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Abstract Air pollution in urban areas is one of the

main problems because of its effects on human health

and the environment. The levels of critical pollutants

such as ozone and airborne particles and their impacts

on human health have been widely studied, neglecting

the microbiological communities present in the air,

which alone or in combination with chemical contam-

inants can have detrimental effects on human health.

In this study, we employed a metagenomic approach

to characterise the bacterial and fungal communities,

using 16S rRNA and the internal transcribed spacer

region of the nuclear ribosomal RNA. The study took

place in Mexico City during the dry season, at days

with high levels of ozone and suspended particles

(March 14 to 18, 2016). We found a total of 147

bacterial genera, of which the most abundant ones

were Microbispora (9%), Paracoccus (6%), Ex-

iguobacterium (6%), Kocuria (3.0%), Friedmanniella

(3%), Rubellimicrobium (2%), Sphingomonas (2%)

and Methylobacterium (2%). We also found a total of

211 fungal genera, mainly Cladosporium (26%),

Phoma (15%), Aureobasidium (11%) and Cryptococ-

cus (3%). Some bacterial and fungal genera reported

in this study have been reported as a cause of allergic,

respiratory or infectious diseases. Our findings may

serve as a reference for further monitoring of

pathogens present in the air during periods with high

levels of ozone and airborne particles, studying their

distribution patterns and evaluating the possible

combined effects of those particles and pollutants as

a risk factor for the health of the general population.
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1 Introduction

According to the World Health Organization (WHO

2019), about 7 million premature deaths each year can

be attributed to outdoor and household air pollution.

Mexico City is one of the most densely populated

cities in the world, with 8,985,339 inhabitants occu-

pying an area of 1495 km2 (INEGI 2015). Several

pollutants emitted by the large urban agglomeration

alter the air quality in the city and in the metropolitan

area.

Primarily during the dry season, certain physio-

graphic and meteorological conditions trigger the

accumulation, transformation and dispersion of pol-

lutants in the atmosphere (SEDEMA 2016). The dry

season occurs due to the dominance of the westerly

winds, which are generally dry in the mountains and

rarely cause rain. This season includes two periods:

one from November to February, when the tempera-

ture drops directly towards the minimum, and one

from March to April, when the temperature increases

until reaching its maximum in April and May.

In 2016, air pollution in Mexico City and surround-

ing areas increased due to weather conditions on a

global and regional scale. In the southern region of

Mexico City, on March 14, the levels of O3 reached

150 ppb at 15 h (Fig. 1), exceeding the permissible

limits (WHO 2005). On the other hand, the concen-

tration of particles smaller than 10 lm (PM10)

reached 103 lg/m3 of air in a maximum of 24 h and

with an annual average of 44.3 lg/m3 (SEDEMA

2016). In the southern zone of Mexico City, on March

14, the maximum concentrations of PM10 were

reached at 11 and 12 h with 95 and 40 lg/m3,

respectively (Fig. 1).

Previous studies investigating the presence of

particles in Mexico City air have shown that these

particles are probably the leading environmental risk

factor for mortality in Mexico (Amador-Muñoz et al.

2013; Chirino et al. 2015; Rosales-Castillo et al.

2001). Furthermore, chemical pollutants and bioaer-

osols (particles of biological origin) can form airborne

agglomerates. The impact on public health is high

since particles of various sizes reach various regions of

the respiratory tract; the larger particles ([ 2.5 mm)

are deposited in the upper respiratory tract, while the

smallest particles reach the trachea and alveoli (Rio-

jas-Rodrı́guez et al. 2014).

Some studies have evaluated the chemical compo-

sition of the airborne compounds of Mexico City,

identifying several polycyclic aromatic hydrocarbons

(PAHs) and metals, among other compounds (Chirino

et al. 2015; Manzano-León et al. 2013). Likewise,
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various studies have determined the mutagenic activ-

ity of soluble organic matter, as well as the elemental

composition and the solubility of oligo-elements

associated with airborne particles (Mugica-Álvarez

et al. 2012; Villalobos-Pietrini et al. 1995, 2006). The

mutagenicity and PAH associated with the organic

matter of airborne PM10 particles from Mexico City

have also been evaluated (Villalobos-Pietrini et al.

