5 CT0076B

Rifampicin RD 30 CT0207B

Chloramphenicol C 30 CT0013B

Nitrofurantoin F 200 CT0035B

Novobiocin NV 30 CT0038B
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It can be seen that the levels of airborne fungi were very

similar to those registered at the background location (102–

103 CFU/m3), unaffected by the activities taking place in

the wastewater treatment plants. Furthermore, similar,

quite high concentrations were obtained for backgrounds

(outside these plants).

In the most of the studied plants, also the concentration

of airborne bacteria was comparable with the background

bioaerosol. The same result was previously reported by

Sánchez-Monedero et al. (2008). Only in the all stages of

the WWTP ‘‘Przyjaźń’’, the concentration levels of bacte-

rial aerosol were significantly elevated compared to the

background, but it should be remarked that the background

level was very low there.

As presented, the highest concentration of bacterial

aerosol was found in these parts of wastewater treatment

plant, where activated sludge post-processing and (in some

plants) process of mechanical purifying were conducted

(1.2 9 103–2.8 9 103 CFU/m3 and 5.5 9 102–

6.9 9 103 CFU/m3, respectively). This may be referred to

fact that the process of mechanical treating and post-pro-

cessing of activated sludge on WWTPs, where sampling

was carried out, is conducted indoor, in the buildings, e.g.,

of screened solids or hydraulic presses of the sludge.

Concentrations of bacterial aerosol emitted in stage of

biological reactors and clarifiers were in the level of 102

CFU/m3. Similar results were reported by others. Results

obtained in case of samples from different stages of

municipal WWTP in Spain shown that the highest amount

of heterotrophic bacteria (5.6 9 103 CFU/m3) were noted

in pretreatment section, while in other parts were signifi-

cantly lower (2.2 9 103 CFU/m3 in primary clarifiers and

5 9 102 CFU/m3 in aeration basins) (Pascual et al. 2003).

For example, Karra and Katsivela (2007) found that in

Greece the highest concentrations of airborne microor-

ganisms were observed at the aerated grit removal of

wastewater at the pretreatment stage (mesophilic hetero-

trophic bacteria: 933 ± 636 CFU/m3; fungi:

380 ± 200 CFU/m3) than in indoor control (bacteria:

515 ± 295 CFU/m3; fungi: 160 ± 50 CFU/m3). Wlazło

et al. (2002) studied distribution of the exposure to airborne

bacteria inside the small wastewater treatment plant in

Myszków, Poland, obtaining the concentration level of

total bacteria between 102 and 103 CFU/m3 and indicated

that the highest level was near the aeration basin. Bauer

et al. (2002) also found in wastewater treatment plants in

Austria (where the averaged concentrations of mesophilic

bacteria and fungi were 1.7 9 104 and 1.7 9 103 CFU/m3,

respectively) the highest exposure to bacterial and fungal

aerosols during aeration. Korzeniewska et al. (2009) stud-

ied emission of airborne microorganisms from WWTP with

bioreactor ‘‘BIO-PAK’’ found that the highest concentra-

tions of bacteria (101–103 CFU/m3) and fungi (104 CFU/

m3) were determined in air sampled inside the bioreactor,

in its vicinity, and near the great chamber. It is interesting

to note that in the studies concerning exposure to bioaer-

osol from sewage systems in Austria, the highest concen-

trations of mesophilic bacteria were found in the encased

grit chamber. During high-pressure cleaning, total bacterial

concentrations reached up to 4.0 9 104 CFU/m3, including

coliforms (up to 3.0 9 103 CFU/m3) (Haas et al. 2009).

Generally, the distribution of the airborne bacterial

levels in the area of the studied waste water treatment

plants agrees well with the existing knowledge (Sánchez-

Monedero et al. 2008; Fracchia et al. 2006). In particular,

we confirmed that splashing and bubble bursting that occur

as a result of forced aeration in activated sludge processes

release large amount of bacteria into the air.

