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In recent years, exposure to bioaerosols—airborne particles of biological origin—has become
a significant public health concern. Hence, this study aims to provide a bibliometric analysis of
global trends in research on airborne microorganisms in the last ten years (2011–2020).
Using the Web of Science (WoS) Core Collection database, a total of 1087 articles published
during this period were selected for analysis. Firstly, we identified 11 co-citation clusters:
potential pan microbiome, bioaerosol science, beneficial microbe, urban area, fungal microbiota,
wastewater treatment plant, airborne microbial aerosol, modern practice, composting facilities—
a review, airborne microbial biodiversity, and acidic electrolyzed water. Based on the co-occurrence
between keywords in this literature, we concluded that particle-attached microorganisms,
community structures of urban airborne microbes, and biological aerosols have inspired the
hotspots in research during recent years, which suggests that bioaerosols are currently a popular
topic in the field of air microbiology, with bacteria being the most frequently studied airborne
microorganisms. We also discovered that interest in coronavirus disease 2019 (COVID-19) has
continually risen during the past eight months, with the number of relevant articles exceeding
19,880, of which 106 have been frequently cited. Analyzing 500 recent publications on this topic,
we found a high co-occurrence of COVID-19, pandemic, and coronavirus as well as of anxiety,
depression, and stress.
The greatest number of articles on airborne microorganisms in the last decade have been
contributed by the USA, followed by China and France. Moreover, according to this metric, the
leading institutions are Colorado State University and Peking University, and the top three
journals are Applied and Environmental Microbiology, Atmospheric Environment, and Science of
the Total Environment. The annual publication volume for this subject shows an increasing trend,
indicating that interest in airborne microorganisms continues to grow.
Our bibliometric analysis reveals the recent research hotspots and topic trends in air
microbiology, thus offering potential clues for further examination.
Keywords: Airborne microorganism, Air quality, Web of Science (WoS), Human health, COVID-19

1 INTRODUCTION
In recent years, with the frequent occurrence of extreme weather events such as disaster, air
quality has attracted more and more public attention. The atmosphere is essential to maintain
life on Earth. Microorganisms are ubiquitous in the air, including not only bacteria and fungi, but
also viruses that may be harmful to human health. There are various forms of microorganisms in
the air, which can float in the air as a single cell or attach to atmospheric particles (Yoo et al.,
2017). Previous studies have shown that there are tens of thousands of microorganisms in every
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cubic meter of air (Tignat-Perrier et al., 2019). Microorganisms in the air, especially in indoor air,
have potential effects on human health (Brodie et al., 2007; Yoo et al., 2017). Many bacteria and
viruses (in particular, coronavirus disease 2019 [COVID-19] attracted attention) can rely on air as
a medium to cause epidemic diseases (Fan et al., 2019; Parat et al., 1999). For example, COVID19, which broke out in Wuhan in early 2020, can enter the air through droplets and cause
infection through human respiration (Stadnytskyi et al., 2020). COVID-19 can be spread through
droplets, saliva and airborne particles (Adjorlolo and Egbenya, 2020). Due to the rapid spread of
COVID-19 and its great harm to human body, people pay more attention to air microorganism
once again. A paper entitled “Surviving Sepsis Campaign: Guidelines on the management of
critically ill ads with coronavirus disease 2019 (COVID-19).” In the case of rapid spread of COVID19, how to achieve effective prevention and control, infection control means, and according to
the resources and feasibility of control suggestions (Alhazzani et al., 2020). Many articles have
reported the effects of COVID-19 on human health, such as liver and intestine (Juliao-Baños,
2020; León-Gómez, 2020). At the same time, many researchers focus on air quality changes
during the epidemic period and the effects of regional climatic condition on the spread of COVID19 at global scale (Berman and Ebisu, 2020; Iqbal et al., 2020). Because of the characteristics of
microorganisms staying in the air for a long time, the scope of infection is wider and the
possibility of infection is increased. Especially in recent years, PM 2.5 and PM10 are focused on, and
the attached microorganisms are considered to cause the transmission of allergy, respiratory
diseases and infection (Cao et al., 2014). It is reported that bacteria and dust in the air of pig
farms cause respiratory diseases, irritating eyes and nose, and accompanied with allergic
symptoms (Crook et al., 1991; Lin and Ma, 2010; Zhao et al., 2014). The study reported the
composition of microorganisms in the air near the sewage treatment plant, the source of
bacterial transmission, and assessed the risk to human health. It showed that the types and
concentrations of air microorganisms are significantly different in each stage of water treatment,
and may cause employees and residents to produce chronic respiratory diseases (Yang et al.,
2019).
Additionally, the types and quantity of microorganisms vary with seasons, places, weather and
urban economic level (Fang et al., 2020; Rao et al., 2020; Tignat-Perrier et al., 2020). Airborne
microorganisms not only exist in the air and stay in the air for a long time, but also migrate with
the airflow and other meteorological conditions. The chemical composition of PM 10 in
southeastern Italy was reported (Romano et al., 2020). Through 16S sequencing to determine
the microbial community structure, it was found that the seasonal variation of atmospheric
particulate matter was one of the reasons for the seasonal variation of atmospheric bacterial
community. Similarly, the association between microbial composition, chemical composition,
and other environmental factors in the Turkish air was studied (Després et al., 2012; Lang-Yona
et al., 2020). This paper studied the bacteria in the air of the central Mediterranean region,
including the main distribution of bacteria, bacterial abundance and biodiversity from winter to
spring. The results showed that bacterial abundance increases in convective weather (Romano
et al., 2019). Moreover, hospitals and health centers are a more dangerous and complex
environment, and microorganisms with greater potential impact on human health may exist in
the nearby air. Some researchers took air samples from the wards of pulmonary tuberculosis
patients to observe whether there was Mycobacterium tuberculosis (MTB). The results were
positive, indicating that there was Mycobacterium tuberculosis in the air (Wan et al., 2004). Also,
previous studies have shown that forest air samples contain Phytophthora infestans, which can
cause ulcers in humans (Jung et al., 2018). The results hold that there are not only viruses and
bacteria in the air with potential health risks, but also that both the mobility of air and air pressure
make it more difficult to prevent these diseases. Due to the complexity and diversity of air
microorganisms and their potential impact on air quality and human health (Brągoszewska et al.,
2019), the topic of airborne microorganisms is very important and deserves more attention.
There are many journals and magazines related to a specific field, and thence it is very difficult
to have a comprehensive understanding. Thus, bibliometrics came into being. Through
bibliometric tools, we can analyze the research hotspots and trends of a certain field. It will help
researchers to better capture the authoritative articles in this field, grasp the overall direction of
the field more quickly, and explore hints and clues (Fahimnia et al., 2015).
Although many papers about airborne microorganisms have been reported, few attempts
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have been carried on this field from the perspective of bibliometrics. This study analyzed the
articles about airborne microbes from WoS database in recent ten years.