2011). However, there is a lack of information on the

composition of the atmospheric bioaerosols of the City

of Mexico, both of microorganisms and their deriva-

tives (endotoxin, mycotoxins), mainly in the cold dry

season (January to March), when the levels of air

pollutants are high (Chirino et al. 2015; Calderón-

Ezquerro et al. 2016; Garcı́a-Mena et al. 2016;

Serrano-Silva and Calderón-Ezquerro 2018).

There is even less information on the possible

health effects of the association of complex mixtures

of chemical and biological pollutants suspended in the

air on the inhabitants of urban areas.

The worldwide prevalence of chemical and biolog-

ical pollutants is associated with human diseases such

as pneumonia, influenza, measles, asthma, gastroin-

testinal disorders, infectious diseases, acute toxic

effects, allergies and cancer (Kim et al. 2016; Srikanth

et al. 2008). Therefore, it is essential to evaluate and

determine the type of atmospheric bioaerosols to

which the population is exposed.

The metagenomic approach allows the detection of

airborne microorganisms with greater depth and

breadth and without the bias represented by the use

of specific culture media. With this technique, it is

possible to determine a great diversity of microbial

communities in the air and to focus on pathogenic and

infectious microbial agents (Serrano-Silva and Cal-

derón-Ezquerro 2018; Behzad et al. 2015; Cao et al.

2014).

Therefore, this study aimed to determine the

composition of the aerosolised microbial community

during the dry season, when high concentrations of

ozone and airborne particles are present. Our findings

allow us to understand the role of air quality in the

composition of bioaerosols, the interactions between

microbiological agents and chemical contaminants,

and how this association could be a risk factor to the

health of the population.

2 Materials and methods

2.1 Sampling area

The sampling site was located on the rooftop (15 m) of

the ‘‘Centro de Ciencias de la Atmósfera’’ building

(19�1903500 N, 99�1003400 W) at the Universidad

Nacional Autónoma de México (UNAM) in Mexico

City. The monitoring site is one of seven air quality

stations of the Mexican Aerobiology Network

(REMA). Sampling occurred fromMarch 14 to March

18, 2016, during a severe period of atmospheric

pollution by ozone and PM10 in Mexico City.

Fig. 1 Monthly variation

of ozone, PM10 and PM2.5

concentrations in the

southern area of Mexico

City. The x-axis represents

the days and the y-axis the

concentrations in ppb and

lg/m3
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2.2 Sample collection

Three different samplers were used: a total suspended

particles (TSP) sampler (Graseby Andersen), a volu-

metric Hirst-type spore trap (HST) (Burkard Manu-

facturing Co Ltd, Rickmansworth, UK) and a high-

throughput ‘‘Jet’’ spore and particle sampler (Jet

sampler) (Burkard Manufacturing Co Ltd, Rick-

mansworth, UK). All samplers were continuously

and simultaneously operated during the 5 days of

sampling. The conditions for the performance of each

sampler are described below.

2.3 Total suspended particles (TSP) sampler

The TSP sampler operated with an airflow of 1.13 m3/

min, using a sterile nitrocellulose filter previously

exposed to ultraviolet light (UV) for 20 min. After

particle collection, the filter was carefully carried to

the Atmospheric Bioaerosols Laboratory (ABL) in a

sterile plastic box and was handled under sterile

conditions inside a UV light laminar flow hood

previously cleaned with ethanol (70%). The particles

were removed from the filter with a sterile scalpel by

swabbing, weighed and deposited in a sterile glass jar.

2.4 Hirst-type spore trap (HST)

The HST sampler operated with an airflow of 10 L/min

and by impaction of bioaerosols onto cellophane tape

(Melinex DuPont�, USA), which was adhered over

the surface of the drum and covered with a thin layer of

a mixture of petroleum jelly and hexane (1:5)

(Calderón-Ezquerro et al. 2016). After sampling, the

drum was carried to the laboratory and handled under

sterile conditions inside a UV light laminar flow hood

previously cleaned with ethanol (70%). The Melinex

tape was removed and cut into pieces of 4.8 9 1.9 cm

(each one corresponding to 1 day of sampling). The

pieces were placed in 2.0-mL screw-capped tubes

containing 0.2 g acid-washed, sterile Ballotini beads.

