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Abstract There has been a remarkable increase recently in
the isolation of fungi such as Aspergillus fumigatus, species
of the Pseudallescheria boydii/Scedosporium apiospermum
complex, and Exophiala sp. from the respiratory tract of
patients with cystic fibrosis (CF). This review describes
the recent insights into the epidemiology, ecology, and
physiopathology of the filamentous fungi able to colonize
and/or to infect the airways of CF patients, and that may
be responsible for accelerated lung function decline. We
summarize salient features not only on highly prevalent
species such as Aspergillus and Scedosporium, but also on
more recently described fungi such as Rasamsonia
argillacea. In addition, we discuss the challenges inherent
in tracking and interpreting rates of fungal colonization/
infection in the CF patient population, taking into consid-
eration the polymicrobial composition of the CF lung
environment, the corresponding cross-kingdom interactions,
and the new concept of mycobiota. Further research is
warranted to clarify the role of fungi in CF lung disease
and its therapeutic management.
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Introduction

Cystic fibrosis (CF) is the most common genetic inherited
disease in the European white population, and based on the
number of patients, is the third most common orphan disease.
CF is caused by mutations in the CFTR gene that encodes a
chloride channel involved in electrolytic exchanges through
the plasma membrane of epithelial cells.

In the respiratory tract, mutations in CFTR result in a
defective mucociliary clearance and a thickening of the bron-
chial mucus. These abnormal airway conditions facilitate the
entrapment of the inhaled bacterial and fungal conidia, and
provide a suitable environment for growth of microorganisms.
This, in turn, leads to respiratory infections and inflammatory
reactions which, together with the microorganisms, contribute
to the progressive deterioration of lung function. Using con-
ventional microbiological culture methods, Pseudomonas
aeruginosa, Staphylococcus aureus, and Burkholderia
cepacia complex have been identified as the principle patho-
genic bacteria in adult CF pulmonary infection that cause
recurrent exacerbations of the pulmonary disease and often
determine the vital prognosis of patients [1, 2]. As such, over
recent decades considerable attention has been paid to their
prevention and treatment by antibiotics, which has improved
patient management and resulted in a significant increase in
the life expectancy of patients [3, 4]. As a consequence, the
respiratory tracts of CF patients are at increasingly high risk of
colonization and/or infection by several fungi [4, 5]. In this
context, more and more attention has been drawn toward
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filamentous fungi, as well as certain yeasts reaching the status
of emerging or re-emerging microorganisms [6, 7].

While recent studies have shown an association between
Aspergillus fumigatus colonization and poorer lung func-
tion, as well as negative prognostic value of an allergic
bronchopulmonary aspergillosis (ABPA) status in CF [8,
9, 10•], fungal isolation in respiratory secretions remains
poorly studied in the context of CF, and continues to
present a dilemma for the clinician in terms of therapeutic
management [11].

In this review, we provide a summary and discussion of
recent insights into the epidemiology, ecology, and physiopa-
thology of the filamentous fungi that are able to colonize and/
or infect the airways of patients with CF, and that which may
be responsible for accelerated lung function decline [8, 9, 10•,
12, 13]. We focus not only on highly prevalent species such as
Aspergillus, Scedosporium, and Exophiala, but also on more
recently described fungi such as Rasamsonia argillacea [7,
12–15]. With this insight into the fungal community, we
propose to ascertain the worldwide occurrence of fungal col-
onization in the respiratory tract (including estimated ABPA
rate) in CF. Our focus is on the role of the fungus in the context
of improving survival (especially with regard to lung trans-
plantation), taking into account the new concept of lung
mycobiota. Further studies are warranted to evaluate the role
of fungi in CF lung disease and to determine guidelines for
therapeutic management.

CF: An Old Disease, with Survival Improved by New
Therapies Targeted at Fungal Colonization/Infection

CF is the most common fatal genetic disease (autosomal
recessive transmission without sex ratio) in white populations.
It has likely been noted in various definitions in the literature
since the days of antiquity, described in Northern Europe in
the 19th century as "misery to the child who leaves a salty
taste when he kisses: he will die soon." In 2012, the estimated
number of worldwide cases of CF reached 70,000, including
30,000 in the United States, according to recent Cystic
Fibrosis Foundation (CFF) estimates [16]. In Europe, the
number of individuals with CF was estimated at over
32,000 in 2010 [17], and in Australia at 3,156 people
[18] (Fig. 1). The overall incidence of CF in white popu-
lations is thought to be between 1/2,500 and 1/4,000; it is
lower for Asian and African populations (Fig. 1) [19–24,
25••, 29].

