
atmosphere

Article

Diversity of Bioaerosols in Selected Rooms of Two
Schools and Antibiotic Resistance of Isolated
Staphylococcal Strains (Bydgoszcz, Poland):
A Case Study

Marta Małecka-Adamowicz 1 , Beata Koim-Puchowska 2 and Ewa A. Dembowska 1,*
1 Department of Microbiology and Immunobiology, Faculty of Biological Sciences, Kazimierz Wielki
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Abstract: The present study is aimed at evaluating microbiological air pollution in libraries,
cafeterias and selected classrooms of two schools in Bydgoszcz city, northern Poland and determining
the antibiotic resistance of Staphylococcal strains isolated from the indoor air. One of the investigated
schools (School A) is located in the very center of the city, in the vicinity of a park, among old
houses and stone-lined streets, while the other (School B), among modern residential buildings,
close to a street with heavy traffic. In each school, air samples were collected in the morning,
always from all three sampling sites, using the MAS-100 sampler. Selective growth media were used
for bacteria and mold isolation and quantifying analysis. The antibiotic resistance of the isolated
mannitol-positive staphylococci was assessed using the disc diffusion method in accordance with
EUCAST recommendations. The highest mean concentration of heterotrophic bacteria was recorded
in the cafeterias: 884 CFU m−3 in School A and 1906 CFU m−3 in School B. Molds were the most
abundant in the library and cafeteria in School B, where their average concentration exceeded
300 CFU m−3. Cladosporium and Penicillium species prevailed, while Fusarium, Acremonium and
Aspergillus were less abundant. Airborne mannitol-positive staphylococci were recorded at low
concentrations, ranging from 6 to 11 CFU m−3 on average. According to the taxonomic analysis,
Staphylococcus aureus isolates were the most abundant in both schools, followed by S. xylosus,
S. haemolyticus and S. saprophyticus. The antibiograms indicated that resistance to erythromycin was
common in 62.5% of the isolated staphylococcal strains. Levofloxacin and gentamicin were the most
effective antibiotics. No multidrug-resistant strains were identified.

Keywords: indoor air quality; microbiological contamination; heterotrophic bacteria; antimicrobial
resistance; mannitol-positive staphylococci; fungi

1. Introduction

Air quality in public facilities, including schools, is of growing concern. Numerous reports indicate
that indoor air pollution is worse than outdoor air pollution and that the composition of indoor air
microflora is more stable [1,2]. Although the concentrations of the majority of indoor air pollutants
are so low that they cannot be considered harmful, long-term exposure may have negative effects on
human health [3].

Indoor air contaminants come from different sources. Some of them, such as building materials,
furnishings, ventilation systems and household products (e.g., air fresheners) can release pollutants
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almost continuously. Other sources, related to activities, such as smoking, cleaning or redecorating,
release pollutants occasionally [4]. According to Andualem et al. [5] overcrowded classrooms,
inadequate fresh air supply, poor construction and maintenance of school buildings negatively
affect air quality in schools. Since students and teachers spend most of their day inside school buildings,
the concentration of airborne microorganisms is an important parameter with a large impact on their
performance, mental health and even physical condition [6]. Moreover, the absence of a student due to
health issues may affect their academic achievements [7,8].

Particulate matter is considered an air pollutant of the greatest concern mainly due to its acute and
chronic effects on children’s health [9]. According to Du et al. [10] bacterial and fungal particles (PM 2.5)
significantly affect air quality, contributing to the spread of infectious diseases and allergies [11].
Asthma is common in children with allergies. Since children spend most of their time in school,
indoor air contamination can affect their pulmonary health [12].

The condition of educational facilities is a global problem because exposure to indoor air of poor
quality may affect children’s respiratory and cardiovascular functions [13], particularly since they
breathe in more air in relation to their body weight than adults [14] and their immune system and
internal organs are not yet fully developed [15]. In addition, young (and still growing) organisms are
more susceptible to damage than mature ones [8]. Therefore, in institutions with an increased risk of
pathogenic microbiota development, there is a need for monitoring air quality and evaluating the ability
of pathogenic bacteria to acquire antibiotic resistance. According to Labi et al. [16] multidrug-resistant
strains pose a serious threat to human health and are a challenge for modern medicine.

Ensuring good air quality in schools is of paramount importance for work efficiency, good health
and mental wellbeing [17] and, as stated in WHO recommendations, access to air of acceptable quality
is a fundamental human right.

In the available literature, there are numerous reports on air quality in classrooms in countries all
over the world. However, since this type of research had been conducted only in the southern and
central Poland prior to this study, the authors decided to investigate microbiological air contamination
in schools in Bydgoszcz, the city located in northern Poland. Air samples were collected not only from
classrooms (standard approach) but also from libraries and cafeterias. The analyses focused on three
aspects. The main objective was to determine bioaerosol abundance in selected rooms and the influence
of several factors (e.g., room type, room size, room temperature and season) on the concentration
of individual microbial groups. Another objective was to determine the genera of microorganisms
and their taxonomic affiliation. Finally, antibiotic resistance profiles of opportunistic staphylococci
were prepared.