2.5 High-throughput ‘‘Jet’’ sampler (Jet sampler)

The Jet sampler was operated as described by Serrano-

Silva and Calderón-Ezquerro (2018), with an air

volume of 600 L/min. Prior to assembly, each part of

the equipment was washed and sprayed with

benzalkonium chloride (0.1%). The Eppendorf tube

and plastic funnel were also sterilised in an autoclave.

Negative controls were included for each sampler.

For the TSP sampler, a sterile nitrocellulose filter was

placed in the sampler 2 h prior to the operation of the

equipment. For the HST, a drum was placed inside the

sampler with the vacuum pumps turned off for 2 h, and

for the Jet sampler, the Eppendorf tube used for dust

collection was placed inside the sampler with the

vacuum pumps turned off for 2 h.

Immediately after the sampling period, the bioaer-

osol samples collected by each sampler and the

negative controls were preserved at - 80 �C until

the extraction of metagenomic DNA.

2.6 Extraction, purification and quality of DNA

The samples collected with the TSP and Jet samplers

were processed under a laminar flow hood sterilised

with UV light and benzalkonium chloride (0.1%). The

DNA was extracted following the method described

by Serrano-Silva and Calderón-Ezquerro (2018). The

particles collected were placed in 2.0-mL screw-

capped tubes containing 0.2 g of acid-washed, sterile

Ballotini beads and 200 lL of sterilised extraction

buffer. Subsequently, 4 lL of proteinase K (20 mg/

lL) (Thermo Fisher Scientific, Inc) was added and

mixed by vortexing. The samples were processed in a

FastPrep� (Thermo Electron, Corp) for two periods of

40 s at 4 m/s, with cooling on ice between each cycle.

After this, 4 lL of RNase A (100 mg/lL) (Thermo

Fisher Scientific, Inc) was added and mixed thor-

oughly by vortexing, followed by incubation at 65 �C
for 15 min with occasional vortexing. Subsequently,

200 lL of phenol/chloroform/isoamyl alcohol

(25:24:1) (Thermo Fisher Scientific, Inc) was added,

and the samples were centrifuged for 15 min at

20,0009g. The aqueous phase (150 lL) was set in a

new Eppendorf tube and purified with 270 lL of

Agencourt AMPure� XP beads (Beckman Coulter,

Inc) according to the manufacturer�s instructions. The

DNA was eluted in 50 lL of DNase-free water.

Lysis of the samples collected with the HST was

done as described before, but with the addition of 150

lL of phenol: chloroform: isoamyl alcohol (25:24:1)

to remove proteins and cellular debris. Subsequently,

100 lL of the aqueous phase were set in a new

Eppendorf tube. The DNA was obtained and purified

with 180 lL of Agencourt AMPure� XP beads
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(Beckman Coulter, Inc) according to the manufac-

turer�s instructions and eluted in 15 lL of DNase-free

water (Serrano-Silva and Calderón-Ezquerro (2018)).

The DNA extraction of the negative controls was

carried out using nitrocellulose filters (TSP sampler),

cellophane tap-Melinex (HST sampler) and Eppendorf

tubes (Jet sampler). No PCR products were obtained

from the negative controls.

Three DNA samples were obtained for this study

(one by each sampler); DNA purification and quan-

tification were performed in a NanoDrop Lite Spec-

trophotometer (Thermo Scientific) and via Qubit

fluorometric quantitation (Thermo Fisher Scientific),

measuring the absorbance ratio at 260 and 280 nm.

The DNA was verified by electrophoresis in agarose

gel (1%) and stored at - 80 �C until subsequent

analysis.

