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This review addresses the increasing problem of fungal contamination in schools, which has a profound impact on indoor air quality and student health. Fungal contamination creates health problems such as respiratory problems, allergies, which can be particularly harmful in schools (e.g., Aspergillus fumigatus and Fusarium sp. are especially important as they are a well-known indoor allergens and can induce serious respiratory diseases). The aim of this study is to determine the effect of geographic location as well as season of filamentous fungi in school context. Through a comprehensive screening of 6,659 articles, 47 studies were selected for data extraction, detailing sampling techniques, analysis methods, climatic conditions, and relevant fungal species. The study highlights the importance of regularly measuring IAQ and utilizing both active and passive sampling methodologies in addition to molecular genetic analysis to complement identification and improve comparability across studies. A targeted monitoring is also proposed for species such as Aspergillus fumigatus (Aspergillus section Fumigati), Fusarium sp., and Mucorales order, which are therapeutically relevant, as well as Stachybotrys atra and Aspergillus section Flavi, in terms of their toxicological potential. Additionally, the article discusses the importance of consistent data formatting for effective meta-analysis and the need for further research to inform regulatory frameworks protecting student health. Recommendations for minimizing fungal threats include evaluating building structure, ventilation, cleaning practices, and gathering information from parents about school activities. Overall, the study underscores the global health risks posed by fungi in schools and calls for extensive investigations combining various sampling and analytical techniques. Additionally, the article discusses the importance of consistent data formatting for effective meta-analysis and the need for further research to inform regulatory frameworks protecting student health. Recommendations for minimizing fungal threats include evaluating building structure, ventilation, cleaning practices, and gathering information from parents about school activities. Overall, the study underscores the global health risks posed by fungi in schools and calls for extensive investigations combining various sampling and analytical techniques.

Keywords
 Fungi; exposure assessment; schools; IAQ; target fungal pathogens


1 Introduction

In 2022, the Health Emergency Preparedness and Response Authority (HERA) presented a priority list of top-3 health threats that require coordination of measures at the EU level, since they have the potential of spreading across Member States. All three health threats highlight the importance of microbes and stress the need to assess exposure to: pathogens with high pandemic potential; chemical, biological, radiological and nuclear threats; and threats resulting from antimicrobial resistance.1 Also in 2022 focusing on fungi, the World Health Organization (WHO) release a list of fungal priority pathogens focusing on their clinical relevance to guide research, development, and public health action (1). The list is divided into three groups: critical, high, and medium priority groups and the ones listed are mostly important due to their clinical relevance (1). However, the concern regarding the toxigenic potential of specific fungal species and strains was not considered, hindering a more accurate intervention when assessing IAQ.

A warmer, wetter climate driven by human induced climate change is driving range shifts, increased dispersal, and the emergence of new fungal pathogens (2). In addition, many of the antifungals (e.g., azoles) used in clinical settings are also used in crop protection fostering azole resistance among fungal species (3, 4) also found in various indoor environments (5, 6).

A variety of regulations exist for microbial and chemical pollutants in indoor spaces, with the goal of enhancing indoor air quality and health. An open database was created by a scientific committee (7) to gather and distribute information on indoor environmental quality (IEQ), containing guidelines and standards from numerous countries and organizations (8). Overall, the guidelines and standards assembled in the IEQ guidelines (9) database present a great diversity, complexity, and inconsistency not only among countries but also within countries. Table 1 summarizes the database regarding fungal colony-forming units (CFU).



TABLE 1 Summary table regarding international fungal exposure guideline values (7), focused on indoor air quality (IAQ) parameters (8).
[image: Table1]

Specifically for fungi in indoor air, the database includes guidelines from 12 countries. Eight countries have numerical limit values but there is little consensus, with values ranging from as little as 50 CFU/m3 to 10,000 CFU/m3. The large range of values reflects the current lack of an established dose–response relationship between concentrations of airborne fungi and health outcomes. Due to the lack of a scientific basis for defining numerical health-based values for indoor fungal concentrations, many guidelines are based on the assessment of dampness and mold, as these have been most consistently associated with adverse health outcomes, including respiratory conditions such as asthma, rhinitis, and other respiratory tract infections, particularly in vulnerable populations like children, individuals with pre-existing respiratory conditions, and those with immune deficiencies (10). Indeed, WHO (11) has concluded sufficient epidemiological evidence from studies conducted in different countries and under different climatic conditions to show that the occupants of damp or moldy buildings, both residential and public buildings, are at increased risk of respiratory symptoms, respiratory infections, and exacerbation of asthma. The definition of dampness and mold based on the WHO guidelines is “any visible, measurable or perceived outcome of excess moisture that causes problems in buildings, such as mold, leaks or material degradation, mold odor or directly measured excess moisture (in terms of relative humidity or moisture content) or microbial growth.” The WHO has also proposed data collection regarding dampness in buildings via inspections in schools in the WHO region (12). Reflecting this, many countries set guidelines based on visible inspection only (e.g., Ministry of Social Affairs and Health, Finland, 2015), (Danish Enterprise and Construction Authority, Copenhagen 12. Of December 2010).

