


Seven-days samples (100 m3) were obtained, although only half of each
tape (50 m3) was employed for NGS analyses. After sampling, the pet-
roleum jelly with the adhered particles was recovered in a biosafety
cabinet and the DNA extracted with PowerSoil DNA isolation kit
(Qiagen, USA) following the manufacturer's instructions. Partial 16S
rRNA gene (regions V3-V4) of bacteria was high-throughput sequenced
using an Illumina MiSeq platform (2 × 300 reads) at “Parque Científico
de Madrid” (Madrid, Spain). NGS results detected the presence of DNA
from Legionella in 12 samples, which were employed in this work.

2.2. Bacterial strains

Controls for PCR analyses were performed with DNA extracted from
Escherichia coli CECT, 516 (Spanish Type Culture Collection), or
genomic DNA from Legionella pneumophila DMSZ, 7513 (German
Collection of Microorganisms and Cell Cultures), and Legionella jordanis
NCTC, 11533 (National Collection of Type Cultures, England, UK).

2.3. Primers

Three sets of primer pairs were used. The first one (5F, 5′-TGGAG
ATTTGATCCTGGCTCAG-3′ and 907R, 5′-CCGTCAATTCCTTTGAG
TTT-3′) designed by Lane (1991) was used to amplify a partial region of
the 16S rRNA gene (~900 bp). The second pair of primers (“LEG”) was
employed to obtain a specific region of 437 bp from the partial se-
quence of 16S rRNA gene from Legionella. They were previously de-
signed by Yamamoto et al. (1993) and later modified by Miyamoto
et al. (1997) resulting in the corresponding sequences: LEG 448 (
5′-GAGGGTTGATAGGTTAAGAGC-3′) and LEG 858 (5′-GTCAACTTAT
CGCGTTTGCT-3′). Finally, the third pair of oligonucleotides (“VR”)
targets the V3 and V5 hypervariable regions of the bacterial 16S rRNA
gene to specifically detect L. pneumophila. The primer VR3 was selected
from a previous work of Jonas et al. (1995) and based on this reference,
we designed the VR5 primer de novo by performing a comparative
alignment of the V5 region from L. pneumophila (strain Philadelphia 1
sequence; GenBank accession no. NC_002942.5) with other Gram-ne-
gative bacteria: Legionella jordanis (NR_119018.1), Serratia marcescens
(MF092859.1), Serratia nematodiphila (MF445120.1), Escherichia coli
(J01859.1), Enterobacter sp. (MF442270.1), Klebsiella sp. (MF442345.
1). The final sequences were: VR3 (5′-GGGTTGATAGGTTAAGAGCTG
ATTAAC-3′), located at positions 439–477; and VR5 (5′-CCACTAATT
ATTTTCATATAACCAAC-3′), complementary to positions 831–856.
Both primers enclose a 424-bp fragment.

2.4. PCR conditions, electrophoresis and DNA fragments purification

Two microliters of extracted DNA (≥ 0.02 ng) were used in a 25 μL
reaction mixture that included: 1x PCR buffer (Green GoTaq® Flexi

Butter (Promega, USA)); 1.0 mM MgCl2; 0.8 mM mix of dNTP; 1.5 µM
each of the primers; 1.25 U GoTaq® G2 Flexi DNA Polymerase
(Promega, USA). Thermal cycling was performed with a Veriti™ 96-Well
Thermal Cycler (Thermo Fisher Scientific, USA). Cycling conditions
began with an initial and heating step of 5 min at 95 °C, followed by 35
cycles (40 cycles in the case of LEG primers) consisting of 95 °C for 30 s,
55 °C for 1 min (66 °C for LEG primers) and 72 °C for 1 min with a final
extension step at 72 °C for 10 min. PCR-amplified DNA fragments were
separated in 1.5% agarose gels (Panreac-AppliChem, USA) in 1x TBE
buffer (10.8 g/L M Tris base, 5.5 g/L M boric acid, 0.75 g/L EDTA) with
ethidium bromide (0.8 μg/mL) at 100 V, 40 min. The gels were visua-
lised under UV light using the BioRad Gel Doc 2000 System. A 100-bp
ladder (Promega, USA) was used to determine the number of base pairs
of the amplification product. Finally, the DNA fragments were excised
from the gel with a sterile blade, purified with QIAquick Gel Extraction
Kit (Qiagen) according to the manufacturer's instructions and kept at
–20 °C until sequencing.