In recent years, the life expectancy of patients with CF has
increased significantly [3, 16, 17, 19], for example, from
31 years in 2002 to 41 years in 2012 in the U.S. [16]. This
improvement is seen as a result of the creation of CF treatment
centers staffed with multidisciplinary teams, offering of a
more effective treatment paradigm for the disease [3, 4].

Nevertheless, CF remains virtually incurable, a disease in
which abnormal mucociliary function and local immunogenic
injury promote fungal development in the lungs and promote
bacterial colonization and infection. Patients are at risk of
death from respiratory failure related to acute pulmonary
exacerbations, and for which prompt aggressive treatment
with antibiotics is recommended [3]. Antibiotic therapy for
airway infection in CF is now well-documented, with consen-
sus guidelines in North America and Europe [3]. Although
long-term antibiotic therapy using inhaled and/or oral broad-
spectrum antibiotics has been associated with fungal coloni-
zation in patients with CF [26, 27, 30], a recent study has
shown a significant reduction in the presence of A. fumigatus
after a short-term intravenous antibiotic regimen against
P. aeruginosa [31]. Approximately 10 % to 20 % of patients
who present with pulmonary exacerbation do not respond or
respond only partially to intravenous antibiotic treatment,
which usually targets the dominant bacteria identified by
cultures [2, 3, 28, 32]. In these populations, the risk of failure
to recover lung function has been associated with CF-related
diabetes, pancreatic insufficiency, malnourishment, liver dis-
ease, P. aeruginosa multi- or pan-drug-resistant isolates,
chronic P. aeruginosa infection, methicillin-resistant
S. aureus, B. cepacia complex infection, and/or ABPA [28,
32, 33]. An increase in the prevalence of fungal infections has
been noted with respect to rising numbers of hospital admis-
sions and/or with a decreased lung function [10•, 12, 30]. As
such, assessment for the presence of fungi in respiratory
secretions, in addition to ABPA criteria, is now considered
as essential in the follow-up of patients with CF [3].

New therapies that target the global CFTR protein
deficiency – i.e., organ transplantation, and more recently
CFTR potentiators such as ivacaftor (Kalydeco®, Vertex
Pharmaceuticals) – are expected to have an impact on
rates of morbidity and mortality with regard to fungal-
related pulmonary disorders in patients with CF.
Treatment with CFTR potentiators requires further study
to provide data on its long-term effectiveness [34].
Transplantation, and particularly lung transplantation, is
increasingly common (Fig. 1), and is associated with the
risk of developing invasive mycosis [16–18, 35–37]. The
incidence of invasive aspergillosis (IA) among lung trans-
plant patients has been reported between 10 % and 22.5 %
[35, 37, 38], and is also associated with higher mortality
rates in CF [35, 37].

Overall, there is a growing body of evidence that the fungi,
and filamentous fungi in particular (including Exophiala spe-
cies, which are dimorphic fungi, able to grow as black yeast at
body temperature and as filamentous fungi at room tempera-
ture) present in the lungs of patients with CF are pathogens
rather than spectator microorganisms. As they able to confer a
large spectrum of disease (sensitization, ABPA, and/or inva-
sive mycosis), in the following two sections we will review
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the fungal species recently reported in CF and discuss their
potential pathogenicity.