Analysis of the number and aerodynamic diameter of

viable microorganisms collected on different stages of the

impactor in the all studied wastewater treatment plants is

presented in Figs. 2 and 3. It can be seen that the size

Table 4 Concentration of

airborne bacteria and fungi in

different stages of the

wastewater treated process in

the studied plants

Przyjaźń Radlin Zabrze Karkoszka Langer

Bacterial aerosol (CFU/m3)

Background 5.3 9 101 1.1 9 103 2.2 9 102 1.2 9 102 –

Mechanical treatment – – 5.5 9 102 1.1 9 103 6.9 9 103

Biological treatment 2.1 9 102 6.4 9 102 4.3 9 102 2.4 9 102 6.3 9 102

Clarifiers 1.1 9 102 8.6 9 102 7.4 9 102 8.0 9 101 5.7 9 102

Sludge post-processing 1.3 9 103 1.8 9 103 1.2 9 103 1.9 9 103 2.8 9 103

Fungal aerosol (CFU/m3)

Background 1.2 9 103 1.1 9 103 7.1 9 102 6.3 9 102 9.0 9 102

Mechanical treatment – – 7.4 9 102 6.1 9 102 3.9 9 103

Biological treatment 1.4 9 103 5.1 9 102 9.7 9 102 7.5 9 102 5.7 9 102

Clarifiers 1.7 9 103 1.0 9 103 7.4 9 102 5.5 9 102 6.5 9 102

Sludge post-processing 9.4 9 102 5.8 9 102 1.3 9 103 5.1 9 102 5.6 9 102
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distributions of airborne bacteria in the section of the

clarifiers and the sludge post-processing have the peak in

the size range between 2.1 and 3.3 lm while in the section

of mechanical treatment, as well as in the aeration tanks the

peak appears in the size range 3.3–4.7 lm, i.e., is shifted

into larger particles. These results agree well with the other

reports, especially with the data published by Laitinen et al.

(1994) who found that most of the bacteria-carrying par-

ticles in the air of a WWTP had an aerodynamic diameter

below 4.7 lm.

It is interesting to note that the patterns of the size

distributions of airborne fungi are generally very similar to

bacterial size distributions but have the peaks, typically, in

the size range between 2.1–3.3 and 3.3–4.7 lm. This is

typical size distribution pattern for airborne fungi, and

similar results have been obtained in highly moldy homes

in Poland (Pastuszka et al. 2000, 2005). As it can be seen

the contribution of fine fungal particles (less than 2.1 lm)

is significant in the section of the mechanical treatment and

aeration tanks.

On the other hand, it should be noted that bioaerosol

particles less than 4.7 lm should be classified as the rela-

tively small, respirable particles. The dominating mode of

small airborne bacteria and fungi in the sampling sites

which may indicate that the studied bioaerosol is relatively

fresh, and mostly local origin.

Percentage composition of bacterial aerosols sampled in

the studied WWTPs is shown in Fig. 4. It can be seen that

among the isolated bacterial species the following two

groups occurred more frequently than others: Gram-positive

cocci and nonsporing Gram-positive rods. Main sources of

emission of Gram-positive cocci are human organisms, but

also the environment (soil, water), especially in case of Mi-

crococcus/Kocuria species. As nonsporing Gram-positive

rods can be frequently found in soil, plants, water, sewage,

etc., they are also typical bacteria in the wastewater treatment

plant environment. Share of the other bacteria groups,

involving endospore-forming Gram-positive bacilli, meso-

philic actinomycetes, and Gram-negative rods, was 1/4 of the

total bacterial aerosols in the studied plants.

Fig. 2 Size distributions of airborne fungi collected in the studied wastewater treatment plants
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Fig. 3 Size distributions of airborne bacteria collected in the studied wastewater treatment plants
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Detailed analysis of the isolated bacteria indicates

occurrence of 21 species, belonging to 11 from the genera.

The most frequently occurring were bacteria types Sta-

phylococcus (6 species) and Bacillus (3 species). Among

them, the following bacterial species could be identified:

Gram-positive cocci: Staphylococcus gallinarum, Sta-

phylococcus lentus, Staphylococcus xylosus, Kocuria

rosea, Staphylococcus sciuri, Staphylococcus auricularis,

Micrococcus luteus, Micrococcus spp., Kocuria varians,

Staphylococcus cohnii; Nonsporing Gram-positive rods:

Brevibacterium spp., Microbacterium spp., Rothia

mucilaginosa, Corynebacterium spp.; Endospore-forming

Gram-positive bacilli: Bacillus firmus, Bacillus mycoides,

Bacillus cereus; Mesophilic actinomycetes: Streptomyces

spp., Nocardia spp.; Gram-negative rods: Pseudomonas

spp., Pseudomonas stutzeri.