Based on the above objectives, the following hypotheses were formulated:

- The number of microbial groups is higher in smaller rooms and differs depending on the month
of sampling;

- Room temperature affects the concentration of microorganisms;
- Opportunistic multidrug-resistant staphylococci are found in the air of the investigated school rooms.

2. Experiments

2.1. Sampling and Sampling Sites

Microbiological tests were carried out in two schools in Bydgoszcz City, Poland. School A is located
in the city center, in the vicinity of a park, old residential buildings and cobbled streets, while School B
is located among modern blocks of flats in a street with heavy traffic.

Air samples were collected in three parallel repetitions once a month from September to February
in two schools (School A and School B) from three sampling sites in each school: I—classroom;
II—library; III—cafeteria (Table 1). During each sample collection (always in the morning hours),
the schools were open and filled with students.
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Air (in the amount of 100 L) was collected 1.5 m above the ground with an MAS-100 sampler
(Merck, Germany) with a dual-flow turbofan, which sucks the air stream through a metal head with
400 × 1 mm holes and directs it onto the surface of a sterile Petri dish with the substrate. A centrifugal
fan, controlled by a flow sensor, regulates the air flow. The flow rate was 100 L per minute.

Samples were transported to the laboratory, placed in a thermostat and incubated for a specific time
at an appropriate temperature. After that, grown colonies were counted. The results were corrected
using the table of statistical corrections according to Feller [18] and expressed as colony-forming units
per cubic meter of air (CFU m−3).

Table 1. Description of sampling sites.

School Characteristics School A School B

School location 53◦07′37.3′′ N 18◦00′23.6′′ E 53◦06′38.1′′ N 18◦02′53.3′′ E
Year of construction 1878 1955

Floor covering Vinyl PCV, tiles Vinyl PCV, tiles
Number of children 760 600

Age of children 14–19 14–19

Sampling Site
Characteristics School A School B

Classroom Library Cafeteria Classroom Library Cafeteria

Sampling site location Ground floor First floor Ground floor Ground floor Basement Ground floor

Ventilation system Natural Natural Natural,
gravity Natural Natural Natural,

gravity
Surface area, m2 45 83 14 48 72 20

Indoor temperature, ◦C
(average) 23 22 23 22 22 22

2.2. Microbial Research

The total concentration of heterotrophic bacteria was determined using Trypticase Soy Lab
Agar medium (BTL, Poland). The bacteria were incubated at 37 ◦C for 48 h; then, grown colonies
were counted and their concentration was expressed as colony-forming units per cubic meter of air
(CFU m−3).

The presence of mannitol-positive staphylococci was detected using Chapman’s nutrient medium
(BTL, Poland). Bacterial cultures were incubated at 37 ◦C for 48 h; then, grown colonies were counted.
Bright yellow zones around a grown colony indicated a positive result. Additionally, the strains
were Gram stained and identified by as Gram-positive cocci. Taxonomic analysis of the strains was
performed using API tests (API Staph bioMerieux, Craponne, France).

Antibiotic resistance of the identified Staphylococcal strains was determined using the disc
diffusion method. Paper discs containing antibiotics were placed on Mueller-Hinton medium
(BioMaxima, Lublin, Poland) inoculated with randomly selected strains of mannitol-positive
staphylococci. Seven different groups of antibiotics of specified concentration (cefoxitin—FOX 30 µg;
gentamycin—CN 10 µg; erythromycin—E 15 µg; tetracycline—TE 30 µg; chloramphenicol—C 30 µg;
levofloxacin—LEV 5 µg; and rifampicin—RD 5 µg) were used to assess the full spectrum of resistance
of the all strains. For Staphylococcus aureus, one more antibiotic—i.e., penicillin (P 1 unit)—was used in
accordance with the guidelines of the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) [19]. After an 18-h incubation at 37 ◦C, we measured zones of inhibited growth formed
around the discs. Subsequently, the investigated strains were divided into two groups: susceptible and
resistant to antibiotics.

The concentration of molds was determined using Sabouraud’s nutrient medium (BTL, Warszawa,
Poland). These microorganisms were incubated at 26 ◦C for 5 days, after which time grown colonies
were counted and their concentration was expressed as colony-forming units per cubic meter of air
(CFU m−3). For their identification, molds were transferred on Czapek-Dox medium and incubated at
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26 ◦C for 5 days. Subsequently, microscope slides were prepared and stained with Shear’s medium.
Molds were identified on the basis of their macroscopic (colony diameter; colony color—reverse;
colony structure; colony edge; colony center) and microscopic (vegetative mycelium, vegetative spores,
chlamydospores) features according to Samson et al. [20].