Aspergillus Fumigatus: The Tree That Hides the Forest

Aspergillus species are ubiquitous molds, present everywhere
in soil, air, vegetation, food, and indoor and outdoor human
environments. While over 200 species have been described,
only about 20 are pathogenic to humans [39]. The Aspergillus
species, particularly A. fumigatus, are those most frequently
isolated in the respiratory tracts of patients with inflammatory
chronic pulmonary disease such as asthma or CF [reviewed in
40, 41]. The prevalence of A. fumigatus ranges from 5 % to
almost 90 % [10•, 15, 23, 27, 30, 32, 42–55] (Table 1).
Aspergillus species are associated with significant morbidity,
and are associated with diseases that likely remain
underdiagnosed [25••]. They manifest clinically in various
ways, ranging from infection to ABPA (reviewed in [39]).
While ABPA is the most common clinical manifestation in
CF, IA and aspergilloma have also been reported [39, 40].
Aspergilloma, which is observed rarely in CF, requires a pre-
existing lung cavity to develop, is difficult to treat, and may
require surgical resection or long-term antifungal treatment

[39]. Two entities of invasive disease have been differentiated
and proposed in CF: invasive aspergillosis (IA), occurring in
the setting of immunosuppressive states during transplanta-
tion, and invasive pulmonary aspergillosis (IPA) in non-
transplant CF patients with lung impairments. IPA is the most
frequently observed pathology in CF, although invasive dis-
eases as a whole remain highly rare in non-transplant CF
patients. IA has been recently associated with a fourfold
higher risk of occurrence in the case of colonization with
A. fumigatus [38], and its management remains a diagnostic
and therapeutic challenge.

Recent studies of Aspergillus sensitization, ABPA, and
Aspergillus bronchitis (an entity described in CF patients
with decreased FEV1 [25••, 56]) have indicated that they
are underdiagnosed in the worldwide CF adult population
[25••]. The estimated numbers of adult CF patients with
Aspergillus sensitization, ABPA, and Aspergillus bronchi-
tis have been estimated at 5,506, 6,675, and 11,314,
respectively [25••]. ABPA represents a severe complica-
tion in patients suffering from CF. It is difficult to diag-
nose due to its overlapping clinical and radiological fea-
tures with those of CF exacerbations. Since early treat-
ment of ABPA has been found to reduce symptoms,
improve lung function, and prevent long-term damage
such as bronchiectasis and fibrosis, the prompt diagnosis

Fig. 1 Worldwide distribution of patients diagnosed with CF and estimated number of CF patients living with transplant (data collected from [18–24,
25••, 26–28]
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of ABPA is imperative. New criteria based on established
serological tests (IgG and IgE serum levels) combined
with real-time PCR and levels of galactomannan in spu-
tum have recently been proposed in order to classify
patients with CF into three groups of aspergillosis, which
may be helpful for the management and follow-up of
Aspergillus disease in CF [56, 57]. In addition to sporadic
use of voriconazole, the recommended protocols to treat

ABPA in CF are based on itraconazole to target
A. fumigatus, which then raises the more general question
of developing azole resistance [48, 58–60]. An ongoing
prospective randomized study, ATCF (Azole Therapy in
Cystic Fibrosis [EudraCT: 2011-005799-41]) coordinated
by Gangneux and Denning is addressing (i) the efficacy of
itraconazole and voriconazole in CF patients, (ii) the
relationship between plasma azole concentrations and

Table 1 Worldwide frequency of isolation of Aspergillus spp., Scedosporium sp., and Exophiala dermatitidis in CF respiratory tract obtained from
bibliography from 2010 to date

Continents and Countries (Number
of CF patients) [Bibliography]

Frequency of fungal Isolation (%)

