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Abstract 
Background: Childhood exposure to microbiological agents may influence the development of 
allergic and respiratory diseases. Apart from home, children spend most of their time at school, 
which represents an environment of significant exposure to indoor air microbes. Therefore, we 
aimed to assess how the prevalence of allergic sensitization and asthma in schoolchildren is 
affected by microbiological exposure within classrooms. 
Methods: Spirometry with bronchodilation, exhaled nitric oxide measurements and skin-prick 
tests data were retrieved from 858 children aged 8 to 10 years old attending 71 classrooms in 20 
primary schools. Air samples were collected in all classrooms using a single-stage 
microbiological air impactor through agar plates. Gram-negative endotoxins were collected 
using flow control pumps and analysed by limulus amebocyte lysate assay. Diversity scores 
were established as the number of different fungal species found in each classroom. 
Results: Classrooms with increased diversity scores showed a significantly lower prevalence of 
children with atopic sensitization, but not asthma. The risk of sensitization increased with 
increasing endotoxin exposure in classrooms. Similarly, significantly higher concentrations of 
Penicillium spp were found in classrooms with a higher number of children with atopic 
sensitization. 
Conclusions: Although no causal relationships could be established, exposure to higher fungal 
diversity was protective against allergic sensitization but this was not seen for asthma. In 
contrast, higher exposure to gram-negative endotoxins and Penicillium spp in primary school´s 
classrooms was associated with increasing odds of allergic sensitization in children. 
 
Keywords 
Endotoxins; Exposure; Fungi; Indoor air; Microbiological diversity; Microbiome; Schools; 
Sensitization. 
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Porto, Portugal. E-mail: jcrufo@gmail.com 
 
Introduction 
Exposure to indoor air microbiological agents during childhood has been shown to influence the 
development of allergic diseases (1). While there is evidence that excessive exposure to indoor 
air bacteria or fungi concentrations may induce the development of allergy and asthma (2-4), a 
large number of recent studies also suggest that exposure to certain microorganisms in the early 
years of life may have a protective effect in children, reducing the risk of allergy and asthma 
onset by promoting the maturation of Th1 lymphocytes, thus decreasing the incidence of Th2-
oriented immunity (hygiene hypothesis) (5-9). There is published evidence supporting the 
general concept that a low diversity of the human microbiome during infancy is associated with 
the long-term development of lifestyle-dependent immune disease manifestations, such as 
atopic disease (10).  
Apart from home, young children spend a large section of their daytime at school, mostly within 
their classrooms, which might be reflected as a long term exposure to indoor air microbes (5, 
11). If the human microbiome does change according to environmental exposure, the classroom 
environment might contribute to microbiome changes and, consequently, either induce the 
development and/or exacerbation of allergy and asthma or, on the other hand, have a protective 
effect against their onset.  
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Therefore, the aim of this cross-sectional study was to observe how the prevalence of allergic 
sensitization and asthma in schoolchildren is influenced by the exposure to indoor air bacteria 
and fungi in classrooms. More specifically, this work aimed to a) quantify the concentration of 
microbiological parameters in the indoor air of primary school classrooms; and b) investigate 
how microbial concentrations and diversity may influence the risk of asthma and allergy in 
primary school children.  
 
Methods 
Study design and participants 
A total of 20 public primary schools located in the city of Porto, Portugal, were invited to 
participate in this cross-sectional survey, corresponding to a total of 71 assessed classrooms. 
The sampling campaigns occurred during the heating season in two different periods: from 
January to April 2014, and from October 2014 to March 2015 (10 schools per period). The 
heating season was chosen since the air exchange rates in schools are usually lower during this 
period. During the sampling, indoor air bacteria, fungi and lipopolysaccharides (LPS) were 
collected. Concurrently, the clinical assessment of the participating children was performed in 
the school. 
All schools where the study was carried out, along with the Ethical Committee of the University 
of Porto, approved the study protocol. Children attending the 71 participating classrooms were 
invited to take part in the study, corresponding to 1602 invited children (Figure 1). After 
receiving the written consent from their legal guardians, 916 children were enrolled in the study 
(participation rate of 57%). Considering a confidence level of 95%, the estimated confidence 
interval for the sample size was 2.42, showing that the study has a good statistical power. A 
total of 58 children refused to perform the clinical tests having only the questionnaire data 
available, thus spirometry, skin prick testing and exhaled nitric oxide data were retrieved from 
858 children (mean age of 9 ±1 years).  
 