While establishing upper limits based on clear links between exposure and health outcomes is critical, it is unlikely that it is optimal to eliminate exposure to fungi in indoor air entirely. As postulated in the “Hygiene” hypothesis, as humans co-evolved in the presence of various microorganisms, they may play a significant role in the regulation and childhood development of the immune system (13). This would suggest that increasing rates of inflammatory disease (such as asthma) with urbanization may be partly explained by reduced exposure to microorganism diversity and parasites in childhood as humans moved away from rural lifestyles in the mid-19th century. In the context of airborne molds/fungi, this could be used to support the argument that thresholds for airborne fungi in schools should not be zero and that some sort of “Goldilocks Zone” of exposure should be established. However, it is known that exposure to some viral and bacterial respiratory infections does not provide protection against asthma, indeed the opposite has been observed (14, 15).

Currently, established dose–response relationships between concentrations of airborne fungi and health outcomes are limited and complex. Research has shown clear associations, particularly in allergic and respiratory conditions such as asthma and allergic rhinitis, where exposure to high levels of fungi like Aspergillus, Cladosporium, and Penicillium exacerbates symptoms (16) however, specific dose–response data are often unclear due to variations in individual sensitivities and environmental factors. Immunocompromised individuals are known to be at greater risk for fungal infections at higher exposure levels, yet precise thresholds remain undefined (17). Fungal contamination in schools has potential negative outcomes on both the health and learning ability of students (18). The presence of fungi such as Aspergillus, Penicillium, and Cladosporium in school environments can lead to a range of health issues, including respiratory problems, allergies, and asthma exacerbation. Moreover, fungal contamination may compromise the structural integrity of buildings and contribute to indoor air quality degradation (11). Beyond health implications, the presence of fungi in schools can significantly impact students’ concentration, cognitive function, and academic performance (19, 20). Furthermore, prolonged exposure to fungal toxins may result in chronic health conditions, exacerbating absenteeism rates among students and educators (21, 22). Fungal contamination in schools poses significant health risks, including respiratory issues, allergic reactions, and potential infections. Since fungi can enter the body through airways, food, and water, it is crucial to emphasize the importance of regular monitoring and mitigation strategies (23). Currently, addressing fungal contamination lacks comprehensive strategies, including regular inspections, effective moisture control, and prompt remediation, all essential to safeguard health and optimize educational outcomes. It also needs to be noted that decreased exposure to beneficial microorganisms is not the only driver of inflammatory diseases, for example, increased exposure to particulate air pollution is a key contributor. The focus needs to be specifically on the now absent beneficial microorganisms. The specific fungal microbiome that is helpful for the human immune system cannot be replaced with new microorganisms that we did not co-evolve with. It is therefore critical to define the principal airborne fungi, we should (and in particular children with developing immune systems) be exposed to along with the numerical concentrations.

Despite this, there is still a lack of consensus on how to assess exposure to fungal contamination indoors, hampering the possibility of comparing results and identifying suitable fungal “sentinels” specific to each indoor environment. As such, it is of utmost importance to identify the best protocol regarding sampling collection and analyses regarding fungal exposure assessment, as well as to identify the most suitable fungal targets for the school environment (24). Although the literature reports a wide range of sampling methods and assays currently applied to assess fungal contamination indoors, there is no harmonized evaluation or even common approach regarding IAQ assessment among researchers, even when complying with the legal requirements. Thus, the aim of this scope review was to identify the methods used for fungal sampling and analyses and to list the fungal species that can be suggested as targets to assess IAQ regarding fungal contamination. The results retrieved from studies may contribute to setting future protocols (from the field to the lab) to assess fungal contamination in schools and to identify indicators of harmful fungal contamination for this specific environment. Furthermore, we are stressing the importance of a consensus regarding exposure assessment and considering the potential health effects due to exposure. This work will be also important to ensure both an accurate risk characterization and, consequently, the suggestion of effective control measures.



