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ABSTRACT
Background: Paranasal sinuses act as bacterial reservoirs and contribute to transmitting bacteria to the
lower airway of patients with cystic fibrosis (CF). Also, passage of bacteria from the oral cavity to the lungs
may occur.
Methods: We evaluated the presence of Pseudomonas aeruginosa, Staphylococcus aureus,
Stenotrophomonas maltophilia, Achromobacter xylosoxidans and Serratia marcescens in sputum and nasal
lavage of 59 patients with CF, and also collected saliva and used toothbrushes from 38 of them. We
assessed the clonal identity of the strains isolated from the different samples by pulsed-field gel
electrophoresis.
Results: About 80% of the patients were positive for at least one of the bacterial species examined in nasal
lavage and sputum. Among the subjects with positive sputum, 74% presented the same species in the nasal
lavage and saliva, and 26% on their toothbrush. S. aureus was the most abundant species in all samples.
Clonal identity (⩾80% similarity) of the strains isolated among the different samples from each patient
was confirmed in almost all cases. Longitudinal observation helped to identify five patients who were
colonised in the lower airways after an initial period of nasal or oral colonisation.
Conclusion: Nasal and oral sites act as bacterial reservoirs, favouring the transmission of potentially
pathogenic microorganisms to the lower airway. The lack of eradication from these sites might undermine
the antibiotic therapy applied to treat the lung infection, allowing the persistence of the bacteria within the
patient if colonisation of these sites is not assessed, and no specific therapy is performed.
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Introduction
Chronic pulmonary infection caused by opportunistic bacteria is the major cause of morbidity and
mortality in cystic fibrosis (CF) [1]. Staphylococcus aureus is the first bacterial species infecting CF airways
during childhood, while Pseudomonas aeruginosa later chronically colonises up to 80% of adults with CF. P.
aeruginosa eradication is possible during early colonisation as long as colonies do not evolve into mucoid
phenotypes, but when the infection becomes chronic there are few opportunities for a successful therapeutic
intervention [2]. It is then necessary to identify and treat all the bacterial reservoirs and those factors
promoting the passage from acute to chronic infection to avoid or delay persistent lung colonisation.

It has been shown that the paranasal sinuses are a bacterial reservoir for pulmonary infections in patients
with CF [3]. In particular, chronic rhinosinusitis and nasal polyposis are hallmarks in the CF population.
Characterised by bacteria persisting in the sinuses for years, they can be a focus for initial lung
colonisation and maintenance of the infection. Moreover, changes in computed tomography exams
indicate that sinonasal diseases and symptoms appear soon after birth, which suggest a careful
examination of the upper airways in children with CF [4, 5]. Performing nasal and paranasal endoscopy,
SAKANO et al. [6] also showed that only 1 of 50 subjects enrolled in their study did not present nasal and
paranasal sinuses affections. Interestingly, the studies addressing the nasal sites as bacterial reservoirs have
shown that P. aeruginosa strains isolated from the nasal sinus and the sputum of the same patient have a
common genomic profile, indicating that they belong to the same clone circulating within the airways [3,
7, 8]. Moreover, it is estimated that patients with P. aeruginosa and S. aureus colonisation in the upper
airway (UAW) have higher probability (4000 and 25 times, respectively) of lower airway (LAW)
colonisation with the same species [9]. Additionally, the paranasal sinuses are not adequately reached by
antibiotics applied by conventional inhalation or intravenous treatment, therefore facilitating bacterial
persistence [10]. On the other hand, other possible bacterial reservoirs could be considered. As an
example, the passage of bacteria from the oral cavity to the lungs may occur by aspiration of pathogens
then released in the saliva or may be facilitated by the passage of medical devices such as bronchoscopes
and endotracheal tubes [11]. For this reason, we have considered in this study the oral cavity and an object
used daily for oral treatment such as the toothbrush as possible reservoirs.

Most studies on bacterial reservoirs in CF have been conducted in a small number of subjects, while there is
a need to investigate a higher number of individuals with CF to assess whether the monitoring and
eradication of the bacterial flora in the reservoirs would be a good practice to be introduced in the clinical
field to avoid or delay chronic lung infection. A clinical study conducted by MAINZ et al. [12] on over 180
patients compared the microbial flora in the UAW and LAW and assessed the genetic relatedness of S.
aureus and P. aeruginosa strains, the most frequent species inhabiting the UAW and LAW of patients with
CF, collected in the two different environments. However, on the basis of the increasingly frequent detection
of emergent pathogens colonising the CF lung, it would be interesting to evaluate whether other bacterial
species could also be present in the paranasal sinus and oral cavity and constitute a reservoir for colonisation
of the lung. To this purpose, we have monitored the presence of P. aeruginosa, S. aureus and potentially
pathogenic species emerging in CF such as Stenotrophomonas maltophilia, Achromobacter xylosoxidans
and Serratia marcescens, in a large cohort of adults and children with CF monitored for 1 year.