Clinical assessment 
In all participating children height, weight, lung function (spirometry with bronchodilation), and 
exhaled level of nitric oxide (NO) were measured and skin-prick-tests (SPT) performed by a 
trained professional. The parents fulfilled a questionnaire based on the International Study of 
Asthma and Allergies in Childhood (ISAAC) where they reported the children’s symptoms 
history.  
Lung function and airway reversibility were assessed according to the official ATS/ERS 
guidelines (12). Lung function data was retrieved before and 15 minutes after 400 μg of inhaled 
salbutamol.  
Airway inflammation was assessed measuring exhaled NO levels using the NObreath (Bedfont 
Scientific Ltd. UK). The results were expressed as parts per billion (ppb) and stratified 
according to the official ATS guidelines for children (13).  
Allergic sensitization was evaluated by SPT on their forearm using a QuickTestTM applicator 
containing Der p, mix of weeds (Urtica dioica, Plantago lanceolate and Artemisia vulgaris), 
mix of grasses (Agrostis stolonifera, Anthoxathum odoratum, Dactylis glomerata, Lolium 
perenne, Arrhenatherium elatius, Festuca rubra, Poa pratensis, Holcus lanatus, Phleum 
pratense, Secale cereal), cat dander, dog dander and Alt a, negative control (extracts dilutant), 
and a positive control (histamine at 10mg/mL), all belonging to the same batches (Hall Allergy, 
Netherlands). Results were read 20 minutes afterwards and allergic sensitization was defined by 
a positive SPT to at least one of the allergens. If children were on antihistamines or topical 
corticosteroids on the skin within the previous 7 days, SPTs would be postponed.  
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The following operational asthma definitions were adopted: i) Clinical criteria – at least a 12% 
increase in FEV1 after bronchodilation and over 200mL and/or asthma diagnosed by a physician 
with reported symptoms (wheezing, dyspnoea or dry cough) occurring in the past 12 months; ii) 
Functional criteria – at least a 12% increase in FEV1 after bronchodilation and over 200mL; iii) 
Treated asthma criteria – asthma diagnosed by a physician and currently under inhaled 
corticosteroid treatment; and iv) Ever asthma – asthma diagnosed by a physician. 
Children were classified as having allergic rhinitis when their legal guardians answered 
positively to the question “Did the participant suffer from recurrent sneezing, rhinorrhea or 
nasal congestion in the last 12 months, while not having a cold or flu?”. Atopic dermatitis was 
defined in accordance with the United Kingdom Working Party’s Diagnostic Criteria for Atopic 
Dermatitis (14). The “allergic disease” group was comprised by individuals with positive SPT 
suffering from allergic rhinitis and/or atopic dermatitis. 
Characterization of the participants is presented in Table 1. Prevalence of asthma diagnosed by 
clinical criteria, functional criteria, treated asthma and ever asthma was 9.3, 6.6, 5.4, and 6.3%, 
respectively. Prevalence of allergic sensitization was 34.1%. The prevalence of allergic rhinitis 
and atopic dermatitis was 10.6 and 9.3%, respectively. 
 
Microorganism sampling 
Bacterial and fungal air samples were collected using a single-stage microbiological air 
impactor (Merck Air Sampler MAS-10 0), according to NIOSH method 0800 (15) and EN 
13098 (16). Tryptic Soy Agar (supplemented with 0.25% ciclo-heximide) and Malt Extract 
Agar (supplemented with 1% of chloramphenicol) were used as culture media for bacteria and 
fungi, respectively. Air was drawn through the sampler at a 100 L/min rate and sequential 
duplicate air samples of 250 L were collected. Indoor air samples were obtained from the 71 
participating classrooms. A total of 2 Tryptic Soy Agar and 2 Malt Extract Agar samples were 
collected per classroom. The mean CFU values of duplicate samples were used as the final 
result in accordance with the laboratory criteria. The volume, and consequently the duration, of 
sequential air sampling was the same in all schools and all classrooms. In each sampling day, 
four field blanks, two sterility blanks, one positive and one negative control per culture medium 
were used. This methodology has been validated in other works (17, 18). 
Concurrently with bacteria and fungi assessment, indoor air LPS samples were collected during 
4h with GilAir-5 flow control pumps (Sensidyne, USA) set to 2L/min and coupled to button 
aerosol stainless steel samplers (SKC, USA). 
 