2 Materials and methods

Give a comprehensive overview of the literature available on the topic described above, a systematic literature review of studies was performed to identify the sampling strategy, methods used for fungal sampling and analyses applied and to list the fungal species that can be suggested as targets to assess IAQ regarding fungal contamination.

To aid in the identification of search terms and inclusion/exclusion criteria required to address this systematic review, a PEO (Population, Exposure and Outcome) (104, 106), statement was developed by the authors´ team (Supplementary Table S1).


2.1 Registration

In this study, the PRISMA methodology was adopted and the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) checklist (107) was completed, which encompass three phases: Identification, Screening, and Included (25).



2.2 Search strategy, inclusion and exclusion criteria

This study reports the search of available data published between January 1st, 2010, and February 29th, 2024. The search aimed at selecting studies on fungal assessment in different indoor school environments and included the terms presented in Supplementary Table S2, with English as the chosen language. The databases chosen were PubMed, Scopus, and Web of Science (WoS). Articles that did not meet the inclusion criteria and duplicates were excluded from further analysis (Table 2).



TABLE 2 Inclusion and exclusion criteria in the articles selected.
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2.3 Studies selection and data extraction

The selection of the articles was performed through Rayyan, which is a free web tool that greatly speeds up the process of screening and selecting papers for academics working on systematic reviews. The screening was performed in three rounds by two investigators (RC and PP,). The first round consisted of a screening of all titles to exclude papers that were duplicated or unrelated to the subject and subsequent adding of included papers to Rayyan for further analysis. The second round consisted of a screening of all abstracts and in the third round, the full texts of all potentially relevant studies were reviewed considering the inclusion and exclusion criteria. Potential divergences in the selection of the study were discussed and ultimately resolved by the remaining investigators who contributed to this study. Data extraction was performed by five investigators (RC, PP, DH, EN and SG) and reviewed by the other two (CV and MS). The following information was manually extracted: (1) Database, (2) Title, (3) Country, (4) Occupational Environment, (5) Climate region, (6) Sampling sites, (7) Environmental samples description, (8) Sampling methods, (9) Analytical methods, (10) Fungi targeted, (11) Observed concentrations (CFU/m3 or other units depending of the applied methods), (12) Components/metabolites, and (13) reference (Supplementary Table S3). The prevalence analysis was based on the number of studies that identified each fungal genus or species. A higher proportion of studies reporting a particular genus or species indicates its more frequent detection in the selected literature.




3 Results and discussion

In the systematic search for papers, multiple combinations of search terms were used in every round of the search. Each time the terms “school,” “children,” and/or “indoor air” were used and, at least three different terms were combined at once. Literature reviews were excluded from the search. The diagram describes the different phases of the selection of papers and the papers that were obtained in the final phase (Figure 1). The initial database search yielded 6,659 studies, from which 1,473 titles and abstracts were examined, and 101 full texts were evaluated for eligibility. A total of 3,902 studies were rejected after examining the inclusion and exclusion criteria, primarily because they were related to chemical evaluation, not performed in schools, or others (viruses, bacteria, reviews, surveys, etc.). After evaluation, a total of 70 papers on fungi in school environments were selected, from which 47 papers were eligible for data retrieval. The excluded papers did not meet the inclusion criteria, as they lacked essential details such as species identification, methodology, or other critical information required for the analysis.

[image: Figure 1]

FIGURE 1
 PRISMA based selection of articles (73).


In this comprehensive review, we encompassed rigorous evaluations of sampling methods, analytical techniques, and climatic conditions across different seasons. The outcomes disclosed in this document are organized in a graphic configuration, focusing on essential aspects such as the country of study, specific sampling sites, employed sampling and analytical methodologies, the identified agents, and the prevailing climate or seasonal conditions. The reported health effects, other associated problems, and study limitations have been meticulously documented, providing a holistic overview of the intricate relationships between environmental variables and human health outcomes. Understanding indoor microbial communities requires a broader perspective that includes interactions between fungi, bacteria, and viruses. Studies employing vacuum dust collection and sequencing methods have provided valuable insights into the total microbial composition in school environments, linking these multi-kingdom microbiomes to respiratory health outcomes. While such studies offer a more integrated approach to microbial exposure assessment, they fall outside the scope of this review due to differences in selection criteria, which focus specifically on fungal contaminants. However, acknowledging the complex interplay between different microbial groups is essential, as their combined presence may have synergistic or antagonistic effects on indoor air quality and health. Future research integrating diverse microbial communities could provide a more comprehensive understanding of exposure risks in school settings.