2.7 DNA amplification, library preparation

and sequencing

The DNA extracted from the airborne samples was

amplified using the Nextera XT DNA Library Prepa-

ration Kit (Illumina, Inc). Adapter sequences for

compatibility with the Illumina index were appended

to the primer pair to amplify the variable regions V3

and V4 of the bacterial 16S rRNA gene and the fungal

ITS2 region. Partial 16S and ITS regions were

amplified by polymerase chain reactions (PCRs) with

12.5 ng DNA and primers 341F/805R and

ITS3_KY02/ITS4, respectively (Table 1). The ampli-

fied regions were purified using Ampure XP beads

(Beckman Coulter). In a second PCR reaction, dual-

index barcodes were added to the amplicons to be

sequenced after a second PCR clean up with Ampure

XP beads (Beckman Coulter). The prepared libraries

were sequenced in an Illumina MiSeq system (Illu-

mina Inc). The detailed protocol for library prepara-

tion and sequencing can be revised in the

manufacturer’s instruction manual available on

https://support.illumina.com/documents/

documentation/chemistry_documentation/16s/16s-

metagenomic-library-prep-guide-15044223-b.pdf.

2.8 Bioinformatic analysis

Reads with Phred scores lower than Q30 in the outer

sections were discarded using Trimmomatic PE (Bol-

ger et al. 2014). A Qiime v. 1.9 metagenomic pipeline

was used to analyse 16S and ITS sequences to

taxonomic units for bacteria and fungi, respectively.

Operational taxonomic unit (OTU) assignment was

done via the open reference approach with USEARCH

v. 6.1 clustering at 99% identity for bacteria and fungi

(Edgar et al. 2010). The minimum OTU size was 10

sequences for bacterial assignment and four sequences

for fungi. The representative phylogenetic OTUs

(phylotypes) were assigned using the UCLUST con-

sensus taxonomy assigner. The Greengenes v. 13.8

database was used for bacteria and a combined UNITE

v. 7.0 plus the Findley data set for fungi. Chimeric

sequences were removed, given the percent similarity

to the reference database (\ 80%), either using

Greengenes or UNITE ? Findley. Microbial diversity

was determined by calculating the Shannon and

Simpson indices, Chao1 and observed species from

rarefaction curves. The relative abundances and

microbial diversity of bacteria and fungi obtained of

the three libraries from the different sampling devices

were integrated into a single analysis to construct

rarefaction curves and Krona graphics.

Table 1 Primers used in the amplification of 16S rRNA region of bacteria and ITS2 region of fungi

Name Primer sequence (50 to 30) Alignment temperature (�C) References

341F CCTACGGGNGGCWGCAG 55 Herlemann et al. (2011)

805R GACTACHVGGGTATCTAATCC Herlemann et al. (2011)

ITS3_KYO2 GATGAAGAACGYAGYRAA 52 White et al. (1990)

ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)
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3 Results

3.1 Sequencing data

The DNA concentration and purity obtained from the

samples were suitable for the sequencing process (on

average, 89.7 ng/lL and an absorbance ratio A260/

280 = 1.65). A total of 734,910 reads (raw sequences)

were obtained from the sequenced samples, of which

53% were valid after quality filtering and removal of

chimeras (post-QC sequences) for subsequent analysis

(Table 2). The retrieved sequences were clustered

based on 99% (for bacteria) and 97% (for fungi)

sequence identity, resulting in 993 bacterial OTUs and

1413 fungal OTUs (Table 2). A high number of

bacterial and fungi genera could not be assigned to

known genera (Table 2).

3.2 Nucleotide sequence accession number

All relevant data are available in the NCBI Sequence

Read Archive (SRA) under accession number

SRX5279113.

3.3 Airborne bacteria

According to the rarefaction curves and diversity

indices, the bacterial diversity during the study was

adequately characterised (Fig. 2), with a specific

diversity of Chao1 = 979, Shannon index = 8.47 and

Simpson index = 0.99.

Overall, 14 phyla represented the airborne bacterial

community during the evaluated period (March 2016)

in Mexico City. The most abundant bacterial phyla

were Actinobacteria (38%), Proteobacteria (38%) and

Firmicutes (15%). Bacteroidetes (3%), Cyanobacteria

(3%), Chloroflexi (1%) and Thermi (1%) were also

identified (Fig. 3; Fig. S1 Supplementary material).

Planctomycetes, Acidobacteria, Armatimonadetes,

FBP (a bacterial lineage that is known only by

molecular sequence data from environmental surveys)

and Gemmatimonadetes were present in low propor-

tions (\ 1.0%), as well as Fusobacteria and TM7 (a

bacterial lineage that is known only by molecular

sequence data from environmental surveys).