2.3. Statistical Analysis

The Statistica 13.1 software was used for statistical analysis of the results. After log transformation,
the results in the analyzed groups were normally distributed, which was confirmed using the
Shapiro–Wilk test. In order to assess the impact of independent factors—i.e., time and place of
sampling—on dependent variables—i.e., the concentrations of particular microbial groups—the
ANOVA test was used. Tukey’s multiple comparison analysis method (the posthoc Tukey’s test) was
conducted to compare the differences in the studied variables between the groups. In order to analyze
relationships between the examined parameters, the Spearman correlation coefficient was determined.
Statistical analyses were performed at the significance level of p ≤ 0.05.

3. Results

In terms of surface area (size), libraries in both schools were the biggest studied rooms, followed by
classrooms and cafeterias. The air temperature in School B was at a constant level—i.e., 22 ◦C—while
in School A it was one degree higher in the classroom and the cafeteria than in the library (Table 1).

In both schools, the concentration of heterotrophic bacteria was correlated with the size of the
studied rooms (Figure 1a,b). In rooms with a smaller surface area (the cafeterias), the concentration
of heterotrophic bacteria was higher (School A: r = −0.63, p = 0.005; School B: r = −0.52, p = 0.025).
A negative relationship was also observed for staphylococci (School A: r = −0.14; School B: r = −0.36),
but the results were not statistically significant. On the other hand, the concentration of molds was not
correlated with the size of the rooms in neither of the schools (r < 0.1, p > 0.05). The air temperature
was similar in all the investigated rooms in School A and the same, in School B. (Table 1). Therefore,
this factor did not significantly affect microbial concentration.
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3.1. Concentrations of Bacterial Bioaerosol

In the air of the studied rooms, heterotrophic bacteria were the most abundant, and their
concentrations ranged from 93 to 6070 CFU m−3 (Table 2).

Table 2. Number of heterotrophic bacteria in air (CFU m−3).

Sampling Sites
Month of Sampling

M ± SD
September October November December January February

I—classroom 1607 1357 1266 546 219 93 848 ± 643
School A II—library 430 480 1050 333 520 133 491 ± 307

III—cafeteria 2120 3047 3593 1397 527 620 1884 ± 1265

M ± SD 1386 ± 866 1628 ± 1305 1970 ± 1410 759 ± 563 422 ± 176 282 ± 293

IV—classroom 347 1613 2776 2762 899 1949 1724 ± 982
School B V—library 387 2143 190 393 160 150 571 ± 778

VI—cafeteria 373 880 3077 4080 6070 2353 1906 ± 1499

M ± SD 625 ± 189 1545 ± 634 2014 ± 1587 2412 ± 1868 576 ± 378 1484 ± 1173

M—mean; SD—standard deviation.

The highest average concentrations of airborne heterotrophic bacteria were recorded in the
cafeterias—i.e., 1884 (School A) and 1906 CFU m−3 (School B)—and in the classrooms—i.e., 848
(School A) and 1724 CFU m−3 (School B). The lowest average concentration of airborne heterotrophic
bacteria in the studied schools was noted in the libraries: 491 (School A) and 571 CFU m−3 (School B)
(Table 2). In the present study, the concentration of heterotrophic bacteria increased in the period
from November to February in the cafeteria in School B, with maximum values recorded in January.
In November, December and February, relatively high concentrations of these bacteria were recorded
in the classroom in the same school (Table 2).

There were statistically significant differences in the concentration of heterotrophic bacteria
depending on the sampling sites in School A (F = 4.47, p = 0.03) and School B (F = 4.59, p = 0.027).
The concentration of these microorganisms in School A was significantly higher in the cafeteria than in
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the library (p = 0.029). On the other hand, in School B, the concentration of heterotrophic bacteria in the
class and cafeteria was statistically significantly higher than in the library, with p = 0.046 and p = 0.049,
respectively. The concentration of heterotrophic bacteria was not correlated with the sampling month
(Table 3).

Table 3. Statistical differences in microbial concentrations depending on a sampling site and sampling month.

Microorganisms F p Differences F p Differences

Sampling Sites Month of Sampling

School A
Heterotrophic bacteria 4.47 0.030 II:III * 1.74 0.2 ns

Fungi 0.02 0.984 ns 23.43 <0.001 S:D **; S:J **; S:F *;O:D ***; O:J ***;
O:F ***; N:D **, N:J **; N:F **

Staphylococci 1.31 0.299 ns 1.57 0.242 ns

School B
Heterotrophic bacteria 4.59 0.028 V:IV *; VI:IV * 1.22 0.358 ns

Fungi 0.12 0.889 ns 13.66 <0.001 S:D *; S:J **; S:F **; O:D *; O:J **;
O:F **; N:J *

Staphylococci 1.57 0.241 ns 1.59 0.236 ns

F—statistic ratio for ANOVA analysis; p—probability value. The bold p indicates a significant difference (p < 0.05)
between the numbers of microorganisms in dependent of sampling sites (School A: I—classroom, II—library,
III—cafeteria; School B: IV—classroom; V—library, VI—cafeteria) and month of sampling (September (S), October
(O), November (N), December (D), January (J), February (F)). Differences—multiple comparisons (Tukey’s HSD
test); ns—differences statistically non-significant; *—p ≤ 0.05; **—p ≤ 0.01; ***—p ≤ 0.001.