Materials and methods
Patients
Fifty-nine patients followed at the Cystic Fibrosis Centre of Verona (Italy) were recruited in this study.
Informed consent was obtained according to projects CRCFC-CEPPO026 and CRCFC-CEPPO031
approved by the local ethical committee. From all patients, we collected nasal lavages and sputum samples;
from 38 of them, we also recovered saliva samples and used (2–3 months) toothbrushes. Patients were
recruited at different times during the study, and samples were collected at routine visits (approximately
every 3 months) from the moment of enrolment until the end of the collection period (fixed date for all
patients). During the collection period, sputum, and nasal lavage were sampled at least twice from each
patient. Collection of saliva and toothbrushes started at a later moment, and at least one sample of saliva
and one toothbrush were collected from each patient. Patients were classified by age (adult and paediatric)
and by stage of lung colonisation with P. aeruginosa at enrolment (chronic, occasional). Infection was
defined as chronic with at least three positive cultures over ⩾6 months with at least a 1-month interval
between the samples [13]. Based on these criteria, patients were divided into four groups: adults with
chronic P. aeruginosa lung infection (AC), paediatrics with occasional P. aeruginosa colonisation (PO),
adults and paediatrics free from P. aeruginosa (AN and PN, respectively).

Isolation and identification of bacterial strains
Nasal lavage was performed as described by MAINZ et al. [12] by inserting 10 mL of sterile isotonic saline
into each nostril [14]. The saliva was recovered by the unstimulated method, spitting in a sterile tube,
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while the sputum was collected by natural expectoration or by tracheal cannula (when the patient was
unable to expectorate). The head of the toothbrush was detached and underwent five cycles of sonication
(30 s each) in 5 mL of brain heart infusion medium before incubation for 24 h at 37°C with shaking.
Saliva and sputum samples were treated with 0.5–1 mL of Sputolysin (Calbiochem, California, USA) and
incubated for 40 min at 37°C with shaking. An aliquot of each sample was plated on Columbia blood (5%
sheep blood), McConkey, and Mannitol Salt agar plates (BD Difco, USA) and incubated at 37°C for 48 h.
All plates were kept at room temperature for an additional 5 days to recover small variant colonies and
slow-growing strains. Isolated colonies were identified using MALDI-TOF-MS [15] and/or Vitek2
(Biomerieux, USA). Isolates were stored in Microbanks (ProLab Diagnostics, USA) at −80°C.

Pulsed-field gel electrophoresis
Suspensions were prepared from individual colonies after culture on Blood Columbia agar. Optical density
at 600 nm was measured and suspensions were diluted to 109 CFU·mL−1 in EDTA–saline buffer
(75 mmol·L−1 NaCl and 25 mmol·L−1 EDTA, pH 7.5), then mixed with an equal volume of 1%
low-melting-point agarose and allowed to solidify in a 100-μL plug mould. The agarose plug was
incubated for 24 h at 37°C in 500 μL of lysis buffer (6 mmol·L−1 Tris–HCl (pH 7.6), 0.1 mol·L−1 EDTA,
1 mol·L−1 NaCl, 0.5% Brij®58 (polyoxyethylene (20) cetyl ether; Sigma, USA)), 0.4% sodium deoxycholate,
0.5% sodium lauryl sarcosine and 1 mg·mL−1 lysozyme (and 10 µg·mL−1 lysostaphin to S. aureus). The
lysis buffer was replaced with 500 μL of proteinase K buffer (1% sodium lauryl sarcosine, 0.5 mol·L−1

EDTA (pH 9) and proteinase K (50 μg·mL−1; Sigma, USA)) and this solution was incubated with gentle
shaking at 50°C for 20 h. The plugs were then washed four times for 30 min at 37°C with 10 mL of
Tris–EDTA buffer (10 mmol·L−1 Tris–HCl (pH 8) and 1 mmol·L−1 EDTA). Half a slice of each plug was
cut and incubated for 18–20 h with 30 U of SpeI, or SmaI, XbaI, and Cfr9I in the restriction buffer
(Thermo Fisher Scientific, USA). DNA restriction fragments were separated in a pulsed-field gel
electrophoresis (PFGE) apparatus at 14°C, 6 V·cm−1, for a specific time for each species (19–23 h). The gel
was stained with gel-red and visualised with a ultraviolet system [16].