2.5. Sequencing

The purified DNA fragments were sequenced with an ABI 3730 DNA
Analyzer (Applied Biosystems) at Secugen [Sequencing and Molecular
Diagnostics from the “Centro de Investigaciones Biológicas (CIB)”
(Madrid, Spain)]. The obtained sequences were compared to those
available at the National Centre of Biotechnology Information (NCBI,
www.blast.ncbi.nlm.nih.gov) database using the BLASTn tool.

2.6. Data availability

DNA sequences have been deposited and are accessible in the
GenBank under accessions numbers: MH412932–MH412938.

3. Results

3.1. Overcoming the low DNA concentration

The samples in this work were kindly provided by the AIRBI-
OTA-CM Program, which evaluated a total of 44 air samples from dif-
ferent locations and seasons by next-generation sequencing (NGS). The
analysis of the 16S rRNA libraries retrieved a total of 12 samples po-
sitive for the presence of Legionella spp., not being possible to define the
species by analysing the assigned sequences. In addition to the low DNA
concentration from each sample (< 0.280 ng/μL, i.e. < 340 pg/m3 of
air; Table 1), the relative abundance compiled by the sequences as-
signed to the genus Legionella was always below 0.3% (< 5 Operational

Fig. 1. Schematic illustration of the Legionella pneumophila detection protocol
workflow. Two PCRs are the basis of this protocol: the first one is designed to
amplify a partial part of the 16S rRNA-gene, while the second reaction is spe-
cific to detect L. pneumophila.

Table 1
Information of the air samples used in this study.

Samples Sampling
Season

Concentration
(ng/μL)a

No of total
OTUsb

No OTUs for
Legc

1 Winter 0.01 3027 1 (0.03%)
2 Spring 0.12 2226 1 (0.05%)
3 Spring 0.07 2317 2 (0.09%)
4 Summer 0.27 4843 2 (0.04%)
5 Autumn 0.12 3991 2 (0.05%)
6 Autumn 0.03 4577 4 (0.09%)
7 Autumn 0.03 5032 2 (0.04%)
8 Autumn 0.05 3297 3 (0.09%)
9 Autumn 0.04 3460 1 (0.03%)
10 Winter 0.28 1901 1 (0.05%)
11 Spring 0.26 1262 3 (0.24%)
12 Spring 0.17 1134 1 (0.09%)

a The concentration of total DNA was determined by PicoGreen assay.
b No. OTUs was set by the NGS analysis.
c The percentage of OTUs of Legionella was calculated in relation to the total

number of OTUs of each sample.



Taxonomic Units (OTUs) out of > 1000 total OTUs, Table 1). This
highlighted the sensitivity of the technique to detect these bacteria
among such huge microbial diversity but also the difficulty to perform
any analysis with this scarce material.

Therefore, the first PCR of our protocol is aimed at overcoming the
low concentration of the targeted DNA with a step of re-amplification of
the 16S rRNA gene (Fig. 1). This initial PCR was performed with the
universal pair of primers 5F and 907R (Lane, 1991), which amplified a
∼900 bp fragment containing the region that later would be targeted to
specifically identify L. pneumophila. As the air samples are enriched
with bacterial DNA, we obtained successful amplification in all the
specimens and control samples (data not shown).