3.2. Concentrations of Fungal Bioaerosol

In the air of the studied schools, the concentration of molds ranged from 3 to 840 CFU m−3

(Table 4). The average concentrations of molds in all the investigated school rooms (classrooms, libraries,
cafeterias) were similar and amounted to above 160 CFU m−3 in School A and around 300 CFU m−3 in
School B (Table 4). There were no statistically significant correlations between mold levels and the
sampling site.

Table 4. Number of fungi in air (CFU m−3).

Sampling Sites
Month of Sampling

M ± SD
September October November December January February

I—classroom 283 297 230 30 13 113 161 ± 126
School A II—library 220 460 290 40 3 37 175 ± 181

III—cafeteria 263 283 270 80 27 107 172 ± 113

M ± SD 255 ± 32 347 ± 98 263 ± 31 50 ± 26 14 ± 12 86 ± 42

IV—classroom 487 457 380 297 37 97 293 ± 188
School B V—library 840 690 310 57 37 117 342 ± 345

VI—cafeteria 547 660 483 310 56 137 366 ± 239

M ± SD 625 ± 189 602 ± 127 391 ± 87 221 ± 142 43 ± 11 117 ± 20

M—mean; SD—standard deviation.

In the present study, there were statistically significant differences in mold level depending on
the sampling month (p < 0.001). In School A, average mold concentration was significantly higher
(p < 0.01–p < 0.001) in autumn months—i.e., September, October and November—compared to
December, January and February. A similar pattern was observed in School B: statistically significantly
lower average mold concentrations (p < 0.016–p < 0.001) were also recorded in winter months—i.e.,
December, January and February—as compared to September and October. Mold concentration in
November differed significantly (p = 0.027) only in relation to January (Table 3).

3.3. Predominant Genera of Airborne Fungi

In the investigated schools, Cladosporium prevailed in fungal bioaerosol at the majority of the
sampling sites. Their highest concentrations were recorded in the libraries of both schools: School A
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(59%), School B (54%), in the classroom in School B (47%), and in the cafeteria in School A (50%).
Lower concentration—i.e., 35%—was noted in the classroom in School A and in the cafeteria in School B
(Figure 2). The exception was the cafeteria in School B, dominated by Penicillium spores accounting
for 42% of the fungal bioaerosol. They had a slightly smaller share in the cafeteria in School A (30%),
in the classroom in School A (28%) and in the classroom in School B (22%). In the library in School A,
Penicillium had a share of 12% and in the library in School B (10%) (Figure 2).
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Figure 2. Predominant genera of airborne fungi at all sampling sites.

In the present study, Fusarium and Acremonium species were recorded alongside Cladosporium
and Penicillum. At all sampling sites, they had a similar share in the fungal bioaerosol, ranging from
8 to 13% and 5 to 12%, respectively. Aspergillus spores were also identified, accounting for 10% of
fungal bioaerosol in the classroom in School A and in the library in School B, and for 6% in the cafeteria
in School B. They were not identified in the library in School A but constituted 1–2% of the fungal
bioaerosol in the classroom in School B and in the cafeteria in School A. The spores of Alternaria and
Aureobasidium constituted the lowest percentage of fungal bioaerosol in the studied school rooms
(2–4% and 1–2%, respectively) (Figure 2).

3.4. Concentrations of Mannitol-Positive Staphylococci and Their Identification

In the studied schools, the concentration of staphylococci ranged from 0 to 16 CFU m−3,
with the maximum recorded in October in the cafeterias in both schools and the library in School B.
No mannitol-positive staphylococci were recorded in September in the cafeteria, in November in the
classroom in School B or in January in the classroom in School A (Table 5). There were no statistically
significant differences in the concentration of staphylococci depending on the sampling site or sampling
month (Table 3).
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Table 5. Number of mannitol-positive staphylococci in air (CFU m−3).

Sampling Sites
Month of Sampling

M ± SD
September October November December January February

I—classroom 10 13 10 3 0 6 7 ± 5
School A II—library 6 10 3 6 3 10 6 ± 3

III—cafeteria 3 16 13 6 13 10 10 ± 5

M ± SD 6 ± 3 13 ± 3 9 ± 5 5 ± 2 5 ± 7 9 ± 2

IV—classroom 3 10 0 10 13 3 7 ± 5
School B V—library 13 16 3 13 6 6 10 ± 5

VI—cafeteria 0 16 13 13 13 13 11 ± 6

M ± SD 5 ± 7 14 ± 3 5 ± 7 12 ± 2 11 ± 4 7 ± 5

M—mean; SD—standard deviation.