Based on analysis at the genus level, a high number

of sequences (37.2%) could not be assigned.We found

a total of 147 bacterial genera (Table 2); the dominant

genera were Microbispora (9%), Paracoccus (6%),

Exiguobacterium (6%), Kocuria (3.0%), Friedman-

niella (3%), Rubellimicrobium (2%), Sphingomonas

(2%) and Methylobacterium (2%) (Table S1). How-

ever, Skermanella, Planomicrobium, Acinetobacter,

Kaistobacter, Hymenobacter, Corynebacterium,

Deinococcus and Modestobacter were present in

proportions from 1.0 to 2.0%. Other genera, such as

Alkanindiges, Leuconostoc, Enterococcus, Gordonia,

Lautropia, Ruminococcus, Faecalibacterium, Bac-

teroides, Prevotella, Flavobacterium, Bifidobac-

terium, Comamonas, Collinsella, Sarcina,

Arcobacter, Propionibacterium, Fusobacterium and

Eubacterium, were also present with relative abun-

dance values\ 0.1% (Table S1).

Around 30% of unique bacterial genera found in

this study were pathogens; those with proportions

higher than 0.1% are shown in Table S2.

3.4 Airborne fungi

Fungal diversity during the period studied was reliably

characterised as the rarefaction curve became nearly

asymptotic (Fig. 4), with a specific diversity of

Chao1 = 1776, Shannon index = 6.75 and Simpson

index = 0.95. Based on the analysis, we found a total

of 211 fungal genera (Table 2); the dominant fungal

genera belonged to the divisions Ascomycota (81%)

and Basidiomycota (8%), with 10% unclassified fungi

(Fig. 5; Fig. S2 Supplementary material). Among the

Ascomycota, the most abundant genera were Cla-

dosporium (26%), Phoma (15%) and Aureobasidium

(11%) (Fig. 5). Other genera, such as Penicillium,

Aspergillus, Fusarium and Alternaria, were also

identified, albeit with a relative abundance B 1%

(Table S3). On the other hand, the most abundant

Table 2 Descriptive characteristics of the metagenomic

analysis (16S and ITS clone libraries)

Characteristic 16S ITS

Raw sequences 734,910

Post-QC sequences 389,086

Total assigned OTUs 993 1413

Unclassified OTUs at genus level 418 657

Classified OTUs at genus level 575 756

Unique genera 147 211

OTUs with minimal size representatives 73 202
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Basidiomycota was Cryptococcus (3%), and other

genera, such as Ustilago, Heterobasidion, Hyphodon-

tia and Peniophora with a relative abundance B 1%,

as well as Zygomycota, were also identified (Rhizopus

and Mucor) (Table S3). The main aller-

genic/pathogenic fungal genera found during this

study are shown in Table S4.

4 Discussion

The airborne microbiota is involved in the function

and diversity of ecosystems, either aquatic, terrestrial

or directly linked to human, animal and plant health

through dispersion in the atmosphere (Polymenakou

2012). Bioaerosols can be transported in the air either

individually, in aggregates or attached to particles,

exposing the inhabitants to the inhalation of viruses,

bacteria, fungi and their spores, lichen fragments,

protists, spores and fragments of plants, pollen, small

seeds and invertebrates, as well as their fragments

(Lacey and West 2006).

The chemical composition of gasses and particulate

matter in the air has been extensively studied (Shen

et al. 2011; Valavanidis et al. 2008). However, few

studies have investigated the microbial community

composition and its role in the atmosphere, as well as

its potential impact on ecosystems and human health

(Behzad et al. 2015). There are even less studies that

have evaluated the structure and composition of the

communities of airborne microorganisms on days with

poor air quality (but see Cao et al. 2014; Du et al.

2018).