2 METHODS
2.1 Data Source
Our data are retrieved from the Web of Science Core Collection (from 1985 to 2020)
(www.webofknowledge.com/WOS), which includes the world’s leading scholarly journals,
books, and proceedings in the sciences, social sciences, and arts and humanities. WoS includes
the Science Citation Index Expanded (SCIE), SSC, the Arts & Humanities Citation Index (A&HCI),
Ei Compendex, MEDLINE and other core journals. Although the search results of different core
databases are different, WoS has become the preferred database because of its many
advantages. For example, a) the citations of all publications can be searched and obtained, b)
organizations related to the author of the article can be searched, and c) the citation report can
be created according to the search results. Moreover, most bibliometric tools support data
formats exported from WoS.

2.2 Search Strategy
It is necessary to select search keywords and check whether the search results are consistent
with the expected topics. Here, through searching with airborne microorganism in the subject
terms, a total of 1607 related articles are screened out. Subsequently, the year was selected as
the screening criteria, and 1087 articles were selected from the last ten years (2011–2020). To
avoid problems caused by the update of articles in the database, our search is fixed on July 13,
2020. Since WoS can export up to 500 records at a time, all the search results are exported in
three times.

2.3 Data Analysis
In the present study, many bibliometric indicators, such as the cooperation network between
different institutions and the co-occurrence network of keywords, were utilized to evaluate the
topic from different aspects. Several tools/software were adopted to perform bibliometric
analyses. For instance, CiteSpace (version 5.3.R4.8.31.2018; http://cluster.cis.drexel.edu/~cchen
/citespace/) was used for citation and co-citation analysis (Synnestvedt et al., 2005). Having
fantastic visualization styles and being capable of loading and exporting information from many
sources, VOSviewer (version 1.6.15; https://www.vosviewer.com/) was employed to construct
and visualize bibliometric networks. Moreover, to show the importance of the articles in the
database, two other concepts including average citations per item and h-index were introduced.
Average citations per item refers to the average number of articles cited in all search results. And
h-index means that h papers/journals have been cited at least h times.