3.1 Spatial distribution of sampling sites

The distribution of research efforts across various geographical regions is crucial for understanding school indoor air quality (IAQ). Among the 47 studies assessed, data from 25 countries were included. Some of the studies were performed in more than one country (Figure 2). Notably, a substantial proportion of studies, accounting for 54% of the overall dataset, have been conducted on the European continent, followed by America (21%) and Asia (19%) (Figure 2). This proportion may be attributed to factors such as ecological significance, accessibility, or the presence of unique environmental features relevant to the research domain (26), or also due to the resources available and the focus on air quality and health. But it also represents a significant blind spot in our understanding, for example only 2 of the studies were conducted in Africa, and 3 in the Global South.

[image: Figure 2]

FIGURE 2
 World map showing the geographic distribution of the studies.




3.2 Seasonal effects

The examination of the climatic aspect within the analyzed studies indicates a significant focus on considering climate conditions during the sampling process. Out of the total 47 studies, 33 refer to seasonal variations, with 17 of them implementing a bi-seasonal approach, covering two distinct periods of the year and 16 mentioning the selection of a specific time frame (either warm or cold season). The selection of one season shows a predominance of data collection during the cold seasons, indicating a purposeful decision influenced by the particular environmental characteristics of these periods (13 out of 47). The preference for these specific periods may have implications for the interpretation of study results, as environmental factors can significantly influence outcomes. To enhance the temporal understanding of the subject matter, five longitudinal studies were included reporting durations of 1 and 2 years which provide a comprehensive perspective on how variables evolve, offering valuable insights into trends and patterns, and the dynamic interplay between geographic and climatic factors over extended periods, that may not be evident in shorter-term studies (27).

Airborne fungal concentrations vary based on factors like season, location, outdoor levels and ventilation. Studies show that indoor fungal concentrations can range from low to high levels, with values typically above 500–1,000 CFU/m3 being a cause for concern, indicating possible building contamination (28). Specific genera like Cladosporium, Penicillium, Aspergillus, and Alternaria have been linked to health effects like asthma exacerbations, with concentrations fluctuating based on temperature, relative humidity, and particulate matter levels (29, 30). Additionally, research highlights the importance of assessing fungal exposure in different environments like homes and schools, with concentrations being notably higher in winter compared to summer in certain regions (31, 32). Significant variations between cold and warm seasons in indoor environments have been observed in multiple studies. Additionally, fungal spore richness differs between seasons, with Basidiomycota richness higher in hot seasons and Ascomycota richness higher in cool seasons (33). During the warm season, insights contribute to designing strategies for managing environmental quality in schools (34). In contrast, the winter season shows higher indoor fungal growth due to closed windows and poor ventilation, leading to increased bioaerosol concentrations with rising indoor temperatures (35). Additionally, indoor Cladosporium levels are affected by outdoor conditions, with higher concentrations in winter due to low humidity and high wind speeds (32).



3.3 Sampling location

In the vast majority of the studies, the process of sampling was conducted within the confines of the classrooms (38 out of 47). However, it is worth noting that numerous studies also conducted sample collection in various areas of the school building, such as the canteens, corridors, and even on surfaces, such as walls, working tables, and floors and some outdoor samples were also collected in some of the studies.

The findings presented show the profound variation in used sampling approaches and the need for the inclusion of contextual information in research studies. Given that fungi exposure is influenced by multiple factors, it is crucial to describe all relevant information in the publications and consider the context of the study design in the interpretation of the results to achieve accurate exposure assessment. The collection of information regarding building structure, ventilation, cleaning practices, and the activities description allows the identification of hazards (36, 37). The application of a walkthrough survey to collect such information allows a comprehensive understanding of the contamination context and supports the implementation of control measures (38). Moreover, the mention of contextual information, including surveys on school operational and structural conditions as well as reports from parents regarding children’s health-related issues, highlights a step toward holistic understanding within research (39, 40). Such data provide valuable insights into the broader circumstances surrounding the research subject, offering a more nuanced interpretation of the findings (39, 40). However, the relatively low percentage (7%) of the reviewed articles including contextual information suggests a need for greater emphasis on contextual factors in research methodologies. In the articles reviewed, the association between mildew presence and increased mold concentrations is emphasized (32, 41, 42), alongside the repercussions observed in moisture-damaged schools, including elevated microbial markers, heightened respiratory symptoms, and higher fungal DNA concentrations (43). Carpeting was associated with the presence of bioaerosols, indicating the importance of regular cleaning and monitoring for signs of dampness or moisture damage (44–46).