Laboratory analysis 
Bacterial and fungal samples were incubated at 37±1 ºC for 48±3 hours and at 25±3 ºC for 72±3 
hours, respectively (16-18). Quantification of bacteria and fungi levels was performed by naked 
eye count following an internal procedure based on the methodologies expressed in EN 13098 
(16) and ISO 4833-1:2013 (19). The number of colonies recovered on the air-sample plates was 
adjusted using a positive-hole correction factor, and the results were expressed as number of 
colony forming units per cubic metre of air (CFU/m3). The correction factor was based on 
Fellers law. The quantification limit was established as 10 CFU per plate. 
Specific fungal identification was performed 7 days after incubation, either on the original 
sampling media-MEA plates or after subculturing procedures, whenever colony isolation and 
growth observation were needed. Identification of fungal colonies was based upon phenotypic 
characteristics and followed standard mycological procedures based on their micro and macro-
morphological characteristics.  
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For endotoxin extraction, sample filters were eluted in 5 ml extraction solution (Pyrogen Free 
Water plus 0.05% Tween 20) and rocked vigorously for 1 h at room temperature on a horizontal 
shaker. After 10 minutes of centrifugation at 1000 g, total supernatant per sample was collected 
and analysed. Endotoxin quantification was performed using the limulus amebocyte lysate 
(LAL) Kinetic-QCLTM (Lonza®, Pontevedra, Spain) following the manufacturer’s guidelines. 
Endotoxin concentrations were expressed as EU/m3. The limit of detection for the LAL Kinetic-
QCLTM is 0.005 EU/mL, corresponding to 0.025 EU/m3 under the adopted procedure.  
 
Statistical analysis 
The SPSS® statistical package software v20.0 (IBM, USA) was used to statistically analyse the 
data. The Kolmogorov-Smirnov test was used to check continuous variables for normality. Since 
non-Gaussians distributions were observed, the Mann-Whitney test was used for inferential 
analysis.  
When analysing the specific fungi species, each species’ proportions were generally categorized 
into tertiles. Since in some cases the detected levels were so low, such as Acremonium spp., the 
variable was dichotomised with the lower category consisting in values under the limit of 
detection and the higher category including those over the detection limit. 
Microbial diversity score was defined as the sum of all the detected fungi groups/species. Due to 
the low number of observations with low and high diversity, the variable was categorized into 
quartiles, being the classrooms with lower diversity score in the 1st quartile, whereas the 4th 
quartile included those with higher diversity scores. Distributions of parameters by classroom, 
as well as diversity scores, are presented in Table S1. 
Logistic regression adjusted for age and height was used to analyse the risk for allergic 
sensitization and asthma associated with the collected indoor air microbiology (total and 
specific values). Multinomial logistic regression was used for analysing the risk of inflammation 
reported by exhaled NO. The results were expressed as odds ratio (OR) and respective 95% 
confidence interval (95% CI). 
 
Results 
Classrooms with 2nd tertile (OR = 1.26 [95% CI: 0.88 – 1.79]) and 3rd tertile (OR = 1.40 [95% 
CI: 0.99 – 1.99]) concentrations of LPS showed a tendency for a higher risk of allergic 
sensitization (Figure 2A). To further explore the possibility of LPS concentrations in classrooms 
being associated with the prevalence of allergic sensitization, non-parametric tests for 
independent samples were performed (Mann-Whitney test). The results showed that classrooms 
with higher concentrations of LPS had a significantly higher prevalence of allergic children 
(2.20 [0.89 – 4.25] vs 2.60 [1.18 – 5.68], data presented as median [25% - 75%], respectively 
non-sensitized vs sensitized, p=0.02).  
Diversity scores ranged from 1 to 11. Logistic regression models showed that there is a negative 
association between the number of fungi species in classrooms and the risk of allergic 
sensitization (Figure 2B). These results were significant for the 3rd (0.63 [95% CI: 0.40 – 0.98]) 
and 4th (0.60 [95% CI: 0.40 – 0.92]) quartile scores, which ranged from 7 to 8 (Table S1). 
Additional pro-sensitization evidence was observed with specific fungal species, as classrooms 
with 2nd tertile concentrations of Penicillium spp were associated with a higher risk of 
sensitization (OR = 1.46 [95% CI: 1.02 – 2.09]) and classrooms with 3rd tertile concentrations 
showed an even higher risk (OR = 1.68 [95% CI: 1.18 – 2.40]). This tendency for a higher 
sensitization risk associated with Penicillium spp can be observed in Figure 3. On the other 
hand, classrooms with higher concentrations of Aspergillus fumigatus (3rd vs 1sttertile, OR = 
0.64 [95% CI: 0.47 – 0.87]), Aspergillus niger (detected vs not-detected, OR = 0.62 [95% CI: 
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0.45 – 0.87]), Chaetomium spp (detected vs not-detected, OR = 0.61 [95% CI: 0.39 – 0.96]) and 
Rhizopus spp (detected vs not-detected, OR = 0.62 [95% CI: 0.45 – 0.87]) were associated with 
a lower risk of allergic sensitization (Figure 3). Interestingly, the risk ratios were very similar 
between these species (children had 1.56 to 1.64 times less risk of being allergic). 
To further explore the association of fungal diversity with the atopic syndrome, the risk of 
individuals with positive SPT suffering from allergic rhinitis and/or atopic dermatitis was also 
investigated. The results showed no significant differences between the quartiles of fungal 
diversity (Figure S4). 
No associations between LPS, bacteria or fungi concentrations in classrooms were found for any 
of the 4 definitions of asthma (Figure S1). Also, no associations were observed between LPS, 
bacteria and fungi concentrations and the risk for having low or high exhaled NO (Figure S2). 
The classrooms’ specific fungal species and flora diversity were also not associated as a risk 
factor for any of the 4 different definitions of asthma (Figure S3). Similar results were observed 
for exhaled NO values (data not shown). 
 