3 RESULTS AND DISCUSSION
3.1 Co-citation Analysis
Co-citation reflects the relationship between two cited documents. In other words, when two
documents appear in the same article’s references at the same time, the two articles form a cocitation relationship. In this study, we analyzed 1087 articles on airborne microorganisms from
2011–2020. Using clustering, log likelihood ratio (LLR) algorithm and term frequency–inverse
document frequency (TFIDF) weighting technology, the network was divided into 11 co-citation
groups. The results were shown in Fig. 1. These clusters were marked by their citer index entries.
From large to small, these clusters are: beneficial microbe, potential pan microbiome, bioaerosol
science, urban area, fungal microbiota, wastewater treatment plant, airborne microbial aerosol,
modern practice, composting facilities—a review, airborne microbial biodiversity, and acidic
electrolyzed water. Among them, the most cited article was about Beijing smog incident, namely
“Inhalable Microorganisms in Beijing’s PM2.5 and PM10 Pollutants during a Severe Smog Event”
(Cao et al., 2014). Obviously, this research on the particle-attached microorganism has attracted
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Fig. 1. Co-citation of literature. The top 11 clusters are clustered by CiteSpace software. The
selection criteria are: top 50 per slice, LRF = 2, LBY = 8, e = 2.0. These clusters are labeled by index
terms from their cities, and each cluster is represented by different colors.
widespread attention. At the beginning of 2020, a large-scale outbreak of the new coronavirus
disease 2019 caused by SARS-CoV-2 virus has attracted worldwide attention since its discovery.
The virus can attach to aerosols and atmospheric particles, and spread rapidly from person to
person through respiratory tract (del Rio and Malani, 2020). The topic of the second most cited
article is about the difference between land use types and the community structure of air
microbes in the air near the surface (Bowers et al., 2011). The subject of the third most cited
document is about atmospheric aerosol particles, in which the main components of biological
aerosols (including viruses, bacteria, fungi, and algae) were examined in detail (Després et al.,
2012). So, in recent years, the research hotspots in air microorganisms mainly focus on particleattached microorganisms, the community structure of urban air microbes, and biological aerosols.

3.2 Co-occurrence Network of Keyword
Generally, keywords highlight the core content of a paper, through which we can understand
the theme and search engines can find relevant papers easily. By considering the co-occurrence
of keywords in several papers, the relationship between the subjects represented by the
literature collection can be disclosed (Lozano et al., 2019). Here, to facilitate analysis, the
parameters were set as follows: The counting method is “Full counting,” the standardized
method adopts “Association strength,” and the minimum number of occurrences of a keyword
is 20. Among 4839 keywords in the 1087 articles, 87 keywords meet the screening threshold,
which were further divided into 5 clusters in the network through calculating the co-occurrence
link strength between a group of keywords and other groups of keywords. The co-occurrence
network of keywords was depicted in Fig. 2. Among them, the keywords microorganism,
bioaerosol, and bacterium are the top three keywords, and the frequency of co-occurrence is
387, 249 and 234 respectively. It indicated that bioaerosol is a hotspot and current trend in the
field of air microbiology, and the most studied species of airborne microorganisms are bacteria.
It should be noted that the minimum COVID-19 can be 40 nm and the average size is 100 nm; it
reaches the level of nanoaerosol (Leung and Sun, 2020).
This indicates that COVID-19 is a component of bioaerosol. In addition, air quality, indoor air
quality, health, prevalency, infection also appear in the first few keywords, and viruses can also
be adsorbed on particles and aerosols, affecting air quality and human health. Compared with
bacteria, fungi and aerosols, the frequency of virus occurrence is relatively less, which indicates
that the virus has not attracted widespread attention in the past period of time. The bacteria,
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(a)

(b)