3.4 Sampling methods

In terms of sampling, the majority (32 out of 47) employ active sampling methods, which involve drawing air through a collection device using a pump, utilizing air samplers, impactors, impingers, and other aerosol devices. In contrast, 15 out of 47 exclusively use passive methods, which rely on natural air deposition onto a surface or medium without mechanical assistance, employing techniques such as settled dust, electrostatic dust cloths, and the open-dish method (24) (Table 3).



TABLE 3 Summary of active and passive sampling methods and respective samplers used in various studies.
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With only 7 out of the 47 studies utilizing both active and passive methods for sampling, there’s a clear opportunity for improvement in achieving a more comprehensive understanding of climate change and seasonal sampling impact. Active sampling requires a pump, collecting a specific volume of air for a defined period by the researcher/exposure assessor. Air can be collected onto culture media, liquid media, or any kind of membrane or filter (polyvinylchloride, polycarbonate, cellulose acetate, or gelatine filters). These methods allow the application of culture-based methods (allowing the identification of viable particles) (47–49). On the other hand, passive sampling methods do not require a pump or any other mechanical equipment. They are based on settled dust collection onto a Swiffer, agar plate, filter, or swabs. They allow sampling for longer periods, as they enable the accumulation of dust over extended durations, such as days, weeks, or even months, providing a more integrated representation of airborne fungal exposure. However, the sample needs to be extracted through a liquid solution for subsequent use of a culture-based method (allowing the identification of viable particles) and molecular tools, as in the case of Electrostatic Dust Cloths (EDC) (3, 49). By using both sampling approaches, researchers can capture a wider range of perspectives and nuances, potentially enhancing the validity and reliability of their findings (50). The articles present their results using disparate methodologies, with many offering only statistical data that are difficult to compare with those from other studies, thereby limiting the scope for broader analyses.



3.5 Analytical methods

Among the studies that were examined, a substantial proportion (32 out of 47) chose to use culture-based methods with macroscopic and microscopic observations as part of their analytical approach. This conventional methodology enables researchers to directly visualize the morphological characteristics of both colonies and fungi, thus facilitating thorough examinations (51). However, it is well documented that only a small percentage of fungi recovered from air samples are culturable. Thus, using culture-based methods may lead to an underestimation of the real fungal contamination (52, 53).

However, a significant subset of the studies (11 out of 47) exclusively employed molecular genetic assays for analyzing their samples. Molecular genetic techniques, such as qPCR and DNA sequencing, offer robust mechanisms for detecting and characterizing genetic material with high sensitivity and specificity (54). Nevertheless, these methods have limitations, including detection bias, inability to assess organism viability or morphology, reliance on amplifiable DNA, and high costs (52, 54). Notably, one study (55) combined culture-based methods with molecular techniques (qPCR and antifungal resistance testing), leveraging the strengths of both approaches to identify viable organisms and characterize genetic profiles. Meanwhile, 11 studies integrated culture-based methods with biochemical/enzyme assays, providing insights into functional properties like toxicity or allergenicity. The majority of studies (30/47) relied on single-method approaches—either culture or molecular—highlighting a gap in multi-method frameworks that could address the limitations of standalone techniques. These findings underscore the need for future research to adopt hybrid methodologies that balance viability assessment, morphological identification, and genetic specificity for comprehensive risk evaluations. The array of analytical methods observed underscores the significance of having methodological adaptability in scientific investigations. To provide a more nuanced discussion on the strengths and weaknesses of these methods, a larger number of studies utilizing both approaches would be required. Currently, the limited number of studies makes it difficult to definitively address whether there are specific scenarios in schools where one method is clearly preferable or more informative than the other. This progress fosters innovation in research despite some constraints. By combining culture-based observations with molecular genetic assays, researchers can gain a more comprehensive understanding of specimens, uncovering insights that might be missed using only one method. However, comparing culture-based techniques and molecular genetic assays poses challenges. The main issue is aligning macroscopic colony morphology and microscopic identification with genetic data. To overcome this, researchers may need to develop standardized criteria or conduct simultaneous use of culture-based and molecular identification methods on the same sample together to take advantage of their strengths and minimize their individual limitations. Furthermore, since culture-based methods allow the comparison with quantitative cut-offs referred to in many international guidelines (Table 1), integrating molecular techniques for the identification and confirmation of pathogenic species can enhance the accuracy, sensitivity, comprehensiveness, and comparability of assessments, thereby supporting improved risk management and more effective public health interventions (56–59). Furthermore, the screening of azole resistance is dependent on obtaining an isolate from the species under study and thus relying on culture-based methods, at least as first step of the screening (60). Additionally, numerous articles considered in this review included supplementary analyses, including endotoxin and cytotoxicity assessment, as well as antifungal (azole) resistance testing as indicated in Supplementary Table S3.