Genotype analysis
DNA profiles were analysed with InfoQuest FP 5.1 (Bio-Rad Laboratories, Hercules, CA, USA), using the
Dice correlation coefficient and unweighted pair group method with arithmetic mean (position tolerance
and optimisation between 1.0 and 1.1%). By applying the criteria of TENOVER et al. [17], based on the
differences in the numbers of bands, we identified a cut-off value of 80% similarity to correctly cluster the
PFGE profiles. Consequently, the strains showing ⩾80% similarity were considered to be a single clone.

Results
Fifty-nine CF patients were enrolled and classified into four groups on the basis of their age (adult or
paediatric) and the state of their lung colonisation by P. aeruginosa, as reported in table 1. Two to five
longitudinal samples were collected from each subject: from the majority of patients we recovered three
samples of sputum (n=44 patients) and nasal lavage (n=43), two samples of saliva (n=28) and two
toothbrushes (n=22). Only in a few cases, a single saliva (n=5) and toothbrush (n=4) were collected (table 2).
At the end of the study we had obtained and analysed 189 samples of sputum, 188 nasal lavages, 78 saliva
samples, and 87 toothbrushes, for a total of 542 samples. From all these samples we isolated about 1200
bacterial strains, 530 of which belonging to the selected species: P. aeruginosa, S. maltophilia, A. xylosoxidans,
S. marcescens, and S. aureus. At least four strains from each patient were genotyped by PFGE.

TABLE 1 Characteristics of study patients, including classification based on the status of
Pseudomonas aeruginosa lung colonisation at the beginning of the study

Study patients

Group AC AN PN PO

Number of patients 9 15 25 10
Age years 21 (18–24) 22.5 (18–27) 12.5 (7–<18) 12.5 (7–<18)
Male 3 (33.3%) 10 (66.7%) 9 (36%) 4 (40%)
Female 6 (66.7%) 5 (33.3%) 16 (64%) 6 (60%)

Data are presented as number of patients per group mean age and gender numbers (%). AC: adults with
chronic P. aeruginosa infection; AN: adults free from P. aeruginosa; PN: paediatrics free from P.
aeruginosa; PO: paediatrics with occasional P. aeruginosa infection.
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Bacterial presence in samples from adult patients
All the AC individuals (n=9) showed presence of P. aeruginosa in sputum and nasal lavage. Only in one of
these patients, in addition to P. aeruginosa we isolated S. aureus from both samples, whereas in all the
other cases no other bacterial species were detected.

Regarding the AN group (n=15), the selected bacterial species were isolated from the nasal lavage and the
sputum of 11 individuals (table 3). Seven patients (AN3, AN7, AN8, AN9, AN12, AN13, AN15) presented
S. aureus in most of the samples. Interestingly, one of these patients (AN9), free from P. aeruginosa at the
time of enrolment, acquired this bacterial species in both LAW and UAW at the first sampling. As regards
the other investigated species, two patients (AN12 and AN15) resulted positive for S. aureus in all samples.
Five patients were positive for A. xylosoxidans: AN2, AN4, AN10 in both sputum and nasal lavage, while
AN5 and AN9 were only positive in the sputum. Within these five patients, except for AN4, the others
were positive for the presence of A. xylosoxidans also in saliva. Another patient (AN14) was positive for
S. maltophilia in sputum, nasal lavage and saliva samples obtained during four visits.

Bacterial presence in samples from paediatric patients
Within the PN group (n=25), a number of individuals (n=6) presented polyposis in their nasal/paranasal
area. Although this is a condition that could favour the persistence of microbial cells, no difference in the
prevalence of the investigated bacterial species was noticed between children with and without polyposis.
Nineteen PN patients presented S. aureus in most nasal lavages and sputum samples. Thirteen of them
were also positive for this species in saliva, and four also in the toothbrush. Among the people positive for
S. aureus: 1) three children were positive also for S. maltophilia in most samples: PN4 (three sputum and
two saliva samples), PN6 (three sputum samples) and PN9 (two nasal lavage, four sputum, and two saliva
samples); 2) four patients were positive also for A. xylosoxidans in different types of samples: PN3 (three
nasal lavage, four sputum, and three saliva samples), PN5 (one nasal lavage and two sputum samples),
PN14 (one nasal lavage, three sputum and two saliva samples), PN17 (one sputum, two saliva samples
and one toothbrush); 3) PN17 was positive also for P. aeruginosa in almost all the samples during four
visits. Interestingly, patients PN1, PN12, and PN22 were initially positive for P. aeruginosa/S. aureus only
in the nasal lavage, then these species were isolated also from sputum at a later visit (table 4).