Fig. 2. Co-occurrence network of keywords. (a) 5 clusters are obtained by clustering keywords by using VOSviewer software. The
timeline is displayed in the lower right corner. Each circle represents a keyword, and the size of the circle represents the
co-occurrence frequency of the keywords obtained by clustering. The color of the line indicates the year, and the shorter the
line, the higher the frequency of the two keywords connected. (b) The keyword co-occurrence graph of 500 newly published
articles is divided into 9 clusters and 62 items.
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fungi and viruses in PM2.5 and PM10 were identified. 48 bacteria, 2 fungi and 4 viruses were found.
Among these microorganisms, several can cause allergic and respiratory symptoms, such as
Streptococcus pneumoniae, Aspergillus fumigatus, and human adenovirus C (Cao et al., 2014).
The results are consistent with the previous studies (Froehlich-Nowoisky et al., 2016). Perhaps,
because the pathogenic bacteria in the aerosol can cause many human diseases (such as allergies
and respiratory tract especially for specific occupations) (Kim et al., 2018), the topic of bioaerosol
has attracted such high attention. Interestingly, the dominant time scale for publishing articles
on this type of topic mainly ranged from 2015 to May 2016. This might result from that there
were more air pollution incidents around the world during this period. It has aroused people’s
extensive concern.
The co-occurrence analysis of COVID-19 was carried out with 500 articles published recently.
The results are shown in Fig. 2(b). Besides COVID-19, pandemic and coronavirus, the co-occurrence
frequency of anxiety, depression and stress was high. This shows that in addition to the epidemic
itself, researchers also pay attention to the psychological health impact of COVID-19 (Duan et al.,
2020; Van Rheenen et al., 2020), especially the mental health problems of teenagers (Duan et al.,
2020; Gribble et al., 2020).

3.3 Analysis on Major Countries and Institutions
Each country and institution may have different research focus. To identify the similarities and
differences among the countries and institutions in the field of air microbes, the countries and
institutions in the literature are clustered according to the number of citations and displayed by
thermal map (Figs. 3(a) and 3(b)). A total of 81 countries have participated in the investigation of
airborne microorganisms. When the minimum number of documents of a country is set as 5,
42 countries meet the criteria. With 212 articles and 5031 citations, the USA is the dominant
country in this field with 195 papers published and 2536 citations; China ranked second. And
France took the third position with 77 papers and 1179 citations. Notably, the number of published
articles and citations of the top three cited countries far exceeds that of other countries. This
indicates that the USA, China and France are more concerned about airborne microbes and
maybe in the leading position in this issue. Moreover, in the dataset of this study, a total of
1392 institutions participated in the research field. According to the number of citations, the first
name is Colorado State University, with 14 papers and 857 citations. The second is Peking
University, from which the number of published articles is 26 and the number of citations is 709;
the third is Seoul National University, with 18 articles and 289 citations. Besides, the number of
papers published by Colorado State University is small, but the citation frequency is high. It implies
that the quality of articles in Colorado State University is relatively high, or the points of the articles
are more interesting. According to the comprehensive ranking of the total connection strength
between each institution and other institutions, Chinese Academy of Sciences, University of the
Chinese Academy of Sciences, and Peking University occupied the top three leading institutions.
This demonstrated that these institutions have carried out extensive scientific cooperation.

3.4 Analysis on Cooperation Network of Different Countries and Institutions
To further examine the cooperation among countries and institutions, the cooperation
network was constructed according to the data in the literature collection and shown in Figs. 4(a)
and 4(b). The results suggested that China and the USA are more active, not only in the number
of citations or cooperative relations but also in the forefront of research. The focus of research
mainly includes South Africa, natural source, breeding farm, case-control study, and silvermodified TiO2. As shown in Fig. 4(b), the top three active institutions are Chinese Academy of
Sciences, Peking University and University of the Chinese Academy of Sciences, and the focus of
these institutions harbors precipitation, bioaerosols, airborne microorganisms, Asian dust, and
metadata. Moreover, there is relatively more cooperation among countries from 2011 to 2016,
and mainly focus on precipitation, biological aerosols, airborne microorganisms, Asian dust,
metadata, and microbial communities. The above results indicated that on the topic related to
airborne microbes, the cooperative relationship between the state and the institution was closer
during 2011–2016. But on the whole, the cooperation relationship across countries and
institutions is deficient. Given that environmental problems are not the responsibility of a single
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(a)

(b)

Fig. 3. Heat maps of leading (a) countries and (b) institutions. By using the VOSviewer software, the leading countries and
institutions in the field of air microorganisms are obtained by sorting the institutions and countries according to the cited amount.
As displayed by thermography, the number of citations is depicted as color from blue to red. And the redder the color is, the
more dominant it is in this field.
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(a)

(b)

Fig. 4. Network of cooperation among different institutions and countries. The collaboration networks were constructed
according to the authors’ (a) countries and (b) institutions. The right side represents the cluster label. The larger the node circle,
the more countries or institutions in the cluster.
country, this provides us a hint that environmental research and improvement require more
collaboration and joint efforts.