In the air of the investigated schools in Bydgoszcz, Staphylococcus aureus was the dominant species,
constituting 43% of all mannitol-positive staphylococci in School B and 26% in School A (Table 6).
Staphylococcus xylosus (25%) and Staphylococcus haemolyticus (17%) had a slightly smaller share in the
airborne staphylococcal population in School A, while each of the remaining 4 species—i.e., S. cohnii spp.
cohnii, S. chromogenes, S. lentus and S. saprophyticus—accounted for only 4%. In School B, the species
composition of mannitol-positive staphylococci was less diverse with four species identified apart
from S. aureus: S. saprophyticus (25%), S. xylosus (16%), S. haemolyticus (8%) and S. capities (8%) (Table 6).

Table 6. Species diversity of the genus Staphylococcus.

Phylum Class Order Family Genus/Species Percentage

School A School B

Fi
rm

ic
ut

es

Ba
ci

lli

Ba
ci

lla
le

s

St
ap

hy
lo

co
cc

ac
ea

e Staphylococcus haemolyticus 17% 8%
Staphylococcus aureus 26% 43%

Staphylococcus cohnii spp. cohnii 8% 0%
Staphylococcus chromogenes 8% 0%

Staphylococcus lentus 8% 0%
Staphylococcus saprophyticus 8% 25%

Staphylococcus xylosus 25% 16%
Staphylococcus capities 0% 8%

3.5. Antimicrobial Resistance of Staphylococci

All isolated mannitol-positive staphylococcal strains (n = 24) were susceptible to levofloxacin
and gentamicin (100%), while 62.5% were resistant to erythromycin. Some staphylococcal strains also
showed resistance to tetracycline (20.8%) and cefoxitin (25%) (Table 7). Penicillin, which was used only
for Staphylococcus aureus, turned out to be ineffective. All Staphylococcus aureus isolates (n = 8) showed
resistance to this antibiotic.

Table 7. Antibiotic resistance of staphylococci, determined by the disc diffusion method.

No. Species
Antibiotic Resistance

P1 E15 RD5 CN10 FOX30 TE30 C30 LEV5

1. S. saprophyticus R - - - - - -
2. S. saprophyticus R - - - - - -
3. S. saprophyticus R - - - - R -
4. S. saprophyticus R - - - - - -
5. S. xylosus R - - - - - -
6. S. xylosus - - - - - - -
7. S. xylosus R - - - - - -
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Table 7. Cont.

No. Species
Antibiotic Resistance

P1 E15 RD5 CN10 FOX30 TE30 C30 LEV5

8. S. xylosus R - - - - - -
9. S.xylosus R - - - - - -
10. S. haemolyticus - - - R - - -
11. S. haemolyticus - - - R - - -
12. S. haemolyticus R - - R - - -
13. S. aureus R - - - - R - -
14. S. aureus R - - - - R - -
15. S. aureus R - - - - R - -
16. S. aureus R R - - - - - -
17. S. aureus R R - - - - - -
18. S. aureus R - - - R R - -
19. S. aureus R - - - - - - -
20. S. aureus R - - - - R - -
21. S.cohnii spp. cohnii R - - R - R -
22. S. chromogenes R - - - - - -
23. S. lentus R R - R - - -
24. S. capitis R - - - - - -

Percent of resistance 100% 62.5% 4.2% 0% 25.0% 20.8% 8.3% 0%

(R)—resistant; (-)—susceptible; P1—benzylpenicillin; E15—erythromycin; RD5—rifampicin; CN10—gentamicin;
FOX30—cefoxitin; TE30—tetracycline; C30—chloramphenicol; LEV5—levofloxacin.

4. Discussion

Bioaerosols are always present in the air and contain contaminant particles including pollen and
microorganisms such as bacteria, fungi and viruses [21,22]. As indicators of air quality, they play a
key role in air quality and health risk assessment [23–27]. They can reduce air quality in educational
institutions [11,28]. According to Brągoszewska [25], indoor air is often polluted by microbial bioaerosols,
which are, therefore, a major public health concern.