3.6 Most prevalent fungal taxa

Figure 3 presents the most prevalent fungal genera identified across the selected studies. The prevalence reflects the number of studies that reported each genus, with higher representation indicating more frequent detection in the literature., among 47 studies analyzed, 42 mention the presence of Aspergillus species, of which merely 16 were identified up to the section (Figure 4), and only 5 identified as Aspergillus fumigatus. Since Aspergillus fumigatus is on the list of priority pathogenic fungi as a critical priority, which is based on criteria such as antifungal resistance, mortality, evidence-based treatment, access to diagnostics, annual incidence and complications and sequelae, it is of the utmost importance to be identified (1). Furthermore, two other high priority species were identified in 20 of the 47 studies, where 11 mentioned the presence of Fusarium sp., and 9 identified the presence of Mucorales.

[image: Figure 3]

FIGURE 3
 Topmost prevalent genera found in the selected articles.


[image: Figure 4]

FIGURE 4
 Aspergillus species identified in the selected articles.


The most prevalent genera was Aspergillus (Figure 3). It is noteworthy that among the top 46 identified genera examined in various studies, 11 were predominantly found in indoor settings within elementary schools, (Figure 3). These particular genera encompassed Aspergillus, Alternaria, Cladosporium, Aureobasidium, Penicillium, Trichoderma, Fusarium, Paecilomyces, Acremonium, Stachybotrys, Rhizopus, Mucor and yeasts. Considering that some genera are easily identified macroscopically, there may be a bias in statistics toward those that have been analyzed. If most studies focus primarily on these genera, this could explain the absence of others in the findings.

Figure 4 summarizes the distribution of Aspergillus species identified in the selected studies. The prevalence is based on the number of studies reporting each species, highlighting the most commonly detected ones either based on optical analysis and/or molecular genetic tools. The most frequently encountered were Aspergillus niger, Aspergillus fumigatus, and Aspergillus versicolor (Figure 4). Aspergillus species identification is crucial due to the emerging resistance profile and consequently clinical implications (61). Nowadays, the taxonomic classification of fungi is undergoing a transformation. Aspergillus species are classified into taxonomic groups based on their morphological characteristics (62). Aspergillus sections may encompass multiple species, and accurate identification often requires a combination of morphological, biochemical, and molecular genetic methods (63). However, more recently, genetic approaches, especially focusing on rRNA genes, have found that many fungi do not fit neatly into the categories used based morphological and biochemical characteristics (64). For example, among the Aspergillus genus, the designations represent sections of closely related species (also referred to as cryptic species) that cannot be clearly distinguished morphologically (65). These sections include Aspergilli, Fumigati, Circumdati, Terrei, Nidulantes, Ornati, Warcupi, Candidi, Restricti, Usti, and Flavi, among others. Aspergillus identification to, at least, section level provides a comprehensive understanding of the diversity, ecology, and significance of this genus (66). In fact, accurate identification of Aspergillus species within clinically relevant sections informs diagnostic strategies, treatment decisions, infection control measures, and public health interventions (67, 68).

Regarding yeasts, many papers suggest the possibility of yeasts in schools being mainly derived from different parts of the human body, potentially explaining their high concentrations indoors (Supplementary Table S3).