3.5 Analysis on Source Journals
To investigate the activity of journals in the field, source journals of the literature were
analyzed. When the minimum number of citations is set to 90, among the 9035 sources,
94 sources meet the threshold and were divided into 4 clusters. To make the graph more
intuitive, the max lines was set to 500. The network of source journals is shown in Fig. 5. Based
on the analysis of the source journals, Applied and Environmental Microbiology (Appl. Environ.
Microbiol.) ranked first with 2423 citations, followed by Atmospheric Environment (Atmos.
Environ.) and Science of the Total Environment (Sci. Total Environ.). The results suggested that
the quality of articles in these three journals is relatively high in the field of air microbiology.
Furthermore, Table 1 shows the top seven journals ranked according to the number of citations.
h-Index means that h articles in the journal have been cited for at least h times. It is a relatively
popular index to evaluate journals. It is more reliable than the average value because it is not
affected by the highest value. Obviously, these journals are very important for this research field.
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Fig. 5. Co-citation network. The node circles represent different journals. Different colors denote different clusters, and the
distance between lines indicates the co-citation intensity of journal pairs.
Table 1. Information of the seven most frequently cited journals.
Rank
1
2
3
4
5
6
7

Journal
Appl. Environ. Microbiol.
Atmos. Environ.
Sci. Total Environ.
J. Aerosol Sci.
Aerobiologia
Aerosol Sci. Technol.
PLOS ONE

h-index
293
211
205
98
43
95
268

Citations
2423
2145
1121
1137
1083
1010
760

Especially for the researchers who are new to airborne microorganisms, these journals are
undoubtedly more important references. In particular, Aerosol and Air Quality Research (AAQR),
which focuses on aerosols and air quality, has a citations of 268 and total connection strength of
11,065 about air microorganisms, which is in the upper middle position. The results show that
AAQR has a leading level in the field of air microorganism, which guides the research direction of
scholars.

4 CONCLUSIONS
4.1 Discussion of Results
1087 articles on airborne microorganisms published between 2011 and 2020 were selected
from the Web of Science Core Collection database and analyzed for their keywords, authors,
affiliated institutions, and countries of origin in order to identify hotspots and trends in research
during the last decade. First, the co-citation in these publications reveals 11 clusters, viz.,
potential pan microbiome, bioaerosol science, beneficial microbe, urban area, fungal microbiota,
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Fig. 6. The total number of papers published and the corresponding number of citations in the
last ten years. The annual number of articles published and the corresponding number of
citations in 1087 articles are summarized. The left label is the annual number of publications, and
the right label is the annual citation frequency.
wastewater treatment plant, airborne microbial aerosol, modern practice, composting facilities—
a review, airborne microbial biodiversity, and acidic electrolyzed water. Second, analysis of
keyword co-occurrence network in this field suggests that the recent hotspots in research have
been related to microorganism, bioaerosols, and bacterium, with the 500 newest articles also
indicating strong concern over psychological issues in children due to COVID-19. To successfully
cope with this virus, we must not only treat the physical symptoms and control the infection rate
but also address mental health and the effects of economic depression and severe, albeit brief,
lifestyle changes.
Applying the number of citations as a metric, the USA, followed by China, dominates the field
of air microbiology; the leading institutions are Colorado State University and Peking University,
which have contributed 14 and 26 articles, respectively; and the top three journals are Applied
and Environmental Microbiology (Appl. Environ. Microbiol.), Atmospheric Environment (Atmos.
Environ.), and Science of the Total Environment (Sci. Total Environ.). The annual publication
volume for the subject of airborne microorganisms shows an increasing trend during the study
period, peaking in 2019 with 49 articles (Fig. 6), and the number of citations has likewise steadily
grown. Thus, we anticipate that interest in this topic will continue to rise over the next few years.

4.2 Limitations
This study has several shortcomings. First of all, we chose the Web of Science Core Collection
as our sole data source, thereby excluding articles listed in other databases. Second, as the study
period was 2011–2020, the publications for this year (2020) are incomplete. Third, our analysis
uses the number of citations as a key indicator, but this number gradually increases as more
articles are published. These issues are difficult to avoid in bibliometrics; nevertheless, they
warrant better solutions in the future. Overall, our bibliometric analysis establishes the recent
research hotspots and topic trends in air microbiology, thereby offering potential clues for
related investigations.
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