Aspergillus species Non-Aspergillus species

A.fumigatus A. flavus A.terreus A. niger Other
species

Species of the
complex P. boydii /
S. apiospermum

S.prolificans E.dermatitidis

Europe

Austria (113) [15] 34 3 2 ND* 2 ND 3

Belgium (154) [45] 7.8 0.6 ND ND 5.9

Denmark (148) [46] 28.8 2.7 0.7 0.7 0.0 S. apiospermum 0.7
S. aurantiacum 0.7

0.7 ND

Denmark (287) [47] 13.6 4.1–4.4** 1.9–2.6 4.7–0.8 0–1.4 < 1 ND ND

France (251) [10•] 27.1 ND ND ND ND

France (249) [48] 52.6 ND ND ND ND

France (201) [49] 56.7 10.4 3.4 ND ND

France (291)*** [42] 45.4 3.4 0.0 1.7 2.1 3.8 0.0 0.0

Germany (81) [44] Aspergillus sp.: 47.8 4.7 0.7 1.6

Ireland (77) [43] 5.2 3.9 3.9 ND 3.9

Italia (1837) [50] 11.8 3.0 2.4 0.6 ND 1.9 ND 0.05

The Netherlands (259) [27] 23.5 ND ND ND ND

Sweden (97) [51] 10.4 ND ND ND 19

UK (51) [32] 37.0 ND ND ND ND

UK (69) [42] 43.5 2.9 5.8 1.4 1.4 1.4 0.0 0.0

UK (36) [42] 88.9 5.6 11.1 0.0 0.0 8.3 0.0 1.4

Middle East

Turkey (48) [23] 10.4 8.3 ND ND ND

Israel (468) [52]£ Aspergillus sp.: 35.5 ND ND ND

North America

USA (614) [30] 36.3 26.1 2.3££ 5.0£££

South America

Brazil (74) [53]£ Aspergillus sp.: 5.6 ND ND ND

Asia

India (41) [54] 18.2 ND ND ND ND

Oceania

Australia (72) [55] 66.7 10.1 ND ND 8.7 S. aurantiacum 5.8
Other complex
species: 5.8

5.8 0.0

*ND: Not done; **Data analysis was performed during two separate periods (2007 and 2009); ***French data fromAngers, Lille, and Rouen reported in
2006 (Table 2 in [41]) have been included together; £ Only data published before 2010 were available; ££Reported as Scedosporium spp; £££ Reported as
other filamentous species including Alternaria, Curvularia, Paecilomyces, Penicillium, and Exophiala species
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the clinical response, and (iii) the relationship between
fungal molecular typing and in vitro chemosensitivity to
different antifungal agents. This study may pave the way
for new therapeutic guidelines.

Other species – Aspergillus flavus, Aspergillus terreus,
Aspergillus Niger, or Aspergillus nidulans – are capable of
colonizing the respiratory tract in CF patients, in frequen-
cies ranging from 11 % to less than 0.1 % (Table 1). They
have been reported in ABPA cases as well as invasive
aspergillosis [15, 39, 58, 61]. Unusual Aspergillus species
su ch a s Aspe rg i l l u s l e n t u l u s o r Neosa r t o r ya
pseudofischeri, which are known to exhibit low suscepti-
bility to amphotericin B and/or voriconazole, have also
been described in CF [58, 62]. The frequency of isolation
of Aspergillus species in CF, and particularly A. fumigatus,
has varied among recent published data (Table 1), increas-
ing significantly with patient age, use of antibiotics, and
decreased lung function [10•, 27, 30]. In addition,
Aspergillus-persistent carriage and sensitization have been
shown to exhibit an independent effect on lung function in
CF [10•], and Aspergillus sensitization has also been asso-
ciated with decreased lung function [63].

Genotypic studies of Aspergillus species (largely
A. fumigatus) have been conducted in order to clarify
the epidemiology of aspergillosis and to identify potential
sources, transmission routes, and colonization patterns of
Aspergillus isolates [64]. As was recently shown with the
A. terreus isolate [61], different profiles of genotypes can
be observed among the species: (i) transient colonization
by a single genotype, (ii) chronic colonization by several
genotypes, and (iii) chronic colonization by one or a few
dominant genotype(s). In fact, the respiratory tract of CF
patients is more frequently colonized by multiple
Aspergillus strains, whereas only a single genotype is
identified from deep organs of patients with invasive
disease. Molecular typing methods and results have been
exhaustively reviewed elsewhere [64].

Recent findings have underscored the complex inter-
play between the respiratory epithelium and the host re-
sponse in the presence of inhaled spores. A recent review
looked at the classical major components of the innate
immune system as well as the cytokine host response
involved in recognition and removal of A. fumigatus
[39]. In addition to its thermotolerance and its propensity
to disseminate in immunocompromised hosts (due to the
small size of conidia, 2–3.5 μm, that may be inhaled into
the alveoli), A. fumigatus is able to modulate the inflam-
matory response in epithelial cells [63, 65], due to the
compounds of its fungal surface cell (reviewed in [66]). It
has also been associated with significant local inflamma-
tory response in young CF patients [67], a fact that is
highly supportive of the use of specific surveillance for
such filamentous fungus.