The growth of mycotoxin-producing fungi (e.g. Stachybotrus atra) was reported in one study (10). In one study, Aspergillus concentrations indoors correlated significantly with the concentration of particulate matter (16), and in one study dust was reported as a major contribution to fungal and bacterial flora in schools (18). Also the age of buildings, area of classrooms, temperature, humidity, and particulate matter (PM10) were reported as predictors of the concentration of culturable fungi (19). Finally, it was suggested that increased ventilation rates may mitigate overheating, alleviate sick building syndrome symptoms, and improve satisfaction with IAQ (28). All the studies underscored the importance of routine testing for fungal contamination in schools and emphasized the need to address poor ventilation to mitigate health risks such as allergies and respiratory illnesses.

The comprehensive summary of the found species in school environments shows that it is crucial to highlight the prioritization of research and evaluation efforts regarding indoor air quality in school health programs, with an emphasis on investigating, quantifying, and recognizing fungal pathogens with significant clinical implications on human health, as the ones listed in the WHO priority list and in Table 4. Since the toxicological potential of the fungal species was not considered in the WHO list, we also recommend the inclusion of mycotoxin-producing fungi, such as Stachybotrus atra and Aspergillus section Flavi. The latter is the main producer of the carcinogenic mycotoxin Aflatoxin B1 (AFB1), which is predicted to increase due to climate changes in Europe (69–71), as rising temperatures, humidity, and extreme weather events create favorable conditions for fungal proliferation—trends that are also observed globally in regions experiencing similar climatic shifts (72).



TABLE 4 Comparative analysis of WHO fungal priority pathogens list and other pathogens with health impact.
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4 Conclusion

In summary, understanding and monitoring fungal concentrations is crucial for assessing indoor air quality and potential health risks, as geographic distribution, climatic conditions, and outdoor air significantly influence fungal diversity and activity. Given that much of the research has focused on specific regions and climate periods—resulting in a biased understanding of the implications for human health—and that most studies rely on active sampling and culture-based methods, which form the cornerstone of fungal contamination assessment, their complementary integration with passive sampling and molecular genetic tools can significantly enhance the overall approach. Additionally, the comparability of fungal contamination data depends on detailed contextual information, including anthropogenic activity, structural information, ventilation, and cleaning practices. Overall, we recommend:

• Standardized Protocols: Develop standardized protocols for sampling and analysis to ensure consistency in fungal assessments across studies.

• Integration of Molecular Methods: Use molecular methods alongside traditional culture-based techniques for a comprehensive understanding of fungal diversity and its implications.

• Species-Specific Monitoring: Focus on targeting Aspergillus fumigatus, Fusarium sp., Mucorales order, Stachybotrys atra, and Aspergillus section Flavi due to their clinical and toxicological relevance.

• Seasonal and Geographical Variations: Explore the prevalence of these fungi across different educational environments to allow for targeted interventions and clearer guidelines.

• Regulatory Frameworks: Implement guidelines that consider both fungal species and environmental factors (e.g., humidity, ventilation, building materials). Integrate fungal monitoring into broader public health strategies.

A major limitation in this type of review is the disparate methodologies used in presenting results across various articles. Many studies offer only statistical summaries that lack comparability with others, posing significant challenges when attempting to synthesize findings or draw broader conclusions. Therefore, it is crucial to standardize the way data is presented:

• Measurement Protocols: Develop standardized measurement protocols and use unified units of measurement, such as spores per cubic meter of air, to ensure consistency.

• Meta-Analyses Frameworks: Create frameworks for meta-analyses to aggregate and standardize diverse data.

• Centralized Data Repositories: Establish centralized data repositories for sharing raw data, along with comprehensive reporting guidelines detailing study methods to facilitate comparisons.

• Interdisciplinary Collaboration: Promote interdisciplinary collaboration and secure regulatory and policy support for standardized methodologies.

• Education and Training: Provide education and training on best practices for data collection and reporting to improve the quality and comparability of research on airborne fungi and health outcomes.

Such standardization would enhance the comparability of results across studies, facilitate new research, and promote information sharing among researchers, ultimately advancing the field. Linking environmental exposure to health outcomes underscores the importance of establishing regulatory limits based on health outcomes. While there are recognized health impacts linked to airborne fungal exposure, the exact exposure-response relationships are inadequately characterized, highlighting the need for further research to address these complexities. This interconnectedness of the environment, exposure, and health outcomes emphasizes the need for comprehensive regulatory frameworks that consider these interdependencies. Ongoing research efforts aimed at elucidating the relationship between environmental fungal exposure and health outcomes will be instrumental in informing evidence-based regulatory policies to safeguard public health.
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