Regarding the PO group (n=10), seven children showed positive samples for the selected bacterial species,
mainly S. aureus and P. aeruginosa. Interestingly, three (PO1, PO5, and PO8) presented the same bacterial
species (S. aureus alone or in combination with P. aeruginosa) in all types of samples. Moreover, PO6
presented Pseudomonas aeruginosa initially only in the nasal lavage but at the third visit this was also
isolated from the sputum (table 5).

Prevalence of the different species
Considering as positive all the samples with at least one of the species investigated, in AN, PN, and PO
patients the percentages of positivity were 87% for sputum, 66% for nasal lavage, 80% for saliva, and 30%
for toothbrushes. We observed that S. aureus was the most abundant species in sputum (59%), nasal lavage
(48%), saliva (56%), and toothbrush (17%), outdistancing the prevalence of the other investigated species. S.
maltophilia and A. xylosoxidans were frequently present in LAW and oral cavity, being respectively isolated
from 22% to 19% of sputum samples, and from 19% to 18% of saliva samples. Moreover, we detected them
in 6% (n=10) and 7% (n=12) of nasal lavages, and in 3% (n=3) and 2% (n=2) of toothbrushes, respectively.
P. aeruginosa showed high prevalence in sputum (16%), nasal lavage (10%), and saliva (10%). S. marcescens
was present in 6% of toothbrushes and never in nasal lavage (figure 1). The number and percentage of
patients positive for each species in each type of sample are also reported in figure S1.

Molecular typing
The isolated bacterial strains were subjected to PFGE in order to obtain the genomic profile of every strain
isolated from the different samples withdrawn from each patient. Figure 2 shows some examples regarding

TABLE 2 Number of patients that were sampled 1–5 times for each type of sample collected
during the study

Type of sample 1 sample 2 samples 3 samples 4 samples 5 samples

Nasal lavage 0 4 43 9 3
Sputum 0 3 44 9 3
Saliva 5 28 4 1 0
Toothbrush 4 22 10 2 0
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TABLE 3 Examined bacterial species collected from nasal lavage, sputum, saliva and toothbrush of adults free from
Pseudomonas aeruginosa (AN) lung colonisation at different visits during the study

Patient ID Sample Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 No. samples

AN1 Nasal lavage n n n n – 4
Sputum n n n n – 4
Saliva n n n – – 3

Toothbrush n n AXY – – 3
AN2 Nasal lavage AXY PAE n – – 3

Sputum AXY AXY, SAU AXY – – 3
Saliva AXY PAE, SAU – – – 2

Toothbrush n – – – – 1
AN3 Nasal lavage SAU n SAU – – 3

Sputum SAU SAU, SMA SAU – – 3
Saliva SAU, SMA SAU – – – 2

Toothbrush n n – – – 2
AN4 Nasal lavage AXY n – – – 2

Sputum AXY SAU, SMA – – – 2
Saliva – – – – – 0

Toothbrush – – – – – 0
AN5 Nasal lavage n n n – – 3

Sputum AXY AXY AXY – – 3
Saliva AXY, SEM AXY, SMA – – – 2

Toothbrush n SEM – – – 2
AN6 Nasal lavage n n n – – 3

Sputum SEM n n – – 3
Saliva n n – – – 2

Toothbrush n n – – – 2
AN7 Nasal lavage n n SAU – – 3

Sputum SAU, SMA SAU SAU – – 3
Saliva SAU SAU – – – 2

Toothbrush n n – – – 2
AN8 Nasal lavage n SAU SAU – – 3

Sputum SMA SAU SAU, SMA – – 3
Saliva SMA, SAU n – – – 2

Toothbrush n – – – – 1
AN9 Nasal lavage PAE PAE, SAU PAE, SAU PAE, SAU PAE, SAU 5