Fungal Risk in CF and Recent Findings
on Non-Aspergillus Species

Candida is the most commonly isolated yeast in the respira-
tory tracts of patients with CF. It is considered as a commensal
microorganism belonging to the oral microbial community
regardless of the fact that Candida albicans has been associ-
ated with a decline in FEV1 [12, 15, 23, 30, 42–44, 68]. In
addition to A. fumigatus, other moulds such as Scedosporium
sp. have been reported, at times with higher frequency than
those of non-fumigatus Aspergillus (Table 1) [42, 43, 45, 50,
69]. These wide ranges are likely as a result of one or more of
the following points: (i) the non-standardized protocol used to
isolate fungi from samples (protocols are different according
to addition or absence of pretreatment step, number and
choice of media, incubation temperature, culture duration,
and methods used to identify isolated fungi), (ii) the types of
sampling used (nasal swab, sputum, bronchoalveolar lavage),
(iii) the age of CF patients studied (adults or children), and (iv)
the characteristics of local climatic conditions [5, 11, 15, 25••,
42, 70–72]. Although mycological culture methods vary from
one center to another and suffer from poor sensitivity [38,
57, 71], isolation of fungi such as species of the
Pseudallescheria boydii/Scedosporium apiospermum com-
plex or Exophiala sp. is remarkablymore common, and seems
to be associated with older age [27, 30, 42], decreased lung
function [10•, 30, 69], and/or use of antibiotics [27, 30, 53]. In
this context, filamentous fungi are by far the most pathogenic
micromycetes frequently isolated, but black yeasts (Exophiala
sp.) are also reported.

Scedosporium species are ranked as the second most com-
mon genus associated with CF after Aspergillus (Table 1). It
formerly comprised two species, S. prolificans and
S. apiospermum, but the latter has recently emerged as the
P. boydii/S. apiospermum complex initially described by
Gilgado et al. [73–75]. The species from the P. boydii/
S. apiospermum complex are the more prevalent in CF
(Table 1) [74], but S. prolificans is the more lethal due to its
ability to disseminate and its antifungal resistance [6]. Chronic
colonization and fatal outcome with S. apiospermum have
also been reported [74, 76]. In a retrospective single-center
study, it appeared to be responsible for the development of
ABPA-like symptoms, or ABPM (allergic bronchopulmonary
mycosis) [49]. Among the newly described species of the
P. boydii/S. apiospermum complex, Scedosporium
aurantiacum has been more frequently isolated from sputum
samples of CF patients in France and in Australia [55, 56, 77]
(Table 1). These differences in rates of recovery are likely due
to methodology discrepancies, since species of the P. boydii/
S. apiospermum complex are known to be optimally detected
with selective medium and a long period (up to 7–11 days) of
medium incubation [44, 55, 71, 77, 78]. The risk factors for
Scedosporium acquisition in CF remain poorly identified. Co-
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colonization of Pseudallescheria/Scedosporium species with
other moulds, primarily A. fumigatus, has been described [49,
55, 71]. Univariate analysis has shown that bacterial coloni-
zation and antimicrobial exposure likely influence
Scedosporium colonization [55]. In Australia and France, soil
sampling revealed an abundance of Pseudallescheria/
Scedosporium species, mostly in areas associated with human
activity [77–79], which is consistent with the high prevalence
of Scedosporium infection and colonization previously de-
scribed in CF patients [80]. In Australia, S. aurantiacum was
the most frequently isolated species, at 54.6 %, followed by
S. prolificans (43 %), P. boydii (2.1 %), and S. dehoogii
(0.3 %) [80]. Recent molecular studies have suggested that
most patients were chronically infected with a single strain,
with no sharing of similar strains [77, 81].

Among the various Exophiala species isolated from respi-
ratory tracts of CF patients, Exophiala dermatitidis is most
frequently observed [82], and appears to be more frequent in
the north of Europe (Table 1). In a Swedish study [51], this
black yeast was recovered more frequently than A. fumigatus
from the sputa of patients with CF (Table 1). With regard to
associated risk factors, E. dermatitidis culture-positive pa-
tients tended to be significantly older than 12 years, pancreat-
ic-insufficient, homozygous for the F508del mutation, and
colonized with A. fumigatus [45, 51, 69]. In a recent study,
antibody production (IgG) against E. dermatitidis was signif-
icantly associated with an inflammatory response (higher
white blood cell count) and decreased respiratory function
(lower value of FEV1% predicted) [69]. In terms of molecular
analysis, most of the Exophiala isolates were grouped accord-
ing to the patient origin, with no association with respect to the
geographical origin of the isolates, the isolation date, or anti-
fungal susceptibility [82].