4.1. Bacterial Bioaresol Concentration

The results presented in the previous section (Section 3.1) indicated that heterotrophic bacteria
were the most numerous microorganisms and that their concentrations were similar to those reported by
other authors. Madureira [29] in Porto, Portugal recorded a minimum of 268 CFU m−3 and a maximum
of 8512 CFU m−3, while Andualem et al. [5] in Gondar city, Ethiopia, recorded concentrations
ranging from 208 to 9100 CFU m−3 in the morning but much higher, ranging from 260 to
23,504 CFU m−3 in the afternoon. Slightly lower maximum levels of heterotrophic bacteria were noted
by Brągoszewska et al. [3] in rural nursery schools in the Upper Silesia region of Poland (2600 CFU m−3)
and by Mainka et al. [30] and Brągoszewska et al. [22] in a nursery school in Gliwice, Poland—i.e.,
over 3000 CFU m−3. In the studied schools, the highest average concentrations of heterotrophic
bacteria were recorded in the cafeterias and classrooms, which tend to be occupied by higher numbers
of students and for longer periods of time than libraries. High average concentrations of these
microorganisms in these rooms were similar to those reported by Brągoszewska et al. [13] in the
primary school (2205 CFU m−3) and nursery school (1408 CFU m−3) in the industrial region of
Upper Silesia, Poland. These results differ significantly from those obtained by other researchers,
who recorded lower numbers of these microorganisms. In the study by Madureira et al. [31], an average
bacterial concentration in schools in Porto, Portugal was 332 CFU m−3. Similar levels were noted by
Yang et al. [32] in schools in Seoul, Korea, where the average concentration of heterotrophic bacteria
was 451 CFU m−3 in the classroom and 297 CFU m−3 in the laboratory. Air quality research conducted
by Sheik et al. [33] in Saudi Arabia showed a similar average concentration of bacterial bioaerosol in
classrooms—i.e., 290 CFU m−3. Much lower average concentrations of heterotrophic bacteria—i.e.,
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87 CFU m−3—were recorded by Kallawicha et al. [34] in laboratories in Bangkok, Thailand, which can be
associated with different climate, type of ventilation, number of users and their activities. Brągoszewska
and Biedroń [11] emphasize the importance of adequate ventilation for microbiological air quality.
The researchers recorded the highest average concentrations of heterotrophic bacteria in school offices
in Gliwice, Poland in April (821 CFU m−3), when the rooms were not aired regularly and the lowest,
in June (424 CFU m−3), when the rooms were well-aired.

Furthermore, as stated by Dumała and Dzudzińska [35] and Al Mijalli [36], microbiological air
contamination in school rooms depends on many factors, the most important being the number of
children and their physical activity.

According to Fang et al. [37], bacterial concentration in the air is also influenced by meteorological
and environmental conditions. Brągoszewska and Pastuszka [22] report that it depends on the
geographical location of the investigated facility and seasonal variations in the bacterial community
structure. Mentese et al. [38] emphasize that in Ankara, Turkey, the highest microbial concentrations
were observed in nursery schools—i.e., 649 CFU m−3 in winter and 1462 CFU m−3 in summer.
Wolny-Koładka et al. [1] noted that in November, the critical values for bacteria were exceeded in an
university office, toilet and corridor, and in June and September, in the biomass analysis laboratory.

4.2. Concentrations of Fungal Bioaerosol

Mold level in indoor air is associated with many factors: outdoor air pollutants, room ventilation,
building materials, building maintenance, number of occupants in the room and mold infestation of
the building [29,39,40]. Poor air quality may lead to lung diseases and allergies and cause non-specific
symptoms known as sick building syndrome [41].

In the air of the studied schools, the concentration of molds was much lower than that
of heterotrophic bacteria. Similar results were obtained by Kalwasińska et al. [42] examining
air quality in the university library in Toruń, Poland. Comparable ranges were also noted by
Brągoszewska et al. [3] in rural nursery schools in the Upper Silesia region of Poland (78–788 CFU m−3).
In Portuguese primary schools, a higher concentration range—i.e., 16–1792 CFU m−3—was reported
by Madureira et al. [31]. However, in nursery schools in Ankara, Turkey, lower levels of fungal
aerosols—i.e., 27–53 CFU m−3—were observed by Mentese et al. [43]. In our study, the average
concentrations of molds in all the investigated rooms in School B were higher and amounted to
approximately 300 CFU m−3. Many researchers have recorded similar average values—i.e., 332 [31]
and 368 CFU m−3 in school rooms [3] and 294.9 CFU m−3 in laboratories [34]. Mold level was lower at
all sampling sites in winter, which is consistent with literature reports. Wolny-Koładka et al. [1] also
recorded lower concentrations of molds at the University of Agriculture in Cracow in winter compared
to other seasons.

4.3. Predominant Genera of Airborne Fungi

The presence of mold spores in indoor air is very common because they can survive on
furniture, equipment, in ventilation systems, etc. for a long time [44]. Many mold species are
associated with allergic reactions including respiratory and skin symptoms, mainly in people with
immunodeficiency [45]. The most clinically important allergens are produced by fungi belonging to
the following genera: Alternaria, Aspergillus, Cladosporium, Mucor, Penicilium and Fusarium [46,47].

Cladosporium species, ubiquitous worldwide, represent the most frequently isolated airborne
fungi, especially in the temperate zone [48–50]. This observation is consistent with our results.

In studies by Madureira et al. [51] fungal bioaerosol in primary schools and childcare centers was
dominated by Penicillium and Cladosporium species. Viegas et al. [52] recorded a variety of molds in
gyms with swimming pools, with the highest shares of Cladosporium sp. (36.6%), Penicillium (19%),
Aspergillus sp. (10.2%) and Mucor (7%).
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Kallawich et al. [34] observed that Aspergillus/Penicillium were the most abundant fungal taxa in the
laboratories (40.6%), followed by Cladosporium (30%) and ascospores (17%). Similarly, Verde et al. [53]
confirmed the dominance of Penicillium (41%) and Aspergillus (24%) in the air of hospital rooms.

According to Cabral [54], high humidity in sick buildings promotes fungal growth (mainly of
Penicillium and Aspergillus species) with the release of conidia and cell fragments into the atmosphere.