Sputum PAE, AXY PAE, SAU, AXY AXY AXY AXY, SAU 5
Saliva SAU, AXY – – – – 1

Toothbrush n n – – – 2
AN10 Nasal lavage n n AXY – – 3

Sputum AXY AXY AXY – – 3
Saliva SMA AXY, SMA – – – 2

Toothbrush n n – – – 2
AN11 Nasal lavage n n n – – 3

Sputum SAU SAU n – – 3
Saliva SAU – – – – 1

Toothbrush SEM – – – – 1
AN12 Nasal lavage SAU SAU SAU – – 3

Sputum n SAU SAU – – 3
Saliva SAU SAU SAU – – 3

Toothbrush n SAU SAU – – 3
AN13 Nasal lavage SAU SAU SAU – – 3

Sputum SAU SAU SAU – – 3
Saliva – – – – – 0

Toothbrush – – – – – 0
AN14 Nasal lavage SMA n SMA n – 4

Sputum SMA SMA SMA SMA – 4
Saliva SMA SMA – – – 2

Toothbrush n n – – – 2
AN15 Nasal lavage SAU SAU – – – 2

Sputum SAU SAU – – – 2
Saliva SAU – – – – 1

Toothbrush – – SAU n – 2

PAE: Pseudomonas aeruginosa; SAU: Staphylococcus aureus; SMA: Stenotrophomonas maltophilia; AXY: Achromobacter xylosoxidans; SEM:
Serratia marcescens; n: no isolation of the investigated species; –: sample not available. Number of samples for each patient is also indicated.
Patients with no saliva samples nor toothbrushes were not included in the collection of these samples.
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TABLE 4 Examined bacterial species collected from nasal lavage, sputum, saliva and toothbrush of paediatrics who had never
been colonised by Pseudomonas aeruginosa (PN) at different visits during the study

Patient ID Sample Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 No. samples

PN1 Nasal lavage SAU, PAE, SMA n n – – 3
Sputum SAU SAU, PAE SAU – – 3
Saliva SAU SAU – – – 2
Toothbrush n n – – – 2

PN2 Nasal lavage SAU SAU SAU – – 3
Sputum SAU SAU SAU, PAE – – 3
Saliva SAU SAU – – – 2
Toothbrush n n – – – 2

PN3 Nasal lavage n AXY AXY AXY – 4
Sputum AXY AXY, SAU AXY, SAU AXY, SAU – 4
Saliva AXY AXY AXY n – 4
Toothbrush n n n n – 4

PN4 Nasal lavage n SAU SAU – – 3
Sputum SAU, SMA, SEM SAU, SMA SAU, SMA – – 3
Saliva SAU, SMA SAU, SMA – – – 2
Toothbrush n n – – – 2

PN5 Nasal lavage n SAU SAU, AXY – – 3
Sputum SAU SAU, AXY SAU, AXY – – 3
Saliva – – – – – 0
Toothbrush – – – – – 0

PN6 Nasal lavage SAU SAU SAU – – 3
Sputum SAU, SMA SAU, SMA SAU, SMA – – 3
Saliva – – – – – 0
Toothbrush – – – – – 0

PN7 Nasal lavage n SAU n – – 3
Sputum SAU SAU SAU, PAE – – 3
Saliva SAU SAU – – – 2
Toothbrush n n – – – 2

PN8 Nasal lavage SAU SAU SAU – – 3
Sputum SAU, SMA SAU, SMA SAU, PAE – – 3
Saliva SAU, SMA PAE – – – 2
Toothbrush SAU SAU SAU – – 3

PN9 Nasal lavage SAU, SMA SAU, SMA SAU n – 4
Sputum SAU, SMA SAU, SMA SMA SMA – 4
Saliva SAU, SMA SMA – – – 2
Toothbrush n n – – – 2

PN10 Nasal lavage SAU – SAU – – 2
Sputum SAU SAU SAU – – 3
Saliva – – – – – 0
Toothbrush – – – – – 0

PN11 Nasal lavage SAU SAU SAU – – 3
Sputum SAU SAU SAU, PAE – – 3
Saliva SAU – – – – 1
Toothbrush n – – – – 1

PN12 Nasal lavage SAU SAU SAU, AXY SAU SAU 5
Sputum SAU SAU n n SAU 5
Saliva SAU SAU – – – 2
Toothbrush SAU n – – – 2

PN13 Nasal lavage SAU SAU, SMA SAU – – 3
Sputum SAU SAU, SMA SAU – – 3
Saliva – – – – – 0
Toothbrush – – – – – 0

PN14 Nasal lavage SAU, SMA n AXY, SMA – – 3
Sputum SAU, AXY SAU, AXY SAU, AXY, SMA – – 3
Saliva SAU, AXY SAU, AXY – – – 2
Toothbrush n n – – – 2

PN15 Nasal lavage n SAU SAU – – 3
Sputum n SAU, AXY SAU – – 3
Saliva – PAE SAU – – 2
Toothbrush n n PAE – – 3

Continued
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the five bacterial species analysed and demonstrating the high level of similarity (⩾80%) existing among all
the strains isolated from a single patient. For instance, P. aeruginosa strains isolated from patients AN9,
PN1, PN17, and PO6 (figure 2a) show a ⩾95% similarity between the different sites of isolation. Also,
S. aureus strains collected from patients PN8, PN17, and PO8 (figure 2b) show a ⩾97% similarity. High
similarity is also shown within S. maltophilia (⩾87%, figure 2c), S. marcescens (∼ 92%, figure 2d), and A.
xylosoxidans (∼ 95%, figure 2e) strains. Among all the isolates examined, we identified only three cases
showing <80% similarity between strains isolated at the different visits (AC4, AC9, and PN12).