It should be mentioned that in the wastewater treatment

plants ‘‘Myszków,’’ in 2002 the Gram-negative bacteria

contributed about 35% to the total bacterial aerosol, while

in this study, their contribution did not exceed 8.5% what

can indicate that the hygienic and technological advance-

ment has been improved in Polish WWTPs during the last

decade (Wlazło et al. 2002). The reduction in Gram-neg-

ative bacteria emission should still remain as one of the

purposes to improve the environmental quality in WWTPs.

Other studies, reviewing the main health effects among the

workers revealed that even though the case of the symp-

toms is unknown, the results suggested that endotoxin in

Gram-negative bacteria may be one of the possible causes

(Thorn and Kerekes 2001).

Obtained results concerning identification of fungi spe-

cies from the wastewater treatment plant’s bioaerosol,

collected in aeration tanks section, are presented in Fig. 5.

Results obtained for all treatment plants show that the most

frequently occurring airborne fungi were Cladosporioides

species (C. herbarum and C. cladosporides). C. herbarum

dominated in sampled fractions [3.3 lm, while C. cla-

dosporides appears more often in finer fractions. In the

sample ‘‘Z’’ also significant contribution of Candida sp.

was found. In the all studied wastewater treatment plants,

Rhodotorula sp. was also found in the fungal aerosol. Other

identified species were: Mycelia sterilia complex, and

occasionally Penicillium sp. The high frequency of the

occurrence of the Fusarium graminearum should be also

noted.

Results of antibiotic resistance testing (Table 5) can be

presented as the inhibition rate of growth diameter around

antimicrobial susceptibility testing disks, mean values in

case of each antibiotic and tested strain (in millimeters).

It can be seen that among the isolated species, the

highest antibiotic resistance revealed Bacillus species

(especially B. mycoides), what is evidenced by obtaining

low growth inhibition area. On the other hand, the most

antibiotic-sensitive group of bacteria (from the isolated

cultures) is Kocuria sp., except the influence of quinolones,

sulfonamides and nitrofurantoin. Among the tested groups

of the antibiotics, the least antimicrobial activity toward

airborne bacteria isolated from the WWTPs is quinolones

and sulfonamides. Only few species were sensitive to them.

The most effective antibiotics were penicillins,
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Fig. 5 Airborne fungi species identified in samples collected in the following wastewater treatment plants