3.2. Searching the pathogen Legionella pneumophila

Once the initial PCR was finished, we performed a second PCR using
the previous reaction as template to aim the specific region of the 16S
rRNA of L. pneumophila. The hypervariable regions V3 and V5 of this
gene have been selected previously to characterise the genus Legionella
(Jonas et al., 1995; Miyamoto et al., 1997; Yamamoto et al., 1993).
Thus, the primer set “LEG”, which amplifies this section, was used as
control to confirm the presence of Legionella spp. in our samples and test
their specificity. As expected, a 437-bp fragment was obtained in all the
specimens and control samples (L. jordanis and L. pneumophila) (Fig. 2),
but no amplification was observed for the negative control with DNA
from Escherichia coli (E.co-LEG). As our goal is to exclusively detect L.
pneumophila, we used the primer set “VR” that specifically binds nu-
cleotides of the V3 and V5 hypervariable regions of this species and
amplifies a 424-bp fragment. As shown in Fig. 2, only control sample L.
pn-VR and specimens No. 1 and 2 were positive for the reaction, sup-
porting the specificity of the primers and suggesting that not all our
samples are positive for the presence of L. pneumophila.

For further validation, we applied the same protocol to the rest of
the samples and submitted the amplicons obtained with both set of
primers “LEG” and “VR” to sequencing and subsequent BLASTn analysis
(NCBI). The taxonomic assignments showed that the primer set “LEG”
retrieved results that confirmed the presence of Legionella spp., with at
least 96% nucleotide identity, but it could not state a precise species.
However, the sequences obtained with the primer set “VR” were all
assigned to L. pneumophila showing, in most cases, a 100% of identity
(consensus sequences were deposited into the GenBank database; see
Materials and methods). Moreover, not all the samples positive for
“LEG” amplification were also for the “VR” primers, which would dis-
card the presence of L. pneumophila and certify the specificity of our
oligonucleotides.

4. Discussion

In summary, we have described a protocol applicable for complex
air samples to detect the presence of L. pneumophila in less than a day by

two consecutive PCRs, overcoming the issues of culture and low initial
material. It is worth to state that the use of the primer sets “LEG” or
“VR” directly on the DNA samples without the first PCR for partial 16S
rRNA amplification resulted in no amplification whatsoever.
Genotyping by detecting, for instance, the mip and proA virulence genes
of L. pneumophila in these samples was not successful either, which
supports the necessity of the first step of enrichment to solve the lack of
DNA. Although it cannot be determined whether the bacteria are in-
fectious or dead, its detection may imply a risk for human health and
help to prevent outbreaks. In fact, it has been proposed that the less
severe clinical syndrome of legionellosis, the Pontiac's fever, could be
caused by the exposition to alive, dead or endotoxins of Legionella that
are not capable to result in pneumonia (Whiley et al., 2014).

Nevertheless, to prevent the cases of Pontiac's fever and
Legionnaires’ disease, the World Health Organization recommends
monitoring the temperature range of Legionella optimal growth
(32–42 °C) in the water systems devices, particularly during the
warmest months of the year. This regulation would explain that, despite
the favourable temperatures, only one sample was positive for
Legionella in summer (Table 1). Climate variation has been also asso-
ciated to the incidence of Legionella (MacIntyre et al., 2018; Sakamoto,
2015). The sampling years (2015–2016) have been considered as the
warmest years recorded, which would make possible the apparition of
this bacterium during traditionally colder months. Thus, continuous
monitoring of the presence of L. pneumophila in urban atmosphere by
the health institutions is strongly recommended and our protocol makes
it feasible from an economic and time saving point of view.

5. Conclusions

This work supports the importance of the molecular-based methods
as an important technology to carry out human exposure studies.

Here, we presented a molecular proceeding based on the regular
PCR as a tool for surveying the pathogenic particles present in the
aerosols we daily breathe, in particular for L. pneumophila, which is a
step forward compared with the standard methods based on culture.
The small DNA concentration necessary for the protocol demonstrates
the sensitivity of this methodology.

In our opinion, future studies should focus on evaluating the feasi-
bility of this procedure applied to other samples collected near to sus-
ceptible points of L. pneumophila aerosols production.
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