Rasamsonia argillacea, previously known as Geosmithia
argillacea, is a filamentous fungus similar to the Penicillium
species and genus, which can lead to misidentification, and
certainly may contribute to its underestimation [14]. Recent
molecular analyses have led to the identification of a species
complex that requires further studies [7, 13–15, 83].

Chronic colonization with R. argillacea has recently
been reported in France, Italy, and the UK [7, 13–15, 50,
83]. While the number of cases is low, predisposing factors
have been identified and include homozygosis for the
F508del mutation and previous use of azole to manage
mould colonization [83]. R. argillacea showed a signifi-
cant sensitivity to echinocandin during in vitro susceptibil-
ity tests [13, 14]. Notwithstanding the increasingly com-
mon isolation of R. argillacea in the respiratory tract, its
pathogenicity remains poorly demonstrated [14].

Isolation of Acrophialophora fusispora in the context of
CF has not been reported since 2005. Since this mould is as
difficult to identify as R. argillacea, even in expert mycology
departments, its incidence is likely underreported, and hence

its clinical relevance poorly documented. The fungus has been
reported to be responsible for keratitis and pulmonary infec-
tion in non-immunocompromised adults, and was noted to be
associated with a brain abscess in a child with acute lympho-
blastic leukaemia. In patients with CF, chronic colonization
with A. fusispora may contribute to progressive pulmonary
impairment by promoting local inflammation [84].

Microbial Diversity in CFAirways: From in Vitro
Interactions Among Microorganisms to Clinical Insights
in CF Lung Microbiota

A number of studies have shown that the CF airways are
colonized by diverse polymicrobial communities, recently
referred to as “lung microbiota,” with bacteria, fungi, and
viruses all present and potentially contributing to infection
and inflammation [85–98]. While microbiological cultures
are useful for the diagnosis of bacterial and/or fungal infec-
tions, they are less suitable for identifying co-infections and
dynamics of microbial populations, as viral microorganisms
are usually not diagnosed. Yet such organisms have become
increasingly recognized as important agents, especially in CF
pulmonary exacerbations [91–94]. Therefore, determining the
microbial composition of the upper airways that characterize
each patient becomes important, as well as determining its
microbial evolution during CF pulmonary disease. In addi-
tion, significant associations (co-colonization or exclusion)
between fungi or between fungus and bacteria have been
described in the context of CF [44, 51, 55, 99], and highlight
the aptitude of the fungus to interact with other members of
the microbial community colonizing the airways of patients
with CF, and consequently contributing to the alteration of
lung function. Bronchoalveolar lavages of children with CF
that grew more than one microorganism have also been asso-
ciated with greater inflammatory levels [67]. Such interac-
tions, especially between A. fumigatus and P. aeruginosa,
have also been demonstrated in vitro. These two organisms
are able to produce biofilm, and involve quorum-sensing
molecules.

Although the development of numerous molecular
techniques has provided for accurate fungal detection
and classification, few of these techniques have addressed
the polymicrobial composition of the fungal community
in CF [85–90, 92–98]. Advanced techniques such as
deep-sequencing methods, which are able to massively
identify microbial sequences (thousands of sequences in
a few hours), have provided new insights into the depth
and breadth of lung microbiota, particularly in CF. The
vast majority of the published data have explored the
diversity of bacterial communities [93–97], with only a
few studies focusing on viruses and phages [92] or fungi
[86, 87, 89, 96]. On the whole, published results are
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promising: they uncover the presence of a bacterial com-
munity present in both healthy and pathologic lungs [88,
95], which may represent a subpopulation of the microbi-
ota. The whole flora is able to evolve according to the
primary pulmonary disease (COPD, asthma, bronchiecta-
sis, or CF) and based on the presence of absence of acute
exacerbation [92–94]. In fact, each microbiota has its own
composition and evolution that is unique and specific to
the patient, and which may play a role in the deterioration
of lung function. High-throughput technologies provide
the opportunity to simultaneously analyze the whole (bac-
teria, viruses, and fungi) microbial community without a
priori knowledge of existing microorganisms, and conse-
quently represent the most promising investigational strat-
egy in the context of pulmonary chronic diseases such as
CF.