The atmosphere of Mexico City contains a complex

mixture of solid and liquid aerosols of organic and

inorganic substances that constitute the PM suspended

in the air, comprising TSP, B PM10 and B PM2.5,

which can penetrate and lodge in the lungs or cross the

pulmonary barrier and enter the blood system (WHO

2003). Such PM and bioaerosols could participate in

the development, exacerbation and spread of infec-

tious and non-infectious diseases. Atmospheric

bioaerosols may be responsible for transmitting

human diseases such as staphylococcal and strepto-

coccal respiratory infections, pneumococcal pneumo-

nia, influenza, tuberculosis, anthrax, aspergillosis,

nocardiosis, histoplasmosis, sporotrichosis, crypto-

coccosis, coccidioidomycosis, among many others.

Fig. 2 Rarefaction curve of the observed taxonomic units (OTU) of bacterial species during the dry season (March 2016) in Mexico

City
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Other airborne biological particles are toxins or

proteins with an allergenic potential (Yan et al.

2016; Calderón-Ezquerro et al. 2018; Humbal et al.

2018; Oh et al. 2014), as well as pollen grains and

fungal spores, which can cause allergies or asthma

(Babich and Lightart 1974).

Airborne bacteria are one of the main components

of atmospheric bioaerosols (Gangamma 2014) and are

also contained in PM (Jaenicke 2005), affecting the

upper and lower respiratory tracts through immuno-

logical reactions or by causing infections. In addition

to the diseases caused by most of the bacteria found in

this study (Table S2), there are endotoxins and

peptidoglycans (components of the cell walls of

Gram-negative and Gram-positive bacteria, respec-

tively), which are pro-inflammatory agents that can

induce respiratory symptoms such as fever, headache,

cough and respiratory distress (Douwes et al. 2003;

Fröhlich-Nowoisky et al. 2016; Bauer et al. 2012; Earl

et al. 2015).

In the present study, the most abundant airborne

bacterial phyla were Gram-negative proteobacteria

(38.2%), Gram-positive actinobacteria (38.3%) and

firmicutes (14.6%). Some studies have suggested that

endotoxins and peptidoglycans in airborne bacteria

contribute significantly to the proinflammatory

response (Brook et al. 2010; Seaton et al. 1999; Monn

and Becker 1999; Ning et al. 2000; Rosales-Castillo

et al. 2001).

Furthermore, several studies based on experimental

and epidemiological data have shown that environ-

mental exposure to bacterial endotoxins, particulate

air pollution and ozone has the potential to induce

neutrophilic airway inflammation, airway obstruction

and symptoms of asthma by non-allergic mechanisms

(Douwes et al. 2003; Bauer et al. 2012). These findings

Fig. 3 Taxonomic distribution of airborne bacteria in Mexico City collected during the dry season (March 2016) in Mexico City
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indicate the high health risk to which the inhabitants of

polluted urban areas, such as Mexico City, are

exposed, mainly on days of high pollution when the

airborne bacterial and fungal communities form

conglomerates of particles of the atmosphere (Ser-

rano-Silva and Calderón-Ezquerro 2018).

On the other hand, even though fungi represent one

of the largest groups of eukaryotic organisms (Hawks-

worth and Lücking 2017), studies on airborne fungi

identification with a metagenomic approach during

pollution events in urban spaces are scarce (Behzad

et al. 2015; Cao et al. 2014; Yan et al. 2016).

Metagenomics has shown many advantages because it

does not require culture-dependent methods. How-

ever, there are still obstacles in the analysis because of

the low representativeness of fungi in the primary

metagenomics databases. The nuclear ribosomal

internal transcribed spacer (ITS) region has been

widely used as a DNAmetabarcode to characterise the

diversity and composition of fungal communities

(Blaalid et al. 2013). However, the resolution at level

species in several groups is limited, but it is a first step

in the characterisation.

The results of this study provide new findings of

what is present in outdoor air and allow us to deepen

our knowledge of infection sources and pathogens that

can affect human health.

In this study, 10% of the total sequences were

assigned as ‘‘unclassified fungi’’ (Fig. 5), which may

be due to the available taxa in the databases (UNITE

and Findley) (Nilsson et al. 2009). Fungal genera

frequently identified in outdoor airborne environ-

ments, such as Cladosporium, Phoma, Aureobasid-

ium, Aspergillus and Penicillium (Rosas et al. 1998),

were also identified here.