Discussion 
Our findings suggest that higher levels of endotoxin or Penicillium exposure in classrooms is 
associated with increased risk of allergic sensitization in school aged children, while a higher 
fungal diversity showed a clear tendency for a decreased sensitization. However, similar 
tendencies were not observed when considering asthma or exhaled NO. 
The main limitation of our study resides in its nature, which does not allow causal relationships 
to be established. Moreover, our observations consider only school-time exposure. While 
children spend most of their day at school, inside the classroom, they are still under exposure to 
microbiological agents in other environments when they sleep, or on the playground, during 
recess, therefore the complete exposome should be considered in future studies. Also, although 
in Portugal children usually stay in the same classroom through primary school, this may not be 
true in other countries, resulting in more exposure environments. Additionally, sensitization to 
one or more allergens does not necessarily imply a clinically relevant allergic status. 
Nevertheless, it was still possible to observe tendencies on how the prevalence of allergy and 
asthma in schoolchildren was affected by the exposure to indoor air bacteria and fungi in 
classrooms. 
The strengths of this work reside in the substantial number of participants, either concerning 
classrooms or clinically analysed children. Moreover, the four distinct definitions of asthma 
prevent bias associated with the inclusion or exclusion of asymptomatic individuals and the 
diversity scores in the present study were calculated based on a large set of fungal species (24 in 
total), which enhances the impact of the results. 
Endotoxin concentrations in classrooms were associated with a higher prevalence of 
sensitization to inhalant allergens in children, somehow corroborating the results obtained in the 
PASTURE study (20). These results need to be interpreted with caution, however, since 
children in the present study were considerably older and may have their immune systems 
further developed, thus the impact of exposure to LPS in this age group may be substantially 
different than when exposition occurs in pre and post-natal periods of life. This may also justify 
why, unlike in previous studies (5, 7, 9, 20, 21), exposure to environmental LPS did not show 
any significant association with asthma prevalence. A further matured immune system may also 
be responsible for the distinct results regarding exhaled NO associations with microbiological 
parameters between the present work and the study performed by Casas et al. (2013), which 
showed that exhaled NO at school age was lower in children exposed to LPS during the first 2 
to 3 months of life (22).  
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Although no significant associations between exposure to total bacteria concentrations and 
allergic sensitization, asthma or exhaled nitric oxide levels were found, total fungi concentration 
is generally not a good predictor since it is not very specific and does not consider several 
confounding factors such as the species and diversity involved (1, 23). In this study, no fungi 
species in classrooms were associated with a lower prevalence of the 4 definitions of asthma. In 
contrast, the risk for sensitization was significantly lower in classrooms with higher 
concentrations of some Aspergillus species (along with Chaetomium and Rhizopus species), 
thus supporting the results reported by Ege et al. (2011) within the GABRIELA study (5). 
Classrooms with higher concentrations of Penicillium spp showed a significantly higher 
prevalence of allergic sensitization. This result corroborates those obtained by Sharpe et al. 
(2015), which showed that Penicillium species were found in significantly higher concentrations 
in homes of individuals with asthma (24). It is possible that this result is associated with the 
lower diversity scores in the respective classrooms, as the high concentrations of Penicillium 
spp may extensively reduce the sustainability of other fungi species. In contrast, classrooms 
with a higher fungal diversity and with lower concentrations of Penicillium spp were shown to 
be negatively associated with the prevalence of allergic sensitization, supporting the results 
from previous studies (25, 26). Despite having a clear impact on sensitization, fungal diversity 
was not a risk factor for allergic rhinitis and atopic dermatitis, suggesting that exposure to 
microbiological agents may differently influence the atopic syndrome. 
A different risk pattern for fungal diversity between the different definitions of asthma was also 
discernable, with the fungal diversity showing a tendency to be associated with a higher risk for 
lung function diagnosed asthma, but not for the other definitions. Sensitization odds ratio was 
lower than the unity for all tertiles and a significant tendency for a lower risk of allergic 
sensitization was observed in classrooms with higher fungal diversity. This suggests that 
exposure to environmental fungi may have a completely different impact in asthma and allergy. 
Part of these results are in line with recent advances in the biodiversity hypothesis (27), 
supporting the importance of exposure to a diverse biome to prevent development of allergic 
sensitization. Similarly to the results found by Ruokolainen et al in green areas around cities, 
microbiota biodiversity in classrooms seems to have an important role in the early 
immunomodulation (28). On the other hand, this study’s results failed to support the evidence of 
beneficial exposure to bacterial endotoxins as observed in other studies concerning the 
biodiversity hypothesis (29). However, these are not isolated results. For instance, a domestic 
endotoxin exposure study in Cyprus also found higher exposure to endotoxins to be associated 
with increased allergic sensitization (30). It is possible that regional environmental and 
genotypic differences (for instance, Mediterranean versus Nordic regions) may have a role in 
this controversy. More region-wide studies are needed to further clarify the biodiversity 
hypothesis.     
In conclusion, the microbiological diversity in classrooms is associated with a lower risk of 
sensitization development in children, thus supporting the results from other studies concerning 
home exposure. However, this was not observed for the prevalence of asthma, suggesting that 
exposure to microbiological agents may have a different mechanism of impact in both diseases. 
The four different asthma definitions used in this study further support this result. In face of 
these evidences, understanding the factors that influence diversity in the school environment 
may lead to public health recommendations for reducing the development of allergic 
sensitization or prevent symptomatic exacerbations in the future. 
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Table 1. Characteristics of the participants  