The PFGE profiles of representative strains isolated from the sputum of each patient were compared to
identify clones that might be shared among patients. Clonal S. aureus strains were detected in three pairs of
individuals (AN11 and AN9, PN7 and PN12, PN1 and AN7), as shown in figure 3 (indicated by braces).

Discussion
One of the most important challenges in CF is treating and solving chronic lung infections, which are the
major cause of morbidity and mortality in patients. The adaptation of some bacterial species such as

TABLE 4 Continued

Patient ID Sample Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 No. samples

PN16 Nasal lavage n n SMA – – 3
Sputum n n SMA – – 3
Saliva n n – – – 2
Toothbrush n n – – – 2

PN17 Nasal lavage SMA SAU, PAE SAU SAU – 4
Sputum SAU, PAE, AXY SAU, PAE SAU, PAE SAU, PAE – 4
Saliva SAU, PAE, AXY SAU, PAE SAU, PAE, AXY – – 3
Toothbrush SAU, PAE SAU SAU, AXY n – 4

PN18 Nasal lavage SAU SAU SAU – – 3
Sputum SAU SAU SAU, SMA – – 3
Saliva SAU SAU – – – 2
Toothbrush n n n – – 3

PN19 Nasal lavage n n n n – 4
Sputum SAU SMA n n – 4
Saliva – – – – – 0
Toothbrush – – – – – 0

PN20 Nasal lavage n n n – – 3
Sputum SAU, PAE n PAE – – 3
Saliva SMA n – – – 2
Toothbrush SMA n – – – 2

PN21 Nasal lavage SAU SAU SAU – – 3
Sputum SAU SAU SAU – – 3
Saliva SAU SAU – – – 2
Toothbrush SAU SAU, SMA SAU – – 3

PN22 Nasal lavage SAU SAU SAU – – 3
Sputum n n SAU – – 3
Saliva SEM n – – – 2
Toothbrush n n n – – 3

PN23 Nasal lavage n SAU SAU PAE – 4
Sputum n SMA SMA SMA, PAE – 4
Saliva – – – – – 0
Toothbrush – – – – – 0

PN24 Nasal lavage SAU SAU SAU – – 3
Sputum SAU SAU SAU – – 3
Saliva – – – – – 0
Toothbrush – – – – – 0

PN25 Nasal lavage n n n – – 3
Sputum SMA PAE SMA – – 3
Saliva – n – – – 1
Toothbrush n n n – – 3

PAE: Pseudomonas aeruginosa; SAU: Staphylococcus aureus; SMA: Stenotrophomonas maltophilia; AXY: Achromobacter xylosoxidans; SEM:
Serratia marcescens; n: no isolation of the investigated species; –: sample not available. Number of samples for each patient is also indicated.
Patients with no saliva samples nor toothbrushes were not included in the collection of these samples.

https://doi.org/10.1183/23120541.00115-2020 7

CYSTIC FIBROSIS | R. PASSARELLI MANTOVANI ET AL.



P. aeruginosa to the lung environment is the most important mechanism of infection, allowing the bacteria
to evolve from acute to chronic colonisation. However, a role for bacterial reservoirs located in other body
districts connected to and feeding the lower airways has also been hypothesised [4, 7, 10, 12]. It seems
clear that their presence constitutes a continuing risk of chronic lung [18] recontamination [19]. Lack of
eradication of potentially pathogenic bacteria in those reservoirs could lead to a continuous source of
infectious agents producing lung colonisation and finally chronic infection [19]. The nasal/paranasal
sinuses have been proven to be a reservoir both in people with CF and primary ciliary dyskinesia.
MORLACCHI et al. [20] demonstrated that a large number of patients had the same pathogens colonising
both LAW and UAW after lung transplant. In addition, a number of studies have shown that P. aeruginosa
and S. aureus clones can be found both in the LAW and UAW of these patients [12, 21]. Also, the oral
cavity, as well as objects introduced in the mouth such as the toothbrush, were shown to have a role as
bacterial reservoirs [11, 22]. As highlighted in a recent literature review [11], it is still not clear whether
typical CF bacterial species are transient members of the oral flora in patients with occasional and chronic
bronchopulmonary colonisation. The analysis of the specific literature performed in this review leads to

TABLE 5 Examined bacterial species collected from nasal lavage, sputum, saliva and toothbrush of paediatrics occasionally
colonised by Pseudomonas aeruginosa (PO) at different visits during the study

Patient ID Sample Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 No. samples