These fungi are allergens and can trigger or

exacerbate allergic diseases, such as allergic rhinitis,

asthma and allergic conjunctivitis, and can cause

infectious diseases and respiratory pathologies (Zukie-

wicz-Sobczak 2013).

It is worth mentioning that the genus Cryptococcus

has not previously been reported in urban spaces in

Mexico City. In this study, Cryptococcus was identi-

fied, albeit at low levels (3%). However, it is necessary

to carry out studies with specific molecular tools and

specific sampling methods to determine the presence,

quantity and viability of Cryptococcus human-patho-

gen species (C. neoformans and C. gattii). This stands

out because human cryptococcosis has become recog-

nised as a significant health threat with the emergence

Fig. 4 Rarefaction curve of the observed taxonomic units (OTU) of fungal species during the dry season (March 2016) in Mexico City
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of AIDS (May et al. 2015), organ transplantation and

cancer chemotherapy. It is essential to mention that

this genus has 356 records according to de Index

Fungorum and that most of the species are

phytopathogens.

This study revealed, via the Shannon, Simpson and

Chao1 indices, a great richness of species, as well as

the presence of ‘‘uncommon’’ or low-abundance

species in the Mexico City atmosphere, compared to

those species reported in previous studies using

traditional culture techniques and biochemical tests

(Santos-Burgoa et al. 1994; Rosas et al.

1996, 1997,1998; Calderon et al. 1997).

It is essential to consider that both bacterial and

fungal composition and abundance in the air can vary.

The microbial community composition can be influ-

enced by sampling methods, anthropogenic activity

and environmental conditions, mainly on days with

high contamination levels.

4.1 Bioaerosols, chemical pollutants and health

effects

According to theWHO (2005), ozone (O3), particulate

matter (PM), nitrogen dioxide (NO2) and sulphur

dioxide (SO2) are the primary outdoor air pollutants

linked to harmful health effects (https://www.who.int/

air-pollution/news-and-events/how-air-pollution-is-

destroying-our-health).

The microbial community identified in bioaerosols

in this study was associated with PM, which coincides

with what has been reported in air quality studies

conducted in Europe (Baldacci et al. 2015; Guerreiro

et al. 2013), Bejing, China (Cao et al. 2014) and in

previous studies carried out in Mexico City (Serrano-

Silva and Calderón-Ezquerro 2018). The studies

performed in Mexico City reported that higher levels

of outdoor pollen or fungi were associated with higher

rates of hospital asthma admissions (Calderón-Ez-

querro et al. 2018; Rosas et al. 1998).

Fig. 5 Taxonomic distribution of airborne fungi in Mexico City collected during the dry season (March 2016) in Mexico City
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Exposure to low levels of ozone, diesel and other

chemical air pollutants causes a synergistic reaction

with airborne pollen and fungi, resulting in a signif-

icant decrease in lung function compared to that

caused by exposure to chemical contaminants, pollen

grains or fungal spores alone (Molfino et al. 1991;

Janssen et al. 2003). Therefore, the risk to health

increases mainly on days with high air pollution,

which, in Mexico City, frequently happens during the

dry season. The population most vulnerable to high O3

levels are mainly children, older adults, outdoor

workers and individuals with asthma.

The microbiota involved in air pollution can be

both a source of gaseous pollutants and a sink for

pollutants. Likewise, the airborne microbiota can be

considered a pollutant if it is involved in the spread of

infectious and allergic diseases or can transform

pollutants into more or less toxic forms.

Chemical contaminants in the air can be toxic,

inhibitors or stimulants for microorganisms and can

influence their reproductive potential, alter their

morphology and produce other effects (Babich and

Lightart 1974).

5 Conclusions

Aerobiological characterisation during the dry season,

with high levels of ozone and particles, allows to

deepen the recognition of the microbial composition

of the air and to determine the risk to which the

inhabitants are exposed. This combination can poten-

tiate the hazard for the health of the inhabitants,

mainly the most vulnerable ones such as children and

the elderly.

Further studies are necessary to expand our knowl-

edge on the variation in time of the composition of

bioaerosols and the interaction between bioaerosols

and chemical pollutants, as well as their effects on

health, in particular with high levels of air pollution.

For this purpose, long-term monitoring should be

established.
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