2188 Int. J. Environ. Sci. Technol. (2017) 14:2181–2192

123



T
a

b
le

5
R

es
u

lt
s

o
f

an
ti

b
io

ti
c

re
si

st
an

ce
te

st
in

g

P
en

ic
il

li
n

C
ep

h
al

o
sp

o
ri

n
s

Q
u

in
o

lo
n

es
A

m
in

o
g

ly
co

si
d

es
T

et
ra

cy
cl

in
es

S
u

lf
o

n
am

id
es

R
if

am
y

ci
n

s
C

h
lo

ra
m

p
h

en
ic

o
l

N
it

ro
fu

ra
n

to
in

N
o

v
o

b
io

ci
n

B
a
ci
ll
u
s
ce
re
u
s

1
8

–
1

9
0

–
3

7
0

2
1

–
3

9
3

0
1

6
3

7
2

2
0

2
2

B
a
ci
ll
u
s
fi
rm

u
s

4
2

–
4

6
1

8
–

4
0

0
1

5
–

3
6

1
0

2
2

3
5

3
1

2
3

2
7

B
a
ci
ll
u
s
m
yc
o
id
es

0
0

2
7

0
–

3
2

2
5

0
1

8
2

2
1

5
2

5

B
re
vi
b
a
ct
er
iu
m

sp
p

.
2

6
–

2
8

3
8

–
4

3
0

2
7

–
4

7
3

5
2

2
4

7
3

3
1

2
2

7

C
o
ry
n
eb
a
ct
er
iu
m

sp
p

.
4

0
–

4
5

3
0

–
3

6
2

6
2

0
–

3
5

2
8

1
2

3
1

3
0

0
0

K
o
cu
ri
a
ro
se
a

5
5

–
5

8
4

0
–

4
8

0
2

3
–

5
5

4
3

0
7

0
5

6
0

6
0

K
o
cu
ri
a
va
ri
a
n
s

3
5

0
–

2
5

2
6

2
3

–
3

0
2

4
0

2
5

2
9

1
4

1
5

M
ic
ro
b
a
ct
er
iu
m

sp
p

.
2

7
–

3
1

1
8

–
2

3
2

9
1

2
–

2
8

0
0

2
7

3
3

1
7

1
8

M
ic
ro
co
cc
u
s
lu
te
u
s

8
0

–
5

2
3

1
8

–
2

4
2

4
0

1
8

2
6

1
5

2
2

M
ic
ro
co
cc
u
s

sp
p

.
2

0
–

2
3

0
–

2
4

2
1

1
9

–
2

3
2

0
0

1
9

0
0

1
5

P
se
u
d
o
m
o
n
a
s

sp
p

.
3

8
–

4
0

1
1

–
3

2
0

0
–

3
2

4
0

1
9

3
5

3
0

1
5

2
8

P
se
u
d
o
m
o
n
a
s
st
u
tz
er
i

2
7

–
3

2
1

7
–

4
0

0
0

–
4

3
4

0
4

3
5

5
4

2
4

5
5

2

R
h
o
ti
a
m
u
ci
la
g
in
o
sa

4
0

–
4

2
0

–
1

6
0

1
6

–
3

2
1

0
2

5
3

4
2

6
2

2
0

S
ta
p
h
yl
o
co
cc
u
s
a
u
ri
cu
la
ri
s

4
0

–
5

0
3

7
–

4
5

0
2

4
–

4
2

4
0

1
5

5
0

3
8

0
4

0

S
ta
p
h
yl
o
co
cc
u
s
g
a
ll
in
a
ru
m

2
4

–
2

6
1

9
–

3
3

0
0

–
3

2
3

2
2

5
2

7
2

7
1

7
2

3

S
ta
p
h
yl
o
co
cc
u
s
le
n
tu
s

3
0

–
3

6
2

0
–

3
8

1
1

1
7

–
3

5
3

2
1

7
3

3
2

6
2

0
2

3

S
ta
p
h
yl
o
co
cc
u
s
sc
iu
ri

4
3

–
4

5
3

0
–

3
2

0
1

6
–

4
4

4
0

4
0

4
5

3
8

1
7

4
0

S
ta
p
h
yl
o
co
cc
u
s
xy
lo
su
s

2
5

–
2

6
1

8
–

3
7

0
1

7
–

2
6

2
6

2
1

2
2

2
3

1
3

1
7

P
en

ic
il

li
n

:
A

M
L

,
A

M
P

;
ce

p
h

al
o

sp
o

ri
n

s:
C

A
Z

,
K

F
,

C
X

M
;

q
u

in
o

lo
n

es
:

N
A

;
am

in
o

g
ly

co
si

d
es

:
A

K
,

D
O

,
E

C
N

,
K

,
N

,
S

,
T

O
B

;
te

tr
ac

y
cl

in
es

:
T

E
;

su
lf

o
n

am
id

es
:

W
;

ri
fa

m
y

ci
n

s:
R

D

Int. J. Environ. Sci. Technol. (2017) 14:2181–2192 2189

123



cephalosporins and aminoglycosides, which are commonly

used in the antibiotic treatment.

Currently there are almost no published studies con-

cerning the antibiotic resistance of the bioaerosols emitted

in wastewater treatment plants. Research concerning the

antimicrobial resistance of airborne bacteria collected in

Gwalior trade fair (urban area, central India) indicated that

during the fair the antibacterial resistance of the suspected

strains (S. aureus, Staphylococci, Enterococcus sp., Bacil-

lus sp., Escherichia coli and Pseunomonas sp.)

increased (Yadav et al. 2013). Other studies conducted in

China concerning identification of antibiotics and antimi-

crobial strains in soil from wastewater irrigation areas.

Authors showed that even in locations, where the antibi-

otics were not detected, resistant strains were still observed

(Chen and Zhang 2013).

The wide application of antibiotics in human and vet-

erinary medicine has led to large-scale dissemination of

bacteria resistant to antibiotics in different elements of the

environment. The main sources of resistant bacteria are

manure and liquid manure of animals as well as human

excretions. They serve as a reservoir for bacteria with

multiple resistances. Endogenous bacterial biota plays an

important role as acceptor and donor of transmissible drug

resistance genes. However, further investigations are

required concerning effect of antibiotic resistance strains

released from WWTPs on the surface waters, soil and air.