PO1 Nasal lavage n n SAU SAU, PAE - 4
Sputum PAE SAU SAU, PAE SAU, PAE - 4
Saliva n SAU, PAE - - - 2
Toothbrush n PAE PAE - - 3

PO2 Nasal lavage n n SAU - - 3
Sputum n SAU n - - 3
Saliva - - - - - 0
Toothbrush - - - - - 0

PO3 Nasal lavage n n - - - 2
Sputum PAE PAE - - 2
Saliva n n - - - 2
Toothbrush n n - - - 2

PO4 Nasal lavage n n n - - 3
Sputum SAU SAU, SMA SAU, SEM - - 3
Saliva SAU, SEM SAU, SEM - - - 2
Toothbrush SEM SEM - - - 2

PO5 Nasal lavage SAU SAU SAU - - 3
Sputum SAU, PAE SAU, PAE SAU - - 3
Saliva SAU, PAE SAU, SMA - - - 2
Toothbrush SAU, PAE n - - - 2

PO6 Nasal lavage PAE n n PAE - 4
Sputum n n PAE n - 4
Saliva - - - - - 0
Toothbrush - - - - - 0

PO7 Nasal lavage PAE n n - - 3
Sputum PAE, SEM, SMA PAE, SEM PAE, SEM - - 3
Saliva - - - - - 0
Toothbrush - - - - - 0

PO8 Nasal lavage n SAU n SAU SAU 5
Sputum SAU SAU, SEM SAU SAU, SMA SAU 5
Saliva SAU, SMA SAU SAU - - 3
Toothbrush SMA SAU SEM - - 3

PO9 Nasal lavage n SAU, PAE PAE - - 3
Sputum n SAU SAU, PAE - - 3
Saliva SAU SAU - - - 2
Toothbrush n n - - - 2

PO10 Nasal lavage AXY, PAE AXY AXY - - 3
Sputum AXY AXY AXY - - 3
Saliva AXY AXY - - - 2
Toothbrush n n - - - 2

PAE: Pseudomonas aeruginosa; SAU: Staphylococcus aureus; SMA: Stenotrophomonas maltophilia; AXY: Achromobacter xylosoxidans; SEM:
Serratia marcescens; n: no isolation of the investigated species; –: sample not available. Number of samples for each patient is also indicated.
Patients with no saliva samples nor toothbrushes were not included in the collection of these samples.
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the conclusion that more longitudinal studies are needed in the CF population to learn about the
prevalence of typical CF bacterial species and the genotypic concordance between specific strains present
in reservoirs and causing lung colonisation. For these reasons, in this study we have considered not only
the classical sputum sample but also nasal lavage, saliva, and toothbrushes, and have monitored patients
longitudinally. Interestingly, previous studies showed that specific IgA against P. aeruginosa in serum,
sputum, nasal lavage, and saliva can contribute to differentiation between patients chronically infected,
intermittently colonised, and without P. aeruginosa in the lungs [23, 24]. However, their predictability
about infection in other sites like UAW, as well as the possibility of cross-reaction with other
Gram-negative pathogens need to be further clarified.

As patients were recruited at different times during the study, we collected different numbers of samples
according to the time each patient was enrolled. For example, the first enrolled patients (PN12, PO8, AN9)
produced up to five longitudinal samples of sputum and nasal lavage, whereas the last enrolled patients
(PO3, AN4, AN15) produced only two samples. The collection of saliva and toothbrushes started later,
thus for the majority of patients (n=27) there are fewer oral than respiratory samples. Also, in few cases a
sample was missed (n=12) due to collection-related issues: patient PN10 missed the collection of nasal
lavage at the second visit, while in all the other cases the missing sample was saliva (n=9) or toothbrush
(n=2). As an only exception, we included in the study two toothbrushes that were collected from patient
AN15 after the end of the collection period. Despite these deviations in sampling, we managed to collect
at least two longitudinal samples of sputum and nasal lavage from all patients, and at least one sample of
saliva and one toothbrush. This number of samples was sufficient to allow the comparison between the
species and strains isolated from the four different districts.

Differently from previous works, our study was not limited to P. aeruginosa and S. aureus (the most
important CF pathogens, responsible for the majority of lung infections and for the decrease of lung
functionality) but also included other potentially pathogenic emerging bacterial species such as
A. xylosoxidans, S. maltophilia, and S. marcescens, that are frequently isolated from the sputum of CF
subjects but still lack a clear clinical role in CF [25, 26]. While S. aureus and P. aeruginosa were present in
the samples from 68% to 48% of our patients, respectively, we detected S. maltophilia and A. xylosoxidans
in the respiratory samples of 39% (n=23) and 22% (n=13) of all 59 patients enrolled, respectively.
Prevalence of each species in the different types of samples is summarised in table S2.