With respect to fungal diversity or mycobiota, these new
approaches have recently allowed us to identify a higher
number of fungal species versus conventional culture-
based methods, including species previously undescribed
in the context of CF such as Malassezia species [87, 89,
90]. These are lipophilic yeasts, difficult to grow in stan-
dard culture media, and commensally found in the human
skin. Their reduced abundance in respiratory samples was
recently correlated to a decline in CF pulmonary function
[88]. This result is consistent with the complex bacterial
and fungal diversity recently reported using the pyrose-
quencing method, in which more than 60 % of the species
or genera had not been identified in cultures [87].
Strikingly, the diversity and species richness of fungal
and bacterial communities observed was significantly low-
er in patients with decreased lung function and poor clin-
ical status/outcome [86, 87]. Whether all members of this
fungal community play a direct or indirect role in pulmo-
nary decline has yet to be fully elucidated, especially
regarding the cooperative, competitive, and adaptive inter-
actions of microorganisms isolated in the CF lung
microbiome, as recently proposed [98]. Further, larger
studies based on deep-sequencing approaches are now
warranted to address mycobiota and microbiome in the
context of CF. These studies should take into account
newly proposed criteria that could improve clinical classi-
fication of aspergillosis in CF [31, 57].

Conclusions: Implications in the Microbiological
Diagnosis of Fungi as non-Bystanders in the CF Lung

With the exception of A. fumigatus, for which the role is
well-documented, the pathogenic role of fungi colonizing
the CF respiratory tract is still a matter of debate.
However, all represent true opportunist pathogens. They
share biological features that are essential to colonize and

infect lungs: thermotolerance, a capacity to produce bio-
film, and an ability to disseminate and/or to resist to
various antifungals, especially the azole drugs [14, 48,
59, 60, 71]. As such, greater insight into their clinical
relevance (such as an increasing prevalence associated
with older age of CF patients and/or a decreased lung
function) has emerged within the past decade [10•, 27,
30, 42, 63, 69].

From a practical point of view, greater attention should
be given to any chronic colonization by filamentous fun-
gi, especially through the use of specific procedures for
mycological analysis of CF respiratory samples. A recent
international initiative, the MucoFong International
Project (MFIP) [100], designed to compare the perfor-
mance of different media used for fungal cultures and
develop a standardized approach for the mycological ex-
amination of sputum samples from CF patients, will fa-
cilitate the establishment of unique, or at least compara-
ble, mycological procedures. Briefly, MFIP study was
organized within the framework of our ECMM/ISHAM
Working Group on Filamentous Fungi and Chronic
Respiratory Infections in Cystic Fibrosis. It is based on
a unique protocol shared by all participating centers [100].
This protocol has been collectively validated according to
the MFIP questionnaire that we organized as a prelimi-
nary step to design the MFIP study (i.e., each center was
allowed during the same three-month period of time to
include 25–30 sputa from CF patients, used the same
procedure and the same mycological media to isolate
fungi, and summarized its results onto a prepared Excel
table; all media were prepared in Lille and dispatched to
the participating centers; results were synthesized and
analyzed in Lille). MFIP protocol includes pretreatment
(to homogenize) of sputum samples that improved the
isolation of non-Aspergillus species [15].

Given the emergence of resistant species (primarily azole-
resistant Aspergillus isolates), their contribution to ABPM
disease, and the importance of these fungi as potential sources
of infection after lung transplantation, azole-susceptibility
testing should also be performed on all fungal isolates chron-
ically colonizing the airways of patients with CF (at least all
Aspergillus spp.) for patients requiring antifungal treatment
[14, 48, 59, 60, 71].

Finally, shortly thereafter, deep-sequencing and
metagenomic analysis should be performed for the re-
examination of samples that do not yield the usual CF patho-
gens and belong to patients with non-efficient clinical outcome.
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