  
Total 

n= 858 
Female 
n= 427 

Male 
n= 431 

Age (years, mean ± sd) 9 ±1 9 ±1 9 ±1 

Weight (kg) 31.2 (27.3 – 37.2) 31.8 (27.0 – 37.3) 30.8 (27.5 – 36.8) 

Height (cm) 135 (130 – 140) 135 (130 – 139) 135 (130 – 140) 

BMI (kg/m2) 17.0 (15.5 – 19.5) 17.3 (15.6 – 19.8) 16.8 (15.5 – 19.2) 

Clinical    

Allergic sensitization (n) 293 139 154 

Asthma (n) 73 43 30 

Allergic rhinitis (n) 91 37 54 

Atopic dermatitis (n) 80 37 43 

Allergic disease (n)* 101 40 61 

Lung function    

FEV1 (L) 1.75 (1.58 – 1.95) 1.71 (1.55 – 1.92) 1.77 (1.59 – 1.99) 

FVC (L) 1.89 (1.69 – 2.14) 1.83 (1.66 – 2.08) 1.94 (1.72 – 2.18) 

FEF25-75 (L/s) 2.28 (1.92 – 2.65) 2.28 (1.93 – 2.64) 2.29 (1.91 – 2.68) 

FEV1/FVC (%) 92.7 (88.9 – 96.4) 93.2 (89.8 – 96.6) 92.0 (88.0 – 96.1) 

FEV1 reversibility (%) 3.5 (0.0 – 7.1) 3.7 (0.0 – 7.2) 3.5 (0.5 – 7.0) 

FEV1 reversibility (ml) 60 (0 – 120) 60 (0 – 120) 60 (10 – 130) 

Exhaled NO (ppb) 11.0 (6.0 – 20.0) 9.5 (5.0 – 16.0) 12.0 (6.0 – 22.5) 
Data reported as median (25-75%) unless otherwise stated. BMI: body mass index; FEV1: forced expiratory volume in the first 
second of FVC; FVC: forced vital capacity; FEF25-75: forced expiratory flow middle portion of FVC. 
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