4.4. Concentrations of Mannitol-Positive Staphylococci and Their Identification

Staphylococci are abundant bacteria of the human skin microbiome [55] that often do not cause
infections. However, in certain circumstances, they may pose a threat to both immunocompetent
people and people whose immune system is weakened or impaired [1].

Manniotol-positive staphylococci were identified in the air of the studied schools in Bydgoszcz,
but their concentrations were lower than those reported by Wolny-Koładka et al. [1] at the
university—i.e., from 0 to 65 CFU m−3. According to Boada et al. [56], one fifth of the population
(mainly children) are persistent carriers of S. aureus This seems to have been confirmed by our results,
which indicated that this particular species dominated among the identified staphylococci. The species
composition of airborne staphylococci in Bydgoszcz schools was similar to that in the University
of Ibadan library in Nigeria [57] where S. aureus, S. arlattae, S. cohnii, S. haemolyticus and S. muscae
were identified. Different results were obtained by Wolny-Koładka et al. [1] at the University of
Agricultural in Cracow, where three dominant species—i.e., S. xylosus (18%), S. sciuri (17%) and
S. hominis (15%)—were distinguished. At the same time, Brągoszewska et al. [13] identified four
staphylococcal species in three educational buildings in the industrial region of Upper Silesia, Poland,
namely S. lentus, S. epidermidis, S. sciuri and S. chromogenes, while Brągoszewska et al. [58] confirmed
the dominance of S. lentus, S. epidermidis and S. chromogens in the high school gym located in an urban
area of Southern Poland.

4.5. Antimicrobial Resistance of Staphylococci

The presence of airborne Staphylococcus spp. indicates the possible presence of pathogenic
microorganisms, in which antibiotic resistance has been observed with increasing frequency over the
past several decades. According to Peterson et al. [59], the growth of antibiotic-resistant bacteria poses
a serious threat to public health, food security and development today. The importance of this problem
on a global scale is emphasized by the World Health Organization [60], which warns that without
urgent action, the world is heading for a post-antibiotic era. Moreover, WHO indicates that when new
resistance mechanisms are emerging and spreading globally, there is increased demand for new drugs,
while the possibilities of obtaining them are currently very limited.

Antibiotic resistance is associated mainly with overuse and misuse of these medications [61,62].
Bacterial strains acquire resistance which spreads rapidly even to modern drugs [63]. Among the
factors contributing to the emergence of drug resistance is bacterial ability to adapt to environmental
conditions through biofilm formation, which facilitates the spread of their resistance genes [64]. In order
to survive stress triggered by antibiotics, bacteria alter their gene expression and activate latent defense
mechanisms [65]. A shortage of new drugs and the availability of non-prescription antibiotics combined
with the rapid growth of multidrug-resistance in bacteria necessitate an interdisciplinary approach to
complementary and alternative treatments [66,67].

The analysis conducted in two Bydgoszcz schools indicated both resistance and sensitivity to
selected antibiotics in the isolated Staphyloccocal strains. Levofloxacin and gentamicin turned out
to be the most effective medicines. Similar results were obtained by Małecka-Adamowicz et al. [68]
investigating the antibiotic resistance of staphylococci isolated from the air in several sports facilities
in Bydgoszcz. Sensitivity to levofloxacin most likely results from its increased activity against
Gram-positive microorganisms [69]. In the present study the isolated staphylococci had the highest
resistance to erythromycin (62.5%). Comparable results were obtained by Frías-De León et al. [70] and
Lenart-Boroń et al. [62].
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In the study by Wolny-Koładka et al. [1], more than 50% of staphylococci isolated from the
air on the premises of the University of Agricultural in Cracow were resistant to erythromycin and
about 33%, to tetracycline. A much higher resistance to tetracycline (75% of strains) was recorded by
Giwa et al. [57] in the air of university libraries in Ibadan, Nigeria. According to Lenart-Boroń et al. [71],
high resistance of the studied strains to erythromycin and tetracycline may stem from the fact that these
antibiotics have been in use for a long time, which may have contributed to the increased resistance of
bacteria to these drugs.

As recommended by the European Committee for Susceptibility Testing [19], the analysis of
susceptibility to penicillin was performed only for S. aureus due to fact that no currently available
method can reliably detect penicillinase production in coagulase-negative staphylococci. All isolated
S. aureus strains were penicillin resistant, which is connected with their ability to produce penicillinase.
More than 90% of all staphylococci are capable of producing this enzyme, resulting in their resistance
to most penicillins [19].

The rapid emergence of resistant bacteria, which occurs worldwide, endangers the efficacy of
antibiotics and may lead to a serious crisis in healthcare. Therefore, a need for better understanding of
antibiotic-resistant bacterial populations is obvious [23]. In view of that, the monitoring of air quality
in schools in order to assess bacterial acquisition of antibiotic resistance seems a necessary measure.

Exposure to bioaerosols has become a serious health problem. However, no international standards
specifying its acceptable maximum levels for indoor environments are available [72].