We have been monitoring adults and paediatrics who were never or only occasionally colonised by
P. aeruginosa, as this is the population that might benefit more from monitoring of bacterial reservoirs to
avoiding the insurgence of a chronic lung infection. In addition, a small number of adults with
P. aeruginosa chronic lung colonisation were monitored as a control: in these patients, as expected, we
isolated the same P. aeruginosa clones from all the investigated sites. About 80% of the 59 subjects
monitored in this study resulted positive for at least one of the investigated bacterial species. Overall, 74%
of the patients who resulted positive in the sputum also presented the same species in the nasal lavage and
saliva. The interpretation of microbiota data is particularly challenging due to concerns about optimal
sampling techniques and crossover between upper and lower airway bacterial communities [27]. Although
we cannot exclude cross-contamination between sputum and saliva during the sampling, the repetitive
isolation of the same bacterial strain in the different samples supports the persistence of bacteria also in

FIGURE 1 Prevalence of the
examined species isolated from the
sputum, nasal lavage, saliva and
toothbrush (considering adult
negative, paediatric negative and
paediatric occasional). Percentage
of positive samples is indicated on
the x-axis; number of positive
samples is shown above bars.
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the oral cavity. Thus, we stress the importance of monitoring saliva as a read-out of the mouth microflora.
As regards toothbrushes, 26% of the samples were positive for the same bacterial species found in sputum
and, in some cases, also in the other two types of samples. Although this percentage is lower than that of
the sinuses and the oral cavity, it is significant when considering a source of bacteria potentially associated
with LAW infection. It therefore seems important to properly educate people with CF on how to maintain
their toothbrush free of bacterial contamination.

The molecular typing of the bacterial strains isolated from the different samples of each patient indicates
that most of them belong to single clones circulating in the UAW, LAW and oral cavity and, in some
cases, in the toothbrush too. Regarding the possibility of transmission between the investigated reservoirs
and the lungs, it is worth highlighting some interesting cases. Three children (PN1, PN22, PO6) initially
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FIGURE 2 Phylogenetic trees obtained from the analysis of pulsed-field gel electrophoresis profiles of a) Pseudomonas aeruginosa, b)
Staphylococcus aureus, c) Stenotrophomonas maltophilia, d) Serratia marcescens and e) Achromobacter xylosoxidans. Numbers indicate longitudinal
visits. The threshold of 80% similarity is indicated by the vertical line. AN: adult negative; PN: paediatric negative; PO: paediatric occasional.
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showing colonisation of the UAW became positive for the same clone also in the LAW by the end of the
study. PN1 presented P. aeruginosa only in the nasal lavage at the first visit, while in the second visit the
pathogen was detected in the sputum too. PN22 presented S. aureus only in the nasal lavage at the first
two visits and also in the sputum at the third visit. At the first visit PO6 presented P. aeruginosa only in
the nasal lavage, in the third visit only in the sputum and in the fourth visit only in the nasal lavage again;
although P. aeruginosa was undetected at the second visit, LAW colonisation with the same clone support
the possible passage from UAW. Similarly, in two patients (PO4, PO9) the bacterial strains were present in
the saliva, and the same clones were later isolated also from the sputum. An adult patient (AN9) was
colonised at the beginning of the study by P. aeruginosa in both LAW and UAW; after combined
intravenous antibiotic therapy with ceftazidime and azithromycin, P. aeruginosa was successfully
eradicated only in the LAW. However, the infection persisted in the UAW and, after the end of the study,
lung colonisation was detected again. This might indicate that the same microorganism, when persisting in
the nasal sinuses, can transfer to the lungs, where it can cause a chronic infection. These cases highlight
the likelihood of transmission of potential pathogens from nasal/oral reservoirs to the lung environment,
and the importance of typical CF bacteria eradication from these reservoirs to prevent lung infections.
While further evidence regarding the role of oral reservoir might be needed, our study confirms the need
for eradication of bacterial CF species from the UAW in addition to standard LAW eradication.

Conclusion
We can conclude that nasal and oral sites act as bacterial reservoirs favouring the transmission of
potentially pathogenic microorganisms to the lower airways. The lack of eradication from these sites might
undermine the antibiotic therapy applied to treat the lung infection, allowing the persistence of the
bacteria within the patient, in a continuous cycle of lung eradication and re-infection. Thus, it might be
useful to introduce in the clinical routine of CF centres the monitoring of bacterial reservoirs, such as
nasal sinuses and oral cavity, and the training of CF patients to properly clean and store toothbrushes, in
order to prevent the establishment of lung infections due to infectious agents colonising and persisting in
these sites.
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