Future evaluation and control are needed to evaluate and

reduce public health risk.

Previous studies on antibiotic-resistant bacterial popu-

lation in wastewater treatment plants have been done only

in aquatic environments. Few of them have focused on the

antibiotic-resistant bacteria, among them on E. coli and

Acinetabacter spp. in the effluents of WWTPs and their

receiving water body (Chen and Zhang, 2013; Schwartz

et al. 2003; Reinthaler et al. 2003; Zhang et al. 2009; Gao

et al. 2012). Reinthaler et al. (2003) evaluated resistance

patterns of E. coli in wastewater treatment plants

(WWTPs). Investigations have been done in sewage,

sludge and receiving waters from the WWTPs. The highest

resistance rates were found in the following: penicillin

(ampicillin and piperacillin), cephalosporin group (ce-

falotin and cefuroxime), quinolone (nalidixic acid) and

trimethoprime/sulfamethoxazole, and for tetracycline. Of

all the investigated antimicrobial substances, the highest

rate of resistance was noted for tetracycline (up to 57%).

Korzeniewska et al. (2013) investigated the contamination

degree of hospital effluents and municipal sewage (inflow,

sewage in aeration tank, outflow) with antibiotic-resistant

and beta-lactamases producing E. coli strains. E. coli

strains emission to the air near selected WWTP facilities

and to the river, where the treated effluent is discharged,

was also determined. The results obtained by the authors

indicated that antibiotic-resistant E. coli strains were

emitted from sewage to the atmospheric air near WWTPs

and their surroundings or directly into the water sources.

Płaza et al. (2013) evaluated the antibiotic resistance of

strains isolated from WWTP effluent. 90% of isolated

E. coli was categorized as resistant. The highest resistance

frequencies were found for the following: cefalotin and

erythromycin (90%), nitrofurantoin (94%), rifampicin

(97%) and novobiocin (100%).

In the present study, the collection of bacterial strains

was also analyzed for multiple antibiotic resistance

(MAR). The data indicated that 88% of bacteria showed

resistance to 8–15 antibiotics and 3% of isolates were

resistance to 19 tested antibiotics. No strain was detected

to be resistance from 0 to 5 antibiotics. The decrease in

susceptibility of bacterial isolates to antibiotics was

probably caused by the presence of these compounds in

the wastewaters and the long exposition of E. coli strains

to them. Zhang et al. (2009) detected that resistance

among Acinetobacter isolates to 3 antibiotics (amoxi-

cillin, chloramphenicol and rifampin) and multi-drug

resistance (more than 3 antibiotics) significantly

increased from the raw influent samples to the final

effluent samples.

Conclusion

Characteristics of bioaerosol collected in different

wastewater treatment plants in Poland suggest that the

levels of airborne fungi were very similar to those regis-

tered at the background location. In case of bacterial

aerosol, the existing differences in the concentration levels

between the sampling sites made it possible to identify the

main its sources. The highest amount concentration of

bacterial aerosol was found in these parts of wastewater

treatment plant, where activated sludge post-processing

and (in some plants) the process of mechanical purifying

are conducted. The size distributions of airborne bacteria

obtained near the clarifiers, and the sludge post-processing

had the peak in the fine particles while in the section of

mechanical treatment, as well as in the aeration tanks the

peak appeared in the size range more coarse fraction. The

patterns of the size distributions shown that collected

bioaerosols consist mainly of respirable particles, which

can penetrate into lower respiratory tracts and cause pos-

sible threat.

The most occurring species in the sampled bacterial

aerosol were Gram-positive cocci and nonsporing Gram-

positive rods. Other bacteria groups, involving endospore-

forming Gram-positive bacilli, mesophilic actinomycetes,

and Gram-negative rods, contributed around 25% of the

total bacterial aerosol in the studied plants. The most
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occurring airborne fungi were Cladosporidies species (C.

herbarum and C. cladosporides). In all the studied

wastewater treatment plants, Rhodotorula sp. was also

frequently found. Other identified species were: Mycelia

sterilia complex, Fusarium graminearum and occasionally

Penicillium sp.

Among the isolated airborne bacteria, the most antibi-

otic-resistant features are present in the Bacillus species

(especially B. mycoides).

The fact that collected bioaerosols were mostly con-

sisting of mesophilic, partially antibiotic-resistant and

respirable microorganisms might have negative impact on

human health, causing infections.
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