In addition, it should be emphasized that with the use of different equipment and sampling
methods it is not possible to provide a reliable comparison of the results obtained by different
researchers [73]. Therefore, relevant organizations should develop clear criteria for assessing indoor
and outdoor air quality Wolny-Koładka et al. [1].

5. Conclusions

Our study was conducted in two schools in northern Poland, where air samples were collected not
only from classrooms (standard approach) but also from libraries and cafeterias, which are frequently
used by students. The results led to the following conclusions:

1. A statistically significant relationship between the size of the rooms and the concentration of
heterotrophic bacteria was observed. In both schools, higher microbial concentrations were
recorded in smaller rooms (the cafeterias). There were no statistically significant differences
in the concentration of molds and staphylococci depending on the sampling site. The average
concentrations of these groups of microorganisms was similar in the studied rooms.

2. In both schools, only mold concentration significantly depended on the sampling month (p < 0.001),
which may be connected with relative humidity.

3. The air temperature was similar in all the investigated rooms; therefore, this factor did not
significantly affect microbial concentration.

4. In the air of the investigated school rooms, Cladosporium and Penicillium species were dominant
fungi, which may be related to the use of natural ventilation—i.e., opening the windows—allowing
the inflow of these molds from the outside.

5. The taxonomic analysis indicated that Staphylococcus aureus dominated among mannitol-positive
staphylococci in both schools, while S. xylosus, S. haemolyticus and S. saprophyticus were slightly
less abundant. The predominance of the opportunistic Staphylococcus aureus in the air of the
studied schools confirms the observation that there are carriers of this bacteria among students.

6. Antibiogram patterns of the isolated staphylococcal strains showed their high resistance to
erythromycin, while levofloxacin and gentamicin were the most effective antibiotics. No spread
of multidrug-resistant staphylococcal strains in the air of the studied schools was observed.
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Our research may serve as a basis for future studies, which should be supplemented with
measurements of particulate matter (PM) (with special emphasis on respirable PM) and of physicochemical
parameters. The amount of aerosol inhaled by room users should also be determined. In addition,
given the current lack of precise indoor air quality guidelines in Poland, the research may be a
valuable contribution.
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35. Dumała, S.M.; Dudzińska, M.R. Microbiological indoor air quality in Polish schools. Annu. Set Environ. Prot.
2013, 15, 231–244.

36. Al-Mijalli, S.H.S. Bacterial Contamination of Indoor Air in Schools of Riyadh, Saudi Arabia. Air Water
Borne Dis. 2017, 6, 1–8. [CrossRef]

37. Fang, Z.; Guo, W.; Zhang, J.; Lou, X. Influence of Heat Events on the Composition of Airborne Bacterial
Communities in Urban Ecosystems. Int. J. Environ. Res. Public Health 2018, 15, 2295. [CrossRef]

38. Mentese, S.; Rad, A.Y.; Arısoy, M.; Güllü, G. Seasonal and Spatial Variations of Bioaerosols in Indoor Urban
Environments, Ankara, Turkey. Indoor Built Environ. 2011, 21, 797–810. [CrossRef]

http://www.eucast.org
http://dx.doi.org/10.1016/j.mex.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30989056
http://dx.doi.org/10.1007/s10453-018-9510-1
http://www.ncbi.nlm.nih.gov/pubmed/29773927
http://dx.doi.org/10.3390/microorganisms8020202
http://dx.doi.org/10.26502/jesph.96120068
http://dx.doi.org/10.3390/atmos10120742
http://dx.doi.org/10.1016/j.envres.2015.03.015
http://dx.doi.org/10.3390/ijerph14111286
http://www.ncbi.nlm.nih.gov/pubmed/29068361
http://dx.doi.org/10.1186/s40248-016-0061-4
http://www.ncbi.nlm.nih.gov/pubmed/27382463
http://dx.doi.org/10.1007/s11869-018-0599-8
http://dx.doi.org/10.1016/j.apr.2015.06.007
http://dx.doi.org/10.1080/15287394.2012.721177
http://dx.doi.org/10.1016/j.apr.2015.06.009
http://dx.doi.org/10.1007/s10453-018-9535-5
http://dx.doi.org/10.4172/2167-7719.1000131
http://dx.doi.org/10.3390/ijerph15102295
http://dx.doi.org/10.1177/1420326X11425965


Atmosphere 2020, 11, 1105 15 of 16

39. Womack, A.M.; Bohannan, B.J.M.; Green, J.L. Biodiversity and biogeography of the atmosphere. Philos. Trans.
R. Soc. B Biol. Sci. 2010, 365, 3645–3653. [CrossRef]

40. Bowers, R.M.; McCubbin, I.B.; Hallar, A.G.; Fierer, N. Seasonal variability in airborne bacterial communities
at a high-elevation site. Atmos. Environ. 2012, 50, 41–49. [CrossRef]

41. Pallabi, P. Review on Common Microbiological Contamination Found in Hospital Air. J. Microbiol. Pathol.
2018, 2, 103.
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